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ABSTRACT

Nicotinamide Adenine Dinucleotide (NAD+) is a cofactor for enzymes serving cellular metabolic
reactions and a consumed substrate for sirtuins and poly (adenosine diphosphate-ribose)
polymerases (PARPS), enzymes that regulate protein deacetylation and DNA repair, and translate
changes in energy and cell status into metabolic adaptations. Deranged NAD+ homeostasis and
concurrent mitochondrial dysfunction are key features of ageing and age-related metabolic
disease. Contemporary NAD+ precursors (vitamin B3 derivatives) showed promise as therapeutic
nutraceuticals to restore target tissue NAD+ in at risk groups and have demonstrated
improvements in mitochondrial function and sirtuin-dependent signalling in pre-clinical studies.
We conducted the NADMet (Nicotinamide Adenine Dinucleotide and Skeletal Muscle Metabolic
Phenotype) clinical study to examine whether NAD+ can be increased in human tissues using
oral nutraceutical approaches and assess for a potential role in combating metabolic disease and
the unwanted effects of ageing. The results showed that the oral supplementation of the NAD+
precursor, nicotinamide riboside, in aged men was safe and well-tolerated leading to an increase
in the skeletal muscle NAD+ metabolome and induced a specific transcriptomic signature without

altering muscle specific or systemic metabolism.

NAD+ is also a parent molecule for NADPH which is a cofactor for the 11B-hydroxysteroid
dehydrogenase type 1 (11B-HSD1) enzyme that regenerates glucocorticoids in the sarcoplasmic
reticulum (SR) of skeletal muscle. The maintenance of the SR NADPH/NADP+ ratio is poorly
understood. This work suggests a novel level of regulated glucocorticoid metabolism in skeletal
muscle whereby 113-HSD1 activity can be influenced by cellular redox status and NAD+ levels

beyond the SR.
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Chapter 1: General Introduction

Parts of this chapter have been published as:

Targeting NAD+ in metabolic disease: new insights into an old molecule
Elhassan YS, Philp A, Lavery GG

Journal of the Endocrine Society, 2017 Jul 1; 1(7): 816—835

DOI: 10.1210/js.2017-00092
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1.1. Role of Skeletal muscle

Skeletal muscle is the largest body organ accounting for nearly half of a healthy adult’s total body
mass, that is composed of myofibres and connective tissue and supported by neuronal and
vascular networks (1). Skeletal muscle is vital to life, performing the mechanical work of

locomotion and respiration and also central to whole body energy metabolism (2).

1.2. Skeletal Muscle Energy Metabolism

Skeletal muscle represents a key organ for maintaining an individual's energy homeostasis (3). It
is the major site of storage of glycogen and therefore acts a reservoir to sustain body energy
homeostasis enabling body systems to deal with metabolic stresses such as physical activity,
nutrients intake, and fasting by balancing glucose uptake and glycogen degradation (4,5). To
combat metabolic stress, skeletal muscle displays high plasticity by adapting, both as acute and
chronic responses, to environmental challenges, cellular hormone signalling, and myokines (6,7).
These muscle metabolic responses include, but not limited to, modulating mitochondrial

biogenesis and function, mobilisation of glucose, and switch in energy substrate use (8,9).

The primary source of fuel used by skeletal muscle is dependent on the extent of muscle activity
and energy demand; at rest, fat represents the primary source of energy (3). Creatine phosphate,
which is stored in muscle, is metabolised to creatine with the concomitant donation of a phosphate
group to adenosine diphosphate (ADP) to generate adenosine triphosphate (ATP) and represents
a rapid short term source of energy (10). More sustained activity requires breakdown of muscle
glycogen stores to generate glucose 6-phosphate (G6P) which is then further metabolised down
the glycolysis pathway (11). During anaerobic glycolysis, a set of enzymatic reactions ensue to
generate ATP from the degradation of glycose to pyruvate (12). Under aerobic conditions, such

as during endurance activities when the demand for greater supply of energy is increased,
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pyruvate enters the mitochondria and is metabolised to acetyl Coenzyme A (acetyl CoA) which is
oxidised in the tricarboxylic acid cycle (TCA cycle) resulting in the reduction of NAD+ to NADH.
NADH is a crucial reducing cofactor in oxidative phosphorylation resulting in larger quantities of

ATP production (13).

Additionally, adipose-derived triglycerides can be metabolised to generate glycerol and free fatty
acids. Free fatty acids are then mobilised to other cells where they are activated by reacting with
Coenzyme A (CoA) to generate acyl CoA which enters the mitochondria and via B-oxidation

converts to acetyl CoA which fuels the TCA cycle ultimately generating ATP (14).

Finally, when muscle energy stores are exhausted, such as during starvation, muscle is degraded
to release amino acids (such as alanine and glutamine) for gluconeogenesis which predominantly
takes place in the liver to then provide substrates for energy production (15). Clearly, the
consumption of muscle-derived amino acids is not a sustainable source of energy as this can lead

to muscle atrophy if protein synthesis is superseded by protein degradation (16).

1.3. Mitochondrial biogenesis and respiration

Mitochondria are dynamic double-membraned cell organelles, with their own circular genome,
and are best known for their canonical role in the generation of energy by aerobic respiration
through the consumption of metabolic fuels such as carbohydrates, fatty acids, or amino acids
(13,17). Mitochondria consume 85-90% of cellular oxygen to allow oxidative phosphorylation
(OXPHOS) which represents the primary metabolic pathway for ATP production from metabolic
fuels (18). Mitochondrial biogenesis is the process of growth and division of existing mitochondria
to maintain their function that is regulated by several factors including physical activity, oxidative
stress, caloric restriction, cell regeneration and differentiation, age, and disease (19-21). For

example, studies have suggested that during ageing there is disruption of mitochondrial
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biogenesis, associated with disturbance of the activity of mitochondrial regulatory proteins such
as AMP-activated protein kinase (AMPK), resulting in mitochondrial dysfunction (22). AMPK acts
as an energy sensor within the cell to balance ATP generation and consumption. In low-energy
states, AMPK is activated by the rise in ADP or AMP and in turns activates pathways that enhance
energy production and limit consumption (23,24). AMPK can phosphorylate the transcriptional
coactivator peroxisome proliferator-activated receptor-y coactivator-1a (PGC-1a) which is the
principal regulator of mitochondrial biogenesis. When PGC-1a is activated by deacetylation, it
then activates sets of mitochondrial transcription factors, such as nuclear respiratory factor (NRF)
1 and 2, uncoupling protein 2 (UCP2) and mitochondrial transcription factor A (TFAM), which are
important for the transcription and replication of mitochondrial deoxyribonucleic acid (DNA)

(25,26).

1.4. Oxidative phosphorylation

OXPHOS represents a fundamental element of cell physiology being a key process of
bioenergetics (27). This intricate biochemical pathway plays a pivotal role in generating ATP, the
primary currency of cellular energy, through the coupling of electron transport across the
mitochondrial inner membrane with the phosphorylation of ADP to ATP (28). This mechanism not
fuels various cellular processes and therefore maintains cellular homeostasis and sustains life

(29).

1.5. Molecular components of oxidative phosphorylation

The mitochondrial respiratory machinery involves a series of coordinated enzymatic reactions
occurring within the electron transport chain (ETC) and the ATP synthase complex (30). The ETC

comprises four multi-subunit protein complexes (I to IV) embedded in the inner mitochondrial
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membrane, namely NADH dehydrogenase (Complex 1), succinate dehydrogenase (Complex 1),
cytochrome c reductase (Complex Ill), and cytochrome ¢ oxidase (Complex IV). Each complex,
along with ubiquinone and cytochrome c¢ as electron carriers, plays a distinct role in facilitating
the sequential transfer of electrons along a series of redox reactions, ultimately leading to the
generation of a proton gradient across the inner mitochondrial membrane and the subsequent

synthesis of ATP by ATP synthase (also referred to as Complex V).

1.5.1. Complex I: NADH Dehydrogenase

NADH dehydrogenase, the largest and first complex of the electron transport chain, serves as the
entry point for electrons derived from the oxidation of NADH molecules generated during
glycolysis and the citric acid cycle (31). This multi-subunit enzyme complex catalyses the transfer
of electrons from NADH to ubiquinone (coenzyme Q), a mobile electron carrier within the inner
mitochondrial membrane (32). The transfer of electrons through a series of redox reactions within
complex | is coupled with the translocation of protons across the inner mitochondrial membrane
from the matrix to the intermembrane space, contributing to the establishment of the proton

gradient.

1.5.2. Complex II: Succinate Dehydrogenase

Unlike the other complexes of the electron transport chain, succinate dehydrogenase (SDH) is
not only a component of oxidative phosphorylation but also an integral part of the citric acid cycle
(33). Located within the inner mitochondrial membrane, SDH catalyses the oxidation of succinate
to fumarate while simultaneously reducing ubiquinone to ubiquinol (34). The electrons derived
from succinate are transferred via flavin adenine dinucleotide (FAD) to the ubiquinone pool,

bypassing complex I. Thus, complex II directly contributes to the generation of reducing

20



equivalents for the electron transport chain and the maintenance of the mitochondrial redox

balance.

1.5.3. Complex Ill: Cytochrome c Reductase

Cytochrome c reductase, also known as complex Ill, functions as the next link in the electron
transport chain, receiving electrons from ubiquinol and transferring them to cytochrome ¢, a
soluble electron carrier located in the intermembrane space (35). This multi-subunit complex
comprises cytochromes, iron-sulfur clusters, and other cofactors essential for electron transfer.
The transfer of electrons through complex Il is coupled with the translocation of protons across
the inner mitochondrial membrane, further contributing to the establishment of the proton gradient

(35).

1.5.4. Complex IV: Cytochrome ¢ Oxidase

Cytochrome c oxidase, the terminal complex of the electron transport chain, catalyzes the final
step of electron transfer, where molecular oxygen serves as the final electron acceptor, ultimately
leading to the reduction of oxygen to water (36). This multi-subunit enzyme complex contains
heme groups and copper ions critical for the transfer of electrons from cytochrome c to oxygen.
The energy released during this process is utilised to pump additional protons across the inner
mitochondrial membrane, contributing to the electrochemical gradient necessary for ATP

synthesis (37).
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1.5.5. Complex V: ATP Synthase

Completing the electron transport chain, ATP synthase acts as the final molecular machine
responsible for ATP production, utilising the proton gradient established across the inner
mitochondrial membrane. Structurally, ATP synthase consists of two main components: the F1
catalytic domain protruding into the mitochondrial matrix and the FO proton-translocating domain

embedded within the inner mitochondrial membrane (38).

The F1 domain, often referred to as the headpiece, comprises multiple subunits arranged in a
hexameric structure. These subunits possess ATPase activity, catalysing the synthesis of ATP
from adenosine diphosphate (ADP) and inorganic phosphate (Pi) through a process known as
oxidative phosphorylation (39). The rotational movement of the y subunit within the F1 domain,
driven by the flow of protons through the FO domain, induces conformational changes in the

catalytic sites, enabling the synthesis of ATP.

In contrast, the FO domain forms a proton channel spanning the lipid bilayer of the inner
mitochondrial membrane. Protons translocate through this channel from the intermembrane
space to the mitochondrial matrix, driven by the electrochemical gradient generated by the
electron transport chain complexes. The flow of protons through the FO domain powers the rotary

motion of the y subunit in the F1 domain, facilitating ATP synthesis.

Overall, ATP synthase represents a remarkable molecular complex that converts the energy
stored in the proton gradient into the chemical energy of ATP, thus serving as the primary source
of cellular energy in aerobic organisms. Dysregulation of ATP synthase activity can have profound
implications for cellular metabolism and physiological function, highlighting its significance in

health and disease (40).
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1.6. Nicotinamide Adenine Dinucleotide

Nicotinamide adenine dinucleotide (NAD+) is a molecule which is essential for life in all organisms
(41,42). It was discovered more than 100 years ago as a low-molecular weight “cozymase” which
is present in boiled yeast extracts and is essential for yeast fermentation (43). NAD+ has been
widely recognised for its central role in cellular respiration, the set of biochemical reaction that
generate energy in the form of adenosine triphosphate (ATP) after intake of nutrients, by serving
as cofactor for oxidation-reduction (redox) reactions (44). NAD+ is composed of two nucleotides:
one with an adenine base and the other with a nicotinamide base and both are linked by their
respective phosphate groups (Figure 1.1). It exists in an oxidised form (NAD+) and a reduced

form (NADH) (Figure 1.2).
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Figure 1.1: The molecular structure of NAD+.

NADH can be generated from the reduction of NAD+ in the sixth step of glycolysis when NAD+

serves as a cofactor for glyceraldehyde-3-phosphate dehydrogenase which converts

23



glyceraldehyde-3-phosphate to 1,3-biphosphoglycerate (45). In the presence of oxygen, NADH
is carried across the mitochondrial membrane to the matrix through the malate-aspartate shuttle
or the glycerol-3-3-phosphate shuttle. Pyruvate, the final product of glycolysis under aerobic
settings, is decarboxylated to acetyl CoA with further NAD+ reduction to NADH (46). This
oxidative reaction is catalysed by pyruvate dehydrogenase complex which is regarded as the
convergence point in the regulation of the metabolic fine-tuning between glucose, fatty acid, and
ketone oxidation. This is because fatty acid oxidation and oxidation of ketones can also produce
acetyl CoA and NAD+ is also required as a cofactor in these processes (long-chain 3-hydroxyacyl-
CoA dehydrogenase, hydroxyacyl-CoA  dehydrogenase and  D-B-hydroxybutyrate
dehydrogenase) (47,48). NAD+ is also required as a cofactor for TCA cycle enzymes isocitrate
dehydrogenase, a-ketoglutarate dehydrogenase and malate dehydrogenase (49). The generated
NADH from these redox reactions drives the electron transport chain by donating electrons to
Complex I, whilst FADH2, generated from the TCA cycle, donates electrons to Complex Il of the
chain to produce ATP (50) (Figure 1.3). When oxygen is limited, NADH facilitates the reduction

of pyruvate to lactate to yield NAD+ (50).
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Figure 1.2: The structure of NAD (H)+ as redox factors.

Furthermore, NAD+ can also be phosphorylated by NAD kinase (NADK) which transfers a
phosphate group, most often from ATP, to the adenosine ribose moiety of NAD+ to form NADP+
(51). Similar to NAD+, oxidised NADP+ accepts electrons from molecules and is therefore
reduced NADPH. These electrons transfers enable oxidoreductase enzymes to catalyse
transhydrogenase reactions (52). Generally, NAD+ frequently serves in energy generating
catabolic reactions (e.g. glycolysis, fatty oxidation, TCA cycle) to become reduced to NADH. On
the other hand, NADP+ is mostly involved in anabolic pathways such as cholesterol synthesis
and fatty acid chain elongation (53). NADP+ and NADPH have cell protection roles in protecting
against oxidative stress which results from an increase in the production of reactive oxygen

species (ROS) through acting as a reducing factor for antioxidants such as glutathione which
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clear hydrogen peroxide, a downstream ROS product (54). Therefore, they are maintained at high

levels in the mitochondria and cytosol, compared to NADH which is depleted in the cytosol (55).

Given these crucial redox roles of NAD+, depression in its cellular levels can disturb glycolysis
and oxidative phosphorylation leading to impaired cellular energy balance, ultimately leading to
cell death (56-58). The critical role of NAD+ in mitochondrial intermediary metabolism suggests
that variations in NAD+ concentrations in this compartment may affect metabolic efficiency,
ageing, and ageing-associated diseases. This model is supported by the observation that
components of the malate-aspartate NADH shuttle, which transfers reducing equivalent from
NADH in the cytoplasm to NADH in the mitochondrial matrix, are required for life-span extension

in response to dietary restriction in yeast (59).
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Figure 1.3: Schematic representation of the electron transport chain and the oxidative
phosphorylation process leading to the formation of energy (ATP) from the different fuels via
glycolysis, fatty acid oxidation, ketone bodies oxidation, and tricarboxylic acid cycle (TCA).
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1.6.1. Non-redox Functions of NAD+

Eukaryotic chromatin is composed of DNA which is structurally wrapped around two copies of
each of 4 nuclear proteins called histones (H2A. H2B, H3, and H4) (60,61). Modification of these
histone proteins is an important mechanism of epigenetics by which genetic expression and
activity are determined by factors other than the underlying DNA sequence (62). These covalent
modifications include acetylation (addition of acetyl group), methylation (addition of methyl group),
phosphorylation (addition of phosphoryl group), and ubiquitination (addition of ubiquitin) (63,64),

which influence all the chromatin-dependant processes.

NAD+ has relatively recently been recognised for its non-redox cell signalling processes,
conspicuously being a substrate for enzymes implicated in covalent modification of histones
(52,65). These NAD+-dependant enzymes fall into 3 classes all of which involve cleavage of the
glycosidic bond between nicotinamide and the adenosine diphosphate (ADP)-ribose. The ribose
moiety donated by NAD+ is then transferred to an acceptor molecule such as amino acid residues
of proteins resulting in modification and modulation of their function (66,67). The three classes
are: sirtuins, poly-ADP ribose polymerases (PARPS), and cyclic ADP ribose synthases (CD38
and CD157) (Figure 1.4). The relative activity of these enzymes contributes to NAD+ consumption
and therefore have an important influence on the activity of other cellular enzymes through
modulating NAD+ availability, stressing the importance of considering the crosstalk between

these distinct signalling pathways.

1.6.2. Sirtuins

Histone decateylases (HDACSs) are enzymes that remove the acetyl group from e-N-acetyl lysine
amino acids on the histones (68—71). Sirtuins, named for their named for their similarity to the

yeast Sir2 gene-silencing protein, are histone decatylases which are the most important class of
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the NAD+-consuming enzymes in terms of cellular energy metabolism (72,73). Sirtuins consume
NAD+ and transfer an acetyl group to the NAD+-donated ADP-ribose, resulting in an O-acetyl-
ADP-ribose and a decaetylated lysine residue in the protein substrate (74,75). To date, seven
sirtuins have been characterised in mammals (SIRT1 — SIRT7) which have diverse cellular

localisation expression patterns, and biochemical and biological functions (76,77).

At the turn of the 215 century, there has been renascent interest in the field of NAD+ and sirtuins
metabolism research. This is due to two seminal discoveries. First, the dependency of sirtuins on
NAD+ as a consumed substrate was established (73). Second, was the finding that the yeast Sir2
protein is required for the lifespan extension mediated by calorie restriction (78), although this has

been challenged in other studies (79).

In terms of expression and localisation, the seven sirtuins are ubiquitously expressed and share
a conserved NAD+-binding and catalytic domain, called the sirtuin core domain, which consists
of 275 amino acid sequence (80). Additionally, each sirtuin has unique N- and C-terminal domain
(81). SIRT1, SIRT6, and SIRT7 are predominantly nuclear proteins with distinct subnuclear
compartmentalisation and they modulate nuclear transcription factors and chromatin remodelling
proteins (82,83). SIRT3, SIRT4, and SIRT5 are located in the mitochondria and they have critical
roles in sensing the cellular redox state and triggering appropriate metabolic responses (84,85).
Finally, SIRT2 is mainly cytoplasmic and can regulate transcription factors in the cytoplasm when

inactive (86).

SIRT1 and SIRT3 are the most relevant from a metabolic perspective (87). SIRTL1 is the most
characterised sirtuin and in addition to its function as histone deacetylase, it also targets non-
histone transcriptional factors and coactivators including forkhead box protein O1 (FOXO1)
(88,89), PGC-1a (90), p53 (91), p300 (92), nuclear factor-KappaB (NF-kB) (93), and hypoxia-
inducible factor(HIF)-1a (94). Worthwhile highlighting that SIRT1-mediated metabolic control is

regulated by AMPK, the cellular fuel gauge, which can enhance SIRT1 activity by increasing
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NAD+ levels (95). Contrariwise, SIRT1 activation can induce AMPK through deacetylating AMPK
upstream kinase, LKB1 (96). SIRT1-mediated deacetylation of these substrates is important for
mitochondrial biogenesis, metabolic regulation, and genomic stability and autophagy, favouring

longevity (97).

SIRT3 is the key mitochondrial sirtuin. It was first characterised to deacetylate, and therefore
activate, acetyl-CoA synthetase 2 (ACS2) which converts acetate to acetyl-CoA, ultimately
entering the TCA cycle and contributing to energy production (98,99). Thereafter, it was
discovered that SIRT3 decaetylates NDUFA9, a component of the electron transport chain (100),
and promote fatty acid oxidation during fasting (101), the formation of ketone body by-products
from acetyl-CoA (102), and a-ketoglutarate from the amino acid glutamate (103). Furthermore,
SIRT3 deacetylates superoxide dismutase-2 (SOD2) which is essential in oxygen detoxification
(104) and isocitrate dehydrogenase 2 (IDH2), a major source of NADPH in the TCA cycle (105).
Taken together, SIRT3 stimulates metabolic and detoxification responses during fasting state

when activated by low-nutrient levels (106).

Interestingly, overexpression of the nuclear sirtuin SIRT6 in mice induced skeletal atrophy

although the mechanisms underlying this process are not very well understood (107).

1.6.3. Poly-ADP ribose polymerases

The PARP family of proteins are the most studied among the ADP-ribosyl transferases (108).
These are nuclear enzymes that transfer NAD+-derived single moiety or polymers of ADPribose
to their protein substrates (109,110). To date, 17 PARPs have been described, with PARP1 and
PARP2 representing the main PARP activities in mammals (111). PARP1 represents the major
NAD+-consuming enzyme permitting posttranslational modification of proteins by linking ADP-

ribose groups to an amino acid receptor (112,113). PARPs activity is robustly enhanced by breaks
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in DNA strand and therefore, they are typically described as DNA repair proteins (114-117). For
instance, in acute DNA damage, sudden depletion of NAD+ due to PARP activation can be
triggered (118). Corroborating the impact of PARPs as the major cellular NAD+ consumers, PARP
inhibition increases cellular NAD+ content (119). Thus, by modulating NAD+ availability, PARPs
are linked to cellular metabolism. PARPs activity has been reported to increase with ageing mice,
contributing to the ageing phenotype (120). PARP1 knockout mice are metabolically healthier and
had higher NAD+ content in skeletal muscle and brown adipose tissue (121). Similarly, PARP2
deletion in mice enhanced SIRT1, energy expenditure, and mitochondrial function (122).

Additionally, PARP1 has been described as a regulator of circadian clock in mouse liver (123).

1.6.4. Cyclic ADP-Ribose Synthases

A wide spectrum of physiological functions are signalled and regulated by mobilisation of
intracellular Ca?* stores (124). The highly conserved cADP-ribose synthases (CD38 and CD157),
are membrane-bound ectoenzymes that produce and hydrolyse the Ca?- mobilising second
messenger cyclic ADP-ribose from NAD+ (125). Moreover, CD38 catalyses a base exchange of
the nicotinamide of NADP+ with nicotinic acid to form nicotinic acid adenine dinucleotide
phosphate (NAADP) which is also a hydrolytic substrate (126,127). Thus, CD38/CD157 and
NAADP have distinct and crucial functions in intracellular calcium homeostasis and signalling
(128,129). Several genetic studies highlighted the central role of CD38 as NAD+ consumer and
its overarching role in metabolism. The knockout of CD38 increased NAD+ and activated SIRT1

in tissues (130) and protected against high fat diet induced obesity (131).

These three classes of NAD+-dependent signalling reactions are regarded as the “master
regulators” of metabolism due to their central regulatory roles in cellular metabolism (132). The

enhanced activity of these reactions and their downstream pathways has been associated with
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improved cellular and organismal function (133,134). These non-redox roles of NAD+ have ignited

the interest in further researching this molecule.
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Figure 1.4: Summary of the non-redox functions of NAD+.

1.7. NAD+ biosynthesis pathways

Given the diverse and crucial cellular processes that involve NAD+ consumption, there is a
requirement for continuous NAD+ synthesis to maintain its cellular levels. Pellagra, the disease
of the 4’D’s”: dermatitis, diarrhoea, dementia, and death, illustrates the importance of sufficient
NAD+ levels (135,136). In 1937, Conrad Elvehjem and colleagues identified that the factor that

prevents and cures pellagra is the NAD+ precursor, nicotinic acid (137,138).

Intracellular concentration of NAD+ is believed to be 0.4 to 0.7 mM (139), however, NAD+ levels

varies depending on the cell type and physiologic state being assessed. There is considerable
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difference in NAD+ levels between the different cellular compartments. The mitochondria contain
the largest NAD+ pool representing 70% to 75% of cellular NAD+ and 10- to 100-fold higher than
cytosolic NAD+ (140,141). The NAD+ levels vary to adapt cellular physiology in response to
changes in nutrient availability and energy demand. Illustrating this point, calorie restriction and
exercise increase NAD+ levels in tissues (142—-144), whilst high fat diet and ageing in mice reduce

NAD+ levels (120,145-147).

Given the importance of adequate NAD+ homeostasis, numerous NAD+ biosynthesis pathways
exist in humans to ensure that NAD+ turnover is matched with adequate supply. Impairment of

these mechanisms can lead to NAD+ depletion and ultimately cell death (148).

1.7.1. De novo NAD+ synthesis

In humans, NAD+ can be synthesised via the de novo pathway, where nicotinamide is made from
scratch, from the dietary amino acid tryptophan (149). The first steps of the de novo pathway,
which comprise the so-called kynurenine pathway, transform tryptophan into amino-3-
carboxymuconate semialdehyde (ACMS). ACMS subsequently undergoes spontaneous
cyclisation to quinolinic acid. Quinolinate phosphoribosyltransferase (QPRT) catalyses the
conversion of quinolinic acid to nicotinic acid mononucleotide (NAMN) which is then converted by
the ubiquitous enzyme nicotinamide mononucleotide adenylyltransferase (NMNAT) to form
nicotinic acid adenine dinucleotide (NAAD) (150). Eventually, NAAD is amidated via the enzyme

NAD+ synthase (NADS) to form NAD+ (151).

Although the kynurenine pathway represents the main pathway for tryptophan breakdown (152),
it is a poor NAD+ precursor in vivo and is insufficient to support physiological NAD+
concentrations in mammals (153,154). Additionally, its role in the maintenance of cellular NAD+

levels in human cells is regarded as insignificant (155). Thus, most organisms have alternative
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pathways to synthesise NAD+ from non-amino acid dietary vitamin B3 precursors or from

recycling of the nicotinamide molecule cleaved-off from NAD+ consuming reactions (156).

1.7.2. Vitamin B3 as NAD+ precursor molecules

As NAD+ is continuously spent in cell signalling processes, and de novo synthesis is insufficient
to maintain homeostasis, NAD+ salvage is paramount to maintain the cellular NAD+ pool. The
major precursors of NAD+ are from the vitamin B3 precursors nicotinic acid (NA), nicotinamide
(NAM), and nicotinamide riboside (NR) which are found in the diet or as consumed NAD+
metabolites, with similar chemical structures to NAD+ (Figure 1.5). Different pathways exist that
utilise these vitamin B3 precursors (139,155,157), however, the relative importance and tissue

specificity of the different precursor molecules in NAD+ replenishment in vivo remains unclear

Preiss-Handler pathway

Nicotinic acid requires only three steps to be converted to NAD+ via the so-called Preiss-Handler
pathway (Figure 1.6). NA is first coupled to 5-phosphoribosyl-1-pyrophosphate (PRPP) to form
NAMN by nicotinic acid phosphoribosyltransferase (NAPT). NAMN then converges with the same
NAD+ synthesis de novo pathway used by tryptophan where an adenylyl moiety from ATP is then
added to NAMN by NMNAT to form NAAD, which in turn is amidated by NADS to form NAD+
(158,159). As the final step of both the de novo and Preiss-Handler pathways, NADS activity is
rate-limiting for NAD+ biosynthesis by these routes. The degree of NADS enzymatic activity varies
across tissues, with highest activity levels demonstrated in the liver and kidneys. However, NADS
activity is undetectable in skeletal muscle and the lungs and very low in brain homogenates,
reflecting limited roles of the de novo and Preiss-Handler pathways in NAD+ synthesis in these

tissues (160).
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NAMPT salvage pathway

As NAD+ contains a NAM molecule that cannot be synthesised by most tissues de novo, most
mammalian cells must instead rely on a salvage pathway to locally reproduce degraded NAD+
(Figure 1.6). In this two-step salvage pathway, the Nam moiety is recycled back into NAD+ to
ensure that the continuous NAD+ consumption is matched by supply. Through the action of the
ubiquitously expressed rate-limiting enzyme nicotinamide phosphoribosyltransferase (NAMPT),
NAM is coupled to PRPP to form nicotinamide mononucleotide (NMN) in an ATP dependant
reaction. NMN is then converted by the enzyme NMNAT to form NAD+ (155). This NAMPT-
mediated direct NAD+ recycling mechanism is sensitive to various cellular physiological and

stress states (161,162).

NAMPT activity has been described in 1957 (163). However, its molecular activity was first
described as being equivalent to a previous cytokine called PBEF (164,165) that was initially
cloned from a cDNA library of activated peripheral blood lymphocytes (166). NAMPT role was
later redefined as an adipokine, called visfatin (167-169). However, this NAMPT role as an
insulin-mimetic has been challenged (170). It is also worthwhile mentioning that the paper
published in Science in 2004 and described the insulin-mimetic properties of visfatin has been

retracted.

NAMPT is found in both the intracellular (mainly in the cytosol and nucleus) and extracellular
compartments, which supports a more systemic role of NAMPT in the distribution of NAD+ and
metabolism in general (171,172). Highest levels of NAMPT expression were reported in
myocytes, hepatocytes, and adipocytes (166). lllustrating the importance of intracellular NAMPT,
loss of its function markedly reduces NAD+ and causes cell death (173). NAMPT can be released

from several cell types, including from adipose tissue, liver, heart, leucocytes, beta cells, and
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neuronal cells (174). Although the mechanism of this extracellular NAMPT (eNAMPT) secretion
and its role remains unclear, increased activity has been reported in response to cell death and
the release of ATP and PRPP into the circulation (161,175), and it has been suggested that
eNAMPT activity is relevant in metabolism and cancer (176—178). Yoshida et al reported in 2019
that eNAMPT is contained exclusively in extra-cellular vesicles and supplementing eNAMPT in
vesicles improved physical activity and increased life-span in mice (176). It has also been
guestioned whether eNAMPT has NAD+ biosynthetic role via NMN and Hara et al showed that

NAMPT did not increase NMN in the blood plasma suggesting NAD+-independent effects (175).

Interestingly, NAMPT seem to exhibit circadian rhythmicity and guides a circadian clock feedback
mechanism through NAD+-dependant SIRT1 activation of the key clock regulatory complex,

CLOCK:BMAL1 (179-181).

Nicotinamide riboside kinase (Nrk) salvage pathway

In addition to the long-established NAMPT salvage pathway, a more recent additional salvage
pathway has been discovered when Bieganowski and Brenner challenged the belief eukaryotic
NAD+ biosynthesis only flows through NAMN (via the Preiss-Handler pathway)(182) (Figure 1.6).
They reported that NR, a known NAD+ precursor in bacteria (183,184), is a eukaryotic NAD+
precursor in a previously undiscovered NAD+ synthesis pathway. They characterised two human
nicotinamide riboside kinase enzyme isoforms (Nrk1 and Nrk2) (182) that phosphorylate NR on
the 5-OH of the ribose ring, using as ATP as phosphate donor, to form NMN which is

subsequently adenylated by NMNAT to form NAD+(182).
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Figure 1.5: The structure of NAD+ and its precursors. (Adapted from Bogan et al 2008 (185)).

Nicotinic acid riboside (NAR) is an NAD+ precursor (least studies of the NAD+ precursors) in
yeast and human cells where it can also be phosphorylated by Nrk to NAMN and subsequently

to NAD+ (186).

Substrate specificity of Nrk1 and Nrk2 differ but both have high affinity for NR (187,188). Nrk1 is
ubiquitously expressed whereas Nrk2 appears to be highly specific to skeletal muscle (189,190).

Interestingly, several cellular stress states are associated with NRK2 overexpression (191-193).

Relatively recently, it has been shown that the human cytoplasmic 5'-nucleotidases (5’-NTs) are
capable of dephosphorylating NAMN and, to a lesser extent, NMN thereby generating intracellular
ribosides pool. Thus, NAR can be generated from NA via NAPT-mediated NAMN formation.
NAMN, in turn, is then dephosphorylated to NAR by 5’-NTs(186). Therefore, these ribosides
turnover forms an integral part of NAD metabolism. This intracellular NR and NAR generation was
first observed in yeast mediated by the cytoplasmic 5’-nucleotidase (5’-NTs) Isnl and Sdtl (194).
5NTs also exist extracellularly where NMN is dephosphorylated to NR in order to penetrate into
the cell (155). The presence of NMN in plasma has been a matter of debate (175). Therefore, it

is plausible that NR, rather than NMN, is the molecule taken up by the cell, and then re-
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phosphorylated inside the cell to NMN by NRK. Of note, the presence of NMN transporter has

been characterised (195), whilst no such transporter for NR has been reported.

In summary, in human cells, there are five distinct entry points into NAD+ biosynthesis (Figure
1.6): NA, Nam, NR, NAR, and Tryptophan. All of these converge at the step of NAD+ and NAAD
formation by NMNATSs. It is important to note, however, that not all these pathways are active in
each cell and at all times. This is dependent on tissue and cell-type specific enzyme expression
(185). For instance, cells must express the enzymes involved in the de novo pathway to utilise
Tryptophan, must express the Preiss-Handler pathway to utilise NA, and must express either NRK
or nucleoside phosphorylase and the NAMPT pathway to utilise NR. Because tissue and cell-type
specific enzyme expression differences exist in metazoans, the precursors are differentially
utilised in the gut, brain, blood and other organs (185). The de novo pathway is clearly active in
liver, neurones, and immune cells. The pathway from NA is expressed in the liver, kidney, heart,
and intestine. While vertebrates do not possess the nicotinamidase enzyme that converts NAM
to NA, intestinal bacteria in the vertebrate gut use nicotinamidase to convert NAM to NA, which
in turn is used to synthesise NAD+ via the Preiss-Handler salvage pathway. The NAMR salvage

pathway is expressed in neurons and in cardiac and skeletal muscle (185)

Importantly, the entire NAD+ pool is consumed and replenished several times each day, balanced
by the different NAD+ synthesis pathways (196). Due to its constant utilisation, the half-life of
NAD+ in mammals is only up to 10 hours (197-199). The NAD+/NADH levels vary to adjust

cellular and tissue physiology in response to changes in nutrient availability and energy demand.
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Figure 1.6: Schematic representation of the NAD+ biosynthesis pathway in the cell cytoplasm.
The five entry points for NAD+ synthesis are de novo pathway by Tryptophan, Preiss-Handler
pathway by Nicotinic acid, and Salvage pathway through Nicotinamide riboside. NAD is
consumed by C38, CD157, PARP, and Sirtuins, and the result of NAD+ breakdown is
Nicotinamide which is converted to nicotinamide mononucleotide to enter the NAD+ synthesis
pathway. NAAD, nicotinic acid adenine dinucleotide; NADK, NAD kinase; NAPT, nicotinic acid
phosphoribosyl-transferase; NADS, NAD+ synthase; NMNAT, nicotinamide mononucleotide
adenylyl-transferase; QAPT, quinolinic acid Phosphoribosyl-transferase.
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1.8. NAD+ boosting strategies

The recommended daily allowance of niacin, collective term for NA and Nam, is 16 mg/day for
men and 14 mg/day for women (200) which can be achieved through the diet. The main sources of
dietary niacin are meat, fish, eggs, some vegetables, nuts, fortified foods (e.g. cereals), and dairy
products (201-203). More recently, the presence of NR in cow’s milk was confirmed (182,204). Intake
of these diets is sufficient to prevent pellagra. However, substantial lines of evidence suggest that
greater rates of NAD+ synthesis is beneficial by supporting pathways that require NAD+ as a substrate.
Higher NAD+ levels can be achieved through the provision of higher concentration of the dietary
vitamin B3 precursors (145,146,205,206), NAD+ biosynthesis enzymes augmentation (95,142), and

inhibition of the NAD+-consuming enzymes (131,207,208).

1.9. Vitamin B3 precursor supplementation

The most obvious strategy to increase cellular NAD+ is via the supplementation of the different Vitamin
B3 precursors, all of which can increase NAD+ concentrations in human and animal tissues. This
approach is the most tractable because NAD+ precursors are naturally occurring in the diet and are
readily available in synthetic isolated forms. This nutritional approach to increase NAD+ metabolism in
vivo can potentially provide a relatively inexpensive strategy with low toxicity and limited side effects

(209,210).

1.9.1. Niacin

NA is the most therapeutically characterised NAD+ precursor via the Preiss-Handley pathway (211)
and it has been studied since the 1950s in the treatment of hyperlipidaemia. In fact, it appears to be
the most powerful drug capable of increasing high-density lipoprotein (HDL) cholesterol (212—214). It
is appreciated that for nutrients there is an intake threshold above which the risk of adverse effects
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increases, called tolerable upper intake level (200). Therefore, the intake of niacin in the diet is
problematic, whilst pharmacological doses of NA are commonly associated side effects, leading to
poor compliance. This is because NA is a ligand for G-protein-coupled receptor GPR109A that is
expressed in epidermal Langerhans cells (215). NA binds GPR109A and induces calcium flux to
result in the formation of prostaglandins causing troublesome flushing in addition to other
vasodilatory side effects such as headaches, low blood pressure, and itching (216). Due to the
side effects and the reduced treatment adherence, the National Institute for Health and Care
Excellence (NICE) now recommends against the use of NA for the prevention of cardiovascular
disease (217). However, the American College of Cardiology/American Heart Association
guideline on the treatment of blood cholesterol acknowledges NA as a treatment option (218).
Noteworthy, however, a recent study showed that increased niacin metabolism and its breakdown
products increased vascular inflammation and increased the risk of cardiovascular disease (219).
This “niacin paradox” requires further studies to understand the boundaries between therapeutic

benefit and potential harm.

Nam is the principal endogenous NAD+ precursor via the salvage pathway (139), however its
utility as exogenous NAD+ precursor is limited by three lines of evidence. Whereas in the literature
Nam has been used at doses as high as 3 grams per day for a variety of therapeutic applications,
high dose Nam supplementation has toxic potential, particularly hepatotoxicity (220). Second,
Nam can inhibit sirtuins by feedback regulation (221,222). Finally, early reports suggested that
Nam is less effective than NA as an NAD+ precursor (139,223). However, under high fat diet
metabolic challenge, Nam was more powerful as NAD+ precursor and sirtuin activator than NA
(224). In contrast to NA, Nam is not a ligand for GPR109A and therefore the prostaglandin-mediated

vasodilatory side effects are not usually expected with its use (225).
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1.9.2. Nicotinamide riboside and nicotinamide mononucleotide

The contemporary NAD+ precursors NR and NMN attracted great attention in the field of metabolic
research. The finding that NR is present in milk and the identification of the two human Nrk
isoenzymes that synthesise NAD+ From NR (182,210) sells the promising concept of nutritional
preventative or therapeutic interventions targeting NAD+ metabolism (Figure 1.7). Several studies
confirmed that NR can increase intracellular NAD+ in human and animal tissues in a dose-

dependent manner (204,226,227).

NMN is also a key NAD+ biosynthesis intermediate and product of the NAMPT reaction. It is the
least studied NAD+ precursor, but several studies confirmed that NMN can increase intracellular
NAD+ concentrations (145,147,228,229). NR and NMN are advantageous because of their ability
to efficiently elevate NAD+ levels without inhibiting the sirtuins activity or causing flushing through

the activation of the GPR109A receptor (146,230).

A relatively recent publication reported that dihydronicotinamide riboside (NRH), which has never
been investigated before as a precursor in NAD+ metabolism, increases cellular NAD+ levels in
mammalian cell and mouse tissues (231). It was already known that the enzyme quinone
oxidoreductase (NQO2) which converts quinones to dihydroquinone, preferentially uses NRH as

the upstream reductant (232,233).

1.9.3. Augmentation of NAD+ biosynthesis enzymes

Activation of NAMPT (the rate limiting enzyme in NAD+ biosynthesis) and AMPK (the main energy
sensor within the cell) is another strategy to enhance cellular NAD+ and downstream metabolism
(Figure 1.7). The most studied is the nonflavonoid polyphenol resveratrol that is present in red
grapes and wine which activates AMPK and SIRT1 in humans and other species and therefore

improves metabolic health status (234—237). Such metabolic efficiency could not be fully proven
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in human clinical trials and a systematic review concluded that evidence is not sufficient enough

to recommend resveratrol to humans beyond the dose that is available through the diet (238).

Metformin is a widely prescribed anti-diabetic drug which has a multitude of favourable effects on
various body organs. Although the exact mechanism of action is debated, AMPK activation is an
important action of metformin mediating its beneficial effects (239). Treatment of the mouse
skeletal muscle cell line C2C12 with metformin increased AMPK activity and cellular NAD+ levels

thereby regulating energy metabolism (95).

Several other compounds can potentiate NAMPT activity to increase NAD+ concentrations. The
neuroprotective chemical P7C3 was discovered by in vivo screening of 1000 drug-like compounds
during the search for a compound capable of enhancing neuron formation in the hippocampus of
adult mice (240,241). Later, it has been reported that P7C3 binds NAMPT, increasing NAD+ levels
(242). Some antioxidants also showed NAMPT activation properties. Troxerutin, a flavanol
derived from rutin increased NAD+ levels and SIRT1 activity via activating NAMPT in mouse liver
(243). Proanthocyanidins, the most abundant polyphenol in the food, steadily increased NAD+
levels in the rat liver via increased expression of the NAD+ biosynthetic enzymes (244,245).
Supplementation of the dietary amino acid leucine in mice also potentiated NAMPT expression

levels and NAD+ concentrations (246).

MicroRNAs (miRNASs), class of small non-coding RNA molecules, represent a hot topic in
research as they appear to be implicated in several metabolic and non-metabolic disease (247).
Interestingly, the inhibition of miR-34a in the mouse liver increase the expression of NAMPT,

cellular NAD+, and SIRT1 activity (248).
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1.9.4. Inhibition of the NAD+-consuming enzymes

Inhibiting the consumption of NAD+ by non-sirtuin pathways also boosts NAD+ levels and
promotes the activity of sirtuins (Figure 1.7). Preclinical studies showed that inhibition of the non-
sirtuin NAD+ consumers, PARPs and CD38, reduced the enzymatic competition for their shared
substrate thus increased NAD+ levels and sirtuins activity leading to enhanced mitochondrial
gene expression and more favourable metabolic profile and enhanced (131,208,249-252). PARP
inhibitors have found their way into clinical practice as effective anti-cancer agents through DNA

damage repair and enhanced oxidative metabolism, thereby opposing the Warburg effect (253—

255).
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Figure 1.7. Schematic representation of the NAD+ biosynthesis pathway in the cell cytoplasm
with an illustration of the different NAD+-boosting strategies.
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1.10. Role of NAD+ in metabolic disease

Metabolic diseases represent a global health burden, characterised by aberrations in energy
metabolism, insulin signalling, and lipid homeostasis. NAD+ serves as a vital coenzyme in redox
reactions and enzymatic processes, participating in key metabolic pathways such as glycolysis,
oxidative phosphorylation, and the TCA cycle. Emerging evidence suggests that NAD+ depletion
or dysregulation contributes to the pathogenesis of metabolic disorders, making it an intriguing

target for therapeutic interventions (256,257).

1.10.1. Age-related metabolic decline

Biologically, ageing can be defined as an age-progressive deterioration in the physiological
function of the body systems as a result of diverse deleterious changes in cells and tissues
disposing individuals to an increased risk of disease and eventually death. Several theories have
been proposed as the driver of the ageing process including inflammation (258),
immunosenescence (259), and mitochondrial dysfunction (260). Due to advancing science and
technology, the proportion of ageing population continues to rise, particularly in low mortality
countries. It is projected in the UK that by the year 2035, a quarter of the population will be aged
over 65 years old and 5% will be aged 85 years or over (261). Similarly in the United States, it is
projected that by the year 2050, there will be 83.7 million people over the age of 65 years (262).
Therefore, there remains a need to identify strategies that can maintain health span and reduce

the undesirable consequences of ageing.

Sarcopenia, derived from the Greek word meaning "poverty of flesh,” consistently emerges as a
consequence of ageing, linked with frailty, metabolic disorders, cardiovascular issues, and
significant healthcare expenses (263,264). Undoubtedly, there is a pressing need for strategies

targeting sarcopenia and age-related ailments. Disruptions in NAD+ homeostasis are recognised

44



as contributors to the ageing process (265,266). Notably, NAD+ and sirtuins play pivotal roles in
regulating various pathways associated with ageing and longevity (78,120,267-269), ultimately
converging on supporting mitochondrial functionality (270). Indeed, mitochondrial dysfunction and
impaired cellular energy signalling are identified as crucial factors in ageing and age-related
metabolic conditions like type 2 diabetes mellitus (T2DM), non-alcoholic fatty liver disease
(NAFLD), and sarcopenia (118). Specifically, disturbances in mitochondrial homeostasis,
stemming from decreased NAD+ and SIRT1 activity, are highlighted as hallmarks of muscle
ageing (147). Moreover, restricting NAD+ in the skeletal muscle of mice led to muscle mass and
function decline (i.e., sarcopenia)(56). The age-related decrease in NAD+ levels is attributed to
various mechanisms, including accumulated DNA damage (resulting in chronic PARPs activation)
(271,272) and increased CD38 expression, which depletes NAD+ and induces mitochondrial
dysfunction (128). Additionally, chronic inflammation (273), a consistent feature of ageing,
diminishes NAMPT expression and the capacity to replenish adequate NAD+ across multiple

tissues (274).

More recent studies underscored the potential of NAD+ supplementation in promoting healthy
ageing. For instance, NAMPT overexpression in aged mice restored NAD+ levels and muscle
characteristics akin to those of young mice (56). Furthermore, mice overexpressing SIRT1 were
protected against age-related diabetes and exhibited a reduced cancer incidence (275).
Administration of NMN in aged mice revived NAD+ levels and mitigated age-related declines in
mitochondrial function (147). From a different perspective, NR supplementation boosted PGC-1a
expression in the brain of an Alzheimer's disease mouse model, significantly ameliorating
cognitive decline (276). These findings reinforce the notion that declining NAD+ levels contribute
to the ageing process and suggest that NAD+ supplementation holds promise in preventing and

potentially treating age-related diseases.
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1.10.2. Type 2 diabetes mellitus

The ongoing global challenge of obesity, insulin resistance, and T2DM remains a significant threat
to public health, contributing to heightened risks of cardiovascular disease and premature
mortality (277). A multitude of studies affirm the close association between compromised
mitochondrial structure and function and the development of insulin resistance and T2DM (278-
286). The predominant proposed mechanism involves impaired mitochondrial fatty acid oxidation,
leading to intracellular accumulation of fatty acid metabolites and reactive oxygen species,
ultimately reducing insulin sensitivity (287-291). Moreover, disrupted OXPHOS directly
contributes to insulin resistance (292). Obesity further exacerbates these issues by diminishing
mitochondrial enzymatic activities (293,294) and fostering metabolic inflexibility (295), which is
the inability to switch from fatty acid to carbohydrate oxidation in response to diet and insulin

stimulation (296—299).

Disrupted NAD+-mediated sirtuin signalling, particularly defective SIRT1 activity, is implicated in
impaired insulin sensitivity (300—306). Furthermore, evidence supports the role of metformin and
resveratrol in improving insulin sensitivity through hepatic SIRT1 activation (307,308). Of note,
SIRT1 appears to modulate PGC-1a in the liver to promote gluconeogenesis (90). Knockdown of
hepatic SIRT1 caused hypoglycaemia, increased systemic glucose and insulin sensitivity, and

decreased glucose production (309).

Lifestyle modifications such as caloric restriction and exercise alleviate insulin resistance and
T2DM via common pathways involving AMPK activation, leading to increased NAMPT-mediated
NAD+ production and enhanced SIRT1 activity, thereby improving mitochondrial function
(6,142,310,311). Additionally, NAD+ and SIRT1 regulate glucose-stimulated insulin secretion in
pancreatic B cells, with NAMPT inhibition and SIRT1 deficiency resulting in B cell dysfunction
(274,312,313). Moreover, NAMPT inhibition and the lack of SIRT1 resulted in pancreatic 3 cell

dysfunction (172,314-317). SIRT1 also modulates circadian clock components (CLOCK and
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BMAL1) (318,319); the induction of circadian misalignment in mice reduced hepatic BMAL1 and
SIRT1 levels and induced insulin resistance (308). Furthermore, SIRT6 in pancreatic [ cells
increased FOXO1 deacetylation and increased the expression of glucose-dependent transporter
2 and therefore the glucose-sensing ability of pancreatic 8 cells and systemic glucose handling
(320). Pancreatic SIRT3 also appears to be relevant with a study showing that pancreatic SIRT3
deficiency promoted hepatic steatosis by enhancing 5-hydroxytryptamine synthesis in rodents

with diet-induced obesity (321).

These findings advocated for strategies to boost cellular NAD+ levels, with NAD+ precursors
which demonstrated efficacy in enhancing insulin sensitivity and mitigating metabolic
abnormalities in preclinical models (145,322). NMN administration restored B cell glucose-
stimulated insulin secretion and insulin sensitivity in mouse models of glucose intolerance
(145,172,229). Moreover, Nam promoted sirtuin-induced mitochondrial biogenesis and improved
insulin sensitivity in obese rats with T2DM (224). Similarly, NR supplementation alleviated obesity-

induced insulin resistance and improved lipid profiles in mice (146,322).

Human clinical data, however, remain limited, with acipimox and resveratrol showing inconsistent
results in improving insulin sensitivity and glycaemic control, likely due to variations in study
populations, treatment regimens, and assessment methods (323-330). To illustrate, acipimox
administration in individuals with obesity reduced free fatty acids and fasting glucose with a
possible positive effect on fasting insulin and HOMA-IR (331), but this could not be confirmed in
patients with T2DM (332) speculatively due to a rebound increase in free fatty acids after short-

term treatment with acipimox (333).

Relevant to this thesis which will focus on skeletal as a research model, it is important to remind
that skeletal muscle is the primary tissue contributing to whole-body insulin-mediated glucose
disposal and skeletal muscle mass and function have been linked with insulin resistance and
diabetes mellitus (334). Skeletal muscle has been suggested to be implicated in the
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pathophysiology of type 2 diabetes through abnormal fibre type distribution, abnormal lipid

accumulation, and altered secretion of myokines (such as IL-6) (334).

1.10.3. Non-alcoholic fatty liver disease

NAFLD stands as the predominant liver ailment in Western societies, encompassing a range of
liver diseases like simple steatosis, non-alcoholic steatohepatitis, cirrhosis, liver failure, and
hepatocellular carcinoma (335). The accumulation of fat in the liver, termed lipotoxicity, triggers
cellular dysfunction, forming the core of NAFLD development (336—338). This leads to metabolic
adaptations such as increased B oxidation, which fosters metabolic inflexibility and triggers

oxidative stress and mitochondrial dysfunction seen in NAFLD (339-342).

Maintaining adequate levels of NAD+ is crucial for effective mitochondrial fatty acid oxidation
(343,344), and reduced NAD+ levels due to lipid overload can induce lipotoxicity in mice(345).
Research indicated that hepatic NAD+ levels decline with age in humans and mice, potentially
explaining susceptibility to NAFLD during ageing (346). Moreover, impaired hepatic SIRT1 and
SIRT3 signalling are implicated in NAFLD (101,345,347—-349) with evidence suggesting that
enhancing these signals, such as through SIRT1 overexpression, can reverse hepatic steatosis
(350,351). Disruptions in NAD+ metabolism have also been linked to alcoholic hepatic steatosis

and hepatocellular carcinoma (352—-354).

Various strategies targeting NAD+ metabolism to boost sirtuin signalling have shown promise in
mitigating NAFLD pathology. Compounds like Nam, and resveratrol have demonstrated
protective effects against liver stressors in vitro (205,355), while in vivo studies have shown NR's
ability to improve mitochondrial function and decrease inflammation and hepatic lipid
accumulation (146,356). Additionally, PARP inhibition in NAFLD mice corrects NAD+ deficiency,

enhancing mitochondrial function and insulin sensitivity while reducing liver fat buildup and liver
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enzyme levels. Interestingly, NR demonstrated the ability to target various molecular aspects of
NAFLD development, such as reducing the expression of inflammatory genes in the liver,
decreasing blood levels of tumour necrosis factor-alpha, and mitigating hepatic infiltration by
CD45 leukocytes (356,357). In mice with NAFLD, PARP inhibition has been used to correct NAD+
deficiency, enhancing mitochondrial function and insulin sensitivity, and alleviating hepatic lipid

accumulation and transaminitis (358).

Given the current data and the absence of approved therapies for NAFLD, the strategy of
replenishing hepatic NAD+ levels to activate sirtuins and address mitochondrial dysfunction holds

promise for future clinical trials.

The following sections of the introduction will focus on the compartmentalisation of
cellular NAD+ and the interaction with a key enzyme in the metabolism of crucial

hormones, term glucocorticoids.

1.11. NAD+ availability and 113-HSD1 mediated glucocorticoid regeneration in
skeletal muscle cells

1.11.1. Cellular compartmentalisation of NAD+

The intracellular NAD+ pool is split by cellular compartments that are not uniformly distributed
within the subcellular organelles reflecting the various intracellular necessities of NAD+ utilisation
(Figure 1.8) (359). Nuclear/cytosolic and mitochondrial pools are maintained by NAD+
biosynthesis in these compartments. NMNAT has 3 isoforms that catalyse the generation of NAD+
from NMN; NMNATL in the nucleus, NMNAT2 at the surface of the Golgi apparatus, and NMNAT3
within the mitochondria (360). Given that the majority of NAD+ biosynthesis enzymes and NAD+-
dependent processes occur in the cytosol or the nucleus, it is accepted that NAD+ can freely

mobilise between those two compartments i.e., without diffusion barriers (360). The mitochondrial

49



membrane is impermeable to NAD+ and the mitochondrial NAD+ pool is maintained through
intracompartmental NAD+ biosynthesis (mainly via NMNAT3). Besides, the malate-aspartate
NADH shuttle is a prominent a source of NADH in the mitochondria (361). The presence of a
mitochondrial NAD+ transporter has also recently been characterised (362). Regarding the
endoplasmic reticulum (ER), a prevalent debate exists around the mechanisms that underpin
molecular transport across the ER membrane. Several observations suggested that the ER
membrane is separated from the cytosolic pool by a selective barrier that permits the transport of

selective molecules (363-365).
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Figure 1.8: Compartmentalisation of the intracellular NAD+ pool outlining four subcellular NAD+
pools: nuclear/cytosolic, mitochondrial, peroxisomal and ER/Golgi). Adapted from Nikiforov et al.
2015 (360).

1.11.2. Maintenance of the ER pyridine nucleotide pool

Along with pre-receptor GC metabolism, other metabolic pathways are localized to the ER. These
pathways are linked to carbohydrate metabolism, biotransformation, and protein processing, and
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they require cytosolic substrates and cofactors (366). Therefore, it is indispensable that some
molecules cross the ER membrane. However, it is accepted that the ER membrane acts as a
barrier confining a separate metabolic compartment, and that compounds do not diffuse
passively. This is supported by the findings that G6P is unable to enter the ER lumen unless it is
mediated by a specific transporter (367,368) and that inactivating mutations in the H6PD gene
result in cortisone reductase deficiency syndrome suggesting that luminal cortisone reduction is
dependent on local NADPH generation (369,370). More specifically, in liver microsomes, the ER
membrane appears to be impermeable to pyridine nucleotides(371,372). However, others

reported an increased 11B-HSD1 activity in liver microsomes incubated with NADPH (373).

An important observation is that H6PDH knockout mice exhibited a severe skeletal myopathy
characterised by switching of type Il to type | (slow) fibres and demonstrated reduced locomotor
activity. In these mice, a set of adaptive processes ensued in the muscle including a marked
increase in Nrk2 expression, a key enzyme in cytosolic NAD+ biosynthesis(374). This might
suggest that the cytosol sensed the reduction in the ER NADPH/NADP+ ratio and that the ER

and cytosolic pools are not entirely separated.

1.11.3. Glucocorticoids

Adrenal corticosteroids, crucial for sustaining life, are categorised into three primary types:
glucocorticoids (produced in the zona fasciculata), mineralocorticoids (synthesised in the zona

glomerulosa), and sex steroids (generated in the zona reticularis) (375).

Cortisol, the principal active glucocorticoid in humans, is produced by the zona fasciculata of the
adrenal cortex (corticosterone in rodents), meticulously regulated by the hypothalamic-pituitary-
adrenal (HPA) axis. Corticotrophin releasing hormone (CRH) is formulated and released from the
hypothalamus, prompting the synthesis and release of ACTH (adrenocorticotrophin) from the

pituitary gland, which acts on the zona fasciculata of the adrenal cortex. Classic endocrine
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feedback loops govern the secretion of glucocorticoids, orchestrating a tightly regulated process

within the hypothalamus and pituitary gland (375) (Figure 1.9).
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Figure 1.9: Schematic illustrating the hypothalamic pituitary adrenal axis. Corticotrophin releasing
hormone (CRH) produced from the hypothalamus stimulates the anterior pituitary gland to
produce adrenocorticotrophic hormone (ACTH) which in turn stimulates cortisol production from
the adrenal gland. Cortisol exerts negative feedback at the level of the hypothalamus and pituitary.
Circulating cortisol eventually binds the glucocorticoid receptor (GR).

1.11.4. The glucocorticoid receptor
The glucocorticoid receptor (GR), a member of the nuclear receptor family (375), plays a crucial
role in different body systems. Upon binding to a glucocorticoid (GC) ligand, the GR undergoes a
conformational change, leading to dissociation from the chaperones and translocation of the GR-
ligand complex into the cell nucleus (375). Once inside the nucleus, the GR dimerises and binds
to specific DNA sequences called glucocorticoid response elements located in the promoter
region of target genes (376). These GREs regulate the expression of hundreds of GC-responsive

genes (375).
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1.11.5. Pre-receptor glucocorticoid metabolism and the 11 B-hydroxysteroid

dehydrogenases

Circulating GCs are centrally modulated by the HPA axis. However, GCs are also further
modulated at local tissue level via the 11 B-hydroxysteroid dehydrogenases (113-HSDs). 118-
HSD has two isoenzymes that catalyse the interconversion of hormonally active cortisol
[corticosterone (CORT) in rodents] and inactive cortisone [11-dehydrocorticosterone (11-DHC) in

rodents]; 11-HSD1 and 113-HSD2 (377).

11B-HSD1 is expressed in key metabolic tissues including liver, adipose tissue, and skeletal
muscle where it primarily acts as a oxoreductase converting inactive cortisone to active cortisol
(11-DHC to CORT in rodents), a reaction that is dependent on NADPH as cofactor (378) (Figure

1.10).

11B-HSD2 is predominately expressed in the kidney, colon, and salivary gland and catalyses the
inactivation of cortisol to cortisone (CORT to 11DHC in rodents), a reaction that requires NAD+
as a cofactor (379). This protects the mineralocorticoid receptor (MR) from being activated by

cortisol which has similar affinity to MR as mineralocorticoids.

1.11.6. Hexose-6-phosphate dehydrogenase

Within skeletal muscle, 11B3-HSD1 is localised to the sarcoplasmic reticulum (SR) lumen and is
dependent on an another enzyme hexose-6-phosphate dehydrogenase (H6PDH)(380) (Figure
1.10). H6PDH catalyses the first two steps of the pentose phosphate pathway converting glucose-
6- phosphate (G6P) to 6-phosphogluconolactone (6-PGL) with the concomitant production of
NADPH that confers electrons for the reductase activity of 113-HSD1(381). The link between
H6PDH and the activity of 11 B-HSD1 was investigated in the study of the H6PD knock-out mice.

The oxo-reductase activity of 11 B-HSD was depleted in murine H6PD gene knock-out, and
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metabolite of 11 DHC was only seen in the urine analysis (382). These findings suggest the role

of H6PD as a regulator of the 11 B-HSD1 oxo-reductase activity in the ER/SR.
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Figure 1.10. Schematic representation of the interaction between H6PDH and 113-HSD1 within
the SR. H6PDH generates NADPH by conversion of glucose-6-phosphate (G6P) to 6-
phosphogluconate (6PG) within the ER. 113-HSD1 uses the NADPH as cofactor, allowing the
conversion of cortisone to cortisol.

1.12. Thesis Rationale

NAD+ decline leads to a reduction in energy metabolism disposing individuals to metabolic
disease and overall decreased later-life health. Our goal is to ascertain the prospect of boosting
tissues NAD+ in humans using the more contemporary NAD+ precursor, NR, with potential

implications for metabolic disease.

Skeletal muscle is richly endowed with mitochondria and will therefore be used as an accessible
large metabolic organ and to assess the mitochondrial function.
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Human ageing is used as a model for metabolic (and possibly NAD+) decline.

Readouts will include systemic and tissue-specific parameters.

The thesis will also illuminate the possibility of a crosstalk between the cytosolic and SR NAD+
pool. This may have implications for understanding how fluctuations in NAD+ may have impact

on subcellular hormone reactions the regulation of which is poorly understood.

1.13. Hypothesis

- Oral NR is safe and well-tolerated in humans and can increase skeletal muscle NAD+ and

benefits whole-body and muscle specific metabolic readouts.

- Manipulating cytosolic NAD+ impacts the SR pyridine nucleotide tool and the enzymatic

activity of 11B3-HSD1 can be used as a readout.

Aims

- Assess the safety and tolerability of oral NR.

- Assess the effects of NR supplementation on the whole body and skeletal muscle NAD+

metabolome.

- Assess the effects of NAD+ boosting in whole-body and muscle-specific metabolic

readouts.

- Examine the cytosolic/SR NAD+ crosstalk.
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2.1. Clinical study

2.1.1. Study conduct and population

The study was conducted at the National Institute for Health Research/Wellcome Trust Clinical
Research Facility at the Queen Elizabeth Hospital Birmingham, UK. The target population were
aged volunteers who met the inclusion and exclusion criteria (outlined in the next Chapter). The
design was a single centre, double blind, placebo-controlled, and crossover study. Aim was to

obtain complete assessments from 12 aged individuals.

2.1.2. Methods

Intervention

Single centre, randomised, double blind, placebo-controlled, crossover study (Figure 3.1).

Volunteers were randomised to receive 21 days treatment with either;

Placebo

1000mg NR- (250mg, two tablets twice daily).

NR was supplied as 250 mg capsules by the manufacturer (Niagen®, ChromaDex, Irvine, CA).
Participants received NR 500mg twice daily or matched placebo for 21 days with 21 days washout

period before crossover to the other treatment arm.

Randomisation and blinding

Participants were allocated to either NR or placebo. A randomisation list was held by the clinical
trials pharmacist at the clinical research facility, Queen Elizabeth Hospital Birmingham. The study
investigators, nurses, and participants were all blinded to the intervention allocation during the

trial.
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Recruitment and inclusion and exclusion criteria

Participants recruited from the Birmingham 1000 Elders group. All participants fulfilled the
inclusion criteria including male sex, age 70-80 years, BMI 20-30 kg/m?, able to discontinue
aspirin for 3 days prior to the muscle biopsy, and able to discontinue statins and vitamin D
supplements for a week before the study and for the duration of the study. Exclusion criteria
included: serious active medical conditions including inflammatory diseases or malignancies,
significant past medical history including diabetes mellitus, ischaemic heart disease,
cerebrovascular disease, respiratory disease requiring medication, or epilepsy, blood pressure

>160/100mmHg, or treatment with oral anti-coagulants.

2.1.3. Study endpoints

Primary outcome

Skeletal muscle, blood, and urine NAD+ metabolome levels using targeted metabolomics.

Secondary outcomes

NAD+ boosting using NR supplementation may also have system wide effects in aged humans
due to integrated action not only in muscle, but also at the level of the liver and adipose tissue.

There the secondary end points included:

1) Mitochondrial function using high-resolution respirometry (Oroboros technology). If NAD+

boosting is successful, increased oxygen consumption in response to glucose may be observed.
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2) Assess glucose tolerance and insulin sensitivity following oral glucose tolerance test (OGTT).
NR supplementation may improve glucose handling as a function of improved insulin sensitivity

and whole-body glucose disposal.

3) NAD+ boosting may improve lipid profile as a function of liver and adipose effects and

increased capacity of muscle to use lipids.

4) We employed the muscle arterio-venous difference analysis. This allowed us to examine
muscle-specific metabolite trafficking, oxygen consumption, CO2 production, which may reflect a

favourable metabolic profile.

5) Used muscle biopsy tissue to ascertain adaptive gene expression profiles associated with

NAD+ boosting.

Additional outcomes

Local capacity in clinical research (NIHR/Wellcome Trust Clinical Research Facility) and
metabolic analysis offered the opportunity to develop a greater characterisation of our study. On

this basis, also assessed:

1) Nutrient portioning using indirect calorimetry, allowing us to test changes in the glucose and

lipid metabolism during fasting and the GTT in response to NAD+ boosting

2) We assessed 24-hour urine collection for changes in steroid metabolism using Gas
chromatography/ mass spectrometry. Steroidogenesis is sensitive to changes in NAD+ and its
metabolites. Using this analysis, we can test whether production of steroids and enzyme activities

are improved.
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2.1.4. Study design and schedule of study visits

Invitation To
Participate

_

Visit 1- Recruitment] —————>

Randomisation

NR
21days

Placebo
21days

2

Washout
atleast3weeks

~. S

it

Patient information sheet provided upon first
contact with volunteers. Minimum of 24h will be
given to consider the study.

12 male volunteers aged 70-80 years- BMI 20--30
kg/m?2. Medical history and consent taken.

Observations/Strength testing
Fasting bloods

Muscle biopsy

Dose- NR or placebo

Glucose bolus

Indirect calorimetry

Muscle Arterio- Venous difference
Urine collection

Observations/Strength testing
Fasting bloods

Muscle biopsy

Glucose bolus

Indirect calorimetry

Muscle Arterio- Venous difference
Urine collection

Observations/Strength testing
Fasting bloods

Dose- NR or placebo

Urine collection

Observations/Strength testing
Fasting bloods

Muscle biopsy

Glucose bolus

Indirect calorimetry

Muscle Arterio- Venous difference
Urine collection

End of visit.

60min rest

2 hours

Attendance at the CRFina
fasting state

nents (height, weight, BP, grip
strength testing and return of 24 hour urine)

<——— Arterial line insertion

Forearm muscle venous
cannulation

<~ Venous occlusive plethysmography

<——— Indirect calorimetry

<—— Routine fasting arterial and venous bloods

<——— Glucose load

<——— Plesythomography every 20mins

<— Indirect calorimetry every 30mins

Estimated total length of

stay Shours

Removal of arterial and venous catheters

and pressure applied for 15mins

<————— Muscle biopsy

< Meal

<—— NR/Placebo supplementation

Figure 2.1: NADMet study design. (A) The overall study design- from participant recruitment,
study visits, treatments, and crossover. (B) A typical day protocol to demonstrate the flow of
primary and secondary outcome data collection.

Visit 1 was a screening and enrolment visit, while visit 4 was after the washout period and only

fasting blood and 24hr urine were collected. The protocol design for visits 2, 3, and 5 included

muscle biopsy, fasting blood analyses, glucose tolerance test, muscle arterio-venous difference

technique, venous occlusive plethysmography, and indirect calorimetry analysis.
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2.1.5. Blood pressure measurement

Blood pressure was measured at the start of each visit after an overnight fast using an automated
machine (Welch Allyn, USA). At the trial visits, participants were instructed to rest for 15mins in a
supine position before blood pressure measurement was undertaken. For optimal accuracy of the
blood pressure measurements, an appropriately sized cuff was used to encircle 80% of the arm
and the same was used for all participants, and on the same arm. Blood pressure was measured

three times, and the mean was logged.

2.1.6. Hand-held dynamometry

To measure the hand-grip strength, the peak absolute strength (in kilograms) and relative hand-
grip strength (kilograms of force per kilogram of body weight) were measured in triplicate in both
hands using a dynamometer (Takei Instruments, Japan). The highest measurement values were

captured.

2.1.7. Muscle biopsy

Vastus lateralis muscle biopsies were obtained by me using the percutaneous Bergstrom
technique as previously described (383) under local anaesthesia (1% lignocaine). The biopsies
were undertaken whilst the participants were lying down. Biopsy samples (100-150mg) were
immediately dried on clean filter paper and around 10mg of tissue was split and placed on ice
cold BIOPS buffer for the high-resolution respirometry analysis. The remainder of the skeletal
muscle tissue was immediately snap frozen in liquid nitrogen and stored at -80°C for further

analyses.
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2.1.8. Arterio-venous (AV) difference technique

An arterial catheter was placed into a non-dominant limb radial artery and a retrograde cannula
was inserted into in a deep antecubital vein draining a forearm muscle, on the opposite side of
the arterial line. To avoid contamination of the muscle venous blood with the mixed arteriovenous
blood from the hand, a wrist cuff was inflated to 200mmHg for 3 mins before sampling. Blood was
simultaneously drawn from the arterial and venous catheters at fasting and then every 20mins

following an oral glucose load for a duration of 120 min.

2.1.9. Indirect calorimetry

Participants were requested to lie in a supine position for at least 60 mins after insertion of the
arterial and venous catheters. Whilst in a comfortable supine position, a transparent ventilated
canopy was placed over the head. Plastic sheet attached to the hood was placed around the
participants to create a tight seal (Figure 2.1). The room temperature, humidity and barometric
pressure were measured by a digital thermo-hygrometer (Oregon Scientific, USA). During the
measurement acquisition period, participants were instructed to remain supine and breathe
normally. Respiratory measurements, including resting oxygen consumption (VO2) and carbon
dioxide production (VCO) and respiratory exchange ratio (VCO2/VO;) were obtained using the
mixing chamber mode of the metabolic cart (AEI MOXUS Il Metabolic System, USA).
Measurements were captured at a fasting state and then every 30 minutes for 120 minutes
following a 759 oral glucose load. Measurements for each period lasted 15 mins so the first and

last 5 minutes could be disregarded, and the mean value for the middle 5 minutes was captured.
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Figure 2.2: Picture of the Moxus metabolic cart for indirect calorimetry. Picture on the left is the
MOXUS metabolic cart showing the O2 and CO2 analysers, gas cylinders, mixing box, canopy,
and the associated laptop and software for data acquisition and analysis. Picture on the right
showing an example of a participant’s positioning under the canopy.

2.1.10. Venous occlusive plethysmography

Forearm muscle blood flow was measured by venous occlusive plethysmography (Hokanson,
USA) (384) as previously described (385) (Figure 2.2). The principle of this method is to arrest
the venous flow completely for a few seconds without interrupting the arterial flow and a record is
made of the changes in volume in the forearm between the level of venous occlusion and a distal
cuff inflated to a pressure intended to arrest the circulation in all vessels. Practically, a cuff was
tightly applied to the wrist and a second cuff applied to the arm (site of usual blood pressure
measurement). A mercury-in-rubber strain gauge was applied to the forearm between the two
cuffs and connected to the data acquisition box and analysis software. The arm cuff was
intermittently inflated and deflated, whilst the wrist cuff was inflated, and measurements of blood
flow were undertaken. Changes in the strain length between inflating and deflating the arm cuff
give information on how much blood flows in and out of the forearm. The initial rate of swelling
during venous occlusion is the apparent rate of arterial inflow, and the assumption is made that

this rate is the same as the actual undisturbed rate of arterial inflow immediately before the venous
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occlusion (385). The blood flow measurements were obtained immediately after each blood

sampling.

Figure 2.2: Picture showing the venous occlusive plethysmography with the wrist and arms cuffs
and the strain gauge.
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Figure 2.3: Photograph showing the research team (two research nurses and myself) the complex
setup of the study interventions in each study visit. The participant’s permission was obtained for
the photograph.

2.1.11. Sample size and statistical analysis

Sample size was determined based on previous studies using the same methodological design
(332), in which the sample size detected significant differences at the 5% level. Outcome data are
reported as mean = SEM, or median and quartiles where appropriate. Comparisons of participants
between the NR and phases were undertaken using paired t-tests. Furthermore, we undertook
further data analyses considering the period effect by dividing the participants based on whether
they were randomised to NR first or second. This is to look for carryover effect across all analyses.
Wherever relevant, area under the curve was calculated using the trapezoid method. Data were

analysed using IBM SPSS Statistics version 22 and GraphPad Prism version 7.0.
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2.1.12. NAD+ metabolomics

Skeletal muscle

Muscle tissue was pulverised and around 10 mg was used for each of the acidic (A) and basic
(B) metabolite extraction. Internal standard mixtures for each of A and B were prepared for each
sample. The extraction was undertaken using 0.2 ml of ice-cold liquid chromatography-mass
spectrometry (LC-MS/MS) grade methanol and kept on ice followed by the addition of 0.3ml of
internal standard made in LC-MS grade water. Samples were sonicated in an acetone water bath
at -4 °C for 20 seconds, placed back on ice, and then incubated at 85 °C with constant shaking
at 1050 rpm for 5 minutes. Samples were then placed on ice for 5 min and centrifuged (16.1k x
g, 10 minutes, 4 °C). The supernatant was transferred to fresh tubes and then dried using a speed
vacuum. The dried extract was resuspended in 30 pl of either LC-MS grade water for acidic extract
or 10 mM ammonium acetate for alkaline extract and centrifuged (16.1k x g, 3 minutes, 4 °C).
The supernatant was carefully transferred to a Waters Polypropylene 0.3 ml plastic screw-top vial.
The skeletal muscle pellet was then dried using a speed vacuum, pellet was weighed, and later

used to normalise the data which were finally reported as pmol/mg.

Blood

To analyse nucleotides, samples were thawed in small batches. Working in batches of four,
samples were vortexed for 2mins and aliquoted into duplicate 100 pL samples using a positive
displacement pipette; the second sample was immediately frozen on dry ice to store for analysis
of nicotinamide and related analytes. 20 pL of internal standard working solution was added,
followed by 400 uL of 3:1 0.25N trichloroacetic acid: acetonitrile. Samples were vortexed and
stored on ice until up to 24 samples had been processed to this point. After the last sample had

been on ice 5 minutes they were transferred onto a heater/shaker for 3 minutes at 55 °C.
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Samples were centrifuged for 12 minutes at 4 °C and 16.1 rcf. The supernatants were
transferred to new 1.5 mL microcentrifuge tubes which were stored at 4 °C until the entire daily
load of samples was complete. The remaining samples were processed in a second batch in the
same manner. Standards and controls were prepared by adding internal standard and the
appropriate amount of standard working solution to microcentrifuge tubes. In batches of 4, 100
pL of human blood was added to each and 400 uL of 3:1 0.25N trichloroacetic acid: acetonitrile
added. Samples were processed further as described above. Six blank zero samples were
containing only blood and internal standard were also prepared in the same fashion. When all
samples were completed, the tubes containing the supernatants were transferred to a Centrivap
at room temperature and a reduced pressure of ~ 0.03 bar and solvent removed overnight. The

dried samples were stored at -20 °C until reconstitution immediately prior to the analytical run.

To analyse Nam, NR, 1-methylnicotinamide (MeNam), NA, N- methyl-4-pyridone-3-carboxamide
(Me-4-py), N- methyl-2-pyridone-5-carboxamide (Me-2-py), and Nam oxide, 20 uL of internal

standard working solution containing stable labelled analogues of NR, Nam, MeNam, and Me-4-
py was added to the previously frozen aliquots of sample. From this point on, the samples were
handled as above for the nucleotides, except the standards prepared contained the analytes for

this analysis.

Urine

Urine was thawed on ice, 2 x 100 pL and 1 x 10 pL were pipetted into 1.5 mL microcentrifuge
tubes. The 10 uL and one of the 100 pL tubes were frozen on dry ice and stored at -80 °C. For
the remaining aliquot, 20 pL of working internal standard solution in 5% formic acid was added
to each sample. Standards and controls were prepared in a synthetic urine matrix containing

urea, creatinine, sodium chloride, and potassium nitrate at physiological relevant
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concentrations. Previous work has shown that nucleotides are not found in urine above the

detection limit.

2.1.13. Blood biochemical analyses

Blood was collected from the arterial and venous catheters into heparinised blood tubes. Plasma
was quickly separated by centrifugation at 4°C and was then snap frozen. Plasma non-esterified
fatty acids (NEFA), glucose, and lactate concentrations were measured using commercially
available kits on an ILAB 650 Clinical Chemistry Analyser (Werfen Ltd, UK). Insulin was measured
using a commercially obtainable assay as per the manufacturer’'s instructions (Mercodia,
Sweden). Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated using

the formula [fasting glucose (mmol/L) x fasting insulin (mU/L)/22.5] (386).

Full blood count was measured on a Beckman Coulter DxH analyser (USA). Lipid profile, urea
and electrolytes, and thyroid function tests were all measured on the Roche Modular Platforms

(Roche, Switzerland).

2.1.14. High-resolution respirometry on permeabilised muscle fibres

Ex vivo mitochondrial function was determined by measuring oxygen consumption
polarographically using a two-chamber Oxygraph (OROBOROS Instruments). Oxygen
consumption reflects the first derivative of the oxygen concentration (nmol/ml) in time in the
respiration chambers and is termed oxygen flux [pmol/(s*mg)], corrected for wet weight muscle
tissue (2-5 mg) introduced into the chamber. To evaluate oxidative phosphorylation, different on
carbohydrate- and lipid-derived substrates and inhibition protocols were used. A small portion of
the muscle biopsy sample was kept on cold biopsy preservation buffer (BIOPS; 50 mM K-MES,

20 mM taurine, 0.5 mM dithiothreitol, 6.56 mM MgCl,, 5.77 mM ATP, 15 mM phosphocreatine, 20
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mM imidazole, 10 mM Ca-EGTA, 0.1 uM free calcium, pH 7.1) until processed for the
measurement according to Pesta and Gnaiger, 2012 (387). Briefly, approximately 4-6 mg was
placed in a drop of BIOPS on a small Petri dish and the muscle fibres were mechanically
separated during the standardised period of 5 min with a pair of sharp forceps under the
preparative microscope. Processed sample was then permeabilised for 30 min in 2 mL of
BIOPS/saponin (50 ug/mL) by gentle agitation in the cold room and then washed in 2 mL of MiR
media (110 mM sucrose, 60 mM K*-lactobionate, 0.5 mM EGTA, 3 mM MgCl,, 20 mM taurine, 10
mM KH2PO4, 20 mM HEPES, 1g/L BSA essentially fatty acid free, pH 7.1) for 10 min. Washed
sample was divided in 2, gently blotted onto filter paper to dry off the extra buffer and the wet
weight was read (usually between 1 and 3 mg). Samples were then transferred in the oxygraph
chambers filled with MiIR media supplemented with catalase (280 U/mL), the stoppers were
inserted incompletely and approximately 5 mL of medical gas mixture (95 % O, 5 % CO,) were
injected in the chamber to elevate the oxygen concentration in the media to approximately 400
MM and chamber was closed. Two protocols were run in parallel in one oxygraph and the
experiment repeated 3-4 times during the day of biopsy collection. For protocol 1, the titrations
used were: 2 mM malate, 10 mM glutamate, 4-5 mM ADP, 10 mM succinate, 10 uM cytochrome
¢, sequential addition of 0.5 yM FCCP, 0.5 uM rotenone and 2.5 uyM antimycin A. For protocol 2:
0.05 mM malate, 0.2 mM octanoyl-carnitine, 4-5 mM ADP, 2 mM malate, 10 mM glutamate, 10
mM succinate, 10 uM cytochrome c, sequential addition of 0.5 uM FCCP, and 0.5 yM rotenone.
When the oxygen concentration during the experiment dropped below 240 uM, the reoxygenation
was done by injection of 2 mL of 200 mM hydrogen peroxide. Experiments in which the addition
of cytochrome c resulted in more than 15 % increase of respiration were excluded from the final
evaluation. Data were also corrected for mitochondrial DNA (mtDNA) copy number and citrate

synthase activity.
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2.1.15. Mitochondrial density assessments

mtDNA copy number was determined using quantitative real time PCR (gPCR). mtDNA copy
number was calculated using the ratio of NADH dehydrogenase subunit 1 (ND1) to lipoprotein

lipase (LPL) (mtDNA/nuclear DNA) as previously described (282).

For citrate synthase activity (388), 5mg of snap frozen human muscle biopsy was placed in 200
Ml homogenisation buffer (HEPES 20 mM, EDTA 1 mM, Triton X-100 0.1% v/v) and
homogenised with tissue lyser (Qiagen, Hilden, Germany) at 20 beats/s for 20s. Samples were
then centrifuged 380 x g for 30 seconds at 4°C. Supernatant was collected into a fresh tube and
re-centrifuged at Vmax, 10 min, 4°C. Again, the supernatant was collected, and protein
concentration of tissue homogenate was measured by the DC protein assay (BioRad). Samples
were diluted to 200 pg/ml in the homogenisation buffer. Citrate synthase activity was then
guantified with a reaction mix composed of Tris 20 mM, 5,5’-dithiobis- 2-nitrobenzoic acid 1.01
mM and acetyl-CoA 12.2 mM, pH 7.5. The mix was incubated at 30°C for 15 minutes for
baseline measurements, then the reaction was initiated by the addition of oxaloacetate 10 mM,
pH 7.5 and after 15 minutes incubation, the absorbance was measured on plate reader at 412
nm. Citrate synthase activity was determined in triplicates by subtraction of baseline values

without oxaloacetate.

2.1.16. RNA sequencing

This was undertaken with support from Dr lldem Akerman, at the Institute of Metabolism and
Systems Research, University of Birmingham. Figure 2.4 is a pictorial representation of the steps
involved in RNA sequencing. RNA was extracted from frozen skeletal muscle tissue using Tri
Reagent (Sigma-Aldrich) following manufacturer's instructions. Sequencing libraries were

prepared using RNA (RIN >7) with the Lexogen Quantseq3 FWD kit. Libraries were sequenced
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using HiSeq2000 across 4 flow cells generating 75bp long single ended reads (average read
depth of 6-10M/sample, which is higher than the 4M reads / sample required for analysis for this
type of library). All samples were prepared and sequenced as a single pool. Trimmomatic software
(v0.32) and bbduk.sh script (Bbmap suite) were used to trim the ILLUMINA adapters, polyA tails
and low quality bases from reads. Trimmed reads were then uniquely aligned to the human
genome (hg38) using STAR with default settings (v2.5.2b) and the Gencode (v28, Ensembl
release 92) annotation as the reference for splice junctions. Mapped reads were quantified using
HT-seq (v0.9.1) using Gencode (v28) genes (intersection-nonempty flag). Differential gene
expression was obtained using DEseq2 with paired baseline and treatment samples.
In the analysis we did not use a cutoff to remove lowly expressed genes. Inclusion of lowly
expressed genes (at arbitrary cut-offs) had little bearing on our results (97.8% of differentially
expressed genes at p < 0.05 were identical between no cutoff, and a cut-off of > 3). Of note,
volcano plot was drawn with a cut-off (>3) in order to visualise the typical “V” shape using R.
Differentially expressed genes between baseline (control) and NR treated samples at p-value =
<0.05 were annotated using Biological processes (BP) gene sets with DAVID tool (389,390). We
obtained similar results using gene annotation tool within Gene Set Enrichment Analysis (GSEA)
suite (391,392) for gene sets from KEGG pathways and C5-Biological processes.
In addition, we have used GSEA analysis tool to interrogate specific gene sets against our pre-
ranked expression data (Control vs NR treatment). GSEA calculates an Enrichment Score (ES)
by scanning a ranked-ordered list of genes (according to significance of differential expression (-
log10 p-value), increasing a running-sum statistic when a gene is in the gene set and decreasing
it when it is not. The top of this list (red) contains genes upregulated upon NR+ treatment while
the bottom of the list (blue) represents downregulated genes. Each time a gene from the
interrogated gene set (i.e. Glycolysis, mitochondria, TCA cycle) is found along the list, a vertical
black bar is plotted (hit). If the “hits” accumulate at the bottom of the list, then this gene set is
enriched in upregulated genes (and vice versa). If interrogated genes are distributed
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homogenously across the rank ordered list of genes, then that gene set is not enriched in any of
the gene expression profiles (i.e. control gene sets of similar expression levels to interrogated
gene sets). GSEA was used in pre-ranked mode with parameters -norm meandiv -nperm 1000 -
scoring_scheme weighted. 10 gene sets of equal size and similar expression levels to the
interrogated gene sets were generated using a custom pipeline in R (available upon request). We
have interrogated the following gene sets: GO0048870; cell motility, GO0030029; actin filament
based process, GO0022610; Biological cell adhesion, (also GO0007155 cell adhesion with similar
results), M15112: Wong Mitochondria gene module, M3985: KEGG citrate cycle TCA cycle,

merge of M15109: BIOCARTA Glycolysis pathway and M5113: REACTOME glycolysis.

Fragment RNA into Convert RNA fragments
@ Isolate RNA from samples short segments into cDNA
Ligate sequencing Perform next generation Map sequencing reads to
adapters and amplify sequencing the transcriptome/genome

Created in BioRender.com bio

Figure 2.4: Pictorial representation of the steps involved in RNA sequencing.
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2.1.17. Protein immunoblotting

Muscle biopsies were homogenised in ice-cold sucrose lysis buffer (50 mM Tris/HCI (pH 7.5), 250
mM Sucrose, 10mM Na-B-Glycerophosphate, 5mM Na-Pyrophosphate, 1mM Benazmidine, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 1 mM Na3VvO04, 50 mM NaF, 0.1% p-Mercaptoethanol,
supplemented with protease inhibitor cocktail). Samples (40-100ug of protein extract) were
loaded into 4-15% Tris/Glycine precast gels (BioRad) prior to electrophoresis. Proteins were
transferred onto PVDF membranes (Millipore) for 1h at 100V. A 5% skimmed milk solution made
up with Tris-buffered saline Tween-20 (TBS-T, 0.137M NaCl, 0.02M Tris-base 7.5pH, 0.1%
Tween-20) was used to block each membrane for 1h before being incubated overnight at 4°C
with appropriate primary antibodies. Membranes were washed in TBS-T for three rounds prior to
incubation in horse radish peroxidase-conjugated secondary antibody at room temperature for 1
hour. Membranes were then washed in TBS-T prior to antibody detection via enhanced
chemiluminescence horseradish peroxidase substrate detection kit (Millipore). Images were

undertaken using a G:Box Chemi-XR5 (Syngene, India).

2.1.18. Inflammatory cytokines

We utilised a commercially available multiplex cytokine bead assay using the Bio-Plex Pro Human
Cytkine 17-plex panel analysed with a flow-cytometry based Luminex 200 reader. The levels of
IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, G-CSF, GM-CSF, IFN-g, MCP-1,
MIP-1b, and TNF-a were measured on the participants’ sera as per the manufacturer’s
instructions. Highly sensitive CRP was measured using CRPHS: ACN 217 on COBAS 6000

analyser (Roche, USA). All measurements were undertaken in duplicates.
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2.2. In vitro studies

2.2.1. Cell culture

All cell culturing procedures were conducted using a lamina flow hood in an aseptic environment,

and all materials used in the hood were sterilized with Ethanol 70% (v/v).

2.2.2. C2C12

The C2C12 cell line is derived from mouse myoblasts and represents an established model of
both skeletal muscle proliferation and differentiation. Cryofrozen C2C12 myoblasts (passage <20
to ensure they retained adequate myoblast/myotube characteristics) were purchased from the
European Collection of Cell Cultures (Salisbury, UK). Originally, the C2C12 line was created
through serial passaging of myoblasts isolated from the thigh muscles of C3H mice 70 hours after

a crush injury (393-395).

2.2.3. Cell culture

C2C12 myoblasts were maintained in 75cm3 TC flasks (Corning, Surrey, UK) in growth media
[Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10 % foetal bovine serum
(FBS) and 1% Penicillin/Streptomycin (PS)]. At 60-70 % confluence, cells were split by removing
the media and washing with sterile phosphate-buffered saline (PBS). To detach the cells, 3 ml of
TrypLETM Express trypsin enzyme (GibcoTM, UK) was added to the flask and incubated at 37°C.
After 5-7 min incubation, 7 ml of fresh DMEM was added and transferred to a 10 ml falcon tube
and centrifuged at 1300 rpm for 5 min. The pellet was then resuspended with 10 ml of media and

reseeded into fresh flasks. To prepare well plates for experiments, cells were seeded at the
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desired density into 6 or 12-well plates (Corning, Surrey, UK), and the media was replaced every

48 hours with fresh proliferation media.

2.2.4. Cell differentiation

When myoblasts reached 60-70% confluency, cell differentiation was triggered by replacing
growth media with differentiation media [DMEM supplemented with 5 % horse serum and 1% PS].
Differentiation media was replaced every 48 hours. All cell culture was maintained in incubators
at 37°C under a 5% CO2 atmosphere. After 5 days, myoblasts had fused to form multinucleated
myotubes. Media were replaced every other day until myotubes had fused and formed
multinucleated myotubes (usually 6-8 days) (Figure 2.4). Experiments and treatments started

when cells started to form multinucleated myotubes.

Figure 2.5: Image of C2C12 differentiated myotubes obtained during an experiment.

2.2.5. Freezing down

Freezing down C2C12 cells permitted long-term storage and kept the cells at low passage
numbers for future use. At 60-70% confluence, cells were treated with trypsin and resuspended

in 9 ml of proliferation media supplemented 10 % FCS, and 1 % P/S and then centrifuged at 1300
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rpm for 5 min. The cell pellet was then resuspended in 3 mL of FCS supplemented with 10%
DMSO. The cells were aliquoted into 1 ml cryotubes (Nalgene, Hereford, UK), pre-cooled
overnight in a Mr. Frosty TM freezing container (Sigma, UK), and transferred to liquid nitrogen at
-200°C for long-term storage. To start a new culture of C2C12, the cryopreserved cells were
thawed in a water bath at 37°C and transferred to a new 10ml falcon tube with 10 ml DMEM. Cells

were centrifuged and the pellet was resuspended and transferred to new flasks.

2.2.6. Primary mouse myotubes

Primary mouse culture represents a better reflection of muscle cell characteristics than in vitro
study of C2C12. Cells were collected from the gastrocnemius muscle and washed with DMEM for
1 hour supplemented with 1% P/S. To stimulate the proliferation of satellite cells, media containing
0.5 % CEE, 10% HS, and 1% P/S was added to the plate and left in the incubator for 24 hours.
Media was replaced with differentiation DMEM media supplemented with % HS, 0.5% CEE, and
1% P/S. At this stage, the medium was replaced every 48 hours until the cells differentiated to
form myotubes (approximately 7 days). Cells were extracted from gastrocnemius muscle and
cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 2% (v/v) HS, 0.5%
(v/v) chicken embryo extract (CEE), and 1% (v/v) P/S for 7 days to differentiate and form

multinucleated myotubes.

2.2.7. NAD+ modulation with FK866 and NR

After 5 days of C2C12 myotubes differentiation, cells were left as control (no FK866 or NR), or
treated with the NAMPT inhibitor, FK866 (Sigma-Aldrich, UK) at concentrations of 100 nM for 48
hours (Figure 2.5). This concentration was adequate to deplete NAD+ as indicated by the dose-

response curve published (396). NR (Chromadex, USA) treatment was at a dose of 0.5 mM
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(146). FK866 and NR doses were repeated every 24 hours in experiments of more than 24hours

treatment duration.

[ Nicotinamide

Riboside
NMN [~
+ .
NR ol NAM | TS
: \\
: \
: \Y
Y \
NMN -|_ ‘:
]
[ FK866 ] !
Il
’I‘NAD+\|, Y,
/
,I
Consumption e
4
’
ADPr s
S— ’,”
NAM |—-=="

Figure 2.6: A schematic representation of the NAD+ biosynthesis salvage pathways showing
the effects of FK866 (NAMPT inhibitor) and Nicotinamide Riboside (NR; NAD+ precursor).
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2.2.8. NAD+ in vitro measurement assay

NAD+/NADH concentrations were determined using the BioVision colorimetric NAD+/NADH
guantification kit (Cambridge Bioscience, UK). C2C12 cells were extracted with 400ul of
NADH/NAD+ extraction buffer by freeze/thaw two cycles (20min on dry ice, then 10 mins at room
temperature), vortexed for 10secs and centrifuged at 16,100 g for 5min. The extracted

NADH/NAD+ supernatant was transferred into a labelled tube.

To make a standard curve (Figure 2.6), 10 pL of the 1nmol/uL NADH standard was diluted with
990 pL NADH/NAD+ extraction buffer in order to generate 10pmol/uL standard NADH which was
added (0,1, 2, 4, 8, 10 uL) into a 96-well plate in duplicate. The final volume to 50 yL was made
up with NADH/NAD+ extraction buffer. Subsequently, 50 pL of extracted samples were

transferred into a 96-well plate.

To detect NADH, NAD+ was decomposed in 200uL of the extracted samples by heat shock at
60°C for 30mins before reaction. The samples were cooled down on ice, and 50 pyL of NAD+
decomposed samples were transferred into a plate. 100puL of NAD+ cycling mix (100pL of NAD+
cycling buffer and 2uL of NAD+ cycling enzyme mix) was added into each well to convert NAD+
to NADH followed by the plate incubation at room temperature for 5 mins. Finally, 10 uL of NADH
developer was added into each well, and the readings at OD 450 nm were taken at room

temperature after 1 to 4 hours of incubation.
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Figure 2.7: NAD/NADH cycling assay standard curve. Following the NAD/NADH cycling assay an
NADH standard curve was plotted using the absorbance of NADH at known concentrations.
Sample concentrations were determined by extrapolating absorbance values to the standard
curve.

2.2.9. Cell viability assay

Cellular viability and apoptotic activity were determined using the ApoLive-GloTM Multiplex assay
(Promega, USA). As the aim of this conducted experiment was to determine cell viability in
response to depleting and increasing NAD+ content, this assay was specifically chosen because

the reactions are not NAD+ dependent.

Cells were plated into 96 well plates at a density of 15,000 per well and differentiated for 6 days,
before they were treated with FK866 and NR for 24, 48 or 72 hours with a final well volume of 100
pl. Hydrogen peroxide (1 mM and 100 uM) and ionomycin (100 pM) were added as controls to

initiate cell death.
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Cell viability: 10 pl of glycyl-phenylalanyl-amino fluorocoumarin substrate (cleaved by protease
activity limited to viable cells) was added to 2 ml of assay buffer provided to make the viability
reagent. Then 20 pl of the reagent was added to the wells and the plate was mixed using a shaker
at 300 rpm for 30 seconds. The plate was then incubated for 30 minutes at 37°C. Fluorescence
was measured at 400EX/505EM with the signal proportionate to the number of viable cells.
Induction of apoptosis: determined by measuring the activity of the apoptotic marker caspase-3/7.
100 pl of the Caspase-Glo® was added to the wells and mixed using a shaker at 300 rpm for 30
seconds. The plate was incubated for 30 minutes at room temperature and then luminescence

was measured with an increase in signal proportional to caspase-3/7 activity.

2.2.10. RNA extraction

After removal of cell media, C2C12 cells were washed on ice with PBS. 500ul of TRIreagent
(Sigma- Aldrich, UK) was added per well and cells were incubated at room temperature (RT) for
5 minutes and then the cell lysates were transferred into Eppendorfs. 100ml of chloroform was
added to the Eppendorfs and the tubes were shaken for 10 seconds at RT, following which they
were allowed to stand at RT for 15 minutes. The Eppendorfs were then transferred to a
refrigerated centrifuge and centrifuged at 12,000g for 10 minutes at 4°C. The aqueous phase
containing RNA was then transferred to a fresh Eppendorfs. 250ul of isopropanol was added and
tubes were mixed by inverting 5 times and placed at -20°C overnight. Following that, they were
centrifuged at 12,000g at 4°C for 10 minutes. The supernatant was carefully removed and the
pellet was washed with 75% ethanol, following which the Eppendorfs were vortexed and
subsequently centrifuged at 12,0009 for 5minutes at 4°C. The ethanol supernatant was removed
and the RNA pellet was allowed to air dry for 10 minutes and then re-suspended in 30ul of
RNAase/Nuclease free H20 and put on a heating block at 55°C to aid dissolving of the pellet.

Finally, the RNA was stored in a - 80°C freezer until further use.
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2.2.11. RNA quality and quantification

The quality of the RNA was assessed by gel electrophoresis on a 1% agarose gel with GelRed
Nucleic acid Gel Stain (Figure 2.7). The gel was visualised under a UV light in a G:Box gel
documentation system (Syngene, UK). RNA separates in the gel according to its molecular mass
and the resultant bands were visualised under UV light. Intact RNA shows two sharp bands

corresponding to the highly abundant 28S and 18S rRNA.

28S rRNA
18SrRNA

Figure 2.8: Gel electrophoresis of the RNA extracted from C2C12 myotubes and used for gene
expression analysis in this work.

RNA was quantified using NanoDrop ND-1000 UV-Vis Spectrophotometer (Thermofisher, UK).
The absorbance of 1.5yl of RNA at 260nm and 280nm was determined where 1 OD260 =
40ug/mL of RNA and the OD260/0D280 ratio indicates the RNA purity. Only OD260/0D280 ratios
in the range of 1.8-2 were used. All measurements were made with respect to a blank consisting

of the nuclease free water in which the RNA was suspended.

81



2.2.12. Reverse transcription and polymerase chain reaction

Reverse transcription polymerase chain reaction (RT-PCR) reactions were carried out using
Applied Biosystems High-Capacity Reverse Transcription Kit (Applied Biosystems, Warrington,

UK). The following reagents were combined in Eppendorfs to generate a 2x RT master mix:

RT Buffer — 2ul per sample

dNTP mix — 0.8 ul per sample

10X Random Primers — 2ul per sample

MultiScribe Reverse Transcriptase — 1ul per sample

RNase inhibitor - 1ul per sample

Nuclease-free H20 - 3.2ul per sample

1ug of RNA was diluted with nuclease free water to a volume of 10ul before 10pl of 2x RT master
mix was added giving a final volume of 20ul. The 20ul samples were loaded onto a PCR thermal
cycler (Applied Biosystems, UK) and subjected to 25°C for 10 mins followed by 37°C for 120 mins,
and finally 95°C for 5 minutes to terminate the reaction. Samples were then stored in -80°C

freezer.

2.2.13. Real-Time PCR

The reactions were set up in triplicate by combining: 5 uL of 2x Master Mix, 0.5uL of either 18S
(housekeeping gene) or gene of interest, 100 ng of cDNA and nuclease free water to a final
volume of 10 uL per well. Plates were sealed with a clear adhesive film (Life Technologies, UK)
and finally run on 7500 real-time PCR system (Life Technologies, UK). All data were expressed

as Ct values and used to calculate ACt (Ct of gene of interest — Ct of 18S). For ease of data
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interpretation and graphical representation, all the ACt values were converted to arbitrary units

(AU = 1000x22%,

The list of primers used in this thesis are included in the table below@

Resource

Source

Identifier

ACTN1 Primers
Fwd CCACCCTCTCGGAGATCAAG
Rev TCCCTTCGCTTCTGAGTTAGG

Sigma-Aldrich

Cat#VvC00021

ANXA1 Primers
Fwd CTAAGCGAAACAATGCACAGC
Rev CCTCCTCAAGGTGACCTGTAA

Sigma-Aldrich

Cat#vC00021

GAPDH Primers
Fwd TGCACCACCAACTGCTTAGC
Rev GGCATGGACTGTGGTCATGAG

Sigma-Aldrich

Cat#vC00021

GPD1 Primers
Fwd GCCATCTGAAGGCAAACGC

Rev
GCCAATGGTTGTCTCACAGAAC

Sigma-Aldrich

Cat#VvC00021

HPRT Primers
Fwd CACCCTTTCCAAATCCTCAG
Rev CTCCGTTATGGCGACCC

Sigma-Aldrich

Cat#vC00021

ITGAL Primers

Fwd
CTGGACATAGTCATAGTGCTGGA

Rev ACCTGTGTCTGTTTAGGACCA

Sigma-Aldrich

Cat#VvC00021

KLF12 Primers
Fwd CGGCAGTCAGAGTCAAAACAG
Rev CGGCTTCCATATCGGGATAGT

Sigma-Aldrich

Cat#vC00021

LPL primers

Fwd CGAGTCGTCTTTCTC
CTGATGAT

Rev TTCTGGATTCCAATGCTTCGA

Sigma-Aldrich

Cat#VvC00021

MSN Primers
Fwd GAGGATGTGTCCGAGGAATTG
Rev GTCTCAGGCGGGCAGTAAA

Sigma-Aldrich

Cat#VvC00021

MYL9 Primers
Fwd TCTTCGCAATGTTTGACCAGT

Rev
GTTGAAAGCCTCCTTAAACTCCT

Sigma-Aldrich

Cat#VvC00021
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MYOG6 Primers
Fwd TGGGACAAGACCACCTCATGT
Rev CCGGCTCCTGATTCTCCAGA

Sigma-Aldrich

Cat#VvC00021

NAMPT Primers
Fwd CGGCAGAAGCCGAGTTCAA

Rev
GCTTGTGTTGGGTGGATATTGTT

Sigma-Aldrich

Cat#VvC00021

ND1 primers
Fwd CCCTAAAACCCGCCACATCT

Rev
GAGCGATGGTGAGAGCTAAGGT

Sigma-Aldrich

Cat#VvC00021

NDUFS2 Primers
Fwd GTCCGATTGCCGATTCAGC
Rev GCTTGGGTACATAACAGCTCC

Sigma-Aldrich

Cat#VvC00021

NMNAT21 Primers

Fwd
GGTGGAAGTTGATACATGGGAAA

Rev AGCAGCTTGACCTTTGGCA

Sigma-Aldrich

Cat#vC00021

NMNAT3 Primers

Fwd
AGAGCGTAAAGTACCTGATTCCC

Rev CTCTGGGTGCTTTTGCCTT

Sigma-Aldrich

Cat#VvC00021

NMRK21 Primers
Fwd TATCAGCCTCCAGACTCTCCG

Rev
GTACACAACTTCCCATGTGATGT

Sigma-Aldrich

Cat#VvC00021

NMRK2 Primers
Fwd ACTGCTGCGTGATCCATCAG
Rev TCCCACTGTTTGAAGCCGTC

Sigma-Aldrich

Cat#VvC00021

NNMT Primers

Fwd
GAGATCGTCGTCACTGACTACT

Rev CACACACATAGGTCACCACTG

Sigma-Aldrich

Cat#vC00021

2.2.14. Protein extraction and measurement

C2C12 cells were washed on ice with cold PBS. For 12 well plates, 30 ul of RIPA buffer (1 mM
EDTA, 150 mM NacCl, 0.25% SDS, 1% NP40, 50 mM Tris pH 7.4) was added to each well and

the cells were scraped using a cell scraper and the resultant cell lysate was transferred into an
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Eppendorf and incubated at -80°C for 20 minutes and thawed on ice. The lysate was then
centrifuged at 14000g for 15 minutes at 4°C. The supernatant containing soluble proteins was
transferred to fresh eppendorf tubes and stored at -80°C prior to further protein concentration

assessment.

Protein concentration was assessed according to the manufacturer protocol (BioRad, UK) in a 96
well plate. The protein standards were made by dissolving bovine serum albumin (BSA) in RIPA
buffer. The range of standards was 0, 0.25, 0.5, 1, 2, 4, 8 and 10mg/ mL of BSA in RIPA buffer.
25ml of solution A (alkaline copper tartrate) with 20ul of solution S per ml of solution A was initially
added followed by 200ul of solution B (Folin reagent). Once the solutions were added the plate
was incubated at room temperature for 10 minutes and the absorbance read at 690nm on a
Victor3 1420 multi-label counter (PerkinElmer, UK). Protein concentration in the sample was then

calculated according to the slope of the standards curve.

2.2.15. Immunoblotting

20ug of protein was combined with an appropriate volume of 5 x loading buffer and denatured at
98°C for 3 mins. Proteins were separated with 10-12% gradient SDS-PAGE gel (BioRad, UK)
using Precision Plus Protein Standard (BioRad, UK) as a marker. The samples were run at 140
V for 1 h 30 mins, and protein transfer to nitrocellulose membrane (GE Healthcare, UK) was
conducted at 140 mA for 1 -2 h. To visualise the protein bands, the membrane was incubated in
Ponceau stain with agitation for 60 secs and rinsed with water. Electrophoresis and protein
transfer were carried out in BioRad mini protein 3 apparatus (BioRad, UK). The membranes were
blocked in 10 mL of blocking buffer containing 5% milk at room temperature for 1 h, followed by
overnight incubation with the primary antibody at 4°C. After washing with 10ml of washing buffer

for 15 mins three times, the membranes were incubated with the secondary antibody at room
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temperature for 1 h. Subsequently, the membranes were washed with 10 mL of washing buffer
for 15 mins three times. Antigen-antibody complexes were detected using Enhanced
Chemiluminescence (ECL; GE Healthcare, Bucks, UK). The reaction mixture (1 ml per membrane
for 5 mins) was made by combining both substrate A and substrate B at a 50:50 ratio. Finally,
photographic film (Perkin Elmer, Surrey, UK) was placed over the membranes in the dark and
exposed for 30 secs to 30 mins followed by development on Compact X4 automatic film processor
(Xograph Imageing Systems, Gloustershire, UK). To remove bound primary/secondary
antibodies, the membranes were stripped by incubating them in stripping buffer (2% SDS, 100
mM B-mercaptoethanol, 50 mM Tris, pH 6.8) at 50°C for 1 h with gentle agitation. Afterwards, the
membranes were washed with 10mL of washing buffer 3 times for 15 mins followed by re-probing

with a different primary antibody.

2.2.16.11 B-hydroxysteroid dehydrogenase type 1 activity assay

11BHSD1 activity was measured using Thin Layer Chromatography (TLC); a technique that is
based on a separation principle to isolate nonvolatile mixtures on a sheet of aluminium foil coated
with a thin layer of adsorbent material. The separation is determined by the affinity of compounds
that move in the mobile phase to the surface of the stationary phase. At the end of separation,

the individual compounds show as a spot on the TLC plate at variable locations.

A mixture of 1ml serum free DMEM media containing 100nM of either 11-DHC enriched with
20000cpm/reaction 3H-11DHC or corticosterone enriched by 20000cpm/reaction of 3H-
corticosterone (GE Healthcare, Bucks, UK) was added to each well of 6 well plates. Incubations
were carried out at 37°C under a 5 % CO2 atmosphere for 15 minutes. Media was then transferred
to a glass test tube and 5mL of dichloromethane was added. The cells were retained in 30 pl

RIPA and stored at -80°C for protein quantification. Steroids were extracted from media by
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vortexing the tubes for 10 seconds. Aqueous and organic phases were separated by
centrifugation at 1000 g for 10 minutes. The aqueous phase was aspirated off and the organic
phase containing the steroids was evaporated at 55°C using an air blowing sample concentrator
(Techne, New Jersey, US). Steroids were resuspended in 60 ul of dichloromethane and spotted
onto a silica coated thin layer chromatography plate (Thermofisher, Surrey, UK) using a glass
Pasteur pipette followed by spotting of 2 ul of non-radiolabelled 11-DHC/corticosterone or
cortisone/cortisol (10mM in ethanol) as a cold standard. Each spot was separated by 1.5 cm from
adjacent samples and 2 cm from the bottom of the plate. The TLC plate was placed in a glass
beaker with the solvent (chloroform 92% and Ethanol 8%) for 1.5 hours to separate the steroids
based on their relative affinity in a mobile phase. Radioactivity of the separated 3H-11-DHC/3H-
corticosterone or 3H-cortisone/3H-cortisol was measured using a Bioscan 200 Imaging Scanner
(LabLogic, Sheffield, UK) for 10 minutes per lane. The plates were placed under UV light to

visualise the position of the cold standards to assign the correct glucocorticoids.

Percentage conversion was calculated using region counts for the individual peaks. Enzyme
activity was expressed in pmol of steroid converted per mg of protein per hour (pmol/mg/h).

Calculation for steroid conversion (V):

Steroid conversion = % conversion/100 x S x (1000/P)/T

S = substrate concentration in reaction volume; e.g. if 100 nM of substrate used in 0.1 ml volume,

S=100 pmol/reaction, P= protein concentration in well in mg, T = time in hours
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2.2.17. Production of tritiated 11-dehydrocorticosterone (3H- 11DHC)

Unlike tritiated corticosterone (3H-corticosterone), tritiated 11-dehydrocorticosterone (3H-
11DHC) is not commercially available; consequently tritiated corticosterone [3H-corticosterone
(GE Healthcare, UK) was used to generate 3H-11DHC by a dehydrogenase reaction employing
11B-HSD2 dehydrogenase activity present in mouse placenta. Initially, mouse placenta was
homogenised with a homogeniser in 2 ml of 0.154 M KCI. Then the homogenate was centrifuged
at 1500rpm for 10 min at 40C and supernatant aliquoted into eppendorfs and stored at -80°C until

required (at this stage protein concentration was measured using BioRad method).

In glass tubes, 20 ul of 3H-corticosterone (1mCi/mL) was incubated with 250 ug of homogenised
mouse placenta in 500 ul of 0.1 M phosphate buffer (pH7.4), with 500 uM NAD+. Conversion was
carried out overnight in a shaking water bath at 37°C. Steroids were extracted by addition of 5mL
of dichloromethane and vortexing the tubes for 10 seconds. Aqueous and organic phases were
separated by centrifugation at 1000 g for 10 minutes. The agueous phase was aspirated off and
the organic phase containing the steroids was evaporated at 55°C using an air blowing sample
concentrator (Techne, US). Steroids were resuspended in 5ul of dichloromethane and spotted
onto a single point of a silica coated thin layer chromatography plate (Thermofisher, UK) using a
Pasteur pipette. Cold standards of corticosterone and 11-dehydrocorticosterone were spotted
onto the plate 5cm cm distant to the spotted hot steroids, to avoid contamination. Steroids were
then separated by thin layer chromatography using 200mL of cholorform:ethanol (ratio of 92:8)
as the mobile phase for 1.5 hour. To establish the position of 3H-11DHC, the silica plates were
read using a Bioscan 200 Imaging Scanner (LabLogic, UK). The silica at the corresponding
position to 3H- 11DHC was pencil marked and then scraped into a glass test tube and eluted in
500mL of ethanol overnight at 4°C. The eluted 3H-11DHC and silica were separated by

centrifugation at 1000 g for 5 minutes. Radioactivity of 3H-11DHC was determined by spotting
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2L of stock by thin layer chromatography and number of counts determined using the Bioscan

200 Imaging Scanner. Stock was then diluted in ethanol to give ~1000 counts/pL.
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3.1. Introduction

Ageing is defined by a decrease in metabolic and physiological functions across all organs in the
body. A key characteristic of ageing is the gradual reduction in skeletal muscle mass and function,
which may progress to sarcopenia, linked with significant morbidity, mortality, and health
economic burden (264,397). While exercise is commonly advocated to counteract age-related
muscle decline (398), dietary interventions also present a promising avenue to mitigate age-

related health decline and support healthy muscle ageing (185).

Maintaining NAD+ homeostasis is crucial for cellular and organismal functions. A decline in NAD+
availability and signalling has been associated with ageing in several species (120,147), however,
there is a paucity of data to confirm that this is the case in human ageing. NR and NMN were
observed to extend life span and enhance metabolism in aged mice (399,400). Enhancing NAD+
availability through NR supplementation has emerged as a potential strategy to bolster tissue-
specific NAD+ levels and improve physiological function (182,210,257). Several physiological
stresses in mice associated with NAD+ depletion have been prevented or reversed with NR
supplementation including noise-induced hearing loss (401), weight gain (146), dysglycaemia,
fatty liver, neuropathy (322), cardiac dysfunction (402), and prevention of cortical neuronal
degeneration (403). However, data in mice tracing NAD* fluxes questioned whether oral NR has
the ability to access muscle (404). NR supplementation studies in humans have so far focussed
on safety, cardiovascular, and systemic metabolic endpoints (405-407). Doubts exist regarding
the ability of oral NR to access muscle tissue in humans, and the impact of NR supplementation
on human skeletal muscle NAD+ metabolome remains uncertain.

To address these gaps, we conducted a randomised, double-blind, placebo-controlled crossover
trial involving a 21-day NR supplementation intervention in a cohort of men aged 70-80 years

(Figure 3.1).
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3.1.1. Hypothesis, aims, and objectives

Hypothesis: NR supplementation in aged humans may increase skeletal muscle NAD+
bioavailability. If NAD+ boosting is successful, we may observe NAD+ metabolome profiles that

reflect improved metabolic status of the muscle.

Aims: To exploit a novel dietary supplementation strategy (Nicotinamide Riboside-NR) in order
to increase endogenous NAD+ availability in aged individuals which can potentially be used to

prevent and treat age-related metabolic decline.

Objectives: This study is designed to assess the physiological consequences of elevating NAD+
availability using NR supplementation in skeletal muscle tissue and examine its effect upon

muscle metabolic phenotype in vivo.

The detailed methodology of the clinical study was included in Chapter 2.

3.2. Results

3.2.1. Study approvals

Over a 12 months’ period, | have established a protocol for this clinical study, prepared all the
essential documents, and obtained NHS ethical approval from the Solihull NRES Committee
(REC reference number 16/WM/0159) and the local R&D and Clinical Research Facility Scientific
Advisory committee approvals (REC reference 16/WM/0159, IRAS ID 183388). All participants

provided written informed consent. The study was registered on www.clinicaltrials.gov (Identifier:

NCT02950441). The study was undertaken according to the principles of the Declaration of

Helsinki and followed the principles of Good Clinical Practice.
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3.2.2. Oral NR safety and tolerability in aged men

Following screening, twelve aged men (median age 75 years) were recruited. The participants
were marginally overweight (median BMI 26.6 kg/m?; range 21 - 30), but otherwise healthy. The

baseline characteristics of participants are shown in Table 1.

Table 1: Cardiometabolic parameters at baseline and after NR and placebo. Data are presented

as median (1% quartile, 3" quartile).

Parameter

Baseline

NR

Placebo

Age (years)

75 (72, 78)

Weight (kg)

82.6 (76.5, 90.1)

83 (76.3, 89.9)

82.6 (77.0, 89.6)

BMI (kg/m?)

26.6 (25.0, 30.0)

26.9 (24.9, 29.5)

26.9 (25.1, 29.3)

Systolic blood
pressure (mmHg)

139 (136, 154)

138 (130, 147)

134 (126, 155)

Diastolic blood
pressure (mmHg)

86 (83, 93)

84 (79, 93)

81 (77, 90)

Fasting glucose
(mmol/L)

5.88 (5.63, 6.31)

6.04 (5.81, 6.23)

5.85 (5.67, 6.30)

Fasting insulin
(mU/L)

7.07 (7.27, 8.67)

6.27 (5.47, 7.07)

7.06 (5.47, 8.67)

Cholesterol
(mmol/L;
reference range
<5.0)

4.8 (3.6,5.2)

4.6 (3.9, 5.6)

4.6 (4.2,5.3)

HDL cholesterol
(mmol/L;
reference range
>1.55)

1.4 (1.2, 1.5)

1.3 (1.2, 1.5)

1.4 (1.1, 1.5)

Triglycerides
(mmol/L)

1.0 (0.6, 1.2)

1.0 (0.8, 1.2)

1.0 (0.7, 1.2)
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NR chloride (Niagen ®) and placebo were provided as 250 mg capsules (ChromaDex, Inc., USA)
and subjects were instructed to take two tablets in the morning and two tablets in the evening.
The whole participants completed the five study visits and assessments according to the
approved study protocol. NR was well tolerated and safe according to several clinical biochemistry
safety parameters including renal, liver, and thyroid functions (Table 2). No adverse events were

reported by the participants during the study on either of the NR or placebo phases.

Table 2: Safety parameters at baseline and after nicotinamide riboside (NR) and placebo. Data
presented as median (1%t quartile, 3 quartile). ALT, alanine aminotransferase; TSH, thyroid
stimulating hormone; Free T4, free thyroxine.

Parameter Baseline NR Placebo

Haemoglobin (g/L; 139 (129, 145) 133 (128, 139) 136 (131, 149)
reference range 130-
171)

White cell count 6.2 (5.5, 7.0) 6.2 (5.3, 6.9) 6.2(5.7,7.1)
(x10°%/L; reference
range 3.26-11.20)

Platelets (x10%L 187 (174, 233) 184 (169, 221) 203 (171, 231)
reference range 150-
400)

Sodium (mmol/L; 140 (139, 143) 139.5 (137, 142) 141 (137, 142)
reference range 133-
146)

Potassium (mmol/L; 4.2 (4.0, 4.3) 4.3(4.1,4.4) 4.2 (4.1, 4.5)
reference range 3.5-
5.3)

Urea (mmol/L; 6.0 (4.2, 6.5) 4.6 (4.0, 5.8) 5.1(4.4,6.0)
reference range 2.5-
7.8)

Creatinine (umol/L; 74 (64, 78) 71 (67, 85) 74 (67, 79)
reference range 64-
104)

Calcium (mmol/L; 2.3(2.2,2.4) 2.3(2.2,2.4) 2.3(2.2,2.3)
reference range 2.20-
2.60)
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Albumin (g/L; 43 (42, 44) 42 (40, 42) 42 (39, 43)
reference range 35-

50)
Total protein (g/L; 65 (63, 70) 65 (63, 67) 65 (62, 67)
reference range 60-
80)
Alkaline 56 (45, 62) 55 (46, 61) 52 (48, 62)

phosphatase (u/L;
reference range 30-
130)

Bilirubin (umol/L; 7 (6, 10) 8 (6, 10) 8(6,9)
reference range <21)

ALT (u/L; reference 17 (14, 17) 14 (12, 15) 16 (13, 19)
range 0-55)

TSH (mIU/L; 0.40- 1.7 (1.0, 2.7) 1.8 (1.3, 2.8) 1.6 (1.1, 2.5)
4.90)

Free T4 (pmol/L; 9- | 14.0 (12.1, 15.1) 13.7 (13.4, 17.4) 14.8 (13.1, 17.5)
19)

3.2.3. Oral NR augments skeletal muscle and systemic NAD+ metabolome

To evaluate the effects of NR supplementation on NAD+ metabolism, we employed a targeted
LC-MS/MS method (408) to measure the NAD+ metabolome in skeletal muscle, whole venous
blood, and urine.

We examined the NAD+ metabolome in skeletal muscle biopsies from all participants in a fasted
state at baseline and after the NR and placebo phases, 14 hours after the last dose and prior to
the physiological assessments. Samples were collected 14 hours after the last dose to enable the
participants to attend the Clinical Research Facility in a fasted state and to evaluate the effects of
longer-term NR administration rather than those of an acute dose. Eleven metabolites in total
were measured in the muscle. NR was detectable without being elevated in the NR

supplementation period (NR 1.4 pmol/mg UM vs. placebo 1.25 pmol/mg; p = 0.23). We found that
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NR resulted in a two-fold increase in muscle NAAD (NR 0.73 pmol/mg vs. placebo 0.35 pmol/mg;
p = 0.004), without increasing NAD+ (NR 210 pmol/mg vs. 197 pmol/mg; p = 0.22). NR
supplementation did not affect muscle NAM (NR 92.0 pmol/mg vs. placebo 86.5 pmol/mng; p =
0.96). However remarkably, we detected 5-fold increases in the products of NAM methylation
clearance pathways; N-methyl nicotinamide (MeNAM; NR 1.45 pmol/mg vs. placebo 0.35
pmol/mg; p = 0.006), N1-Methyl-2-pyridone-5-carboxamide (Me-2-py; NR 6.6 pmol/mg vs.
placebo 1.1 pmol/mg; p = < 0.001), and N1-Methyl-4-pyridone-5-carboxamide (Me-4-py; NR 1.6

pmol/mg vs. placebo 0.3 pmol/mg; p = < 0.001) (Figure 3.2).
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Figure 3.2: Skeletal muscle NAD+ metabolomics. Schematic representation of NR metabolism
within the NAD+ metabolome, accompanied by the detected metabolite levels measured using
LC-MS in skeletal muscle at baseline and after each of the NR and placebo periods. NAD+
metabolomics data at the end of the washout period are not shown as they are indistinguishable
from baseline and placebo. Data were normalised to the weight of muscle pellet used for
extraction. NMN, nicotinamide mononucleotide; NAAD, nicotinic acid adenine dinucleotide; NAM,
nicotinamide; MeNAM, N-methyl nicotinamide; Me-2-py, N1-Methyl-2-pyridone-5- carboxamide;
Me-4-PY, N-methyl-4-pyridone-3-carboxamide. Significance was set at p <0.05 with * <0.05; **
<0.01; *** <0.001; **** <0.0001.

In the blood, we measured 12 metabolites from each participant at baseline and following each
of the NR, placebo, and washout periods. NR was also detectable in the blood but was not
increased compared to placebo at 14 hours after the last dose of NR (NR 0.16 pM vs. placebo
0.15 pM; p =0.31). NR increased the concentrations of NAD+ > 2-fold (NR 47.75 pM vs. placebo
20.90 uM; p = <0.001) and NMN 1.4-fold (NR 1.63 uM vs. placebo 1.13 puM; p = <0.001). NR
supplementation did not elevate NAM in the blood (NR 10.60 uM vs. placebo 9.50 uM; p = 0.41).

Again, NAM urinary clearance pathways were enhanced with NR supplementation manifesting
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as excessive MeNAM (NR 0.66 uM vs. placebo 0.10 uM; p = <0.001), Me-2-py (NR 7.69 uM vs.

placebo 1.44 uM; p = <0.001), and Me-4-py (NR 3.82 uM vs. placebo 0.48 pM; p = <0.001). NR

elevated blood NAAD levels by 4.5-fold (NR 0.18 uM vs. Placebo 0.04 uM; p = <0.001) (Figure

3.3).
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Figure 3.3: Whole blood NAD+ metabolomics. Schematic representation of the whole blood NAD+
metabolome at baseline and after each of the NR and placebo periods. NMN, nicotinamide
mononucleotide; NAAD, nicotinic acid adenine dinucleotide; NAM, nicotinamide; NAMOX,
nicotinamide N-oxide; MeNAM, N-methyl nicotinamide; Me-2-py, N1-Methyl-2-pyridone-5-
carboxamide; Me-4-PY, N-methyl-4-pyridone-3-carboxamide. Significance was set at p <0.05
with * <0.05; ** <0.01; *** <0.001; **** <0.0001.

Urinary NAD+ metabolomics revealed that NR was detectable and augmented with NR

supplementation (NR 41.5 pmol/mol creatinine vs. Placebo 31.7 pumol/mol creatinine; p = 0.02).

Furthermore, a near 20-fold increase in nicotinic acid riboside (NAR; NR-185.5 pumol/mol

creatinine vs. placebo-10.3 pmol/mol creatinine; p = 0.001) was observed. Unlike muscle and
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blood, NAM was elevated in the urine 2.5-fold (NR-282 pmol/mol creatinine vs. Placebo-106.5

pmol/mol creatinine; p = 0.004) (Figure 3.4).
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Figure 3.4: Urine NAD+ metabolomics. Schematic representation of the urinary NAD+
metabolome at baseline and after each of the NR and placebo periods. Data were normalised to
urinary creatinine. NAM, nicotinamide; NAMOX,, nicotinamide N-oxide; MeNAM, N-methyl
nicotinamide; Me-2-py, N1-Methyl-2-pyridone-5- carboxamide; Me-4-PY, N-methyl-4-pyridone-3-
carboxamide. Significance was set at p <0.05 with * <0.05; ** <0.01; *** <0.001; **** <0.0001.
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3.2.4. Discussion

These data establish that oral NR administration in humans is safe and well tolerated and paved
the path for possible preventative or therapeutic applications. Although a 3-week supplementation
period may not be sufficiently long to address longer-term adverse events, these results are
indeed encouraging especially considering the age of the study cohort.

The data also depicts the extent and breadth of changes to NAD+ metabolites in human skeletal
muscle, blood, and urine after NR supplementation. We confirm that oral NR greatly enhanced
the whole blood NAD+ metabolome. We also detected an increase in tissue NAD+ metabolism,
specifically in skeletal muscle. We also saw an increase in the disposal of NAM urinary clearance
products as a result of oral NR supplementation. Interestingly, a recent study reported that the
NAM clearance products, Me-2-PY and Me-4-PY, were associated with increased cardiovascular
risk (219). The authors reported that Me-4-PY in mice increased the expression of vascular
adhesion molecule 1 (VCAM-1) and leukocyte adherence to vascular endothelium (219). Although
we did not detect adverse cardiometabolic profiles following NR supplementation and increased
Me-2-PY and Me-4-PY in our study, a longer-term supplementation strategy would be required
with outcomes specifically addressing cardiovascular risk.

A previous study in mice reported that oral NR is rapidly metabolised in the liver to NAM, which
then becomes the main circulating product of the orally administered NR, to subsequently
enhance the tissue NAD+ metabolome (404). However, chronic oral NR supplementation in
humans in the present study did not boost the circulating NAM in the blood. However, we saw
increases in whole blood NMN and NAD+ following NR supplementation; ideally a study of the
liver NAD+ metabolome would be needed to better understand these dynamics.

The concentration of NR was detectable in skeletal muscle, blood, and urine, but the levels were

not higher after NR supplementation compared to baseline and placebo. This is not surprising as
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the studied Cmax for NR is around 3 hours (409). Additionally, a study in mice suggested a high
first pass metabolism in the liver for orally administered NR (404).

Nicotinic acid adenine dinucleotide (NAAD) was conistently increased in the muscle and blood
following NR supplementation. These data confirm the previous observation that NAAD appears
to be a highly sensitive biomarker of NR supplementation and enhanced rate of NAD+ synthesis
than measuring NAD+ per se (204).

The 20-fold NR-mediated increase in urinary NAR is also interesting. This finding may support
the speculation that NR supplementation leads to retrograde production of NAAD, nicotinic acid
mononucleotide (NAMN), and NAR (204). However, direct NR transformation into NAR remains
plausible.

Ideally, further studies are needed to better understand the dynamics in the NAD+ metabolome
following the oral administration of the different NAD+ precursors (NR, NMN, NAM, NA). These
studies would need to assess the NAD+ metabolome in several tissues, including the liver.
However, these studies are likely to be challenging to undertake in terms of safety (e.g., of a liver

biopsy) and accurate methodology.
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Chapter 4: Effects of Oral NAD+
Supplementation on Human

Skeletal Muscle

Parts of this chapter have been published as:

Nicotinamide Riboside Augments the Aged Human Skeletal Muscle NAD+ Metabolome and
Induces Transcriptomic and Anti-inflammatory Signatures

Elhassan YS et al.
Cell Reports. 2019 Aug 13;28(7):1717-1728.e6
DOI: 10.1016/j.celrep.2019.07.043
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4.1. Introduction

The previous chapter addressed the effects of NR supplementation on systemic and tissue NAD+
and demonstrated an increase in the skeletal muscle NAD+ metabolome. This chapter assessed
whether the NR-mediated increase in NAD+ metabolism in human skeletal muscle alters the
muscle mitochondrial bioenergetics, substrate utilisation, physical function, and tissue

transcriptome.

4.1.1. Effects of oral NR supplementation on skeletal muscle bioenergetics

We undertook a detailed evaluation of skeletal muscle mitochondrial respiration on biopsies
before and after NR supplementation. No differences were observed between the NR and placebo
groups in skeletal muscle complex | and complex Il mediated oxidative phosphorylation and
maximal respiratory capacity, with and without the prior addition of the fatty acid conjugate
octanoyl-carnitine (Figure 4.1). To account for the mitochondrial content in the sample, we
corrected the data to the activity of the mitochondrial enzyme, citrate synthase, and the mtDNA
copy number. The results remained unchanged whether the respiration rates were corrected for

citrate synthase activity or mtDNA copy number.
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Figure 4.1: High resolution respirometry. Mitochondrial respiration of permeabilised muscle fibres
after the addition of complex | and complex Il substrates at baseline and after 3 weeks of
supplementation of NR and placebo. MG, malate and glutamate; D, ADP; S, succinate;
c, cytochrome C; F, FCCP; Rot, rotenone. Data are normalised to muscle fibre weight. (B)
Mitochondrial respiration as per (A), but with the prior addition of the fatty acid conjugate octanoyl-

carnitine to malate (MOct).

In support of the above finding, the activity of the enzyme citrate synthase, which is commonly
used as a quantitative measure of mitochondrial content (410), and mtDNA (282) were unchanged

with or without NR supplementation (Figure 4.2).
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Figure 4.2: Citrate synthase activity and mtDNA. Left: Citrate synthase activity in human skeletal
muscle at baseline and after NR and the placebo. Right: Relative PCR expression of
mitochondrial DNA (mtDNA) to nuclear DNA (nDNA) at after NR and the placebo, expressed as

arbitrary units

Furthermore, the levels of skeletal muscle mitochondrial resident proteins, which are implicated

in the electron transport chain, were also unchanged with or without NR supplementation (Figure

4.3).
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Figure 4.3: Western blot revealing the expression of selected mitochondrial proteins in skeletal
muscle lysates when compared to B-actin as a housekeeping protein.
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We then evaluated whether boosting the NAD+ metabolome with NR results in higher sirtuin-
mediated deacetylation and undertook western blotting to look at the pan-acetylation status.

Similarly, no NR-mediated changes to muscle protein acetylation were detected (Figure 4.4).
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Figure 4.4: Western blot revealing the expression of acetylation proteins in skeletal muscle lysates
when compared to $-actin as housekeeping protein
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4.1.2. NR-mediated skeletal muscle transcriptomic changes

RNA sequencing accompanied by differential gene expression (DGE) analysis of the skeletal
muscle biopsies identified 690 upregulated genes compared with 398 downregulated genes that
differentiated the baseline and NR supplementation phases. We applied gene annotation analysis
(DAVID and GSEA) (389-391,411) and found that the genes significantly downregulated with NR
supplementation were enriched in pathways linked to energy metabolism including glycolysis,
TCA cycle, and mitochondria. Conversely, pathways upregulated after NR supplementation

prominently belonged to the gene ontology categories of cell adhesion, actin cytoskeleton

organisation, and cell motility (Figure 4.5).
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Figures 4.5: RNA sequencing of skeletal muscle biopsy. (A) Differential gene expression analysis
skeletal muscle comparing the baseline and NR periods. Volcano plot of differential gene
expression between baseline and NR treated human muscle samples. Fold change of gene
expression is plotted against p value for differential gene expression (—Log10, y axis). Coloured
dots represent Ensembl genes that are either upregulated (in orange) or downregulated (in blue)
after NR supplementation at a p value < 0.05. (B and C) Gene Ontology analysis of significantly
dysregulated genes after NR supplementation for downregulated genes (in blue) and upregulated
genes (in orange). Gene Ontology analysis was performed using GSEA. Bars represent the p
value (—Log10) of overlap from hypergeometric distribution.
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We also examined all the genes belonging to the Glycolysis, TCA cycle, and Mitochondria

pathways and detected that they were downregulated upon NR supplementation when compared

to control of 10 gene sets of the same size and expression level. Again, we also found that the

genes belonging to the gene ontology terms “actin filament-based process”, “cell motility”, and

“biological cell adhesion”, were mainly upregulated upon NR supplementation (Figure 4.6).

-0.2

-0.4

-06

GSEA enrichment score

0.0kS

GSEA enrichment score
&

L1

04
03

00

Glycolysis

NES =-1.887
FDR =0.0025

Al

Downregulated
with NR

Actin filament process

NES = 1.606
FDR =0.0001

02/
01/

1 /

Upregulated
with NR

GSEA enrichment score

GSEA enrichment score

TCA Cycle

NES =-1.761
0.2 FDR =0.0094
-0.6

NIl

Downregulated
with NR

0.0~

0.4

Cell motility

NES =1.793
FDR =0.0001

- : ,xm

Upregulated
with NR

0s
04
o3
0z
01
0o

GSEA enrichment score

GSEA enrichment score

05

04 /

03
oz
01
00

Mitochondria

0.0x -~
NES =-1.974

FDR =0.0029

Downregulated
with NR

-0.2

-0.4

LI

=}

Biological cell adhesion

NES =1.762
FDR =0.0001

Upregulated
with NR

Figure 4.6: Gene set enrichment analysis (GSEA) suggests that the genes belonging to the gene
set “glycolysis”, “TCA cycle” and “mitochondria” are downregulated upon NR supplementation
whilst the gene sets “actin filament process”, “cell motility”, and “biological cell adhesion” are
upregulated after NR supplementation. Normalised enrichment score (NES) and nominal p-value

is noted on the graph.
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For validation, we then undertook gPCR which also showed downregulation of selected genes

implicated in energy metabolism (Figure 4.7).
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Figure 4.7: A qPCR analysis of a selected panel of NR-induced downregulated genes from the
glycolysis, TCA cycle, and mitochondria gene sets identified through differential gene expression

analysis. GAPDH was used as housekeeping gene.
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Fold change

Importantly, we found no transcriptional changes in key genes involved in NAD+ metabolism,

including NMRK 1/2, NAMPT, NNMT, and NMNAT 1/3 (Figure 4.8).
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Figure 4.8: A gPCR analysis of a selected panel of NAD+ pathway-related genes comparing
before and after NR supplementation. GAPDH was used as housekeeping gene.

We also validated some of the upregulated targets by gPCR and were also able to successfully
perform immunoblotting validation (Figure 4.9).
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Figures 4.9: gPCR analysis of a selected panel of NR-induced upregulated genes from the actin
filament process and cell adhesion gene sets identified through differential gene expression
analysis. The immunoblotting assay showed Annexin A1 (ANXA1) protein. Tubulin was used as

a loading control.
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Due to the report that NR increases glycolysis in mouse cardiac cells (402), and whilst our data

do not suggest an NR-mediated upregulation of glycolysis related genes, we investigated the

protein expression levels of key enzymes involved in glycolysis in skeletal muscle biopsies and

found they were unchanged following NR supplementation (Figure 4.10).
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Figure 4.10: Quantification of phosphoglycerate kinase 1 (PGK1), phosphoglucomutase 1
(PGM1), and pyruvate kinase M1 (PKM1) proteins using immunoblotting assay.
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4.1.3. Hand-grip strength assessment
After NR supplementation for 3 weeks, we could not detect any differences in the peak hand-grip
strength (NR 32.5 kg vs. placebo 34.7 kg; p = 0.96) or body weight adjusted relative strength (NR

2.4 vs. placebo 2.3; p = 0.96) between NR and placebo (Figure 4.11).
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Figure 4.11: Peak hand-grip strength at baseline and after each of the NR placebo phases. For
the relative strength, data are adjusted for the body weight. The absence of significance symbols
indicates that there is no statistical significance.
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4.1.4. The effect of NR supplementation on muscle blood flow

We employed venous occlusive plethysmography to assess the forearm muscle blood flow in a
non-invasive manner (385). At fasting, no NR-mediated differences were detected in muscle
blood. Similarly, following the oral glucose load, muscle blood flow gradually increased, but

without a discernible difference between NR and placebo (Figure 4.12).
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Figure 4.12: Venous occlusive plethysmography. Muscle blood flow using venous occlusive
plethysmography at baseline and after NR and placebo. The green line represents the
administration of the 75 g of oral glucose load. The absence of significance symbols indicates

that there is no statistical significance.
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Muscle 02 consumption

4.1.5. The effect of NR supplementation on muscle substrate utilisation

We employed the arteriovenous difference technique to compare substrate utilisation across the
forearm muscle (between arterial blood supplying the muscle and venous blood drained from the
muscle), with muscle blood flow taken into account as measure of the substrate flux (412). No
differences were detected in O, consumption and CO- production between NR and placebo at

the fasting state and in response to oral glucose (Figure 4.13).
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Figure 4.13: Muscle O2 consumption and CO2 production at baseline and after NR and placebo.
The green line represents the administration of the 75 g of oral glucose load. The absence of
significance symbols indicates that there is no statistical significance.
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We then assessed the forearm muscle glucose uptake and lactate release. As physiologically
expected, muscle glucose uptake was increased following the administration of oral glucose
before gradual decline. No changes in muscle glucose handling were demonstrated before and
after NR. Oral glucose reduced lactate production from muscle, again without a discernible

difference in response between NR and placebo (Figure 4.14).
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Figure 4.14: Muscle substrate utilisation. Muscle glucose uptake and lactate release at baseline
and after NR and placebo. The green line represents the administration of the 75 g of oral glucose
load. The absence of significance symbols indicates that there is no statistical significance.
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4.2. Discussion

Several preclinical reports highlighted that NR enhanced mitochondrial energy pathways and
dynamics in skeletal muscle (56,146) through mechanisms that likely predominantly involve redox
and sirtuins activation. High resolution respirometry represents the gold-standard methods for the
ex-vivo assessment of mitochondrial function (413). Using this start of the art method, we did not
detect any changes in mitochondrial respiration after 3-weeks of NR supplementation in aged
men. Mitochondrial content within skeletal muscle is a major quantitative indicator of oxidative
capacity; using to readouts, citrate synthase activity and mitochondrial copy number (mtDNA), we

also did not detect any NR-mediated differences.

The downregulation of genes linked to energy metabolism (glycolysis, TCA cycle, and
mitochondria) is consistent with the report that oral NR depresses mitochondrial membrane
potential while improving blood stem cell production in mice (414). The finding of NR-mediated
upregulation of the gene ontology categories of cell adhesion, actin cytoskeleton organisation,
and cell motility may support a previously reported function for the NAD+-generating enzyme
nicotinamide riboside kinase 2b (Nrk2b) in supporting zebrafish skeletal muscle cell adhesion
(415).

As the studies in rodents suggested that NAD* supplementation can enhance the skeletal muscle
physical function (56,146,400), we utilised hand-drip strength as a surrogate marker for improved
muscle physical function. Hand-grip strength correlates with leg strength and is a tool in
diagnosing sarcopenia and frailty. Hand-grip strength also appears to be a better predictor for
clinical outcomes than low muscle mass per se (416). A drop in hand-grip strength starts to be
noted in the fourth decade in life when the median peak strength in men is 51 kg of force (417).
Of note, a grip strength of less than 30 kg of force in men is considered among the diagnostic
criteria of sarcopenia (418). We detected a median hand-grip strength in our participants of 33.8

kg of force, which is consistent with muscle ageing for men in their eighth decade.
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We were not able to detect differences in hand-grip strength before and after 3 weeks of NR
supplementation. However, it is possible that concomitant training exercise was required to
stimulate an improvement in muscle function and increase strength. This was not considered in
this study due to the invasive intervention at each clinic visit.

Rodent data reported that NR increased angiogenesis and muscle blood flow (419). Using venous
occlusive plethysmography, we could not detect a similar finding in our human cohort. Again, one
may argue that a 3-week intervention is not sufficiently long to detect an increase in muscle blood
flow.

The forearm muscle substrate utilisation data suggest that the skeletal muscle transcriptomic
signature of downregulated mitochondrial and glycolysis genes did not result in functional
changes in O2 consumption or CO2 production, or in the glucose uptake or lactate release. One

can argue that this could be perceived as reflective of more efficient mitochondria.
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Chapter 5: The Effects of Oral
NAD+ Supplementation on
Human Systemic Metabolic
Readouts and Inflammatory

Cytokines

Parts of this chapter have been published as:

Nicotinamide Riboside Augments the Aged Human Skeletal Muscle NAD+ Metabolome and
Induces Transcriptomic and Anti-inflammatory Signatures

Elhassan YS et al.
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DOI: 10.1016/j.celrep.2019.07.043
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5.1. Introduction

The previous chapter focussed on skeletal muscle readouts and in this chapter the focus is on
the systemic impact of NR supplementation in the clinical study. Preclinical studies have
associated NAD+ supplementation with resistance to weight gain, amelioration of cardiometabolic
risk, and improvement in metabolic flexibility (420). As NR increased the whole blood NAD+
metabolome, we argued that there was increased NAD+ metabolism in central tissues and aimed
to assess for consequent cardiometabolic changes. Two studies—one of 12 weeks of NR
supplementation at 2 g/day in subjects with obesity (406), and one of 6 weeks of NR
supplementation at 1 g/day in older adults (405) suggested potential benefits with respect to fatty

liver and blood pressure, respectively.

5.1.1. Effects of NR on systemic glucose handling

We detected no NR-mediated changes in fasting glucose and insulin and HOMA-IR with or
without NR supplementation. Systemic glucose handling was then assessed using an oral
glucose tolerance test with no effect of NR measured in glucose levels during the 2-hour test

(Figure 5.1).
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Figure 5.1: Fasting glucose and insulin and HOMA-IR at baseline and after NR and placebo.
Glucose tolerance test showing the glucose response at baseline and after NR and placebo. The
green dotted line represents when 75 g of oral glucose load was taken. The green line represents
the administration of the 75 g of oral glucose load. The absence of significance symbols indicates
that there is no statistical significance.

5.1.2. Effects of NR on fatty acid handling

We detected no NR-mediated changes in fasting NEFA levels with or without NR
supplementation. Following the oral glucose load and the consequent insulin stimulation, NEFA

levels were appropriately suppressed, and we detected no difference in this response between

the NR and placebo phases (Figure 5.2).
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Figure 5.2: Fasting NEFA at baseline and after NR and placebo. Plasma NEFA response in
a glucose tolerance test at baseline and after NR and placebo. The green line represents the
administration of the 75 g of oral glucose load. The absence of significance symbols indicates a
lack of statistical significance.

5.1.3. Effects of NR on metabolic flexibility using indirect calorimetry

We then assessed metabolic flexibility using the gold-standard in vivo method, indirect
calorimetry. The method was used to derive respiratory exchange ratios (RER; calculated as
VCO, expired/ VO, consumed) as a measure of whole-body metabolic substrate utilisation.
Measurements were initiated whilst fasted and then readings were captured during the response
to 75 g oral glucose load. The Median fasting RER was appropriate at 0.72 and 0.73 for the NR
and placebo periods, respectively (p = 0.68). In response to the oral glucose load, the RER values
significantly increased indicating an appropriate switch from lipids (during fasting) towards
carbohydrates utilisation (fed state); no differences in this response were detected after 3 weeks
of NR supplementation observed at baseline and throughout the 2 hours (RER 0.83 and 0.84 for

NR and placebo, respectively) (Figure 5.3).
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Figure 5.3: Respiratory exchange ratio (RER) at baseline and after NR and the placebo. The
green dotted line indicates when 75 g of oral glucose was taken. The green line represents the
administration of the 75 g of oral glucose load. The absence of significance symbols indicates

that there is no statistical significance.
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5.1.4. Effects of NR supplementation on the systemic inflammatory cytokines

We measured multiple inflammatory cytokines ten of which were detectable, i.e. within the assay
detection range. NR statistically significantly decreased the levels of the interleukins IL-6, IL-5,
and IL-2, and tumour necrosis factor-alpha (TNF-a) compared to baseline. We also found a
statistically significant difference in the levels of IL-2 between baseline and placebo, and a lack of

a difference in levels of TNF-a between NR and placebo despite the established difference

between NR and baseline (Figure 5.4)
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Figure 5.4: NR Supplementation suppresses the circulating levels of inflammatory cytokines. The

absence of significance symbols indicates a lack of statistical significance. Significance was set
at p <0.05 with * <0.05; ** <0.01; *** <0.001.
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To further explore the statistical difference between baseline and placebo in IL-2 and the lack of

a difference TNF-a between NR and placebo despite the difference between NR and baseline,

we questioned the possibility of a drug carryover effect between the NR and placebo phases. We

undertook a period effect analysis in which data where sub-analysed by those who received NR

first and then placebo first. We confirmed that the cohort randomised to receive placebo first had

no difference in IL-2 between baseline and placebo and there was a detectable difference in TNF-

a between NR and placebo (Figure 5.5).
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Figure 5.5: Levels of serum inflammatory cytokines at baseline and after each of the NR and
placebo phases. Here the period effect analysis is shown, and each panel is produced from only
the 6 subjects that were randomised to placebo first as a demonstration of the NR carryover effect,
evident in IL-2 and TNF-a. Significance was set at p <0.05 with * <0.05; ** <0.01.
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5.2. Discussion

Prior to our study, two studies found potential beneficial effects of NR supplementation on fatty
liver (12 weeks of NR 2 g/day in participants with obesity) (406) and blood pressure (6 weeks of
NR 1 g/day in older individuals) (405). This led us to assess several cardiometabolic endpoints.
Ideally, a hyperinsulinaemic euglycaemic clamp study before and after NR supplementation would
have been the more ideal way of assessing for systemic insulin resistance, however, the already
highly invasive protocol (involving muscle biopsy, arterial catheterisation and deep venous

cannulation) has led to exclude this measure.

A rebound increase in NEFA has previously been reported with the nicotinic acid analogue,
acipimox (332), which resulted in decreased insulin sensitivity. However, NR supplementation did

not produce a similar outcome in our study.

In the previous chapter, we reported that there was no difference in the muscle-specific O2
consumption or CO2 production with or without NR supplementation. In this chapter, we assessed
this at a systemic level using indirect calorimetry which is considered the gold standard method
to determine energy expenditure. We combined this method with assessment during fasting and
on OGTT to assess the metabolic flexibility, which is the ability of the mitochondrial machinery to
switch freely between alternative fuels (glucose or fat) depending on the physiological and
nutritional circumstances (295). Our data demonstrated a normal physiological response with the
RER rising after the glucose load (indicating a switch from fatty oxidation to glucose oxidation
(glycolysis). No changes in RER were detected during fasting or OGTT with or without NR

supplementation which mirrors the muscle specific readout of tissue substrate utilisation.

Chronic inflammation has consistently been regarded as a common feature in human ageing,
even in those subjects who are apparently healthy (273). This has been strongly linked to the
age-related disturbance in metabolic homeostasis (274). As an exploratory outcome in the

NADMet study, we hypothesised that NR supplementation may suppress the circulating levels of
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inflammatory cytokines. Indeed, for the first time in humans, we established that key inflammatory
cytokines, such as IL-6, were suppressed following NR supplementation. It is worthwhile
highlighting that IL-6 is a skeletal muscle myokine secreted in response to exercise and metabolic
alterations (421). Therefore, it is reasonable to question whether the NR-mediated IL-6
suppression is beneficial. This exploratory assessment in the study paves the path for future
studies to validate the finding in larger cohorts and explore mechanistic insights by employing in
vitro and in vivo studies addressing the interaction between NAD+ and key inflammatory cells,
such as macrophages. It will be interesting to further investigate depressed IL-6, IL-5, IL-2 and
TNF-a as biomarkers and/or mediators of oral NR in rodent models and humans. Of note, some
preclinical studies have suggested that NR reduced macrophage infiltration in diseased muscle
(399,422) and supressed plasma TNF-alpha in fatty liver disease (356). Another point to consider
is that the expression of the NAD+-consuming enzyme CD38 increases in inflammatory cells
during inflammation (423), as well as in the blood of aged humans (424). Supplementing NAD+

in this context may be a mechanism mediating the NR-induced anti-inflammatory effects.
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Chapter 6: NAD+ Availability and
11B3-Hydroxysteroid
Dehydrogenase type-1 Mediated
Glucocorticoid Regeneration in

Skeletal Muscle Cells
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6.1. Introduction

This chapter studied a fundamental aspect of NAD+ biology that is poorly understood, namely the
existence of ER-cytosol pyridine nucleotide cross talk. Firstly, | investigated the capacity of FK866
and NR to modulate the level of NAD+ and NADH in the cytosol. Secondly, | examined the impact
of NAD+ and NADH manipulation on the oxoreductase activity of 11-HSD1 enzyme as a readout
of ER pyridine nucleotide availability. Thirdly, | examined the effect of NAD+ manipulation on the
11B-HSD1 dehydrogenase activity in the cell model of HGPDH Knock out. Finally, | examined the
generalisability of 113-HSD1 modulation by FK866 and NR in C2C12 cell and primary mouse

myotubes.

The NADP/H-H6PDH-113-HSD1 pathway links nutrients and hormones together and the
relevance of this work is two-fold. First, 11B-HSD1 can be purely regarded as a readout for the
SR pyridine nucleotide status. Second, this pathway raises the possibility whether lowering NAD+

results in biological implications akin to those observed in H6PD KO mice (374).
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1 Figure 6.1: Schematic representation of the interaction between H6PDH and 11p-HSD1 within
the SR. H6PDH generates NADPH by conversion of glucose-6-phosphate (G6P) to 6-
phosphogluconate (6PG) within the ER. 113-HSD1 uses the NADPH as cofactor, allowing the
conversion of cortisone to cortisol.

6.2. Hypothesis, Aims and Objectives

Hypothesis: Modulating skeletal muscle cytosolic NAD(P)(H) impacts upon the SR nucleotide

pool and 11B-HSD1 activity can be used as a read-out.

Aim: Determine the maintenance of the SR pyridine nucleotide pool that support the 11-HSD1

activity in skeletal muscle.

Objective: 113-HSD1 is a key enzyme in the development of Cushing’s syndrome phenotype
and is implicated in the pathogenesis of obesity, insulin resistance, and type Il diabetes(377,425).
Defining the redox level of the regulation of 11B-HSD1 in skeletal muscle will help us investigate

whether there is crosstalk between the SR and cytosolic NAD(P)(H) pools.
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The methods used in this chapter, including cell culture, NR and FK866 treatment, cell

viability assessment, and enzymatic activity assays are detailed in Chapter 2.

6.3. Results

6.3.1. Effects of NR and FK866 on NAD+ content in C2C12 cells

As expected, the NAD/H content in C2C12 myotubes was increased after 48 hours treatment with
the NAD+ precursor, NR. Conversely, NAMPT inhibition with FK866 for 48 hours markedly
decreased the NAD+ level. Co-administration of NR with FK866 rescued the NAD+ levels by

bypassing the NAMPT inhibition (Figure 6.2).
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Figure 6.2: Manipulating NAD+ using NR and FK866. NAD+ and NADH levels in differentiated
C2C12 myotubes. Control (untreated), NR (Nicotinamide Riboside (NR); 0.5mM; 48hours), FK866
(NAMPT inhibitor; 100nmol; 48hours) and FK866+NR (48hours). Significance was set at p <0.05
with * <0.05; ** <0.01. Bottom figure is a reminder of the NAD+ biosynthesis salvage pathways
showing the effects of FK866 and NR.

| then assessed the effects of FK866 and NR on the gene expression of key enzymes in the NAD+

synthesis pathway and demonstrated upregulation of NAMPT with downregulation of the Nrks 1

and 2 (Figure 6.3).
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Figure 6.3: Effects of NAD+ modulation on the expression levels of NAMPT (rate-limiting enzyme
in NAD+-biosynthesis) and Nrkl and Nrk2 of the NRK salvage pathway. Significance was set at
p <0.05 with * <0.05; ** <0.01.

6.3.2. Effects of FK866 inhibition on C2C12 cell viability and apoptosis

As NAD+ is a cofactor for cellular reactions and a consumed substrate for essential cell signalling
reaction, the question was whether limiting NAD+ causes cell death. Therefore, | assessed cell
viability and apoptosis at different durations of NAD+ depletion. The data show that cells are viable
at 48hours of FK866 treatment, but beyond that, viability is reduced with increased apoptosis
enzymes. Therefore, no experiments included more than 48 hours of FK866 treatment (Figure

6.4).
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Figure 6.4: C2C12 viability and apoptosis with FK866 and NR. Viability and apoptosis in
differentiated C2C12 myotubes. Red solid line: control (untreated), Dotted lines (black is viability;
blue is apoptosis): FK866 100nmol for 24, 48 and 72hours, and Solid lines (black is viability; blue
is apoptosis): NR 0.5nmol for 24, 48 and 72hours.

Although C2C12 cells were viable at 48hours, clearly NAD+ depletion enhanced the expression
of genes implicated in muscle cell stress response and atrophy and decreased the expression of

muscle differentiation genes. All effects were reversed with the administration of NR (Figure 6.5).
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Figure 6.5: Effects of NAD+ modulation on cell stress response, atrophy, and differentiation. Gene
expression in differentiated C2C12 myotubes expressed as arbitrary units. Control (untreated),
NR (0.5mM; 48hours), FK866 (100nmol; 48hours) and FK866+NR (48hours). a) SGK1 plays
an important role in cellular stress response and is involved in the regulation of cell survival, b)
MuRF-1 plays an important role in the atrophy of skeletal muscle, are ¢) Myog and d) Myod play
important roles in muscle cell differentiation. Significance was set at p <0.05 with * <0.05; ** <0.01;

*** <0.001; **** <0.0001.

6.3.3. Effects of NAD+ modulation on 11B-HSD1 activity in C2C12 myotubes

| then tested the hypothesis that NAD+ manipulation impacts upon 11B-HSD1 activity. No

changes were observed with 24hours treatment; however, 48hours of FK866 treatment markedly
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decreased 11B-HSDL1 activity. Interestingly NR co-administered with FK866 rescued the 11(3-

HSD1 activity. NR treatment did not increase 113-HSD1 activity above control cells (Figure 6.6).
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Figure 6.6: Effects of NAD+ modulation on 113-HSD1 activity. 113-HSD1 activity in
differentiated C2C12 myotubes expressed as fold change. Control (untreated), FK866
(100nmol; a) 24hours, b) 48hours) and FK866+NR (48hours; a) 24hours, b) 48hours).
Significance was set at p <0.05 with * <0.05; ** <0.01; *** <0.001; **** <0.0001. c)
Representative Bioscan tracers of tritiated steroids for the 48hours experiment.

As it took >24hours of FK866 treatment (NAD+ depletion) to impact upon 11B-HSD1 activity, |
went to ascertain the time required to rescue the enzymatic activity following NR treatment (NAD+

repletion). Interestingly as short as 30min NR treatment was sufficient to rescue the 113-HSD1
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activity, with full restoration of the enzymatic activity by 24hours. This corresponded to the rescue

of NAD+ levels (Figure 6.7).
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Figure 6.7: Time course of 11B-HSD1 activity and NAD+ levels rescue.
a) 11B-HSD1 activity, b) NAD+ levels and c) NADH levels in differentiated C2C12 myotubes
expressed as fold change. Control (untreated), FK866 (100nmol; 48hours) and FK866 (100nmol;
48 hours) + NR (0.5mM; added last 10min, 30min, 1lhour, 3hr, 6hr and 24hr of the 48hour
experiment). Significance was set at p <0.05 with * <0.05; ** <0.01; *** <0.001; **** <0.0001

| then assessed the effects of NR and FK866 on the gene expression and protein level of 113-
HSD1 and H6PDH (Figure 6.8).
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Figure 6.8: Enzymatic gene expression and immunoblotting. a) HS11B1 and b) H6PDH gene
expression in differentiated C2C12 myotubes expressed as arbitrary units. Control (untreated),
NR (0.5mM; 48hours), FK866 (100nmol; 48hours) and FK866 (100nmol; 48hours) + NR
(0.5Mm; added the last 12 hours of the 48hour experiment). Significance was set at p <0.05
with * <0.05; ** <0.01. c) H6PDH and 113-HSD1 Western Blots in differentiated C2C12
myotubes. Control (untreated), NR (0.5mM; 48hours) and FK866 (100nmol; 48hours).

6.3.4. Effects of NAD+ modulation on 11B-HSD1 activity in primary mouse
skeletal muscle cells
NR and FK866 treatments were added to primary wild type mouse myotubes. As in C2C12
myotubes, 48 hours of FK866 treatment markedly decreased 11B-HSD1 activity which was

rescued by the concomitant administration of NR. As short as 30 minutes of NR supplementation

was sufficient to rescue the 11B-HSD1 activity (Figure 6.9).
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Figure 6.9: Effects of FK866 and NR on 113-HSD1 activity WT mouse myotubes. a) 11-HSD1

activity expressed as fold change. Control (untreated), NR (0.5Mm; 48hrs), FK866 (100nmol;
48hours) and FK866+NR (48hours). b) 113-HSD1 activity expressed as fold change. Control
(untreated), FK866 (100nmol; 48hours) and FK866 (100nmol; 48hours) + NR (0.5mM; added

last 30min, 6hr and 24hr of the 48hour experiment). Significance was set at p <0.05 with *

<0.05; ** <0.01, *** <0.001; **** <0.0001.

6.3.5. Effects of NAD+ modulation on 11B-HSD1 activity in HGPDH knock out

mouse model

| then turned to the HBPDH KO mouse model. In this model, | confirmed that 113-HSD1 assumes

a dehydrogenase activity inactivating glucocorticoids; a process that is NADP+ dependant i.e.

independent of G6P (Figure 6.10).
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Figure 6.10: 11B3-HSD1 activity in HGPDH KO mouse myotubes. a) 113-HSD1 assumes a
dehydrogenase activity inactivating corticosterone (cortisol in humans) to 11-
dehydrocortiscosterone (cortisone in humans). b) Diagram explaining the 113-HSD1
dehydrogenase activity in HG6PDH KO mouse myotubes. Steroids inactivation is NADP+
dependant i.e. independent of G6P. Significance was set at p <0.05 with * <0.05; ** <0.01.
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NAD+ modulation using FK866 and NR also affected 113-HSD1 dehydrogenase activity as

before, reflecting the changes in the ER NADP+ pool (Figure 6.11).
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Figure 6.11: Effects of FK866 and NR on 113-HSD1 dehydrogenase activity in H6PDH KO
mouse myotubes. a) 113-HSD1 dehydrogenase activity expressed as fold change. Control
(untreated), NR (0.5Mm; 48hrs), FK866 (100nmol; 48hours) and FK866+NR (48hours). b) 11B-
HSD1 activity expressed as fold change. Control (untreated), FK866 (100nmol; 48hours) and
FK866 (100nmol; 48hours) + NR (0.5mM; added last 30min, 6hr and 24hr of the 48hour
experiment). Significance was set at p <0.05 with * <0.05; ** <0.01; *** <0.001; **** <0.0001.

140



6.4. Discussion

These data suggest a novel level of regulated glucocorticoid metabolism in skeletal muscle
whereby 11B-HSD1 activity can be influenced by cellular redox status and NAD+ levels beyond

the SR.

The existence of a crosstalk between the cytosolic and SR pyridine nucleotide pools has been a
subject of long debate. These data show that reducing cytosolic NAD+ (using FK866), markedly
reduces 113-HSD1 activity, whereas NAD+ repletion (using NR) rescues 113-HSD1 activity. This

supports that there is crosstalk between the SR and cytosolic NAD(P)(H) pools.

In contrast to other cellular organelles, very little is known about the maintenance of SR pyridine
nucleotide pool. The nuclear nucleotide content is similar to that in the cytosolic compartment due
to the nuclear membrane permeability to the pyridine nucleotides (426). The mitochondrial
pyridine nucleotide pool is distinct from the cytosol (427) but there are biochemical shuttling

systems, such as the malate-aspartate shuttle, that supply NADH to the mitochondria(361).

When liver microsomes with intact membranes were incubated with NADPH for 60mins, this led
to a significant increase in the activity of intraluminal 113-HSD1 activity(373). This suggests that
the microsomal membrane is not completely impermeable to the pyridine nucleotides.
Furthermore in the same study, inhibition of the cytosolic pentose phosphate pathway in intact
rodent adipocytes [using Dehydroepiandrostenedione (DHEA) and Norepinephrine (NE)] inhibited
the 11B8-HSD1 activity(373). Interestingly the same observation could not be replicated in liver
microsomes. Conversely, G6P did not stimulate 11B3-HSD1 activity in intact adipocytes but this
was achieved in liver microsomes(373). These puzzling data suggest that the cytosolic pentose
phosphate pathway modifies 113-HSD1 activity in intact cells. However, in liver microsomes, it
appears that G6P modifies the 113-HSD1 activity and in addition, somehow, NADPH enters the
SR and supports 118-HSD1 activity. Lavery et al have shown that the SR NADPH level is

primarily sustained by the coordinated action of the G6P and the luminal HGPDH. This is
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supported by their report that in HGPDH knockout mice, 113-HSD1 oxoreductase activity is lost

and the enzyme confers dehydrogenase activity(382).

The data in mouse skeletal muscle cells show that limiting cytosolic NAD+ via FK866 reduced
11B-HSD1 activity. Tan et al showed that NAMPT inhibition, using FK866, attenuated glycolysis
at the level of glyceraldehyde 3-phosphate dehydrogenase and promoted carbon overflow into
the pentose phosphate pathway with accumulation of G6P(58). Applying this to my data, the

supposed increase in G6P did not prevent 113-HSD1 inhibition.

Upon the deletion of HBPDH, mice were unable to convert 11-DHC to CORT but rather assumed
a dehydrogenase activity inactivating CORT to 11-DHC in liver microsomes(428). Despite the
abolished 11B-HSD1 oxoreductase activity by limiting NAD+, no dehydrogenase activity was
detected suggesting that 11p-HSD1 still had access to nucleotides that maintained the
directionality of the enzyme. This contrast to the report that not only H6PDH knock out lose 11(3-

HSD1 reductase activity

Treatment with FK866 for 24 hours did not impact upon 113-HSD1 activity. However more chronic
NAD+ depletion with 48hours FK866 was required to decrease 113-HSD1 activity. Our laboratory
data showed that 24 hours FK866 significantly reduces NAD+, but it appears it takes more time
for this depleted NAD+ to reflect upon 11B3-HSD1 activity. Despite a reduced expression of
H6PDH, the level of protein is unchanged with 48hours FK866 treatment. The FK866 dose used
was relatively high, however, | was able to confirm that the FK866-treated cells remained viable
at 48 hours of treatment. The NR dose used, 0.5Mm, in the mouse models cannot be directly
compared to the NR dose used in the human study (Chapters 3-5). However, this dose increased

NAD+ in myotubes and induced clear transcriptomic changes.

Regarding how exactly this cytosol-SR nucleotide communication occurs, it is possible that there

is a nucleotide shuttling system, similar to the mitochondrial malate-aspartate shuttle, which
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provides NADPH for the 113-HSD1 activity. Another possibility is whether there is a luminal NAD+
kinase that provides NADP+ to the SR. As lowering NAD+ inhibits the NADP-dependant 11(3-
HSD1 dehydrogenase activity, this suggests a G6P-independent process and supports nucleotide

entry into the ER either directly or via a nucleotide transport shuttle.
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Chapter 7: Final Conclusions and

Future Directions
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NR has garnered significant interest in recent years due to its potential to increase cellular NAD+
levels and promote the concept of healthy ageing. Numerous preclinical studies have assessed
the impact of NAD+ supplementation via NR on animal and cell line models. These studies
showed promise, with NR improving various metabolic parameters and preventing skeletal
muscle decline (429). Leading to the study undertaken in this thesis, the NR supplementation
studies in humans have focused on cardiovascular (405), systemic metabolic (406), exercise
(430), and safety (407) parameters. Martens NR found that 6 weeks of NR supplementation in
middle-aged adults reduced blood pressure and the carotid-femoral pulse wave velocity as
surrogate of aortic stiffness (405). Dollerup et al reported that 12 weeks of NR supplementation
did not not improve insulin sensitivity (assessed using hyperinsulinaemic euglycaemic clamp
studies) and whole-body glucose metabolism individuals with obesity (406). None of these studies
focussed on ageing, metabolomic changes in tissues, or skeletal muscle responses in terms of
metabolism and function. Specifically, research was lacking in key areas including how well NR
reaches human skeletal muscle after being orally ingested, and whether NR induces any
favourable changes in skeletal muscle and systemic metabolism.

This experimental medicine study investigated the safety and effects of NR supplements in older
men. The healthy aged men tolerated oral NR very well over 21 days, and led to increased levels
of NAD+ metabolome in whole blood, confirming findings from previous studies (204,405).

For the first time, we showed that oral NR increases the skeletal muscle NAD+ metabolome
(NAAD, MeNAM, Me-4-py, and Me-2-py), without increasing NAD+ or NAM. Previously it was
reported that NAAD is a more sensitive marker of increased NAD+ metabolism than NAD per se
(204). This contrasts to previous mouse studies showing that oral NR increases NAD+ in cardiac
and skeletal muscle (56,402), with a suggestion that the beneficial effects of NR are mediated via
increased NAM (404). Of note, genetic mouse model studies have established that oral NR is

able to restore NAD+ in muscle despite loss of NAM salvage (56,402).
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Previous studies including by our research group clearly showed that in mouse skeletal muscle,
NR requires Nrk acitivity (189,190). It remains unknown whether this is also the case in human
skeletal muscle.

The marked NR-mediated increase in MeNAM in this study is interesting as it has previously been
associated with dysglycaemia and insulin resistance (431,432). We have not detected any
unfavourable metabolic readouts as a result of NR supplementation in this study.

Considering that MeNAM, Me-4-py, and Me-2-py are NAM excretory products, one can speculate
that their abundance as a result of NR supplementation reflects an underlying NAD+ sufficiency
and may also explain the unchanged mitochondrial, physiological, and cardiometabolic readouts.
This challenges the notion that low NAD+ is prevalent in ageing and strongly contributes to the
ageing phenotype (271,346,433,434). However, recruited participants were very healthy for age
and they may not be a true representation of this cohort. It is also possible that a second hit during
ageing may explain the association between ageing and disturbed NAD+ metabolism. This
second hit may be physical inactivity leading to metabolic stress, presence of pre-existing
cardiometabolic illness, or chronic inflammation all of which may contribute to NAMPT
downregulation (274,398), and activation of the NAD+ consumer CD38 (128,435). The lack of
beneficial NR mediated effects suggest that more studies are needed to better understand the
NAD+ metabolism in human ageing.

We aimed to assess functional skeletal muscle readouts before and after NR supplementation.
Given the invasiveness and the complex interventions during each study visit, we were only able
to assess the hand-grip strength. No increase in the grip strength was detected after NR.
However, it is important to consider that an increase in muscle strength would not be spontaneous
without associated muscle training alongside NR supplementation.

Our data showed downregulation of gene sets relevant in glycolysis and mitochondrial function.
However, we did not detect any changes in mitochondrial respiration, citrate synthase activity,
and mitochondrial copy number. One can speculate that that unaltered mitochondrial functional

146



readouts despite the transcriptomic downregulation could be perceived as evidence of more
efficient mitochondria and stress-resilience. Indeed, the downregulation of mitochondrial energy-
generating processes has been observed with caloric restriction (436—438).
These data also raise the possibility a potential role of NAD+ in the maintenance of skeletal
muscle architecture. The signal comes from our finding of NR-induced upregulation of genes
involved in actin filament-based process, cell motility, and biological cell adhesion. This is further
supported by preclinical studies showing a beneficial effect of increased NAD+ on muscle
structural proteins (56,399,422). The potential for NAD+-mediated ADP-ribosylation of integrin
receptors within muscle cell membranes has been implicated in facilitating integrin-laminin binding
and inducing paxillin mobilisation to adhesion complexes (415,439).
Our work is the first to show in humans that NR supplementation supressed the levels of key
inflammatory cytokines in the blood. As chronic inflammation appears to be a hallmark feature of
ageing (273), the use of NR in various chronic inflammatory conditions is an interesting avenue
for further future investigation.
Despite the encouraging preclinical data, the research on NR in humans is still in its early stages.
Future studies should focus on robust clinical trials with specific disease endpoints and larger
participant numbers. These trials should meticulously control for confounding variables like diet
and lifestyle to delineate the NR-specific effects. The longest reported NR supplementation study
period in humans to-date is 3 months (406). Long term safety profile data of NR supplementation
are still required. Of note, some ongoing clinical trials are pursing 6-12 months NR
supplementation strategies (clinicaltrials.gov as NCT05561738). Exploring NR's efficacy in
combination with lifestyle modifications (e.g. exercise) could also be valuable. The future studies
should more specifically address the following areas:
- Baseline NAD+ Levels: perhaps before jumping into supplementing NAD+ in humans, it
is likely that NR's effectiveness hinges on a person's baseline NAD+ levels. Individuals
with severely depleted NAD+ stores might exhibit a better response to NR
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supplementation compared to those with relatively “healthy” NAD+ levels. Future research
could explore personalised dosing strategies based on individual NAD+ status. More data
are needed to define optimal NAD+ levels in humans including in the various tissues.

- Underlying health conditions: the presence of underlying specific health conditions could
influence the response to NR supplementation. NR might be more effective in specific
disease contexts, requiring stratified clinical trials to tease out these potential interactions.

- Variations in NR dosing: the optimal dosage of NR for specific health benefits could be a
moving target. Studies employing inadequate NR intake might not achieve the threshold
necessary to trigger significant cellular changes. Conversely, excessively high doses
could lead to unintended consequences requiring further investigation.

- Duration of supplementation: one can also speculate that the window of opportunity for
NR's effects could be time sensitive. Studies with short supplementation periods might

miss the long-term benefits that require sustained NAD+ elevation.

Regarding the in vitro studies assessing the possibility of a crosstalk between the cytosol and SR
pyridine nucleotide pool, the data clearly show that decreasing NAD+ in the cytosol through
NAMPT inhibition led an inhibition of the 118-HSD1 activity in the SR. Conversely, increasing
NAD+ in the cytosol using the NAD+ precursor, NR, rescued the 113-HSD1 activity. Future
studies could aim to lower NAD+ in the SR through a different mechanism to FK866, such as
PARP overexpression to increase NAD+ consumption in the SR. One should expect effects 11B-
HSD1 activity similar to FK866 which may also be rescuable with NR. Furthermore, future studies
could utilise a NAD+ biosensor which may illuminate the level of the cytosol-SR pyridine

nucleotide crosstalk.
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Overall Conclusions

We found that the oral intake of NR boosted the skeletal muscle NAD+ metabolome in aged men
and provoked a transcriptomic signature. However, the mitochondrial function and systemic
cardiometabolic readouts remained unaltered. The NAD+ metabolome analysis showed
abundance of NAM clearance products suggesting a preexisting NAD+ sufficiency. Our data
support the notion that, in contrast to aged laboratory rodents, chronological age per se may not
be a major factor in altering muscle NAD+. A potential limitation of this study could be the relatively
small number of individuals. Additionally, the duration of NR administration may not be sufficiently
long, albeit the sample size and duration of NR supplementation were sufficient to detect NR-
mediated changes in the NAD+ metabolome, muscle transcriptional signature, and inflammatory
profile. Further studies are needed to further explore some of the NR-induced changes in this

experimental medicine study.
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