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Abstract 

Metabolic dysfunctions are among the best documented hallmarks of ageing. Ageing is 

typically understood in its chronological context, as the length of time that has passed since 

a person’s birth, whereas biological age is the measure of functional age, often measured 

in terms of physical and mental performance, as well as morbidities that decrease quality 

of life and youth-span. Cardiovascular disease, Alzheimer’s disease, cancer, type 2 diabetes 

mellitus, metabolic-dysfunction-associated steatosis liver disease, and fragility fractures 

are diseases of hyperinsulinaemia that reduce life and healthspan. Hyperinsulinaemia 

pathologies present with increases in loss of function at all levels, from: the cellular, tissue, 

organ and ultimately systemic. Sustained ketosis with euglycaemia is a measurable 

metabolic phenotype to indicate absence of hyperinsulinaemia. This thesis investigates the 

metabolic phenotype of long-term sustained ketosis (euketonaemia) in healthy females 

with no prior metabolic diseases. Assessing their baseline biochemical profile (metabolic 

phenotype) and changes in biomarkers associated with ageing and age associated diseases 

after suppressing ketosis (SuK) for 21 days, followed by a further investigation after 

removing the intervention of suppressing ketosis, with the participants reverting back to 

their habitual lifestyle of being in a state of ketosis for 21 days, to further ascertain if the 

changes seen after the ketosis suppression phase, were likely due to the intervention. Over 

50 biomarkers were tested, suppression of ketosis was found to negatively affect a host of 

markers most strongly associated with ageing and declining metabolic health. Strategies 

that can prevent and/or reduce hyperinsulinaemia may therefore improve cellular and 

vascular health, leading to decreased risk of developing chronic diseases that reduce 

quality of life, healthspan and lifespan.  
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Chapter 1 
1. Introduction 
 

1.1 Hyperinsulinaemia drives a common intracellular phenotype across diverse cell types 
in different chronic diseases and ageing, with dysfunctional mitochondria at centre-stage 

 
Metabolic diseases such as cardiovascular disease (CVD), hypertension, type 2 diabetes 

mellitus (T2DM), metabolic syndrome (MetS), cancer, neurodegenerative dementias’ 

Alzheimer’s (AD) and Parkinson’s disease (PD), and chronic inflammation are traditionally 

considered “diseases of ageing” as prevalence increases with age. However, this 

correlation is not causation, as demonstrated by the increasing higher rate of occurrence  

of these chronic diseases in younger population groups (Menke et al., 2015; Araújo, Cai 

and Stevens, 2018). Furthermore, hyperinsulinaemia explains the increases in 

susceptibility to and poorer outcomes from, communicable diseases like respiratory 

infections, such as from severe acute respiratory syndrome corona virus 2 (SARS-CoV-2) 

causing coronavirus-19 (COVID-19) (Cooper et al., 2020). A common denominator of these 

diseases and their presentations, chronic hyperinsulinaemia, provides a plausible 

mechanism of action underlying the pathogenesis of these morbidities and co-morbidities, 

where it can be seen they share common unifying features at the cellular and 

mitochondrial level (Crofts et al., 2015; Cooper et al., 2020). 

Hyperglycaemia increases blood coagulability via increasing glycation damage producing 

advanced glycation end products (AGES), glycated haemoglobin and hepatic clotting 

factors, and decreasing heparan sulphate proteoglycans (HSPG) that aid in: anticoagulant 

function, cellular communication and intercellular transport mechanisms, via increasing 

heparanase expression (Stegenga et al., 2006; An et al., 2011). Concomitantly, 

hyperinsulinaemia inhibits fibrinolysis via the elevation of plasminogen activator inhibitor 

type 1 (PAI-1), and decreases HSPG levels via sulphate wastage (Bolt et al., 2004; Perkins 

et al., 2015). Together, hyperinsulinaemia and hyperglycaemia produce a combined and 

compounded effect of impairing vascular health and endothelial function (Stegenga et al., 

2006; Perkins et al., 2015), a pervasive common feature of CVD, cancer, neurodegenerative 

disorders AD and PD, T2DM and hypertension, the leading causes of non-communicable 
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disease morbidity and mortality (Bots et al., 1998; Gupta et al., 2004; Stegenga et al., 2006; 

Oh et al., 2014; Perkins et al., 2015; Pan et al., 2018; ONS, 2023). 

Chronic hyperinsulinaemia propagates an increase in intracellular reactive oxygen species 

(ROS) production, decreased endogenous antioxidant activity, and impaired mitochondrial 

health leading to dysregulated: energy metabolism, intracellular calcium trafficking, haem 

synthesis, vitamin D activation, and epigenetic alteration on cell cycle progression and 

functions that otherwise aid in cellular homeostasis (Bikle, 2017; Thakur and Chen, 2019; 

Cooper et al., 2020; Swenson et al., 2020; Cooper et al., 2021; Cooper, Kyriakidou, 

Petagine, et al., 2023). These pathological intracellular features are shared across a vast 

array of different cell types, in different tissues and organs, and represent a common 

feature of chronic disease hyperinsulinaemia-intracellular/mitochondrial phenotype 

(Wang et al., 2009, 2020; Ruderman et al., 2013; Smith et al., 2013; Hansen et al., 2014; 

Kobayashi et al., 2015; Li et al., 2015; Sampson et al., 2017; Gao et al., 2018; Gao, Chen and 

Zhu, 2018; Paradies et al., 2019; Agius, Ford and Chachra, 2020; Picca et al., 2020; Wu and 

Zou, 2020; Georgiadou and Rutter, 2020; Hong et al., 2020; Calvo-Rodriguez and Bacskai, 

2021; Chen et al., 2021).   

1.1.1 Calorie restriction, beta-hydroxybutyrate and longevity 

Calorie restriction studies across many species from the single celled yeast, to the 

nematode worm Caenorhabditis elegans, mice through to primates, have been shown to 

extend lifespan with healthspan (Ristow and Zarse, 2010; Lee and Min, 2013; Newman and 

Verdin, 2014a; Fontana and Partridge, 2015; Veech et al., 2017). The mechanism of how 

this is achieved has not been fully resolved, however a number of key aspects of calorie 

restriction (CR) defines the metabolic changes that is induced within the organism and 

humans included, namely ketosis (Veech et al., 2017). This is the endogenous production 

of the small molecule D-beta-hydroxybutyrate (BHB), a ketone body synthesised primarily 

by hepatocytes from free fatty acids derived from adipocytes when fasted (Cahill et al., 

1966; Rojas-Morales, Tapia and Pedraza-Chaverri, 2016; Miller, Villamena and Volek, 

2018). CR and ketosis have been shown to mediate their effects via altered signalling of a 

number of critical pathways involved in ageing and lifespan, those signalling pathways 

include: insulin/insulin-like growth facto-1 receptor signalling (IIS), the mechanistic target 
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of rapamycin pathway (mTOR) and adenosine monophosphate activated protein kinase 

(AMPK) pathways,  winged helix/forkhead box transcription factor DNA binding domain 

(FOXO) proteins signalling phosphoinositide-3-kinase–protein kinase B/Akt (PI3K-PKB/Akt) 

and mitogen activated protein kinase (MAPK) pathways and sirtuin activities (Cantley, 

2002; Luong et al., 2006; Lee and Min, 2013; Dibble and Cantley, 2015; Saxton and Sabatini, 

2017). 

 

1.1.1.1 Animal data  

Over a period of 4 years, McCay et al. (1935) demonstrated in rats an increase in average 

lifespan from 500 days to 820 days, through 30% to 50% CR (McCay, Crowell and Maynard, 

1989). Anderson et al. (2008) demonstrated that CR without malnutrition in mice, resulted 

in lived longer mice than their non-calorie restricted counterparts, this was further shown 

to be inversely proportional to the degree of restriction (Anderson, Shanmuganayagam 

and Weindruch, 2009). This effect was achieved in adult C3B10F1 and C57Bl/6 mice, where 

CR was implemented at 1 year of age, leading to an increase in mean and maximal lifespan 

by 10 to 20% respectively. Furthermore, spontaneous incidence of lymphoma cancer was 

inhibited by the nutrient-enriched CR intervention (Weindruch and Walford, 1982). The 

evidence that CR could increase healthspan and lifespan in adult mice paved the way for 

implementing nutritionally replete CR in rhesus monkeys, starting in young adulthood. CR 

of about 30% significantly improved all-cause and age-related survival (Colman et al., 

2014). Metabolic profiles improved along with less oxidative stress, indicated by 

isoprostane levels in the plasma, in CR rhesus monkeys (Mattison et al., 2012). 

 

Physiological or genetic mimicked CR in the unicellular yeast Saccharomyces cerevisiae 

produced a substantial life-span extension. This effect required the nicotinamide adenine 

dinucleotide (NAD+) dependent sirtuin 2 (SIRT2) pathway activity, as CR did not elicit these 

extension effects in mutant SIR2, encoding silencing protein Sir2p which mediates 

chromatin silencing, and NPT1 a gene in NAD synthesis pathway, strains. This suggests 

increased longevity requires both NAD+ and SIRT2 activity (Lin, Defossez and Guarente, 

2000). Lifespan extension in the fruit fly Drosophila was achieved via reducing mTOR 

activity which blocked activated-FOXO mediated insulin resistance (IR), lowered glucose 



15 

levels and increased conversion of lipids to BHB resulting in increased ketone body levels 

(Luong et al., 2006). mTOR is positively responsive to elevated insulin and insulin-like 

growth factor-1 (IGF-1) levels, and adjusts cellular growth in response to integrating 

responses to nutrients: lipid, glucose and amino acid levels, insulin and IGF1 levels, oxygen 

tension and mitochondrial metabolite signalling (Luong et al., 2006). 

Genetic mutation age-1 in Caenorhabditis elegans significantly increases lifespan. Age-1 

encodes the C. elegan AGE-1 PI3K catalytic subunit, that sits downstream of the IIS pathway 

(Johnson, 1987). Further mutagenesis studies resulted in the doubling of lifespan in C. 

elegans via gene mutations encoding the transmembrane dauer formation-2 (daf-2) a 

member of the insulin/IGF-1 receptor family of the IIS pathway, homologue to the 

mammalian IIS receptor (Kenyon et al., 1993; Kimura et al., 1997). This DAF2(insulin)/IGF-

1 (DAF2-IIS) mutagenesis induced doubling of lifespan effect required the activity of the 

daf-16 gene. Daf-16 encodes forkhead box transcription factor DAF-16, C. elegan 

homologue to dFOXO and FOXO3a in D. melanogaster and mammalians species 

respectively (Veech et al., 2017). Daf-2 and daf-16 together regulate the formation of 

developmentally arrested larval form, termed the dauer state, that is resistant to 

desiccation (Gottlieb and Ruvkun, 1994). Activating the DAF-2/IIS-AGE-1/AKT-1/2/PKB 

signal cascade negatively regulates DAF-16/FOXO, which regulates longevity, metabolism 

and the expression of the dauer gene profile that induces the diapause state at the cellular 

and organismal level in C. elegans (Vowels and Thomas, 1992; Lin et al., 1997). Nuclear 

localised DAF-16/FOXO transcription factor regulators, enables the increased expression 

of more than 200 longevity associated genes, involved in antioxidant defence mechanisms, 

metabolism, autophagy and DNA repair (Lin et al., 1997). There are four human FOXO 

genes, extreme longevity is associated with a FOXO3a allele (Willcox et al., 2008). 

1.1.2 The hypothesis: Hyperinsulinaemia is the root cause of major chronic diseases 

The free radical theory of ageing (FRTA) was postulated by Harman in 1955 (Harman, 1955; 

Denham Harman, 1956, 1957), that progressively excessive cellular ROS production, with 

decreased capacity to neutralise or repair from ROS damage is fundamental to the 

mechanisms of ageing and chronic disease development (Denham Harman, 1957, 1991; 

Harman, 2006, 2009). On this continuum, “inflammageing” is postulated to be the primary 
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hallmark of ageing (Calder et al., 2017). As more research has progressed into elucidating 

mechanisms of ageing and chronic disease that limit lifespan, evidence showing an inverse 

relationship between mitochondrial ROS and lifespan has accumulated to support the FRTA 

(D. Harman, 1991; Harman, 2006; Veech et al., 2017). This theory is supported by the 

evidence of chronic intracellular inflammation as a common marker of metabolic diseases, 

contributing to chronic systemic inflammation (Hamanaka and Chandel, 2010; Pamukcu, 

Lip and Shantsila, 2011; Tschopp, 2011; Wang et al., 2015; Forrester et al., 2018; Fiordelisi 

et al., 2019; Jha et al., 2019; Picca et al., 2020).   

The insulin/insulin-like growth factor-1 receptor signalling (IIS) pathway is upstream of and 

activates the PI3K and MAPK growth and division pathways (Zhang et al., 2011; Hopkins, 

Goncalves and Cantley, 2020). IIS receptor activation transduces a parallel cascade of 

signals either via insulin receptor substrate (IRS) proteins, or directly. IIS activates 

mammalian IRS1/2 which subsequently goes on to activate a class 1 phosphoinositide 3-

kinase in the PI3K pathway, generating second messenger’s phosphatidylinositol (3,4,5)- 

triphosphate (PIP3), resulting in an increase in plasma membrane (PM) PIP3 concentration. 

A high PIP3 concentration in the PM, results in the phosphorylation of FOXO transcription 

factors (TF) and subsequent cytosolic sequestration, by propagating the PI3K/Akt signal 

cascade via activating phosphoinositide-dependent kinase-1 (PDPK1) phosphorylation of 

Ak mouse strain thymoma (AKT-1)/protein kinase B (PKB) kinases. Phosphorylated AKT-

1/PKB in turn phosphorylates and therefore negatively regulates FOXO transcription 

factors (Kapeller and Cantley, 1994; Toker and Cantley, 1997; Cantley, 2002; Fruman et al., 

2017; Hopkins, Goncalves and Cantley, 2020). Hyperinsulinaemia suppresses hepatic 

autophagy via phosphorylation inhibition of mammalian FOXO1 and FOXO3 proteins, 

leading to decreased expression of autophagy genes (Liu et al., 2009). Reducing IIS 

signalling via CR and ketosis reduces PI3K, MAPK and mTOR signalling (Luong et al., 2006; 

Lee and Min, 2013; Veech et al., 2017). Furthermore, chronic hyperinsulinaemia increases 

oxidative stress by increased mtROS generation via increasing ceramide synthesis, 

decreasing NAD+ availability for antioxidant activity and diminish mitophagy cellular 

clearance programs via multiple ROS mediated intracellular signalling pathways, leading to 

increased overall ROS production that propagates pathological and ageing transformation. 

These pathways include adenosine monophosphate (AMP)-activated protein kinase 
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(AMPK), mTOR, sirtuins 1 and 3 (SIRT1 and SIRT3), peroxisome proliferator-activated 

receptor gamma coactivator 1-a (PGC-1a) and nuclear factor (erythroid-derived 2)-like 2 

(Nrf2) (Greer et al., 2007; X Li et al., 2007; Cantó et al., 2009; Hill and Tumber, 2010; Qiu et 

al., 2010; Smith et al., 2013; Hansen et al., 2014; Jeon, 2016; Dikalova et al., 2017; Ghosh 

et al., 2017; Rabinovitch et al., 2017; Saxton and Sabatini, 2017; Kolb et al., 2020). 

At the cellular level, nutrient sensing of glucose, fatty acids, proteins and/or D-beta-

hydroxybutyrate (BHB), provide a signal to cells, indicating the nutrient and energy status 

of the whole organism. The metabolic phenotype of CR and fasting is ketosis, with 

decreased basal concentration in glucose and insulin, where detectable plasma BHB 

concentration begins to exceed > 0.3 mmol/L and < 10 mmol/L, termed nutritional ketosis 

(NK), in an individual who is not an insulin-dependent type 1 diabetic, where there is not 

enough or an absence of endogenous insulin production to regulate ketogenesis with 

hyperglycaemia (Cahill et al., 1966; Veech et al., 2017; Miller, Villamena and Volek, 2018). 

CR essentially mimics the fasted state and is categorised as a fasting mimicking diet (FMD). 

The fasting phenocopied state has a phenotype of healthy blood glucose (3.5 – 

6.0 mmol/L), insulin (< 60 pmol/L) and ketones (< 7.0 mmol/L in healthy individuals) 

(Shimazu et al., 2013; Hallberg et al., 2018; Min et al., 2018). 

1.1.2.1 Hyperinsulinaemia is a driver in the pathogenesis of a chronic disease 
hyperinsulinaemia-intracellular and mitochondrial phenotype 

While great gains have been achieved in increasing median lifespan expectancy due to 

improved medical care, it is not anyone’s desire to live longer whilst suffering a chronic 

disease as the price for extended ageing (White et al., 2014; Menke et al., 2015; Araújo, 

Cai and Stevens, 2018; Dorsey and Bloem, 2018; Taylor, Swerdlow and Sullivan, 2019; 

Siegel, Miller and Jemal, 2020; Versele et al., 2020). The ideal aim of the game in ageing-

well and longevity, is to have an extended healthy lifespan “healthspan” with negligible 

senescence. This means the absence of biological aging, such as reducing functional decline 

in organs and whole-body fitness, delaying loss of reproductive capabilities, and delaying 

death risk with age progression. (McHugh and Gil, 2018; Cooper and Bell, 2024). What is 

ultimately desired, is to extend youth, not extend ageing, and if this is achieved, then we 

may begin to push the envelope on increasing lifespan.  
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There is an instinctive understanding of what ageing is. It is seen in the manifestation in 

changing appearance, such as loss of skin elasticity and greying hair, to changes in 

physiology with loss of function, such as decreased fertility in females with each passing 

decade until complete cessation of menses at menopause and increases in cognitive 

decline. Younger people rarely suffer hip fractures, unlike older people do as their bones 

become weaker, where osteoporosis and fragility fracture rates increase (Hernlund et al., 

2013; Tu et al., 2018), and as we age, sarcopenia, the gradual loss of muscle mass, becomes 

a strong predictor of morbidity and mortality (D. Harman, 1991; Harman, 2006; Mercken 

et al., 2012; Konopka and Sreekumaran Nair, 2013).  

 

1.1.2.2 Common cellular features 

There are numerous common features shared between these hyperinsulinaemia chronic 

diseases at the intracellular level, in a vast array of cell types in different tissues and organs. 

Those features include but are not limited to, increased: mitochondrial (mt) ROS (mtROS) 

formation, with decreased commensurate anti-oxidant activity, pyrin domain-containing 

NOD-like receptor protein 3 (NLRP3)-inflammasome assembly and activity, nuclear factor 

kappa-light-chain-enhancer of activated B cells (NFkB) activity, mitochondrial fission via 

altered dynamin related protein-1 (Drp1) to mitofusin-2 (Mfn2) ratio (Smith et al., 2013; 

Chen et al., 2020), and cell cycle progression rate (Diebold and Chandel, 2016). Along with 

decreased: AMPK, SIRT 1 and 3, winged helix/forkhead box O3 transcription factor 

(FOXO3a), PGC-1a, manganese superoxide dismutase (MnSOD2), catalase, beta-oxidation 

capacity, glutathione reduction, autophagy, mitophagy, and mitochondrial biogenesis 

(Skurk et al., 2005; Civitarese et al., 2006; Luong et al., 2006; Willcox et al., 2008; Su et al., 

2009; Liu et al., 2009, 2018; Ambrogini et al., 2010; Manolopoulos et al., 2010; Gonzalez et 

al., 2011; Cai et al., 2012; Santo et al., 2013; Moreno-Santos et al., 2016; Tan et al., 2016; 

Kadlec et al., 2016; O’Neill et al., 2019; Blasiak et al., 2020; Ma et al., 2020; Wu and Zou, 

2020; Chen et al., 2021). These features promulgate cellular “ageing” phenotype activities 

(Veech et al., 2017).  

Hyperinsulinaemia pathologies present with increases in loss of function at all levels, from: 

the cellular, tissue, organ and ultimately systemic (Russell and Kahn, 2007; White et al., 

2014; Menke et al., 2015; Araújo, Cai and Stevens, 2018). Sustained ketosis with 
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euglycaemia is a measurable metabolic phenotype to indicate absence of 

hyperinsulinaemia (Rojas-Morales, Tapia and Pedraza-Chaverri, 2016; Hyde et al., 2017; 

Cooper et al., 2020). Strategies that can prevent and/or reduce hyperinsulinaemia may 

therefore improve cellular and vascular health, leading to decreased risk of developing a 

chronic disease that reduces quality of life, healthspan and lifespan.  

This thesis investigates the metabolic phenotype of long-term sustained ketosis 

(euketonaemia) in healthy females with no prior metabolic diseases. Assessing their 

baseline biochemical profile (metabolic phenotype) and changes in biomarkers associated 

with ageing and age associated diseases after suppressing ketosis (SuK) for 21 days, 

followed by a further investigation after removing the intervention of suppressing ketosis, 

with the participants reverting back to their habitual lifestyle of being in ketosis for 21 days, 

to further learn if the changes seen after the ketosis suppression phase, were due to the 

intervention.  
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Chapter 2 

2. The background scientific rational: how hyperinsulinaemia causes the same 
intracellular phenotype, in different cell types, of different chronic diseases. 
 

2.1 Hyperinsulinaemia causes mitochondrial pathological transformation via increased 
ROS and decreased oxidative defence capacity, while ketosis decreases ROS and 
increases antioxidant capacity. 

 

2.1.1 Cellular energy and nutrient sensing 

The availability of nutrients to provide energy and materials for cells to function, dictate 

the health and lifespan of a cell. It is essential for cells to understand; what is the energy 

status of the whole organism and thus also for itself. When nutrient availability is low, it 

would be wasteful to build more cellular biomass materials in preparation to progress 

towards mitosis. Accelerated mitosis decreases each cell’s limited number of replicative 

cycles, known as the Hayflick limit (Hayflick and Moorhead, 1961). Caloric restriction (CR) 

and fasting studies have so far been shown to have the greatest positive effect on lifespan 

extension (Veech et al., 2017). Cells are capable of sensing energy availability and type of 

nutrients, consequently triggering signalling cascades that either stimulate anabolic or 

catabolic activities, both being vital processes, in which the harmony of the two contribute 

to cellular health and longevity (Greer et al., 2007; Lage et al., 2008; Saxton and Sabatini, 

2017; Senyilmaz-Tiebe et al., 2018). 

 

2.1.2 Oxidative stress as a result of living 

Energy is required for the work cells must perform to maintain order in the fight against 

ever increasing entropic disorder. Mitochondria are charged with producing the largest 

bulk of energy for most of our cells (Miller, Villamena and Volek, 2018). These dynamic 

organelles are both a source of life sustaining energy and a source of destruction, from the 

processes of capturing chemical energy, via the breakdown of nutrients with the use of 

oxygen, into the highly efficient small molecule adenosine-triphosphate (ATP) (Veech, 

2004; Marchi et al., 2012; Nourshahi et al., 2012; Robb et al., 2018).  
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Mitochondria are involved with a vast number of cellular processes, including regulation 

of metabolic flux (Muoio, 2014). They are charged with the job of producing cellular energy 

in the form of ATP and performing anabolic processes to furnish cells with precursors for 

lipid, amino acid and nucleotide biosynthesis, haem synthesis, calcium trafficking, 

ketogenesis, and are key regulators of apoptosis (Frezza and Gottlieb, 2009; Stein and Imai, 

2012; Georgiadou and Rutter, 2020; Swenson et al., 2020). Mitochondria constitute a 

significant proportion of most human cells, increasing in numbers in cells that are highly 

metabolically active. 

 

Free radicals are produced during oxidative phosphorylation (OXPHOS), from oxygen in the 

process of ATP production via the inner mitochondrial membrane (IMM) electron transport 

chain (ETC), situated on the matrix side of the cristae (Paradies et al., 2014, 2019). A class 

of free radicals produced, include: superoxide (O2
-) oxygen with an extra electron, 

hydroxyls (-OH) or hydrogen peroxide (H2O2). Collectively these are termed ROS (Marchi et 

al., 2012; Nourshahi et al., 2012).  

 

2.1.3 Reactive oxygen species and healthspan 

It was postulated in the 1950’s that ROS toxicity is a key player in the ageing process 

(Harman, 1955, 2006; Dehnam Harman, 1956, 1957; Denham Harman, 1956, 1957, 1991). 

As more research has progressed into elucidating mechanisms of ageing and chronic 

diseases that limit lifespan, substantial amounts of evidence has accumulated to support 

this theory, this includes showing an inverse relationship between mitochondrial ROS  

production and lifespan, where greater amounts of mitochondrial-ROS generation results 

in decreased healthspan contributing to reduced life-expectancy (Harman, 2006, 2009; 

Wright, Scism-Bacon and Glass, 2006; Kaneto et al., 2010; Manoharan et al., 2016; Sarkar 

et al., 2017; Volpe et al., 2018; Elfawy and Das, 2019; Liao, Chua and Tan, 2019; Kaludercic 

and Di Lisa, 2020). Whilst ROS are considered damaging to a cell’s internal structures and 

components, they are also signalling molecules in their own right. Ironically, some amount 

of ROS is necessary for health and life-span extension, this is the element of hormesis, the 

goldilocks zone (Hill and Van Remmen, 2014; Margaritelis et al., 2016).  
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2.1.4 Mitochondrial hormesis  

Mitochondria are the greatest source of intracellular free radical ROS production, in close 

proximity to mitochondrial DNA (mtDNA) and the IMM containing the ETC protein 

complexes. ROS are also largely detoxified within mitochondria (Milder and Patel, 2012). 

ROS may act as a form of signalling, enabling mitochondria to communicate with the cell’s 

nucleus, a mitochondrial-nuclear cross-talk, otherwise known as mitochondrial-ROS-

retrograde signalling (Ristow and Zarse, 2010; Hill and Van Remmen, 2014; Herst et al., 

2017; Miller, Villamena and Volek, 2018). ROS, including H2O2 are functional signalling 

molecules. ROS modulate the activity of redox sensitive proteins and enzymes via altering 

the oxidative state of cysteine residues within them, from reduced thiols to oxidized 

disulphide bonds, thus generating ROS activated sulphur switches (Brandes, Schmitt and 

Jakob, 2009; Muoio, 2014; Schieber and Chandel, 2014).  

 

Mitochondrial ROS signalling inductive effect on nuclear gene transcriptional regulation, 

leads to the question of who/what is driving cellular behaviour? The genes in the nucleus, 

or signals from outside and within the cell from the mitochondria, transmitted to the 

nucleus to activate/elicit adaptive responses, altering gene expression as an epi-

phenomena and consequently cellular outcomes (Long et al., 2014; Kinnaird et al., 2016; 

Sonnenschein and Soto, 2016; Herst et al., 2017). Some of those responses leads to the 

increase in production of antioxidant enzymes such as MnSOD2 and catalase to counter 

mtROS (Newman and Verdin, 2014a; Miller, Villamena and Volek, 2018). Vitamin C having 

antioxidant properties, is an essential vitamin that humans must consume, however 

humans also possess the ability to synthesise powerful endogenous antioxidants. These 

endogenously derived anti-oxidants such as reduced glutathione (GSH) and glutathione 

peroxidase (GPx) are able to recycle vitamin C (Veech et al., 2017). Just the right amount 

of ROS, drives mitochondrial biogenesis, thus helping to decrease ROS production once 

again. 
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2.2 Hyperinsulinaemia increases mtROS production and decreases oxidative defence  

 

2.2.1 NAD+ 

Hyperinsulinaemia enforces glucose fuelling via inhibition of beta-oxidation, ketolysis and 

ketogenesis (Veech, 2004) (Figure 1). This leads to greater depletion of cytosolic NAD+, due 

to ATP generation from glucose substrate.  To produce two acetyl moieties, glucose 

oxidation consumes four NAD+. In contrast, fatty acid, beta-hydroxybutyrate (BHB), 

acetoacetate (AcAc) oxidation: consume two, one and zero NAD+ respectively (Newman 

and Verdin, 2014a; Veech et al., 2017). NAD+ is a critical coenzyme in redox reactions, and 

an essential sirtuin and poly-adenosine diphosphate-ribose polymerase (PARPs) enzyme 

co-substrate (Verdin, 2015). A decrease in NAD+ leads to an increase in aerobic 

fermentation/glycolysis, this leads to upregulated activity of the inflammatory mediators: 

NLRP3 inflammasome and NFkB activity (Luengo et al., 2021). Decreased NAD+ availability, 

results in decreased NAD+ dependent SIRT3 induction of MnSOD and catalase oxidative 

defence activity to counter ROS (Newman and Verdin, 2014a; Veech et al., 2017). Thus, 

hyperinsulinaemia increases intracellular ROS by decreasing protein/enzymatic counter-

ROS management capacity. As a result, mitochondrial morphological changes ensue, 

resulting in a further feedforward increase in ROS, which leads to chronic disease 

pathogenesis (Hansen et al., 2014). 
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Figure 1. Schematic representation of the role of hyperinsulinaemia in endothelial/vascular inflammation, red 
blood cell (RBC) and platelet coagulation, sequestration and/or inhibition of vitamin D activation and its 
downstream consequences, such as decreased cholesterol sulfate (Ch-S), heparan sulfate proteoglycans (HSPG) 
and cathelicidin synthesis. Carbon dioxide (CO2), carbon monoxide (CO), deep vein thrombosis (DVT), endothelial 
nitric oxide synthase (eNOS), reduced glutathione (GSH), oxidised glutathione (GSSG), haemoglobin A1c (HbA1c), 
haem-oxygenase (HO), manganese superoxide dismutase 2 (MnSOD2), nicotinamide adenine dinucleotide 
(NAD+), plasma membrane (PM), plasminogen activator inhibitor type 1 (PAI-1), pulmonary embolism (PE), 
reactive oxygen species (ROS), oxygen saturation (SpO2), sirtuin 3 (SIRT3) and type 2 diabetes mellitus (T2DM). 
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2.2.2 Hyperinsulinaemia increases ROS leading to DNA damage, requiring PARP1 
activity which depletes NAD+, leading to more ROS 

Chronic oxidative stress, due to hyperinsulinaemia, induces DNA damage (Hinokio et al., 

1999; Lee and Chan, 2015; Blasiak et al., 2020). T2DM is a condition of hyperinsulinaemia 

that increases risk of cancer, where damaged DNA is a marker and potentiator in cancer 

transformation (Sliwinska et al., 2008; Seyfried et al., 2019). Furthermore, T2DM presents 

with increased ageing, vascular inflammation and atherogenesis, with increased oxidative 

DNA damage (Dandona et al., 1996). Increased oxidative damage to DNA calls upon the 

NAD+ dependent DNA repair protein, PARP1 via NAD+ dependent type III deacetylase 

SIRT1. Activation of PARP1 catabolises the SIRT1 NAD+ cofactor, resulting in the 

precipitation of further oxidative stress (Scheibye-Knudsen et al., 2014). Increased NAD+ 

demands lead to mitochondrial compensation via reducing the IMM potential with 

subsequent reduction in OXPHOS derived ATP synthesis. This upregulates aerobic 

fermentation/glycolysis and effectively inhibits beta-oxidation, ketogenesis and ketolysis, 

in-order to facilitate replenishment of cytosolic NAD+ (Luengo et al., 2021). 

 

Ketosis increases SIRT1 and SIRT3 activity, via sparing NAD+ availability. This leads to the 

increased expression of downstream genes such as PGC-1a, that increases mt biogenesis. 

SIRT1 increases autophagy, the cellular clearance program, removing damaged and 

defective organelles including compromised mitochondria. SIRT1 activates mt biogenesis 

and FOXO3a activity, which leads to the increased gene expression of MnSOD, catalase and 

melatonin receptor 2 (Mt2) (McCarty, DiNicolantonio and O’Keefe, 2015). Furthermore, 

ketosis, ketolysis and BHB mediated NAD+ sparing rescues premature ageing in Cockayne 

Syndrome, via increased provision for PARP1 DNA repair activity and rescued 

mitochondrial function (Scheibye-Knudsen et al., 2014). 

 

2.3 AMPK, PGC-1a, SIRT1 and FOXO3a 

5’ Adenosine monophosphate (AMP) activated protein kinase (AMPK) is an intracellular 

fuel/nutrient-energy sensor enzyme, and critical modulator of mitochondrial gene 

expression and mitochondrial biogenesis (Steinberg and Kemp, 2009). Activated AMPK 

enhances cellular activities to manage oxidative stress and increase autophagy. AMPK 

mediates its effects via increasing cellular NAD+ levels, which enhances NAD+ dependent 
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type III deacetylase SIRT1 activity and consequently its downstream targets including PGC-

1a and FOXO3a (Cantó et al., 2009). AMPK activity is diminished and dysregulated in 

hyperinsulinaemia metabolic conditions such as IR, T2DM, CVD, hypertension, 

neurodegenerative diseases (AD and PD), and cancer (Ruderman et al., 2013).  

 

2.3.1 AMPK and epigenetics 

AMPK is an epigenetic regulator, remodelling chromatin and increasing gene transcription 

by directly phosphorylating DNA methyl transferase 1 (DNMT1), histone acetyl-transferase 

1 (HAT1) and retinoblastoma (RBBP7). AMPK mediated phosphorylation inhibits DNMT1 

and via co-activation of RBBP7, this further inhibits DNMT1, forming a DNMT1-RBBP7 

phosphorylated complex. As a result, there is a decrease in methylation of chromatin, 

which subsequently reduces nucleosome compaction. This enables transcription factor 

access to promotor regions, for mitochondrial biogenesis and function genes such as: PGC-

1a, uncoupling proteins 1 and 2 (UCP1 and 2), nuclear respiratory (erythroid-derived 1/2) 

factors 1 and 2 (NRF 1 and 2) and mitochondrial gene transcription activator TF-A (Tfam). 

AMPK phosphorylation of HAT1 increases acetylation of chromatin (co-activated with 

RBBP7 as an active complex) in helix 1 of histone H4, relaxing it to a euchromatin state via 

HAT1-RBBP7 activated acetyltransferase complex acetylation. This results in the de-

condensing of the chromatin structure. Co-mediation by cross-activation of AMPK 

phosphorylation of RBBP7, further enhances HAT1 activity as a histone chaperone 

complex, AMPK epigenetic regulation via modulating nucleosome remodelling, enables 

accessibility to regions of DNA, by transcription factor activating machinery and resultant 

gene transcription (Keck and Pemberton, 2012). Thus AMPK improves mtOXPHOS 

quality/capacity, by enhanced transcription of OXPHOS genes, as seen in transfected 

human umbilical vein endothelial cells (Huvecs)  and mouse endothelial fibroblasts (MEFs) 

(Marin et al., 2017).  

 

Activation of AMPK induces intracellular signalling cascades, altering epigenetic gene 

regulation, via phosphorylating and reducing the methylation of nuclear mitochondrial 

biogenesis promotor genes, such as PGC-1a, a master transcription factor (TF) that 

upregulates mitochondrial biogenesis (Irrcher, Ljubicic and Hood, 2009). PGC-1a regulates 



27 

mitochondrial biogenesis via transactivation of NRF1 and NRF2, consequently upregulating 

the gene expression of Tfam (Barbato et al., 2012). Nucleosome remodelling may be 

regulated via AMPK histone 2B (H2B) phosphorylation. Marin et al, demonstrated AMPK 

consensus phosphorylation sequences in the epigenetic factors, DNAMT1, HAT1 and 

RBBP7. The phosphorylation of this epigenetic regulatory network results in remodelling 

of the nucleosome, and methylation reduction with subsequent increase in the expression 

of PGC-1a, NRF1 and 2, and the uncoupling-proteins UCP2 and UCP3, driving the 

upregulation of mitochondrial biogenesis (Marin et al., 2017).  

 

2.3.1.1 AMPK increases mitochondrial biogenesis 

Upregulation of AMPK activity and its downstream targets increases; mitochondrial mass 

via mt biogenesis; mtDNA abundance; citrate synthase activity; increased activity of ETC 

complex 1 and 4; and ATP synthase; increased production of ATP with concomitant 

decreased basal ROS. AMPK mediates quality of function of mitochondria, being able to 

modulate mitochondrial membrane potential via transactivation of uncoupling proteins 

UCP2 and 3 that work to mitigate ROS production (Marin et al., 2017). AMPK nucleosome 

remodelling co-ordinates with AMPK activation (co-activated with SIRT1 deacetylation) of 

PGC-1a’s binding to mitochondrial biogenesis nuclear promotors PGC-1a, NRF1 and 2 

(Cantó et al., 2009). Transcription factors and coactivators PGC-1a, peroxisome proliferator 

activated receptor alpha (PPARa) and gluconeogenesis transcription factor hepatocyte 

nuclear factor 4 (HNF4), work cooperatively in adaptive upregulation of fatty acid (FA) 

oxidation capacity, ketolysis in peripheral tissues and hepatic gluconeogenesis (Lustig et 

al., 2011). 

 

2.3.2 Hyperinsulinaemia inhibition of AMPK 

Hyperinsulinaemia inhibits AMPK signalling, via Akt (also known as Protein Kinase B - PKB) 

activation (Hawley et al., 2014), which phosphorylates S487 of the AMPK-a1 subunit, and 

inhibition of upstream kinases that phosphorylate AMPK threonine residue 172 

(phosphorylation would increase activity), results in subsequent inhibition of AMPK and it’s 

downstream effectors (Ruderman et al., 2013; Hawley et al., 2014; Jeon, 2016). Akt/PKB is 

a downstream serine/threonine kinase target of the Pi3K signalling pathway. The cellular 
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energy/nutrient sensor AMPK and its downstream pathway is activated when the 

intracellular [AMP] is greater than the [ATP], and [ADP] > [ATP]. When there is an increase 

in AMP:ATP, this results in cellular regulatory feedback systems to indicate intracellular 

energy status (Lage et al., 2008; Grabacka et al., 2016).  

 

2.3.2.1 AMPK activity is reduced in hyperinsulinaemia chronic diseases 

The role of AMPK in regulating mitochondrial health and function indicates that chronic 

decreased AMPK activity may logically contribute to increases in impaired mitochondria 

accumulation (Wu and Zou, 2020), which would consequently result in increased 

dysregulated intracellular ROS, poor OXPHOS ATP synthesis capacity, and further 

consolidation in transition towards dysregulated mitochondria, with increased fission and 

crystolysis, a common intracellular phenotype of hyperinsulinaemia pathologies 

(Ruderman et al., 2013; Li et al., 2015; Gao, Chen and Zhu, 2018; Agius, Ford and Chachra, 

2020; Wu and Zou, 2020; Chen et al., 2021). Reduced AMPK activity, or the therapeutic 

effects of activating AMPK in hyperinsulinaemia diseases include: T2DM (Ruderman et al., 

2013; Agius, Ford and Chachra, 2020; Chen et al., 2021), CVD (Li et al., 2015; Gao, Chen and 

Zhu, 2018; Wu and Zou, 2020), AD (Chen et al., 2021), PD (Curry et al., 2018; Hang et al., 

2019), and cancer (Hawley et al., 2014; Jeon, 2016). Where AMPK activity is shown to be 

highly implicated in mitochondrial function (Rabinovitch et al., 2017; Wu and Zou, 2020). 

 

2.3.3 Glycogen inhibits AMPK 

Insulin activates glycogen synthesis. de novo glycogenesis negatively regulates AMPK by 

decreasing its activity via binding to the b regulatory subunit. Exercise induced skeletal 

muscle glycogen depletion decreases this inhibition via glycogen binding, whilst increasing 

AMP and ADP binding to the alpha subunits increasing AMPK activity (Ruderman et al., 

2013). Increase in glucose levels, increases malonyl-CoA, which allosterically inhibits 

carnitine palmitoyltransferase-1 (CPT-1) (Muoio, 2014), thus inhibiting beta-oxidation 

(Denis McGarry, 2002). CPT-1 is situated on the mitochondrial outer membrane, 

enzymatically converting long-chain fatty acyl-Co-enzyme A (acyl-CoA) into long-chain 

acylcarnitine’s, in order to facilitate provision of fatty acids for mitochondrial beta-

oxidation (Casals et al., 1992).  
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Insulin signalling, especially hyperinsulinaemia, enforces cellular fuelling from glucose and 

thus upregulates glycolysis. A rise in pyruvate from glycolysis, inhibits pyruvate 

dehydrogenase kinases (PDK), releasing inhibition via phosphorylation of pyruvate 

dehydrogenase (PDH), leading to increased coupling of glycolysis to oxidative 

phosphorylation of glucose within the mitochondria. Shifting fuelling substrate into 

“gasoline” glucose based, verses “electric” beta-oxidation. As a result of upregulated PDH 

activity, tricarboxylic acid cycle (TCA) anapleurosis increase of citrate leads to citrate “spill-

out”/transport out of mitochondria into the cytoplasm, where ATP-citrate lyase cleavage 

produces one acetyl-CoA and one oxaloacetate moiety. Furthermore, cytosolic increase in 

citrate positively upregulates acetyl-CoA carboxylase (ACC) activity to carboxylate 

cytoplasmic acetyl-CoA, thus producing malonyl-CoA, inhibiting CPT-1 with resultant 

inhibition of beta-oxidation (Muoio, 2014; Aguiló, 2015). 

 

2.3.4 Fasting increases AMPK activation 

Fasting, which induces ketogenesis, decreases IIS receptor signalling, mTOR pathway 

activation and increases AMPK activation, leading to increasing longevity gene expression 

thus increasing housekeeping gene expression profiles, such as stimulating mitophagy and 

mitochondrial biogenesis (Veech et al., 2017). Fasting mimicking diets (FMD) enable the 

pleiotropic effects of fueling less from glucose and more off ketones, resulting in mimicking 

the lifespan inducing metabolic profile (Longo and Panda, 2016). Exercise whilst fasted has 

also been shown to have a greater impact on increasing insulin sensitivity, 

decreasing/normalising blood plasma glucose, increasing beta oxidation and more 

importantly has been shown to increase mitochondrial biogenesis, due to the amplification 

of AMPK activity as a result of exercise in a fasted and thus ketosis state, leading to 

increased glycogen depletion, whilst ramping up beta-oxidation (Steinberg and Kemp, 

2009).  

 

2.3.4.1 Ketosis increases AMPK activation 

Ketosis, where glucose levels are normal or low, insulin is low and ketones are in 

therapeutic levels (>0.5 mmol/L) with euglycaemia and low insulin, increases AMPK activity 
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(Bae et al., 2016). Upregulation of AMPK inactivates ACC via phosphorylation which 

terminates beta-oxidation inhibition via decreasing ACC carboxylation and production of 

malonyl-CoA, simultaneously increasing beta-oxidation via upregulating activity of CPT-1 

(Muoio, 2014). 

 

2.4 FOXO3a 

Transcription factor regulator forkhead box O3 (FOXO3a) upregulates gene transcription 

of over 200 genes that are known as the Dauer effect genes, this is the “stasis” of childhood 

(Webb, Kundaje and Brunet, 2016). Effectively “arrested” (paused) development, and in 

whole animal studies, increased expression and activity has resulted in extension of 

lifespan with healthspan (Birnbaum et al., 2019). Increased activation of FOXO3a leads to 

increased expression of the oxidative stress defence genes and proteins: GSH, superoxide 

dismutase (SOD2) and catalase (Gross, Van Den Heuvel and Birnbaum, 2008). Evidence 

from in vitro and in vivo research, show longer lived organisms have more FOXO3a 

expression, with more localisation within the nucleus (Webb, Kundaje and Brunet, 2016).  

 

2.4.1 Hyperinsulinaemia negatively regulates FOXO3a 

Hyperinsulinaemia and IIS, inhibits FOXO3a, via Akt mediated AMPK inhibition, leading to 

impaired expression of energy metabolism and oxidative stress defence genes (Greer et 

al., 2007; Webb, Kundaje and Brunet, 2016). In-order to be active, FOXO3a must be 

unphosphorylated, enabling nuclear localisation (Monsalve and Olmos, 2011). 

Hyperinsulinaemia signalling results in FOXO protein nuclear exclusion (Wolfrum et al., 

2003). Insulin directed PI3K-Akt phosphorylation, sequesters FOXO3a in the cytosol, 

rendering FOXO3a unable to engage and upregulate the transcription of over 200 longevity 

associated genes (Morris et al., 2015). 

 

2.4.1.1 Hyperinsulinaemia, ROS, microRNA and FOXO3a 

Hyperinsulinaemia increases mtROS production leading to increased miRNA155 expression 

and NFkB nuclear localisation via K-Ras activation (Goalstone et al., 1997; M Goalstone et 

al., 1998; Golovchenko et al., 2000; Draznin, 2011). Nuclear localised NFkB enables direct 

binding to the promotor region of miRNA21 gene, and increasing transcription. miRNA155 
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inhibits FOXO3a, while miRNA21 leads to direct inhibition and downregulation of SOD2 and 

3 dismutation activity, and catalase (Babu and Tay, 2019). Of note, miRNA21 targets SOD3 

mRNA but not SOD2 mRNA, therefore miRNA21 downregulates SOD3 transcription but 

only directly targets MnSOD2 protein activity. In short, hyperinsulinaemia increases 

mtROS, leading to increased miRNA21 expression via NFkB nuclear localisation, resulting 

in decreased MnSOD2 antioxidant activity which results in further increased ROS levels. 

Insulin inhibits autophagy, by phosphorylating Akt at Ser473, leading to inhibition of 

autophagy (Saiki et al., 2011; Hopkins, Goncalves and Cantley, 2020). Hyperinsulinaemia 

propagates chronic elevated ROS, leading to increased cell cycle progression via promotion 

of G1 to S phase transition, this and inhibition of autophagy are hallmarks of 

tumourigenesis (Diebold and Chandel, 2016; Babu and Tay, 2019).  

 

2.4.2 Ketosis a condition of avoidance of excessive insulin signalling, increases FOXO3a 

2.4.2.1 BHB and FOXO3a 

Modalities that enhance the metabolic state of ketosis, such as exercise, fasting, time 

restricted feeding (TRF), low carbohydrate healthy fat (LCHF) and well-formulated 

ketogenic diets (WFKD), and CR, reduce insulin demand and thus secretion, and 

consequently leads to a reduction in basal and bolus insulin signalling. This results in 

enabling the increase in beta oxidation and endogenous BHB synthesis (ketogenesis) and 

utilisation (ketolysis). With increased ketosis, this increases the expression of FOXO3a, 

catalase and MnSOD2 via AMPK signalling in a dose dependant manner (Shimazu et al., 

2013; Veech et al., 2017). BHB signalling induces altered gene expression via the FOXO3a 

network, promoting improved management towards oxidative stress responses and the 

cell survival/regulated apoptosis process (Shimazu et al., 2013; Grabacka et al., 2016). 

 

2.4.2.2 HDAC inhibition, regulates expression of oxidative detoxification genes 

BHB inhibits histone deacetylase (HDAC) I and II. HDAC I and II inhibition increases the 

transcription of detoxification genes, such as mt MnSOD, metallothionein 2, and catalase, 

enabling a greater capacity to counter oxidative stress (Shimazu et al., 2013; Newman and 

Verdin, 2014a). Histone deacetylases repress gene transcription via lysine residue 

deacetylation of histone proteins, BHB inhibition of HDACs, results in hyperacetylation, 
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upregulating transcription of target genes coupled with co-activators and co-repressors 

associated with HDACs. Exhaustive exercise, fasting and KDs are able to produce 

physiologically safe nutritional ketosis (0.5-3 mmol/L), and thus induce HDAC inhibition 

(Cahill et al., 1966; Zupkovitz et al., 2006). Ketosis increases uncoupling protein expression 

in-order to combat dysregulated mtROS, this enables H+ protons to flow down its 

concentration gradient, uncoupled to ATP synthesis into the mt matrix. H+ protons may be 

considered as part of the antioxidant defence mechanism via mt-uncoupling, allowing the 

translocation of H+ into the mt matrix not through ATP synthase, where they are then able 

to neutralise mtROS (Mookerjee et al., 2010). Class I and IIa HDACs repress FOXO3a gene 

transcription, therefore BHB inhibition of HDAC3 results in increasing FOXO3a gene 

transcription, with this translating into a potential for FOXO3a to then be able to be 

activated in upregulating its downstream targets (Newman and Verdin, 2017). 

 

2.5 Insulin/IGF1-signallng activates the PI3K/Akt/mTOR and MAPK signal transduction 
pathway  

When nutrient availability is abundant, pancreatic beta-cells secret insulin in response to 

elevated blood glucose (Cahill et al., 1966; Lizcano and Alessi, 2002). IIS receptor signalling 

upregulates cellular growth and division pathway activities by activating the 

phosphatidylinositol 3-kinase/Akt/mTOR (PI3K) pathway via the PI3K phospholipase 

enzyme, generating second messenger’s diacylglycerol (DAG) and 1,3,5-inositol 

triphosphate (IP3), and Ras/Raf/Mek/Erk (MAPK) signal transduction pathways. IIS 

activation of the PI3K and MAPK pathways mediate increased: intracellular inflammasome 

NLRP3 formation and mTOR activation (Cantley, 2002; Dibble and Cantley, 2015; Janus et 

al., 2016; Fruman et al., 2017; Hopkins, Goncalves and Cantley, 2020). Increasing mTOR 

activity mediates cell survival mechanisms and decreases autophagy (Yaktapour et al., 

2013; Dibble and Cantley, 2015). Chronic mTOR activation is implicated in cancer neoplasia, 

and chronic elevated insulin signalling, hyperinsulinaemia, is implicated in the 

pathogenesis of cardiovascular diseases, type 2 diabetes and Alzheimer’s disease (Draznin, 

2010; Crofts et al., 2015). However, it is essential to recognise that insulin is mammalian 

life-essential, as a nutrient signalling molecule and growth factor regulator. 
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The mTOR complex integrates energy and nutrient signals from these nutrient and growth 

factor metabolic sensing pathways, decreased mTOR activity increases healthspan and 

lifespan (Saxton and Sabatini, 2017). Hyperinsulinemia/IGF1 (H-IIS) mediated chronic 

activation of the PI3K and MAPK pathways, drives cellular responses to increase: cellular 

growth and division, aerobic glycolysis, avoidance of apoptosis, with increased basal ROS 

production (Hamanaka and Chandel, 2010), at the same time, decreasing: autophagy, 

mitophagy and mitochondrial biogenesis (Liu et al., 2009; Seyfried, 2015; Janus et al., 2016; 

Fruman et al., 2017). These propel cells towards rapid replication, decreasing their Hayflick 

limit of replicative capabilities, and yet unable to trigger apoptosis, due to MAPK activated 

apoptosis avoidance mechanisms. Chronic IIS mediates vascular remodelling, increased 

cell-division and proliferation, and prevention of apoptosis and metastasis; these are key 

hallmarks of cancer (Hanahan and Weinberg, 2011). Furthermore, hyperinsulinemia 

precedes hyperglycaemia up to 24 years, where chronic IIS induces proliferation of vascular 

smooth muscle cells, and hyperglycaemia increases blood coagulability, these are 

prominent features of atherosclerosis and cardiovascular/cerebrovascular diseases 

(Stegenga et al., 2006; Gunter et al., 2009; Hanahan and Weinberg, 2011; Perkins et al., 

2015; Cooper et al., 2020). The culminating effect is the development of more cells with an 

increased hyperinsulinaemia associated secretory phenotype producing and releasing 

inflammatory cytokines, leading to increased pathological transformation towards chronic 

disease manifestations (Wallace, 2005; Harman, 2006; Calder et al., 2017; Veech et al., 

2017). 

 

2.5.1 Insulin and insulin-like growth factor receptor signalling 

The greatest increase in lifespan with healthspan, in model organism/animal model 

studies, has been through decreased insulin and insulin-like growth factor receptor 

signalling (IIS). These studies utilised knock-out, knock-down and FMD/ketosis 

methodologies. The mutagenesis lifespan extensions were further increased with dose 

dependent increases in BHB due to FMD or exogenous BHB addition (Narasimhan, Yen and 

Tissenbaum, 2009; Newman and Verdin, 2014b; Veech et al., 2017). Dysregulated, chronic 

insulin secretion and signalling, is driven primarily due to dietary derived carbohydrate 

ingestion that increases blood glucose (Lizcano and Alessi, 2002; Paoli et al., 2013; Muoio, 
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2014; Crofts et al., 2015). Chronic repeated stimulus results in hyperinsulinemia and IR 

which instigates a feed forward loop, over time increasing hyperglycaemia, further 

signalling pancreatic insulin secretion, and thus driving an increased insulin “set point” to 

be able to maintain euglycemia (Crofts et al., 2015; Hopkins, Goncalves and Cantley, 2020). 

Insulin signalling negatively regulates ketogenesis (Newman and Verdin, 2014b; Pinto et 

al., 2018), and increases IGF1 bio-availability via decreasing IGF1-binding proteins (IGF1BP). 

Furthermore, insulin potentiates IGF1 signalling via insulin receptor (InR) activation of the 

enzyme farnesyltransferase (FTase), farnesylating the RAS protein, enabling translocation 

into the plasma membrane, potentiating IGF1 and other growth factor signalling (Draznin, 

2010, 2011).  

 

2.5.1.1 Insulin potentiates growth factor signalling via RAS farnesylation 

Insulin potentiates the mitogenic signals from growth factors such as IGF1, platelet-derived 

growth factor (PDGF), vascular endothelial growth factor (VEGF), epidermal growth factor 

(EGF) and insulin itself, via modulating the physical state of intracellular Ras proteins which 

are encoded by the H-RAS, K-RAS and N-RAS genes (Shah et al., 2019). These small GTPase 

Ras proteins operate as intracellular molecular switches in the GEF/SOS-Ras-Raf-Mitogen 

Activated Protein (MAP) Kinase (MAPK) growth factor mitogenic signal transduction 

pathway (Krishna and Narang, 2008). Growth factors bind to the extracellular PM side of 

transmembrane receptor tyrosine kinases (RTK), inducing intracellular 

autophosphorylation, subsequently eliciting intracellular mitogenic effects via activating 

MAPK signalling cascade, which is dependent on the state of Ras proteins (Bos, 1995).  

 

When growth factors, insulin inclusive, bind with their cognate receptors, this causes the 

intracellular side of their receptors to activate guanine nucleotide exchange factors (GEF) 

to mediate the replacement of GDP that is bound to Ras proteins, with GTP, causing 

activation of the Ras proteins (Leitner et al., 1997). In order for this GEF-Ras activation to 

be able to happen (GDP exchange to GTP-Ras activation), the Ras proteins must be 

bound/anchored to the cytosolic side of the plasma membrane. Ras proteins can only be 

anchored into the PM when they have a 15-carbon farnesyl moiety attached to them 

(Draznin, 2010, 2011; Cerqueira et al., 2016).  



35 

 

The farnesylation of Ras is exclusively insulin dependent (Goalstone et al., 1997); insulin 

binding to specific InRs causes the phosphorylation and activation of the alpha subunit of 

the FTase enzyme, triggering enzymatic farnesylation of a Ras cysteine residue (Goalstone 

et al., 1997). Once farnesylated, the Ras proteins are translocated into the PM, and are 

subsequently able to be further activated as an essential upstream cog within the MAPK 

signal transduction pathway (Draznin, 2010, 2011). The IIS stimulated mitogenic MAPK is 

not downregulated nor disturbed in the insulin resistant state, conversely it may be 

perversely upregulated (Leitner et al., 1997), leading to hyper-farnesyltransferase activity, 

resulting in increased prenylated/farnesylated membrane bound Ras, further enabling 

enhanced growth factor mitogenic responsiveness at lower plasma concentrations.  

Hyperinsulinaemia independently, but even more so with insulin resistance, upregulates 

FTase activity, thus increasing the amount of farnesylated membrane bound Ras available, 

this increases growth factor signal transduction capacity and subsequent potentiation of 

pathological intracellular mitogenic activated pathways. Hyperinsulinaemia potentiates 

the cellular mitogenic response magnitude to growth factor stimulation, as insulin 

mediated Ras farnesylation is a major determinant (Leitner et al., 1997). Experimental 

studies in mice have supported this finding, where hyperinsulinaemia was induced in 

foetuses via either direct insulin infusion, or direct glucose infusion, a greater amount of 

farnesylated Ras proteins and activated farnesyltransferase were found in foetal organs 

including: liver, fat, skeletal muscles, aorta, white blood cells (WBC), human WBC, and 

other studies in vascular smooth muscle, endothelial, fibroblasts and breast cancer cells 

(Stephens et al., 2001). To demonstrate insulin mediated this increase, hyperinsulinaemic 

mice foetuses were additionally infused with growth hormone-inhibiting hormone (GHIH) 

also known as somatostatin, results showed complete prevention of the hyperinsulinaemia 

driven hyper-farnesylated Ras and upregulated FTase activity. These same results were 

also shown in mice and dogs, indicating a preserved mechanism across species (Stephens 

et al., 2001; Montagnani et al., 2002; Draznin, 2011).  
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2.5.1.1.1 The importance of why it matters if cells are overly responsive to mitogenic 
signals 
 
The MAPK pathway regulates cell cycle rate, proliferation, differentiation and cell death 

(Krishna and Narang, 2008; Morrison, 2012).  Cells need time to perform functional duties 

in their tissue specific capacity, to organ specific roles, in-addition to having the requisite 

time needed to grow, synthesise new DNA, repair damaged proteins and DNA before 

progressing into the mitotic phase. When regulatory signals to halt progression to the next 

phase are overridden, DNA damage repair activity is decreased, autophagy of damaged 

proteins are not sufficiently performed, leading to increased transmission of incorrect DNA 

copying into daughter cells once cells are committed to mitosis. Progression to and through 

mitosis in this context increases genomic/chromosomal/DNA mutations as a downstream 

phenomenon of dysregulated/upregulated cell cycle progression, due to 

hyperinsulinaemia augmenting proliferative events via potentiating growth factor 

stimulating MAPK responsiveness (Lineweaver, Davies and Vincent, 2014; Seyfried, 2015; 

Sonnenschein and Soto, 2016).           

 

2.6 Cardiolipin and ROS 

2.6.1 ROS mediated lipid peroxidation of cardiolipin  

Phospholipid cardiolipin (CL) is biosynthesised by the mitochondria and is almost 

exclusively found in the cristae of the IMM. CL plays an essential role in the structural 

integrity of supporting respiratory chain super-complexes, stabilising tertiary and 

quaternary ETC complexes, substrate carrier proteins, mitochondrial permeability 

transition pores, and ATP-synthase. CL is an integral component in energy transducing 

membranes, whilst its unique dimeric-cross-linked phospholipid structure and inherent 

anisotropy enables the high curvature formation found in cristae (Sedlák and Robinson, 

1999). CL is required for the trans-membrane protein-phospholipid complex IV cytochrome 

C oxidase (CcO). CcO is composed of 13 subunits, subunits I, II and III form the catalytic 

core of the enzyme and are encoded by mitochondrial DNA. CcO functionally requires CL, 

stabilising its structural integrity, a necessary requirement for the transport of electrons 

and translocation of protons (Paradies et al., 2014). Electron transport activity is 

diminished by 50% with the removal of CL, due to the dissociation of the respiratory chain 

complexes (Sedlák and Robinson, 1999). CL stabilises and acts as an allosteric ligand for 



37 

succinate dehydrogenase (SDH) and is essential for the curtailment of ROS production at 

this location.  

 

CL is an essential phospholipid required for the catalytic activity of the ETC enzymes 

(Paradies et al., 2014). Increased lipid peroxidation, results in changes in CL fatty acid 

profile and total concentration of CL within the IMM. As a result, ETC efficiency reduces, 

increasing ROS production, concomitantly reducing OXPHOS ATP production capacity. CL 

is required for the maintenance of the highly invaginated mt cristae and ATP synthasome 

assembly. The superoxide O2
- anion is most frequently generated at the ETC complex I 

nicotinamide adenine dinucleotide (NAD) + hydrogen (H) (NADH) CoQ oxidoreductase 

when mitochondrial matrix NADH/NAD+ ratio is high, and especially when CL is oxidised by 

ROS. ROS induced CL peroxidation induces a vicious positive feed forward cycle (Paradies 

et al., 2019). If sustained chronically, this positive compounding cycle results in the 

accumulation of pathological mitochondria that dominate the hierarchy of intracellular 

signalling. This is seen in the pathogenesis of cellular tumourigenic transformation, with 

the upregulation of aerobic glycolysis/fermentation via ROS mediated direct mechanisms 

such as stabilising hypoxia inducible factor-1a (HIF-1a) and upregulating NLRP3 

inflammasome assembly, or indirectly via histone deacetylase activity altering gene 

expression and transcription, leading to substantial changes in cellular phenotype. 

Consequently these chronic pathological signals dictate a direction towards greater 

entropic disorder resulting in cellular, tissue and organ system functional decline and 

disease (Marchi et al., 2012; Newman and Verdin, 2014a; Miller, Villamena and Volek, 

2018). 

 

Cells are unable to respire effectively when they have an oxidised CL composition or 

decreased content of CL. Furthermore, no tumour cells have yet to be shown to have 

normal content and composition of cardiolipin (Schild et al., 2012). Oxidised CL results in 

increased ROS, positively feeding forward producing further oxidative damage. ROS diffuse 

to the cytosol, inhibiting HIF prolyl hydroxylase (PHD) enzymes, resulting in the stabilising 

of the heterodimeric transcription factor sub-unit, HIF-1a, which is then able to interact 

with HIF-b, signalling hypoxia. This consequently activates inducible HIF-transcription 

factors (HIF-TF) to initiate pseudo/hypoxia programmes/signal cascades. Further effects 
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are in the modulation of gene expression to activate hypoxia mediated responses, such as 

enhanced gene expression for increased angiogenesis, erythropoiesis, cell cycle and 

survival mechanisms (Hamanaka and Chandel, 2010). In addition to upregulated glycolysis 

and glucose uptake and its phosphorylation, this is enabled by HIF driven increase of the 

glucose transporter GLUT1 (Semenza, 2009). CL is tightly bound to complex V of the ETC, 

where it is found to be critical in oligomerisation and ATP synthase assembly, depletion of 

CL correlates to abnormal mitochondrial morphology and subsequent OXPHOS 

capabilities, and increased ROS production (Paradies et al., 2014).   

 

2.6.2 HIF-1α and ROS 

Increasing protein stability of HIF-1a leads to upregulated hypoxia signalling, ROS directly 

mediates this by oxidation of HIF-1a amino acid residue Cys533 (F Li et al., 2007). 

Furthermore, indirect upregulation of HIF-1a by ROS is mediated via downregulation of the 

deacetylase sirtuin enzyme, SIRT1, resulting in the maintenance in acetylation of HIF-1a 

amino acid residue Lys647, adding and aiding in the stabilising of HIF-1a (Lim et al., 2010). 

HIF activation also inhibits pyruvate dehydrogenase kinase-1 (PDK1), which in turn inhibits 

pyruvate dehydrogenase, inhibiting the oxidation of pyruvate to acetyl-Co-enzyme-A 

(ACoA) in the mitochondria, whilst activating lactic acid dehydrogenase (LDH), resulting in 

increased aerobic fermentation of glucose (Frezza and Gottlieb, 2009). These ROS induced 

processes culminate in a dramatic increase in glycolysis and glucose shunting to the 

pentose phosphate pathway (PPP). ROS signal driven aerobic fermentation of glucose to 

lactate acid is a metabolic hallmark phenotype of cancer. Furthermore, mitochondrial ROS 

production may also be induced by hypoxia, activating ROS signalling pathways to promote 

adaptive transcription programs (Hamanaka and Chandel, 2010). 

 

Chronic hyperinsulinaemia and hyperglycaemia increases haemoglobin glycation damage, 

decreasing oxygen saturation capacity, contributing to pernicious hypoxia (ACCORD et al., 

2008; Cooper et al., 2020; Wang, Du and Zhu, 2020). Hypoxia is a near universal and 

distinguishing hallmark of cancer growth (Fruehauf and Meyskens, 2007). The epigenome 

and transcriptome are sensitive to the cellular metabolic state. Chronic hypoxia, coupled 

with increased ROS instigate inflammation and glycolytic enzyme upregulation signalling 
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pathways, leading to nuclear gene expression of the tumour phenotype (Carrer and 

Wellen, 2015; Thakur and Chen, 2019). Perpetuated over time this causes irreversible 

nuclear and mitochondrial genomic damage, and oncogenic transformation, a downstream 

epiphenomenon of impaired cellular respiration (Seyfried et al., 2014).  

 

2.7 Dysregulated mitochondria, structure and pathology 

The structure of mitochondria is intimately linked to their function, the ultrastructure of 

mitochondria in: AD, PD, T2D, CVD, tumour and beta-cells are often found to be 

significantly different from the ultrastructure of normal cell mitochondria (Anello et al., 

2005; Yu, Robotham and Yoon, 2006; Arismendi-Morillo and Castellano-Ramirez, 2008; 

Zhang et al., 2016; Joshi et al., 2018; Chen et al., 2020). Tumour cells often have less 

mitochondria, with more oxidised CL and less total CL, and many have structurally 

abnormal morphology, with less or completely absent cristae, the site of OXPHOS 

(Seyfried, 2015; Paradies et al., 2019). This would support cellular need to upregulate 

glycolysis and glucose consumption in-order to satisfy cellular energy requirement, and for 

the PPP NADP+-dependent reduction of cytosolic oxidised glutathione (GSSH) to reduced 

glutathione (GSH), in-order to counter elevated ROS to enable tumorous cells to survive 

their increasingly acidic intracellular environment. The degree of decreased mitochondrial 

numbers and abnormal morphology, is shown to be directly correlated with breast tumour 

degree of malignancy (Elliott, Jiang and Head, 2012).   

 

2.7.1 Ceramide, ROS and mitochondrial fission, Drp1 and Mfn2 

Hyperinsulinaemia increases mtROS production via: ceramide synthesis (Hansen et al., 

2014), inhibition of AMPK-SIRT1-PGC-1a-FOXO3a oxidative defence pathways, and 

decreased NAD+ dependent anti-oxidant activities due to enforced glucose oxidation ATP 

synthesis. Excess ROS without commensurate antioxidative capacity, leads to greater 

oxidative damage than rate of repair, such as lipid peroxidation of ROS sensitive 

phospholipid CL (Paradies et al., 2019). This leads to increased mitochondrial fission, 

mediated by Drp-1. Furthermore, increased ceramide synthesis leads to stabilisation and 

increased activity of the inflammation mediators: NLRP3 inflammasome and the NFkB 
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transcription factor (Smith et al., 2013; Hansen et al., 2014). These pathways are found to 

be upregulated in a large majority of the leading chronic diseases of ageing. 

 

2.7.1.1 ROS, Drp1, Mfn2, mitochondrial fission and fusion 

Insulin mediated mitochondrial ceramide synthesis, directly increasing mitochondrial ROS 

leads to an increased Drp1 relative to Mfn2 ratio (Hansen et al., 2014). Drp1 promotes 

mitochondrial fission and Mfn2 promotes mitochondrial fusion (Giacomello et al., 2020). 

An increase in Drp1 to Mfn2 results in increased mitochondrial fission, leading to impaired 

energy production and cellular pathology, as seen in osteoporosis, cancer, beta-cell failure 

and neurodegenerative AD and PD (Manczak, Calkins and Reddy, 2011; Li et al., 2015; Joshi 

et al., 2018). Interestingly, endothelial dysfunction is ameliorated when AMPK is activated, 

as AMPK inhibits mitochondrial fission by inhibiting Drp1, this alleviates endothelial 

endoplasmic reticulum stress (Li et al., 2015). Clearly, healthy mitochondria, as indicated 

by structure which dictates function, are required for optimal cellular health. 

 

Through multiple compensatory mechanisms that alter nuclear gene expression, chronic 

elevated ROS may ultimately result in permanent change in mitochondrial superstructure 

and function, thus induce heavier dependency on glycolysis and further altered 

intracellular epigenetic modulation. Concurrently, extracellular stimulus may also drive 

metabolic transformation. Metabolic syndrome (MetS) and T2DM are typified by a state of 

hyperinsulinemia. Hyperinsulinemia, considered a risk factor for cancer is a phenotype of 

MetS (Fine et al., 2012). Hyperinsulinemia, hyperglycaemia and inflammation, are suffered 

by type 2 diabetics, this may be a link as to why diabetics have an increased risk of cancer, 

cardiovascular disease, and dementia (Tsujimoto, Kajio and Sugiyama, 2017).  

 

2.8 Sirtuins, MnSOD2 and ROS 

Mitochondrial ROS damage without commensurate counter ROS management, can 

increase cellular need for glucose due to impaired and diminished OXPHOS capacity. Excess 

and enforced glucose fuelling subsequently depletes cytosolic NAD+, further impairing 

counter ROS management programs due to diminished NAD+ dependent SIRT1 and SIRT3 

capacity (Lim et al., 2010; Bause and Haigis, 2013; Brenmoehl and Hoeflich, 2013; Cooper 
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et al., 2020). Furthermore, OXPHOS ATP synthesis is reduced when cellular need for NAD+ 

replenishment demand is high, thus further driving aerobic glycolysis activity and demand 

in a vicious circle (Scheibye-Knudsen et al., 2014; Luengo et al., 2021).  

 

Sirtuins 3, 4 and 5 (SIRT3/4/5) are situated within the mitochondrial matrix. These are 

NAD+ dependent deacylases, deacetylating specific reversible post-translational 

modifications (PTM) of acyl-lysine residues that affect ROS damage control. NAD+ SIRT3 

activation, deacylates the amino acid residues: lysine 53, 68 and 89 (K53, K68, K89) on the 

mitochondrial localised antioxidant metalloenzyme, MnSOD2, activating MnSOD2 to 

catalyse the dismutation of superoxide O2- into H2O2 and molecular oxygen (O2), in the 

process NAD+ is consumed (Qiu et al., 2010; Chen et al., 2011; Newman and Verdin, 2014a, 

2017; Dikalova et al., 2017; van de Ven, Santos and Haigis, 2017). SIRT3 expression has 

been shown to decrease with increasing biological and chronological age, and by 65 years 

of age is clinically shown to be reduced by 40%. This is in parallel to increased rates of 

hyperinsulinaemia metabolic syndromes and hypertension, conditions that reduce SIRT3 

activity, have decreased SOD2 antioxidant detoxification activity and consequently 

increased levels of ROS (Dikalova et al., 2017). 

 

Healthy mtROS management requires functional MnSOD2 activity. Depletion of NAD+ 

decreases MnSOD2 activity due to diminished SIRT3 activity which is NAD+ dependent. 

Therefore, metabolic signalling and demand, such as from hyperinsulinaemia enforced 

glucose fuelling, which drives greater NAD+ consumption relative to ketosis, results in 

increased mitochondrial ROS production. Chronic cellular glucose fuelling at the expense 

of beta-oxidation, decreases the NAD+ pool, and thus constrains SIRT3 activity, whilst 

concomitantly increases acyl donors, thus inhibiting ROS stress management and 

enhancing ROS signalling and damage (Muoio, 2014; Newman and Verdin, 2014a; Veech 

et al., 2017). A lack of SIRT3 activity and its downstream affects, decreases metabolic 

flexibility (Muoio, 2014), and increases mitochondrial ROS without concomitant activated 

antioxidant management enzymes. This is a cellular phenotype that appears to drive 

metabolic dysregulation and pathologies associated with ageing, and these pathologies are 

increasingly manifesting in younger populations with often undetected subclinical 

hyperinsulinaemia.  
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Regeneration of the endogenous antioxidant glutathione from its oxidized form (GSSG) to 

its reduced form (GSH) requires the production of reduced form nicotinamide adenine 

dinucleotide phosphate (NADP) + hydrogen (H) (NADPH) via isocitrate dehydrogenase 

(IDH2) which is dependent on NADH provision. Furthermore, glutathione reductase, 

thioredoxin (TXN) and peroxiredoxin (PRDN) are required to facilitate the redox recycling 

process (Molavian et al., 2015; Veech et al., 2017). These reactions are limited by the 

degree of SIRT3 activity, which is further limited by NAD+ availability. Compromised NAD+ 

and SIRT3 activity is a shared intracellular feature among the chronic hyperinsulinaemia 

diseases. Ketosis spares NAD+, which logically enables further provision towards sirtuin 

and PARP activities, leading to greater ROS regulation and DNA repair. 

2.9 NRLP3 and NFkB 

Hyperinsulinaemia drives increased NFkB and NLRP3 inflammasome complex activation 

(Golovchenko et al., 2000). NFkB is a transcription factor that regulates the expression of 

genes involved in the immune and inflammation response, and cytokine signalling, 

regulating formation of pro-inflammatory mediators tumour necrosis factor-α (TNF-α), and 

the cytokines interleukin-1β (IL-1b) and IL-6. NFkB is ubiquitously expressed and regulated 

by the inhibitory protein inhibitor of KB (IkB), causing cytoplasmic localisation (Liu et al., 

2017). Dysregulate and upregulated NFkB activity is common in metabolic chronic 

diseases, such as CVD, neurodegenerative diseases AD and PD, T2DM, that are typified by 

vascular, tissue and cellular inflammation (Pamukcu, Lip and Shantsila, 2011; Fiordelisi et 

al., 2019). Elevated levels of TNF-α and IL-1β are detected in AD patient brain, indicating 

that NFkB activation and cellular inflammation play a functional role in AD pathogenesis 

(Ju Hwang et al., 2017; Jha et al., 2019). NFkB dysregulation is implicated in PD, in a post-

mortem study of PD patient brains (n = 7) versus control (n = 5), there was a greater than 

70-fold proportion of dopaminergic neurons of the substantia nigra with increase in NFkB 

nuclei activation (Hunot et al., 1997; Flood et al., 2011; Bellucci et al., 2020). 

 

BHB ameliorates oxidative stress via AMPK activation which leads to inhibiting the 

assembly of the NLRP3 inflammasome complex, composed of NLRP3, caspase-1, and 

apoptosis-associated speck-like protein containing a caspase activation and recruitment 

domain (ASC), and pro-caspase-1. The oligomerisation of the inflammasome complex 
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triggers autoactivation of caspase-1 and a consequent cascade of cleavage reactions of 

cytosolic targets, resulting in the activation of the proinflammatory interleukins IL-1β and 

IL-18 from their pro-inactivated forms (Bae et al., 2016). The anti-inflammatory effects of 

ketosis is also mediated by inhibiting NFkB, while BHB interacts with the inflammasome in 

immune cells to reduce inflammatory cytokine production (Achanta and Rae, 2017). 

 

2.10 Beta-hydroxybutyrate (BHB) 

The energy and nutrient status signalling metabolite beta-hydroxybutyrate (BHB), is 

synthesised by hepatocytes when insulin is low enough to no longer inhibit ketogenesis 

(Figure 2). BHB is released into the bloodstream to be used in extrahepatic tissues, to 

generate the necessary ATP a cell needs in-order to survive and function when glucose is 

not provided exogenously (Cahill et al., 1966). BHB is produced as a result of fasting, 

carbohydrate restriction or restricted energy provision to Animalia organisms (Rojas-

Morales, Tapia and Pedraza-Chaverri, 2016). When plasma BHB levels are elevated, it acts 

as a signalling molecule from hepatocytes to the systemic system, altering cellular gene 

expression and behaviour to adapt to the signal that is telling them “the organism is not 

receiving much food/nutrients if any at all” and is utilising internal energy stores from fatty 

acids converted to BHB via ketogenesis. BHB signalling co-ordinates a systemic shift in 

cellular systems phenotype towards conservation (slowing down the cell cycle/decreasing 

mitotic rate) and increasing recycling of cellular materials (autophagy and mitophagy), 

culminating in greater cellular health and survival in the face of starvation (Newman and 

Verdin, 2014a; Rojas-Morales, Tapia and Pedraza-Chaverri, 2016). 
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Figure 2. Production of ketone bodies beta-hydroxybutyrate and acetoacetate in the liver and cells in other 
organs that are also able to perform ketogenesis. Abbreviations: Beta-hydroxybutyrate (BHB); beta-
hydroxybutyrate dehydrogenase-1 (BDH1); coenzyme A (CoA); 3-hydroxy-3-methylglutaryl (HMG); 
monocarboxylic acid transporter (MCT).  

Created in BioRender. Cooper, I. (2025)  https://BioRender.com/n40n524 

 

 

 

https://biorender.com/n40n524
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2.10.1 Ketosis, a metabolic phenotype that mimics the fasted state 

Additional FMDs that do not intentionally restrict calories include; TRF, where food is 

consumed in a narrow window of time within a 24 hour cycle, such as the 19:5 hour ratio, 

reflecting an eating window of 5 hours in 24 hours; intermittent fasting (IF), typified by 

fasting for 2 days out of 7, and WFKD which restrict carbohydrates to within an individuals’ 

tolerance, that does not stimulate enough insulin to inhibit ketogenesis, which is typically 

< 50 grams of carbohydrates per day, however this varies depending on age, amount of 

physical activity, degree of metabolic health and presence of a chronic disease associated 

with hyperinsulinemia which includes CVD, atherosclerosis, cancer, neurodegenerative 

diseases (AD and PD), T2DM and hypertension (Crofts et al., 2015; Volek et al., 2015; 

Augustin et al., 2018).  

 

Ketones are synthesised via ketogenesis from fatty acids derived either from adipocytes or 

from fat within a meal, made by hepatocytes (enterocytes, renal cells, retinal epithelial 

cells and astrocytes are also known to perform ketogenesis) (Auestad et al., 1991; Blázquez 

et al., 2002; Adijanto et al., 2014; Grabacka et al., 2016; Reyes-Reveles et al., 2017) 

(Figure 3), when the hormone insulin is sufficiently low enough to no longer inhibit the 

body’s ability to produce ketones (Veech, 2004; Newman and Verdin, 2014a; Veech et al., 

2017). Ketones are not only a source of fuel for most cells in the body, they also act as 

signalling molecules, effectively telling the intracellular organelles, the mitochondria and 

nuclei, what is going on at the systems level and how best to adapt and respond (Shimazu 

et al., 2013; Newman and Verdin, 2014a). Fasting mimicking diets such as eating in a 

narrow time frame within a 24-hour window, or very low carbohydrate-healthy fat with 

moderate protein diets, known as ketogenic diets, are also able to induce ketosis in 

individuals, without the conscious effort of calorie restriction (Newman and Verdin, 

2014a). The result is decreased dietary induced stimulus of insulin secretion from the 

pancreas (Figure 3), due to decreased glucose nutrient sensing, the primary driver of 

insulin secretion, which is predominantly due to dietary starchy carbohydrates found in 

bre ad, pasta, rice, flour, corn, fruit and sugar. Ketosis, results in lower concentrations in 

the bloodstream of the hormone insulin, lower/well-regulated blood glucose and 

increased plasma ketone beta-hydroxybutyrate. If sustained, over time this induces a 

series of adaptive changes within cells, to shift their intracellular machinery to upregulate 
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their ability to utilise fat and ketones instead of glucose for fuel, however this is only the 

tip of the iceberg in changes induced by the presence of ketones, as well as the effects due 

to the decrease in chronic excess insulin signalling on cells (Volek et al., 2015; Miller, 

Villamena and Volek, 2018). 

 

 

 

Figure 3. Proposed basal insulin, beta-hydroxybutyrate, osteocalcin feedback cycle in phenotype-1 
individuals. Beta-hydroxybutyrate (BHB), central nervous system (CNS), glucagon-like peptide-1 (GLP-1), 
insulin resistance (IR), glucose-insulin resistance (IR-G), osteocalcin (OCN), red blood cells (RBC), tryptophan 
hydroxylase (Tph). [Figure from (Cooper, Brookler and Crofts, 2021)]. 
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2.10.2 HCAR2, PI3K and mTOR. Glucose sparing 

BHB activates the G-protein coupled receptor, hydroxycarboxylic acid receptor 2 (HCAR2) 

also known as niacin receptor 1 (NIACR1) and GPR109A. HCAR2 is present on adipocytes, 

neutrophils, tissue macrophages and in the brain (Rahman et al., 2014).  BHB-HCAR2 

activation leads to decreasing PI3K activity, resulting in decreased mTOR activity (Newman 

and Verdin, 2014a). mTOR is an intracellular nutrient and growth factor sensor and 

mediator of cellular adaptive responses. Decreased mTOR activity increases autophagy and 

mitophagy, preserving protein status and thus decrease muscle loss in times of fasting 

(Saxton and Sabatini, 2017). If during times of fasting muscle cells continued to utilise 

glucose for fuel, instead of fatty acids, this would decrease glucose availability for glucose 

dependent red blood cells (RBC) and the brain. Thus, hepatocyte BHB signalling decreases 

myocyte glucose uptake whilst increasing transcription of mitochondrial OXPHOS protein 

complex genes, in-order to increase beta-oxidation capacity. Concomitantly increasing 

gene transcription for antioxidative enzymes, improving ROS management, via histone 

deacetylase inhibition, upregulation of NAD+ sirtuin activity and directly modulating 

chromatin via beta-hydroxybutyrylation, resulting in decreased basal ROS levels, increasing 

cellular resilience and survival capacity (Newman and Verdin, 2014a). BHB signalling in the 

physiological context of metabolic phenotype 1 ketosis (euketonaemia; (Cooper et al., 

2021)), co-ordinates cellular function in a multicellular organism into an integrated 

dynamic physiological system. 

 

2.10.2.1 HCAR2 and the brain neural inflammation. 

Ketone bodies area able to cross the blood brain barrier (BBB) via the endothelial proton 

linked membrane carrier monocarboxylate transporter 1 (MCT1) (Pierre and Pellerin, 

2005), and are able to compensate the common deterioration in brain metabolism found 

in neurodegenerative conditions such as AD and PD, where hyperinsulinaemia is often 

indicated via insulin resistance and increasing glucose availability being unable to rescue 

regional brain glucose hypometabolism (Cunnane et al., 2016; Yang et al., 2019). BHB 

mediates its neuroprotective effects via binding to and activating HCAR2/GPR109A, 

lowering neuroinflammation (Rahman et al., 2014). Rahman et al. demonstrated in a 

mouse stroke model, BHB via ketosis, induced neuroprotective effects via altering the 
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phenotype of brain infiltrated bone marrow-derived macrophages resulting in improved 

outcomes (Rahman et al., 2014). Furthermore, BHB activation of HCAR2 on macrophages 

and microglia inhibits NFkB via increasing brain derived neurotrophic factor (BDNF). This 

leads to a reduction in intracellular pro-inflammatory cytokine production (Rahman et al., 

2014; Fu et al., 2015). Elevated NFkB and intracellular cytokines TNF-α, IL-1β and IL-6 are 

found to be a common pathological intracellular phenotype in neurodegenerative disease 

and T2DM, conditions that are increased risk factors for poorer outcomes in infectious 

diseases such as COVID-19, where dysregulated cytokine production is also implicated 

(Granic et al., 2009; Jones and Kounatidis, 2017; Kandimalla, Thirumala and Reddy, 2017; 

Kuga et al., 2017; Yang et al., 2019; Cooper et al., 2020). 

 

2.10.3 Nrf2 activations upregulates oxidative stress management 

Ketosis, resulting in elevated BHB, low insulin and normoglycaemia, leads to an anti-

inflammatory status. Leading to reducing mtROS production while improving OXPHOS 

efficiency by modulating uncoupling proteins, and able to bypass mtETC complex-1 

dysfunction. Complex-1 dysfunction is a key feature in the neurodegenerative diseases AD 

and PD (Tieu et al., 2003; Achanta and Rae, 2017). BHB activates Nrf2 causing an 

upregulation in transcription and activity of the endogenous intracellular antioxidant 

system. NRF2 is a sensor of cellular redox status, BHB signalling results in Nrf2 nuclear 

localisation. Consequently, NRF2 binds to the antioxidant responsive element (ARE) 

located on the promotor regions of endogenous antioxidant genes that encode for the 

cytoprotective proteins and detoxifications enzymes, these include: superoxide 

dismutases (SOD), peroxiredoxin (PRDN), GSH and thioredoxin (TXN) (Rushmore, Morton 

and Pickett, 1991; Ma, 2013). Furthermore, activated Nrf2 improves the recycling of 

endogenous antioxidants via the induction of enzymes that regenerate oxidised 

antioxidants back into their active forms, these include the peroxiredoxin, glutathione 

reductase and thioredoxin enzymes. Increased transcription and activity of these anti-

oxidant regenerative enzymes improve cellular ROS oxidative stress management and 

mitochondrial function, strong factors in longevity studies (Dinkova-Kostova and Abramov, 

2015; Gureev, Shaforostova and Popov, 2019). These may also provide clues in the role of 

ketosis on the prevention in development of chronic disease risk and/or amelioration of 

existing disease. 
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2.10.4 ATP, electron backflow and superoxide 

BHB improves ATP synthesis efficiency via increasing the redox span between the redox 

couples: nicotinamide adenine dinucleotide (NAD+/NADH) and ubiquinone/ubiquinol 

(dihydroxyquinone; Q/QH2). BHB metabolism decreases (reduces) the NAD+/NADH ratio 

while increasing (oxidising) the Q/QH2 ratio, leading to an increased redox span, which 

results in an increased proton translocation capacity from the mt matrix into the mt inter 

membrane space via the IMM cristae, as electrons are passed down from NADH to Q. This 

subsequently increases chemiosmosis ATP generation capacity. The increased redox span 

also decreases electron backflow via reverse electron transport, which prevents the 

formation of superoxide O2
.- at complex-1, the most prevalent location of superoxide anion 

formation in neurodegenerative diseases AD, PD and other hyperinsulinaemia pathologies 

including T2DM and CVD (Sato et al., 1995).  

 

Increased ROS generation via insulin mediated ceramide synthesis and decreased NAD+ 

availability due to enforced glucose fuelling, results in a lower redox span, as a result, QH2 

electrons are shuttled backwards (reverse electron transport) to complex-1 to molecular 

oxygen forming the highly reactive superoxide O2
.- anion, a reduced form of oxygen, 

further driving mitochondrial pathological transformation and increasing cytoplasmic 

inflammatory pathway activation (Sato et al., 1995; Veech, 2004). 

 

2.10.5 Metabolic phenotypes 

It is arguable that to best understand insulin’s physiological functions, and effects, it would 

be to consider and study insulin dynamics in humans that are healthy and have never 

suffered a hyperinsulinaemia metabolic disease. This healthy representative human would 

be akin to the historical human metabolic phenotype context. This human metabolic 

phenotype 1 (Figure 4) would most likely be represented as follows: often not eating for 

15 to 16 hour stretches and therefore TRF is in practice, only having access to high fibrous 

low fructose fruits during a short season in the year, and likely to have long periods with 

no access to carbohydrates and/or a regular significantly low carbohydrate provision in 
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their diet. This would result in a metabolic blood biomarker phenotype showing: well-

regulated healthy glucose levels (euglycaemia), low insulin and presence of the ketone 

AcAc and ketone body BHB (euglycaemic-euketonaemia). This metabolic phenotype 1 

biomarker profile, may also be described as nutritional ketosis (NK) (Miller, Villamena and 

Volek, 2018; Cooper et al., 2020, 2021).      

It is essential to study and elucidate insulin dynamics in the context of healthy physiological 

function to better understand pathological transformation, function and consequences. 

This then aids in informing choice in clinical test strategies that provide better resolution 

in diagnostics and the development of more effective clinical and non-clinical intervention 

management algorithms.  

The current research conducted in healthy human controls, are typically in those with the 

metabolic phenotype 2 (Figure 4). In phenotype 2, insulin’s basal hierarchical role has been 

shifted into primarily managing glycaemia. Over time this downregulates ketogenesis and 

ketolytic gene expression, and alters many other signalling pathways (Somogyi, 1941; 

Casals et al., 1992; Nadal, Marrero and Haro, 2002; Grabacka et al., 2016; Newman and 

Verdin, 2017). This increased burden placed on pancreatic beta-cells and basal insulin 

function, to maintain normo-glycaemia, has cellular consequences above and beyond 

plasma glucose regulation (Ebeling, Koistinen and Koivisto, 1998; Draznin, 2010; Hansen et 

al., 2014; Hopkins, Goncalves and Cantley, 2020). Such as, tissues and cells are exposed to 

a higher basal insulin level, that affects cells irrespective of glucose uptake. This increase 

in basal insulin secretion results in increased cellular nutrient sensing, signalling nutrient 

abundance, which reduces AMPK activity (Hawley et al., 2014; Jeon, 2016), increases 

activation of the phosphatidylinositol 3-kinase/Akt/mTOR (PI3K) and MAPK growth and 

division signal transduction pathways respectively. Increased levels of basal insulin 

signalling alters cellular sensitivity and responsiveness to growth factors such as to IGF1 via 

Ras prenylation/farnesylation (Cantley, 2002; Draznin, 2010; Fruman et al., 2017). 

Furthermore, the increased reliance on insulin to regulate plasma glucose uptake, results 

in inhibition of hepatic ketogenesis, beta-oxidation and glycogenolysis, whilst driving up de 

novo lipogenesis and glycogen synthesis. Each of these responses to the increased basal 

insulin, result in further homeostatic responses that ultimately shift the set points on many 
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hormones and other molecules within cells and in the extracellular environments, in order 

to maintain adaptive homeostasis (Rojas-Morales, Tapia and Pedraza-Chaverri, 2016).  

The commonly investigated healthy human metabolic phenotype, phenotype 2, is subtly 

different to phenotype 1’s metabolic parameters (Figure 4) (Cooper et al., 2021), and 

consequently the metabolic hormones and metabolites hierarchy in function and their 

signalling dynamics are likely to differ (Cahill et al., 1966; Robinson and Williamson, 1980; 

Rojas-Morales, Tapia and Pedraza-Chaverri, 2016). Most human research with healthy 

controls, are conducted in phenotype 2 humans, with a common metabolic phenotype of 

fasting insulin < 200 pmol/L, fasting glucose > 3.5 – 6.0 mmol/L, fasting BHB < 0.3 mmol/L, 

with a Kraft pattern I insulin dynamic response pattern and osteocalcin levels greater than 

in those with hyperinsulinaemia conditions T2DM and CVD (Saleem, Mosley and Kullo, 

2010; Crofts et al., 2016; Razny et al., 2017; Song, 2017; Crofts et al., 2019; Guney et al., 

2019a; Riquelme-Gallego et al., 2020), and assumes this is the natural optimal state of 

healthy humans. Therefore, the ranges, clinical investigations and researchers may find 

and conclude for hormones, metabolites, cytokines, vitamins, minerals, intracellular and 

extracellular factors, are representative of phenotype 2’s ideal physiological roles and 

ranges. Furthermore, due to the difficulty in diagnosing hyperinsulinaemia in its earliest 

stage, much research with “healthy human controls/phenotype 2” often include 

participants who appear to have healthy glucose and HbA1c levels, however the glucose 

and HbA1c levels may likely have been maintained by pernicious chronic higher than ideal 

levels of insulin (phenotype 3-stage-1), where there is no overt hyperglycaemia (see figure 

2, metabolic phenotypes schematic proposal) (Crofts et al., 2016, 2019; Cooper et al., 

2020).  
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Figure 4. Classification of metabolic phenotypes. Beta-Hydroxybutyrate (BHB); haemoglobin A1c (HbA1c); 
oral glucose tolerance test (OGTT); osteocalcin (OCN); type 2 diabetes mellitus (T2DM). [Figure adapted from 
(Cooper, Brookler and Crofts, 2021)]. 
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The pooling of phenotype 2 and phenotype 3-stage-1 (T2DM spectrum-stage-1, fasting 

plasma glucose < 6.1 mmol/L, HbA1c £ 37 mmol/mol or 5.5%, see figure 1) participants 

together due to not picking up on the pernicious low-grade higher levels but within range 

insulin concentration, as the healthy controls in studies, may further contribute to 

increased noise in investigative studies. In addition to potentially setting the foundation of 

generating what would appear to be correct interpretation of experimental results, leading 

to drawing conclusions based on faulty premises. An example to illustrate this: research on 

pancreatic beta-cell mass in type 2 diabetics. End stage chronic T2DM post mortem analysis 

of pancreatic beta-cells, show a loss in beta-cell mass, this has led to the literature 

published and the research community concluding that T2DM is a condition of insulin 

insufficiency due to loss in beta-cell mass (Chen et al., 2017). This description is more akin 

to type 1 diabetes (T1DM), the defining difference between T1DM and T2DM is insulin 

insufficiency in the former results in ketoacidosis with decreased serum bicarbonate. This 

is not the case for T2DM, where there are higher levels of insulin than phenotype 1 or 2 

individuals (Savage et al., 2010; Seetho and Wilding, 2014; Cooper et al., 2020; Gosmanov 

and Nematollahi, 2020). Research conducted in obese (hyperinsulinaemic) individuals, 

provide evidence that in the earlier stages of hyperinsulinaemia, beta-cell mass is increased 

(Ogilvie, 1933; Cho et al., 2011). However, due to incorrect grouping of metabolic 

phenotype peoples in studies, this often causes the cancelling out of data and consequent 

contradictory or unclear results. Such that when participants with phenotype 2 and 

phenotype 3-stages-1 and stage-2 are pooled (normal beta-cell mass and increased beta-

cell mass respectively) and then compared to phenotype 3-stage 3 plus stage 4 (T2DM 

spectrum-stage-4, hyperinsulinaemia with hyperglycaemia, morphological pancreatic beta 

cell/islet mass change, pseudo-type-1 diabetes) patients (increased beta-cell mass mixed 

with decreased beta-cell mass), this scenario increases the likelihood of not capturing the 

increase in beta-cell mass in the earlier longer lasting phase of hyperinsulinaemia, 

phenotype 3-stages 1-2. 

Determining a more refined approach to ascertain the metabolic phenotype of the 

individual, especially for investigative studies and patient screening/treatment, will enable 

gaining better resolution in elucidation of what are the physiological roles and ranges for 

hormones and metabolites within each health-stage context. 
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2.10.6 Insulin’s primary (hierarchical) function is the regulation of ketogenesis in 
phenotype 1 individuals. These individuals may serve as a better baseline comparator, 
in normative values. 

With decreased demand on basal insulin levels to function in glucose homeostasis, insulins 

primary function may be better understood. In phenotype 1, insulin’s primary function 

appears to be: regulation of endogenous de novo ketogenesis, aid in nutrient sensing, 

growth factor signalling/sensitivity and intracellular ROS hormesis regulation (Draznin, 

2010, 2011; Hyde et al., 2017). In this context, it is hypothesised that presence of plasma 

BHB in non T1 diabetics, at nutritional ketosis levels > 0.3 mmol/L and < 10 mmol/L, serves 

as a proxy-marker that an individual’s basal insulin is likely to be in a range reflective of 

their ideal-healthy level. In other words, when there is presence of BHB (in non T1 

diabetics), an individuals’ insulin levels is likely to be at a level that has a lower negative 

effect on blood biomarker metabolic phenotype changes, where higher insulin levels may 

induce a biomarker trend in the directions associated with pathology and ageing. In 

addition, those parameters drive the intracellular changes that reflect the 

hyperinsulinaemia intracellular/mitochondrial phenotype that drives morbidity 

pathogenesis at the cellular level (Veech et al., 2017; Miller, Villamena and Volek, 2018).  

A fasting-insulin test does not always identify hyperinsulinaemia. Fasting glucose and 

insulin can often appear healthy, especially in the earlier stages of hyperinsulinaemia 

(phenotype-3, stage-1) and HbA1c can often be maintained in-range by an insulin 

concentration within levels seen in non-diabetics (Crofts et al., 2019; Cooper et al., 2020). 

An illustration to demonstrates this point, without any clear reference range for fasting 

insulin nor a quick clear ability to determine individual ideal values, using a hypothetical 

fasting insulin reference range of 21–153 pmol/L (3.5–25.5 μU/mL), where 1 μU/mL = 

6pmol/L (Knopp, Holder-Pearson and Chase, 2019): a patient’s fasting blood test results 

may show, glucose 5mmol/L with insulin 144 pmol/L (24 μU/mL). In this example, this 

patient may have low grade pernicious chronically elevated than ideal insulin 

concentration for that individual. This enables the maintenance of a healthy glucose 

concentration. With these blood results, the patient would most likely not be considered 

hyperinsulinaemic, and consequently be missed for early interventions, or pooled in a 

study with the “healthy control” group (Crofts et al., 2016, 2019; Cooper et al., 2020). 
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In contrast to the first example, a fasting blood test sample from a true non-

hyperinsulinaemic individual, may show a fasting blood glucose at 5 mmol/L with much 

lower insulin levels at 24 pmol/L (4 μU/mL). This individual does not maintain a healthy 

fasting glucose via a higher basal insulin level, and instead achieves healthy glucose 

homeostasis by maintaining either a low carbohydrate intake and/or lower frequency of 

carbohydrate intake, or practices: TRF, consumes one meal a day (OMAD), IF, and/or CR. 

These are essentially lifestyle methods that result in generating a FMD metabolic 

phenotype, which is akin to what would be seen in the phenotype 1 individuals’ profile. 

This maintains healthy blood glucose concentration via the upstream input level, while also 

not frequently stimulating insulin secretion, especially not frequently calling upon 

pancreatic beta-cell first phase bolus glucose stimulated insulin secretion (GSIS). Thus 

preventing, both hyperinsulinaemia and hyperglycaemia development over time, through 

one action, the removal of external inputs (lifestyle) that place increased demand on 

insulin to regulate glucose homeostasis, outside of hepatic gluconeogenesis (Crofts et al., 

2016, 2019; Cooper et al., 2020). 

In both example cases provided, glucose and insulin appear to be healthy. The only way to 

know if someone is truly hyperinsulinaemic (excluding those who have overt 

hyperglycaemia and/or overtly elevated insulin levels) is by oral glucose tolerance and 

insulin sensitivity postprandial dynamic testing. In the aforementioned examples, if both 

patients were tested 2 hours postprandially, the first patient’s glucose may have returned 

to 6.5 mmol/L, yet their insulin may still be elevated at >1000pmol/L (166 μU/mL). In the 

second example, this patient will more likely have a blood glucose reading of 5.3 mmol/L, 

with a markedly lower insulin concentration of 144pmol/L (24 μU/mL). These examples 

demonstrate the limitations of first and fasting readings, if dynamic response tests are not 

performed. As a result, this may lead a clinician/researcher to think a patient/participant 

is neither hyperglycaemic nor hyperinsulinaemic.  
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2.10.7 Suppressing ketosis in phenotype 1 individuals likely causes a shift in metabolic 
biomarkers associated with ageing and chronic diseases, towards the negative trend 

 
Postprandial dynamic testing is required to truly ascertain hyperinsulinaemia (Crofts et al., 

2016, 2019). There is a need for investigation in phenotype 1 individuals. It is likely that 

phenotype 1 individuals will present with plasma BHB levels > 0.3 mmol/L throughout the 

day, including in the evening. The evening reading may be the more reliable marker as a 

proxy to indicate the individual’s basal insulin is within their “ideal” level, as this avoids the 

effect of an overnight fast. Given phenotype 1 individual’s metabolic profile indicates 

predominant reliance on ketones and fatty acids for fuel, while preserving glucose for 

glucose dependent cells such as mature red blood cells (RBC), it is also likely that BHB will 

not be suppressed for greater than 3 hours after an oral glucose tolerance test (OGTT) 

challenge. However, this is likely to be lost if the phenotype 1 individual were to suppress 

ketosis for a consistent duration of time. This would result in a similar dynamic post 

prandial test response, however, BHB will be continually suppressed due to basal insulin 

having been kept at a level for a duration of time, that result in a significant shift in 

metabolic phenotype, from phenotype 1 to 2, as seen via presence or absence of a BHB 

response curve in an OGTT and/or in the evening, or 3 hours post prandial (Crofts et al., 

2016, 2019; Rojas-Morales, Tapia and Pedraza-Chaverri, 2016). 

 

An increasing body of literature is showing the metabolic phenotype of nutritional ketosis 

as seen in phenotype 1, as the opposite of hyperinsulinaemia. Ketosis provides an 

explanation in the retention of health, as observed in caloric restricted modules such as C. 

elegans, mice and primate studies (Weindruch and Walford, 1982; Mattison et al., 2012; 

O’Flanagan et al., 2017; Roberts et al., 2017; Veech et al., 2017), through maintenance of 

organismal level and cellular level homeostasis, resulting in the prevention of chronic 

disease pathogenesis. Furthermore, ketosis has increasingly been shown to aid in cellular 

repair of hyperinsulinaemia cellular damage, as indicated in phenotype 4 individuals (Paoli 

et al., 2013; Hyde et al., 2017; Sampson et al., 2017; Veech et al., 2017; Athinarayanan et 

al., 2019). 
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While suppressing ketosis, as an intervention, in phenotype 1 individuals for three weeks, 

may not constitute chronic suppression, the increasing demand placed on insulin to 

regulate glucose homeostasis leads to suppression of BHB synthesis for a duration that 

results in a lack of return of ketones 3 hours post-prandially, due to insulin mediated down 

regulation of ketogenesis and ketolytic enzymes (Puchalska and Crawford, 2017). This 

potentially results in a combined negative trend in biomarkers indicating intracellular 

oxidative resilience/stress and progression towards intracellular phenotypes often 

detected in chronic metabolic diseases (Hansen et al., 2014; Crofts et al., 2015; Sampson 

et al., 2017; Veech et al., 2017; Parker et al., 2018; Norwitz, Hu and Clarke, 2019). Although 

these intracellular changes between phenotype 1 and phenotype 2 are not expected to be 

extreme in difference, as both phenotypes are considered healthy, it is potentially arguable 

that chronic sustained phenotype 2, without much time spent in phenotype 1, may be the 

greatest silent part in the development of hyperinsulinaemia (Crofts et al., 2015, 2016, 

2019), called sub-clinical hyperinsulinaemia. 

 

This hypothesis may be tested in an ex vivo/in vitro stimulation model, using plasma from 

phenotype 1 individuals, in their baseline natural habitual state, and from after a period of 

3 weeks of ketosis-suppression. It is hypothesised that cells cultured (SH-SY5Y and C2C12 

cells, used in cell-model investigations in neurodegeneration dementias AD and PD, and 

T2DM and sarcopenia respectively),(Hansen et al., 2014; Hong et al., 2020) with phenotype 

1 plasma may display an intracellular phenotype that is trended towards an associated 

healthier configuration. These markers include levels of ROS generation, anti-oxidative 

capacity, the NAD+/NADH ratio, and mitochondrial fission levels as indicated by the ratio 

of Drp1 to Mfn2, the fission and fusion mediating proteins respectively (Manczak, Calkins 

and Reddy, 2011; Reddy et al., 2011; Smith et al., 2013; Li et al., 2015; Joshi et al., 2018). 

 

2.10.7.1 Hyperinsulinaemia in its earliest stages is “invisible” 

It is currently difficult to diagnose hyperinsulinaemia in its earlier stages. There is no clear 

ideal reference range for fasting insulin, insulin has a pulsatile, ultradian and circadian 

rhythm, making it further difficult to capture the peak diagnostic reading, as a result fasting 

insulin does not always capture hyperinsulinaemia (Crofts et al., 2016). Dynamic insulin 
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response curves via OGTT have been shown to provide the most reliable method of 

determining an individual’s metabolic phenotype and hyperinsulinaemia status, however 

this method is time intensive and costly (Crofts et al., 2016; DiNicolantonio et al., 2017). 

Additionally, with the current approximation reference ranges for fasting insulin, an 

individual’s fasting insulin may be within range and yet be perniciously higher than what is 

ideal for their own cellular health and subsequent chronic health trajectory (Crofts et al., 

2016, 2019; Cooper et al., 2020). While classical understanding of insulins primary role is 

considered to be the regulation of plasma glucose levels; in the fasted state where insulin 

is very low, glucose dependent cells do not rely on insulin action for glucose uptake, and 

insulins manifold functions pre-dominate (Cahill et al., 1966; Marliss et al., 1970; Goalstone 

et al., 1997; M Goalstone et al., 1998; Golovchenko et al., 2000; Ahrén and Thorsson, 2003; 

Draznin, 2011; Hansen et al., 2014; Hyde et al., 2017; İyikesici et al., 2017; Poff et al., 2019; 

Hopkins, Goncalves and Cantley, 2020).  

 

2.10.7.2 Has there been a misplaced demonisation of ketones? 

Before the discovery and manufacturing of insulin, dangerously high levels of BHB >10 

mmol/L (with concomitant hyperglycaemia >13.8 mmol/L (250 mg/dL), and decreased 

bicarbonate pH <15-18), were a sign and symptom of T1DM. This is now known as the triad 

of diabetic ketoacidosis (Savage et al., 2010; Seetho and Wilding, 2014; Gosmanov and 

Nematollahi, 2020). As a result, BHB was considered a toxic dangerous waste product, and 

consequently, used as a determinant for dysregulated metabolic health. If investigation of 

BHB had been conducted in longstanding metabolically flexible habitual ketosis individuals 

(phenotype 1, see figure 1) during this time, it would have been found that BHB functions 

not only as an energy metabolite, but also as an anti-oxidant capable of scavenging free 

radicals, a cell signalling molecule and an epigenetic gene expression regulator via histone 

modification (Cahill and Veech, 2003; Veech, 2004; Grabacka et al., 2016; Puchalska and 

Crawford, 2017; Veech et al., 2017; Miller, Villamena and Volek, 2018). The absence of BHB 

in phenotype 2 individuals enabled the misattribution of BHB as a mediator and marker of 

pathology.  
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2.10.8 Osteocalcin is a metabolic hormone that may aid in further enhancement in 
diagnosing hyperinsulinaemia as part of a metabolic panel 

Patients with T2DM and insulin resistance have significantly lower levels of circulating 

Osteocalcin (OCN) than healthy controls (Saleem, Mosley and Kullo, 2010; Razny et al., 

2017; Guney et al., 2019b; Riquelme-Gallego et al., 2020). OCN is a non-collagenous 

protein, synthesized by osteoblasts and osteocytes that retain their expression of OCN 

(Wei and Karsenty, 2015), and levels serve as a marker of osteoblast and osteocyte health 

(Figure 5, schematic representation showing the dynamic role of osteocytes in the 

regulation of healthy and dysregulated bone and OCN involvement). Serum OCN levels 

positively correlate with: dynamic bone remodelling, decreased insulin resistance (IR), and 

reduced T2DM and CVD risk (Hill et al., 2014; Popko et al., 2018; Moser and van der Eerden, 

2019; Riquelme-Gallego et al., 2020). Much published research show OCN increases insulin 

secretion, with conclusions stating decreased OCN levels would result in decreased insulin 

synthesis and secretion, and result in impaired glucose homeostasis. However, when 

assessed in humans, hyperinsulinaemia tracks with low levels of OCN (Aguayo-Ruiz et al., 

2020; Riquelme-Gallego et al., 2020). Thus, providing evidence that production of high 

levels of insulin does not require high levels of OCN.  
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Figure 5. Schematic representation showing the dynamic role of osteocytes in the regulation of healthy and 
dysregulated bone. Beta-adrenergic receptor (Adrβ2), hydroxyapatite (HA), osteocalcin (OCN), 
osteoprotegerin (OPG), receptor activator of nuclear factor kappa-β ligand (RANKL), and reactive oxygen 
species (ROS). Red lines indicate hyperinsulinaemia-driven pathology pathways. Healthy physiology indicated 
with blue and purple lines. [Figure published in (Cooper, Brookler and Crofts, 2021)]. 
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Interestingly, OCN significantly increases insulin-independent glucose uptake, and even 

more so in the presence of insulin. This leads to increased insulin sensitivity, through 

reducing the amount of insulin required to facilitate glucose uptake (Hill et al., 2014). 

Additionally, OCN production increases the expression of mitochondrial UCP1 in 

adipocytes, leading to increased thermogenesis and mitochondrial biogenesis, thus 

increasing glucose and fatty acid oxidation capacity. Furthermore, OCN increases adipocyte 

production of adiponectin. Osteocalcin exerts a large amount of its effects via adiponectin 

(Hill et al., 2014). However, under high insulin conditions, adiponectin receptors are 

downregulated via insulin activating the PI3K/FOXO1 signal transduction pathway. This 

diminishes the osteocalcin/adiponectin induction of AMPK, PGC-1a, mitochondrial 

biogenesis and increased thermogenesis, that all act to facilitate glucose uptake and 

oxidation, independent of insulin (Tsuchida et al., 2004). 

 

Hyperinsulinaemia individuals have lower plasma levels of the bone hormone OCN, and a 

lower carboxylated to undercarboxylated ratio. Metabolically healthier individuals have 

higher levels of osteocalcin. Osteocalcin levels in phenotype 1 individuals may decrease 

with sustained suppression of ketosis (Saleem, Mosley and Kullo, 2010; Razny et al., 2017; 

Guney et al., 2019b; Riquelme-Gallego et al., 2020). Osteocalcin has been shown to 

function in glucose homeostasis, a decline in OCN would indicate a negative trend in bone 

metabolism (Ferron and Lacombe, 2014; Hill et al., 2014; Ferron, 2018). 

 

Osteocalcin aids in regulating hepatic glucose output via glucagon like peptide-1 (GLP-1) 

and glucagon inhibition, and insulin independent skeletal and adipocyte glucose uptake, 

while further increasing uptake in the presence of insulin, thus acting as an insulin 

sensitiser which results in decreasing insulin requirement, which aids in decreasing basal 

insulin secretion and whole body overall excess insulin exposure (Cahill et al., 1966; Owen 

et al., 1967; Ferron et al., 2008; Kanazawa et al., 2009; Ferron and Lacombe, 2014; Rojas-

Morales, Tapia and Pedraza-Chaverri, 2016). GLP-1 agonists are currently a major interest 

in drug management in T2DM and insulin resistance, the strongest risk factors for coronary 

heart disease (Lee and Lee, 2017; Mora et al., 2021). To date, OCN has not been 

investigated in longstanding metabolically flexible habitual ketosis individuals (phenotype 

1), where its role in energy metabolism is not well defined (Ferron and Lacombe, 2014). 
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Suppression of ketosis may affect OCN levels, contributing to increased hepatic glucose 

output, a factor in the development of T2DM. Greater understanding of OCN levels 

between the metabolic phenotypes may provide further insight and resolution in detecting 

earlier transition towards hyperinsulinaemia potentially enabling earlier intervention. 

 

2.10.9 Summary, Aims and Objectives 

1. Hyperinsulinaemia is a common denominator of chronic diseases that constitute the 

major morbidities and mortality. 

2. Hyperinsulinaemia drives intracellular changes that are consistently common in many 

of the vastly different types of cells that are in poor health, found in these common 

chronic diseases. Those commonalities are in fact a hyperinsulinaemia intracellular 

phenotype, that predicts disease manifestation depending on which cell type and 

location they are situated in, in the body. Furthermore, the hyperinsulinaemia state 

drives a dysregulated mitochondrial phenotype, in contrast, nutritional ketosis without 

prior hyperinsulinaemia pathology, prevents or reduces progression in dysregulated 

mitochondria and consequent cellular health. 

3. To understand dysregulation of insulin, and its subsequent effects in the body, at the 

cellular and systemic level, we must understand and investigate insulin regulation and 

its broader effects in the healthy human physiological context. Defining metabolic 

phenotypes enables us to consider challenging the current accepted dogmas related to 

the role of insulin in pathophysiology. It is also to indicate that we may have been 

studying the “wrong” group of people, the common modern human (phenotype 2), as 

opposed to evolutionary human (phenotype 1) (Cooper et al., 2021). This control group 

(phenotype 2) often also (wrongly/mistakenly) includes phenotype-3 stage—1 people, 

resulting in more skewing/loss in resolution with regards to 

experimentation/interventional trials and results produced. This likely contributes to 

incorrect assumptions and conclusions in investigative studies.  

4. Proposal of a phenotype descriptive organisation, of human metabolic and 

hyperinsulinaemia phenotypes, that present a sliding spectrum (see figure 1), in order 

to provide a more succinct, clear picture and ability to categorise and communicate 

what existing research has been done. For instance, to be able to better contextualise 
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existing research by answering the question: is a model truly reflective of healthy 

physiology, or does the model actually appear more reflective of type 1 diabetes? With 

consideration to the possibility that phenotype 1 may be the most “ideal” metabolic 

phenotype, reflective of a healthy human metabolic state maintained over time, this 

may impact future research, to be conducted with greater care, especially when 

creating genetic knock-out and animal model studies.  

5. Hypothesis 1: 21 days of suppressing nutritional ketosis in metabolic phenotype 1 

individuals, will result in changes to biomarkers associated with chronic diseases and 

ageing, primarily fasting insulin and IGF-1. Furthermore, phenotype 1 individuals will 

have a unique oral glucose tolerance test with insulin and ketone sensitivity curve 

pattern. It will be similar to phenotype 2, except they will have a distinctive concurrent 

beta-hydroxybutyrate curve, indicating hepatic selective insulin sensitivity. Their graph 

curve patterns should be the normative comparator. i.e., they are pattern Ia of pattern 

I using the Kraft model, where phenotype 2 have pattern Ib (Crofts et al., 2016).  

6. Hypothesis 2: 21 days of suppressing nutritional ketosis will affect fasting OCN levels 

and potentially other markers that OCN regulates. OCN levels in phenotype 1, 

longstanding metabolically flexible habitual ketosis individuals has yet to be 

investigated, along with what would happen to OCN levels as ketosis is suppressed for 

three weeks. Osteocalcin (OCN) is a bone derived protein that functions in healthy bone 

formation and as an endocrine hormone. OCN has been shown to regulate glucagon 

like peptide-1 and thus likely to regulate glucagon effects on hepatic glucose output, 

and enhance insulin sensitivity through improving insulin independent glucose uptake, 

and increasing adipocyte adiponectin synthesis (Mizokami et al., 2013; Hill et al., 2014).  
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2.11 Conclusions  

Ageing at the cellular level may be summarized as a cells’ rate of damage verses rate of 

repair. Where over time, rate of repair cannot at least match the rate of damage (Harman, 

2006; McHugh and Gil, 2018). The accumulation of damage within a cell ultimately begins 

to manifest either in cellular dysregulation, where the cell no longer functions correctly as 

part of a collective of cells that make up the tissues of the organ the cell is located in. This 

dissociation from regulated cellular behaviour and/or de-differentiation is the modus-

operandi of the cancer cell phenotype (Sonnenschein and Soto, 2016). The ageing cell also 

begins to send out destructive inflammatory signals, such as from cytokines and reactive 

oxygen species (ROS) that signal neighbouring and distant cells in other organs, eliciting 

adaptive and often when chronic, maladaptive homeostatic responses, to these biological 

messengers (Harman, 2006). 

 

2.11.1 Chronic oxidative stress decreases intracellular housekeeping capacity, a feature 
of chronic disease and ageing 

In a healthy individual, old and young, wayward-cells implement active cellular response 

management systems of repair and/or removal and replacement, these include: 

autophagy, mitophagy and mitochondrial biogenesis, the “eating up, breaking down and 

recycling” of intracellular organelles, that have been sensed as damaged or impaired 

(Nourshahi et al., 2012; Schiavi et al., 2013; Ploumi, Daskalaki and Tavernarakis, 2016; 

Moloudizargari et al., 2017; Nakamura and Yoshimori, 2018; Bouchez and Devin, 2019). 

Thus, containing and removing intracellular debris accumulation, of which some “debris” 

may in turn drive further pathology such as accumulation of the protein amyloid beta Ab 

in AD (Qiu and Folstein, 2006; Ricciarelli and Fedele, 2017). Functional and arguably 

optimal intracellular housekeeping activities reduces: dysregulated cellular behaviour, and 

the production and release of inflammatory signalling molecules as a result of cellular 

decline in function. Apoptosis, controlled cell death enables the well-regulated removal of 

the whole cell, when the damage is beyond repair. This function is greatly diminished in 

individuals with chronic diseases and absent in cancer cells (Schiavi et al., 2013).  

 

Intracellular housekeeping processes enable the culling of inefficient and even potentially 

toxic cells from the herd that makes up a tissue, and thus the upkeep of a healthy optimally 
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functioning organ (Herst et al., 2017). However, over time a cell’s ability to trigger 

apoptosis becomes impaired for a variety of reasons. The stimulus may not be strong 

enough, or a counter pathological stimulus prevents apoptosis, and the gradual 

dysfunction within the cell persists, undetected thus able to keep causing pernicious 

destruction. Over time, accumulation of these cells begin to accumulate as a substantial 

population in an organ or tissues, at this point manifestations in overt pathogenesis of 

chronic disease symptoms may begin to present (Marchi et al., 2012). 

 

This internal quality control is governed by a multitude of factors, such as the availability 

and utility of the type of cellular fuelling substrate that impacts intracellular cytosolic 

nicotine adenine dinucleotide (NAD+) availability, which may profoundly affect 

mitochondrial (mt) reactive oxygen species (ROS) production and defence management, 

and epigenetic gene regulation (Carrer and Wellen, 2015; Bouchez and Devin, 2019; Thakur 

and Chen, 2019; Luengo et al., 2021). In the generation of two acetyl-moieties, glucose 

fuelling consumes a greater amount of NAD+ than fatty acid, BHB and AcAc combined, two, 

one and zero NAD+ respectively. Therefore, cellular fuelling substrate type has 

consequences above energy provision, as many cellular repair enzymes are NAD+ 

dependent, such as SIRT1 and SIRT3, and the upregulation in transcription and activities of 

MnSOD2 and glutathione (Vassilopoulos et al., 2011; Newman and Verdin, 2014a; 

Scheibye-Knudsen et al., 2014; Verdin, 2015; Veech et al., 2017). The type of fuel cells use 

to power their energy dependent activities, instigate intracellular signals and phenotype 

adaptation. Furthermore, nutrient sensing hormones like insulin, not only aid in the uptake 

of glucose, insulin also inhibits beta-oxidation and ketolysis, thereby enforcing glucose 

fuelling as primary substrate (Muoio, 2014; Saxton and Sabatini, 2017), consequently 

playing an integral role in intracellular housekeeping functions and capacity. 

 

2.11.2 Maintaining cellular differentiation, a marker of health  

Humans are multi-cellular organisms. Healthy metazoan cells operate collectively, 

biological eusociality.  When considering healthy ageing and extending lifespan, context 

must first be considered. At the cellular level, the cell must not only live longer, but must 

function correctly. Cancer cells are long-lived and capable of unlimited replicative cycles; 
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however, they do not function eusocialistically, they do not engage regulated apoptosis 

when they do not function in accordance to their tissue origin phenotype (Lineweaver, 

Davies and Vincent, 2014; Sonnenschein and Soto, 2016). Unicellular organisms such as 

bacteria and yeasts have a different concept of longevity. Indefinite numbers of replication, 

or stasis. In humans, the goal would be to maintain optimum organ function, enabling the 

whole system to thrive, with the aim of ensuring a long healthspan with negligible 

senescence, in the pursuit of immortality (Khokhlov, 2013) . 

 

Chronic hyperinsulinaemia in effect is the metabolic opposite of ketosis, given insulin 

suppresses ketogenesis, and subsequently deprives the body of the anti-ageing properties 

that are being discovered in this small molecule BHB (Veech, 2004). Decreased insulin 

signalling has been shown to increase healthspan and lifespan (Newman and Verdin, 

2014a). Although once again, insulin is life essential, it has a hormesis zone. Too much 

drives hyperinsulinemia, strongly associated with chronic diseases and ageing, such as 

chronic hyperinsulinaemia prevents cells from being able to commit apoptosis when 

needed (Wilcox, 2005; Crofts et al., 2015), and speeds up a cell’s cycle, to replicate itself 

faster, preventing any pauses to check for DNA replication errors, and preventing a good 

dose of intracellular housekeeping (McHugh and Gil, 2018). Instead hyperinsulinaemia 

signals to the cell that energy is abundant, and therefore there is no need to be 

conservative with resources and keep a tight ship. Thus, although life essential, insulin may 

be viewed when in chronic excess, as an ageing hormone, one that inhibits the synthesis 

of BHB, a metabolite that  appears to be a powerful anti-ageing factor in human metabolic 

phenotypes (Lizcano and Alessi, 2002; Narasimhan, Yen and Tissenbaum, 2009; Draznin, 

2010; Cooper, Kyriakidou, Petagine, et al., 2023). 

 

The combination of increased signalling from ketones, coupled with decreased signalling 

from the growth hormone insulin, propagates intracellular adaptive responses that result 

in increased efficiency in ATP production with increased intracellular housekeeping 

activity, resulting in cells that are able to remove and replace old organelles via autophagy 

and mitophagy, thus ensuring a decreased load from residual damage that gradually 

impedes a cell’s function. This also translates into more time for DNA to be checked by 

DNA housekeeping proteins, of which there are also more as a result of being in ketosis, 
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that are able to prevent duplication errors from being propagated (ensuring copying 

fidelity) into the next cell division’s daughter cells, thus avoiding a step closer to potential 

cancers or other age associated chronic diseases (Veech, 2004; Newman and Verdin, 

2014a; Veech et al., 2017). 

 

Understanding an underlying upstream common denominator in chronic diseases, 

hyperinsulinaemia, thus enables the development of effective prevention strategies based 

on targeting the logical mediators of hyperinsulinaemia. Furthermore, understanding that 

BHB with normo-glycaemia serves as a proxy indicator that insulin levels that are non-

pathological. In this phenotype context, BHB not only independently confers cellular 

benefit, it produces the sum of actions that include systems level vascular health. This is 

via: prevention/reduction of excess glycation oxidative stress, and reduction in 

coagulopathy, through to intracellular modulations including improving mitochondrial 

function, mitophagy/biogenesis, autophagy, increased endogenous anti-oxidant 

transcription and activation, increased expression and activation of FOXO3a, AMPK, 

PGC- 1a, better regulation of mTOR, leading to protein preservation a critical factor in 

preventing cancer cachexia and sarcopenia (Cooper, Kyriakidou, Petagine, et al., 2023). 

Finally, preserving lean muscle mass facilitates maintaining a healthy glucose sink, while 

feed-back signals from myocytes to bone cells and adipocytes form a network in metabolic 

adaptive homeostatic regulation.(Ferron and Lacombe, 2014; Ferron, 2018; Kirk et al., 

2020; Robling and Bonewald, 2020)  

 

Deterioration in the body’s systems with ageing, such as chronic insulin signalling is 

mechanistically associated with increased incidence of cognitive decline such as 

neurodegenerative diseases, malignancies, cardiovascular disease, deterioration of skin 

elasticity, decreased exercise performance, sarcopenia and loss of muscle strength 

(Draznin, 2010; Giovannucci et al., 2010; Kandimalla, Thirumala and Reddy, 2017). Many of 

these ageing associated conditions have been shown to be decreased by the production 

and use of ketone bodies, a normal and healthy metabolite that we are able to produce 

when we do not overstimulate the production of insulin, of which the greatest stimulant 

of insulin secretion is through our dietary choices (Kinzig, Honors and Hargrave, 2010; 

Veech et al., 2017). Beta-hydroxybutyrate is able to directly neutralise ROS, thus making it 
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a powerful endogenous anti-oxidant (Miller, Villamena and Volek, 2018; Pinto et al., 2018). 

The common recommendation often given to maintain or improve health, is to eat to keep 

up energy and health, however perhaps a little less, results in a little more with regards to 

healthspan and lifespan. Instead of having to achieve this by calorie restriction, other 

methods of inducing habitual ketosis may be applied in order to harness the bodies energy 

signalling system to improve/maintain health, such as by either eating only once a day ad 

libitum or eating foods that minimise stimulation and secretion of insulin. The result is the 

same as fasting and calorie restriction, less insulin secretion/requirement, and more 

ketones, this in turn is showing to translate into healthier cells, leading to healthy tissues 

and organs, thus providing a plausible chance to realise maximal lifespan potential.  

 

 

2.12 List of common intracellular factors in hyperinsulinaemia chronic diseases and 
ageing 

 
• Increased ROS 
• Increased Drp1:Mfn2 ratio 
• Increased mitochondrial fission 
• Decreased NAD+: NADH ratio 
• Decreased MnSOD, SIRT3  
• Decreased FOXO3a transcription 
• Increased FOXO3a phosphorylation (cytosolic sequestration) 
• Decreased AMPK signalling 
• Decreased PGC-1a activity 
• Increased mTOR signalling 
• Increased PI3K/Akt and MAPK signalling 
• Increased NLRP3 inflammasome assembly 
• Increased NFkB activation 

 
 
Commonalities extracellular: 

• Vascular inflammation, measured by glycation damage and coagulopathy indicators. 
• Decreased anticoagulant factors such as heparan sulphate proteoglycans   
• Hyperinsulinaemia with and without hyperglycaemia, marked by lack of BHB as insulin 

levels may appear to be “within” reference range. 
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Chapter 3 
 
 

Ketosis Suppression and Ageing (KetoSAge): The effects of suppressing 
ketosis in long term keto-adapted non-athletic females 

 

 
 
 
 

Chapter 3 comprises the introduction, and materials and methods of this thesis’ 
published  articles: Cooper et al., 2023 (Cooper, Kyriakidou, Edwards, et al., 
2023) and Cooper et al., 2024 (Cooper et al., 2024). 
 

A non-randomised cross-over trial testing the hypothesis proposed in chapter 1, 

that 21 days of suppressing nutritional ketosis in metabolic phenotype 1 

individuals, will result in changes to biomarkers associated with chronic diseases 

and ageing, primarily fasting insulin and IGF-1. Furthermore, phenotype 1 

individuals will have a unique oral glucose tolerance test with insulin and ketone 

sensitivity curve pattern. It will be similar to phenotype 2, except they will have a 

distinctive BHB curve that will not be present in phenotype 2.  

 

KetoSAge Part 2: The Effect of Suppressing Ketosis on HOMA-IR, Leptin, 

Osteocalcin and GLP-1, Biomarkers Associated with Ageing in Healthy Females, is 

a follow up investigation of the open labelled non-randomised cross-over trial, 

testing a second hypothesis proposed in chapter 1. That 21 days of suppressing 

ketosis in metabolic phenotype 1 individuals, will result in changes to the 

biomarker osteocalcin, a bone protein and hormone involved in metabolism, 

insulin, HOMA-IR, leptin and GLP-1, markers associated with chronic diseases and 

ageing (Cooper et al., 2024). 

 

https://doi.org/ 10.3390/ijms242115621  

https://doi.org/10.3390/biomedicines12071553 

https://doi.org/10.3390/biomedicines12071553
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Abstract 
Metabolic disfunctions are among the best documented hallmarks of ageing. Cardiovascular 

disease, Alzheimer’s disease, cancer, type 2 diabetes mellitus, metabolic dysfunction-associated 

steatosis liver disease, and fragility fractures are diseases of hyperinsulinaemia that reduce life and 

healthspan. Hyperinsulinaemia and obesity contribute to accelerated ageing and chronic disease 

risk. While ketosis mimics caloric restriction, promoting beta-hydroxybutyrate (BHB) production as 

an energy source, past studies have primarily focused on short-term effects, male athletes, or 

weight loss contexts. The impact of long-term ketosis in non-athlete, healthy females, and the 

effects of short-term ketosis suppression after long-standing ketosis remain unclear. Hereby, the 

effects of short-term ketosis suppression, was studied, in healthy women on long-standing ketosis. 

Ten lean (BMI 20.5 kg/m2 ± 1.4), metabolically healthy, pre-menopausal women (age 32.3 ± 8.9 

years) maintaining nutritional ketosis (NK) for an average 3.9 years (± 2.3), who underwent three 

21-day phases: baseline nutritional ketosis (NK; P1), suppressed ketosis (SuK; P2), and returned to 

NK (P3). Adherence to each phase was confirmed with four times/day, evenly spread in awake 

hours, daily capillary D-beta-hydroxybutyrate (BHB) tests (P1 = 1.9 ± 0.7; P2 = 0.1 ± 0.1; and P3 = 1.9 

± 0.6 mmol/L). Ageing biomarkers and anthropometrics were evaluated at the end of each phase 

and an oral glucose tolerance test (OGTT) was given with real time BHB sensitivity testing. Ketosis 

suppression significantly increased: insulin, 1.78-fold from 33.60 (± 8.63) to 59.80 (± 14.69) pmol/L 

(p = 0.0002); IGF1, 1.83-fold from 149.30 (± 32.96) to 273.40 (± 85.66) ug/L (p = 0.0045); glucose, 

1.17-fold from 78.6 (± 9.5) to 92.2 (± 10.6) mg/dL (p = 0.0088); respiratory quotient (RQ), 1.09-fold  

0.66  (± 0.05) to 0.72 (± 0.06; p = 0.0427); GGT,1.29-fold from  9.63 (± 3.13) to 12.40 (±2.55) U/L (p 

= 0.0087), PAI-1, 13.34  (± 6.85) to 16.69  (± 6.26) ng/mL (p = 0.0428), HOMA-IR, 2.13-fold 

(p = 0.0008); leptin, 3.35-fold (p = 0.0010); total osteocalcin, 1.63-fold (p = 0.0138); and 

uncarboxylated osteocalcin, 1.98-fold (p = 0.0417), VEGF, EGF and monocyte chemotactic protein-

1/CCL2 also significantly increased, indicating a pro-inflammatory shift. 21 days of ketosis 

suppression significantly decreased: beta-hydroxybutyrate, 13.50-fold (p = 0.0012) and glucagon-

like peptide-1 (GLP-1), 2.40-fold (p = 0.0209). All markers returned or trended back to baseline in 

P3, indicating a dietary composition containing enough carbohydrates to SuK over 21 days, akin to 

66 OGTTs was causal in the P2 changes. OGTT confirmed healthy glycaemic responses across 

phases, while U shaped curves for BHB in both ketosis phases defined participants’ metabolic state. 

SuK P2 resulted in a very low BHB flat line. In all phases, markers remained within healthy reference 

ranges. Sustained ketosis showed no adverse health effects and may mitigate hyperinsulinemia 

without impairing metabolic flexibility and carbohydrate tolerance in metabolically healthy 

women. Reduced insulin requirements and IGF-1, with elevated BHB levels, lower chronic disease 

risk and may offer anti-ageing benefits. 
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3. Introduction 
 
The 21st century bears the hallmark of an ageing global population, in an estimated 8 billion 

people by 2023 (O’Connor et al., 2023). Ageing is typically understood in its chronological 

context, the length of time passed since a person’s birth, whereas biological age (BA) is the 

measure of functional age, often measured in terms of physical and mental performance 

as well as morbidities that decrease quality of life and youth-span (Cooper, Kyriakidou, 

Petagine, et al., 2023; Yang et al., 2023). By 2030, one in every six Europeans are expected 

to be aged over 60 years, and by 2040, a quarter of older adults will surpass 85 years of 

age (UN, 2019), reflecting chronological aged population. This demographic shift gains 

paramount significance when viewed through the prism of health implications associated 

with ageing. In 2019 and 2022, the leading cause of death for females in England and 

Wales, was Alzheimer’s disease (AD) and other dementia’s (ONS, 2023), followed by 

cardiovascular disease (CVD) and stroke, as well as cancers including: tracheae, bronchus 

and lung; colon and rectum; prostate; breast; and lymphomas and multiple myeloma 

(WHO, 2019). These diseases also top the leading causes of death in the United States, with 

CVD leading, closely followed by AD and cancers (WHO, 2019).  

 

Concurrently, chronic non-communicable diseases promote an earlier decline in BA. This 

decline in BA is disturbingly evidenced in an analysis of 8,721 participants from the National 

Health and Nutrition Examination Survey (NHANES) 2009-2016 showed that the proportion 

of metabolically healthy Americans decreased from 19.9% to 12.2%, which means the 

metabolically unhealthy went from 80.1% to 87.8% and are on the hyperinsulinaemia 

spectrum (Araújo, Cai and Stevens, 2018; Cooper, Kyriakidou, Petagine, et al., 2023). 

Ageing is associated with increased risk and rates of non-communicable chronic diseases, 

including CVD, AD, hypertension, type 2 diabetes mellitus (T2DM), metabolic syndrome 

(MetS), metabolic dysfunction-associated steatotic liver disease (MASLD), chronic 

inflammation, and cancer (Cooper, Kyriakidou, Petagine, et al., 2023). These conditions 

detrimentally affect quality of life, healthspan, and lifespan. Specifically, MetS emerges as 

a direct consequence of chronic hyperinsulinaemia, which is closely linked to inflammation 

(Crofts et al., 2015; Cooper et al., 2021; Ambroselli et al., 2023; Cooper, Kyriakidou, 

Petagine, et al., 2023). 
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The chronic non-communicable diseases AD, CVD, cancer, type 2 diabetes mellitus (T2DM), 

metabolic syndrome (MetS), metabolic dysfunction-associated steatotic liver disease 

(MASLD) and chronic inflammation are the consequence of lifestyle factors that stimulate 

chronic excess insulin demand and secretion, termed hyperinsulinaemia (Crofts et al., 

2015; Cooper et al., 2021; Younossi et al., 2021; Cooper, Kyriakidou, Edwards, et al., 2023; 

Cooper, Kyriakidou, Petagine, et al., 2023; Petagine, Zariwala and Patel, 2023). 

Hyperinsulinaemia is understood to be an ageing metabolo-endocrine state, and can be 

staged as metabolic phenotypes (MP) (Cooper et al., 2021; Cooper, Kyriakidou, Edwards, 

et al., 2023). Hyperinsulinaemia, when assessed as fasting insulin above the reference 

range only, likely does not capture the sub-clinical occult phase of hyperinsulinaemia (Yang 

et al., 2023). This thesis argues that hyperinsulinaemia can be detected before exceeding 

the broad reference ranges which are population derived, which are not filtered to exclude 

sub-clinically hyperinsulinaemia individuals, and do not reflect the individual’s optimal 

level of insulin. 

 

Lifespan, healthspan and cellular health are greatly influenced by nutrient availability. 

When the availability of nutrients is low, cells prioritise essential functions over cell 

division, which slows progression through their replicative cycles preserving their Hayflick 

limit (Hayflick and Moorhead, 1961). Carbohydrate restriction (CR) and fasting have been 

shown to extend lifespan (Veech et al., 2017). Cells are capable of sensing energy 

availability and nutrient types, activating intracellular signalling pathways to stimulate 

anabolic or catabolic processes which affect cellular health and longevity (Saxton and 

Sabatini, 2017; Pignatti et al., 2020; Ottens, Franz and Hoppe, 2021). Glucose, fatty acids, 

D-beta-hydroxybutyrate (BHB) and protein metabolic substrates serve as indicators of the 

body’s overall metabolic condition and nutrient availability. CR and fasting induce a 

metabolic phenotype called ketosis (Cooper et al., 2021), characterised by decreased 

glucose and insulin levels and elevated BHB concentration; this state is termed nutritional 

ketosis (NK) when detectable plasma BHB concentration begins to exceed > 0.3 mmol/L 

and < 10 mmol/L, with endogenous insulin production below a level that inhibits 

ketogenesis (Cooper et al., 2021). 
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Chronic insulin secretion and signalling, driven by dietary sources of glucose, leads to 

hyperinsulinaemia and/or insulin resistance, and consequently chronic diseases which 

decrease healthspan by accelerating cellular growth and division whilst impeding apoptosis 

and promoting production of inflammatory cytokines. Reducing insulin and insulin-like 

growth factor receptor signalling (IIS) as well as increasing BHB has been found to increase 

lifespan and healthspan in model organisms and animal studies (Newman and Verdin, 

2014a; Roberts et al., 2017; Veech et al., 2017; Napoleão et al., 2021). Conversely, ketosis 

has been shown to increase healthspan and lifespan through mechanisms, such as 

promoting transcription of longevity-related genes, increasing autophagy, mitophagy and 

mitochondrial biogenesis, and enhance antioxidant production (Shimazu et al., 2013; 

Newman and Verdin, 2014a; Grabacka et al., 2016; Wang, Chen and Xiao, 2021; Cooper, 

Kyriakidou, Petagine, et al., 2023). Fasting mimicking diets (FMDs), including ketogenic 

diets, upregulate beta-oxidation, ketogenesis and ketolysis, enhance mitophagy, increase 

mitochondrial biogenesis and alter gene expression promoting oxidative stress responses 

and cell survival (Puchalska and Crawford, 2017; Miller, Villamena and Volek, 2018; Qu et 

al., 2021; Benjamin et al., 2022; Cooper, Kyriakidou, Petagine, et al., 2023). 

 

Historical and emerging research demonstrates the positive impact of ketogenic metabolic 

therapy (KMT) in treating and preventing neurological diseases, CVD, cancer, T2DM and 

chronic inflammation (Zhu et al., 2022). Insulin negatively regulates 3-hydroxy-3-

methylglutaryl-COA (HMG-CoA) synthase the rate limiting enzyme for ketogenesis (Nadal, 

Marrero and Haro, 2002; Grabacka et al., 2016). Dietary farinaceous and sucrose rich foods 

are potent stimulators of bolus insulin secretion (DiNicolantonio et al., 2017; Cooper et al., 

2021). Repeated bolus glucose excursions chronically stimulate bolus insulin synthesis and 

release, and over time downregulate ketogenesis enzyme expression, leading to chronic 

hypoketonaemia (Nadal, Marrero and Haro, 2002; Cooper et al., 2021; Cooper, Brookler 

and Crofts, 2021). There are a paucity of trials studying long-standing ketosis metabolically 

healthy individuals, that sustain ketosis as their normal metabolic phenotype 1 lifestyle 

(Cooper et al., 2021), and even fewer on active, yet non-athletic females. Therefore, this 

trial studied the effect of suppressing ketosis for 21 days in this demographic cohort. In 

order to suppress ketosis, participants followed the Standard U.K. (SUK) dietary guidelines, 

which recommend the daily consumption of at least 267 g of carbohydrate per day for 
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women (PHE, 2016). Following the intervention to suppress ketosis, participants returned 

to NK, and were reassessed 21 days later, to better understand if changes seen after 

suppression of ketosis for 21 days were due to the intervention, and to investigate 

metabolic flexibility. 

 

A symphony of biomarkers taken together are more sensitive to aid in capturing 

hyperinsulinaemia as early as possible, especially in those with a body mass index (BMI) 

less than 25 kg/m2 (Nabulsi et al., 1995; Kempf et al., 2006; Salvatore et al., 2022; Yang et 

al., 2023), thus enabling earlier intervention, preventive care and minimising the incorrect 

grouping of research participants which may lead to increased false negatives in study 

results. A prospective cohort study from the NHANES, n = 12,563 with median age 45 years 

(20-85 years), found hyperinsulinaemia to be a greater risk marker for increased mortality 

rather than BMI (Wiebe, Muntner and Tonelli, 2022). As this study was extensive with a 

vast number of biomarkers measured and data captured, it therefore required publication 

in parts. Part 1 published a report on the effect of suppressing ketosis on ageing and 

chronic disease associated biomarkers which included fasting insulin, insulin-like growth 

factor 1, glucose, beta-hydroxybutyrate (BHB), gamma-glutaryl transferase, plasminogen 

activator inhibitor-1, monocyte chemotactic protein and more (Cooper, Kyriakidou, 

Edwards, et al., 2023). Part 2 investigates additional biomarkers strongly associated with 

morbidity including; homeostasis model assessment for insulin resistance (HOMA-IR), 

osteocalcin (OCN), leptin and glucagon-like peptide-1 (GLP-1) which are biomarkers 

positively and negatively associated with chronic diseases and ageing. The aim was to 

investigate the effect of long term sustained nutritional ketosis (NK), also known as 

euketonaemia, on these biomarkers, and if suppressing ketosis for 21-days would result in 

any measurable changes, allowing us to understand one factor of lifestyle that may 

meaningfully impact these biomarkers, which could reduce the earlier onset of BA, 

meaning a potential to enhance youth-span as well as lifespan. 
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3.1 Materials and Methods 

 

3.1.1 Ethical Approval 

Ethical approval was obtained by the College of Liberal of Arts and Sciences Research Ethics 

Committee, University of Westminster, United Kingdom (ETH2122-0634). All procedures 

were conducted in accordance with the Declaration of Helsinki and UK legislation. Written 

informed consent was obtained from all participants prior to their participation. 

 

3.1.2 Participants  

Ten healthy pre-menopausal habitually keto-adapted women, “metabolic phenotype 1” as 

defined by capillary BHB (> 0.3 mmol/L) and low fasting insulin < 130 pmol/L, with normo-

glycaemia (Cooper et al., 2021), [age, 32.30 years ± 8.97; body mass index (BMI), 20.52 

kg/m2 ± 1.39] were recruited to take part in this three phase study named KetoSAge 

(Cooper, Kyriakidou, Edwards, et al., 2023). Participants were not receiving hormonal birth 

control and self-reported adherence to a lifestyle that sustained NK for ≥ 6 months (mean 

3.9 ± 2.3 years) ensuring sufficient time for metabolic adaptations. Ketosis-adaptation was 

proven during a 6-month lead-in period where participants were required to take a once 

daily capillary BHB reading between 4–6 p.m., before the evening meal, prior to 

commencement of the study. This standardised evening measurement was chosen due to 

it being a more rigorous threshold to pass in-order to be judged as sustaining NK over the 

majority of the 24-hour day, in comparison to morning fasted measurements, thus 

increasing confidence in the participants maintaining NK most of the time. Readings were 

taken with a Keto-Mojo™ GKI multi-function meter (Keto-Mojo, Napa, CA, United States; 

(Moore et al., 2021)). A summary of the participants’ characteristics at baseline is given in 

Table 1.  

 

Exclusion criteria for all participants included smoking, taking any medication, and no 

evidence nor history of metabolic syndrome, immunological, or CVD. Participants were 

required to complete a medical history questionnaire to confirm that they were free from 

any of the above diseases.  
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3.1.3 Study design   

The 10 KetoSAge participants took part in an open-labelled, non-randomised cross-over 

trial with three 21 day phases: baseline NK defined as BHB ≥ 0.5 mmol/L (Phase 1; P1), 

suppression of ketosis (SuK) BHB < 0.3 mmol/L with dietary carbohydrate reintroduction 

following the UK Eatwell Guidelines, following Standard U.K. diet (SUK) (Phase 2; P2) which 

recommends consuming a predominance of calories from carbohydrates (e.g., 55% kcal 

from carbohydrates on a 2,000 kcal diet is 275 g/day net carbohydrate. The final phase is 

the removal of intervention, returning to NK (Phase 3; P3) (Figure 6). At the end of each of 

the 21-day study phases, on days 22, 44 and 66, the participants attended the laboratory 

for one day at 8 a.m. after a 12-hour fast to undertake anthropometric measurements and 

blood sampling (Figure 6). 

 

Figure 6. KetoSAge Study design. Phase 1 and 3 covered the participants’ habitual ketosis lifestyle. Phase 2 

was the interventional phase to suppress ketosis (SuK). Each phase was monitored by finger prick testing of 

capillary beta-hydroxybutyrate (BHB) concentration (mmol/L). Testing was conducted four times per day, 

prior to mealtimes at evenly spaced intervals. At the end of each phase, participants underwent a laboratory 

testing-day for body composition, blood sampling for biomarkers associated with chronic diseases and ageing 

and were given an oral glucose tolerance test (75g glucose in 250 mL water). Blood samples were taken at 

seven time points over 5 hours. Whole blood glucose, and BHB were measured sequentially in real time using 
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the Keto-Mojo™ Meter and plasma insulin sensitivity assay was conducted later using enzyme linked 

immunosorbent assay (ELISA). 

 

For the duration of the study, participants were required to monitor their capillary glucose 

and ketone BHB concentrations (mmol/L) at four time points throughout the day to 

ascertain compliance (Table 2 – 3). Timepoints were between: 7:30-9:30 am, 11:30-13:30 

pm, 15:30-17:30 pm and 21:30-23:30 pm. Participants determined capillary glucose and 

BHB using a Keto-Mojo™ GKI multi-function meter (Keto-Mojo, Napa, CA, United States). 

This equipment was selected for its reliability and good diagnostic performance (Moore et 

al., 2021). 

 
During P1, participants maintained lifestyle NK, as determined by maintenance of capillary 

blood concentration of BHB ≥ 0.5 mmol/L, by ad libitum consumption of a very low 

carbohydrate high fat diet (VCHF), % carbohydrate:protein:fat = 8:17:75 (Miller, Villamena 

and Volek, 2018; Veyrat-Durebex et al., 2018) (this ratio is modulable according the 

metabolic health of the participant) or ad libitum feeding within a time-restricted feeding 

(TRF) window, or a mixture of both (Table 2 – 3). 

 

On day 22 (visit 1), participants attended the Human Physiology Laboratory at the 

University of Westminster at the same time of day (8 am) in an overnight fasted state (> 

12 hours) for baseline testing. The baseline visit included anthropometric measurements, 

metabolic measurements, including gas exchange analysis (VO2, VCO2), venous blood 

sample and an oral glucose tolerance test (OGTT) with BHB sensitivity. On day 23, 

participants suppressed ketosis (P2) and capillary BHB was targeted to be sustained at < 

0.3 mmol/L for 21 days. Participants adapted out of ketosis during days 23 to 43 by 

following their healthiest interpretation (ad libitum) of the UK Eatwell Guidelines 

(% carbohydrate:protein:fat = 55:20:25) which recommend consuming at least 267 g of 

carbohydrate per day, divided over at least three meals. 

 

On day 44 (visit 2), participants reported to the laboratory at 8 am having fasted overnight 

to complete the same measurements as during visit 1. On day 45, the trial intervention was 

removed, participants returned to their habitual lifestyle patterns resulting in a return to 
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NK (P3) and during days 45 to 65 they continued to monitor their capillary blood glucose 

and ketones, where BHB was maintained at ≥ 0.5 mmol/L, as in P1. On day 46 (visit 3), 

participants returned to the laboratory to repeat identical measurements as previous 

visits. An overview of the study design is presented in Figure 6.  

 

3.1.4 Anthropometric Measurements 

Upon arrival at the laboratory, height (to nearest 0.1 cm) was measured using a 

stadiometer (Marsden HM-250P Leicester Height Measure), and body weight (to nearest 

0.1 kg), BMI, fat mass and total body water (TBW) were measured by bioelectrical 

impedance (BIA) using Seca® (mBCA 514 Medical Body Composition Analyzer, Gmbh&Co. 

KG, Hamburg, Germany). In addition, waist and hip circumference measures were obtained 

with a non-stretch anthropometric circumference measuring tape (Seca® 201) while 

participants stood upright on both feet. The average value (cm) of three measurements 

was used for analysis. All measurements were taken from following a 12-hour fast wearing 

standardised clothing with an empty bladder.  

 

3.1.5 Metabolic Measurements 

Respiratory quotient (RQ) was measured by indirect calorimetry using a Quark RMR 

(COSMED srl, Rome, Italy) and was defined as the ratio of carbon dioxide (CO2) production 

to oxygen (O2) consumption. RQ was determined with the participants lying down at rest 

and with 15 minutes of lead time to allow respiration to equilibrate before measurements 

were taken. After RQ was determined, blood pressure was taken using an automatic upper 

arm blood pressure monitor (OMRON HEALTHCARE Co., Ltd., Kyoto, Japan). 

 

3.1.6 Blood collection and measurement 

Following anthropometric measurements, a single-use sterile 22G Terumo (Japan, Tokyo) 

Versatus Winged and Ported IV Catheter (Cannula) was inserted into the participants 

antecubital vein for blood sampling. Saline solution flushes (0.9% NaCl, 5 mL, BD PosiFlush 

SP Syringe) were delivered in order to keep the intravenous line patent. 2 mL of blood was 

drawn and discarded prior to each blood draw to prevent blood sampling saline dilution.  
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Blood was drawn into tubes anti-coagulated with either ethylenediaminetetraacetic acid 

(EDTA) or lithium heparin (BD, Oxford, UK) ready for analysis by SYNLAB (Alexander 

Fleming, 3–6220 Heppignies–Company No: 0453.111.546). Blood was also drawn into 

serum SST™ II Advance tubes with thrombin rapid clot activator and separation gel (BD, 

Oxford, UK) and left for 30 minutes at room temperature. Serum tubes were then 

centrifuged (Hettich Zentrifugen, Universal 320 R, Tuttlingen, Germany) at 3,857 g for 10 

minutes at room temperature. Serum samples were either sent to SYNLAB for analysis or 

aliquoted into cryovial tubes under sterile conditions and stored at -80°C for later analysis 

by Randox (Ardmore, 55 Diamond Road, Crumlin, Co. Antrim, BT29 4QY, company number: 

NI015738). Plasma was then aliquoted into airtight vials and frozen at -80°C for batch 

analysis later.  

 

3.1.7 Blood marker analysis  

Following blood draw, the blood samples were immediately sent to SYNLAB Belgium, to 

determine the concentrations of the following markers: insulin, insulin-like growth factor 

1 (IGF-1), insulin-like growth factor binding protein 3 (IGFBP-3), C-reactive protein (CRP), 

gamma-glutamyl transferase (GGT), cortisol, plasminogen activator inhibitor-1 (PAI-1), 

total cholesterol, high density lipoprotein (HDL) cholesterol, low density lipoprotein (LDL) 

cholesterol, triglycerides, thyroid stimulating hormone (TSH), free triiodothyronine (T3), 

reverse T3, and thyroxine (T4). In the publication KetoSAge part 2, serum insulin was 

measured via Simple Plex Assay (Ella™, Bio-Techne, USA), enabling further confirmation in 

confidence of results, as well as determining in house HOMA-IR calculation and for further 

studies already in progress with different metabolic phenotype cohorts, where it is deemed 

best practice to compare markers analysed using the same methods. Total osteocalcin 

(tOCN; DuoSet, R&D Systems, USA), uncarboxylated osteocalcin (unOCN; BioLegend, USA), 

melatonin, serotonin and serum GLP-1 (Abcam, Cambridge, UK), and leptin (DuoSet, R&D 

Systems, USA) were measured by enzyme linked immunosorbent assay (ELISA) from frozen 

EDTA plasma or serum samples, according to the manufacturer's instructions. Glucose 

concentrations were measured using Biosen C-Line Clinic Glucose and Lactate analyser 

(EKF-Diagnostic, GmbH, Germany). 
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At the end of the trial, frozen serum samples were sent to Randox Ireland to determine the 

concentrations of various cytokines and growth factors. These included: epithelial growth 

factor (EGF), vascular endothelial growth factor (VEGF), interferon-gamma (INF-𝛄), 

monocyte chemotactic protein (MCP-1), tumour necrosis factor-alpha (TNF-α), interleukin 

(IL)-1 α, IL-1β, IL-2, IL-4, IL-6, IL-8, and IL-10. 

 

3.1.8 Oral Glucose Tolerance Test 

Following anthropometric and metabolic measurements and blood sampling, participants 

were subjected to an OGTT. 75 g of glucose in 250 mL water (prepared fresh on each day) 

was consumed by participants within 5 minutes. Blood samples were then drawn into EDTA 

tubes via cannula at 7 timepoints: 0 minutes (before glucose bolus), 30, 60, 120, 180, 240 

and 300 minutes. All samples were immediately spun at 3,857 g for 10 minutes at 4°C to 

obtain the plasma fraction. Plasma was aliquoted under sterile conditions and stored at 

- 80°C for later batch analysis. Plasma insulin concentrations were determined by 

Quantikine ELISA (R&D Systems), following the manufacturer’s instructions. Samples were 

thawed once and analysed in triplicate. Throughout the OGTT at each timepoint, venous 

whole blood was used to measure glucose and BHB concentrations by a Keto-Mojo™ GKI 

multi-function meter. 

 

3.1.9 Statistical analysis 

Data was checked for normality using the Shapiro-Wilk test and parametric analyses were 

conducted for normally distributed data. Different markers measured in the plasma 

between study phases for KetoSAge participants were compared using the Friedman test 

with Dunn’s correction for multiple comparisons or repeated measures one-way analysis 

of variance (ANOVA) was used to evaluate differences in various parameters between the 

three phases (baseline ketosis P1, suppression of ketosis P2 and return to ketosis P3), or 

across time points (0, 30, 60, 120, 180, 240, 300 minutes) for OGTT on glucose, insulin and 

BHB. Tukey’s HSD correction test was used for post hoc analysis to perform pairwise 

comparisons, and p values < 0.05 were considered statistically significant. Data were 

presented as mean ± standard deviation, unless otherwise stated. Statistical analysis was 
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performed, and all figures were generated, in GraphPad Prism (version 9.1.2; San Diego, 

USA).  

 

3.1.10 Sample size calculation 

Sample size was calculated based on pilot feasibility data with 5 participants put through 

all 3 phases. Sample size was calculated using changes in fasted insulin and IGF-1 

concentrations. The sample size was estimated using G*Power (v3.1) with an alpha level 

of 0.05, a power (1-β) of 0.80 and a medium effect size of f = 0.5 and a conservative intra-

measurement correlation of 0.5. This analysis recommended a sample size of n = 9, that 

predicted to produce results with an effect size of 1.1 dz for paired comparisons. 
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Chapter 4 
 
 
 

 

4. Results part 1 

4.1 Adherence  

Based on the study protocol, participants were required to self-report 252 capillary BHB 

concentrations: 84 tests across each of the phases (Figure 1). The number of fulfilled tests 

and percentage of completed tests out of the possible 252 for all participants is shown in 

Table 2. The average percentage of successful tests was 99.37%, with 4 participants 

completing 100% of all 252 potential tests. 

 

The mean capillary BHB concentration significantly decreased from 1.9 mmol/L (± 0.7) in 

the baseline ketosis phase (P1) to 0.1 mmol/L (± 0.1) following the suppression of ketosis 

phase (P2; p < 0.0001). During P3, mean capillary BHB concentration increased significantly 

(p < 0.0001) and returned to baseline (1.9 ± 0.6 mmol/L). The maintenance of high mean 

capillary BHB concentrations (> 0.5 mmol/L) during P1 and P3 indicated that all participants 

adhered to the requirements to maintain ketosis during these phases. Similarly, the low 

levels of BHB during P2 indicated adherence to the study protocol, whereby participants 

effectively suppressed nutritional ketosis (Table 1). 

 

 

 

 

 

Chapters 4 and 5 comprise the results published in the two papers: Cooper et al., 2023 
(Cooper, Kyriakidou, Edwards, et al., 2023) and Cooper et al., 2024 (Cooper et al., 
2024). 
 

https://doi.org/ 10.3390/ijms242115621  

https://doi.org/10.3390/biomedicines12071553 

https://doi.org/10.3390/biomedicines12071553
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Table 1. Summary of fulfilled capillary BHB testing for all study participants across all phases (P1 – P3). 

Measurements were taken following each of the study phases: baseline nutritional ketosis (NK) P1; 

intervention suppress ketosis (SuK) P2; and removal of SuK returning to NK P3. (n = 10)  

 

 

There were variations in capillary BHB concentrations across the daily tests. The 

frequencies of tests which satisfied different cut-offs are summarised in Table 2. During P1 

and P3, almost all reported capillary BHB concentrations were > 0.3 mmol/L or ≥ 0.5 

mmol/L, which are generally considered the cut-off for ketosis or nutritional ketosis, 

respectively (Cooper et al., 2020, 2021). There were very few tests meeting these 

thresholds in P2, compared to P1 and P3 (Table 2). 

 

During P1, 2/252 tests for two participants showed capillary BHB concentrations of 

0.3 mmol/L, and 8/252 and 2/252 for the same two participants in P2 and P3 (Table 1) 

respectively. There were no reported capillary BHB concentrations of < 0.1 mmol/L in 

either P1 or P3 (Table 2). 
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During P2, the majority of capillary BHB concentrations were < 0.3 mmol/L, with a 

significant proportion of readings < 0.1 mmol/L. There were also some instances of 

capillary BHB readings > 0.3 mmol/L or ≥ 0.5 mmol/L during P2 (Table 2). These tests were 

often early in the morning after an overnight fast and during the first days of SuK (data not 

shown). 

 

The high level of adherence to testing coupled with the expected high concentrations of 

capillary BHB in P1 and P3, and low concentrations of capillary BHB in P2, indicated high 

levels of adherence to the protocol throughout the entire study. 

 
Table 2. Percentages of capillary BHB readings categorised as by different cut-offs across the study phases 
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4.2 Frequency of rank ordered capillary BHB level 

Assuming each test is independent of the other, then the mean of 21 days testing window 

has a 25% chance of being the highest. It can be seen in phase 1, 60% of the highest 21-

day test window mean BHB concentration was found in the third test of the day (pre-

dinner), with the remaining 40% as the pre-lunch test (Table 3). 

 

Table 3. Frequency distribution of BHB (the mean of 21 days, BHB concentrations, per test window) 

expressed in rank, from 1 the lowest to 4 as the highest concentration. Each participant took 4 tests per 

day, totaling 840 capillary BHB tests in 10 participants sustaining nutritional ketosis over 21 consecutive 

days, in two NK phases (P1 and P3), totaling 1,680 capillary BHB tests. The rank is given to the mean BHB 

concentration for that test window of 21 days, per phase, per participant. If a participant’s test 4 has a rank 

score of 1, this indicates the mean BHB concentration for 21 days of tests at bedtime, is the lowest of the 

mean values of all the other test windows. 
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4.3 Suppression of ketosis increases BMI and fat mass 

Following P2, there were significant increases in both weight from 52.99 kg (± 4.24, P1) to 

55.65 kg (± 4.10, P2; p = 0.0002) and BMI from 20.52 (± 1.39, P1) to 21.54 (± 1.30, P2; 

p < 0.0001) in all participants, compared to P1 (Table 4). Fat mass and TBW also increased 

from 14.21 kg (± 2.55, P1) to 15.88 kg (± 2.23, P2; p = 0.0008) and from 28.15 L (± 2.87, P1) 

to 29.15 L (± 2.96, P2; p = 0.0016), respectively (Table 4). Additionally, both waist-to-hip 

and waist-to-height ratios increased significantly in P2 compared to P1 (Table 4). 

 

These trends then reversed after the removal of SuK, at the end of P3, compared to P2. 

Both weight (53.93 kg ± 4.04; p < 0.0001) and BMI (20.82 ± 1.46; p = 0.0025) trended back 

towards baseline in all but one participant, where only a small increase in weight was 

observed (+0.2 kg). Concordantly, the decreases in weight between the phases were 

accompanied by significant decreases in fat mass (14.78 kg ± 2.20; p = 0.0057) and TBW 

(28.42 L ± 3.15; p = 0.0026). These changes were also accompanied by decreases in both 

waist-to-hip and waist-to-height ratios (Table 4). 

 

RQ increased in most participants (80%) following P2 (0.66 ± 0.05, P1 to 0.72 ± 0.06, P2; p 

= 0.0427; Figure 7). After removal of the intervention at the end of P3, there was a 

decrease in RQ in all participants, returning to their baseline (0.65 ± 0.06, P3; p = 0.0005; 

Figure 7). There were no changes in either systolic or diastolic blood pressure across all 

the study phases (Table 4). 
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Table 4. Participants’ characteristics. Measurements were taken following each of the study phases: 

baseline nutritional ketosis (NK) P1; intervention suppress ketosis (SuK) P2; and removal of SuK returning to 

NK P3. Measurements were taken at 8 am after a 12-hour overnight fast; (n = 10) 
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Figure 7. Respiratory quotient (RQ) measurements across all phases. Measurements were taken following 

each of the study phases: baseline nutritional ketosis (NK) P1; intervention suppress ketosis (SuK) P2; and 

removal of SuK returning to NK P3. RQ was determined by indirect calorimetry. Measurements were taken 

at 8 am after a 12-hour overnight fast; (n = 10); * p < 0.05; *** p < 0.001 

 

4.4 Suppression of ketosis is associated with increases in insulin, IGF-1, glucose and T3 

 
Following P2, fasting insulin significantly increased from 33.60 pmol/L (± 8.63, P1) to 59.80 

pmol/L (± 14.69, P2; p = 0.0002; Figure 8A) and IGF-1 from 149.30 ug/L (± 32.96, P1) to 

273.40 ug/L (± 85.66, P2; p = 0.0045; Figure 8B) compared to P1 (Table 4). This was 

accompanied by a significant increase in blood glucose from 4.36 (± 0.53) to 5.12 mmol/L 

(± 0.59, P2; p = 0.0088) (in mg/dL: 78.6 (± 9.5) to 92.3 (± 10.6)); Figure 8C) and decrease in 

BHB concentrations from 2.43 (± 1.28) to 0.18 mmol/L (± 0.13, P2; p = 0.0012); Figure 8D; 

Table 5). Free T3 also significantly increased from 3.81 pmol/L (± 0.28, P1) to 5.51 pmol/L 

(± 0.72, P2; p = <0.0001; Figure 8B) following P2. 

 

These trends reversed following P3, with significant changes in the concentrations of 

insulin decreasing to 31.60 (± 9.38; p < 0.0001; Figure 8A), IGF-1 decreasing to 136.90 

(± 39.60; p = 0.0055; Figure 8B), glucose decreasing to 4.41 (± 0.30; p = 0.0177; Figure 8B), 

BHB increased to 2.31 (± 0.71; p < 0.0001; Figure 8D) and free T3 decreasing to 4.05 

(± 0.54; p = 0.0015; Figure 9B; Table 5), compared to P2.   
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Table 5. Fasted insulin, IGF-1, glucose, and BHB across all phases. Measurements were taken following each 

of the study phases: baseline nutritional ketosis (NK) P1; intervention suppress ketosis (SuK) P2; and removal 

of SuK returning to NK P3. Measurements were taken at 8 am after a 12-hour overnight fast; (n = 10; †n = 5). 

Plasma insulin analysed with Synlab Belgium (Alexander Fleming, 3 – 6220 Heppignies – Company No: 

0453.111.546). 
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Figure 8. Changes in fasted blood insulin (A), IGF-1 (B), glucose (C) and BHB (D) concentrations across all 
phases. Measurements were taken following each of the study phases: baseline nutritional ketosis (NK) P1; 
intervention suppress ketosis (SuK) P2; and removal of SuK returning to NK, P3. Measurements were taken 
at 8 am after a 12-hour overnight fast; (n = 10).  * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001  
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Figure 9. Changes in TSH (A), T3 Free (B) and T4 (C) concentrations across all phases. Measurements were 
taken following each of the study phases: baseline nutritional ketosis (NK) P1; intervention suppress ketosis 
(SuK) P2; and removal of SuK returning to NK P3. Measurements were taken at 8 am after a 12-hour 
overnight fast; (n = 10).  ** p < 0.01; **** p < 0.0001 
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4.5 Oral glucose tolerance tests 

4.5.1 Between phases (P1 vs P2 vs P3) OGTT glucose response  

Basal values of blood glucose measured by OGTT were lower in P1 and P3 (4.23 mmol/L 

± 0.50 and 4.24 mmol/L ± 0.28, respectively) compared to P2 (5.01 mmol/L ± 0.70; 

Figure 10A). There were significant differences in mean glucose concentration amongst 

the three phases at baseline (p = 0.0016). Post hoc comparisons showed a significant 

difference in glucose concentration between P1 and P2 (p = 0.0065), and between P2 and 

P3 (p = 0.0166). 

 

P1 and P3 showed a similar pattern in blood glucose response whereby glucose peaked at 

60 minutes (8.31 mmol/L ± 2.78 and 7.48 ± 1.73, respectively; p = 0.4385). However, in P2, 

glucose concentration reached a peak earlier, at 30 minutes (6.63 mmol/L ± 1.20). P1 and 

P3 showed a trough in glucose response at 240 minutes (3.76 mmol/L ± 0.91 and 3.38 

mmol/L ± 0.20, respectively; p = 0.4137), whereas glucose concentration in P2 dropped 

earlier at 180 minutes (3.64 mmol/L ± 0.61). P1 and 3, by minutes 240 and 300, glucose 

continued to trend down, whereas in P2, glucose trends up at these time points. By 300 

minutes, values returned to their phase baselines.  

 

4.5.2 Within-phase glucose response during a 5-hour OGTT 

There were significant changes in glucose concentration across seven timepoints (0, 30, 

60, 120, 180, 240 and 300 minutes) in P1 (p < 0.0001; Figure 10A). More specifically, there 

was a statistically significant increase in blood glucose change from 0 minutes 

(4.23 mmol/L ± 0.50) to 30 minutes (7.49 mmol/L ± 1.25; p = 0.0009), and to 60 minutes 

(8.31 mmol/L ± 2.78; p = 0.0287). There was also a significant difference between the peak 

of glucose at 60 minutes (8.31 mmol/L ± 2.78) and at 240 minutes (3.76 mmol/L ± 0.91; 

p = 0.0070), which continued to decrease at 300 minutes (3.52 mmol/L ± 0.55; p = 0.0068). 

 

Following P2, there were significant changes in glucose concentration amongst all 

timepoints (p = 0.0002; Figure 10A). More precisely, glucose concentration was 

significantly increased from 0 minutes (5.01 mmol/L ± 0.70) to 30 minutes (6.63 mmol/L 

± 1.20; p = 0.0435), but not between 0 and 60 minutes. There were also statistically 
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significant differences between the peak at 30 minutes (6.63 mmol/L ± 1.20) and the 

trough at 180 minutes (3.64 mmol/L ± 0.61; p = 0.0002).   

 

After returning to P3, significant changes were observed in glucose concentration amongst 

all timepoints (p < 0.0001; Figure 10A). There was a statistically significant increase from 

0 minutes (4.24 mmol/L ± 0.28) to 30 minutes (7.41 mmol/L ± 1.02; p = 0.0001), and to 60 

minutes (7.48 mmol/L ± 1.73; p = 0.0059). Similarly, to P1, there was also a significant 

difference between the peak of glucose at 60 minutes (7.48 mmol/L ± 1.73) and the trough 

at 240 minutes (3.38 mmol/L ± 0.20; p = 0.0004).   

 

4.5.3 Following plateau, blood glucose concentration increased during ketosis 
suppression 

After 180 minutes in P2, glucose began to trend upwards, which was not observed in P1 

or P3. At 240 minutes, whilst glucose concentration was higher in P2 (4.40 mmol/L ± 0.45) 

vs P1 (3.76 mmol/L ± 0.90), this difference was not statistically significant (p = 0.1342). 

However, glucose concentration was significantly higher in P2 (4.40 mmol/L ± 0.45) 

compared to P3 (3.38 ± 0.20; p = 0.0007). Similarly, at 300 minutes glucose concentration 

was significantly higher in P2 (4.70 mmol/L ± 0.38) compared to P1 (3.52 ± 0.55; 

p = 0.0001), and to P3 (3.53 ± 0.13; p < 0.0001). There was no difference in the 

concentration of glucose at 240 minutes (p = 0.4137) or at 300 minutes (p = 0.9988) when 

comparing P1 and P3; Figure 10A.  

 

4.5.4 Between phases (P1 vs P2 vs P3) OGTT insulin response  

Fasting insulin concentrations were also found to be lower in P1 and P3 (29.94 pmol/L 

± 21.48 and 27.97 pmol/L ± 31.68, respectively) in comparison to P2 (98.19 pmol/L 

± 107.69), although were not significantly different (P1 vs P2; p = 0.0971, and P2 vs P3, 

p = 0.0754; Figure 10B). Insulin concentration peaked at 30 minutes in P2 (411.07 pmol/L 

± 226.59) and at 60 minutes in P1 and P3 (351.94 pmol/L ± 192.36 and 330.27 pmol/L 

± 160.56, respectively). However, insulin concentration returned to baseline values in all 

phases with a similar pattern at the end of the experimental period (300 minutes). 

Changes in insulin concentration at 30 minutes amongst the three phases were also 
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analysed. Data showed a significant difference between P1 (256.27 pmol/L ± 112.59) and 

P2 (411.07 pmol/L ± 226.59; p = 0.0324), and between P2 (411.07 pmol/L ± 226.59) and 

P3 (278.23 pmol/L ± 137.20; p = 0.0161). 

 

4.5.5 Within-phase insulin response during a 5-hour OGTT 

Following P1, repeated measures one-way ANOVA illustrated statistically significant 

changes in insulin concentration across all timepoints (p < 0.0001; Figure 10B). More 

precisely, there was a significant increase from 0 minutes (29.94 pmol/L ± 21.48) to 30 

minutes (256.27 pmol/L ± 112.59; p = 0.0013), and to 60 minutes (351.94 pmol/L ± 192.36; 

p = 0.0047). There was also a significant difference between the peak at 60 minutes 

(351.94 pmol/L ± 192.36) and 180 minutes (41.08 pmol/L ± 26.62; p = 0.0069).  

   

P2 also showed significant changes in insulin concentrations amongst all timepoints 

(p < 0.0001; Figure 10B). More specifically, there was a statistically significant increase 

from 0 minutes (98.19 pmol/L ± 107.69) to 30 minutes (411.07 pmol/L ± 226.59; 

p = 0.0011), and to 60 minutes (366.68 pmol/L ± 204.21; p = 0.0291). Additionally, there 

was a statistically significant difference between the peak at 30 minutes (411.07 pmol/L 

± 226.59) and 180 minutes (55.95 pmol/L ± 57.99; p = 0.0054), and between at 60 minutes 

(366.68 pmol/L ± 204.21) and 180 minutes (55.95 pmol/L ± 57.99; p = 0.0028).  

 

Similarly, after returning to P3, insulin concentrations significantly changed across all 

timepoints (p < 0.0001; Figure 10B). Insulin levels were significantly increased from 0 

minutes (27.97 pmol/L ± 31.68) to 30 minutes (278.23 pmol/L ± 137.20; p = 0.0024), and 

to 60 minutes (330.27 pmol/L ± 160.56; p = 0.0015). Like P1, there was a significant 

difference between the peak at 60 minutes (330.27 pmol/L ± 160.56) and 180 minutes 

(52.11 pmol/L ± 84.10; p = 0.0005). Notably, in all three phases, insulin concentrations 

began to converge and trend significantly downwards at 180 minutes. At 240 and 300 

minutes, the concentration of insulin began to plateau.  
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4.5.6 Between phases (P1 vs P2 vs P3) OGTT BHB response 

Basal values of BHB were higher in P1 and P3 (2.60 mmol/L ± 1.22 and 2.36 mmol/L ± 0.78, 

respectively) than in P2 (0.18 mmol/L ± 0.12), and they significantly differed between P1 

vs P2 (p = 0.0004), and between P2 vs P3 (p < 0.0001; Figure 10C).  

 

A statistically significant difference was also observed amongst three phases in mean BHB 

concentration at 30 minutes (p = 0.0020), at 60 minutes (p = 0.0034) and at 300 minutes 

(p < 0.0001). Post hoc testing indicated that BHB concentration significantly differed 

between P1 (2.22 mmol/L ± 1.51) and P2 (0.24 mmol/L ± 0.18; p = 0.0078), and between 

P2 (0.24 mmol/L ± 0.18) and P3 (1.89 mmol/L ± 0.77; p = 0.0004) at 30 minutes. In addition, 

BHB concentration at 60 minutes was significantly different between P1 (1.41 mmol/L 

± 1.02) and P2 (0.19 mmol/L ± 0.17; p = 0.0107), and between P2 (0.19 mmol/L ± 0.17) and 

P3 (1.08 mmol/L ± 0.70; p = 0.0039). Further, there were significant differences between 

P1 (2.02 mmol/L ± 0.72) and P2 (0.36 mmol/L ± 0.28; p < 0.0001), and between P2 

(0.36 mmol/L ± 0.28) and P3 (1.94 mmol/L ± 0.46; p < 0.0001) at 300 minutes. 

 

4.5.7 Within-phase BHB response during a 5-hour OGTT 

There were statistically significant changes in BHB concentration across time points overall 

in P1 (p = 0.0006; Figure 10C), with no significant changes between 0 minutes 

(2.60 mmol/L ± 1.22) and 30 minutes (2.22 mmol/L ± 1.51; p = 0.2056). However, there 

was a significant decrease from 0 minutes (2.60 mmol/L ± 1.22) to 60 minutes 

(1.41 mmol/L ± 1.02; p < 0.0001). Whilst there were minimal changes in BHB concentration 

across all timepoints following P2 (p = 0.0961; Figure 10C), after returning to P3 there were 

significant changes across time (p < 0.0001). More specifically, there was a significant 

decrease from 0 minutes (2.36 mmol/L ± 0.78) to 30 minutes (1.89 mmol/L ± 0.77; 

p = 0.0444), and to 60 minutes (1.08 mmol/L ± 0.70; p = 0.0001).   

 

Following the carbohydrate-containing drink, both P1 and P3 demonstrated a similar 

pattern response in BHB change, with BHB concentration showing a steady time-

dependent decrease until 120 minutes. Then, returning in a linear recovery from 180 

minutes (0.42 mmol/L ± 0.37, P1; 0.52 mmol/L ± 0.42, P3), with a significant increase until 
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300 minutes (2.02 mmol/L ± 0.72; p = 0.0005, P1; 1.94 mmol/L ± 0.46; p < 0.0001, P3). 

Conversely, during SuK (P2), BHB concentration followed a similar response across time, 

whereby there were minimal changes throughout the experimental period (Figure 10C). 
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Figure 10. Differences in glucose (A), insulin (B) and BHB (C) as measured by oral glucose tolerance test 
across all study participants in all phases. Measurements were taken following each of the study phases: 
baseline nutritional ketosis (NK) P1 (blue circles); intervention suppress ketosis (SuK) P2 (pink squares); and 
removal of SuK returning to NK, P3 (black triangles); (n = 10). The connected line indicates group means 
(±SD); * indicates significant difference within each phase across different timepoints; # indicates significant 
difference between phases at the time point as indicated. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 
0.0001 
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Chapter 5 

5. Results part 2 

5.1 Suppression of ketosis is associated with increases in inflammatory liver markers 

Following P2, GGT concentrations increased significantly in all participants from 9.60 U/L 

(± 3.13) in P1 to 12.40 U/L (± 2.55) in P2 (p = 0.0087; Figure 11A). From P2 to P3, GGT levels 

were significantly reduced to 9.70 U/L (± 2.50; p = 0.0286; Figure 11A; Table 6). It was also 

found that SuK (P2) significantly increased PAI-1 levels from 13.34 ng/mL (± 6.85, P1) to 

16.69 ng/mL (± 6.26, P2; p = 0.0428). No changes in PAI-1 levels were observed following 

P3 (17.05 ng/mL ± 5.58) compared to P2 (p = 0.9483; Figure 11B; Table 6). 

 

CRP was found to be low or less than the lowest detectable limit of the assay in all 

participants across all study phases (data not shown). CRP was therefore measured using 

a high sensitivity assay (ultra-sensitive CRP) in 5 participants (Table 6). Despite this, no 

significant changes were determined from P1 (1.00 mg/L ± 1.19) to P2 (1.16 mg/L ± 1.56; 

p = 0.9938); or from P2 to P3 (1.35 mg/L ± 2.23; p = 0.7477). There were no statistically 

significant changes in all other liver or lipid markers across all phases of the study (Table 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 99 

Table 6. Concentrations of fasted liver markers measured across all phases. Measurements were taken 
following each of the study phases: baseline nutritional ketosis (NK) P1; intervention suppress ketosis (SuK) 
P2; and removal of SuK returning to NK, P3. Measurements were taken at 8 am after a 12-hour overnight 
fast; (n = 10; †P3, n = 9; §P1, P2, P3, n = 5) 
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Figure 11. Changes in liver parameters GGT (A) and PAI-1 (B) in participants across all phases. 

Measurements were taken following each of the study phases: baseline nutritional ketosis (NK) P1; 

intervention suppress ketosis (SuK) P2; and removal of SuK returning to NK, P3. Measurements were taken 

at 8 am after a 12-hour overnight fast; (n = 10). * p < 0.05; ** p < 0.01 

 

5.2 Ketosis maintains lower levels of EGF, VEGF and MCP-1 

There were increases in EGF from 33.02 pg/mL (± 30.96) in P1 to 50.13 pg/mL (± 38.19) 

following P2 (p = 0.0450; Figure 12A; Table 7). VEGF also increased from 93.93 pg/mL 

(± 54.30) in P1 to 147.33 pg/mL (± 100.03) following P2 (p = 0.0314; Figure 7B; Table 6). 

MCP-1 significantly increased from 103.98 pg/mL (± 39.30) in P1 to 192.53 (± 84.73) 

following P2 (p = 0.0137; Figure 12C; Table 7). 

Following P3, these growth factors and cytokines trended back to baseline and decreased 

significantly compared to P2. EGF (p = 0.3473; Figure 12A; Table 7) and VEGF (p = 0.2102; 

Figure 12B; Table 7) decreased to 37.82 pg/mL (± 26.81) and 134.80 pg/mL (± 98.79), 

respectively. Concentrations of MCP-1 also decreased significantly to 128.52 pg/mL 

(± 51.80) following P3 compared to P2 (p = 0.0175; Figure 12C; Table 7). 
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There were minimal changes in IL-1β following P2 (p = 0.7045). However, following P3 all 

participants had a significantly decreased expression of IL-1β (p = 0.0381; Table 7). 

Similarly, there were minimal changes following P2 in the expression of TNF-α (p = 0.3887); 

however, in P3, 86% of participants decreased their expression of TNF-α (p = 0.0785; 

Table 7). There were no changes in all other cytokines and growth factors across all phases 

of the study (Table 7). 

 
Table 7. Concentrations of fasted growth factors and cytokines across the different phases of the study 

Measurements were taken following each of the study phases: baseline nutritional ketosis (NK) P1; 

intervention suppress ketosis (SuK) P2; and removal of SuK returning to NK, P3. Measurements were taken 

at 8 am after a 12-hour overnight fast; (P1, P2, n = 10; P3, n = 9) 

 

 
 



 102 

 
 

Figure 12. Fasted EGF (A), VEGF (B) and MCP-1 (C) in participants across all phases. Measurements were 

taken following each of the study phases: baseline nutritional ketosis (NK) P1; intervention suppress ketosis 

(SuK) P2; and removal of SuK returning to NK, P3. Measurements were taken at 8 am after a 12-hour 

overnight fast; (A & B, n = 10; C, n = 9). * p < 0.05  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 103 

5.3 Suppression of ketosis is associated with increases in HOMA-IR 

Following P2, HOMA-IR significantly increased from 0.97 (± 0.32, P1) to 2.07 (± 0.61, P2; 

p = 0.0008) This trend reversed following P3, where HOMA-IR significantly changed and 

returned to participants baseline levels of 1.12 (± 0.41, P3; p = 0.0013) compared to P2 

(Figure 13; Table 8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Homeostatic model assessment for insulin resistance (HOMA-IR) across all phases in KetoSAge 

participants. Fasting serum concentrations of insulin and plasma glucose were measured following each of 

the study phases: baseline nutritional ketosis (NK) P1; intervention to suppress ketosis (SuK) P2; and removal 

of SuK returning to NK, P3; Insulin was determined by via Simple Plex Assay (Ella™, Bio-Techne, USA), glucose 

was measured by Biosen C-Line Clinic Glucose and Lactate analyser. HOMA-IR adopts the following formula 

to index insulin resistance: fasting plasma insulin (uIU/mL) × fasting plasma glucose (mmol/L)/22.5 [1,17,18]. 

Homeostasis model assessment for insulin resistance (HOMA-IR). Samples were taken at 8 a.m. after a 12-

hour overnight fast; (n = 10). Data analysed by repeated measures one-way ANOVA.  * p < 0.05; ** p < 0.01; 

*** p < 0.001 
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Table 8. Fasted insulin, glucose, BHB, HOMA-IR, total, carboxylated and uncarboxylated osteocalcin, 

leptin, cortisol, serotonin and GLP-1 across all phases in KetoSAge participants. Measurements were taken 

following each of the study phases: baseline nutritional ketosis (NK) P1; intervention suppress ketosis (SuK) 

P2; and removal of SuK returning to NK P3; Measurements were taken at 8 am after a 12-hour overnight 

fast; (n = 10). Values are presented as mean ± SD. Serum insulin was measured via Simple Plex Assay (Ella™, 

Bio-Techne, USA). 

 
Beta-hydroxybutyrate (BHB); body mass index (BMI); carboxylated osteocalcin (cOCN); glucagon like 
peptide 1 (GLP-1); homeostasis model assessment for insulin resistance (HOMA-IR); total osteocalcin 
(tOCN); uncarboxylated osteocalcin (unOCN). 
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5.4 Suppressing ketosis increases all forms of osteocalcin 

 
tOCN significantly increased from P1, 33.84 ng/mL (± 13.66) to 55.31 ng/mL (± 29.71, P2, 

p = 0.0138; Figure 14), and then significantly decreased following removal of SuK (P3), to 

34.02 ng/mL (± 12.05, p = 0.0253) compared to P2, returning to similar baseline P1 values. 

cOCN significantly increased from P1, 31.54 ng/mL (± 12.59) to 50.8 ng/mL (± 26.2, P2, 

p = 0.0120), then significantly decreased following removal of SuK P3, to 32.0 ng/mL 

(± 11.1, P3, p = 0.0246), compared to P2, returning to similar baseline P1 values. unOCN 

increased from P1, 2.29 ng/mL (± 1.25) to 4.54 ng/mL (± 3.79, P2, p = 0.0417), then 

decreased following removal of SuK P3, to 2.00 ng/mL (± 1.16, p = 0.0010), compared to 

P2, returning to similar baseline P1 values.  

 

Further analyses of tOCN, cOCN and unOCN as a percentage relative to each participants 

own baseline values in P1, tOCN significantly increased from P1, 100% as standardised 

baseline (± 0.00%) to 162.36% (± 46.53%, p = 0.0065; Figure 15) relative to P1, then 

decreased following removal of SuK P3, to 109.70% P1 (± 40.36%, P3, p = 0.0094) relative 

to baseline, compared to P2, returning to similar baseline P1 values. cOCN significantly 

increased from P1, 100% as standardised baseline (± 0.00%) to 161.56% (± 46.73%, P2, 

p = 0.0062) relative to P1, then decreased following removal of SuK P3, to 111.52% 

(± 42.90%, P3, p = 0.0080) relative to baseline, compared to P2, returning to similar 

baseline P1 values. unOCN significantly increased from P1, 100% as standardised baseline 

(± 0.00%) to 176.67% (± 66.66%, P2, p = 0.0135) relative to P1, then decreased following 

removal of SuK P3, to 87.11% (± 21.43%, P3, p = 0.0076) relative to baseline, compared to 

P2, returning to similar baseline P1 values 
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Figure 14. tOCN, cOCN and unOCN across all phases in KetoSAge participants. Fasting plasma 
concentrations of (A) tOCN, (B) cOCN, (C) unOCN were measured following each of the study phases: 
baseline nutritional ketosis (NK) P1; intervention to suppress ketosis (SuK) P2; and removal of SuK returning 
to NK, P3; total OCN (tOCN) and uncarboxylated OCN (unOCN) were determined by ELISA, carboxylated OCN 
(cOCN) was calculated by subtracting unOCN from tOCN. Samples were taken at 8 a.m. after a 12-hour 
overnight fast; (n = 10); tOCN and cOCN data analysed by repeated measures one-way ANOVA with Tukey’s 
correction for multiple comparisons, unOCN data analysed using the Friedman test with Dunn’s correction 
for multiple comparisons. * p < 0.05; ** p < 0.01 

 

 

Figure 15. Percentage change from baseline P1 as 100% for tOCN, cOCN and unOCN across all phases in 
KetoSAge participants. Fasting plasma concentrations of (A) tOCN, (B) cOCN, (C) unOCN were measured 
following each of the study phases: baseline nutritional ketosis (NK) P1; intervention to suppress ketosis 
(SuK) P2; and removal of SuK returning to NK, P3; total OCN (tOCN) and uncarboxylated OCN (unOCN) were 
determined by ELISA, carboxylated OCN (cOCN) was calculated by subtracting unOCN from tOCN. Samples 
were taken at 8 a.m. after a 12-hour overnight fast; (n = 10); data analysed by repeated measures one-way 
ANOVA with Tukey’s correction for multiple comparisons. * p < 0.05; ** p < 0.01 
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5.5 Suppression of ketosis is associated with increased leptin 

Following P2, leptin significantly increased from 4.50 ng/mL (± 3.67, P1) to 15.08 ng/mL 

(± 8.00, P2; p = 0.0010; Figure 16) This trend reversed following P3, where leptin 

significantly decreased and returned to participants baseline levels of 4.57 ng/mL (± 3.48, 

P3; p = 0.0005) compared to P2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Serum leptin across all phases in KetoSAge participants. Fasting serum concentrations of leptin 

were measured following each of the study phases: baseline nutritional ketosis (NK) P1; intervention to 

suppress ketosis (SuK) P2; and removal of SuK returning to NK, P3; Leptin was determined by via ELISA 

(DuoSet, R&D Systems, USA). Samples were taken at 8 a.m. after a 12-hour overnight fast; (n = 10). Data 

analysed by repeated measures one-way ANOVA. * p < 0.05; ** p < 0.01 
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5.6 Cortisol levels remain in healthy low levels in long term NK, and serotonin does not 
significantly change 

 
Following P2, cortisol did not significantly change from P1, 126.20 ng/mL (± 52.67, P1) to 

112.70 ng/mL (± 58.46, P2; p = > 0.9999; Figure 17). Similarly, following P3, there was no 

significant change compared to P2, 131.90 ng/mL (± 52.18, P3, p = 0.5391). Following P2, 

plasma serotonin did not significantly change from P1, 21.05 pmol/L (± 22.83, p = 0.7907; 

Figure 6). Removal of the intervention to SuK with a return to NK for 21 days, at the end 

of P3, there was no significant change in serotonin compared to P2, at 21.77 pmol/L (± 

16.80, P3, p = > 0.9999). 

 

 

 

Figure 17. Serum cortisol and serotonin across all phases in KetoSAge participants. Fasting serum 

concentrations of cortisol and plasma serotonin were measured following each of the study phases: baseline 

nutritional ketosis (NK) P1; intervention to suppress ketosis (SuK) P2; and removal of SuK returning to NK, 

P3; cortisol was measured externally by SYNLAB Belgium (Alexander Fleming, 3–6220 Heppignies–Company 

No: 0453.111.546), serotonin was measured by ELISA (Abcam, Cambridge, UK). Samples were taken at 8 

a.m. after a 12-hour overnight fast; (n = 10). Data analysed by Friedman test with Dunn’s correction for 

multiple comparisons. 
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5.7 Suppression of ketosis is associated with decreased GLP-1 

Following P2, active GLP-1 significantly decreased from 1,064.98 pg/mL (± 500.15, P1) to 

504.98 pg/mL (± 246.43, P2; p = 0.0209; Figure 18). This trend reversed following P3, 

where GLP-1 significantly increased and returned to participants’ baseline levels of 

1,032.26 pg/mL (± 453.88, P3; p = 0.0210) compared to P2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Serum concentrations of active GLP-1 across all phases in KetoSAge participants. Serum 

concentrations of active GLP-1 were measured following each of the study phases: baseline nutritional 

ketosis (NK) P1; intervention to suppress ketosis (SuK) P2; and removal of SuK returning to NK, P3 (n = 9). 

GLP-1 was determined by ELISA (Abcam, Cambridge, UK). Glucagon-like peptide-1 (GLP-1). Samples were 

taken at 8 a.m. after a 12-hour overnight fast; (n = 10). Data analysed by repeated measures one-way 

ANOVA. * p < 0.05 
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Chapter 6 

6. Discussion  
There have been many studies investigating the effect of ketosis in humans, however, little 

is known about the physiological adaptations in individuals who have never had a 

metabolic illness and maintained long-term (> 1 year) habitual ketosis for more than 80% 

of their year. Furthermore, prior work has primarily examined males. This cohort self-

reported to have sustained nutritional ketosis for an average of 3.9 years, with confirmed 

NK for at least 6 months in the lead-in period to the trial. Participants presented with 

healthy weights, BMI, waist-to-hip, waist-to-height, and blood pressure (Table 4). 

Molecular markers including lipid panels, liver enzymes (Table 6) and cytokines (Table 6) 

were also within healthy ranges. Thus, the data here indicates that long term NK, 

euketonaemia, does not have a negative effect on health in this cohort. 

 

Euketonaemia is defined as a state of ketosis that is not associated with any harmful 

effects. Although in most cases the term has been used to refer to a state of normal 

ketonemia in patients with diabetes, the term has also been used in a broader sense to 

refer to a state of normal ketonemia in healthy individuals (Bronisz, Ozorowski and 

Hagner-Derengowska, 2018; Dilliraj et al., 2022). Euketonaemia in adults has been 

associated with improved insulin sensitivity and euglycaemia (Kinzig, Honors and 

Hargrave, 2010; Skow and Jha, 2022; Paoli et al., 2023). Moreover, euketonaemia is 

associated with reduced inflammation in the brain (Koh, Dupuis and Auvin, 2020; Jiang et 

al., 2022), is consistent with evolutionary biology and has a protective effect on 

mitochondria (Arima et al., 2021). 

 

6.1 When to measure capillary BHB 

The 6 months of 4-6 p.m. capillary ketone testing standardised evening measurement as 

a criterion for eligibility into the trial was chosen due to it being a more rigorous threshold 

to pass in-order to be judged as sustaining NK over the majority of the 24-hour day, in 

comparison to morning fasted measurements, thus increasing confidence in the 

participants maintaining NK most of the time. Most people embarking on a ketogenic 

lifestyle typically via carbohydrate restriction, time restricted feeding, or other forms of 

fasting mimicking diets, will measure their capillary ketones in the morning, much the 
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same way a morning fasting blood glucose is taken. However, a morning ketone reading 

for hyperinsulinaemic, and insulin resistant individuals will likely produce some 

measurable levels (potentially up to 0.5 mmol/L) due to an overnight fast. If this were the 

individuals only daily test, they could mistakenly then assume they are successfully 

maintaining a metabolic state of ketosis. However, if they were to measure their capillary 

ketones at least 3 to 4 hours after lunch, then this test would capture their breakfast 

and/or lunch if they had consumed anything, allowing them to truly know if their lifestyle 

was supportive of maintaining euketonaemia via minimising lifestyle practices that 

stimulate excess insulin demand which would inhibit (lower) ketone production.  

 

In this cohort, these participants noted that their pre-lunch and dinner readings were 

often their highest level of ketones out of their four times a day tests, with their pre-dinner 

(4-6 p.m.) reading having a slightly higher frequency of being greater than their second 

test of their day (pre-lunch). This informed the participants of how their lifestyle was 

supporting them in maintaining therapeutic levels of ketones (> 0.5 mmol/L) throughout 

their day (Cooper, Kyriakidou, Edwards, et al., 2023).   

 

6.2 Macroscopic changes/Anthropometrics 

Throughout the intervention phase (P2), where participants were actively suppressing 

ketosis, participants often reported capillary BHB concentrations of > 0.3 mmol/L after the 

overnight fast, and even three hours after a carbohydrate-containing meal (Table 2). 

Together these data indicate that the participants were indeed highly fat-adapted and, 

even with the introduction of carbohydrates into their diet, their bodies reverted to beta-

oxidation and ketolysis during periods of fasting. Following P3, participants tracked back 

to the baseline level of ketosis as indicated by their capillary BHB levels (Figure 8D). The 

participants enrolled in this study were able to tolerate 21 days of suppression of ketosis 

and the consequent upregulation of glucose metabolism and still return to their baseline 

level of ketosis. This suggests that metabolic flexibility is maintained in long-term habitual 

ketosis in metabolically healthy individuals. 
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Across all three phases, in two different metabolic states (ketosis vs glucose fuelling), 

participants’ RQ values were indicative of individuals that were metabolically healthy, 

interestingly their values were superior to observations previously made in high 

performance athletes (Schutz and Ravussin, 1980; Bergman and Brooks, 1999; Ramos-

Jiménez et al., 2008; Goldenshluger et al., 2021). Even after 21 days of SuK, a 12-hour 

overnight fast still induced higher fat oxidation, as evidenced by their P2 RQ values 

(Figure 7; Table 1).  However, surprisingly, there was still a significant difference between 

P2 compared to P1 and P3, even within the overall highly fat-adapted state that all the 

participants were in, in all three phases after an overnight fast (Figure 7). Given that the 

baseline RQ values were indicative of a high state of beta-oxidation, it was not expected 

that a 21-day of SuK would result in RQ measurements that were statistically inferior to 

those observed at baseline (P1). 

 

Three weeks of SuK resulted in changes in body composition, with increases in weight and 

BMI. This was largely accounted for by increases in TBW and total body fat (Table 1). 

However, the increased body composition measurements taken following P2 (and indeed, 

P1 and P3) were still within normal ranges (Nishida, Ko and Kumanyika, 2009; WHO, 2011), 

and tracked back to baseline levels following P3. 

 

6.3 Insulin, IGF-1, and glucose 

In the normative setting, the most influential pancreatic insulin secretagogue is dietary 

carbohydrate, whilst basal insulin release is regulated by a multitude of factors including 

hepatic glycogenolysis, which is further regulated by glucagon, osteocalcin (OCN) and 

other secretagogues (Cooper et al., 2021). It is interesting that with the increased repeated 

stimulation of bolus insulin during P2, fasting (basal) insulin and glucose subsequently 

increased (Figure 8). This is likely due to insulin’s systemic effects, where enforced glucose 

fuelling results in increased glucose demand. In addition, insulin’s suppressive effect on 

beta-oxidation, where ketogenesis nor lipid provision for beta-oxidation is sufficient due 

to insulin also inhibiting insulin sensitive lipase which is required to release lipids from 

adipocytes (Choi et al., 2010; Lan et al., 2019; Althaher, 2022). Therefore, the upregulation 
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of hepatic glycogenolysis occurs, in response to chronic insulin signalling. This begs the 

question; would this pattern continue if this intervention was sustained over 20 years? 

 

It is arguable that insulin’s primary function is not for glucose uptake in the fasted and 

ketosis state. Cells that must have glucose, uptake glucose via plasma membrane proteins, 

which are predominantly diffusion glucose uptake transporters (GLUT) 1-14, which fall into 

three subclasses I, II and III (Shao and Tian, 2015; Navale and Paranjape, 2016). Human 

pancreatic beta cells are mainly populated by GLUT1, the brain by highly glucose sensitive 

GLUT3 and intestinal and kidney cells GLUT2. GLUT4, 8 and 12 are insulin responsive (Shao 

and Tian, 2015). Whilst cardiac and skeletal muscle cells have GLUT4 transporters, these 

cells thrive on fatty acid metabolism; a well perfused heart will derive between 60 to 90% 

of its acetyl-CoA from the beta-oxidation of lipids (Navale and Paranjape, 2016; Chadt and 

Al-Hasani, 2020). An ischemic heart and CVD has been shown to be rescued by BHB (Yu et 

al., 2018; Wei et al., 2022; Dyńka et al., 2023). GLUT1 accounts for the predominance of 

basal glucose uptake (Shao and Tian, 2015), of which the heart and skeletal muscle cells 

are well populated with. 

 

Participants' habitual ketosis lifestyle also demonstrated significantly lower IGF-1 levels in 

P1 and P3 (Figure 3). IGF-1 is regulated by insulin on multiple fronts; regulating synthesis 

and bioavailability via IGF1-binding proteins (Sandhu, Dunger and Giovannucci, 2002), as 

well as amplification of signal transduction capacity (Goalstone and Draznin, 1998; M L 

Goalstone et al., 1998; Draznin et al., 2000). Insulin and IGF-1 both transactivate each 

other’s receptors, as well as form cross hybridised receptors (Cao and Yee, 2021). 

Chronically elevated IGF-1, and/or increased IGF-1 bioavailability and sensitivity, receptor 

expression and amount of Ras protein prenylation (Goalstone and Draznin, 1998) are 

strongly implicated in neoplasia and ageing (Sandhu, Dunger and Giovannucci, 2002; 

Barbieri et al., 2003; Pollak, 2008; Narasimhan, Yen and Tissenbaum, 2009; Zhang et al., 

2020), whilst IGF-1 knockdown within in vivo models show improved longevity 

(Holzenberger et al., 2002; Barbieri et al., 2003). 

 

In observational studies, low levels of insulin and IGF-1 have also been associated with 

reduced levels of pathologies. For example, elevated IGF-1 has been shown to correspond 
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to a 69% increase in colorectal cancer relative risk, a 49% increase in prostate cancer, 65% 

increase in breast cancer, and a 106% increase in lung cancer risk (relative risks) (Rahmani 

et al., 2022). Notably, a recent meta-analysis involving over 30,000 participants indicated 

that IGF-1 within the range of 120 - 160 ng/mL was the optimum range associated with 

the lowest risk of all-cause mortality (Rahmani et al., 2022). The participants in the present 

study fell well within this range during the P1 and P3 phase, however, during SuK (P2), IGF-

1 significantly increased, which may confer an increased risk of all-cause mortality. 

Conversely, the lower levels of insulin and IGF-1 during the P1 and P3 phases may be of 

health benefit given that higher levels of IGF-1 and insulin are significant risk factors for 

ageing associated diseases including cancer. 

 

Insulin/IGF-1 signalling inhibits FOXO activity via increasing phosphorylation causing 

cytosolic sequestration and suppressing BHB action on FOXO expression and nuclear 

translocation, through the Akt signalling pathway (Jag, Zavadil and Stanley, 2009). FOXO is 

a transcription factor which regulates the expression of a vast number of genes with 

functions associated with longevity, including cell cycle arrest, autophagy and DNA 

damage repair (Webb and Brunet, 2014), as well as regulating metabolism and antioxidant 

defence (Klotz et al., 2015). In addition to being a metabolic  substrate, BHB also acts as a 

signalling molecule, modulating intracellular activity in cells across the body, such as 

regulating gene expression through inhibition of class I histone deacetylases (HDACs) via 

competitive inhibition (Newman and Verdin, 2017). Specifically, BHB prevents histone 

acetylation at the FOXO gene regions (Shimazu et al., 2013) and 12-hour fasted mice have 

significantly increased levels of FOXO protein expression in the liver (Miyauchi et al., 2019). 

Based on an understanding of these cellular and intracellular signalling and fuelling 

dynamics, it is proposed that the low levels of insulin and IGF-1 maintained by the 

participants in this study during P1 and P3, along with BHB ≥ 0.5 mmol/L, through their 

lifestyle habits, are a logical and potentially effective way to slow and/or reduce cellular 

ageing. It is unlikely that life-long sustained vs suppressed ketosis human trials will ever 

happen, and these indirect comparisons are the next best option, where it is seen in whole 

of life animal trials, maintaining minimal insulin demand and IGF-1 levels consistently 

results in optimum longevity (Barbieri et al., 2003; Willcox et al., 2008; Narasimhan, Yen 

and Tissenbaum, 2009; Zhang et al., 2020). 
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Considering that the study cohort is exclusively female, it is imperative to recognise, for 

global population health, the pressing importance of focusing on diabetes, 

hyperinsulinaemia (insulin may be inside reference ranges, however chronic 

hypoketonaemia may indicate an individual’s hyperinsulinaemia threshold), obesity and 

breast cancer. Given their widespread prevalence (Visscher and Seidell, 2003; Kautzky-

Willer, Harreiter and Pacini, 2016; Ahmed et al., 2023; WHO, 2023), understanding the 

intricate links between these conditions is critical in order to prevent occurrence and to 

improve outcomes. The data in this study shows long term NK reduces fasting insulin, IGF-

1, and glucose. This data adds to existing evidence that sustaining a lifestyle which 

promotes euketonaemia is an effective modality for the prevention and management of 

both type 1 and type 2 diabetes (Bolla et al., 2019).  

 

6.4 Thyroid - free T3  

Along with increased glucose and insulin concentrations, SuK (P2) resulted in increased 

levels of free T3 (fT3). Elevated fT3 can be an indicator of several conditions, namely, 

thyroid hormones (TH) and T3 are effectors of healthy and dysregulated metabolism, and 

are strongly associated with T2DM, obesity, and hyperinsulinaemia (da Silva et al., 2017; 

Martinez and Ortiz, 2017; Tsatsoulis, 2018). Given fT3 is highly involved in the transcription 

and translation of OXPHOS proteins, it would be expected that being in ketosis would 

come with higher levels of fT3 than a suppressed ketosis state. Being in ketosis is highly 

dependent on OXPHOS capacity. It was found in this healthy long standing ketosis 

maintaining cohort, that their fT3 was significantly lower than after 21 days of suppressed 

ketosis. A plausible explanation is that ketosis is a fasting-mimicking metabolic state, which 

reduces thyroid hormone (TH) demand due to less ROS damage on OXPHOS proteins and 

IMM lipids, such as cardiolipin (CL) (Paradies et al., 2019), and may increase sensitivity, 

such as increasing mitochondrial fT3 receptors and/or increasing monocarboxylate 

transporter 8 (Martinez and Ortiz, 2017). In addition, BHB has an epigenetic regulatory 

role of its own, enabling increased transcription of OXPHOS proteins (Wang, Chen and 

Xiao, 2021).  
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Thyroid hormones, and more specifically T3, play a significant role in the regulation of 

OXPHOS, which affects glycolytic metabolism, in various organs including the liver, 

gastrointestinal tract, pancreas, adipose tissue, skeletal muscles, and the central nervous 

system (Short et al., 2001). In the liver, thyroid hormone increases hepatic glucose output 

by the upregulation of GLUT2, increasing gluconeogenesis and glycogenolysis, which can 

ultimately lead to hyperinsulinemia and glucose intolerance when there is chronic 

elevated TH signalling.  

 

Chronic raised insulin levels (detected through chronic suppression of ketosis), both basal 

and bolus, where repeated bolus exposures are likely playing a role in the upregulation of 

basal levels, increase mtROS. Given hyperinsulinaemia has been shown to increased 

mitochondrial localised ceramide (Hansen et al., 2014; Hodson, Tippetts and Bikman, 

2015), increasing mtROS and CL oxidation (Paradies et al., 2019), down regulating beta-

oxidation (Muoio, 2014), and reduced redox antioxidant defence capacity, a suppressed 

ketosis state, may stimulate the thyroid to rescue OXPHOS, via increasing T3. Thyroid 

hormones directly affect mitochondrial biogenesis, fatty acid oxidation, and TCA cycle 

activity (Brenta, 2011). In-addition, hyperinsulinaemia inhibits lipolytic activity whilst 

promoting triacylglycerol accumulation and storage, via inhibition of hormone sensitive 

lipase (HSL), thereby inhibiting adipocyte fatty acid lipolysis and release (Lan et al., 2019). 

These ultimately increase glycolysis reliance, resulting in greater NAD+ catabolism, which 

subsequently decreases NAD+ dependant antioxidative redox management capacity. The 

subsequent increased basal ROS without commensurate antioxidant management, results 

in chronically upregulated oxidative stress and damage to mitochondrial CL and OXPHOS 

proteins. The increased insulin signalling, concurrently increases TH synthesis, secretion 

and signalling, to facilitate OXPHOS maintenance and repair (da Silva et al., 2017; Martinez 

and Ortiz, 2017; Tsatsoulis, 2018). For short durations, such as 21 days that evolutionarily 

would be akin to a short summer/autumn, is within the thyroid's capacity to deal with. 

However, in possible similarity to the pancreatic beta cells, chronic demand of the thyroid 

to produce increased amounts of TH, may result in mechanisms that down regulate either 

production or conversion of T4 to fT3, respectively. Those processes again may be due to 

thyroid cells being affected by intracellular fuelling dynamics and metabolism hormones 

(insulin) dictating antioxidant regulation, which either help or harm their mitochondria. 
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In P2, this cohort were not chronically long-term hyperinsulinaemic. Hence, they had the 

earlier phase of greater demand of thyroid hormone (TH). If those 21 days turned into 21 

years, it is arguable that over that time frame, TH may become low, and more specifically 

T3, in concordance with the research literature in T2DM hyperinsulinaemic populations. 

The aforementioned healthy low T3 (euthyroid) levels in this cohort when in ketosis, P1 

and P3, could lead clinicians to mistakenly diagnose a metabolic phenotype 1 individual 

(see methods 2.2) with hypothyroidism. Therefore, it is worth highlighting that T3 levels 

were still within normative ranges, however, this information should assist clinicians and 

researchers, indicating a need for nuance and metabolic context when interpreting thyroid 

biomarkers.   

 

When assessing biomarkers in a wider metabolic context, as can be seen in the data here, 

that the lower T3 levels were accompanied by significantly greater fat oxidation status 

understood via RQ values, along with a lower fasting glucose and insulin. In the 

metabolically unwell (phenotype 3, hyperinsulinaemia), a low T3 status would be 

accompanied by higher fasting glucose, insulin, and absence of NK, and with a higher RQ. 

It is likely that the increased T3 levels seen in P2 during the suppressed ketosis state, was 

due to insulin increasing oxidative stress on the mitochondrial OXPHOS proteins and CL, 

whilst increased glycolysis depletes the NAD+ cytosolic pool and consequently decreases 

NAD+ dependent antioxidant management. Finally, a lower T3 seen in T2DM/obesity is 

associated with poorer glycaemia and increased insulin, which was the contrary to this 

cohorts lower T3 levels whilst in ketosis with low insulin and glycaemia during P1 and P3. 

Therefore, there is a need for considering the metabolic context when interpreting thyroid 

biomarkers.     

 

BHB directly neutralises -OH, protecting CL and signals to increase transcription of OXPHOS 

proteins (Robinson and Williamson, 1980; Achanta and Rae, 2017; Newman and Verdin, 

2017). This likely protects the thyroid follicular cells directly, as well as reduces TH 

demand, thus reducing T3 levels. Interestingly, liraglutide, which increases the amount of 

insulin secreted in response to glucose, is not recommended for individuals with either a 
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family or personal history of medullary thyroid cancer or multiple endocrine neoplasia 

type 2 (MEN2). This may be due to the highly mitogenic effect of insulin (Draznin, 2011).   

 

In the progression of hyperinsulinaemia stages, it is likely that TH demand and thus 

synthesis increases in the early stages to facilitate OXPHOS protein synthesis and repair. 

Over time as hyperinsulinaemia perpetuates and possibly worsens, TH, more specifically 

T3 levels may decline due to a number of factors which include; direct effect of 

hyperinsulinaemia on thyroid follicular cells (Biondi, Kahaly and Robertson, 2019), 

increasing mitochondrial ROS with subsequent previously described effects of chronic 

elevated ROS, such as reducing cytosolic NAD+ pool; and increasing pseudo-hypoxia 

glycolysis leading to increased mitogenic signalling (Draznin, 2011), reducing thyroid 

follicular cellular time in their G1 phase, the phase a cell spends performing it’s tissue 

origin function, and instead increased rate of cell division, potentially leading to 

development of thyroid tumours. A chronically increased global demand for TH and T3 

synthesis, would also increase selenium requirement for increased activity of glutathione 

peroxidase (GPx) and thioredoxin reductase (TRx), antioxidant selenoenzymes, in-order to 

protect cells from oxidative damage incurred whilst synthesising TH which produces H2O2. 

Furthermore, selenoprotein iodothyronine deiodinase enzymes (DIO), catalyse the 

conversion of thyroxine (T4) into triiodothyronine (T3) (Negro, 2008). Naturally, increased 

TH synthesis and use, therefore, increases iodine requirement. A low selenium and or 

iodine status would impair TH synthesis, and a low selenium status would potentially 

increase oxidative stress in thyrocytes due to the reduced selenium dependent antioxidant 

capacity (Carabotti, Annibale and Lahner, 2021).  

 

Increased carbohydrate consumption that raises blood glucose, increasing 

hyperinsulinaemia and consequently suppressing ketosis, also raises stomach pH, thereby 

decreasing the strong stomach acidity required for the solubility of minerals. As stomach 

pH increases above pH 3, minerals precipitate out of solution and unbind from their amino 

acid ligands, rendering them less bioavailable (Drago, Binaghi and Valencia, 2005; 

Carabotti, Annibale and Lahner, 2021). Hyperinsulinaemia is strongly associated with 

conditions of hypochlorhydria, such as gastroesophageal reflux disease (GERD) and 

gastritis. A dietary intervention study using a high fat low carbohydrate diet to assess the 
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effects on GERD in 144 obese, hyperinsulinaemic/insulin resistant women found that 

carbohydrate (p > 0.001), sugar (p = 0.005), glycaemia load (p = 0.001) and HOMO-IR (p = 

0.004) were all significantly associated with GERD, and after 10 weeks of implementing 

the LCHF dietary intervention, all symptoms of GERD and medications usage were resolved 

(Pointer et al., 2016). In another RCT, a higher carbohydrate intake was shown to raise 

stomach pH and increase GERD reflux symptoms (Wu et al., 2018). Hyperinsulinaemia and 

its common presentations such as obesity which is associated with T2DM and CVD, also 

has increased rates of gastrointestinal complications such as GERD (OR 1.94), erosive 

gastritis (OR 2.23), and many others including Barrett’s oesophagus, gastric cancer, 

diverticulitis, gallstones, and pancreatic cancer (Camilleri, Malhi and Acosta, 2017). The 

prevalence of GERD appears to be occurring at younger ages and also in parallel to 

increases in sugar intake (Powell, Smith-Taillie and Popkin, 2016; Yamasaki et al., 2018).   

 

Contrary to popular belief, microbiota diversity may not be desirable for optimal 

gastrointestinal health. In a study of 31 patients (80% female, 52.2 +/- 13.1 years of age), 

75% with chronic atrophic gastritis, and all with an absence of any neuroendocrine 

tumours nor gastric adenocarcinomas, it was found that a higher gastric pH (lower acid), 

was contributory towards duodenal dysbiosis and the development of gastrointestinal 

tract pathology, and hypochlorhydria and increased chronic atrophic gastritis was 

associated with an increased duodenal microbiota diversity. This also has been shown to 

be correlated with increased rates of small intestinal bacterial overgrowth (SIBO) (Filardo 

et al., 2022).  Proton pump inhibitors cause hypochlorhydria and achlorhydria, and are 

considered a contributory cause for the onset of SIBO, and reduce mineral absorption from 

food (Heidelbaugh, 2013). Foods that reduce stomach acidity (higher gastric pH), over 

time, increase hypochlorhydria. Diets higher in carbohydrates that suppress ketosis, 

increase hyperinsulinaemia, and reduce basal stomach acidity (raise stomach pH, 

hypochlorhydria) leading to gastrointestinal diseases such as GERD and gastritis, 

contribute to poorer uptake of essential minerals, affecting those involved in metabolism 

and regulation of antioxidant activities, such as iodine and selenium  (Rannem et al., 1998; 

Drago, Binaghi and Valencia, 2005; Carabotti, Annibale and Lahner, 2021). This then 

compounds the need for TH in the context of a suppressed ketosis and hyperinsulinaemia 

state [phenotypes 2 and 3, discussed in (Cooper et al., 2021)]. 
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The low levels of insulin with euglycaemia and euketonaemia observed in P1 and P3 may 

confer long term health benefits for the participants. Elevated insulin levels have been 

shown to be significantly associated with all-cause mortality and cancer-specific mortality 

in post-menopausal women (Pan et al., 2020). There are a number of studies which have 

demonstrated an association between elevated levels of insulin and risk of death in various 

cohorts across the globe (Ausk, Boyko and Ioannou, 2010; Loh et al., 2010; Perseghin et 

al., 2012; Tsujimoto, Kajio and Sugiyama, 2017; Lee et al., 2018). Thus, it is proposed that 

the sustained NK at baseline (P1) and after removal of the suppression of ketosis 

intervention (P3) were likely associated with lower risk of all cause insulin associated 

mortality.  

 

The lower levels of basal insulin and IGF-1 were as a direct and indirect (respectively) result 

of reduced exposure to dietary induced elevated plasma glucose. Higher levels of basal 

glucose has been associated with increased risk of all-cause mortality (Crawley et al., 

2014), however, this is likely due to the glucose induced stimulation of insulin and 

consequent increased IGF-1 pathways that become activated as a result of excess dietary 

carbohydrate. During P1 and P3, the blood concentration of glucose was considerably 

lower than during the suppression of ketosis P2. Notably, however, the concentrations of 

fasting glucose in all phases were under the threshold defined by the WHO (Alberti and 

Zimmet, 1998). In a prospective cohort of 28,024 US female health professionals, 

published in 2021, assessing clinical factors that increased the risk profile for premature 

coronary heart disease, the highest risk factor was T2DM across all ages, with aHR as high 

as 10.71, metabolic syndrome (aHR, 6.09), hypertension (aHR, 4.58), obesity (aHR, 4.33), 

and smoking (aHR, 3.92) which attenuated with age (Mora et al., 2021). It is important to 

recognise that T2DM, metabolic syndrome, hypertension and obesity are conditions of 

hyperinsulinaemia (Paoli et al., 2013; Crofts et al., 2015; Cooper et al., 2020), at various 

degrees of a spectrum and expression in different tissue/organ systems.  

 

Hyperglycaemia causes oxidative damage, resulting in advanced glycation end-products 

(AGE), and receptor for AGE (RAGE), this increases heparanase expression (Maxhimer et 

al., 2005; An et al., 2011; Goldberg et al., 2019). Heparanase is an endoglycosidase that 
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enzymatically cleaves glycosaminoglycan heparan sulfate (HS) (Goldberg et al., 2019). The 

importance of this is understood by the following effects of loss of HS. Heparan sulphate 

proteoglycans (HSPG) are robust anticoagulants, buffering glycation damage (An et al., 

2011). An increase in heparanase and a decrease in HS is implicated in endothelial cell 

dysfunction (An et al., 2011). HS is required for adipocyte to macrophage mitochondrial 

transfer, which is decreased in hyperinsulinaemia/obesity (Brestoff et al., 2021), 

potentially contributing to dysregulated immune system function in obesity, T2DM and 

other hyperinsulinaemia conditions (Liang et al., 2020). The effect of T2DM 

(hyperinsulinemia + glycaemia) on the immune system, results in defects in innate & 

adaptive immunity that play a large part in T2DM infection susceptibility. For example in 

T2DM Ig mass is higher versus controls, leading to reduced vaccine efficiency in stimulating 

humoral immunity (Daryabor et al., 2020). 

 

Where you find increased AGE and RAGE, there is an increase in heparanase expression 

(hyperglycaemia/hyperinsulinaemia, insulin resistance, T2DM, CVD, obesity, cancer, 

dementia). Increased heparanase expression decreases extracellular plasma membrane 

localised HSPG, key mediators of anticoagulation. Hyperglycaemia upregulates heparan 

sulphate–degrading endoglycosidase heparanase-1 (HPR1) expression (Maxhimer et al., 

2005; An et al., 2011). Hyperinsulinaemia drives lowered vitamin D 

hydroxylation/activation/transport, increasing sulphate wastage and oxidation damage to 

HSPG (Bolt et al., 2004; Cooper et al., 2020). Individuals with chronic hyperinsulinaemia 

already have increased risk of thrombi/clots. What propagates hyperinsulinaemia, drives 

a decrease in HS, leading to increased RBC and platelet agglutination, and thrombosis. 

 

Logically, addressing hyperinsulinaemia, by restricting carbohydrate intake to below one’s 

personal tolerance threshold, would be an appropriate measure to improve overall health 

and susceptibility to poorer outcomes from increased blood coagulability, and its 

downstream effects such as increased risk of hypertension, atherosclerosis, strokes, 

hypoxia. In a dose response meta-analysis, involving fifty trials with 4,291 patients, results 

showed carbohydrate restriction exerted a significant reduction on cardiometabolic risk 

factors in patients with T2DM and that those levels decreased linearly with the decrease 

in carbohydrate intake (Jayedi et al., 2022). Furthermore, analysis of 7 year primary care 
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data in 143 patients with T2DM implementing carbohydrate restriction, saw 

improvements in renal function (Unwin et al., 2021). 

 

The participants data here shows that long term sustained nutritional ketosis serves to 

reduce fasting insulin, IGF-1, and blood glucose. These data further add to existing 

evidence that sustaining a lifestyle which promotes ketosis is an effective modality for the 

management of both type 1 and type 2 diabetes (Bolla et al., 2019) and reducing the risk 

and poorer prognosis for cancer and cachexia (Shukla et al., 2014). Cancer cachexia 

accounts for nearly 20% of cancer related deaths. Ketosis has been shown to protect 

against cachexia, diminish glutamine uptake, and induce apoptosis (Shukla et al., 2014). In 

a mouse model, mice given a ketosis-inducing high fat diet (using medium chain 

triglyceride - MCT oil as 80% of calories), this resulted in reduced tumour mass whilst 

maintaining body weight and reducing cachexia (Beck and Tisdale, 1989).  

 

A unique aspect of this study is that the participants enrolled self-reported to be habitually 

adapted to ketosis for a significant period of time (mean 3.9 years ± 2.3), with confirmed 

NK in the lead-in period for at least 6 months. Participants presented with healthy weights, 

BMI, waist-to-hip, waist-to-height and blood pressure (Table 3). Molecular markers 

including lipid panels, liver enzymes (Table 5) and cytokines (Table 6) were also within 

healthy ranges. Thus, the data here indicate that long term ketosis in healthy women, does 

not have a negative effect on health. 

 

6.5 OGTT 

The data here indicate that the participants enrolled in this study were able to maintain 

normal glycaemic responses throughout the OGTT following each of the phases (Figure 10) 

highlighting that prolonged ketosis did not hinder metabolic flexibility. However, in the 

first 2 hours of insulin response, there appears to be a shift to the right for P1 and P3. This 

is likely due to a reduced frequency and load from a large glucose bolus exposure, 

therefore increasing the time to peak for bolus insulin synthesis and secretion. 

Concurrently, plasma glucose appears to be greater during the first 2 hours in these two 

phases, and also higher peaks of glucose in P1 and P3, compared to the P2 phase (although 
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not statistically significant). This pattern may be incorrectly labelled as a lack of sensitivity 

to insulin; on the contrary, this is the sum of the exogenous glucose from the OGTT, plus 

hepatic glucose output, which does not abate from the one-time glucose bolus.  

 

The dosage of dietary glucose administered during the OGTT compounds with the hepatic 

glucose output, and therefore contributes to an elevated peak of glucose concentrations 

during P1 and P3 (Figure 10a). When the participants were fat fuelling (metabolic 

phenotype 1), their glucose needs were largely dependent on hepatic provision via 

gluconeogenesis and glycogenolysis. When glucose is restricted from the diet, the liver 

synthesises glucose mostly from the joining of two glycerol backbones from 

triacylglycerides during beta-oxidation, simultaneously supporting ketogenesis. These 

processes are enabled by the lower insulin levels, whereas greater levels of insulin inhibit 

beta-oxidation and subsequently ketogenesis.  Sustained glycogenolysis during an OGTT is 

also seen in hyperinsulinaemia individuals (metabolic phenotype 3), where the liver is 

pathway-selective insulin signalling resistant, suppressing ketogenesis, and inhibiting 

beta-oxidation, whilst increasing, de novo lipogenesis and glycogenolysis is not inhibited 

(Petagine, Zariwala and Patel, 2023). The chronic hyperinsulinaemic state is also coupled 

with a higher glucagon state (DemantMia et al., 2018; Kumpatla et al., 2021), adding to 

hepatic signalling that maintains hepatic glucose provision to the wider system. 

 

Hypothetically, under an evolutionary context, selection pressure would have favoured 

the ability to adapt to and maintain NK due to seasonal food availability and intermittent 

CR/fasting, meaning the body's glucose needs would have been met by hepatic 

gluconeogenesis and glycogenolysis. If an (infrequent) opportunity to consume a high 

carbohydrate load would have presented itself, the subsequent increased insulin secretion 

would likely not have inhibited gluconeogenesis and glycogenolysis during the one time 

exposure, given the body is adapted and reliant on hepatic glucose as its main glucose 

source (Cooper et al., 2021; Cooper, Brookler and Crofts, 2021). If insulin in this one 

instance were to inhibit gluconeogenesis and glycogenolysis, whilst facilitating oral 

glucose load myocyte uptake, a potential case of hypoglycaemia with hypoketonaemia 

and inhibition of beta-oxidation may simultaneously occur, which would be potentially 

fatal. In this metabolic phenotype 1 context (Cooper et al., 2021), an infrequent one time 
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bolus insulin secretion does not inhibit gluconeogenesis and glycogenolysis; this may 

incorrectly be interpreted as hepatic insulin resistance, as is the case for hyperinsulinaemic 

T2DM (stage-3 metabolic phenotype 3) individuals (Cooper et al., 2021). This has not been 

observed in this present cohort, as ketogenesis declined during the first 2 hours, indicating 

the liver is being affected by the bolus insulin release, and is selectively responding based 

on the participants metabolic phenotypic healthy physiological state and adaptation. Like 

switches and gates, the metabolic phenotype signature changes hepatic responses to a 

bolus insulin signal.  

 

Overall, the data here indicate that long-term ketosis does not appear to negatively affect 

the insulin-dependent glucose uptake nor reduce carbohydrate tolerance. In fact, 

following SuK P2, participants demonstrated a significantly elevated peak level of insulin 

in response to a glucose challenge across the OGTT, compared to P1 and P3. Furthermore, 

in all phases, insulin levels were at their lowest and plateauing after 240 minutes, glucose 

was on a rise upwards to basal P2 fasting levels after 180 minutes in P2, whereas glucose 

was further declining back to basal fasting levels in P1 and P3. Together, these findings 

indicate a lower total insulin requirement to maintain lower glucose levels when in a state 

of NK, whereas SuK was associated with an increased insulin requirement. Maintaining 

lower-normal glucose levels with lower insulin and IGF-1 levels are associated with 

improved health outcomes, in decreasing risk of insulin resistance and T2DM, reducing 

chronic diseases and also improving longevity and healthy ageing (Holzenberger et al., 

2002; Barbieri et al., 2003). This suggests that maintaining a long-term metabolic 

phenotype 1 profile may aid in maintaining a healthier healthspan and lifespan.  

 

It was previously hypothesised that the addition of the BHB sensitivity assay in an OGTT 

challenge would help to differentiate between different metabolic phenotypes with 

improved resolution (Cooper et al., 2021; Cooper, Kyriakidou, Petagine, et al., 2023). Here 

it is shown that indeed, the combination of insulin and BHB measurements throughout the 

OGTT helps to differentiate early stage hyperinsulinaemic individuals (metabolic 

phenotype 3, stage 1 or 2), or prior metabolically unwell individuals who have restricted 

carbohydrates and gone into ketosis (metabolic phenotype 4), from long standing healthy 

ketosis living individuals (metabolic phenotype 1). The combination of glucose, BHB and 
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insulin measurement help to provide greater resolution in understanding metabolic health 

and, help clinicians and researchers to better classify individuals when designing trials or 

analysing data.  

 

During P2, the participants were exposed to an increased frequency (ad libitum, spread 

over three times a day SUK diet recommended, which prevents TRF induced ketosis), dose 

(glycaemic load, SUK diet recommendation to consume at least 267 g of carbohydrate per 

day) and duration (21-day intervention) of dietary glucose, consequently repeatedly 

triggering bolus insulin release (equating to an equivalent carbohydrate exposure of 

approximately 63 OGTTs in 21 days). The increased bolus insulin secretion signals to the 

liver to temporarily reduce glycogenolysis; this is considered hepatic insulin sensitivity 

(response seen in metabolic phenotype 2 and not phenotype 3, stage 3), as hepatic glucose 

output is reduced in response to the insulin signal. Many have come to consider this the 

normal and healthy response, which is likely correct for those consuming a ketosis 

suppressive diet and do not have any chronic ageing and hyperinsulinaemia disease. 

However, if we were to consider humans under an evolutionary context, with less 

frequency, dose and duration of exogenous carbohydrate exposure, then it is arguable 

that what can be seen in this study’s cohort’s response curves in P1 and P3 would be the 

normal/healthy physiological responses. Hepatic glucose provision under the context of 

being in sustained NK would not be inhibited by bolus insulin secretion, and therefore this 

is not a case of pathological insulin resistance which logically only would be the case under 

a chronic hyperinsulinaemia and not an acute context (one-time OGTT for a metabolic 

phenotype 1 individual maintaining NK as a lifestyle). High levels of BHB would not be 

observed in hyperinsulinaemic/T2DM/CVD individuals, and therefore analysis of BHB 

response during an OGTT and/or for several consecutive days before the evening meal, is 

essential for resolving a T2D glycaemic response (metabolic phenotype 3 spectrum) and 

those on the hyperinsulinaemic spectrum, from those in ketosis (Cooper et al., 2021). 

 

It can be seen that during both ketosis phases (P1 and P3), BHB concentrations began to 

recover following the glucose challenge at 180 minutes, with an overall U-shaped curve. 

However, participants in P2 did not mirror this response pattern and sustained low levels 

of ketones before and after 180 minutes following the glucose challenge, with a flat line 
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pattern. These data indicate that consumption of a carbohydrate diet that suppresses 

ketosis, for 21 days, results in limited BHB ketogenesis, even following a 12-hour fasting 

period, indicating adaptive changes and likely downregulation of cellular ketogenesis 

enzymes and activities. 

 

6.6 Liver markers: GGT and PAI-1 

There were significant findings regarding the effects of ketosis suppression and 

subsequent return to ketosis on liver markers. It is recognised that GGT is a diagnostic 

marker for many diseases in humans, including a fatty liver, T2DM, MetS and AD, which 

are typified by hyperinsulinaemia (Luchsinger et al., 2004; Grundy, 2007; Unwin et al., 

2015). In this study, SuK (P2) resulted in a significant increase in GGT levels, an enzyme 

associated with oxidative stress, low-grade inflammation, and insulin resistance (Gohel 

and Chacko, 2013; Kwak, Seo and Lee, 2023). Furthermore, GGT participates in the direct 

generation of ROS, via a glutathione (GSH)/transferrin system, where in the presence of 

molecular oxygen and iron/copper ions from transferrin in the presence of cysteinylglycine 

(a product of GGT/GSH reaction), results in a paradoxical generation of ROS. This results 

in increased free radical and oxidative damage to nucleic acids, protein and lipid 

peroxidation (Drozdz et al., 1998). The findings here suggest that suppressing ketosis may 

impose some degree of oxidative stress and inflammation on the liver, leading to increased 

GGT levels. GGT levels returned near-baseline levels after these participants discontinued 

suppressing ketosis, indicating carbohydrate restriction is an effective tool in correcting 

the significant increases in GGT.  

 

High levels of GGT have been found to be associated with increased risk of MetS and 

impaired fasting glucose (Wang et al., 2021; Xing et al., 2022; Kwak, Seo and Lee, 2023). 

The participants' GGT levels in ketosis (P1 and P3) and SuK (P2) were within standard 

reference ranges. However, a study in a large nonobese population of nondiabetics n = 

1,309, showed that a moderate elevation in GGT within normal reference ranges is a 

strong risk marker predictor for T2DM, independent of visceral fat, obesity and 

Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) (Bonnet et al., 2011). 

Unwin et al., later corroborated this finding, in a primary healthcare setting. After 
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restricting dietary carbohydrates in 67 individuals, with a minimum 3 months adherence 

and an average follow-up of 13 months, they found the improvements in GGT (reduction) 

had no correlation to weight loss (Unwin et al., 2015). In a longitudinal study, n = 452, with 

average 80 years of age, GGT was shown to be associated with cognitive decline prior to 

vascular dementia (Björk and Johansson, 2018). With an increasingly growing aged 

population, monitoring GGT may also provide an ability to detect and intervene earlier in 

dementia prevention. 

 

GGT is a glycosylated microsomal two substrate enzyme. It is ubiquitously expressed in 

cell types except myocytes (Brennan, Dillon and Tapper, 2022). In a two-step process, GGT 

catalyses the cleavage of the γ-glutamyl bonds from donor molecules such as glutathione 

(GSH) and glutamine, proceeding to transfer the γ-glutamyl moiety to acceptor substrates 

such as water molecules via hydrolysis, or via transpeptidation of short peptides or L-

amino acids, particularly cysteine (Tate and Meister, 1981; Saini et al., 2021). GGT 

metabolises extracellular GSH, an antioxidant which plays an essential role in the removal 

of ROS (Lee, Blomhoff and Jacobs, 2004). GSH is a major mitochondrial antioxidant which 

protects against oxidative damage, a hallmark of various diseases including NAFLD, 

neurological disease, T2DM and cancer (Pizzino et al., 2017; Liguori et al., 2018). Higher 

levels of GGT can therefore lead to decreased GSH, causing an imbalance in the removal 

of ROS and increasing a state of oxidative stress. It is noteworthy that GGT levels returned 

near-baseline levels after the participants discontinued suppressing ketosis, carbohydrate 

restriction is shown here to be an effective tool in correcting the significant increases in 

GGT. 

 

6.7 PAI-1 

The antifibrinolytic plasminogen activator inhibitor-1 (PAI-1) is the primary inhibitor of 

plasminogen activators (PAs), via inhibition of tissue-type PA (tPA) and urokinase-type PA 

(uPA) that proteolytically cleave zymogen plasminogen to active plasmin (Sillen and 

Declerck, 2021). Elevated PAI-1 levels propagate a prothrombotic state (Sillen and 

Declerck, 2021). It can be seen that there was a significant increase in PAI-1 levels, during 

P2 compared to P1. Insulin has been shown to stimulate the secretion of PAI-1 by 
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adipocytes, and there is a strong positive correlation between hyperinsulinaemia and 

elevated PAI-1 (Samad et al., 2000; Yarmolinsky et al., 2016; Altalhi, Pechlivani and Ajjan, 

2021). However, although fat mass increased after SuK (P2), it also returned to baseline 

return to ketosis (P3), whilst PAI-1 also significantly increased after P2, yet trended back 

but not significantly to baseline after P3. With the loss of gained fat mass after P3, with 

only a trend back for PAI-1, this indicates other mechanisms outside of adiposity were 

involved. 

 

PAI-1 circulates in the plasma at low levels (5–50 ng/mL) and its main pool in platelets 

(approximately 300 ng/mL) (Booth et al., 1988). HSPG on the surface of endothelial cells 

and blood cells, are critical inhibitory regulators of platelets, maintaining them in their 

quiescent state (Vögtle et al., 2019). Hyperinsulinaemia decreases the amount of HSPG 

(Cooper, Brookler and Crofts, 2021). Hyperglycaemia upregulation of heparinase, 

(Maxhimer et al., 2005) proteolytically cleaves perlecan HSPG, releasing endorepellin the 

C-terminal fragment of HSPG. Endorepellin goes on to enhance collagen-mediated platelet 

activation via binding to integrin α2β1 (Bix et al., 2007). Renal sulphate wastage is 

increased via hyperinsulinaemia driven lowered vitamin D3 hydroxylation, activation, 

transport and adipocyte sequestration (Bolt et al., 2004; Cooper et al., 2020). Platelets 

remain quiescent when `’brushed” regularly by HSPG, maintaining healthy blood flow 

(Bye, Unsworth and Gibbins, 2016; Vögtle et al., 2019). Activation of platelets releases PAI-

1 into the plasma, increasing plasma PAI-1 concentrations and subsequent downstream 

signalling effects (Vögtle et al., 2019; Sillen and Declerck, 2021). Platelet activation further 

increases de novo PAI-1 synthesis (Brogren et al., 2011). Platelet activation is increased via 

increased PI3K, Akt and PKC intracellular signalling, all of which are increased by 

hyperinsulinaemia and more so when glucose uptake insulin resistance develops (Leitner 

et al., 1997; Bye, Unsworth and Gibbins, 2016; Hopkins et al., 2018). In 2016, CVD mortality 

accounted for about 17.8 million deaths worldwide, where ischemic heart disease (IHD) 

and stroke contributed to 87% (WHO, 2019). Disseminated intravascular coagulopathy 

(DIC) and thrombosis cause blockages of the blood flow to either the heart or brain 

resulting in insufficient blood supply, as well as increased atherosclerosis (Juhan-Vague et 

al., 2003). These processes are strongly associated with increased levels of PAI-1. NK may 

provide an effective strategy to reduce risk of DIC, thrombosis (WHO, 2018).  

https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-leading-causes-of-death
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Hyperinsulinaemia increases gene expression of and stabilises PAI-1. Semad et al., 

demonstrated insulin mediated increase in PAI-1 gene expression is through a different 

signalling pathway to insulin mediated glucose transport. Indicating in the 

hyperinsulinaemia insulin resistant state, where glucose tolerance declines, signalling by 

hyperinsulinaemia to upregulate PAI-1 gene expression is unimpeded, and regulated by a 

pathway that does not become insulin resistant, directly contributing to elevated PAI-1 

(Samad et al., 2000; Cooper et al., 2020).  

 

Previous research has shown that PAI-1 is involved in inflammation, insulin resistance, 

obesity, cancer, Alzheimers, diabetes, metabolic syndrome and CVD (Mahmood, 

Mihalcioiu and Rabbani, 2018; Sillen and Declerck, 2021; Nawaz and Siddiqui, 2022). PAI-

1 contributes to an inflammatory response via infiltration of immune cells, specifically 

macrophages, in adipose tissue (Sillen and Declerck, 2021). Adipocytes are a source of PAI-

1 (Alessi et al., 1997; Sillen and Declerck, 2021). Findings from research conducted on 

obese mice revealed that adipocytes are a notable source of PAI-1 (Sawdey and Loskutoff, 

1991; Sillen and Declerck, 2021). This evidence was later corroborated in human adipose 

tissue studies, emphasising the role of expanded adipose tissue in circulating PAI-1 levels 

(Alessi et al., 1997). The participants returned to their baseline mass with a concurrent loss 

of fat mass. Indicating the non-significant trend of PAI-1 returning to baseline from P2 to 

P3 was not associated with the significant loss of fat mass. As such, it may also be 

concluded that in these participants, the surge in PAI-1 during P2 was not due to enhanced 

adiposity. Potential explanations could be tethered to a prolonged interval in the 

downregulation of insulin-induced gene expression, or an extended duration required for 

optimising HSPG-mediated stimulation of platelet inactivity. 

 

A state of chronic inflammation, typical of conditions like obesity, T2DM, and MetS, is 

distinguished by the augmented expression of inflammatory adipokines, such as IL-6 and 

TNF-α (Ellulu et al., 2017). These adipokines are known to upregulate PAI-1 expression 

within adipose tissue (Pandey, Loskutoff and Samad, 2005). In this study’s data, however, 

there were no marked alterations in these inflammatory markers across the different 

phases. These observations may explain how the inflammatory cytokines, notably IL-6 and 
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TNF-α, did not precipitate PAI-1 increase from P1 to P2, suggesting that this increase was 

not caused by a surge in these cytokines.  

 

Elevated, dose dependent levels of PAI-1 are pro-tumourigenic, pro-angiogenic and anti-

apoptotic (Devy et al., 2002; Balsara and Ploplis, 2008). PAI-1 is one of the most highly 

induced proteins in metastatic invasive tumours and tumourigenesis process (Bajou et al., 

1998; Sillen and Declerck, 2021). PAI-1 binds to the low density lipoprotein receptor-

related protein 1 (LRP1) receptor, activating intracellular signalling cascades, modulating 

cell migration, such as mast cells in gliomas (Roy et al., 2015; Sillen and Declerck, 2021). 

PAI-1 is a highly reliable prognostic and biomarker in a host of cancers, including: breast 

(Harbeck et al., 2004; Leissner et al., 2006; Duffy et al., 2016; Jevrić et al., 2019; Sobocan 

et al., 2020), bladder (Becker et al., 2010; Chan et al., 2017), colon (Herszényi et al., 2008), 

gliomas (Iwadate et al., 2008; Roy et al., 2015), ovarian (Kuhn et al., 1999; Nakatsuka et 

al., 2017; Koensgen et al., 2018), non-small cell lung cancer (Ostheimer et al., 2018) and 

renal (Zubac et al., 2010) cancers. 

 

During P2, levels of insulin and IGF-1 were increased indicating a synergistic relationship 

between markers of insulin resistance, whereby higher levels of insulin, IGF-1 and PAI-1 

are seen in combination with low levels of BHB. However, PAI-1 levels did not show any 

significant changes upon returning to ketosis. Suppression of ketosis for 21 days produced 

significant changes in GGT, and PAI-1. Therefore, P2 in these participants may be 

associated with lipid peroxidation, oxidative stress, and inflammation.  

 

With ageing comes increased rates of chronic diseases. At the cellular microscopic level, 

cells express a senescence associated secretory profile (SASP), resulting in loss of cellular 

physiological function, arrested growth/division, and increased oxidative stress and ROS 

production. This SASP profile triggers paracrine and endocrine signalling domino effect, 

inducing more cells to adopt a SASP profile,  culminating in accelerated tissue, organ and 

systemic ageing (López-Otín et al., 2013). PAI-1 is seen to increase with age, furthermore, 

PAI-1 is a part of the SASP paracrine signalling pathway, inducing the SASP profile in 

neighbouring cells, therefore acting as both a marker and maker of cellular ageing and 

ageing related pathologies (Vaughan et al., 2017; Sillen and Declerck, 2021; Jiang et al., 
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2023). The data from this trial adds to the suggestion that reducing PAI-1 through adopting 

a ketogenic diet may have the potential to carry wide health benefits.  

 

6.8 Cytokines  

It is often posited that inflammation precedes hyperinsulinaemia, however, this study’s 

data does not support this. Where there was an observed increase in insulin and glucose, 

at the end of P2, CRP, interleukins and TNF-α remained unchanged. With no increase in 

CRP nor interleukin cytokines or TNF-α, indicating that inflammation by these molecules 

was not mediating the increased insulin levels that suppresses ketogenesis. There were, 

however, increases in growth factors VEGF, EGF and MCP which are discussed below.  

 

6.9 VEGF and EGF 

Following SuK (P2), there were significant increases in VEGF and EGF compared to baseline 

ketosis (P1) (Table 6; Figures 12A & B). This indicates that being in a state of ketosis does 

not over stimulate the production of these growth factors and chemokines, whereas being 

in a state of carbohydrate metabolism promotes their production. The concentration of 

these growth factors then trended back towards the baseline values after 21 days of 

returning to ketosis (P3). However, the concentrations were not significantly different 

compared to P2. This indicates that the relatively short period of carbohydrate fuelling is 

a sufficient time to elevate the concentrations of these growth factors in a way that cannot 

be fully recovered in 21 days after returning to ketosis.  

 

Pericytes are supportive cells which wrap around blood vessels, serving as multilineage 

progenitor cells and are essential for the development of new blood vessels (Ahmed and 

El-Badri, 2018). Insulin stimulates pericytes to increase their production of VEGF which in 

turn stimulates endothelial cells to grow and proliferate, facilitating angiogenesis 

(Escudero et al., 2017). The lower levels of insulin in the NK phases likely account for the 

lower levels of VEGF. Insulin and IGF-1 have been shown to promote the upregulation of 

VEGF or EGF (Hill and Milner, 1985; Steller, Delgado and Zou, 1995; Miele et al., 2000; Hale 

et al., 2013). EGF signalling is one of the key pathways involved in tumour development 
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(Ayati et al., 2020; Mabeta and Steenkamp, 2022). Ketogenic metabolic therapy (KMT) 

may aid in reducing the expression of EGF and VEGF. 

 

Considering this trial cohort is female, it is imperative to recognise the links between 

hyperinsulinaemia, metabolic health and breast cancer. Women with diabetes have been 

shown to exhibit poorer outcomes for breast cancer compared to their non-diabetic 

counterparts (Ahmed et al., 2023). Consistent with these findings, in vitro research has 

shown that treating cancer cells, particularly breast and pancreatic, with high glucose 

initiates molecular alterations such as phosphorylation of EGFR, which promotes their 

proliferation (Han et al., 2011; Flores-López et al., 2016; Hou et al., 2017). The implications 

of hyperglycaemia also extend to treatment outcomes, with heightened glucose levels 

during chemotherapy leading to increased chemoresistance in tumour cells (Zhao et al., 

2015). Beyond direct cellular growth effects, the hyperglycaemic state appears to 

compromise the body’s innate anti-tumour defences, notably by inhibiting neutrophil 

mobilisation, thereby granting tumour cells an immunological escape route and enhancing 

their metastatic capabilities (Fainsod-Levi et al., 2017).  

 

In cancer, the aberrant activation of the EGF pathway is characterised by upregulated 

downstream signalling cascades, including the PI3K/Akt/mTOR and the Ras/Raf/MEK/ERK 

pathways, both of which modulate processes such as cell proliferation, differentiation, and 

apoptosis evasion. In Glioblastoma for example, amplification or mutation of EGFR can 

result in constitutive activation of these signalling cascades, conferring a survival 

advantage to tumour cells.  Hyperinsulinaemia is a potent stimulator of the 

PI3K/Akt/mTOR pathway (Lopez et al., 2013; Noch et al., 2023), which is intricately linked 

to the mechanisms of both EGF and VEGF. High insulin levels, as seen in hyperinsulinaemia, 

increase VEGF production, leading to enhanced blood supply to growing tumours. This 

augmented vascular network can facilitate delivery of nutrients to the tumour, promoting 

its growth.  

 

SuK (P2) involved routine 3x a day feeding containing around 267 g of carbohydrate 

resulting in the occurrence of hyperglycaemic and hyperinsulinaemic excursions 

equivalent to 3 OGTTs per day for 21 days, totalling 63 OGTTs. These periodic increases in 
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glucose and consequent bolus insulin would not be captured in a fasting glucose/insulin 

test. This likely contributed to the upregulation of VEGF, EGF and PAI-1. 

 

6.10 MCP-1 

Following SuK (P2), MCP-1 expression significantly increased, returning to baseline 

following P3 (Table 6; Figure 12C). MCP-1 is a chemokine (also termed CCL2) involved in 

the recruitment of monocytes and produced by a range of cell types including 

monocytes/macrophages, epithelial, adipocytes, endothelial and smooth muscle cells 

(Deshmane et al., 2009), cells which express high levels of insulin receptors. Insulin has 

been shown to increase levels of MCP-1 in adipose tissue of both lean and obese 

individuals (Westerbacka et al., 2008). Thus, carbohydrate rich diets that suppress ketosis 

resulting in elevated insulin during P2 may help to explain the significantly increased levels 

of MCP-1. 

 

There are multiple lines of evidence from both human and murine studies which suggest 

that MCP-1 appears to be a key player in insulin resistance. MCP-1-deficiency ameliorates 

insulin resistance in mice via downregulation of ERK and p38 mitogen activated protein 

kinase (MAPK) phosphorylation in the liver (Nio et al., 2012). Moreover, MCP-1 has been 

shown to mediate skeletal muscle inflammation and localised insulin resistance in mouse 

muscle in T2DM models (Patsouris et al., 2014). Thus, NK may not only assist with 

regulating glycaemic control in T2DM, reducing insulin demand and exposure (Yuan et al., 

2020), but may help to ameliorate further MCP-1-mediated insulin resistance, further 

reducing insulin demand. 

 

The reduction in MCP-1 during the ketosis phases indicate one manner by which a 

ketogenic state may possess protective effects. Murine studies have shown that insulin 

can increase the expression of MCP-1 by adipocytes (Sartipy and Loskutoff, 2003), and 

stimulation of adipose tissue with MCP-1 can also induce dedifferentiation, which may 

contribute to the pathologies observed in obesity, such as cancer cell dedifferentiation 

which occurs in their malignant transformation (Sartipy and Loskutoff, 2003). Elevated 

levels of MCP-1 have also been indicated in the pathophysiology of many other diseases 
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inducing age-related macular degeneration (Du et al., 2016), allergic asthma (Gonzalo et 

al., 1998; Quoc et al., 2023), COVID-19 and CVD (Singh, Anshita and Ravichandiran, 2021). 

Thus, ketogenic diets may reduce pathological burden in these conditions through 

reducing MCP-1 levels. 

 

Hyperinsulinaemia often coexists with obesity, where adipose tissue is metabolically 

active, secreting adipokines and cytokines, including MCP-1. Adipocyte secreted MCP-1, 

transforms monocytes into activated macrophages, and attracts them to fat tissue (Kanda 

et al., 2006), further fuelling inflammation and release of additional MCP-1, inducing 

insulin resistance and contributing to tumourigenesis potential. In the early stages of 

hyperinsulinaemia induced weight gain, adipocytes undergo hypertrophy. If 

hyperinsulinaemia persists over time, it drives adipocytogenesis and hyperplasia, which 

bears similarities to neoplasia. Chronic adipocyte hyperplasia is strongly associated with 

increased rates of malignant neoplasms, likely due to the hormonal and metabolite 

signalling profile that upregulates growth and division pathways (Janssen and Street, 2021; 

Zhang et al., 2021). It is often claimed that obesity causes cancer, however, it can be seen 

that adipocyte hyperplasia and malignant neoplasia’s share an upstream root cause. 

Although, once obesity occurs, it may go from sharing the same effectors, to becoming an 

instigator itself. 

 

This cohort showed no significant changes in the interleukins, except for a decrease in IL-

1β from P2 to P3 (Table 6). IL-1β is a potent pro-inflammatory cytokine which becomes 

upregulated in response to pathogens and also in chronic disease (Kaneko et al., 2019). IL-

1β is a cytokine mainly produced by activated monocytes/macrophages (Lopez-Castejon 

and Brough, 2011). Elevation of IL-1β in P2 compared to P3 correlates with the increased 

expression of MCP-1 was observed in this phase. However, there was no observable 

increase in IL-1β after SuK P2 from P1, this may be because these participants were in an 

anti-inflammatory state (P1) that persisted during the early days of SuK, which may have 

buffered/slowed down any change during that time.   

 

Given VEGF, EGF and MCP-1 are often elevated in many cancers (Abdulla et al., 2021; 

Wang et al., 2022; Yang and Cao, 2022; Mulholland et al., 2023), KMT may be an effective 
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way to support the action of certain cancer therapies, along with using the glucose-ketone 

index (GKI) calculator to measure therapeutic efficacy in metabolic management of brain 

cancers and likely other cancers (Meidenbauer, Mukherjee and Seyfried, 2015). 

Furthermore, KMT may be an effective stand-alone therapy for cancer. There have, 

indeed, been various human studies indicating that a ketogenic diet is tolerable for 

individuals with cancer (Tan-Shalaby, 2017), but also effective in reducing tumour burden 

and symptomatic disease (Weber et al., 2020). Tumour cells are not well adapted to 

metabolising ketones, especially in the presence of abundant glucose, but instead 

predominantly depend on glucose for fuelling (Liberti and Locasale, 2016). Limiting glucose 

availability for tumours by adapting into ketosis may therefore create a metabolically 

unfavourable environment for tumour growth, whilst also reducing insulin and IGF-1’s 

growth and division stimulating signals (Draznin, 2010). The data presented here indicate 

that long-term ketosis is safe in healthy populations; well-designed clinical trials would 

elucidate the value of such an approach in cancer therapy. 

 

6.11 Hypoketonaemia, HOMA-IR and fasting insulin 

Throughout the KetoSAge study, participants maintained healthy fasting glucose levels in 

all phases, 4.36 mmol/L (± 0.53, P1), 5.12 mmol/L (± 0.59, P2) and 4.41 mmol/L (± 0.30, P3), 

which are considered extremely healthy (The Emerging Risk Factors Collaboration, 2011). 

HbA1c was not measured in this study, due to the three-phase blood sampling timing that 

would have resulted in prior blood sampling affecting subsequent next blood sampling 

results (P2 affected by P1, and P3 affected by P2). HbA1c is used to assess cumulative 

glucose exposure which glycates haemoglobin (HbA1c) in blood, this provides evidence of 

average blood glucose levels over the previous two to three months, which is the average 

half-life of red blood cells (Sherwani et al., 2016). The percentage glycation damage as a 

result of hyperglycaemia which is associated with increased risk for atherosclerosis, CVD, 

cerebrovascular disease, all-cause dementia (ACD) and AD. For example, in the AgeCoDe 

cohort study of 1,342 elderly individuals, a higher HbA1c level was found to be associated 

with an increased ACD and AD. Where an HbA1c ≥ 6.5% was associated with an increased 

risk of ACD by 2.8-fold (p = 0.027) and for AD (p = 0.047). There was an associated 5-fold 

increased risk of incident ACD (p = 0.001) and a 4.7-fold increased risk of AD (p = 0.004) 
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with HbA1c levels ≥ 7% (Ramirez et al., 2015). However, hyperinsulinaemia has been 

shown to precede hyperglycaemia by up to 24 years (Crofts et al., 2016). There is, 

therefore, a weakness when relying on HbA1c to detect earlier disease risk, in that there 

is a sub-clinical phase (occult stage) during which a healthy HbA1c value is seen. This is due 

to an increased insulin concentration that is reducing plasma glucose, whilst the elevated 

basal insulin is still having its non-glucose related signalling effects, such as increasing PI3K 

and MAPK signalling for growth and division (Goalstone and Draznin, 1998; M L Goalstone 

et al., 1998; Draznin, 2010, 2011), and increasing ceramide production that increases 

mitochondrial reaction oxygen species generation, and therefore increasing oxidative 

stress in the system (Smith et al., 2013; Hansen et al., 2014; Hodson, Tippetts and Bikman, 

2015).  

 

An example of how a reduced HbA1c, due to more insulin exposure can turn out to be less 

positive for health, is found in the ACCORD group randomised controlled trial (RCT) study 

of 10,251 patients, mean age 63 years who had an 8.1% median HbA1c. All participants 

were already on exogenous insulin. Half of the group was randomised to a more tailored 

intensive insulin therapy regimen to achieve a lowering of their HbA1c to 6%, whilst the 

other group was to follow their standard insulin therapy to target a value of 7.0 - 7.9%. 

The three primary outcomes measured in this RCT were non-fatal stroke, non-fatal 

myocardial infarction, and CVD death. This trial was stopped after 3.5 years due to ethical 

reasons, as the intervention group receiving the intensive insulin therapy (more insulin) in 

order to lower their HbA1c a greater amount, had a significantly higher mortality rate 

(Veech et al., 2017). Whilst successfully lowing their HbA1c with more insulin, there was 

an increase in deaths, indicating that relying on a lower HbA1c may lead physicians and 

patients into a false sense of security whilst patients are actually being exposed to greater 

insulin levels and thus, its subsequent potential harms (Draznin, 2011; Hansen et al., 2014; 

Cooper et al., 2020; Ahmed et al., 2023; Cooper, Kyriakidou, Petagine, et al., 2023; Zhou 

et al., 2023). 

 

HOMA-IR is recognised as a diagnostic marker for insulin resistance, where a higher 

concentration of fasting insulin to maintain a low fasting glucose results in a higher HOMA-

IR value (Yang et al., 2023). Insulin resistance is generally accepted as having a 
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HOMA- IR > 2 (Paoli et al., 2013; Gershuni, Yan and Medici, 2018; Cooper, Sanchez-Pizarro, 

Norwitz, et al., 2023), whilst hyperinsulinaemia is considered where fasting plasma insulin 

is > 28.8 uIU/mL [8,9,22,36]. The participants’ group mean of fasting insulin levels was 

9.06 uIU/mL (± 2.13) after 21 days of suppressing ketosis, with the highest individual 

fasting insulin measuring at 11.92 uIU/mL. However, HOMA-IR was able to detect a 

significant change, where in both NK phases, the participants’ HOMA-IR were at the very 

healthy levels of 0.97 (± 0.32, P1) and 1.11 (± 0.41, P3). Conversely, suppressing ketosis 

managed to significantly double their mean HOMA-IR to 2.07 (± 0.61, P2), bringing it into 

the beginning range of insulin resistance, with one participant having a HOMA-IR > 3 after 

suppressing ketosis for 21 days. All participants’ HOMA-IR values returned to their healthy 

baseline values with only 21 days of returning to NK by removing the intervention to SuK 

via ingestion of carbohydrates. Given HOMA-IRs strong association and even predictive 

value in chronic disease risk, it would be of high value to understand how lifestyle may 

modulate this marker index measured alongside other biomarkers strongly associated 

with disease risk, such as gamma-glutamyl transferase (GGT), insulin like growth factor-1 

(IGF-1) and monocyte chemotactic protein 1 (MCP-1) and ageing to provide further 

confidence and resolution in diagnostics and more accurately phenotyping/categorising 

patients in studies (Cooper, Kyriakidou, Edwards, et al., 2023). 

 

In a cross-sectional analysis study of 12,266 participants from the NHANES data, a positive 

correlation was found between participants’ HOMA-IR levels and their BA in US adults 

(Yang et al., 2023). A prospective cohort study of 3,741 asymptomatic employees of 

Santander Bank in Madrid, aged between 40-55 years at recruitment, with no known CVD, 

investigated the relationship between early insulin resistance as measured using the 

HOMA-IR index in normoglycaemic individuals assumed to be at low risk of 

atherosclerosis, in addition to the effect of cardiovascular risk factors in individuals with 

normal HbA1c. The presence and progression of sub-clinical atherosclerosis (SA) was 

assessed using non-invasive vascular imaging modalities, multiterritorial vascular 

ultrasound and coronary arterial calcification (CAC) scans (Iglesies-Grau et al., 2023). The 

study found HOMA-IR had a direct association with the multiterritorial extent of SA and 

CACs (p < 0.001). 85.1% of the reference group (HOMA-IR < 2) were free of coronary artery 

calcium (14% had a CACS of > 0). This proportion of participants with CAC increased as 
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insulin resistance increased, with a HOMA-IR = 2 to 3 the proportion increased to 25.6%, 

and with a HOMA-IR > 3 the proportion increased further to 39.3%. A bibliometric study 

of 1,500 publications found HOMA-IR/insulin resistance strongly associated with cerebral 

small vessel disease, ischemic stroke incidence, post-stroke depression and early 

neurological deterioration in patients who suffered stroke (Zhou et al., 2023).  

 

The 21 days of suppressing ketosis resulted in hypoketonaemia, due to insulin’s 

suppressive control of ketogenesis (Newman and Verdin, 2017). Whereas P1 and P3 were 

typified by euketonaemia along with healthy low insulin and HOMA-IR values. As this 

cohort was exclusively female, it is imperative to recognise the links between 

hyperinsulinaemia, metabolic health, and breast cancer (WHO, 2019; Ahmed et al., 2023). 

In a retrospective case-control study, 80 non-diabetic patients with pre-menopausal and 

post-menopausal breast tumours were compared to 60 women with normal 

mammography’s as a control. Hyperinsulinaemia and insulin resistance/HOMA-IR have 

been found to be associated with an increased risk of breast cancer in non-diabetic 

(normoglycaemic) women. Whilst hyperinsulinaemia determined by a fasting insulin levels 

> 28 uIU/mL, may proceed hyperglycaemia for up to 24 years (Crofts et al., 2015; Cooper 

et al., 2020, 2021; Cooper, Kyriakidou, Edwards, et al., 2023; Cooper, Kyriakidou, Petagine, 

et al., 2023), early sub-clinical (occult) hyperinsulinaemia may be considered when there 

is chronic hypoketonaemia measured between 4-6 p.m. for at least three consecutive days 

(a longer duration would increase confidence), as this time of day would reduce the false 

positive test result coming from waking up with nutritional ketosis levels (> 3 mmol/L) due 

to an overnight fast (Cooper, Kyriakidou, Edwards, et al., 2023; Cooper, Sanchez-Pizarro, 

Norwitz, et al., 2023).  

 

In this KetoSAge trial, the chronic suppression of ketosis (P2) intervention resulted in 

significantly increased fasting insulin levels that would still be considered healthy values, 

and significantly increased HOMA-IR values into the insulin resistant range. The participant 

data show that long term NK maintains and reduces HOMA-IR to very healthy levels, 

adding to existing evidence that sustaining a lifestyle that promotes ketosis (minimising 

insulin demand and secretion), is an effective modality in preventing insulin resistance and 

its associated diseases including cancer, CVD, dementia, T2DM and earlier biological 
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ageing (Paoli et al., 2013; Crofts et al., 2015; Gershuni, Yan and Medici, 2018; Janssen and 

Street, 2021; Cooper, Kyriakidou, Edwards, et al., 2023; Yang et al., 2023). It was very 

reassuring to see that the participants’ HOMA-IR levels returned to their baseline mean 

value 1.11 (± 0.41, P3) after the removal of carbohydrates returning to sustained NK, 

indicating that restricting carbohydrates is a viable and practical method to reduce risk of 

insulin resistance related morbidities known to affect healthspan and lifespan. 

Additionally, the data indicates that the effect of suppressing ketosis, for 21 days, on 

HOMA-IR days can be reversed by a subsequent period of sustained NK, in individuals who 

habitually maintain a ketogenic supportive lifestyle. 

  

6.12 Osteocalcin 

Human OCN has a molecular weight of 5 kDa, 49 amino acids long and is the tenth most 

abundant protein in the body (Hauschka et al., 1989), and has been shown to have an 

endocrine function in glucose homeostasis, insulin sensitivity, neurogenesis, cognitive 

health and mitochondrial biogenesis (Ferron and Lacombe, 2014; Mizokami et al., 2016; 

Puig et al., 2016; Nakamura, Imaoka and Takeda, 2020; Cooper, Brookler and Crofts, 2021; 

Wang, Mazur and Wein, 2021). The majority of OCN is synthesised by osteoblasts and 

osteocytes in the bone. The carboxylated form (cOCN) is both deposited into the bone and 

released into the system by the osteoblasts and osteocytes. unOCN is synthesised and 

released into the circulation by osteoblasts and osteocytes, as well as resorbed from the 

bone by osteoclasts  (Cooper, Brookler and Crofts, 2021). cOCN is required for the correct 

alignment of hydroxyapatite (HA) which confers bone its torsion and tensile ductility, 

giving it resistance to fragility fractures which is not captured via bone mineral density 

(BMD) assessment (Dede et al., 2014; Cooper, Brookler and Crofts, 2021).  

 

In the KetoSAge trial, all forms of osteocalcin (tOCN, cOCN and unOCN) significantly 

increased after 21 days of suppressing ketosis and then decreased back to baseline with 

the return to ketosis. Interestingly, OCN is synthesised and secreted from adipocytes only 

during adipogenesis (Foresta et al., 2010). Weight gain as fat mass occurred during the 21 

days intervention phase (P2) to suppress ketosis via re-introduction of dietary 

carbohydrates following the SUK Eatwell Guideline recommendations (data previously 
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published in (Cooper, Kyriakidou, Edwards, et al., 2023)). This may explain the increase in 

all forms of OCN.   

 

tOCN, cOCN and unOCN increased from P1 to P2 in all but one participant (ID: 1091). From 

P2 to P3, tOCN and cOCN decreased in all but one participant, which was the same 

individual (ID: 1091). Upon further investigation, participant ID: 1091 regularly reported 

consuming beef bone broth during P1 and P3. Since OCN is the second most abundant 

protein in bone, it is plausible that this broth may have served as an exogenous source of 

OCN, thus explaining the increase (Mizokami et al., 2016). Removal of their data in unOCN 

analysis results in a significant decrease from P2, 4,691.87 pg/mL (± 3,751.66 pg/mL) to 

P3, 1,873.10 pg/mL (± 1,173.00 pg/mL; p = 0.0489). Further investigation into exposure of 

exogenous OCN from foodstuffs is therefore warranted. 

 

An increased HOMA-IR increases coronary atherosclerosis risk, insulin resistance has a 

sub-clinical occult phase potentially detectable via repeated consecutive days blood 

ketosis and glucose testing (between 4-6 p.m.), where a capillary BHB value < 0.3 mmol/L 

would indicate hypoketonaemia due to occult hyperinsulinaemia. Endothelial progenitor 

cells (EPC) which aid in the repair of the vasculature, may also come with vascular 

calcification as they have been shown to express OCN genes in insulin resistant chronic 

disease conditions such as atherosclerosis (Iglesies-Grau et al., 2023). EPCs from 72 

patients with coronary atherosclerosis undergoing invasive coronary assessment have 

been shown to express OCN genes indicating epigenetic osteogenic transformation (Gössl 

et al., 2008). Other studies of patients with hyperinsulinaemia conditions, such as in CVD 

and chronic kidney disease, have detected vascular smooth muscle cell osteogenic 

differentiation and aortic valve tissue having increased expression of sclerostin (Zhu et al., 

2011; Brandenburg et al., 2013; De Maré, D’haese and Verhulst, 2020; Tyson et al., 2020; 

Cooper, Brookler and Crofts, 2021), corroborating the relationship between chronic 

increased insulin exposure altering gene expression to the osteogenic profile.  

 

Interestingly, in a study of 2,493 individuals with MetS, plasma OCN levels were found to 

be inversely correlated with HOMA-IR, fasting insulin and glucose, leptin, and BMI 

(p < 0.0010 for each biomarker) (Saleem, Mosley and Kullo, 2010). Interestingly, OCN is 
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found to be lower in obese (Bao et al., 2013; Yaylali et al., 2019) and T2DM people, such 

as seen in a correlation analysis of 204 patients with T2DM, an inverse relationship 

between OCN and HOMA-IR was found (Yaylali et al., 2019; Lei et al., 2022). With this 

information, it would be easy to then make the assumption that a higher level of OCN 

would therefore be better. However, the KetoSAge trial shows an opposite pattern, where 

P1 and P3 had the healthiest low HOMA-IR values, and significantly lower OCN (all forms) 

relative to P2. Indicating OCN is positively associated with HOMA-IR in this cohort. 

Furthermore, as BMI and fat mass increased in P2 (Cooper, Kyriakidou, Edwards, et al., 

2023), so too did all forms of OCN in the present study. In corroboration with Ferron’s 

work (Ferron, 2018), OCN increases in P2 where insulin also increases, indicating a 

potential relationship of OCN increasing insulin secretion. However, this trial does not 

corroborate an increase in sensitising glucose uptake, given P2 came with a significant 

increase in fasting blood glucose, although the mean value was still in a healthy range. It 

is possible that OCN was rescuing the situation, meaning if OCN did not increase, perhaps 

there would have been a greater increase in glycaemia and trend towards IR. OCN patterns 

in MP1 individuals may behave much like free triiodothyronine (T3), where T3 demand 

increases as mitochondrial reactive oxygen species increases, causing oxidative damage to 

mitochondrial (mt) oxidative phosphorylation (OXPHOS) proteins, and resulting in 

increased demand of T3 to upregulate synthesis of mtOXPHOS electron transport chain 

proteins. Furthermore, like the pattern seen in the prior work (Cooper, Kyriakidou, 

Edwards, et al., 2023; Cooper, Sanchez-Pizarro, Norwitz, et al., 2023), a lower T3 can be 

observed when in long-term ketosis and an increase in T3 after 21 days of suppressing 

ketosis, likely indicating an increased T3 sensitivity and decreased demand, which may be 

a similar case with OCN. If we assume in a healthy setting OCN would be synthesised and 

deposited into the bone, and only a low dose of OCN is steadily released into the 

circulation, therefore the bone OCN deposition would confer a healthier bone tensile 

strength, and there may be a  potential greater sensitivity to the OCN that is in the 

circulation (Cooper, Kyriakidou, Edwards, et al., 2023; Cooper, Sanchez-Pizarro, Norwitz, 

et al., 2023).  

 

OCN has been shown to stimulate GLP-1 synthesis (Mizokami et al., 2013). A pattern that 

was not corroborated in this trial. However, there may be a difference between 
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endogenous versus oral exposure to OCN. It is interesting that as OCN significantly 

increased in P2, GLP-1 conversely decreased, which is an opposite trend to other 

experiments showing OCN activating GLP-1 synthesis (Mizokami et al., 2013, 2020). 

Research into human physiology often investigates pathology and tries to reverse 

engineer the relationships, or very often uses a control group labelled as the “healthy” 

group, where in actual fact they are the “common” group and not necessarily a group 

reflecting human evolutionary phenotypic living which is likely to be in a state of ketosis 

for a majority of each 24-hour day (Ben-Dor et al., 2011; Cooper et al., 2021; Cooper, 

Kyriakidou, Petagine, et al., 2023). This would result in a metabolic signature that is 

different to non-pathology presenting long-term suppressed ketosis metabolic phenotype 

2 (MP2) people (Cooper et al., 2021). A low OCN concentration in healthy long-term 

ketosis should not be confused with a low OCN level as seen in obesity, T2DM, CVD and 

AD, where these cohorts are also seen to have higher rates of fragility fractures with 

normal to high bone mineral density. This indicates poor bone health with hyper 

mineralisation as a form of osteocyte fossilisation, rendering them unable to thrive nor 

survive, nor produce the necessary OCN not only for the alignment of HA to confer bone 

tensile strength, but to also release into the circulation to play its part in healthy metabolic 

homeodynamic regulation (Cooper, Brookler and Crofts, 2021). In this context, a low 

plasma OCN concentration is indicative of pathology. It is therefore clear that clinicians 

and researchers need to be aware of understanding biomarkers within the metabolic 

phenotype profile of each individual, so as not to misdiagnose/categorise according to a 

single marker out of the patient’s metabolic context.  

 

6.13 Leptin increases with chronic suppression of ketosis, a risk of hyperleptinaemia 

Leptin is an adipokine, synthesised and secreted by white adipocytes, which has a 24-hour 

circadian rhythm (Boden et al., 1997) and may be a more sensitive marker for 

hyperinsulinaemia than BMI. In a study of 119 normal-weight 18 to 24 year old 

participants, with a BMI < 25,  found fasting leptin levels were significantly associated with 

fasting insulin (β ± SE = 0.30 ± 0.06, p < 0.001) and HOMA-IR (β ± SE = 0.41 ± 0.20, p < 

0.001) (Kempf et al., 2006). These relationships were independent of age, gender and total 

body fat, indicating that although leptin increases with obesity, it may be, that which 
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causes obesity or excess body fat, which can exist in normal BMI individuals often termed 

TOFI (thin on the outside, fat on the inside) (Ruderman, Schneider and Berchtold, 1981; 

Pluta, Dudzińska and Lubkowska, 2022), also causes the hyperleptinaemia and 

hyperinsulinaemia. These share a common root cause, and therefore, explaining why it 

can be seen, leptin and insulin rising where obesity may not, or may rise later on, meaning 

obesity was not the first mover in causing the rises in these biomarkers associated with 

chronic metabolic diseases. Chronic excess insulin is the likely root cause, since insulin is 

so intrinsically linked to the regulation of leptin, and that excess may not be captured by 

a fasting insulin nor an oral glucose tolerance test (OGTT). Insulin tightly regulates 

ketogenesis, therefore many consecutive days of BHB testing between 4-6 p.m., acts as a 

proxy to understanding individual hyperinsulinaemia, if we accept hyperinsulinaemia to 

mean “more than is ideal for optimal health” for an individual (Veech, 2004; Newman and 

Verdin, 2017). The KetoSAge participants’ leptin levels were healthily low in their natural 

habitual ketosis states, at levels classified/categorised as the healthiest, in terms of CVD 

risk (Reilly et al., 2004). With the 21 days suppression of ketosis, which resulted in a 

significant increase in fasting insulin, there was a significant increase in fasting leptin too, 

to levels that re-classify into less healthy ranges associated with poorer health 

outcome (Reilly et al., 2004). Returning to ketosis showed a complete return to baseline 

levels, indicating how responsive leptin is to dietary carbohydrate-stimulated insulin 

secretion, in long-term habitually keto-adapted females. 

 

The KetoSAge trial participants’ weight and fat mass did increase significantly after 21 days 

of SuK, however, their BMI stayed well within the healthy range. This corroborates the 

understanding that although BMI is a good tool to investigate disease risk, there are 

subsets of people with sub-clinical (occult) conditions that are being pooled into research 

which decreases accurate reflection of physiology and pathophysiology in trial findings 

and in data analysis. A BMI < 25 kg/m2 is considered healthy, however, there are a subset 

of people with normal BMI who have metabolic disease and even those with 

BMI > 25 kg/m2 may have occult hyperinsulinaemia for many years when their BMI was 

< 25 kg/m2 (Ruderman, Schneider and Berchtold, 1981; Ruderman et al., 1998; Zdrojewicz 

et al., 2017; Ghosh et al., 2019; Pluta, Dudzińska and Lubkowska, 2022). Boden et al. 

showed using a 72-hour euglycaemia-hyperinsulinaemia and hyperglycaemic clamp, that 
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prolonged hyperinsulinaemia and not hyperglycaemia increased serum leptin in 28 

healthy normal weight males. Furthermore, those high levels of free fatty acids also did 

not affect leptin release (Boden et al., 1997). Whilst this trial intervention to SuK for 21 

days resulted in these significant changes, it is thought provoking to consider if it had 

lasted months if not years. 

 

Higher levels of leptin have been shown to be associated with increased frailty in older 

adults. Fragility fracture rate increases with hyperinsulinaemia (Cooper, Brookler and 

Crofts, 2021), which is also associated with ageing given the “chronic” in chronic-elevated 

insulin indicates a long duration of time exposure, which chronological age reflects. In an 

investigation between leptin levels and incident frailty in 1,573 individuals from the 

Seniors-ENRICA cohort, aged ≥ 60 years and without T2DM (Lana et al., 2017), those with 

leptin levels in the highest tertile, had a significantly increased risk of frailty (odds ratio 

[OR]: 2.12; 95% confidence interval [CI]: 1.47-3.06; p-trend < 0.001). In a multivariate 

linear regression analysis, leptin levels were shown to be positively associated with insulin 

resistance in 398 middle-aged and elderly Taiwanese individuals (β = 0.226, p < 0.01) (Shih 

et al., 2022). Leptin has also been shown to be positively associated with atherosclerosis 

assessed by CAC in a cross-sectional study in 200 participants, age between 35-75 years 

with T2DM (which is hyperinsulinaemia with hyperglycaemia, with over insulin resistance) 

(Reilly et al., 2004). Given the HOMA-IR and progression of early SA-CNIC-Santander study 

(NCT01410318) showed a significant increased risk of SA with increase in HOMA-IR, the 

KetoSAge trial provides us with valuable information on increasing our knowledge about 

how to maintain or modulate these biomarkers associated with one of the global leading 

causes of chronic disease mortality, CVD (Iglesies-Grau et al., 2023). The KetoSAge trial 

showed lower leptin levels during ketosis coupled with very low HOMA-IR (no insulin 

resistance), and suppression of ketosis increased leptin in lockstep with increasing insulin 

resistance. The removal of dietary farinaceous carbohydrates to no longer stimulate and 

increased insulin demand repeatedly, showed how responsive these chronic disease 

biomarkers are to ketosis, the metabolic state that throughout history humans likely spent 

most of their time in. 
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6.14 Cortisol and serotonin 

The steroid glucocorticoid hormone cortisol is mainly synthesised in the adrenal cortex by 

the zona fasciculata, and to a much lesser degree by the thymus, brain, intestine and skin 

(Stalder and Kirschbaum, 2020). Further, cortisol is involved in the regulation of 

gluconeogenesis, and is often considered the stress response or related hormone (Yan et 

al., 2016). In 919 participants aged 60-75 years, from the Edinburgh Type 2 Diabetes 

prospective study, elevated fasting plasma cortisol was positively associated with 

increased ischaemic heart disease (Reynolds et al., 2010). The univariate analysis found an 

associated increased odds of ischaemic heart disease with cortisol concentrations 

> 800 nmol/L (290 ng/mL). The standard reference range for cortisol in plasma is 

33- 246 ng/mL (Kushnir et al., 2004). The KetoSAge cohorts mean fasting serum cortisol 

levels were within healthy ranges in all phases of the trial, with both ketosis phases mean 

concentrations of 126.20 ng/mL (± 52.67, P1) (348.13 nmol/L) and 131.90 ng/mL (± 52.18, 

P3) (363.90 nmol/L), and after 21 days of SuK (P2) 112.70 ng/mL (± 58.46, P2) 

(310.90 nmol/L). It has been suggested that chronic gluconeogenesis can induce a “fight 

or flight” emergency survival process, resulting in chronic elevated cortisol secretion (Seal 

and Turner, 2021). Interestingly, although there were no significant changes in cortisol in 

the KetoSAge trial, the overall healthy low levels of cortisol should be noted, which 

indicate ketosis via carbohydrate restriction with subsequent reliance on gluconeogenesis 

for a long period of time, does not appear to result in hypercortisolaemia. Further, as the 

KetoSAge participants were on average, in long-term ketosis for 3.9 years, their plasma 

glucose source was predominantly from gluconeogenesis, despite perfectly healthy 

cortisol levels. Together, these data strongly negate claims that long-term ketosis 

gluconeogenesis is a fight or flight emergency survival process. 

 

OCN has been shown to modulate insulin sensitivity and secretion via stimulating β-cell 

serotonin synthesis and secretion, to modulate pancreatic islet α cells (Cooper et al., 2021; 

Cooper, Brookler and Crofts, 2021), however, this modulation of serotonin may be 

intracellular, and its secretory actions act in a paracrine manor within the pancreas and 

thus be undetectable in the blood stream. No significant changes in peripheral vascular 

plasma serotonin were seen in the KetoSAge trial.  
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5.15 GLP-1 

The current “blockbuster” drugs on the market for diabetes and weight loss are classed as 

GLP-1 agonists. These participants in long-term NK, showed significantly higher levels of 

GLP-1, whilst suppressing ketosis significantly decreased GLP-1. Lifestyle practices that 

stimulate chronic excess insulin demand and secretion results in lower GLP-1 levels and 

therefore less GLP-1 receptor (GLP-1R) activation, which is associated with increased 

insulin resistance, obesity and T2DM (Popoviciu et al., 2023). Interestingly, in a competing 

risk regression analysis of 462 incident first cancer cases with 2,417 controls, it was found 

that a higher fasting GLP-1 level was significantly associated with a lower risk of incident 

first cancer (sub-hazard ratio 0.90; 95% CI 0.82–0.99; p = 0.022) (Jujić et al., 2023). 

 

GLP-1 is excreted primarily by ileo-colonic (L) enteroendocrine cells in the distal small 

bowel and colon (Drucker, 2006). Interestingly, GLP-1 stimulates proinsulin gene 

expression resulting in activating the replenishment of insulin stores (Drucker et al., 1987). 

GLP-1 activates GLP-1R on pancreatic islet α cells, inhibiting glucagon secretion resulting 

in a lowering of plasma glucose independent of insulin (Kreymann et al., 1987; 

Ramracheya et al., 2018). It was not possible to measure glucagon in these participants’ 

samples due to low sensitivity of the assays trialled and potentially as a result of glucagon’s 

rapid degradation ex vivo (Albrechtsen et al., 2015). However, fasting glucose and insulin 

were both significantly lower in both NK phases along with significantly higher 

concentration of GLP-1, whilst fasting glucose was significantly higher during P2 

suppression of ketosis with significantly lower GLP-1 levels and higher fasting insulin. This 

suggests the lower fasting glucose levels during both NK phases, were likely due to GLP-1 

lowering of glucagon thus resulting in a lower fasting glucose, independent of insulin, and 

subsequently the NK phases having lower fasting insulin values. GLP-1 is an incretin, 

however, it enhances insulin secretion in a glucose-dependent manor (Ebou et al., 2016). 

Participants’ low HOMA-IR values in both NK phases, were half that of when suppressing 

ketosis (P2), meaning they had significantly greater insulin sensitivity when in ketosis, 

which would mean less basal insulin would be required to “do the job” of regulating 

plasma glucose, if one were to ascribe this as the primary role of insulin. However, in the 

long-term NK state, basal insulin’s primary role is not likely to be the regulation of plasma 

glucose, and may instead be the regulation of fat oxidation and ketogenesis, as well as 
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modulating hormones and growth factors (Cooper, Kyriakidou, Edwards, et al., 2023; 

Cooper, Kyriakidou, Petagine, et al., 2023), whilst GLP-1 may be regulating basal glucose 

levels via glucagon. 

 

OCN, more specifically the uncarboxylated form unOCN, stimulates GLP-1 synthesis via the 

promiscuous GPRC6A receptor (Pi, Nishimoto and Quarles, 2017). However, the KetoSAge 

participants had lower OCN (all forms) in both NK phases with higher GLP-1, indicating the 

elevated GLP-1 was not likely due to endogenous OCN action. As the incretin effect of GLP-

1 is glucose dependent, therefore elevated basal GLP-1 in long standing euketonaemia is 

likely acting on its none incretin actions, such as the slowing of gastric emptying (Müller et 

al., 2019). This may aid in increasing nutrient uptake during food scarcity periods, or when 

only consuming one meal a day, then maximal nutrient absorption would be beneficial. 

The slowing of gastric emptying may assist in extending the time provided for intestinal 

processing and maximising absorption of nutrients from the acidic chyme. This may 

explain an evolutionary purpose of elevated basal GLP-1 levels in humans who likely spent 

a great amount of time in ketosis and thus not exposed to dietary farinaceous nor sucrose 

rich foods that would trigger bolus GLP-1 secretion.  

 

Euketonaemia is achievable without fasting, through carbohydrate restriction which 

results in a fasting mimicking state. Palmitic-acid-9-hydroxy-stearic-acid (9-PAHSA), a 

branched fatty acid ester of hydroxy fatty acids (FAHFAs), stimulates GLP-1 secretion. 

9- PAHSA is endogenously synthesised and regulated by a fasting state (euketonaemia/NK) 

and dietary saturated fatty acid consumption (Yore et al., 2014). Insulin resistant people 

have lower levels of 9-PAHSA in their serum and adipose tissue, and serum 9-PAHSA levels 

are significantly correlated to insulin sensitivity shown in humans assessed via euglycaemic 

clamp (Yore et al., 2014). FAHFAs are found in the fat of ruminant meat, milk, eggs, fish 

(Manful et al., 2022; An et al., 2023), and breast milk; although lower in the breast milk of 

obese lactating mothers (Brezinova et al., 2018). Interestingly, omnivores have 

significantly higher Older serum levels of FAHFA than vegetarians/vegans, and in a 1-week 

over-feeding study in 15 lean males with BMI < 27, the consumption of saturated fatty 

acids from whipping cream was shown to increase serum FAFHA (Ott et al., 2018; Kellerer 

et al., 2021). All of these foods are common in many ketosis-supportive lifestyles.  
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The stimulation of basal GLP-1 secretion has been mainly studied in people in suppressed 

ketosis (hypoketonaemia) states, who are in lean and overweight categories, or in 

pathology. It is arguable that stimulators of basal GLP-1 secretion should be studied in 

healthy long term sustained NK (euketonaemia) individuals, who may better reflect the 

metabolic state that humans likely evolved in, where they would have had less frequent 

meals, with only seasonally available low farinaceous carbohydrate availability, and thus 

would have been naturally in ketosis for a greater number of hours in their 24-hour day 

and overall year (Rollo et al., 2002; Ben-Dor, Sirtoli and Barkai, 2021; Cooper, Brookler and 

Crofts, 2021; Cooper, Kyriakidou, Edwards, et al., 2023; Cooper, Kyriakidou, Petagine, et 

al., 2023).  

 

Trials administering oral glucose to hypoketonaemic participants have shown dietary 

glucose causing bolus associated GLP-1 secretion (Kreymann et al., 1987). During the NK 

phases of the KetoSAge trial, participants were not consuming enough carbohydrates to 

cause the suppression of ketosis, whilst they were consuming 267 g of carbohydrate 

spread over three meals a day during phase 2, to suppress ketosis. As it can be seen, basal 

GLP-1 was significantly higher in the two phases with the least dietary glucose exposure, 

whilst after the participants had followed the SUK dietary guidelines to habitually consume 

the equivalent of three OGTTs worth of glucose for 21 days straight, which would be 

equivalent to 63 OGTTs, the KetoSAge participants’ mean basal fasting GLP-1 levels were 

significantly lower, with higher fasting glucose and insulin. This could be explained by 

increased GLP-1 clearance in a hypoketonaemia state, via increased DDP-4 enzymatic 

breakdown or increased renal clearance. Alternatively, euketonaemia may decrease 

DDP- 4 activity, thus reducing GLP-1 clearance. This warrants further investigation.  

 

Given the “blockbuster” drugs for the current treatment for T2DM and are now used for 

the treatment of obesity to induce weight loss are GLP-1R agonists (Fareed and Hussain, 

2023), it would be beneficial to understand the physiological role of basal GLP-1 in healthy 

humans in a metabolic state reflective of how we evolved, namely euketonaemia MP1. 

The fasted mimicking state euketonaemia effectuates weight normalisation, shown to 

bring back weight homeostasis, meaning the overweight will lose weight and the 

underweight will return to a healthier weight, whilst resolving many metabolic and 
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neurological health conditions in the process (Hallberg et al., 2018; Athinarayanan et al., 

2019; Norwitz, Hu and Clarke, 2019; Kelly, Unwin and Finucane, 2020; Danan et al., 2022; 

Norwitz et al., 2023).  

 

6.16 Strengths and Limitations 

This study is the first investigating a non-athletic, healthy pre-menopausal female 

population living in a long-term (> 1 year, group average of 3.9 years) habitual ketosis 

lifestyle for more than 80% of their year. These participants were not on hormonal birth 

control, making this cohorts data more reflective of natural responses in a female 

population, without being timed to menstrual cycles. This study was also culturally and 

ethnically diverse, whereby participants followed their own lifestyle and food preferences. 

However, the participants were controlled (via photos and daily dietary diary) for each 

meal throughout the day during the 9-week experimental period. Extensive nutritional 

instructions/guidance (e.g., reminders to follow the SUK dietary recommendations during 

the SuK phase) were also given to each participant.  

 

Another strength of this study was participant adherence and compliance, as participants 

recorded and photographed daily capillary measurements (glucose and BHB) for a 6-

months pre-trial, and throughout the experimental period (9 weeks) 4 times per day. The 

use of standardised procedures, including laboratory visit, blood sampling time and testing 

measurements is another strength of this study. The combination of anthropometric and 

metabolic indices as well as various biomarkers and OGTT assessments provides further 

knowledge of the underlying metabolic responses of hyperinsulinaemia, and subsequently 

on potential healthspan/lifespan. Participants maintained a similar level of activity 

throughout the study period. Finally, all the main results withstood a p-value correction, 

indicating this study was fully powered. 

 

On the other hand, variations of findings between studies may occur due to the study 

population (e.g., females vs males); female participants may respond differently to male 

cohorts, due to hormonal changes. In addition to this, training status of the participants 

(trained vs untrained) (Volek et al., 2015; Kyriakidou et al., 2021) or the duration of the 
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study protocol may play a role (Jansen et al., 2022). Further work on metabolic health 

between different age groups (e.g., young vs elderly population) and in healthy individuals 

in NK (as controls) vs people with pathologies (i.e., cancer, T2D or elderly population with 

ageing-associated diseases, such as sarcopenia) in larger cohorts is also needed. Future 

investigations should also conduct in depth profiling analysis using RNA sequencing, 

proteomics, and metabolomics in response to hyperinsulinaemia.  

 

Being a study on a wide range of physiological biomarkers (with different intrinsic 

magnitudes of variance) it is expected to have a large variability of p-values. It should be 

highlighted that while only insulin and IGF were used to calculate the sample size, most 

biomarkers showed statistical significance clearly below a multiple comparisons corrected 

p-value. Therefore, the borderline statistically significant findings in the measured 

cytokines and growth factors should be interpreted within the context of likely statistically 

underpowered tests on highly variable biomarkers and warrant further investigation as 

their trends are in resonance with the protective metabolic and inflammatory patterns 

observed here and have been documented elsewhere. 

 

This study is a novel investigation of biomarkers in chronic diseases of ageing in a healthy 

pre-menopausal female population living in a long-term ketosis. OCN and GLP-1 have not 

been measured in this cohort before. Further work assessing these biomarkers in larger 

cohorts across different ages and in pathologies should be considered. Due to the low 

sensitivity of several trialled glucagon assays, it was not possible to measure glucagon in 

this cohort of participant samples. 

 

6.17 Translational Importance 

Recently, it has been shown in a large cohort study that a diet with a high proportion of 

carbohydrates significantly increases the risk of CVD (Jo and Park, 2023). This study, 

coupled with the studies discussed above indicate that higher levels of insulin and IGF-1 

are associated with increased morbidity and mortality risk. The current SUK Eatwell 

guideline recommendation to consume at least 267 g of carbohydrates a day, effectively 

suppressed ketosis, to a degree that by the end of this 21-day intervention, the 
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participants were waking up with undetectable ketones on a capillary meter, indicating 

insulin demand, secretion and exposure had been enough to down regulate ketogenesis 

to even prevent return to ketosis after an overnight fast. It is therefore proposed that the 

reduced concentration of BHB accompanied by higher concentrations of insulin and IGF-1 

may confer increased risk of morbidity and mortality over time, potentially increasing 

biological ageing rate. 

 

The data here suggests that the Standard UK Eatwell guidelines should be revised, given 

that it results in repeated daily exposure to excess bolus glucose and insulin, which is 

implicated to increased morbidity and mortality risks. Recommendations would benefit 

the public by including directions to restrict carbohydrate intake to below personalised 

tolerance levels, in order to not stimulate excess insulin both in concentration and 

frequency, and thus not suppress nutritional ketosis. It is proposed that maintaining a 

metabolic phenotype of nutritional ketosis in the long term is an effective and safe way to 

mitigate these risks, without compromising metabolic flexibility. This study’s data suggests 

that those in habitual ketosis are able to withstand a significant period (21 days) of glucose 

fuelling before returning to their original status of fat metabolism, which would be in 

agreement with our understanding of evolutionary human practices. It has been 

hypothesised that humans evolutionarily spent more time in a metabolically fasted state 

of ketosis than current modern-day humans (phenotype 2 and 3, where BHB is consistently 

< 0.3 mmol/L for several consecutive days if not months and years) (Thomas, no date; Rollo 

et al., 2002; Cooper et al., 2021). Where historically people would eat one to two meals a 

day, which were limited in carbohydrate, low in glycaemic load, minimally processed and 

were seasonally available (Mattson, 2005; Cooper et al., 2021; Cooper, Brookler and 

Crofts, 2021). 
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Chapter 7 

7. Conclusion 

Evolutionary evidence suggests that ancestral populations were predominantly adapted 

to patterns of intermittent and time restricted feeding as opposed to continuous 

nutritional intake, rich in farinaceous and sucrose carbohydrates that stimulate bolus 

insulin secretion. The escalating prevalence of T2DM, obesity, CVD, AD and cancer 

observed in populations adhering to multiple substantial carbohydrate dominated meals 

in developed nations is a testament to this. Individuals maintaining long-standing habitual 

NK, when subjected to 21-days of consuming carbohydrate to suppress ketosis, followed 

with restricting carbohydrate, reverting to an evolutionary ketotic state within one day, 

indicate metabolic flexibility and health.  

 

Optimal metabolic health is having all five of the following anthropometric and blood 

biochemistry markers fulfil these thresholds, whilst metabolic syndrome is defined as 

failing to achieve three out of the five (Malhotra, Kamepalli and Bamrah, 2020): 

 

1. Waist circumference: Women: < 88 cm (< 85 South Asian women) 

2. Fasting glucose or HbA1c: < 5.6 mmol/L [100 mg/dL], < 5.7% 

3. Blood Triglycerides < 1.7 mmol/l (< 150 mg/dL) 

4. HDL > 1mmol/l (> 40/50mg/dL for men/women) 

5. Blood Pressure: systolic <120, and diastolic <80mmHg (> 135/850) 

 

Having a waist to height ratio of < 0.5 in women is also a strong predictor of metabolic 

health, and may be used in addition or alternative to just waist circumference (Shen et al., 

2017). It can be seen that the KetoSAge cohort fulfilled the optimal metabolic health 

profile in all three phases of the trial (Table 9), indicating that their lifestyle of long term 

sustained euketonaemia is both safe and sustainable, and they also demonstrated 

metabolic flexibility. 

 

 

 



 153 

Table 9. Optimal metabolic health marker panel, across all phases in KetoSAge participants. 

Measurements were taken following each of the study phases: baseline nutritional ketosis (NK) P1; 

intervention suppress ketosis (SuK) P2; and removal of SuK returning to NK P3; Measurements were taken 

at 8 am after a 12-hour overnight fast; (n = 10). Values are presented as mean ± SD.  

 

 

Long-term ketosis does not result in chronic elevated cortisol levels, indicating ketosis is 

not a chronic stress inducing, nor fight or flight state. Long-term NK, euketonaemia, results 

in elevated GLP-1 levels that would presumably stimulate GLP-1R, that is associated with 

maintaining a healthier weight or weight loss and satiety, a method employed by the 

T2DM and weight loss GLP-1R agonists. Long-term sustained euketonaemia results in 

lower levels of leptin, which is associated with increased satiety sensitivity and healthier 

metabolic profiles. Whilst OCN is considered necessary for insulin secretion, given that it 

is understood that a low level of insulin that does not suppress ketogenesis, with 

euglycaemia, is a healthy level of insulin, this MP1, euketonaemia, presents with lower 

plasma OCN levels. This likely indicates OCN is remaining in the bone, which would confer 

greater bone health. This is understood to be corroborated in those with low HOMA-IR 
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values also having lower risk of fragility fractures, indicating insulin sensitivity and thus not 

being hyperinsulinaemic. Furthermore, the increased plasma OCN seen after suppressing 

ketosis, may be from osteoclast bone resorption which may over time result in hyper-

mineralisation of the bones (increased BMD seen in T2DM and obesity) but be coupled 

with increased brittleness resulting in increased fragility fracture rates, as is observed in 

obesity and T2DM individuals. Lower OCN levels are found in the healthy euketonaemic 

state, and is accompanied with lower fasting glucose, insulin, insulin sensitivity HOMA-IR, 

leptin and higher GLP- 1. 

 

The data here show long-standing NK appears to provide major health benefits in the 

maintenance of euglycaemia, with low insulin and IGF-1, the triad of markers most 

strongly associated with chronic diseases and biological ageing. Sustained NK serves as a 

reliable surrogate marker for these parameters to understand an individual’s metabolic 

phenotype, and therefore risk. This study was conducted to establish a detailed metabolic 

phenotype biomarker profile in a long-standing healthy ketosis cohort, providing a NK 

control group for other studies to establish metabolic phenotypes in people with cancer, 

CVD, AD, T2DM and ageing, and to assess treatment efficacy using KMT in gaining better 

health. Overall, sustained NK may mitigate hyperinsulinemia without impairing metabolic 

flexibility and carbohydrate tolerance in metabolically healthy individuals. Maintaining low 

insulin requirement and IGF-1 levels, through endogenous ketogenesis sustained above 

NK levels, may offer lower chronic disease risk resulting in benefits to both lifespan and 

healthspan. 
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