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Medicinal Chemistry of Nicotinamide Phosphoribosyltransferase (NAMPT) Inhibitors Ubaldina Galli,†,⊥ Cristina Travelli,†,⊥ Alberto Massarotti,† Gohar Fakhfouri,‡ Reza Rahimian,§ Gian Cesare Tron,*,† and Armando A. Genazzani† †



Dipartimento di Scienze del Farmaco, Università degli Studi del Piemonte Orientale “A. Avogadro”, Largo Donegani 2, 28100 Novara, Italy ‡ Neuroscience Research Center, Shahid Beheshti University of Medical Sciences, Tehran, Iran § Department of Pharmacology, School of Medicine, Tehran University of Medical Sciences, Tehran, Iran ABSTRACT: Nicotinamide phoshophoribosyltransferase (NAMPT) plays a key role in the replenishment of the NAD pool in cells. This in turn makes this enzyme an important player in bioenergetics and in the regulation of NAD-using enzymes, such as PARPs and sirtuins. Furthermore, there is now ample evidence that NAMPT is secreted and has a role as a cytokine. An important role of either the intracellular or extracellular form of NAMPT has been shown in cancer, inﬂammation, and metabolic diseases. The ﬁrst NAMPT inhibitors (FK866 and CHS828) have already entered clinical trials, and a surge in interest in the synthesis of novel molecules has occurred. The present review summarizes the recent progress in this ﬁeld.
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reviewed elsewhere.5 While lower eukaryotes and prokaryotes use nicotinic acid (a form of vitamin B3) as a major NAD precursor, mammals predominantly use nicotinamide (another form of vitamin B3) rather than nicotinic acid for NAD biosynthesis. In lower organisms, such as bacteria and yeast, Nam is converted to NA by nicotinamidase, but this activity appears to be lacking in mammals. The de novo biosynthesis of NAD starts with the essential amino acid L-tryptophan, which is taken up from the diet through the rate-limiting enzymes indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO), both requiring molecular oxygen, and which have also been proposed to be druggable targets in humans.6 It is likely, nonetheless, that in humans the main source of cellular NAD is from salvage pathways, which require the uptake of precursors other than tryptophan (i.e., NA, Nam, and NR) from the diet or their reuse intracellularly after the activity of NAD-utilizing enzymes. In mammals, Nam is thought to be the main niacin-derived NAD precursor, although the enzymatic pathway that uses NA is conserved. The schematic representation of these pathways is presented in Figure 1. Given that most NAD-utilizing reactions liberate nicotinamide, it is not surprising that mammals have elected the most direct and economical route as their major NAD source. Brieﬂy, this pathway involves the synthesis of NMN from nicotinamide and 5-phosphoribosyl pyrophosphate (PRPP) by the enzyme NAMPT and the subsequent conversion of NMN and ATP to



INTRODUCTION Otto Heinrich Warburg, over 80 years ago, hypothesized that basic metabolism was profoundly altered in cancer cells, but only recently it is becoming apparent that this could be exploited as a therapeutic strategy in cancer.1 Among the speciﬁc targets being explored, the biosynthetic pathways leading to NAD are receiving considerable attention.2 Indeed, in cancer cells, NAD synthesis and/or replenishment is constantly required because of the high proliferation rate, the high energy requirements, and the high activity of NADdepleting enzymes (PARPs, sirtuins, etc.). It is interesting to note that already in the 1960s Gholson proposed that a constant cellular NAD turnover existed. Later, Rechsteiner suggested that the half-life of NAD in cultured cells is approximately 1 h.3
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BIOSYNTHETIC PATHWAYS LEADING TO NAD IN MAMMALS As NAD is rapidly consumed in cells, replenishing pathways must exist. While NAD is conserved through evolution as an electron acceptor/donor, it has been shown that there are diﬀerences between prokaryotes and eukaryotes on how this replenishment takes place. It is therefore not surprising that the enzymes involved in its synthesis in microorganisms have been proposed as druggable targets for the development of novel antibiotics.4 NAD can be synthesized from various precursors containing the pyridine moiety (nicotinic acid (NA), nicotinamide (Nam), and nicotinamide riboside (NR)) and from tryptophan. The pathways leading to NAD biosynthesis have been carefully © XXXX American Chemical Society
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Figure 1. Schematic representation of the salvage NAD pathways. Multiple pathways allow NAD biosynthesis from the diﬀerent sources (QA, NA, Nam, and NR), and these are reviewed elsewhere.5b,c



ylation at residue His247, with the phosphorylated form displaying at least 1000-fold higher activity. In brief, activation of NAMPT by His247 phosphorylation causes stabilization of the enzyme−phosphoribosyl pyrophosphate complex, permitting eﬃcient capture of Nam and likely representing a phosphoenzyme intermediate of the reaction.11 To our knowledge, no other regulatory post-translational modiﬁcations have been described, but bioinformatics suggest that a number of residues conserved across species could be phosphorylated, ubiquitinated, or acetylated. Given the pleiotropic roles described below, it is likely that at least some of these posttranslational modiﬁcations play a role in NAMPT function and role. In the cell, NAMPT is abundant in the cytosol and present in the nucleus,12 while there is controversy on whether it might also be present in the mitochondria.12,13 To great surprise, the protein NAMPT is not exclusively intracellular, as an extracellular secreted form has been described. This protein is usually referred in the literature as visfatin, as it was initially described as being secreted by the adipose tissue, or as PBEF, as it functions also as an enhancing factor for pre-B-cell maturation.14 In the present review, to avoid confusion, we will use the term eNAMPT and the term iNAMPT when referring to the extracellular or intracellular form, respectively. Whether the extracellular form presents speciﬁc diﬀerences in terms of truncations or post-translational modiﬁcations is at present unclear and requires urgent further clariﬁcation. Similarly, whether its extracellular eﬀects are all linked to an enzymatic function or not is still a matter of debate. A possibility raised by the literature is that a yet unknown receptor exists that is able to bind to eNAMPT and transduce



NAD by nicotinamide mononucleotide adenylyltransferase (NMNAT). The present review focuses on the therapeutic potential and medicinal chemistry of NAMPT inhibitors.
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NICOTINAMIDE PHOSPHORIBOSYLTRANSFERASE (NAMPT) The enzymatic activity of NAMPT was originally reported by Preiss and Handler in 1957.7 The main form of human NAMPT consists of 491 amino acids with a molecular weight of approximately 55 kDa. The X-ray crystal structure of NAMPT has also been determined and has established that NAMPT belongs to a dimeric class of type II phosphoribosyltransferases.8 Gel ﬁltration and co-immunoprecipitation assays have conﬁrmed that NAMPT is indeed present as a dimer in cells. Furthermore, mutagenesis experiments have shown that NAMPT mutants that do not dimerize properly display a decreased enzymatic activity.8,9 A number of splice variants and truncated protein forms have been detected (reviewed in ref 10), but the physiological role of these is at present unknown and requires further investigation. Likewise, in humans a number of single nucleotide polymorphisms (SNPs) have also been found, and some of these have been associated with increased risk of disease (e.g., acute respiratory distress syndrome, diabetes) or with other risk factors (high-density lipoprotein, triglycerides) (reviewed in ref 10). However, a nonsystematic approach to the link between SNPs of the NAMPT gene and disease as well as an incomplete understanding of the functional consequences of these SNPs has reduced the impact of such ﬁndings. Last, the activity of human NAMPT is profoundly aﬀected by histidine autophosphorB
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Table 1. Evidence That NAMPT Is Involved in Cancera condition Breast cancer Oostmenopausal breast cancer (PBC) Gastric cancer



Lymphomas Prostate cancer Ovarian cancer Colorectal cancer Malignant astrocytomas: anaplastic astrocytoma (AA, grade III) and glioblastoma (GBM, grade IV) Esophageal cancer Melanoma



level of investigation Tissutal protein Serum level Tissutal protein and mRNA Serum level Tissutal protein Tissutal protein Tissutal protein Tissutal protein Blood level Serum level tissutal protein and mRNA Serum levels, tissutal mRNA Tissutal protein and mRNA



main ﬁnding



ref



Associated with poor disease-free and overall survival Elevated (associated with risk of PBC) Increased



78 79 80



Increased (positive correlation with stage progression) Increased (correlation with VEGF-A expression, negatively correlated with survival) Increased (highly expressed in Hodgkin’s lymphoma) Increased Increased Increased (correlated with stage progression) Increased (correlated with tumor grade, coexpression with p53 in GBM tissue was associated with poor survival) Increased (independent factor of mortality)



81 82



Increased (independent of BRAF mutations and Clark’s levels)



83 84 85 86 87 88 54



PubMed was used to retrieve the evidence using “NAMPT or PBEF or visfatin” AND “cancer” as a search string. Evidence collected through microarrays or tissues arrays, albeit present, was excluded. Evidence on the role of NAMPT in other diseases, including inﬂammation or metabolism, is also abundant in the literature.
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SIRT1 will repress the clock components and thereby NAMPT expression.19 It is suggested that through this mechanism, NAMPT and SIRT119,20 may play a crucial role in the circadian regulation of metabolism. Second, a possibility that has not been fully explored on further functions of NAMPT is that its direct product NMN (see Figure 1) may have a role in signaling, which has indeed been suggested by some.21 Likewise, as nicotinamide is an inhibitor of a number of NAD-utilizing enzymes, it could be envisaged that NAMPT could act as a scavenger of nicotinamide itself. Third, growing evidence suggests that eNAMPT is a cytokine that binds to a yet unknown extracellular receptor. As such, it has been shown, for example, to potentiate the functions of stem cell factor (SCF) and interleukin-7 (IL-7) in enhancing pre-B colony formation from normal human or mouse bone marrow.14b Moreover, the possible role of eNAMPT as an immunomodulating mediator has been investigated. eNAMPT exerts direct proinﬂammatory eﬀects on macrophages by increasing MMP expression and activity,22 and the treatment with eNAMPT induces the production of cytokines in human PBMCs, dependent on MAPK signaling, and induces chemotaxis in monocytes.23 Furthermore, an essential role of eNAMPT in myelopoiesis has been postulated. eNAMPT induces granulocytic diﬀerentiation of CD34+ hematopoietic progenitor cells through sirtuin activation and up-regulation of G-CSF and the G-CSF receptor.24 Similarly, it had also been postulated that eNAMPT exerted insulin-mimetic actions by binding directly to the insulin receptor, but this report was eventually retracted.25 Nonetheless, there is ample evidence that a cross-talk exists between eNAMPT signaling and insulin signaling pathways. It is at present unclear whether eNAMPT requires its enzymatic activity for these functions and whether enough substrate (PRPP or nicotinamide)9,26 would be present in the extracellular space to yield either NMN or, eventually, NAD (although there is no evidence that NMNAT, the enzyme required to yield the ﬁnal product, is present extracellularly). Evidence of an Involvement of NAMPT in Disease. The ﬁrst strong evidence that the bioenergetics of cancer cells were diﬀerent from that of healthy nonaﬀected cells dates from



at least some of its eﬀects. For example, extracellular application of eNAMPT is able to trigger ERK and MAPK phosphorylation.15 Last, it has been shown that a regulated positive secretory process exists,9 although the exact mechanism of release is at present under investigation. As the protein does not present a secretory signal peptide or a caspase I cleavage site, the most accredited hypothesis, yet to be conﬁrmed in most cell types, is that eNAMPT is secreted through a nonclassical secretory pathway, which is not blocked by inhibitors of the classical endoplasmatic reticulum (ER)− Golgi secretory pathway, such as monensin and brefeldin A.9,16 A growing number of cell types have been shown to release eNAMPT, including adipocytes, hepatocytes, cardiomyocytes, and activated immune cells, e.g., LPS-activated monocytes.16,17 Physiological Roles of NAMPT. Although NAMPT’s wellestablished role is in bioenergetics, maintaining intracellular NAD levels, over the past 10 years there has been a growing body of research suggesting that NAMPT functions are pleiotropic. However, given the limitations of the experimental approaches used (e.g., pharmacological, molecular), it is not yet possible to assign speciﬁc functions to either iNAMPT or eNAMPT or understand whether both forms work in concert. First, it has been shown by a number of laboratories and by a variety of experimental approaches that NAMPT activity is a key regulator of NAD consuming enzymes. Among the key enzymes that use NAD as substrate are poly (ADP-ribose) polymerases (PARPs), mono (ADP-ribose) transferases (ARTs), and sirtuins. For example, considerable attention recently has been given to the ability of NAMPT to modulate sirtuin activity, as these enzymes appear to be regulated by cellular NAD levels. For instance, in human vascular smooth muscle cells, reduced NAMPT expression results in premature senescence, whereas a signiﬁcant delay in senescence is observed upon overexpression of NAMPT.18 Furthermore, two other studies have shown that NAMPT participates in the circadian clock.19 The core clock components of the circadian machinery regulate the recruitment of SIRT1 to the NAMPT promoter to increase NAMPT expression. This is followed by NAD biosynthesis, which in turn will activate sirtuins as well as other NAD-dependent enzymes. In a negative feedback loop, C
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Table 2. Experimental Evidence on the Therapeutic Potential of FK866 and Cancera main ﬁnding



cancer type Multiple myeloma Breast cancer Leukemia



experimental model



Cytotoxic (autophagy), antitumor activity Cytotoxic in combination with olaparib, increase antitumoral potential of olaparib in xenograft (reduction tumor volume) Cytotoxic in myeloid leukemic cells (correlation with p53 function and acetylation) Cytotoxic alone or in combination with MNNG, Ara-C, daunorubicin, and melphalan Cytotoxic alone or in combination with sirtinol, cambinol, and EX527 Cytotoxic (apoptosis) Synergism with TRAIL (apoptosis)



Non-small-cell lung (NSCL) cancer Gastric cancer



Neuroblastoma Bladder cancer Mammary carcinoma Liver carcinoma Renal carcinoma Cervix adenocarcinoma Glioma



Lymphoma Pancreatic cancer Ovarian Cancer



Colon cancer Melanoma



Cytotoxic (correlation with EGFR mutation), antitumor activity Cytotoxic alone or in combination with ﬂuorouracil Suppression of gastric cell migration Additive eﬀect in combination with 1-MT Cytotoxic (autophagy), synergism with etoposide/cisplatin/chloroquine (necrosis) Additive eﬀect in combination 1-MT Cytotoxic (apoptosis) Enhancement of radiation sensitivity Cytotoxic (apoptosis) Antitumoral, antiangiogenic, and antimetastatic activity



ref



Cell lines/xenograft Cell lines/xenograft



41, 42b 44b



Cell lines Cell lines Cell lines/human primary cells Cell lines Cell lines/human primary cells Cell lines/xenograft



89 90 91



Cell lines



80



Cell lines/xenograft Cell lines Cell lines/xenograft Cell lines Cell lines/allograft Cell lines Allograft (RENCA model) Cytotoxic in HeLa cells Cell lines Cytotoxic (cell cycle arrest) Cell lines Increase MMS and MX cytotoxicity in temozolomide chemoresistant T98G glioblastoma cell Cell lines line Cytotoxic in human lymphoma B-cells in combination with FX11, increased antitumor activity Cell lines/xenograft of FX11 Cytotoxic in combination with FX11 Cell lines/xenograft Additive eﬀect in combination with FX11 in xenograft Cytotoxic eﬀect in combination with NA (increase the therapeutic potential in NaPRT-lacking Cell lines/xenograft cancers) Antitumoral activity (decreased tumor volume and [18F]FLT uptake) Xenograft Cytotoxic (reduction of TCA and glycolysis) Cell lines Not cytotoxic Cell lines



36c, 58 92 44c



44a 43b 44a 93 36c 94 12, 43b 12, 95 96 97 97 98 44d 99 54



Literature was retrieved using the string “FK866 or APO866” and cancer. Further evidence in the literature exists with other NAMPT inhibitors, mainly 2, and on other diseases, mainly in the inﬂammation ﬁeld.
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elevated level of circulating eNAMPT has been correlated with an increased risk of developing postmenopausal breast cancer.28 One of the initial ﬁelds of research that focused on circulating NAMPT was human metabolism, given the observation that eNAMPT was secreted by adipocytes16 and the availability of commercial kits to detect eNAMPT levels. A vast number of studies have been published, most of them showing an increase of eNAMPT in patients presenting metabolic or endocrine disorders. Most studies have focused on diabetes or obesity,29 but other conditions, including cardiovascular and endocrine30 have been investigated. Yet contradicting data exist regarding eNAMPT and metabolic diseases, mainly regarding the plasma levels that are reached in diseases, with at times a 100-fold disparity between reports. Furthermore, in some ﬁelds, for example, obesity, contradicting results are present on whether eNAMPT increases or decreases. A possible explanation for this is that patients’ characteristics are not superimposable in the diﬀerent studies. A second possibility, as mentioned below, is that eNAMPT is increased in inﬂammatory states, and in the ﬁeld of metabolism this may be a strong confounding factor. Third, it has been shown recently that eNAMPT follows a circadian rhythm, with high levels in the morning and low levels at night.31 As this was not known previously, it might have been an uncontrolled bias in many reports. Last, it has been shown



the beginning of past century, with Otto Warburg, a Nobel Prize winner, as a central ﬁgure in this hypothesis.27 In brief, Otto Warburg suggested that tumor cells switch from oxidative phosphorylation to aerobic glycolysis for their energy conversion. The glycolytic pathway has a less favorable ratio of ATP produced per NAD(P) molecule reduced. Furthermore, the known importance of sirtuins and PARPs in cancer also might suggest that NAMPT, one of its upstream regulators via production of NAD, might be involved.5b Last, it has been amply shown that NAD turnover in cancer or proliferating cells is signiﬁcantly increased over healthy or nonproliferating cells. These original, maybe speculative, observations on the possible involvement of NAMPT in cancer have now been supported by various approaches in cancer cells or patients. Many of these observations are summarized in Table 1, while the strongest evidence of all, relying on pharmacological tools, is described at the beginning of the medicinal chemistry section and in Table 2. In brief, in most cancer tissues evaluated, the mRNA and/or protein levels of NAMPT have been found to be elevated. Furthermore, when serum or blood levels of eNAMPT were investigated, these were also found to be increased. Interestingly, in a number of tumors a positive correlation between either tissue or circulating levels and stage progression has been reported (see Table 1). Last, in a recent study an D
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Interestingly, in the same paper it was also emphasized that nicotinamide or nicotinic acid can be viewed as possible antidotes, as they are able to revert the growth inhibiting properties of FK866 (for nicotinic acid, only in those cells that express NaPRT; Figure 1). This ﬁnding has also been replicated with other compounds, namely, CHS828 (2) (see below).38 In a subsequent paper,37 the X-ray crystal structure of human NAMPT in the presence of FK866 was solved (PDB code 2GVJ). The X-ray structure reveals that NAMPT is a homodimer with a head to tail interaction and a contact surface area of each monomer of ∼4200 Å (Figure 3). There



that the diﬀerent kits commercially available (RIA, EIA, ELISA) do not yield superimposable results, and this is likely to contribute to the discrepancy.32 While it is possible that posttranslational modiﬁcations occur to allow for secretion of eNAMPT, whether the discrepancy between kits is due to the fact that they have been based on recombinant NAMPT remains to be ascertained. As mentioned previously, there is growing evidence that iNAMPT and eNAMPT are involved in modulating the immune system. It is therefore not surprising that circulating eNAMPT has been shown increased in numerous inﬂammatory conditions, including rheumatoid arthritis, lupus, inﬂammatory bowel disease, sepsis, and infection.33 Furthermore, NAMPT mRNA and/or protein levels have been shown to be also increased in inﬂammatory cells such as polymorphonucleate cells (PMNC) and neutrophils.34 More convincing evidence regarding the involvement of NAMPT in inﬂammatory diseases has come by the use of NAMPT inhibitors, as highlighted below. While cancer, metabolism, and inﬂammatory diseases have been the most investigated, other diseases that not necessarily fall in these conditions have also been studied and may be found in the literature.
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MEDICINAL CHEMISTRY OF NAMPT INHIBITORS The ﬁrst attempt to identify NAMPT inhibitors dates back to 1972, when a series of nicotinamide analogues were evaluated. While these studies suﬀered from the limitation of not having the puriﬁed enzyme or a detailed understanding of the enzymatic mechanism, this paper did suggest that nicotinamide analogues could act as inhibitors of the enzyme reaction, albeit at high concentrations, an observation that was capitalized on in later years.35 FK866 and CHS828. The turning point in the ﬁeld was the description of the ﬁrst nanomolar inhibitor of NAMPT in 2002, originally termed FK866 (1, (E)-N-(4-(1-benzoylpiperidin-4yl)butyl)-3-(pyridin-3-yl)acrylamide, Figure 2; also known as WK175 or APO866).36 Figure 3. Structure of human NAMPT in complex with FK866 (PDB code 2GVJ). One monomer is shown in blue, the other in gold. Carbon atoms of FK866 are shown in green sphere.



are two binding sites for nicotinamide formed by the union of the two monomers. The structure revealed a long and narrow tunnel (15 Å × 6 Å) at the interface between subunits and in communication with the NMN interaction pocket. The present review will concentrate primarily on the discussion of FK866 interactions, as reviews concentrating on the structural features on NAMPT have been recently published.39 The crystal structure of NAMPT bound to FK866 (PDB code 2GVJ) shows that the drug binds in the narrow tunnel at the interface between subunits. Two molecules of FK866 can bind to a dimer, and yet whether both are required to abolish activity has never been investigated. The pyridine of FK866 is sandwiched between the side chains of Phe193 of one monomer and the Tyr18′ (enumeration of amino acids is based on human NAMPT) of the other, occupying the same position where the pyridine of the nicotinamide is located. The main binding interaction is a π−π oﬀset stacking. The oxygen atom of the amide behaves as a hydrogen bond acceptor interacting with the hydroxyl group of the Ser275 side chain, while the nitrogen atom of the amide is involved in a hydrogen



Figure 2. Structure of FK866.



In the original manuscripts,36b,c it was shown that FK866, via NAD and subsequent ATP depletion, led to apoptosis. The hallmarks of apoptosis, such as cytochrome c release, caspase activation, and mitochondrial depolarization, could all be attributed to NAMPT inhibition and the subsequent decrease in cellular NAD(P) levels. Cell death is delayed and takes place 24−48 h after treatment. Furthermore, FK866 does not have an eﬀect on NaPRT.36c In the original report, the mechanism of inhibition was reported to be noncompetitive, although subsequent reports suggested that FK866 and nicotinamide should compete for the same site.37 FK866 displays an incredibly higher aﬃnity (Ki = 0.3 nM) for the site compared to nicotinamide (Km = 2 μM), and this may explain the discrepancy.37 In the same article it was shown that cells that possess an intact and active salvage pathway that can use nicotinic acid are less sensitive to this treatment. E



dx.doi.org/10.1021/jm4001049 | J. Med. Chem. XXXX, XXX, XXX−XXX



Journal of Medicinal Chemistry



Perspective



Figure 4. Diﬀerent details of X-ray crystal structure of human NAMPT in complex with FK866 (PDB code 2GVJ). One monomer is shown in blue, the other in gold. Carbon atoms of FK866 are shown in green sticks. NMN (adapted from PDB code 2GVG) is in yellow sticks, and the retained molecule of water is a red sphere. Hydrogen bond interactions are plotted as yellow dotted lines. (a) Detail of the FK866 tail group binding pocket. (b) Detail of the overlapping of FK866 and NMN binding sites. (c) Binding mode of FK866.



Figure 5. SAR studies on 2.



not reproduced such ﬁnding.41 While it is beyond the scope of this manuscript to review these data in detail, a number of common themes should be highlighted: (i) FK866 displays low nanomolar potency in both cytotoxicity and enzyme inhibition assays ( 
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