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a b s t r a c t

There is a critical need for new mechanism-of-action drugs that reduce the burden of obesity and asso-
ciated chronic metabolic comorbidities. A potentially novel target to treat obesity and type 2 diabetes is
nicotinamide-N-methyltransferase (NNMT), a cytosolic enzyme with newly identified roles in cellular
metabolism and energy homeostasis. To validate NNMT as an anti-obesity drug target, we investigated
the permeability, selectivity, mechanistic, and physiological properties of a series of small molecule
NNMT inhibitors. Membrane permeability of NNMT inhibitors was characterized using parallel artificial
membrane permeability and Caco-2 cell assays. Selectivity was tested against structurally-related
methyltransferases and nicotinamide adenine dinucleotide (NAD+) salvage pathway enzymes. Effects
of NNMT inhibitors on lipogenesis and intracellular levels of metabolites, including NNMT reaction pro-
duct 1-methylnicotianamide (1-MNA) were evaluated in cultured adipocytes. Effects of a potent NNMT
inhibitor on obesity measures and plasma lipid were assessed in diet-induced obese mice fed a high-
fat diet. Methylquinolinium scaffolds with primary amine substitutions displayed high permeability from
passive and active transport across membranes. Importantly, methylquinolinium analogues displayed
high selectivity, not inhibiting related SAM-dependent methyltransferases or enzymes in the NAD+ sal-
vage pathway. NNMT inhibitors reduced intracellular 1-MNA, increased intracellular NAD+ and S-(50-
adenosyl)-L-methionine (SAM), and suppressed lipogenesis in adipocytes. Treatment of diet-induced
obese mice systemically with a potent NNMT inhibitor significantly reduced body weight and white adi-
pose mass, decreased adipocyte size, and lowered plasma total cholesterol levels. Notably, administration
of NNMT inhibitors did not impact total food intake nor produce any observable adverse effects. These
results support development of small molecule NNMT inhibitors as therapeutics to reverse diet-
induced obesity and validate NNMT as a viable target to treat obesity and related metabolic conditions.
Increased flux of key cellular energy regulators, including NAD+ and SAM, may potentially define the ther-
apeutic mechanism-of-action of NNMT inhibitors.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Obesity is a major public health problem around the world
that is linked to severe comorbid disease conditions, physical
impairment, high mortality rates, and compromised quality of life
[1–4]. Obesity is characterized by the buildup of excessive body fat
and extreme dysregulation in whole-body energy expenditure,
glucose, hormone, and lipid homeostasis that typically present as
adverse metabolic disorders [4,5]. Additionally, the physiological,
metabolic, and psychological changes that accompany obesity are
major factors in the development of type 2 diabetes (T2D), cardio-
vascular disease (CVD) (e.g., coronary heart disease, dyslipidemia,
hypertension) [6,7], stroke, inflammation, non-alcoholic fatty
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liver disease (NAFLD), non-alcoholic steatohepatitis (NASH),
osteoarthritis, sleep apnea, and several obesity-linked cancers
(e.g., colorectal, breast, kidney, prostate) [6,8]. Lifestyle modifica-
tions including diet and exercise may help reverse obesity and
improve chronic disease biomarkers (e.g., T2D) [9], but are largely
ineffective in achieving sustained weight loss and glycemic control
[10]. Pharmacological treatments for obesity exist, but unfortu-
nately most approved anti-obesity drugs have only modest efficacy
and/or produce severe adverse effects (e.g., cardiovascular risks,
central nervous system effects). Thus, there is a critical need for
more effective pharmacological interventions that improve long-
term management of obesity and its comorbidities [11].

Recently, nicotinamide-N-methyltransferase (NNMT) has
emerged as a novel mechanism-of-action target in the adipose tis-
sue to treat obesity and associated T2D [12–15]. NNMT is a cytoso-
lic enzyme with a newly identified role in modulating cellular
energy homeostasis by jointly regulating nicotinamide (NA) and
S-(50-adenosyl)-L-methionine (SAM) flux within the critical intra-
cellular nicotinamide adenine dinucleotide (NAD+) salvage path-
way and methionine cycle, respectively [15]. NNMT expression is
upregulated in the white adipose tissue (WAT) of obese and dia-
betic mice [12] and has significantly higher activity in the WAT
compared to its activity in the brown adipose tissue, liver, and
lungs of diet-induced obese mice [16]. Furthermore, plasma levels
of the NNMT reaction product 1-methylnicotinamide (1-MNA) cor-
relate with adipose NNMT expression, individuals’ body mass
index (BMI), and waist circumference, suggesting the target to be
clinically relevant [13,14]. Importantly, mice fed a high-fat diet
and treated with antisense oligonucleotides (ASOs) that reduced
adipose NNMT expression were protected from diet-induced obe-
sity (DIO) and showed reduced adiposity compared to control ani-
mals [12].

Using structure-guided design and binding calculations, we
recently generated potent small molecule NNMT inhibitors around
a methylquinolinium (MQ)-scaffold [17]. In the present study, we
extend these findings to show that the small molecule NNMT inhi-
bitors are highly membrane-permeable, selective inhibitors, which
reduce intracellular 1-MNA levels and prevent lipogenesis in vitro.
These amenable properties demonstrated for the small molecules
led us to conduct a proof-of-concept in vivo study in diet-
induced obese mice to test the hypothesis that the most potent
inhibitor when administered systemically, would reverse obesity
by causing substantial loss of body weight and adiposity without
causing any observable adverse effects.
2. Materials and methods

2.1. Chemicals

NNMT inhibitors and standards for LC/MS/MS studies were pur-
chased from established commercial suppliers or synthesized in-
house by established synthetic schemes as described previously
[17]. SAM, NA, 1-MQ, 1,8-diMQ, NAD+, and 6-chloro nicotinamide
(6-CN) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 1-
MNA and S-(50-adenosyl)-L-methionine (SAH) were obtained from
Cayman Chemical Company (Ann Arbor, MI, USA).
2.2. Parallel artificial membrane permeability assay (PAMPA)

Passive membrane transport properties were measured using a
96-well pre-coated PAMPA plate system with membrane pore size
0.4 mm (GentestTM, Corning; Bedford, MA, USA). Briefly, 1 mM stock
solution of each compound was prepared in deionized water,
diluted to a final concentration of 400 lM in PBS (Sigma Aldrich;
St. Louis, MO), and placed in the plate bottom well (donor well).
After 4 h of incubation at room temperature, the sample concentra-
tion in the donor and acceptor wells were measured using a UV–
Vis spectrophotometer (Beckman, DU640) set at the wavelength
corresponding to the maximum absorption of each compound.
Compound concentration in the donor and acceptor wells were cal-
culated from calibration curves spanning 400 to 3.125 lM. Sam-
ples were tested in triplicates in three separate experiments.
2.3. Bi-directional permeability assay with Caco-2 cells

Compounds were tested in a Caco-2 cell bi-directional perme-
ability assay using an established contract research organization
(Cyprotex; Watertown, MA, USA). Briefly, Caco-2 cells were seeded
in 96-well plates and allowed to grow in culture media for three
weeks, feeding at 2-day intervals. To ensure a well-defined Caco-
2 cell monolayer prior to initiation of experiments, aliquots of
the cell buffers were analyzed by fluorescence to determine the
transport of the impermeable dye Lucifer yellow. For apical to
basolateral (A ? B) and basolateral to apical (B? A) permeability,
compounds were added at 10 lM concentration to the apical (A)
side and basolateral (B) side, respectively, and the corresponding
amount of permeation was determined by measuring compound
concentration on the B or A side. The A-side buffer contained
100 lM Lucifer yellow dye, in transport buffer (1.98 g/L glucose
in 10 mM HEPES, 1x Hank’s balanced salt solution, pH 7.4), and
the B-side buffer was transport buffer at pH 7.4. Caco-2 cells were
incubated with these buffers for 2 h, and the receiver side buffer
was removed for analysis by LC/MS/MS (using bucetin as an ana-
lytical internal standard). Data were expressed as permeability
(Papp) calculated using the following formula:

Papp ¼ dQ=dt
c0A

; where
dQ=dt; rate of permeation

C0, initial concentration of compound
A, area of monolayer (0.11 cm2)

Efflux Ratio (Re) was calculated using the formula:

Re ¼ PappðB ! AÞ
PappðA ! BÞ
2.4. MTT cell viability assay

3T3-L1 pre-adipocytes cells (catalog CL-173, American Type
Culture Collection; Manassas, VA, USA) were seeded at a density
of 2 � 103 cells per well in 96-well plates, cultured with standard
culture media [DMEM, 4.5 g/L glucose, L-glutamine, sodium pyru-
vate (Mediatech Inc.; Tewksbury, MA, USA), 10% FBS (Sigma
Aldrich; St. Louis, MO, USA), 1% antibiotic-antimycotic solution
(Mediatech Inc.; Tewksbury, MA, USA)], and grown for 48 h until
>�90% confluent. Cells were treated for 24 h with 0.1–600 lM
NNMT inhibitors in cell culture media. A 24 h time point was cho-
sen based on a previous report of using this time period for trans-
fecting or treating 3T3-L1 cells with NNMT anti-sense
oligonucleotides or a small molecule NNMT product inhibitor (1-
MNA), respectively, for phenotypic measures [12]. MTT (3-(4,5-di
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (ATCC;
Manassas, VA, USA) was added to each well and assayed according
to the manufacturer’s instructions. Absorbance corresponding to
the amount of formazan dye produced by treated cells was normal-
ized to that produced by control (untreated) cells to calculate%
viable cells in the treated samples.
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2.5. Differentiation of 3T3-L1 pre-adipocytes

3T3-L1 pre-adipocytes cells were cultured with standard cul-
ture media (DMEM, 4.5 g/L glucose, L-glutamine, sodium pyruvate,
10% FBS, 1% antibiotic-antimycotic solution) and grown for 48 h
before initiating differentiation using the manufacturer’s sug-
gested protocol and modified from previously published work
[18]. Briefly, standard culture medium was supplemented with
scheduled addition of adipogenic agents [3-isobutyl-1methyl xan-
thine (IBMX), Sigma Aldrich; MO, USA), dexamethasone (Sigma
Aldrich; MO, USA), insulin (Gibco Life Technologies Inc.; Grand
Island, NY, USA)] over 10 days to promote differentiation of 3T3-
L1 fibroblasts into adipocytes; a combination of 1 mM IBMX, 1
lM dexamethasone, and 10 lg/ml of insulin in media was added
to fully confluent 3T3-L1 fibroblasts for three days (days 0–3) to
initiate differentiation. At day 3, the medium was replaced with
culture media supplemented with insulin (10 lg/ml). After day 6,
cells were maintained in culture media until described experi-
ments were begun (days 8–10).

2.6. Quantitative measurement of NNMT reaction product 1-MNA in
cultured cells

Cellular 1-MNA concentrations were determined using an ultra-
sensitive high-resolution AB Sciex 6500 Q-trap mass spectrometer
coupled to an Agilent 1260 ultra-high pressure liquid chromatog-
raphy (LC/MS/MS) system. Using multiple reaction monitoring
(MRM) positive ion mode, the 1-MNA NNMT reaction product
was quantified from peak area ratios using AB Sciex Analyst and
MultiQuant 2.1 software and the parent precursor and Q3 masses
set to m/z 137.1 and 94.1, respectively. Fragment ions at m/z of
92.1 and 77.9 were additionally used for the detection and confir-
mation of 1-MNA, respectively. Processing of undifferentiated 3T3-
L1 pre-adipocytes (day 0) and differentiated adipocytes (day 10)
were optimized for recovery and reproducibility of 1-MNA levels
across cultured batches of 3T3-L1 cells (�passages 7–8) and the
1-MNA levels were compared between the pre-adipocytes and adi-
pocytes. To determine the effect of NNMT inhibitor on NNMT activ-
ity in the pre-adipocytes and differentiated adipocytes (8 � 104

cells/well seeded prior to beginning differentiation), cells were
treated with 30 lM inhibitor for 24 h. Similarly, to compare the
relative effects of multiple NNMT inhibitors on NNMT activity in
cultured adipocytes, differentiated adipocytes in 6-well plates
were treated with 10 lM test compound for 24 h. Following treat-
ment, medium was replaced with 80% (v/v) methanol (cooled to
�80 �C) containing 500 nmol 6-chloronicotinamide (6-CN) as an
internal standard (IS) to extract cellular metabolites. Adherent cells
were scrapped, then centrifuged at 4 �C and 13,000g for 15 min,
and the resulting supernatants processed using established proto-
cols [19]. Intracellular levels of 1-MNA and as well as the IS were
determined from LC/MS/MS peak areas. Data were subsequently
normalized to the IS peak area and transformed as % control values
for cross-sample comparisons. The above procedure was repeated
with inhibitor concentrations spanning 0.3–60 lM for 5-amino-
1MQ to determine the effective concentration (EC50) required to
inhibit 50% NNMT activity in cultured adipocytes. Choice of inhibi-
tor concentrations and time period was chosen based on the
results of the MTT studies.

2.7. Quantitative measurement of selected metabolites in cultured cells

The relative levels of selected metabolites (NA, SAM, SAH,
NAD+) regulated by cellular energy expenditure pathways associ-
ated with NNMT were simultaneously detected using LC/MS/MS
and MRM ratios. Sample processing was performed as described
above. Parent precursor masses of 124.0, 399.3, 385.1, and 665.1
Da and Q3 masses set to m/z 80.0, 250.1, 136.0, and 136.0 were
used for the quantitation of NA, SAM, SAH, and NAD+, respectively.

2.8. Selectivity of NNMT inhibitors

Test compounds were screened in biochemical assays for activ-
ity against three structurally similar methyltransferases, including
catechol-O-methyltransferase (COMT), DNA (cytosine-5)-
methyltransferase 1 (DNMT1), and protein arginine methyltrans-
ferase 3 (PRMT3). Additional biochemical assays were used to test
the ability of compounds to inhibit nicotinamide phosphoribosyl
transferase (NAMPT) and NAD+-dependent protein deacetylase sir-
tuin 1 (SIRT1), two enzymes in the NAD+ biosynthesis/salvage
pathway. All assays were performed by Reaction Biology Corpora-
tion (RBC; Malvern, PA, USA) and complete assay details are noted
below. For each test compound, IC50 values were calculated from
dose-response curves established with 10 concentrations of a
half-log dilution series. For each assay, established enzyme specific
inhibitors were included as positive controls for enzyme function
and assay reproducibility. IC50 values were determined by non-
linear least-squares fitting of a 4-parameter dose-response curve
to collected data points (Graphpad Prism 7.0; La Jolla, CA, USA).

2.8.1. DNMT1 activity assay
A radiometric assay was performed by RBC using 100 lM–5 nM

SAH as an inhibitor positive control. The analogues, 1,8-diMQ and
5-amino-1MQ were tested at concentrations from 200 lM to 10
nM and 600 lM to 10 nM, respectively. Reactions were performed
with 0.001 mg/ml DNA substrate Poly(dI-dC), 1 lM radiolabelled
S-adenosyl-L-[methyl-3H] methionine (SAM) co-substrate, and
recombinant human DNMT1 enzyme. Activity was monitored via
quantification of radiolabeled reaction product DNA 5-
[methyl-3H]-cytosine.

2.8.2. PRMT3 activity assay
A radiometric assay was performed by RBC using 100 lM–5 nM

SAH as an inhibitor positive control. The analogues, 1,8-diMQ and
5-amino-1MQ were tested at concentrations from 200 lM to 10
nM and 600 lM to 10 nM, respectively. Reactions were performed
with 5 lM histone H3 (histone L-arginine) substrate, 1 lM radiola-
beled S-adenosyl-L-[methyl-3H] methionine (SAM) co-substrate,
and recombinant human PRMT3 enzyme. Activity was monitored
via quantification of radiolabeled reaction product histone
[methyl-3H]-L-arginine.

2.8.3. 3, COMT activity assay
A radiometric assay was performed by RBC using 1 lM–50 pM

tolcapone as an inhibitor positive control. The analogues, 1,8-
diMQ and 5-amino-1MQ were tested at concentrations from 200
lM to 10 nM and 600 lM to 10 nM, respectively. Reactions were
performed with 0.5 lM catechol substrate COMT-S01, 1 lM radio-
labelled S-adenosyl-L-[methyl-3H] methionine (SAM) co-substrate,
and recombinant human COMT enzyme. Activity was monitored
via quantification of methylated catechol reaction product (guaia-
col [methyl-3H]).

2.8.4. NAMPT activity assay
A fluorometric assay was performed by RBC using 1 lM–50 pM

FK866 as an inhibitor positive control. The analogue 5-amino-1MQ
was tested at concentrations from 600 lM to 30 nM. Reactions
were performed with 2 lM nicotinamide and 30 lM phosphoribo-
syl pyrophosphate (PRPP) in the presence of 1 mM ATP and recom-
binant human NAMPT enzyme. Activity was monitored using
fluorescence detection and quantification of the nicotinamide
mononucleotide (NMN) reaction product.
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2.8.5. SIRT-1 activity assay
A fluorometric assay was performed by RBC using 100 lM–5

nM suramin sodium as an inhibitor positive control. The analogue
5-amino-1MQwas tested at concentrations from 600 lM to 30 nM.
Reactions were performed with 50 lM RHKKAc, a fluorogenic pep-
tide substrate from p53 residues 379 to 382, 500 lM NAD+ co-
substrate, and recombinant human SIRT-1 (NAD+-dependent)
enzyme. Activity was monitored by the formation of a fluorescent
product (coumarin) generated by a two-step coupled reaction that
involved deacetylation of substrate by SIRT-1 followed by sec-
ondary release of the fluorophore.

2.9. Efficacy of NNMT inhibitor 5-amino-1MQ in diet-induced obese
(DIO) mice

17-Week old, male DIO C57Bl/6 mice that have been fed high-
fat diet (HFD) for 11 weeks (starting at week 6) were purchased
from Jackson Labs (Jackson Laboratory; Bar Harbour, ME, USA).
Mice were initially group housed (three/cage) and allowed to accli-
mate to the colony environment maintained at a constant temper-
ature (21–23 �C) and humidity (40–50%) on a 12-h light–dark cycle
(lights on 0600–1800 h). Upon arrival, mice were continued to be
fed HFD (Open Source Diets formula D12451 from Research Diets
Inc.; New Brunswick, NJ, USA), containing 45% energy from fat.
Water was available ad libitum. All experiments were carried out
in accordance with the Guide for the Care and Use of Laboratory Ani-
mals [20] and with approval from the Institutional Animal Care and
Use Committee at the University of Texas Medical Branch. Follow-
ing acclimation for seven days, mice were single-housed and main-
tained on HFD for 4 additional weeks. Mice were intermittently
handled, with body weights and food intake (hopper weights)
measured 2–3 times per week. After being fed HFD for a total of
16 weeks (an appropriate rodent model of DIO and comparable
to human obesity [21]) and reaching pre-arrival body weights
(�38 g), mice were randomized into balanced control and treat-
ment cohorts (n = 9/cohort), with similar group average body
weight and standard deviation. Mice in the vehicle cohort received
three subcutaneous (SC) saline (1 ml/kg) injections/day (�0930,
1330, 1730 h) and mice in the treatment cohort received three
SC injections of the NNMT inhibitor 5-amino-1MQ at a dose of
20 mg/kg/injection for a total dose of �34 mg/kg/day of the parent
compound (calculated according to free weight) for 11 days. The
dose chosen was based on an initial dose escalation study (ranging
from 10 mg/kg/day to a total dose of 150 mg/kg/day) in DIO mice
(n = 2); a total dose of 60 mg/kg/day was well tolerated with no
observable adverse effects. Body weight and food intake were mea-
sured every other day. On day 12, mice were subjected to a 4 h fast
period, then deeply anesthetized using isoflurane and trunk blood
was collected by decapitation. Plasma was separated from every
sample and the samples were submitted to Texas A&M Veterinary
Medical Diagnostic Laboratory (TVMDL; College Station, TX, USA)
for plasma lipid-panel measurements (total cholesterol and
triglycerides). Triglycerides values were not included for analysis
since the measurements were confounded by sample hemolysis
that interfered with the triglyceride reagent in the assay. Epididy-
mal fat pads (epididymal white adipose tissue; EWAT) were
excised from every mouse, weighed, and fixed in 10% buffered for-
malin for further processing.

2.10. Histological analysis

Formalin-fixed EWAT samples were paraffin embedded, sec-
tioned (4 lM), and stained with hematoxylin and eosin (H&E).
Images were obtained at 20� magnification using a light micro-
scope (Leica DM LB) and digitally photographed for automated
image analysis. Images were analyzed using the ‘‘Adiposoft”
plug-in software in ImageJ (NIH) [22]. Briefly, images were con-
verted to 8-bit images and scaled to 0.366 mm per pixel (corre-
sponding to 20� magnification on the Leica microscope).
Minimum and maximum diameter parameters were assigned to
identify appropriate cells for the automated adipocyte area calcu-
lations, and cells along the boundary of the images were excluded
from analyses. Three to five images/sample were analyzed, with
automated analysis confirmed by visual inspection. Images corre-
sponding to each sample were averaged to obtain the mean adipo-
cyte area (lm2) per sample and combined to calculate group mean
values for control (vehicle-treated EWAT samples) and treatment
(NNMT inhibitor-treated EWAT samples) cohorts.

2.11. Effect of NNMT inhibitor on adipocyte differentiation quantitated
with oil red O staining

3T3-L1 cells were cultured in 60 mm diameter dishes (8.4 � 104

cells/dish) and treated with NNMT inhibitor dissolved in culture
media with/without adipogenic factors (1 mM IBMX, 1 lM dexam-
ethasone, 10 lg/ml of insulin) during each of the scheduled med-
ium changes during the differentiation process (described above).
On day 9 post-differentiation, cells were subjected to quantitative
oil red O (Thermo Fisher Scientific; Waltham, MA, USA) staining as
adapted and modified from published protocols [12]. Briefly, cells
were washed twice with PBS, fixed with 10% formalin for 30 min
at room temperature, and stained with oil red O working solution
(�0.2% oil red O in 99% isopropanol) for 30 min. Cells were then
washed five times or with sterile water until unincorporated oil
red O stain was completely removed. Images of oil red O staining
in control and inhibitor-treated cells were digitally photographed
using a light microscope (Olympus BX41; Tokyo, Japan). After
image capture, 2-propanol (3.5 mL) was added to each dish for
10 min to dissolve the oil red O stain and absorbance was quanti-
fied in a plate reader set at 492 nm wavelength. To ensure the
absorbance from oil red O staining was within the linear detection
range of the plate reader, a calibration curve was established for oil
red O staining in adipocytes using a previously described protocol
[23].

2.12. Statistical analysis

Statistical analysis for two-group comparisons was conducted
using unpaired Student’s t-test. A one-way analysis of variance
(ANOVA) with Dunnett’s posthoc test was used to compare multi-
ple groups (different inhibitor treatments or concentration effects
in cellular assessments) to controls. Daily NNMT inhibitor effects
on body weight measures in DIO mice was analyzed using a
repeatedmeasures two-way ANOVAwith Sidak’s multiple compar-
ison posthoc test. All statistical analyses were performed using
Graphpad Prism 7.0 with an experiment-wise error rate of a = 0.05.
3. Results

3.1. NNMT inhibitors display high membrane permeability

Compounds spanning �100-fold IC50 values for NNMT inhibi-
tion were selected on the basis of positional substitutions around
the N-methylated quinolinium scaffold [17] to obtain an estimate
of drug-like oral absorption/bioavailability properties and guide
the choice of inhibitors for in vitro and in vivo phenotypic studies.
Tables 1 and 2 summarize passive membrane diffusion and active
transport membrane permeability, respectively, for select small
molecule NNMT inhibitors for which structure activity relation-
ships had been previously developed [17]. 1-MNA, a product inhi-
bitor of NNMT [12,24,25] exhibited no passive permeability



Table 1
NNMT inhibitor permeability from passive transport across membranes as measured using PAMPA.

Name IC50 (lM)a Flux (cm/s) Permeability Classificationb

Quinoline (highly permeable)c ND 33.9E-06 High permeability
1-Methylnicotinamide (1-MNA) 9.0 0 No permeability
1-Methylquinolinium (1-MQ) 12.1 0 No permeability
1,8-DiMQ 1.8 8.63702E-07 Low permeability
1,2,4,8-TetraMQ 109.2 6.98184E-07 Low permeability
5-Amino-1MQ 1.2 3.01472E-06 High permeability
3-Amino-6-fluoro-1MQ 1.2 1.07832E-06 Moderate permeability
7-Amino-1MQ 2.6 2.05476E-06 High permeability
2,3-Diamine-1MQ 2.8 3.89795E-06 High permeability

ND: Not determined; Quinoline is an NNMT substrate [25].
a IC50 values from our published SAR study [17].
b BCS, Biopharmaceutics Classification System.
c High membrane-permeable comparator compound[51]

Table 2
Active transport across cell membranes and drug efflux ratios for NNMT inhibitors determined using Caco-2 assay.

Name Mean A? B Papp 10�6 cm/s Mean B? A Papp 10�6 cm/s Efflux Ratio
(Re)

Classification

Ranitidinea 0.192 1.44 11.9 Low permeability (control)
Talinolola 23.5 15.7 0.673 High permeability (control)
Warfarina 0.0701 5.01 73.2 High efflux (control)
1,8-DiMQ BLQ 1.78 NC Low permeability
5-Amino-1MQ 34.2 45.2 1.33 High permeability (no efflux)
7-Amino-1MQ 26.0 39.6 1.52 High permeability (no efflux)
2,3-Diamine-1MQ 5.27 21.2 4.03 Moderate permeability

(moderate efflux)

BLQ: No peak detected in receiver side sample for A? B transport.
NC: not calculable.

a Standard controls used in the assay based on permeability classifications.

Fig. 1. Effect of NNMT inhibitors on 3T3-L1 cell viability. Data represent average
viability of 3T3-L1 cells normalized to untreated (control) cells at different
concentrations of 5-amino-1MQ (open bar), 7-amino-1MQ (closed bar), and 2,3-
diamino-1MQ (hatched bar) (n = 3–6); error bars represent standard error of the
mean (SEM). Treatment of 3T3-L1 pre-adipocytes with NNMT inhibitors for 24 h did
not impact cell viability up to a concentration of 100 lM. P > .05, not significant vs.
untreated 3T3-L1 cells (0 lM). **P < .01; ***P < .001 vs. untreated 3T3-L1 cells (0 lM)
analyzed by a one-way ANOVA with Dunnett’s posthoc.
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(Table 1). Similarly, the quinolinium containing parent analogue 1-
MQ also lacked passive diffusion properties (Table 1), suggesting
that the lipophilicity and drug-like permeability properties of ana-
logues within the methylquinolinium series had to be improved
via chemical modification. To this end, we synthesized a number
of per-methylated quinolinium analogues [17] guided by in silico
calculation of partition coefficient (c logP) [26]. Addition of
hydrophobic methyl group substitutions around the quinolinium
scaffold (previously shown to negatively impact NNMT inhibitory
activity) [17] only slightly improved membrane permeability via
passive transport as indicated by the low, but non-zero, permeabil-
ity values for 1,8-diMQ and 1,2,4,8-tetraMQ (Table 1). In contrast,
positional polar amine substitutions around the quinolinium core
not only improved NNMT inhibition as noted previously [17], but
also enabled favorable passive and active transport across mem-
branes (Tables 1 and 2). Specifically, 5-amino-1MQ and 7-amino-
1MQ exhibited high passive and active transport across membrane,
with no detectable efflux observed in the Caco-2 cell assay. In con-
trast, the 2,3-diamino substitution in the 1MQ scaffold (2,3-
diamino-1MQ) displayed high passive permeability (Table 1), but
moderate bi-directional active transport with moderate efflux ratio
(Table 2). Consistent with the PAMPAmeasurements, the 1,8-diMQ
analogue exhibited very low bi-directional transport in the Caco-2
cell assay (Table 2).

3.2. Effects of NNMT inhibitors on 3T3-L1 cell viability

The cytotoxic effects of three membrane-permeable NNMT
inhibitors, 5-amino-1MQ, 7-amino-1MQ, and 2,3-diamino-1MQ
were evaluated in 3T3-L1 pre-adipocytes. Treatment of cells with
10 lM 5-amino-1MQ or 7-amino-1MQ and 300 lM 2,3-diamino-
1MQ for a 24 h period did not impact cell viability (Fig. 1). 5-
Amino-1MQ and 7-amino-1MQ produced modest cytotoxicity rel-
ative to untreated cells (P < .01, treated vs. control untreated cells)
at concentrations ranging from 100 to 300 lM. All three com-
pounds displayed �40% cytotoxicity at the highest concentration
tested (P < .001, 600 lM-treated cells vs. control untreated cells).

3.3. Differentiated 3T3-L1 adipocytes provide a relevant cell-based
system to validate NNMT inhibitor mechanism-of-action

To determine if differentiated 3T3-L1 adipocytes could be uti-
lized as a cell-based system for mechanism-of-action and pheno-
typic characterization of NNMT inhibitors, we measured the
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expression levels of NNMT and used LC/MS/MS to assess the levels
of NNMT reaction product 1-MNA in fully differentiated adipocytes
(day 9–10 post-differentiation) and undifferentiated pre-
adipocytes (day 0). NNMT protein expression was found to be
�37-fold higher in the adipocytes (day 9) vs pre-adipocyte (P <
.0001, Fig. 2A). Similarly, 1-MNA levels normalized to total cellular
protein were �7.5-fold higher in adipocytes compared to pre-
adipocytes (P < .05, pre-adipocytes vs. adipocytes, Fig. 2B), suggest-
ing relatively higher activity of the NNMT enzyme in the fully dif-
ferentiated adipocytes. NNMT inhibition using 5-amino-1MQ (30
lM concentration) in both the pre-adipocytes (P < .01, treated
pre-adipocytes vs. untreated controls) and the adipocytes (P < .05,
treated adipocytes vs. untreated controls) resulted in significant
reduction in the intracellular levels of 1-MNA (Fig. 2C).

3.4. NNMT inhibitors decrease production of 1-MNA in differentiated
adipocytes

The relative effectiveness of NNMT inhibitors to lower 1-MNA
levels in the differentiated adipocytes were compared at a single
concentration of 10 lM (concentration well below the cytotoxic
concentration range for NNMT inhibitors). Treatment of adipocytes
with membrane-permeable NNMT inhibitors for 24 h resulted in a
significant reduction in cellular 1-MNA levels, relative to the levels
Fig. 2. Relative NNMT protein expression and reaction product 1-MNA levels in the pr
adipocytes. Expression levels of NNMT (normalized to b-actin) in pre-adipocytes (Day 0)
adipocytes (closed bar) and differentiated adipocytes (checkered bar) per lg of total cellu
intracellular levels of the NNMT reaction product 1-MNA in pre-adipocytes (closed bar) a
on the intracellular levels of 1-MNA in the adipocytes (inhibition of 1-MNA compared at
activity of NNMT inhibitor 5-amino-1MQ. IC50 for the lead inhibitor 5-amino-1MQ value
in Fig. 3F (e). Dose-response curve showing intracellular 1-MNA levels in adipocytes follo
average 1-MNA levels normalized to an internal standard and transformed to % control
curves and data was 0.94. #P < .05 vs. control pre-adipocytes; *P < .05; **P < .01; ***P < .
analyzed by Student’s t-test or a one-way ANOVA with Dunnett’s posthoc where approp
of 1-MNA in untreated control adipocytes (F(5,6) = 42.64, P < .0001)
(Fig. 2D). Dunnett’s posthoc tests revealed that all membrane-
permeable NNMT inhibitors tested significantly decreased 1-MNA
levels in the adipocytes relative to control (5-amino-1MQ,
P < .001; 3-amino-6-fluoro-1MQ, P < .01; and 2,3-diamino-1MQ,
P < .05 vs. control untreated adipocytes, respectively). In contrast,
the poorly membrane-permeable NNMT inhibitor 1,2,4,8-tetraMQ
did not significantly decrease intracellular 1-MNA levels compared
to untreated controls (P > .05, n.s.). 5-amino-1MQ, an analogue
from our initial series of NNMT inhibitors with low IC50 value
(IC50 = �1 lM [17]), and high cell membrane permeability
(Table 2), produced the greatest reduction of intracellular 1-MNA
levels at a concentration of 10 lM among tested inhibitors
(Fig. 2D). Based on these results, we monitored changes in
intracellular 1-MNA in response to 24 h treatment with varied 5-
amino-1MQ concentrations. 5-amino-1MQ showed concentration-
dependent inhibition of NNMT in fully differentiated adipocytes
that could be fit to a 3-parameter sigmoidal dose-response curve
with a calculated EC50 = 2.3 ± 1.1 lM (Fig. 2E, 2F; goodness-of-fit
R2 = 0.94). At inhibitor concentrations ranging from 10 to 60 lM,
the relative intracellular 1-MNA levels stabilized at �40% the level
observed for untreated adipocytes; concentrations greater than 60
lM were not tested due to known cytotoxic effects in 3T3-L1 cells
(see Fig. 1).
e-adipocytes vs adipocytes, and the mechanistic validation of NNMT inhibitors in
and fully differentiated adipocytes (Day 9) (a). Relative levels of 1-MNA in the pre-
lar protein (b). Effects of 5-amino-1MQ (30 lM) (open bar) treatment for 24 h on the
nd differentiated adipocytes (checkered bar) (c). Relative effect of NNMT inhibitors
10 lM concentration of each inhibitor treated for 24 h) (d). Chemical structure and
was determined using a biochemical assay [17] and EC50 was determined from data
wing treatment with varied 5-amino-1MQ concentrations (f). Data points represent
values ± SD (n = 2 replicates per data point). The goodness-of-fit R2 between fitted
001 vs. control adipocytes; ^P < .01, vs. 5-amino-1MQ (10 lM)-treated adipocytes
riate.
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3.5. NNMT inhibition increases intracellular concentrations of NAD+

and SAM in differentiated adipocytes

Fig. 3A outlines the major elements of the mammalian NAD+
salvage pathway using NA as the starting substrate [27]. Since
the NNMT inhibitor 5-amino-1MQ significantly reduced intracellu-
lar 1-MNA concentrations (Fig. 2B and C), we hypothesized that
NNMT inhibition in adipocytes would increase intracellular con-
centrations of the co-substrates NA and SAM and shunt more NA
into the NAD+ salvage cycle. A one-way ANOVA revealed an almost
significant main effect of NNMT inhibitor treatment on intracellu-
lar NAD+ levels (F(5,6) = 4.131, P = 0.0568) (Fig. 3B); treatment of the
adipocytes with the NNMT inhibitor 5-amino-1MQ resulted in a
concentration-dependent increase in the NAD+ levels with concen-
trations in the range of 1–60 lM resulting in �1.2–1.6-fold
increase in NAD+ levels relative to control adipocytes. Dunnett’s
posttests revealed a significant increase in NAD+ levels at the 10
lM inhibitor concentration (P < .05 vs. control; Fig. 3B). Similarly,
a one-way ANOVA revealed a significant main effect of NNMT inhi-
bition on intracellular SAM levels (F(5.5) = 7.35, P = 0.0236) in the
adipocytes (Fig. 3B). Dunnett’s posttests revealed a significant
increase in the intracellular SAM levels at the higher inhibitor con-
centration relative to control adipocytes (30 lM, P < .05; 60 lM, P
= 0.06). However, no statistically significant main effect of NNMT
inhibitor treatment were observed for the intracellular levels of
NA (F(5,6) = 1.031, P > .05) and (F(5,6) = 0.334, P > .05) SAH (Fig. 3B).
Fig. 3. Effects of NNMT inhibitor on intracellular levels of NAD+ salvage pathways and m
including the NAD+ biosynthesis salvage pathway starting from NA as a precursor that
concentrations and thus cellular epigenetic modifications and polyamine flux, and cle
abbreviations include NMNAT (nicotinamide mononucleotide adenylyltransferase), NA
transferases), PARPs (poly-ADP-ribose polymerases), and CD38 (cluster of differentiation
intracellular levels of NAD+, NA, SAM, and SAH metabolites in differentiated adipocytes t
levels measured by LC/MS/MS in 5-amino-1MQ-treated adipocytes (open bar) normalized
< .05 vs. control untreated adipocytes determined by one-way ANOVAs followed by Dun
3.6. NNMT inhibitors are selective and do not impact related
methyltransferases or enzymes in the NAD+ salvage pathway

The selectivity of NNMT inhibitors was confirmed by testing
against a panel of structurally similar methyltransferases and
two enzymes in the NAD+ salvage pathway (NAMPT and SIRT1;
Fig. 3). Concentrations of 1,8-diMQ and 5-amino-1MQ ranging
from 10 nM to 200 or 600 lM, respectively, did not inhibit DNMT1
or PRMT3 (Fig. 4A and B). Sigmoidal dose-response curves and reli-
able estimates of IC50 values based on non-linear least-squares fit-
ting to the available data could not be obtained since no significant
inhibition of DNMT1 and PRMT3 was observed at the tested NNMT
inhibitor concentrations (Table 3). Additionally, 1,8-diMQ and 5-
amino-1MQ showed little inhibition of COMT at maximal tested
concentrations of 200 lM (20% inhibition) and 600 lM (10% inhi-
bition), respectively, although no clear trend of concentration-
dependent inhibition was observed. As was noted for DNMT1
and PRMT3, sigmoidal dose-response curves and reliable estimates
of IC50 values could not be obtained since no significant inhibition
was observed at the tested NNMT inhibitor concentrations.

5-Amino-1MQ did not inhibit NAMPT up to a tested concentra-
tion of 100 lM; reliable data could not be obtained at 5-amino-
1MQ concentrations above 100 lM due to inference with the
NAMPT assay readout signal (Fig. 4D, Table 3). However, when
the assay was repeated with 5-amino-6-fluoro-1MQ, an analogue
of 5-amino-1MQ that did not interfere with the NAMPT assay, no
ethionine cycle metabolites. Schematic illustration of pathways regulated by NNMT,
feeds into energy metabolism, methionine cycle that regulates intracellular SAM
arance of NA by conversion to 1-MNA and excretory products. Pathway enzyme
MPT (nicotinamide phosphoribosyltransferase), MTase (SAM-dependent methyl-
38/cyclic ADP ribose hydrolase) (a). Effects of the NNMT inhibitor 5-amino-1MQ on
reated with concentrations 0.3–60 lM for 24 h (b). Data represent mean metabolite
to control untreated adipocyte (closed bar) levels in biological duplicates (±SD). *P
nett’s posttest comparisons.



Fig. 4. Normalized response curves for NNMT inhibitors (5-amino-1MQ, open triangle; 1,8-diMQ, open square) against similar methyltransferase enzymes DNMT1 (a),
PRMT3 (b), and COMT (c). Normalized response curves for NNMT inhibitor 5-amino-1MQ tested against NAD+ salvage pathway enzymes NAMPT (d) and SIRT1 (e). Data points
represent normalized enzyme activity in the respective experiments using 10 concentrations of established enzyme-specific (positive control) and NNMT inhibitors in a 3-
fold dilution series. The goodness-of-fit for the positive control inhibitors across all experiments and for 5-amino-1MQ against SIRT1 activity was >0.95. All other data points
could not be used to generate reliable fitted curves and estimates of IC50 values.

Table 3
Activity for NNMT inhibitors against related methyltransferases and enzymes in the NAD+ salvage pathway.

Enzyme IC50 (lM)

Positive control 1,8-diMQ 5-Amino-1MQ

DNA (cytosine-5)-methyltransferase 1 0.28 ± 0.03 (SAH) NI NI
Protein arginine methyltransferase 3 6.6 ± 1.2 (SAH) NC NC
Catechol-O-methyltransferase 0.0009 ± 0.0001 (Tolcapone) NC NC
Nicotinamide phosphoribosyl transferase 0.0038 ± 0.0001 (FK866) ND >100a

NAD+-dependent protein deacetylase sirtuin 1 4.3 ± 0.6 (Suramin) ND NC

NI: no inhibition.
NC: not calculable.
ND: not determined.

a Concentrations above 100 lM could not be tested due to inference in the assay readout signal.
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inhibition of NAMPT was observed with analogue concentrations
between 30 and 600 lM (data not shown).

5-Amino-1MQ did not inhibit SIRT1 concentrations ranging
from 10 nM to 300 lM, and minor reduction in SIRT1 activity
was observed with 600 lM 5-amino-1MQ (Fig. 4E). However, sig-
moidal dose-response curves and reliable estimates (i.e., R2 > 0.8)
of IC50 values could not be obtained since no significant inhibition
was observed with the tested concentrations of 5-amino-1MQ.
Taken together, these results suggest high selectivity of the small
molecule 5-amino-1MQ analogue at pharmacologically relevant
concentrations to NNMT-inhibition.

3.7. NNMT inhibitor caused weight loss and reduced adipose tissue
mass in DIO mice

Since in vitro studies showed 5-amino-1MQ to have high cell
permeability, enzyme selectivity, and cell culture efficacy, a sub-
chronic (11-day) proof-of-concept in vivo study was conducted to
test the effect of NNMT inhibition on obesity in HFD fed mice.
Three times daily systemic (SC) treatment of DIO mice with
20 mg/kg of 5-amino-1MQ produced a progressive loss of body
weight over the treatment period compared to controls (Fig. 5A).
A repeated-measures two-way ANOVA revealed a significant main
effect of the factors treatment (F(1,16) = 12.47, P = 0.0028), time
(days) (F(5,80) = 4.437, P = 0.0012), and a significant treatment x
time interaction (F(5,80) = 10.89, P < .0001). Sidak’s multiple com-
parison posttests revealed significant differences in body weight
between control and treated DIO mice on days 6 (P < .01), 9 (P <
.0001), and 11 (P < .0001) (Fig. 5A). At the end of the 11-day treat-
ment period, control DIO mice showed a cumulative weight gain of
0.6 ± 0.4 g (�1.4% weight gain from baseline measures), while DIO
mice treated with the NNMT inhibitor showed a weight loss of 2.0
± 0.6 g (�5.1% weight loss from baseline measures) (Fig. 5A). Food
intake remained the same between the groups suggesting the
weight loss effect is primarily related to altered metabolism (i.e.,
increased energy expenditure) (F(1,16) = 1.101, P > .05; Fig. 5B);
total cumulative food intake in control and treated DIO mice was
28.1 ± 1.2 g and 26.2 ± 1.4 g, respectively (Fig. 5B, inset). Addition-
ally, treatment of DIO mice with the NNMT inhibitor resulted in a
substantial �35% decrease (P < .001) in the mass (Fig. 5C) and size



Fig. 5. Effects of saline or NNMT inhibitor (5-amino-1MQ, 20 mg/kg, t.i.d.) administered SC over a 11-day period in DIO mice on body weight changes from baseline (a),
average food intake (g/day) and cumulative food intake across 11-days [inset] (b), epididymal fat-pad weight (c), size of the EWAT (representative images) (d), adipocyte size
(lm2) determined in mean number of 20.7 ± 1.8 (DIO, saline) and 28.6 ± 2.3 adipocytes (DIO, 5-amino-1MQ) (e), representative H&E stained images of saline- and 5-amino-
1MQ-treated DIO EWAT tissue (scale bar = 200 lm) (f), and total plasma cholesterol levels following a 4-h fasting period (mg/gL) (g). All data points represent the mean
values in n = 9 mice/group ± SEM. *P < .05; **P < .01, ***P < .0001 vs. saline-treated DIO analyzed by unpaired Student’s t-test or a repeated measures two-way ANOVA with
multiple comparisons posthoc tests where applicable.
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(Fig. 5D) of the EWAT compared with the control DIO mice. Consis-
tent with these results, histological analysis of the EWAT from
treated DIO mice had >30% decrease in adipocyte size (P < .05;
Fig. 5E and 5F) and >40% decrease in adipocyte volume (data not
shown) compared to control DIO mice. Plasma lipid-profile mea-
surements showed that the total cholesterol levels were �30%
lower in treated DIO mice relative to control DIO mice (P < .05;
Fig. 5G). Total cholesterol levels at the end of our study in the con-
trol DIO mice were comparable to cholesterol levels reported by
the vendor for age-matched DIO mice. In contrast, cholesterol
levels in the NNMT inhibitor-treated DIO mice were similar to
Fig. 6. Effects of 5-amino-1MQ on lipogenesis in differentiating 3T3-L1 cells. Representat
scale bar = 50 lm; bottom panels) following oil red O staining of lipid droplets in the con
continued throughout the period of differentiation) (a). Lipid accumulation determined
adipocytes; data points represent average normalized (% untreated control) values (±
performed 3 times) (b). Viability of 3T3-L1 cells treated with 5-amino-1MQ (0.1–60 lM)
treated 3T3-L1 samples (n = 3 replicates per experiment; experiment performed 3 time
analyzed by a one-way ANOVA with Dunnett’s posthoc tests (c). (For interpretation of the
this article.)
cholesterol levels reported by the vendor for age-matched normal
chow-fed C57Bl/6 mice (www.jax.org/jax-mice-and-services/find-
and-order-jax-mice/most-popular-jax-mice-strains/dio-b6).

3.8. NNMT inhibition suppresses lipogenesis in 3T3-L1 cells

In order to determine the effect of NNMT inhibition on adipo-
cyte differentiation and lipogenesis, lipid accumulation was deter-
mined in adipocytes following treatment of 3T3-L1 cells with the
NNMT inhibitor in media containing adipogenic factors. Treatment
with 5-amino-1MQ produced concentration-dependent inhibition
ive images of culture plates (top panels) and microscopic images (20x magnification;
trol untreated and 5-amino-1MQ (15, 30, and 60 lM)-treated adipocytes (treatment
by quantification of oil red O staining in 5-amino-1MQ (15, 30, and 60 lM)-treated
SEM) in treated adipocyte samples (n = 2 replicates per experiment; experiment
; data points represent average normalized (% untreated control) values (± SEM) in
s). ***P = 0.0001 vs. untreated adipocytes (0 lM); *P < .01 vs. untreated 3T3-L1 cells
references to colour in this figure legend, the reader is referred to the web version of

http://www.jax.org/jax-mice-and-services/find-and-order-jax-mice/most-popular-jax-mice-strains/dio-b6
http://www.jax.org/jax-mice-and-services/find-and-order-jax-mice/most-popular-jax-mice-strains/dio-b6
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of lipid accumulation in differentiating pre-adipocytes (F(3,19) =
39.26, P < .0001; Fig. 6A and B). Concentrations of 30 lM and 60
lM 5-amino-1MQ reduced lipogenesis by 50% and 70%, respec-
tively, compared to control untreated adipocytes (P = 0.0001;
Fig. 6B). 3T3-L1 cell viability was only slightly reduced at the high-
est tested concentration of 5-amino-1MQ compared to untreated
cell viability (P < .05; Fig. 6C).
4. Discussion

Pharmacological treatment of obesity using target-based
approaches to either decrease food intake or increase energy
expenditure has been a major area of research in recent years
[11]. Here, we demonstrated a novel pharmacological approach
using small molecule inhibitors of NNMT, a target enzyme with a
newly identified role in energy metabolism [15], as a potential
intervention to prevent adipogenesis and reverse diet-induced
obesity. We rationally developed the first series of highly
membrane-permeable and selective small molecule inhibitors of
NNMT with pronounced efficacy in reducing the levels of the
NNMT reaction product 1-MNA in adipocytes. NNMT structure-
activity relationships and physical chemical property-based analy-
sis (e.g., logP) guided the synthesis of these membrane-permeable
amino-substituted quinolinium analogues, which were validated
with the PAMPA and Caco-2 cell-based empirical results, suggest-
ing high oral absorption and bioavailability for these compounds
[28]. Mechanisms of active-transport that mediate the intracellular
uptake of these small molecules remain to be studied. However,
organic cation transporters (OCTs) [29] may likely play role in
the active transport of our charged quinolinium-containing quater-
nary amine NNMT inhibitors across cell membranes since OCTs
have been shown to facilitate cellular uptake of several organic
cationic drugs (e.g., metformin) [30,31].

Importantly, quinolinium-based NNMT inhibitors showed
exceptional selectivity for NNMT with no apparent activity against
either closely-related (i.e., tertiary structure rmsd <3 Å sequence
identity >15% relative to NNMT) human methyltransferases (e.g.,
COMT) or functionally distinct SAM-dependent DNA (e.g., DNMT1)
and protein (e.g., PRMT3) methyltransferases with primary and
tertiary structures highly similar to NNMT. Additionally, analogues
containing the quinolinium scaffold lacked inhibitory activity
against enzymes in the NAD+ salvage pathway that bind
nicotinamide-containing substrate, including NAMPT [27,32] and
the NAD+-dependent SIRT1 enzyme, which deacetylates NAD+ to
produce NA, a product inhibitor of SIRT1 [33]. These results suggest
that quinolinium-based NNMT inhibitors achieve selectivity by
specifically interacting with the NA-binding pocket of NNMT
[17], unlike several known non-selective methyltransferase inhibi-
tors that interact with the SAM-binding pocket, which is highly
conserved among SAM-dependent methyltransferases [34,35].

Membrane-permeable NNMT inhibitors reduced intracellular 1-
MNA levels in a concentration-dependent manner and at pharma-
cologically relevant concentrations that did not impact cell viabil-
ity, suggesting these small molecules interact directly with NNMT
in cells. Given that NNMT has been reported to be a primary meta-
bolic enzyme [36] and a major clearance pathway for intracellular
NA [15], it is likely that these small molecules are directly and
selectively inhibiting the conversion of NA to 1-MNA. We found
that intracellular 1-MNA and NNMT protein expression levels were
substantially higher in the fully differentiated adipocytes com-
pared to the undifferentiated pre-adipocytes, which is consistent
with the differentiation-dependent enhancement in NNMT mRNA
levels and enzymatic activity reported previously in the 3T3-L1 cell
lines [37]. The higher levels of 1-MNA and NNMT in adipocytes
compared to pre-adipocytes may partially account for our observa-
tions that increasing concentrations (10–60 lM) of NNMT inhibitor
did not completely eliminate 1-MNA in adipocytes, but did fully
suppress 1-MNA accumulation in undifferentiated pre-
adipocytes. In addition, the observed differential 1-MNA steady-
state levels following NNMT inhibition may reflect differential
transcriptional regulation of cellular metabolic pathways across
the various stages of 3T3-L1 differentiation [38]; for example, alde-
hyde oxidase (AOX)-mediated degradation of 1-MNA may be more
pronounced in pre-adipocytes compared to adipocytes, thereby
synergistically reducing 1-MNA levels to a greater extent in pre-
adipocytes compared to adipocytes. Further studies will examine
differentiation-specific differences in the metabolic pathways that
directly impact the clearance and/or shunting of NA into the NAD+

salvage pathway.
Our observation that intracellular NA concentrations did not

increase following NNMT inhibition extends previous studies that
showed NA concentrations were largely unaffected following
NNMT knockdown with either adenovirus [39] or anti-sense
oligonucleotides (ASOs) [12]. It is possible that significant accumu-
lation of NA in adipocytes (and other tissues) is prevented by rapid
conversion of NA to NMN and subsequent NAD+ synthesis or trans-
port to the extracellular environment [27]. Importantly, NNMT
inhibition potentiated the absolute intracellular concentrations of
NAD+ and SAM,without altering the levels of NA and SAH in the adi-
pocytes. These co-factors are critical regulators of cellular energy
metabolism, polyamine flux, epigenetic remodeling, and SIRT1
activity in the NAD+ salvage pathway [12,27,40]. The increased
levels of SAM and NAD+ we observed in cultured adipocytes follow-
ing NNMT inhibition are consistent with the upregulation of SAM
and NAD+ observed in the WAT of DIO mice treated with NNMT
ASO, which correlated with increased cellular energy expenditure,
reduced adiposity, and protection against diet-induced obesity
[12]. In the present study, systemic treatment of DIO mice with a
small molecule NNMT inhibitor caused significant loss of body
weight andWATmass, reduction in adipocyte size, and correspond-
ing improvements in the plasma lipid profile (i.e., decreased circu-
lating cholesterol levels). Notably, NNMT inhibition did not impact
food intake in the DIO mice nor produce any overt signs of toxicity
or adverse behavioral effects at the pharmacologically effective
dose. Together, our observations that a small molecule NNMT inhi-
bitor can increase NAD+ and SAM concentrations in differentiated
adipocytes and reduce adiposity in DIO mice, suggest that treat-
ment with an NNMT inhibitor effectively reverses obesity via mod-
ulation of the NAD+ salvage and SAM-mediated (e.g., polyamine
flux) pathways to regulate energy expenditure in the adipose tissue.

A number of studies support NAD+ regeneration as a therapeu-
tic strategy to benefit patients with obesity [27]. For examples, nat-
ural NAD+ precursor activators such as nicotinamide riboside (NR)
administered via dietary supplements to high-fat fed mice pro-
tected against diet-induced obesity, increased energy metabolism,
and improved insulin sensitivity [41]; some of these effects were
shown to be mediated by NAD+-dependent SIRT1 activation [42].
Similarly, systemic administration of NMN improved glucose toler-
ance and diet- and age-related insulin resistant conditions [43,44].
However, dietary supplemental NAD+ precursors (e.g., NR, NMN)
require chronic administration and/or very high pharmacological
doses to achieve physiologically beneficial enhancements in the
NAD+ levels, which potentially limit use in humans [27]. It could
be predicted that combined administration of sub-maximal doses
of dietary supplements and NNMT inhibitors that function as acti-
vators of NAD+ might produce synergistic improvements in diet-
induced obesity, and reduce adverse effects associated with
chronic high-dose administration of dietary supplemental NAD+

precursors. Studies testing the efficacy of NNMT inhibition on
diet-induced obesity, both alone and combined with dietary
agents, are currently in progress.
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The present study demonstrated that NNMT inhibitor adminis-
tered during adipocyte differentiation blocked the accumulation of
lipid droplets, suggesting suppressed lipogenesis and programmed
development of mature adipocytes from pre-adipocyte 3T3-L1 pre-
cursor cells (i.e., ‘‘adipogenesis”). Since 24 h of treatment of adipo-
cytes with an NNMT inhibitor increased intracellular levels of SAM
and NAD+, it is likely that prolonged exposures to NNMT inhibitor
during differentiation may have resulted in significantly enhanced
intracellular flux of SAM and NAD+. Increased absolute concentra-
tions of intracellular NAD+ links with activation of NAD+-
dependent histone deacetylases (e.g., sirtuins) that also mediate
epigenetic regulation of gene expression [40] and adipocyte phys-
iology [45]. Similarly, increased intracellular concentrations of
SAM, a universal substrate for SAM-dependent histone methyl-
transferases, could have profound influence on cellular epigenetic
modifications, including transcriptional regulation and the expres-
sion of genes that regulate adipogenesis and/or thermogenesis pro-
moting browning of adipocytes (e.g., PPARc, PRDM16, UCP1, Wnt)
[46–48]. NNMT protein expression is relatively lower in the mur-
ine brown adipose tissue (BAT) compared to the WAT [37] and
nnmt (a WAT-selective gene [49,50]) gene expression has been
reported to be lower in the BAT of HFD fed mice compared to nor-
mal chow-fed mice [49]. Furthermore, NNMT activity is signifi-
cantly higher in the white fat compared to brown adipose tissue
and the other organs (e.g., liver, lungs) in DIO mice [16]. Hence,
treatment with an NNMT inhibitor in DIO mice may less likely
impact BAT or other tissue NNMT activity, but could be speculated
to modulate thermogenic/adipogenic genes in the WAT. Future
studies will validate in vivo modulation of WAT NAD+/SAM and
delineate NAD+- and SAM-mediated epigenetic mechanisms that
may underlie gene regulation in the presence of NNMT inhibitors.

The current study provides conclusive evidence for the use of
small molecule, ‘‘drug-like” NNMT inhibitors as a viable therapeu-
tic approach to manage diet-induced obesity and related metabolic
comorbidities. Our novel NNMT inhibitors display excellent physi-
cal chemical properties (e.g., membrane permeability), selectivity,
and cellular inhibitory activity against NNMT, concomitantly
enhancing the levels of the co-factors SAM and NAD+ that indepen-
dently regulate cellular energy metabolism and epigenetic modifi-
cations. Importantly, treatment of DIO mice with our NNMT
inhibitors did not impact food intake, but produced marked reduc-
tions in body weight, WAT mass, adipocyte size, and cholesterol
levels with negligible toxicity or observable adverse effects. Future
studies will be focused on optimizing the MQ-scaffold lead series
to generate more potent NNMT inhibitors with significantly
improved ‘‘drug-like” ADME profile. Orally bioavailable lead candi-
dates will be tested in a comprehensive dose-ranging study to con-
firm efficacy on obesity and co-morbid endpoints.
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