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Abstract

As metabolic substrates, ketone bodies provide an alternative to glucose in order to pro-
long survival during starvation. A low carbohydrate, high fat diet can be used to promote
ketogenesis without fasting, but long-term compliance can be difficult. Dietary ketone bod-
ies may be an alternative method to induce ketosis, so the aim of the work in this Thesis
was to investigate the metabolism of exogenous ketones. In the first experimental Chap-
ter, the effects of ketone ester and salt drinks on blood 3-hydroxybutyrate (3HB), glucose,
lipids, electrolytes and pH were determined in healthy humans at rest. Blood D-3HB levels
were higher following ketone ester drinks, but it was found that total BHB levels with ke-
tone salts were similar, as over 50% of SHB delivered in the salt was the L-isoform, which
was only slowly removed from the blood. Circulating glucose and lipid concentrations fell
following both ketone drinks. Blood pH fell following ketone ester consumption, but rose
following ketone salt drinks, whilst both compounds raised blood sodium and chloride, and
lowered potassium. Work in the second Chapter investigated the repeatability of ketone es-
ter metabolism with food, successive drinks or continuous nasogastric (NG) infusion. Peak
D-SHB levels were repeatable between- and within- subjects at rest but were lower after a
meal, although blood acetoacetate, breath acetone and urine BHB were unaffected by feed-
ing. BHB kinetic parameters were not altered by existing hyperketonemia from successive
ketone ester drinks and total BHB uptake was identical when isovolumetric amounts of
ketone ester were continuously infused through a NG tube. The third Chapter explored
side-effects of ketone drinks: ketone ester drinks decreased appetite compared to isocaloric
dextrose; which may have been linked to effects of CHB on enteroendocrine cells. Fur-
thermore, both ester and salt drinks were found to be unpalatable, and to cause a few, mild
gastro-intestinal effects that increased with intake. As exogenous ketones could be a per-
formance enhancing supplement in sport, the fourth Chapter used a survey to investigate
supplement use by endurance athletes. The results demonstrated widespread supplement
use, which was highest at the elite level. In the final Chapter, the effect of glycogen lev-
els on the oxidation of BHB was determined in isolated perfused rat hearts. Low cardiac
glycogen levels decreased BHB oxidation and levels of the intermediates of glycolysis and
the Krebs cycle, whilst increasing muscle amino acid levels, suggesting that low glycogen
may have impaired anaplerosis. In conclusion, this work extends current understanding of

the novel physiological ketosis that occurs following exogenous ketone consumption.
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CHAPTER 1. INTRODUCTION

“Let food be thy medicine and medicine be thy food”

Hippocrates- Greek physician (460 BC - 377 BC)

1.1 Introduction

Diet is a vital determinant of health and physiological capacity. In the face of stressors such
as disease or extreme exercise, diet becomes increasingly important as it not only provides
substrates to sustain energy production, but also prompts cellular adaptations to better cope
with the demands imposed by the environment. Scientific inquiry into the biological im-
plications of nutrition has expanded in recent years to investigate how manipulation of the
diet can optimize health and performance.

The key dietary macronutrients are carbohydrate, lipid and protein; the former two
provide the key metabolic substrates for the conservation of energy in the form of ATP
(adenosine triphosphate). Endogenously produced ketone bodies: acetoacetate (AcAc) and
B-hydroxybutyrate (3HB), also act as a metabolic fuel although their role as a substrate
is not widely appreciated as, whilst they are ubiquitously present at very low levels, they
only accumulate during extreme physiological states (Table 1.1). The existence of ketone
bodies in human biology was discovered in the late 19" century, when they were detected
by clinicians in the urine of diabetic patients (Dreschfeld, 1886). This first impression has
unfortunately persisted, defining the wider medical community’s perception of ketones as
a dangerous by-product of unbalanced metabolism (Vanitallie and Nufert, 2003). During
diabetic crisis, concentration of ketones in the blood can exceed 20 mM. However, a dis-
tinction was drawn between this “pathological ketosis” and a “physiological ketosis” (=
8 mM) by Krebs (1966). Physiological ketosis is a key adaptation that sustained human
evolution (Cahill, 1970, 2006) and there is a growing body of literature suggesting that
generating ketosis through nutritional interventions may be beneficial to health and perfor-

mance (Veech, 2004; Veech et al., 2001).
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Condition Ketosis (mM) Reference
Endogenous ketosis Fed 0.05-0.1 Balasse and Neef (1974)
Starvation: 24 hours 0.3-0.5 Fery and Balasse (1983)
Starvation: 10 days 3-6 Cahill (2006)
Starvation: 4 weeks 5-8 Cahill (1970)
LCHEF diet 4-11 Gilbert et al. (2000)
Exogenous ketosis  Ketone salt 1-3 Plecko et al. (2002)
MCT 0.5 Ohnuma et al. (2016)
1,3- BD 0.2 Kies et al. (1973)
Ketone Ester 3-6 Cox. et al. (2015)

Table 1.1: Comparison of ketone levels attained in various conditions. BD = butanediol, LCHF =
low-carbohydrate high-fat, MCT = medium chain triglyceride. Adapted from (Cox, 2012)

This Chapter aims to describe the background and rationale for the investigation of the
metabolism of exogenous ketones. Firstly it will introduce oxidative metabolism and the
metabolic function of endogenous ketone bodies. Secondly, it will provide an overview of
methods used to elicit endogenous ketone production and how these are currently applied
in humans. Finally, this Chapter will describe the use of exogenous ketone supplements for

nutritional ketosis.

1.2 Oxidative metabolism

“Metabolism” refers to the complex network of biochemical reactions that provide organ-
isms with energy to sustain life (Figure 1.1). Stored energy contained in complex organic
compounds obtained through the diet is made more accessible in the form of “high energy”
phosphate groups (e.g. adenosine triphosphate (ATP), guanosine triphosphate (GTP)) and
as hydride ion (electron) carriers (e.g. NADH, FADH) (Frayn, 2009).

The differing properties of dietary carbohydrate, lipids and proteins (amino acids) affect
their storage and use within the body. Carbohydrates are highly water soluble and easy to
transport through the body; furthermore they can be metabolised anaerobically to generate

ATP when oxygen supply is limited. However, due to their solubility, they retain substantial
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Figure 1.1: Overview of oxidative metabolism. Large storage molecules are converted into inter-
mediate substrates for transport to cells where they undergo conversion to acetyl-CoA. Following
this they are transported to the mitochondria where they are terminally oxidised via the Krebs cycle.
Lipogenesis and ketogenesis only take place in hepatocytes; hepatocytes are unable to re-convert
ketone bodies to acetyl-CoA as they do not express acetoacetyl CoA thiolase. ADP = adeonsine
diphosphate, ATP = adenosine triphosphate, BHB = [3-hyrdoxybutyrate, e” = electron, FAD = flavin
adenine dinucleotide, NAD = nicotinamide adenine dinucleotide, FFA = non-esterified free fatty

acid.
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amounts of water in their storage form (glycogen), so only limited amounts of glycogen are
laid down. Additionally, they are partially oxidised and therefore do not contain as much
potential energy as lipids. Lipids are highly reduced and energy dense compared to car-
bohydrates; however, they cannot provide energy anaerobically and their water insolubility
makes them slow to mobilise and means they are unable to cross the blood-brain barrier
and provide a substrate to the CNS. Proteins form the structural and functional components
of cells and only contribute appreciably to oxidative metabolism during times of extreme
substrate shortage via gluconeogensis (Figure 1.1).

The simple carbon skeletons derived from dietary carbohydrate, lipid and protein, un-
dergo conversion to the common metabolic intermediate acetyl-CoA. This enters the Krebs
cycle and is oxidised to 2CO, molecules generating 3NADH, 1FADH,, and 1GTP or ATP
molecule. The hydride ions resulting from the Krebs cycle enter the mitochondrial elec-
tron transport chain along with oxygen, and electrons travelling along the electron transport
chain create potential energy that is used to drive proton diffusion through ATP synthase.
This ultimately catalyses ATP formation from ADP and inorganic phosphate (Figure 1.1).
The Krebs cycle is not a true “cycle,” in fact it is better described as the “central hub”
of metabolism as it provides not only the intermediates for energy generation also but for
many biosynthetic reactions (Owen et al., 2002). Therefore, the removal (cataplerosis) of
intermediates for bio-synthesis must be balanced by regeneration (anaplerosis) in order to
maintain homeostasis (Owen et al., 2002).

The reciprocal relationship between the oxidation of non-esterified free fatty acids
(FFA) and carbohydrate was described by Randle et al. (1963). At rest, when oxygen avail-
ability is high, lipid provides the bulk of the substrate for oxidative phosphorylation. The
process of 3-oxidation sequentially shortens FFA to produce acetyl-CoA and NADH, which
accumulate in the mitochondria, inhibiting the enzyme pyruvate dehydrogenase (PDH),
thus decreasing entry of pyruvate from glycolysis into the mitochondria (Randle et al.,

1963) (Figure 1.1). Thus, lipid oxidation limits carbohydrate oxidation.
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Carbohydrate oxidation is ultimately determined by flux through the glycolytic pathway
(and PDH), and is tightly regulated by hormonal and metabolic signals, including insulin,
glucagon, citrate, ATP, ADP and AMP (Randle et al., 1963). Glycolysis results in the
anaerobic production of ATP through substrate-level phosphorylation, and the generation
of pyruvate, which can enter the mitochondria and thence the Krebs cycle and ultimately
lead to the production of ATP, CO, and water. In some cases, carbohydrate oxidation can
also inhibit lipid metabolism. The mechanism underlying this observation was proposed
by McGarry et al. (1977), who reasoned that plentiful carbohydrate stores act as a source of
glycerol and cytosolic citrate for lipogenesis. A consequence of increased lipogenesis is an
increase in cytosolic concentrations of malonyl-CoA, the first committed intermediate in
the lipogenic pathway which inhibits the mitochondrial FFA transporter: carnitine palmotyl
transferase-1 (CPT-1) (Figure 1.1). This prevents futile oxidation of newly formed FFA and

promotes FFA esterification (Hue and Taegtmeyer, 2009).

1.3 Starvation ketosis

Ketones bodies are an endogenous substrate that can be metabolized in the Krebs cycle to
sustain ATP production during dietary insufficiency. Early homo sapiens were faced with
the problem of providing a constant substrate supply to the brain to sustain its function as it
grew in size and became increasingly metabolically demanding. Despite only representing
2% of total body mass, the brain accounts for 25% of the basal metabolic rate (Pellerin,
2010); under normal conditions 87% of CO, production from the brain is accounted for by
glucose, 11% from lactate and 1% from pyruvate (Himwich et al., 1937). FFA are unable
to cross the blood brain barrier to act as a substrate (Frayn, 2009). Ketone production
increases with prolonged starvation (Figure 1.2 A and Table 1.1) and SHB and AcAc can
cross the blood brain barrier and provide a fuel for the brain that can account for up to 65%

of cerebral metabolism (Figure 1.2 B).
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Figure 1.2: A: Blood ketone levels accumulate slowly as starvation progresses and plateau after
many weeks. B: Comparison of brain fuel utilisation during the fed state vs. starvation. In the
fasted state ketone bodies can largely replace glucose as an oxidative fuel for the brain. Adapted

from Cahill (2006)
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1.3.1 Endogenous ketone production

Starvation (specifically low levels of blood insulin and glucose) triggers ketone body pro-
duction in the hepatocyte mitochondrial matrix (1.3). Two molecules of acetyl-CoA from
B-oxidation of FFA are condensed via acetyl-CoA transferase to form acetoacetyl-CoA; a
third is added to form 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) in a reaction catal-
ysed by HMG-CoA synthase. HMG-CoA lyase then splits this to re-generate acetyl-CoA
and form one molecule of AcAc (Frayn, 2009). BHB is formed from the NADH-dependent
reduction of AcAc by SHB-dehydrogenase, and acetone results from spontaneous, non-
enzymatic decarboxylation of AcAc. Acetone is a volatile molecule which is primar-
ily excreted in the breath, although some evidence suggests that a small amount can be
metabolised to pyruvate and oxidised (Kalapos, 2003).

Extra- and intra-hepatic signals are integrated to increase hepatic ketone body pro-
duction in situations of decreased carbohydrate supply (Robinson and Williamson, 1980).
Extra-hepatic control of ketogenesis is primarily mediated by changes in FFA release from
adipose tissue (McGarry and Foster, 1977, 1972, 1979). In the fed state, insulin strongly
inhibits hormone sensitive lipase on the surface of adipocytes (Stralfors et al., 1984). In the
absence of dietary carbohydrate, levels of insulin are persistently low and greater concen-
trations of glucagon and cortisol enhance adipocyte lipolysis (McGarry and Foster, 1979).
The resulting increase in circulating FFA results in greater delivery of ketogenic substrate
to the liver (Keller et al., 1989; McGarry and Foster, 1979). Conversely, ketone bodies exert
a powerful negative feedback on their own production: acting via the PUMA-G (nicotinic
acid) G-protein coupled receptor to inhibit lipolysis and limit FFA availability (Taggart
et al., 2005).

Intra-hepatic factors regulate the rate of ketone production from circulating FFA (Robin-
son and Williamson, 1980). This ensures that ketone production remains suppressed when

lipolysis is elevated, but glycogen stores are replete (i.e. stress). Carbohydrate status of
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the liver is the key intra-hepatic determinant of ketone production (Mayes and Felts, 1967).
This was classically illustrated by an experiment that perfused fed and starved liver slices
with equivalent amounts of FFA. Fed livers were found to re-esterify FFA to triacylglycerol,
whereas starved livers converted FFA to ketone bodies (Mayes and Felts, 1967). In most
circumstances hepatic lipogenesis and ketogenesis are inversely related, whilst gluconeo-
genesis and ketogenesis are directly related. This is due to operation of the Randle Cycle, as
described earlier. In the post-absorptive state, abundant carbohydrate stores are permissive
for lipogenesis, increasing in cytosolic levels of malonyl-CoA. The resulting inhibition of
CPT1 prevents mitochondrial FFA uptake; thus limiting availability of acetyl-CoA in the
matrix for ketogenesis (McGarry et al., 1977). Conversely, when fasted, oxaloacetate is
shuttled from the mitochondria into the cytosol for gluconeogenesis due to increased ac-
tivity of phosphoenolpyruvate carboxykinase (Hue and Taegtmeyer, 2009). If the fast is
prolonged, hepatic glycogen stores become insufficient to act as an anaplerotic substrate
and regenerate the intermediates of the Krebs cycle. In this situation, Krebs cycle oxaloac-
etate levels may be inadequate to condense with the high levels of acetyl-CoA resulting
from increased lipid mobilization. Any accumulating acetyl-CoA is therefore re-routed

towards synthesis of ketone bodies (Figure 1.3).

1.3.2 Ketone utilisation

Ketone bodies are oxidised in the mitochondria of all extra-hepatic tissues. The liver is
unable to utilise ketones as a fuel because hepatocytes lack acetyl-CoA thiolase (Zammit
etal., 1979), a key enzyme in the ketone oxidative pathway. As they cannot be oxidised by
the hepatocyte, BHB and AcAc are released into the circulation, acting as a transportable
form of lipid derived acetyl-CoA. Once in the blood stream, ketone bodies are predomi-
nantly confined to the fluid compartment as they are lipid-insoluble, this is illustrated by
their low volume of distribution (0.1-0.2 L/kg body weight) (Keller et al., 1981). They

leave the blood and enter cells via the monocarboxylate transporter family, in a proton-
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Figure 1.3: Production and utilisation of endogenous ketone bodies. Ketone bodies are produced
when the hormonal milieu promotes the release of non-esterified free fatty acids (FFA) from the
adipose tissue. The liver converts FFA into ketone bodies when stored glycogen is low. Ketone
bodies cannot be metabolised in the liver and are released into the circulation from whence they
can provide a fuel for non-hepatic tissues such as the brain, heart and skeletal muscle. ATGL =
adipose triglyceride lipase, ATP = adenosine triphosphate, BHBDH = (3-hydroxybutyrate dehydro-
genase, CPT-1 = carnitine palmitoyl transferase 1, HSL = hormone sensitive lipase, IR = insulin
receptor, NAD = nicotinamide adenine dinucleotide, PUMA-G = G-protein coupled receptor, SCOT
= succinyl-CoA transferase.
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linked, diffusion-driven process (Halestrap and Price, 1999). Organ-specific expression of
monocarboxylate transporter isoforms with different kinetic properties is one factor that
alters the rate of ketone utilisation in each tissue (Halestrap and Price, 1999).

The primary metabolic fate of ketone bodies is oxidation (described in: Frayn (2009)
and Robinson and Williamson (1980)), consistent with their role as an alternative fuel
source during starvation. BHB enters the mitochondria through a monocarboxylate trans-
porter, undergoes conversion to acetoacetate by BHB dehydrogenase and then addition of a
CoA group from succinyl-CoA by 3-oxo-acid transferase. The resulting acetoacetyl-CoA
acts a substrate for the formation of two molecules of acetyl-CoA in a reaction catalysed by
acetyl-CoA thiolase. Acetyl-CoA is then available to condense with oxaloacetate and enter
the Krebs cycle. BHB may also be stored as lipid if it undergoes conversion to butyryl-CoA
in the cytosol (Figure 1.3).

Ketone bodies are a highly efficient oxidative fuel. Experiments carried out in isolated
perfused rat hearts showed that provision of ketones decreased oxygen consumption but
also increased hydraulic work, resulting in an overall increase in cardiac efficiency of 28%
(Sato et al., 1995). The mechanism underlying this was postulated to be an improvement
in mitochondrial energetics. As ketones are more chemically reduced than pyruvate, they
reduce the NAD* couple and oxidise the Co-Q couple: site I and II of the mitochondrial
electron transport chain (Sato et al., 1995). Increased redox span between sites I and II
of the electron transport chain results in a greater energy released by electrons travelling

across this span, according to:

AG/ = —TLFAESiteII

Sitel

where G represents the Gibbs free energy, n the number of electrons, F the Faraday
constant and E the difference in redox potential between sites I and II (Sato et al., 1995).
ATP releases energy stored within the terminal phosphate bond when it is hydrolysed to

ADP. The theoretical “standard” value for free energy released as a result of ATP hydrolysis
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is fixed; however, the actual cellular free energy of ATP hydrolysis can vary with changing
intra-cellular conditions; if the concentration of products or reactants change. Hence, when
the electrons of the electron transport chain release more energy, the protons diffusing
through ATP synthase also increase in energy, which increases the free energy of ATP
hydrolysis (Veech et al., 2001).

Another consideration in the relative metabolic efficiency of substrates is their inher-
ent combustion enthalpy, which refers to the energy stored in the bonds of the molecule
itself. BHB has a higher combustion enthalpy per C2 (-243.6 kCal/mol C2) compared to
pyruvate (-185.7 kCal/mol C2) (Veech, 2004). This means SHB provides more potential
energy to the electron transport chain. However, palmitate (resulting from (3-oxidation of
FFA) has a higher combustion enthalpy than both HB and pyruvate (-298 kCal/mol C2)
(Veech, 2004). Despite this, palmitate metabolism does not provide equivalent mitochon-
drial efficiency, as it donates 50% of the electrons resulting from [3-oxidation via FADH"
and the flavoprotien site at complex II, which is downstream of the site of electron dona-
tion by NADH" resulting from SHB and pyruvate oxidation (Veech, 2004). Therefore, the

potential ATP yield resulting from palmitate oxidation is decreased.

1.3.3 Non-metabolic roles of ketone bodies

Ketone bodies can function as a cellular signal to provide a link between the environ-
ment (diet), enzymatic activity and gene expression via chromatin remodelling (Newman
and Verdin, 2014). These signals drive manifold physiological adaptations that enhance
survival capacity, such as improved tolerance of oxidative stress (Newman and Verdin,
2014). BHB acts as an endogenous histone-deacetylase inhibitor in vitro, producing dose-
dependent hyper-acetylation of histones (the structural protein of DNA), and other protein
targets (Shimazu et al., 2013). Furthermore, ketones increase mitochondrial biogenesis
and up-regulate the expression of uncoupling proteins in several tissues including brown

adipose tissue (Srivastava et al., 2012) and the hippocampus (Sullivan et al., 2004). This
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may increase resting energy expenditure or decrease production of harmful mitochondrial
reactive oxygen species. Finally, elevated levels of ketone bodies decrease several markers
of systemic inflammation in vivo (Paoli et al., 2015; Ruskin et al., 2009). As experimental

techniques develop, it is possible that further signalling roles for BHB will be uncovered.

1.3.4 Summary: starvation ketosis

Ketone bodies fulfil a vital evolutionary role as a highly efficient metabolic substrate. The
production of ketones is coupled to carbohydrate availability, providing an alternative fuel
for the brain and protecting body protein stores to extend survival during periods of star-
vation. Furthermore, the signalling effects of ketone bodies may also have implications for

health and disease.

1.4 Nutritional ketosis

1.4.1 History of the ketogenic diet

Fasting has been used to alleviate symptoms of disease since the ancient Greeks, with Hip-
pocrates writing that “to eat when you are sick, is to feed your sickness”. The importance
of ketosis itself in the success of fasting for disease management was unknown, as ketone
bodies were only relatively recently discovered (Wheless, 2004). Furthermore, accurate
techniques to quantify ketones in the blood were only discovered in the last century. As the
benefits of ketosis became more widely appreciated, methods were developed that manip-
ulated food intake to recreate the physiological conditions necessary to trigger endogenous
ketogenesis without the need for starvation.

“Ketogenic” diets elicit ketosis by minimizing carbohydrate intake to <50 g/day and
providing the bulk of the daily energy requirement as fat (70%) and to a lesser extent pro-

tein (15%) (Kossoff and Rho, 2009; Westman et al., 2003). The resulting low levels of
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insulin, but ample dietary fat, drive a shift towards 3-oxidation and create conditions that
favour ketogenesis without calorie restriction. Many in the scientific community view low-
carbohydrate, high-fat (LCHF) ketogenic diets with scepticism, as it has long been believed
that carbohydrate is an essential nutrient for human health and performance (Christensen
and Hansen, 1939; Phinney, 2004; Burke and Kiens, 2006). Contrary to this view, a LCHF
ketogenic diet not only supports life, but may improve general health relative to high carbo-
hydrate diets (Forsythe et al., 2008; Phinney, 2004). The extent to which this is attributable
to the macronutrient balance of the diet, or due to ketone bodies themselves remains unclear
in many cases.

Before the development of agriculture, evidence suggests the human race thrived for
thousands of years as hunters, with a diet heavily reliant on animal products (Fiorenza et al.,
2011). This is demonstrated by cultures that remained isolated from the Western world un-
til recently, such as the Inuit of the Arctic Circle. Their diet was described in the early
20™ century by an anthropologist, Vilhjalmur Stefansson, to consist solely of the spoils of
hunting and fishing (Stefansson, 1946). He noticed that the Inuit were careful to limit their
protein intake, giving the leanest meat to their dogs and eating the fatty cuts themselves,
suggesting that their diet was richer in fat than protein as is widely believed. Stefansson
recreated the Inuit diet himself under scientific observation, causing consternation by sur-
viving for 12 months in apparent good health (McClellan, 1930a,b). Other arctic explorers
unintentionally illustrated the ability of a LCHF diet to sustain physical and cognitive per-
formance; several expeditions became stranded without rations and walked hundreds of
miles to safety sustained solely by hunting (Schwatka and Stackpole, 1965).

To many a LCHF diet is counter-intuitive approach to maintain health, due to the
widespread fear of dietary fat and its supposed link to obesity and its associated com-
plications (Hegsted et al., 1965; Keys et al., 1950). In 1953 Ancel Keys, an American
biochemist, published an epidemiological study that claimed that dietary fat was a key risk

factor in the development of heart disease (Keys, 1953). This “diet-heart hypothesis” pro-
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posed that blood LDL and cholesterol derived from dietary fat accelerated the development
of atherosclerotic plaques. As a result of his work, global food policy and public prac-
tice were radically changed. The USADA 1977 Dietary Goals for Americans (McGovern,
1977) recommended a decrease in dietary fat intake, and a diet based around grains and
cereals. Subsequently, both total calories consumed and the relative amount of calories
from carbohydrate increased; this was most pronounced in women, whose total intake in-
creased by 21.7% and carbohydrate intake increased by 38.4% (Hite et al., 2010). Keys’
“diet-heart” hypothesis was not supported by clinical evidence; and subsequent large trials
including the Framingham Study (Anderson et al., 1987) and Women’s Health Initiative
Randomized Controlled Dietary Modification Trial (Howard et al., 2006) failed to show
that decreasing dietary fat lowered the risk of heart disease. The incidence of obesity rose
dramatically following the adoption of the USDA guidelines and some investigators, in-
cluding most famously John Yudkin, hypothesised that the increased dietary carbohydrate
was responsible for the developing health crisis in his book, first published in 1972 ‘Pure
White and Deadl’ (Revised version: Yudkin and Lustig (2013)). However, the role of sugar
and starch was overlooked due to popular concerns over dietary fat.

The notion that carbohydrate rich diets may be worse for health and weight control
than diets high in fat long pre-dated Yudkin’s work. The earliest advocate for the low
carbohydrate diet was Anthleme Brillat-Savarin, a French lawyer, physician and epicure
who practiced in the 1820’s. However, the British undertaker, William Banting, is widely
credited to be the founder of the LCHF diet. In 1862, Banting published his “Letter on
Corpulence, Addressed to the Public” which described how a diet stripped of “farinaceous”
starchy foods, and high in fat had been effective in his struggle with obesity (Banting,
1863). His modern counterpart, whose career carried him from fame to infamy, was Dr.
Robert Atkins. He brought his version of the ketogenic LCHF diet to the masses in the
1972 book: Dr. Atkins’ Diet Revolution (Atkins et al., 1972). The Atkins diet aimed to

dramatically reduce dietary carbohydrate (<20 g/day; <10% of daily energy requirement)
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before gradually increasing intake to find the critical carbohydrate level where ketosis could
be maintained. The majority of dietary energy comes from fat (60-70% of daily energy
requirement) and protein (20-30% of daily energy requirement) (Atkins et al., 1972). It is
estimated that Atkins treated over 60,000 patients for obesity and related conditions using
this diet over 40 years of practice. However, no clinical studies were performed at that
time to validate the benefits of the diet and there were reports of unpalatable side effects
of the induction phase (“Atkins Flu”) including fatigue, weakness, dizziness, headache and
nausea. Finally, cultural biases against fat in the diet were at their most fervent when Atkins
was practicing; his recommendations were in stark contrast to those promoted by the US
government.

Following Atkins’ death in 2003, others took up the mantle of promoting the LCHF
diet for health. Recently a group of scientists including Volek, Phinney and Westman, were
funded by the Atkins Foundation to formally study the effects of the Atkins diet. They
found that it largely outperformed the diet based on the 1977 USDA guidelines with respect
to measured coronary risk factors including decreased low density lipoprotein-cholesterol
and total blood saturated FFA alongside increased high density lipoprotein cholesterol
(Forsythe et al., 2008). This may be due to the decrease in carbohydrate and concomitant
changes in the hormonal milieu, or due to effects of ketone bodies on substrate metabolism
(Paoli et al., 2012, 2015). Their work came as the pendulum of public perception begun
to swing in favour of dietary fat, thanks to the emergence of popular writers and speakers
such as Taubes (2008), Teicholz (2014) and Lustig (2009). These writers exposed flaws
in the work of Ancel Keys, his “diet-heart hypothesis,” and the corruption in the political
decisions that resulted in the last 40 years of vilification of dietary fat. Furthermore, they
highlighted the clinical, epidemiological and mechanistic work illustrating the role of high
dietary carbohydrate in the development of obesity and diabetes and set the stage for a

revived interest in ketogenic LCHF diets.
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1.4.2 Applications of ketogenic diets

The LCHF diet has failed to widely replace the modern carbohydrate-centred paradigm
for the general public, due to its low palatability and issues with compliance. However,
it has been used as an effective, non-pharmacological therapy for the treatment of chronic
metabolic disorders (Reviewed in (Branco et al., 2016)) and is gaining popularity as a
strategy to optimise health and physical performance outside of the clinic (Volek et al.,
2008a; Volek and Phinney, 2011). The underlying mechanism for its efficacy in specific
diseases has been the subject of detailed reviews and is thought to be due to a synergistic
effect of altering fuel dietary provision and the direct effects of ketone bodies. Exploration
of the full mechanistic details is beyond the scope of this Thesis, but an outline of current

uses of ketogenic diets in humans for disease and performance is presented below:

1.4.2.1 Neurological conditions

In the early 20" century fasting was linked to improved seizure control (Wilder, 1921),
and since then ketogenic diets have been used to treat several conditions characterized
by drug-resistant convulsions. Adherence to a LCHF diet significantly improves clinical
outcomes in infantile spasms, Lennon Gastasut Syndrome and other inherited metabolic
disorders such as GLUT 1 deficiency (Kang et al., 2007b,a; Kossoff et al., 2003, 2006;
Ramm-Pettersen et al., 2013). In some cases the efficacy of the diet was particularly strik-
ing: one clinical study reported that the incidence of seizures was decreased by >90%
in 46% of patients (Numis et al., 2011). However, dietary compliance can be an issue in
young patients and if ketosis falls as a result of consumption of too great an amount of
carbohydrate or protein then seizures can return (Amari et al., 1995).

The underlying mechanism of the anticonvulsant effect of ketogenic diets is the subject
of much debate and several hypotheses have been proposed (reviewed in (Branco et al.,

2016)). These include: decreasing reliance on blood glucose for metabolism,inhibition of
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excitatory glutamatergic synaptic transmission, inhibition of the mTOR pathway, which has
a pathophysiological role in different seizure types and activation of ATP-sensitive potas-
sium channels generating a hyperpolarizing current and decreasing neuronal excitability.
Regardless of the mechanism, the transformative power of ketosis in many patients with
seizures cannot be ignored.

The neuro-protective effects of a ketogenic diet go beyond epilepsy. Ketogenic diets
have undergone preliminary trials as a therapy for neurodegenerative diseases including
Parkinson’s disease (Vanitallie et al., 2005) and Alzheimer’s disease (Henderson et al.,
2009). In a feasibility study of 7 patients with Parkinson’s disease, 28 days of a ketogenic
diet decreased the severity of the clinical symptoms of the disease (Vanitallie et al., 2005).
Similarly, in Alzheimer’s disease, studies have shown acute improvements in cognitive
performance when ketosis was induced by a medicinal food containing a mixture of ready
precursors for ketone synthesis (medium chain triglycerides - MCTs) (Reger et al., 2003;
Henderson et al., 2009). However, the evidence is inconclusive, as another more recent
trial did not observe any effect cognitive improvements of MCT supplements (Ohnuma
et al., 2016). In vitro and animal work has shown promising results, (Blesa et al., 2012;
Kashiwaya et al., 2000) but these are yet to be translated clinically. There are several
mechanisms postulated for the beneficial effects of ketogenic diets on Alzheimer’s disease
and Parkinson’s disease, mainly focusing on ketone bodies as an alternative energy source,
bypassing faulty steps in metabolism (Veech et al., 2001). The aetiology of both diseases
is complex, and ketones may exert a therapeutic effect independently of their role as a fuel,

such as decreasing free radical production or decreasing neuronal excitability.

1.4.2.2 Weight-loss

The LCHF diet has experienced mixed popularity as a weight loss strategy since Banting
described it in 1825. Compliance with a LCHF diet has been associated with greater re-

duction in body fat compared to a calorie-matched diet with a higher % of energy from
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carbohydrate (Hall et al., 2015).

Weight loss during a LCHF diet may be attributed to the changes in macro-nutrient
composition of the diet (i.e. lower carbohydrate, higher fat or protein). Decreased car-
bohydrate consumption results in lower levels of insulin secretion, increasing lipolysis
and decreasing lipogenesis and lipid storage, and thus favourably altering body fat mass
(Dyson et al., 2007; Volek et al., 2002). Higher fat consumption results in a decreased
resting respiratory quotient and thus greater reliance on lipid oxidation (Paoli et al., 2012).
Furthermore, high levels of dietary fat may increase basal metabolic rate due to decreased
mitochondrial efficiency through increased expression of uncoupling proteins (Cole et al.,
2011). Although protein content of a LCHF diet is restricted, a relative increase in dietary
protein, which is highly satiating (Veldhorst et al., 2008), may result in decreased voluntary
calorie consumption. Furthermore, there is an increased metabolic cost of gluconeogenesis
represented by the thermic effect of proteins (Fine and Feinman, 2004).

Increased satiety is believed to be a key factor in the success of the LCHF diet in
weight loss (Feinman et al., 2015). Ketosis itself may directly affect satiety and substrate
metabolism (Gibson et al., 2015). Appetite is regulated by an interplay between periph-
eral and central inputs: ketone bodies could affect either of these factors. For example,
ketogenic diets have been shown to favourably alter the levels of appetite-regulating hor-
mones such as ghrelin and leptin (Sumithran et al., 2013) which act as peripheral signals to
regulate food intake. Additionally, BHB may act centrally on the hypothalamus itself and

decrease food intake (Arase et al., 1988; Scharrer, 1999).

1.4.2.3 Metabolic conditions

Prior to the discovery of insulin, dietary carbohydrate restriction was the preferred thera-
peutic approach for diabetes mellitus (Feinman et al., 2015). The rationale was that the
most salient feature of both type 1 and type 2 diabetes is hyperglycaemia and that a de-

crease in dietary carbohydrate may alleviate this symptom. Recently diabetics have not
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needed to adopt a low carbohydrate diet, as other therapies such as insulin have become
readily available to control blood glucose levels. However, side effects of dietary interven-
tion are insignificant in comparison to those of intensive insulin therapy (Feinman et al.,
2015; Gerstein et al., 2008). A large study examining outcomes of insulin therapy, (Action
to Control Cardiovascular Disease), was prematurely ended due to an increased mortality
from CVD in the intensively insulin treated group vs. the standard treatment group (253
vs. 203 deaths, hazard ratio 1.22 P= 0.04) (Gerstein et al., 2008). In the absence of a full
randomized-controlled trial into the efficacy of the LCHF diet in diabetes, there has been a
call to re-evaluate the available evidence for its use as a first approach in diabetes manage-
ment (Feinman et al., 2015). LCHF diets have been shown to improve long term control of
blood glucose, illustrated by a decrease in the amount of glycated haemaglobin ( HbA )
(Hussain et al., 2012). Levels of HbA . are accepted to be a reliable predictor of micro-
and macro-vascular complications in type 2 diabetes, thus the reliable decrease in HbA .
during a LCHF would be of significant clinical value.

Restriction of dietary carbohydrate has benefits beyond glucose control for the manage-
ment of metabolic conditions. A LCHF diet can facilitate weight loss (discussed above),
decrease the amount of medication used by type 1 and type 2 diabetics (Yancy et al., 2005),
and decrease the features of the metabolic syndrome (Volek et al., 2008a,b). Furthermore,
ketogenic diets have also been used to treat other peripheral disorders of metabolism in-
cluding deficits in glycolysis or glycogen storage disorders, for example Cori’s and Lafora’s
diseases (Cheng et al., 2007; Valayannopoulos et al., 2011). In these rare diseases provision
of ketone bodies bypasses the defective steps in metabolism and can transform the quality
of life of some individuals.

Finally, there is a growing appreciation that cancer is a metabolic disease (Warburg,
1956), and an interest in therapies that exploit differences in the metabolism of tumors and
healthy cells. The central rationale for these therapies centres on “The Warburg Effect”:

the metabolic shift seen in tumours from oxidative respiration to energy production through
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glycolysis (Warburg, 1956). Ketogenic diets decrease glucose availability and ketone bod-
ies have an inhibitory effect on glycolysis, thus the diet may selectively starve cancer cells
as they lack the mitochondrial capacity and metabolic flexibility to oxidise ketone bodies.
Ketogenic diets are currently undergoing preliminary trials as an adjuvant to conventional
therapy in cancer patients (Nebeling et al., 1995; Zuccoli et al., 2010; Schmidt et al., 2011)
and Nebeling et al. (1995) showed promising effects of the LCHF diet as an anti-tumour
agent. The patients, with advanced stage glioma, both achieved ketosis and displayed a

significant decrease in tumour growth and an improvement in their clinical symptoms.

1.4.2.4 Endurance Sport

The current paradigm for fuelling endurance exercise performance emphasizes the key role
of carbohydrate availability on determining time to exhaustion and power output (Bergstrom
et al., 1967). Recently the LCHF diet has been proposed as an alternative dietary strategy
for athletes to enhance sub-maximal endurance exercise performance, improve recovery
from exercise and to optimize body composition (Volek et al., 2015; Volek and Phinney,
2012). Once habituated to a LCHF diet, athletes have a greatly enhanced capacity for lipid
oxidation (Volek et al., 2016; Burke et al., 2016) and reduced reliance on glucose oxida-
tion (Webster et al., 2016). This could theoretically improve endurance performance due to
the relatively greater amount of energy stored as lipid compared to carbohydrate. LCHF-
adapted athletes following a ketogenic diet have elevated resting levels of BHB (Volek
et al., 2016); therefore BHB may act as an important oxidative substrate for these athletes
during exercise. Furthermore, combining a ketogenic diet with resistance training results
in increased lean mass gain compared to a low fat diet (Volek et al., 2002), and a decrease
in body fat mass. This improves an athlete’s power to weight ratio, which could benefit
performance in many sports, including cycling, triathlon, gymnastics and athletics.
However, the use of LCHF diets in athletes has been harshly criticised by some sports

scientists (Burke and Kiens, 2006; Burke, 2015). This is because, despite the theoretical
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benefits, no studies have yet shown an improvement in performance with a LCHF diet
(reviewed in Burke (2015)). In fact, LCHF diets may even be detrimental to performance as
glycolytic metabolism can be compromised (Stellingwerff et al., 2006). Even in endurance
events where the majority of the effort is sub-maximal, such as stage racing in cycling,
the outcome can be dependent on a high intensity (glycolytic) effort at a crucial moment.
This concern was supported by a study that attempted to mimic a competition scenario
saw impairment in lkm (but not 4km) sprint performance (Havemann et al., 2006). A
further possible drawback of a LCHF diet for athletes, is an increase in mitochondrial
uncoupling protein expression and a corresponding decrease in oxygen efficiency, which
has been linked to a decrease in physical and cognitive performance in humans and rodents
(Edwards et al., 2011; Murray et al., 2009; Burke et al., 2016).

Other dietary strategies have been developed in attempts to harness the beneficial metabolic
adaptations of the LCHF diet and avoid any detrimental adaptations. One example is fol-
lowing a period of LCHF diet by carbohydrate loading, but whilst the improvements in the
capacity for lipid oxidation seen with a LCHF diet persisted following carbohydrate feeding
(Burke et al., 2002), this intervention did not ultimately improve performance (Carey et al.,
2001). Therefore, whilst there is anecdotal and circumstantial evidence for use of LCHF

diets in athletes, a beneficial effect on endurance performance has yet to be demonstrated.

1.4.3 Summary: nutritional ketosis

It is well known that the macronutrient composition of the diet can be manipulated to
promote ketogenesis without the need to fast. Variants of the ketogenic diet have come and
gone over the years and have proven a consistent source of controversy. It is now becoming
apparent that a ketogenic LCHF diet does not pose an undue risk to health; it may, in fact,
even be advantageous. Ketogenic diets have been trialled as a therapy in several clinical
conditions, and evidence is accumulating from animal studies and in vitro work hinting at

further applications. In many cases it is unclear if benefits seen as a result of a LCHF diet
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are purely due to changes in macronutrient consumption, or metabolic effects of ketone
themselves.

The difficulties experienced by patients and their carers in maintaining long-term com-
pliance with a ketogenic diet cannot be over-stated. The diet is perceived as unpalatable
and can cause several short-term side effects such as constipation, acidosis, hypoglycaemia,
dehydration and lethargy (Branco et al., 2016). Maintaining ketosis can be difficult as ex-
cess protein or even a small amount of carbohydrate consumed can inhibit endogenous
ketone production (Amari et al., 1995). Finally, increasing ketone production and adapta-
tions favouring peripheral ketone utilisation can take weeks; during which time unpleasant
hypoglycaemic symptoms may be experienced (Zhang et al., 2013). Therefore, there is a
need for alternative strategies to induce a sustained therapeutic ketosis, in order to harness

the broad benefits of ketone metabolism.

1.5 Exogenous ketosis

There are no naturally occurring sources of dietary ketone bodies; however, synthetic ke-
tones (or ketone precursors) are a potential alternative to dietary manipulation to achieve
ketosis. Exogenous ketone supplementation creates a novel physiological state, where ke-
tone bodies reach a level usually seen after prolonged fasting, but with no shortage of other
dietary macronutrients. This section will introduce the forms of exogenous ketone supple-

ments that have been used to this point to create “fed ketosis.”

1.5.1 Ketone salts

Several investigators have used intra-venous (IV) infusions of ketone salts, such as sodium
hydroxybutyrate or sodium acetoacetate, to artificially elevate blood ketone levels (Balasse
and Ooms, 1968; Sherwin and Felig, 1975; Fery and Balasse, 1988; Keller et al., 1988;

Mikkelsen et al., 2015). However, whilst their results give us important insights into the
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interaction between ketones and other metabolic fuels, the IV method of administration is
impractical outside of a research or hospital setting. Ketone salts can also be consumed
orally, although they have not achieved widespread use in this form. A small number of
clinical studies that gave oral ketone salts have been conducted in children with inborn
defects in metabolism (Plecko et al., 2002; Van Hove et al., 2003; Valayannopoulos et al.,
2011). In these studies, levels of ketosis (0.4 - 2.5 mM) were lower than in ‘starvation
ketosis’ (up to 8 mM); however, this may be because of the existence of optical isoforms of
BHB (D- and L- $HB), with only the D- isoform detectable by standard enzymatic assay.

The chiral nature of BHB may have implications for the use of ketone salts. The phe-
nomenon of optical isomerism (chirality) means that the two isoforms of BHB are not
super-imposable onto their mirror image (Cotton, 2008). Optical isoforms do not neces-
sarily interact equivalently with their surroundings (i.e. enzymes or substrates). A natural
consequence of the synthetic chemistry that produces ketone salts is that the reactions yield
a 50:50 mix of two optical isoforms of the ketone compound: D- and L- (or R and S).
D-BHB is the primary isoform produced by endogenous ketogenesis and metabolised by
the peripheral tissues; however, the metabolism of L-BHB is poorly understood. Whilst the
consensus is that L-3HB is not readily oxidised by mammalian tissues (Webber and Ed-
mond, 1977; Desrochers et al., 1992), an enzyme that could produce L-3HB was isolated
from rat liver (Reed and Ozand, 1980) and in further experiments it was shown that L-3HB
could be converted to physiological ketone bodies (D-3HB and AcAc) (Lincoln et al., 1987;
Desrochers et al., 1992), or used for sterol bio-synthesis (Webber and Edmond, 1977).

A further potential issue with exogenous ketone salts is the concomitant administration
of high amounts of inorganic cations, such as sodium (Na*), potassium (K*) or calcium
(Ca?*). The metabolism of BHB may leave a excess of residual alkali (cations), which can
cause an acute metabolic alkalosis up to pH 7.6 (Cahill, 2006; Fery and Balasse, 1988;
Muller et al., 1984). Furthermore, long term consumption of ketone salts and of high levels

of inorganic ions may have harmful side-effects. A connection between dietary Na* and
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hypertension has long been embedded in medical dogma; even ancient Chinese clinicians
wrote that: “if too much salt is used in food, the pulse hardens” (Veith and Barnes, 2015).
Over the years, it was widely believed that there was a direct, linear relationship between
increasing salt consumption and high blood pressure (Dahl, 1960). This resulted in recom-
mendations to limit dietary Na* (World Health Organisation, 2003; Institute of Medicine,
2005) but although several meta-analyses found that long-term reductions in Na* intake
lowered the incidence of cardiovascular events (He and MacGregor, 2002; Strazzullo et al.,
2009; Aburto et al., 2013), this has been challenged by recent investigators (Graudal et al.,
2012; DiNicolantonio et al., 2013; Mente et al., 2016). Aside from increasing cardiovas-
cular risks, recent evidence suggested that high Na* intake could also be linked to gastric
cancer (D’Elia et al., 2012), osteoporosis (He and MacGregor, 2008) and urinary stones
(Massey, 1995). Combining sodium-hydroxybutyrate with alternative BHB organic salts
(i.e. K*, Ca®*, lysine, arginine) for ketone body delivery is a strategy that could decrease
the impact of high sodium consumption, and may counter some of these unwanted side-
effects (Beylot et al., 1994).

Despite the uncertainty surrounding the health implications of ketone salt administra-
tion, the convenience of oral ketones compared to infusions, and a growing interest in
therapeutic ketosis has led to a resurgence in the investigation of oral ketone salts. There
is a growing range of such products recently marketed as a nutritional supplement for ath-
letes and followers of the ketogenic diet. Research in rodents has shown that these salts can
raise blood ketone levels to 2 - 3 mM when given in combination with MCTs, but failed to
raise blood ketone levels when given alone (Kesl et al., 2016). Therefore, further work to
both develop alternative ketone salt compounds and investigate the physiological effects of
existing ketone salts will shed light on the translational potential of these compounds as a

source of exogenous ketone bodies.
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1.5.2 Precursors for ketogenesis

Molecules that readily undergo conversion to ketone bodies can be given as dietary supple-
ments to artificially produce ketosis without dietary manipulation. Two such precursors are
MCTs and butanediol. MCTs act as a ready substrate for ketogenesis as they travel directly
to the liver in the portal blood and are oxidised to form acetyl-CoA, which acts as a precur-
sor for hepatic ketogenesis (Traul et al., 2000). MCT supplementation has been shown to
raise blood ketone levels to 4-6 mM in rodents (Kesl et al., 2016) and 2.5 mM in humans
(Henderson et al., 2009). The ketogenic properties of MCTs have lead to their inclusion as
the primary ingredient in medicinal foods undergoing trials for neurodegenerative diseases
(see above) (Henderson et al., 2009; Ohnuma et al., 2016). However, high levels of MCT
consumption can cause severe gastro-intestinal (GI) distress (Henderson et al., 2009; Ivy
et al., 1980), providing a significant obstacle in the use of MCT supplementation for ketosis
in many people.

The butyl-alcohol RS-1,3-butanediol (RS-BD) can be consumed to undergo hepatic
metabolism into BHB and create a non-fasted ketosis. “RS” refers to the dual presence of
the two optical isomers of 1,3-BD, which is metabolised to give the two isoforms of BHB:
L- and D-BHB. It was shown in vitro (Desrochers et al., 1992), rodents (Tobin et al., 1978),
and humans (Kies et al., 1973) that intra-gastric RS-BD delivery elevates D- 3HB levels up
to 15 mM. However, animal studies have shown lethargy and sedation following RS-BD
at high concentrations (Desrochers et al., 1995b). If elevation of blood RS-BD were to
have the same effects in humans, this may manifest as cognitive and neuromotor symptoms
similar to alcohol intoxication. While chronic consumption of RS-BD as a food additive
has been deemed to be safe by the Food and Drug Administration (FDA) (Dymsza, 1975),
high doses of 50 g of RS-BD may be required to sufficiently elevate blood ketone bodies.
Therefore, the risk of side-effects mean that RS-BD supplementation alone is unlikely to

be an acceptable strategy to achieve nutritional ketosis.
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1.5.3 Ketone Esters

Administration of exogenous ketones as a synthetic ester compound offers an alternative
method to elevate blood ketones, without a concomitant large cation or alcohol load. Ke-
tone ester compounds are made up of a ketone body (either BHB or AcAc), joined by an
ester bond to a molecule such as glycerol or BD; allowing delivery of ketone bodies to the
circulation via the gastrointestinal route. The first published use of a ketone ester, was an
ester of glycerol and acetoacetate, given parenterally to rats by Birkhahn and Border (1978)
and Birkhahn et al. (1979). In 1995, Desrochers et al. (1995a) investigated parenteral and
oral administration of RS-1,3-butanediol-acetoacetate mono- and di-ester compounds in
pigs for their potential as a nutritional agent; these compounds elevated blood ketone levels
up to 5 mM.

Currently, two different ketone esters are undergoing investigation in rodents and in hu-
mans, and have been shown to rapidly, predictably and significantly elevate blood ketone
levels up to 7 mM (Clarke et al., 2012a,b; Murray et al., 2016; Kesl et al., 2016; Viggiano
et al., 2016). Our group in Oxford has developed one of these ketone ester compounds: R-
1,3-butanediol-R-3-hydroxybutyrate. This ketone ester is produced via trans-esterification
of pure R-1,3-Butanediol (R-BD) to D-BHB using enzymatic catalysis in a process that
avoids production of the ‘non-physiological’ L-3HB isoform (Figure 1.4). When con-
sumed orally, the ester bonds are hydrolysed by ubiquitously expressed gut esterase en-
zymes (Van Gelder et al., 2000), releasing R-BD and D-3HB into the blood stream. R-BD
is metabolised by hepatic alcohol and aldehyde dehydrogenase enzymes to form D-3HB
(Figure 1.4). Both molecules of resultant 3HB reach the systemic circulation, as the liver
is unable to oxidise ketone bodies. Consumption of this ketone ester has been shown to
reliably elevate blood ketone levels in humans with very few GI and systemic side effects
(Clarke et al., 2012a,b; Shivva et al., 2016). The second ketone ester compound is under

investigation at the University of South Florida. This is a di-ester of acetoacetate and RS-
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Figure 1.4: Synthesis and metabolism of R-1,3-butanediol-R-3-hydroxybutyrate. R-1,3-butanediol
and R-3-hydroxybutyric acid are esterified using lipase. This forms a ketone ester that can be
consumed in a drink. The ester bond is cleaved by non specific gut esterase enzymes and the
resulting R-1,3-BD and D-BHB are released into the portal circulation. Hepatic processing of
R-1,3-BD results in a further molecule of D-BHB, which is released into the systemic circulation.
AcAc= acetoacetate, ATP = adenosine triphosphate, D-BHB = D-{3-hyrdoxybutyrate, R-1,3-BD=
R-1,3 butanediol.

BD (RS-BD-AcAc,); in rodents this ketone ester raises blood BHB to 1 - 4 mM and blood
AcAc to up to 5 mM (D’ Agostino et al., 2013; Poff et al., 2014; Kesl et al., 2016; Viggiano
et al., 2016). Published work has yet to demonstrate the use of this compound in human
subjects.

Oral ketone ester consumption may be an ideal solution to achieve nutritional keto-
sis, being convenient and alleviating the need for an unpalatable diet. Furthermore, they
circumvent the risks associated with high levels of salt consumption, and the GI distress
caused by MCT administration. The presence of elevated ketone bodies, alongside normal
post-absorptive levels of other substrates and hormones creates a novel physiological state
that may afford the benefits of ketone metabolism in synergy with carbohydrate and lipid
metabolism. Therefore, ketone esters could be both a translational and experimental tool
for metabolic physiologists and professionals who are interested in studying and optimising
human physiology.

The potential for ketone esters has been demonstrated by recent work that fed ketone
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esters to rodents and humans and demonstrated an improvement endurance performance
(Murray et al., 2016; Cox et al., 2016b). Ketone ester drinks, consumed with carbohydrate,
resulted in a 2% improvement in endurance performance alongside a decreased reliance on
carbohydrate stores and increased intra-muscular fat oxidation (Cox et al., 2016b). There-
fore, ketone esters and other exogenous ketone bodies may avoid some of the issues of
a LCHF diet for athletes, and could provide some of the benefits of ketone metabolism

without compromising high intensity, glycolytic capacity.

1.5.4 Summary

Ketone supplements are not widely used outside of research, primarily due to concerns
surrounding acute and chronic effects of high levels of salt or alcohol resulting from ketone
salt or RS-BD consumption. MCT supplementation gives rise to a modest ketosis, but
levels attained are limited by the dose of MCTs that can be consumed without GI distress.
Ketone esters largely avoid these problems and have the potential for application in both
clinical and sporting settings, as ketone metabolism may be a key factor in the benefits

described as a result of a ketogenic LCHF diet.

1.6 Thesis context and outline

Ketone bodies provide a natural alternative metabolic fuel to the conventional substrates of
carbohydrates, lipid and protein. They fulfil a crucial evolutionary role to protect the brain
during dietary carbohydrate restriction, and are intrinsically a highly efficient oxidisable
fuel. The widespread metabolic effects of ketone metabolism may be exploited to regulate
and optimise human physiology in health and disease through direct effects of ketone bod-
ies, their interactions with other substrates and modification of cellular signalling pathways
(Veech et al., 2001). It is not known to what extent exogenous ketone supplementation

will elicit the same effects as endogenous ketosis, as the physiological milieu of “fed keto-
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sis” is radically different to the fasted or low carbohydrate state. Furthermore, exogenous
ketone compounds may be metabolised differently by the body. Before the translational
potential of ketosis induced by ketone drinks can be investigated, it is essential to under-
stand the metabolic and physiological effects of the currently available exogenous ketone

compounds. The work in this Thesis aimed to:

1. Study the metabolic effects of exogenous ketone ester and ketone salts.

2. Investigate factors that may alter the metabolic effects of the ketone ester: R-1,3-
butanediol-R-3-hydroxybutyrate. This included characterisation of the repeatability
of blood ketone and metabolite kinetics and the effect of food and of existing hyper-

ketonemia on ketone ester uptake and elimination.

3. Describe the side-effects of ketone drinks, including changes in appetite and the as-

sociated GI and systemic symptoms.

4. Examine the current use of nutritional supplements in athletes in order to provide the

context for use of ketone drinks as a performance-enhancing supplement in sport.

5. As individuals consuming ketone drinks may have replete carbohydrate (glycogen)
stores, the effect of glycogen levels on ketone oxidation was assessed in the isolated

perfused heart.
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2.1 Participants and screening

The studies in Chapter 3, 4 and 5, received ethical approval following review by external
NHS Research Ethics Committees: London Queen’s Square Research Ethics Committee
(14/1LO/0288) and South West (Frenchay) Research Ethics Committee (15/SW/0244).

All participants were provided with detailed study information, protocol description
and study time-line more than 24 h before the consent process, and signed a consent form
prior to any study procedures. Participants were free to withdraw from further participation
at any time. They also completed a confidential questionnaire and medical screening form.
Participants were healthy, aged 18 - 60, non-smokers, not on regular relevant medication
and with no history of major illness. Body composition was assessed using a Bioelectrical

Impedance Body Composition Analyser (Bodystat ® 1500, Bodystat, Isle of Man, UK).

2.2 Randomisation, pre-visit and general visit procedures

Visit order was randomly allocated prior to commencement of each study. Study partici-
pants were asked to refrain from alcohol for the previous 24 h, to consume a similar pre-
testing meal the night before each visit, and to arrive following an overnight (12 h) fast.
Testing started between 0800-0830 h each day with a minimum interval of 72 h between
each study visit. Fasting blood samples were collected prior to any study intervention.
Following drink consumption, sampling points occurred at regular intervals. Water was
permitted ad-libitum. Participants remained sedentary at the test facility and collected any

urine that they passed during the study.

2.3 Study drinks

Each participants body weight was recorded at their first study visit and used to calculate

the content of each drink, details of which are given in the relevant Chapter. Body weight
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was monitored at each visit to check that no significant changes had occurred. Participants

were given a maximum of 5 min to consume each drink to reduce bias in gut absorption.

2.4 Blood sampling and analysis

Blood samples (2 - 4 ml) were obtained using a 22 G venous catheter inserted percuta-
neously into an antecubital vein and immediately stored in vaccutainers coated with EDTA
and/or lithium heparin (BD, New Jersey, USA). D-BHB was measured on whole blood
using a handheld monitor and reagent strips (Precision Xtra, Abbott Diabetes Care, UK).
Samples were then immediately stored on ice, centrifuged (1000-2000 xg for 10 min) and
duplicate plasma aliqouts stored at -80°C until further analysis. Urine passed during the
study was collected in plastic containers (Simport, Quebec, Canada), total volume was
recorded and 1 ml aliquots were frozen and retained for analysis.

Plasma glucose, non-esterified fatty acids (FFA) and triacylglycerol (TG) and urinary
D-SHB were assayed using a commercial semi-automated benchtop analyzer (ABX Pentra,
Montpellier, France). Insulin was measured using a commercially available ELISA assay

(Mercodia, Uppsala, Sweden).

2.5 Data processing and statistical methods

The kinetic parameters of BHB were calculated using the same procedures for each study.
Area under the curve (AUC) of plasma SHB for each participant in each condition was
calculated using the trapezium rule. The initial rate of appearance of BHB in the first
30 min of each experiment was calculated using measured D-SHB levels at baseline and
at 30 min for each individual. D-BHB excretion was calculated using the urine D-3HB
concentration and total volume.

6TM

Statistical analysis of all data used Prism computer software. Significance was

taken at p <0.05 and all results are expressed as mean = SEM, unless stated otherwise.
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Initial data exploration was undertaken and normality was tested using D’ Agostino and
Pearson’s test, if data did not satisfy this test, then non-parametric tests were used. For
parametric tests sphericity (equal difference between the variance between groups) was not
assumed when values were collected from the same subject in different conditions and so
a Geisser-Greenhouse’s correction was applied. If data were normally distributed and two
means were compared, a student’s t-test with equal SD was used. If data were not found to
be normaly distributed, then a Wilcoxon matched-pairs signed rank test was used. Repeated
measures one-way ANOVA were used to compare study conditions (3 or more means), or
change in the level of a single variable, where data were normally distributed. Post-hoc
Tukey corrections for multiple comparisons were performed as part of the ANOVA. If data
were not normally distributed, Freidman’s non-parametric test for repeated measures was
used to with a post-hoc Dunn’s test to correct for multiple comparisons. Two-way repeated
measures ANOVA was performed to compare the change in a given variable both over time
and between conditions. Tukey corrections were applied to determine the difference be-
tween conditions and Dunnett’s corrections were applied when the row means (time) were
compared to a single control row (time- baseline). Linear regressions were performed us-
ing Prism to give R square values for goodness of fit and correlations calculated separately

for significance.
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CHAPTER 3. KETONE ESTER AND SALT DRINKS FOR NUTRITIONAL KETOSIS

3.1 Abstract

Ketone esters and ketone salts are two sources of ketones that may be included in the diet
to raise blood $HB levels. Both compounds deliver the molecule SHB, but accompanied
by a different chemical moiety. Therefore, they may have different kinetic parameters and
disparate effects on ion flux, acid-base balance and metabolism. The work in this Chapter
aimed to investigate the effects of equimolar BHB given as either a ketone ester (R-1,3-
butanediol-R-3-hydroxybutyrate) or ketone salt of sodium and potassium 3HB, on blood
levels of HB, FFA, TG, glucose, electrolytes (Na*, K*, CI', HCO5"), and blood pH, as well
as urinary SHB excretion. The ketone ester resulted in 2-fold higher peak concentrations of
blood D-3HB and up to 2-fold higher total D-3HB appearance than the salt. In attempting
to determine the reason for the considerable differences in blood D-3HB, it was found that
the ketone salt was racemic, in that it elevated both D- and L-SHB. When the L- isoform
was accounted for, the total BHB levels were similar between compounds, but the L-isoform
was only slowly removed from the blood and remained elevated, despite a fall in the level
of D-BHB. Plasma glucose, FFA and TG concentrations fell significantly, and to a similar
extent following consumption of all ketone drinks. The salt contained a large ion load, and
caused a rise in blood Na*; however, the ester also caused a rise in Na*, along with a fall
in K*. To investigate this unexpected effect, a second study was undertaken and revealed
that the ester drink caused a transient drop in blood pH to 7.31, whilst the salt raised pH to
7.42, although in this study the overall changes in electrolyte levels were similar between
conditions. In conclusion, ketone ester and salt drinks both raised total blood $HB levels but
with striking differences in the isoforms delivered. These ketone compounds had similar

effects on metabolism and electrolyte levels, but disparate effects on acid-base balance.
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3.2 Introduction

There are no substantial sources of ketone bodies found naturally in the diet, but infusions
of ketone salts have been used to rapidly elevate levels of blood $HB in studies of ketone
metabolism (Keller et al., 1988; Balasse and Ooms, 1968; Fery and Balasse, 1988). Such
infusions are invasive, cumbersome and require clinical supervision to ensure blood ketone
levels remain stable. Dietary ketone compounds have recently become available as nutri-
tional supplements in the form of ketone salts and ketone esters, but their uptake, kinetics
and effects on human physiology and metabolism have not been fully characterised.

‘Dietary’ ketone salts have been included in parenteral feeds in a small number of clin-
ical studies (Plecko et al., 2002; Van Hove et al., 2003; Valayannopoulos et al., 2011);
however, concerns surrounding high levels of salt consumption have prevented their wider
use. Increasing sodium chloride consumption from 5 - 6 g per day to 9 - 12 g per day has
been linked to several health complications (He and MacGregor, 2008), including hyper-
tension, increased risk of cardiovascular disease (Strazzullo et al., 2009) and gastric cancer
(D’Elia et al., 2012). The health implications of ketone salt consumption are speculative,
as no studies have yet characterised the acute effects of ketone salt consumption on levels
of BHB or levels of metabolites and electrolytes.

Ketone monoester and diester compounds that deliver BHB or acetoacetate accompa-
nied by a ketone precursor, such as butanediol, may circumvent some of the problems
of inorganic ion consumption. The first oral ketone ester compounds (1,3-butanediol-
acetoacetate mono- and di-esters) effectively raised blood ketone levels to 7 mM in pigs
(Desrochers et al., 1995a,b). More recently, Clarke et al. (2012b) described the efficacy of
the first ketone ester for human consumption: (R)-3-hydroxybutyl (R)-3-hydroxybutyrate.
Although this ester could be safely consumed to achieve levels of ketosis up to 3 - 4 mM
(Clarke et al., 2012a,b), the short-term physiological and metabolic effects of its consump-

tion have not been fully examined.
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A well-known metabolic complication of endogenous ketosis is acidosis (Laffel, 1999;
Keene, 2006). Normally, pH is tightly regulated to remain within the range of pH 7.35 -
7.45, and the systemic effects of large deviations (for example pH less than 7.1 or above
7.6 ) are well known (Orchard and Cingolani, 1994). There are two traditional approaches
to physiological acid-base buffering mechanisms. Firstly, the Henderson-Hasselbalch ap-
proach, which centres on the inter-conversion of bicarbonate, carbon dioxide, water and
protons as the primary buffering system in the blood (Henderson, 1908). Secondly, the
Stewart approach, which considers that blood pH changes (by water dissociation) in re-
sponse to changes in fully dissociated electrolytes (' Strong Ion Difference,” Stewart (1978)).
Both are likely to be pertinent in complex biological systems, in which multiple factors
influence dissociation and hence proton concentration. Previous investigators have demon-
strated a slight increase in blood pH with ketone salt infusions (up to pH 7.48) (Muller et al.,
1984; Fery and Balasse, 1988), indicating that there may be differences between endoge-
nous ketosis (causing acidaemia) and exogenous ketosis (causing alkalaemia). Therefore,
the work undertaken in this Chapter aimed to investigate the effects of two oral exoge-
nous ketone compounds, an ester and a salt, on levels of circulating HB, metabolites,

electrolytes and on acid-base homeostasis.

3.3 Methods

3.3.1 Participants and study design

The study was approved by South West (Frenchay) Research Ethics Committee (15/SW/0244),
and participants were recruited as described in Chapter 2.1. Firstly, a randomised, four-arm,
cross-over study of n = 15 participants was undertaken to compare ketone levels following
consumption of equimolar amounts of ‘SHB equivalents’ (i.e. the BHB anion or butanediol
from ketone ester hydrolysis) in ketone ester or ketone salt drinks (Figure 3.1). Pre-test

procedures and randomisation were as described in Chapter 2.2. Following an overnight

38



CHAPTER 3. KETONE ESTER AND SALT DRINKS FOR NUTRITIONAL KETOSIS

Study Design: Daily experimental protocol:
Screening and consent Study 1 (n=15)
- Fasting samples + IV cannulation
Visit 1 +  Ketone Ester- Low .
| t (min)
1
Visit2 ' Ketone Ester- High | Random order -5 0 102030 60 90 120 150 180 240
s (4-way crossover)
Visit 3 | Ketone Salt- Low
Visit 4 \I( Ketone Salt- High Drink Venous blood samples
Low= BHB- 1.6 mmoles.kg™!

High= BHB- 3.2 mmoles.kg!

Figure 3.1: Schematic illustrating Study 1 design and sampling schedule for each study visit.

fast, participants consumed either 1.6 mmoles.kg "' of BHB (low dose), or 3.2 mmoles.kg
1 of BHB (high dose) in the form of a ketone ester or a ketone salt (details below). Blood
pressure was monitored at the start of each visit, otherwise each visit followed the pre-
visit and general visit procedures described in Chapter 2.2-4. Venous blood samples were
collected as shown in Figure 3.1.

Following analysis of the cross-over study results, a further group of participants (n =7
for each drink) completed a second study to investigate the short-term effects of the ketone
ester or salt drinks on blood electrolyte levels and on acid-base balance (Figure 3.2). Partic-
ipants consumed 3.2 mmoles.kg™ of BHB, with blood sample collection from a retrograde
cannula in a dorsal vein of a gently heated hand. Samples were collected before the drink
and then at regular intervals for 120 min; blood collected in this way is representative of
arterial blood (‘arterialised’) and thus can be used for immediate measurement of blood

gases and pH (Forster et al., 1972).

Study Design: Daily experimental protocol:
Screening and consent Study 2 (n=7)
| Fasting samples + dorsal hand vein cannulation
Visit A ! Ketone Ester t (min)
Visit B ¥ Ketone Salt 5 0 30 60 90 120
BHB - 3.2 mmoles.kg! T T T T
MDrink  Arterialised blood samples

Figure 3.2: Schematic illustrating Study 2 design and sampling schedule for each visit.

39



CHAPTER 3. KETONE ESTER AND SALT DRINKS FOR NUTRITIONAL KETOSIS

Table 3.1: Calculation of BHB moles in the suggested serving size of the ketone salt (PrototypeNu-
trition., 2016), and of volume of ketone ester required to deliver equimolar BHB. HB M, = 104 *
= every I mole of ester delivers the equivalent of 2 moles of BHB. | = ketone ester M, = 176 and
density = 1.073 g/ml. 1 standardised based on a 70 kg person consuming 30 or 60 ml of the ketone
salt.

Salt Ester
Low High Low High

Drink volume (ml) 30 60 9271 184+

BHB (g) 11.7 234 117 234
BHB (moles) 0.11 022 0.11* 0.22*
PHB (mmoleskg) i 1.6 32 1.6 3.2
Na ™ (g) 1.6 3.2 0 0

K* (2) 16 32 0 0

3.3.2 Study drinks

The total BHB (mmoles.kg') was calculated for a 70 kg person consuming 1x (30 ml),
and 2x (60 ml) the manufacturers’ suggested volume of the ketone salt, Ketoforce (Proto-
typeNutrition, Illinois, USA). This resulted in either 11.7 g (0.11 moles) or 23.4 g (0.22
moles) of BHB for each dose and a final weight adjusted amount of 1.6 mmoles.kg™ or
3.2 mmoles.kg™!. The drinks contained either ~ 3.2 or 6.4 g of sodium and potassium
combined (Table 3.1). The pH of the liquid salt was 10.5.

An equimolar amount of ketone ester was calculated, assuming that 1 mole of the ester
(R-1,3-butanediol-R-3-hydroxybutyrate) delivered 2 moles of D-SHB, as hydrolysis of one
mole of ester released 1 mole of D-BHB and one 1 mole of 1,3-butanediol, which underwent
hepatic metabolism to D-3HB (Table 3.1). The pH of the liquid ester was 4.6.

Both drinks were diluted using water to a final volume of 300 ml and 6 g of an artificial
flavouring (Symrise, Holzminden, Germany) was added to each drink, which contained 19

kCal with 4 g of carbohydrate (0.3 g sugars) (Nutritional data in Appendix A). Participants

40



CHAPTER 3. KETONE ESTER AND SALT DRINKS FOR NUTRITIONAL KETOSIS

were blinded to their drink allocation and drinks were colour, but not taste matched.

3.3.3 Sample collection and analysis

During the cross over study, blood samples were collected, stored and analysed as described
in Chapter 2.4. Urinary pH was measured on all samples taken from the final volume after
4 hours of collection. Na* and K* were analysed at baseline and on 60 min plasma samples
(as this time point represented peak levels of ketosis) using a clinical chemistry analyser
with an indirect ion sensitive electrode (Abbott, Illinois, USA). Chiral analysis for plasma
D-$HB and L-$HB was undertaken using gas-chromatography coupled mass spectrometry
(LC-MS) on a subset of plasma samples (baseline, 30, 60, 90, 120, 180, 240 min) collected
from a randomly chosen cohort of subjects (n = 5) who had consumed the high dose salt
drink drink. This analysis was carried out by IPOS (Huddersfield, UK. See Appendix A).
During the second study, arterialised blood samples obtained from a heated hand vein
were collected into heparinised blood gas syringes (Picol00: Radiometer, Copenhagen,
Denmark) that included an anticoagulant pellet. Samples were stored on ice and analysed
within 10 min for $HB, blood gases, pH and electrolytes using a clinical blood gas analyser

(ABL: Radiometer, Copenhagen, Denmark).

3.3.4 Data processing and statistical methods

Statistical analysis was undertaken as described in Chapter 2.5. Detailed results of statis-
tical comparisons are reported in Appendix A. The amount of L-3HB present in the blood
following ketone salt drinks was calculated based on the enzymatically measured D-3HB
concentration and the ratio of D/L BHB peak areas obtained through LC-MS for each sam-

ple. Four subjects were excluded from the urine analysis as they did not provide samples.
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3.4 Results

3.4.1 Participants

Anthropometric measurements of study participants for the four-arm cross-over study and

the two-arm pH study are shown in Table 3.2.

Table 3.2: Anthropometric characteristics of study participants in the four-arm cross-over study
(Study 1, n = 15) and the two-armed pH study (Study 2, n = 7) Values are mean and range.

Characteristic Study 1 Study 2
n=15 n=7

Age (y) 22(20-34) 26 (22-34)

Height (m) 1.8(1.6-2.1) 1.8(1.6-2.1)

Weight (kg) 71 (57-110) 72 (60-110)

BMI (kg/m?) 23(20-29)  23(20-125)

Sex (M/F) 9/6 3/4

3.4.2 Blood and urine ketone levels

Ketone ester consumption increased blood D-BHB concentrations to a Cpyy of 2.8 £ 0.2
mM at the high dose and to 1.4 + 0.2 mM at the low dose. Ketone salt consumption gave
a D-BHB Cux of BHB of 1.0 & 0.1 mM at the higher dose and 0.8 + 0.1 mM at the lower
dose. Once the D-BHB C,,,x was reached, levels declined steadily over the remainder of
the 3 h protocol (Figure 3.3 A). Ketone ester drinks resulted in higher D-BHB AUC than
salt drinks at both matched doses (Figure 3.3 B, values in Table 3.3). Kinetic parameters
of D-BHB and differences between arms following ketone drinks are summarised in Table
3.3 and Appendix A, Table A.1. SHB rate of appearance (R,) was faster for both ketone
ester drinks than ketone salt drinks. BHB R, increased with dose following ketone ester

consumption, but was identical for the low and high doses of ketone salt. The time taken
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Figure 3.3: Blood BHB following mole-matched ketone ester (KE) and ketone salt (KS) drinks at
two doses in 15 subjects at rest. Values are mean &= SEM. A: D-BHB plotted over time. B: Box plot
showing the mean, range and inter-quartile range of the D-BHB AUC for each drink. C: Measures of
both D-BHB and L-BHB in a sub-sample of 5 subjects consuming the high dose of the ketone salt. D:
Total (D+L) BHB in the same 5 participants consuming ketone ester or salt drinks. Abbreviations:
EH, ketone ester high; EL, ketone ester low; SH, ketone salt high; SL, ketone salt low. T = p <0.05
between ketone ester and ketone salt equivalent dose. * = p <0.05 between low and high dose of
same drink. § = p <0.05 between D- and L-BHB isoforms.
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Table 3.3: Summary of D-BHB kinetic parameters following equimolar ketone ester and ketone salt
drinks at two doses in subjects at rest (n = 15). Abbreviations: R,, Rate of appearance in 30 min
following drink. T = p <0.05 between ketone ester and ketone salt equivalent dose. * = p <0.05
between high and low dose of same drink. Values are mean + SEM

D-GHB R, D-BHB Ty D-BHB AUC

(mmoles.min!)  (min) (mmoles.min)

Ester Low 0.05+0011* 304+4f*  1534+1171%*

High 0.09 £0.01 { 56 £77% 397 £25
Salt  Low 0.02£0.01 56 £4* 101 £ 8 *
High 0.02 £0.01 92 £5 147 £ 7

to reach maximal blood D-3HB levels (Ty,.x) was significantly shorter for the ketone ester
(high dose = 51 + 4 min) than the salt (high dose =92 + 6 min) (p <0.001).

On finding that blood D-3HB concentration was ~ 50% lower with the ketone salt
compared to the ester, the pure salt and liquid ester were analysed using a chiral column for
D- and L- BHB isoforms. It was found that the ketone ester compound consisted of purely
the D- isoforms of 3HB and butanediol, whereas the ketone salt contained both D- and L-
BHB isoforms (Table 3.4). Plasma samples from subjects who had consumed the ketone
salt then underwent the same analysis, and both isoforms were found to be significantly
elevated after these drinks. Levels of the L- isoform were significantly higher in plasma
than the D- isoform, reaching a level of ~ 2.3 mM vs. 1.0 mM of D-SHB. Plasma levels
of L-BHB remained significantly elevated for the duration of the experiment (p <0.001
to 240 min) (Figure 3.3 D). When the levels of D- and L- BHB were combined, from 90
min onwards the total BHB concentration was significantly higher (for these 5 subjects)

following the salt compared to the ester, peaking at 3.4 + 0.2 mM.

Table 3.4: Chiral purity of pure liquid ketone ester and ketone salt

D-GHB (%) L-BHB (%)
Ketone Ester 100 0
Ketone Salt 49 51
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Table 3.5: Urinary D-BHB excretion (g) and urinary pH in resting subjects (n = 15) following
equimolar ketone ester and salt drinks at two doses. T = p <0.05 between ketone ester and ketone
salt equivalent dose. * = p <0.05 between low and high dose of same drink. Values are mean +
SEM

Urinary D-SHB excretion (g) Urine pH Urine vs Blood $HB
Ester Low 0.05+£0.01* 6.37 £ 0.21 r=0.67%*
High 0.33 £0.08 5.80+£0.14 r=0.64%
Csalt Low 008+£001% 84240051 r=055%
High 0.25+0.03 8.48 £0.041 r=045

Urinary D-SHB excretion was significantly greater with the higher dose of both ketone
drinks; however, there were no significant differences in excretion between the two drinks
at matched doses (Table 3.5 and Appendix A, Table A.2). D-3HB excretion represented
less than 1.5 % of the total D-BHB consumed for both: ~ 0.3 g was excreted following the
high dose drinks which had contained over 20 g of BHB. Urine D-SHB was correlated to
D-SHB AUC in 3/4 conditions 3.5.

Baseline urinary pH measured on a subset (n = 7) of participants prior to drink con-
sumption was 5.7 & 0.1. Urinary pH was more alkaline following ketone salt drinks, al-
though pH was the same for both salt doses (Tables 3.5). By comparison, following ketone

ester drinks, urine pH was similar to baseline (Table 3.5 and Appendix A, Table A.2).

3.4.3 Plasma metabolite levels

Ingestion of both ketone compounds significantly altered the levels of circulating metabo-
lites seen during the study protocol (Appendix A, Table A.3). Plasma levels of FFA and TG
fell significantly below their baseline value after consumption of both ketone ester and salt
drinks (Figure 3.4 A and B). At 90 min following a ketone drink, FFA fell from the values
seen at baseline to 0.24 £ 0.05 mM, and TG to 0.7 £ 0.1 mM. There were no differences

between plasma FFA or TG concentrations following either study drink at either dose.
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Figure 3.4: Levels of plasma metabolites (non-esterified fatty acids, triacylglycerol and glucose)
and insulin following equimolar ketone ester and ketone salt drinks at two doses in n = 15 subjects
at rest. Values are mean += SEM. A: Plasma FFA plotted over time for each condition. B: Plasma TG
plotted over time for each condition. C: Glucose plotted over time for each condition. D: Plasma
insulin measured before, 30 min post- and 60 min post- each study drink. Abbreviations: EH, ketone
ester high; EL, ketone ester low; SH, ketone salt high; SL, ketone salt low. * = p <0.05 effect of
time. NS = no significant difference between study drinks.
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Plasma glucose decreased significantly following ketone drink consumption to reach a
minimum value of 4.4 + 0.2 mM after 90 min (Figure 3.4 C). There were no differences
between plasma glucose levels following any study drink. All ketone compounds signifi-
cantly increased plasma insulin at 30 min compared to baseline levels, although there were
no differences between the levels reached for each compound or dose (Figure 3.4 D). Fol-

lowing a transient rise, insulin returned to basal levels by 60 min for all drinks.

3.4.4 Plasma electrolyte levels
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Figure 3.5: Plasma sodium and potassium levels were measured at baseline and 60 min after
consuming a ketone ester or ketone salt drink n = 15 subjects at rest. Values are shown as mean +
SEM. A: Mean plasma Na* prior to the ketone drink and 60 min post-drink; B: Mean plasma K*
prior to ketone drink and 60 min post-drink. Abbreviations: BL, baseline; EH, ketone ester, high;
EL, ketone ester, low; SH, ketone salt, high; SL, ketone salt, low. T = p <0.05 difference between E
and S at equivalent time point. * = p <0.05 change from baseline with same ketone drink.

Ketone salts increased plasma sodium levels 60 min after the drink by 3.3 mM and 2.6
mM after the high and low dose respectively (p <0.001) (Figure 3.5 A and Appendix A,
Table A.4). There was no increase in plasma potassium seen following both the high and
low dose salt drinks (p = 0.29) (Figure 3.5 B and Appendix A, Table A.4). Despite con-
taining no inorganic ions, ketone ester drinks significantly increased plasma sodium levels

by 1.4 mM at 60 min after the high dose drink (p = 0.005) (Figure 3.5 A). Furthermore,
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ketone ester ingestion significantly decreased plasma potassium by 0.4 mM with the low
dose drink and 0.5 mM with the higher dose drink, reaching a minimum value of 3.5 + 0.1
mM at 60 min (p <0.001) (Figure 3.5 B). Whilst these changes were significantly different
from baseline, both electrolytes remained within the normal reference range of 135 - 145

mM for sodium and 3.5 - 4.5 mM for potassium (Longmore et al., 2014)

3.4.5 Effects of ketone ester drinks on blood electrolytes and pH

In order to explain the observed differences in electrolyte levels, the experiment was re-
peated to allow repeated measurement of blood electrolytes and pH. Blood D-3HB rose
following both drinks as seen previously, reaching a C,,x of 1.1 4= 0.1 mM with the ketone
salt and 2.4 £ 0.1 mM with the ketone ester. Following the ketone ester drink, there was a
significant drop in blood pH to 7.31 4= 0.02, 60 min after the drink, representing acidaemia
(Longmore et al., 2014) (p = 0.002) (Figure 3.6 A and B, Appendix Table A.5). There was
an inverse relationship between blood pH and blood SHB (r = - 0.5, p = 0.02) (Figure 3.6
C). Following the ketone salt drink, a significant increase in blood pH was seen between
60 - 90 min (90 min = pH 7.42 £ 0.1; p = 0.006), following the time course of the D-SHB
appearance (Figure 3.6 A and B), although pH remained within the normal range. There
was a direct relationship between blood pH and blood D-HB (r = + 0.5, p = 0.02) (Figure
3.6 D). Blood pH was significantly different between ketone drinks at all time points (effect
of compound: p<0.001; Appendix Table A.5).

Blood bicarbonate fell significantly from ~ 23 mM to 18.0 & 0.9 mM 30 min after
ketone ester ingestion (p = 0.002) (Figure 3.6 E) and remained significantly lower than
baseline until 120 min after the drink. Following the ketone salt drink, bicarbonate fell
after 30 min to 20.6 £+ 0.4 mM (p = 0.035), but then returned to baseline. From 30 min,
bicarbonate levels were significantly higher following the ketone salt drink compared to
the ketone ester (effect of compound: p<0.001, Appendix Table A.5).

Similarly to the observations of Study 1, in Study 2 there were significant changes in
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Figure 3.6: D-3BHB, pH, bicarbonate (HCO3") and electrolytes were measured in arterialised blood
samples from resting subjects (n = 7 for each condition) following a ketone ester or salt drink
containing 3.2 mmoles.kg™ of BHB. Values are means £+ SEM. Shaded areas represent the normal
reference range. A: D-BHB. B: Blood pH. C: Blood pH plotted against blood D-BHB for each
individual in the first 60 min after the ketone ester drink (95% confidence limits shown). D: Blood
pH plotted against blood D-BHB for each individual in the first 60 min after the ketone salt drink
(95% confidence limits shown). E: Blood bicarbonate. F: Blood potassium. G: Blood sodium. H:
Blood chloride.* = p <0.05 ester vs. salt.
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blood levels of potassium and sodium following ketone ester consumption (Figure 3.6 F
and G, Appendix Table A.5). Potassium fell to 3.2 £ 0.3 mM (p = 0.003) after 30 min, and
remained low for the duration of the experiment (Figure 3.6 F). Ketone ester consumption
increased blood sodium levels from 136 mM at baseline to 140 + 1 mM (p = 0.019) after
90 min and did not fall before the end of the study (Figure 3.6 G). Levels of chloride, the
major blood anion, also increased following the ketone ester drink from 109 + 1 mM to
114 4+ 2 mM 90 min after the ketone ester (p = 0.018)(Figure 3.6 H).

Changes in blood electrolytes following a ketone salt drink were also as previously seen
in Study 1. Blood sodium significantly increased to 138 + 0.4 mM (p = 0.02) at 60 min,
but potassium initially decreased to 3.04 £ 0.1 mM at 30 min(p = 0.045), before rising to
baseline level at 60 min (3.43 £+ 0.1 mM, p = 0.82)(Figure 3.6 F and G; Appendix Table
A.5). Chloride also increased by ~ 9 mM to 111 = 1 mM (p<0.001) (Figure 3.6 H).

3.5 Discussion

3.5.1 Main findings

Both ketone ester and ketone salts elevated total blood BHB levels. The ketone ester de-
livered purely D-BHB, but the salt elevated blood levels of both D- and L-3HB, with the
L- isoform being more slowly removed than the D- isoform. Both ketone compounds had
similar effects on blood metabolites, significantly lowering plasma levels of FFA, TG and
glucose and also on blood electrolyte levels. However, they differed in their effect on
acid-base balance, with ketone ester consumption causing an acute acidosis, but ketone salt

ingestion causing alkalosis (Summary Figure 3.7).
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Figure 3.7: Summary of the acute metabolic effects of ketone ester and ketone salt drinks.

3.5.2 Blood CHB after ketone drinks

In agreement with previous investigation of this ketone ester compound (Shivva et al.,
2016; Clarke et al., 2012b), blood D- BHB rapidly increased following consumption and
exhibited non-linear (both first order and Michaelis-Menten elimination kinetics), as D-
BHB was used as a metabolic fuel. When only D-8HB was measured it appeared that
ketone salts did not achieve similar levels of ketosis; however, when the level of L-3HB
was taken into consideration, total ketosis was similar for the two compounds. In fact, total
BHB was higher following ketone salts, although this may have been due to accumulation
of L-BHB whereas D-3HB was continually removed. Therefore, although the study drinks
were equimolar with respect to total BHB, it remains unknown if blood D-3HB kinetic
parameters for each compound would be similar if matched amounts of D-3HB were given
in ester or salt drinks.

Following the salt drink, blood D- 3HB increased slowly, before falling by the end of the
study. However, L-3HB levels remained elevated for at least 4 hours, suggesting a low rate

of removal. This is supported by the work of Webber and Edmond (1977), who suggested
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that the L- isoform was less readily oxidised than the D- isoform and instead was prefer-
entially used for cholesterol synthesis and de novo lipogenesis (Figure 3.8). Most previous
work examining L-3HB metabolism was carried out in rodent models, so its metabolic fate
in human tissue was unknown. This study raises some questions surrounding the utility and
safety of L-BHB supplementation: is it a relevant oxidative fuel, and could it accumulate
to dangerous levels with repeated ketone salt drinks? For these reasons, delivery of pure
D-SHB may be preferable to racemic mixtures. This could be achieved through ketone
ester compounds, which provide only D-3HB, or through purification of the racemic salt to
increase the proportion of D-3HB delivered.

Whilst it appears that L-3HB is not rapidly removed from the blood for use as a fuel, it
is unclear if it has other metabolic effects. The presence of high levels of L-SHB could alter
the handling of D-SHB by competition for uptake via the monocarboxylate transporter, or
by inhibiting HB dehydrogenase, thereby slowing D-BHB oxidation. Furthermore, whilst
it is known that D-3HB acts as both an intracellular and extracellular signalling metabolite,
it is unclear if L-3HB would have equivalent effects. Some investigators have proposed
that L-BHB may be more physiologically abundant than previously believed, and fulfill
an intracellular signalling role to modulate the metabolic effects of D-BHB (Tsai et al.,
2006). These investigators found a 2:1 ratio of D:L BHB in rodent heart homogenates,
which increased to 8:1 in homogenates from diabetic animals. This shift was suggested to
contribute to a reduced glucose utilization by the diabetic cardiomyocytes. Many questions
about L-3HB remain unanswered and the metabolic effects of L-SHB in humans must be
investigated to understand any risks.

The speed of initial D-SHB uptake differed between the ketone ester and salt (as indi-
cated by the R, and T\,.x), and was not affected by dose for the salt. Clearly, this may have
been due to the presence of unmeasured L-3HB in the salt. However, differences may also
have arisen as the hydrolysis of the ester bond of the ketone ester gave equimolar amounts

of D-BHB and butanediol. Butanediol is a small, uncharged, polar molecule that can freely
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Figure 3.8: Current understanding of the metabolic fate of L-BHB. Primary fate in rat tissue was
conversion to sterols or use as a substrate for de-novo lipogeneis (Webber and Edmond, 1977),
although a small amount may be oxidised (Desrochers et al., 1992). HMG-CoA = 3-hydroxy-3-
methylglutaryl-coenzyme A.

cross the gut epithelium into the portal bloodstream (Holford, 1987), and the rapid uptake
and metabolism of butanediol may have resulted in a faster increase in SHB with the ketone
ester than the salt. A further possibility is that diffusion of solutes (such as BHB) out of the
ketone salt solution was slow, due to the high osmolarity of the salt compound in solution

in comparison to the that of the ester.

3.5.3 Effect of ketone drinks on blood pH and electrolytes

The effects of the two ketone compounds on blood acid-base homeostasis were consistent
with the pH of each solution, with the ketone ester being an acidic solution that caused
acidosis, and the salt being an alkaline solution that caused alkalosis. The underlying
mechanism may be explained by the different chemical moiety accompanying SHB in each
ketone compound. The ketone salt provided BHB™ along with an inorganic cation (Na*
or K*), which would be fully dissociated in solution. When SHB" was removed from the

blood there may have been an electrolyte imbalance that resulted in the mild alkalinisation
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of the blood, as seen previously with salt infusions (Muller et al., 1984; Fery and Bal-
asse, 1988). In contrast, ketone ester hydrolysis provided one mole of SHB" along with
one mole of butanediol. Butanediol subsequently underwent hepatic metabolism to form
the complete keto-acid (along with a proton), which may have lowered the blood pH (Fig-
ure 3.9). Other mechanisms for the changes in blood pH were considered, but did not
adequately explain the divergence seen. Taking a ‘Stewart’ approach (Stewart, 1978) in-
volved calculation of the ‘strong ion difference’ (Strong ion difference = ([Na*] + [K*] +
[Mg?*]) - ([CI']); however, this was not different between drinks (data not shown). Whilst
blood bicarbonate levels were different between drinks, as levels remained within the clin-
ical reference range the changes were not of a sufficient magnitude to evoke carbonic acid
(Henderson-Hasselbalch (Henderson, 1908)) as a mechanism. A final possibility was that
a shift in body water occurred and altered pH (for example, a ‘contraction’ alkalosis or a
‘dilutional’ acidosis); however, the speed of the change in pH and similarities in electrolyte
levels following both compounds suggest that this was not the case.

The changes in electrolyte levels following ingestion of both ketone compounds were
similar in the second experiment, suggesting a shared mechanism. The factor common
to both compounds was the rapid provision of BHB"; the electrolyte shifts observed could
have occurred as a result of BHB" uptake and metabolism within cells (Figure 3.9). BHB"
is transported into the cell in a proton-linked manner via the monocarboxylate transporters
(Halestrap and Price, 1999), resulting in a fall in intracellular pH, and increased proton and
chloride efflux via sodium-proton exchange and/or sodium-bicarbonate-chloride transport.
These processes could have caused the influx of sodium, which would be effluxed via
the sodium-potassium pump (Palmer, 2014). The ultimate result would be the movement
of sodium and chloride out of the cell and of potassium inwards. A similar decrease in
blood potassium, with an increase in blood sodium, can occur during endogenous metabolic
acidosis (Palmer, 2014); however, it is unclear if the acute shifts seen here would persist

with chronic exogenous ketosis or if compensation would occur.
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Figure 3.9: Proposed mechanism for rapid changes in blood pH and electrolytes following ketone
ester and salt drinks. A: Butanediol from ketone ester hydrolysis was metabolised to the complete
keto-acid BHB + H*, decreasing blood pH. B: D/L BHB" were taken up into the intracellular com-
partment along with a proton through the monocarboxylate transporter, decreasing intracellular
pH. This resulted in a electrolyte imbalance with the ketone salt, raising blood pH. C: The rise
in intracellular protons resulted in proton efflux, in exchange for sodium influx via sodium-proton
exchange. D: Further protons were extruded through sodium-proton exchange, linked to uptake
of bicarbonate and chloride release. This raised extracellular chloride levels and decreased ex-
tracellular bicarbonate levels. E: As intracellular sodium was maintained by C and D, activity of
the sodium-potassium ATPase (E) was maintained, giving an increase in extracellular sodium and

decrease in extracellular potassium.
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It appears that the effects on blood electrolytes and blood pH observed here are a re-
sult of complex interactions between metabolic chemistry and the resultant physiological
responses, manifested as ion fluxes. A likely source of variability is the use of ‘arteri-
alised’ blood sampling in place of direct arterial samples. Amongst other things, arterial
and venous blood differ in terms of their pH, partial pressure of CO, and bicarbonate levels
(Longmore et al., 2014), therefore, in order to further explore the underlying mechanisms,
future work should obtain direct arterial blood samples.

At the doses of ketone compound used in this study, changes in blood pH were closely
related to changes in D-3HB levels. This suggests that there may be an advisable up-
per limit to ketone ester or salt ingestion, and that care should be taken using exogenous
ketones in patients who may have a reduced ability to compensate. If either drink was con-
sumed at high doses for an extended time, the resulting chronic perturbations to acid-base
balance may cause medical complications, although alkalosis is generally considered to be
more benign than acidosis (Kraut and Madias, 2010; Palmer and Alpern, 1997). Therefore,
the effects of increasing doses, or prolonged consumption of ketone drinks on acid-base
balance should be investigated and monitored to avoid any adverse effects.

A further risk of long-term use of ketone salt drinks is the physiological stress of high
levels of inorganic ion consumption. Even though there were no significant changes to
blood electrolyte levels following ketone salt drinks, the low levels of D-BHB resulting
from the salt at both low and high doses may necessitate multiple salt drinks, or higher
salt doses to bring blood D-BHB over 0.5 mM for a sustained time, which would further
increase sodium and potassium consumption. Three 30 ml ketone salt drinks (the lower
dose studied here) per day would result in the ingestion of a total of 19.2 g of Na* plus K*
(PrototypeNutrition., 2016). The cumulative effect of high levels of ion consumption on the
kidney may be damaging: elevating blood pressure, increasing the amount of protein in the
urine and increasing the risk of kidney stones (du Cailar et al., 2002). A solution to the high

sodium and potassium load associated with the ketone salt drink may be to produce a salt
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of BHB" conjugated to an organic salt forming cation, such as arginine, lysine or histidine

(Beylot et al., 1994).

3.5.4 Effect of ketone drinks on blood metabolites

Endogenous ketone bodies inhibit their own production through suppression of lipolysis,
mediated by agonism of the PUMA-G nicotinic acid receptor in adipose tissue (Taggart
et al., 2005). This anti-lipolytic effect is conserved with exogenous ketone bodies as infu-
sions of ketone salts caused a fall in blood FFA and TG during ketosis (Balasse and Ooms,
1968). Here, a similar effect was seen with ketone drink consumption. Interestingly, there
was no significant dose:response relationship between blood D-BHB and the changes in
plasma FFA or TG, suggesting that inhibition of lipolysis did not increase with increasing
D-BHB concentrations. It is unknown if L-3HB also acted as an anti-lipolytic signal. Max-
imal ketone-mediated inhibition of lipolysis may have occurred at low levels of D-BHB and
not increased further with rising blood D-SHB levels.

The results of this study are in agreement with previous work that showed a fall in blood
glucose as a result of ketone salt infusions (Balasse and Ooms, 1968; Mikkelsen et al.,
2015). The underlying mechanism could be attributed to suppression of hepatic glucose
output (Miles et al., 1981), a direct effect of ketone bodies on the release of gluconeogenic
precursors from peripheral tissues (Sherwin and Felig, 1975), a ketone-mediated increase
in insulin secretion (Biden and Taylor, 1983; Beylot et al., 1994) or through ketone bodies
increasing peripheral glucose uptake (Kashiwaya et al., 1997). Preservation of hepatic
carbohydrate and of gluconeogenic amino acids is in keeping with the evolutionary role of
ketones: through provision of an alternative cerebral metabolic substrate and reducing the
need for proteolysis to provide gluconeogenic substrate (Cahill, 1970).

Finally, consumption of all ketone drinks elevated plasma insulin levels. The small in-
crease may have been due to the ~ 0.3 g of sugar from the sweetener (4 g carbohydrate

total); however, the relationship between ketone bodies and insulin secretion is not well
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understood. Isolated pancreatic islets stimulated by ketones in vitro secreted insulin (Biden
and Taylor, 1983) and insulin secretion may occur following exposure to exogenous ke-
tones in vivo (Madison et al., 1964; Miles et al., 1981). However, Balasse and Ooms
(1968) failed to reproduce these findings, although it was not a major end point of their
experiments. Given the small amount of carbohydrate in the sweetener, it is impossible to

confirm or exclude the possibility of an insulinotropic effect of exogenous ketone bodies.

3.6 Conclusion

In conclusion, ketone esters and salts consumed in drinks can raise levels of blood 3HB in
non-starving humans without the need for dietary manipulation. The ketone ester rapidly
increased blood D-SHB, which was subsequently metabolised. By comparison, the ketone
salt elevated both D- and L-BHB isoforms, with the latter only slowly removed from the
blood. Due to molecular differences between ketone compounds, a disparate effect on
acid-base homeostasis was observed. However, both ketone compounds had similar effects
on levels of blood electrolytes and substrates. Therefore, it appears that not all exogenous
ketone compounds are ‘equal’ in their metabolic and physiological effects, and this may

have implications for their use in dietary ketosis.
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4.1 Abstract

The ketone ester, R-1,3-butanediol-R-3-hydroxybutyrate, is a novel dietary tool to elevate
circulating D-3HB levels in humans, however it is unknown how much variability in ketone
ester metabolism exists both within- and between individuals, and whether pre-existing
exogenous ketosis alters ketone handling. Characterising the kinetics and repeatability
of BHB levels following ester consumption in different states, such as following a meal
or following previous ketone drinks, may provide insights into exogenous ketone body
metabolism. The work in this Chapter aimed to study the variability of ketone kinetics and
metabolite levels when ketone ester drinks were consumed following a standard meal or
after an overnight fast. It also aimed to study ketone metabolism after feeding equimo-
lar, isovolumetric amounts of the ketone ester as three consecutive drinks compared to
continuous infusion through a nasogastric (NG) tube. Ketone ester drinks elevated blood
BHB levels with a high degree of within- individual repeatability in both the fed and fasted
state, although 1.4- fold more $HB appeared in the blood and peak $HB increased by 1
mM when fasted. Plasma AcAc, breath acetone and urinary BHB increased following the
ketone drinks, but were the same if drinks were taken when fed or fasted. Plasma FFA,
TG and glucose significantly fell and to a similar extent following all ketone ester drinks,
irrespective of meal feeding. Finally, both serial ketone ester drinks and continual NG feed-
ing of the ketone ester achieved a prolonged nutritional ketosis with no changes in ketone
appearance or elimination with pre-existing ketosis and the same total uptake with both
administration methods. In conclusion, these results provide an insight into factors which

may affect the metabolism of exogenous ketone compounds.
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4.2 Introduction

The kinetics of BHB following consumption of the ketone ester, R-1,3-butanediol-R-3-
hydroxybutyrate, depends on the rate of SHB appearance due to hydrolysis, absorption and
hepatic conversion of butanediol into BHB, and BHB disappearance through metabolism
or excretion. These processes may be affected by anthropometric or environmental factors
that result in differences in blood BHB profiles between and within individuals, despite
equivalent amounts being consumed. As the results of Chapter 3 illustrated that ketone
ester consumption raised D-BHB in a dose dependant fashion, the objective of this study
was to investigate whether this compound could deliver reproducible levels of SHB under
a range of conditions and in a range of subjects, as this has implications for its use in
nutritional ketosis.

Lean body mass and sex are two anthropometric characteristics that are important co-
variables altering blood $HB levels following ketone ester drinks (Shivva et al., 2016).
Further variation between individuals may occur with expression of the different isoforms
of gut esterases (Liederer and Borchardt, 2006), monocarboxylate transporters (Halestrap
and Price, 1999), and alcohol and aldehyde dehydrogenases (Crabb et al., 2004). Each
has distinctive kinetic properties that may influence the absorption and metabolism of the
ketone ester, or its downstream metabolites. The degree of non-specific, random inter-
individual variance in BHB kinetics following ketone ester drinks has yet to be quantified.

A key environmental factor which could influence ketone kinetics is meal ingestion.
Even with a strictly standardised meal protocol, gastric emptying is variable, and may have
a marked effect on small molecule absorption, particularly in the proximal small bowel
(Brophy et al., 1986; Goo et al., 1987). As supplemental ketones are intended to bypass the
need for starvation to achieve ketosis, ketone esters may be consumed together with normal
meals, therefore it is vital to understand the effect of food in the gut on BHB kinetics.

The ratios between the physiological ketone bodies of BHB, AcAc and acetone that are

61



CHAPTER 4. REPEATABILITY OF KETONE AND METABOLITE KINETICS FOLLOWING
KETONE ESTER CONSUMPTION

seen during endogenous ketosis may differ with exogenous ketosis. During endogenous
ketosis where blood ketone levels are low, BHB is converted to AcAc in a 1:1 ratio (Laffel,
1999) and acetoacetate undergoes spontaneous decarboxylation to acetone at a rate propor-
tional to its concentration (Reichard Jr et al., 1979). However, if a large amount of HB
is delivered alone, then equilibrium between the physiological ketone bodies may not be
reached acutely. These ratios could be further altered if the metabolic and hormonal milieu
is changed by the nutrient bolus of a mixed meal.

Metabolism of endogenous ketone bodies changes as ketosis increases and is prolonged,
with ketones being increasingly used by the brain but decreasingly used in peripheral tis-
sues (Cahill, 1970). It appears that the decrease in peripheral ketone use may be directly
related to the levels of ketosis, rather than the manifold physiological changes seen during
starvation, as ketone salt infusions illustrated that the metabolic clearance of ketones fell
with increasing ketosis (above 8 mM) (Fery and Balasse, 1985). It is uncertain whether
ketone kinetic profiles following a ketone ester drink would be changed if it were to be
consumed on top of a pre-existing exogenous ketosis (between 1 - 3 mM), for example
if administered in regular boluses or continuously, such as through a NG tube. Previous
work using this ketone ester gave three milkshake based drinks a day for five days at three
doses, to study the incidence of GI symptoms, without any adverse effects. However, this
study did not record the kinetic profiles of blood SHB following the three drinks (Clarke
et al., 2012b). As the ester is taken up through the gut rather than infused directly into
the blood, any of the processes involved in its uptake or metabolism might also be altered
by previous drinks. Ultimately, it is important to know if this ketone ester can maintain
blood ketone body concentrations at an appreciable level (for example- >1 mM) without
changes in ketone metabolism that could affect BHB appearance in the blood or lead to its
accumulation.

By investigating the repeatability of delivered ketosis, the effects of a meal on ketone

kinetics, and piloting two dosing methods to maintain ketosis, this study aimed to further

62



CHAPTER 4. REPEATABILITY OF KETONE AND METABOLITE KINETICS FOLLOWING
KETONE ESTER CONSUMPTION

the understanding of physiological factors that affect the metabolism of exogenous ketone
bodies, and to provide practical information that could inform the future use of the ketone

ester.

4.3 Methods

4.3.1 Participants and study design

The study was approved by London Queen’s Square Research Ethics Committee (14/L.0O/0288),
and participants were recruited as described in Chapter 2.1. A randomised, five-arm cross-
over study was undertaken to compare inter and intra-participant repeatability of ketosis
following ingestion of identical ketone ester drinks in the fed and fasted state (n = 16)
(Figure 4.1). Pre-test procedures and randomisation were as described in Chapter 2.2. Fol-
lowing an overnight fast, participants consumed one ketone ester drink (2.2 mmoles.kg !
of ketone ester, representing 4.4 mmoles.kg "' of ‘3HB equivalents’) for four of the study
arms, twice whilst fasted, and twice following a standardised meal. For one study arm
the ketone ester drink was replaced by an isocaloric dextrose drink consumed whilst fasted
(Table 4.1). Venous blood samples, urine samples and respired gas samples were collected

as shown in Figure 4.1.

Repeatability Study Design: Daily experimental protocols:
Screening and consent (n = 16) Fed /Fasted / Dextrose:

o Study
Visit1 1 Fed! drink

isit 2 1+ Fed? t (min)
Visit2 3 Fed® | pindom order T30 50 30 60 90 120 150 180 240
Visit3 | Fasted (5 way crossover) o Blood & i '
Visit4 | Fasted? Y Meal (Fed) B AP g

Visit 5 ¥ Dextrose Fasting bloods +

IV cannulation
Fed = (standardised meal + 2.2 mmoles.kg™ of ketone ester)

Fasted = (fasted + 2.2 mmoles.kg™ of ketone ester)
Dextrose = (fasted + isocaloric dextrose)

Figure 4.1: Schematic illustrating the overall study design and the sampling schedule for each of
the study visits (fed and fasted kinetics and repeatability).
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Additionally, a two-armed observational study was undertaken to compare ketosis fol-
lowing equivalent amounts of ketone ester given via serial ketone ester drinks or continuous
NG infusion. These visits also followed the general procedures described in Chapter 2. 2
- 4, with venous blood samples collected as shown in Figure 4.2. Following an overnight
fast, study participants (n = 12) consumed 6.6 mmoles.kg! of ketone ester total over nine
hours, divided equally between three drink boluses (2.2 mmoles.kg™!) spaced three hours
apart. A further subset of participants (n = 4) were given 6.6 mmoles.kg™! total of ketone
ester through an NG tube over nine hours, also following an overnight fast. The NG tube
(8 Fr- Corpack MedSystems, London, UK) was inserted into the stomach and its position
confirmed using a thoracic radiograph, before infusion commenced. One third of the total
ester volume was given as a bolus at the start of the protocol; infusion of the remaining
ketone ester began after one hour and was administered at a continuous rate (=~ 120 mLh")

to ensure delivery of ~ 0.55 mmoles.kg.h"! of ketone ester for a further eight hours.

Daily experimental protocol: Serial Drinks.
Fasting bloods + IV

cannulation
1 . *Urine collection .
t (min) -30 OT 30T 60T 12? 18? 21? 24? SO(T) 360 390 420 480 54TO
t—*l—\ —t— —— . '
Drink 1 Drink 2 Drink 3 = Blood sampling
2.2 mmoles.kg? 2.2 mmoles.kg! 2.2 mmoles.kg!
ketone ester ketone ester ketone ester

Daily experimental protocol: Nasogastric Ketone Feeding.
Fasting bloods + IV
cannulation  [njtial bolus:

S -1 . . .
l 22 mmoles.kg Nasogastric ketone infusion: 0.55 mmoles.kg.h ketone ester

L ketoneester ; .
tmin) -30 -25 0 30 60 135 180 225 270 315 360 405 450 495 540

(A

Nasogastric Tube Blood sampling and urine collection
inserted & Radiograph

Figure 4.2: Schematic illustrating the overall study design and the sampling schedule for each of
the study visits (Serial drinks and NG infusion).
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4.3.2 Study drinks and infusions

In the cross-over study, the amount of ketone ester ingested by each participant was cal-
culated as 2.2 mmoles.kg™!. The ketone ester was diluted to a final volume of 500 ml
using a commercially available citrus flavoured drink (Glaceau, New York, USA), which
contained 65 kCal from 15 g of sugar (Nutritional data in Appendix B, Figure B.1). The
energy content (kCal) of each participant’s ketone ester drink was used to calculate the
weight of powdered dextrose in their dextrose drink (Table 4.1). The drinks were colour
and volume matched and participants were blinded to taste by addition of a bitterness addi-
tive to the dextrose drink. Investigators asked participants to identify their drink following
consumption to assess the efficacy of the blinding process.

Each drink in the “serial drinks” visit contained 2.2 mmoles.kg™ of ketone ester diluted
to 500 ml with the same citrus flavoured drink as used before. For the bolus given at the start
of the “NG feeding” visit, 2.2 mmoles.kg! of ketone ester was diluted to 500 ml with citrus
water and administered through the NG tube using a syringe in under 5 min. A volume of
ketone ester equating to 4.4 mmoles.kg! was diluted into 1 L with citrus drink, and 60 min
after the initial bolus, infusion commenced using a clinical infusion pump (Alaris, New

Jersey, USA) at 120 ml.h"! via a nasogastric tube.

4.3.3 Standardised meals

During each ‘fed’ visit, participants consumed a standard meal immediately before the
ketone drink (Table 4.1). The FDA guidelines for Food Effect Bioavailability studies (FDA,
2002) were used to design the standard meal, which consisted of porridge oats (54 g), semi-
skimmed milk (360 ml) and banana (120 g), which gave 600 kCal with the macro-nutrient

ratio: (Carbohydrate: Protein: Fat) 2:1:1.
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Table 4.1: Breakdown of calories in each study arm in study drinks and standard meal, ketone
calories calculated for a 70 kg participant.

Fed Fasted Dextrose

Study Drink:

Ketone (kCal.kg!) 19 19 -
Dextrose (kCal.kg™) - - 1.9
Sports Water (kCal.kg!) 65 65 65

Standard Meal:

Carbohydrate (kCal) 300 - -
Protien (kCal) 150 - -

Fat (kCal) 150 - -
Total 798 198 198

4.3.4 Sample collection and analysis

Blood samples were collected, stored and analysed as described in the Chapter 2.4. Ace-
toacetate was assayed on the ‘fed’ and ‘fasted’ plasma samples using enzymatic methods
(Bergmeyer, 1965). In the ‘fed’, ‘fasted’ and ‘dextrose’ visits, respired gases were analysed
for acetone at the time of blood sampling using a handheld electrochemical device (NTT

DOCOMO, Tokyo Japan) (Tsuguyoshi et al., 2013).

4.3.5 Data processing and statistical methods

Statistical analysis was undertaken as described in Chapter 2.5, detailed results of statistical
comparisons are reported in Appendix B. For the serial drinks experiment, the amount of
BHB eliminated was approximated by calculating the area under the curve (AUC) from 60
min after the drink to 180 min after each drink, with SHB concentrations normalised to the
value at 180 min.

Additionally, a linear mixed effects model was constructed in collaboration with a
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statistician to estimate partitions of variance in R, using the lme4 and blme packages
(Bates D, 2015; Chung et al., 2013). Linear mixed effects models represent generalized
forms of repeated measures ANOVA, and allow for richer covariance structures (such as
the presence of missing data, or correlated observations) than traditional approaches. Feed-
ing state and visit number were considered to be fixed effects in this model, and inter-
participant variability was considered as a random effect. Inter-participant variability was
calculated according to the adjusted generalized R2 metric (as proposed by Nakagawa
and Schielzeth (2013)), to partition variance between the fixed effects of feeding, inter-
participant variability, and residual variability. The coefficient of variation for BHB Cp,,x
and AUC were calculated using the method of Vangel (1996). Following the initial analysis
of BHB variability within participants (ie. visit 1 vs. visit 2), all subsequent results (includ-

ing metabolites) are presented as the mean value for both visits in the same condition.

4.4 Results

4.4.1 Participants

Anthropometric characteristics of study participants are shown in Table 4.2.

4.4.2 Repeatability of blood SHB Kkinetics and effect a of meal

Consumption of a ketone ester drink elevated blood BHB concentrations with a high degree
of between- and within-participant repeatability, however meal consumption significantly
decreased the BHB C,,,x and AUC (p <0.001 in both cases). SHB kinetic parameters fol-
lowing ketone ester ingestion are summarised in Table 4.3. In both conditions blood 3HB
rapidly rose and plateaued between 30 - 120 min with subsequent elimination following
a non-linear pattern, consistent with previous work (Clarke et al., 2012a,b; Shivva et al.,

2016) (Figure 4.3). Feeding significantly altered several aspects of BHB kinetics: the mean
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Table 4.2: Anthropometric characteristics of study participants who completed the five armed cross
over experiment (Study 1, n = 16), the serial drinks experiment (Study 2, n = 12) and the NG feeding
experiment (Study 3, n = 4). As some participants completed more than one experiment, the total n
= 8. Values are mean and range. ND = not done.

Characteristic  Study 1: mean (range) Study 2: mean (range) Study 3: mean (range)

Age (y) 28 (21-42) 28 (21-42) 26 (23-56)
Height (m) 1.8 (1.5-2.1) 1.8 (1.5-1.9) 1.8 (1.7-1.9)
Weight (kg) 73 (54-111) 70 (55-86) 66 (57-79)
BMI (kg/m?) 23 (19-28) 23 (19-28) 21 (19-23)
Body Fat (%) 16 (4-33) 16 (4-33) ND

Sex (M/F) 10/ 6 7/5 3/1

BHB Cyax and AUC were decreased by 45 % and 37% respectively with concomitant meal
ingestion (Figure 4.4 A and B) and the time course of BHB appearance (drink x time inter-
action) was significantly altered by feeding state (Appendix B, Table B.1). HB C,,,« and
AUC increased proportionally and were strongly correlated in both condition (Spearmans
R: -0.6). The coefficient of variation of both BHB Cy,,x and AUC was constant at ~= 25%.

There was no increase in blood BHB following the dextrose drink.

Table 4.3: Kinetic parameters of D-BHB when n = 16 participants consumed equimolar ketone
ester drinks, twice whilst fasted and twice following a meal. Mean values + SEM * p <0.001 fasted
vs. fed.

Fed Fasted
Parameter Visit1  Visit2  Mean Visit1  Visit2  Mean
C max (mM) 22402 22402 22+0.1 32402 33+0.2 3.34+0.1%
T max (mMin) 7348 73+10  73+6 64+7 68+5 66+4

AUC (mmoles.min) 344+£28 370+16 357+£16 478+31 502+23 490+19*

The BHB C.x in each condition had a similar between-subject range when fed (1.3 -

3.5 mM) and fasted (2.3 - 4.7 mM). The greatest difference in within-subject peak $HB
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Figure 4.3: Blood BHB following mole-matched ketone ester or isocaloric dextrose drinks in the
fed and fasted state in n = 16 subjects at rest. Values are mean + SEM. Significance denoted by: *
p <0.001 fed vs. fasted.

was 1.2 mM when fed and 1.9 mM when fasted (Figure 4.5). Approximately 61% of the
variation in the data was attributable to feeding (fed vs. fasted), <1% to visit order, 16%
to inter-participant variability, and the residual 24% variability explained by non-specific
random effects. Therefore, the data strongly indicate that variability between participants
was less than that within the population, and that accurate individual prediction of BHB

Chax following a weight-adjusted ketone ester drink can be achieved.
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Figure 4.4: Blood D-BHB following mole-matched ketone ester drinks in the fed and fasted state in
n = 16 subjects at rest. A: Box plot showing mean, range and inter-quartile range of D-BHB C4x in
each condition. B: Box plot showing mean, range and inter-quartile range of D-BHB AUC in each
condition. Significance denoted by: * p <0.001 fed vs. fasted.

A Fe B Fasted
2- 2- )
= S 4
[ 1 o S ! ° Qe y
x x
© < ° [ ]
QE 0 o Io oo o Jo 1 QE o T T = 1
o 1 ° 2c> 9 3 4 o 1 2 30... 4 5
I ° I P °
Q. = Q@ =
< ................................. o ............................ < ........................................................................
-2 -2
Mean HB C_ . (mM) Mean HB C, . (mM)

Figure 4.5: Variability in BHB Cpuy levels when n = 16 subjects separately consumed two ketone
ester drinks in both the fed and fasted state. A: Mean BHB C,4 and difference between BHB Cyqx
over two visits in fed condition (open circles). B:BHB C,,qx and difference between BHB Cyqy 0ver
two visits in fasted condition (closed circles). X axis = mean BHB Cyyy of the 2 visits (mM), Y axis
= difference between BHB Cy,qy in each visit. 95% confidence limits are shown.
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4.4.3 Plasma AcAc, breath acetone and urinary SHB excretion

Despite the disparity in BHB kinetics, consumption of the ketone ester significantly raised
plasma acetoacetate, breath acetone levels and urinary BHB levels to a similar extent with
no differences between the fed and fasted conditions (Figure 4.6 and Appendix B, Table
B.1). Plasma AcAc appearance and elimination followed a similar time course to SHB
overall, with the initial rapid rise followed by a plateau between 30-90 min at ~ 0.76 mM
in each condition, before steadily decreasing over the remainder of the protocol (Figure 4.6
A). There were no differences in AcAc levels between conditions. The ratio of BHB:AcAc
was more reduced (i.e greater amount of BHB, the reduced form of ketone body) when
fasted (6:1) compared to when fed (4:1) (p = 0.004) (Figure 4.6 B).

Breath acetone concentrations increased at a much slower rate than that of blood ketone
bodies, reaching a plateau of approximately 65 + 4 ppm at 120 min following ketone
ester consumption in both conditions (Figure 4.6 C). Breath acetone did not decrease from
this plateau and remained significantly elevated to the end of the protocol. There was no
increase in breath acetone following the dextrose drink.

A small amount of BHB was excreted in the urine following the ketone ester in both
conditions. The total amount of SHB eliminated in the urine was not altered by meal
consumption (fed = 0.50 &+ 0.6 g, fasted = 0.49 £+ 0.6 g, p = 0.9) (Figure 4.6 D) and
represented ~ 1-2% of the ingested SHB. Urine SHB excretion was correlated to SHB

AUC in both the fed (r =0.39, p = 0.05) and fasted (r = 0.62, p = 0.002) conditions.
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Figure 4.6: Plasma acetoacetate (AcAc), breath acetone and urinary BHB excretion following mole-
matched ketone ester (KE) or isocaloric dextrose drinks in the fed and fasted state in n = 16 subjects
at rest. Values are mean = SEM. A: Measured AcAc over time. B: Calculated ratio of PHB: AcAc
over time. C: Measured breath acetone (ppm = parts per million) over time. D: Box plot showing
mean, range and inter-quartile range of urinary BHB excretion in each condition. Significance
denoted by: * p <0.05 fed vs. fasted.
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4.4.4 Plasma metabolite levels
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