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ABSTRACT: Evidence supports boosting nicotinamide adenine dinucleotide (NAD") to counteract oxidative stress in aging and
neurodegenerative disease. One approach is to enhance the activity of nicotinamide phosphoribosyltransferase (NAMPT). Novel
NAMPT positive allosteric modulators (N-PAMs) were identified. A cocrystal structure confirmed N-PAM binding to the NAMPT
rear channel. Early hit-to-lead efforts led to a 1.88-fold maximum increase in the level of NAD* in human THP-1 cells. Select N-
PAMs were assessed for mitigation of reactive oxygen species (ROS) in HT-22 neuronal cells subject to inflammatory stress using
tumor necrosis factor alpha (TNFa). N-PAMs that increased NAD* more effectively in THP-1 cells attenuated TNFa-induced ROS
more effectively in HT-22 cells. The most efficacious N-PAM completely attenuated ROS elevation in glutamate-stressed HT-22
cells, a model of neuronal excitotoxicity. This work demonstrates for the first time that N-PAMs are capable of mitigating elevated
ROS in neurons stressed with TNFa and glutamate and provides support for further N-PAM optimization for treatment of
neurodegenerative diseases.
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eurodegenerative disease (ND) and aging pose a massive and antioxidants have been studied in this context with mixed
burden on human health and lack effective treatments. results.” Boosting cellular nicotinamide adenine dinucleotide
One of the most prominent risk factors for developing ND is (NAD") is an alternative approach.
age." Brain aging affects mitochondrial function, oxidative NAD" is present in every cell in the human body and fulfills
stress response, neuroinflammation, DNA repair, autophagy, numerous physiological roles in energy production as a

cofactor for hundreds of enzymes and as a substrate for

aberrant protein accumulation, Ca** homeostasis, neuro- & .
enzymes with NADase activity.” In humans, NAD" is

plasticity, neurogenesis, and energy metabolism.”
Reactive oxygen species (ROS) are produced as a normal
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part of human physiology, primarily in mitochondria, where Received: September 12, 2023
they serve as signaling molecules.” Unchecked, under oxidative Revised: ~ December 2, 2023
stress (OS), ROS cause widespread damage.* Most aspects of Accepted: January 13, 2024
ND are aggravated by OS. For example, OS is known to be an Published: January 24, 2024
early event in Alzheimer’s disease (AD) pathogenesis.” There

is an urgent need for therapies that address OS in the brain,
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Figure 1. NAD" salvage pathway and associated systems.
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biosynthesized via three distinct pathways (Figure 1): the
Preiss Handler pathway from nicotinic acid (NA); the de novo
pathway from tryptophan (Trp); and the salvage pathway from
nicotinamide (NAM).” NAM is produced by NAD" catabolism
as a result of the NADase activity. The NAM recycled by the
salvage pathway is converted into nicotinamide mononucleo-
tide (NMN) by nicotinamide phosphoribosyltransferase
(NAMPT), and NMN is then transformed into NAD* by
nicotinamide mononucleotide adenylyltransferase (NMNAT).
The salvage pathway dominates cellular NAD" synthesis in
mammals, and NAMPT catalyzes the rate-limiting step,
therefore controlling the cellular NAD* supply.’

With its vital place in cell physiology, it is no surprise that
NAD* modulation may be an appropriate therapeutic
intervention. Fully depleting NAD" by inhibiting its biosyn-
thesis can be cytotoxic and thus is being studied for cancer
treatment.'’

Augmenting NAD* improves cell function in multiple
disease models and has, therefore, recently garnered interest
for the treatment of ND, diabetes, cardiovascular disease,
metabolic disease, and aging.”'' Supporting evidence comes
from in vitro and in vivo studies.'”"> NAD* supplementation,
usually via its biosynthetic precursors (NAM/NR/NMN), has
been shown to improve mitochondrial function, Ca** homeo-
stasis, and neuronal plasticity while attenuating oxidative stress,
neuroinflammation, and aberrant protein accumulation.'*™"
Evidence from dietary supplements in clinical trials is
supportive.20

An alternative strategy for augmenting cellular NAD" is to
enhance its biosynthesis. Evidence indicates that NAMPT
expression and function decline with age.”' This presents a
potential limitation for the efficacy of supplementation with
NAM. A solution to the limits imposed by rate-limiting
NAMPT activity is to increase enzyme catalytic turnover of
NAM. The use of a NAMPT activator can be envisaged, either
alone or in combination with supplementation.

Small molecule NAMPT activation is a nascent field of
research. The first reported NAMPT activators, the P7C3
series, showed neuroprotective and proneurogenic activity in
animal models.***> However, their binding to NAMPT is
problematic because no cocrystal structure has been published,
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and activation of recombinant NAMPT was not observed.”*
Gardell et al. described SBI-797812, a “NAMPT booster”;
although again, no structure with NAMPT has been published.
This line of development led to structurally similar
activators.”* >’ The phenolic NAT compounds were reported
to have neuroprotective activity and, like the NAMPT
boosters, activate recombinant NAMPT.**** Most recently,
our group reported a mechanism of allosteric modulation of
NAMPT, along with the discovery of the NP-Al series of
NAMPT-positive allosteric modulators (N-PAMs).*>*"

The research described herein sought to expand the
chemical space of N-PAMs and to characterize their efficacy
in enhancing cellular NAD" levels with a particular emphasis
on their potential as CNS therapeutics capable of addressing
OS in the context of aging and ND.

We performed a high-throughput screen (HTS) of 22 000
compounds to identify those that augment NAMPT enzymatic
activity.”> Screening used a coupled three-enzyme assay to
detect conversion of NAM to NAD?, as previously described
by our group.’” Our activators bind to the rear allosteric
channel of NAMPT and are, therefore, termed N-PAMs. We
envisioned the use of N-PAMs in ND and, therefore, chose an
HTS hit series to pursue with desirable predicted brain
penetration, as calculated by the central nervous system
multiparameter optimization (CNS MPO) score. The hit NP-
A3-B2 was selected, and initial hit-to-lead optimization was
explored. We also established assays to assess the mitigation of
neuronal OS.

A high-resolution (1.79 A) cocrystal structure was obtained,
which demonstrated allosteric binding of the hit to the
NAMPT rear channel (Figure 2A,B). The cocrystal structure
of NAMPT with NP-A3-B2 and NAM provided valuable
information for our initial optimization efforts that sought to
enhance protein—ligand interactions.

NP-A3-B2 was divided into three regions: R', methox-
yphenyl; R?, furfuryl; and R?, tetrahydropyran.

Region R' can be subdivided into the methoxy moiety and
phenyl moiety because of the unique environments immedi-
ately surrounding them (Figure 2C). The methoxy group sits
adjacent to the active site and, on the basis of 1.8—1.9 A
distances, is participating in a hydrogen bonding network

https://doi.org/10.1021/acsmedchemlett.3c00391
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Figure 2. NP-A3-B2:NAMPT cocrystal structure demonstrating NP-A3-B2 bound to the rear channel. Depicted in three views. (A) The entire
structure showing NAMPT monomers in cyan and orange and NP-A3- B2 in purple, (B) the NAM-bound active site and NP-A3-B2-bound rear
channel, and (C) NP-A3-B2 chemical structure and specific interactions with NAMPT amino acid residues: R' methoxyphenyl hydrogen bonding
network with waters and NAM and potential z—z interaction with His 191, R* furfuryl interactions with a water and polar Arg 349 and Lys 189,
and R? tetrahydropyran in the solvent-exposed rear channel opening in both 3D and 2D representations, for clarity.

between two water molecules, valine-242 carbonyl, aspartate-
219, serine-275, and NAM. The phenyl moiety is surrounded
by the lipophilic side chains of valine-242, isoleucine-309,
isoleucine-351, and alanine-370. The only polar side chain
adjacent to the phenyl moiety is histidine-191 that sits 3.7 A
away and is orthogonal to the plane of the benzene ring in a
possible edge-to-face 7— interaction.

Furfuryl R? is oriented into a polar pocket made up of lysine-
189, arginine-349, and the carbonyls of other residues. The
furfuryl carbonyl hydrogen bonds to a water molecule that, in
turn, hydrogen bonds to arginine-349. Distances from the
furan ring to the lysine and arginine are 3.6 and 3.8 A,
respectively. Notably, there is no evidence for an interaction
with lysine-189, although this has been reported to be a key
interaction for NAMPT activation.”’

Finally, tetrahydropyran R sits at the interface between the
allosteric channel and the external solvent and is surrounded
by proline-273, proline-307, valine-242, and tyrosine-188. The
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crystal structure indicates that NP-A3-B2 does not have any
significant polar interactions with NAMPT in this region. Our
SAR hypothesis is that the bulky tetrahydropyran acts as an
anchor, which stabilizes the molecule at an effective depth in
the channel.

Cocrystal structure analysis revealed that the methoxyphenyl
and furfuryl groups take part in a number of interactions that
could be optimized. We hypothesized that adding ligand—
protein interactions in the R' and R? regions would increase
binding affinity and result in increased potency and efficacy.
Thus, we prioritized this for the initial SAR investigation and
designed our synthetic methods with this in mind.

We designed a synthetic route to verify the hit by resynthesis
and make changes in R' and R” near the end of the route to
efficiently produce analogues. The six-step synthetic route
began with the Knoevenagel condensation between ethyl
cyanoacetate and 2,2-dimethyltetrahydropyran-4-one to pro-
duce the double a,f-unsaturated carbonyl and nitrile

https://doi.org/10.1021/acsmedchemlett.3c00391
ACS Med. Chem. Lett. 2024, 15, 205-214
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containing 1 (Scheme 1).* Next, using Grignard, the
isopropyl group was installed on 1 to yield 1,4-conjugate

Scheme 1. (a) EtOAcCN, NH,OAc, PhMe, Dean Stark
Trap, 130 °C, 24 h, 80%, 1:1 E/Z Isomers; (b) iPrMgBr,
THEF, rt to 70 °C, 2 h, 61%; (C) KOH, DMF, 150 °C, 2 h,
78%; (d) CoCl,, NaBH,, MeOH, 0 °C to rt, 24 h, 67%; (e)
(1) 1,4-Methoxybenzaldehyde, 10% AcOH, THF, rt, 24 h
and (2) NaBH,, rt, 5 h, 30%; (f) 2-Furoic Acid, HATU,
DIPEA, DMF, rt, 24 h, 45%.
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addition product 2. Decarboxylation gave the nitrile 3 that was
reduced to the key primary amine intermediate 4 with cobalt
chloride and sodium borohydride. Secondary amine 5 was

achieved by reductive amination with 4-methoxybenzaldehyde.
Finally, NP-A3-B2 synthesis was completed via coupling with
HATU to afford amide 6. This route was successfully scaled up
from milligram to decagram quantities.

Derivatization was initiated by using alternate benzaldehyde
reagents with 1° amine 4 and carboxylic acid reagents with 2°
amine 5. Analogues in the methoxyphenyl R' region were
designed to explore increased hydrophobic surface area, the
addition of a hydrogen bond donor, or fluorination of potential
metabolic oxidation sites (Table 2). Furthermore, the methoxy
was replaced with a dimethylamino bioisostere. Analogues in
the furfuryl R region were designed to assess varying
heteroatoms and positions around the ring, addition of a
halogen substituent, or addition of heteroatoms to the ring
(Table 1). Addition of Br- and Cl- substituents in JGB-1-122
and JGB-1-135 were tolerated, although with loss of potency,
and were compatible with docking studies (Figure S1).
Expansion to six-membered heterocycles was explored, as well.

Changes to the aliphatic bulk in region R® were made to test
the hypothesis that this solvent-exposed moiety acts as an
anchor, which holds the rest of the molecule at a particular
depth in the channel. The size was decreased by removing the
isopropyl group, all substituents on the tetrahydropyran, and
the entire region (Table 2).

Table 1. Compound Structure with NAMPT Enzyme and THP-1 Cell Activity: R* region

ECs, A,.. | CellNAD*
Compound R? R? R3 NAMPT | NAMPT THP-1
(uM) (Fold) | (Fold at 30 uM)
O™\
NP-A3-B2 ~ 4.06 1.85 1.18
S
Br
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K
S
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(0]
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kS
oM
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‘ ‘32 Me Me
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SN
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%
NN
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E/k)
N
Zn\
JGB-1-146 N no no —
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HN
JGB-1-147 N >8.00 | <529 _
2%/ (ICs0)
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Table 2. Compound Structure with NAMPT Enzyme and THP-1 Cell Activity: R' and R® regions

ECy, | An | Cell NAD*
Compound R! R? R3 NAMPT | NAMPT THP-1
(M) (Fold) (Fold at 30 pM)
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Figure 3. NAD" measured in THP-1 cells (A) in response to compounds and (B) in response to NAMPT inhibitor FK866 in the presence of

compounds. (C) NAMPT enzyme activity in response to compounds.

Initial screening in THP-1 human monocytes (3 M, 24 h)
indicated that JGB-1-134, -127, -137, and -155 had significantly
greater ability to raise NAD" levels compared with the parent
compound NP-A3-B2 (data not shown). Follow-up full
concentration—response studies in this system highlighted
JGB-1-155 as the top performer with an 88% increase in NAD*
(1.88-fold) over control. This was a significant improvement
from NP-A3-B2 that induced an 18% NAD" increase (1.18-
fold) at 30 uM (Figure 3A). The data indicate that JGB-1-155,
-137, and -127 have improved potency in THP-1 cell cultures.

FK866 is a highly selective and potent NAMPT inhibitor. In
the presence of JGB-1-137 and JGB-1-155, the concentration
response for FK866 was right-shifted, and higher FK866
concentrations ablated the effects of activators (Figure 3B).
These data are compatible with the cellular effects of our
activators being mediated by direct binding and activation of
NAMPT.
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Analogues were also assessed in the coupled enzyme assay,
used for HTS, to measure A, and ECj, values (Figure 3C).
JGB-1-147 exhibited inhibitory activity (Table 1), whereas
only JGB-1-155 exhibited slight potency gains in the enzyme
assay over the initial hit by having an ECs, of 3.29 uM relative
to 4.06 uM for NP-A3-B2. The 1.85-fold A,,,, of the hit was
surpassed only by JGB-1-137 with an A_,, of 2.08-fold.

The results from the cell-based NAD" and cell-free NAMPT
enzyme assays led to the selection of compounds for study in
the cell-based assays modeling aspects of cellular ND and
aging: JGB-1-127, -134, -137, -155, and NP-A3-B2 were
selected.

We set out to design assays representing the connection
between OS and the pathophysiology of aging and ND. Assay
development highlighted the neuronal HT-22 mouse hippo-
campal cell line as the most robust for these purposes and
inflammatory cytokine tumor necrosis factor alpha (TNFa) as
being a reliable and disease-relevant method for inducing ROS

https://doi.org/10.1021/acsmedchemlett.3c00391
ACS Med. Chem. Lett. 2024, 15, 205-214
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Figure 4. (A) Heatmap of dose—responses of select compounds screened against TNFa-induced ROS elevation in HT-22. (B) Isolated
confirmation assay of JGB-1-155 under the same conditions as (A). (C) Images from wells in (B). (D) JGB-1-155 dose—response in HT-22
stressed with glutamate (E) structure of JGB-1-155. (F) Images taken from wells in (D). Statistical significance is relative to the insult (TNFa or

glutamate) in (A), (B), and (D).

generation, which is relevant to neuroinflammation. The
mitochondrion is the primary ROS-producing organelle and
is especially ROS-sensitive, thereby reflecting cell-wide OS. For
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this reason, the fluorogenic MitoSOX Red Superoxide
Indicator dye, which localizes to mitochondria, was used to
quantify ROS levels.
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Figure S. (A) SAR summary for NP-A3-B2 optimization efforts. (B) Tetrahydropyran bulk-dependent activity.

TNFa is a cytokine released by immune cells to initiate
inflammation in response to perceived threats. Microglia serve
as the primary immune cells of the brain and carefully watch
the CNS for specific patterns indicating danger.”* Chronic
neuroinflammation is a prominent feature of aging and ND in
which activated microglia assume an inflammatory (M1)-
dominant phenotype in response to oxidative stress and other
aging-associated stressors.”>*® M1 microglia release proin-
flammatory cytokines, like TNFa, that can be neurotoxic,
exacerbate further microglial activation, and cause increased
amyloid-f3 production in astrocytes.”” Specifically, TNFa can
induce ROS production in neurons via TNF receptor 1
(TNFR1) and subsequent NFxB-promoted gene expression of
ROS-generating enzymes, such as iNOS and NOX2.”® This has
been demonstrated in HT-22 cell cultures, which further
supports our use of the cell line to model the interaction
between TNFa and 0S.”

Nicotinamide riboside (NR) treatment in AD mouse models
has been shown to prevent oxidative DNA damage, decrease
measures of activated astrocytes and microglia, and inhibit the
upregulation of proinflammatory pathways, including the
release of TNFa.”>" In a model of vascular dementia, 8
weeks of daily intraperitoneal NAD* administration attenuated
microglial activation and TNFa mRNA expression and blunted
increased ROS in the hippocampus and cortex.”' The influence
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of NAD" on these systems is established; however, this has not
been shown for NAMPT activators.

The hit, selected analogues and previously reported
NAMPT booster SBI-797812 were screened against 1 ug/
mL of TNFa (Figure 4A). All NP-A3 series N-PAMs showed
positive trends, and NP-A3-B2, JGB-1-137, and -155
significantly suppressed ROS at 40 uM. SBI-797812 had no
significant effect on ROS at any concentration tested.
Consistent with its relative NAD* enhancement in THP-1
cells, JGB-1-155 outperformed all other analogues in ROS
attenuation. Relative to TNFa-treated cells, this comprised a
0.63-fold ROS reduction (vs 0.82-fold for NP-A3-B2).
Following the identification of JGB-1-155 as the most
efficacious ROS inhibitor, we made more detailed measure-
ments. This revealed the significant reduction of TNFa-
induced ROS by 20 yM and 40 yM JGB-1-155 (Figure 4B).
The MitoSOX signal induced by TNFa and its reduction by
JGB-1-155 treatment are seen in cell imaging (Figure 4C).

We became interested in assessing the ROS-mitigating
effects of JGB-1-155 against additional insults in HT-22 cells.
Glutamate-mediated excitotoxicity is a significant feature of the
synaptic and neuronal dysfunction present in aging and many
neuropathological conditions, including AD.** Excitotoxicity
involves the abnormal influx of Ca®* into postsynaptic neurons
and can contribute to OS by stimulating ROS-generating
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enzymes and suppressing antioxidant enzymes, like superoxide
dismutase (SOD).*” NAM and NAD" have provided neuro-
protection in HT-22 cells and cortical neurons challenged with
glutamate.'*** However, the specific mitigation of ROS in
cells stressed with glutamate via NAD" enhancement has not
been demonstrated, and furthermore, such neuroprotection
has not been shown with N-PAMs and NAMPT activators.
Evaluating activity against OS in neurons induced by two
different stressor pathways, TNFa and glutamate, is a valuable
measure of the generalizable ability of N-PAMs to protect
against OS.

The dimethylamino analogue JGB-1-155 was tested against a
75 mM glutamate insult and exhibited the same dose-
dependent ROS-reducing activity seen against TNFa. JGB-1-
155 treatments of 20 yuM and 40 yM decreased ROS levels
below that of the vehicle-treated control, which can be
explained by the background levels of oxidative stress in vehicle
(DMSO)-treated neurons (Figure 4D). Images taken from the
assay demonstrate this effect further (Figure 4F).

We posit that N-PAMs produce an antioxidant effect
through the support of NAD*-dependent SIRTs. SIRT1 is
known to mediate numerous survival and adaptive pathways in
the brain, such as OS response, mitochondrial biogenesis, and
anti-inflammatory effects.** NAD*-induced ROS abrogation
has been demonstrated to be dependent on SIRT1 in a model
of chronic cerebral hypoperfusion.”'1 Similarly, NMN was
shown to prevent ROS generation via SIRT1 in the
hippocampi of septic mice.”” Direct chemical antioxidant
activity is another possible mechanism for the observed effects
of our N-PAMs on HT-22 cells. However, JGB-1-127 and
JGB-1-134 contain the same potential antioxidant groups and
did not inhibit ROS generation.

Insight into SAR was provided by NAMPT enzyme
activation and activity in THP-1 and HT-22 cells, which will
help guide future synthesis (Figure SA). Compounds with a
single 4-position substituent on the R' benzene ring had
superior activity in both NAMPT activation and THP-1 cells.
Additionally, the 4-dimethylamino in JGB-1-155 improved
activity in both THP-1 and HT-22 cell cultures over the 4-
methoxy compounds. Thiophene replacement of the R? furan
moiety, such as in JGB-1-137, significantly improved NAD*
production in THP-1 and increased efficacy in NAMPT. All R*
changes adding atoms beyond an unsubstituted five-membered
ring directly bound to the carbonyl were detrimental.
Increasing size by extending the furan with homologation,
expanding to a six-membered heterocycle, and adding a
halogen substituent all undermined activity. The R® ring is
somewhat amenable to heteroatom position alteration or
addition, as many of these analogues retained activity, but
changing polarity in this way did not increase enzyme
activation, and the imidazole in JGB-1-147 inhibits NAMPT.
While the potency does not compare with the numerous
nanomolar NAMPT inhibitors, such as the archetypal FK866,
JGB-1-147 represents a novel chemotype and potentially a
novel mechanism of action. The majority of NAMPT
inhibitors contain N-heterocycles that occupy the NAM
binding pocket (Figure 2B), which is an unlikely binding
pose for JGB-1-147. This also provides an additional example
of inhibitor—activator conversion, such as that seen in the
development of SBI-797812.>* Notably, the largest gains in
activity were not dependent on optimizing the interaction of
the R* region with lysine-189. Structural changes attempting to
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enhance the interaction between the ligand and lysine-189 only
improved activity for JGB-1-127.

We hypothesized that the bulky tetrahydropyran R* group
acted as an anchor to stabilize the compound in the NAMPT
allosteric channel. This contribution to activity was confirmed
by complete voiding of activity upon its removal. Furthermore,
the importance of bulk in this region is well demonstrated by
the size-dependent increase in activity from no R® group at all
to mono-, to tri-, to tetra-substituted tetrahydropyran (Figure
SB). Additional bulky tetrahydropyran derivatives can add
further support to the observed trend, such as those with
isobutyl, isopentyl, neopentyl, cyclopentyl, and adamantyl
groups in place of the isopropyl moiety.

We set out to improve potency and efficacy of the HTS hit,
NP-A3-B2, and to assess neuroprotective activity in aging- and
ND-relevant assays. The early lead compound, JGB-1-155,
achieved a promising improvement in increased cellular NAD*
levels and neuronal ROS mitigation, which supports further
optimization of the NP-A3-B2 hit series.
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