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Abstract

Aims: Nicotinamide phosphoribosyltransferase (Nampt) is a key enzyme for nicotinamide adenine dinucleotide
(NAD+) biosynthesis, and recent evidence indicates its role in inflammatory processes. Here, we investigated the
potential effects of pharmacological Nampt inhibition with FK866 in a mouse myocardial ischemia/reperfusion
model. In vivo and ex vivo mouse myocardial ischemia/reperfusion procedures were performed. Results:
Treatment with FK866 reduced myocardial infarct size, neutrophil infiltration, and reactive oxygen species
(ROS) generation within infarcted hearts in vivo in a mouse model of ischemia and reperfusion. The benefit of
FK866 was not shown in the Langendorff model (ex vivo model of working heart without circulating leukocytes),
suggesting a direct involvement of these cells in cardiac injury. Sera from FK866-treated mice showed reduced
circulating levels of the neutrophil chemoattractant CXCL2 and impaired capacity to prime migration of these cells
in vitro. The release of CXCL8 (human homolog of murine chemokine CXCL2) by human peripheral blood
mononuclear cells (PBMCs) and Jurkat cells was also reduced by FK866, as well as by sirtuin (SIRT) inhibitors and
SIRT6 silencing, implying a pivotal role for this NAD+-dependent deacetylase in the production of this chemokine.
Innovation: The pharmacological inhibition of Nampt might represent an effective approach to reduce neutrophilic
inflammation- and oxidative stress-mediated tissue damage in early phases of reperfusion after a myocardial
infarction. Conclusions: Nampt inhibition appears as a new strategy to dampen CXCL2-induced neutrophil re-
cruitment and thereby reduce neutrophil-mediated tissue injury in mice. Antioxid. Redox Signal. 18, 630–641.

Introduction

Initially identified as pre-B cell colony-enhancing factor
(PBEF) in 1994 (33), and subsequently proposed to act as an

insulin-mimetic hormone (visfatin) (8, 21), nicotinamide
phosphoribosyltransferase (Nampt) has now been estab-
lished as a key enzyme for nicotinamide adenine dinucleo-
tide (NAD + ) biosynthesis in mammalian cells (21, 23).
Nampt is present both intracellularly and in the extracellular
space (20). It catalyzes the condensation of nicotinamide
and 5-phosphoribosyl-1-pyrophosphate to yield nicotinamide

mononucleotide (22). The latter is subsequently converted to
NAD + by nicotinamide mononucleotide adenylyltransferase
1-3 (NMNAT1-3) enzymes. Nampt inhibition with small
molecules, such as FK866 and CHS 828, markedly reduces
intracellular NAD + and, thus affects downstream metabolic
pathways (4, 33, 36).

Recent studies show that Nampt-derived NAD + might
fuel pro-inflammatory and pro-immunogenic pathways by
modulating the activity of NAD + -dependent enzymes and
metabolic processes (4). Intracellular Nampt expression is
upregulated during activation of immune cells (14, 15, 32) and
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adequate NAD + concentration as well as activation of intra-
cellular NAD + -dependent histone deacetylase (called sir-
tuins, which are downstream of Nampt) are required for the
synthesis of pro-inflammatory cytokines (4, 35). Circulating
levels of Nampt were found to be increased in patients with
established inflammatory diseases (5, 18, 19, 30), and might
represent a promising cardiovascular risk biomarker in dia-
betic patients (6). Drawing from these studies, we focused on
the potential role of circulating and intracellular Nampt in the
inflammatory processes underlying myocardial ischemia and
reperfusion injury in mice. The potential benefit of pharma-
cologic Nampt inhibition with FK866 (a highly specific non-
competitive inhibitor) (10) was explored in vivo and ex vivo on
myocardial infarct size, inflammatory cell infiltration, reactive
oxygen species (ROS) production, and serum inflammatory
chemokine expression. In addition, NAD + -dependent intra-
cellular pathways mediating leukocyte release of CXC che-
mokines and ROS were investigated in vitro in inflammatory
cells, previously described to play a crucial role in post-in-
farction inflammation (7).

Results

Acute myocardial infarction increases
serum Nampt levels

In order to investigate the possible role of Nampt in myo-
cardial ischemia/reperfusion, serum Nampt levels were
measured in sham-operated and untreated mice subjected to
30 min of myocardial ischemia, followed by different time
points of reperfusion. Serum Nampt levels were significantly
increased in mice with myocardial infarction from 1 h until
24 h of reperfusion as compared to sham-operated animals
(Table 1). At 24 h of reperfusion, Nampt serum levels posi-
tively correlated with cTnI levels (Fig. 1). In the myocardium,
a significant reduction in Nampt levels (tissue homogenates)
was observed in 30-min ischemic hearts as compared to sham-
operated hearts at 24 h of reperfusion (sham-operated [n = 3]
vs. infarcted hearts [n = 10]: mean – SD: 237.50 – 47.08 ng/ml
vs. 122.28 – 37.24 ng/ml, p = 0.007).

Treatment with FK866 reduces myocardial infarct size

Myocardial post-ischemic damage during reperfusion has
been shown to be partially mediated by inflammatory reac-
tions (27). Since studies showed that Nampt-derived NAD +

promotes inflammation by sustaining immune cell viability
and by promoting cytokine production (4, 5, 35), we decided
to evaluate whether pharmacological Nampt inhibition
would block inflammation in a mouse model of myocardial
ischemia/reperfusion. To this end, we made use of FK866,
which effectively blocks NAD + biosynthesis and reduces
NAD + tissue levels in vivo (4, 5, 10). Mice were subjected to
myocardial ischemia (30 min), followed by 24 h of reperfu-
sion. FK866 (30 mg/kg) or control vehicle (0.1% DMSO in
PBS) were administered 5 min and 12 h after the ischemia
onset, accordingly to a schedule that was determined on ex-
tensive assessments of drug activity in vivo in different types
of tissues (Supplementary Table S1; supplementary data are
available online at www.liebertonline/ars). The area at risk
(AAR) was similar in treatment groups, indicating that liga-
ture was reproducibly performed at the same level of the left

Innovation

The most important novelties of the present work are
represented by the demonstration of the direct and active
role of serum and intracellular Nampt in phagocyte-
mediated reperfusion injury after a myocardial infarction.
In particular, the pharmacological inhibition of Nampt
was associated with the reduction of infarct size in vivo in a
mouse model of myocardial ischemia and reperfusion. The
molecular mechanisms, by which Nampt inhibition ex-
erted its beneficial effects, were identified in: 1. The de-
crease of neutrophil infiltration within the infarcted
myocardium in FK866-treated mice as compared to vehi-
cle; 2. The reduction in ROS release within the infarcted
myocardium; and 3. The inhibition of NAD + -dependent
pathways underlying the production of the neutrophil
chemoattractant CXCL2 (murine homolog of CXCL8).
Thus, we concluded that Nampt might be a crucial deter-
minant of leukocyte-mediated injury in early phases of
reperfusion after a myocardial infarction in mice.

Table 1. Nampt Serum Levels

During Myocardial Reperfusion

Surgical procedure Reperfusion time

1 hour
Sham 2.64 (2.38–8.60)
Infarct 19.66 (8.63–180.19){

12 hours
Sham 5.14 (3.27–8.13)
Infarct 8.98 (8.22–30.65){ #

24 hours
Sham 1.61 (1.26–4.37)
Infarct 8.13 (8.13–61.17)* #

Data are expressed as median (interquartile range [IQR]) of Nampt
serum concentrations (ng/ml). (Sham group: n = 6; Infarct group:
n = 7–10).

{p < 0.01 vs. sham.
{p < 0.001 vs. sham.
*p < 0.05 vs. sham.
#N.S. vs. Infarct 1 h.
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FIG. 1. Spearman rank correlation between serum levels
of Cardiac Troponin I and Nampt at 24 h of reperfusion.
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anterior coronary artery (Fig. 2A). Treatment with FK866 re-
duced infarct size as compared to vehicle treatment at 24 h of
reperfusion (Figs. 2B and 2C). Accordingly, treatment with
FK866 significantly reduced serum cTnI levels as compared to
vehicle-treated mice at 24 h after reperfusion (Fig. 2D).
Apoptotic areas were not significantly reduced by FK866
treatment at the same time point of reperfusion (24 h), al-
though a reduction trend was observed (vehicle-treated hearts
vs. FK866-treated hearts: mean – SEM, n = 8–9: 10.15 – 4.43%
vs. 2.62 – 0.75%, p = 0.0927). Interestingly, FK866 determined a
significant reduction in the myocardial tissue concentrations
of NAD + and a significant increase in adenosine triphosphate
(ATP) levels, as compared to control vehicle (Supplementary
Table S2). No difference in mouse mortality at 24 h of re-
perfusion was observed in both treatment groups (1 mouse in
each treatment group [n = 9] died during the 24 h of reperfu-
sion: 11.1%, p = NS). Finally, since Nampt was previously re-
ported to promote cardiomyocyte survival, we assessed

whether FK866 would have direct cytotoxic activity on car-
diac myocytes (rat H2c9 cell line). Although a strong reduc-
tion in intracellular NAD + concentration was detected in
response to FK866 (vehicle vs. FK866 30 nM: mean – SEM,
n = 3: 45.80 – 0.13 nmol/mg vs. 2.00 – 0.18 nmol/mg, p < 0.01),
no effect on cell viability was documented for up to 48 h of
treatment (Supplementary Fig. S1).

Treatment with FK866 inhibits neutrophil recruitment
in infarcted hearts during reperfusion

To investigate the potential impact of Nampt inhibition on
the inflammatory mechanisms underlying myocardial re-
perfusion injury (7, 27), we assessed leukocyte infiltration in
infarcted hearts at different time points of reperfusion. FK866
treatment significantly reduced neutrophil infiltration at 12 h
and 24 h after reperfusion as compared to the vehicle-treated
group (Fig. 3A). Accordingly, at 8 h of reperfusion, FK866

FIG. 2. Treatment with FK866
reduces infarct size in vivo after
24 h of reperfusion. Vehicle or
FK866 (30 mg/kg) was adminis-
tered 5 min after ischemia onset and
after 12 h of reperfusion. Data are
expressed as scattered plots
(mean – SEM, n = 8 per group). (A)
Quantification of area at risk (AAR)
per ventricle surface (V). (B) Quan-
tification of infarct size (I) per V:
*p < 0.05. (C) Representative images
of TTC stained middle heart sections
of vehicle- or FK866-treated mice.
(D) Serum cardiac troponin I (cTnI)
levels of vehicle- or 30 mg/kg
FK866-treated mice after 1 h, 8 h,
and 24 h of reperfusion (n = 6–13 per
group): **p < 0.01. (To see this illus-
tration in color, the reader is referred
to the web version of this article at
www.liebertonline.com/ars).
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treatment was associated with a significant reduction of neu-
trophil elastase (Elane) mRNA expression in mouse hearts as
compared to vehicle (fold increase of Elane mRNA expression
as compared to sham-operated hearts in vehicle-treated
hearts vs. FK866-treated hearts: mean – SD, n = 6–9: 2.07 – 0.89
vs. 0.88 – 0.32, p = 0.026). In addition, FK866 capacity to reduce
neutrophil infiltration in infarcted hearts was also confirmed
by measuring MPO in cardiac homogenates at 24 h of re-
perfusion (vehicle-treated vs. FK866-treated hearts: mean –
SD, n = 9–10: 1269.03 – 442.58 ng/ml vs. 675.72 – 136.89 ng/
ml: p = 0.0076). At 24 h of incubation, FK866 did not affect
human neutrophil apoptotic rate in vitro as compared to
control vehicle (Supplementary Fig. S2A and B). Accord-
ingly, in infarcted hearts from FK866-treated mice, neutro-

phils mostly infiltrated regions around myocardial apoptotic
zones instead of co-localizing with them (Supplementary Fig.
2C). Therefore, these results suggest that FK866-mediated
reduction of neutrophil locomotion was not due to increased
neutrophil apoptosis.

No difference in infiltrating macrophages was detected in
the two groups at any reperfusion time point investigated
(Fig. 3B). Similarly, no difference in T lymphocyte (CD3 +

cells) infiltration at 12 h and 24 h after reperfusion was ob-
served (vehicle-treated hearts vs. FK866-treated hearts:,
mean – SD, n = 4–9: 12 h, 3.15 – 1.79 vs. 3.44 – 2.61 cells/mm2,
p = NS; 24h, 0.84 – 0.50 vs. 1.31 – 0.65 cells/mm2, p = NS).

To confirm that the benefit of FK866 was due to its ca-
pacity to prevent neutrophil infiltration in the infarcted

FIG. 3. Treatment with
FK866 reduces neutrophil in-
filtration in infarcted hearts
in vivo. (A) Quantification of
infiltrated neutrophils per area
in frozen sections of infarcted
hearts at different reperfusion
time points (1 h, 12 h, and 24 h).
Data are expressed as scattered
plots (mean – SEM, n = 7–9 per
group). *p < 0.05; ***p < 0.001.
On the right, representative
images of neutrophil (Ly-
6B.2 + cell) infiltration at 24 h
reperfusion are shown. (B)
Quantification of infiltrated
macrophages per area in fro-
zen sections of infarcted hearts
at different reperfusion time
points (1 h, 12 h, and 24 h).
Data are expressed as scattered
plots (mean – SEM, n = 7–9 per
group). N.S.: not significant. On
the right, representative images
of macrophage (CD68 + cell)
infiltration at 24 h of reper-
fusion are shown. (To see this
illustration in color, the reader
is referred to the web version
of this article at www.
liebertonline.com/ars).
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myocardium, we assessed the efficacy of this Nampt inhibitor
in an ex vivo I/R model characterized by the absence of cir-
culating leukocytes. Similarly to the in vivo protocol, buffer-
perfused hearts (Langendorff system) were subjected to
30 min local ischemia. Five min after ischemia onset, FK866 or
vehicle was added to the circulating perfusion system. In line
with previous Langendorff protocols, infarct size was as-
sessed after 2 h of reperfusion (27). As shown in Figure 4, AAR
was similar in both treatment groups (Fig. 4A). Treatment
with FK866 did not induce any effect on infarct size as com-
pared to control vehicle (Fig. 4B).

Treatment with FK866 reduced ROS production
in infarcted hearts

Given the association between neutrophilic inflammation
and ROS release during reperfusion (26, 27), we investigated
these mediators of injury within the infarcted hearts at 12 h
and 24 h of reperfusion. Treatment with FK866 significantly
reduced superoxide production within infarcted hearts at 12 h
and 24 h reperfusion as compared to vehicle (Fig. 5A and B).
In line with these results, FK866 treatment also reduced 4-
HNE positive areas, which are thought to result from ROS-
mediated lipid peroxidation (20) at 24 h of reperfusion (Figs.
5C and 5D). Furthermore, the levels of 3,5-dibromotyrosine
(an oxidant of presumed neutrophil origin) were also de-
creased in FK866-treated mice as compared to control animals
at both 12 h and 24 h of reperfusion (Figs. 5E and 5F) (3). As
predicted, neutrophil infiltration in infarcted hearts positively
correlated with superoxide production (Fig. 6A) and with
dibromotyrosine-positive areas (Fig. 6B). In addition, infil-
trated neutrophils co-localized with oxidant-rich areas in
consecutive cryosections in infarcted hearts at 24 h of re-
perfusion (Supplementary Fig. S3). No difference in oxidant
release was observed at 1 h of reperfusion in all staining as-
says (Fig. 5A). During oxidative burst, NADPH oxidase uti-
lizes NADPH to produce superoxide which then recombines
with other molecules to produce other ROS. In vitro, treatment
with FK866 (100 nM for 6 h) partially reduced intracellular
NAD(H) and NADP(H) content in human neutrophils. Par-
ticularly, we estimated that on average FK866 reduced
NADPH levels by 35% as compared to the vehicle (Supple-
mentary Table S3). However, this treatment did not affect

TNF-a-induced superoxide production (Supplementary Table
S4). Therefore, these data suggest that the reduced ROS levels
detected in vivo within the infarcted hearts might be due to the
reduction in the number of infiltrating neutrophils rather than
to a direct inhibition of neutrophilic superoxide release during
post-infarction inflammation.

Treatment with FK866 reduces CXCL2 serum levels
during reperfusion

To define the molecular mechanisms underlying FK866-
mediated inhibition of leukocyte recruitment within the in-
farcted hearts, we determined the serum levels of CXCL1,
CXCL2 (known neutrophil chemoattractants) (27), and of
CCL2 (monocyte/macrophage chemoattractant) (2) during
reperfusion. A significant increase in the serum levels of all
chemokines was observed in the first 12 h of reperfusion in
vehicle-treated mice, as compared to sham-operated animals
(Fig. 7A–C). FK866 treatment significantly reduced only
CXCL2 serum levels at 12 h and 24 h of reperfusion as com-
pared to vehicle-treated mice (Fig. 7B). Accordingly, only se-
rum from vehicle-treated mice (at 12 h of reperfusion, time
point at which the highest concentrations of neutrophil che-
moattractants were detected) increased mouse neutrophil
migration in vitro towards recombinant CXCL1 and CXCL2 as
compared to control chemotaxis medium (Table 2). Con-
versely, incubation with serum from FK866-treated mice
failed to effectively stimulate mouse neutrophil migration.
Importantly, FK866 failed to directly affect neutrophil mi-
gration towards recombinant CXC chemokines (Supplemen-
tary Table S5), indicating that in vivo FK866-mediated
inhibition of neutrophil recruitment within ischemic hearts
was not due to impaired neutrophil migration, but instead
reflected the reduction in CXCL2 serum levels.

Intracellular Nampt pathway is crucial for CXCL8
(human homolog of murine CXCL2) production
in human lymphocytes.

To explore the molecular mechanisms underlying the ob-
served reduction in CXCL2 levels upon intracellular NAD +

biosynthesis inhibition with FK866, we focused on the role of
the Nampt pathway in CXCL8 (human CXCL2 homolog)
production by human T lymphocytes. Mitogen stimulation
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FIG. 4. Treatment with FK866 does not
reduce infarct size in a Langendorff model
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cant).
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with PMA/Ionomycin or PHA strongly induced CXCL8
production in human PBMCs as compared to control medium
(Fig. 8A). However, CXCL8 synthesis was reduced by co-
incubation with FK866. Moreover, in line with a potential
involvement of a sirtuin member in CXCL8 production, we
found that Nam at a high concentration (10 mM) and sirtinol
(nonspecific sirtuin inhibitor) also strongly reduced CXCL8
synthesis by mitogen-stimulated PBMCs (Fig. 8A and data
not shown). Impaired CXCL8 production in response to
FK866, sirtinol, and Nam reflected reduced CXCL8 mRNA
amounts in PHA-stimulated cells (Fig. 8B). Importantly, with
the exception of sirtinol (which reduced cell viability from
75% to 65%), the treatments tested did not significantly impair
cell viability in any of the experiments performed (data not
shown), suggesting that the observed reduction in CXCL8
synthesis in response to FK866 and sirtuin inhibition did not
reflect ongoing cell demise.

Subsequently, given its proposed role in the production of
pro-inflammatory TNF-a and IFN-c (4, 35), we explored a
potential involvement of the sirtuin SIRT6 in CXCL8 biosyn-
thesis. We silenced SIRT6 in Jurkat cells by RNAi using vali-
dated shRNAs (24). Both short-hairpins reduced SIRT6
expression while leaving SIRT1 levels unaffected (Fig. 8C).
PMA/Ionomycin-induced CXCL8 up regulation (at both
mRNA and protein levels) was significantly reduced in
SIRT6-silenced cells as compared to cells engineered with the
control vector PRS (Figs. 8D and 8E). Remarkably, CXCL8
downregulation correlated with the degree of silencing
achieved by the two hairpins (S6-sh2 > S6-sh1). Spontaneous
cell death in PBMC was about 10% in control medium and
about 25% among cells treated with PMA-ionomycin or PHA,
as previously reported (4). Therefore, these findings showed a
direct role of SIRT6 in the synthesis of neutrophil chemoat-
tractant CXCL8.

FIG. 5. Treatment with FK866
reduced superoxide production
in infarcted hearts at 12 h and
24 h of reperfusion. (A) Quantifi-
cation of superoxide (DHE stain-
ing) content in frozen sections of
infarcted hearts at 1 h, 12 h, and
24 h of reperfusion (n = 7–9 per
group; ***p < 0.001; p: N.S. [not
significant]). (B) On the right, rep-
resentative images of DHE
stained middle heart sections of
vehicle- or 30 mg/kg FK866-trea-
ted mice at 12 h and 24 h of re-
perfusion are shown. On the left,
correspondent images of the same
middle heart sections stained
with 4’,6-diamidino-2-phenylindole
(DAPI), visualizing nuclear DNA.
(C) Quantification of 4-HNE stain-
ing content in frozen sections of
infarcted hearts at 1 h, 12 h, and
24 h of reperfusion (n = 3–9 per
group; *p < 0.05; p: N.S. [not signif-
icant]). (D) Representative images
of 4-HNE stained middle heart
sections of vehicle- or 30 mg/kg
FK866-treated mice at 12 h and 24 h
of reperfusion are shown. (E) Di-
bromo tyrosine (DiBrY) content in
frozen sections of infarcted hearts
at 1 h, 12 h, and 24 h of reperfusion.
Data are mean – SEM (n = 4–10 per
group; *p < 0.05; p: N.S. [not signif-
icant]). (F) Representative images of
DiBrY stained middle heart sec-
tions of vehicle- or 30 mg/kg
FK866-treated mice at 12 h and 24 h
of reperfusion are shown. (To see
this illustration in color, the reader
is referred to the web version of
this article at www.liebertonline.
com/ars).
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Discussion

Drawing from previous studies indicating a primary role of
post-ischemic inflammation in the pathophysiology of ische-
mic myocardial damage (27), and based on the emerging role
of Nampt-mediated NAD + biosynthesis in inflammation (4),
we decided to explore Nampt pharmacological inhibition as a
therapeutic strategy in acute myocardial infarction. Our data
indicated that treatment with the Nampt inhibitor FK866
in vivo was associated with a significant reduction in the in-
farct size at 24 h of reperfusion as compared to vehicle-treated
mice. This beneficial effect was likely not due to a direct ac-
tivity of FK866 on the myocardium, but rather to a reduction
of neutrophil recruitment within the infarcted hearts. In par-
ticular, FK866 treatment in vivo abrogated neutrophil re-
cruitment via the reduction of systemic CXCL2 serum levels
during the early phases of reperfusion. Notably, in our study,
we did not explore the potential benefit of this pharmaco-
logical invention on cardiac function preservation over long
periods of time (see Supplementary Material, ‘‘Justification of
the choice of methods to assess the cardiac function’’), which
clearly represents a limitation of our observations. Finally,
despite some other limitations due to the differences in the
reperfusion time in the in vivo and ex vivo models, treatment
with FK866 did not induce any protective effects in the ab-
sence of circulating leukocytes (Langendorff ex vivo model).

CXCL2 and its human homologue CXCL8 represent some
of the most potent neutrophil chemoattractants in mice and
humans, respectively (27). We recently showed that phar-
macologic inhibition of circulating CXCL2 with Evasin-3 was
associated with reduced neutrophil recruitment and injury
within the infarcted myocardium (27). Here, we show that a
reduction of CXCL2 circulating levels induce benefits that are
similar to the neutralization of its bioactivity. Direct evidence

of this mechanism was shown in in vitro chemotaxis experi-
ments by co-incubating mouse serum from FK866-treated or
vehicle-treated mice. This approach showed that only serum
from vehicle-treated mice at 12 h of reperfusion (time point at
which the highest concentrations of CXCL2 were observed)
significantly induced neutrophil migration towards CXCL1
and CXCL2, as compared to control chemotaxis medium. This
effect was not detected in the presence of serum from FK866-
treated mice. Since FK866 did not directly affect mouse neu-
trophil migration towards CXCL1 or CXCL2 in vitro, we
concluded that, in vivo, FK866-mediated reduction of circu-
lating CXCL2 levels was the major determinant of the ob-
served reduction in neutrophil recruitment to the damaged
myocardium. We also explored the potential mechanisms by
which Nampt inhibition could reduce CXCL2 serum levels.
Since we have previously demonstrated that FK866 admin-
istration reduced NAD + levels in leukocytes in vivo (4), we
focused on T lymphocytes (the most represented circulating
leukocyte subset in mice) (25). Co-incubation with FK866
markedly reduced PHA- or PMA/Ionomycin-mediated
CXCL8 mRNA expression and protein release in human
PBMCs ( > 75% CD3 + lymphocytes). These data indicate that
NAD + availability plays a key role in CXCL8 biosynthesis.
We further showed that inhibitors of sirtuins (downstream
NAD + -dependent deacetylases) mimicked FK866-mediated
suppression of CXCL8 synthesis in PBMCs. Furthermore, as
suggested by silencing experiments in Jurkat cells, we spe-
cifically linked CXCL8 production in T lymphocytes to SIRT6
activity. SIRT6 had previously been associated with the pro-
duction of TNF-a and IFN-c (4, 35). Thus, SIRT6 appears as a
master regulator of CXCL8 production in human T lympho-
cytes in response to pro-inflammatory stimuli. The use of
human primary PBMCs and of a leukemia cell line represents
an important limitation of our study. However, we believe
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that the relevance of our data on the regulatory role of Nampt
on CXCL8 production remains attractive. The finding that a
Nampt inhibitor would be beneficial for the treatment of
myocardial infarction was surprising since Hsu and col-
leagues and Lym and co-workers reported that Nampt has
cardioprotective activities (12, 13, 17). The authors showed
that Nampt downregulation in cardiomyocytes reduces in-
tracellular NAD + and ATP, and predisposes myocytes to
apoptosis. On the other hand, cardiac-specific Nampt over-
expression reduced the size of myocardial infarction and ap-
optosis in response to ischemia. A relevant protective role
might be mediated by cardiac SIRT1 (a NAD + -dependent
deacetylase downstream Nampt) (13). Thus, the authors
proposed that myocyte Nampt would prevent cell death by
ensuring that adequate NAD + and ATP levels are main-
tained. The apparently conflicting results between the present
article and the work of Hsu and co-workers might be ex-
plained by both different methodological issues and mouse
models used. In particular, we used a reduced duration of
myocardial ischemia (30 min vs. 45–120 min). Prolonged is-
chemia has been shown to increase cardiac injury and might
activate different salvage pathways in the cardiac cells (34). In
addition, Hsu and co-workers did not perform in vivo phar-
macological inhibition of Nampt. Instead, they made use of a
selective cardiac transgenic upregulation of this enzyme.
Notably, Hsu and colleagues specifically evaluated the effect
of Nampt and of its inhibition/upregulation in cardiomyo-
cytes, without considering the impact of global Nampt
inhibition and, in particular, the possible role of Nampt-
dependent pro-inflammatory pathways in AMI.

The present research shows that Nampt (at both systemic
and intracellular levels) might be considered as a promising
target in acute myocardial infarction and reperfusion injury in
mice. Interestingly, we found increased Nampt serum levels in
infarcted mice as compared to sham-operated animals. In-
creased levels of plasma Nampt were previously shown also in
humans few days after AMI (18). In mice, we observed an
earlier increase of Nampt (already at 1 h of reperfusion). Nampt
plasma levels were similar to those observed by Beiser and
co-workers after 90 min of hemorrhagic shock in mice (1). In-
terestingly, we also showed a positive correlation between
Nampt serum levels and Cardiac Troponin I (a well-validated
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FIG. 7. Treatment with FK866 reduces CXCL2 serum levels
during reperfusion. Leukocyte chemoattractant serum levels
were measured at different reperfusion time points (1 h, 12 h,
and 24 h). Data are expressed as mean – SEM (n = 6–13 per
group). (A) CXCL1: **p < 0.01; p: N.S. (not significant). (B)
CXCL2: *p < 0.05, ***p < 0.001; ##p < 0.01, ###p < 0.001; p: N.S.
(not significant). (C) CCL2: *p < 0.05; p: N.S. (not significant).

Table 2. Effects of Serum from Vehicle- or FK866-Treated Mice (12 h of Reperfusion)

on Mouse Neutrophil Migration

Polycarbonate assay (C.I.)

Upper well

Vehicle-treated serum FK866-treated serum

Lower well CTL 1:4 1:2 1:1 1:4 1:2 1:1

CTL 1.00 – 0.00 1.08 – 0.09 1.66 – 0.16 2.14 – 0.25 1.10 – 0.04 0.98 – 0.03 1.47 – 0.29
CXCL1 (200 ng/ml) 3.67 – 0.33* 3.88 – 0.44 5.23 – 0.48 6.39 – 0.89{ 2.98 – 0.35 3.69 – 0.56 4.97 – 1.12x

CXCL2 (200 ng/ml) 3.61 – 0.35* 3.62 – 0.22 4.37 – 0.49 5.94 – 0.50{ 3.05 – 0.61 3.17 – 0.37 4.35 – 0.47jj

Data are expressed as mean – SEM, (n = 4).
*p < 0.05 vs. control medium (CTL)-stimulated cell migration to CTL.
{p < 0.05 vs. CTL-stimulated cell migration to CXCL1.
{p < 0.05 vs. CTL-stimulated cell migration to CXCL2.
xN.S. vs. CTL-stimulated cell migration to CXCL1.
jjN.S. vs. CTL-stimulated cell migration to CXCL2.
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parameter of myocardial necrosis selectively released by car-
diomyocytes) (9, 27). Given the rapid increase in Nampt serum
levels in response to myocardial ischemia (also confirmed by a
concomitant decrease in cardiac Nampt levels in infarcted
hearts), we believe that these changes might reflect Nampt
leakage from damaged heart tissue, instead of de novo protein
synthesis. However, Nampt production by other tissues (in-
cluding inflammatory cells) cannot in principle be excluded.

We investigated the potential mechanisms underlying
neutrophil-mediated injury, such as ROS. These oxidative
compounds are generated within the myocardium during
ischemia/reperfusion also by infiltrating inflammatory cells
(16), and they directly contribute to cardiac injury, thereby
favoring cardiomyocyte death (11). FK866 treatment reduced
ROS production in the infarcted myocardium at 12 h and 24 h
of reperfusion. This effect strongly correlated with the re-
duced neutrophil infiltration in the ischemic area, suggesting
that FK866-mediated benefit would result from inhibition of
CXCL2-induced neutrophil infiltration. We did not observe
any direct effect of pre-incubation with FK866 on TNF-a-
mediated release of superoxide anion in human neutrophils.
Thus, these in vitro experiments indicate that treatment with

FK866 inhibited ROS production in vivo by reducing the
number of infiltrating neutrophils rather than by preventing
neutrophil activation and superoxide release.

Finally, in contrast to what observed by Hsu and colleagues
(12), at 24 h of reperfusion, we observed that FK866 treatment
led to increased ATP levels in the myocardium of infarcted
mice as compared to vehicle-treated animals. Higher tissue
concentrations of ATP could be due to the ATP saved as a result
of blocked of NAD + biosynthesis (which is per se an ATP-
consuming process) (29). Alternatively, they could reflect the
persistence of more viable myocardium in FK866-treated ani-
mals. Either way, the relevance of this increase in myocardial
ATP concentration may be marginal as shown by the lack of
FK866-mediated benefits in the Langendorff model.

In conclusion, this study sheds new light on Nampt’s role
in AMI. Our data indicate that pharmacological Nampt
inhibition might represent an effective strategy to reduce
post-infarction neutrophilic inflammation within the injured
myocardium. However, since our experiments were mainly
performed using in vivo, ex vivo, and in vitro mouse models,
the relevance of our discovery is limited and caution should
be used for its potential translational application in humans.

FIG. 8. Nampt inhibition reduces
CXCL8 production in vitro in periph-
eral blood mononuclear cells (PBMCs)
and Jurkat cells. (A, B) Human PBMCs
were incubated in 24-well plates in the
absence or presence of 30 nM FK866.
After 24 h, cells were incubated with
control medium (CTL), 5 lg/ml phyto-
hemagglutinin-P (PHA), 25 ng/ml
phorbol myristic acetate (PMA)/0.5 lM
Ionomycin (I), 10 mM nicotinamide
(Nam) or 50 lM sirtinol (Sirt, nonspe-
cific sirtuin inhibitor) for a further 18 h.
Results are means – SEM of three inde-
pendent experiments with three donors.
CXCL8 concentrations in the supernatants
(A) ***p < 0.001; ##p < 0.01, ###p< 0.001.
CXCL8 mRNA expression in PBMCs
(B) ***p < 0.001; ##p < 0.01, ##p< 0.001.
(C) Jurkat cells were engineered to ex-
press SIRT6 silencing S6-sh1, S6-sh2, or
the empty pRETROSuper (PRS) vector.
Thereafter, SIRT6 and SIRT1 levels were
detected by immunoblotting in cell pro-
tein lysates (one representative experi-
ment out of three is shown). (D, E) Jurkat
cells expressing S6-sh1, S6-sh2, or PRS
were incubated in the presence or absence
of 25 ng/ml PMA and 0.5 lM ionomycin
(P + I) for 24 h. Thereafter, supernatants
were collected and cells were used for
mRNA extraction. Results are means –
SEM of three separate experiments,
***p < 0.001; ##p < 0.01. CXCL8 concentra-
tions in the supernatants were detected
by ELISA (D). CXCL8 mRNA induction
as compared to unstimulated PRS Jurkat
cells was determined by QPCR (E).
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We believe that further evaluations of Nampt inhibitors for
clinical applications in humans are warranted.

Materials and Methods

In vivo I/R protocol

Male C57Bl/6 mice (8–12 weeks of age) were obtained
from the University Medical Centre animal facility of the Uni-
versity of Geneva. The method is described in detail in the online
supplementary material The dose and the treatment schedule
were planned on the basis of recently published experiments in
mice and in vitro (4, 31) and in vivo results on systemic NAD+

depletion in FK866-treated mice (Supplementary Table 1).

Ex vivo I/R protocol

The technique of Langendorff isolated buffer-perfused
mouse heart preparation was used (28). Animals were an-
esthetized with 4% isoflurane and sacrificed by neck dislo-
cation. The heart was rapidly excised and placed in ice-cold
Krebs-Henseleit bicarbonate (KHB) buffer consisting of (in
mmol/L): 118.5 NaCl, 25 NaHCO3, 4.7 KCl, 1.2 MgSO4, 1.2
KH2PO4, 2.5 CaCl2, 5 glucose, and equilibrated with 95% O2/
5% CO2 (pH 7.4). The detailed method is reported in the on-
line supplementary material.

Area at risk and infarct size assessment

To assess area at risk (AAR) and infarct size (I) in in vivo I/R
protocol, mice were anaesthetized and sacrificed after 24 h of
reperfusion, as previously described (27). The method is de-
scribed in detail in the online supplementary material.

Justification of the choice of methods
to assess the cardiac function

This topic is discussed in detail in the online supplementary
material.

Determination of mouse heart content of Nampt
and myeloperoxidase

Mouse heart content of Nampt and MPO was measured by
colorimetric enzyme-linked immunosorbent assay (ELISA),
as described in the online supplementary material.

Immunostaining

Hearts from animals sacrificed after 1 h, 12 h, or 24 h
of reperfusion were frozen in OCT and cut serially from
the occlusion locus to the apex in 7 lm sections. The method is
described in detail in the online supplementary material.

Apoptotic cell measurement within infarcted hearts

Apoptotic areas within the infarcted hearts were measured
after 24 h of reperfusion. The method is described in detail in
the online supplementary material.

Oxidative stress determination

Measurement of superoxide in myocardium submitted to I/
R was performed using the superoxide-sensitive dye dihy-
droethidium staining (DHE, Molecular Probes), 4-hydroxy-2-
nonenal (mouse anti-4-HNE monoclonal antibody, Oxis Inter-
national Inc, Foster City, CA) and 3,5-dibromotyrosine (mouse
anti-Di bromo tyrosine monoclonal antibody, AMS Biotechnol-

ogy, LTD, Abingdon, UK) immunostaining. The methods are
described in detail in the online supplementary material.

Neutrophil (phagocytic oxidase) versus cardiomyocyte
(mitochondria) driven ROS formation

This topic is discussed in detail in the online supplementary
material.

Determination of the intracellular NAD +

and ATP levels in mouse hearts

Mouse hearts were flash frozen in liquid nitrogen, and
NAD + and ATP levels were determined as described in detail
in the online supplementary material.

Serum Nampt, cardiac troponin I, and neutrophil
chemoattractant level detection

Serum Nampt, cardiac troponin I (cTnI), and neutrophil
chemoattractant levels were measured by colorimetric en-
zyme-linked immunosorbent assay (ELISA), as described in
the online supplementary material.

Mouse peritoneal neutrophil isolation
and migration assay

Mouse neutrophils were obtained as previously described
(31). The detailed method of mouse neutrophil migration is
described in the online supplementary material.

Isolation, culture, and NAD + /NADP + determination
in human primary neutrophils

Neutrophils were obtained from healthy volunteers after
signature of an informed consent. Neutrophil isolation and
cultures are described in detail in the online supplementary
material. The method to determine the intracellular content of
NAD/NADP is described in the online supplementary material.

Human peripheral blood mononuclear
cell isolation and culture

PBMCs ( > 75% CD3 + lymphocytes) were isolated and
cultured as described in the online supplementary material.

Jurkat cell culture and SIRT6 silencing

The T cell leukemia cell line Jurkat was grown in RPMI
1640-based medium supplemented with 10% FBS, penicillin
(10,000 U/ml), and streptomycin (10,000 lg/ml). Retroviral
transgenesis was then performed as described in detail in the
online supplementary material.

Cardiac cell line culture, viability assay,
and NAD + determination

H2c9 cardiomyocyte culture and viability test are discussed
in detail in the online supplementary material.

Real time RT PCR

Total RNA was extracted from mouse tissues and human
cells as detailed in the online supplementary material.

Immunoblotting

Cell lysates were generated from 1.5 · 106 cells by directly
resuspending cell pellets in sodium dodecyl sulfate (SDS)
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sample buffer (Tris-HCl 0.25 M, pH 6.8, SDS 2%, glycerol 10%,
b-mercaptoethanol 2%, bromophenol blue 0.005%; Boston
Bioproducts, Boston, MA). The method is described in detail
in the online supplementary material.

Statistical analysis

Statistics were performed with GraphPad Instat software
version 3.05 (GraphPad Software) using one-way ANOVA for
multiple group comparison or unpaired t test (two-tailed) for
two group comparison. Results are expressed as mean – SEM.
For continuous variables, results are expressed as medians
(interquartile range [IQR]). The Mann-Whitney nonparamet-
ric test was used for comparisons of continuous variables.
Spearman’s rank correlation coefficients were used to assess
correlations. P values below 0.05 were considered significant.
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