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Abstract

The etiology of multiple sclerosis (MS) is unknown but it manifests as a chronic inflammatory
demyelinating disease in the central nervous system (CNS). During chronic CNS inflammation,
nicotinamide adenine dinucleotide (NAD) concentrations are altered by (T helper) Thl-derived
cytokines through the coordinated induction of both indoleamine 2,3-dioxygenase (IDO) and the
ADP cyclase CD38 in pathogenic microglia and lymphocytes. While IDO activation may keep auto-
reactive T cells in check, hyper-activation of IDO can leave neuronal CNS cells starving for
extracellular sources of NAD. Existing data indicate that glia may serve critical functions as an
essential supplier of NAD to neurons during times of stress. Administration of pharmacological doses
of non-tryptophan NAD precursors ameliorates pathogenesis in animal models of MS. Animal
models of MS involve artificially stimulated autoimmune attack of myelin by experimental
autoimmune encephalomyelitis (EAE) or by viral-mediated demyelination using Thieler's murine
encephalomyelitis virus (TMEV). The WIdS mouse dramatically resists razor axotomy mediated
axonal degeneration. This resistance is due to increased efficiency of NAD biosynthesis that delays
stress-induced depletion of axonal NAD and ATP. Although the WIdS genotype protects against EAE
pathogenesis, TMEV-mediated pathogenesis is exacerbated. In this review, we contrast the role of
NAD in EAE versus TMEV demyelinating pathogenesis to increase our understanding of the
pharmacotherapeutic potential of NAD signal transduction pathways. We speculate on the
importance of increased SIRT1 activity in both PARP-1 inhibition and the potentially integral role
of neuronal CD200 interactions through glial CD200R with induction of IDO in MS pathogenesis.
A comprehensive review of immunomodulatory control of NAD biosynthesis and degradation in MS
pathogenesis is presented. Distinctive pharmacological approaches designed for NAD-
complementation or targeting NAD-centric proteins (SIRT1, SIRT2, PARP-1, GPR109a, and CD38)
are outlined towards determining which approach may work best in the context of clinical application.
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1. INTRODUCTION

This manuscript describes clinical multiple sclerosis (MS) and animal models thereof with a
renewed focus of nicotinamide adenine dinucleotide (NAD)-centric pathways. Bioenergetic
links (Fig. 2) and potential tissue specific NAD sinks (Fig. 3) are described in the context of
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biochemical pathways where the greatest emphasis is placed on pharmacological
complementation of possible MS-induced NAD deficiencies (Fig. 4). A model of tissue specific
MS pathogenesis is presented, concluding with a discussion of the potential involvement of
NAD in stem cell biology and possible dietary connections related to MS etiology.

2. CONTROLLING NAD LEVELS IN NEURONS: ANOTHER POTENTIAL
SUPPORTIVE FUNCTION FOR GLIA

2.1. Enzyme Reactions Using NAD

An essential molecule, nicotinamide adenine nucleotide (NAD) is required in more enzymatic
reactions than perhaps any other small molecule. NAD(P(H)) functions as a co-factor in over
200 redox reactions or as a substrate in three categorical reactions
(http://Ipi.oregonstate.edu/infocenter/vitamins/niacin/). Generally, NAD functions as a co-
factor in energy-producing catabolic reactions, such as the degradation of carbohydrates, fats,
proteins, and alcohol, whereas NADP functions in anabolic reactions, such as the synthesis of
cellular macromolecules including fatty acids and cholesterol [1]. As a co-factor NAD
participates in oxidation-reduction (redox) reactions as hydride donor (NADH and NADPH)
and acceptor (NAD and NADP). Of all the NAD((P)H) specific molecular isoforms, it is
specifically NAD and not NADH, NADP, nor NADPH that is the molecule most susceptible
to deficiency under niacin-limiting conditions in bone marrow cells subjected to common
oxidative stress [2].

The redox reactions are not accompanied by any net consumption of the nucleotides. However,
cells require ongoing NAD synthesis because NAD is consumed as a substrate by three
categorical enzymes that break the glycosidic bond between the nicotinamide (NAM) moiety
and ADP ribose moiety: 1) ADP-ribose transferase (ARTS) or poly(ADP-ribose) polymerases
(PARPS), 2) cADPR-ribose synthases (CD38 and CD157) and 3) sirtuins (class Il protein
lysine deacetylases) [3]. A common feature of these reactions is that NAD donates its ADP-
ribose group, which breaks the glycosidic bond between nicotinamide and ribose, destroying
the parent NAD molecule [4].

2.2. Biosynthesis of NAD

Twentieth century man is particularly susceptible to dietary induced NAD deficiency. The most
devastating nutritional deficiency disease in the history of the United States of America was
the NAD deficiency disease pellagra, an epidemic which killed over 120,000 people in the first
two decades of the 1900s [5]. NAD precursors are distinguished as one of the few known
molecules identified as important enough to be forced into the public diet for improved health
by the U.S. government [6]. It should be realized however, that niacin requirements of
individuals can vary depending on genetics and stress. Significantly, disease pathology is well
known to actively promote NAD depletion through poly(ADP)ribose polymerase (PARP-1)
activation. Recently, new NAD metabolic pathways have gained recognition for their important
roles in MS. For example, the NAD precursor nicotinamide (NA) can ameliorate MS in the
experimental autoimmune encephalomyelitis (EAE) animal model [7]. Thus, we focus here on
NAD biosynthesis to understand the potential role of NAD depletion in MS pathogenesis.

Inall vertebrates, NAD can be synthesized by two pathways: de novo synthesis from tryptophan
[3,4] and/or from vitamin precursors in the diet: NA, nicotinamide (NAM), and nicotinamide
riboside (NAMR). The pathway from tryptophan to the NAD precursor nicotinic acid
mononucleotide (NaMN) requires four enzymes encoded by the genes KMO, KYNO, HAAO,
and QPRT. NaMN is then converted to NAD via three reactions catalyzed by NARPRT,
NMNAT, and NADS. For the de novo pathway to be completed it is necessary to have adequate
riboflavin (vitamin B2), pyridoxyl phosphate (vitamin B6), and ascorbate (vitamin C).
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Deficiencies in any of these can lead to the accumulation of “kynurenine pathway”
intermediates (Fig. 1). NAD can also be synthesized from three different essential non-amino
acid precursors in the diet: nicotinic acid (NA), nicotinamide (NAM), and nicotinamide
riboside (NAMR). Yeast with an inactivated de novo pathway may use any of the salvageable
precursors (NA, NAM, NAMR, or nicotinic acid riboside) to support life [8]. Nicotinic acid
riboside has only been examined in yeast. These non-amino acid dietary NAD precursors are
collectively termed vitamin B3 and require two (NAM, NAMR) or three (NA) steps
respectively to generate NAD [1].

It should be realized that not every cell is capable of converting each precursor to NAD at all
times although NAD is essential to survival. Because tissue and cell-type specific enzyme
expression differences exist in metazoans, the precursors are differentially utilized in the gut,
brain, blood and other organs [1] (Table 1). The de novo pathway is clearly active in liver,
neuronal and immune cells. The pathway from NA is expressed in the liver, kidney, heart and
intestine. While, vertebrates do not possess the nicotinamidase enzyme that converts NAM to
NA, intestinal bacteria in the vertebrate gut use nicotinamidase to convert NAM to NA, which
in turn is used to synthesize NAD via the Preiss and Handler salvage pathway. The NAMR
salvage pathway is expressed in neurons and in cardiac and skeletal muscle [1].

Collectively, experimental observations support the idea that by increasing NAD, we may be
able to prevent or reduce the effects of MS pathogenesis. Mammals elevate their NAD during
autoimmune encephalomyelitis [7,9], while tryptophan levels are decreased in the
cerebrospinal fluid (CSF) and sera of MS patients [10]. Caloric restriction (CR) raises NAD
levels [11] and provides protection against EAE-mediated pathogenesis [12-14]. CR reduces
inflammation, demyelination, and neurodegeneration, but does not suppress immune function.
CR increases both the expression of the rate-limiting enzyme controlling NAD biosynthesis
[15] and lifespan in a SIRT1 dependent manner [16]. Consequently, the body may synthesize
NAD to help control autoimmune encephalomyelitis.

The enzymes required to initiate de novo NAD biosyn-thesis are nicotinamide
phosphoribosyltransferase (NAMPT), nicotinic acid phosphoribosyltransferase (NAPRT),
indole-amine 2,3-dioxygenase (IDO/INDOL and IDO2/INDOL2), or tryptophan dioxygenase
(TDO2). The NAD salvage pathway recycles NAM back to NAD starting with the rate-limiting
enzyme NAMPT [17]. The NAD recycling pathway responds to stress conditions in a highly
evolutionarily conserved manner, by increasing expression of nicotinamidase (PNC) in
prokaryotes or by increasing NAMPT in vertebrates (for a review [18]).

NAMPT requires the substrate NAM, which is rapidly generated following PARP-1 activation
in response to genomic damage. PARP-1 activity may also change in direct interferon-y
(IFNY) causes robust induction of IDO activity in response to local changes in NAD
concentration-an active area of research investigation in vivo [19]. Although inflammation-
mediated PARP-1 activation can lead to a rapid NAD depletion, NAD can be quickly restored
through the NAD salvage pathway. The NAD salvage pathway recycles NA to NAD. Induction
of NAMPT or increased NMNAT in WIdS dramatically increases NAD levels during times of
PARP-1 activation. Other distinct pathways to increase levels of tissue NAD include activation
of either TDO2 or IDO. While TDO?2 has traditionally been understood to restricted in
expression in the liver, it is in fact also expressed in neurons and glia [20]. IDO expression is
highly induced in professional APCs and neurons by the immune system. IDO is also detectable
in endothelial cells [21]. In neurons interferon-y (IFNy) causes robust induction of IDO activity
in primary human neurons and a slight reduction of TDO2 activity [22]. Although NAD levels
were not measured in these experiments, similar IFNy induction of IDO has been shown to
increase NAD levels in macrophages [23,24] and glia [25,26]. It is unclear whether IFNy
directly increased NAD in neurons. Other experiments suggest that the tryptophan de novo
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biosynthesis pathway is not efficient enough to provide neuroprotection [27]. By contrast, other
mononucleotide containing precursors in the salvage pathway including NaMN or
nicotinamide mononucleotide (NMN) are neuroprotective in the Wallerian degeneration assay.

2.3. Changes in NAD Levels in Animal Models of MS and NAD Precursors

Under conditions of NAD deficiency, neurons are exceptionally vulnerable to the degeneration
characteristic of MS [28]. The EAE model of MS indicates that endogenous levels of NAD are
elevated inthe CNS [7,9]. This presumably occurs due to the combined increases in lymphocyte
infiltration, hematopoietic cell proliferation, and IDO activity in professional APCs commonly
observed in MS.

While net increases in NAD in the CNS are observed in EAE models, we predict that these
increases are largely restricted to the immune system and come at the risk of NAD deficiency
in neurons. Extracellular levels of the precursor used for de novo biosynthesis (tryptophan) are
significantly decreased in the serum and CSF of MS patients [10]. Fortunately, this loss of
available NAD precursor can be partially rescued either by administrating pharmacological
doses of nicotinamide or by enforced caloric restriction [11]. Both approaches lead to increased
NAD levels and profoundly ameliorate EAE pathogenesis [7,12-14]. By contrast,
administration of tryptophan is known to increase lymphoproliferation [29,30]. Thus high dose
tryptophan administration may be expected to exacerbate immune-mediated demyelinating
pathogenesis, actually promoting neurodegeneration due to hyper activation of the immune
system (discussed in greater detail in section 8.1.1). Similarly, inhibition of IDO, which can
increase tryptophan levels, exacerbates EAE pathogenesis [31-33]. The latest research
indicates that stem cell mediated prevention and recovery from EAE requires IDO activity
[34]. Thus it is important to limit the NAD available to lymphocytes but not at the expense of
starving neighboring cells of NAD.

2.4. Glia as Suppliers of NAD to Neurons

Of likely significance to MS pathogenesis, the efficiency de novo and salvage NAD pathways
is different in glia compared to neurons [35]. Neuronal explant experiments performed by
Sasaki et al. reveal neurons are inefficient at de novo and salvage NAD biosynthesis. By
contrast all other downstream intermediates (NaMN, NaAD, or NMN; Fig. 2) as well as NAD
itself could provide potent delay in neuronal Wallerian degeneration assays [27,36].
Significantly, addition of NA or NAM to these neuronal explants failed to delay Wallerian
degeneration unless the salvage pathway enzymes NAMPT or NMNAT were ectopically
expressed. However, Wang et al. revealed that NAM considerably delayed Wallerian
degeneration when supplied at higher concentrations of 5-25 mM [37]. Further, NAMPT1 or
NAPRT1, which initiate NAD biosynthesis using NAM or NA respectively, were both
transcriptionally induced after sciatic nerve transection in mice, where glia are present. These
studies clearly revealed the rate-limiting nature of the NAM-NAMPT and NA-NAPRT
pathways in controlling NAD biosynthesis specifically in neurons [27]. Meanwhile, NAM has
been repeatedly shown to be potently neuroprotective when administered in vivo using animal
models of disease [7,38-42]. Thus, surrounding glial cells may synthesize and supply NAD to
neurons in vivo when NAM is administered at pharmacological doses.

Examination of NAD biosynthesis in glial cells further supports this idea. In contrast to
neurons, glial cells possess efficient de novo and salvage pathways. Glial cells use NA with
more than a 250-fold greater efficiency than NAM or quinolinate [43]. Furthermore, astrocytes
are able to transport NADH via P2X7R in both directions [44,45]. Astrocytes form the blood-
brain barrier (BBB), are the first cells of the CNS exposed to dietary or pharmacologic NAD
precursors, and are the most abundant cell type in the brain. Current data strongly support the
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notion that glia may serve important roles in both the synthesis of NAD from tryptophan, NA,
or NAM, and the delivery of NAD to neurons (Fig. 3).

There are three established examples for a division of labor reserved for glial cells but not
neurons that are of particular significance to MS. These processes include myelin biosynthesis,
cholesterol biosynthesis, and the lactate shuttle. Both myelin and cholesterol synthesis require
high levels of NADPH, while NADP is required for lipid anabolic metabolism. Myelin is
composed of over 80% phospholipids, while cholesterol synthesis starts with just two carbon
substrates to build the twenty seven-carbon sterol. Furthermore, cholesterol supplied by glia
are absolutely required for synapto-genesis, connecting neuron to neuron [46]. Accordingly,
pathological analysis of alcoholic pellagrans clearly reveals demyelination [47]. Perhaps part
of the dramatic recovery seen with administration of NAD precursors to pellagrans in the 1940s
involves remyelination. Interestingly, administration of pharmacological doses of NAM
profoundly prevents demyelination in the EAE model [7]. More research is needed to determine
whether pharmacological doses of NAD precursors can affect remyelination.

Lastly, the lactate shuttle functions to provide energy to neurons that is particularly essential
to neuronal survival during ischemic shock ([48] for a review see [49]). When oxidative
phosphorylation is unavailable NAD is required to maintain ATP synthesis by anaerobic
substrate level to maintain ATP synthesis by anaerobic substrate level phosphorylation (Fig.
2). Neurons receiving lactate from glia can immediately use lactate to generate both pyruvate
and NADH for ATP generation [50,51]. NAD clearly serves critical bioenergetic functions
particularly important to neuronal survival during ischemic shock.

Given the divisions of labor reserved for glia, it makes sense that glia are likely more efficient
at NAD biosynthesis than neurons and consequently serve critical functions as providers of
NAD to neurons. Collectively experimental data supports the notion that glial may be required
for the essential delivery of NAD to neurons starting from tryptophan, nicotinic acid/niacin,
or nicotinamide/niacinamide, but not nicotinamide riboside [1].

3. CLINICAL MULTIPLE SCLEROSIS AND ANIMAL MODELS
3.1. Pathology of MS

MS is the most common inflammatory demyelinating disease of the central nervous system
(CNS) [52,53]. Affecting more than 2.5 million people worldwide, 30% of MS patients develop
paralysis becoming wheelchair bound for the rest of their lives [54,55].

The brain is an immunologically privileged site that is largely protected by the tight junctions
of the blood-brain barrier (BBB). Generally, lymphocytes are not present in the brain. However,
when health problems promote BBB disruption, lymphocytes can infiltrate the CNS.

Accordingly, disruption of the BBB is believed to play an important role in MS pathogenesis.

Histological MS lesions can be divided into three components; 1) inflammation due to immune
cell infiltration, 2) demyelination and axonal degeneration, and 3) activation of microglia
(resident CNS macrophage) and astrocytes, the latter of which causes gliotic or “sclerotic”
lesions. Inflammation (the first component) can function as an effector to cause CNS damage
that results in clinical neurological deficits. Inflammatory lesions are composed of T cells, B
cells (antibody-producing cells), and macrophages (antigen presenting cells, APC). These
immune cells can be myelin specific autoimmune cells or non-myelin specific immune cells.
Myelin-specific autoimmune cells may attack the myelin sheath directly, while nonspecific
inflammation causes myelin damage in a bystander fashion. CNS inflammation can lead to
demyelination and/or damage in myelin forming cells, the oligodendrocytes, as well as axonal
degeneration (the second component).
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The third component, gliosis, can be regarded as a reactive response to the other two
components, and is similar to scar formation in the periphery. Although this last step may be
considered a process of healing and repair leading to neuronal regeneration in the peripheral
nervous system (PNS), regeneration of neuronal cell bodies and processes (axons and
dendrites) is in general impossible in the CNS. Although remyelination and regeneration of
myelin-forming cells can occur in the CNS, it is a much less active process there than in the
myelin-forming Schwann cells of the periphery. In addition gliosis is considered to hinder
neuronal regeneration in the CNS.

3.2. Clinical Course of MS

MS can be characterized by either episodic acute periods of worsening (relapses, exacerbations,
bouts, attacks), gradual progressive deterioration of neurologic function, or combinations of
both. The clinical course of MS is classified into four forms: relapsing-remitting (RR), primary
progressive (PP), secondary progressive (SP), and progressive relapsing (PR) [56]. RR-MS is
defined by disease relapses with full recovery or with sequelae. PP-MS progresses continuously
from the onset. Initial RR disease is often followed by progression (SP-MS).

Clinical and immunological profiles can be different among different forms of MS or even
among the same form of MS. However, in general, attack by inflammatory cells in the CNS
results in disease onset, exacerbation/relapse and disease progression (Table 2), while
inhibition of autoimmune reactions lead to disease remission. Demyelination and axonal
degeneration result in clinical attack and disease progression. Irreversible axonal damage and
lack of remyelination contribute to a lack of recovery. Since remyelination in the CNS, if at
all, is a very slow process, recovery from clinical signs should be attributed to subsiding
inflammatory responses, but not necessarily neuro-regeneration. Gliosis may further inhibit
regeneration processes in the CNS. In section 9 we will later discuss that all three components
are connected, and targeting one component can affect the other component in some cases.

3.3. Etiology of MS

Whether infectious agents, environmental toxins, mutagenesis, or nutrient deficiencies cause
MS is uncertain. Inheritance studies of MS have found genetic links affecting disease
susceptibility, but have not revealed any single genetic mutation [57]. Given the high frequency
of MS in the population, it seems most likely that more than one factor is involved. For example,
geographical epidemiology and animal models clearly reveal important roles for vitamin D
signaling [58], while deficiencies of vitamin B12 [59-61] or sadenosylmethionine [62,63] can
directly cause demyelination. Meanwhile recurrent reactivation of a latent herpes infection
resembles relapsing-remitting MS and is commonly found in the CNS, where its potential role
in MS pathogenesis is difficult to resolve owing to its nearly ubiquitous presence [64].

The autoimmune etiology of MS is supported by 1) evidence of immune cells infiltrating the
CNS, 2) the presence of anti-myelin T cell and antibody responses, 3) a susceptibility associated
with major histocompatibility complex (MHC) haplotypes, and 4) altered clinical signs after
immunomodulation therapy [52]. Currently, type I interferon (IFNa and B), glatiramer acetate,
and antibody against very late antigen (VLA)-4 have been shown to suppress clinical signs of
MS.

It has been proposed that MS is mediated by anti-myelin helper T cell type (Th1 or Th2)
responses. The Thl cells produce cytokines such as IL-1, IFNy, tumor necrosis factor-a/p
(TNFo and TNFB/lymphotoxin-a). These cytokines help are involved in cellular immune
responses including delayed type hypersensitivity (DTH). The Th2 cells produce cytokines
including interleukin (IL)-4, 5, 6, and 10, which contribute to antibody production. This is
partly because a human clinical trial of IFNy has been reported to exacerbate MS [65,66].
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Although the study was controversial (the observation period, small number of patients, clinical
outcome of follow up period, etc), no large clinical trial using IFNy has been tried since then.
In fact, there is some evidence to support that Th1 responses are protective in the early stages
of the disease and IFNy treatment early on can prevent the development of MS [67,68].

IFNy clearly exerts a protective role in viral animal models of MS [69]. Perhaps most
significantly with respect to NAD metabolism, the IFNy has been shown to require indoleamine
2,3-dioxygenase (IDO) activity to exert many of its effects including anti-viral (herpes [70,
71] and CMV [72]), anti-parasitic (malaria [73]), anti-bacterial (streptococci [74]), and anti-
intracellular pathogen (T. gondii [75,76] and Chlamydia [77]).

3.4. Animal Models for MS

The two most commonly used animal models of MS are experimental autoimmune
encephalomyelitis (EAE) and Theiler's murine encephalomyelitis virus-induced demyelinating
Disease (TMEV-IDD). Here we briefly review the unique differences of each model.
Autoimmune etiology of MS has been supported by EAE [78,79]. EAE is induced by injection
of brain homogenate, myelin proteins, or related peptides. EAE manifests as an autoimmune
response against myelin antigens in the CNS. EAE is most frequently induced by myelin basic
protein (MBP), myelin proteolipid protein (PLP), or myelin oligodendrocyte glycoprotein
(MOG) [80]. Adoptive transfer of myelin-specific IFNy-producing Th1l cells also induces EAE.
Interestingly, IFNy has been shown to play a protective role in several EAE models. Because
clinical and immunological profiles of EAE are sometimes quite different between models, it
is not always appropriate to use evidence from one model and applied for all EAE models
[81].

A viral etiology for MS is supported by the fact that 1) exacerbation/relapse is triggered by
infection, 2) detection of virus itself or anti-viral immune responses, 3) epidemiological
evidence, and 4) animal models [64]. TMEV is one of most commonly used viral models for
MS [79,82]. TMEV belongs to the family Picornaviridae, and intracerebral injection of TMEV
causes chronic inflammatory demyelinating disease, similar to MS. Although the precise
mechanism of demyelination is controversial, viral persistence in the CNS as well as immune
responses, including T cells, antibodies, and macrophages, have been shown to play key roles
in demyelination. Immune modulation treatments have been shown to influence the clinical
outcome of TMEV infection.

Comparing the same immunomodulation therapy between models of EAE and TMEV-IDD,
some therapies, such as depletion of T cells, inhibit both EAE and TMEV-IDD, but other
therapies, such as anti-chemokine therapy, were effective only in one model but not the other
[83]. Thus, although two models share many immunological profiles, these two models are not
immunologically identical [78].

4. CONTRASTING ROLES OF WLDS IN ANIMAL MODELS OF MS

4.1. Slow Wallerian Degeneration Mice (WIdS)

When an axon is cut, the distal part of the axon, which is disconnected from the neuronal cell
body, breaks up into fragments; this classical type of axonal degeneration is called Wallerian
degeneration [84]. Wallerian degeneration is a fundamental reaction of the nervous system to
loss of continuity of axons as a result of traumatic, ischemic, toxic, metabolic or other injury.
C57BL/WIdS (Wallerian degeneration slow mutant, originally described as C57BL/6/Ola)

(WIdS) mice, are a substrain of C57BL/6 (B6) mice [85]. WIdS mice have prolonged survival
of the distal stumps of transected axons both in the peripheral nervous system (PNS) and the
CNS [86-89]. Transected axons from wild type neurons degenerate in less than 24 hours. By
contrast transected WIdS neurons survive for up to 4 weeks and support action potentials for
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at least 2 weeks ! Axons continue anterograde and retrograde transport of proteins for similar
amounts of time as well [90-92]. WIdS mice are protected from Wallerian degeneration by a
mutation, an 85-kb tandem triplication on mouse chromosome 4. The mutation generates a
novel chimeric fusion protein composed of the complete sequence of nicotinamide
mononucleotide adenylyltransferasel (NMNAT1), localized in the nucleus, the N-terminal 70
amino acids of ubiquitin fusion degradation protein 2 (Ufd2), and a short peptide sequence
conjugating the two proteins [93,94]. The mechanism of WIdS action is still enigmatic, and the
nature of the WId® gene product suggested two hypothesis for their mode of action: 1) a
dominant negative effect of the ubiquitination factor fragment, and 2) activity of NMNAT1
via NAD biosynthesis [93,95]. While there is data supporting either hypothesis, we will mainly
discuss the latter in this review since there is evidence that NAD or NAD precursors exert
dramatic survival protection from stressed neurons in vivo [7,37,48,49] or in neuronal explant
assays [27,36,37].

NMNAT1 has been proposed as responsible for the preservation of axons and SIRT1 is the
downstream effector of increased NMNAT activity that leads to axonal protection [27,36]. By
RNA interference-mediated gene silencing of each SIRT1 member (SIRT1-7) in dorsal root
ganglion (DRG) neurons, Araki et al. [36] showed that only SIRT1 is involved in mediating
the protective effects of NMNAT1 and NAD. In contrast, Wang et al. [36,37] found no
significant difference in the extent of axonal degeneration in DRG axons treated with NAD or
in NMNAT- or WIdS-overexpressing DRG axons between DRG explant cultures from wild-
type and SIRT1 knockout mice, which were subjected to axonal transection. Thus NAD was
capable of protecting neurons independent of SIRT1 activity. Furthermore at these higher
concentrations it was no longer necessary to incubate for greater than 8 hours. A more detailed
explanation for this is provided in section 8.3. Wang et al. also found that neither sirtinol (SIRT1
inhibitor) nor resveratrol (SIRT1 activator) affected the protective effects of NAD and WIdS/
NMNAT1 on axonal degeneration in the same assay. Wang et al. [37] suggested that local
bioenergetics are primarily responsible for NMNAT1/NAD-mediated neuroprotection, since
1) NAD levels decrease in degenerating axons and 2) exogenous application of NAD or
nicotinamide prevented degeneration of transected axons by delaying the decrease of NAD
and ATP levels. Further support for a NAD-dependent mechanism of action has been
repeatedly provided upon examination of pharmacological administration of NAD precursors
[7,38,42,96].

4.2. Amelioration of EAE Pathogenesis in WIdS Mice

Two independent research groups have tested WId® mice in animal models of MS [37,97,98].
Tsunoda et al. [98] induced EAE in WIdS mice and their parent strain, C57BL/6 (B6) mice,
using MOG35-55 peptide. Both mouse groups showed a similar disease onset, MOG-specific
lymphoproliferative responses in the periphery, and CNS inflammation and demyelination at
2-week post immunization (p.i.) with MOG. Similar levels of peripheral immune responses
between two mouse groups were expected, since no immunological deficit has been reported
in WId® mice. However, WId® mice showed complete recovery with a decline in MOG-specific
T cell responses. In contrast, wild-type B6 mice showed disease progression clinically with
high levels of axonal degeneration, demyelination, and MOG-specific lymphoproliferative
responses. Chitnis et al. [97] used identical mouse strains and EAE generating protocols and
obtained similar results with WId® dramatically delaying EAE disease progression. Further
Chitnis et al. noted a reduction in macrophage accumulation and activated microglia for the
WIdS mouse.

Similarly, Kaneko et al. [7] demonstrated an attenuation of clinical signs of MOG35-55-
induced EAE in WIdS mice compared with wild-type B6 mice. Histologically, at 2 weeks post-
inoculation (p.i.), B6 mice showed more severe axonal degeneration with increased microglia/
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macrophage infiltration [97] than WIdS mice, while no significant difference was seen in the
extent of demyelination or CD4+ and CD8+ T cell infiltration in the CNS between the two
groups at 2 weeks p.i. In addition, there were no differences between the two mouse groups in
MOG induced T cell infiltration, proliferation, delayed type hypersensitivity (DTH) responses,
IL-5, 6, 10, and IFNy production, at 2 weeks p.i., demonstrating that there is no deficit in
priming in WIdS mice [97]. NAD levels were preserved only in WIdS mice at 2 and 4 weeks,
p.i. Daily administration of 500 mg/kg (40g/170lb human equivalent) nicotinamide to EAE
mice from the day of MOG immunization or from day 10 pi., reduced all pathology parameters.
This included reductions in axonal loss, T cell infiltration and demyelination. NAD levels were
quantitatively increased in the spinal cord by the nicotinamide administration. In that study,
autoimmune Th1 immune response against MOG was not examined in the nicotinamide
treatment group, although others showed that nicotinamide can modulate IFNy-mediated
reactions, and that NAD itself can cause cell death of T cells, particularly CD4+CD25+
regulatory T (Treg) cells [100,101]. Thus, it is not clear whether or not amelioration of EAE
in the nicotinamide treatment group is solely attributed to preservation of axons.

While it is beyond the scope of this review to discuss the role of the Ufd2 aspect of the WldS
gene, Ufd2 regulates multi-ubiquitination of proteins targeted for degradation by the 26S
proteasome complex. Chitnis etal. [97] demonstrated elevated expression of CD200 in neurons
and axons in the CNS of naive WIdS mice and WIdS mice with EAE, which was associated with
decreased ubiquitination of CD200, most likely caused by the Ufd2 portion of WId® gene.
Administration of CD200 antibody into WIdS mice with EAE exacerbated clinical signs of
EAE, suggesting that the CD200-CD200R pathway plays a role in attenuating EAE in WIdS
mice. CD200-CD200R interactions play a role in the control of myeloid cellular activity.
Interestingly, activation of the CD200 receptor with CD200-Ig in mouse plasmacytoid
dendritic cells causes an increase IDO expression and function that exerts a toleragenic effect
on autoreactivity [102]. Conversely, IDO inhibition exacerbates EAE pathogenesis prevents
stem cell rescue of EAE [31,33,34]. Thus, we may expect that CD200-1g mediated increases
in IDO may ameliorate the clinical symptoms of MS. In section 10 we discuss the recent
discovery of another soluble factor (TREM-2) that controls IDO expression and has been
determined to be present at exceptionally high levels in the cerebrospinal fluid of MS patients
[103].

SIRT1 is a member of a highly conserved gene family, the Sirtuins, encoding NAD dependent
deacetylases, which deacetylate histones leading to increased DNA stability and prolonged
survival in yeast and higher organisms, including mammals. Neuroprotection mediated by
SIRT1 activation has been demonstrated in axotomized dorsal root ganglion neurons [36].
Shindler et al. [104] tested whether two SIRT1 activators, nicotinamide riboside (NAMR,
SRT647) and resveratrol (SRT501) protects from optic neuritis in EAE mice sensitized with
myelin proteolipid protein (PLP)139-151 peptide. Intravitreal injection of NAMR or
resveratrol prevents loss of retinal ganglion cells (RGC), but does not prevent inflammation
or clinical signs of EAE. The neuroprotective activity was blocked by sirtinol, a SIRT1
inhibitor. Although specific substrates of SIRT1-mediated RGC survival are not known in this
study, apoptotic proteins can be candidates for the downstream targets of SIRT1-mediated
RGC neuroprotection, since SIRT1 is known to act on proteins involved in apoptosis. In
addition, as Bogan et al. [1] proposed, the specific utilization of NAMR by neurons may
provide qualitative advantages over niacins in promoting function in the central and peripheral
nervous system [1].

In contrast, Suzuki and Koike [105] showed that resveratrol diminished resistance of cerebellar
granule cells of WIdS mice to axonal degeneration induced by colchicine. The authors showed
that resveratrol promotes tubulin deacetylation by acting directly on SIRT2, and SIRT2
silencing restores the resistance to axonal degeneration in resveratrol-treated WIdS neurons.
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4.3. Exacerbation of TMEV-IDD Pathology in WIdS Mice

Although axonal preservation is beneficial in EAE, a lack of delay of axonal degeneration has
been shown to be detrimental in WIdS mice infected with TMEV [98]. TMEV infection was

also compared between WIdS mice and wild-type B6 mice [98]. Since B6 mice are resistant to
TMEV-IDD, TMEV-infected B6 mice showed no clinical disease. In contrast, TMEV-infected
WIdS mice developed paralysis with increased inflammation and virus antigen positive cells

in the CNS. This suggests that the slowed axonal degeneration in WIdS mice favors virus spread
in the CNS, since TMEV is known to use axons to disseminate in the CNS. This suggests that
axonal degeneration in B6 mice might be a beneficial mechanism that limits the virus spread
in the CNS [1086]. In this experiment, neither WIdS mice nor B6 mice developed demyelination.

Roussarie et al. [107] demonstrated that intraocular injection of TMEV into wild-type B6 mice
and WIdS mice resulted in infection of CNPase+ oligodendrocytes (65% in B6 and 75% in
WIdS) and glial fibrillary acidic potein (GFAP)+ astrocytes in the ipsilateral optic nerve. There
was no infection in the contralateral pre-chiasmatic segment of the optic nerve. Virus most
likely spread using axonal transport, not the hematogenous route, although virus infection in
the axon was not shown in this experiment. In the optic nerve, axonal degeneration was
observed only in the B6 mice, but not in WIdS mice by immunostaining against
nonphosphorylated neurofilament or electron microscopy. The authors suggested that in
WIdS mice TMEV is able to traffic from the axon into the surrounding myelin in the absence
of membrane lysis, by some cellular exit route, possibly via the autophagosome-like
membranes induced by picornavirus infection [108].

5. BIOENERGETIC NAD-ATP LINK IN AUTOIMMUNE-INDUCED
DEMYELINATION

Reactive oxygen or nitrogen species, R(O/N)S, that damage DNA immediately activate the
poly(ADP)ribose polymerase-1 (PARP-1) catalyzed enzymatic polymerization reaction using
NAD is used as the substrate. The products are poly(ADP)ribose (PAR) and nicotinamide,
where PAR can be transferred to proteins including PARP-1 itself. High levels of DNA damage
lead to excessive PARP-1 mediated depletion of NAD. The NAD salvage pathway becomes
activated in response to this in an attempt to regenerate the PARP-1 product, nicotinamide,
back to NAD. ATP is required indirectly for the NAMPT reaction and directly for the NMAT
catalyzed reaction. This causes a lowering of ATP levels since the NAD salvage pathway uses
ATP to regenerate NAD starting with the product of the PARP-1 catalyzed reaction,
nicotinamide (Fig. 2). With excessive DNA damage this becomes a futile cycle that depletes
energy reserves to such an extent that total bioenergetic collapse occurs with necrosis (for a
review [109]). Ultimately, accumulated PAR formed from PARP-1 can promote apoptosis to
insure cells with severely damaged DNA are elegantly killed, thus decreasing the likelihood
for uncontrolled tumorigenesis.

Cells are particularly vulnerable to lethal ischemic shock when PARP-1 is activated, most
immediately, simply because NAD is an essential requirement for generation of ATP by
substrate level phosphorylation (glycolysis) during anaerobic conditions. Significantly,
inhibition of PARP-1 has the dramatic effect of increasing cell survival. PARP-1 inhibitors do
delay Wallerian degeneration [36]. Furthermore application of NAD or activation of SIRT1
has both been shown to inhibit PARP-1 as well and increase cell survival [110-112]. Thus one
can envisage a pathway for WidS extending: NMNAT1-NAD-SIRT1-PARP-1 inhibition-
delayed Wallerian degeneration. However, whether or not PARP-1 inhibition is aprt of the
mechanism of action of WId® remains to be determined. Accordingly, pharmaceutical
companies have invested heavily in PARP-1 inhibitors for diseases ranging from acute
(myocardial infarction, acute respiratory syndrome, endotoxic shock, aneurysm) to the chronic
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(colitis, arthritis diabetes; for a review [113]) disease conditions. An alternative approach is to
simply supply elevated levels of NAD as a means of preventing PARP-1 mediated deficiency.
With this approach, very significant cytotrophic cellular survival results have been seen in
response to otherwise lethal shocks in numerous instances when NAD levels have been
increased [48,114-118].

NAMPT is the rate-limiting enzyme controlling the rate of enzymatic activity in the NAD
salvage pathway [17]. Thus NAMPT is the most highly transcriptionally regulated enzyme in
the NAD salvage pathway. Meanwhile the NMNAT enzymes control the efficiency of the
NAMPT initiated salvage pathway during stress responses, where the effect of increased gene
dosage of NMNAT1 (nuclear) or NMNAT3 (mitochondrial), but not NMNAT?2 (cytosolic/golgi)
isoforms has been shown to protect against neurodegeneration [27]. Significantly Sasaki et
al. [27] reveal that NAMPT and NAPRT may be generally lacking or inefficient in neurons.

Addition of NAD or nicotinamide prevents Wallerian degeneration [36,37]. Significantly,
Wang et al. showed that immediate benefit could be derived in axons by the addition of NAD
(5 or 20mM) or the NAD precursor nicotinamide (5 or 25mM) in a SIRT1 independent fashion.
Previously it was determined that preincubation at lower concentrations of NAD (1mM)
required at least 8 hours (preferably 24 hours) of incubation and the presence of nuclear SIRT1
[36]. This data strongly suggested that the effect was at the transcriptional level since SIRT1
is nuclear and the axon is completely separated from the nucleus in the Wallerian degeneration
assay. Furthermore, the much higher concentrations of NAD or NAM used in the SIRT1
independent phenomena underscore the importance of bioenergetic mechanisms at work in the
higher concentrations. Significantly, higher levels of NAD were able to confer protection in
an otherwise immediately lethal situation.

If SIRT1 is not involved, then what else may be responsible? The most likely explanation may
involve a bioenergetic mechanism. NAD levels are intimately connected to substrate level
phosphorylation, the only means of generating ATP/energy under ischemic conditions.
Inflammation can lead to ischemic shock within inflamed target tissues. For the essential
glycolytic generation of ATP to persist under anaerobic conditions, NAD is needed. During
anaerobic glycolysis, NAD is obtained via the additional lactate dehydrogenase reaction step.
The lactate produced can also be shuttled from glia to neuron via the “lactate shuttle [51].”
Then the reaction proceeds backwards to produce pyruvate for the TCA cycle and NADH for
oxidative phosphorylation. By using this strategy the neuron is better able to obtain from glia
the energy supplies needed to repeatedly repolarize essential ion gradients.

Other possibilities, besides the bioenergetic model, include a potential role for a primarily
mitochondrial NAD dependent deacetylase, SIRT3. SIRT3 is now known to be a master
regulator controlling ATP generation [119] and global acetylation in the mitochondria [120].
Consistent with the idea of a role for SIRT3, resveratrol has been shown to increase SIRT3
[121] and was previously shown to delay Wallerian degeneration using 10 or 100uM [36].
While resveratrol did fail to provide protection in the acute time frames [37], it remains possible
that resveratrol may work at higher concentrations. However solubility become an issue for
resveratrol at high concentrations since it is not dissolvable in water.

Alternatively, related possible NAD responsive targets present in the axon include the cytosolic
SIRT2, is known to deacetylate tubulin or the mitochondrial Sirtuins (SIRT3, SIRT4, and
SIRT5). More genetic work is needed to determine the protein(s) responsible for the immediate
protective effect of high dose NAD in Wallerian degeneration model. To conclude, NAD would
seem to have great promise in acute care critical medicine in particular and perhaps acute MS
attacks as well.
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6. IDO AND EAE

Tryptophan is most immediately essential as the sole known precursor for endogenous de
novo NAD biosynthesis in mammals. Plasma tryptophan concentrations are depressed in most
autoimmune diseases and is often diagnostic of poor disease prognosis [122]. There are three
different enzymes that catabolize tryptophan. These are tryptophan dioxygenase (TDO/TDO?2),
indoleamine 2,3-dioxygenase (IDO/INDO), and indoleamine 2,3-dioxygenase-2 (IDO2/
INDOL1) [123,124]. TDO?2 is popularly understood to be restricted to the liver, where it
regulates tryptophan serum levels. However, TDO2 protein and mRNA are also expressed in
neurons and astrocytes [20]. Furthermore, interferon causes simultaneous decreases in TDO2
and increases in IDO expression levels in neurons [22]. Interestingly, TDO2 expression levels
are elevated in schizophrenia [20], a disease known to involve neurodegeneration. Nothing is
known regarding the function of TDO2 in the nervous system but based on the commonly
accepted hepatic function of TDO2, we expect TDO2 to serve critical functions in NAD
biosynthesis starting from tryptophan in other tissues.

Indoleamine 2,3-dioxygenase (IDO) activity is inducible in various cell types, including
macrophages and dendritic cells, by the pro-inflammatory cytokine IFNy, while IDO activity
is enhanced by the synergistic effects of either TNFa or lipopolysaccharide (LPS) [21,125].
The IDO gene promoter contains multiple sequence elements that confer responsiveness to
type | interferons (a/p) and the more potent type Il interferon (y). IDO production by
syncytiotrophoblasts, macrophages, and dendritic cells has been demonstrated to result in the
inhibition of T cell proliferation due to tryptophan depletion by IDO.

Juxtaposed in series on human chromosome 8 and possibly sharing common cis-regulatory
elements, IDO and IDO2 are expressed in many of the same tissues [126]. IDO and IDO2 are
just 43% identical. New questions are being raised regarding isoform specific functions
[123]. IDO2 was only recently discovered and nothing is known regarding potential IDO2
specific function.

All of this occurs due to selective control of the endogenous NAD precursor and substrate,
tryptophan. Expression of IDO is highly regulated within professional antigen presenting cells
(professional APCs; macrophages, microglia, or dendritic cells). The general function of IDO
in professional APCs is to limit autoreactive T cell proliferation, thus exerting anti-
inflammatory activity but at the potential risk of NAD deficiency for local host tissues. IDO
regulation occurs via Thl-derived cytokines including IFNy, interleukin-1, and TNFa. While
these cytokines are commonly connected with inflammation, their activities through IDO are
anti-inflammatory and function to resolve inflammatory processes. IFNy-IDO signaling serves
as a negative SIRT loop to limit the inflammatory signaling event. This occurs through IDO
catalyzed enzymatic depletion of tryptophan, the only NAD precursor for de novo synthesis in
vertebrates. Thl-derived cytokines also increase activity of CD38, which also functions to
decrease extracellular NAD levels. The general idea is to limit NAD levels to prevent immune
cell hyperproliferation. This is an ancient mechanism for competition of resources that
probably evolved for use in the metazoan immune system.

IDO is responsible for the most dramatic example of immunotolerance, fetal acceptance (for
a review [21]). During pregnancy IDO is expressed at high levels in the cells surrounding the
foreign antigen or fetus. Here the IDO enzyme catabolizes local tryptophan, thus preventing

lymphocytes from proliferating. When IDO is inhibited it immediately results in catastrophic
rejection of the fetus [127]. This same basic process applies within the adaptive immune system
in general, where cytokines commonly stimulating proliferation of lymphocytes, also activate
IDO. Eventually extracellular tryptophan levels are so decreased that the initial proliferation

Curr Pharm Des. Author manuscript; available in PMC 2009 March 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Penberthy and Tsunoda Page 13

is halted. SIRT loop that ultimately limiting the extent of proliferation through eventual
depletion of the extracellular NAD precursor tryptophan.

Current publication literature suggests that IDO serves primarily immune functions, while
TDO2 has more critical functions in NAD biosynthesis. However, given the new-found
realization that TDO2 is expressed in neurons [20] and that TDO?2 is distinctly up regulated in
schizophrenia [128], one wonders whether TDO2 also serves critical roles in controlling the
levels of the endogenous precursor tryptophan. The observation that large numbers of
schizophrenics respond favorably when treated with high doses of NAD precursors [129] adds
further support to the potential existence of a TDO2 mediated pathway to prevent NAD
depletion. No examinations of IFNy effects on neuronal NAD levels have been reported.
However, for macrophages [23] and glia [25] IFNy treatment causes increased IDO activity
and increased NAD levels.

In the adoptive transfer model of EAE induced by MBP-specific T cell transfer, IDO mRNA
expression and kynure- ine-to-tryptophan ratio, which reflect IDO activity, are higher during
the remission phase [31]. IDO inhibitor, 1-methyl-tryptophan (1-MT) slightly decreased MBP-
specific lymphoproliferation in vitro, and in vivo treatment of 1-MT resulted in mild
exacerbation of clinical and histological EAE (1-MT-treated mice showed delayed remission).
Similarly, Kwidzinski et al. [33] demonstrated an increase in IDO activity and a decreased
kynurenine/tryptophan ratio in SJL/J mice after EAE induction with PLP139-151 peptide. In
this study, IDO was expressed in macrophage/microglia, and 1-MT treatment exacerbated
EAE. The authors hypothesized that IFNy producing-Th1 cells induce expression of IDO in
macrophage/microglia, which decreases tryptophan levels, inducing T cell apoptosis (self-
limiting negative SIRT mechanism induced by T cells).

IDO ameliorates PLP139-151-induced EAE by transfer of pluripotent lineage negative Scal+
bone marrow stem cells in mice [34]. Stem cell-treated mice showed elevated IFNy production
with induction of IDO in dendritic cells. The IDO inhibitor, 1-MT, abrogated amelioration of
EAE by stem cell transfer.

Estrogen-induced IDO expression on dendritic cells can suppress T cell proliferation and
cytokine production. This has been suggested to play a role in estrogen-induced suppression
of EAE [130] as well as the reduced relapse rate of MS during pregnancy [131].
Glucocorticoids, as the potent known anti-inflammatory molecules, are the most commonly
used therapeutic approach for treating acute attacks of multiple sclerosis. The mechanism of
action of steroidal anti-inflammatories is unknown. Recent discovery shows that steroids work
in part via a requisite dramatic induction of IDO [132,133]. Whether or not IDO mediated
changes in NAD levels are central to this aspect of the glucocorticoid mechanism of action is
unknown as well. Nonetheless, IDO appears to be basic to the mechanisms of action for the
most potent and commonly used immunosuppressant for treating acute attacks of MS.

Given the known ineffectiveness of steroidal approaches for long term therapy combined with
their risk for serious adverse events, it makes sense to give greater consideration to targeting
IDO activity as a potentially safer means of therapy. TDO2 has glucocorticoid response
elements in its promoter, where the potential involvement of TDO2 in the anti-inflammatory
action of glucocorticoids is unknown. Nonetheless, consistent with such regulatory
relationship, schizophrenics have elevated cortisol levels [134] and TDO?2 levels [20,135],
where the long-term effect may be result in neurodegeneration. By contrast IDO generally
decreases lymphocyte proliferation [29,30] while ameliorating the clinical symptoms of MS
in EAE models [31-33]. When targeting IDO activation however, it is important to realize that
too much IDO activity in the absence of pharmacological NAD precursor administration may
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yield terrible pathological results due to NAD deficiency in host cells even though autoreactive
T cells may be diminished.

7. IMMUNOMODULATORY PATHWAYS REGULATING CELLULAR NAD

LEVELS

7.1. Introduction

7.2.1DO

Inflammation causes a localized depletion of cellular NAD primarily by activating three
different enzymes including indoleamine 2,3-dioxygenase (IDO), CD38, and PARP-1.
PARP-1 and CD38 degrade NAD itself, while IDO degrades the extracellular de novo pathway
NAD precursor tryptophan (Fig. 4). In professional APCs IFNa-CD38 pathways have been
shown to decrease NAD [136] while IFNy-1DO (and glucocorticoid-IDO) pathways have been
shown to increase intracellular NAD [23,24] at the expense of extracellular NAD precursor
(tryptophan). IFNy-1DO pathways operate similarly in glial cells as well [25,26,43]. During
chronic inflammatory lesions in the CNS, lymphocyte proliferation and microglial activation
can occur in a CD38-mediated NAD-depleting fashion, while IDO may be activated. PARP-1
activation occurs as a result of R(O/N)S stress connected with inflammation. The roles of NAD
depleting enzymes in the immune system are increasingly being appreciated, while the
potential for NAD as a second messenger stimulating the persistent release of intracellular
calcium to control lymphocyte chemotaxis [137] or microglia activation [138,139]. Given the
importance of these three reactions in controlling NAD levels during autoimmune disease we
review these enzymes with the ultimate goal of achieving greater understanding of potential
complementary NAD-centric molecular therapeutic approaches to treating MS.

The enzyme indoleamine 2,3-dioxygenase (IDO) mediates the extracellular depletion of the
sole endogenous precursor of NAD biosynthesis (tryptophan). Accordingly, serum tryptophan
concentrations are consistently low and directly linked to poor prognosis in autoimmune
diseases in general starting from the persistent Th1l cytokine activation of IDO [122].
Tryptophan levels are decreased during MS [10,140] and novel assays are being developed for
monitoring immune mediated changes in tryptophan levels for consideration in the context of
multiple sclerosis [141]. Activation of IDO exerts the therapeutically beneficial effects of
decreasing autoreactive T cell proliferation as well as exerting antimicrobial effects. However,
persistent activation of IDO in a conflicted immune system can lead to NAD depletion in
otherwise healthy neighboring collateral tissues (reviewed [142]).

Professional APCs including microglia, macrophages, and dendritic cells quickly begin to
express large amounts of active IDO when exposed to the Th1-derived cytokines including
IFNy and IFNa. Depletion of extracellular tryptophan by professional APCs causes
autoreactive T cells to decrease in number [29,30]. Dendritic cells are considered the most
potent modulator of the adaptive immune system [143]. This is consistent with the
exceptionally highly level of IDO inductions commonly seen in dendritic cells. While most
typically studied in the context of skin, dendritic cells are also in fact present in the CNS
[144] where they are being considered for their potential role in the breakdown of myelin
autoantigenicity seen in MS (for a review [145]). Finally, stem cells preventing EAE
pathogenesis require inducible IDO function [34]. All observations indicate that professional
APCs expressing IDO play a role in controlling multiple sclerosis disease progression.

Similar to professional APCs, neurons exposed to IFNy also increase IDO expression, while
repressing the expression of tryptophan dioxygenase (TDO2) [22]. However, the functional

significance of IFNy-mediated IDO induction and whether NAD levels are actually increased
remains to be determined. Both IDO and TDO2 use tryptophan as a substrate to commit to the
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7.3. CD38

de novo NAD biosynthetic pathway. Alternatively, when the pathway is not completed,
intermediates may be formed. This is known as the kynurenine pathway. Accumulation of these
intermediates most frequently occurs during times of co-factor deficiency when nutrition is
lacking. IDO activity is highly regulated by cytokines where it primarily functions in regulating
the immune system. Meanwhile TDO2 is mostly known for controlling organismal NAD
biosynthesis in the liver. In fact however, very little is known with respect to the importance
of IDO mediated NAD biosynthesis or extra-hepatic TDO2 function respectively. The
functional purpose of this contrasting IFNy-mediated transcriptional regulation in neurons
remains to be determined [22].

EAE models indicate NAD depleting pathways are activated based on detection of increased
PAR formation in EAE models [9,146]. In summation, we expect the concentration of NAD
within professional APCs to be elevated during inflammation such that a net increase in NAD
is detected, but at likely expense of NAD in other cells, where neurons are well known to be
particularly vulnerable to neurodegeneration due to NAD deficiency as witnessed in the classic
NAD deficiency disease pellagra [147,148].

While increased IDO activity causes depletion of the extracellular NAD precursor tryptophan,
it can increase intracellular NAD levels. This gives the host immune cells directly combating
infectious pathogens (e.g. macrophages), a competitive survival advantage. Interferon causes
significant increases in NAD levels in astrocytes [25,26] or macrophages [23,24]. Inhibition
of IDO [23,25,26] prevents IFNy-mediated increases in NAD; by contrast inhibition of PARP-1
[23,24] increases IFNa stimulated NAD production in glia and macrophages. Whether or not
IFNo can cause an increase in neuronal NAD levels however, is unknown. Many of interferon's
activities are completely dependent on the strong interferon-mediated induction of IDO activity
[70-77]. Furthermore IFNy-IDO mediated increases in NAD levels can provide protection
against otherwise lethal hydrogen peroxide treatment in glial cells [25], our understanding of
the IFNy-IDO mediated NAD biosynthetic pathway is severely limited.

Interestingly, the addition of the de novo NAD biosynthetic pathway intermediate kynurenine
can also actively exert anti-inflammatory effects [149,150]. It is possible that kynurenine is
being used in neighboring cells as a NAD precursor, such that the active IDO-mediated
generation of NAD as a second messenger may be more important to immunosuppression than
the depletion of tryptophan. Consistent with this idea is the newly appreciated role of IDO-
mediated signaling from professional antigen presenting cells that stimulates T regulatory cells
to send toleragenic signals to other T cells [150]. Accordingly it may be more the active
generation of NAD as a second messenger in professional antigen presenting cells that is more
important in immunosuppression than the depletion of NAD precursors locally. Ultimately
more research is needed to increase our basic understanding of IDO-mediated
immunosuppression.

CD38 is an ectozyme with ADP cyclase activity that uses NAD to generate cyclic ADP ribose
(cADPR), nicotinic acid dinucleotide phosphate (NAADP), or ADP ribose (ADPR) (for a
review [151]). These products then act as potent second messenger activators of calcium
channels to control chemotaxis of dendritic cells [152] and activation of microglia [138]. All
studies to date indicate that CD38 enzyme activity is constitutive, such that changes in CD38
activity are primarily mediated through transcriptional regulation or subcellular location. CD38
is expressed highly expressed in the brain as well as a variety of blood cells including T cells,
B cells, monocytes, red blood cells, and platelets. CD38 is also expressed in the pancreas,
prostate, spleen, and heart. While CD157 is CD157 is a related family member, we are limiting
this discussion to CD38 since far less is known regarding CD157, but the potentially redundant
role of CD157 in controlling NAD levels is completely unknown.
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CD38 uses extracellular NAD to generate second messengers that open intracellular calcium
stores to control lymphocyte chemotaxis. CD38 exerts significant control over total tissue NAD
levels in animal [153-155]. TNFa signaling in macrophages causes a dramatic up-regulation
of CD38 that leads to a decrease in NAD levels. This is likely to be a part of TNFa-mediated
chemotaxis originating from the Th1l cell that are newly present in MS pathogenesis. Thus, the
characteristic CNS lymphoproliferation is likely to be sending signals to microglia via Th1-
TNFa binding to TNFa receptor on microglia which through CD38 promotes gliosis (third
histological component of MS pathogenesis described in section 2.1). Thus, inhibition of CD38
can be expected to minimize gliosis as well as increase NAD levels. However, this may come
at the expense of increased susceptibility to infection. The increased lymphocyte proliferation
and infiltration seen in MS is likely to contribute to appreciable losses in neuronal NAD. There
are many reasons to consider the function of CD38 as related to MS. First, CD38 is highly
expressed in the afflicted and pathogenic tissues of the MS of brain and lymphocytes
respectively (for a review [151]). Similarly, CD38 is well established for its likely involvement
in possible autoimmune pathogenesis of type Il diabetes [156]. Significantly, CD38 appears
to be one of the primary regulators of NAD levelsin tissue [136,153-155]. The original defining
function of CD38 was determined to lie in controlling innate and adaptive immune functions
[152,157]. Meanwhile, recent studies reveal that by altering NAD levels, CD38 exerts strong
control over bioenergetic aspects of metabolism particularly in the context of obesity [155].
Such control over NAD-related bioenergetics may play a role in MS pathogenesis as has
described in the bioenergetics section above linking maintenance of NAD levels to
maintenance of ATP levels with resistance to EAE-mediated neurodegeneration [37].

The products of CD38 catalyzed degradation of NAD are among the most potent known
molecules controlling the release of intracellular calcium stores ([158-160]). These products
are cyclic ADP ribose (cCADPR) or nicotinic acid adenine dinucleotide phosphate (NAADP)
or ADP ribose (ADPR), each of which is produced with differing degrees of reaction efficiency.
The CD38 inhibitor dihydroxyazobenzene (DHAB) has been shown to exert cytotrophic
effects, keeping cells alive through inhibition of persistent increases in intracellular calcium
(Fig. 5; [161]). Microglial cell activation [138] and dendritic cell migration [152] can be
controlled by CD38 dependent calcium signaling pathways. All of these observations support
the notion that CD38 is highly likely to play important roles in controlling MS pathogenesis.
However, no research has been reported describing the potential importance of CD38 in MS.
Thus, more research is needed regarding determining the potential importance of CD38
mediated NAD biology in MS pathogenesis. Here we review the functions of CD38 with special
consideration devoted to its ability to control NAD levels.

Knockout studies indicate that CD38 exerts dominant control of basal tissue NAD levels.
Aksoy et al. propose that CD38 is the major enzyme negatively affecting tissue NAD levels
[153]. Absence of CD38 results in high increases in steady state NAD levels. Elevations in
lung and muscle are particularly dramatic with increases of approximately 10 [154] and 5 fold
[155] respectively. Estimates of changes in brain tissue NAD levels range from approximately
2 [154] to 10 fold [153]. Other tissues possess as much as 20 fold greater levels of NAD
[153]. Changes in NAD levels are typically fractional for most stress responses with the
exception of PARP-1 activation by mutagen treatment, which can lead to decreases in NAD
levels by over an order of magnitude [162]. However, increases in NAD levels of this
magnitude are rarely if ever observed. It should also be realized that CD38 has long been used
as a marker for hematopoietic stem cells, and has recently been determined to be constitutively
present in the nucleus of a wide range of hematopoietic cells [163].

Where the first observations of the CD38 knockout mouse led to the understanding of CD38
as important for innate and adaptive immune function, the recent application of a high fat diet
to the CD38 deficient mouse revealed profound roles for CD38 in controlling metabolic
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bioenergetics [155]. Barbosa et al. discovered that CD38 deficient mice fed a high fat diet do
not gain weight. This was then determined to be due to increased mitochondrial biogenesis
through the pathway extending: NAD-SIRT1-PGC1lalpha-mitochondrial number.
Accordingly, the direct application of NAD is now being considered in the context of obesity
drug discovery research [164]. The metabolic implications of increasing NAD levels to allow
the body to distribute NAD as needed may have tremendous therapeutic potential in the context
of disease treatment.

As mentioned above, CD38 activity is constitutive where it is primarily regulated through
changes in expression levels and perhaps sub-cellular location. Activation of CD38 by Th1-
derived cytokines can cause decreases in available NAD. Immunomodulatory factors strongly
regulate the expression level of CD38. Given the ability of CD38 strongly regulates basal NAD
levels, we may predict that Th1-derived cytokines may cause a lowering of extracellular NAD
levels. This may play a particularly important role in pathogenesis especially given that NAD
has a much greater ability to protect neurons specifically in axotomy experimentation [27,
36]. TNFa-mediated changes in NAD levels appear to occur through altering CD38 activity
more so than through altering IDO or other potential pathways [136,165]. TNFa treatment
causes a slight decrease in NAD levels of approximately 10% after 12 hours [136]. TNFa.
dramatically regulates CD38 expression levels more than any other NAD metabolizing enzyme
(+100 fold within 6 hours), while NAMPT expression is elevated by approximately 10 fold.
The pathways and mechanisms regulating cellular NAD supplies during inflammation are
described in further detail below. Significantly, TNFa-mediated decreases in NAD levels are
achieved through regulation of CD38 activity in macrophages [136]. Striking increases in
CD38 expression have been seen in immunosuppressive B cells [166] and T cells [167]. Thus,
CD38 in coordination with IDO is capable of mediating immunotoleragenic effects.

Another theory proposed is that CD38 may be functioning as a chemosensor for plasma NAD
that has leaked from infected and damaged cells. Leucocytes respond by moving towards the
NAD gradient. CD38 activity is required for proper lymphocytes chemotaxis. Similarly LPS
stimulates CD38, which via the production of CADPR causes calcium release, which increases
iNOS, and TNFa release from these activated microglia [139]. Inhibition of the CD38 activity
prevents the entire process. It is known that approximately 100 NAD molecules are degraded
per each individual cADPR molecule that is produced [153].

One of the first lines of defense preventing CNS disease is the blood-brain barrier (BBB). The
brain is considered an anatomic site of immune privilege, whereby lymphocytes are not
typically found in the brain. Disruption of lymphocyte trafficking across the blood brain barrier
is considered as an attractive therapeutic goal [168,169]. However, animal models of MS as
well as in patients reveal the presence of high levels of lymphocytes in the brain. These cells
are known to express the neuronal NAD-depleting enzymes IDO and CD38, the latter of which
is required for microglial activation and dendritic cell migration.

Significantly, TNFo leads to decreases in NAD through increased expression of CD38 [136].
Microglial IDO is similarly regulated in response to LPS and TNFa, where IDO is known to
decrease the concentration of extracellular NAD precursor tryptophan (for a review see
[142]). The importance of CD38 mediated NAD depletion in microglial mediated pathogenesis
is likely to be very significant indeed.

Anti-CD38 antibodies most of which activate calcium signaling have been observed in a
significant number of type | and type Il diabetics (for areview [170]). Similarly over-expression
of CD38 compromises beta cell functioning. Collectively it would appear that auto-reactive
CD38 antibodies might promote autoimmune disease. The importance of CD38 in MS
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pathogenesis is unexplored, but may be important in MS through Th1 cytokine-increased
CD38-decreased NAD/increased calcium signaling-dependent pathways.

7.4. PARP-1

Poly(ADP)ribose polymerase-1 (PARP-1) activated by reactive oxygen species generated by
lymphocytes or activated microglial cell can actively deplete NAD by using NAD as a substrate
in a polymerization reaction that generates the polynucleotide Poly(ADP)ribose (PAR).
Pharmacological inhibition of PARP-1 is known to protect cells from death in a wide variety
of otherwise lethal stress situations. NAD depleting pathways are activated during chronic
inflammatory diseases. PARP-1 activation is estimated to be responsible for greater than 85%
of PARP-1 activity [171,172], where PAR formation in brain injury is almost completely due
to PARP-1 activity based on knockout studies [173,174]. Thus, while there are now known to
be 18 related family members in ADP-ribosylation family based on sequence gazing, it is clear
that PARP-1 is responsible for the bulk of the NAD-depleting activity. PARP-1 uses NAD as
a substrate for a polymerization reaction that generates poly(ADP)ribose (PAR; Fig. 2).
PARP-1 is activated by DNA damage, where cytokines can stimulate production of free
radicals that can subsequently activate PARP-1.

A generalized endogenous pathway for immune-mediated activation of PARP-1 corresponds
to Thl cytokines leading to increased NADPH oxidase (NOX) which, uses SOD to produce
hydrogen peroxide which can then become peroxynitrate via nitric oxide synthase catalyzed
reactions. Both hydrogen peroxide and peroxynitrate are potent activators of PARP-1 activity
(forareview [175]). The hydrogen peroxide produced by this process can then activate PARP-1
leading to depletion of NAD and ATP by extension. EAE animal models of MS reveal a high
amount of PARP-1 activity in the CNS [9,146].

Oxidative stress causes a rapid depletion of NAD levels via activation of the PARP-1 enzyme.
PAR is then converted to ADP ribose (ADPr), which activates TRPM2. This also leads to the
production of cyclic ADP ribose, which activates the divalent cation channel TRPM2 (Fig. 4
[172]). Accordingly, inhibition of PARP-1 activity is well known to prevent neutrophil
activation and to protect against septic shock [176-178]. Similarly, TRPMZ2 is an attractive
target for drug development currently being considered [179]. TRMPM2 is most highly
expressed in the central nervous system but has to date been mostly studied in the context of
immune function. Serving important function in inflammation TRPM2 may be important in
controlling MS pathogenesis.

Investments in the development of PARP-1 inhibitors have been remarkably successful
(reviewed [113]) and continue to be a highly active area of drug development today. Studies
utilizing PARP-1 inhibitors in the context of animal models of MS are described in greater
detail below.

8. POTENTIAL NAD-RELATED PHARMACOTHERAPEUTIC STRATEGIES
FOR TREATING MS

8.1. NAD Precursor Complementation

8.1.1. Pharmacokinetics and BBB—Experimental observations suggest that expansion
of the immune system during chronic inflammation may create NAD sinks in glial cells that
deplete NAD stores otherwise available to neurons (Fig. 3). There are three classical NAD
precursors obtained from the diet. These are nicotinic acid, nicotinamide, or nicotinamide
riboside, where these three are collectively referred to as vitamin B3. Tryptophan, while not a
vitamin, but rather an essential amino acid, can in fact be converted to NAD by de novo
biosynthesis. A deficiency in either vitamin B3 or tryptophan results in pellagra like symptoms
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that are ultimately lethal. During autoimmune diseases [122] including MS [10,140], the levels
of tryptophan are dramatically depressed likely primarily due to increases in IDO expression
that are used by the body to dampen the autoimmune response. Unfortunately this can cause
collateral damage to tissues by causing deficiencies in tissue NAD levels. Neurons are
particularly exquisitely susceptible to NAD deficiency induced cell death. Complementation
through tryptophan administration however, is likely not to be advisable in large part because
tryptophan deprivation is a basic mechanism that is used to limit inflammation. Also,
tryptophan in high doses is the most toxic of all amino acids [180], it is mitogenic for T cells
[30,31], and tryptophan may be involved in causing deadly eosinophilia myalgia syndrome
(EMS [181]). The FDA banned tryptophan shortly after it was linked to an outbreak of EMS
in 1989, a disease involving hyperproliferation of eosinophils. Similarly, patients taking gram
quantities of tryptophan in attempts to elevate serotonin for combating depression often have
eosinophilia [182]. Finally and most tellingly, prevention of the normal mechanism of IDO
mediated tryptophan depletion, exacerbates EAE pathogenesis [31].

Fortunately, addition of alternative NAD precursors has been repeatedly shown to provide
tremendous apparent therapeutic benefit in a wide variety of autoimmune diseases observed
in both animal models and in the clinic (for a review see [142]).

It is important to consider drug delivery aspects of NAD precursor administration so that we
can determine optimal clinical applications of NAD pharmacotherapeutics particularly related
to critical care acute MS attacks or more preventative situations as with relapsing MS. The
basic therapeutic potential for the application of high doses of non-tryptophan NAD precursors
for the treatment of autoimmune diseases still remains unstudied in a systematic fashion. Given
the tremendous apparent potential for such approaches, we review NAD precursor aspects of
blood brain barrier (BBB) penetration and NAD pharmacokinetics for each precursor. We also
review the latest knowledge of individual NAD precursors related specifically to MS.

Nicotinamide permeates the mammalian BBB based on previous positron emission
tomography studies performed in mice [183,184] and injected radiolabelled precursors [185].
Mice subcutaneously injected with nicotinamide receive profound protection against
behavioral defects, demyelination and death from EAE and high increases in NAD [7].
Nicotinic acid is rapidly converted to NAD in the brain within just 20 minutes [185]. High
doses of oral nicotinic acid are well established in their ability to rescue pellagric dementia and
to provide benefit in many cases of schizophrenia [129,186,187]. Thus either oral nicotinic
acid or nicotinamide can readily provide therapeutic benefit in the CNS and likely MS as well.
However, more research is needed to determine the optimal therapeutic concentration window,
route, and frequency of administration.

We may expect several hours are needed from the time of administration of precursor until the
actual endogenous synthesis of NAD in order to achieve maximal benefit. Nicotinic acid
injected in the brain results in detectable synthesis of NAD within just 20 minutes [185] while
increases in NAD synthesis in glial cell culture are detectable within just 2 hours [43].
Moreover, nicotinamide [188] or NAD [48] treatment provides immediate cytotrophic activity
in acute time frames in a whole animal model of stroke. For the nicotinamide study the drug
was applied after initiation of ischemic shock, while the other study involved application of
NAD as an intranasal spray less than 20 minutes prior to transient focal ischemia. Nicotinic
acid and nicotinamide riboside appear to be largely unexplored in the context of potential acute
critical medicine scenarios.

Interestingly, it was previously determined that at least 8 hours were needed for NAD to delay
Wallerian degeneration in a SIRT1 dependent manner [36]. Collectively this supports the
notion that optimal cytotrophic activities are more likely to be achieved after giving the cell or
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animal time to respond at the transcriptional level through NAD-SIRT1-histone dependent
pathways. When using NAD precursors this is likely to require several hours more time than
the 8 hours seen using NAD on neuronal explants. Experiments performed using zebrafish
larvae exposed to an otherwise lethal anoxic shock reveal that NAD precursors provide far
greater protection after a 12 hour preincubation of NAD precursors than when performing a
co-incubation of precursors simultaneous with ischemic shock (unpublished observations of
Penberthy et al).

The most likely mechanism of action for nicotinamide in time ranges less than an hour may
involve the direct enzymatic inhibition of PARP-1 mediated NAD depletion. Inhibition of
PARP-1 enzyme activity is well known to protect against a wide array of otherwise lethal shock
situations [113,118], where the survival benefits of PARP-1 inhibition are so profound that
entire companies have been created with this focus [189]. Neurodegeneration induces
expression of NAD salvage pathway enzymes [27] as well which by themselves would use
both the applied nicotinamide as well as the PARP-1 catalyzed reaction product (nicotinamide)
to generate more NAD. Accordingly, PARP-1 inhibitors maintain otherwise depleted NAD
levels after application of the stress. Thus, acute phase effects of nicotinamide treatment may
involve inhibition of NAD depletion more so that complementation of NAD loss of function.

There are two primary factors promoting confusion regarding NAD precursors ability to
function as a neuroprotectant. First, of all time is needed for the cell to make NAD.
Nicotinamide can function in the short incubations, however, this is primarily in vitro, may
not be physiologically relevant, and seems most likely to be working through inhibition of
PARP-1 activity. Second, for neurons it seems that other cell types may be required for NAD
precursors to exert their neuronal protect. Much more basic research is needed regarding glial
versus neuron specific NAD conversion from precursors. Ultimately, NAD precursors may be
pharmacologically superior for delivering NAD. Otherwise, for MS it may be best to provide
pharmacologic doses of NAD precursors as a means of maintaining elevated NAD levels for
preventing any NAD depletion, which could be connected to relapses of MS attacks. Given
the rapid clearance of NAD precursors in general it seems best to repeatedly administer NAD
precursors towards maintaining elevated NAD levels with the ultimate goal of tightening the
plethora of NAD-dependent cellular chemistries potentially needed for halting the immune
system and stimulating recovery.

As discussed in greater detail below, there was a wide range of recovery rates when patients
were first treated with niacin during the pellagra epidemics of the 1940's [5]. This ranged from
individuals that recovered from catatonic conditions literally overnight to others that required
a month of niacin application. Still others had suffered irreversible damage and could not be
rescued. Abram Hoffer observed similar response phenomena in the treatment of the
neurodegenerative disease of schizophrenia [187,190]. The general idea had been to attempt
to keep NAD levels elevated. Accordingly, high doses of niacin were administered by ingesting
gram of niacin up to 5 times a day. It seems likely that this approach to persistently elevating
NAD may similarly serve to cultivate remyelination. Administration of NAD precursor
administration may be necessary to perform similar repeated administrations towards
maintaining persistently elevated levels of NAD to facilitate MS recovery.

8.1.2 Nicotinic Acid—Administration of pharmacologic doses of NA is able to raise high-
density lipoprotein (HDL) more than any known pharmaceutical while simultaneously
decreasing triglycerides, VLDL, and cholesterol. HDL is anti-inflammatory,
antithrombogenic, where low levels of HDL is considered one of the greatest indicators of
cardiovascular disease [191,192]. With the statins as the most commercially successful class
of pharmaceuticals in the world, yet nicotinic acid still outperforms them in spite of
unparalleled investments to develop something better, this is truly remarkable. Thus, nicotinic
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acid is the gold standard for correcting dyslipidemia on the whole. Given the ever increasing
appreciation of the critical function of lipids in CNS regeneration and function [193-196], there
are likely to be many more potential therapeutically beneficial applications to pharmacological
nicotinic acid administration that have yet to be characterized. Nicotinic acid is distinguished
among the NAD precursors for several reasons of which we will briefly cover here.

Nicotinic acid appears to be preferred over nicotinamide as a NAD precursor primarily when
it is applied at the high concentrations [43,197,198]. Hara et al. [199], discovered that NAPRT
is not inhibited by NAD. By contrast, NAMPT is inhibited by NAD (Fig. 1). Nicotinic acid is
the more preferred substrate in evolution based on experimental radioactive labeling [43,197,
198] and comparative genomic studies examining to date (presentation by Mathias Ziegler at
PARP 2008 meeting, Tucson, Arizona, U.S.A.). In glia, nicotinic acid provides greater levels
of NAD biosynthesis per mole than nicotinamide or tryptophan by 200 and 500 fold
respectively [43]. This also appears to be true for glia. However, neurons are distinctively
inefficient in their ability to convert dietary NAD precursors to NAD [27]. As described above
this may be another biosynthetic job for glia like that of cholesterol biosynthesis.

With a healthy diet the human body routinely keeps the lipid profile within acceptable levels.
However, with a high fat diet the lipid profile is skewed. Under these conditions the
pharmacological dosage of nicotinic acid is known to correct HDL, triglycerides, cholesterol,
and VLDL while minimal vitamin level concentrations are insufficient. This is an active
process that is not commonly conceptualized as a prevention of a deficiency, but rather as a
drug-like approach. The process by which nicotinic acid does this is likely to involve not only
boosting of NAD levels, but also other signaling pathways through the high affinity nicotinic
acid receptor GPR109a described in greater detail below. Ultimately, target genes affected by
nicotinic acid administration include CETP [200,201], CD36 [202], ABCA1 [202], LXR
[203], and many others [204]. Attempts to out-perform nicotinic acid for correcting
lipodystrophy via CETP inhibitors have been fraught with failure due to increased mortality
[205-207]. Thus, the mechanisms of action for nicotinic acid continue to be an active area of
basic research investigation.

Secondly, nicotinic acid binds to a high affinity receptor (GPR109a) that is expressed
specifically on professional APCs including macrophages, dendritic cells, and microglia.
GPR109a is also highly expressed in adipocytes, neutrophils, and a variety of other cells.
GPR109a is responsible for nicotinic acid-mediated inhibition of lipolysis based on murine
knockout studies [208] and is likely to be involved in nicotinic acid mediated elevation of HDL
as well, an activity not observed with high dose nicotinamide therapy.

Nicotinic acid activation of GPR109a causes a massive production of the cytotrophic
prostaglandin PGD>, in professional APCs. PGD>, is converted to PGJ,, which then activates
PPAR gamma [202,209]. This aspect of the nicotinic acid mechanism of action resembles that
of thiazolidinediones for correcting lipodystrophy. PGJ, itself has been shown to suppress
microglial activation [210], ameliorate EAE pathogenesis [210-212], and is a general
cytotrophic agent protecting against endotoxic shock [213]. The niacin associated flush appears
to be mediated via the massive production of prostaglandins PGD, and PGE,, which via G-
PCR signaling through DP1 and EP2 respectively mediate the flush response [214].

The current best guess for an endogenous molecular activator of GPR109a is believed to be
the ketone body, beta-hydroxybutyrate [215]. Elevated during starvation, beta-
hydroxybutyrate activation of GPR109a signals to inhibit lipolysis, thus conserving essential
energy supplies. Interestingly, beta-hydroxybutyrate is potently neuroprotective, where the
potential for dependence through activation of GPR109a is unknown. Interestingly, PGE; is
used to promote differentiation of monocytes to toleragenic IDO expressing cells [216].
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Interferon is known to induce expression of GPR109a and IDO, where IDO is known to be
required for many interferon-dependent activities. Thus, it is possible that the GPR109a
activation may exert toleragenic processes. GPR109a almost certainly serves important
functions in the immune system and it is readily activated using nicotinic acid. More research
is needed to examine the potential of nicotinic acid-mediated activation of GPR109a for
stimulating immunotolerance and whether this effect is beneficial controlling autoimmune
aspects MS pathogenesis.

Glial cells seem likely to control delivery of NAD to neurons. The persistent increases in NAD
of WIdS seem to help against acute attacks of MS causing neurodegeneration (based on EAE
model) but they exacerbate pathology in chronic relapsing based on comparative EAE and
TMEV-IDD animal model research respectively. By contrast, it makes best sense to consider
pharmacological administration of NAD precursors to give glia the control of NAD delivery
or NAD restriction with respect to neurons in MS. Increases in NAD(P(H)) concentrations
ultimately has the potential to tighten catabolic and anabolic chemical homeostasis. This seems
likely to be particularly important for myelination, a process where greater than 80% of myelin
is known to be synthesized phospholipid. Accordingly administration of pharmacological
doses of nicotinic acid should be considered for the correcting dysregulated NAD homeostasis
in MS.

Most curiously, while nicotinic acid is well known for providing tremendous relief in animal
models of atherosclerosis, it can actually increase the levels of a biomarker known to be directly
correlated with increased risk of atheroslerosis (homocysteine) in rat studies as well as lowering
of pyridoxyl phosphate (vitamin B6) and cobalamin (vitamin B12) [217]. Increases in plasma
homocysteine have also been observed in patients treated with high doses of niacin [218].
Interestingly, the additional application of pyridoxyl phosphate [217] or methionine [219]
would correct the elevation in homocysteine while still exerting the positive effects on lipid
profile. These observations suggest that once the body has enough NAD to perform most of
its desired chemistry, then one the next co-factors to become rate-limiting for performing of
endogenous biochemistry is pyridoxyl phosphate (vitamin B6) or cobalamin (vitamin B12).
This makes sense given that NAD is perhaps followed by pyridoxyl phosphate in the shear
total number of known reactions requiring these co-factors respectively. Furthermore, it is well
known that deficiencies of cobalamin lead to demyelination and such deficiencies have on
occasion been observed in MS (reviews [60,220,221]). Thus, in order to maintain optimal NAD
function it seems ideal to include increased administration of pyridoxyl phosphate and
cobalamin.

8.1.3. Nicotinamide—In contrast to nicotinic acid, nicotinamide has no appreciable binding
affinity for GPR109a, and accordingly does not cause a skin flush response. Nicotinamide is
incapable of exerting the profound benefits correcting lipodystrophy. Sometimes nicotinamide
is referred to as no-flush niacin, however this can be misleading as it suggests that it may be
useful in correcting bad lipid profiles. More basic research has been performed using
nicotinamide than nicotinic acid for many years. Still, there unique aspects of nicotinamide
activated signal transduction continue to be realized. This includes nicotinamide signaling
through modification of nuclear receptor chromatin remodeling independent of SIRT1 and
PARP-1 [222] as well as Akt/Protein kinase B activating pathways [96,223].

Nicotinamide when administered daily causes a dramatic protection against demyelination and
neurological signs in MOG-induced EAE [7]. This is accompanied by a persistent elevation in
whole body NAD levels, where untreated mice suffered severe depletion of NAD levels. It is
essential that the nicotinamide be administered with regularity in order to maintain the elevated
levels of NAD. At the highest nicotinamide concentrations it prevented death and was capable
of delaying onset of behavioral deficits from 8 days to 26 days. No adverse reactions were
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noted upon administration of nicotinamide, which is on the whole a highly safe molecule even
when administered at high doses.

8.1.4. Nicotinamide Riboside—Nicotinamide riboside was only recently discovered in
2004 ([224], reviewed in [1]). The other vitamin B3 NAD precursors nicotinic acid and
nicotinamide were discovered roughly 70 years ago now. The mandatory fortification of bread
using niacin in the 1940's was a tremendous public health success story and high dose niacin
therapy remains the most effective therapeutic for correcting dyslipidemia in many respects.
Thus there is a long history of clinical use for high doses of nicotinic acid and nicotinamide.
By contrast, nothing is known regarding the utility of nicotinamide riboside in the clinic.

Of potentially great clinical therapeutic significance nicotinamide riboside is distinguished as
the only NAD precursor capable of providing NAD directly to neurons [1] and delaying
Wallerian degeneration assay [27]. Furthermore, the induction of the initiating NAMR utilizing
enzyme NRK2 was more dramatic than any other enzyme after sciatic nerve transection thus
suggesting an important function for NAMR and the potential existence of another yet to be
characterized salvage pathway [27]. This tremendous induction or NRK2 after razor axotomy
suggests that there is an mechanism of regulation inherent to the neuron itself. Furthermore,
the apparent dependence of neurons on glia for NAD biosynthesis from NAD precursors
supports a complementary medical approach may be therapeutically beneficial for treating MS.

More clinical research is needed given the tremendous potential therapeutic benefit of
nicotinamide riboside therapy for treating neurodegenerative diseases. In particular, it would
be most interesting to determine the effects of nicotinamide riboside administration in the
animal models of MS, acute (EAE) and chronic (TMEV). Given that nicotinamide riboside
delays neurodegeneration similar to the WIdS mouse, perhaps there will be undesirable
activities in the TMEV-1DD model similar to that seen in the WIdS background [98]. However,
since there is a neuronal inherent regulatory mechanism of action regulating NRK2 expression
this seems unlikely. Thus we may expect therapeutic benefits from nicotinamide riboside
administration in both MS models. Perhaps, the effect is more immediately beneficial to the
neuron since glia are not apparently required for synthesis of NAD from nicotinamide riboside.

8.1.5. Nicotinamide Mononucleotide—Nicotinamide mononucleotide (NMN) is
distinguished in that the enzymes that make use of NMN are intracellular, while the NMN
generating enzyme (NAMPT/PBEF/Visfatin) is also expressed in the sera where it is being
considered as a diagnostic biomarker of inflammatory disease [225]. Accordingly, by applying
NMN, cells can take up NMN to generate NAD using the enzymes NMNAT1, NMNATZ2, or
NMNAT3. Administration of NMN bypasses the NAMPT/PBEF/Visfatin step, to allow the
cells to make NAD as desired. Already beneficial phenomena have been demonstrated for this
precursor in the context of diabetes [226]. Furthermore NMN has been shown to delay
Wallerian degeneration [27], an activity that is well correlated with amelioration from EAE
clinical symptoms [37,97,98]. All indications are that NMN has great therapeutic potential in
the clinic; however, to date nothing is known regarding its clinical potential, as it has never
been tested in man.

8.2. IDO Induction

Approaches to targeting IDO for increasing immunotolerance are extensively described
elsewhere [142]. Thus, we only briefly describe a novel approach involving the first clinically
available histone deacetylase (HDAC) inhibitor suberoylanilide hydroxamic acid (SAHA,
Figs. 5,6; reviewed [227]). SAHA was recently determined to increase IDO production,
decrease cytokine production, decrease T cell proliferation, and to ultimately provide
immunosuppression in the context of transplantation [228]. These effects were genetically
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determined to be dependent on increased IDO activity. SAHA is an inhibitor that works against
the HDAC:s (class | and 1) with constitutive activity, but not the dynamic NAD-dependent
class 111 Sirtuins HDACs. SAHA is known to increase expression of neuronal SIRT1 [229].
Collectively, this suggests the potential existence of a HDAC rescuing SIRT loop whereby the
cell responds to loss of constitutive HDAC activity by increasing SIRT1 expression, IDO
activity, and therefore likely increasing NAD which may then increase SIRT1 activity (Fig.
6). This is a unique example connecting increased IDO activity with increased SIRT1.
Ultimately, SAHA-mediated IDO-NAD-SIRT1 pathways may provide benefits in the context
of MS.

8.3. SIRT1 Activation

Activation of SIRT1 using resveratrol/SRT501 [104,230], or nicotinamide riboside/SRT647
[104] has been shown to minimize the clinical signs and inflammatory response in EAE, while
treatment with the SIRT1 inhibitor Sirtinol would prevent these beneficial effects [104]. Here
we briefly review the current state of Sirtuin knowledge with emphasis on potential targeting
in the context of MS. The Sirtuins are histone-deacetylating enzymes that exert global changes
in chromatin structure in response to changes in either the NAD concentration or the redox
status of the cell as measured by NAD/NADH ratio. Whereas most other deacetylases are
considered to possess constitutive activity that is generally heritable, the Sirtuins are
distinguished by their ability respond to metabolic fluctuations in NAD levels. One particularly
exciting prospect from a pharmacological standpoint is the following. While we cannot change
our genetics, we can change some of our epigenetics. Most epigenetic modifications are
heritable and not alterable either. However, as the defining class 111 histone deacetylases, the
Sirtuins can be targeted by pharmacologically modifying NAD levels. Functionally, the
Sirtuins are extremely highly conserved evolution. They serve pivotal roles exerting control
of metabolic functions in response to nutrient availability as observed in all examined
organisms ranging from man to bacteria [231] !

In man there are seven different Sirtuins. SIRT1, SIRT6, and SIRT7 are primarily nuclear.
SIRT3, SIRT4, and SIRTS5 are primarily mitochondrial. SIRTZ2 is primarily cytosolic [232].
However, SIRT3 is also detectable in the nucleus and is the only Sirtuin family member clearly
implicated in controlling human lifespan to date [233], while SIRT1 is also observed at lower
levels in the cytoplasm [234]. As the founding member of the Sirtuin family, SIRT1 is by far
the most studied isoform to date.

SIRT3 continues to emerge as a tremendously interesting Sirtuin family member. Itis primarily
expressed in the mitochondria where it functions in controlling both total cellular ATP levels
[119] and global mitochondrial acetylation [120]. SIRT3 activity can protect against stress-
induced cardiomyocyte cell death [233]. SIRT3 is predominately expressed in the mitochondria
and has also been detected in the nucleus [233,235,236], however, other focused studies suggest
SIRT3 is exclusively mitochondrial [232,237]. In either case, by increasing SIRT3 expression
in an NAD dependent fashion we expect to the level of ATP produced by the mitochondria to
be increased based on previous studies [119]. The classic SIRT1 activator resveratrol is now
known to also increase SIRT3 expression [121]. Accordingly it stands to reason that the ability
of high dose nicotinamide to provide NAD and subsequently ATP may involve the NAD
mediated activation of SIRT3 leading to sustained levels of ATP. Given that nicotinamide
when applied at high concentrations is protective against Wallerian degeneration and EAE,
greater attention should be directed at considering nicotinamide in the context of clinical MS.

Originally, the Sirtuins came into the limelight when yeast sir2 was identified as playing central
roles in controlling caloric restriction (CR) mediated increases in lifespan [238]. CR represents
60% of normal caloric intake, where this is the only method that has consistently been shown
to cause an increase in organismal lifespan. Accordingly large small molecule screens were
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performed to identify molecular activators of the human ortholog SIRT1. This lead to the
realization that resveratrol is a potent activator of SIRT1 [239]. More recently SIRT1 function
has been shown to be required for CR mediated increases in mammalian lifespan [16]. Further
studies revealed SIRT1 deficient mice develop an autoimmune disease [240]. Since this
realization, resveratrol has been verified for its ability to increase lifespan under normal caloric
conditions in yeast, C. elegans, Drosophila, a teleost, and a mouse (for a review [241]).
Resveratrol is a polyphenolic molecule produced by plants in response to pathogenic infection
(a phytoallexin) that is abundant in grape skin and wine. Some have suggested that it is the
primary reason explaining the French paradox [242,243].

It should be mentioned that man actually empirically discovered resveratrol's benefits in the
form of many plant-based medicines over 5,000 years ago [244]. Research devoted to
increasing the molecular basis of resveratrol's mechanism of action has exploded since the
discovery of its tremendous promise as a cancer therapeutic in particular [241]. With this
increase in research it has become evident that there are many molecular targets of action for
resveratrol application, where some neuronal growth stimulatory processes have been shown
to be independent of SIRT1 activation in cell culture [245].

Resveratrol clearly activates SIRT1 [239] and SIRT2 [105], while increasing the levels of
SIRT3 [121] - a master regulator of cellular ATP levels [119] and mitochondrial acetylation
[120]. Thus, resveratrol may be a general positive regulator of Sirtuin activities.

Interestingly, SIRT2 is enriched in oligodendrocytes and its expression correlates directly with
myelination based on analysis of proteolipid protein (PLP) deficient conditions [246]. Enriched
in neurons, HDAC6 may seve complementary functions as a deacetylator of alpha tubulin
[247]. While SIRT2 is generally cytosolic, it does in fact deacetylate histones during M phase
to regulate mitosis [248]. Much more research is needed to elucidate the potential roles of
NAD-dependent SIRT2 activity in controlling neural stem cell proliferation and remyelination.

However, several resveratrol-mediated phenomena are independent of SIRT1 and in fact the
mechanisms of action for resveratrol are many (for an extensive book on resveratrol [244]).
Resveratrol strongly promotes neurite outgrowth in Neuro2a cells in a SIRT1 independent but
AMPK-dependent fashion [245]. AMPK can also be activated by calcium signaling pathways
that are independent of AMP:ATP ratios and this appears to be the mechanism by which
resveratrol works. Whether this may be through o-acetyl-ADP-ribose produced from SIRT1
activation or somehow ADP cyclase dependent processes, is unknown. Several polyphenols
are also now known to activate AMPK [249]. This ability of resveratrol to promote neurite
outgrowth may be of particular significance in the context of recovery from MS. Resveratrol
also directly inhibits fatty acid synthase [250], promotes adipocyte apoptosis [121], and has
been shown to promote fat loss in vertebrates [164]. Recently, it was determined that SIRT3
functions in the mitochondria as a major regulator of ATP levels in the mitochondria [119],
while resveratrol is now known to cause increases in SIRT3 expression in adipocytes [121].

Recently, SIRT1 was determined to play a critical role in the fate specification decision for
neural stem cells (NSCs; [251,252]). Under reducing conditions, SIRT1 specificies neuronal
differentiation, while under oxidative conditions SIRT1 specificies glial differentiation. One
rationale for such decisions would likely be that the glia, as a supportive and biochemically
superior cell, can then be used to deal with the oxidative stress which itself may be more likely
to prevent neurogenesis. Accordingly, this presents interesting possibilities when one considers
pathways from nicotinic acid. Application of high doses nicotinic acid is known to increases
NADPH, and reduced glutathione, thus leading to more reducing conditions, while also
decreasing angiotensin induced inflammatory R(O/N)S production and nuclear factor- kB (NF-
kB) activity [253]. Further, applying NAD precursors increases NAD levels. Collectively, this
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may have the effect of providing a favorable reducing environment while simultaneously
activating SIRT1 (Fig. 7). Thus this has the potential to favor neuronal regeneration.
Application of niacin to the pellagric mental hospitals of the 1940s resulted in recoveries that
were immediately obvious in many patients that had previously been listless, semi-catatonic,
apathetic, and lacking in appetite [5]. The most common pathology observed in the brains of
pellagrins involves neurodegeneration described as chromatolysis [147]. The potential for
using nicotinic acid or other NAD precursors for stimulating neuronal regeneration is unclear.

Another cellular strategy commonly considered for treating MS involves attempts to minimize
activation of microglia [97]. SIRTL1 is the focus of strategies to halt microglial activation as
well through SIRT1 mediated activation of the transcription factor Liver X Receptor (LXR)
or through inhibition of NF-«xB as well (for a review [254]). Thus, SIRT1 activators persist as
an increasingly area of investment for pharmacological drug discovery.

8.4. PARP-1 Inhibition

8.4.1 PARP-1 Mechanism of Action in Multiple Sclerosis—Poly(ADP)ribose is
formed in astrocytes, microglia, lymph nodes, and neurons in the murine EAE model of MS
[9,146], while it has not been examined in the TMEV model. Correspondingly, NAD along
with ATP are both rapidly depleted in axons upon physical degeneration [37], while
complimentary administration using NAD [36] or the immediate biosynthetic precursors [27]
dramatically delay neurodegeneration. Removal of PARP-1 activity by genetic or
pharmacological [9,146,255-261] significantly and repeatedly ameliorates EAE induced
demyelination and leukocyte infiltration in animal models of MS (for a review [262]).

Application of the NAD precursor nicotinamide exerts a profound benefit in preventing EAE-
induced demyelination [7]. Similar to the EAE resistant WId® mouse [37,97,98], inhibition of
PARP-1 also delays axonal degeneration [36]. Collectively the sum data of all of these results
support the simplest explanation for PARP-1 inhibitor protective effect as involving the
sustained conservation and maintenance of NAD levels.

While the exact etiology of MS is unknown, there are immune components to the pathogenesis
that involve generation of reactive oxygen species (ROS). ROS is known to play a role in
disruption of the brain barrier, phagocytosis, degradation of myelin, and neurodegeneration
particularly arising from microglia [263,264]. Similarly NAD-depletion occurs after hydrogen
peroxide treatment in macrophages and lymphocytes [265]. Endogenous hydrogen peroxide
can be produced locally by immune system cells via a two step reactions process catalyzed
first by NADPH oxidase (encoded by NOX1-5; for a review see [266]) which produces
superoxide, followed by superoxide dismutase, which produces hydrogen peroxide. The
hydrogen peroxide is then converted to inert molecules via reactions catalyzed by glutathione
peroxidase followed by glutathione reductase. Alternatively, myeloperoxidase (MPO) can use
hydrogen peroxide to produce hypochlorous acid. MPO has been observed in microglia and is
now being considered as a target for neurodegenerative diseases [267]. Inhibition of NADPH
oxidase or over-expression of superoxide dismutase can inhibit microglial activation [268].
Most interestingly, NAD deficiencies lead to increased activation of NADPH oxidase,
decreased GSH levels, and ultimately genomic DNA damage which causes dramatic
quantifiable reductions of NAD through PARP-1 activation [269]. Application of nicotinamide
reverses this process. Collectively, NAD both prevents free radical production and the
associated often lethal PARP-1 mediated NAD depletion. By minimizing ROS production,
NAD precursors may help to attenuate MS pathogenesis.

8.4.2. Minocycline and PJ-34—Minocycline has been appreciated as an exceptionally

potent bacteristatic member of the tetracycline family of drugs. Similar to niacin, minocycline
has been used as an antibiotic for over 50 years. More recently however, minocycline has

Curr Pharm Des. Author manuscript; available in PMC 2009 March 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Penberthy and Tsunoda Page 27

gained increasing recognition as a potent neuroprotectant in animal models of MS, Parkinson's
Disease, stroke, Amyotrophic Lateral Sclerosis (for an excellent review [270]). Interestingly,
NAD or NAD target proteins (e.g. SIRT1 through PGC1 alpha mitogenesis; for a review
[271]) have been shown to provide relief in all of these models as well. This does not come
without risk for adverse drug reactions including a slight risk for drug-induced Systemic Lupus
Erythematosus [272,273].

For many years the mechanism of action for minocycline neuroprotection was unknown.
However, in 2006 Alano et al. revealed that minocycline is a nanomolar affinity PARP-1
inhibitor capable of protecting neurons from an otherwise lethal chemical alkylation mutagenic
stress [117]. PAR formation was reduced and NAD levels were preserved by minocycline
application. Previously, the cost of purchase for a water-soluble nanomolar affinity PARP-1
inhibitor such as PJ-34 was 1,000 times higher. Most importantly, the Alano study provided a
long needed mechanistic explanation of the distinguishing properties of this distinctive
antibiotic.

Minocycline provides protection in EAE mediated pathogenesis [256-258,262] and is currently
being tested in clinical trials of multiple sclerosis [255]. Whether or not this approach will
prove to be so beneficial in the chronic inflammatory MS model provided by TMEV-IDD
remains to be determined. Minocycline is not without adverse side effects. Minocycline drug-
induced lupus has clearly been observed previously [274,275]. Thus again, it is possible that
the enforced prevention of NAD depletion may come with the risk for adverse immune system
effects. Similar to the application of NAD itself [48,173], minocycline provides tremendous
protection from focal ischemia [276,277]. Further, this was shown to involve a marked
reduction in microglia activation [277].

Early on basic PARP-1 inhibitors were determined to be capable of delaying onset of clinical
symptoms in EAE models [9,261]. PARP-1 inhibitors were determined to reduce expression
of inflammatory cytokine production in the CNS [9]. PJ-34 is a nanomolar affinity PARP-1
inhibitor with a long history. In EAE it has been shown to delay EAE onset of pathogenesis
and shift the reportoire of cytokines from pro-inflammatory Th1l to more anti-inflammatory
Th2 profiles [259]. TNFa, IFNy, and iNOS expression levels were reduced in the context of
PJ34 treatment.

The association between minocycline usage and drug-induced lupus would seem to underscore
the importance of NAD depletion as a mechanism for limiting the autoimmune response, where
the enforced inhibition of PARP-1 mediated NAD depletion with minocycline may apparently
on occasion be involved in promoting hyperproliferation of the immune system with the terrible
effect of promoting Systemic Lupus Erythematotosus (SLE [272,273]). Others believe that
minocycline induced SLE is actually a low risk [278]. Accordingly, it would seem that NAD
depletion is a mechanism for competing for essential resources that is highly conserved in
evolution. It is used in the complex metazoan immune system to limit proliferation of
autoreactive T cells. This is most clearly defined with respect to IDO dependent pathways and
is increasingly being appreciated for CD38 dependent pathways, both working to promote
immunotolerance. The function of PARP-1 in immunotolerance is less explored to date where
the vast bulk of PARP-1 research focus has been on cancer. Recently however, the role of
PARP-1 and related family members in immune function are beginning to increase, where
steroidal immunosuppression for example may require PARP-1 activity in order to promote T
cell apoptosis [279]. Pharmacologic analysis suggests that inhibition of PARP-1 may promote
the production of toleragenic dendritic cells, and thus is under consideration in host-versus
graft disease and transplantation settings [280]. Another experimentally based mechanism
proposed by Grader-Beck et al. suggests that PARP-1 may generate PAR antigen that promotes
SLE, a disease characterized by anti-nuclear autoreactivity [281]. In this model they further
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suggest that accumulated PAR may promote immune induced apoptotic events. Finally
inhibition or genetic deletion of PARP-1 prevents activation induced ADP ribosylation of
nuclear factor of activated T cells, thus causing immunosuppression [282], where the target
genes of PARP-1 in T cells are now being elucidated [283].

8.4.3. PARP-1 and Wallerian Degeneration—The ability of WIdS to prevent loss of NAD
while not overtly causing any obviously measurable increase in basal NAD levels is typical of
what is seen when PARP-1 inhibitors are used. PARP-1 inhibitors prevent stress-induced
depletion of NAD and associated loss of ATP [9,109,162,265,284]). In the original paper that
elucidated the role of NAD-SIRT1 in the WIdS phenotype, PARP-1 inhibitors were tested and
in fact they did provide noticeable delay of Wallerian degeneration on their own [36]. However,
the neuroprotective effects were more pronounced when activators of SIRT1 were applied.
This included the direct application of NAD itself, while subsequent studies revealed that
immediate precursors to NAD could also provide neuroprotection, where neither nicotinic acid
nor nicotinamide were able to provide significant protection [27].

8.5. CD38 Inhibition with 2,2'-Dihydroxyazobenzene/Dyhydroxybenzene

Attempts are underway to consider CD38 inhibitors for their potential use in controlling
inflammation or at least as molecular probes for basic research. Most recently 2,2'-
dihydroxyazobenzene/2,2'hydroxybenzene (DHAB/DAB; Fig. 5) was realized to perform well
as an inhibitor of the second phase calcium response in a rat model of cardiac hypertrophy
(Cardiovascular Research Inhibition of ADP-ribosyl cyclase attenuates angiotensin I1-induced
cardiac hypertrophy Gul et al). In these experiments, angiotensin 11 (All) treatment alone
caused an initial release of calcium stores via IP3 signaling that was followed by a a sustained
release of intracellular calcium via the CD38 catalyzed product, cADPR. Accordingly,
inhibition of CD38 prevented the secondary sustained release of calcium, thus resulting in
prevention of cardiac hypertrophy.

All induced cardiomyocyte hypertrophy and cell death can be prevented by preserving NAD
supplies through PARP-1 inhibition [111] or via increasing expression of NAD-dependent
Sirtuins [112,233]. Inhibition of CD38 would be expected to prevent depletion by CD38 itself
as well as any other NAD depletion that may arise secondary to the sustained release of
intracellular calcium stores through CD38 mediated generation of the second messengers
cADPR, NAADP, and ADPR. However, NAD levels were not examined in this study. So it is
unknown whether the desirable activities seen with the CD38 inhibitor DAB may in part be
due to maintenance of NAD levels.

CD38 deficient mice challenged by an enforced high fat induced obesity model resistant weight
gain through a pathway starting from dramatic increases in basal NAD levels that then activate
SIRT1, which leads to increased mitochondrial biogenesis [155]. This strongly suggests that
maintenance of NAD levels may be a major mechanism of action for DAB. Similarly,
application of NAD itself has recently been proven to be effective at promoting fat loss in
zebrafish larvae [164]. Therefore, one obvious application for DAB would be in the treatment
of obesity. However, it is quite possible that DAB may also be most useful in the treatment of
MS.

As described in greater detail above, the CD38 knockout mouse revealed that CD38 serves
critical functions in both innate and acquired immune systems [152,157]. Constitutively
expressed in hematopoietic stem cells [163], CD38 is required for chemotaxis of professional
APCs [152] and activation of microglia [138]. Thus, inhibition of CD38 with DAB may exert
desirable effects in preventing inflammation and microglial activation. Since azo bonds are
generally toxic, it will be especially necessary to examine dose dependence and potential effects
on secondary infections arising from a weakened immune system.
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Given that CD38 deficiency causes a persistent elevation of NAD, it will be most interesting
to determine how this affects multiple sclerosis. As described in section 4, similar persistent
maintenance of NAD levels seen in the WIdS mouse actually exacerbates pathogenesis in
TMEV-IDD models of MS while decreasing pathogenesis in EAE models of MS [98]. If the
effect is persistent in a manner resembling the WIdS effect, then we may see a similar delay of
EAE mediated neurodegeneration but exacerbation in the TMEV-IDD model. If however,
CD38 is required for the lymphocyte infiltration seen in TMEV-IDD, then under CD38
deficient TMEV-IDD conditions pathogenesis may be reduced. Finally, DAB should be
examined in both of these contexts at a variety of concentrations. These kinds of experiments
have the potential to dramatically help increase our understanding of the potential for
developing CD38 inhibitors as a potential therapeutic approach.

8.6. Combinatorial Approaches and the Need for a Higher Throughput Animal Model

Given that EAE pathogenesis can be ameliorated by inhibition of PARP-1 mediated NAD
depletion [9,146,255-261], activation of NAD-dependent Sirtuins [104,230], complementation
of NAD deficiencies [7], or increased IDO activity [31-34,130] it stands to reason that we may
see enhanced therapeutic benefits if combinatorial approaches are incorporated.

However, the animal models currently used for MS research for examining small molecule
activities providing therapeutically beneficial activities is severely limited by the amount of
time and investment needed to measure small molecule activity. Most studies only examine
one or two different small molecules. Studies that making direct quantitative comparisons of
different molecules for their ability to stave off otherwise progressive EAE have never been
done before.

One rising animal model currently being developed involves using the most primitive
vertebrate genetic model organism, the zebrafish Danio rerio. Transparent as a larva,
transgenic zebrafish designed to express GFP in oligodendrocytes [285] are currently being
used to identify small molecules that may stimulate myelination. Already this organism is being
exploited towards making tremendous strides in identifying the genes most critical to proper
developmental myelination [286]. These genes will be surely be considered some day as
candidate genes potentially responsible for causing MS.

Of likely greater clinical significance however, the zebrafish model stands poised to be
exploited for the identification of the most effective molecular therapeutics for providing relief
against multiple sclerosis. Zebrafish possess have all of the standard Th1 derived cytokines
and lymphocytes that are commonly associated with multiple sclerosis. Zebrafish are amenable
to tracking large numbers of animals for quantifying EAE induced demyelination,
neurodegeneration, and concomitant paralysis measured by tracking their movement [287].
Thus, adult zebrafish are currently being developed as EAE models of MS towards increasing
the rate of small molecule drug discovery as well hopefully increasing the quantifiable nature
of these animal model based assays (personal communication).

9. CELLULAR STRATEGIES

9.1. Interaction Between Myelin Specific Autoimmunity and Axonal Degeneration

In the CNS, regeneration of the neurons and their processes does not occur in general.
Remyelination is very slow, if at all. In most clinical and experimental treatment of MS and
its animal models, even though the treatments are effective to suppress clinical signs, disease
exacerbation is often seen once the treatment is stopped [288]. Then, why do MS patients need
early treatment? It is most important to understand that the delay of disease progression and
the prolonged remission period by the drug treatment are important for the quality of life of
patients and likely for enabling any possible long term recovery process. In addition, we would
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like to propose that early intervention can contribute to intervene with self-perpetuating vicious
cycles made by interactions between autoimmune cells, microglia, axons, and myelin sheaths.
We will discuss three such interactions shown in Fig. (8).

In EAE, both wild-type B6 and WIdS mice were primed by MOG and developed the same levels
of anti-myelin autoimmune responses. However, later on, enhancement of autoimmune
responses was seen only in B6 mice. The enhanced myelin-specific immune response in B6
mice with EAE can be explained in the following scenario (Fig. 8a). After induction of EAE,
anti-MOG autoimmune responses initially attack the myelin sheath, and axons are injured by
the extreme inflammation secondarily (here, the lesion develops from the outside myelin to
the inside axon, Outside-In model) [289]. This results in degeneration of severed axons
(Wallerian degeneration), leading to microglia activation and oligodendrocyte apoptosis
(secondary demyelination) along the degenerated tract, distant from the original lesion [290,
291]. This time, pathology develops from the inside axon to the outside myelin (Inside-Out
model). Degenerated myelin and oligodendrocytes would then be phagocytosed by activated
macrophages and microglia, leading to myelin antigen presentation in the CNS, which
enhances (or induces) myelin-specific autoimmune responses. The enhanced myelin specific
autoimmune responses can attack the myelin from the outside, and trigger a second cascade of
inflammation. In contrast, although WId® mice mount a similar degree of anti-myelin
autoimmune responses at 2 weeks p.i., a lack (or a delay) of Wallerian degeneration prevents
the inflammatory cascade, resulting in no enhancement of anti-myelin immune responses or
disease progression.

9.2. Axon-Myelin Interaction

Axons and oligodendrocytes can profoundly affect each other's development and maintenance
(Fig. 8b). In the case of axonal influences upon oligodendrocytes, axonal loss results in
degeneration of the myelin sheath. In clinical and experimental spinal cord injury and the optic
nerve during the developmental period, oligodendrocyte apoptosis follows along the transected
degenerated axons [84,292-294]. Interestingly, Lassmann et al. [295] described that some
ultrastructural change in myelin degradation following optic nerve transection was similar to
the one seen in patients with MS. Experimental optic nerve transection has significant effects
on myelin protein mMRNA expression in oligodendrocytes of optic nerve; a decrease in MBP
and PLP mRNA expression and an increase in myelin-associated glycoprotein mRNA at 14
and 28 days after transaction [296].

Since axotomy also causes marked changes in the other glial population, including astrocytes,
of the optic nerve, the alteration in myelin gene expression could ascribe to not only axonal
loss but also astrocytosis and microgliosis. Nevertheless, this provides evidence that axons do
influence myelin protein genes in oligodendrocytes. Similarly, stability of PLP mRNA has
been shown to be decreased after axotomy in the PNS [297]. Although a decrease in myelin
RNA has been demonstrated in TMEYV infection (reviewed in [82]), damage in oligodendrocyte
is thought to be a primary cause of down regulation of myelin RNA. However, as discussed
above, myelin RNA can be down regulated secondarily to axonal damage.

Conversely, axonal preservation has been shown to require myelin proteins [289,298]. Mouse
mutants that lack expression of either PLP or 2',3'-cyclic nucleotide phosphodiesterase (CNP)
have normal myelin sheaths, despite the fact that PLP and CNP are expressed exclusively in
oligodendrocytes in the CNS [299]. However, aged PLP-null and CNP-null mice develop
neurological signs, such as ataxia and hind limb paralysis, resulting from axonal degeneration.
Human patients with a null mutation of the PLP1 gene develop axonopathy in the absence of
major myelin abnormality. Interestingly, in PLP-null mice, the NAD-dependent deacetylase
SIRT2, was virtually absent, while SIRT2 is expressed in oligodendrocytes in wild-type mice
[246]. This suggests that SIRT2 may play a role in support of axons by oligodendrocytes, while

Curr Pharm Des. Author manuscript; available in PMC 2009 March 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Penberthy and Tsunoda Page 31

SIRT2 has been suggested to play a critical modulating role in controlling morphological
differentiation of oligodendrocyte precursors [300].

9.3. Microglia and Axon Interaction

Axonal (Wallerian) degeneration can induce local microglia activation, including up regulation
of MHC class Il molecules, without recruitment of peripheral lymphocytes (Fig. 8c) [85,299,
301]. Block et al. [302] proposed that microglia activation and neuronal damage can lead to
progressive neurodegeneration, regardless of the instigating stimuli. First, activated microglia
initiates neuron damage by producing neurotoxic proinflammatory factors, including
prostaglandin PGE,, IL-1B, TNFa and superoxide. Second, microglia can become activated in
response to neuronal damage (reactive microgliosis), which is toxic to neighboring neurons,
resulting in a perpetuating cycle of neuron damage and microglia activation [302]. Interaction
between CD200 on neurons and CD200R on microglia may play a role in this cycle.

When microglia activation and axonal degeneration occur in hosts who have encephalitogenic
T cells in the periphery, this can lead to lymphocytes recruitment at the site of axonal
degeneration in the CNS. In both EAE and TMEV infection, axonal degeneration with
microglia activation can target inflammatory lesions at the site of Wallerian degeneration
[290,291].

Since the above three interactions can make a vicious cycle, intervention of any step can
theoretically stop the cycle, leading to disease remission. However, many steps, including
apoptosis, axonal degeneration, and microglia activation, have physiological beneficial roles.
For example, axonal degeneration can prevent spread of neurotropic virus in the CNS, and
activated microglia is important for innate immunity. As we discussed in this review, treatments
that modulate NAD pathways can influence many different steps and cell types. Thus, the
effects of such experimental treatments require careful assessment, which is necessary for
clinical application of the treatment in future therapeutic trial in human patients.

9.4. NAD Targets, NAD, and Stem Cells

Stem cells have become increasingly appreciated for their potential use in treating MS and are
now being considered for use in clinical trials [303]. Enzymes involved in NAD biosynthesis
(IDO), degradation with calcium signaling (CD38), and epigenetic modifications (SIRT1) have
all now been connected with stem cells, where IDO has been directly implicated in the
mechanism controlling stem cell mediated protection from EAE pathogenesis [34]. When
placed in the correct environment, neural stem cells can trans-differentiate to the neighboring
cell type (reviewed [304]). Stem cells can provide relief from EAE pathogenesis [305-309]. It
is reasonable to assume that endogenous stem or progenitor cells may be normally functioning
in a healthy normal recovery process.

The NAD utilizing enzyme CD38 is well known as a marker of hematopoietic stem cells
[157], where it serves demonstrably requisite chemotactic functions [137,310] in neutrophil,
macrophage, and dendritic cells as well as required roles in microglial activation [138,139].
Finally, SIRT1 has entered the field of stem cell biology, where it has been realized that SIRT1
is not only expressed in stem cells, but it serves critical roles at the interface between R(O/N)
S and p53-Nanog-pluripotency maintenance. Given the expanding role of both NAD and stem
cells in both aging and therapeutic approaches to treating clinical MS, were briefly review and
speculate on the involvement of NAD-dependent proteins in stem cell maintenance,
proliferation, and chemotaxis.

The importance of IDO in this process was recently examined as a candidate mechanism of
action given the well-established immunotoleragenic function. Matysiak et al. revealed that
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IFNy-mediated induction of IDO with respective activities played an essential role in both
prevention of demyelination and increased myelin repair [34]. This is consistent with the known
roles for microglia in both pathogenesis and also repair. Lymphocyte proliferation was
noticeably reduced, consistent with the known mechanism for IDO mediated stimulation of
immunotolerance.

SIRT1 has newly appreciated roles in controlling the maintenance of stem cells [311-313].
Embryonic stem cells produce a small basal level of intrinsic reactive oxygen species as a
byproduct of aerobic metabolism. To minimize damage that could otherwise kill this
population of cells that is essential to life of a metazoan, p53 induces expression of several
anti-oxidant generating enzymes including GPX, SESN1, and SESN2. In the nucleus, p53 also
insures proper expression of the Nanog factors, which is required for pluripotency maintenance,
and suppression of differentiation [311]. Slight elevations in R(O/N)S lead to p53-mediated
repression of Nanog and associated loss of pluripotency. When R(O/N)S levels become too
high however, then p53 leaves the nucleus all together to begin the apoptotic program via the
mitochondria. Significantly, the NAD-dependent deacetylase, SIRT1, acts as the rheostat
sensing redox levels and communicating to p53 by direct deacetylation [314]. Accordingly,
SIRT1 has been shown to be intimately involved in the maintenance of stem cells.

Interestingly, when pellagrins were being rescued with niacin in the 1940s, there was a range
of recovery rates [5,187]. Some recovered overnight while others required at least a month of
treatment to recover. Still others had suffered irreversible damage. It is reasonable to consider
that irreversible pellagric pathology may be due to the complete loss of critical stem or
progenitor cell populations due in part to a failure of NAD to activate SIRT1 towards
maintaining stem cell populations. Thus, we would expect excessive R(O/N)S under these
conditions, which would be expected to lead to excessive apoptosis.

Nicotinic acid is distinguished among the NAD precursors owing to the presence of a high
affinity nicotinic acid G-protein coupled receptor, GPR109a/HM74a. Binding of nicotinic acid
to GPR109a leads to a massive production the prostaglandins PGE, [315] PGD,, PGF»,
PGH,, and PGl,. PGE, molecule was recently isolated in a small molecule screen by
performing RNA in situ hybridization with transparent zebrafish larvae to identify activities
stimulating stem cell proliferation ([316] and perspective [317]). The mechanism by which
PGE; increases stem cell proliferation is uncertain. One possibility may be that PGE; is
inducing IDO has is commonly used by immunologists to generate toleragenic monocytes
[216,318]. IDO induction can ultimately lead to increased NAD production within the
respective cell. Perhaps this increases proliferation as needed. This, way thinking suggests that
itisthe cell with increased NAD that is ready to proliferate as needed. The idea of IDO mediated
increases in proliferation is consistent with both the observations of the NAD precursor
tryptophan as a lymphocyte mitogen as well as the well known observation that cancer cells
are notorious in their over-expression of IDO [319-321]. Finally, as described for nicotinic
acid treatment for promoting reducing conditions discouraging pathogenic gliosis in favor of
neuronal specification (Fig. 7 above), we would predict that nicotinic acid mediated increases
in reducing conditions would favor the maintenance of critical progenitor cells.

The ADP cyclase, CD38 is well known as a marker of stem cells [157]. It is also known to be
required for chemo-taxis of neutrophils [137], dendritic cells [137], and macrophages [310].

Thus, it is likely that CD38 serves critical functions in stem cell chemotaxis. While the WidS
protective effect did not decrease T cell infiltration, it did decreases microglial activation and
decreased macrophage accumulation [97]. Both of the latter processes are believed to involve
CD38. The connection between the nuclear NAD maintenance seen in WIdS and CD38 activity
is unclear. Nonetheless CD38 is constitutively expressed in the nucleus of hematopoietic cells
[163], thus some kind of relationship between nuclear NMNAT1 and nuclear CD38 may be
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functioning in hematopoietic cells. It would be most interesting to cross WIdS with the CD38
deficient mouse to increase our understanding of these relationships.

10. LACK OF DIETARY VARIETY CAUSING NAD DEFICIENCIES AND
POTENTIAL CONNECTIONS TO MS ETIOLOGY TODAY

Just as we learn about gene function through phenotypic analysis of loss of expression, so we
can learn about NAD function by reviewing the symptoms of NAD deficiency. Significantly,
for the case of vitamin deficiency we can immediately consider pharmacological administration
of NAD precursors as a treatment approach to disease given their extensive record of safe use
in the clinic.

Lack of the precursors for NAD (tryptophan, nicotinic acid or nicotinamide) results in a curable
dietary illness, pellagra, the symptoms for which are often generalized by the four Ds:
dermatitis, diarrhea, dementia and death [322]. Pellagra occurred at an epidemic scale during
the first two decades of the 20th century in the southern United States of America and is
considered possibly the most devastating nutritional deficiency ever known in American
history [323]. Pellagra is largely preventable by the application of nicotinic acid/niacin or
nicotinamide/niacinamide [6]. Pellagra is often considered to be a disease that no longer
appreciably exists in the first world other than in cases of tuberculosis drug induced pellagra
[324,325], chemotherapy induced pellagra [326,327], or in connection with alcoholism [47,
147,328]. However, analysis of western niacin status suggests inadequate niacin status occurs
with a fairly high frequency at approximately 15% of the population [329]. The most consistent
neuropathologic abnormality in pellagra is reported to be central chromatolysis of neurons
[47,330], where chromatolysis is defined as the loss of Nissl body staining as a result of
neuronal death from injury, fatigue, or depletion of energy supplies

Most clinical signs result from the effects on the brain and immune systems. Further, pellagrins
harbor many chronic infections; diarrhea and constipation chiefly due to gut infections.
Tryptophan is also an obligatory precursor of 5-hydroxytryptamine (serotonin). Tryptophan
crosses the blood-brain barrier, like tyrosine, predominantly by the carrier system for long
chain neutral amino acids. Therapeutically, pure tryptophan has been administered orally as
an antidepressant and a hypnotic. Small numbers of MS patients have also been treated with
tryptophan [331,332]. The 30-day daily tryptophan treatment of MS patients resulted in
elevation of tryptophan and 5-HIAA levels in the cerebrospinal fluid (CSF) and a slight
alleviation of clinical symptoms, including motility, bladder disturbances, and the mood of
patients. In these studies, the effects were attributed to the neural transmission changes, and
effects on the immune system or NAD synthesis were not considered. In addition, synthetic
tryptophan metabolite, N-3,4-dimethoxycinnamoyl anthranilic acid, was shown to suppress an
animal model for MS [333].

Humans are particularly vulnerable to NAD deficiency. This became particularly evident with
introduction of the first rice and flour foods to the general population in the 1870's, which
immediately resulted in epidemics of the NAD deficiency disease known as pellagra. Between
1900 and 1940, at least 100,000 individuals in the southern United States died of pellagra
([334] and excellent review [335]). In 1907, pellagra was the leading cause of death in mental
hospitals [5]. Joseph Goldberger noticed the disease was particular to people on a limited diet
while those ingesting cow's milk were spared. In the 1937 a University of Wisconsin chemist
Conrad Elvehjem discovered that nicotinic acid prevented black tongue using a dog model of
pellagra. [336]. The mandatory enrichment of niacin in the 1940's led to the prevention of such
overt epidemics [6]. Overt pellagra is largely preventable by the application of nicotinic acid/
niacin or nicotinamide/niacinamide [6].
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While this was one of the greatest success stories in public health history, the concentration of
optimal mandatory niacin fortification remains controversial even today and should be
reexamined in light of the realization of R(O/N)S-mediated PARP-1 actively depletes NAD.
Pellagra is often considered to be a disease that no longer exists in the developed countries
other than in cases of tuberculosis drug-induced pellagras [324,325], chemotherapy-induced
pellagra [326,327], or in connection with alcoholism [47,147,328]. However, analysis of
western niacin status suggests inadequate niacin status occurs with a fairly high frequency at
approximately 15% of the population [329]. The most consistent neuropathologic abnormality
in pellagra is reported to be central chromatolysis of neurons [47,330], where chromatolysis
is defined as the loss of Nissl body staining as a result of neuronal death from injury, fatigue,
or depletion of energy supplies.

Pellagra can result from either a passive process evoked by dietary insufficiency or even active
drug induced processes including tuberculosis drugs [324,325] and excessive alcohol
consumption [47,147]. By extension, pellagric pathology can also arise from immune system
mediated NAD depletion. However, NAD deficiency can also arise from activation of NAD
depleting pathways. NAD depleting pathways can be activated by poor diet or autoimmune
dys-regulation. Here we briefly touch on potential examples of diet-induced NAD deficiency.
The modern western diet remains disproportionately high in refined sugars and corn [337]. The
annual sugar consumption per individual has increased by over 10 fold in the western world
since in the early 1800s [338]. All of these dietary changes correlated directly with increased
refining. How well this may historically correlate with the incidence of MS is unknown.
Significantly however, glucose actively promotes NAD depletion through PARP-1 activation
[339,340]. Nicotinamide can both inhibit PARP-1 enzyme activity and supply NAD to the cell.
Nicotinamide protects against diabetes in animal models and continues to warrant active
consideration in clinical studies (reviewed [142]). Limitations in NAD likely persist as a major
rate-limiting factor controlling age-related disease onset. Extremely high doses of nicotinic
acid of over 1000 fold higher than the RDA are commonly used to correct dyslipidemia that
often arises from excessive high fat diets. The minimal amount of NAD precursor needed to
stave off disease is likely to depend on dietary habits and immune function. Standardized RDA
levels of NAD precursors are an area of active debate. The mechanisms of immune mediated
NAD depletion involving activation of PARP-1, CD38, and IDO are discussed in greater detail
sections above.

Cornwas one of the first and most commonly accepted suspects believed to be causing pellagra
back in the 1920's because corn consumption so clearly correlated with the occurrence of the
often-deadly disease [5]. Entire conferences were focused on studying corn as the cause of the
pellagra epidemics. Eventually it was determined that corn was not causing pellagra at all.
Interestingly the Native American Indians (who had been eating corn for thousands of years
at this point) realized you had to treat corn with lye to get something important out of it
(tryptophan, the only precursor for the endogenous synthesis of NAD.). New to corn, the first
Americans did not process corn with lye and so they failed to obtain any niacin from corn.
Amazingly, if the first Europeans arriving in the new world had chosen to prepare corn the
way the Native American Indians had been doing it, then there may never have been the pellagra
epidemics of Europe starting in the 17th century and dramatically expanding with the
development of refined foods particularly in America itself, the original home of corn. With
corn so prevalent in the diet and the often very simplistic diets that lacked variety, including
mostly corn meal and molasses, people in the southern United States of America soon suffered
from pellagra. In 1912 it was shown that a maize only diet caused a multitude of health problems
[341]. More recently it was shown that corn only diets lead to severe defects in brain serotonin
levels [342]. As briefly mentioned above, application of tryptophan to multiple sclerosis
patients exerted a positive effect on the mood of patients presumably ascribed to changes in
neural transmission working through serotonin receptors [331]. Deficits of tryptophan due to
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diet or persistent activation of IDO, may lead to serotonin deficits effecting neurodegeneration
in MS. Today corn itself is disproportionately over-represented in the modern western diet
more so than any other source of food [343]. A rather homogenous modern diet deficient in
tryptophan may contribute more than we realize to MS pathogenesis a result of insufficient
dietary NAD precursor.

Dementia results from neurodegeneration most commonly from Alzheimer's Disease followed
by vascular dementia [344]. There are few known molecules that can cure a form of dementia
and few known examples of genetic mutations that cause dementia. However, NAD precursors
including nicotinic acid or nicotinamide are well known for their dramatic activity in reversing
pellagric dementia [5] and one genetic mutation causing dementia is the mutation in the genes
TYROBP/DAP12 or TREM2 has been identified as the cause of polycystic lipomembranous
osteodysplasia with sclerosing leukoencephalopathy (PLOSL) also known as Nasu-Hakola
disease. PLOSL pathogenesis involves inflammatory demyelination with axonal
neurodegeneration resembling MS. Inhibition of TREM-2 exacerbates EAE [345]. A soluble
form of TREM-2 has now been identified as significantly elevated in the CSF of multiple
sclerosis patients but not non-inflammatory neurologic disease patients [103].

Thus, it would appear as though the soluble form of TREM-2 present in MS patients may be
titrating the ligand away from binding to TREM2 expressed on the membrane of professional
APCs. This would be expected to inhibit TREM2 function, therefore exacerbating pathogenesis
as seen in murine EAE models [345]. DAP12 has been identified as inversely expressed with
respect to IDO in professional antigen presenting cells as soon as they become toleragenic
[346], an activity intimately connected with increased IDO activity. Accordingly it is expected
that loss of DAP12/TYROBP or TREM2 function as predicted in MS, would lead to persistent
IDO increases in professional APCs that would drain local tryptophan supplies. This is
expected to lead to neurodegeneration characteristic of NAD deficiency or tryptophan
deficiency [142]. Homeostatic balance of IDO activity in MS is clearly important for recovery
immune induced demyelination, where supplementation using nontryptophan NAD precursors
is expected to control such dys-regulation of endogenous NAD precursor (tryptophan) levels
based on studies performed using mouse models [7].

11. CONCLUSIONS

The contrasting effects on clinical MS pathogenesis of persistent WIdS-mediated NAD
maintenance in chronic viral models of MS (TMEV-IDD) versus immune-mediated models of
acute MS attacks (EAE) strongly support the need to consider giving glia the control of NAD
synthesis and distribution to neurons as needed. Nicotinic acid appears to be the preferred
substrate for NAD biosynthesis in glia [43] and may exert aimmunotoleragenic effect through
GPR109a mediated induction of IDO specifically in professional APCs. More direct
comparative pharmacological research comparing EAE versus TMEV-IDD using nicotinic
acid and other NAD precursors is needed to quantify the therapeutic potential of individual
approaches to treating MS. Consideration of both models of MS is especially important since
MS etiology is unknown yet exceptionally common in the population. The undeniable and
continued success of NAD precursor therapy for correcting lipodystrophy and mental health
disease strongly supports the need for further exploratory investigations into the potential for
high dose concentration therapeutic windows in treating multiple sclerosis.
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provided critical firsthand insight into the mechanisms NAD mediated delay of neurodegeneration in EAE models of
multiple sclerosis.

ABBREVIATIONS

BBB, Blood-brain barrier

CNP, 2',3'-Cyclic nucleotide phosphodiesterase

EAE, Experimental autoimmune (allergic) encephalomyelitis
IDO, Indoleamine 2,3-dioxygenase

IFN, Interferon

MBP, Myelin basic protein

MHC, Major histocompatibility complex

MOG, Myelin oligodendrocyte glycoprotein

NA, Nicotinic acid

NAD, Nicotinamide adenine dinucleotide

NAM, Nicotinamide

NaMN, Nicotinic acid mononucleotide

NAMR, Nicotinamide riboside

NMN, Nicotinamide mononucleotide

PARP-1, Poly(ADP)ribose polymerase

PG, Prostaglandin

PLP, Myelin proteolipid protein

PNC, Prokaryotic nicotinamidase

PP, Primary progressive

PR, Progressive relapsing

Professional APCs, Professional antigen presenting cells
SP, Secondary progressive

R(O/N)S, Reactive oxygen or nitrogen species

RR, Relapsing-remitting

TMEV-IDD, Theiler's murine encephalomyelitis virus-induced demyelinating disease
TNF, Tumor necrosis factor

W, Tryptophan

WIdS, Wallerian degeneration slow mouse
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Fig. (1).

The pathway from NAD precursors to NAD biosynthesis is shown with molecular structures
and abbreviations used throughout the manuscript. Also shown, are the reactions that use NAD
asasubstrate, not a co-factor. Products of ADP cyclase and Sirtuin catalyzed reactions generate
products causing release of calcium. CD38 is involved in the persistent release of intracellular
calcium connected with hematopoietic chemotaxis and microglial activation, both of which
are likely to be of great importance in MS pathogenesis. Feedback inhibition loops are drawn
with heavy lines. Additional co-factors required for completion of de novo pathway NAD
biosynthesis include ascorbate (vitamin C), pyridoxyl phosphate (vitamin B6), and riboflavin
(vitamin B2). Of likely significance to nicotinic acid distinguished capacity as a provider of

Sirtuins (e.g. SIRT1)

Deacetylation
(histones, p53, NF kappa B, PGC1 alpha, PPAR gamma, etc...)
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NAD, NAPRT is not inhibited by NAD feedback inhibition (see text for reference), while
NAMPT is inhibited by NAD.
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Fig. (2).
A nuclear SIRT1 mechanism for delaying NAD-ATP depletion through inhibition of PARP-1
is presented. The NAD salvage pathway uses nicotinamide (NAM) as a substrate. NAMPT1
converts nicotinamide (NAM) to nicotinamide mononucleotide (NMN) which via
nicotinamide adenylyl-transferase (NMNAT) gets converted to NAD. Both of these processes
require ATP. Reactive oxygen/nitrogen species (R(O/N)S) causing DNA damage causes
activation of PARP-1, which leads to NAD depletion as NAD is used as a substrate in the
polymerization reaction. The salvage pathway is simultaneously activated by (R(O/N)S),
which leads to a futile NAD-recycling process that ultimately depletes ATP. Similar lesser
characterized ATP depleting pathways are predicted specifically in axonal cytosol and
mitochondria where NMNAT2 and NMNAT3 enzymes have been colocalized respectively
with Sirtuin and PARP family members. R(O/N)S cause damage to DNA, which activates
PARP-1 leading to NAD depletion through use of NAD as a substrate to generate poly(ADP)
ribose, PAR (1). Nicotinamide (NAM) is used by nicotinamide phosphoribosyltransferase
(NAMPT) to make nicotinamide mononucleotide (NMN). This is then converted to NAD via
nicotinamide nucleotide adenylyltransferase 1 (NMNAT1), part of the genomic triplication
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responsible for the slow Wallerian degeneration mouse (WId®) phenotype. The NAD salvage
pathway repeatedly uses ATP to replenish NAD (2). The NAD-dependent mitochondrial
deacetylase, SIRT3, functions as a master regulator of ATP levels. Under ischemic conditions
NAD is required to maintain production of ATP from anaerobic glycolysis. The increased
salvage pathway efficiency of the WId® mouse is probably able to provide NAD to maintain
ATP generation by anaerobic glycolysis during oxidative stress (3). Otherwise ATP can be
supplied via oxidative phosphorylation (4). The futile cycle continues until PAR formation
triggers AlF-dependent apoptosis or ATP stores are so depleted that necrosis happens (5).
PARP-1 activity can be inhibited directly (e.g. minocycline and PJ-34 are nanomolar affinity
inhibitors) or indirectly through activation of SIRT-1 (e.g. resveratrol; 6). Either PARP-1
inhibitory approach can significantly delay NAD and ATP depletion similar to the WId® mouse.
Alternatively pharmacological administration of NAD or precursors can help prevent
deficiencies. All of the pharmacological approaches described here have been shown to
ameliorate EAE pathogenesis in published reports. Neurons are particularly susceptible to
depletion of NAD owing to their apparent lack of a fully functional salvage pathway (see text).
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The route from dietary NAD precursor to neuron is shown with NAD sinks developing during
multiple sclerosis. Astrocytes readily use NAD precursors to generate NAD and can directly
transport NAD across the plasma membrane directly via the adenosine receptor P2XY7R (NA,
nicotinic acid; NAM, nicotinamide; NAMR, nicotinamide riboside; W, tryptophan; NaMN,
nicotinic acid mononucleotide; NMN, nicotinamide mononucleotide; NaAD, nicotinic acid
adenine dinucleotide). By contrast neurons are innefficient in this energy dependent process.
Similar to several other pathways, it appears as though glia are likely to serve prominent roles
in supplying NAD to neurons. With the sudden appearance of lymphocytes in the CNS of the
MS patient, exceptional efforts are apparently made to remove lymphocytes by high level IDO
induction in microglia and endothelial cells. This decreases the available extracellular
tryptophan (W). Additionally, CD38 is highly induced by TNF alpha in professional antigen
presenting cells (PAPCs; macrophages, dendritic cells, or microglia) during MS. TNF alpha
activation of CD38 leads to degradation of NAD which generates products that stimulate
calcium signaling pathways mediating PAPC chemotaxis and activation. PARP-1 activity
increases in endothelial cells juxtaposed next to microglial cells in EAE models of MS. The
IDO induction in these cells can provide complementary NAD that is lost by CD38 mediated
depletion in PAPCs. This persistent inner battle to control the immune system creates a NAD
sink that consumes that renders neurons exceptionally vulnerable to stress-induced cell death.
Low levels of NAD typically leads to neurodegeneration.
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Enzymes controlling NAD metabolism in professional antigen presenting cells (PAPCs;
microglia, macrophages, or dendritic cells) are shown with consideration of pharmacological
administration of complementary NAD precursors or effectors of NAD utilizing enzymes
(SIRT1 activators / PARP-1 inhibitors) towards rescue NAD deficiency arising from chronic
inflammatory disease. Immunomodulatory factors exert a coordinated regulation of NAD
levels during autoimmune disease or infection. PAPCs including microglia act as sinks
acquiring de novo pathway NAD precursor (tryptophan) or degrading NAD directly via
activation of IDO and CD38 respectively. CD38 activity is required for chemotaxis (1). Thus,
IFNy activates IDO to increase intracellular NAD while simultaneously activating
tryptophanyl-tRNA (encoded by WRS) to maintain essential tryptophan-dependent protein
synthesis (2). All three IFNy-mediated inductions occur in professional antigen presenting
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cells. IFNy-mediated activation of IDO leads to complementary increases in NAD levels in a
pyridoxyl phosphate (PLP; derived from vitamin B6) co-factor dependent fashion. The anti-
epileptic molecule kynurenate is also produced through this pathway. In the end this pathway
is predicted to affect global chromatin structure through NAD dependent SIRT-1 and PARP-1
mediated activities as well as other effects through related Sirtuin/PARP family member
proteins (3). During chronic inflammation local extracellular NAD sources become deficient
(tryptophan and NAD) and this exerts both an anti-proliferative immunotoleragenic effect on
T cells but also decreases PAPC chemotaxis while making neighboring cells more vulnerable
(4). Accordingly pharmacological application of NAD precursors provides tremendous
cytotrophic benefit in numerous models of autoimmune disease. ADPR from either ROS-
PARP1-PAR-PARG or excessive CD38 activity can lead to persistent activation of TRPM2
leading to programmed cell death, PCD (5). Excessive CD38 activity has been observed in
type 1 diabetics via excessive autoreactive anti-CD38. Highly expressed in the brain and clearly
important in immune function, the role of CD38 in MS is completely unexplored. Peroxynitrate
can activate PARP1 leading to nuclear PAR formation that translocates to the mitochondria to
promote AlF release which also leads to programmed cell death (PCD). Two R(O/N)S sensitive
pathways shown at the bottom include DNA damage-PARP1 activation along with direct
activation of the redox sensitive TRPM2 divalent cation channel. (6) Administration of
pharmacologic doses of NAD precursors (nicotinic acid/niacin, nicotinamide/niacinamide, or
nicotinamide riboside) or pharmacologic targeting of NAD-dependent targets (SIRT1
activators or PARP1 inhibitors) may complement the NAD deficiencies arising from immune
activation of IDO and CD38.
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Fig. (5).

Structures of a new ADP cyclase inhibitor and the first clinical trial inhibitor of constitutive
HDACSs, not Sirtuins are shown.
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Inhibition of the constitutive HDACs leads to increased transcriptional expression of SIRT1
and IDO. The increased IDO activity can increase NAD levels which can then further increase
SIRT1 activity. Ultimately, SAHA increases immunotolerance. Thus SAHA may have
potential in the context of controlling autoreactive pathogenesis in MS.
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Pharmacological nicotinic acid administration is predicted to favor neuronal genesis over
gliogenesis due to the combination of SIRT1 activation combined and increased reducing
conditions. SIRT1 controls redox mediated fate specification from neural stem cells.
Pharmacological application of nicotinic acid increases NAD which activates SIRT1 (1) while
also promoting reducing conditions by increased NADPH and GSH (2). Reducing conditions,
being less stressful, allow neuronal specification instead of support cells. Otherwise under
oxidizing conditions supporting glial cells are likely to be more immediately needed in order
to correct the chemical imbalance, thus potentially favoring pathogenic gliosis. As discussed
in section 2.1, minimizing gliosis can help foster remyelination. Thus the dual activity that
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nicotinic acid exerts by providing both NAD and reducing conditions is expected to

respectively increase SIRT1 activity and the neuronal fat specification from stem cells that is
likely to be needed for a complete and sustained recovery from MS attacks.
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Self-perpetuating neurodegeneration cycles made by interactions between immune cells,

microglia, axons and myelin sheaths. a) Anti-myelin immunity cause primary demyelination,
leading to axonal degeneration (lesion development from the inside myelin to the outside axon,
Outside-In model). Then, degenerated axons activates microglia and induces oligodendrocyte
apoptosis, resulting in secondary demyelination (lesion development from the inside axon to

the outside myelin, Inside-Out model). Myelin debris would

be taken up by microglia and

macrophages, which present myelin antigen to autoimmune T cells; this will lead to the second
cascade reaction. WId® mutation prevents axonal degeneration, interfering with a vicious cycle
made by the Outside-In and Inside-Out models. b) Axons and myelin require each other in
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their development and maintenance. Myelin protein abnormality results in axonal
degeneration, in which SIRT2 may play a role. Axonal degeneration leads to apoptosis of
oligodendrocytes and downregulation of myelin protein mRNA expression. ¢) Microglia
activation and axonal degeneration can make a self-perpetuating cycle. Activated microglia
produce proinflammatory factors, and damage axons. Axonal degeneration can activate
microglia, including upregulation of MHC class 1l molecules on the surface of microglia.
CD200-CD200R interaction on the neuron-microglia may play a role in the cycle.
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Table 1
NAD Biosynthctic Pathways
NAD Precursor Pathway Requirement Tissue Specificity
Tryptophan (W) de novo Eight-step pathway liver, neuronal, and immune cells
Nicotinic acid (NA) Salvage Three-step Preiss-Handler pathway liver, kidney, heart, intestine
I . adipose tissue, liver, kidney and
Nicotinamide (NAM) Salvage Two-step Nampt pathway immune cells
TS Nrk pathway or nucleoside phosphorylated neurons, cardiac and skeletal
Nicotinamide riboside (NAMR) Salvage and Nampt pathway muscle
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Pathology Cell Types Role Clinical Course NAD Involvement
Disease onset,
Inflammation Lymphocytes, macrophages (APC) Effector progression, IDO
relapse (attack)
Demyelination / : : CNS damage, Disease attack and
Axonal o"%?(%izd{ﬁggﬁgié{"’;ﬁ'c'gsf;i?th)’ neurological progression, lack NMNAT, SIRT
degeneration p deficits of remission
Inhibition of
- . . . Repair? regeneration?
Gliosis / Sclerosis Microglia, astrocytes CNS damage? Disease 1DO (CD200)

progression?
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