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Abstract

Nicotinamide, the amide form of niacin (vitamin Bs), is the precursor for the coenzyme B-
nicotinamide adenine dinucleotide (NAD™) and plays a significant role during the enhancement of
cell survival as well as cell longevity. Yet, these abilities of nicotinamide appear to be diametrically
opposed. Here we describe the development of nicotinamide as a novel agent that is critical for
modulating cellular metabolism, plasticity, longevity, and inflammatory microglial function as well
as for influencing cellular life span. The capacity of nicotinamide to govern not only intrinsic cellular
integrity, but also extrinsic cellular inflammation rests with the modulation of a host of cellular targets
that involve mitochondrial membrane potential, poly(ADP-ribose) polymerase, protein kinase B
(Akt), Forkhead transcription factors, Bad, caspases, and microglial activation. Further knowledge
acquired in regards to the ability of nicotinamide to foster cellular survival and regulate cellular
lifespan should significantly promote the development of therapies against a host of disorders, such
as aging, Alzheimer’s disease, diabetes, cerebral ischemia, Parkinson’s disease, and cancer.
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NICOTINAMIDE, NAD* PRECURSOR, AND CELLULAR METABOLISM

As the amide form of niacin or vitamin Bs, nicotinamide is the precursor for the coenzyme [3-
nicotinamide adenine dinucleotide (NAD™) and is essential for the synthesis of nicotinamide
adenine dinucleotide phosphate (NADP*) [1,2]. Nicotinamide and nicotinic acid can be
obtained either through synthesis in the body or through a dietary source [3]. The predominant
form of niacin in dietary plant sources is nicotinic acid that is rapidly absorbed through the
gastrointestinal epithelium. Nicotinamide is formed through the conversion of nicotinic acid
in the liver or through the hydrolysis of NAD™. Once nicotinamide is obtained in the body, it
is utilized to synthesize NAD™* [4].

Nicotinamide through NAD™ plays a critical physiological role in cellular metabolism and can
be directly utilized by cells to synthesize NAD™ [4]. Nicotinamide also participates in energy
metabolism through the tricarboxylic acid cycle by utilizing NAD* in the mitochondrial

respiratory electron transport chain for the production of ATP, DNA synthesis, and DNA repair
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[5-7]. Furthermore, nicotinamide can significantly increase NAD™ levels in vulnerable regions
of the ischemic brain, suggesting that nicotinamide may offer cytoprotection of injured tissue
through the maintenance of NAD™ levels [8]. Administration of nicotinamide can significantly
improved glucose utilization, prevent excessive lactate production and improve
electrophysiologic capacity in ischemic animal models [9]. During axonal degeneration,
nicotinamide also may trigger neuronal protection through NAD*-dependent mechanisms
[10].

The maintenance of cellular energy reserves and cellular function by nicotinamide are closely
tied to the function of mitochondria. Oxidative stress can trigger the opening of the
mitochondrial membrane permeability transition pore [11-14] and lead to a significant loss of
mitochondrial NAD* stores and subsequent apoptotic cell injury [15]. For example, in animal
models of Parkinson’s disease that use 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine to elicit
central nigrostriatal dopamine neurotoxicity, subsequent depletion of NAD* and adenine
triphosphate have been associated with neuronal loss [16]. Restoration of NAD* content in
mitochondria with liposomal NAD* prevents neuronal injury [17].

Cellular function in the presence of nicotinamide also relies upon the maintenance of
mitochondrial membrane potential. Mitochondria are a significant source of superoxide
radicals that are associated with oxidative stress [18]. Blockade of the electron transfer chain
at the flavin mononucleotide group of complex I (NADPH ubiquinone oxidoreductase) or at
the ubiquinone site of complex 111 (ubiquinone-cytochrome c reductase) results in the active
generation of free radicals which can impair mitochondrial electron transport and enhance free
radical production [19,20]. Furthermore, mutations in the mitochondrial genome have been
associated with the potential development of a host of disorders, such as hypertension,
hypercholesterolemia, and hypomagnesemia [21]. Loss of mitochondrial membrane potential
through the opening of the mitochondrial permeability transition pore represents a significant
determinant for cell injury and the subsequent induction of the apoptotic cascade [12,13,22].

Nicotinamide can preserve mitochondrial NAD-linked respiration [23] and block the
depolarization of the mitochondrial membrane [2,24,25] (Fig. 1). Nicotinamide appears to
function directly at the level of mitochondrial membrane pore formation to prevent the release
of cytochrome c [26]. Pretreatment of cells with either nicotinamide alone or in combination
with the mitochondrial permeability transition pore inhibitor cyclosporin A [27,28] prior to an
injury paradigm can equally prevent mitochondrial membrane depolarization. Other studies
that involve oxygen-glucose deprivation demonstrate that nicotinamide maintains
mitochondrial membrane potential and prevents the release of cytochrome c [29]. Interestingly,
nicotinamide appears to act directly at the level of mitochondrial membrane pore formation to
prevent cytochrome c release. Nicotinamide can prevent the chemical induction of
mitochondrial membrane depolarization during exposure to either tert-butylhydorperoxide or
atractyloside [29].

Reactive oxygen species also have been postulated as a potential mechanism for the induction
of acidosis-induced cellular toxicity [30] and subsequent mitochondrial failure [31]. In the
nervous system, toxic insults, such as hypercapnia [32], hypoxia [33], glutamate toxicity
[34], and free radicals [35-37] can result in the disturbance of intracellular pH. In addition,
modulation of intracellular pH is physiologically relevant for endonuclease activities during
apoptosis [35,36,38]. Yet, nicotinamide cannot prevent cellular injury during intracellular
acidification paradigms [13]. As a result, nicotinamide may use other mechanisms to preserve
cellular energy metabolism that could depend upon glycolytic metabolism with
glyceraldehydes-3-phosphate dehydrogenase [39].
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Furthermore, there exist additional pathways that nicotinamide may use to maintain cellular
metabolic homeostasis through the maintenance of mitochondrial membrane potential.
Nicotinamide can phosphorylate Bad [26] to prevent mitochondrial membrane depolarization
and subsequent cytochrome c release. In addition, nicotinamide may inhibit the assembly of
the mitochondrial permeability transition pore complex similar to the action of cyclosporin A
[40] as well as stabilize cellular energy metabolism since the maintenance of mitochondrial
membrane potential is an ATP facilitated process [41]. Another pathway that will be discussed
later in more detail involves nicotinamide increasing the activation of Akt [26], since Akt is
closely linked to the maintenance of mitochondrial membrane potential [42,43].

NICOTINAMIDE, POLY (ADP-RIBOSE) POLYMERASE (PARP), AND
CELLULAR FUNCTION

Nicotinamide has an intimate relationship with poly (ADP-ribose) polymerase (PARP). PARP
is a nuclear protein that binds to DNA strand breaks and cleaves NAD™ into nicotinamide and
ADP-ribose [44]. During DNA repair, ADP-ribose is polymerized onto nuclear proteins that
include histones and transcription factors at DNA strand breaks [45]. Nicotinamide may
provide cellular protection through the maintenance of PARP integrity and the preservation of
cellular energy reserves. PARP catalyses the synthesis of poly (ADP-ribose) from its substrate
NAD*, which stimulates the process of DNA repair [46]. Nicotinamide concentrations of at
least 1 mM have been shown to provide sufficient stores of NAD* for PARP activation [47].
Nicotinamide can prevent PARP degradation and allow for DNA repair through the direct
inhibition of caspase 3 — like activity [13,24,26]. In contrast, elevated concentrations of
nicotinamide can lead to PARP degradation and apoptotic injury [48].

Yet, excessive PARP activity may be detrimental to cellular function. Augmented PARP
activation leads to a rapid depletion of its sole substrate NAD* and lowered ATP production.
As a cell consumes ATP in an effort to replenish NAD™, this results in a cellular energy crisis
that precipitates cell death. For example, reactive oxygen injury in pulmonary artery endothelial
cells can resultin DNA strand breaks followed by the loss of membrane integrity with enhanced
PARP activity and the depletion of NAD* [49]. Exposure to bleomycin, a DNA-cleaving
antitumor antibiotic, causes sustained PARP activation and NAD™ depletion and subsequent
tissue injury [50]. In experimental diabetic rats, NAD* and ATP levels are lowered with
increased DNA breakage and malondialdehyde production following enhanced PARP activity.
A significant increase in PARP activity also can promote NF-xB-driven transcription and
microglial activation leading to the overexpression of pro-inflammatory and adhesion
molecules [51].

Given the potential detrimental effects of excessive PARP activity, it may be necessary for
nicotinamide to reduce PARP activity to block apoptotic injury [52,53]. Several studies confirm
that a reduction in PARP activity can enhance cell survival, such as during injury paradigms
with photoreceptor cells [54], during homocysteine toxicity [55], during cerebral ischemia
[56], or during free radical injury [57,58]. Prevention of NAD* depletion during enhanced
PARP activity also has been demonstrated to prevent cellular lysis during oxidative stress
[49].

In relation to clinical disorders, PARP activity has been associated with cell injury during
neurodegenerative disorders. During acute neurodegenerative injury, increased PARP activity
with subsequent consumption of NAD* can exacerbate acute cerebral ischemia [59]. Even
during periods of free radical injury in human blood lymphocytes, nicotinamide may block
necrotic death through pathways that limit excessive PARP activity that can consume essential
NAD™ stores [60]. Under some circumstances such as diabetic neuropathy, nicotinamide has
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the capacity to not only significantly reduce PARP activity, but also partially restore the
NAD™* and ATP contents [61].

In a similar vein, inhibition of PARP activity by nicotinamide may be critical for disorders
such as Alzheimer’s disease. Alzheimer’s disease has two pathologic hallmarks that consist of
extracellular plagues of amyloid-B peptide aggregates and intracellular neurofibrillary tangles
composed of hyperphosphorylated microtubular protein tau [30,62]. The p-amyloid deposition
that constitutes the plaques is composed of a 39-42 amino acid peptide (Ap), which is the
proteolytic product of the amyloid precursor protein (APP) [30]. Overexpression of APP can
increase AP secretion which can form insoluble amyloid aggregates contributing to the
development of Alzheimer’s disease [63,64]. A limited pilot study has suggested that
administration of nicotinamide adenine dinucleotide (NADH) in patients with Alzheimer type
dementia may show improvement in their cognitive function [65]. More recently, sufficient
dietary niacin intake examined in a series of patients aged 65 and older has been implicated as
a potential factor to protect against the development or progression of Alzheimer’s disease
[66]. Although the mechanisms responsible for these protective effects of NADH and niacin
are not well established, it has been shown that in patients with Alzheimer’s disease, both
PARP and poly(ADP-ribose) is present in the frontal and temporal cortex more frequently than
in controls, suggesting that increased levels of functional PARP enzyme are present to result
in a significant consumption of NAD* stores [67]. In addition, amyloid toxicity may require
increased PARP activity [68]. It is conceivable that modulation of niacin or NADPH can
sufficiently control PARP activity to slow or prevent the progression of Alzheimer’s disease
and cognitive loss.

It is worth mentioning that unexpected effects or toxicity with nicotinamide also may result
through mechanisms that can be exclusive of PARP activity. Some studies have observed that
toxicity with increased concentrations of nicotinamide may be a result of a secondary metabolic
acidosis generated by nicotinamide [69]. Nicotinamide also may alter the metabolism of other
exogenously administered agents through inhibition of P450 enzymes [70]. Exposure to
elevated concentrations of nicotinamide can inhibit the function of rat pancreatic beta-cells,
decrease DNA content of adult rat pancreatic islet cells, and induce cell death in fetal rat
pancreatic islet cells [71]. Nicotinamide also has been shown to result in the release of choline
that may precipitate neuronal injury when levels of choline become excessive [72].
Furthermore, excessive exposure to nicotinamide may lead to autointoxication and precipitate
disorders such as Parkinson’s disease [73].

NICOTINAMIDE, SIRTUINS, AND CELLULAR LONGEVITY

Recently, nicotinamide has been reported to have diverse roles during cell biology that involve
potential lifespan reduction in addition to modulating cellular energy reserves and metabolism
[1,74]. As a result, one must approach therapy with nicotinamide with caution, since
nicotinamide may have detrimental effects with cellular aging that appear to be concentration
dependent [26]. Nicotinamide offers protection in millimole concentrations against free
radicals [13], anoxia [75], and oxygen glucose deprivation [29]. Nicotinamide also antagonizes
cell injury during free radical generating toxins such as tertiary butylhydroperoxide [76]. Yet
in relation to cell longevity, nicotinamide can function as an inhibitor of sirtuins in
concentrations that range from 50-100 puM [74]. Increased longevity in yeast has been shown
to be dependent upon silent information regulator 2 (Sir2) protein expression and is associated
with nicotinamide and pyrazinamidase/nicotinamidase 1 (PNC1), an enzyme that deaminates
nicotinamide to convert nicotinamide into nicotinic acid. In the absence of nicotinamide, Sir2
is activated and PNC1 expression is increased to lead to yeast lifespan extension during calorie
restriction.
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The Sir2 gene belongs to a family of genes which is a highly conserved group in the genomes
of organisms ranging from archaebacteria to eukaryotes [77,78]. Nicotinamide can block
cellular Sir2 by intercepting an ADP-ribosyl-enzyme-acetyl peptide intermediate with the
regeneration of NAD™ (transglycosidation) [79]. Physiological concentrations of nicotinamide
noncompetitively inhibit Sir2, suggesting that nicotinamide is a physiologically relevant
regulator of Sir2 enzymes [80].

Interestingly, it has been postulated that sirtuins may prevent nicotinamide and PARP to foster
DNA repair by altering the accessibility of DNA damaged sites for repair enzymes.
Homologues of the yeast gene Sir2 in mammalian cells code type 11 histone deacetylases that
are dependent upon NAD™ and inhibited by nicotinamide. In yeast cells, Sir2 prevents
transcriptional activity and DNA double strand break repair. It is possible that a similar
mechanism exists in mammalian cells that will alter chromatin structure and prevent accessible
sites for DNA repair. As a result, activation of PARP at the sites of DNA strand breaks may
result in a local increase in nicotinamide concentration to block sirtuin activity and allow DNA
repair to proceed [81,82].

Given the intimate and inverse relationship between nicotinamide and sirtuins in controlling
cell longevity and survival, alternative approaches for the treatment of neurodegenerative
diseases should be considered that may involve the prevention of intracellular nicotinamide
accumulation. During nicotinamide depletion, Sir2 is activated and employs PNC1 to regulate
cell longevity. Increased expression of PNC1 has been found to be necessary for lifespan
extension during calorie restriction in Saccharomyces cerevisiae [83] as well as cytoprotective
in neuronal cell lines [84]. PNCL1 can stimulate Sir2 histone deactylase activity by preventing
the accumulation of nicotinamide through its conversion to nicotinic acid in the NAD* salvage
pathway. Overexpression of PNC1 has been demonstrated to suppress the inhibitory effect of
exogenous nicotinamide on decreasing life span and promoting transcriptional repression of
Sir2. As a result, PNC1 can positively regulate Sir2-mediated silencing and longevity by
preventing the accumulation of intracellular nicotinamide [85]. Although some emerging work
suggests that sirtuins may offer protection against neurodegenerative disorders, such as
Huntington’s disease [86], further work is clearly required to link these studies to higher
organisms and neurodegenerative disorders.

NICOTINAMIDE AND CELLULAR INFLAMMATION

During inflammation of brain tissue, microglial cells can proliferate and become active for the
removal of injured as well as non-injured cells [87,88]. A number of factors can modulate
microglial activation. Secreted factors by either apoptotic or phagocytic cells, such as milk fat
globule-EGF-factor 8 [89], fractalkine [90], and lipid lysophosphosphatidylcholine [91] have
been shown to assist with the phagocytic removal of injured cells. However, the translocation
of membrane phosphatidylserine (PS) residues from the inner cellular membrane to the outer
surface is a necessary feature for the removal of apoptotic cells [92-94]. The phospholipids of
the plasma membrane are normally in an asymmetric pattern with the outer leaflet of the plasma
membrane consisting primarily of choline-containing lipids, such as phosphatidylcholine and
sphingomyelin, and the inner leaflets consisting of aminophospholipids that include
phosphatidylethanolamine and PS. The loss of membrane phospholipid asymmetry leads to
the externalization of membrane PS residues and serves to identify cells for phagocytosis [2,
14,95,96].

The expression of the phosphatidylserine receptor (PSR) on microglia during oxidative stress
also functions in concert with cellular membrane PS externalization to activate microglia
[97]. Treatment with an anti-PSR neutralizing antibody in microglia prevents this microglial
activation [43,98] and application of PS directly results in microglial activation that can be
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blocked by a PSR neutralizing antibody [14,98], suggesting that both PS exposure in target
cells and PSR expression in microglia are necessary for microglial recognition of apoptotic
cells. Recognition of cellular membrane PS by the PS-specific receptors on microglia may
require cofactors, such as Gas6 [99] or other agents, such as integrin and lectin [100].

Yet, microglia cause cellular damage in disease entities through the generation of reactive
oxygen species [101,102] and through the production of cytokines [103,104]. In
neurodegenerative disorders, microglial activation has been reported in regions of the nervous
system that are specific for diseases such as Alzheimer’s and Huntington’s disease [105,106].
Microglial cells also co-localize with the perivascular deposits of Ap and microglial activation
correlates with the development of amyloid plaques [107]. Ultrastructural three-dimensional
reconstruction of human amyloid plaques in different stages of development illustrates that the
number of microglia parallels a progressive increase in fibrillar deposition and the size of
fibrillar plague [108]. During ischemic injury to cells, activation of microglia can parallel the
induction of cellular apoptosis and correlate well with the severity of the ischemic insult [14,
109]. Microglia promote the production of pro-inflammatory cytokines, such as tumor necrosis
factor-a (TNF-a) and interleukin-1p, free radicals such as nitric oxide and superoxide [102],
and fatty acid metabolites such as eicosanoids that can precipitate cell death [110]. TNF-a
production by microglia may be linked to neurodegeneration by increasing the sensitivity of
neurons to free radical exposure [111].

The efficacy of several cytoprotective agents is closely aligned with the ability to modulate
microglial inflammatory activation. For example, erythropoietin (EPO) can prevent microglial
cell activation and proliferation to block phagocytosis of injured cells through pathways that
involve cellular membrane PS exposure [112,113], Akt [109], and the regulation of caspases
[98,114]. EPO also can modulate cellular inflammation by inhibiting several pro-inflammatory
cytokines, such as IL-6, TNF-a, and monocyte chemoattractant protein 1 [115,116].

Nicotinamide is no exception to this rule. Nicotinamide can prevent inflammatory cell demise
through the maintenance of membrane asymmetry and the inhibition of cytokine release.
Nicotinamide can prevent cellular membrane PS externalization during a variety of insults that
involve anoxia, free radical exposure, and oxygen-glucose deprivation [2,13,24,25].
Nicotinamide may regulate membrane PS exposure and microglial activation through
activation of Akt [29]. The protein Akt can modulate the spatial regulation of actin assembly
[117], suggesting a relationship between Akt and the coordination of cytoskeletal organization
[118]. In addition, Akt appears to be a necessary component for the modulation of membrane
PS externalization [109] and prevent microglial activation [14]. Activation of Akt can prevent
membrane PS exposure on injured cells and block the activation of microglia that are exposed
to media taken from cells that overexpress active, phosphorylated Akt during cellular injury
[14,43]. In addition to targeting the activity of membrane PS exposure and microglial
activation, nicotinamide inhibits several pro-inflammatory cytokines, such as interleukin-1,
interleukin-6, interleukin-8, tissue factor, and TNF-o [119-122]. Nicotinamide also can alter
major histocompatibility complexes [123], inhibit intracellular adhesion molecule expression
[124], and modulate the production of TNF in vascular cells [123]. In systems that involve
hepatic cells, nicotinamide can reduce expression of several cytokines that include
transforming growth factor (TGF) B2, IL-1B, TNF-a, and macrophage chemotactic protein-1
[125]. Nicotinamide also may be a viable option for the treatment of inflammatory mechanisms
that lead to arthritis, such as the inhibition of collagen Il expression [126]. However translation
of these experimental studies to clinical efficacy appears to require further work, since
investigations that examined the ability of oral nicotinamide administration to reduce cytokine
production following endotoxin challenge in healthy volunteers did not demonstrate a
significant effect upon serum cytokine levels [127].
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NICOTINAMIDE, PROGENITOR CELLS, AND CELLULAR PROLIFERATION

Nicotinamide influences several cellular pathways in a number of cell systems. For example,
nicotinamide can function as an anxiolytic [128], increase brain choline levels [72], and act as
an endogenous ligand for benzodiazepine receptors [129]. Additional work has indicated that
nicotinamide can increase cell tolerance against vascular thermal injury and increase capillary
density [130]. Yet what may be more significant is the capacity of nicotinamide to foster
cellular proliferation and Development, Nicotinamide can promote the maturation of fetal cells
[131], the proliferation and differentiation of embryonic stem cells to yield insulin-producing
cells [132], assist with trophic regulation to generate insulin secreting cells from adult
pancreatic exocrine cells [133], and enhance an adaptive response to physical and chemical
agents in mouse bone marrow cells that consists of an error-free DNA repair mechanism
[134]. Nicotinamide also appears to be a critical requirement to promote the effective biological
function of some embryonic stem cells. In one study, only nicotinamide treated embryonic
stem cells that replenished dopamine reserves in animals receiving 6-hydroxdopamine could
correct rotational behavior [135]. In addition, nicotinamide has been shown to positively foster
the long-term survival and the subsequent generation of neuronal phenotypes from embryonic
cells in some avian cell systems [136].

NICOTINAMIDE AND CELLULAR LIFE

The ability of nicotinamide to function as an essential cellular nutrient as well as assist and
guide the development of progenitor cells appears to provide nicotinamide with essential
qualities also necessary to protect cells against toxic insults (Table 1). Nicotinamide offers
significant protection for neurons and can provide protection against free radical injury [13],
anoxia [75], and oxygen-glucose deprivation [29,137]. In cortical neurons, nicotinamide
antagonizes cell injury during free radical generating toxins such as tertiary butylhydroperoxide
[76]. Nicotinamide also can protect both rod and cone photoreceptor cells against N-methyl-
N-nitrosourea toxicity [138,139] as well as against glycation end products in all layers of the
retina [140]. In animal studies, nicotinamide prevents neuronal degeneration against trauma
[141], axonal degeneration [10], oxidative stress [13,24,26,29,39,75], cerebral ischemia
[142-144], and spinal cord injury [145,146]. In one analysis of the literature, nicotinamide
appeared to be more effective when administered intravenously during transient cerebral
ischemia models that were absent of comorbidities [147].

In regards to vascular cell protection, nicotinamide prevents vascular compromise during
endotoxic shock [148]. Nicotinamide also may influence arteriolar dilatation and blood flow
[149], although the effects on vascular flow may be tissue specific and pertain primarily to
neoplastic disorders [150]. Nicotinamide also can maintain endothelial cell membrane integrity
during oxygen radical exposure [2,24,75,151]. Nicotinamide is believed to be responsible for
the preservation of endocardial endothelial cell integrity during models of oxidative stress and
to assist with left ventricular cardiac function [152,153].

In disorders that affect both neuronal and vascular cell populations, nicotinamide also proves
to be effective in preventing the loss of cellular function. Treatment with nicotinamide can
maintain normal or nearly normal fasting blood glucose in animals with streptozotocin-induced
diabetes [154,155]. Yet, prolonged exposure to nicotinamide in some studies lead to impaired
B-cell function and reduction in cell growth [71,156]. Oral nicotinamide (1200mg/m?2/day)
protects B-cell function and prevents clinical disease in islet-cell antibody-positive first-degree
relatives of type-1 diabetes [157]. In addition, treatment with nicotinamide (25mg/kg) in
patients with recent onset type-1 diabetes mellitus combined with intensive insulin therapy for
up to two years after diagnosis significantly reduced HbA levels [158]. Potentially relevant
to diabetic patients with renal failure, nicotinamide also has been shown to reduce intestinal

Curr Med Chem. Author manuscript; available in PMC 2008 February 21.



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

1duasnuey Joyiny vd-HIN

Lietal.

Page 8

absorption of phosphate and prevent the development of hyperphosphatemia and progressive
renal dysfunction [159].

Nicotinamide prevents apoptotic injury by impacting cellular pathways that involve DNA
fragmentation and membrane PS exposure [2,13,24,26,29,75]. Apoptosis, also termed
programmed cell death, is considered to be an active component of cell death that contributes
to the destruction of cells in multiple systems. Apoptosis contributes to a variety of disease
states in the nervous system such as stroke, Alzheimer’s disease, and trauma [160-164].
Exclusive of the nervous system, apoptosis leads to cardiovascular injury [2,165] and can result
in cell death of cardiomyocytes during ischemic conditions [166].

Induction of apoptosis involves the onset of membrane PS exposure and DNA fragmentation
[113]. As an early event in the dynamics of cellular apoptosis, PS exposure may be required
for embryogenesis [167]. Yet, in mature tissues, membrane PS externalization can become a
signal for early injury mechanisms [168] and the phagocytosis of cells [169]. As previously
described in relation to inflammatory microglial activation, cells expressing externalized PS
may be removed by microglia [1,170]. An additional role for membrane PS externalization in
the vascular cell system is the activation of coagulation cascades [109,171]. Exposure of
membrane PS residues in endothelial cells can promote the formation of a procoagulant surface
[172]. Given the early onset of PS externalization during apoptosis, membrane PS exposure
has become an attractive target to detect and follow the onset of cellular injury [94,173-175].

In contrast to the early externalization of membrane PS residues, the cleavage of genomic DNA
into fragments is considered to be a later event during cell injury[14,94,176,177]. Several
enzymes responsible for DNA degradation have been differentiated based on their ionic
sensitivities to zinc [178] and magnesium [179]. Calcium, a critical independent component
that can determine cell survival [180], also may determine endonuclease activity through
calcium/magnesium - dependent endonucleases such as DNase | [181]. Other enzymes that
may degrade DNA include the acidic, cation independent endonuclease (DNase I1) [182],
cyclophilins [183], and the 97 kDa magnesium - dependent endonuclease [184]. In the nervous
system, three separate endonuclease activities are present. These include that a constitutive
acidic cation-independent endonuclease, a constitutive calcium/magnesium-dependent
endonuclease, and an inducible magnesium dependent endonuclease [30,36,38].

In many respects, nicotinamide can be considered a “broad spectrum” cytoprotectant that
prevents both necrotic as well as apoptotic injury depending upon the experimental models
examined. Irrespective of injuries that involve either clinical deficits, such as cognitive decline
[185], or lead to cell destruction with DNA fragmentation [38,98,186,187], nicotinamide can
block the progression of injury and may, in some cases, reverse a prior insult. Yet, an ideal
cytoprotectant would prevent not only DNA degradation, but also membrane PS exposure to
provide greater overall protection against cellular dysfunction and demise from microglial
phagocytosis [2,165]. Studies with nicotinamide demonstrate a robust capacity for
cytoprotection in addition to preventing passive cellular destruction during necrosis [142].
Nicotinamide yields immediate cytoprotection through the maintenance of an intact genomic
DNA and can maintain membrane PS asymmetry to provide a more long-term protection by
inhibiting the destruction of cells by phagocytes [1,13,24,26]. Application of nicotinamide
during anoxia, oxygen-glucose deprivation, and free radical exposure can prevent the early
exposure of membrane PS residues and also inhibit the later stages of genomic DNA destruction
[13,24,139]. Potentially more significant, nicotinamide prevents membrane PS exposure in
vascular cells [2,24], since exposure of membrane PS residues in vascular cells can lead to the
loss of anticoagulant membrane components, the propagation of the coagulation process,
antibody-dependent aggregations, and cellular Inflammation, Thus, nicotinamide, through the
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prevention of vascular membrane PS exposure, may enhance an organism’s ability to prevent
a procoagulant state and lower the risk for diseases such as stroke and arteriosclerosis.

An important caveat to cell injury focuses upon the initial stages of apoptotic death, namely
membrane PS residue exposure, and whether this is reversible in nature [13,170,188].
Investigations that examine the efficacy of cytoprotectants during cerebral ischemia have
supported the premise that cellular apoptotic injury can be reversible. For example, the
application of growth factors [189-191], benzothiazole compounds [192-194], metabotropic
glutamate receptor agonists [92,170,195-197], cytokine modulation [112,163,198], and
regulation of central signal transduction pathways [109,117,199] have been shown to reverse,
or at least block, the progression of membrane and nuclear changes associated with apoptosis.
The use of post-treatment strategies with nicotinamide in studies using reversible labeling of
annexin V for PS exposure in living cells illustrate that apoptotic injury can be reversed to
some extent. During post-treatment studies, nicotinamide can reverse an initial progression of
membrane PS inversion and maintain the suppression of PS exposure over a 24 hour period
[2,13,25,75]. These results suggest that apoptotic injury, at least along the pathway that
involves membrane PS exposure, is dynamic and reversible in nature [2,13,25,75]. As a result,
nicotinamide may impart an additional advantage for cell survival and function.

NICOTINAMIDE AND INTRACELLULAR SIGNAL TRANSDUCTION

Nicotinamide regulates cellular function, integrity and survival through a series of intracellular
signal transduction pathways (Fig. 2). One of these pathways involves Akt, also known as
protein kinase B [117,164]. Initial studies have shown that overexpression of Akt in neurons
prevents apoptosis during growth factor withdrawal [200] and that Akt is necessary to prevent
cell death during growth factor absence [201]. Further work has demonstrated that Akt can be
both necessary and sufficient for the survival of neurons, since expression of a dominant-
negative Akt or inhibition of phosphoinositide 3 kinase (Pl 3-K), necessary for Akt activation,
yields apoptotic cell death during trophic factor administration [202] and precipitates cell death
during oxidative stress [14,43]. Increased Akt activity can foster cell survival during free
radical exposure [98,203], matrix detachment [204], neuronal axotomy [205], DNA damage
[43,109,171,206], anti-Fas antibody administration [207], oxidative stress [14,43,98,208],
hypoxic preconditioning [209], B-amyloid (AB) exposure [210], and transforming growth
factor-p (TGF-p) application [211]. Activation of Akt also can prevent membrane PS exposure
on injured cells and block the activation of microglia during oxidative stress [14,43,92].
Nicotinamide uses mechanisms that involve Akt to regulate microglial activation and
proliferation [26,29] by blocking membrane PS exposure on cells and possibly preventing the
shedding of membrane PS residues that is known to occur during apoptosis [212].

Akt also regulates several vital pathways that can significantly influence cell survival. One of
these pathways involves Bad, a pro-apoptotic Bcl-2 family member. The activity of Bad is
mediated through phosphorylation on its serine residues [15]. Phosphorylation of Bad by Akt
leads to the binding of Bad with the cytosolic protein 14-3-3 to release Bcl-x; and allows Akt
to block apoptosis [213]. Bcl-2 and Bcl-x|_ block Bax translocation to the mitochondria,
maintain mitochondrial membrane potential, and prevent the release of cytochrome ¢ from the
mitochondria[12,214]. Nicotinamide can promote the phosphorylation of Bad during oxidative
stress [26]. This phosphorylation of Bad by nicotinamide can be blocked by inhibition of Akt
activity, suggesting that nicotinamide phosphorylates Bad through a PI 3-K/Akt mediated
pathway. In addition, Akt may promote cell survival through the inhibition of p53
transcriptional activity [215] that may be regulated by nicotinamide. Activation of p53 can
promote the expression of Bax to result in apoptotic cell death [216]. Nicotinamide has been
shown to either directly limit the expression of p53 [76] or prevent an NAD-dependent p53
deacetylation induced by Sir2a [217].
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The Forkhead family of transcription factors represents another downstream substrate of Akt.
The phosphorylation of the FOXO proteins by Akt results in their inactivation through
cytoplasmic retention. The transcriptional activity of the FOXO family is closely related to the
induction of apoptosis. In the nucleus, FOXO can bind to specific DNA sequences and mediate
the activation of transcription that plays essential roles in the regulation of cell survival.
Expression of an Akt-resistant mutant of FOXO that promotes the activity of FOXO can lead
to apoptosis [218]. On the other hand, activation of Akt can lead to the inhibition of FOXO-
dependent transcription and block apoptosis [219]. In particular, the Forkhead family member
FOXO03a can result in apoptosis in a variety of cell types in a transcription-dependent manner
following its translocation to the nucleus [219-221]. FOXO3a can disrupt mitochondrial
membrane potential and result in cytochrome c release [221].

Nicotinamide may derive its protective capacity through two separate mechanisms of post-
translational modification of FOXO3a by not only maintaining inhibitory phosphorylation of
FOXO03a, but also preserving the integrity of total FOXO3a and phosphorylated FOXO3a (Fig.
3). During periods of oxidative stress in the nervous system, an initial inhibitory
phosphorylation of FOXO3a at the regulatory phosphorylation sites (Thr32 and Ser2®3) can
occur [29,112]. However, loss of phosphorylated FOXO3a expression appears to subsequently
result over a 12 hour period, possibly by caspase degradation, which potentially can enhance
the vulnerability of neurons to apoptotic injury during neurodegenerative disorders [29]. The
loss of both FOXO3a phosphorylation and the integrity of this transcription factor may function
as a significant precipitant of cellular injury. FOXO3a proteolysis occurs during cell injury
yielding an amino-terminal (Nt) fragment that can become biologically active [222]. During
cell injury and caspase-dependent cleavage of Aktl [223], it is the activation of FOXO3a Nt
fragments that become available and result in apoptotic cellular injury. Nicotinamide, through
the phosphorylation of FOXO3a at regulatory sites that possess high affinity for Akt can
prevent apoptotic cell injury [29] (Fig. 3). In addition, modulation of caspase 3 activity by
nicotinamide appears to be tied to a unique regulatory mechanism that blocks the proteolytic
degradation of phosphorylated FOXO3a by caspase 3. Given that FOXO3a has been shown to
be a substrate for caspase 3-like proteases at the consensus sequence DELD304A [222], current
work demonstrates that blockade of caspase 3 - like activity prevents the destruction of
phosphorylated FOXO3a during oxidative stress [29]. In light of the dual capacity of
nicotinamide to directly inhibit caspase 3 - like activity and maintain inhibitory
phosphorylation of FOXO3a, these studies suggest that nicotinamide maintains a regulatory
loop through the modulation of caspase 3 and the preservation of phosphorylated FOX03a
integrity.

Nicotinamide also may foster cellular protection through modulation of caspase activity.
Caspases are a family of cysteine proteases that are synthesized as inactive zymogens which
are proteolytically cleaved into subunits at the onset of apoptosis [15,30]. Caspases are
composed of three domains including an N-terminal prodomain, a large subunit, and a small
subunit [224]. As a result of their activation sequence, caspases are classified as either initiator
caspases (also known as apical caspases) or effector caspases [225]. An initiator caspase
cleaves and subsequently activates an effector caspase. The apoptotic-associated caspases
include initiator caspases, such as caspase 2, 8, 9, and 10, that activate downstream effector
caspases, resulting in an amplification of cascade activity. The initiator caspases consist of
long N-terminal prodomains that contain caspase recruitment domains (CARDS) in caspase 2
and caspase 9 or death effector domains (DEDs) in caspase 8 and caspase 10 [226]. The effector
caspases consist of caspase 3, 6, and 7 that function to directly cleave crucial cellular protein
substrates to result in cell destruction.

In several cell populations, nicotinamide can prevent specific caspase activity. The caspases 1
and 3 have each been linked to the independent apoptotic pathways of genomic DNA cleavage
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and cellular membrane PS exposure [12,114,227]. The ability of nicotinamide to regulate these
caspases plays an important role in cellular protection. Caspase 3 becomes a prominent
mediator of genomic DNA degradation. Experimental models that use caspase 3 gene deletions
or pharmacological inhibition illustrate little or no DNA fragmentation following toxic cellular
insults [171,228]. In regards to membrane PS exposure, nicotinamide appears to prevent PS
externalization primarily through the inhibition of caspase 1 -like activity [26]. Yet, other
caspases pathways, such as 3, 8, and 9, have been shown to be necessary to full achieve
maintenance of membrane asymmetry [2,13,24,25]. These caspases are also tied to the direct
activation and proliferation of microglia [14,43,98].

Nicotinamide also prevents genomic DNA cleavage as well as cellular membrane PS exposure
through caspase 8 and caspase 9 - like activities [2,13,24,26,29]. Both caspase 8 and 9 are
associated with the apoptotic pathways of genomic DNA cleavage and cellular membrane PS
exposure [165,227]. Caspase 9 is activated through a process that involves the cytochrome ¢ -
Apaf-1 complex [12,116,229]. The precise pathways that are necessary for nicotinamide to
modulate caspase pathways remain under consideration. Although some “anti-apoptotic”
proteins, such as EPO [12,113] and heat-shock protein 70 [230,231], appear to modulate both
Apaf-1 expression and cytochrome c release, protection through nicotinamide remains
independent from Apaf-1 [29]. Yet, independent of Apaf-1, nicotinamide can significantly
prevent cell injury by inhibiting caspase 9 - like activity directly [29]. In addition, caspase 8
serves as an upstream initiator of executioner caspases, such as caspase 3, and also leads to the
mitochondrial release of cytochrome ¢ [232,233]. Following caspase 8 and caspase 9
activation, caspase 3 directly leads to genomic DNA degradation.

Another attractive pathway that may mediate protection by nicotinamide could involve the
stress activated family of mitogen-activated protein kinases (MAPK) that includes the p38
kinases (MAPKP38) and the c-Jun N-terminal kinases (MAPKINK). The family of MAPKSs
consists of the three major subgroups. The first subgroup includes the founding members of
the MAPK family, ERK1 (MAPKERKL/P44) and ERK2 (MAPKERK2/P42) a5 \well as their closest
relatives. The second subgroup is termed the INKs (MAPKINK) 'since they can activate the
Jun transcription factor through phosphorylating two residues near its N-terminus. The third
subgroup is termed p38 MAPKs (MAPKP38), since the molecular weight of the first
representative in this subgroup is found to be 38 kDa [234]. The members of both
MAPKINK and MAPKP38 pathways are also classified as stress-activated protein kinases
(SAPKSs) because they are activated in response to a variety of stress factors including osmotic
shock, UV irradiation, inflammatory cytokines, and other stressful conditions such as oxidative
stress [234].

The MAPKSs are activated by phosphorylation and play a significant function during cell
differentiation, growth, and death [235]. Significant activation of MAPKP38 and MAPKINK js
present in both neurons and endothelial cells during oxidative stress [2,13,25,75]. In addition,
MAPKINK can promote Bax translocation through phosphorylation of 14-3-3 proteins and lead
to cytochrome c release [236]. Furthermore, during cellular injury such as with cyanide-
induced apoptosis, MAPKP38 can modulate Bax translocation from the cytosol to the
mitochondria and result in both cytochrome c release and caspase activation [237]. Yetin a
number of injury paradigms, nicotinamide does not alter the activity of either MAPKP38 or
MAPKINK [26]. These results suggest that protection by nicotinamide does not require the
MAPKP38 and MAPKINK pathways [2,13,25,75].

As a caveat to the ability of nicotinamide to enhance cell survival and prevent apoptosis, under
some conditions nicotinamide has been described as an agent that limits cell growth and
promotes cell injury. For example, nicotinamide in the presence of transforming growth factor
-1 can block hepatic cell proliferation and lead to apoptosis with caspase 3 activation,
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suggesting that nicotinamide may be useful to prevent cell growth such as during hepatic
fibrogenesis [125]. In addition, nicotinamide during moderate temperature hyperthermia or
carbogen breathing can result in enhanced solid tumor radiosensitivity and assist with tumor
load reduction [238]. It appears that the cellular environment can determine whether
nicotinamide may promote or prevent apoptosis, since it has been shown that hepatic cell injury
also can be reduced by nicotinamide during methotrexate administration [239].

CONCLUSIONS AND FUTURE PERSPECTIVES

Nicotinamide, a precursor for the coenzyme B-nicotinamide adenine dinucleotide (NAD™) as
well as an essential nutrient, is vital for cellular function and metabolism. However, a body of
new investigations has broadened the role for nicotinamide as an agent that can promote
neurogenesis and cell proliferation, foster cytoprotection in multiple cell systems during injury,
prevent inflammatory cell demise, and have a complex role in the cellular processes that
determine cell longevity. On the flip side, recent work has identified potential cell growth
limiting effects of nicotinamide during specific cellular environments that may be applicable
for a narrow scope of disorders, such as to limit neoplastic growth.

Given the wide array of cellular functions regulated by nicotinamide, it becomes critical to
elucidate the cellular pathways controlled by this agent. Nicotinamide can modulate cellular
function through a series of cellular pathways that involve mitochondrial membrane potential,
cytochrome c release, and PARP activity. In addition, nicotinamide oversees a central pathway
involved in cellular proliferation, apoptotic injury, and microglial activation that is dependent
upon the serine-threonine kinase Akt and its downstream substrates of Bad, FOXO3a, and
caspases. Further insight into the spectrum of cellular processes modulated by nicotinamide
should open the door for the future development of new therapeutic strategies for a spectrum
of disorders that may involve aging, Alzheimer’s disease, diabetes, cerebral ischemia,
Huntington’s disease, Parkinson’s disease, and cancer.
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Fig. 1.

Nicotinamide (NIC) prevents the loss of mitochondrial membrane potential during oxygen
glucose deprivation (OGD). (A) Representative pictures demonstrate that exposure to a 3 hour
period of OGD produced a significant decrease in the red/green fluorescence intensity ratio in
cultured rat hippocampal neurons using a cationic membrane potential indicator JC-1 within
3 hours when compared with untreated control cultures, suggesting that OGD results in
mitochondrial membrane depolarization. Application of NIC (12.5 mM) 1 hour prior to OGD
exposure significantly increased the red/green fluorescence intensity of neurons, indicating
that mitochondrial membrane potential was restored. (B) The relative ratio of red/green
fluorescent intensity of mitochondrial staining in both untreated (control) neurons and neurons
exposed to OGD or NIC (12.5 mM) plus OGD 3 hour following the initial insult was measured
in 4 independent experiments with analysis performed using the public domain NIH Image
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program (developed at the U.S. National Institutes of Health and available on the Internet at
http://rsb.info.nih.gov/nih-image/) (Control vs. OGD, *p<0.01; OGD vs. NIC/OGD, tp<0.01).
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Fig. 2.

Nicotinamide (NI1C) modulates a variety of cellular mediators to oversee cellular metabolism,
longevity, survival, and inflammatory microglial activation. Nicotinamide promotes cellular
function and survival through a series of pathways that involve NAD™, cell senescence
mechanisms, the serine-threonine kinase Akt and its downstream substrates of FOXO3a, Bad,
and caspases. Closely to the cytoprotection by nicotinamide is the maintenance of
mitochondrial membrane potential, mitochondrial energy reserves, cytochrome ¢ (Cyto c)
release, and PARP. Targeting by NIC of specific caspase pathways ultimately serves to
preserve genomic integrity and prevent early apoptotic injury “tagging” for microglial disposal.
NAD: B-nicotinamide adenine dinucleotide; Sir2: Silent information regulator 2; MG:
microglia; Mito: mitochondria; PS: phosphatidylserine.

Curr Med Chem. Author manuscript; available in PMC 2008 February 21.



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

1duasnuey Joyiny vd-HIN

Lietal. Page 23

A

Control NIC NIC/W
P-FOX03a | cmn  m— S———
1= AU —— —— ——ee
= 4.0
- I
29 1
g4 307
e ¥ y
” ]
==
= 2.0
SE 1.0
C g
h. .
[ 0.0~
Control NIC NIC/W
B
OGD NIC/OGD  NIC/OGD/W

p-FOXO3a | s ——  —

— e

ﬁ'ACtin | e ——— e ——— R

= 4.0
i

E.E 3.0 1
F

EE 2.0 -
S% 10'-
a% == |
=

-9 0.0 -

OGD NIC/OGD NIC/OGD/W

Fig. 3.

Nicotinamide (NIC) increases phosphorylation of p-FOXO3a through activation of Akt during
oxidative stress. (A) Equal amounts of neuronal protein extracts (50 pg/lane) were
immunoblotted at 6 hours following NIC (12.5 mM) treatment with anti - phospho-FOXO3a
(p- FOXO3a) antibody. NIC increased the expression of p-FOXO3a significantly over a 6 hour
period. Co-application of NIC with phosphoinositol-3 kinase inhibitor wortmannin (W, 500
uM), which inhibits phosphorylation of Akt, decreased p-FOXO3a expression during NIC
application. (B) Equal amounts of neuronal protein extracts (50 pg/lane) were immunoblotted
at 6 hours following oxygen glucose deprivation (OGD), NIC (12.5 mM), or NIC (12.5 mM)
following a 3 hour period of OGD with anti - phospho-FOX0O3a (p- FOX03a) antibody. OGD
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alone increased the expression of p-FOXO3a. The expression of p-FOXO3a was further
increased in neurons with NIC applied 1 hour prior to OGD. Yet, application of wortmannin
(W) significantly decreased the expression of p-FOXO3a during the administration of NIC
during OGD.
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Cerebral Ischemia

MCAO in Wistar rats

MCAQ in SHR or Fischer 344 rats

MCAQO in rats

Spinal cord injury

Injection of QUIS in Long—EvansI
rats

Oxidative Stress

Glyoxal incubation (300 —-800
uM) in rat retina for AGE
accumulation

NO in hippocampal neurons and
cerebral microvascular ECs

OGD, anoxia in hippocampal
neurons

OGD in rabbit retina

MNU application in rats and micej

Table 1
Examples of Cytoprotection by Nicotinamide During Cell Injury
Injury Model | Nicotinamide | Outcome Ref.
500 mg/kg, ip, within 6 h after MCAO Cerebral infarct volume decreased; [142]
neurological deficit scores decreased
500~750 ma/ka, iv, at 2 h after MCAQO Cerebral infarct volume decreased [144]
500 mg/kg, ip, with combination therapy Cerebral infarct volume, edema, and [143]
neurological deficit scores decreased
500 mg/kg, ip, 30 min after QUIS injection Grey matter damage reduced [145]
10 mM simultaneous incubation with Apoptotic injury reduced in the outer [140]
glyoxal nuclear layer
12.5 mM, 1 h prior to or 2~ 6 h following DNA fragmentation and PS exposure [13,24,75]
NO decreased, mitochondrial membrane
potential preserved, caspase inhibition
12.5 mM, 1 h prior to or 2~ 6 h following Akt activation increased, [29,63]
injury phosphorylation of Bad and FOXO3a,
PARP and FOXO3a integrity
maintained, caspase inhibition
10 mM, 35 min prior to OGD Functional recovery and glucose [9]
utilization improved
100~1000 mg/kg, sc, immediately or 1000 Photoreceptor cell loss decreased [138,139]
ma/kg2~6 h after ip 60 ma/kg MNU
3 mM 10 min prior to oxidant stress Mitochondrial respiration improved; [152]

Hydrogen peroxide in rat
ventricular myoblasts

cell necrosis reduced

AGE: advanced glycation end products; EC: endothelial cell; ip: intraperitoneal injection; iv: inravenous injection; MCAQ: middle cerebral artery

occlusion; MNU: N-methyl-N-nitrosourea; NO: nitric oxide; OGD: oxygen-glucose deprivation; PARP: poly(ADP-ribose) polymerase; PS:

phosphatidylserine; sc: subcutaneous injection; QUIS: quisqualic acid.
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