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Abstract
This study investigates the in vivo effect of nicotinamide riboside (NR), a nicotinamide adenine
dinucleotide (NAD) precursor, on the NAD metabolome of mouse tissues. In order to build a
strong basis for this work, pre-analytical and analytical procedures used to measure NAD-related
metabolites were examined and an LC-MS-based method was developed to study the NAD
metabolome. The meta-analysis of published NAD(P)(H) quantification results from rodents and
humans showed important discrepancies between studies regardless of the quantification method.
Thereafter, a targeted NAD metabolomics protocol, including the preparation of yeast-derived
stable isotope internal controls, was developed and used to confirm that NR oral supplementation
increased the concentrations of most NAD-related metabolites in mouse liver and skeletal muscle
with an important accumulation of degradation metabolites. Ultimately, this study provides new
insight into the kinetics of oral NR supplementation and highlights the need for standardization in

NAD quantification methods.

Keywords: nicotinamide adenine dinucleotide, NAD", nicotinamide riboside, metabolism,

quantification methods, metabolomics, LC-MS.



Acknowledgements
First and foremost, I would like to express my sincerest gratitude to my supervisor, Dr.
Keir Menzies. Thank you for giving me the opportunity to join your lab and believing in me at
every step of my master’s program. I could not have undertaken this journey without your endless
support and constant encouragement. I am extremely grateful for your invaluable guidance

throughout this research.

I would like to extend my sincere thanks to my thesis advisor committee members: Dr.
Julie St-Pierre and Dr. Michael De Lisio for their support and insightful comments. Additionally,
this endeavor would not have been possible without the generous financial support from the
Metabolomics Advanced Training and International Exchange Program (MATRIX) funded by the
Collaborative Research and Training Experience (CREATE) from the Natural Sciences and

Engineering Research Council of Canada (NSERC).

I would also like to express my deepest gratitude to all my colleagues from the Menzies
lab in particular Dr. Alex Green, as well as my collaborators from the Metabolomics Core facility,
Dr. David Patten and Dr. Shama Naz, the McGill Goodman Cancer Research Center Metabolomics
Core, the MATRIX program, the Slack lab, and the Baetz lab. Thanks should also go to the
uOttawa librarians, Animal Care and Veterinary Service (ACVS) staft, and the Graduate and

Postdoctoral Studies Office (GradMed) employees who have always been a great support.

Lastly, Id like to acknowledge my family and friends for their moral support and
encouragement. I would also like to thank my son, who has given me the strength and motivation

to persevere despite the challenges.

viil


http://www.nserc-crsng.gc.ca/Professors-Professeurs/Grants-Subs/CREATE-FONCER_eng.asp
http://www.nserc-crsng.gc.ca/

Remerciements
Tout d'abord, je tiens a exprimer ma plus sincere gratitude a mon superviseur, le Dr Keir
Menzies. Merci de m'avoir donné I'opportunité de rejoindre votre laboratoire et d'avoir cru en moi
a chaque étape de mon programme de maitrise. Je n'aurais pas pu entreprendre ce projet sans votre
soutien indéfectible et vos encouragements constants. Je vous suis extrémement reconnaissante

pour vos précieux conseils tout au long de ce projet.

Je voudrais aussi remercier les membres de mon comité de thése : Dre Julie St-Pierre et
Dr Michael De Lisio pour leur soutien et leurs commentaires éclairés. De plus, cette entreprise
n'aurait pas €té possible sans le généreux soutien financier du programme de formation avancée et
d'échange international en métabolomique (MATRIX) financé par le programme de Formation
Orientée vers la Nouveauté, la Collaboration et I'Expérience en Recherche (FONCER) du Conseil

de recherches en sciences naturelles et en génie du Canada (CRSNG).

Je tiens également a exprimer ma plus profonde gratitude a tous mes collégues du
laboratoire Menzies, en particulier le Dr Alex Green, ainsi qu'a mes collaborateurs de la plateforme
métabolomique de I’Université d’Ottawa, le Dr David Patten et le Dr Shama Naz, la plateforme
métabolomique de I’Institut du cancer Rosalind et Morris Goodman (Université McGill), le
programme MATRIX, le laboratoire Slack, ainsi que le laboratoire Baetz. Des remerciements
doivent également étre adressés aux bibliothécaires de I'Université d'Ottawa, au personnel du
service animalier et vétérinaire, et aux employés du bureau des études supérieures et postdoctorales

(GradMed) qui ont toujours été d'un grand soutien.

Enfin, je tiens a remercier ma famille et mes amis pour leur soutien moral et leurs
encouragements. Je tiens également a remercier mon fils, qui m'a donné la force et la motivation

pour persévérer malgré les défis.

iX



Table of Contents

ABSTRACT |
ACKNOWLEDGEMENTS VIII
REMERCIEMENTS IX
TABLE OF CONTENTS X
LIST OF FIGURES XIII
LIST OF TABLES X1V
LIST OF ABBREVIATIONS XV
CHAPTER 1: INTRODUCTION 1
1.1. A BRIEF HISTORY OF NAD .....ooiiiiiitiiiietieiieieie sttt sttt ettt sttt ese e st e s esebesaeeseeseansensensese e 1
1.2, NAD" METABOLISM IN MAMMALS ......cvettititeriitenierenseseseesessessesessessesessessesessessessssensesessessessesensens 3
L.2.1. NADT BiOSYRERESIS. ...ttt 3

1.2.2.  NAD" catabolism and phoSpROFYIQEION ................ccoccoeceeieiieeeeeeeeeee e, 5

1.2.3.  Whole-body NAD™ MEtADOLIST ................ccoccooeieeeieeieeeeeeeeeeeee e, 7

1.3.  ROLE OF NAD(P) IN CELLULAR METABOLISM AND SIGNALING PATHWAYS .....ccccevvierreeereeereeennes 8
1.4, NAD-BOOSTING THERAPIES .......ccoectrtiieriiresteriiresessesissessesessessesessessessssessesessessessssessesessessessssessens 9
141, NADT DFCCUFSOFS ...ttt ettt eae ettt ettt s ene e 10

1.4.2. PARP GTHAIDITOTS ..ottt ettt et e et e et eeateeentaeensaeesaeenneeens 11

1.4.3. NAMPT QCHIVATOFS ..ottt ettt et et e et e et e esteeenteeensaasnsaeesaeenseeens 11

1.4 4. CD38 THAIDIIOTS ..ottt ettt e et e et eeabeeetaeensaeesaeenseeens 11

1.5.  NAD(P) QUANTIFICATION METHODS ....cutesttetieuteauieseeenteeeeesesseesseesseesseenseansesssesssesseessesssesssesnnes 12
1.6.  HYPOTHESIS AND RESEARCH OBJECTIVES ....cccctttiitteriteeiteniteeniteeteeeieesteeenteesbeesnnseenseeesssesnueeas 14

CHAPTER 2: META-ANALYSIS OF NAD(P) QUANTIFICATION IN MAMMALIAN TISSUES

16

2.1, INTRODUCTION ....ouuuririieeeieiiiieeeeeeeeeeeiiareeeeeeeeenaareeeseeeeesssaarreeeeeesenannees



2.2, METHODS.....uvtiieeeeeieeiteeee e e e e eeett e e e e e eeetreeeeeeeeeetaaeeteeeeeessataaseeeeeessatseseaeeeesastsseeeeeeeeansrssraeeeeeann 19

2210 LIEFAUFE S@ATCH ...t 19
2.2.2.  Screening MetROAOIOZY ............c.cccueiieoiiiie ettt 19
2.2.3. DA @XIFACHION ...ttt ettt ettt 20
2.2.4. DA QRALYSIS ..ot 20
230 RESULTS .ottt 21

2.3.1. Meta-analysis of common quantification methods, along with species, sex and tissues
SEUGTEA ... ... e e e ettt ettt e et h et b b et ettt h et b ettt neeae e 21

2.3.2.  Comparison of mean physiological NAD(P)H levels across tissues for rodents and

FUUTIUILS ... .. oo et o ettt ettt et e a e ee e e e e ekttt et etk e Rt ekttt et e ent e et et e et e et enteenee s 23
2.3.3.  Analysis of bias and variability in NAD(P)(H) quantification methods ................c..c.......... 31

2.3.4.  The effect of pre-mortem versus post-mortem tissue collection on NAD(P)(H) levels ........ 35

2.4, DISCUSSION ...oouiiiiiiiiiiiiiiiiitiiiitcite ettt 37

CHAPTER 3: QUANTITATIVE TARGETED LC-MS-BASED NAD METABOLOMICS

METHOD USING STABLE ISOTOPIC INTERNAL STANDARDS 41
3.1, INTRODUCTION ...ooiiiiiiiiiiiiiiiiiiiie ittt sttt st s ae e s 41
3.2, MATERIALS AND METHODS .....oouiuiiiiiiiiiiiiiiiiiiiiiei it 43

3.2.1.  Materials Qnd FEAZENLS .............ccueecuiiiiieeiie ettt ettt ettt eaneas 43
3.2.2. ANIMAL PFOOCOIS.......oceiiiieeie ettt ettt e et e e eaeeas 44
3.2.3.  Liver sample processing for LC-MS metabolomics analysis ................cccccoveicieicrencennnannn. 44
3.2.4. Preparation of ’C-labeled yeast internal Standards....................c.ccooeeeeeereereeeeeeennnn 45
3.2.5.  Preparation of calibration standards for NAD metabolomics analysis...................cccc....... 47
3.2.6. Targeted LC-MS-based NAD metabolomics analysis..............cc.coceecieeeeeeiiieanieeeiieanieeannns 48
3.2.7. SAUISTICAL ANALYSIS: ...oc.vveieeeie ettt e et e s esnbae et aeenseeenseas 49
3.3 RESULTS ottt a ettt 50
3.3.1. Construction and optimization of NAD"-related metabolites calibration curves................ 50
3.3.2.  Application of the quantitative method to trial liver Samples ...............c..cccocevcvevcienceencrannn. 52
3.3.3.  Preparation of a 3C-labeled internal Standard mix .....................ccooceeerereeervrreeerennnns 55

xi



3.4, DISCUSSION .....ooiiiiiriieeeeeeeeiteeeeeeeeeeettaeeeeeeeeeetaaeeeeeeeeeetarraeeeeeeessareeseeeeeeasssareseeeeensstarseeeseennnres 63

3.5, LIMITATIONS . ...coiottetteee e oo ettt e e e eeet e e e e e e eeeaa e e e e eeeeeaaseeeeeeeeeaasaeseeeeeeesssasseeeeeeeasatasseeeseenannnes 66

CHAPTER 4: EFFECT OF NICOTINAMIDE RIBOSIDE ON THE NAD* METABOLOME OF

MOUSE LIVER AND SKELETAL MUSCLE 67
4.1, INTRODUCTION ....oouiiiiiiiiiiiiiiitiitiieti ittt 67

4.2, MATERIALS AND METHODS .....c.coviiiiiiiiiiiiiiniitiieni ittt 69

4.2.1.  NR supplementation ProtOCOLS...............ccccccouvueiieiieiiieieiie ettt sae e 69

4.2.2. NAD' and NADH quantification using an enzyme cycling Kit................c..ccccoeveveeveviennann. 70

4.2.3.  Tissue processing prior to LC-MS-based metabolomics analysis................ccccccceecenernnn.. 71

4.2.4. LC-MS-based metabolomics ANALYSIS ............c.ccooioieiiiiiiiiiieieeee et 71

4.3, RESULTS .etttttiettetietteutetestee e s teetesstesteseansense st esbeeseaseensansenseasesbeeseeseeneansensensensesseeseeseaneensensansensenas 72

4.3.1. Acute NR supplementation increases tissue NAD(H) in mouse liver only at the 2-hour
FITHEDOTNE ... .. et e e ettt ettt e et e et e et e et e et e e st e ekt eease e ekt e e st e e kb e e st e et bt e nt e e tbeetteetbeenteentbeeennee e 72

4.3.2.  Acute and chronic NR supplementation reveals a significant increase in multiple NAD"-

related metabolites at multiple time points in mouse liver and muscle...................cccoccoooviviiiiiiiviiiinieiieee 77
4.4, DISCUSSION ..ottt e s s a e 87

4.5, LIMITATIONS ..ottt bbb 90
CHAPTER 5: CONCLUSION 91
BIBLIOGRAPHY 94

xii



Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:

Figure 7:
Figure 8:

Figure 9:

Figure 10:

Figure 11:

Figure 12:

Figure 13:

Figure 14:

Figure 15:

Figure 16:

Figure 17:

Figure 18:

List of figures

NAD" biosynthetic pathways

Methodological characteristics of included studies

Reported physiological NAD*, NADH, total NAD(H), and NAD"/NADH ratio in
mouse tissues with n>3

Reported physiological NAD", NADH, total NAD(H), and NAD"/NADH ratio in
human tissues with n>3

Reported mean physiological NADP, NADPH, total NADP(H), and
NADP/NADPH ratio in mouse and human tissues.

Distribution histogram of reported physiological NAD" levels in mouse and rat
liver

Effect of pre- versus post-mortem tissue collection on NAD(H) levels

NAD metabolomics workflow for targeted and untargeted analysis of tissue
samples

Statistical analysis of the metabolomics data obtained from the in-house yeast
extracts comparison

NAD", NADH, total NAD(H) levels (nmol/g of tissue), and NAD"/NADH ratio in
mouse liver tissues harvested 2 hours after supplementation with an acute dose of
NR (0.5, 1, or 2 g/Kg)

NAD', NADH, total NAD(H) levels (nmol/g of tissue), and NAD"/NADH ratio in
mouse skeletal muscles harvested 2 hours after supplementation with acute doses
of NR (0.5, 1, or 2 g/Kg)

NAD", NADH, total NAD(H) levels (nmol/g of tissue), and NAD"/NADH ratio in
mouse kidney and brain samples harvested 2 hours after supplementation with acute
doses of NR (0.5, 1, or 2 g/Kg) or water for the control group

NAD"-related metabolites concentrations in mouse liver samples after
supplementation with an acute and chronic dose of NR (ISTD-normalized
concentrations)

Quantitative results of NAD"-related metabolites in mouse liver samples after
supplementation with an acute and chronic dose of NR

Overview of the liver NAD" metabolome with a heatmap of log2 fold change of
average metabolite levels at 8 hours after oral NR supplementation versus non-
treated controls

NAD"-related metabolites concentrations in mouse skeletal muscle samples after
supplementation with an acute and chronic dose of NR (ISTD-normalized
concentrations)

NAD"-related metabolites concentrations in mouse skeletal muscle samples after
supplementation with an acute and chronic dose of NR

Overview of the skeletal muscle NAD metabolome with a heatmap of log2 fold
change of average metabolite levels at 8 hours after oral NR supplementation versus
non-treated controls

xiil



Table 1:

Table 2:

Table 3:

Table 4:

Table 5:

List of tables

NAD"-related metabolites were measured in the NAD standards mix (NSM) using
positive and negative ESI modes to determine precursor ion (m/z) and retention
times (min) in positive (RT+) and negative (RT-) modes

Calibration curve equations, correlation coefficient, and linear dynamic range of
NAD"-related metabolites in the NAD standards mix (NSM) measured by LC-MS
in positive ionization mode.

NAD"-related metabolite concentrations normalized to tissue weight (nmol/g of
tissue) in mouse liver samples

Mass to charge (m/z) values and retention time (RT) for the unlabeled metabolites
from the NSM and the corresponding '*C-labeled metabolites from the ISTD
measured in positive ionization mode.

3C-Labeled metabolite concentrations measured in the calibration standards
(NSM1-11) spiked with 20% of in-house generated yeast internal standards (ISTD)

Xiv



List of abbreviations

3-HAA 3-Hydroxylanthranilic acid

3-HK 3-Hydroxy-L-kynurenine

5-HTP 5-Hydroxy-L-tryptophan

ACMS Aminocarboxymuconate semialdehyde
ACMSD Aminocarboxymuconate semialdehyde decarboxylase
ADPR ADP-Ribose

AFMID Kynurenine-formamidase (Arylformamidase)
AMS 2-Aminomuconate semialdehyde

ATP Adenosine triphosphate

BAT Brown adipose tissue

cADPR Cyclic ADP-Ribose

ELISA Enzyme-linked immunosorbent assay

ESI Electro-spray ionization

ETC Electron transport chain

GC-MS Gas chromatography-Mass spectrometry
HAAO 3-Hydroxyanthranilate 3,4-dioxygenase
HILIC-Z Hydrophilic interaction liquid chromatography-zwitterioni
HPLC High-performance liquid chromatography
IDO Indolamine 2,3-dioxygenase

ISTD Internal standard

KMO Kynurenine 3-monooxygenase

KYNU Kynureninase

LC-MS Liquid chromatography-Mass spectrometry
L-Kyn L-Kynurenine

L-Tryp Tryptophan

m/z Mass-over-charge ratio

Me2Py N1-methyl-2-pyridone-5-carboxamide
Me4Py N1-methyl-4-pyridone-3-carboxamide
MeNAM 1-Methylnicotinamide

MRS Magnetic Resonance Spectrometry

NA Nicotinic acid

NAAD Nicotinic acid adenine dinucleotide

NAD" Nicotinamide adenine dinucleotide

NADH Reduced nicotinamide adenine dinucleotide
NADP Nicotinamide adenine dinucleotide phosphate
NADPH Reduced nicotinamide adenine dinucleotide phosphate
NADS NAD synthase

NAM Nicotinamide

NAMN Nicotinic acid mononucleotide

NAMPT Nicotinamide phosphoribosyltransferase
NAPRT Nicotinic acid phosphoribosyltransferase

NMN Nicotinamide mononucleotide
NMNAT Nicotinamide mononucleotide adenylyltransferase
NMR Nuclear magnetic resonance spectroscopy

XV



NR
NRK
NSM
NUA
PARP
PBMC
PEEK
PRBC
QPRT
Q-TOF
QUIN
RBC
RPE
RT
TCA
TDO
uv
WAT

Nicotinamide riboside
Nicotinamide riboside kinase
NAD standards mix

Nicotinuric Acid

Poly-ADP polymerases

Peripheral blood mononuclear cell
Polyetheretherketone

Packed red blood cells
Quinolinate phosphoribosyltransferase
Quadrupole-Time of Flight
Quinolinic acid

Red blood cells

Retinal pigmented epithelium
Retention time

Tricarboxylic Acid

Tryptophan 2,3-dioxygenase
Ultra-violet

White adipose tissue

XVi



Chapter 1: Introduction

1.1. A Brief History of NAD

Nicotinamide adenine dinucleotide (NAD") is a widespread redox co-enzyme involved in
hundreds of cellular reactions in prokaryotic and eukaryotic organisms. In the early 1900s, Arthur
Harden and William J. Young demonstrated that alcoholic fermentation in yeast requires the
presence of an enzymatic catalyst, presumably a protein, and a thermostable substance called
“coferment” or “cozymase” (1). The “coferment” fraction contained NAD" along with other
components. However, NAD" wasn’t purified until 1929 by Hans von Euler-Chelpin. With the
help of Karl Myrbéck, they uncovered the chemical components of the NAD' molecule: adenine,
a reducing sugar, and phosphoric acid (2). In 1936, Otto Warburg and Walter Christian studied the
reversible reduction and oxidation of the pyridine nucleotides: diphosphopyridine nucleotide (or
NAD") and triphosphopyridine nucleotide (NADP") and revealed the mechanism of action of these

redox co-enzymes (3).

During the pellagra epidemic in the United States of America (1906—1940), the physician
and epidemiologist Joseph Goldberger identified the disease as a nutritional deficiency that could
be treated by a “pellagra-preventive factor” or “PP factor” present in meat and milk (4). To prove
his theory, Goldberger used humans and an animal model of pellagra in dogs (black tongue model).
However, some of his human experiments were considered unethical and he failed to identify the
PP factor. Ultimately, it was Conrad Elvehjem who isolated and identified the PP factor as
nicotinic acid (NA) and nicotinamide (NAM) in 1937 after studying the black tongue model in
dogs (5, 6). This prepared the groundwork for treating pellagra in humans using NA, a nutrient

that was renamed niacin to avoid confusion with nicotine.



The following decades will witness important discoveries regarding NAD" and niacin
metabolism. In 1948, Athur Kornberg discovered the NAM salvage pathway by uncovering the
reversible conversion of nicotinamide mononucleotide (NMN) to NAD™ using the energy from
adenosine triphosphate (ATP) hydrolysis into inorganic pyrophosphate and transfer of an adenylyl
group to NMN (7). Ten years later, Preiss and Handler discovered the metabolic pathway
synthesizing NAD" from NA. They identified the metabolic intermediates and the three main
enzymes of the aptly named “Preiss-Handler" pathway (8, 9). Later on, the observation that diets
including foods with low NA content like milk were not inducing pellagra led to the conclusion
that the amino acid tryptophan could also prevent pellagra. Tryptophan was thought to be
metabolized in vivo into either NA, NAM, or other metabolites like NAD™ after its conversion into
kynurenines intermediates (10, 11). This pathway was named the de novo pathway and shared the
last steps of the Preiss-Handler pathway.

In addition to its role as a redox co-enzyme, NAD" is also a substrate to different enzymes
like Poly-ADP polymerases (PARPs) that were discovered by Chambon ef al. In 1963 (12, 13). At
the time, they presumed that PARPs were DNA-dependent poly-adenylic acid synthetases that
used ATP to produce a polyA chain like other known nuclear enzymes, but in 1966, they identified
the substrate as NAD and the product of the reaction as a polymer of ADP-ribose (13). After the
characterization of the PARP family, their role in DNA damage repair (14, 15) and cell death (16—
18) raised a lot of interest in the 1980s and 1990s. In 2000, Imai et al. showed that NAD" can also
be broken down by sirtuins, which are protein deacetylases shown to have a beneficial effect on
metabolism and lifespan (19). The role of NAD" in signaling pathways is still under study and
other NAD"-consuming enzymes have been uncovered. Additionally, basic concepts on NAD+

metabolism are still evolving such as the discovery of the mammalian mitochondrial



NAD" transporter SLC25A51 in 2020 (20). Altogether, the recent discoveries about the various
roles of NAD" and its metabolites have revitalized the interest in this molecule and led to the
development of NAD"-boosting therapies as well as sensitive techniques to study the NAD"
metabolome.

1.2. NAD" Metabolism in mammals

1.2.1. NAD" Biosynthesis
NAD" can be synthesized through three different pathways depending on the availability

of the biosynthetic enzymes and NAD™ precursors in each tissue or cell type (Fig. 1):

a. De novo NAD" synthesis

The amino acid L-Tryptophan (Trp) is converted through the kynurenine pathway to a-
amino-B-carboxymuconate-g-semialdehyde (ACMS), which can undergo either enzymatic
decarboxylation by the ACMS decarboxylase (ACMSD) followed by spontaneous cyclization to
quinolinic acid or further metabolic reactions leading to complete oxidation via the tricarboxylic
acid (TCA) cycle. The total oxidation of ACMS in the TCA cycle being more favorable than the
spontaneous non-enzymatic reaction leading to NAD" biosynthesis explains why tryptophan is not
considered a good NAD™ precursor in most tissues (21, 22). When the ACMS decarboxylase is
saturated, quinolinic acid 1is formed and converted by  the QPRT
(quinolinate phosphoribosyltransferase) to nicotinic acid mononucleotide (NAMN). The
consecutive conversion of NAMN to nicotinic acid adenine dinucleotide (NAAD) is catalyzed by
one of the NMN adenylyltransferases (NMNAT 1-3). The final step is the amidation of NAAD to
form NAD" by the NAD synthase enzyme. This last enzyme also catalyzes the final step of the
Preiss-Handler pathway (described below). Ultimately, de novo synthesis is a minor mechanism

governing the NAD" metabolome, occurring mainly in the liver, kidney, and neurons (10, 23-25).

3



b. Preiss-Handler pathway

The conversion of nicotinic acid (NA) to NAD" by the Preiss-Handler pathway was
initially discovered in erythrocytes and liver samples (8, 9) but it is also present in other tissues
such as heart, intestine, and kidneys (26). The nicotinic acid phosphoribosyltransferase (NAPRT)
enzyme catalyzes the conversion of NA to NAMN. The next 2 steps required for the biosynthesis
of NAD" are catalyzed by NMNATSs and the NAD synthase, which are reactions shared by the de

novo pathway (8, 9) (Figure 1).

¢. Nicotinamide salvage pathway

The salvage pathway is responsible for most of NAD" biosynthesis and is the predominant
NAD" biosynthetic pathway in most tissues, including liver, kidney, skeletal muscle, and adipose
tissue (25). The nicotinamide (NAM) derived from NAD"-consuming reactions or diet is converted
through this pathway to nicotinamide mononucleotide (NMN) via NAMPT (NAM
phosphoribosyltransferase) and then to NAD" by the NMN adenylyltransferases (NMNAT 1—
3). Nicotinamide Riboside (NR) can enter the salvage pathway after phosphorylation to NMN by
the NR Kinases (NRK 1-2). This last reaction occurs mainly in the liver, heart, skeletal muscle,

and neurons (27, 28).
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Figure 1: NAD" biosynthetic pathways. The de novo biosynthesis from Tryptophan (Green)
shares the last enzymatic steps with the Preiss-Handler pathway (Orange). The NAM salvage
pathway (Blue) allows NAD" biosynthesis from NMN, NAM, or NR. NAD: Nicotinamide adenine
dinucleotide, IDO: Indolamine 2,3-dioxygenase, TDO: Tryptophan 2,3-dioxygenase, AFMID:
Kynurenine-formamidase (Arylformamidase), KMO: Kynurenine 3-monooxygenase, KYNU:
Kynureninase, HAAO: 3-hydroxyanthranilate 3,4-dioxygenase, ACMS: Aminocarboxymuconate
semialdehyde, ACMSD: Aminocarboxymuconate semialdehyde decarboxylase, AMS: 2-
aminomuconate semialdehyde, QPRT: Quinolinate phosphoribosyltransferase, NAPRT: Nicotinic
acid phosphoribosyltransferase, NMNAT: Nicotinamide mononucleotide adenylyltransferase,
NADS: NAD synthase, NAMPT: Nicotinamide phosphoribosyltransferase, NRK: Nicotinamide
riboside kinase.

1.2.2. NAD" catabolism and phosphorylation

NAD" can be cleaved to NAM by a variety of signaling enzymes such as PARPs, Sirtuins
(protein deacetylases), cyclic ADP-Ribose (cADPR) synthases (29), and SARMI1 (Sterile Alpha
and TIR Motif Containing 1) (30). PARPs transfer ADP-ribose moieties onto target proteins and
are mainly involved in nuclear functions like DNA maintenance and repair, chromatin structure,
and regulation of transcription (31), while sirtuins transfer moieties such as acetyl groups from
donor proteins to positively influence mitochondrial biogenesis, cellular metabolism, and cell
survival (32, 33). cADPR synthases like CD38 are primarily known as transmembrane
ectoenzymes producing cADPR, a second messenger involved in calcium mobilization, insulin
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signaling, inflammatory responses, and cell cycle control (34). Similar functions have been
attributed to other NAD" degradation metabolites, including ADP-Ribose and NAADP (nicotinic
acid adenine dinucleotide phosphate) (35). All the aforementioned enzymes also produce NAM.
Similarly, NAD" cleavage by SARMI1 leads to the formation of NAM and cADP-Ribose or ADP-
Ribose. In 2021, it was shown that SARMI1 can also catalyze the exchange of the nicotinamide
group on NADP with nicotinic acid to generate NAADP, which acts as a second messenger
involved in calcium signaling (36, 37).

While NAD" is mainly intracellular, extracellular NAD" has been measured by various
studies (38, 39). NAD" can be released into the extracellular space after cell lysis or through cell
membrane channels such as connexins (e.g., Cx43) (40, 41), which could mediate the bidirectional
transport of NAD" (42). Additionally, it has been shown that NAD" can be released by stressed
cells to serve as a neurotransmitter (43, 44). Extracellular NAD" can be degraded by the
aforementioned cADPR synthases CD38 or CD157 to form NAM and cADPR or ADPR, while
CD38 and CD73 can convert NMN into NAM or NR, respectively. NR may also, in turn, be
hydrolyzed into NAM by CD157 (45). All of these by-products can then re-enter surrounding cells
to produce intracellular NAD". Excess cellular NAM, which was not converted into NAD", can be
methylated to form 1-methyl NAM (meNAM), which can be further oxidized to the degradation
products  N1-methyl-2-pyridone-5-carboxamide (Me2Py) and NI-methyl-4-pyridone-3-
carboxamide (Me4Py). Ultimately, these catabolites can be cleared from the body via urine (46,
47).

NAD" can also be phosphorylated by NAD kinases (NADKSs) to produce NADP" (48)
which is reduced to NADPH by various enzymes such as the rate-limiting enzyme of the pentose

phosphate pathway (PPP), glucose-6-phosphate dehydrogenase, in the cytosol (49) and the



mitochondrial nicotinamide nucleotide transhydrogenase (NNT) (50). Further, maintaining an
optimal NADPH/NADP™ ratio is essential for cellular antioxidant responses and glutathione

reduction (49, 51).

1.2.3. Whole-body NAD* metabolism

The complexity of the NAD" metabolome arises from its implication in various cellular
functions and the differences in NAD" metabolism at the subcellular, tissue/organ and systemic
levels. On a whole-body level, the liver represents a major hub for NAD™ metabolites due to its
role in first-pass metabolism, in addition to its high expression of NAD" biosynthetic enzymes,
especially enzymes of the de novo pathway, which are reported to be mainly in the liver and kidney
(10, 23, 25). The liver can use various NAD" precursors to produce NAD", whereas many organs
rely on NA or NAM for NAD" synthesis (25, 52). Skeletal muscle has been shown to use intact
NR when administered intra-venously (52, 53). However, when administered orally, the hepatic
first-pass metabolization of NR reduces its bioavailability for use by other tissues. Instead, the
liver releases NAM into the circulation, which is taken up by most tissues to sustain NAD"
synthesis (52).

The variable tissue-specific turnover of NAD" metabolites complicates the study of NAD
metabolism in vivo, however, this has been partially circumvented by analysis using isotopes of
NAD" precursors (52). Despite the permanent consumption of NAD", the homeostasis of the
cellular NAD" pool is maintained by the tight regulation of NAD" anabolism and catabolism
fluxes, along with the transport of NAD" and its precursors between the different tissues and the
intracellular compartments. However, under pathological conditions such as renal failure, some

NAD catabolites can accumulate such as nicotinamide (NAM), Methyl nicotinamide (MeNAM),



4-pyridone 3/5-carboxamide ribonucleoside triphosphate (4PyTP), 4Py-riboside and 2Py-riboside,
which may inhibit essential cellular reactions (46, 47).

1.3. Role of NAD(P) in cellular metabolism and signaling pathways

Along with NAD(H), NADP(H) is also essential for the maintenance of cellular redox
balance. While the NAD'/NADH flux is mainly involved in oxidative processes, the
NADP/NADPH flux is primarily used in reductive reactions. Specifically, NAD(H) is essential in
various metabolic pathways like glycolysis, the TCA cycle, and mitochondrial oxidative
phosphorylation (54) while NADPH is necessary for the biosynthesis of lipids, nucleotides, and
amino acids (55).

As has been briefly discussed above, beyond the role of NAD" as a co-enzyme, NAD" is
an important substrate for a limited number of enzymes. Sirtuins are a family of seven enzymes
that exist in various sub-cellular compartments and have differing roles. Because of their NAD"*
dependency and their beneficial role in mitochondrial metabolism and transcriptional regulation,
sirtuins are primarily known as energy sensors controlling gene expression in response to
metabolic cues provided by the flux in the NAD*/NADH ratio (24, 56, 57). Most importantly,
many sirtuins promote cell survival and healthy aging when NAD™ levels are abundant (33, 58,
59). The Poly-ADPRibosyl transferase (PARP) family of 17 enzymes also have various cellular
localizations and functions. Nuclear PARPs are mainly involved in DNA damage detection and
repair (60). They also play an important role in chromatin structure and regulation of mitosis (61),
cellular differentiation and proliferation (62), telomere maintenance (63), and cell death (64—66).
Concerning the role of PARPs in mitochondrial regulation, they mainly promote mitochondrial
dysfunction (67, 68) but evidence shows that mild PARP activation might have a positive impact

on mitochondrial activity (69, 70). cADPR synthases, such as the ubiquitous transmembrane



receptor CD38, possess enzymatic activities that can cleave NAD" and NADP to form the second
messengers CADPR and NAADP, respectively. These in turn control calcium mobilization,
hormone secretion, cell proliferation, and cell death pathways (34). It has also been postulated that
CD38 might act as a modulator of intracellular NAD™ levels with its NADase activity and high
affinity for NAD™ (71).

Unlike PARPs and cADPR synthases, sirtuins have a lower affinity for NAD", which
explains their NAD" sensing function and their inhibition due to NAD" depletion following
PARPs’ and/or cADPR synthases’ hyper-activation. The intricate regulatory interactions between
the various NAD" consuming enzymes and their individual cellular compartment locations are still
to be fully understood, but it seems that activation of Sirtuins may have a positive effect on cell
survival and metabolic adaptation, while PARPs and cADPR synthases, as well as other NAD"-
consuming enzyme such as SARM1, may promote inflammation and cell death, often in situations
of metabolic or genotoxic stress. NAD" availability and the interplay between these enzymes
certainly affect cellular adaptation to various physio-pathological situations. The observed decline
in NAD" content during aging and age-related diseases such as diabetes, neurodegeneration, and
cancer, has led to the development of various therapeutic strategies to restore NAD" homeostasis
(29,72, 73).

1.4. NAD"-boosting therapies

Compelling evidence shows that NAD" replenishment can improve a broad range of
pathological conditions, including neurodegenerative disorders (74—76), metabolic syndrome and
type 2 diabetes (77, 78), cardiovascular diseases (79), muscular dystrophies (80), mitochondrial
myopathies (81), and acute kidney injury (82). Recent studies have also pointed to the role of

NAD" metabolism in the regulation of innate immunity (83, 84). Moreover, supplementation with



NAD" precursors has been shown to extend lifespan in animal models (85, 86). Three major
strategies are currently used to increase NAD" levels: supplementation with NAD™ precursors,

stimulation of NAD™ biosynthetic enzymes, and inhibition of NAD"-consuming enzymes.

1.4.1. NAD" precursors

The first medical application of the NAD" precursors was the treatment of pellagra with
niacin (Vitamin B3) (87). The term niacin usually points to nicotinic acid but can also include
nicotinamide despite their different chemical structures and metabolic origins. NA and NAM were
used to treat or improve dyslipidemia, cardiovascular diseases, kidney injuries, and mitochondrial
diseases in humans (81, 88). However, their utilization to increase NAD" levels beyond their
physiological norms in humans has been limited by their side effects, including an intense skin
flushing reaction for NA (89) and reversible liver toxicity for NAM (90, 91). To evade these
potential side effects, new NAD™ precursors have been studied like Nicotinamide Riboside (NR)
and Nicotinamide Mononucleotide (NMN). Currently, only Nicotinamide Riboside (NR) has been
confirmed to be safe and effective by 24 completed and 29 ongoing clinical trials and is
commercially available under the name Niagen® (92-96). NMN also seems to be an effective
NAD" precursor, but it was verified only by two clinical trials (97, 98), while 8 other clinical trials
are still ongoing (99). However, some human studies have shown minor to no effect of NR
supplementation on body composition, lipid metabolism, or insulin sensitivity in overweight
subjects (93, 100, 101). Dihydronicotinamide riboside (NRH), a reduced form of NR, was also
developed to offer a stability and oral bioavailability than NR (102). Thus, further studies of the
NAD" metabolome and the effect of NAD" precursor are necessary to determine the short- and

long-term effects of these therapies on humans.

10



1.4.2. PARP inhibitors

PARP inhibitors have been shown to increase NAD" levels in vitro and in vivo (103, 104)
and, due to their negative effect on PARP DNA repair activities, they are currently being used in
the treatment of ovarian and breast cancers. In 2014, olaparib (AZD2281) was the first PARP
inhibitor to be FDA approved as a treatment of BCRA1/2 mutant cancers (105). Rucaparib
(AG014699) was approved by the FDA in 2015(106). Other molecules are in the late phases of
clinical trials like niraparib (MK4827) (107) and veliparib (ABT-888) (108). Multiple studies have
also shown that these drugs increase intracellular NAD" levels (56, 109). However, their general
use as NAD" boosters is limited due to important toxic effects including gastro-intestinal
symptoms and anemia for all previously cited PARP inhibitors (105, 106, 110) and leucopenia and

thrombocytopenia for niraparib (107), talazoparib (111) and veliparib (108).

1.4.3. NAMPT activators

Several members of the P7C3 class of neuroprotective agents act as nicotinamide
phosphoribosyl transferase (NAMPT) activators and are being developed and optimized to
improve their specificity and bioavailability, along with their pro-neurogenic and neuroprotective
effects (112, 113). SBI-797812 was also identified as an NAMPT activator that binds the enzyme
active site, increases NAMPT affinity for ATP, inhibits negative feedback by NAD", and
stimulates NAMPT activity toward NMN synthesis, which promotes NAD" formation by the

NMNAT enzymes (114).

1.4.4. CD38 inhibitors
The cADPR synthase enzyme CD38 is an important regulator of intra- and extra-cellular
NAD" homeostasis and plays a critical role in age-related NAD" decline and diet-induced obesity

(115, 116). Different therapeutic strategies targeting CD38 have been developed and tested in vivo
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or ex vivo, including small molecule inhibitors like the NAD" analogue arabinosyl-2'-fluoro-2'-
deoxynicotinamide mononucleotide (Ara-F-NMN phosphoester/C48) (117) and the non-covalent
inhibitor Luteolinidin (118), which were effective at preserving the NAD(P) pool by inhibiting
the NADase activity of CD38.

1.5. NAD(P) quantification methods

Initial methods for NAD(H) and NADP(H) quantification relied on the
spectrophotometric or fluorometric properties of these metabolites. NAD(P)H and NAD(P)" have
a common absorbance peak at 260 nm, while the NAD(P)H spectrum exhibits a second absorption
peak at 340 nm that can be used to measure the reduced forms concentrations independently from
the oxidized forms (119) (Supp. Fig. 1a). Additionally, unlike NAD" and NADP", which are not
fluorescent, NADH and NADPH are intrinsically fluorescent, with similar excitation peaks at 340
nm and emission peaks at 445 nm (120) (Supp. Fig. 1b).

Later on, the direct measurement of NAD(P)" was made possible with the cyanide
addition reaction, in which hydrogen cyanide reacts with NAD(P)", and not NAD(P)H, at pH 10
to form a cyanide adduct with an absorption peak at 325 nm (121). Given that fluorometric methods
were found to be more sensitive than colorimetric methods (122, 123), various fluorescence-based
methods have been developed using strong alkali (124) and/or specific dehydrogenase enzymes
(125), or additives like phenazine methosulfate (126). However, fluorometric methods also lack
specificity and are affected by interferences and photosensitivity (127). The need for higher
specificity and sensitivity led to the development of enzyme cycling methods coupled with
spectrophotometric or fluorometric detection. In the case of NAD(H), enzyme coupling begins
with NADH quantification followed by that of NAD" by enzymatically cycling NAD" to NADH

and performing a second measurement of total NADH (first measurement of [NADH] — second
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measurement of total [NADH] = [NAD]) (Supp. Fig. 2). Enzyme cycling assays have therefore
been the most frequently used methods to quantify pyridine nucleotides in mammalian tissues
since the 1960s. However, they are limited by substrate saturation, enzyme stability and enzyme
kinetics, and the presence of interfering substances in the samples like enzyme inhibitors (128).
Moreover, measuring the reduced (NADH and NADPH) and oxidized (NAD" and NADP")
nucleotides by enzyme cycling methods requires the initial separation of the reduced and/or
phosphorylated forms (129-131). Beyond these assays, bioluminescence (129, 130) and
polarography (132) have been sparingly used to quantify NAD" and its metabolites, but they suffer
from many disadvantages including interferences from other ions and complex molecules in the
tissue samples.

The increased requirement for high sensitivity and resolution in the quantification of
NAD" and, eventually, the simultaneous study of its metabolites led to the development of new
methods like high-performance liquid chromatography (HPLC) and mass spectrometry (MS).
HPLC was naturally a good candidate as it could simultaneously separate different metabolites
with high resolution and was appropriate for separating polar thermolabile compounds. HPLC
columns were coupled with ultraviolet-visible or fluorometric detectors for the identification and
quantification of the metabolites (132). The separation was further improved by using differential
extraction methods (133—135), various elution modes and elution buffers (133, 136), or ion-pairing
reagents (134).

High-resolution separation of HPLC and the specific and sensitive identification of the
metabolites with mass spectrometry has the added benefit of the simultaneous study of a large
number of metabolites present in tissue samples (137). Despite these advantages, liquid

chromatography-mass spectrometry (LC-MS) remains expensive and complex to implement. The
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choice of chromatography, MS instrumentation, and insufficient standardization for the absolute
quantification of metabolites, are major hurdles to LC-MS quantification methods. Along with the
cost of running LC-MS experiments, these hurdles explain why enzyme cycling assays persist in
recent studies. Magnetic Resonance Spectrometry (MRS) has also been used to quantify NAD" in
tissues (138). These assays rely on the presence of 1H and 31P in the tissues and offer many
advantages like the possibility of non-invasive measurements, high reproducibility, and precise
quantification. However, it suffers from low sensitivity and resolution in comparison to LC-MS
methods (139, 140).

1.6. Hypothesis and research objectives

Rationale:

Despite the latest advances in NAD" metabolism, many questions need to be resolved to
allow the translation of recent pre-clinical results into feasible clinical applications. With the
complexity of the NAD" metabolome and the rapid interconversion and metabolism of its
metabolites in different tissues, it is important to assess the entire NAD" metabolome at different
timepoints in tissues of interest following NAD'-driven interventions. In addition to the biological
aspects, it is important to optimize technical procedures for the determination of NAD"-related
metabolites to obtain accurate and reproducible quantification results. Currently, the ideal method
for the quantification of the NAD" metabolome is LC-MS, which combines mass spectrometry
coupled with liquid chromatography, thereby benefiting from the high sensitivity of mass
spectrometry and the resolutive separation of the chromatography, allowing for the simultaneous

determination of a large number of metabolites in tissue samples (141, 142).

The main goals of this work are first, to perform a meta-analysis of all quantitative

NAD(P)(H) measurements in rodents and humans, and second, to develop and optimize a targeted
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LC-MS-based method for NAD* metabolomics including the preparation of a '*C-labeled yeast
standard for internal quality control. Finally, this method will be used to study changes in the
NAD" metabolome in mouse tissues at different timepoints following supplementation with NR.
A preliminary analysis using an enzyme cycling method will be used to identify the effect of NR
on NAD" and NADH levels in various mouse tissues. Subsequently, the NAD" metabolomics
method will be applied to the study of the entire NAD" metabolome in mouse liver, which is the
main transit point for oral NR and a central hub for whole-body NAD" metabolism, and skeletal
muscle, which will represent the target tissue and allow us to determine whether oral NR

supplementation is sufficient to produce changes in the muscle NAD" metabolome.

Hypothesis: Oral NR supplementation increases NAD -related metabolite levels in mouse

liver and skeletal muscle.

Research objectives:

Perform a systematic review of literature to summarize pre-analytical and analytical
conditions for NAD" metabolome analyses, along with a meta-analysis of NAD(P)(H)
measures, in all tissues and mammalian species including rodents and humans.

e Optimize an LC-MS-based metabolomics method to accurately measure NAD"-related
metabolites in mouse tissues and develop a reproducible protocol for the preparation of
yeast-derived stable isotope labeled internal standards.

o Determine changes in the NAD" metabolome in mouse tissues under anesthesia versus
post-necropsy.

o Determine changes in the NAD" metabolome in mouse tissues after acute and chronic NR

administration.
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Chapter 2: Meta-analysis of NAD(P) quantification in mammalian tissues

2.1. Introduction

Nicotinamide adenine dinucleotide plays a dual role as a reduction-oxidation (redox) co-
enzyme, in its oxidized (NAD(P)") and reduced (NAD(P)H) forms, and as a co-substrate
(NAD(P)") for enzymes involved in deacylation (32), mono- and poly-ADP-ribosylation (13, 143),
and the creation of adenine-based second messengers (34, 144-146). The NAD(P)"/NAD(P)H
ratio is an important indicator of the intracellular redox state and plays a critical role in the
regulation of key metabolic pathways (54, 147). For example, NAD" is essential for glycolysis,
along with the tricarboxylic acid (TCA) cycle, to provide reducing equivalents during the
generation of adenosine triphosphate (ATP), the main source of energy for the cell (54, 147). When
NAD" is limited it can also be regenerated from NADH by the fermentation of pyruvate to produce
lactate in mammalian cells, thereby maintaining cellular redox balance?*. NAD" and NADH can
also be phosphorylated to NADP and NADPH, respectively, by NAD" Kinases (NADKs) (48,
148). NADPH is essential for reductive biosynthesis, signal transduction, cellular antioxidant
responses, and particularly, glutathione reduction (35, 49, 51). In the cytosol, NADP" is reduced
to NADPH by the glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase of
the pentose phsophate pathway (PPP), amongst other reactions (49). Whereas in the mitochondria,
NADPH production is sustained by various reactions, including those reliant on nicotinamide
nucleotide transhydrogenase (NNT) and isocitrate dehygronases (IDH2) enzyme activity (50). As
a result, NAD(P)(H) status has been shown to affect cell signaling and metabolism, energy
homeostasis, mitochondrial biogenesis, oxidative stress responses and DNA maintenance and
repair (25, 149, 150). Further, since the progression of age-related diseases, such as obesity (151),

non-alcoholic fatty liver disease (152, 153), neurodegeneration (154), mitochondrial (81) and
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cardiovascular (79) diseases, and muscle atrophy or dystrophy (80), has been linked to alterations
in NAD"-related metabolites, approaches aimed at maintaining NAD" homeostasis are currently

under investigation.

Beyond common redox transitions, NADP" can be consumed by exchanging its
nicotinamide group with nicotinic acid in a reaction catalyzed by cADPR synthases, such as CD38,
to form the second messenger NAADP, which is involved in calcium mobilization, hormone
secretion, and immune cell proliferation (34, 146, 155). NAD" can also be consumed when acting
as a co-substrate to form nicotinamide (NAM), which can be used as a substrate to regenerate
NAD" via the NAM salvage pathway. NAM can also be methylated to form 1-methyl NAM
(meNAM), which can be further oxidized to the degradation products N1-methyl-2-pyridone-5-
carboxamide (2py) and N1-methyl-4-pyridone-3-carboxamide (4py). Ultimately, the methylated
catabolites can be cleared from the body via urine (46, 156). The NAD" pool can also be reduced
by consumption of NADP" via a base-exchange reaction for the formation of the second messenger
NAADP(35). Maintaining the pool of NAD" therefore requires biosynthesis via the Preiss-Handler
pathway (starting with the common vitamin B3 molecule niacin (NA; nicotinic acid)), the de novo
biosynthesis pathway (starting with the amino acid tryptophan (Trp)) or regeneration from the
conversion of NAM via the salvage pathway to NMN then to NAD". Finally, the salvage pathway
is also important for the biosynthesis of NAD" from nicotinamide riboside (NR), an alternative
form of vitamin B3 found in foods, following its phosphorylation by nicotinamide riboside kinase
to NMN and then conversion to NAD" via the salvage pathway.

Understanding the dynamics of the NAD" metabolome has therefore become essential
and ultimately requires rigorous metabolite quantification in order to better understand the flux of

NAD" metabolites during normal physiology, or with disease progression or healthy aging. A clear
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picture of these changes is essential for linking alterations in the NAD" metabolome to downstream
enzymatic or redox reactions, which hold the key to changes in tissue phenotypes. Given the
substantial amount of previously reported quantitative data on NAD" metabolites in mammals,
including a growing number of reports in humans, it is essential and timely to summarize these
changes during health and disease. Numerous studies have examined components of the NAD"
metabolome in rodents and humans under different metabolic states, ages, and diseases, yet rely
on different methods for sample preparation or quantification. Sample preparation is important for
metabolites involved in redox reactions due to potential degradation and inter-conversions under
certain conditions (157, 158). For quantification, liquid chromatography coupled to mass
spectrometry (LC-MS) and magnetic resonance spectrometry (MRS) are thought to be sensitive
and specific methods (142, 159, 160), while enzyme cycling assays are the more common.
Quantitative LC-MS methods require a comprehensive inclusion of quality controls for individual
metabolites being measured and for the overall matrix effect of the samples, an effect that explains
varying mass spectrometric responses for a given analyte when measured in different solutions.
Without these controls, LC-MS is at best semi-quantitative. In this study, we identified
considerable variability in NAD(P)(H) measures across rodent and human studies, emphasizing
the need for proper methods reporting and for standardized sample processing and analytical
protocols. Overall, comparable NAD(P)(H) datasets across studies is needed for meaningful

interpretation of the existing and future data in the field of NAD™ biology.

This study provides 1) a meta-analysis of the observed physiological NAD(P)(H)
metabolite levels, in different tissues from mice, rats, and humans; 2) a summary of the effects of

tissue sampling conditions and analytical procedures on NAD(P)(H) measurements in mammalian
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tissues; and 3) highlights of crucial steps in the pre-analytical and analytical procedures that need

to be optimized.

2.2. Methods

2.2.1. Literature Search

“Epub Ahead of Print”, “In-Process & Other Non-Indexed Citations”, “Versions”,
“PubMed-Not-MEDLINE”, “Daily update”, “Front segment weekly update”, “Back files from
1946 to start of front segment” citations between 1946 and June 20, 2021, in the MEDLINE ALL
(Ovid) database were searched and reviewed for articles containing quantitative data of
NAD(P)(H) metabolite levels in mammalian tissues as outlined in supplementary table 1. The
search query strategy yielded 3377 articles. An additional blood focused search was performed

using the same database and yielded 1513 articles (Supp. table 2).

2.2.2. Screening methodology

The 4890 records obtained from the systematic searches underwent abstracts screening to
identify all articles reporting NAD(P)(H) metabolite quantification in mammalian tissues. All
abstract reviews were verified with a second review by a different reviewer and any conflicts
resolved. Following abstracts screening 643 publications were selected for full-text review for the
tissue-focused search and 272 for the blood-focused search (Supp. Fig. 3). Studies that only
presented relative NAD(P)(H) metabolite data were excluded during the full-text screening, with
the exception of studies reporting NAD/NADH ratios. Results derived strictly from tissues, cells,
isolated organelles maintained in media, or from blood effluent from perfusion were excluded.
This full-text review led to the exclusion of 667 (457+210) articles due primarily to the lack of

quantitative NAD(P)(H) data (50.5%), data derived from non-suitable specimens (36.3%), or data
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presented as relative/arbitrary units (13.2%). Finally, 241 articles were included in the qualitative
meta-analysis and 205 in the quantitative meta-analysis (Supp. Fig. 3). Although our initial search
included studies published from 1946 to June 20, 2021. As mentioned above, the oldest study with

quantitative NAD(P)(H) data that met our acceptance criteria was published in 1961.

2.2.3. Data extraction

Numerical data for NAD(P)(H) metabolites were either obtained directly from the articles
or extracted from article figures using a semi-automatic data extraction software
(WebPlotDigitizer (161)). Additionally, where applicable, the tissue sampling timepoints relative
to sacrifice and/or tissue/blood sampling methods (i.e., method of anesthesia and/or euthanasia,
tissue handling, and storage temperature) were recorded. For animal models, the species,
characteristics (e.g., strain, genotype, age, and weight), and environmental conditions (e.g., sleep
cycle, type of diet, feeding frequency, and feeding state relative to tissue sampling) were recorded.
Additionally, for all studies, treatments (e.g., pharmacological treatments, surgeries, irradiation,
tumor induction and other procedures applied to the study subjects) and all study group
information (e.g., treatment or disease groups and corresponding controls) were extracted. Finally,
the method of NAD(P)(H) quantification method (e.g., enzymatic assays, mass spectrometry
based, HPLC, NMR, bioluminescence) and publication specifics (i.e., publication title, reference
code [DOI, Medline UI, PMID] or hyperlink and year of publication) were noted (Appendix 3-

Database).

2.2.4. Data analysis
Prior to analysis, all concentrations were converted to nmol/g of tissue or nmol/g of
proteins for tissue samples or nmol/ml for blood fractions. Due to the low number of results

normalized to protein content, we only show results normalized to tissue weight and blood volume.
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Statistical analysis was performed with GraphPad Prism version 9 (GraphPad Software Inc., San
Diego CA, USA).

2.3. Results

2.3.1. Meta-analysis of common quantification methods, along with species, sex and

tissues studied

Historically, early methods used for NAD(P)(H) quantification relied on the
spectrophotometric or fluorometric properties of these metabolites (121, 124). More recently,
enzyme cycling methods coupled to spectrophotometric or fluorometric detection are more
commonly used to distinguish NAD(P)(H) co-enzyme levels (122, 127, 162). The growing need
for high sensitivity and resolution in the quantification of these co-enzymes, along with the
necessity to measure other NAD -related metabolites, led to the use of high-performance liquid
chromatography (HPLC) and LC-MS techniques. Of these approaches, LC-MS has become the
preferred method, as mass spectrometry combined with liquid chromatography allows for the
specific identification of eluted compounds along with the added benefit for including NAD(P)(H)
isotope metabolites as internal spike-in quality controls. Despite their advantages over classic
spectrophotometric or fluorometric assays, HPLC and LC-MS both remain expensive and time
consuming, which explains why enzyme cycling assays persist in recent studies.

Using a systematic approach, of the 241 eligible studies (Appendix 3-Database), 205
studies that included quantitative meta-analysis of NAD(P)(H) concentrations in mouse, rat, and
human tissues were selected for further analysis. Of these studies, 46.7% used enzyme cycling
assays, of which included colorimetric (40.9%) or fluorometric (5.8%) detection, while 17.8%
used HPLC methods (coupled with UV or fluorescence detectors) and 13.2% used LC-MS assays

(Fig. 2a). Most studies did not include a detailed description of the metabolite extraction
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procedures. However, commonly used extraction procedures consisted of either extraction buffers
with or without surfactants (Triton®, Tris, Dodecyltrimethylammonium bromide), or polar organic
solvents such as acetonitrile, methanol, ethanol, or chloroform. Previous studies have shown that
enzyme inactivation and optimal pH and temperature conditions were efficient at preserving the
stability of the different NAD(P)(H) forms (158, 163, 164). When disclosed, samples were
processed under low-temperature conditions and no redox additives were mentioned in the
included studies. Redox reactions were limited by the inactivation of the enzymes in the samples
prior to NAD(P)(H) metabolites measurements, usually by precipitation with solvents such as
ethanol, methanol, acetonitrile, or perchloric acid (PCA). However, the use of PCA was rare due
to the acid-labile nature of the reduced forms (i.e. NADH and NADPH), as well as the necessity
of an additional neutralization step. Thus among the studies reporting the use of PCA during the
metabolite extraction (5.4%), 3.7% reported NAD(P)" results only or used a second non-acidic
extraction method for proper NAD(P)H quantification. Only 1.7% of the studies reported NADH,
total NAD(H), and/or NAD"/NADH results using only the PCA extraction. The potential bias from

these studies could not be analyzed due to the limited data.

Additionally, within the included studies 36.65% did not disclose the time of tissue
harvest relative to sacrifice, and when disclosed, the majority used post-mortem samples (29.48%)
while only 7.57% used pre-mortem samples (Fig. 2b). Most of these studies were performed on
rat (31.7%), mouse (30.0%) or human (30.0%) subjects and only 21.46% included females, with
33.2% of the studies not disclosing the sex of their subjects (Fig. 2c-d). Finally, 27.5% of the
studies examined liver tissue, with the rest being predominantly focused on blood (15.3%), brain

(14.3%), muscle (12.5%) and kidney (8.0%) (Fig 2e).

22



00000 OCOOCOO® 40.91% Enzymatic colorimetric

0000000000 fago, Lo ruer Detecton) = 7.57% Pre-mortom

0000000000 = iilun = tre e

0000000000 5.79% Enzymatic fluorometric B 36.65% Not disclosed
(=]

4.55% Bioluminescence

3.31% Fluorimetry

2.48% 1H and 31P-MRS

2.07% Colorimetry/spectrophotometry
1.24% ELISA

0.41% GC-MS

0.41% Chemical measurement

23.90% Not applicable

o
@
@
@
@
@
@
@
@
@
poEOOCoONDEDN

0.35% Coecum
0.35% Pancreas
0.35% Breast tissues
0.35% Prostate
0.35% Qvary

B 8.10% Females only

OOOO. 0.41% Polarography
e
. 31.69% Rat
B 30.04% Mouse Bm 57.53% Liver
B 30.04% Human : Eggf S'O_Dd
0 i s a rain
mm 2.47% Rabbit = 1254% Muscle
m 1.23% Pig = £01% Kidney
= 041% Sheep =1 6.27% WAT
S 0000000000 : -
mu 0.41% Gerbil = 2.09% BAT
i 0000000000 :: -
BN 0.41% Hamster = 1.05% Lung
mm 0.41% Non human primates .......... - éog;:’ ';e””a
= 0.82% Dolphin D 0ok Saticnerve
== 0.82% Cow AR e
o 0000000000 : -
B 0.41% Horse ; ggg:,/" SEEEH
.35%
0000000000 ;- .
= 0.35% Rectum
B3 0.35% Jejunum
Bl 45.34% Males only = 0.35% Oral cavity
]
[ ]
=
=
[ ]

m 13.36% Males + females
B3 33.20% Not disclosed ...‘ '.

Figure 2: Methodological characteristics of included studies. Distribution of (a) NAD(P)
quantification methods, (b) sampling timepoint relative to sacrifice, (¢) mammalian species, (d)
sex, and (e) tissues used among eligible studies. WAT: white adipose tissue, BAT: brown adipose
tissue, RPE: Retinal pigment epithelium.

2.3.2. Comparison of mean physiological NAD(P)H levels across tissues for rodents

and humans

To help identify the expected mean physiological NAD(P)(H) levels for the most
commonly studied mouse, rat and human tissues, we compiled data from all control and wild-type
cohorts from each of the included studies (Appendix 3-Database). Specifically, we recorded the
mean NAD(P)(H) levels normalized to tissue weight or, in the case of blood, volume. Data from
studies that normalized metabolite levels to protein content were included in our compiled dataset
(Appendix 3-Database) but were not used for further analysis given the low number of reported

results. Additionally, when possible, we calculated NAD(P)"/NAD(P)H ratios, as a reflection of
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the redox state, as well as the total NAD(P)(H) levels (NAD(P)" + NAD(P)(H)) which are common
reporting outputs for NAD(P)(H) fluxes. The extracted data also included the species, strains, age,
sex, quantification method, diet and feeding schedule, sample type, and sample collection method
and time of harvest (pre- or post-mortem).

The meta-analysis of NAD(H) data identified the mean physiological concentrations for
NAD" and NADH in mouse (Fig. 3a-b, Supp. Fig. 4 a-b) and rat (Supp. Fig. 5a-b) tissues, from
animals younger than 14 months for mice and 18 months for rats. The extracted range of
physiological NAD"/NADH ratio values and total NAD(H) levels (NAD" + NADH) were plotted
for mice (Fig. 3c-d) and rats (Supp. Fig. 5c-d). Unlike the mouse studies, most of the reported rat
data did not include the age of the animals, however we chose to include these data provided that
the study did not classify their cohorts as aged. Of the most prominently studied tissues, this meta-
analysis shows that the median NAD" level for liver (596 nmol/g, n=26) is higher than all other
tissues in mice, while surprisingly skeletal muscle (162.8 nmol/g, n=9) exhibits one of the lowest
median values per gram of tissue (Fig. 3a). These results may either imply a reduced efficiency in
NAD" metabolite extraction, due to the highly fibrous nature of muscle, or that there are important
differences in muscle NAD" metabolism when compared to other highly metabolic tissues, such

as liver and kidney.
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Figure 3: Reported physiological NAD*, NADH, total NAD(H), and NAD*/NADH ratio in
mouse tissues with n>3. a-d: Reported mean (a) NAD", (b) NADH, (c) NAD/NADH levels and
(d) total NAD(H) in various mouse tissues (nmol/g of weight of tissue) collected from young (<14
months old) control mice. The boxes represent the 25" to 75" percentiles with the median
represented by the line inside the box. The means are shown as “+” symbol. The whiskers cover
the minimum to maximum values. For each study that included more than one measurement per
tissue, similar colors were assigned to the corresponding datapoints. Datapoints colored in grey
represent studies with just one reported measurement for a given tissue. WAT: white adipose
tissue, BAT: brown adipose tissue.

Despite few quantitative aging studies, NAD" levels from aged mice were on average
reduced in liver, muscle and retinal pigmented epithelium (RPE), when compared to their young
cohorts, and in comparison to the mean of all studies performed with mice younger than 14 months

of age (Supp. Fig. 6). A meta-analysis of NADH and the NAD*/NADH ratio in aged animals was
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not possible given that only one of these quantitative studies performed these measurements. These
data demonstrate the lack of quantitative NAD(H) data in aging animals.

For the data retrieved from studies using healthy humans, the age ranges varied greatly
across studies (from 15 to 92.3 years) and in most cases the data was not stratified across these
ages. The most commonly measured human tissues included skeletal muscle and components of
blood, due to their less invasive nature of collection (Fig. 4a-d). Results from other human tissues
(n=1-2) are displayed in supplementary figure 7. This analysis exhibited a median NAD"
concentration of 44.62 nmol/ml (n=23) in whole blood, with similar NAD" concentrations reported
for red blood cells at 46.96 nmol/ml (n=7) (Fig. 4a; Supp. Table 3). However, blood plasma NAD"
levels were substantially lower with a median of 0.37 nmol/ml (n=8) (Fig. 4a). The median NAD"
levels found in skeletal muscle of humans was 191.9 (n=4) nmol/g in wet muscle preparations
versus 1713 (n=3) nmol/g in freeze-dried preparations, a low temperature dehydration process that
likely concentrates metabolites (Fig. 4a). In the more commonly investigated tissues for NADH
measurements, the median levels in human red blood cells, plasma and freeze-dried skeletal
muscle were 1.75 nmol/ml (n=7), 0.39 nmol/ml (n=8) and 136.8 nmol/g (n=6), respectively (Fig.
4b). The corresponding median NAD*/NADH ratios were 23.65 (n=8), 1.57 (n=7) and 12.7 (n=3)
(Fig. 4¢). Interestingly, the median NAD"/NADH ratio for red blood cells (23.65) and freeze-dried
skeletal muscle (12.7) (Fig. 4c) were several fold higher than most mouse and rat tissues (Fig. 3¢
and Supp. Fig. 5¢), indicating a highly oxidative redox state with an abundance of available NAD"
in these human tissues. In the case of muscle tissue, this could have implications when considering
the translational potential of rodent studies that have identified the benefits of boosting NAD"

levels in muscle. However, an elevated NAD'/NADH ratio in muscle may also be the result of
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delayed sample freezing procedures in a clinical environment, which may lead to non-

physiological changes in sample redox status.

27



|
Plasma

@
% RBCs —
2 PRBCs ——o
=
§ Whole blood-|  #se+- s& pess—se
£ Skeletal Muscle (Freeze-Dried) g
Skeletal Muscle (Wet) s 1
) L] 1 T T 7~ T 1
Q o $ $
< & Ks ~ ,‘:{%ﬁ ,('P“ &
NAD*
(nmol/g of tissue or nmol/ml of blood fraction)
RBCs+
0
E
2 Plasma-‘
c
E Skeletal Muscle (Freeze-Dried) Q—EE—O
E}
I
Skeletal Muscle (Wet) +—| +e | . |—¢
T T T T T 1
0 50 100 150 200 250
NADH
(nmol/g of tissue or nmol/ml of blood fraction)
Cc
" RBCs 0—0—' . ™ . |.._¢
3
H Plasma 3]
B d
g 1
g Whole Blood-| & 1 4
£
Skeletal Muscle (Freeze-dried) ‘—'{—0
L) T T T 1
0 10 20 30 40
NAD*/NADH ratio
reCs-§
8
7 Plasmas+——#
L]
c Whole Blood
©
E Skeletal Muscle (Freeze-dried) = Q—P—E
T
Skeletal Muscle Wet){ ¢ o 4 o o
L] T L] T 1
0 500 1000 1500 2000 2500
Total NAD(H)

(nmol/g of tissue or nmol/ml of blood fraction)
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The physiological NADP(H) levels in rodent tissues were compiled, with the most
common measurement being in liver. Mouse liver exhibited a median value of 124.2 nmol/g of
NADP" (n=13) and 140.2 nmol/g of NADPH (n=4) (Fig. 5a,b), while rat liver showed a median
of 95.11 nmol/g of NADP' (n=10) and 240.7 nmol/g of NADPH (n=9) (Supp. Fig. 8a,b). The
median NADP*/NADPH ratio, derived from studies that measured both metabolites, was lower
than 1 in most mouse and rat tissues (Fig. 5c, Supp. Fig. 8c). The median total NADP(H) levels in
mouse and rat liver were 244.4 (n=3) (Fig. 5d) and 342.1 (n=9) (Supp. Fig. 8d), respectively. In
humans, the most common measures of NADP(H) were performed in red blood cells showing a
median of 33.2 nmol/ml for NADP" (n=14) and 22.4 nmol/ml for NADPH (n=12) from non-
matching studies, with a median NADP"/NADPH ratio of 1.27 and a median total NADP(H) of
52.0 nmol/ml from studies that measured both metabolites (n=11) (Fig. Se-h). Overall, the amount
of data available for NADP(H) is sparce in all species leading to lower confidence in the median

values for each tissue.
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Figure 5: Reported mean physiological NADP*, NADPH, total NADP(H), and
NADP*/NADPH ratio in mouse and human tissues. a-d: Reported mean physiological (a)
NADP?*, (b) NADPH, (c) NADP*/NADPH levels and (d) total NADP(H) in mouse tissues (nmol/g
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2.3.3. Analysis of bias and variability in NAD(P)(H) quantification methods

Given that a majority of the studies included in this meta-analysis examined NAD" levels
in rodent liver samples (Fig. 2¢ and 2e¢), we used both mouse and rat liver physiological NAD"
levels to identify any potential bias in the results that corresponds to the quantification method
(Fig. 6a, b). The mean age of mice included in this analysis was 17.9 weeks (Range: 2 — 55 weeks),
with 6 studies not disclosing the age of the animals. For rats, most studies did not disclose the age
of the animals except three that ranged from 2 days to 8 months. None of the studies reported the
use of old animals. In mouse liver, the large range of the reported concentrations for NAD " spanned
from 1.8 to 1132 nmol/g of liver with a mean value of 596.0 (n=26) (Fig. 6a), while NADH
concentrations ranged from 0.9 to 109 nmol/g of tissue with a mean value of 66.43 (n=6) (Supp.
Fig. 9a). Importantly, a coefficient of variation of 52.5% and 76.5% was calculated for the mean
physiological NAD" and NADH results in mouse liver, respectively, as measured by multiple
quantification methods, showing the extent of the variability across studies. As predicted from
these results, the mean NAD"/NADH ratio in mouse liver (3.41 +/- 3.16 S.D., n=19) demonstrated
an equally large range of variability with a C.V. of 92.7% (Supp. Fig. 9¢). Similar variability in
NAD" and NADH measures were also observed in rat liver (CV=42.6% for NAD" and CV=44.4%
for NADH). The corresponding concentrations for NAD" and NADH in rat liver ranged from 159
to 796 (n=16) and 65 to 265 (n=12) nmol/g, respectively (Fig. 6b, supp. Fig. 9b), while the
NAD'/NADH ratios exhibited a C.V. of 50.1% (Mean: 3.219 +/- 1.612 S.D., n=23) (Supp. Fig.
9d). The mean values and standard deviations for NAD", NADH, total NAD(H) and the
NAD'/NADH ratio data in mouse and rat liver, grouped by quantification method, are shown in
supplementary table 4. Concerning NADP(H) levels and the NADP/NADPH ratio, similar

variability was observed in liver tissues. NADP levels ranged from 50.4 to 247.4 nmol/g of tissue
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for mice (Supp. Fig. 10a) and from 45.7 to 171 nmol/g of tissue for rats (Supp. Fig. 10b), while
NADPH levels ranged from 28 to 236.9 nmol/g of tissue for mice (Supp. Fig. 10c) and from 90 to
409 nmol/g of tissue for rats (Supp. Fig. 10d). Lastly, the NADP/NADPH ratio ranged from 0.12

to 0.55 in mouse liver (Supp. Fig. 10e) and from 0.12 to 1.44 in rat liver (Supp. Fig. 10f).
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Figure 6: Distribution histogram of reported physiological NAD" levels in mouse and rat
liver. Mean NAD" values measured using different quantification methods in (a) mice and (b) rat
liver sorted from lowest to highest value (nmol/g of tissue weight). The represented data was
collected from young control mice (<14 months old) and rats (<18 months old). For each study
that included more than one measurement per tissue, the datapoints are labeled using a number
that represent the study, respectively: 1: Gaikwad et al. (2001), 2: Dall et al. (2019), 3: Trammell
et al. (2016), 4: Dietrich et al. (1968), 5: Ballard (1971), 6: Slater, Sawyer & Strauli (1964), 7:
Wendt et al. (2019), 8: Kiehlbauch et al. (1993). Arrows indicate LC-MS measurements that
included the use of internal controls. NAD" levels in (c) mouse and (d) rat liver segregated by
quantification method. A One-way ANOVA with Sidak post hoc test was conducted to compare
the effect of the quantification methods on NAD" levels and did not show any significant
differences between methods.
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When specifically examining the variability of NAD" measures there was no significant
differences between any particular quantification method in mice or rats (Fig. 6¢-d). Even when
considering the variability of the mouse liver NAD" data from LC-MS measurements, the method
with the best array of potential controls, culminated in the largest range of results (1.8 to 1132.3
nmol/g). Even the most recent LC-MS studies examined exemplified the range of these NAD"
values, including values of 1.8 nmol/g (165) and 33.8 nmol/g (166) and much higher values of
946.3 nmol/g (167) and 1132.3 nmol/g (28). In addition, the large range of LC-MS NAD" values
did not appear to correlate to studies that excluded isotope-labeled internal standards (Fig. 6a), a
method used to improve the identification of the metabolite and accuracy of the quantified value.
However, the two identified LC-MS studies that relied solely on an external standard curve for
NAD" quantification, rather than including an internal control, were on average lower than the
mean for all measures (Fig. 6a). Further, the studies using internal standard normalization used
different types of internal standards, such as the inclusion of a single labeled reference metabolite
(168, 169) or labeled metabolite extracts from yeast (28, 167) or cell cultures (165). Interestingly,
these studies that used yeast or cell culture extract-derived standards provided either the highest or
lowest LC/MS-derived measures for liver NAD™ levels. This potentially emphasizes how cellular
extracts of isotope-rich standards can contribute to the variability in NAD" measurements as the
matrix effect of the added standard yeast or cellular extract could interfere with the ionization
efficiency and consequently the measured concentrations of the target metabolites.

The limitations of this analysis of quantification bias and variability include potential
differences in environment, genetic background, sacrifice, sex, and age. All data for this analysis
came from animals on chow diet but may differ in type. Upon sacrifice there are reported

differences in fed or fasted state of the animal and time of day for sacrifice. Additionally, most
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mouse studies were performed on a C57BL/6 background. Although the C57BL/6J substrain
carries a mutation in the nicotinamide nucleotide transhydrogenase (Nnt) gene, coding for the
mitochondrial NADP™ transhydrogenase NNT(170), no significant difference in the liver NAD"®
levels was observed between C57BL/6J and C57BL/6N substrains with an average NAD"
concentration of 587+/-319 S.D. (n=6) and 537+/-388 S.D. (n=5) nmol/g of liver, respectively.
There was also no significant difference between these two substrains and the rest of the data
including other substrains and unknown genetic background (Mean: 753 +/- 305 S.D., n=15).
Unfortunately, there were no liver NADP(H) results from C57BL/6N mice among the analyzed
studies for comparison. For rats, there was a larger range of backgrounds used for rats across
studies (Wistar: 38%, Albino Wistar: 25%, and 6% for Hooded Wistar, Sprague-Dawley,
Holtzman, ACI, Long-Evans and Zucker rats). Concerning the sex dimorphism, there were no
statistical differences between male or female values for NAD*, NADH, or total NAD(H) levels
or for the NAD"/NADH ratio across mouse liver studies (Supp. Fig. 11). Similar results were
obtained by studies comparing NAD(H) levels between male and female (171, 172) mice although
multiple studies have shown the important role of sex in the prevalence/occurrence/frequency of
obesity, diabetes, and metabolic syndrome (173—175). A similar conclusion was obtained by our
meta-analysis but we cannot draw definitive conclusions due to the limited number of female
cohorts. Thus, it is unlikely that the variability in the measured NAD" results could be solely
attributed to a specific genotype, sex, or quantification method but rather to a combination of

various pre-analytical and analytical factors.
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2.3.4. The effect of pre-mortem versus post-mortem tissue collection on NAD(P)(H)
levels

We predicted that there may be some observable difference in NAD(P)(H) redox state
that is dependent on tissue harvesting procedures. To answer this question, we examined the effect
of pre- versus post-mortem tissue collection procedures on NAD(P)(H) redox status. For this
analysis, we compared values from rat liver tissues given the larger number of studies defining
their sacrifice protocol. When disclosed, all the reviewed studies stated that the tissue samples
were kept cold and immediately extracted on ice or frozen at - 80°C prior to NAD(P)(H)
measurements. This analysis determined that there was no significant difference in NAD"
concentrations in rat liver (Fig. 7a) between tissues extracted before or after euthanasia. However,
the reported NADH levels in rat liver are significantly higher in post-mortem samples (Fig. 7b).
No differences in total NAD(H) levels (Fig. 7c) were observed but the NAD"/NADH ratio was
lower in tissues collected following euthanasia (Fig. 7d), which is consistent with the variation
observed in NADH levels. NADP, NADPH, and the NADP/NADPH ratio results in rat liver
grouped by tissue harvest timepoint are shown in supplementary figure 12; however, the
insufficient number of pre-mortem samples does not allow us to interpret the effect of tissue
harvest timepoint on NADP(H) levels. In mouse liver, there was no difference between pre- and
post-mortem NAD" levels; however, the number of reporting studies was limiting (Fig 7¢). No

NADH, NADP, or NADPH pre-mortem data in mouse liver was available for comparison.
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Figure 7: Effect of pre- versus post-mortem tissue collection on NAD(H) levels. a-d: Reported
(a) NAD", (b) NADH, (c) total NAD(H) levels, and (d) NAD*/NADH ratio in young (<18 months
old) control rat liver samples harvested at different timepoints relative to sacrifice. e: NAD" levels
in young (<14 months old) control mouse liver samples harvested at different timepoints relative
to sacrifice. Boxes represent 25th and 75th percentile with median line. Whiskers show min. to
max. values. Statistical significance was determined by one-way ANOVA with multiple
comparisons using Tukey’s test as post hoc test, setting P < 0.05 (*) and P < 0.005 (**) as
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2.4. Discussion

Many recent studies have demonstrated that NAD(P)(H) regulation is essential for
cellular homeostasis and redox status. Data obtained from rodents have led to studies examining
human blood NAD" levels, as a less invasive indicator of whole-body NAD™ levels. Recent clinical
studies demonstrated that NAD" levels were reduced in disease states (81, 176) and elevated
following NAD" boosting strategies (28, 81, 177, 178). We performed a meta-analysis of all
studies published between 1946 and June 20, 2021 that contained quantitative data for NAD(P)(H)
levels in mammalian species with a special focus on mice, rats, and humans as they represent the
most studied species in the biomedical field. This analysis was done in part to determine the mean
standard level of NAD(P)(H) concentrations in normal mammalian tissues given the well-known
variance in these measures across studies. We hope that these data can be used to stimulate
standardized protocols in the field of NAD" research and to promote the use of NAD(P)(H) levels

and redox ratios as reliable biomarkers for disease and treatment regimens.

Despite considerable variability in measures across rodent tissues, this meta-analysis
displayed similar mean NAD" levels across tissues with some exceptions. Interestingly, mouse
skeletal muscle exhibited lower median NAD™ levels (Fig. 3a) than other highly metabolic tissues
(i.e., liver, kidney, heart, and brain). This may indicate different NAD(H) redox status in skeletal
muscle or may point to greater issues with metabolite extraction in fibrous tissues. However, these
observations could not be verified in humans due to a lack of sampled tissues beyond blood and

muscle.

Many potential factors could affect the accuracy of physiological NAD(P)(H)

measurements in tissue samples, including pre-analytical parameters related to the research
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subjects (i.e., sex, genetic background, age, diet, and feeding schedule) or to the sample storage
and processing. When reported, all studies described tissues as being harvested and directly
submerged into liquid nitrogen, or kept on ice before freezing or processing in order to preserve
the heat-sensitive fractions (NAD" and NADP"). The effect of pH on the various NAD(P)(H)
fractions, such as the acid-labile nature of the reduced NAD(P)H forms, has lead to the use of pH-
neutral extraction solvents by the majority of the studies. However, given the rapid interconversion
of the reduced and oxidized metabolites and the effect of anoxia on NAD(H) (179-182), it is also
important to ensure rapid extraction of tissue metabolites and the appropriate procedures for
quenching cellular NAD(P)(H)-redox/consumption enzymes, such as through deproteinization.
Along these lines, our analysis of pre- versus post-mortem tissue collection indicates that post-
mortem analysis favors the reduction of NAD™. The reduction of tissue NAD™ has been previously
described in vivo in the brain, heart and liver of rats exposed to an extended 2.5-hour hypoxic
atmosphere (183), an environment that may be partially recapitulated by extended periods of post-
sacrifice tissue collection before snap-freezing. This may indicate that extracting tissues while
under anesthetic, or prioritizing the immediate harvest of tissues intended to be used for metabolite

analysis post-sacrifice, should occur to obtain representative NAD(P)(H) measurements.

There is also the potential for various quantification methods, each having different
limitations, to contribute to the overall intra-study variability of NAD(P)(H) measurements. In the
last two decades, the most frequently used methods were enzyme cycling assays, LC-MS, and
HPLC. Each of these methods is affected by metabolite extraction techniques, quantification
parameters, and the implementation of proper quality controls. Using LC-MS, Lu et al. (2018)
have shown that the interconversion between reduced and oxidized forms of NAD(P)(H)

metabolites occurs at different rates in various extraction buffers or solvents with the
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acetonitrile:methanol:water with 0.1 M formic acid mixture yielding the highest recovery with the
least interconversions (159). However, when using LC-MS this interconversion can be monitored
between individual samples of a study by spiking with internal controls such as NAD(P)(H)
isotopes, which is an advantage of the LC-MS technique over that of HPLC and enzyme cycling
assays (142, 159, 184). Nonetheless, even with well-controlled LC-MS techniques, various factors
can interfere with the measured signal, including matrix effects and variations in ionization
efficiency. For example, some studies use '*C-labeled yeast extracts as internal standards in LC-
MS-based metabolomics. However, spiking the extracted sample metabolite matrix with a '*C-
labeled yeast extract metabolite matrix can have various consequences, such as ion suppression,
which reduces the signal of labeled and/or unlabeled metabolites, and can lead to errors in the
absolute quantification if not detected by a thorough quality assessment (185). Also, although LC-
MS techniques theoretically allow for the measurement of multiple NAD(P)(H) metabolites in one
experiment, there are still limitations since optimal dilutions must be run if the metabolites of
interest have large differences in concentrations. Thus, despite their advantages over the simpler
enzyme cycling assays, the complexity of LC-MS methods imposes the necessity for thorough
optimization. Recently, new analytical methods, such as NAD" biosensors and imaging-based
mass spectrometry, have been developed but there is still insufficient quantitative data generated
from these techniques to include in a meta-analysis. Although, one study included in our meta-
analysis used a paper-based bioluminescent biosensor to measure NAD™ levels in mouse liver and
other sample types (186). This study was included in the bioluminescent assays group due to the

similar method of detection (Fig. 2a).

For the purpose of this analysis, data from 677 studies were excluded. This included

studies that provided relative NAD(P)(H) results (51%) rather than quantitative, as well as studies
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in which NAD(P)(H) concentrations were not normalized to tissue weight, protein content, or
blood volume (13%). 36% of the excluded studies were performed on non-suitable specimens (e.g.,
non-mammalian subjects, cell or tissue cultures). Beyond the excluded studies, major limitations
in this meta-analysis include the variation of, or lack of reported information related to, pre-
analytical procedures (pre- or post-mortem extraction or extraction buffer information) and/or the
analytical methods, along with the age, sex, genetic background, diet and feeding status at sacrifice

for rodents.

Although our meta-analysis highlights the inter-study variability and the necessity to
standardize NAD(P)(H) quantitative measurements, our analysis does not assess or debate the
validity of the comparative results within an individual study. Given the implications of multiple
NAD(P)(H) metabolites serving as biomarkers of health in humans, the standardization or
thorough study optimization of pre-analytical and analytical procedures will allow for better
comparisons of results across studies. This becomes even more crucial with an increasing number
of clinical studies testing the effect of drugs or supplements used to alter tissue NAD(P)(H) levels

to improve health in humans.
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Chapter 3: Quantitative targeted LC-MS-based NAD metabolomics method using stable
isotopic internal standards

3.1. Introduction

The temperature and pH sensitivity, as well as the inherent redox properties of NAD(H)
and NADP(H), make their accurate quantification in tissue and blood samples challenging. Even
though LC-MS techniques are the most sensitive methods for the simultaneous quantification of
NAD and its metabolites, they are still not widely used because of the tedious method
development, the numerous execution steps (tissue processing, metabolite extraction, preparation
of tissue extracts for analysis, incorporation of external and internal quality, as well as the cost of
equipment and consumables. Additionally, the data analysis phase is crucial to assess the quality
of the raw data and translate it into meaningful results.

As seen in the previous chapters, multiple methods have been used to measure NAD" and
its metabolites, such as enzyme cycling methods, HPLC coupled to UV or fluorometric detection,
NMR, bioluminescence, and polarography. However, these methods are not as sensitive or specific
as LC-MS. In some cases, when the focus is on the quantification of NAD", NADP", and their
reduced forms, enzyme cycling methods can be more practical as they are relatively inexpensive,
fast, and easy to implement, especially when commercial kits are available. Additionally, they only
require spectrophotometers, which are available in most research and medical laboratories. The
interpretation of the results is also easier than LC-MS even though they are less specific and can
lead to erroneous results in the case of contamination or interferences from other substances in the
samples. Further, these methods don’t offer the advantage of the simultaneous screening of the

entire metabolome, which is possible with LC-MS. Thus, using LC-MS can provide quantitative
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metabolomics measurements and give a clear picture of the entire NAD" metabolome, including
metabolites involved in the biosynthesis, regeneration, or degradation of NAD(P)(H).

At the moment, there is no standard LC-MS methodology for the study of the NAD"
metabolome. The few studies that have published quantitative LC-MS NAD metabolomics results
have used various protocols. For example, focusing on the metabolite extraction and enzyme
inactivation/quenching, Trammell and Brenner (2013) (141) developed an optimized NAD
metabolite extraction using boiling ethanol on mammalian cells, inspired by previous NAD
metabolite extraction methods applied to yeast cells (187—-189). Other studies have used cold 80%
methanol for metabolite extraction from mammalian cells (190) and plasma (191). Later on, Lu e?
al. (2018) (159) compared 7 different extraction solvents: a cold aqueous buffer with and without
detergent, a hot aqueous buffer, and cold organic solvents (80% methanol, buffered 75%
acetonitrile, and acidic 40:40:20 acetonitrile:methanol:water with either 0.02 M or 0.1 M formic
acid). They showed that the organic solvents yielded the best extraction efficiency with the least
interconversions between the oxidized and reduced NAD(P)(H) metabolites. The generally
recognized pre-analytical conditions, such as low temperatures, minimal handling (time), avoiding
extreme pH, and enzyme inactivation early in metabolite extraction process, ensures the stability
of the various forms of NAD(P)(H) (159, 190, 192, 193). Even though the metabolite extraction
step is critical, other factors can also influence the quantification, such as the type of
chromatographic column and mobile phases, the mass spectrometry equipment and parameters,
and the choice of quality controls. Another challenge faced when studying the NAD" metabolome
is the large range of concentrations of the metabolites of interest. The dilution of samples is often
required prior to LC-MS measurements; however, when examining multiple NAD"-related

metabolites, the ideal dilution may be difficult to obtain. This can then be compounded when
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comparing tissues with and without NAD"-altering treatments. Therefore, the main aim of this
chapter is to thoroughly describe the steps of our LC-MS method development and optimization
for NAD metabolomics, including the preparation of a '*C-labeled internal standard from a yeast
culture.

3.2. Materials and Methods

3.2.1. Materials and reagents

High-purity LC-MS grade metabolite standards were obtained from various suppliers.
ADPR was purchased from Santa Cruz Biotechnology, Inc. (Dallas, Texas, U.S.A.). Me2PY and
Me4PY were purchased from Toronto Research Chemicals (Toronto, Ontario, Canada). The rest
of the metabolite standards were purchased from Sigma-Aldrich Canada Co. (Oakville, Ontario,
Canada). Nicotinamide riboside chloride (Niagen®) was obtained from ChromaDex inc.

13C-labeled metabolite standards were prepared by growing yeast in minimal media
containing U-'3C-glucose followed by metabolite extraction. All the yeast minimal media
constituents including the D-Glucose-13C6 (=99 atom % 13C) were obtained from Sigma-Aldrich
Canada Co. (Oakville, Ontario, Canada) except potassium chloride KCI1 (J.T.Baker) and calcium
chloride dihydrate CaCL2*2H20 (ThermoFisher Scientific). The commercial *C-labeled
metabolite yeast extract (U-13C, 98%) from the Cambridge Isotope Laboratories inc. was
purchased from the local distributor ACP Chemicals Inc. (Montreal, Quebec, Canada).

LC-MS grade solvents were provided by the uOttawa metabolomics core. Methanol,
acetonitrile, ammonium formate, ammonium acetate, and formic acid (Optima™ LC-MS) were
purchased from Fisher chemicals, dichloromethane, (HPLC plus, >99.9%) from Sigma, and the

Infinity Lab deactivator additive was purchase from Agilent technologies.
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To minimize contamination and variations between batches, similar high-quality
microcentrifuge tubes were used for all standards and samples: Qiagen sample tubes RB 2 ml and

Eppendorf tubes 5 ml.

3.2.2. Animal protocols

3 months old C57BL/6J female mice were fed a chow diet and kept under a 12:12-h light-
dark cycle. 7 control mice were anesthetized by intra-peritoneal (I.P.) injection of 100 ul of
Euthanyl (Pentobarbital sodium: 65mg/ml) until non-responsive. Pre-mortem tissue samples were
extracted and snap-frozen in liquid nitrogen: Liver, one kidney, one skeletal muscle of each type
(Gastrocnemius, tibialis anterior, soleus). For euthanasia, mice received a second I.P. injection of
150 ul of Euthanyl and a cervical dislocation was performed. In the same mouse post-mortem
samples of a different lobe of liver, kidney, and skeletal muscle were harvested 8 minutes after
euthanasia and snap-frozen. For each mouse, tissues were obtained in the same order and for the
liver, we extracted the same location on the same lobe of liver for pre- and post-mortem sacrifices.
After snap freezing, samples were kept at -80°C. The animal use protocol (MEe-1772-R5 A1) was
approved by the Animal Care Committee (ACC) of the University of Ottawa.

Previously frozen tissue samples were placed inside aluminum foil pockets and powdered
in an enclosed pouch on an aluminum block using a hammer, both cooled with liquid nitrogen.
Samples were processed quickly while enclosed in aluminum pouches to avoid condensation
around each tissue. The hammer and block were cooled between samples. Powdered tissues were

immediately stored at - 80 °C until analysis.

3.2.3. Liver sample processing for LC-MS metabolomics analysis
Approximately 40 mg (+/- 10%) of each powdered liver sample was immersed in 1800

ul of 80% methanol pre-cooled to -80°C then homogenized with four 2.8 mm ceramic beads using
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the MagNa Lyser bead homogenizer at 2000 rpm for 45 seconds. Bead beating is repeated until
the tissue was completely disrupted (Generally 2 to 3 cycles). Between beatings, tubes were kept
on dry ice.

For lipid removal, 1800 pul of dichloromethane at - 20°C and 900 pl of ice-cold water
were added to the methanolic extract (194). The samples were vigorously vortexed and left to
partition on ice for 10 minutes. After centrifugation, the upper aqueous phase containing the water-
soluble metabolites was aliquoted and dried overnight. While various drying methods have been
tested at various temperatures (141, 159), we took advantage of the availability of an exclusive
refrigerated centrifugal concentrator (Labconco Refrigerated CentriVap Benchtop Vacuum
Concentrator) that allows drying at low temperatures (-4°C). This allowed us to maintain the
samples at low temperatures during all the pre-analytical steps. The dried extracts were then frozen

at - 80°C until analysis.

3.2.4. Preparation of 1*C-labeled yeast internal standards

To produce a !*C-labeled internal standard mix, we cultured the yeast Pichia pastoris,
also known as Komagataella phaffii, in minimal media containing *C-labeled glucose (10 g/L).
Media composition is detailed in supplementary table 5 and was adapted from Neubauer et al.
2012 (195). The media was sterilized by membrane filtration (Pore size: 0.2um). The lyophilized
yeast sample (Strain: ATCC 76273) was reconstituted according to enclosed instructions and
grown in minimal media with unlabeled glucose. From this culture, a 15% glycerol yeast stock
using 30% glycerol v/v with minimal media was produced and frozen in a cryovial at -80°C. For
the yeast revival, the glycerol stock was maintained on dry ice and a small piece of the frozen stock
was scraped with a sterile stainless-steel spatula and used to inoculate solid YPD (yeast extract

peptone dextrose) agar media in a 100 mm Petri dish (Media composition: yeast extract 10g/L,
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peptone 20g/L, D-glucose 20g/L, and agar 15 g/L). Using the streaking technique, the inoculum
was spread over the agar plate and incubated at 28°C for 24 to 48 hours. When white round smooth
colonies appeared, one colony was picked with a sterile spatula to inoculate 10 ml of fresh sterile
3C-labeled minimal media (pre-culture). The pre-culture was incubated at 28°C in a shaking
incubator (250 rpm). To follow the yeast growth, 10 ml of unlabeled media (control media) was
also inoculated and sampled at various timepoints to check the OD600. When the OD600 of the
control media reached 1, the OD600 of the *C-labeled media was measured. When the OD600 of
the *C-labeled media was approximately 1 (after 48 to 72 hours of incubation), 90 ml of the '*C-
labeled minimal media was inoculated with the pre-culture (10 ml) and incubated in a sterile 1000
ml flask connected by autoclaved tubing to 2 flasks of potassium hydroxide (KOH) solution (4
mol/L) and 1 flask of sterile water (250 ml of KOH or water in 500 ml flasks). Air was directed
through the first flask of water via tubing capped with a 0.2 pm syringe filter (Fisherbrand™
Basix™), then through the flasks of potassium hydroxide before supplying the flask of yeast with
air. The potassium hydroxide solutions allow the absorption of carbon dioxide (CO2) from the air
to minimize the incorporation of '?C atoms into the yeast metabolites (195). A vacuum pump
(Millipore Pump XX5500000) connected to the yeast culture flask was used to maintain negative
pressure and sufficient airflow into the culture media (Supp. Fig. 13a). The entire system was
maintained inside a shaking incubator set to 28°C / 250 rpm. To determine the exponential growth
phase and the optimal time of harvest, a culture with unlabeled glucose was performed under
identical conditions that allowed the construction of a growth curve (Supp. Fig. 13b). To obtain a
sufficient amount of yeast cells and a balanced metabolome with no excess degradation
metabolites, yeast growth in the '’C-labeled media was stopped at 18 hours. The OD600 was

measured to calculate the yield of the culture knowing that an OD600 of 1 corresponds to ~3x 107
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cells/ml. The media was split into 2 sterile centrifuge tubes and centrifuged at 4000g for 10 minutes
at +4°C. The media was removed, and the yeast pellet was washed with sterile water then either
frozen at -80°C or extracted immediately.

Two methods were used to produce the '3C-labeled internal standards from the yeast
pellets: the standard 75% boiling ethanol extraction, as performed by Neubauer ez al. (2012) (195),
and the cold 80% methanol extraction, which is similar to our metabolite extraction procedure for
tissues. The boiling ethanol method used 75% ethanol tempered at 85°C to resuspend the yeast
pellet. The volume of ethanol was calculated according to the desired final cell count number
(Target cell count: 8-16 x 107 cells in each 80 ul aliquot). The yeast pellet was vigorously vortexed
for 10s and incubated at 85°C for 3 minutes, 1.5 minutes, and 3 minutes with vigorous vortexing
in between. The extract was rapidly cooled on ice and centrifuged at 4000g at -4°C for 5 minutes.
The ethanolic extract was decanted and centrifuged a second time at 4000g at -4°C for 5 minutes
to remove all cell debris. Finally, ethanolic extracts were pooled and split into an appropriate

number of aliquots to obtain the desired cell count and to avoid freeze-thaw damage to the sample.

3.2.5. Preparation of calibration standards for NAD metabolomics analysis

NAD -related metabolites were resuspended to obtain 10 mg/ml stock solutions, except
for cADPR which was reconstituted at 0.6 mg/ml. Stock solutions of all metabolites were mixed
and diluted to produce an NAD standard mix (NSM) containing all the cited metabolites. After
drying and reconstituting in 200 pl of solvent (75% acetonitrile or '3C-labeled yeast extract
reconstituted in 75% acetonitrile), all the metabolites will be at a concentration of 50 uM, except
for NR, nicotinuric acid (NUA) (final concentration of 5 uM), and cADPR (final concentration of
3 uM)). The NSM was further diluted in series (1:2:2:2:2:2:5:2:2:2:2) to obtain 11 points

calibration curves to quantify NAD -related metabolites (NSM1-NSM11). The concentrations of
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the NAD -related metabolites in each NSM are shown in supplementary table 6. 2ul of each
dilution (with and without internal standard) was injected into the LC-MS system starting with the

lowest dilution first to avoid carryover from the more highly concentrated calibration points.

3.2.6. Targeted LC-MS-based NAD metabolomics analysis

The analysis was carried out on an Agilent 6545B Quadrupole-Time of Flight (Q-TOF)
Mass Spectrometer (in positive electrospray ionization mode) coupled to an Agilent 1290 InfintylII
ultra-high performance liquid chromatography. Continuous internal mass calibration was executed
using signal from purine [12,000 full width at half maximum (FWHM) resolution] and hexakis
(1H, 1H, 3H-tetrafluropropoxy) phosphazine (24,000 FWHM resolution). Metabolite separation
was obtained using the InfinityLab Poroshell 120 HILIC-Z chromatographic column (Hydrophilic
interaction liquid chromatography-zwitterionic column, 2.1 x 100 mm, 2.7 um, PEEK lined) for
separating polar analytes (Agilent technologies inc. Santa Clara, CA, USA). The chromatographic
solvent composition and gradient as well as the Q-TOF parameters are detailed in supplementary
table 7.

The dried tissue extracts were reconstituted on ice using cold LC-MS-grade 75%
acetonitrile and spiked with '3C-labeled internal standards (ISTD) from yeast extract to obtain a
final volume of 50 pL. 2 uL of each spiked sample was injected into the LC-MS system. Because
of the instability of some NAD metabolites, each sample was reconstituted shortly before injection
into the LC-MS system. Within each batch, tissue samples were randomized, and quality control
(QC) samples, made from pooling equal volumes (10 pl) of each tissue sample extract, were
included in the analysis sequence as the first samples to be injected in order to condition the
column. The QC samples were then injected after every 6-8 samples to monitor the stability of

the LC-MS signal. Multiple blanks (solvent only) were run at the beginning and end of each batch,
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and specifically, after the NSM to determine the instrument noise and avoid contamination of the
tissue extracts by carry-over metabolites from the high-concentration NSM standard (NSM11).
The data acquisition and processing were performed on the Agilent Q-TOF Quantitative
Analysis software (Agilent technologies inc. Santa Clara, CA, USA). Retention times and blank
signals were adjusted according to the batch data. The calibration curves were generated using 1/x
weighted linear regressions. The calibration range was optimized for each metabolite. The peaks
were automatically detected, and the peak areas were integrated using the Agile2 integrator.
Additionally, the peaks were visually inspected for accurate identification and peak limits were
adjusted manually if necessary. Peaks with a signal-to-noise ratio of 10 or lower were not used for
quantification, thus keeping calibration points with a signal-to-noise ratio of at least 10 as the lower
limit of quantification (LLOQ). The acceptable accuracy range was set between 80 and 120%. The
lower limit of quantification was defined by the lowest concentration with an acceptable accuracy
and signal-to-noise ratio. The limit of detection (LOD) was estimated as LLOQ/3. Unlabeled
metabolites were linked to the corresponding labeled metabolites. When all acceptance criteria
were met, the calculated metabolite concentrations from the tissue samples were automatically
normalized by the internal standard signal (ISTD) and dilution factors were applied. The adjusted
metabolite concentrations were further manually normalized by the initial weight of each tissue

sample.

3.2.7. Statistical analysis:

Statistical analyses for the yeast extracts comparisons, including t-tests, Principal
Component Analysis (PCA), Partial least squares-discriminant analysis (PLS-DA), and
hierarchical clustering analysis were carried out using the free online software MetaboAnalyst

version 5.0 (https://www.metaboanalyst.ca). For the yeast extract comparison, the data was
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normalized by a sample-specific factor, which was the yeast cell count for each extract. A log10
normalization was also applied for data transformation.

3.3. Results

3.3.1. Construction and optimization of NAD"-related metabolites calibration
curves

The first step of our metabolomics method development consisted of the identification of
NAD"-related metabolites in the external standards which consist of 11 dilutions of the NAD
standards mix (NSM1-11), as well as the construction of calibration curves for each metabolite.
This step was performed using negative and positive ionization modes in order to examine the
quality and intensity of each metabolite signal and determine their experimental retention times
(RT). All the external NAD-related standards were successfully detected in positive ionization
mode except quinolinic acid (QUIN), which was only detected in negative ionization mode (Table
1) and NADPH, which displayed abnormal peak shapes in positive ionization mode. NADPH peak
shape was improved in negative ionization mode with the incorporation of medronic acid
(deactivator additive) in the mobile phase (Supp. Fig. 14b). In some cases, the extracted ion
chromatograms contained more than one peak like the NAD™ [M+1] peak that is observed in the
NAAD transition (Supp. Fig. 14d), which was also observed in other studies using HILIC columns
(189). However, the peaks were completely resolved, the retention times (RTs) were reproducible,
and the molecular ion [M+H]" peaks mass-over-charge ratio (m/z) allowed us to clearly identify
each metabolite (m/z=664.1169-664.1175 for NAD" and m/z=665.1004-665.1018 for NAAD).
Overall, positive ionization mode improved the signal for the majority of the NAD"-related
metabolites (Supp. Fig. 14) and allowed us to obtain calibration curves with a better linear dynamic

range (Table 2).
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Table 1: NAD"-related metabolites were measured in the NAD standards mix (NSM) using positive and negative ESI modes to
determine precursor ion (m/z) and retention times (min) in positive (RT+) and negative (RT-) modes. A qualitative assessment of
the chromatograms and mass spectra was performed to identify the optimal conditions for each metabolite analysis: v': Detectable and
quantifiable, v'v": Better signal quality and/or linearity, %: Not detected, low signal-to-noise ratio, poor peak shape. [M+H]": Protonated

molecular ion mass, [M-H]: Deprotonated molecular ion mass, [M+Cl]: Chloride adduct mass, [M+Hac-H]: Acetic acid adduct mass.

Molecular Compound MS-+ MS-
Acronym Full Name Chemical Formula Weight Monoisotopic [M+H]+ | RT+ . [M-H]- [M+Cl1]- |[M+Hac-H]-| RT- .
signal signal
(MW) MW
3-HAA 3-Hydroxyanthranilic acid C7HINO3 153.14 153.0426 154.0499 | 12 v | 152.0353 2.31 v
Melatonin Melatonin CI3HI6N202 232.28 232.1212 233.1285 | 1.2 v | 231.1139 0.97 v
NAM Nicotinamide C6H6N20 122.12 122.048 123.0553 | 139 | v | 121.0407 1.22 x
Me2PY | N1-Methyl-2-pyridone-5-carboxamide C7HSN202 152.15 152.0586 153.0659 | 1.63 | vv | 151.0513 1336 | v
NA Nicotinic acid CGH5NO2 123.11 123.032 124.0393 | 272 | vv | 122.0247 2435 | v
Serotonin Serotonin C10H12N20 176.22 176.095 177.1023 | 339 | v | 175.0877 2602 | x
L-Kyn L-Kynurenine C10HI2N203 208.21 208.0848 209.0921 | 377 | v | 207.0775 2469 | v
L-Tryp Tryptophan C11H12N202 204.23 204.0899 205.0972 | 3.87 | vv | 203.0826 2635 | v
NUA Nicotinuric Acid C8H8N203 180.16 180.0535 181.0608 | 3.95 | v | 179.0462 3135 | vV
3-HK 3-Hydroxy-L kynurenine C10H12N204 22421 224.0797 225087 | 409 | v | 223.0724 3.06 v
MeNAM 1-Methylnicotinamide C7HIN20+ 172.61 136.0642 137.0715 | 4.1 v | 135.0569 195.078 | 4.1 x
5-HTP 5-Hydroxy-L-tryptophan C11H12N203 220.22 220.0848 221.0921 | 448 | v | 219.0775 3476 | v
NR Nicotinamide Riboside CIIHISN205+ 255.25 254.0908 255.098 | 478 | v | 253.0835 | 289.0596 | 313.1041 / v
NADH N‘°°“nam‘d(eRZ‘§$C‘:§)dm“°1e‘md"‘ C21H29N7014P2 709.4 665.1248 666.1321 | 759 | vv | 664.1175 5749 | v
ADPR ADP-Ribose CI5H23N5014P2 582.32 559.0717 560.079 | 7.68 | v | 558.0644 5891 | v
NMN Nicotinamide mononucleotide CI11HI15N208P 334.22 334.0566 335.0639 | 7.75 Vv 333.0493 x
NAD Nicotinamide adenine dinucleotide | C21H27N7014P2 663.43 663.1091 664.1164 | 778 | vV | 662.1018 6299 | v
NAMN Nicotinic acid mononucleotide, CI1H14NO9P 335.2 335.0406 | 336.0479 | 7.8 | v | 334.0333 7248 | x
Nicotinate D-ribonucleotide
cADPR Cyclic ADP-Ribose CISH2IN5013P2 5413 541.0611 542.0684 | 8 v | 540.0538 6449 | x
NAAD Nicotinic acid adenine dinucleotide | C21H27N6015P2+ | 664.41 664.0937 665.101 | 84 v | 663.0864 6457 | «
NADP N‘°0““am’dg;f:;‘ﬁgfed‘““deo“de C21H28N7O17P3 | 74341 743.0754 | 744.0827 | 925 | v | 742.0681 7.598 | vV
Nappy | Nicotinamide adenine dinucleotide | )} 130N7017p3 1142.12 745.0911 746.0984 | 9.31 x 744.0838 7182 | v
phosphate (reduced)
QUIN Quinolinic acid C7H5NO4 167.12 167.0219 168.0292 | / x 166.0146 5991 | v
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Table 2: Calibration curve equations, correlation coefficient, and linear dynamic range of
NAD*-related metabolites in the NAD standards mix (NSM) measured by LC-MS in positive
ionization mode.

Acronym Calibration curve equation Correlation coefficient (R?) | Linear range (uM)
NAD" y=116120.01x +22428.42 0.9982 0.0195-50
NADH y = 64980.50x + 16409.53 0.9983 0.0195-25
Melatonin | y =34472772.25x + 394726.63 0.9899 0.0195-0.3125
3-HAA y =725692.04x + 7499.07 0.9976 0.0195-6.25
NAM y =5143243.34x + 31691.33 0.9965 0.0195-3.125
Me2PY y =13869531.81x + 115789.10 0.9967 0.0195-1.5625
NA y =1437393.36x + 15154.93 0.9939 0.0195-1.5625
Serotonin | y =797089.46x + 982.74 0.9968 0.0195-12.5
L-Kyn y =1020831.10x + 3248.84 0.9985 0.0195-25
NUA y =763229.01x + 491.48 0.9959 0.0016-0.3125
L-Tryp y =764055.43x + 14888.25 0.9939 0.0195-12.5
MeNAM | y=19640568.07x + 95754.70 0.9955 0.0195-1.5625
3-HK y =208823.27x + 3054.59 0.9935 0.0195-12.5
5-HTP y=81071.25x + 1181.01 0.9981 0.0195-25
NR y =1251936.05x + 18634.40 0.9998 0.0016-5
NMN y =128573.96x + 10413.07 0.9690 0.0195-25
NAMN y =83287.47x +2525.15 0.9994 0.0195-26
cADPR y =83374.12x + 1166.98 0.9985 0.0012-3
ADPR y=89211.60x + 1737.87 0.9943 0.0195-12.5
NAAD y=167535.38x +17519.31 0.9976 0.0195-25
NADP y =65937.69x + 3460.11 0.9613 0.0195-25
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3.3.2. Application of the quantitative method to trial liver samples

As a second step of the method development, tissue samples were run in positive and
negative ionization modes with no ISTD to determine the expected concentration ranges for the
target metabolites and whether the detection of the NAD metabolites in the liver samples would
be similar to the external standards. This would also allow us to identify any matrix effects from
the liver extracts that could interfere with the identification and quantification of the metabolites.
The tissue processing and metabolite extraction protocols, described in the Methods section and
the NAD metabolomics workflow (Fig. 8), were selected to preserve the heat-sensitive metabolites
and inactive enzymes in the samples. 80% Methanol at -80°C was assayed in previous studies
(159, 163, 191) and shown to be an effective extraction solvent. The addition of dichloromethane
at - 20°C allowed us to separate the lipophilic phase from the hydrophilic phase (194) to reduce
interferences and improve the signal of our metabolites of interest. Finally, the aqueous layer was
dried in a refrigerated vacuum concentrator at -4°C, which further helped in preserving heat-
sensitive metabolites and allowed more flexibility to adjust the final metabolite concentrations.

To avoid temperature variations and the potential effect of residual enzymatic activities
or non-enzymatic redox reactions, we thawed and reconstituted each sample (liver extract) shortly
before injecting it into the LC-MS system. The liver extracts were analyzed in a batch including
blanks, an external calibration curve (NSM1-11), and using QC samples (liver extracts mix) as
described in the methods section. The QC samples were assessed for intra-day precision on two
consecutive days and showed repeatable retention times (Supp. Table 8) and concentrations (Supp.
Table 9) for the detected metabolites. The trial liver samples were randomized to avoid false
discoveries due to sample order. This analysis allowed us to determine the expected range of

concentrations for each metabolite in control liver samples. The quantification results of the
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metabolites normalized to tissue weight obtained in both ionization modes are summarized in table

3.

NAD Metabolomics workflow

Bead beating

+ Metabolite extraction DCM -20°C tract
with 80% MeOH at -80°C ( 209 AqieciE extar

Tissue harvest Tissue powdering
(Low T°)

Lipid removal Isolation of the

l
12y~ R PR P

Qualitative and quantitative

Data processing LC/MS Data acquisition
+ Statistical analysis

Aqueous extract
drying in vacuum
concentrator at -4°C

Reconstitution of the dry
extracts + LC/Q-TOF analysis

Figure 8: NAD metabolomics workflow for targeted and untargeted analysis of tissue
samples. Prior to metabolomics analysis, tissue samples are homogenized, and metabolites are
extracted under optimal conditions. The dry extracts are then reconstituted with 75% acetonitrile
and injected into the Agilent 6545 LC/Q-TOF system. Finally, the acquired raw data undergoes
qualitative and quantitative data processing and statistical analysis. Image usage permission was
obtained from Agilent Technologies, Inc.
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Table 3: NAD"-related metabolite concentrations normalized to tissue weight (nmol/g of
tissue) in mouse liver samples. Trial liver samples were analyzed in positive and negative ion
modes with no internal standard normalization.

Positive ionization mode

Samples
Compounds Tl T2 T3 T4 T5 T6
NAD* 217.43 305.76 533.43 295.33 449.11 501.89
NADH 65.9 113.06 244.06 109.23 195.53 241.34
NAM 251.13 379.7 230.42 204.22 294.4 257.73
MeNAM 3.67 6.68 6.35 5.53 6.73 6.33
Me2PY 2.77 3.01 2.99 3.19 2.55 2.99
ADPR 80.55 461.43 227.98 46.95 253.11 294.86
L-Trp 113.29 177.8 96.36 132.84 130.37 80.89
5-HTP 4.56 2.77 3.26 4.07 3 4.39
L-Kyn 0.24 0.13 0.11 0.47 0.31 0.22

Negative ionization mode

Samples
Compounds T1 T2 T3 T4 TS T6
NADP 160.43 679.38 617.21 560.96 373.22 639.1
NADPH 644.28 1167.85 | 2279.24 | 2413.42 596.46 1489.22

3.3.3. Preparation of a *C-labeled internal standard mix

One of the limitations of LC-MS is the matrix effect, which occurs when the ionization
of target molecules is affected by other components of the biological sample eluting at the same
time. Generally, the result is suppressed ionization, which leads to a lower signal. One way to
circumvent this problem is to use stable isotope labeled standards (ISTD) to help correct for the
unlabeled metabolite signal variations as the labeled metabolites elute at the same time as the
unlabeled metabolites from the samples and should suffer from similar matrix effects. The ideal
internal standard mix would contain the individual labeled metabolites matching our metabolites
of interest. However, stable isotope labeled standards for all of our NAD"-related metabolites of
interest were not commercially available, thus the ideal alternative was to use '*C-labeled yeast

extracts produced by feeding yeast cells with '3C-glucose to obtain labeled internal standard mix
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(ISTD), as has been done previously (28, 141, 167, 189). Beyond their use for accurate
quantification, the ISTD helps to confirm the identity of a given metabolite and detect shifts in
retention time during chromatography (Table 4). Concerning the efficiency of isotopic enrichment
for the ISTD, the majority of the '3C-labeled metabolites were fully labeled (on all carbons) but
some metabolites with a high number of carbons (NAD" and NADH) had a small fraction of
isotopologues with one unlabeled carbon atom (Supp. Fig. 15), similar to that found in commercial

yeast extracts.
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Table 4: Mass to charge (m/z) values and retention time (RT) for the unlabeled metabolites
from the NSM and the corresponding *C-labeled metabolites from the ISTD measured in
positive ionization mode.

(*2C) Unlabeled metabolites (NSM) m/z 13C-labeled metabolites (ISTD) m/z RT+
Melatonin 233.1285 | Melatonin + 13 246.1721 | 1.149
3-HAA 154.0499 | 3-HAA +7 161.0734 | 1.242
NAM 123.0553 | NAM + 6 129.0754 | 1.427
Me2PY 153.0659 | Me2PY + 7 160.0894 | 1.63
NA 124.0393 | NA+6 130.0595 | 2.84
Serotonin 177.1023 | Serotonin + 10 187.1358 | 3.453
L-Kyn 209.0921 | L-Kyn + 10 219.1256 | 3.807
NUA 181.0608 | NUA + 8 189.0876 | 3.927
L-Tryp 205.0972 | L-Tryp + 11 216.1341 | 3.94
MeNAM 137.0715 | MeNAM + 7 144.0945 | 4.024
3-HK 225.087 | 3-HK + 10 235.1206 | 4.169
5-HTP 221.0921 | 5-HTP + 11 232.129 | 4.505
NR 255.098 | NR +11 266.1345 | 4.793
NMN 335.0639 | NMN + 11 346.1008 | 7.127
NADH 666.1321 | NADH + 21 687.2025 | 7.846
NAD 664.1164 | NAD + 21 685.1869 | 7.886
NAMN 336.0479 | NAMN + 11 347.0848 | 7.918
cADPR 542.0684 | cADPR + 15 557.1187 | 7.97
ADPR 560.079 | ADPR + 15 575.1293 | 8.014
NAAD 665.101 | NAAD + 21 686.1709 | 8.689
NADP 744.0827 | NADP + 21 765.1532 | 9.414
NADPH 746.0984 | NADPH + 21 767.1689 | 9.501
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At first, we assayed a commercially available '*C-labeled yeast extract (U-13C, 98%,
Cambridge Isotope Laboratories, Inc.) (195), which contained at least 2x10° Pichia pastoris cells
per vial and was previously tested as an internal standard for NAD'-related metabolite
quantification in human cells and primate skeletal muscle (189). Despite the commercial ISTD
being suitable for blood, in order to maintain an optimal internal standard-to-sample ratio (i.e.,
labeled-to-unlabeled metabolite ratio) in liver tissue, we determined that the amount of '*C-labeled
yeast extract needed would have been cost-prohibitive for large numbers of samples. Additionally,
following the hot ethanol extraction method, used by the manufacturer to produce the ISTD, there
was a significant amount of contaminants and lipophilic compounds (Supp. Fig. 16b). Therefore,
we aimed to produce an in-house '*C-labeled yeast extract that would be more concentrated, cost-
effective and contains minimal contaminants. We compared two different extraction methods for
our in-house '*C-labeled yeast extract: the recommended boiling ethanol method (195) versus our
cold extraction with 80% methanol and dichloromethane. We were able to efficiently extract
metabolites from a yeast pellet using the cold extraction procedure, which allowed us to separate
the water-soluble and lipophilic metabolites, thus improving the resolution of our chromatographic
separation. The metabolite yields were similar between both extraction methods, as shown by the
total ion chromatogram in supp. Fig. 16a. As expected, these extracts were also more concentrated
than the commercial yeast extract (Supp. Fig. 16, supp. Fig. 17). However, as in the commercial
extract, the boiling ethanol method generated more contaminants (Supp. Fig. 16c) when compared
to the cold methanol/dichloromethane extraction (Supp. Fig. 16d).

To confirm the efficient extraction of NAD'-related metabolites following the cold
methanol/dichloromethane extraction procedure, we measured the NAD -related metabolite levels

within the in-house generated yeast extracts. The heatmap in figure 9a below shows the relative
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labeled metabolites signal, which is defined by the peak area of labeled metabolites divided by the
peak area of unlabeled metabolites from NSM (NSM 7) normalized to each yeast extract cell count.
The NAD metabolite levels were comparable between the two extraction methods. However,
compared to the methanol/dichloromethane extraction, the hot ethanol extracts displayed
significantly higher concentrations of the '*C-labeled metabolites NAM (NAM+6) (p-value =
5.0115e-09) and ADPR (ADPR+15) (p-value = 3.4553e-07), which are likely products of *C-
NAD" (NAD+21) degradation by heat (196, 197) (Fig. 9b). Moreover, the cold extracts clustered
together even though the batches were not all obtained from the same yeast culture, adding
confidence to the results (Fig. 9¢c). Concerning the efficiency of isotopic enrichment, the majority
of the 1*C-labeled metabolites were fully labeled (on all carbons) but some metabolites with a high
number of carbons (NAD" and NADH) had a small fraction of isotopologues with one unlabeled

carbon atom (Supp. Fig. 15), similar to that found in the '*C-labeled commercial yeast extract.
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Figure 9: Statistical analysis of the metabolomics data obtained from the in-house yeast
extracts comparison. a: Heatmap generated using the ratio of unlabeled to labeled metabolites
signal (peak area labeled metabolite/peak area unlabeled standard) normalized to yeast cell count.
One yeast culture batch of the hot ethanol (EtOH) extraction was compared with two batches of
the cold methanol/dichloromethane (MeOH) extraction in 3 replicates. Each replicate was spiked
with the calibrator NSM7. Distance was measured using correlation, and complete-linkage
clustering was used for the hierarchical clustering. b: Important features identified by Partial Least
Squares Discriminant Analysis (PLS-DA). The colored boxes on the right indicate the relative
concentrations of the corresponding metabolite in each type of yeast extract, blue and red being
the lowest and highest, respectively. c: Principal component analysis score plot (principal
component 1, x-axis and principal component 2, y-axis).
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Finally, four different amounts (100%, 40%, 20% and 5%) of internal standard were
tested to determine the optimal sample to labeled yeast ISTD spiking ratio that would provide a
sufficient signal for the labeled metabolites without causing ion suppression or other matrix
effects. The optimal liver tissue/yeast labeled ISTD ratio was 2.125 (34 ul tissue extract/16 pl
yeast labeled ISTD) (Table 5, supp. Table 10). 16 ul representing 20% (1/5™) of the reconstituted
ISTD aliquot (Cell count: 17.81x10° cells) from the in-house generated *C-labeled yeast extract.
This ratio should be optimized for different tissue types and for treatments that may alter tissue
NAD metabolite concentrations, as well as different yeast cell counts. For this particular ratio,
spiking the highest concentrations of NSM (NSM9 to NSM11) resulted in saturation and ion
suppression, which led to a loss of linearity and a decrease in the labeled metabolites signal.
Therefore, to calculate the average concentrations, only quantitative results obtained from §
calibration points (NSM1 to NSMS) spiked with ISTD were considered (Table 5). All NSM
calibrators and samples spiked with ITSD were assessed for quality and the extracted ion
chromatograms (EICs) for all labeled and unlabeled metabolites were inspected (Supp. Fig. 18 and
19). Only metabolites that passed the qualitative quality assessment (as explained in the method
section) were considered for quantitative data analysis. To test the effect of spiking the ISTD
before and after the extraction, we spiked a pool of liver extracts with 100% and 20% of the ISTD
before and after the extraction. The 100% spiked yeast extracts suffered from ionization
suppression due to the high concentration of the labeled metabolites. The 20% spiking showed
metabolite recovery of 82 to 122% (Mean: 98%) for the measured metabolites (Supp. Table 11).
These variations were considered acceptable, and the following measurements were performed
with ISTD spiking after the metabolite extraction to allow a better repeatability of the ISTD signal

and more flexibility in the choice of dilution used for the tissue extracts.
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Table 5: 3C-Labeled metabolite concentrations measured in the calibration standards (NSM1-11) spiked with 20% of in-house
generated yeast internal standards (ISTD). 20% of *C-Labeled yeast ISTD corresponds to 17.81x10° cells. NSM: NAD standard
mix. S.D.: Standard deviation. R.S.D.: Relative standard deviation.

Average
13C-Labeled metabolite conc. (uM) conc.
NSM1-8 | SD | RSD
Compound | NSMI | NSM2 | NSM3 | NSM4 | NSM5 | NSM6 | NSM7 | NSM8 | NSM9 | NSM10 | NSmi1l | (@=9)
BC-3HK 0.23 0.21 0.18 0.22 0.25 0.19 0.23 0.17 0.17 0.11 0.07 0.21 0.03 | 12.48
13C-cADPR 1.67 1.41 1.49 1.63 1.78 1.72 1.89 1.46 1.52 1.18 0.93 1.63 0.17 | 10.22
B3C-Tryp 1.15 1.23 1.11 1.27 1.28 1.02 1.25 0.91 0.84 0.72 0.53 115 0.13 | 11.47
BC-NAD* 36.74 | 31.86 | 3222 | 34.06 | 37.69 | 34.61 | 39.67 | 31.50 | 30.15 | 23.30 17.40 3479 | 2.99 | 8.59
3C-NADH 7.34 6.31 6.08 6.58 7.38 6.82 7.88 6.20 6.22 4.66 3.83 6.83 0.65 | 9.53
3C-NR 4.04 3.57 3.59 3.83 4.18 3.91 451 3.71 3.81 3.35 2.71 3.92 0.32 | 819
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3.4. Discussion

During the preparatory phase of the NAD metabolomics method development, thorough
planning has been performed to consider important factors such as the physicochemical and
structural properties of the target metabolites (Water solubility, heat sensitivity, pH stability...),
the type of sample and the adequate tissue disruption technique, metabolite extraction method and
solvents, temperature, and the suitable chromatography columns. As well as the available
information about previously developed methods on various LC-MS systems. When choosing an
MS instrument, we preferred the Q-TOF system because of its higher mass resolution, better
selectivity and larger mass range. Additionally, the Q-TOF offered the possibility to collect
untargeted data and has previously been optimized to detect NAD-related metabolites (181, 182).
Finally, we considered the recommended quality control requirements, such as external calibration
curves, internal standards, and QC samples (198, 199).

Pure NAD"-related metabolite standards were assayed in negative or positive ionization
modes, which resulted in the detection of 22 different metabolites in both modes, except quinolinic
acid that was detected only in negative ionization mode. The positive ionization mode yielded a
better signal for the majority of metabolites, including better peak shape, lower signal-to-noise
ratio and better accuracy. The calibration curves were built with 11 points in order to accurately
quantify the various metabolites despite the wide range of their tissue concentrations. All the
calibration curves were assessed for quality and any datapoints that did not meet the quality
assessment criteria were removed from the curves. To obtain the best quantitative results for most
of the metabolites, we therefore chose to use the positive ionization mode for all NAD

metabolomics measurements.
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When optimizing the pre-analytical conditions for our NAD metabolomics, we
maintained liver tissue samples and extracts under cold conditions at all times, starting from the
tissue extraction and processing to the final metabolite extraction. The extraction using cold 80%
methanol and dichloromethane allowed us to inactivate the enzymes and isolate the polar
metabolites while maintaining cold temperatures. These extraction solvents were evaporated in a
refrigerated vacuum concentrator at -4°C and the liver extracts were reconstituted shortly before
injection into the LC-MS system and run along with an external calibration curve (NSM1-11),
blanks, and QC samples. The use of QC samples after every 6 to 8 samples, confirmed the stability
and reproducibility of the signal during the run. This step allowed us to identify the NAD"-related
metabolites present in the liver extracts and determine their usual concentrations in mouse liver.
As expected in tissue samples, metabolite concentrations ranges varied widely, some metabolites
were undetectable or under the limit of quantification in control mouse liver samples, including
NA, NAMN, cADPR, 3-HK and 3-HAA.

According to the United States Food & Drug Administration (U.S. FDA) (198) and the
European Medicines Agency (EMA) (199), any quantitative analytical methods must incorporate
multi-point (> 6) external calibration curves, internal quality controls, and matrix matching to be
considered absolute quantification. In biomedical sciences, the measurement of metabolites within
two groups or conditions (i.e.: disease group vs healthy control group, before vs after treatment,
etc.) commonly relies on relative quantification (using an external standard curve with no internal
standards), which does not allow for the comparison of results obtained from different studies.
Quantification relying on external standards curves and internal standards is the most reliable
method to obtain meaningful and reproducible quantitative results. As not all NAD-related

metabolites are commercially available in their labeled form, the !*C-labeled yeast extracts
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represent a practical alternative to a mixture of commercial NAD metabolite internal standards
(200). In-house production of '*C-labeled yeast extracts is more cost-effective and can allow for
the modulation of metabolite concentrations to suit the linear dynamic range and the sample type.
Moreover, by increasing metabolite concentrations and removing lipids, we were able to improve
the detection and quantification of NAD metabolites in liver samples. We also demonstrated that
the cold methanol/dichloromethane extraction of yeast metabolites was comparable to the hot
ethanol extraction in terms of metabolite concentrations, but the hot ethanol extracts displayed
more contaminants and degradation metabolites. Moreover, the cold methanol/dichloromethane
extraction proved to be efficient for lysing the Pichia pastoris yeast membrane and is the preferred
method for tissue and blood metabolite extraction, thus making it the best choice for yeast-derived
labeled ISTDs.

The use of external and internal standards during the LC-MS-based metabolomics
analysis enabled the confirmation of the identity and accuracy of the measured signal for each
NAD"-related metabolite in mouse liver samples. We observed slight shifts in RTs between the
labeled and unlabeled metabolites, but all the peaks were in the acceptable RT windows/ranges, as
shown in supplementary figures 18 and 19. However, '3C-labeled yeast extracts still require a
thorough quality processing as they pose additional matrix effects, induced by mixing the yeast
matrix with the mammalian tissue matrix, and due to the variability of the metabolite
concentrations within different yeast extracts. In brief, the quality assessment of the labeled
metabolites signal must be stringently conducted to ensure the accuracy of the final quantitative

results.
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3.5. Limitations

This study has some limitations, including the unpredictable nature of matrix effects and
ionization suppression that occur due to the addition of yeast extracts to the mouse liver extracts.
We used *C-labeled yeast extracts because they are still the most used and cost-effective
alternative in comparison to single *C-labeled metabolites, which are not readily available.
Additionally, the best strategy was to spike the ISTD prior to tissue extraction to normalize any
pre-analytical variations during tissue metabolite extraction, which could impact the final
quantitative results. However, we determined that the ISTD spiking with the 20% ratio before or
after did not significantly affect the measured metabolites signal (Supp. Table 11), and we chose
to add the ISTDs to the liver extracts as we expected the need to use multiple dilutions for the liver

extracts to quantify most of the NAD-related metabolites.
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Chapter 4: Effect of Nicotinamide Riboside on the NAD* Metabolome of Mouse Liver and
Skeletal Muscle

4.1. Introduction

Given that the sirtuin family of deacetylases has been linked to mitochondrial
homeostasis, metabolism, and cell cycle regulation (33), and has been found to be greatly
dependent on cellular NAD" levels (19), the interest in NAD" metabolism has become increasingly
important for human health. Beyond sirtuins, other signaling enzymes also rely on NAD" as a co-
substrate for ADP-ribosylation reactions, catalyzed by mono- or poly-ADP-ribosyl polymerases
(60, 201), or for the biosynthesis of second messengers by ADP-ribosyl cyclases (202—204).

As thoroughly explored in the introductory chapter, NAD" homeostasis has a significant
impact on various pathological conditions, which has led to the development of different NAD"-
boosting strategies. Currently, the safest and most efficient way to boost NAD" levels in vivo is
through supplementation with NAD" precursors, including nicotinic acid (NA; Niacin),
nicotinamide (NAM), and nicotinamide riboside (NR) (26). Nicotinic acid (NA) has been used to
reduce triglycerides and LDL-cholesterol and increase HDL-cholesterol levels (89, 205). On the
other hand, despite NAM treatments showing benefits to metabolism following its conversion to
NAD" and activation of Sirtuins (206-208), it has also been shown to inhibit Sirtuins in a dose-
and time-dependent manner (90, 209, 210). In addition, hepatotoxicity and other side effects of
NAM have been reported in animal (47, 211, 212) and human (47, 213) studies. The side effects
associated with NA and NAM, have not been observed with NR (92, 94, 214), which makes NR a
good alternative for NAD"-boosting or maintenance. Since the discovery of NR and the NR Kinase
genes in humans (27), multiple studies on the efficacy and safety of NR have been performed (28,

92-94, 214, 215) on animal models and humans. One of these studies compared the efficiency of
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the 3 NAD" precursors (NA, NAM, and NR) and showed that orally administered NR significantly
increased NAD™ and its metabolites to higher levels than the other precursors in mouse liver and
human blood (28). Another study, using isotope tracer analysis, showed that oral NR was more
efficient at increasing circulating NAM levels than nicotinamide mononucleotide (NMN) in mouse
tissues (52). However, the mechanisms of action and the pharmacokinetics of NR still need further
evaluation. Additionally, various studies have shown varying results with NR in humans (93, 100,
216) despite encouraging animal results (168, 217-219). For example, NR (1g/day for 21 days)
increased NAD" and its metabolites and decreased pro-inflammatory markers in aged human
muscle (70-80 years old) (177), while the same dose for 6 weeks increased muscle NAD"
metabolites, body lean mass, sleeping metabolic rate, and acetylcarnitine concentrations in muscle
with no effect on insulin sensitivity, mitochondrial function, or hepatic lipid accumulation (100).
Other studies did not show any effect of NR on muscle function, body composition, or insulin
sensitivity after 12 weeks of supplementation with a 2 g/day dose in obese men (93, 216) or after
a 7-day supplementation with 1 g/day in young adult males (220). In contrast, NR was effective in
improving insulin sensitivity, weight loss (217, 218), muscle function (218), and liver damage
(168, 219) as well as reducing the development and progression of mitochondrial myopathy (221)
in mice. Therefore, it seems necessary to reconsider comprehensive animal studies to further
examine the effect of single or multiple doses of NR on the NAD" metabolome and explain the
observed discrepancies between animal and human studies and between different clinical studies.

In this chapter, the two last research objectives will be addressed. Notably, the
determination of changes in the NAD" metabolome in mouse tissues after acute and chronic
supplementation with NR and the comparison of metabolite levels in tissue samples harvested

before and after euthanasia.
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4.2. Materials and Methods

4.2.1. NR supplementation protocols

3 months old C57BL/6J female mice were fed a chow diet and kept under a 12:12-h light-
dark cycle. No significant difference in NAD(H) levels was identified between male and female
mice or different C57BL/6 mice (See section 2.3.3) thus we chose the C57BL/6J strain as it is a
widely used model for human disease and is the most represented strain in studies focusing on
NAD" metabolism. To reduce the number of animals in each group, we chose female mice to
cover any potential variability due to the estrous cycle. To examine the acute effects of different
doses of oral NR supplementation, 4 groups of 3 mice each were fasted overnight before receiving
different doses of NR chloride (NIAGEN®): 0.5, 1, 2 g/Kg, and water for the control group by
oral gavage. Two hours after oral gavage, mice were anesthetized by intra-peritoneal injection of
100 pl of Euthanyl (Pentobarbital sodium: 65mg/ml) until non-responsive. Pre-mortem tissue
samples were extracted and snap-frozen in liquid nitrogen: Liver, one kidney, and skeletal muscle
from one leg (Gastrocnemius, tibialis anterior, soleus). For euthanasia, mice received a second
L.P. injection of 150 pul of Euthanyl and a cervical dislocation was performed. The brains were
extracted and snap-frozen immediately after death. In the same mouse post-mortem samples of
liver, kidney, and skeletal muscle were harvested and snap-frozen over the course of one minute

after waiting for 8 minutes following euthanasia. Tissues were stored at - 80 °C until analysis.

Treatment Dosage Frequenc Number of | Tissue harvest timepoint | Tissue harvest timepoint vs
(g/kg) d Y animals vs euthanasia NR administration
0 3
NR 0.5 Unique acute 3 Pre- and Post-mortem 2 hours
1 dose 3
3

Similarly, we examined the effect of a single dose of the highest NR treatment (2g/Kg)

after multiple acute timepoints (2-16 hours) and then also chronically with repeated daily
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treatments for 5 days. Specifically, 4 groups of 3 mice each received a single acute dose of 2 g/Kg
of NR via oral gavage and were euthanized 2, 4, 8, and 16 hours later. Control mice received water
and were euthanized 2 hours after oral gavage. Another group of 3 mice received a 5-day daily
treatment of 2 g/Kg of NR via oral gavage to study the cumulative effect of repeated doses. Pre-
and post-mortem tissue samples were extracted for the control and 2-hour timepoint groups. For
the other groups, only pre-mortem tissue samples were harvested. All tissues were stored at - 80°C

until analysis.

Treatment Dosage Frequenc Number of | Tissue harvest timepoint | Tissue harvest timepoint vs
(g/kg) 4 Y animals vs euthanasia NR administration
0 3 Pre- and Post-mortem 2 hours
Unique acute 3 2 hours
Clili)se 4 3 4 hours
NR ) 3 8 hours
3 Pre-mortem only 16 hours
Repeated daily
dose for 5 days 3 24 hours

The oral route of administration was used instead of a more bio-available route (such as
intravenous administration) because oral supplementation is the preferred route of administration
in humans, especially if daily doses are needed. The choice of dosage was motivated by the lowest
observed adverse effect level (LOAEL) for NR in rats, which was 1000 mg/kg/day (222). The
equivalent doses in humans and mice would be 161 and 1980 mg/Kg/day according to dose
conversion recommendations (223, 224). The animal use protocol (MEe-1772-R5) was approved

by the Animal Care Committee (ACC) of the University of Ottawa.

4.2.2. NAD" and NADH quantification using an enzyme cycling kit

Mouse tissues were powdered using a stainless-steel pestle and mortar system cooled with
liquid nitrogen. Approximately 20 mg of each tissue sample was homogenized in 400 pl of
Extraction Buffer (BioVision NAD/NADH quantitation kit) using a rotor-stator homogenizer

(Fisher Scientific PowerGen 700) for 15-20 seconds followed by a resting period of 30-45 seconds
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on ice. The procedure was repeated until complete tissue disruption (3 times for soft non-fibrous
tissues such as liver, kidney, and brain and 5 times for skeletal muscle). Between samples, the
probe was washed with 70% ethanol and wiped with a Kimwipe™. Total NAD and NADH levels
were measured using the BioVision NAD/NADH quantitation kit. To measure the NADH fraction
only, aliquots of the tissue samples were heated at 60°C for 30 minutes in a heating block to

decompose the heat-sensitive fraction NAD™.

4.2.3. Tissue processing prior to LC-MS-based metabolomics analysis

Liver samples were processed as described in the previous chapter. However, for fibrous
tissues like muscle, which contain a significant amount of connective tissue, bead beating was
insufficient, thus it was replaced by a 2-step disruption protocol combining 4-6 cycles of bead-
beating and 1-2 cycles of 15-20 seconds of rotor-stator homogenization (Fisher Scientific

PowerGen 700). The dried extracts were then frozen at - 80°C until analysis.

4.2.4. LC-MS-based metabolomics analysis

Liver and muscle samples were analyzed using LC-MS, as described in the last chapter.
Preliminary experiments helped determine the appropriate sample dilutions and ISTD ratios for
the liver samples, however, due to the large range of concentrations of multiple NAD"-related
metabolites in the liver samples following NR supplementation, all liver samples were assayed
twice using two different dilutions (1/4 and 1/50). The 1/4 dilutions were obtained by
reconstitution of the dry tissue extracts with 136 pl of 75% acetonitrile (ACN). For the 1/50
dilutions, 6 pl of the 1/4 dilutions were further diluted with 69 pl of solvent. For both dilutions, 34
ul of the dilution was mixed with 16 pl of ISTD to maintain the optimal sample-to-ISTD ratio. For
the muscle samples, only the 1/4 dilutions were necessary. Similar ISTD ratios were maintained

across all samples and external standards. All tissue samples were reconstituted on ice and spiked
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with ISTD immediately before injection into the LC-MS system. QC samples consisting of
previously run test liver or muscle samples were added to the batch at regular intervals to confirm
the stability and precision of the signal. Blank samples were also run at the beginning and end of
the sequence and between the external standards and samples. Internal standard normalization was
performed for metabolites with appropriate internal standard signal. For metabolites that displayed
inconsistencies in the internal standard signal, which was mainly due to ion suppression, the
metabolite peak areas were used to calculate the concentrations by interpolation from the NAD
standards mix (NSM) calibration curves in order to avoid errors by normalizing to the internal
standard signal.

4.3. Results

4.3.1. Acute NR supplementation increases tissue NAD(H) in mouse liver only at
the 2-hour timepoint

To examine the effect of oral acute NR supplementation on NAD(H) levels mouse tissues
were harvested 2 hours after oral gavage to determine the dose-response. Additionally, these
tissues were harvested pre- and post-mortem to identify potential differences due to the harvest
time relative to sacrifice. The supplementation with various doses of oral NR (0.5, 1, and 2 g/Kg)
revealed an overall dose-dependent increase in NAD', NADH and total NAD concentrations in
mouse liver in both pre- and post-mortem samples (Fig. 10 a-c. Interestingly, the NAD"/NADH
ratio was lower in pre-mortem samples at higher NR doses in comparison to the vehicle control
(Fig. 10 d). Overall, post-mortem liver samples showed overall lower values when compared with
pre-mortem for NAD" levels (p=0.045) (Fig. 10a), yet did not reach significance for the
NAD'/NADH ratio (p=0.059), total NAD (p=0.07) and NADH values (p=0.517) (Fig. 10 b-d).

The multiple comparisons analysis revealed a significant increase in NAD", NADH, and total
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NAD levels with the 1 and 2 g/Kg doses compared to the control group in both pre- and post-

mortem samples.
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Figure 10: NAD*, NADH, total NAD(H) levels (nmol/g of tissue), and NAD*/NADH ratio in
mouse liver tissues harvested 2 hours after supplementation with acute doses of NR (0.5, 1,
or 2 g/Kg). (a-c): NAD"(a), NADH(b), and total NAD(c) levels, along with the NAD*/NADH
ratio(d), measured in liver samples by enzymatic colorimetric method . Different liver lobes were
harvested from the same mouse under anesthesia and before euthanasia (Pre-mortem) or 8 minutes
after euthanasia (Post-mortem). Each group contained samples from 3 different animals. For
statistical analysis, repeated measure two-way ANOVA with multiple comparisons were
performed. Sidak post hoc test was used for the multiple comparisons and significant results for
the effect of NR in pre-mortem treatment groups versus control group and for the effect of harvest
time between pre- and post-mortem samples are graphed. Similar results were obtained for NR
dose effect comparison between the post-mortem samples in each treatment group versus the
control group. a: Effect of NR dose. ®@: Effect of tissue harvest timepoint. *: p<0.05, **: p<0.01,
*Ex: p<0.001, ****: p<0.0001.

In contrast to liver samples, no significant changes in metabolite concentrations, or in the
NAD*/NADH ratio, were observed at 2 hours post-supplementation with any dose of NR in either

tibialis anterior (Fig. 11a-d) or gastrocnemius muscle (Fig. 11e-h). Additionally, no significant
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differences were observed between pre- and post-mortem samples in all groups. In mouse kidney
(Fig. 12a-c) and brain (Fig. 12e-h), mice from this same cohort did not exhibit differences between
the treatment groups and the control group at the 2hr timepoint except for a 2-fold increase in the
NAD'/NADH ratio in the pre-mortem kidney samples following a 2g/Kg dose (Fig. 12d). In brain
samples, even though the NAD" levels (Fig. 12¢) and NAD"/NADH ratio (Fig. 12h) trended higher
with the 2g/Kg dose, they did not reach overall significance (One-way ANOVA: p=0.054 for the
NAD'/NADH ratio and p=0.21 for NAD") (Fig. 12e, g). Concerning the effect of harvest time on
the kidney samples, the overall NAD" (Fig. 12a) and total NAD levels (Fig. 12¢), as well as the
NAD'/NADH ratios (Fig. 12d), were significantly lower in post-mortem versus pre-mortem
kidney samples with no overall difference in NADH levels (Fig. 12b). Ultimately, at 2 hours post-
supplementation, it is clear that oral NR was metabolized to NAD(H) in the liver but was not yet

distributed to the other tissues.
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Figure 11: NAD*, NADH, total NAD(H) levels (nmol/g of tissue), and NAD*/NADH ratio in
mouse skeletal muscles harvested 2 hours after supplementation with an acute dose of NR
(0.5, 1, or 2 g/Kg). Tibialis anterior (a-d) and gastrocnemius (e-h) muscles from each mouse were
harvested under anesthesia and before euthanasia (Pre-mortem) or after euthanasia (Post-mortem).
Each group contained samples from 3 different mice. Metabolite levels were measured by
enzymatic colorimetric method. For statistical analysis, repeated measure two-way ANOV As with
Sidak post hoc test for multiple comparisons were performed. a: Effect of NR dose. ®: Effect of
tissue harvest timepoint.
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Figure 12: NAD*, NADH, total NAD(H) levels (nmol/g of tissue), and NAD*/NADH ratio in
mouse kidney and brain samples harvested 2 hours after supplementation with acute doses
of NR (0.5, 1, or 2 g/Kg). Kidney samples (a-d) from each mouse were harvested under anesthesia
and before euthanasia (Pre-mortem) or after euthanasia (Post-mortem). Brain cortex samples (e-h)
were harvested post-mortem. Each group contained samples from 3 different mice. Metabolite
levels were measured by enzymatic colorimetric assay. For statistical analysis, repeated measure
two-way ANOVAs with Sidak post hoc test for multiple comparisons were performed. a: Effect
of NR dose. ®@: Effect of tissue harvest timepoint.
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4.3.2. Acute and chronic NR supplementation reveals a significant increase in
multiple NAD*-related metabolites at multiple time points in mouse liver and
muscle

To determine the effect of NR supplementation on the NAD"™ metabolome and its kinetics,

we examined NAD -related metabolite levels at multiple timepoints following an acute dose. By
examining the time course of whole-body NAD(H) changes following NR supplementation, we
also studied changes in skeletal muscle, following liver metabolization and distribution.
Additionally, we included a chronic daily treatment for 5 days to detect potential cumulative
effects of the daily supplementation.

a. Liver

In liver samples, the majority of the metabolites displayed maximal concentrations

between 4 and 8 hours after NR supplementation (Fig. 13 and 14). NAD" and NADH levels at 8
hours trended higher (12 and 7.5-fold higher than the control group, respectively) (Fig. 14a,b), but
did not reach significance due to the between-subject variability within each group. Interestingly,
the NAD/NADH ratio increased significantly with the acute doses and reached a plateau between
4 and 16 hours (Fig. 14c). NAM and its degradation metabolites: MeNAM and Me2PY were
significantly increased, demonstrating the responsive activity of the NAD"-consuming enzymes to
a dose of NR (Fig. 13a-c). Among these metabolites, only MeNAM persisted after the last dose of
the repeated 5-day supplementation. The metabolites of the NAM-salvage pathway, NR (Fig. 13d)
and NMN (Fig. 14d), were significantly increased as a result of the acute dose but did not persist
with the long-term 5-day treatment. Nonetheless, most of the measured metabolites reversed back

to baseline 24 hours after the last dose of the 5-day treatment.
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The increase in the Preiss-Handler pathway metabolites: NAAD, NAMN, NA, and the
degradation metabolite of NA named nicotinuric acid (NUA) (Fig. 13e-h), has also been observed
in a previous study following NR supplementation (28). Interestingly, this is despite the fact that
only bacteria can transform NAM to NA, with no known similar enzymatic reaction in mammals.
Thus, the increase in the Preiss-Handler metabolites after NR supplementation could be explained
by three hypotheses: 1) the possible degradation of NAM by the intestinal flora into NA prior to
its absorption or the existence of a similar enzyme in mammalian cells; 2) the potential
accumulation of the Preiss-Handler metabolites due to the negative feedback on the NAD synthase
enzyme; and 3) the existence of an enzyme responsible for NAD deamidation into NAAD, similar
to NADP deamidation into NAADP as hypothesized by Trammell ez al. (28).

Concerning the de novo pathway and other tryptophan metabolites, as expected, there was
no significant increase in the quantifiable metabolites: tryptophan, serotonin (Fig. 14e,f), or L-
Kynurenine (L-Kyn) (Fig. 131) except a slight increase in 3-Hydroxykynurenine (3-HK) at 2 hours
(Fig. 14g). 5-Hydroxytryptophan (5-HTP) and melatonin were undetectable in the liver samples.

ADPR levels (Fig.14h) displayed a ~2-fold increase at 16 hours after the acute dose and
24 hours after the repeated daily dose but did not reach overall significance (One-way ANOVA:
p=0.37). cADPR levels (Fig.141) peaked at 8 hours with a 13-fold increase but did not reach overall
significance (One-way ANOVA: p=0.29). No changes were observed in NADP concentrations
(Fig. 14j). Unfortunately, we were not able to quantify NADPH in positive ionization mode due

to an abnormal peak shape.
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Figure 13: NAD"-related metabolites concentrations in mouse liver samples after
supplementation with an acute and chronic dose of NR (ISTD-normalized concentrations).
Metabolites were quantified using a positive ionization mode LC-MS method with an external
standard curve and internal standard spiking (}*C-labeled yeast extract). Statistical analysis: One-
way ANOVA with Tukey's multiple comparisons tests.
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Figure 14: NAD"-related metabolites concentrations in mouse liver samples after
supplementation with an acute and chronic dose of NR. Metabolites were quantified using a
positive ionization mode LC-MS method with an external standard curve. Statistical analysis: One-
way ANOVA with Tukey's multiple comparisons tests.

To better visualize the individual metabolite changes for each metabolic pathway
involved in NAD" biosynthesis or degradation, the Log2 fold change of the mean concentrations
of the 8-hour acute dose group versus the control group were mapped in figure 15. The de novo
pathway did not display any changes except in the last reactions where it is merged with the Preiss-
Handler pathway, which showed the most important increase in the metabolite concentrations at 8
hours (Fig. 15) but these changes did not persist in the long-term treatment group (Fig. 13e-h). As
expected, the NAM-salvage pathway exhibited an increase in its metabolites and the corresponding
downstream degradation products (MeNAM and Me2PY) (Fig. 15). Additionally, while most of

these metabolites, including NR, NMN, and NAM, quickly decreased over time, MeNAM

persisted in the 5-day treatment (Fig. 13b).
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Figure 15: Overview of the liver NAD* metabolome with a heatmap of log2 fold change of
average metabolite levels at 8 hours after oral NR supplementation versus non-treated
controls. Metabolites are represented by oval shapes with the inner color representing the log2
fold change of the metabolite concentrations in the treated group 8 hours after supplementation
versus the control group. Metabolites in grey were either below the limit of quantification or not
measured due to the unavailability of the corresponding external standards. Enzymes are

represented by rectangular shapes.
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Finally, we also compared metabolite levels in pre- and post-mortem liver samples in the
control and 2-hour timepoint groups. NMN and NADP levels were significantly lower in post-
mortem samples from the 2-hour supplementation group with no changes in the control group.
Serotonin levels were significantly lower in post-mortem samples for the control group (p=0.04)
and above significance for the 2-hour group (p=0.086). Me2PY was higher in post-mortem control
samples but not in the 2-hour NR supplementation group. However, in both control and treatment
groups, no significant changes were observed for the rest of the metabolites: NAD, NADH, NAM,
MeNAM, L-Trp, ADPR, cADPR, 3-HK, NR, NA, NAMN, L-Kyn, NUA (Supp. Table 12).

b. Skeletal muscle

In comparison to the liver, muscle metabolite concentrations were overall lower and only
13 metabolites were quantifiable in the gastrocnemius muscle. Despite lower concentrations, the
quantified metabolites in muscle displayed similar kinetics to the liver, with most of the
metabolites peaking at 8 hours after the acute NR dose (Fig. 16 and 17). Similar to the liver results,
changes in the NAD" and NADH concentrations were not statistically significant despite a 4.5-
and 4.7-fold trend for increase, respectively, at 8 hours versus controls (Fig. 16a,b). Although not
reaching significance, the maximum fold change of 1.7 in the NAD*/NADH ratio of muscle in
NR-treated mice at 16 hours was similar to the maximal fold change in liver (1.6) at 8 hours (Fig.
16c¢). In fact, NR started increasing at 2 hours and peaked at 4 hours but then quickly returned to
baseline (Fig. 16d). NAM (Fig. 17a), MeNAM (Fig. 17b), and Me2PY (Fig. 16e) displayed the
most significant changes with a peak at 8 hours, similar to that seen in liver samples. A transient
and non-significant increase was observed for ADPR (Fig. 16f) and cADPR levels (Fig. 17¢). NA
and NUA (Preiss-Handler pathway) increased significantly after treatment with peaks at 8 hours

(Fig. 17d,e). There were no significant changes in tryptophan (Fig. 16g), serotonin (Fig. 16h), and
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NADP (Fig. 17f) levels. For the long-term NR treatment, all metabolites returned to baseline 24

hours after the last dose of the 5-day treatment, including MeNAM, which was still high in the

liver samples at the same timepoint (Fig. 16a-c). This would indicate that there is no lasting or

cumulative effect of NR treatment on muscle.
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Figure 16: NAD*-related metabolites concentrations in mouse skeletal muscle samples after
supplementation with an acute and chronic dose of NR (ISTD-normalized concentrations).
Metabolites were quantified using a positive ionization mode LC-MS method with an external
standard curve and internal standard spiking ('*C-labeled yeast extract). Statistical analysis: One-
way ANOVA with Tukey's multiple comparisons tests.
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Figure 17: NAD*-related metabolites concentrations in mouse skeletal muscle samples after
supplementation with an acute and chronic dose of NR. Metabolites were quantified using a
positive ionization mode LC-MS method with an external standard curve. Statistical analysis: One-
way ANOVA with Tukey's multiple comparisons tests.

NMN, NAMN, NAAD, 3-HK, and L-Kyn were detected in muscle, but unlike liver, were
not quantified in control samples, as they were close to or lower than the limit of detection (LOD).
For these metabolites, null values (mainly from the control group) were replaced by the LOD/3 for
the calculation of the log fold change of concentration at 8 hours, as shown in the heatmap of the
muscle NAD" metabolome (Fig. 18). Similar to the liver results, 3-HK and L-Kyn (De novo
pathway) did not show changes at 8 hours but the metabolites of the Preiss-Handler pathway,
NAMN and NAAD, were significantly increased in the NR-treated while being undetectable in
the control group, which is consistent with the liver results and the increase in NA and NUA in

muscle (Fig. 18).
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Figure 18: Overview of the skeletal muscle NAD" metabolome with a heatmap of log2 fold
change of average metabolite levels at 8 hours after oral NR supplementation versus non-
treated controls. Metabolites are represented by oval shapes with the inner color representing the
log2 fold change of the metabolite concentrations in the treated group 8 hours after
supplementation versus the control group. Metabolites in grey were either below the limit of
quantification or not measured due to the unavailability of the corresponding external standards.
Enzymes are represented by rectangle shapes.

Metabolite concentrations obtained from pre- and post-mortem harvest in the control and
2-hour post-supplementation groups were compared. The measured concentrations for the two

harvest timepoints were not significantly different in both groups for the majority of the
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metabolites considered for the analysis except for NAM (p=0.04) and NA (p=0.04) in the control
group (Supp. Table 13).

4.4. Discussion

While most studies have focused on the short-term impact of acute supplementation with
NAD" precursors on NAD" and NADH levels, there is still a lack of data on the dose- and time-
dependent effects of NAD" precursor supplementation on the whole NAD" metabolome in various
tissues. To complete the knowledge gaps, our study aimed to determine the quantitative variations
in the NAD" metabolome in various tissues over time after acute and chronic oral supplementation
with the NAD" precursor NR. Additionally, as NAD" metabolites have been mainly quantified in
post-mortem samples, we also addressed the potential effect of the tissue harvest timepoint on the
measured in vivo metabolite levels.

The preliminary analysis of NAD'" and NADH variation after acute oral NR
supplementation showed a significant dose-dependent increase in liver NAD" and NADH levels,
validating the efficiency of NR supplementation. However, no significant changes were observed
with any of the 3 doses (0.5, 1, and 2 g/Kg) at the same timepoint (2 hours) in the other tissues
(skeletal muscle, brain, and kidney). Two potential explanations for the absence of changes in the
other tissues are either: 1) Oral NR supplementation was inefficient in increasing NAD(H) levels
in these tissues because of the hepatic first-pass effect and low bioavailability of the oral dose (52),
or 2) The tissue harvest time was too early to detect changes in NAD(H) levels following NR
supplementation in the target tissues. Thus, we decided to repeat the experiment and harvest tissue
samples at different timepoints to monitor the changes in NAD* metabolome over time.

For the second NR supplementation experiment, mice received a single acute oral dose

(2 g/Kg) of NR and tissues were harvested at 2, 4, 8, and 16 hours. A repeated daily dose (2g/Kg
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per day for 5 days) was also used to detect any potential cumulative effect. Subsequently, we
measured NAD"-related metabolite levels in liver and skeletal muscle and showed that oral NR
supplementation increased NAD"-related metabolites in both liver and skeletal muscle with
maximum metabolite concentrations occurring around 8 hours after the acute NR dose. The
variability in metabolites levels observed between 4 and 16 hours can be explained by the low
number of biological replicates and the differences in the bioavailability and/or asynchronous
metabolism of NR by the different animal subjects in each group (Supp. Fig. 20). The maximum
mean NAD" and NADH concentrations were 12 and 7.5-fold higher in the liver and trended to be
4.5- and 4.7-fold higher in the muscle, respectively. The maximal increase in the NAD/NADH
ratio was similar between the liver (1.6-fold change at 8 hours) and the muscle (1.7-fold change at
16 hours) even though it did not reach significance in the muscle samples. Similar to our
observations, NR has been shown to increase the NAD"/NADH ratio in mouse tissues by previous
studies (27, 218) but our 5-day daily supplementation results also show the transient nature of
these changes, and the lack of cumulative effect, with a return to baseline at 24 hours after the last
dose. Although increasing the NAD"/NADH ratio has been shown to be beneficial against age-
related metabolic disorders (86, 217, 225), it seems very likely that this increase in the ratio is
capped in young healthy animals to maintain an optimal physiological level. Additionally, in both
liver and skeletal muscle, the accumulation of NAM-salvage pathway metabolites (NAM, NR,
NMN, cADPR) and the degradation metabolites: MeNAM and Me2PY, reveals the important
activity of the NAD"-consuming enzymes.

Our results are consistent with the metabolic fluxes quantified by Liu et al. following NR
supplementation, which show that the liver uses NAM for NAD" production or releases it in the

circulation (52). This explains the rapid decrease in liver NAM levels after the 8-hour timepoint.
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In skeletal muscle, both NAM and its degradation metabolite MeNAM decrease after the 8-hour
timepoint and do not accumulate with the repeated daily dose. In both tissues, we did not observe
a cumulative effect with the 5-day daily dose as most of the metabolite levels were back to baseline
24 hours after the last dose except for MeNAM, which persisted in the liver at the 24-hour
timepoint. The accumulation of MeNAM in the liver can be explained by the major detoxification
role of the liver, including the methylation of metabolites as part of their excretion process (226,
227). The increase in NAM and liver methylation function raises questions about potential adverse
effects that may arise from the depletion of the cellular methyl pool leading to altered DNA and
protein methylation and the inhibition of PARPs, which can result in DNA repair defects (47, 228).
Thus, the 2 g/Kg dose results may imply that long-term treatments at high doses are not safe,
especially in cases where the hepatic detoxification function and/or the renal excretion efficiency
are impaired (156, 229).

NR supplementation also raised metabolite levels from the Preiss-Handler pathway
(NAAD, NAMN, NA, and NUA) in the liver and muscle samples, which is consistent with the
observations made by Trammell et al. (28) and Martens ef al. (94) in human PBMCs and/or mouse
liver samples. Trammell et al. used labeled NR to show its incorporation in NAAD, which
reinforces the hypothesis of the existence of a metabolic loop that allows the transformation of NR
into the Preiss-Handler intermediates. This probably occurs via the deamidation of NAD™ into
NAAD at high NAD" concentrations. However, it is still unclear whether this activity would be
due to an unknown mammalian enzyme or to the metabolization by the gut microbiome. As
expected, no significant changes were observed in the de novo pathway in either tissue. Finally,

concerning the effect of tissue harvest time, it seems that, overall, it does not drastically impact
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the quantification results in these conditions where the tissue samples are extracted under low-
temperature conditions and snap-frozen in liquid nitrogen immediately.

Overall, NR was efficient at increasing the NAD"-related metabolites from the NAM-
salvage and Preiss-Handler pathways. Our findings show that daily supplementation is necessary
to maintain higher NAD" and NADH levels, as they are rapidly converted, utilized, and degraded.
However, the important accumulation of degradation metabolites in healthy subjects, which can
be exacerbated in pathological conditions, could have a major impact and potentially undesirable
consequences on the activity of the enzymes involved in NAD" metabolism. Further studies will
be necessary to determine the effect of NR supplementation on enzymatic activities, specifically
on the NAD"-consuming enzymes, which play a crucial role in metabolism and signalling
pathways.

4.5. Limitations

In order to expand the study to multiple timepoints, only 3 biological replicates were used
for the NR-supplemented groups, as the aim of this study was to determine the optimal doses and

tissue-harvest timepoints for future evaluations.
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Chapter 5: Conclusion

This research aimed to develop a targeted LC-MS-based method for the quantification of
the NAD" metabolome and demonstrate the ability of the NAD™ precursor nicotinamide riboside
to increase in vivo tissue concentrations of NAD'-related metabolites. Additionally, the meta-
analysis of NAD(P)(H) quantification results outlined the various analytical methods used to
quantify NAD" and its metabolites in tissue samples and addressed the important variability as
well as the lack of standardization of the pre-analytical and analytical steps.

The main challenges when quantifying NAD" and its metabolites in tissue samples are
the rapid enzymatic interconversion of the NAD"-related metabolites in tissue samples (189), as
well as the chemical instability of some metabolites under certain conditions (e.g., instability of
the reduced metabolites NADH and NADPH in acidic solutions) (214). Therefore, it is crucial to
maintain optimal conditions, such as pH and temperature, and to quickly inactivate the enzymes
in the samples when studying the NAD" metabolome. The recent interest in LC-MS methods for
the study of the NAD" metabolome has led to the development of various metabolite extraction
and analysis protocols, which resulted in disparities between studies. Important factors that were
considered as potential sources of errors were the sample collection and processing conditions,
metabolite extraction procedures, and analytical parameters including the absence of appropriate
quality controls. Most importantly, the inability to compare the quantitative results between studies
stems from the lack of clear guidelines for quality assessment and the lack of compatibility in
terminology, such as the use of the terms “absolute” and “relative” quantification.

By developing a quantitative LC-MS-based NAD metabolomics method including yeast-
derived internal standards, this thesis brings to light the various challenges inherent to quantitative

LC-MS analysis and the nature of NAD" metabolites in particular. The pre-analytical conditions
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were selected to ensure the stability of NAD" and its metabolites and avoid any sources of
contamination. The LC-Q/TOF method was optimized to detect and quantify the metabolites of
interest in various tissue samples. As advised by the United States Food & Drug Administration
(U.S. FDA) and the European Medicines (EMA) agencies, absolute quantification should include
the use of internal controls. The stable labeled internal standards incorporated in this method were
produced in-house from a yeast culture in '*C-labeled minimal media. While we acknowledge that
this type of internal standard can potentially add undesired interferences because of its origin, it is
still the most practical internal quality control alternative available at the moment. Consequently,
for every batch analysis, the yeast-derived internal standards must undergo a quality assessment
for every measured metabolite to confirm whether they can be used for the internal normalization
of the results.

After optimization, this method was used to study the NAD" metabolome in vivo after
supplementing mice with the NAD" precursor NR. However, during the preliminary NR
supplementation experiment, we preferred the use of an enzyme cycling method to first confirm
the positive effect of NR on NAD" and NADH levels. Indeed, NR increased NAD" and NADH
levels in liver samples 2 hours after supplementation. However, there were no effects of this in the
other tissues (skeletal muscle, brain, and kidney). Based on these results, we designed a multiple-
timepoint study with an acute dose, as well as a repeated daily dose, to examine the effect of NR
on the NAD" metabolome over time. The quantitative LC-MS analysis results showed that NR
was efficient at increasing the in vivo concentrations for most of the NAD"-related metabolites,
with the maximal increase occurring around the 8-hour timepoint. In particular, NR stimulated the
activity of the NAM-salvage pathway in the liver and skeletal muscle, which increased NAD"

consumption and the production of NAM and other degradation metabolites. While the
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metabolomics results don’t allow us to determine the type of enzymes involved in NAD"
degradation into NAM, they raise concerns about potential adverse effects due to the accumulation
of NAM and its methylated metabolites. Our results also confirm findings from other studies (28,
94) showing the increase in the Preiss-Handler pathway intermediates (NAAD, NAMN, NA)
following NR supplementation even though there is no known enzymatic reaction converting NR
to one of these intermediates. Further studies are needed to identify the link between NR
supplementation and the unexpected changes in the Preiss-Handler pathway.

The main contributions of this research are the following 1) the collection and analysis of
qualitative and quantitative data from published literature including quantitative NAD(P)(H)
results; 2) the development of an LC-MS-based quantification protocol and the generation of yeast-
derived stable isotope internal standards for the quantification of NAD"-related metabolites; and
3) a thorough study of the impact of oral NR supplementation on the NAD" metabolome
illustrating the dose- and time-dependent effects of NR on major target tissues.

Overall, our results confirm that NR is effective in increasing NAD" and stimulating the
activity of the NAM-salvage pathway. Future studies should address the implications of long-term
NR supplementation and particularly the potential effects of the accumulation of NAM, as well as
other by-products, on cellular metabolism and signaling pathways. Furthermore, it is essential to
optimize and standardize the quantification methods in order to guarantee the accuracy and
reproducibility of NAD" metabolome measurements in pre-clinical and clinical studies. This will
improve the assessment of therapeutic interventions on the NAD" metabolome, which is crucial

for the development of safe and effective applications in human health.
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