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ABSTRACT 

The research within this thesis was conducted through a collection of studies to investigate the 

role of vitamin D in modulating bioenergetics and inflammation in humans and human-derived 

cells. The research was undertaken through a narrative review, two systematic reviews, two 

cross-sectional study designs and an observational study design. The thesis begins with a 

narrative review exploring the link between bioenergetics and inflammation. The requirement 

for further studies to confirm vitamin D’s immuno-modulatory action and role in bioenergetics 

is emphasised.  The second publication of the thesis, a systematic review, found that the active 

metabolite 1,25-dihydroxy vitamin D [1,25(OH)2D] exerts an anti-inflammatory effect in both 

human-derived cell lines and ex vivo peripheral blood mononuclear cells (PBMCs). However, 

there was a clear lack of studies examining the impact of 25-hydroxy vitamin D [25(OH)D] 

on inflammatory status. The third publication of the thesis, utilised a cross-sectional study 

design and found 25(OH)D to be a novel positive predictor of whole-body bioenergetics. The 

impact of in vivo 25(OH)D on ex vivo PBMC bioenergetics was investigated through use of a 

cross-sectional study design and an optimal 25(OH)D for PBMC bioenergetic function >50 

nmol/L was suggested (publication four). To track the seasonal variation of 25(OH)D and its 

putative influence on whole-body bioenergetics, cellular bioenergetics and inflammatory 

status, an observational study was carried out (publication five). Seasonal improvements in 

25(OH)D were associated with reduced systemic inflammation, whole-body bioenergetics and 

PBMC bioenergetics. The second systematic review of this thesis and final publication did 

not support a beneficial effect of cholecalciferol supplementation on the concentration of 

systemic inflammatory markers. However, sub-group analysis indicated a trend for lower CRP 

in studies that achieved 25(OH)D ≥ 80 nmol/L (p=0.067). Collectively, through a series of 

diverse approaches, the thesis suggests 25(OH)D may have modulatory effects on whole body 

and cellular bioenergetics. 1,25(OH)2D appears to exert effects on inflammatory markers, however 

whether this translates to other areas of immune function was outside of the scope of this thesis. 

Future studies are needed to build on these findings and validate whether vitamin D has a 

causal role in inflammation and energy metabolism.  
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THESIS OUTLINE 

 

This thesis consists of an exegesis (Chapter 1) and six peer-reviewed papers that have 

been published (Chapter 1- Chapter 6).  

 

Chapter 1 - Exegesis 

The exegesis (Chapter 1) commences with a full explanatory overview and review of 

the literature outlining an emerging role for 25-hydroxy vitamin D [25(OH)D] and 

1,25-dihydroxy vitamin D [1,25(OH)2D] in the modulation of bioenergetics and 

inflammation. Key papers are reviewed to synthesize the key elements and knowledge 

gaps which underpin the overall research aim and the specific objectives of the thesis. 

The first peer-reviewed publication forms the next part of the exegesis and is a 

narrative review summarising the literature at the commencement of the PhD program 

which informed the thesis objectives (Chapter 1). This review provides an overview 

of bioenergetics and inflammation. Vitamin D, specifically metabolites 25(OH)D and 

1,25(OH)2D, are postulated to alter mitochondrial function and cellular bioenergetics 

and are suggested to be a potential therapeutic agent for inflammation of chronic 

disease. It is hypothesised that adequate circulating 25(OH)D would improve 

inflammatory cell bioenergetics and possibly lessen whole-body energetic demand, as 

part of its immunomodulatory role.  Determining the precise circulating level of 

25(OH)D that is critical to exerting extra-skeletal health effects, such as the 

modulation of inflammation, is identified as an important focus for future research. 

Circulating PBMCs are identified as a useful and novel model for studying metabolic 

dysfunction in chronic non-communicable disease states. The requirement for further 

studies to confirm vitamin D’s immunomodulatory action and role in energy 

metabolism is emphasised. Next, the overall research aim and thesis objectives are 

identified. The exegesis finishes with a discussion of the main findings of the thesis 

whereby the findings of each separate publication are linked together, the significance 

of the thesis is identified and limitations of the thesis and future directions for research 

are presented. 
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The content of this chapter is partially covered by Paper 1:   

Calton, E. K., K. N. Keane, and M. J. Soares. 2015. "The potential regulatory role of 

vitamin D in the bioenergetics of inflammation." Curr Opin Clin Nutr Metab Care 18 

(4):367-73. 

 

Chapter 2 - Vitamin D promotes an anti-inflammatory cytokine profile in human-

derived immune cells 

  

Although immunomodulating effects of 1,25(OH)2D are frequently documented, no 

systematic review has examined the effect of 1,25(OH)2D, 25(OH)D or cholecalciferol 

on the expression and secretion of inflammatory markers by human-derived immune 

cells. Chapter 2, the second publication of the thesis, is a systematic review 

investigating the effect of 1,25(OH)2D, 25(OH)D and cholecalciferol on inflammatory 

marker expression and production in PBMCs and human-derived immune cell lines. 

These cells were chosen as they are utilised throughout the PhD thesis (Chapters 4 and 

5) to study bioenergetics. Twenty-three studies (n=7 cell lines, n=16 ex vivo PBMCs) 

were retrieved in accordance with the Preferred Reporting Items for Systematic 

Reviews and Meta-analyses (PRISMA) guidelines. The majority of studies (n=22) 

used the active metabolite 1,25(OH)2D, two studies additionally used 25(OH)D and 

the remaining study utilised cholecalciferol. Four out of seven cell line studies 

demonstrated a clear anti-inflammatory effect whereby key inflammatory markers 

were supressed. These results were mirrored in fourteen of sixteen PBMC studies. 

Mechanisms for such effects included decreased protein expression of toll-like 

receptor (TLR)-2 and TLR-5; lower levels of phosphorylated p38 and p42/42; reduced 

expression of phosphorylated signal transducer and activation of transcription 

(STAT)-5 and decreased reactive oxygen species (ROS). Overall, a consistent anti-

inflammatory effect of 1,25(OH)2D was observed in studies of cell lines and human 

derived PBMCs. However, conclusions on whether 25(OH)D modulates inflammation 

were unable to be drawn, as few studies used this form of the vitamin. As it is likely 

that prevailing 25(OH)D levels are crucial since they influence local tissue 

concentrations of 1,25(OH)2D, investigation of the impact of 25(OH)D on modulating 

inflammation is required and occurs in Chapters 4, 5 and 6 of the thesis.  
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The content of this chapter is covered by Paper 2:   

Calton, E. K., K. N. Keane, P. Newsholme, and M. J. Soares. 2015. "The impact of 

vitamin D levels on inflammatory status: A systematic review of immune cell studies." 

PLoS ONE 10 (11):e0141770. doi: 10.1371/journal.pone.0141770. 

 

Chapter 3 - Vitamin D is a novel determinant of resting metabolic rate 

  

Chapter 3, the third publication of the thesis explores the impact of 25(OH)D on whole 

body bioenergetics. One hundred and twenty-seven Caucasian Australian participants 

(n=45 men, n=82 women), had their resting metabolic rate (RMR) measured by 

indirect calorimetry and 25(OH)D was measured by the chemiluminescent 

immunoassay method. Blood samples were collected across all seasons. A 

parsimonious regression model was generated and explained 85.8% of RMR variance. 

25(OH)D was found to be a novel positive predictor of RMR. The model predicted 

that for every 10 nmol/L increase in 25(OH)D, RMR would increase by 56.5 kJ/d, 

after accounting for all other significant predictors of RMR. As the study was a cross-

sectional design, it was recommended that future human studies should investigate the 

causal associations between 25(OH)D and whole-body bioenergetics. Chapters 4 and 

5 further investigate the association between 25(OH)D and bioenergetics.  

 

The content of this chapter is covered by Paper 3:   

Calton, E. K., K. Pathak, M. J. Soares, H. Alfonso, K. N. Keane, P. Newsholme, N. K. 

Cummings, W. Chan She Ping-Delfos, and A. Hamidi. 2016. "Vitamin D status and 

insulin sensitivity are novel predictors of resting metabolic rate: a cross-sectional 

analysis in Australian adults." Eur J Nutr 55 (6):2075-80. doi: 10.1007/s00394-015-

1021-z. 

 

Chapter 4 - In vivo 25(OH)D is associated with the bioenergetic profile of ex vivo 

peripheral blood mononuclear cells  

  

To further explore the effect of 25(OH)D on bioenergetics, a cross-sectional study with 

38 adults (n=16 males, n=22 females) was designed to investigate the impact of in vivo 

25(OH)D on ex vivo PBMC bioenergetics (Chapter 4; publication 4). As findings from 

Chapter 2 demonstrate that 1,25(OH)2D is an anti-inflammatory agent, the current 
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chapter hypothesised that inadequate 25(OH)D would promote an inflammatory state. 

Furthermore, it was postulated that both low 25(OH)D and an inflammatory state 

would reduce whole body insulin sensitivity (IS), and a dysfunctional PBMC 

bioenergetic response would occur. The resultant lower bioenergetic health index 

(BHI), an indicator of lowered mitochondrial health status, would drive an increase in 

whole body RMR. As a heightened inflammatory state is also energetically expensive, 

RMR would therefore increase. To examine this hypothesis, PBMCs from individual 

participants were isolated from whole blood, counted and freshly seeded for 

bioenergetic analysis (Mitochondrial Stress Test and Glycolysis Stress Test) using a 

Seahorse XFe96 flux analyser, according to an established protocol. Whole body 

energy metabolism was measured using indirect calorimetry, and body composition 

assessed by dual-energy X-ray absorptiometry (DEXA). 25(OH)D was assessed using 

the Architect immunoassay method with blood collection occurring during winter 

months (July-September). Participants were grouped into three groups based on 

25(OH)D status [Group 1 (< 50 nmol/L), Group 2 (50-75 nmol/L), and Group 3 (> 75 

nmol/L)]. A multivariate general linear model adjusting for age, fat mass (FM), fat-

free mass (FFM), parathyroid hormone (PTH) and IS was used.  

 

The results described in this chapter suggested that in vivo circulating 25(OH)D, was 

inversely associated with ex vivo PBMC bioenergetics resulting in significantly greater 

bioenergetics responses in those with 25(OH)D < 50 nmol/L. It appeared that this 

effect may plateau above 50 nmol/L, since the group > 75 nmol/L showed no further 

change in these bioenergetic parameters.  

 

RMR was positively associated with inflammatory cytokine tumour necrosis factor 

alpha (TNF-α) level, mimicking the increased energetic cost of an activated immune 

system. BHI, was directly related to IS and inversely to RMR, and markers of systemic 

inflammation. This potentially validates a scenario where attenuation of systemic 

inflammation, improved IS, reduced whole body energetic demand and improved BHI 

are inter-linked.  

 

In this study, the quantitative insulin sensitivity check index (QUICKI), an indicator of 

IS, trended towards an inverse association with inflammatory macrophage chemotactic 

protein (MCP)-1 and IS was highest in the highest 25(OH)D group.  As the links 
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between BHI, inflammatory markers and whole-body bioenergetics disappeared on 

adjustment for QUICKI, IS may be key to the interrelationships of bioenergetics 

responses and systemic inflammation.  

 

The study did not find any differences in circulating inflammatory markers among the 

three 25(OH)D groups. This is surprising given the findings from Chapter 2 where 

cellular studies convincingly demonstrated an anti-inflammatory benefit following 

exposure to 1,25(OH)2D. Although the majority of these cellular studies tested the 

effects of 1,25(OH)2D, there is a close relationship between circulating 25(OH)D and 

its active metabolite as the immune cells can convert 25(OH)D to 1,25(OH)2D 

provided they express the necessary enzyme complement. However, it must be 

acknowledged that measuring systemic cytokine concentrations does not provide 

information on cytokine release at the local tissue level. It is also likely group 

differences were not found because participants with acute inflammatory conditions 

were excluded.  

 

Never-the-less, this is the first study to suggest there may be an effect of circulating 

25(OH)D on PBMC bioenergetics. Taken together, these data indicate 

a relationship between 25(OH)D and immune cell bioenergetic responses that should 

be further investigated. Chapter 5 further investigates this novel association.  

 

The content of this chapter is covered by Paper 4:   

 Calton, E. K., K. N. Keane, M. J. Soares, J. Rowlands, and P. Newsholme. 2016. 

"Prevailing vitamin D status influences mitochondrial and glycolytic bioenergetics in 

peripheral blood mononuclear cells obtained from adults." Redox Biol 10:243-250. 

doi: 10.1016/j.redox.2016.10.007. 

 

Chapter 5 - Winter to summer change in vitamin D status reduces systemic 

inflammation and bioenergetic activity of human peripheral blood mononuclear 

cells  

 

Results described in Chapter 4 demonstrate that in vivo circulating 25(OH)D, was 

inversely associated with ex vivo PBMC cell bioenergetic responses resulting in 

significantly greater levels of these bioenergetics parameters in those with 25(OH)D < 
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50 nmol/L. This effect appeared to plateau above 50 nmol/L. Additionally, RMR was 

positively associated with inflammatory cytokine TNF-α, mimicking the increased 

energetic cost of an activated immune system. BHI, was directly related to IS but 

inversely to RMR, and markers of systemic inflammation. Taken together, attenuation 

of systemic inflammation may improve IS, reduce whole body energetic demand and 

improve bioenergetic function. Therefore, there may be an optimal 25(OH)D cut-off 

associated with cellular bioenergetic responses and inflammation that should be 

maintained year-round.  

 

The 25(OH)D of humans and other animals is well known to rise in summer and 

decline in winter in response to seasonal variation in the intensity of solar UV light. 

However, there is a lack of reliable information to indicate whether seasonal variation 

in 25(OH)D positively or negatively influences health.  

 

The impact of seasonal variation in 25(OH)D on cellular bioenenergetics and 

inflammation, and the potential flow through impact on whole-body bioenergetics, has 

not been previously described. In Chapter 5, it is hypothesised that a lower 25(OH)D 

in winter may promote greater inflammation and insulin resistance (IR); the attendant 

higher energetic cost would be reflected in a higher RMR and increased PBMC 

bioenergetic parameters. Consequently, a seasonal increase in 25(OH)D would reverse 

these effects and be most evident in those who started with the lowest 25(OH)D.  To 

examine this hypothesis, whole-body bioenergetics and substrate utilisation were 

measured by indirect calorimetry. PBMCs obtained from the same participants were 

isolated from whole blood, counted and freshly seeded. Bioenergetic analysis 

(Mitochondrial Stress Test and Glycolysis Stress Test) was performed using the 

Seahorse XFe96 flux analyser. 25(OH)D was assessed using the Architect 

immunoassay method. To examine the influence of initial 25(OH)D on bioenergetics 

and inflammation change, the study sample were divided into three groups based on 

cut offs for 25(OH)D of 50 nmol/L and 75 nmol/L. To examine the influence of final 

25(OH)D achieved and absolute change in 25(OH)D on bioenergetics and 

inflammation change, participants were divided into tertiles.   

 

25(OH)D increased by a median (IQR) of 14.40 (20.13) nmol/L (p<0.001) from winter 

to summer and was accompanied by significant improvements in indices of IS, 
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McAuley’s index and QUICKI and multiple markers of inflammation. PBMC 

Mitochondrial Stress Test parameters basal respiration, non-mitochondrial respiration, 

ATP production, proton leak, and maximal respiration decreased in summer compared 

to winter. Similarly, PBMC Glycolysis Stress Test parameters glycolytic activity, 

glucose response, and glycolytic capacity were all reduced in summer compared to 

winter.  There was also a trend for RMR to decrease (p=0.066). Participants who 

entered winter with a low 25(OH)D (< 50 nmol/L), had the greatest alteration in 

bioenergetic parameters in summer, relative to those with winter 25(OH)D 

concentrations of 50-75 nmol/L or > 75 nmol/L.  The absolute change in 25(OH)D 

was not associated with modulation of bioenergetics. 

 

The concurrent observation of lowered bioenergetic parameters and reduced 

inflammation in summer as compared to winter supports the hypothesis that a lower 

25(OH)D in winter may result in greater inflammation which has an energetic cost that 

could account for part of the higher RMR in winter. It is clear that those who had an 

initial low 25(OH)D (< 50 nmol/L) were associated with decreased bioenergetic 

parameters from winter to summer, while individuals with higher initial status (> 50 

nmol/L) did not. In contrast, multiple systemic inflammatory markers decreased within 

each group suggesting higher levels of 25(OH)D may be required to dampen 

inflammation. Taken together, these results may suggest that the optimal 25(OH)D 

level depends on the target variable.  

 

This is the first study to track bioenergetics in the same participants across seasons. 

Similar to the study of Chapter 4, the current study also suggests there may be an effect 

of circulating 25(OH)D on PBMC bioenergetics. Seasonal increases in 25(OH)D 

significantly reduced bioenergetic responses such that greater improvement was seen 

in those who normalized their status to ~ 50 nmol/L, while those who achieved values 

> 50 nmol/L showed no further improvements. Intervention trials are required to 

establish a potential cause-and-effect relationship between 25(OH)D and altered 

cellular bioenergetic parameters.   

 

The content of this chapter is covered by Paper 5: 

Calton, E. K., K. N. Keane, R. Raizel, J. Rowlands, M. J. Soares, and P. Newsholme. 

2017. "Winter to summer change in vitamin D status reduces systemic inflammation 
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and bioenergetic activity of human peripheral blood mononuclear cells."  Redox Biol 

12:814-820. doi: http://doi.org/10.1016/j.redox.2017.04.009. 

 

Chapter 6 - The impact of cholecalciferol supplementation on the systemic 

inflammatory profile: a systematic review and meta-analysis of high quality 

randomized controlled trials  

 

Chapter 2 convincingly demonstrated an anti-inflammatory benefit following 

exposure to 1,25(OH)2D, and Chapter 5 showcased a reduction in levels of several 

inflammatory markers that coincided with increased 25(OH)D from winter to summer. 

Given these findings, the sixth publication of this thesis (Chapter 6) examined whether 

there was a causal link between 25(OH)D following cholecalciferol supplementation 

with the systemic inflammatory profile (n=14 studies). Nine studies (n=15 study arms) 

permitted extraction of data for interleukin (IL)-6 and C-reactive protein (CRP) and a 

meta-analysis was conducted. Whether baseline 25(OH)D, change in 25(OH)D or the 

final concentration achieved, modulated the effects of cholecalciferol supplementation 

on circulating inflammatory markers were also explored.  

 

The data did not support a beneficial effect of cholecalciferol supplementation on the 

concentration of systemic inflammatory markers. However, sub-group analysis 

indicated a trend for lower CRP in studies that achieved ≥ 80 nmol/L (p=0.067). A 

higher daily dose of cholecalciferol supplementation showed a favourable effect on 

CRP. Meta-regression indicated that older age predicted a significant decrease in IL-6 

and CRP, while a greater percentage of females and a longer study duration also 

independently predicted a higher CRP.  

 

The content of this chapter is covered by Paper 6:   

Calton, E. K., K. N. Keane, P. Newsholme, Y. Zhao, and M. J. Soares. 2017. "The 

impact of cholecalciferol supplementation on the systemic inflammatory profile: a 

systematic review and meta-analysis of high-quality randomized controlled trials." Eur 

J Clin Nutr. doi: 10.1038/ejcn.2017.67. 
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CHAPTER 1-EXEGESIS 

Introduction 

Obesity 

The increasing prevalence of obesity worldwide over the last 30 years, represents a 

modern pandemic, with serious health consequences (Ogden et al. 2014; Twells et al. 

2014). Obesity is not just a state of excess adiposity, having long been recognised as a 

chronic disease that threatens to reduce quality of life and life expectancy (Ng et al. 

2014). Coinciding with this, are increases in chronic metabolic diseases, such as type 

2 diabetes mellitus (T2DM) (Chen et al. 2012; Lin et al. 2013), dyslipidaemia (Choi et 

al. 2011), and non-alcoholic fatty liver disease (Welsh et al. 2013; Loomba and Sanyal 

2013). Obesity adversely influences tissue function throughout the body; including the 

liver (Koteish and Diehl 2001), pancreas (Morioka and Kulkarni 2011), muscle 

(Akhmedov and Berdeaux 2013), heart (Poirier et al. 2006), and joints (King et al. 

2013). In healthy lean males and females, adipose tissue (AT) represents ~20% and 

~30% of tissue mass, respectively. In morbid obesity, AT can account for greater than 

50% of total body mass (Morigny et al. 2016). AT is a heterogeneous tissue composed 

of adipocytes (mature adipocytes, pre-adipocytes), structural cells (fibroblasts, 

endothelial cells), and immune cells (mast cells, granulocytes, lymphocytes and 

macrophages) (Calder 2013). 

 

A chronic low-grade inflammation underscores most, if not all, obesity-associated 

conditions including T2DM (Pickup 2004; Lontchi-Yimagou et al. 2013; Akash et al. 

2013; Wellen and Hotamisligil 2005), cardiovascular disease (CVD) (Frostegard et al. 

1999; Ikeoka et al. 2010; Zelkha et al. 2010; Abe et al. 2013), metabolic syndrome 

(MetS) (Esser et al. 2014) and some cancers (Ramos-Nino 2013). Systemic 

inflammation precedes chronic disease development (Luft et al. 2013; Duncan et al. 

2003; Libby 2002)  and can predict the occurrence of chronic disease (Koenig et al. 

1999), while anti-inflammatory cytokines such as interleukin 13 (IL-13), supress diet-

induced obesity and subsequent IR (Darkhal et al. 2015). 

 

Inflammation  

Inflammation is the defence mechanism that protects the host from infection or tumour 

development; provides tolerance to non-threatening organisms, food components and 

the human body; initiates pathogen killing; and promotes tissue repair processes with 
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the aim of restoring homeostasis at infected or damaged sites. The classical signs of 

inflammation include redness, swelling, heat, pain and loss of function (Calder 2013). 

The inflammatory response involves the production of, and responses to, a variety of 

chemical mediators. The inflammatory response is self-regulated; involving the 

activation of negative feedback mechanisms such as the secretion of anti-inflammatory 

cytokines, inhibition of pro-inflammatory signalling cascades, and activation of 

regulatory cells  (Calder 2013).  

 

Inflammation and adiposity relationship  

While the existence of inflammatory disease and infectious conditions hallmarked by 

acute levels of inflammation have long been recognised, chronic low-grade 

inflammation has also received considerable attention, particularly in relation to 

obesity-related chronic disease. Chronic low-grade inflammation is characterised by a 

small (~2-fold) albeit clinically relevant increase in systemic indicators of 

inflammation such as leucocyte count, acute-phase proteins, pro-inflammatory 

cytokines, chemokines, soluble adhesion molecules and pro-thrombotic mediators 

(Calder et al. 2011). In contrast to acute inflammation, whereby the liver and the 

lymphoid organs are the major sites of production of inflammatory mediators, the AT 

(specifically immune cells such as macrophages localised in the AT) is the major 

source of inflammatory mediators in low-grade chronic inflammation (Calder et al. 

2011).   

 

The mechanistic link between obesity and low-grade inflammation was first proposed 

in 1993 (Hotamisligil et al. 1993) when it was shown that TNF-α was expressed in AT 

of mice, and expression was elevated in obese mice compared to their lean 

counterparts. Importantly, increased expression translated to increased TNF-α in the 

AT and in circulation. Investigations of TNF-α neutralisation revealed that TNF-α was 

also linked to IR, since increased peripheral glucose uptake and utilisation was evident 

on TNF-neutralisation.  

 

The discovery of the hormone leptin in 1994 (Zhang et al. 1994) refuted the view of 

AT as an inert energy store. Instead, AT was acknowledged as the largest endocrine 

gland. The concept of adipokines thereby emerged; with the recognition that proteins 

were produced by and secreted by AT into the circulation, thus exerting systemic 
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effects (Trayhurn and Wood 2004). The products of AT are diverse and include 

cytokines such as TNF-α, interleukin 1β (IL-1β), interleukin 1 receptor antagonist (IL-

1RA), interleukin 6 (IL-6), interleukin 7 (IL-7), interleukin 8 (IL-8), interleukin 10 

(IL-10) and interleukin 18 (IL-18) (Trayhurn and Wood 2004; Calder et al. 2011); 

chemokines which include MCP-1, and C–C chemokine motif ligand 5 (CCL5) 

(Calder et al. 2011; Trayhurn and Wood 2004); hormones such as leptin, adiponectin 

and resistin (Calder et al. 2011) and acute-phase proteins which are secreted in the 

acute phase of inflammation such as plasminogen activator inhibitor 1 (PAI-1) and 

haptoglobin (Calder et al. 2011).  

 

At the onset of obesity, AT is infiltrated by bone-marrow-derived monocytes that 

mature to possess a classically activated M1-like phenotype (Weisberg et al. 2003; Xu 

et al. 2003) (Figure 1). T lymphocytes (Prietl et al. 2013) (specifically Th1 cells), 

natural killer T cells, mast cells, B cells (Anderson et al. 2010) and dendritic cells 

(DCs) also enter AT and promote the recruitment of additional monocytes and local 

proliferation of macrophages (Stefanovic-Racic et al. 2012). Inflammatory cytokines 

regulate macrophage phenotype (Johnson et al. 2012). Anti-inflammatory cytokines 

stimulate macrophages to acquire an anti-inflammatory phenotype.  These 

alternatively activated (M2) macrophages secrete anti-inflammatory mediators, such 

as IL-10. The M2 macrophages utilise oxidative phosphorylation for energy generation 

(Kelly and O'Neill 2015) (Figure 1). In contrast, inflammatory cytokines such as TNF-

α induce macrophages to adopt a pro-inflammatory M1 phenotype (Johnson et al. 

2012) which rely on glycolysis, the conversion of glucose to pyruvate, for energy 

production (Kelly and O'Neill 2015). Almost all of this glucose is converted into 

lactate and very little is oxidized (Newsholme et al. 1987). Activated M1 macrophages 

produce large amounts of pro-inflammatory mediators, such as TNF-α and IL-1β, that 

act on adipocytes to induce an IR state (Johnson et al. 2012) (Figure 1). This establishes 

a positive feedback loop that further amplifies inflammation and IR (Olefsky and Glass 

2010). The elevated levels of cytokines increase energy expenditure (EE), perhaps in 

an effort to offset weight gain (Wang and Ye 2015). The M1 macrophages continue to 

reside in the expanded AT mass unless weight loss is achieved or physical activity is 

increased. Following either intervention, they revert to an M2 phenotype (Fjeldborg et 

al. 2014) 
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Figure 1. Inflammatory and metabolic profile according to macrophage phenotype  

 

Mechanisms of obesity-induced inflammation 

Monocytes infiltrate the AT and become AT macrophages. These macrophages then 

secrete their own chemical mediators, attracting additional monocytes and a feed-

forward inflammatory process is established (Osborn and Olefsky 2012). The cause 

for infiltration and activation of macrophages in the AT is likely to be multifactorial 

(Surmi and Hasty 2008). Consequences of AT expansion include changes in fatty acid 

flux, hypoxia and adipocyte cell death. Increased lipolysis is associated with the IR 

state that accompanies obesity (Morigny et al. 2016). Endogenous free fatty acids 

(FFAs) released from adipocytes following lipolysis induce inflammatory changes 

through activation of the pro-inflammatory nuclear factor kappa B (NFκB) pathway 

(Suganami et al. 2007). AT undergoes hypertrophic enlargement in obesity, resulting 

in hypoxia (Trayhurn 2013). Hypoxia induces the expression of several inflammatory 

molecules in adipocytes (Trayhurn et al. 2008) and inhibits macrophage departure 

from the hypoxic region (Turner et al. 1999). Adipocyte death is a hallmark feature of 

obesity and macrophages may enter the AT to phagocytose dead or dying adipocytes 

present in the expanding AT (Surmi and Hasty 2008).   

 

Over nutrition and dietary factors also promote monocyte recruitment and the 

inflammatory response. Triggers of the postprandial inflammatory response include fat 

type (Myhrstad et al. 2011; Cruz-Teno et al. 2012), glucose (Chu et al. 2014; Dickinson 

et al. 2008) and high glycaemic index foods (Dhindsa et al. 2004). A Westernized 

dietary pattern is characterised by excessive consumption of energy, salt, sugar, 

saturated fat and low intakes of healthy fats, fibre and antioxidants (Calton et al. 2014).  
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A diet rich in saturated fat promotes monocyte infiltration into AT and IR (Enos et al. 

2013). Saturated fatty acids (SFA) are ligands for toll-like receptor 2 (TLR-2) and toll-

like receptor 4 (TLR-4) located on the surface of macrophages and adipocytes. When 

the ligand-receptor complex is formed, activation of NFκB, the c-jun N-terminal 

Kinase and p38 mitogen activated protein kinase (MAPK) signalling cascades 

stimulate pro-inflammatory gene transcription pathways. Continuous stimulation of 

these pathways results in a chronic state of inflammation and IR follows (Enos et al. 

2013). SFA also stimulate pro-inflammatory mechanisms through a TLR-independent 

pathway via the production of ROS which impacts on IR through the production of IL-

1β (Teng et al. 2014). The consumption of a meal high in carbohydrate (>50%) 

increases oxidative stress and reduces antioxidant defences (Ceriello et al. 1998) and 

is related to the extent of meal-induced hyperglycaemia (Ceriello et al. 1999). Vitamin 

C (specifically ascorbic acid), is a potent antioxidant that scavenges ROS (Ottoboni 

and Ottoboni 2005). In vitro acute hyperglycaemia leads to a significant decrease in 

leucocyte vitamin C content (Chen et al. 1983). It has been hypothesised that acute 

hyperglycaemia may induce intracellular vitamin C deficiency through competitive 

inhibition because vitamin C and glucose share a common transport system, the 

glucose transporters (Price et al. 2001). Specifically, without transport of 

dehydroascorbic acid into cells, vitamin C is unable to be reduced to ascorbic acid.  

 

 In contrast, fatty acid docosahexaenoic acid (DHA), which is found in fish oil, seafood 

and sea weed (Singh 2005), exerts an anti-inflammatory effect. Although the precise 

pathways remain to be elucidated, activation of cytosolic phospholipase A2 and 

cyclooxygenase 2 (COX-2) have been suggested as potential candidate mechanisms 

(Liu et al. 2014). The antioxidant resveratrol, found in grapes, wine, peanuts, and soy 

(Burns et al. 2002), promotes anti-inflammatory effects in circulating macrophages 

through down regulation of the NFκB pathway and decreased cytokine release follows 

(Buttari et al. 2014). Vitamins C and E and energy restriction are additional dietary 

factors that have been identified with anti-inflammatory characteristics (Calder et al. 

2011).  

 

Inflammation and insulin resistance 

Low-grade inflammation influences tissue metabolism locally and systemically via the 

circulation (Figure 2). Obesity-driven inflammation induces IR within the muscle, 
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liver, and AT. IR within the liver results in increased gluconeogenesis and elevated 

blood glucose in the circulation. In insulin-sensitive individuals, insulin acts on the 

insulin receptor leading to tyrosine-phosphorylation of insulin receptor substrate 1 

(IRS-1) and subsequent intracellular signalling promotes glucose transporter 4 

translocation and uptake of glucose into the cell (glucose disposal) (de Luca and 

Olefsky 2008; Marette 2002). TNF-α decreases insulin signalling by inducing IRS-1 

serine phosphorylation instead (de Luca and Olefsky 2008; Marette 2002). TNF-α has 

been demonstrated to induce IR via a p38 MAPK-dependent pathway (Li et al. 2007). 

Activation of the Janus kinase (JAK)/ STAT pathway may be another signalling 

pathway through which inflammation induces IR (Gurzov et al. 2016). Suppressor of 

cytokine signalling (SOCS) proteins are expressed with activation of the JAK/STAT 

pathway. In mouse models of obesity, there is an increase in suppressor of cytokine 

signalling proteins, SOCS-1 and SOCS-3, in the liver, muscle, and AT, which supress 

tyrosine phosphorylation of IRS-1 and IRS-2 leading to a reduction in glycogen 

synthesis and glucose uptake (Ueki et al. 2004).  

 

 

Figure 2. Inflammatory mediation of insulin function  
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In humans, the most direct approach to assess the contribution of low-grade 

inflammation to the development of IR is to analyse the consequences of anti-

inflammatory pharmacotherapy. A double-blind randomized controlled trial (RCT) of 

salsalate treatment for 1 month in twenty non-diabetic obese individuals improved IS. 

This was gauged by decreased fasting blood glucose (FBG), fasting C-peptide, and 

changes in glucose and C-peptide following an oral glucose challenge. Level of 

inflammatory marker C-reactive protein (CRP) and anti-inflammatory marker 

adiponectin also improved following salsalate (Fleischman et al. 2008).  

 

The metabolic effects of inflammatory cytokines can be neutralised by injections of 

recombinant monoclonal antibodies. In non-diabetic individuals, several studies have 

observed improvement of IS after treatment with TNF-α antibodies (Tam et al. 2007; 

Pina et al. 2015), although improvement in IS is not consistently observed despite 

dampening of systemic inflammation (Di Rocco et al. 2004). Reasons for disparity 

include different methods for determining IS and lengths of study design. A number 

of RCTs (Larsen et al. 2007; Cavelti-Weder et al. 2012; Sloan-Lancaster et al. 2013) 

in humans have suggested the involvement of IL-1β in impaired insulin secretion and 

in IR. An initial proof-of-concept study randomly assigned 70 patients with T2DM to 

receive either a recombinant human IL-1RA or placebo for 13 weeks. Improved 

glycaemia, β-cell secretory function and systemic inflammation were observed with 

the antagonist pharmacotherapy (Larsen et al. 2007). Gevokizumab, an IL-1β 

antagonist, was given to patients with T2DM for 13 weeks. CRP levels decreased as 

did HbA1c and insulin secretion improved (Cavelti-Weder et al. 2012). Together, these 

data support the hypothesis that low-grade chronic inflammation contributes to the 

pathogenesis of obesity-related IR and that targeting inflammation may provide a 

therapeutic route for diabetes prevention and/or treatment. 

 

Bioenergetics 

Bioenergetics is the field of study concerned with the flow of energy through living 

systems. In the cell cytosol, glycolysis produces pyruvate from glucose and adenosine 

triphosphate (ATP) is generated (2 molecules of ATP per molecule of glucose). 

However, the mitochondria produce over 90% of cellular ATP through the Kreb’s 

cycle, also known as the tricarboxylic acid (TCA) cycle, and oxidative 

phosphorylation (38 molecules of ATP per molecule of glucose). The TCA cycle 
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converts carbohydrate, protein and fat into carbon dioxide (CO2) and reduced 

coenzymes NADH and FADH are generated. These coenzymes then carry electrons 

into the electron transport chain (ETC). The electrons flow through the five complexes 

that make up the ETC and finally are passed on to molecular oxygen (O2) with the 

generation of water (H2O). Concurrently, protons (H+) are moved from the inner 

mitochondrial membrane to the intermembrane space creating a proton motive force. 

This force is then used to phosphorylate adenosine diphosphate (ADP) via the 

mitochondrial ATP synthase complex and ATP is generated (Pieczenik and Neustadt 

2007). It is in this fashion that the mitochondria consume ~85% of cellular O2 during 

the production of ATP (Shigenaga et al. 1994), with the remaining oxygen being used 

by cellular enzymes including NADPH oxidase and cytochrome P450, during the 

generation of ROS and via proton leak. The uncoupling of electron transport to H+ 

transfer leads to the generation of heat instead of generating ATP. Uncoupling proteins 

(UCPs), are a family of mitochondrial transport proteins, located in the inner 

mitochondrial membrane, which transport H+ to the mitochondrial matrix dissipating 

the proton motive force as heat and uncoupling substrate oxidation from the production 

of ATP (Figure 3). Five UCPs (UCP1 to UCP5) are found in mammals and are named 

according to their tissue distribution through the body. UCP1 is expressed in brown 

adipose tissue in newborns, UCP2 is ubiquitously distributed throughout the body, 

UCP3 is mainly restricted to the skeletal muscle, and UCP4 and UCP5 are expressed 

in the brain. It is widely accepted that UCPs reduce oxidative damage by decreasing 

mitochondrial ROS formation (Liu et al. 2013). UCPs are believed to be implicated in 

the pathogenesis of obesity and T2DM. UCP 2 and 3 expression is induced by fasting, 

as well as hyperglycemia, which indicates there may be an important link between 

UCPs and the availability of fuel substrates (Dalgaard 2011). 
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Figure 3. Uncoupling and coupling of oxidative phosphorylation to ATP production 

 

Bioenergetics can be measured at the whole-body level through measurements of heat 

production via direct calorimetry or indirect calorimetry. The most common validated 

method to measure ATP production and substrate utilisation at the whole-body level 

in humans is via indirect calorimetry. Indirect calorimetry is a non-invasive method 

whereby whole body bioenergetics are estimated in vivo through respiratory gas 

measurements of O2 consumption and CO2 production (Ferrannini 1988).  Substrate 

utilisation or respiratory quotient (RQ), provides an indication of average fuel 

utilisation across the whole body. Substrate utilization is determined through the 

measurement of the CO2 production to O2 consumption ratio. Lower values (eg 0.7), 

correspond to greater fat oxidation (FO), while higher values (eg 0.9) indicate 

carbohydrate oxidation. However true rates of carbohydrate or fat oxidation requires 

the additional measurement of nitrogen excretion, as a reflection of protein oxidation 

(Ferrannini 1988). 

 

Indirect calorimetry measurements made at rest and in the fasted state give an indicator 

of the minimum EE that is compatible with life and this can be defined as the RMR. 

RMR is the major determinant of daily energy requirements in humans, accounting for 

60–75% of total daily EE. FFM is the single greatest predictor of RMR accounting for 
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up to 60% of RMR variance (Johnstone et al. 2005; Arciero et al. 1993). A significant 

contribution of FM is also apparent in obesity (Johnstone et al. 2005). Additionally, 

small but important contributions to RMR are made by age (Johnstone et al. 2005), 

sex (Arciero et al. 1993) and ethnicity (Sharp et al. 2002). However, even after 

accounting for these factors, there still remains significant inter-individual variation in 

RMR which are not understood (Johnstone et al. 2005; Larsen et al. 2011) Addressing 

the underlying causes of this variation has long been recognised as essential 

(Scrimshaw et al. 1994), particularly if such factors are modifiable through therapeutic 

interventions.  

 

Bioenergetics of individual tissues and cells can also be measured to gauge tissue 

specific energetic function and examine dysfunction in energy generating pathways. 

Many methods exist to measure bioenergetics at the cellular level. Extracellular flux 

analyzers, such as the Seahorse XFe96 flux analyser, represent a novel and convenient 

method to measure O2 consumption and proton production. This method requires a 

relatively small number of cells compared to alternative methods of O2 consumption 

measurement such as the Clark electrode (Chacko et al. 2013; Fink et al. 2012). 

Importantly, the cell isolation procedure and attachment to the extracellular flux 

analyser cell culture plate does not result in detectable activation of the cells (Chacko 

et al. 2013). The Seahorse XFe96 flux analyser measures the oxygen consumption rate 

(OCR), an index of mitochondrial respiration, and the change in pH (the extracellular 

acidification rate or proton production rate), an indicator of glycolytic flux (Dranka et 

al. 2011; Brand and Nicholls 2011; Maynard et al. 2013). Different reagents are 

preloaded into the four reagent delivery chambers for sequential injection into the 

media containing the cells or tissue. Injecting inhibitors and activators of 

mitochondrial respiratory chain allows determination of the defects in individual 

cellular respiration pathways (Chacko et al. 2013).  

 

Tracking cellular bioenergetics may allow for a dynamic assessment of health status 

(Chacko et al. 2014). It has been suggested that the calculation of BHI, a composite of 

mitochondrial bioenergetic parameters, may represent a novel prognostic or diagnostic 

biomarker in disease states (Chacko et al. 2014). Chronic metabolic stress 

progressively decreases mitochondrial function and mitochondrial ETC damage 

occurs (Chacko et al. 2014). This manifests as a low BHI which is associated with 
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increased proton leak and greater non-mitochondrial respiration. However, whether 

individual factors such as age and sex influence the BHI requires investigation 

(Chacko et al. 2016).  

 

The use of peripheral blood mononuclear cells as biomarkers  

Peripheral blood mononuclear cells (PBMCs) are biosensors influenced by circulating 

molecules produced by cells, tissues and organs (Japiassu et al. 2011), as well as 

environmental factors, such as diet and exercise. Changes in gene expression in 

PBMCs have been shown in response to dietary interventions such as calorie 

restriction (Van Bussel et al. 2016). Recent studies in humans have demonstrated that 

changes in gene expression (Hulsmans et al. 2012),  and surface protein markers 

(Poitou et al. 2011; van der Weerd et al. 2012; Bories et al. 2012) in PBMCs provide 

robust correlations with risk of MetS, CVD and obesity. Thus, PBMCs are postulated 

to be of potential use as biomarkers of health status (Stepien et al. 2014; Pecht et al. 

2014).  

 

Similar to classically studied organs such as AT, skeletal muscle, liver, and the 

pancreas, PBMCs have been utilised to determine bioenergetics status in a variety of 

different disease states, including sepsis (Japiassu et al. 2011; Belikova et al. 2007), 

rheumatic disease (Kuhnke et al. 2003), T2DM (Widlansky et al. 2010; Hartman et al. 

2014), fibromyalgia (Cordero et al. 2010), and Alzheimer’s disease (Maynard et al. 

2013). PBMCs obtained from anorexia nervosa patients (Omodei et al. 2015) and 

Alzheimer’s disease patients (Maynard et al. 2013) have a reduced bioenergetic profile 

compared to healthy controls, while PBMCs isolated from patients with T2DM have 

a higher basal respiration, maximal respiration, and coupling efficiency compared to 

controls (Hartman et al. 2014).   

 

Vitamin D background 

Vitamin D is a generic name given to two molecules, ergocalciferol (vitamin D2) and 

cholecalciferol (vitamin D3). The sources of vitamin D include consumption via diet 

and supplementation with either ergocalciferol or cholecalciferol (Liu 2012). The 

major source of vitamin D is endogenous production; commencing with solar UV-B 

irradiation of 7-dehydrocholesterol present in the skin to generate cholecalciferol (Pilz 

et al. 2013; Liu 2012). Subsequent hydroxylation in the liver produces 25-hydroxy 
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vitamin D [25(OH)D], the main circulating form of vitamin D. A final hydroxylation 

step in the kidney catalysed by the enzyme CYP27B1 produces the active metabolite 

1,25-dihydroxy vitamin D [1,25(OH)2D]. Extrarenal synthesis of 1,25(OH)2D has 

been widely demonstrated including sites such as the colon, prostate, placenta and cells 

of the immune system (Bikle 2010). CYP27B1 expression and activity is well 

established in activated macrophages (Bikle 2010). 1,25(OH)2D exerts biological 

function via binding to its nuclear vitamin D receptor (nVDR) (Pilz et al. 2013; Fleet 

2004) and modulating gene expression (Haussler et al. 2008). These receptors are 

present in many non-skeletal tissues including the intestinal epithelial cells, pancreatic 

β cells and immune cells (Wang et al. 2012). Membrane-bound vitamin D receptors 

(mVDR) (Vuolo et al. 2012; Huhtakangas et al. 2004) and cytosolic VDRs 

(Trochoutsou et al. 2015) are also involved in vitamin D action (Huhtakangas et al. 

2004; Trochoutsou et al. 2015) through induction of rapid, non-genomic effects 

(Haussler et al. 2011; Hii and Ferrante 2016). Non-genomic actions of 1,25(OH)2D 

include the activation of signalling molecules (Vuolo et al. 2012), rapid generation of 

second messengers, activation of protein kinases and opening of ion channels (Hii and 

Ferrante 2016). Moreover, non-genomic pathways regulate a wide range of 

1,25(OH)2D-mediated genomic and cellular functions (Hii and Ferrante 2016).  

 

Individual vitamin D status is evaluated by circulating serum levels of 25(OH)D.  

Inadequate 25(OH)D, defined as < 50 nmol/L, is commonly observed across the world 

(Daly et al. 2012), with the greatest levels of insufficiency occurring during winter 

months (Gill et al. 2014; Pittaway et al. 2013; Nowson et al. 2012). Despite the 

temperate Australian climate, 25(OH)D inadequacy is found in one third of adults 

(Daly et al. 2012; Nowson et al. 2012).  The appropriate level of circulating 25(OH)D 

required for good health is highly disputed; while some research groups argue that 50 

nmol/L is sufficient (Ross et al. 2011; Peterlik 2012), others have proposed that this 

value should be raised to 75 nmol/L (Heaney 2008; Vieth 2011) and recommendations 

for optimal status as high as 90-100 nmol/L have been made (White 2012; Tran et al. 

2013; Bischoff-Ferrari et al. 2006). Geographical location, season, sex and adiposity 

are well-documented to influence status (Verdoia et al. 2015; Malvy et al. 2000; 

Palacios et al. 2012). Typical seasonal variations in Australia are 10-20 nmol/L (Gill 

et al. 2014; Nowson et al. 2012; Pittaway et al. 2013). In contrast, the circulating 

concentration of 1,25(OH)2D is regulated in vivo through tight homeostatic 
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mechanisms (Holick 2007).  Local generation of 1,25(OH)2D from its less active 

circulating precursor, 25(OH)D, is believed to be important for regulatory function 

(Zhang et al. 2012b; White 2012; Hewison 2011).  

 

Vitamin D in energy metabolism 

A role for vitamin D in energy metabolism is plausible, but is not yet well explored.  

The VDR has been detected in the mitochondria of human platelets (obtained from 

fresh blood) and megakaryocytes (MEG-01 cell line) (Silvagno et al. 2010). In cell 

line studies, the translocation of nVDR to mitochondria in keratinocytes, has been 

demonstrated (Silvagno et al. 2013). Through genetic silencing of the VDR in a human 

keratinocyte cell line, the VDR was found to inhibit oxidative phosphorylation 

(Consiglio et al. 2014). Such effects may signal the potential to alter mitochondrial 

function and cellular bioenergetics. Mice lacking nVDR, known as VDR null mice, 

gained less FM on a high fat diet through increased EE, greater fatty acid oxidation 

and UCP expression (Wong et al. 2009). As to be expected, overexpression of the 

VDR, specifically in the AT, resulted in increased FM, reduced EE, and reduced fat 

oxidation (Wong et al. 2011). In contrast, mice supplemented with cholecalciferol for 

10 weeks were protected against diet-induced obesity via enhanced EE and fat 

oxidation (Marcotorchino et al. 2014). Injection of 1,25(OH)2D into the peritoneal 

cavity of rats on alternating days for 8 weeks reduced body weight gain following a 

high fat diet, inhibited lipogenesis and promoted fat oxidation (Yin et al. 2012). The 

origin of this discrepancy is presently not understood and requires further 

investigation.  

 

Human supplementation studies examining the impact of cholecalciferol on EE are 

scarce (Soares et al. 2012). Cholecalciferol supplementation in 10 non-obese men for 

1 week, increased 1,25(OH)2D but did not impact substrate oxidation or EE (Boon et 

al. 2006). A meta-analysis consisting of 12 high quality RCTs examined the impact of 

cholecalciferol supplementation on body weight and multiple fat indices (FM kg, fat 

mass percentage, BMI). No differences between treatment and placebo groups were 

observed (Pathak et al. 2014).   There is a need for future studies to investigate the 

impact of cholecalciferol supplementation and/or 25(OH)D on whole body EE and 

substrate utilisation.  
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Vitamin D in immunity and inflammation 

The importance of sufficient 25(OH)D for resistance to infection in humans has long 

been appreciated. Seasonal oscillation of influenza is prominent, with explosive rates 

during winter coinciding with the seasonality of 25(OH)D. It has been hypothesized 

that the seasonal fluctuation of 25(OH)D concentrations may affect the seasonal 

pattern of influenza (Cannell et al. 2008). In a RCT, 104 post-menopausal African 

American women supplemented with cholecalciferol (800IU/d) were three times less 

likely to report cold and flu symptoms than 104 placebo controls (Aloia and Li-Ng 

2007). Interestingly, this seasonal variation in 25(OH)D also coincides with seasonal 

variations in blood pressure (Rostand 1997), HbA1C (Tseng et al. 2005) and circulating 

lipids (Ockene et al. 2004),  indicating a potential association between seasonality of 

25(OH)D and chronic metabolic disease.  However, there is a lack of reliable 

information to indicate whether seasonal variation in 25(OH)D positively or 

negatively influences health (Lucas and Neale 2014).  

 

Cellular and animal models present many indications of a role for vitamin D in 

modulating inflammation. The presence of the VDR (Khoo et al. 2011; Mocanu et al. 

2013) and the enzymatic machinery necessary to locally produce 1,25(OH)2D within 

immune system cells, suggests a role for the vitamin in immune function  (O’Brien 

and Jackson 2012). In activated macrophages, proinflammatory cytokines are major 

drivers for CYP27B1 expression and activity (Bikle 2010). 1,25(OH)2D has been 

shown to enhance the antimicrobial actions, promote chemotaxis and phagocytic 

capabilities in macrophages (Baeke et al. 2010). PBMCs (Jirapongsananuruk et al. 

2000; Sadeghi et al. 2006) and human-derived cell lines (Matilainen et al. 2010a; 

Matilainen et al. 2010b) have been used to study the impact of 1,25(OH)2D on cytokine 

expression and production with anti-inflammatory effects found. In adipocytes, 

1,25(OH)2D inhibits inhibitor kappa-B alpha (IκBa) phosphorylation and subsequent 

activation of the NFκB signalling pathway. 1,25(OH)2D also inhibits inflammation by 

preventing p38 MAPK phosphorylation. Gene transcription and protein production of 

proinflammatory factors IL-1β, IL-6, IL-8, MCP-1, and CCL5, were also suppressed 

(Ding et al. 2013). 

 

In contrast, the link between 25(OH)D and low grade systemic inflammation in human 

studies is unclear. A population-based study of older individuals showed an inverse 
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relationship between 25(OH)D and pro-inflammatory makers, suggesting a potential 

anti-inflammatory role in older individuals (De Vita et al. 2014). Another population-

based study, found the association between 25(OH)D and inflammatory biomarkers 

depends on the marker utilised and smoking status (Mellenthin et al. 2014). A U-

shaped association between 25(OH)D and high-sensitivity C-reactive protein (hs-

CRP) indicated that higher (> 62.5 nmol/L) 25(OH)D concentrations may be related 

to a pro-inflammatory state. Few RCTs utilising ergocalciferol or cholecalciferol 

supplementation have been conducted in humans and of those which have been 

conducted, methodology is vastly different between trials. These differences include 

study duration, vitamin D metabolite used for supplementation (ergocalciferol or 

cholecalciferol), dose, route of supplementation, presence of simultaneous 

interventions, inflammatory markers measured, study population demographics, assay 

technique used to measure 25(OH)D status,  varying degree of change in 25(OH)D 

achieved, and different absolute levels achieved (Witham et al. 2010; Zittermann et al. 

2009; Bischoff-Ferrari et al. 2012; Rahimi-Ardabili et al. 2013; Barker et al. 2015).  

Two meta-analyses have been conducted to examine the impact of 25(OH)D on 

systemic inflammation. The first meta-analysis to be conducted concluded that 

cholecalciferol supplementation reduced hs-CRP (Chen et al. 2014). However, a small 

number of RCTs were included and only the impact of supplementation on hs-CRP 

was investigated which is concerning as there is no consensus on which inflammatory 

marker best represents chronic low-grade inflammation (Calder et al. 2011). The 

second meta-analysis utilsied RCTs conducted in overweight/obese children and 

adults and found no benefit of cholecalciferol/ergocalciferol supplementation on CRP, 

IL-6 or TNF-α levels (Jamka et al. 2015). However, the review included trials that had 

implemented additional dietary interventions. The scarcity of good quality RCTs and 

reliance on poor quality studies limit these previously conducted systematic reviews.  

 

Energy metabolism and inflammation 

Inflammation has an energy cost, which is believed to be due to immune cell activation 

requiring energy for protein synthesis, inflammatory mediator release, and cell 

division (Keane et al. 2015; Straub 2011). A raised RMR is seen in metabolic 

conditions hallmarked by chronic inflammation such as T2DM and MetS (Weyer et 

al. 1999; Huang et al. 2004) and RMR has been shown to decline in those who recover 
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from MetS (Soares et al. 2011). Mechanistically there is a close positive relationship 

between mitochondrial activity and RMR in humans (Larsen et al. 2011).  

 

Mitochondria have an important role in pro-inflammatory signaling; similarly, pro-

inflammatory mediators may also alter mitochondrial function. Both of these processes 

increase mitochondrial oxidative stress, promoting a vicious inflammatory cycle 

(Brookes et al. 2004). Mitochondrial dysfunction is a recognised feature in IR, obesity 

and T2DM (Crescenzo et al. 2014), through a process which promotes low-grade 

inflammation via excessive ROS generation (Murphy and Siegel 2013) and damage to 

mitochondrial deoxyribonucleic acid (mtDNA) (Pieczenik and Neustadt 2007). Aside 

from the nucleus, the mitochondria are the only cell organelle to contain DNA. Unlike 

in the nucleus, the DNA is not protected by histones which physically protect DNA 

from free radical damage and can repair damaged DNA (Pieczenik and Neustadt 

2007). Mitochondrial dysfunction can be due to either changes in the number and 

density of mitochondria (Abdul-Ghani and DeFronzo 2008) or reduced function, 

specifically reduced oxidative capacity (Ritov et al. 2005; Mogensen et al. 2007) and 

elevated ROS production. Under pathological conditions, an excess of superoxide 

(O2
−) is produced, with superoxide dismutase unable to convert all of the anion to the 

more stable hydrogen peroxide (H2O2) within a rapid time frame (Pieczenik and 

Neustadt 2007). This accumulation causes the activation of redox-sensitive 

transcription factors, such as the key regulator of tissue inflammation, NFκB, and a 

subsequent increase in the expression of cytokines, chemokines, and adhesion 

molecules occurs (Chung et al. 2009), followed by increased production of these 

factors.  

 

The first peer-reviewed publication forms the next part of the exegesis and is a 

narrative review summarising the literature at the commencement of the PhD program 

which informed the thesis objectives.  

 

The content of this chapter is partially covered by Paper 1:   

Calton, E. K., K. N. Keane, and M. J. Soares. 2015. "The potential regulatory role of 

vitamin D in the bioenergetics of inflammation." Curr Opin Clin Nutr Metab Care 18 

(4):367-73 
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Knowledge gaps 

 After accounting for FFM, FM, age, sex and ethnicity, there still remains 

significant inter-individual variation in adult RMR which are not understood. 

Addressing the underlying causes of this variation is essential, particularly if 

such factors are modifiable through therapeutic interventions.  

 A role for 25(OH)D in energy metabolism is plausible, but has not been well 

explored. Human studies investigating the link between 25(OH)D and whole-

body bioenergetics are scarce. Circulating PBMCs are exposed to metabolic 

and immunological stimuli that influence their functionality. It is unknown 

whether in vivo 25(OH)D status modulates the resting bioenergetic profile of 

ex vivo PBMCs.  Investigating this hypothesis will elucidate a role for the 

vitamin in cellular energy metabolism. 

 Circulating 25(OH)D varies with season and this mimics the oscillation of a 

number of chronic disease risk markers. Seasonal variation in 25(OH)D and 

the seasonal changes in cellular bioenergetics, whole body energy metabolism 

and inflammation have not been previously described.  

 Both human-derived PBMCs and cell lines have been used to investigate the 

immune-modulating effect of 1,25(OH)2D. To date, a systematic review that 

comprehensively assesses the evidence for an anti-inflammatory effect of 

1,25(OH)2D and/or 25(OH)D in PBMCs and immune cell lines has not been 

conducted.  

 Results of previously conducted meta-analyses investigating the impact of 

cholecalciferol supplementation on inflammatory markers are inconsistent. 

RCTs investigating the impact of supplementation on systemic inflammatory 

markers are vastly different in methodology. These differences include study 

duration, vitamin D dose, vitamin D metabolite used for supplementation, route 

of supplementation, presence of simultaneous interventions, different 

inflammatory markers measured, varying study populations, variety of assay 

techniques used to measure 25(OH)D, varying degree of change in 25(OH)D 

achieved, and different absolute levels achieved. Therefore, there is a need to 

investigate the impact of the methodological factors identified above in order 

to comprehensively assesses the evidence for an anti-inflammatory effect of 

the vitamin in humans.  
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Research aim 

The broad hypothesis on which this PhD thesis is based is that circulating vitamin D 

[25(OH)D or 1,25(OH)2D] modulates bioenergetics (whole body and cellular) and 

inflammation both directly and through indirect cross-communication between energy 

metabolism and inflammatory pathways.  

 

The overall aim of the thesis was to study explore the inter-relationships between 

vitamin D, energy metabolism and inflammation in adult humans at both the whole-

body and cellular level. Specifically, the effects of cholecalciferol and/or 25(OH)D 

and/or 1,25(OH)2D on whole body energy metabolism, the bioenergetic profile of 

isolated PBMCs, the inflammatory status of human-derived cell lines and PBMCs and 

the inflammatory marker concentration in circulation were investigated.  

 

Thesis objectives 

1. To carry out a comprehensive systematic review that examines the impact of 

vitamin D metabolites [cholecalciferol, 25(OH)D, 1,25(OH)2D] on the 

inflammatory profile of human-derived immune cell lines and ex vivo PBMCs.  

2. To investigate whether 25(OH)D contributes to whole-body bioenergetics 

(RMR) in adults.  

3. To determine whether in vivo 25(OH)D is associated with ex vivo PBMC 

bioenergetics. 

4. To investigate whether seasonal variations in 25(OH)D are associated with 

seasonal changes in whole body energy metabolism, circulating PBMC 

bioenergetic profiles and markers of systemic inflammation. 

5. To examine the causal link between 25(OH)D and the systemic inflammatory 

profile in adults. 
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Discussion  

Main findings 

Through a collection of studies, the findings of this thesis demonstrate that 25(OH)D 

levels are associated with whole-body and cellular bioenergetics (Chapter 3, Chapter 

4 and Chapter 5). Chapter 3 demonstrated that 25(OH)D was a significant positive 

predictor of whole-body bioenergetics in a Caucasian adult Australian population. In 

contrast, low 25(OH)D (< 50 nmol/L) was associated with increased PBMC 

bioenergetic responses in Chapter 4. Reasons for the seemingly conflicting findings 

may be the different study population used and varied methods for measuring 

bioenergetic parameters (cellular vs whole body and different equipment used for each 

approach). Although season of data collection varied, the mean (SD) 25(OH)D 

obtained in each study were similar [Chapter 3 study 58.89 (23.48) nmol/Lvs Chapter 

4 study 65.61 (22.87) nmol/L. As Chapter 3 measured whole body bioenergetics and 

Chapter 4 measured PBMC bioenergetics, it cannot be ruled out that 25(OH)D has 

different bioenergetic effects in various tissues and cells of the body. In Chapter 4, it 

was demonstrated that in vivo circulating 25(OH)D was inversely associated with ex 

vivo PBMC cell bioenergetic responses. Furthermore, significantly greater 

bioenergetics responses in those with 25(OH)D < 50 nmol/L were observed compared 

to those with status > 50 nmol/L. It appeared that this effect may plateau above 50 

nmol/L, since the group > 75 nmol/L showed no further change in these bioenergetic 

parameters. Similarly to Chapter 4, the findings of Chapter 5 also suggests there may 

be an effect of circulating 25(OH)D on PBMC bioenergetics. Chapter 5 demonstrated 

a concurrent observation of increased 25(OH)D and lowered bioenergetic parameters 

in summer as compared to winter. Seasonal increases in 25(OH)D significantly 

reduced bioenergetic responses such that greater improvement was seen in those who 

normalized their status to ~ 50 nmol/L in summer, while those who already had 

achieved values > 50 nmol/L in winter showed no further improvements in summer. 

With the findings of Chapters 4 and 5 interpreted together, reaching and maintaining 

25(OH)D status > 50 nmol/L year-round may be important for bioenergetic function 

in PBMCs.  

 

In Chapter 3, IS was reported to be a negative determinant of RMR and a direct positive 

relationship was found between IS and 25(OH)D. In Chapter 4, an association was 
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also found between IS and 25(OH)D, with greater IS in the highest 25(OH)D group.  

Furthermore, as the links between bioenergetics, inflammatory markers and whole-

body bioenergetics disappeared on adjustment for QUICKI, whole body IS may be 

implicated in the derangement of bioenergetics associated with 25(OH)D. In Chapter 

5, IS was reported to be greatest in summer compared to winter, which mirrored the 

seasonal pattern in 25(OH)D. However, despite adjusting for IS in this study, the 

relationship between bioenergetic responses and 25(OH)D remained. The relationship 

between 25(OH)D, IS and bioenergetics will require intervention studies to establish 

cause-and-effect.  

 

The thesis clearly demonstrates that the active vitamin D metabolite, 1,25(OH)2D, 

exerts an anti-inflammatory effect on cytokine expression and production, in both 

human-derived immune cell lines and PBMCs originating from humans (Chapter 2). 

However, whether 25(OH)D modulates immune cell inflammation is unclear, as few 

studies used this form of vitamin D. Increasing circulating 25(OH)D levels can be 

achieved through sun exposure, diet or supplementation and this will increase the 

availability of substrate to immune cells for local production of the active metabolite. 

In Chapter 5, it was reported that all inflammatory markers significantly decreased 

with season from winter to summer, with the exception of CRP which did not change. 

Despite this, only the seasonal increase in 25(OH)D was positively associated with the 

anti-inflammatory marker IL-10. As multiple systemic inflammatory markers 

decreased within each tertile of 25(OH)D, this suggests that higher levels of 25(OH)D 

may be required to dampen inflammation than to modulate bioenergetic responses. If 

this is confirmed by future studies, optimal 25(OH)D will depend on the specific extra-

skeletal effect and future recommendations for 25(OH)D will need to be directed at 

health across all systems of the body.  

 

Given the clear anti-inflammatory effect of 1,25(OH)2D observed in Chapter 2, it was 

surprising to find that modulating 25(OH)D through cholecalciferol supplementation 

did not influence the concentration of systemic inflammatory markers CRP or IL-6 in 

high-quality RCTs conducted in humans (Chapter 6). One possible explanation for this 

discrepancy is that cellular experiments allow greater control of the local environment 

while in vivo, the local response to supplementation by individual cells may be diluted 

out in the whole body, resulting in non-detectable changes. Interestingly, our meta-
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analyses did suggest that a status ≥ 80 nmol/L was associated with a favourable 

reduction in CRP. This finding is in accordance with those of Chapter 5 suggesting 

that higher levels of 25(OH)D may be required to dampen inflammation than for 

bioenergetic function in PBMCs.  

 

Significance and impact of publications 

The body of research presented in this thesis presents several novel and interesting 

facets that further the understanding of immuno-metabolic processes modulated by 

vitamin D. It is acknowledged that while this research is still in its infancy, such studies 

may reveal therapeutically relevant targets for the treatment of the increasing 

pandemic of metabolic disease by manipulating the metabolic-immunological 

interface. Modulation of immune cell function/inflammation or targeting of 

bioenergetic function with vitamin D metabolites may present a valuable future 

strategy for therapeutic intervention.  

 

No study had previously examined whole body and cellular bioenergetics within the 

same group of individuals (Chapter 4), nor tracked the same individuals over time 

(Chapter 5).  This is a developing area of research in the field of whole body and 

cellular bioenergetics and may encourage further studies to link whole body and 

cellular bioenergetics of PBMCs or other cell types. 

 

There is significant debate whether extra-skeletal benefits of vitamin D exist. The 

publication of Chapter 4 is the first to suggest there may be an effect of circulating 

25(OH)D on PBMC bioenergetics. From the publications of Chapters 4 and 5, it 

appears that 25(OH)D should be kept above 50 nmol/L year-round. Intervention 

studies are warranted to confirm these findings in a larger group of individuals.  

 

This thesis adds further evidence that BHI may be a prognostic or diagnostic indicator 

of health status. BHI, a proposed indicator of mitochondrial health status, was directly 

related to IS and inversely to RMR, and markers of systemic inflammation. This 

potentially validates a scenario where attenuation of systemic inflammation, improved 

IS, reduced whole body energetic demand and improved BHI are inter-linked. These 

novel findings will promote research in the area of immuno-metabolic health.  
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The systematic review described in Chapter 2 clearly demonstrates an anti-

inflammatory effect of 1,25(OH)2D on the cytokine expression and protein levels in 

human-derived immune cells. It was identified that few studies have investigated 

whether 25(OH)D modulates the inflammatory profile, and this may promote future 

research in the area.  

 

Research limitations and future directions 

Vitamin D is a broad term and is used throughout the literature to refer to a variety of 

metabolites. It is vital that the effects of cholecalciferol, ergocalciferol, 25(OH)D, 

1,25(OH)2D are clearly identified and differentiated.  

 

Chapter 2 revealed there are very few studies which investigated whether 25(OH)D 

modulates parameters of inflammation, thus the impact of 25(OH)D on human-derived 

PBMCs and cell lines remains unclear. However, we and others (Zhang et al. 2012a) 

hypothesise that 25(OH)D levels are crucial since they influence local tissue 

concentrations of 1,25(OH)2D (Hewison 2011). Therefore, future studies should 

investigate the potential role of various doses of 25(OH)D that reflect whole body 

circulating concentrations on inflammatory marker expression and production in 

human-derived immune cells.  

 

As the impact of 1,25(OH)2D on subsequent cell function was outside the scope of the 

systematic review of Chapter 2, whether the harmful effects of inflammation are able 

to be antagonised without affecting host defense functions remains to be investigated. 

Further studies are therefore required to determine the full effect of 1,25(OH)2D on 

other parameters of immune and cellular function. 

 

Chapters 3 and 4 both utilised a cross-sectional design and Chapter 5 an observational 

study design, therefore the work described in this thesis is unable to confirm a causal 

effect of 25(OH)D on bioenergetics.  At most, the findings of these publications 

suggest a potential role for 25(OH)D in bioenergetic responses. While the results 

strongly support the further examination of studies aimed at correcting inadequate 

25(OH)D and assessment of bioenergetic parameters. Well-designed high-quality 

RCTs are required to extend these findings and explore whether a causative 

relationship exists.  
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It is a limitation of the publications in Chapter 4 and Chapter 5 that a heterogenous 

population of immune cells was utilised, as each cell population has a unique 

bioenergetic profile. However, the use of a mixed population may provide a better 

index of the inflammatory status of the whole body than studying one specific type of 

immune cell. Moreover, cells in vivo do not exist in isolation, rather they circulate 

together and interact with one another.  Never-the-less, future research should 

determine the causal influence of 25(OH)D on bioenergetics in isolated and purified 

populations of immune cells.  

 

Both publications of Chapter 4 and Chapter 5 utilised relatively small sample sizes 

(n=38 and n=30, respectively). While this did not impact the ability to report 

significant findings in PBMC bioenergetic responses, the larger biological variability 

associated with the whole-body approach, relative to isolated cell systems, may have 

contributed to the non-significant decrease in RMR observed in the seasonal study 

described in Chapter 5. Although the hypotheses and findings of both of these studies 

are novel, it is crucial to assess whether similar results are found in other studies and 

larger sample sizes should be utilised when examining whole-body effects.  

 

It must be acknowledged that measuring systemic cytokine concentrations as was 

described in Chapters 4-6, do not provide information on cytokine release at the local 

tissue level (Albers et al. 2005), thus local effects of 25(OH)D cannot be ruled out. 

Furthermore, we cannot eliminate the possibility that 25(OH)D modulates aspects of 

immune function other than cytokine release such as immune cell proliferation, 

differentiation and migration (Prietl et al. 2013), and future RCTs and cell studies 

should include such parameters in their design. Furthermore, there is a lack of studies 

which have investigated the impact of 25(OH)D on inflammatory markers other than 

IL-6 and CRP. This is important as there is currently no consensus at to which 

inflammatory marker best represents low grade inflammation.  

 

The publications described in Chapter 4 and Chapter 5 did not explore the changes in 

protein or gene expression of inflammatory cytokines or energy metabolism 

components such as electron transport chain proteins, glucose transporters, or 

glycolytic enzymes, as the cellular material was limited. Further studies are therefore 
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required to determine the full effect of 25(OH)D on these parameters of immune and 

bioenergetic function.  

 

Finally, future studies are required to investigate the potential for BHI to be a 

diagnostic indicator for chronic disease and ascertain the response to treatment 

modalities. Studies are required to develop the BHI calculation and ascertain whether 

the use of exponents to modify the relative weighting of the bioenergetic parameters 

should be utilised. Furthermore, an exploration of whether individual factors such as 

age and sex influence the BHI is also required.  
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CHAPTER 2 - VITAMIN D PROMOTES AN ANTI-INFLAMMATORY 

CYTOKINE PROFILE IN HUMAN-DERIVED IMMUNE CELLS 

 

The content of this chapter is covered by Paper 2: 

Calton, E. K., K. N. Keane, P. Newsholme, and M. J. Soares. 2015. "The impact of 

vitamin D levels on inflammatory status: A systematic review of immune cell studies." 

PLoS ONE 10 (11):e0141770. doi: 10.1371/journal.pone.0141770. 

 

Thesis objectives addressed in this chapter: 

Objective 1: To carry out a comprehensive systematic review that examines the 

impact of vitamin D metabolites on the inflammatory profile of human-derived 

immune cell lines and ex vivo PBMCs. 
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CHAPTER 3 - VITAMIN D IS A NOVEL DETERMINANT OF RESTING 

METABOLIC RATE 

 

The content of this chapter is covered by Paper 3: 

Calton, E. K., K. Pathak, M. J. Soares, H. Alfonso, K. N. Keane, P. Newsholme, N. K. 

Cummings, W. Chan She Ping-Delfos, and A. Hamidi. 2016. "Vitamin D status and 

insulin sensitivity are novel predictors of resting metabolic rate: a cross-sectional 

analysis in Australian adults." Eur J Nutr 55 (6):2075-80. doi: 10.1007/s00394-015-

1021-z. 

 

Thesis objective addressed in this chapter: 

Objective 2: To investigate whether 25(OH)D contributes to RMR in adults. 
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CHAPTER 4 - IN VIVO 25(OH)D IS ASSOCIATED WITH THE 

BIOENERGETIC PROFILE OF EX VIVO PERIPHERAL BLOOD 

MONONUCLEAR CELLS 

 

The content of this chapter is covered by Paper 4: 

Calton, E. K., K. N. Keane, M. J. Soares, J. Rowlands, and P. Newsholme. 2016. 

"Prevailing vitamin D status influences mitochondrial and glycolytic bioenergetics in 

peripheral blood mononuclear cells obtained from adults." Redox Biol 10:243-250. 

doi: 10.1016/j.redox.2016.10.007. 

 

Thesis objective addressed in this chapter: 

Objective 3: To determine whether in vivo 25(OH)D is associated with ex vivo PBMC 

bioenergetics. 
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Supplementary Table 1. Adjusted bioenergetic measurements according to vitamin D 

status groups in those participants with no platelet contamination†  

Data are mean (SD) following following multivariate ANCOVA with adjustment for age 

(years), fat mass (kg), fat-free mass (kg), PTH (pmol/L), and QUICKI.   
#Transformed variables 
Values not sharing the same superscripts are significantly different from each other. ATP, 

adenosine triphosphate; BHI, Bioenergetic Health Index; RMR, resting 

metabolic rate; RQ, respiratory quotient; QUICKI, quantitative insulin sensitivity check index. 
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CHAPTER 5 - WINTER TO SUMMER CHANGE IN VITAMIN D STATUS 

REDUCES SYSTEMIC INFLAMMATION AND BIOENERGETIC ACTIVITY 

OF HUMAN PERIPHERAL BLOOD MONONUCLEAR CELLS 

 

The content of this chapter is covered by Paper 5: 

Calton, E. K., K. N. Keane, R. Raizel, J. Rowlands, M. J. Soares, and P. Newsholme. 

2017. "Winter to summer change in vitamin D status reduces systemic inflammation 

and bioenergetic activity of human peripheral blood mononuclear cells." Redox Biol 

12:814-820. doi: http://doi.org/10.1016/j.redox.2017.04.009. 

 

Thesis objective addressed in this chapter: 

Objective 4: To investigate whether seasonal variations in 25(OH)D are associated 

with seasonal changes in whole body energy metabolism, circulating PBMC 

bioenergetic profiles, and markers of systemic inflammation. 
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CHAPTER 6- THE IMPACT OF CHOLECALCIFEROL 

SUPPLEMENTATION ON THE SYSTEMIC INFLAMMATORY PROFILE: 

A SYSTEMATIC REVIEW AND META-ANALYSIS OF HIGH QUALITY 

RANDOMIZED CONTROLLED TRIALS 

 

The content of this chapter is covered by Paper 6: 

Calton, E. K., K. N. Keane, P. Newsholme, Y. Zhao, and M. J. Soares. 2017. "The 

impact of cholecalciferol supplementation on the systemic inflammatory profile: a 

systematic review and meta-analysis of high-quality randomized controlled trials." Eur 

J Clin Nutr. doi: 10.1038/ejcn.2017.67. 

 

Thesis objectives addressed in this chapter: 

Objective 5: To examine the causal link between 25(OH)D and the systemic 

inflammatory profile in adults.  
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The Mitochondrial Stress Test Assay 

Before any injections are made, the basal OCR is measured (See Figure 1). The basal 

OCR represents the net sum of all mitochondrial processes in the cell capable of 

consuming O2 (Hill et al. 2012). That is, coupled mitochondrial respiration as well as 

uncoupled consumption of oxygen to ATP production (eg to form reactive oxygen 

species) (Hartman 2014).  Energetically active cells have a high basal OCR. An 

increase in basal OCR could be due to an increase in ATP turnover, indicative of an 

increase in ATP demand. Secondly, an increase in basal OCR could be due to an 

increase in proton leak. Basal respiration represents a threshold below which the cell 

cannot sustain oxidative phosphorylation to meet energy demand. If this threshold 

activity cannot be met, glycolysis is then stimulated to meet the energetic needs of 

the cell (Chacko et al. 2013). Whereas a decrease in basal OCR could be due to 

decreased ATP demand, a lack of substrate availability (eg glucose, pyruvate), or 

severe damage to the ETC, which would impede the flow of electrons (Hill et al. 

2012).  

 

Figure 1. The Seahorse Mitochondrial Stress Test 

Sourced from (Rose et al. 2014) 
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Basal OCR= last measurement prior to oligomycin addition-minimum non 

mitochondrial respiration value 

 

The first injection is of oligomycin, an inhibitor of mitochondrial ATP synthase. By 

inhibiting ATP synthesis, oligomycin enables determination of oxygen consumption 

for ATP synthesis, and the coupling efficiency (Hill et al. 2012). The fall in OCR 

following oligomycin injection is the rate of oxygen consumption that is coupled to 

ATP synthesis, and the oligomycin-insensitive rate is considered as proton leak across 

the inner mitochondrial membrane.  

 

Coupling efficiency (%)=100- (ATP production/basal respiration) 

 

Proton leak= (minimum measurement after oligomycin injection through to the 

measurement prior to FCCP) – minimum non mitochondrial respiration  

 

ATP production= basal – proton leak 

 

Next, the theoretical maximum oxygen consumption that can take place at cytochrome 

c oxidase (complex IV) whether limited by availability of substrate or activity of the 

electron transport chain is measured by injecting uncoupling reagent, Carboynl 

cyanide-p trifluoromethoxyphenylhydrazone (FCCP). FCCP disrupts ATP synthesis 

by transporting hydrogen ions across the mitochondria membrane instead of through 

ATP synthase resulting in rapid consumption of energy and oxygen without the 

generation of ATP. The difference between the basal rate and this FCCP- stimulated 

rate is the reserve capacity of the mitochondria, which is a measure of the maximal 

potential respiratory capacity the cell can utilise under conditions of stress and/or 

increased energetic demands. The larger the value for reserve capacity the more 

effectively mitochondria can meet both the ATP needs of the cell and deal with 

increased energetic demand or metabolic stress. 

 

Spare respiratory capacity = maximal respiration- basal  

 

Maximal respiration= maximum OCR in response to FCCP - non mitochondrial 

respiration 
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The third injection is a combination of rotenone, a complex I inhibitor and antimycin 

A, a complex III inhibitor. Together, ETC activity is completely inhibited (Hill et al. 

2012) allowing for non-mitochondrial derived OCR to be measured. Non-

mitochondrial derived OCR measures cellular oxygen consumption occurring 

elsewhere in the cell such as by cellular enzymes including NADPH oxidase and 

cytochrome P450.  

 

Non-mitochondrial derived OCR= first measurement after addition of rotenone and 

antimycin A through to the end of assay  

 

The Glycolysis Stress Test Assay 

First, cells are incubated in the glycolysis stress test medium containing no glucose but 

with pyruvate and glutamine and the basal PPR is measured. This measured PPR is 

not attributable to glucose metabolism. The first injection is a saturating concentration 

of glucose. The cells utilize the glucose injection and catabolize it through the 

glycolytic pathway to pyruvate, producing ATP, NADH, water, lactate and 

consequently protons.  As the protons increase in the surrounding medium they are 

detected.  

 

Glycolytic response to 25 mM glucose= maximum PPR following addition of glucose 

- last PPR measurement prior to addition of glucose.  

 

The second injection is oligomycin, an ATP synthase inhibitor. Oligomycin inhibits 

mitochondrial ATP production and shifts the energy production to glycolysis, with the 

subsequent increase in PPR revealing the cellular maximum glycolytic capacity.    

 

The last injection is 2-deoxy-glucose (2-DG), which inhibits glycolysis through 

competitive binding to glucose hexokinase, the first enzyme in the glycolytic pathway. 

As a result, the PPR decreases which acts to confirm that the PPR produced with the 

addition of glucose and oligomycin, is due to glycolysis.  

 

Glycolytic capacity= maximum PPR after injection of oligomycin- the minimum PPR 

following 2-DG addition 
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Glycolytic reserve=glycolytic capacity-glycolytic response to 25 mM glucose.  

 

Methods for bioenergetics analysis 

Preparation of plate  

Prior to the addition of PBMCs, XF-96 plates (Seahorse Bioscience, Billerica, MA) 

are treated with Poly-D-Lysine) to improve cell adherence. Poly-D-Lysine is diluted 

in sterile water to reach 50 µg/ml and the plate coated with 30µl per well and incubated 

for 1 hour at 37 °C. The solution is removed, the wells washed with sterile water, and 

the plate dried in a laminar flow hood overnight. 

 

PBMC isolation and count   

Venous blood is obtained from fasting donors and diluted 1:1 with PBS containing 

EDTA and added to an equal volume of histopaq solution to be centrifuged at 600xg 

for 20 min with minimum acceleration and no braking. A sample of plasma is taken 

from the upper layer, the buffy coat containing the leucocytes is removed and PBS 

(EDTA free) is added to the leucocytes for centrifugation at 300xg for 10 min. The 

pellet is resuspended in PBS (EDTA-free) and spun at 200xg for 10 min and then again 

at 100xg for 10 min. The pellet is resuspended in complete RPMI media. An aliquot 

is taken and a 1:20 dilution is made with the sample and PBS. This is then used to 

determine the cell number and proportion (%) of immune cells (lymphocytes, 

monocytes and granulocytes) using the automatic Mindray BC2800 haematological 

analyser. The cell 

suspension is freshly seeded at a density of 3.5×105 cells/well into 96 well plates 

previously coated with poly-D-lysine (50 μg/mL) and allowed to adhere overnight in 

5% CO2.  

 

Media change and calibration 

Media change of the cell culture plate is performed manually. This involves 3 cycles 

to replace the initial serum- and bicarbonate-containing media, leaving a final volume 

of 175µl serum- and bicarbonate-free media per well.  The cell culture plate is placed 

in the CO2-free incubator for about 30 mins at 37°C. Cartridges are hydrated with 

200µl of calibration solution added to each well and the cartridge and plate placed into 

a CO2-free incubator for 24 h at 37°C. The cartridge with calibration solution is then 

inserted into the Seahorse instrument and the calibration protocol run.    
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APPENDIX D: STUDY FORMS 
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Participant information Sheet 

 

Information to Volunteers 

This document serves to assist you in understanding what is involved in this project. 

For this study to be a success, we request the volunteers to adhere to all parts of the 

study. This study is being conducted by a PhD student in partial fulfilment of a PhD 

degree.  This study will be overseen by the supervisor. Please read this document 

carefully before you agree to join the study. Please be sure that you fully understand 

the nature of the study, and feel free to query us on any aspect, at any time. 

 

Summary of program 

It is well-known that immune function and energy metabolism (the way we use the 

food we eat) are connected to each other. Vitamin D is known to have effects on 

immune function and energy metabolism. This study seeks to explore relationships 

between change in vitamin D status with season and change in inflammation and 

energy metabolism. 

 

Participation in this program is on a voluntary basis. Participants may opt out of this 

study at any time, without any fear of recrimination. Personal and medical information 

collected for this study by the research team will be kept confidential. 

 

Please feel free to visit your GP to discuss your involvement in the research. 

 

Background information 

Vitamin D status is surprisingly poor in Australia, considering that Australia is well 

known for its abundant sunshine. The percentage of people with an overactive immune 

system is on the rise all over the world. An overactive immune system and impaired 

energy metabolism is more common among people who are overweight, have a 

sedentary life style or belong to certain ethnic groups. 
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Study Aim 

The aim of this study is to understand how vitamin D status, inflammatory status and 

energy metabolism change in response to season change.   

 

Study design 

This study consists of a minimum of 2 visits  

 

Visit 1 (start of the study) ~4 hour visit, Building 400.209 and 404 and Visit 2 (~4 

hour visit) 

 

The day prior to this visit, you will need to consume your last meal by at least 12 hours 

prior to your arrival time for the study. After this meal, you may drink as much as 

water you want; however please do not eat or drink ANYTHING else including tea 

and coffee. This will ensure that you are in a truly fasting state for our measurements. 

To ensure accuracy of our measurements, it is vital to fulfil the following conditions: 

1. A minimum of 8 hours sleep. 

2. No strenuous exercise for at least 1½days (36 hours) prior to the visit. 

3. Try to avoid too much activity on the morning of the test.  

4. Please take a shower the night beforehand and not in the morning. 

5. No alcohol should be consumed for at least 36 hours prior to the study. 

 

You will need to come to Curtin University anytime between 6.30am - 9 am as per 

your convenience. All measurements on this day will be conducted in Room 209 of 

Building 400 (Public Health).  

 

During this visit, it is important that you come to the laboratory as relaxed as possible 

and remain relaxed until the end of the testing.  

 

You will rest in bed for 30 minutes. We will then determine your metabolism. This is 

done using ‘indirect calorimetry method’ by placing a transparent canopy over the face 

and recording all the oxygen you breathe in and carbon dioxide you breath out over a 

30 minute time period. We will then take 24 ml of venous blood (1 tablespoon) while 

you are in the fasting state to assess your inflammatory status, as well as your blood 

glucose levels, insulin levels and vitamin D status. We will use part of the blood sample 
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to look at the change in energy metabolism of your immune cells. We will provide you 

with a 75 g glucose drink to consume and 2 hours later we will then take a small 6 ml 

venous sample (1 teaspoon) to test your glucose, insulin and inflammatory response. 

We will also measure your blood endothelium function by placing the pulse trace clip 

over your index finger and we will also measure blood pressure using a cuff around 

your arm.  

 

Your responsibility in this study 

If you agree to participate in this study, you should follow the advice given to you by 

the study team. We will arrange study days to suit your availability, as far as possible 

but all visits will occur on a TUESDAY or a THURSDAY morning. If you decide to 

withdraw from the study, or change your mind, then we request you to inform us 

beforehand. If you do not follow the instructions provided by the study team, we will 

ask you to withdraw from the study.  

 

Possible benefits from participating in the study 

At the end of the study, we will provide a complete report on your vitamin D status, 

blood glucose and insulin levels, diabetes risk, body composition and metabolic rate. 

You will be informed of your personal results and when all the data have been 

analysed, a brief final outcome will be sent to your mailing address. If we detect any 

irregular results that need medical attention, we will inform you of these straight away.  

 

Possible risks and side effects 

There are very few, minimal risks and side effects that we foresee. The risk involved 

in the blood collection process includes the possibility of having minor bruises and 

temporary pain around the area where the blood will be taken. This usually subsides 

within 24-48 hours. Should you have any issues after the trial please contact the 

Principal Investigator (A/Prof Mario Soares) as soon as possible by emailing him on 

m.soares@curtin.edu.au or by calling him on +61-8-92663220.  

 

Costs and payments for participating in the study 

There will be no charge to you for participating in this study.  At the end of the study, 

you will be given a small token of appreciation (equal to approximately AUD 20) for 

your attendance.  
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Voluntary participation 

You may opt out of this study at any time, without any negative consequences. Your 

decision to quit will not affect your relationship with us or your existing relationship 

with Curtin University, nor will it impinge on the level of any medical care you may 

be receiving outside of Curtin University. If you choose to cease taking part in this 

study, please inform the Principal Investigator or research scientist, as a courtesy.  

 

Your participation in this study may be stopped by the Principal Investigator for any 

of the following reasons:  

• If you do not follow the study instructions; and/or 

• If the study doctor decides it is in the best interest of your health and welfare to 

stop participating. 

 

You will be informed of any new information that might affect your willingness to 

continue this study. 

 

Confidentiality of study and medical records: 

Personal and medical information collected for this study by the study doctor and the 

study team will be kept confidential. Data will be de-identified by assigning each 

participant a code. All data will be stored in a locked cabinet for a period of 7 years, 

in the supervisor’s office. Any e-data will be password protected. Your records, to the 

extent of the applicable laws and regulations, will not be made publicly available. 

However, the Curtin University Institutional Review Board for the study will be 

granted direct access to your original personal and medical records if they need to 

check that the study was done properly, but still keeping such information confidential. 

By signing the Informed Consent Form attached, you are authorizing such access to 

your personal and medical records by concerned people. Data collected and entered 

into the Case Report Forms are the property of Curtin University. We will ensure that 

when we publish our results, your identity will always remain confidential. 

 

 

 

 

 



167 
 

In Summary 

To participate in this study you will need to be able to: 

✓ Have blood taken for glucose and other blood tests   

✓ Undergo body composition assessment   

✓ Receive an oral drink of glucose solution 

✓ Attend Curtin University twice, on either a Tuesday or Thursday morning  

 

As a participant, you will benefit by the following: 

• An opportunity to understand whether you are at a higher risk of 

developing/progressing diabetes, as compared to other people   

• On completion of the entire program, you will receive your results including 

vitamin D status, body composition, metabolic rate, blood glucose, insulin and 

triglyceride levels 

 

Please take care that you do not: 

• Wear any jewellery on the day of the study. If you do, it will need to be taken 

off for the duration of the study.  

• Take a shower on the morning of the study. 

• Wear any nail paints, such as fingernail polish.  

• Do any vigorous exercise or consume alcohol on the day prior to the study. 
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Further information: 

If you have any further queries, please do not hesitate to contact: 

 

Emily Calton, Nutritionist, Dietitian, PhD Student 

e-mail: emily.calton@postgrad.curtin.edu.au 

  

Principal Investigator: 

Dr Mario Soares, MBBS, PhD, RNutr 

(08) 9266 3220 (Working hours)  

Email: m.soares@curtin.edu.au 

Associate Professor 

Department of Nutrition, Dietetics & Food Science,  

School of Public Health, Curtin University  

GPO Box U1987, WA 6845 

 

This study has been approved by the Curtin University Human Research Ethics 

Committee (Approval number: HR RDHS-13-15). The Committee is comprised of 

members of the public, academics, lawyers, doctors and pastoral carers.  If needed, 

verification of approval can be obtained either in writing to the Curtin University 

Human Research Ethics Committee c/- Office of Research Development, Curtin 

University of Technology, GPO Box U1987, Perth 6845, or by telephoning 9266 9223 

or by emailing hrec@curtin.edu.au 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:hrec@curtin.edu.au
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Screening Survey 

 

 

January 2015 

  

Thank you for your interest in this research program. This study has been approved by 

the Curtin University Human Research Ethics Committee (Approval number: RDHS-

13-15). The Committee is comprised of members of the public, academics, lawyers, 

doctors and pastoral carers.  If needed, verification of approval can be obtained either 

in writing to the Curtin University Human Research Ethics Committee c/- Office of 

Research Development, Curtin University of Technology, GPO Box U1987, Perth 

6845, or by telephoning 9266 2784 or by emailing hrec@curtin.edu.au. 

 

Purpose of study 

You are invited to participate in a study, which aims to investigate whether seasonal 

vitamin D status is associated with impaired immune function and energy metabolism. 

At the end of the study, you will receive a report that indicates your body composition 

(fat % and muscle mass), metabolic rate, levels of blood glucose (sugar), insulin, 

diabetes risk and vitamin D status.  

  

Screening Survey  

In order for us to determine your suitability for our program, we invite you to kindly 

fill in this short survey which will take approximately 5 minutes. There are no known 

risks in filling this application.  

 

Confidentiality 

Any information that you provide us regarding your identity will be de-identified 

before being stored securely in a locked cabinet in a locked office to protect your 

privacy.  

 

If you have any further questions or would like to have the information 

sheet/informed consent form prior to filling this survey please email 

Emily.calton@postgrad.curtin.edu.au 

mailto:hrec@curtin.edu.au
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Please complete the spaces as indicated below. Please place an (X) in the box which 

corresponds to your answer. If your response is YES to any question, you may 

provide further details in the space provided. 

1. Demographics 

• First name: _____________________  Last name: _____________ _____ 

• Address: ____________________________________________________  

c) Suburb:____________________ 

d)          Postcode:____________________ 

e)          Telephone: _________________ (home)  __________________ (mobile)  

f)           Email: __________________________________________     

g)          Date of Birth: ______________________ Age: ______________ years 

h)          Country of Birth: ____________________  

i)          Duration lived in Australia: ______________ years 

j)          Parents’ country of birth:  

Father: _________________  

Mother: ________________   

k)         Menopause:            pre                peri          post   

2. Are you currently a smoker?      Y   N 

3. Do you have more than 2 alcoholic drinks per day?              Y    N 

4. What is your current weight? ____________________ 

5. What is your height? ____________________ 

6. Has your weight fluctuated by 3(or more) kg in the last 6 months? 

Y   N 

7. Do you plan on trying to lose weight in the next 3 months?   

Y   N 

8. Are you pregnant or planning to be pregnant in the next 6 months?       

Y   N 

9. Are you breastfeeding or plan to breastfeed in the next 6 months?         

Y   N 

 

 

Proceed to the survey 
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10. Do you suffer from any of the following chronic diseases/other health 

conditions: 

Asthma        Y N 

Diabetes                   Y   N 

Kidney disease        Y N 

Kidney stones (more than 2)      Y N 

Thyroid disease       Y   N 

Cancer                Y   N 

Gastrointestinal disease/previous gastrointestinal surgery   Y   N 

Other? Please specify here  

 

 

  

 

Please write in the space below the medications and supplements/vitamins you are 

currently taking    

 

 

 

 

 

Thanks. End of Screening Survey. 
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Consent form 

 

Chief investigators:    

Emily Calton  

I understand that this study is being conducted by the above PhD student in partial 

fulfillment of the PhD degree.  I understand that the data collected will be used to 

investigate relationships between vitamin D status, energy metabolism and immune 

function in adults. I consent for the data to be used in this manner and for the data to 

be collated with similar information collected from other studies. I understand that all 

personal details will be de-identified and my privacy respected.  

 

Please tick the boxes if you agree to the following: 

I agree to visiting Curtin University on a Tuesday or Thursday morning on two 

occasions.  

☐ 

Having an oral glucose tolerance test where I consume a 75g drink of glucose (a sweet 

drink) twice (one during the winter visit and one drink during the summer visit). 

☐ 

Having my body composition assessed by standing on scales(BIA) and laying on a bed 

(DEXA) at each visit to Curtin University. 

☐ 

Maintaining my normal level of physical activity as recorded in the IPAQ 

questionnaire. 

☐ 

Maintaining my normal diet as recorded in the FFQ questionnaire. 

☐ 

Having my resting energy metabolism monitored during the winter and summer visit. 

☐ 

Having two blood tests on each visit to test for vitamin D, insulin, glucose, 

inflammatory markers.   

☐ 
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I agree to all data from this study being collated with other similar data for purposes 

of  research enquiry. 

☐ 

 

I have read the participant information sheet and understand the risks and benefits of 

this research. I have been given the opportunity to ask questions and am satisfied with 

the responses.  

I, ........................................................................ (Participant’s name) consent to 

participate in the above research conducted by Emily Calton under the supervision of 

Dr Mario Soares. 

 

 

 

 

Participant name: 

 

Signed ....................................................................                  Date    ....../....../........ 

 

Witness name: 

 

Signed ....................................................................                  Date    ....../....../........ 
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Physical activity checklist: International Physical Activity Questionnaire 

(IPAQ) 

 

We are interested in finding out about the kinds of physical activities that people do as 

part of their everyday lives.  The questions will ask you about the time you spent being 

physically active in the last 7 days.  Please answer each question even if you do not 

consider yourself to be an active person.  Please think about the activities you do at 

work, as part of your house and yard work, to get from place to place, and in your 

spare time for recreation, exercise or sport. 

Think about all the vigorous activities that you did in the last 7 days.  Vigorous physical 

activities refer to activities that take hard physical effort and make you breathe much 

harder than normal.  Think only about those physical activities that you did for at least 

10 minutes at a time. 

 

1. During the last 7 days, on how many days did you do vigorous physical 

activities like heavy lifting, digging, aerobics, or fast bicycling?  

 

_____ Days per week  

 

   No vigorous physical activities      Skip to question 3 

 

2. How much time did you usually spend doing vigorous physical activities on 

one of those days? 

 

_____  Hours per day  

_____  Minutes per day  

 

  Don’t know/Not sure  
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Think about all the moderate activities that you did in the last 7 days.  Moderate 

activities refer to activities that take moderate physical effort and make you breathe 

somewhat harder than normal.  Think only about those physical activities that you did 

for at least 10 minutes at a time. 

 

3. During the last 7 days, on how many days did you do moderate physical 

activities like carrying light loads, bicycling at a regular pace, or doubles tennis?  Do 

not include walking. 

_____ Days per week 

 No moderate physical activities                    Skip to question 5 

 

4. How much time did you usually spend doing moderate physical activities on 

one of those days? 

 

_____ Hours per day 

_____ Minutes per day 

 

  Don’t know/Not sure  

 

Think about the time you spent walking in the last 7 days.  This includes at work and 

at home, walking to travel from place to place, and any other walking that you might 

do solely for recreation, sport, exercise, or leisure. 

 

5. During the last 7 days, on how many days did you walk for at least 10 minutes 

at a time?   

_____ Days per week 

 

   No walking     Skip to question 7 
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6. How much time did you usually spend walking on one of those days? 

 

_____ Hours per day 

_____ Minutes per day 

 

  Don’t know/Not sure  

 

The last question is about the time you spent sitting on weekdays during the last 7 

days.  Include time spent at work, at home, while doing course work and during leisure 

time.  This may include time spent sitting at a desk, visiting friends, reading, or sitting 

or lying down to watch television. 

 

7. During the last 7 days, how much time did you spend sitting on a week day? 

_____ Hours per day  

_____ Minutes per day  

 

  Don’t know/Not sure  

 

This is the end of the questionnaire. Thank you for participating. 
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Participant checklist and short answers 

 

 

Please read the following statements and circle true of false  

 

I am fasting, I have not had anything to eat or drink this morning except for plain 

water (this means no tea or coffee)      

 

TRUE    FALSE 

 

I am not sick (I do not have a cold/flu and I have not had a recent allergic reaction)  

 

TRUE    FALSE 

 

I have not been taking any vitamin D supplements or cod liver oil supplements 

within the last 3 months                      

 

TRUE    FALSE 

 

The supplements and medications I currently take are 

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________ 

____________________________________________________________________ 
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Thinking back over the last 6 months, please write down when you holidayed outside 

of Perth, the city/country visited and length of time you were away for below. If this 

question is not applicable, please write NA below.  

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________ 

____________________________________________________________________ 

 

Please write below if there are any planned holidays outside of Perth within the next 

6 months, the city/country to be visited and length of time you will be away. If this 

question is not applicable, please write NA below. 

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________ 

____________________________________________________________________ 

 

Last night I ate the following (please write as much detail as you can of your dinner 

meal and any food/drink consumed after dinner) 

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________

____________________________________________________________________ 

____________________________________________________________________ 


	CALTON EK 13646772 TP
	This thesis is presented for the Degree of

	calton ekc_phd_submissionfinal

