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Costford SR, Bajpeyi S, Pasarica M, Albarado DC, Thomas
SC, Xie H, Church TS, Jubrias SA, Conley KE, Smith SR. Skeletal
muscle NAMPT is induced by exercise in humans. Am J Physiol
Endocrinol Metab 298: E117–E126, 2010. First published November
3, 2009; doi:10.1152/ajpendo.00318.2009.—In mammals, nicotin-
amide phosphoribosyltransferase (NAMPT) is responsible for the first
and rate-limiting step in the conversion of nicotinamide to nicotin-
amide adenine dinucleotide (NAD�). NAD� is an obligate cosub-
strate for mammalian sirtuin-1 (SIRT1), a deacetylase that activates
peroxisome proliferator-activated receptor-� coactivator-1� (PGC-
1�), which in turn can activate mitochondrial biogenesis. Given that
mitochondrial biogenesis is activated by exercise, we hypothesized
that exercise would increase NAMPT expression, as a potential
mechanism leading to increased mitochondrial content in muscle. A
cross-sectional analysis of human subjects showed that athletes had
about a twofold higher skeletal muscle NAMPT protein expression
compared with sedentary obese, nonobese, and type 2 diabetic sub-
jects (P � 0.05). NAMPT protein correlated with mitochondrial
content as estimated by complex III protein content (R2 � 0.28, P �
0.01), MRS-measured maximal ATP synthesis (R2 � 0.37, P �
0.002), and V̇O2max (R2 � 0.63, P � 0.0001). In an exercise inter-
vention study, NAMPT protein increased by 127% in sedentary
nonobese subjects after 3 wk of exercise training (P � 0.01). Treat-
ment of primary human myotubes with forskolin, a cAMP signaling
pathway activator, resulted in an �2.5-fold increase in NAMPT
protein expression, whereas treatment with ionomycin had no effect.
Activation of AMPK via AICAR resulted in an �3.4-fold increase in
NAMPT mRNA (P � 0.05) as well as modest increases in NAMPT
protein (P � 0.05) and mitochondrial content (P � 0.05). These
results demonstrate that exercise increases skeletal muscle NAMPT
expression and that NAMPT correlates with mitochondrial content.
Further studies are necessary to elucidate the pathways regulating
NAMPT as well as its downstream effects.

nicotinamide phosphoribosyltransferase; pre-B cell colony-enhancing
factor; visfatin; mitochondria; adenosine monophosphate-activated
protein kinase; primary myotubes

NICOTINAMIDE PHOSPHORIBOSYLTRANSFERASE (NAMPT) was orig-
inally identified in humans as pre-B cell colony-enhancing
factor (PBEF) (39) and later described as an adipokine named
visfatin (13). Visfatin was originally shown to have insulin-
mimetic effects (13); however, these results have proved to be
irreproducible and in conflict with several other studies (1, 26,
38, 41), resulting in the retraction of the original report (12).
“iNAMPT” and “eNAMPT” are now used to distinguish be-
tween the intracellular and extracellular forms of NAMPT/
PBEF/visfatin (38). In mammals, iNAMPT is responsible for
the first and rate-limiting step in the conversion of nicotin-
amide to nicotinamide dinucleotide (NAD�) in the NAD�

salvage pathway (36, 37). NAMPT protein is expressed ubiq-
uitously in human tissues, including skeletal muscle (25), and
provides NAD� as a coenzyme for metabolic/energy-produc-
ing processes such as the TCA cycle and electron transport
chain (ETC). In addition, NAD� is an obligate cosubstrate for
the enzymatic activity of mammalian sirtuin-1 (SIRT1) (22), a
protein deacetylase that, among several other functions, acti-
vates peroxisome proliferator-activated receptor-� coactiva-
tor-1� (PGC-1�) in skeletal muscle. PGC-1� is known to
induce the transcription of mitochondrial genes as well as
genes involved in fatty acid oxidation and reactive oxygen
species scavenging (15) and is considered a potent stimulator
of mitochondrial biogenesis. SIRT1 deacetylation of PGC-1�
is essential for the upregulation of fatty acid oxidation in
skeletal muscle under conditions of low glucose (15).

Perhaps the best-characterized cellular energy sensor to date is
adenosine monophosphate-activated protein kinase (AMPK).
AMPK is activated in response to metabolic stresses such as
muscle contraction, glucose deprivation, hypoxia or ischemia
(reviewed in Ref. 19). Upon activation, AMPK inhibits ATP-
consuming pathways and stimulates ATP-producing pathways,
such as glycolysis and fatty acid oxidation, in order to restore
the energy charge of the cell (reviewed in Ref. 18). Fulco et al.
(14) showed that mouse Nampt expression increased during
glucose restriction in the mouse myoblast C2C12 cell line;
importantly, this increase was dependent on AMPK. The au-
thors also showed that SIRT1 activity was increased with
glucose restriction or AMPK activation via 5-aminoimidazole-
4-carboxamide-ribonucleoside (AICAR), implicating AMPK,
NAMPT and SIRT1 in a skeletal muscle nutrient-sensing
pathway (14). More recently, Cantó et al. (6) demonstrated that
AMPK activation enhanced SIRT1 activity by increasing
NAD� levels, resulting in the deacetylation of PGC-1� in
mouse skeletal muscle. On the basis of these findings, we
hypothesized that the activation of AMPK via exercise would
result in the induction of NAMPT in human skeletal muscle.
Since AMPK is involved in the initiation of mitochondrial
biogenesis via increasing expression of PGC-1� (42, 46) and
SIRT1 deacetylation of PGC-1� is required for the transcrip-
tion of mitochondrial fatty acid oxidation genes (15), we
further hypothesized that NAMPT might play a role in skeletal
muscle mitochondrial biogenesis. Indeed, in this pilot study we
show that skeletal muscle NAMPT is upregulated in response
to exercise training and correlates with mitochondrial content
in humans, suggesting a potential role for NAMPT in the
AMPK-mitochondrial biogenesis pathway. If true, NAMPT
may be a high-priority target for increasing mitochondrial
content in individuals who have type 2 diabetes (T2DM),
where defects in mitochondrial content and function have been
demonstrated (24, 30).
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MATERIALS AND METHODS

Clinical studies. Subjects were recruited into two distinct clinical
investigations; the characteristics of these populations are presented in
Table 1.

Volunteers qualified and were enrolled in Study A (ACTIV; Clini-
calTrials.gov ID NCT00401791) if they were age 18–30 yr, had a
BMI �20 but �30kg/m2 (for athletes and nonobese subjects) or a
BMI of �30kg/m2 (for healthy nondiabetic obese subjects). Body
composition, insulin sensitivity, maximal ATP synthesis rate, and
maximal aerobic capacity were determined at baseline in endurance-
trained athletes as well as in sedentary subjects who were nonobese
(with or without a family history of T2DM) or obese. Subjects
consumed a standard diet (35% fat, 15% protein, 50% carbohydrate)
for 2 days, were admitted to the metabolic unit overnight, and
underwent a vastus lateralis biopsy using the Bergstrom technique
after an overnight fast. A subset of five subjects from each group was
analyzed for this study (subject characteristics of this subset are
described in Table 1). After baseline testing, 13 nonobese sedentary
subjects participated in an exercise training protocol consisting of
alternating day sessions of a progressive 30- to 60-min interval
protocol [75–85% maximum aerobic capacity (V̇O2max)] and a 50-min
aerobic protocol (70% V̇O2max), both performed on a stationary
bicycle. Subjects exercised on 13 days of a 3-wk period. Seven
additional subjects acted as nonexercise controls. Insulin action,
muscle biopsy, and laboratory parameters were obtained 2 days after
the last exercise bout under identical conditions. Baseline character-
istics of these subjects are described in Supplementary Table 1
(Supplementary materials are found in the online version this paper).

Volunteers qualified and were enrolled in Study B [TAKE TIME;
ClinicalTrials.gov ID NCT00402012] if they had known T2DM, were
“diet controlled” or were taking metformin, insulin, and/or sulfonyl-
ureas but not thiazolidinediones and were otherwise healthy. The
overall purpose of this study was to examine the effects of pioglita-
zone on skeletal muscle metabolism and insulin sensitivity; the latter
analyses are ongoing and have not yet been published. Body compo-
sition, insulin sensitivity, and maximal ATP synthesis rate were
determined at baseline. Subjects were fed a standard diet (35% fat,
15% protein, 50% carbohydrate) for 2 days, admitted to the metabolic
unit overnight, and underwent a vastus lateralis biopsy using the

Bergstom technique after an overnight fast. A subset of five subjects
was analyzed for this study (subject characteristics of this subset are
described in Table 1).

Both protocols were approved by the PBRC Institutional Review
Board, and all subjects gave written informed consent after being
informed of the risks and benefits of participation.

Body composition. Body fat mass and lean mass were measured on
a Hologic dual energy X-ray absorptiometer (QDR 4500A; Hologic,
Waltham, MA).

Euglycemic-hyperinsulinemic clamp. The clamp was performed as
previously described (10). Briefly, intravenous catheters were inserted
in an antecubital vein for infusions and in a vein on the dorsum of the
contralateral hand for sampling of arterialized blood. After baseline
sampling, a primed continuous insulin infusion (80 mU �m�2 �min�1)
was continued for 2–4 h. The clamp was continued for at least 1 h
after reaching a concentration of glucose �90–100 mg/dl. The mean
rate of exogenous glucose infusion during steady state (last 30 min)
was corrected for changes in glycemia and divided by fat-free mass
(FFM) to assess insulin sensitivity.

Maximal ATP synthesis rate. Maximal ATP synthesis rate (ATP-
max) was determined as described previously (23) on a 3T GE Signa
MNS magnet (GE, Milwaukee, WI) using a 4- or 6-cm 31P-tuned
surface coil positioned over the distal vastus lateralis. Following the
acquisition of a fully relaxed spectrum, 31P spectra were acquired
every 6 s at rest (4 NEX) and continuously during a 24-, 30-, or 36-s
ballistic exercise obtained by “kicking” against Velcro straps posi-
tioned tight across the leg and thigh. Exercise time and intensity were
targeted to drop phosphocreartine (PCr) by 33–50% of basal PCr and
to avoid a pH of �6.8, because lower pH inhibits oxidative phos-
phorylation and results in an artificially low ATPmax. ATPmax was
calculated using the PCr recovery time constant (	) and [PCr]rest:
ATPmax � [PCr]rest/	. Confirmation that ATPmax is a good measure
of phosphorylation capacity comes from animal and human studies
that have found this rate to vary in direct proportion to the oxidative
enzyme activity of healthy muscle (29, 32). ATPmax has previously
been validated against mitochondrial content (8, 9). The reproducibility
of muscle ATPmax determinations has been published (2, 3), and repeated
measures on the same subject at PBRC agree to within 
11%.

Table 1. Cross-sectional study subject characteristics

Athletes (A) Nonobese FH� (B) Nonobese FH� (C) Obese (D) T2DM (E) Significant Differences

Age, yr 22.8
4.0 23.8
2.2 25.2
4.3 30.8
3.7 48.2
12 ‡E�A,B,C
†E�D

Body Weight, kg 71.8
6.9 68.7
7.7 82.9
14.4 113.9
10.3 107.0
14.4 ‡D�A,B
†D�C
‡E�A,B
*E�C

BMI, kg/m2 22.9
2.9 22.6
1.9 27.0
3.1 37.1
5.4 35.5
3.4 ‡D�A,B
†D�C
‡E�A,B
†E�C

%Fat Mass 12.0
2.5 20.1
4.8 25.1
4.6 32.3
5.1 32.2
3.7 *A�B
‡A�C,D,E
†B�D,E

Fasting glucose, mg/dl 89.6
5.5 91.0
5.1 92.2
10.9 97.0
4.2 184.4
69.8 †E�A,B,C,D
Glucose disposal rate, mg �kg FFM�1 �min�1 0.21
0.04 0.18
0.07 0.11
0.02 0.05
0.02 0.05
0.02 *A�C

‡A�D,E
†B�D,E

ATPmax, mM/s 1.04
0.20 0.60
0.08 0.59
0.10 0.63
0.09 0.49
0.20 †A�B,C,D
‡A�E

V̇O2max, ml �kg�1 �min�1 50.9
3.1 32.1
3.4 29.9
6.3 24.9
3.2 not measured ‡A�B,C,D

Values are means 
 SD. FH�, subjects had no family history (FH) of type 2 diabetes mellitus (T2DM); FH�, subjects had �1 parent with T2DM. Glucose
disposal rate is expressed per kg of fat free mass (FFM); V̇O2max is expressed per kg body wt per min. One-way ANOVA, Tukey’s post hoc test: *P � 0.05,
†P � 0.01, ‡P � 0.001.
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V̇O2max. V̇O2max was determined using a standardized graded exer-
cise testing protocol administered on a stationary bicycle ergometer
(Lode Excalibur, Gronig, Netherlands). Participants started exercising
at either 30 W (sedentary subjects) or 100 W (athletes). Workload and
exercise load were increased by 20 W (sedentary subjects) or 30 W
(athletes) every minute until the participant reached exhaustion. V̇O2,
V̇CO2, and respiratory exchange ratio (RER) were measured continu-
ously throughout the exercise tests by using a Parvomedics True Max
2400 Metabolic Measurement Cart (Salt Lake City, UT). A V̇O2 peak
was determined from the last minute of exercise, and it was consid-
ered V̇O2max if the participant met at least two of the following three
criteria: 1) participant reached estimated maximum heart rate, 2) RER
was above 1.15, and 3) the last two measurements of V̇O2 reached
plateau.

DNA extraction and real-time PCR for mitochondrial DNA. DNA
was extracted from 11 to 33 mg of frozen muscle tissue by use of the
DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA) according to
the manufacturer’s protocol. Relative amounts of mitochondrial DNA
(mtDNA) and nuclear DNA were determined by quantitative real-time
PCR as described previously (4, 20, 44). The sequences for the
primer/probe sets used in the TaqMan (Applied Biosystems, Roche,
Branchburg, NJ) analysis of mtDNA content for NADH dehydroge-
nase subunit 1 (ND1) and for lipoprotein lipase (LPL; acc. no.
NM_000237) are listed in Supplementary Table 3. Mitochondrial
content is expressed as number of copies of mtDNA per cell (ratio of
ND1 to LPL).

Cell culture experiments. Myoblast donors, participants in the
ACTIV study, were lean, healthy, sedentary males aged 22–27 yr with
BMIs ranging from 20.5 to 24.8 kg/m2. Human myoblasts were
immunopurified and cultured as described previously (43). When
myoblast cultures reached �80% confluence, they were differentiated
for 5 days into mature myotubes. Differentiation media consisted of
�-MEM medium supplemented with 2% fetal bovine serum, 2%
PenStrep, and 0.5 mg/ml fetuin (Invitrogen-Gibco, Carlsbad, CA). For
forskolin and ionomycin experiments, differentiation media also con-
tained 30 �M palmitate. During the last 3 days of differentiation,
myotubes were treated with 4 �M forskolin and/or 0.5 �M ionomycin
for 60 min/day. For AMPK activation experiments, myotubes were
treated with 0.5 mM AICAR (Cell Signaling Technology, Danvers,
MA) for the last 8, 24, or 48 h of differentiation prior to harvest or for
the entire duration of differentiation (5 days).

Western blotting. Skeletal muscle homogenates were prepared by
Polytron homogenization in RIPA buffer containing protease inhibitor
and phosphatase inhibitor cocktails (Sigma, St. Louis, MO). Cultured
myotube lysates were prepared in the same buffer by sonication.
Protein content was quantified via bicinchoninic acid assay (Thermo
Fisher Scientific, Wilmington, MA). Twenty-five micrograms of mus-
cle homogenate or 20–70 �g of cell lysate was run on a 10%
SDS-PAGE gel (Bio-Rad, Hercules, CA) and transferred to a PVDF
membrane (Millipore, Billerica, MA). Membranes were incubated
with antibodies to NAMPT (A300–372A; Bethyl, Montgomery, TX),
complex III (MS304; MitoSciences, Eugene, OR), phospho-AMPK�
(2531; Cell Signaling Technology, Danvers, MA), AMPK� (2532;
Cell Signaling Technology), and/or GAPDH (4699-9555; Biogenesis,
Poole, UK, or NB300-221; Novus Biologicals, Littleton, CO) over-
night and then probed with goat anti-mouse IgG DyLight 680 or goat
anti-rabbit IgG DyLight 800 (Thermo Fisher Scientific). Bands were
visualized using an Odyssey 9120 Infrared Imaging System (LI-COR,
Lincoln, NE) and quantified using Odyssey Application Software
version 2.1 (LI-COR). Preliminary studies showed linearity of
GAPDH-adjusted signal for a test sample from 10–70 �g of total
muscle protein.

RNA extraction and qRT-PCR. As described previously (40), mus-
cle biopsy specimens were snap-frozen in liquid nitrogen at the
bedside, and RNA was extracted via column purification using the
Qiagen RNeasy Fibrous Mini Kit (Qiagen, Valencia, CA). RNA
purity was determined on an Agilent 2100 Bioanalyzer (Agilent

Technologies, Palo Alto, CA), and RNA quantity was determined
using an ND-1000 Nanodrop Spectrophotometer (Thermo Fisher
Scientific). Primers and probes were designed using Primer Express
version 2.1 (Applied Biosystems, Foster City, CA). Sequences of
primer/probe sets are shown in Supplementary Table 2. The concen-
tration of target mRNAs was determined by quantitative reverse
transcriptase-PCR (qRT-PCR) using Taqman primers and fluorescent
probes as the detection system. The qRT-PCR was performed on an
ABI PRISM 7900 (Applied Biosystems, 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. All
expression data were normalized to the ribosomal protein, large, P0
housekeeping gene (RPLP0).

Immunohistochemistry and confocal imaging. Myotubes were
stained as previously described (31), with minor modifications. Cells
were fixed with 10% formalin and permeablized with 0.1% saponin
prior to being incubated with the human total OXPHOS antibody
cocktail (MS601; MitoSciences). Myotubes were then probed with
donkey anti-mouse IgG conjugated to Alexa 680 (A21058; Invitrogen
Molecular Probes). Nuclei were stained using DAPI (Invitrogen
Molecular Probes). Images were taken using a confocal microscope
(Zeiss 510 META; Carl Zeizz, Thornwood, NY). OXPHOS was
quantified by measuring fluorescence intensity using a FlexStation II
microplate reader (Molecular Devices, Sunnyvale, CA). Negative
controls performed with the addition of a nonspecific mouse primary
IgG did not present a fluorescent signal.

Statistical analysis. Cross-sectional differences in clinical charac-
teristics (Table 1), NAMPT/complex III protein expression, and
mtDNA (Fig. 1) were analyzed via one-way ANOVA with Tukey’s
post hoc-adjusted P. A Shapiro-Wilk test was used to confirm the
normality of the data. In cases where both parameters were distributed
normally, a Pearson correlation was used (Fig. 2, B and C). In cases
where one or both parameters were not normally distributed, a
Spearman correlation was used (Figs. 2, A, D, and E, 3D, and 4, A and
B). Pre- and postexercise training data were compared by paired
Student’s t-test (Fig. 3, A–C). Forskolin- and ionomycin-treated cells
(IHC) and AICAR-treated cells were compared with control cells by
paired Student’s t-test (Figs. 5C and 6, B–D). Forskolin- and/or
ionomycin-treated cells (complex III, NAMPT, pAMPK:AMPK)
were compared with control cells by one-way ANOVA with Dun-
nett’s post hoc-adjusted P (Figs. 5, D and E, and 6A). Differences in
percent increase in NAMPT protein were analyzed by one-way
ANOVA with Tukey’s post hoc-adjusted P. P � 0.05 was considered
significant.

RESULTS

Athletes have higher skeletal muscle NAMPT protein expres-
sion. NAMPT protein expression was examined in muscle
homogenates obtained from vastus lateralis biopsies of five
metabolically distinct groups of subjects: endurance-trained
athletes, nonobese sedentary subjects with no family history of
T2DM (FH�), nonobese sedentary subjects with at least one
parent having T2DM (FH�), obese sedentary subjects and
sedentary subjects with T2DM (Table 1). Endurance-trained
athletes had approximately twofold higher skeletal muscle
NAMPT protein expression than subjects who were nonobese
(with or without a family history of T2DM, P � 0.05 and P �
0.01, respectively) or obese (P � 0.01) or who had T2DM
(P � 0.01) (Fig. 1A). Athletes also had higher muscle mito-
chondrial content as measured by complex III protein (P �
0.01, nonobese FH� and T2DM subjects) and mtDNA (P �
0.01, nonobese FH� and FH�, P � 0.05, obese and T2DM;
Fig. 1, B and C).
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NAMPT is positively correlated with mitochondrial mass
and function. NAMPT protein expression was correlated with
mitochondrial content (as measured by complex III protein,
R2 � 0.28, P � 0.01; Fig. 2A); with ATPmax (R2 � 0.37, P �
0.002), an in vivo measurement of maximal mitochondrial
ATP synthesis (Fig. 2B); and with V̇O2max measured on a
stationary bicycle (R2 � 0.63, P � 0.0001; Fig. 2C). Interest-
ingly, skeletal muscle NAMPT protein content was negatively
correlated with percent body fat (R2 � 0.36, P � 0.002) and
positively correlated with glucose disposal rate (R2 � 0.20,
P � 0.05; Fig. 2, E and F).

Exercise training increases skeletal muscle NAMPT protein
expression. A subgroup of 13 nonobese subjects underwent an
exercise training program (7 subjects acted as nonexercise
controls). Baseline subject characteristics are described in
Supplementary Table 1 (the effect of exercise training on these
characteristics will be reported elsewhere). Skeletal muscle
NAMPT mRNA increased by 68% (P � 0.001), and NAMPT
protein increased by 127% (P � 0.01) with exercise training
(Fig. 3, A and B), whereas PGC-1� mRNA, a potent stimulator
of mitochondrial biogenesis, increased by 28% (P � 0.001;
Fig. 3C). We found a positive correlation between NAMPT
and PGC-1� mRNA (R2 � 0.27, P � 0.002; Fig. 3D).
Interestingly, we observed a ceiling effect for both NAMPT
and PGC-1� mRNA expression (R2 � 0.31, P � 0.05, and
R2 � 0.62, P � 0.002, respectively): subjects with a high
pretraining level of NAMPT or PGC-1� had a smaller increase
with training (Figs. 4, E and F).

Treatment of human myotubes with forskolin increases
NAMPT expression in vitro. Primary human myotubes were
treated daily with 60-min pulses of forskolin and ionomycin in
vitro to simulate exercise training. Forskolin and ionomycin
activate the cAMP- and calcium-signaling pathways, respec-
tively, which are activated by exercise in skeletal muscle in
vivo. Treatment with both forskolin and ionomycin increased
mitochondrial volume by �50% (P � 0.05), as measured by
quantitative confocal immunohistochemistry of the electron
transport chain (Fig. 5, A–C). Increases in mitochondrial con-
tent as measured by complex III protein, however, appeared to
be driven by ionomycin (P � 0.01; Fig. 5D). NAMPT protein
content increased �2.5-fold compared with untreated cells
when treated with forskolin and ionomycin or forskolin alone,
whereas ionomycin did not affect NAMPT protein content
(Fig. 5, E and F).

Treatment of human myotubes with AICAR increases
NAMPT expression in vitro. Treatment with ionomycin and
chronic treatment with forskolin have previously been shown
to activate AMPK in cells (11, 21). In our system, we observed
small increases in the pAMPK/AMPK ratio after three daily
forskolin or ionomycin pulse treatments, reaching significance
when both forskolin and ionomycin were pulsed together (P �
0.05; Fig. 6A). To determine whether NAMPT could be up-
regulated by AMPK activation independently of the cAMP-
signaling pathway, we treated cells with 0.5 mM AICAR
during differentiation. Treatment of cells with AICAR for 8,
24, or 48 h had no effect on NAMPT mRNA or protein content
or on mitochondrial content (data not shown). However, treat-
ment with AICAR for the duration of differentiation (5 days)
resulted in an �3.4-fold increase in NAMPT mRNA (P �
0.05; Fig. 6B) and a small but significant increase in NAMPT
protein (P � 0.05; Fig. 6C). AICAR treatment also resulted in

Fig. 1. Skeletal muscle nicotinamide phosphoribosyltransferase (NAMPT)
protein expression and mitochondrial content in metabolically distinct sub-
jects. FH, nonobese sedentary subjects with or without family history of
T2DM; AU, arbitrary units. A: NAMPT protein in skeletal muscle (means 

SD, n � 5, one-way ANOVA with Tukey’s post hoc test, *P � 0.05, **P �
0.01 vs. Athletes). B: complex III protein in skeletal muscle (means 
 SD, n �
5, one-way ANOVA with Tukey’s post hoc test, **P � 0.01 vs. Athletes).
C: mitochondrial DNA in skeletal muscle (means 
 SD, n � 2–5, one-way
ANOVA with Tukey’s post hoc test, *P � 0.05, **P � 0.01 vs. Athletes).
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a small but significant increase in mitochondrial content as
measured by complex III protein (P � 0.05; Fig. 6C).

DISCUSSION

NAMPT catalyzes the rate-limiting step in the conversion of
nicotinamide to NAD� in the mammalian NAD� salvage
pathway and is essential for the process of oxidative phosphor-
ylation due to NAD�’s role as a shuttle for electrons between
the TCA cycle and the ETC. NAD� is also an obligate
cosubstrate for the enzymatic activity of SIRT1 (22), an im-
portant protein deacetylase. In this pilot clinical study, we
found that athletes have higher skeletal muscle NAMPT pro-
tein and that exercise training increases NAMPT protein ex-

pression in previously sedentary individuals. In the cross-
sectional study, skeletal muscle NAMPT was correlated with
mitochondrial content, maximal mitochondrial ATP synthesis
and maximum aerobic capacity. Treatment of human myotubes
with forskolin or AICAR was sufficient to increase NAMPT
protein and, in the case of AICAR, mitochondrial content.
These results support NAMPT’s essential role in energy me-
tabolism and suggest that NAMPT may be regulated in parallel
with mitochondrial biogenesis or may perhaps play a role in the
regulation of mitochondrial biogenesis in response to exercise.
The pathways regulating mitochondrial biogenesis are of par-
ticular interest, as some studies have shown decreased skeletal
muscle mitochondrial mass and abnormal mitochondrial mor-

Fig. 2. Relationship between skeletal muscle
NAMPT protein and markers of mitochondrial
content and function. A: Spearman correlation
between NAMPT and complex III protein expres-
sion in skeletal muscle (n � 25, R2 � 0.28, P �
0.01). B: Pearson correlation between skeletal
muscle NAMPT protein expression and ATPmax

(n � 24, R2 � 0.37, P � 0.002). C: Pearson
correlation between skeletal muscle NAMPT pro-
tein expression and V̇O2max (n � 18, R2 � 0.63,
P � 0.0001). D: Spearman correlation between
skeletal muscle NAMPT protein and %body fat
mass (n � 24, R2 � 0.36, P � 0.002). E: Spear-
man correlation between skeletal muscle NAMPT
protein and glucose disposal rate (n � 20, R2 �
0.20, P � 0.05).
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phology in individuals who have T2DM (24, 30, 33, 34).
However, this area is controversial, as other studies have
shown normal mitochondrial function in individuals with
T2DM or have provided evidence supporting a lack of con-
nection between mitochondria and insulin resistance (5, 17, 27,
35). Exercise is known to increase skeletal muscle mitochon-
drial content, although the pathways through which this occurs
have not been fully elucidated. If NAMPT does indeed play a
role in the regulation of mitochondrial biogenesis, NAMPT
may represent a novel target for reversing decreased mitochon-
drial content in individuals with T2DM who exhibit this defect.

We have shown that athletes have approximately twofold
higher skeletal muscle NAMPT protein compared with seden-
tary individuals and that NAMPT protein can be upregulated

more than twofold in sedentary individuals following 3 wk of
exercise training. Skeletal muscle NAMPT protein was corre-
lated with mitochondrial content, maximal mitochondrial ATP
synthesis, and maximum aerobic capacity. These preliminary
data indicate that NAMPT is related not only to skeletal muscle
mitochondrial mass and function but to overall aerobic fitness.
The data are only correlative, however; therefore, further
experiments will be required to determine whether NAMPT is
a direct or an indirect player in (or simply upregulated in
tandem with) the mitochondrial biogenesis pathway. It is
interesting that the strongest correlation was found between
NAMPT protein and maximal aerobic capacity (V̇O2max). It is
generally believed that oxygen delivery by the cardiovascular
system is the major determinant of V̇O2max; however, the strong

Fig. 3. Skeletal muscle NAMPT and PPAR�
coactivator-1� (PGC-1�) expression pre- and
postexercise training. A: skeletal muscle NAMPT
mRNA (means 
 SD, n � 13, paired Student’s
t-test, ***P � 0.001). B: skeletal muscle NAMPT
protein (means 
 SD, n � 10, paired Student’s
t-test, **P � 0.01). C: skeletal muscle PGC-1�
mRNA (means 
 SD, n � 13, paired Student’s
t-test, ***P � 0.001). D: Spearman correlation
between skeletal muscle NAMPT and PGC-1�
mRNA (pretraining n � 20, posttraining n � 13,
R2 � 0.27, P � 0.002).

Fig. 4. A: Spearman correlation between baseline
level of skeletal muscle NAMPT mRNA and
%change in NAMPT mRNA with exercise train-
ing (n � 13, R2 � 0.31, P � 0.05). B: Spearman
correlation between baseline level of skeletal
muscle PGC-1� mRNA and %change in PGC-1�
mRNA with exercise training (n � 13, R2 � 0.62,
P � 0.002).
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correlation between skeletal muscle NAMPT and V̇O2max sug-
gests that the production of sufficient NAD� to shuttle elec-
trons from the TCA cycle to the electron transport chain may
also be an important factor. We observed a ceiling effect for
both NAMPT and PGC-1� mRNA in response to exercise
training: individuals having high baseline levels of NAMPT/
PGC-1� showed a smaller percent increase posttraining. These
data suggest that NAMPT and PGC-1� may be regulated in
part by negative feedback loops.

Interestingly, we found that skeletal muscle NAMPT protein
was negatively correlated with body fat and positively corre-
lated with whole body insulin sensitivity. This is in opposition
to what has been observed of circulating levels of eNAMPT,
which have been reported to be increased in obesity (45) and

T2DM (28) but reduced with exercise (7). The differences in
eNAMPT and iNAMPT expression in obesity suggest inde-
pendent regulation and possibly function.

We treated primary human myotubes in vitro with forskolin
and/or ionomycin to establish whether this increase in NAMPT
expression was a direct or indirect effect of exercise on muscle.
Forskolin and ionomycin activate the cAMP- and calcium-
signaling pathways, respectively. Treatment with forskolin (or
forskolin � ionomycin) resulted in an �2.5-fold increase in
NAMPT protein expression, whereas ionomycin alone had no
effect on NAMPT protein. The stimulation of the cAMP-
signaling pathway is therefore sufficient to increase NAMPT
protein content in skeletal muscle. Previous studies have
shown that long-term forskolin treatment of cells can activate

Fig. 5. NAMPT protein expression and mito-
chondrial content in forskolin- and/or ionomy-
cin-treated primary human myotubes. DAPI
staining of nuclei and OXPHOS staining of
mitochondria and overlay in control (untreated; A)
and forskolin- and ionomycin-treated primary hu-
man myotubes (B). C: quantification of mito-
chondrial volume by OXPHOS fluorescence
(means 
 SD, n � 4, paired Student’s t-test,
P � 0.05) in control and forskolin- and iono-
mycin-treated cells. D: complex III protein
in control and forskolin- and/or ionomycin-
treated primary human myotubes (means 

SD, n � 5, one-way ANOVA with Dunnett
post hoc test, *P � 0.05, **P � 0.01).
E: NAMPT protein in control and forskolin-
and/or ionomycin-treated primary human
myotubes [means 
 SD, n � 5, one-way
ANOVA with Dunnett’s post hoc test, not
significant (NS)]. F: %increase in NAMPT
protein vs. control cells (means 
 SD, n � 5,
one-way ANOVA with Tukey’s post hoc test,
**P � 0.01).

E123EXERCISE INDUCES SKELETAL MUSCLE NAMPT

AJP-Endocrinol Metab • VOL 298 • JANUARY 2010 • www.ajpendo.org



AMPK (11); however, we did not achieve a significant increase
in pAMPK/AMPK ratio with forskolin alone (although fors-
kolin � ionomycin produced a significant increase). To test
whether AMPK activation could upregulate NAMPT, we
chronically treated cells with AICAR and found an increase in
both NAMPT mRNA and protein, consistent with the findings
of Fulco et al. (14) in C2C12 cells. Shorter-term AICAR
exposure (8, 24, or 48 h) was not sufficient to affect NAMPT
expression or mitochondrial content in our system, suggesting
that the chronic stimulation of AMPK (or the “training effect”)
is necessary to produce NAMPT upregulation. These data
support the view that the increase in NAMPT protein seen with
exercise is due, at least in part, to direct signaling effects within
skeletal muscle, not to neural or endocrine effects of exercise
training. Since NAD� is an obligate cofactor for SIRT1, and
SIRT1 deacetylates PGC-1�, it is tempting to hypothesize that
an AMPK-NAMPT-SIRT1-PGC-1� pathway would stimulate
mitochondrial biogenesis. Although Cantó et al. (6) have re-
cently reported that SIRT1 mediates AMPK-induced PGC-1�
deacetylation in mouse skeletal muscle, Gurd et al. (16) also
recently showed that overexpression of SIRT1 in rodent mus-
cle in fact decreased PGC-1� expression and mitochondrial
content. Interestingly, although forskolin treatment resulted in
increased NAMPT expression, we found that it had no effect
on mitochondrial content as measured by complex III protein.
AICAR treatment resulted in an increase in both NAMPT and
mitochondrial content, whereas treatment with ionomycin in-
creased mitochondrial content without increasing NAMPT. It
is clear from the clinical data that exercise training increases

both NAMPT expression and mitochondrial content, but
whether these are coregulated by a single upstream system or
act in series has yet to be elucidated. The forskolin/ionomycin
results suggest that NAMPT and mitochondrial biogenesis are
independently regulated, but the AICAR results suggest that
both are regulated by AMPK. Further in vitro work is needed
to dissect these signaling pathways.

In summary, skeletal muscle NAMPT is upregulated in
response to exercise in humans and correlates with muscle
PGC-1� mRNA, mitochondrial content, ATPmax, and V̇O2max.
Combined with prior data implicating NAMPT in the regula-
tion of SIRT1, this suggests that NAMPT may play a role in
the regulation of mitochondrial biogenesis in response to ex-
ercise; however, a direct link has yet to be demonstrated.
Future studies should focus on defining the downstream effects
of NAMPT activation as well as its upstream regulators in
skeletal muscle.
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