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Abstract

and therapeutic potential of RA.

Nicotinamide Phosphoribosyltransferase (Nampt) is a pleiotropic protein with multiple functions, including
catalyzing a rate-limiting reaction of nicotinamide adenine dinucleotide (NAD) synthesis in a mammalian salvage
pathway and mediating the innate immune system’s inflammatory response. The enzymatic activity of Nampt has
been well characterized; however, the mechanism(s) by which Nampt regulates cytokine signaling have not been
fully elucidated. Rheumatoid arthritis (RA) a chronic, systemic autoimmune disorder in which the pathological
roles of proinflammatory cytokines such as Tumor Necrosis Factor (TNF), interleukin (IL)-1B, and IL- 6 have been
clearly demonstrated. Recently, studies have shown that serum and synovial levels of Nampt are elevated in both
RA patients and in mice with collagen induced arthritis (CIA), and that inhibition of Nampt activity decreases the
expression of TNF, IL-1B3, and IL-6. Thus, Nampt may represent a potential new therapeutic target in RA. This
review will focus on Nampt's role in NAD metabolism and cytokine signaling in the context of the pathophysiology
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Introduction

Rheumatoid arthritis [RA] is a chronic, systemic autoimmune
disorder which affects 1% of the world’s population, develops most
commonly in adults between 40 - 70 years old, and occurs more
frequently in women than in men [1,2]. Although the etiology of
the disease has not been fully elucidated, the pathogenesis of RA
is characterized by the influx of cells from both the innate and
the adaptive immune systems [3-5]. These infiltrating cells induce
increased pro-inflammatory cytokine production, decreased synthesis
of anti-inflammatory cytokines, and the subsequent activation and
proliferation of synovial tissue. The severe imbalance in the cytokine
signaling pathways ultimately lead to the thickening and progressive
destruction of joint membrane, cartilage and bone [2-5].

Characterization of the cytokine signaling pathways involved in RA
has provided a significant opportunity for identifying pro-inflammatory
cytokines which can be targeted for novel therapeutic intervention.
Biological response modifiers, such as antagonists of interleukin-1 (IL-
1) (anakinra) and tumor necrosis factor (TNF) (etanercept, infliximab,
and adalimumab), have led to major advances in RA therapy [2,5,6].
Clinical improvements of the inflammatory symptoms have been
achieved, especially when the biological therapies are administered
in combination with methotrexate, a traditional disease-modifying
antirheumatic drug (DMARD) [2,7]. Naturally, the therapeutic success
of both IL-1 and TNF antagonists has led to the identification and
characterization of additional proteins for target development [5,6].
One such target is Nicotinamide Phosphoribosyltransferase (Nampt),
[8-13] a highly conserved protein that is essential for development, as
a homozygous knockout of the Nampt gene in mice is embryonically
lethal. Three biological functions of Nampt have been characterized
[13]. Nampt catalyzes the initial reaction in the enzymatic conversion
of nicotinamide adenine dinucleotide (NAD) from nicotinamide
(NAM) in a mammalian salvage pathway. Nampt also functions as an
extracellular cytokine/growth factor initially termed Pre-B Cell Colony
Enhancing Factor (PBEF). And finally, Nampt has been characterized
as visfatin, an adiopocyte-derived adipokine that induces insulin-
mimetic effects. Although, these three functions appear to be distinct,
they are all intricately associated with the transduction of physiological
signals.

Nampt expression is up-regulated in a variety of acute and
chronic inflammatory diseases including acute lung injury [14],
sepsis [15], inflammatory bowel disease, [16,17] atherosclerosis,
[18,19] osteoarthritis [20-22] and rheumatoid arthritis [17,23-30].
Recent findings have demonstrated that targeted inhibition of Nampt
attenuates the inflammatory process and disease progression in mouse
models of arthritis [31,32], suggesting that Nampt plays a key role
in the pathogenesis of RA. However, determining the mechanism(s)
by which Nampt regulates the inflammatory response in RA is both
challenging and intriguing because of Nampt’s pleiotropic molecular
functions [8,11,13,33] Nampt is localized within the nucleus and
cytoplasm, however, it is also actively secreted from cells. The
intracellular (iNampt) and extracellular (eNampt) forms function
as dimeric type II phosphoribiosyltransferases in NAD biosynthesis
[34,35]. NAD is an important co-factor for NAD consuming enzymes
involved in DNA repair, apoptosis, metabolism, immune reactions, and
inflammatory responses, and several studies have demonstrated that
Nampt’s enzyme activity is required for its cytokine activity [31,32,34].
However, two recent studies utilizing mutationally inactivated Nampt
have demonstrated that the enzymatic activity of eNampt was not
necessary for the cytokine-like cell signaling properties [36,37]. These
studies suggest that eNampt must either directly or indirectly induce a
receptor-mediated signal transduction cascade to activate the cytokine
network. This review will address the role of Nampt in NAD metabolism
and cytokine signaling in the context of the pathophysiology and
therapeutic potential of RA.

The molecular functions of nampt

The use of three names, PBEF, visfatin, and Nampt to describe the
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molecular functions of one protein reflects upon the rich history of
their discoveries. Recently, Nampt was approved as the official name
of this gene by the Human Genome Organization Gene Nomenclature
Committee, therefore, we will use Nampt throughout this review.

Samal et al. [38] first identified Nampt as pre-B-cell colony-
enhancing factor (PBEF), a potential growth factor expressed and
secreted by activated human peripheral blood lymphocytes based upon
its ability to stimulate early stage B cell maturation in conjunction
with IL-7 and stem cell factor (SCF). The Nampt cDNA was cloned
using a degenerate oligonucleotide probe, designed on the basis of
the similarity of the signal peptidase processing site within the coding
sequences of five different cytokines, GM-CSF, IL-1p, IL-2, IL-6 and
IL-13 [38]. Surprisingly, analysis of the Nampt ¢cDNA revealed that
neither the DNA nor the protein sequence shared any homology to
other known cytokines, however, within the 3’ untranslated sequence
of Nampt cDNA there were multiple TATT motifs [38], a hallmark
feature of cytokines. Although Nampt was secreted by activated
lymphocytes, it lacked the canonical signal peptide sequence typically
found in secreted cytokines.

Martin et al. [39] demonstrated that the bacterial gene, NadV,
which shared sequence homology to Nampt, had nicotinamide
phosphoribosyltransferase activity. Subsequently, Rongvaux et al.
[40] verified that the mammalian protein also possesses nicotinamide
phosphoribosyltransferase activity. In mammalian cells, the enzymes
nicotinamide phosphoribosyltransferase (Nampt) and nicotinamide
mononucleotide adenylyltransferase (Nmnat) constitute an NAD
salvage pathway. Nampt catalyzes the condensation of nicotinamide
with 5-phos-phoribosyl 1-pyrophosphate (PRPP) to yield nicotinamide
mononucleotide (NMN), which is then converted into NAD by
NAMPT. Revollo and colleagues demonstrated that Nampt is the
rate-limiting enzyme in the salvage pathway of mammalian NAD
biosynthesis [41].

Fukuhara et al. [42] identified an adipokine secreted by visceral
fat cells, termed visfatin, which increased both glucose uptake and the
synthesis of triglycerides. They also proposed that visfatin induced
its insulin-mimetic effects by binding to the insulin receptor (IR).
However, subsequent studies have not been able to verify that Nampt
is capable of binding the IR, and consequently the claim of a Nampt-IR
interaction has been retracted. Further evidence against a Nampt-IR
interaction was provided by Revollo and colleagues, who demonstrated
that Nampt regulates insulin secretion in pancreatic beta cells as a
systemic NAD biosynthetic enzyme [34].

Nampt has two forms, an intracellular form (iNampt) and a
secreted, extracellular form (eNampt). It has been well documented
that iNampt is a nicotinamide phosphoribosyltransferase, and that
its enzymatic activity is attributed for its intracellular functions.
However, the mechanism(s) by which eNampt completes its various
functions have not been elucidated fully. In the study by Revollo et
al. [34] the nicotinamide phosphoribosyltransferase activity of eNampt
is necessary for the regulation of insulin secretion in pancreatic beta
cells. However, two recent studies utilizing mutationally inactivated
Nampt have demonstrated that the enzymatic activity of eNampt was
not necessary for the cytokine-like cell signaling properties. Li et al.
[36] reported that eNampt protected macrophages from endoplasmic
reticulum stress-induced apoptosis by activating an IL-6/STAT3
signaling pathway via a nonenzymatic mechanism. Liu and colleagues
provided the first evidence that Nampt can regulate the expression of
the inflammatory cytokines IL-8, IL-16, and CCR3 via a nonenzymatic
function which is activator protein 1 (AP-1) dependent, in part via the

P38 mitogen-activated protein kinase (p38 MAP) and Jun N-terminal
kinases (JNK) pathways [37].

Epidemiological surveys of nampt expression in rheumatoid
arthritis

Otero et al. [23] first reported that patients with rheumatoid
arthritis showed higher plasma levels of Nampt, leptin, and
adiponectin than healthy controls. The authors proposed that these
adipokines could coordinate the inflammatory process in RA, and at
the very least could serve as biomarkers for the disease. These findings
were confirmed by Nowell et al. [30] Bretano et al. [24] and Matsui
et al. [25] Nowell and colleagues detected elevated levels of Nampt in
synovial fluid from RA patients when compared with osteoarthritis
(OA) patients [30] Nampt expression was immunolocalized within
the synovial lymphoid aggregates, which consisted of B cells, T cells,
dendritic cells, and plasma cells, as well as within several additional
cell types associated with the pathophysiology of RA, including
endothelial cells, fibroblast-like synoviocytes (FLS), macrophage-like
synoviocytes (MLS), and adipocyte-like cells [30]. Bretano et al. [24]
also demonstrated that Nampt expression was elevated in the joints of
RA patients, especially in the FLS localized at the points of invasion
into the synovial lining and cartilage. Matsui et al. [25] detected
elevated Nampt mRNA expression in synovial tissue, peripheral blood
mononuclear cells (PBMCs), and peripheral blood granulocytes (PBGs)
isolated from RA patients compared to healthy controls. Subsequent
surveys [17,26-29] have verified that expression of Nampt in serum,
synovial fluid, and synovial tissue is elevated in patients with RA. In
a large survey of 167 RA patients and 91 control subjects by Rho et al.
[26] elevated levels of Nampt correlated with both radiological joint
destruction and mediators of inflammation. A study by Straburzynska-
Lupa and colleagues, found that serum levels of Nampt were lower in
female RA patients with abdominal obesity than in female RA patients
without abdominal obesity [29]. Furthermore, elevated serum levels of
Nampt did not correlate with either the degree of insulin resistance
[28,29] or body mass index (BMI) [26,43]. Mesko et al. [17] measured
mRNA expression in PBMCs isolated in patients with inflammatory
bowel disease (IBD), psoriasis, and RA. They identified five genes
(ADM, AQP9, CXCL2, IL10 and NAMPT) that differentiate between
patients with chronic inflammation and healthy controls, further
suggesting that RA shares common pathogenic mechanisms with other
inflammatory diseases.

Pathogenic mechanisms of nampt in rheumatoid arthritis

Nampt is a pleiotropic protein which can induce the expression of
a number of genes (e.g. CCR2, CCR3, Cox-2, IL-6, IL-8, IL-16, ICAM1,
MCP-1, MMP-2, MMP-9, VCAM1, VEGF) [44-52] and mediate the
activities of several pathways (e.g. ERK 1/ERK2, [50,52,53] IL6/STATS3,
[36] p38 MAPK, [52] PI3K/AKkt [48,49,52]). Analyses of RA diseased
tissues support the role of Nampt as an effective mediator of cytokine
activity. Bretano et al. [24] linked Nampt activity with inflammatory
cytokine cascades by stimulating FLS from RA patients with
recombinant human Nampt. Nampt activated the transcription factors
NF-kB and AP-1, and induced the expression of the metalloproteinases
MMP-1 and MMP-3, and the cytokines IL-6, IL-8. Expression of IL-6
and TNF was also induced in primary blood monocytes treated with
recombinant human Nampt. These observations were verified by
siRNA knockdown of Nampt in FLS which significantly inhibited
basal and TLR ligand-induced production of IL-6, IL-8, MMP-1, and
MMP-3. Nowell et al. [30] also reported that STAT-3 dependent IL-6
trans-signaling regulates the expression of Nampt in human FLS and
in an antigen-induced mouse model of arthritis (AIA). These findings
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support that Nampt affects the innate immune system’s inflammatory
response. However, the mechanism by which Nampt mediates the
cytokine signaling cascade has not yet been determined.

The findings that Nampt can both induce the expression of
cytokines, like IL-1p, IL-6 and TNF, but also be induced by these same
cytokines, suggest that these signaling pathways must be intricate
networks with both intracellular and extracellular components. The
enzymatic activity of both iNampt and eNampt, suggests that NAD
signaling is a critical component of these complex cytokine networks.
NAD functions as both an electron carrier for redox reactions in
metabolism and as a substrate for NAD-consuming enzymes. NAD
is consumed as a donor of ADP-ribose, with the concomitant release
of nicotinamide (NAM) as a byproduct. Therefore, the salvage
pathway of NAD synthesis is critical for maintaining the functions
of a wide variety of NAD-dependent enzymes in the cytoplasm and
nucleus. The NAD-consuming enzymes, which have multiple roles in
cellular regulation, including gene silencing, DNA repair, apoptosis,
aging, stress response, cell differentiation, immune reactions, and
inflammatory responses, can be classified into three large protein
families; the mono-ADP ribosyl transferases (ARTSs) [54,55], the poly-
ADP ribosyltransferases (PARPs) [54,56], and the sirtuins [54,57]. A
member of the PARP family, PARP-1, functions as a co-activator of
NEF-kB during the pathogenesis of inflammatory disorders, including
RA [58] Gonzalez-Rey and colleagues showed that inhibition of PARP-
1 with the inhibitor 5-aminoisoquinolinone (AIQ) effectively reduced
both the autoimmune and inflammatory responses in CIA mice, thus
linking further the NAD signaling network to the pathogenesis of RA
[59] Sirtl, a member of the sirtuin family, is a highly conserved NAD-
dependent protein deacetylase and a key regulator of metabolic activity
[60] While Sirt1 is positively regulated by NAD, NAM [61] and NADH
[62] inhibit Sirt1 activity. Sirtl regulates the inflammatory response by
inactivating NF-kB, however, elevated levels of TNF induce cathepsin B
cleavage of Sirt1, thus allowing further progression of the inflammatory
cascade [63]. Further evidence supporting the importance of the NAD
salvage pathway, is the finding that NAM inhibits the production of
several pro-inflammatory mediators [64,65], including TNF, suggesting
a complex regulatory feedback loop involving Nampt enzyme activity.

However, the discovery that enzymatically inactive eNampt
can stimulate cytokine-like cell signaling, strongly suggests that an
alternative signaling pathway exists [36,37]. The most likely explanation
of these conflicting results is that Nampt regulates cytokine expression
by a dual approach of controlling the synthesis of NAD, which serves
as a signal molecule, and by directly or indirectly inducing a receptor-
mediated signal transduction cascade to activate the cytokine network.
However, to verify this hypothesis, it will be necessary to characterize
further NAD’s role in regulating cytokine expression, and to identify
the potential ligands and receptors associated with transmitting the
cytokine signal.

Cumulatively, these findings support the concept that the normal
feedback loops for regulating NAD signaling and cytokine networks
are dysregulated in RA, thus resulting in an amplified cytokine cascade
with increased inflammation and tissue destruction.

Therapeutic potential of regulating nampt expression in
rheumatoid arthritis

The dysregulation of Nampt activity in RA makes it an attractive
target for therapeutic intervention. Evidence for this concept was
established by Busso et al. [31] and Evans et al. [32] who demonstrated
that Nampt is a key player in inflammatory arthritis. Collagen-induced

arthritis (CIA) in mice is accompanied by increased expression of
Nampt in both serum and in the arthritic paw. Administration
of APO866, a specific competitive inhibitor of Nampt, effectively
reduced the severity and progression of arthritis [31,32] with
comparable activity to the TNF inhibitor, etanercept [31]. APO866
treatment also reduced the intracellular NAD concentration in
inflammatory cells and circulating TNF levels in mice stimulated
with lipopolysaccharide (LPS). In addition, the effect of APO866 was
reversed by supplementation with NMN, the product of the NAMPT-
catalyzed reaction [31]. In the study by Evans et al. [32] in vitro analysis
of APO866 inhibition of Nampt performed in the human fibroblast
cell line (HFFF2) demonstrated that Nampt regulates the expression
of both cytokines and metalloproteinases (MMPs). APO866 was highly
specific to Nampt and had no significant effect on the expression of
the tissue inhibitor of metalloproteinase (TIMP)-1, [32] suggesting
that the absence of TIMP-1 control of NAMPT-induced MMPs may
contribute to an imbalance towards cartilage catabolism in arthritis.
In vivo studies in CIA mice also demonstrated that the inhibition of
Nampt activity prior to the clinical onset of arthritis correlated with the
active suppression of cytokine and metalloproteinase activity, resulting
in reduced inflammation and destruction in and around the synovial
joint.”? These findings further link Nampt and NAD metabolism to
inflammatory cytokine signaling and demonstrate that Nampt may be
a potential therapeutic target in RA.

Conclusion

The correlation of elevated expression of Nampt with inflammation
and tissue destruction has identified Nampt as an important mediator
of the innate immune response and a potential target for RA therapy.
Although the enzymatic activity of Nampt has been well characterized,
additional research is needed to elucidate the mechanism(s) by which
Nampt regulates both NAD metabolism and cytokine signaling.
Inhibition of Nampt activity by APO866 in CIA mice has provided
strong evidence that Nampt is a promising therapeutic target. However,
screening for additional inhibitory molecules of Nampt is needed,
as thrombocytopenia is a potential side effect of APO866 treatment
in humans. Investigation of alternative therapies, like viral delivery
of Nampt-sh RNA and anti-Nampt monoclonal antibody treatment
should be also be initiated. Furthering these lines of study may
contribute to mechanistic insights into the molecular pathogenesis of
RA and new therapeutic strategies for RA, and inflammatory diseases
in general.
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