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Skeletal muscle overexpression of nicotinamide
phosphoribosyl transferase in mice coupled with
voluntary exercise augments exercise endurance
Sheila R. Costford 1,2,6,7, Bram Brouwers 3,7, Meghan E. Hopf 1, Lauren M. Sparks 1,3, Mauro Dispagna 1,
Ana P. Gomes 4, Heather H. Cornnell 3, Chris Petucci 1, Peter Phelan 1, Hui Xie 2,3, Fanchao Yi 3,
Glenn A. Walter 5, Timothy F. Osborne 1, David A. Sinclair 4, Randall L. Mynatt 2, Julio E. Ayala 1,
Stephen J. Gardell 1, Steven R. Smith 1,2,3,*
ABSTRACT

Objective: Nicotinamide phosphoribosyl transferase (NAMPT) is the rate-limiting enzyme in the salvage pathway that produces nicotinamide
adenine dinucleotide (NADþ), an essential co-substrate regulating a myriad of signaling pathways. We produced a mouse that overexpressed
NAMPT in skeletal muscle (NamptTg) and hypothesized that NamptTg mice would have increased oxidative capacity, endurance performance,
and mitochondrial gene expression, and would be rescued from metabolic abnormalities that developed with high fat diet (HFD) feeding.
Methods: Insulin sensitivity (hyperinsulinemic-euglycemic clamp) was assessed in NamptTg and WT mice fed very high fat diet (VHFD, 60% by
kcal) or chow diet (CD). The aerobic capacity (VO2max) and endurance performance of NamptTg and WT mice before and after 7 weeks of
voluntary exercise training (running wheel in home cage) or sedentary conditions (no running wheel) were measured. Skeletal muscle mito-
chondrial gene expression was also measured in exercised and sedentary mice and in mice fed HFD (45% by kcal) or low fat diet (LFD, 10% by
kcal).
Results: NAMPT enzyme activity in skeletal muscle was 7-fold higher in NamptTg mice versus WT mice. There was a concomitant 1.6-fold
elevation of skeletal muscle NADþ. NamptTg mice fed VHFD were partially protected against body weight gain, but not against insulin resis-
tance. Notably, voluntary exercise training elicited a 3-fold higher exercise endurance in NamptTg versus WT mice. Mitochondrial gene expression
was higher in NamptTg mice compared to WT mice, especially when fed HFD. Mitochondrial gene expression was higher in exercised NamptTg
mice than in sedentary WT mice.
Conclusions: Our studies have unveiled a fascinating interaction between elevated NAMPT activity in skeletal muscle and voluntary exercise that
was manifest as a striking improvement in exercise endurance.
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1. INTRODUCTION

Nicotinamide adenine dinucleotide (NADþ) is an essential co-substrate
for several enzyme classes such as sirtuins and poly ADP-ribose
polymerases (PARPs) that regulate a myriad of signaling pathways
governing metabolism, healthy aging, and lifespan extension [1].
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NADþ can be generated de novo from dietary tryptophan or NADþ

precursors. However, the NADþ salvage pathway is the dominant
pathway for NADþ biosynthesis in mammals [2e4]. In this pathway,
nicotinamide phosphoribosyl transferase (NAMPT), a homo-dimeric
type II phosphoribosyl transferase [5,6], catalyzes the reversible
condensation of nicotinamide (NAM) and 50-phosphoribosyl-1-
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pyrophosphate (PRPP) to yield nicotinamide mononucleotide (NMN)
and pyrophosphate (PPi) [7,8]. NMN is subsequently converted to
NADþ in the presence of ATP by the enzyme NMN adenylyl transferase
(NMNAT) [7].
We previously showed that NAMPT protein content in skeletal muscle
was higher in athletes compared to sedentary individuals, and posi-
tively correlated with mitochondrial function, insulin sensitivity, and
oxidative capacity in humans [9]. Interestingly, the level of NAMPT
protein in skeletal muscle was increased in sedentary individuals who
were exercise trained for 3 weeks [9]. Exercise defends against
environmental insults, such as high fat diet (HFD) feeding, that cause
metabolic complications. While the molecular underpinnings of the
beneficial effects of exercise are far from fully understood, emerging
data has pointed to NADþ elevation as a key driver. For example,
exercise increases the activity of the NADþ-dependent deacetylase
sirtuin-1 (SIRT1) [10,11] through elevation of NADþ [12,13]. In turn,
SIRT1 controls the activity of peroxisome proliferator-activated re-
ceptor gamma (PPAR-g) coactivator-1 alpha (PGC-1a) [14], a master
regulator of mitochondrial biogenesis and function [10,15].
To further probe the putative salutary effects of increased NAMPT
activity, we generated a mouse transgenic line that overexpressed
NAMPT in skeletal muscle (NamptTg). We hypothesized that NAMPT
overexpression in skeletal muscle would rescue mice from metabolic
abnormalities that developed with HFD feeding and would increase
oxidative capacity, endurance performance, and mitochondrial gene
expression.

2. MATERIALS AND METHODS

2.1. Mice
Mice overexpressing the NAMPT transgene (C57BL/6J-Tg(Mck-
NAMPT)Pbef2Srs) under the control of the muscle creatine kinase
(Mck) promotor were generated at the Pennington Biomedical
Research Center (PBRC) Transgenic Core by pronuclear injection using
C57BL/6J embryos following standard techniques [16]. 1256 bp of the
Mck promoter was amplified from p1256MCKCAT (a gift from Dr. M.
W. Hulver) and inserted into pCMV-sport to make pCS-Mck1256.
2.6 kb of NAMPT cDNA was excised from pCMV-SPORT6-NAMPT
and then inserted into pCS-Mck1256 between Mck and pA to yield
pMck-NAMPT (Figure S1). To identify transgenic founder mice, DNA
was isolated from tail biopsies at 21 days of age for PCR genotyping.
Wild type (WT) C57BL/6J littermates were used as controls.

2.2. Animal studies
We performed three separate animal studies. Study 1 was conducted
at the PBRC in Baton Rouge, LA, USA. Male C57BL/6J-Tg(Mck-NAMPT)
Pbef2Srs (shortened to NamptTg for the remainder of the text) and wild
type (WT) C57BL/6J mice were fed low fat diet (LFD) (10% by kcal)
(D12450B, Research Diets, New Brunswick, NJ) or high fat diet (HFD)
(45% by kcal) (D12451, Research Diets, New Brunswick, NJ) for 30
weeks from weaning. Body weight and body composition was
assessed every 2 weeks at the same time of day. Studies 2 and 3 were
conducted at the Sanford Burnham Prebys Medical Discovery Institute
in Orlando, FL, USA. In study 2, male NamptTg and WT C57BL/6J mice
were fed standard chow diet (CD) (2016, Harlan Teklad, Indianapolis,
IN) or very high fat diet (VHFD) (60% by kcal) (D12492, Research Diets,
New Brunswick, NJ) for 16 weeks from weaning. Body weight and
body composition were assessed every week at the same time of day.
Indirect calorimetry was performed and food intake, water intake, and
spontaneous physical activity were assessed after 14 weeks on the
diet. Hyperinsulinemic-euglycemic clamps were performed after 16
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weeks on the diet. In study 3, male NamptTg and WT C57BL/6J mice
were fed CD (2016, Harlan Teklad, Indianapolis, IN) for 11 weeks from
weaning. Body weight and body composition were assessed every
week at the same time of day. Half of the mice were given access to
running wheels (Mini Run Around 41/200, Super Pet, Elk Grove Village, IL)
equipped with odometers (F12 Bike Computer, Easton-Bell Sports,
Rantoul, IL) on week 4 of the study. Time spent running and distance
completed were recorded every 24 h for the first 4 weeks that the mice
had access to the wheels. Aerobic capacity (VO2max) and exercise
endurance tests were performed prior to giving mice access to the
wheels and following 6 (VO2max) and 7 (exercise endurance) weeks of
voluntary exercise training, respectively. Mice were given one week
between tests to recover. Wheels were removed from the cages
24 h prior to VO2max tests and endurance tests. On week 11, mice
were fasted for 5 h and then euthanized via CO2 followed by cervical
dislocation, and tissues were collected and weighed. Wheels were
removed from cages 24 h prior to euthanasia.
All mice were individually caged and maintained at 22e24 �C with
light from 7:00am to 7:00pm. Lights were equipped with a dimmer
such that a gradual increase/decrease in light occurred 30 min prior to
lights being fully on/off. All animal studies and procedures were
approved by the appropriate Institutional Animal Care and Use
Committees.

2.3. Quantitative reverse transcriptase-PCR
In study 1, tissues were snap-frozen in liquid nitrogen immediately
following dissection. RNA was extracted via column purification using
the Qiagen RNeasy Fibrous Mini Kit (Qiagen, Valencia, CA). RNA
quantity was determined using an ND-1000 Nanodrop Spectropho-
tometer (Thermo Fisher Scientific). The concentration of NAMPT mRNA
was determined by qRT-PCR using Taqman primers and fluorescent
probes as the detection system on an ABI 7900HT (Applied Bio-
systems, Foster City, CA) using the following parameters: one cycle of
48 �C for 30 min, then 95 �C for 10 min, followed by 40 cycles at 95 �C
for 15 s and 60 �C for 1 min. NAMPT expression data was normalized
to the housekeeping gene peptidylprolyl isomerase B (PPIB). Primers
and probes were designed using Primer Express version 2.1 (Applied
Biosystems). Sequences of primer/probe sets are shown in Table S1.
For all other genes in study 1, cDNA was synthesized with the iSCRIP
cDNA synthesis kit (Bio-Rad, Hercules, CA) using 200 ng of RNA. qRT-
PCR reactions were performed using 1 mM of primers and LightCycler�

480 SYBR Green Master (Roche, Branford, CT) on a LightCycler� 480
detection system (Roche). Calculations were performed by a
comparative method (2-DDCT) using 18S RNA as an internal control.
Primers were designed using the Integrated DNA Technologies (IDT)
software, and the primer sequences can be found in Table S2. In study
3, total RNA was isolated as previously described [17]. Briefly, RNA
was isolated from 50 to 100 mg of skeletal muscle tissues (red
quadriceps, white quadriceps) with Qiazol reagent (Invitrogen, Carls-
bad, CA). The quantity and purity of RNA was determined using a ND-
1000 Nanodrop spectrophotometer (Thermo Fisher Scientific). Primer-
probe sets were pre-designed Single Tube Taqman� Gene expression
assays. qRT-PCR reactions were performed using Taqman Fast Virus
1-step reaction mix Standard protocol (Life Technologies, Grand Island,
NY). Data were normalized by dividing the target gene by the geometric
mean of the internal control genes (RPLP0, GAPDH).

2.4. Western blots
Tissues were collected immediately following euthanasia and flash
frozen in liquid nitrogen. Homogenates were prepared by Polytron
homogenization in RIPA buffer containing protease inhibitor and
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phosphatase inhibitor cocktails (Sigma, St. Louis, MO). Protein content
was quantified by bicinchoninic acid (BCA) assay (Thermo Fisher
Scientific). 15e25 mg of protein was run on a 10% SDS-PAGE gel (Bio-
Rad) and transferred to a PVDF membrane (Millipore, Billerica, MA).
Membranes were incubated overnight with antibodies to NAMPT
(A300-372; Bethyl, Montgomery, TX), complex III (MS304, Mito-
Sciences, Eugene, OR), and a-tubulin (ab7291, Abcam) and then
probed with IRDye 680 goat anti-mouse IgG or IRDye 800CW goat anti-
rabbit IgG (926-32220 and 92632211, respectively; LI-COR, Lincoln,
NE). Bands were visualized using an Odyssey Digital Infrared Imaging
System (LI-COR) and quantified using Odyssey Application Software
version 3.0 (LI-COR).

2.5. Tissue skeletal muscle NAMPT enzyme activity
NAMPT enzyme activity in fractionated extracts from mixed gastroc-
nemius, mixed quadriceps, heart, and liver of CD fed mice was
measured using a NMN production assay [18]. For this assay, the
partially-purified NAMPT was incubated with NAM (10 mM), PRPP
(50 mM), and ATP (2 mM) in TMT (50 mM Tris-HCl, 10 mM MgCl2,
1 mM Tris(hydroxy-propyl)-phosphine (THP), pH 7.5) buffer. An aliquot
(37.5 mL) of the NMN-containing sample was sequentially mixed with
15 mL of 20% acetophenone (in DMSO) and 15 mL of 2M KOH. The
mixture was placed on ice for approximately 10 min. Next, 67.5 mL of
100% formic acid was added to each sample, vortexed, and then
incubated at 37 �C for 20 min. Samples (100 mL) were transferred to a
96-well opaque bottom plate and fluorescence (Ex/Em¼ 382/445 nm)
was measured using a SpectraMax M5 plate reader (Molecular De-
vices, Sunnyvale, CA). NAM, NMN, ATP, PRPP, and acetophenone were
purchased from Sigma Aldrich, St. Louis, MO.) THP was purchased
from Santa Cruz Biotechnology, Santa Cruz, CA.

2.6. Ultra-performance liquid chromatography and tandem mass
spectrometry
Mouse tissues were flash frozen in liquid nitrogen after dissection.
Frozen tissues were lyophilized overnight and powdered using a
Precellys Evolution tissue homogenizer (Bertin Corp., Rockville, MD).
Approximately 5 mg of powdered tissue were homogenized in 0.5 M
perchloric acid in the Precellys homogenizer. Then, a 100 mL aliquot of
homogenate were mixed with 100 mL of 1 M ammonium formate along
with isotopically-labeled nucleotide internal standards. This mixture
was vortexed and centrifuged at 14,000� g for 10 min at 10 �C. Then,
the supernatant was filtered through a 3 kDa filter plate prior to
quantitation of NMN, NADþ and NAM by LC/MS/MS.

2.7. Body composition
Conscious mice were immobilized in ventilated tubes and placed in a
Bruker Bio-Analyzer Minispec NMR machine (Bruker Optics, Billerica,
MA) for determination of fat mass, fat free mass, and fluid.

2.8. Hyperinsulinemic-euglycemic clamp
Clamps were performed in conscious, unrestrained mice as previously
described [19e22]. Catheters were surgically implanted in the left
common carotid artery and right jugular vein for sampling and in-
fusions, respectively. Following a 5 day recovery, mice were fasted for
5 h. A primed-continuous infusion (2.5 mCi prime, 0.05 mCi/min
continuous) of [3-3H]glucose (Perkin Elmer, Waltham, MA) was begun
at t ¼ �90 min prior to the beginning of the insulin infusion. Basal
glucose and glucose specific activity were determined from blood
samples obtained at t¼ �15 and �5 min prior to the insulin infusion.
Basal plasma insulin levels were determined from blood samples
obtained at t ¼ �5 min prior to the insulin infusion. The clamp began
MOLECULAR METABOLISM 7 (2018) 1e11 � 2017 The Authors. Published by Elsevier GmbH. This is an open
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at t ¼ 0 min (end of the 5 h fast) with a continuous infusion of insulin
(Humulin R, Eli Lilly) at a rate of 2.5 mU/kg/min. The [3-3H]glucose
infusion was increased to 0.15 mCi/min for the remainder of the
experiment. Euglycemia (w150 mg/dL) was maintained by
measuring blood glucose every 10 min starting at t ¼ 0 min and
infusing 50% dextrose as necessary. Mice received saline washed
erythrocytes from donors beginning at t ¼ 0 min and continuously
throughout the clamp at a rate of 5.5 mL/min to prevent a fall of
>5% hematocrit. Whole body glucose disappearance (Rd) was
determined using Steele non-steady-state equations [23,24]. At
t ¼ 155 min, mice were anesthetized with sodium pentobarbital.

2.9. Energy balance analysis
Oxygen consumption (VO2), carbon dioxide production (VCO2), food
intake, water intake, and ambulatory activity were measured using a
Comprehensive Lab Animal Monitoring System (CLAMS; Columbus
Instruments, Columbus, OH). Respiratory exchange ratio (RER) was
calculated as VCO2/VO2. Food intake was measured using a precision
scale. Water intake was measured using a volumetric drinking
dispenser. Ambulatory activity was estimated by the number of
infrared beam breaks along the X-axis of the metabolic cage.

2.10. VO2max and exercise endurance test
VO2max tests were conducted as previously described [21]. Mice were
acclimated to the treadmill 2 days prior to the stress test with a 10 min
run at 10 m/min. On the day of the experiment, mice were placed in an
enclosed, single-lane treadmill connected to the CLAMS and allowed to
acclimate for 30 min. VO2 and VCO2 measurements were continuously
made every min. Resting VO2 was calculated as the average of the
5 min before the beginning of the stress test. Mice began running at
10 m/min, 0% grade. The speed was increased by 3 m/min every
4 min until exhaustion. Mice were encouraged to run by an electric grid
at the back of the treadmill (1.5 mA, 200 msec pulses, 4 Hz). Mice
were defined as exhausted when they spent more than 5 continuous
secs on the electric grid. VO2max was achieved when VO2 no longer
increased despite an increase in treadmill speed. VO2max was
expressed as the change in VO2 from resting (DVO2max). For exercise
endurance tests, mice were run for 10 min at 10 m/min, 0% grade;
then speed was increased to 20 m/min, 0% grade until exhausted,
with exhaustion defined as before.

2.11. Fiber typing
Fiber typing was performed as previously described [25], with
modifications. Previously frozen gastrocnemius muscle was
embedded in Tissue-Tek Optimal Cutting Temperature (OCT) com-
pound, and frozen in liquid nitrogen. 10 um serial cross-sections were
taken on a Leica CM 1900 UV cryostat (Leica Biosystems, Richmond,
IL), mounted on Super Frost Plus slides (Fisher Scientific, Hampton,
NH) and blocked with 10% goat serum. Two primary antibody
cocktails were applied to serial sections. The first contained anti-BF-
F3 (Developmental Studies Hybridoma Bank [DSHB], Iowa City, IA)
and anti-NOQ75d (ab11083, Abcam, Cambridge, MA), whereas the
second contained anti-SC-71 (DSHB) and anti-6H1 (DSHB). The
secondary antibody cocktail contained Alexa Fluor 568 goat anti-
mouse IgG (A11004, Invitrogen, Grand Island, NY) and Alexa Fluor
647 goat anti-mouse IgM (A21238, Invitrogen). Sections were then
incubated with 50 mg/ml lectin from Bandeiraea simplicifolia conju-
gated to FITC (L2895, SigmaeAldrich, St. Louis, MO) in the dark.
Cover slips were mounted with Prolong Gold antifade reagent. Images
were taken with a Carl Zeiss Axio Observer.Z1 microscope using a
10X objective, AxioCam MRm camera and AxioVison 4.8 software.
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Individual images were taken across an entire cross-section and
stitched together with the AxioVison software. Fiber types were
counted manually using ImageJ software. Cells from three complete
cross sections of gastrocnemius muscle were counted in two
sequential slides per mouse, one for each primary antibody cocktail.

2.12. Skeletal muscle and liver glycogen content
15 mg of frozen skeletal muscle (gastrocnemius) and liver tissue were
incubated at 100 �C (dry heat/oven) in 0.5 mL of 2N HCl for 2 h, then
neutralized with 1.5 mL of 0.67N NaOH. Following neutralization,
muscle samples were shaken until dissolved. 20 mL of the dissolved
muscle samples and a glucose standard (0.473 mM) were then added
to borosilicate tubes containing 1 mL of the reagent cocktail (50 mM
Tris base, 25 mM HCl, 1 mMMgCl2, 0.5 mM Dithiothreitol, 0.3 mM ATP,
0.05 NADP, 1 U/mL hexokinaseþ glucose-6-phosphodehydrogenase).
Samples were then incubated at room temperature for 5e10 min
200 mL from each reaction mixture were transferred to a 96-well black
plate, and fluorescence was detected using a Biotek plate reader
(Excitation 360 nM, Emission 460 nM). Glycogen content was calcu-
lated by the following equation: (DFsample/DFstandard) � (mM con-
centration standard � mL standard volume) � muscle dilution/mg of
tissue � 1000 ¼ mmoles glucosyl units/grams tissue

2.13. Statistics
Data are expressed asmean� SEM. One-way ANOVAwas used to detect
significant differences between groups. A repeated measures two-way
ANOVA with group as between and time as within factor was used to
detect significant differences when repeated measures were performed.
An unpaired Student’s t-test was used to detect differences when only 2
Figure 1: NAMPT overexpression in skeletal muscle increased NAMPT mRNA and p
analyses of NAMPT mRNA expression in (A) mixed gastrocnemius, (B) mixed quadriceps,
gastrocnemius, (E) mixed quadriceps, and (F) heart. WT LFD ¼ Wild Type Low Fat Diet; N
HFD ¼ NamptTg High Fat Diet. Letters indicate significant differences between groups (p
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groups were considered. Statistical significance was set at p < 0.050.
Data were analyzed using JMP version 12 (SAS institute, Cary, NC) and
GraphPad Prism v6.07 (GraphPad Software, Inc. La Jolla, CA).

3. RESULTS

3.1. Basic characterization of the NamptTg mouse model
Expression of NAMPT mRNA was w15-fold higher in mixed gastroc-
nemius and mixed quadriceps from NamptTg versus WT mice
(p < 0.010, Figure 1AeB). NAMPT protein levels in skeletal muscle
were w10-fold higher in NamptTg versus WT mice (p < 0.001,
Figure 1DeE). Expression of NAMPT mRNA was w1.6-fold higher in
heart tissue from NamptTg mice versus WT mice (p < 0.050,
Figure 1C), likely due to leaky Mck-directed expression in cardiac
tissue [26]. Nevertheless, higher NAMPT mRNA expression did not
result in increased NAMPT protein content in heart tissue (p ¼ 0.125,
Figure 1F). HFD feeding did not impact NAMPT mRNA expression or
NAMPT protein content (p > 0.050, Figure 1AeF). NAMPT protein
content was unchanged in liver and in epididymal white adipose tissue
from NamptTg versus WT mice (data not shown).
The levels of NAMPT enzyme activity in mixed gastrocnemius and
mixed quadriceps from NamptTg mice were w7-fold higher than
NAMPT enzyme activities in the corresponding muscles from WT
mice (p < 0.001, Figure 2AeB). NAMPT enzyme activity in heart and
liver were unchanged by NAMPT overexpression (p > 0.050,
Figure 2CeD). The addition of the highly potent and specific NAMPT
inhibitor FK-866 completely suppressed NMN production, confirming
that NAMPT was solely responsible for the observed activity (data not
shown).
rotein content in skeletal muscle. Quantitative reverse transcriptase-PCR (qRT-PCR)
and (C) heart; and western blot (WB) analyses of NAMPT protein content in (D) mixed
amptTg LFD ¼ NamptTg Low Fat Diet; WT HFD ¼ Wild Type High Fat Diet; NamptTg
< 0.050). Data are mean � SEM.
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Figure 2: NAMPT overexpression in skeletal muscle increased NAMPT enzyme activity, NMN and NADD in skeletal muscle. NAMPT enzyme activity in (A) mixed
gastrocnemius, (B) mixed quadriceps, (C) heart, and (D) liver; and ultra-performance liquid chromatography and tandem mass spectrometry (UPLC-MS/MS) analyses of (E)
nicotinamide mononucleotide (NMN), (F) nicotinamide adenine dinucleotide (NADþ), and (G) nicotinamide (NAM) in mixed quadriceps of chow fed WT and NamptTg mice. Letters
indicate significant differences between groups (p < 0.050). Data are mean � SEM.
NMN, the product of NAMPT activity, was w2-fold higher in skeletal
muscle from NamptTg versus WT mice (p ¼ 0.004, Figure 2E). The
NADþ levels in skeletal muscle were w1.6-fold higher in NamptTg
versus WT mice (p ¼ 0.002, Figure 2F). Surprisingly, the levels of
skeletal muscle NAM, a substrate for NAMPT, were w1.4-fold higher
in NamptTg versus WT mice (p ¼ 0.010, Figure 2G).

3.2. NAMPT overexpression in skeletal muscle increased
mitochondrial gene expression in skeletal muscle
Skeletal muscle gene expression of several genes related to mito-
chondrial biogenesis (NRF2, TFAM) (Figure 3A), oxidative phosphory-
lation (COX5b, ATP5a1, ND1, COX1, ATP6) (Figure 3B), oxidative stress
modulation (MnSOD2, TXN2) (Figure 3C), and fuel selection (CPT1b)
(Figure 3D) was significantly higher in NamptTg versus WT mice. When
fed LFD, WT mice displayed significantly lower gene expression of
TXN2 and CPT1b than NamptTg mice fed LFD (Figure 3CeD). When
fed HFD, WT mice displayed significantly lower gene expression of
COX5b, ND1, COX1, ATP6, MnSOD2, TXN2, MCAD, and CPT1b than
NamptTg mice fed HFD (Figure 3AeD). NamptTg and WT mice
exhibited similar increases in body weight and fat mass percentage
when fed HFD or LFD (data not shown).

3.3. NAMPT overexpression in skeletal muscle partially protected
against body weight gain but not against insulin resistance, without
behavioral changes in mice fed VHFD
Mice fed VHFD had a larger increase in body weight and fat mass
percentage than mice fed CD (p < 0.001, Figure 4AeB). NamptTg
mice were partially protected against increases in body weight and fat
mass percentage due to VHFD feeding, with 9.0% lower body weight
MOLECULAR METABOLISM 7 (2018) 1e11 � 2017 The Authors. Published by Elsevier GmbH. This is an open
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(p < 0.001, Figure 4A) and 8.5% lower fat mass percentage
(p < 0.001, Figure 4B) versus WT mice. No difference in body weight
or fat mass percentage was observed between NamptTg and WT mice
fed CD (Figure 4AeB, p > 0.050). Average glucose infusion rate,
insulin stimulated glucose disposal rate (Rd), 24 h oxygen consumption
(VO2), and respiratory exchange ratio (RER) was not different between
NamptTg and WT mice on the same diet (p > 0.050, Figure 4CeF).
Daily food intake was not different between mice fed the same diet
(p > 0.050, Figure S2A). Daily water intake and daily ambulatory
activity was similar across groups (p > 0.050, Figures S2BeC).

3.4. NAMPT overexpression in skeletal muscle coupled with
voluntary exercise training increased exercise endurance capacity
NamptTg and WT mice were housed without (sedentary) or with
(exercised) running wheels in their home cages for 7 weeks. Body
weight was not different between WT and NamptTg mice at the start of
the protocol (p > 0.050, Figure 5A). Fat mass percentage remained
similar in WT and NamptTg mice during the first 4 weeks of the study
(p> 0.050, Figure 5B). However, access to running wheels resulted in
lower fat mass percentage in exercised mice versus sedentary mice
(p < 0.001, Figure 5B). There was no difference in fat mass per-
centage between NamptTg and WT mice subjected to the same
voluntary exercise protocol (p > 0.050, Figure 5B). VO2max
(p > 0.050, Figures 5C and S3A) and exercise endurance (p > 0.050,
Figure 5D) were not different across groups before placement of
running wheels. VO2max significantly decreased over time in sedentary
WT mice (p < 0.050, Figures 5C and S3A). Sedentary NamptTg mice
did not decrease VO2max significantly, suggesting that skeletal muscle
NAMPT overexpression might provide some protection (p > 0.050,
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Figure 3: NAMPT overexpression in skeletal muscle increased mitochondrial gene expression in skeletal muscle. Gene expression of genes related to (A) mitochondrial
biogenesis, (B) oxidative phosphorylation, (C) oxidative stress modulation, and (D) substrate selection. WT LFD ¼ Wild Type Low Fat Diet; NamptTg LFD ¼ NamptTg Low Fat Diet;
WT HFD ¼ Wild Type High Fat Diet; NamptTg HFD¼ NamptTg High Fat Diet. Letters indicate significant differences between groups (p < 0.050). N p < 0.050 all WT versus all
NamptTg. Data are normalized to WT LFD, and are mean � SEM.
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Figures 5C and S3A). Interestingly, VO2max post-intervention was
significantly higher in exercised NamptTg mice versus sedentary WT
mice (p < 0.050, Figures 5C and S3A) and sedentary NamptTg mice
(p < 0.050, Figures 5C and S3A). Forced running times using a
treadmill apparatus (to measure exercise endurance capacity) were
comparable in sedentary WT, sedentary NamptTg, and exercised WT
mice (p > 0.050, Figure 5D). However, exercised WT mice ran longer
in the treadmill test after 7-week exposure to running wheels than
sedentary WT mice (p ¼ 0.024, Figure 5D). Interestingly, exercised
NamptTg mice increased forced running time byw2.9-fold compared
to baseline (p < 0.001, Figure 5D) and ran longer post-intervention
than any of the other groups (p < 0.010, Figure 5D). The higher
endurance displayed by exercised NamptTg mice was not attributable
to higher levels of voluntary exercise training, as there were no dif-
ferences in the average values for distance run per day, running time,
speed, or maximal speed versus exercised WT mice (p > 0.050,
Figure 5EeF). Skeletal muscle fiber type ratio changed with exercise
training but was similar between NamptTg and WT mice that under-
went the same intervention (Figure S3B). Heart weight was higher in
exercised mice compared to sedentary mice but was not different
between NamptTg and WT mice that were either sedentary or per-
formed exercise training (Figure S3C). Skeletal muscle and liver
glycogen content was not different across groups (Figure S3DeE).

3.5. NAMPT overexpression in skeletal muscle and voluntary
exercise training increased mitochondrial gene expression but not
SIRT1 gene expression or complex III protein content
Gene expression and complex III protein content were analyzed in red
and white quadriceps muscle of sedentary and exercised mice. SIRT1
6 MOLECULAR METABOLISM 7 (2018) 1e11 � 2017 The Authors. Published by Elsevier GmbH. Thi
gene expression was not different across groups in red quadriceps
muscle (Figure 6A). In white quadriceps muscle, SIRT1 gene expres-
sion was lower in exercised NamptTg mice versus sedentary WT and
sedentary NamptTg mice (p < 0.050, Fig. S4A). Differences in mito-
chondrial gene expression were observed in red quadriceps muscle
(Figure 6BeE). Four genes (NRF2, NDUFS8, UQCRC1, CATALASE;
p < 0.050, Figure 6BeE) showed higher expression in sedentary
NamptTg mice in comparison to sedentary WT mice, and another 4
genes (COX5b, ND1, COX1, MnSOD2; p < 0.050, Figure 6BeE)
showed higher expression in exercised WT mice in comparison to
sedentary WT mice. A total of 13 genes (TFAM, UQCRC1, COX5b,
ATP5a1, ND1, CYTb, COX1, ATP6, MnSOD2, CATALASE, TXN2, LCAD,
CPT1b; p < 0.050, Figure 6BeE) showed higher expression in exer-
cised NamptTg mice in comparison to sedentary WT mice. Complex III
protein content in red quadriceps muscle was not significantly different
across groups (Figure 6F). There were no remarkable differences
displayed in mitochondrial gene expression, and complex III protein
content by white quadriceps muscle from WT and NamptTg mice,
despite the latter having markedly increased NAMPT protein levels
(Figure S4AeF).

4. DISCUSSION

Our data reveal that NAMPT overexpression in skeletal muscle of
C57BL6/J mice increased skeletal muscle NAMPT enzyme activity by
approximately 7-fold and, in turn, elevated skeletal muscle NMN and
NADþ levels. NamptTg mice fed VHFD were partially-protected from
body weight gain, however, they developed insulin resistance that was
comparable to WT mice fed VHFD. After prolonged access to a running
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: NAMPT overexpression in skeletal muscle partially protected against body weight gain but not against insulin resistance, without behavioral changes in
mice fed VHFD. (A) body weight over time, (B) fat mass percentage over time, (C) glucose infusion rate (GIR) during the hyperinsulinemic-euglycemic clamp after 16 weeks fed
very high fat diet (VHFD) or chow diet (CD), (D) glucose rate of disposal (Rd) during the hyperinsulinemic-euglycemic clamp after 16 weeks fed very high fat diet (VHFD) or chow diet
(CD, (E) oxygen consumption (VO2) over 24 h, and (F) respiratory exchange ratio (RER) over 24 h after 16 weeks fed VHFD or CD. WT CD¼Wild Type Chow Diet; NamptTg
CD¼ NamptTg Chow Diet; WT VHFD¼Wild Type Very High Fat Diet; NamptTg VHFD¼ NamptTg Very High Fat Diet. Letters indicate significant differences between groups
(p < 0.050). g p < 0.050 WT VHFD versus WT CD and NamptTg CD; $ p < 0.050 all VHFD versus all CD; ε p < 0.050 WT VHFD versus NamptTg VHFD; d p < 0.050 WT
CD versus WT VHFD and NamptTg VHFD; *p < 0.050 basal versus clamp and light versus dark within the same group. Data are mean � SEM.
wheel in the home cages, NamptTg mice exhibited a 3-fold higher
exercise endurance capacity than WT mice despite equivalent bouts of
voluntary running wheel activity.
This is the first study to report tissue levels of NAMPT enzyme activity.
The 7-fold increase in skeletal muscle NAMPT activity due to
expression of the NAMPT transgene resulted in only a 1.6-fold increase
in skeletal muscle NADþ levels. This relatively modest increase of
NADþ is comparable to other published studies that used various
strategies to boost tissue NADþ levels [27e30]. Activation of NADþ

consuming pathways or the contribution of other homeostatic mech-
anisms probably serves to place a ceiling on the maximal NADþ level.
For instance, physiological levels of NADþ can inhibit NAMPT activity
thus posing a powerful feedback inhibition loop that blunts the impact
of elevated NAMPT activity [31].
Skeletal muscle NAMPT overexpression increased expression of genes
related to mitochondrial metabolism in the skeletal muscle of mice fed
MOLECULAR METABOLISM 7 (2018) 1e11 � 2017 The Authors. Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
LFD and HFD. The increase in mitochondrial gene expression was
especially clear in mice fed HFD; NamptTg mice fed HFD displayed
higher gene expression for 8 genes related to mitochondrial meta-
bolism in comparison to WT mice fed HFD (compared to 2 genes when
fed LFD). The higher gene expression that was observed when mice
were fed HFD might suggest that NamptTg mice have a better oxidative
profile, which, in turn, might protect against metabolic complications
that arise from HFD feeding. Nicotinamide riboside (NR) administration
to mice fed VHFD enhanced mitochondrial gene expression in skeletal
muscle when compared to mice that were not dosed with NR, and this
was accompanied by partial protection against body weight and fat
mass gain [27]. Similarly, NamptTg mice fed VHFD were partially
protected against body weight gain as compared to WT mice fed VHFD.
A moderate reduction in body weight has also been observed in older
mice that had life-long overexpression of NAMPT in skeletal muscle
when compared to age-matched WT mice [32].
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Figure 5: NAMPT overexpression in skeletal muscle coupled with voluntary exercise training increased exercise endurance capacity. (A) body weight over time, (B) fat
mass percentage over time, (C) aerobic capacity (VO2max) pre- and post-voluntary exercise training or sedentary conditions, (D) endurance capacity (running time) pre- and post-
voluntary exercise training or sedentary conditions, (E) running distance and total running time per 24 h, (F) average running speed and maximum running speed per 24 h. WT
sed ¼ sedentary Wild Type; NamptTg sed ¼ sedentary NamptTg; WT ex ¼ exercised Wild Type; NamptTg ex ¼ exercised NamptTg. $ p < 0.050 all ex versus all sed; ε p < 0.050
WT sed versus NamptTg sed; d p < 0.050 WT sed versus WT ex and NamptTg ex; g p < 0.050 NamptTg ex versus WT sed and NamptTg sed; h p < 0.050 WT ex versus WT sed;
*p < 0.050 pre-versus post-within the same group. Data are mean � SEM.
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Despite the lower body weight gain in the present study, NamptTg
mice fed VHFD still developed insulin resistance comparable to WT
mice on the same diet. The Baur group reported that skeletal muscle
NAMPT overexpression did not protect from metabolic consequences
after 24 weeks of VHFD feeding [28], and temporal overexpression of
SIRT1 in skeletal muscle had no effect on insulin sensitivity in adult
mice [33]. In contrast, increasing whole-body NADþ levels in rodents
using NADþ-precursors such as NMN and NR [27,30,34] attenuated
the glucose and insulin intolerance, which developed in response to
HFD feeding. Thus, the exclusive elevation of NADþ in skeletal muscle
in the NamptTg mouse might not be enough to improve the metabolic
profile. On the other hand, NR or NMN administration will increase the
NADþ concentrations in other organs (such as adipose tissue and liver)
that might play a pivotal role in preserving metabolic health.
A striking observation in our study was the 3-fold higher endurance
capacity of exercised NamptTg mice versus exercised WT mice,
despite similar duration and intensity of the recorded voluntary
(running wheel) exercise activity. We showed previously that skeletal
8 MOLECULAR METABOLISM 7 (2018) 1e11 � 2017 The Authors. Published by Elsevier GmbH. Thi
muscle NAMPT protein content was higher in athletes than in
sedentary persons, and positively correlated with VO2max [9]. The
investigation reported herein is the first to probe the impact of
(voluntary) exercise training in the setting of increased skeletal muscle
NADþ concentrations. We further observed partial protection from
decreases in VO2max over time in sedentary NamptTg mice when
compared to sedentary WT mice. Cantó et al. reported a slight increase
in VO2max and endurance capacity after 12 weeks of NR supple-
mentation when compared to control mice [27]. Moreover, a recent
study showed decreased endurance capacity by skeletal muscle-
specific NAMPT knock-out mice [32]. Consequently, our data sug-
gest that higher skeletal muscle NADþ concentrations themselves
might be beneficial for exercise performance. This is supported by
earlier findings in older mice that had life-long overexpression of
NAMPT in skeletal muscle, and showed protection against aging-
induced decreases in exercise endurance [32].
The enhanced endurance capacity in the exercised NamptTg mice was
concordant with gene expression changes evident in skeletal muscle
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: NAMPT overexpression in skeletal muscle and voluntary exercise training increased mitochondrial gene expression but not SIRT1 gene expression and
complex III protein content. Gene expression of (A) SIRT1 and genes related to (B) mitochondrial biogenesis, (C) oxidative phosphorylation, (D) oxidative stress modulation, and
(E) substrate selection in red quadriceps. (F) Complex III protein content in red quadriceps. WT sed ¼ sedentary Wild Type; NamptTg sed ¼ sedentary NamptTg; WT
ex ¼ exercised Wild Type; NamptTg ex ¼ exercised NamptTg. Letters indicate significant differences between groups (p < 0.050). Data are normalized to WT sed, and are
mean � SEM.
derived from these animals. Thirteen out of 20 genes that govern
mitochondrial metabolism showed higher gene expression in exercised
NamptTg mice versus sedentary WT mice. While some of these genes
were also elevated in sedentary NamptTg mice or exercised WT mice
when compared to sedentary WT mice, 7 genes were uniquely
elevated in exercised NamptTg mice, suggesting that when NAMPT is
upregulated exercise training has a larger effect. These gene
expression changes were seen in red muscle tissue, but not in white
muscle tissue. Red muscle tissue predominantly consists of slow-
twitch oxidative muscle fibers and is typically considered the
specialized skeletal muscle type for endurance activity [35], which fits
the enhanced endurance capacity profile observed of the exercised
NamptTg mice.
While gene expression for genes related to mitochondrial metabolism
was elevated in exercised NamptTg mice (versus sedentary WT mice),
SIRT1 gene expression was not elevated. A previous study found no
significant increases in protein levels of SIRT1 in gastrocnemius
muscle of SpragueeDawley rats that performed 12-weeks of exercise
training [36]. There is evidence that exercise might increase SIRT1
enzyme activity via elevation of its necessary co-substrate NADþ,
rather than increasing SIRT1 expression or protein content per se
[12,13]. We did not analyze SIRT1 enzyme activity in the present study,
however, Cantó et al. concluded that AMP-kinase (AMPK) e a critical
regulator of mitochondrial biogenesis and function in response to
energy deprivation [37] e increased SIRT1 enzyme activity by
increasing the intracellular levels of NADþ [12]. Moreover, exercise
training increased SIRT1 enzyme activity but not protein content in
skeletal muscle of young and old male Wistar rats [13].
In conclusion, our study has revealed a fascinating interaction between
elevated NAMPT activity in skeletal muscle and voluntary exercise that
was manifest as a striking improvement of exercise endurance. While
we have yet to unveil the precise molecular mechanism for this
interaction, there are several fascinating possibilities to explore. Hence,
MOLECULAR METABOLISM 7 (2018) 1e11 � 2017 The Authors. Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
there are tantalizing clues gleaned from published studies to be pur-
sued as we seek to more fully elucidate the pivotal role played by
NAMPT in health and fitness.
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