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Nicotinamide phosphoribosyltransferase aggravates
inflammation and promotes atherosclerosis in ApoE
knockout mice
Yuan-yuan Kong1, Guo-qiang Li1, Wen-jie Zhang1, Xia Hua1, Can-can Zhou1, Tian-ying Xu1, Zhi-yong Li1, Pei Wang1,2 and
Chao-yu Miao1

Nicotinamide phosphoribosyltransferase (Nampt) is the rate-limiting enzyme of nicotinamide adenine dinucleotide (NAD) salvage
biosynthesis in mammals, and is involved in fundamental physiological processes and pathophysiology of many diseases. Thus far,
however, the role of Nampt in atherosclerosis development is still in debate. In this study, we crossed global Nampt transgenic mice
(Nampt-Tg) with a well-established atherosclerosis animal model (ApoE knockout mice, ApoE−/−) to generate ApoE−/−;Nampt-Tg
mice and investigated the effects of Nampt overexpression on atherosclerosis development in ApoE−/− mice. Both ApoE−/− and
ApoE−/−;Nampt-Tg mice were fed with a pro-atherosclerotic high-fat diet (HFD) for 16 weeks. Their serum lipid contents and
atherosclerotic lesion were assessed. The results showed that there was no significant difference in body weight or serum levels of
glucose, total cholesterol, triglycerides, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol between the
two strains of mice, but ApoE−/−;Nampt-Tg mice had a significantly higher level of serum non-esterified fatty acid. Compared with
ApoE−/− mice, ApoE−/−;Nampt-Tg mice displayed significantly increased atherosclerotic lesion area and thickness, lower collagen
content, decreased collagen I/III ratio (collagen immaturation), increased number of apoptotic cells, and enhanced activities of
caspase-3, caspase-8, and caspase-9. Moreover, macrophage infiltration (F4/80 staining), tumor necrosis factor signaling, and
chemokines expression (ICAM-1 and CXCR-4) were all activated in aortic atherosclerotic plaque of ApoE−/−;Nampt-Tg mice
compared with ApoE−/− mice. Our results provide in vivo evidence that Nampt transgene aggravates atherosclerotic inflammation
and promotes atherosclerosis development in ApoE−/− mice.
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INTRODUCTION
Nicotinamide adenine dinucleotide (NAD) is currently recognized
as more than an essential coenzyme that is involved in
intracellular redox reactions; it is also a multifunctional metabolite
that regulates NAD-dependent enzymes, such as sirtuins and poly
[ADP-ribose] polymerases (PARPs) [1]. Nicotinamide phosphoribo-
syltransferase (Nampt) has two different forms: intracellular and
extracellular Nampt. Intracellular Nampt is the rate-limiting
enzyme of NAD salvage biosynthesis in mammals [1]. Due to this
fundamental role of Nampt for life, knockout of Nampt is lethal in
mice. Nampt is ubiquitously detected in all tissues, with the
highest levels of expression in the bone marrow, liver, muscles,
and adipose [1]. Extracellular Nampt, which is also referred to as
visfatin or pre-B cell colony-enhancing factor (PBEF), has been
considered to be a circulating hormone/cytokine released by
several tissues, such as adipose and liver tissues [2–4]. Many
investigations have shown the key roles of intracellular or
extracellular Nampt in cell survival [5, 6], metabolism [2, 7, 8],
development [9], circadian clock [10], inflammation [11, 12],
oncogenesis [13, 14], and the lifespan [15, 16].

Atherosclerosis is one of the most common causes of cardio-
and cerebrovascular diseases, causing progressive narrowing of the
arteries, which results in the blockage of the vessel lumen and
impairment of the vascular supply and ultimately induces arterial
thrombosis or sudden occlusion of blood flow [17]. The
pathophysiological role of Nampt in atherosclerosis has drawn
substantial attention in recent years. Higher Nampt levels in serum
are found in patients with carotid atherosclerosis [18]. High Nampt
serum levels are significantly associated with advanced carotid
atherosclerosis in patients with type 2 diabetes mellitus [19] or
chronic kidney disease [20]. Extracellular Nampt stimulates vascular
smooth muscle cell (VSMC) proliferation [21] and activates pro-
inflammatory signaling in VSMCs [22]. Moreover, Nampt was found
to localize in areas that were rich in lipid-loaded macrophages and
was markedly enhanced in unstable plaque [23]. Pharmacological
inhibition of Nampt with a chemical agent FK866 inhibits
inflammation in atherosclerotic plaques [24]. These results suggest
that Nampt may be an unfavorable factor for atherosclerosis.
However, there is also contradictory evidence. Nampt signifi-

cantly extends the lifespan in endothelial cells and VSMCs [15, 16].

Received: 30 September 2018 Revised: 19 December 2018 Accepted: 23 December 2018
Published online: 4 March 2019

1Department of Pharmacology, Second Military Medical University, Shanghai 200433, China and 2School of Pharmacy, Yantai University, Yantai 264000, China
Correspondence: Pei Wang (pwang@smmu.edu.cn) or Chao-Yu Miao (cymiao@smmu.edu.cn)
These authors contributed equally: Yuan-yuan Kong, Guo-qiang Li, Wen-jie Zhang

www.nature.com/aps

© CPS and SIMM 2019

http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-018-0207-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-018-0207-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-018-0207-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-018-0207-3&domain=pdf
mailto:pwang@smmu.edu.cn
mailto:cymiao@smmu.edu.cn
www.nature.com/aps


Nampt maintains the VSMC genome integrity and suppresses
human thoracic aortic aneurysm disease by resisting aortic medial
degeneration [25]. We previously showed that Nampt stimulated
proliferation and conferred a protection against oxidative-induced
apoptosis in VSMCs [21]. Notably, a recent study showed that the
injection of bone marrow cells that overexpressed Nampt by
lentivirus in low-density lipoprotein receptor (LDLR)-deficient mice
increased lesion stabilization and inhibited atherosclerotic devel-
opment [26]. Nampt or its substrates displayed protective actions
in various cardio-cerebral vascular diseases, such as cerebral
ischemia/hemorrhage [27–30], myocardial ischemia and reperfu-
sion [5, 31], post-ischemic vascular repair [32], diabetic vascular
malfunction [33], and vascular aging [34].
Thus, the role of Nampt in atherosclerosis remains under

debate. In the present study, we crossed global Nampt transgenic
mice (Nampt-Tg) with a well-established atherosclerosis animal
model (ApoE knockout mice, ApoE−/−) to generate ApoE−/−;
Nampt-Tg mice. Using this animal model, we investigated the
effects of Nampt overexpression on atherosclerosis development.

METHODS
Animals and pro-atherosclerotic diet
Eight-week-old C57BL/6J mice were purchased from the Shanghai
Laboratory Animal Center, Chinese Academy of Science, China.
ApoE knockout (ApoE−/−) mice on the C57BL/6 background were
purchased from the Jackson Laboratory (#002052; Bar Harbor, ME,
USA) and bred in house. Mice were maintained under a 12 h
dark–light cycle. Atherosclerosis was induced using a pro-
atherosclerotic high-fat diet (HFD, Harlan Teklad Diet TD88137;
42% fat calories and 0.15% cholesterol) for 16 weeks. All animal
experiments were performed in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory
Animals and were approved by the ethical committee for animal
experiments of the Second Military Medical University.

Generation of ApoE−/−;Nampt-Tg mice
Nampt transgenic mice (Nampt-Tg), described in our previous
studies [32, 35], were backcrossed 10 times to C67BL/6 mice.
ApoE−/− mice were crossed with Nampt-Tg mice to generate the
F1 ApoE+/−;Nampt-Tg mice. The F1 progeny ApoE+/−;Nampt-Tg
mice were mated with ApoE−/− mice to produce ApoE−/−;Nampt-
Tg mice. Genomic DNA was obtained from tail tissue for the
determination of Nampt transgenic using the following primer:
forward, 5′-CCC GCC TCG AGA GGA GAT ATA CCA TGG GCA G-3′;
reverse, 5′-GCA ACT GCA GCC TAA TGA GGT GCC ACG TCC T-3′.

Plasma cholesterol and triglyceride analyses
After an overnight fasting period, 500–800 μL of peripheral blood
was obtained from the mice through the inferior vena cava prior
to perfusion. Whole blood was allowed to clot at room
temperature for 1 h to obtain serum. The serum levels of glucose,
total cholesterol (TC), triglycerides (TG), high-density lipoprotein
(HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and
non-esterified fatty acid (NEFA) were measured using an auto-
analyzer (Hitachi, Tokyo, Japan) at Changhai Hospital, Second
Military Medical University.

Atherosclerotic lesion analysis
On the day of surgery, the mice were fasted for 4 h and then
deeply anesthetized with 40% chloral hydrate (0.6 g/kg, i.p.). The
aortas were isolated, opened longitudinally, and then pinned flat
on a black wax surface with 0.2-mm-diameter stainless-steel pins.
The aortic tree was subsequently stained with Oil Red O. The
pinned aortas were stained with Oil Red O, images were captured
with a digital camera, and the aortic plaque area was measured
using Image J software (NIH) as previously described [21, 36]. For
the evaluation of the aortic sinus atherosclerosis lesions under

microscopy, hearts with an aortic root were fixed in 4%
paraformaldehyde and cryopreserved in 30% sucrose plus 4%
paraformaldehyde for an additional 12 h. The aortic sinus was then
cryo-sectioned to 8-μm sections and stained for lesion areas with
Oil Red O. The plaque lesion area (in μm2) was calculated from
consecutive sections of the aortic root for 1 cm, starting at the
appearance of the tricuspid valves.

Histology analysis
The aortas were serially sectioned and stained with hematoxylin
and eosin (H&E). The collagen content was determined with
Masson’s trichrome staining and Picrosirius red staining. Images of
Masson’s trichrome staining were acquired via Leica microscopy
and used to quantify the number of necrotic core and the collagen
content (blue staining area). Picrosirius red-stained sections were
examined under bright-field illumination for the general collagen
content or polarized light for fibrillary collagen observations,
in which collagen I appears red-orange and collagen III appears
green [37].

TdT-mediated dUTP nick end-labeling (TUNEL) staining
A TUNEL staining kit (DeadEnd Colorimetric TUNEL system;
Promega) was used to detect apoptosis in lesion areas. The main
procedure of the TUNEL assay has been described in detail in our
previous studies [21, 29]. For the quantification of TUNEL staining,
five sections per animal and five random microscope fields
per section were chosen. The average number was then calculated.

Caspase activities
The activities of caspase-3, caspase-8, and caspase-9 were
determined using commercial kits purchased from Beyotime
Institute of Biotechnology (Haimen, China) according to the
manufacturer’s instructions. These kits were generated based on
the specific tetrapeptide substrates Ac-DEVD-pNA, Ac-IETD-pNA,
and Ac-LEHD-pNA, respectively. The activities of caspase-3,
caspase-8, and caspase-9 were quantified by spectrophotometric
detection of free pNA derived from Ac-DEVD-pNA, Ac-IETD-pNA,
and Ac-LEHD-pNA using an M200 microplate reader (Tecan, Group
Ltd., Switzerland).

Immunochemistry
Immunochemistry was performed as previously described [30, 38].
The frozen 8-μm-thick sections fixed in 4% paraformaldehyde were
blocked by 8% normal goat serum for 4 h and then incubated in
specific primary antibodies. After being washed three times by
phosphate-buffered saline (PBS), the sections were incubated with
horseradish peroxidase-conjugated secondary antibodies. Staining
was visualized using the substrate diaminobenzidine. The follow-
ing antibodies were used: F4/80 (#ab6640, Abcam, Cambridge, UK,
1:500 dilution), tumor necrosis factor-α (TNF-α, #ab9635, Abcam,
Cambridge, UK, 1:1000 dilution), interleukin-1β (IL-1β, #MAB4012,
R&D Systems, Minneapolis, MN, USA, 1:1000 dilution), ICAM-1
(#ab171123, Abcam, Cambridge, UK, 1:500 dilution), and VCAM-1
(#ab134047, Abcam, Cambridge, UK, 1:500 dilution). In our
immunohistochemistry study, the negative control sections were
incubated with normal immunoglobulin G (IgG) without primary
antibodies to confirm the specific staining.

Immunoblotting
Immunoblotting was performed in an Odyssey Infrared Fluores-
cence Imaging System (Li-Cor) as previously described [39]. Aortic
tissues were washed in PBS (0.1 mM) and homogenized with RIPA
buffer and protease inhibitors (Pierce). The total protein concen-
tration was determined by the Bradford assay. Approximately
30 µg samples were run on 10% SDS-PAGE. The proteins were
electrotransferred to nitrocellulose membranes, probed with
primary antibody against CXCR-4 (Abcam, 1:1500 dilution) over-
night, and then incubated with Infrared-Dyes-conjugated
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secondary antibodies (Li-Cor). The images were obtained using an
Odyssey Infrared Fluorescence Imaging System. All immunoblot-
ting experiments were repeated at least three times.

Statistical analysis
Data were analyzed with GraphPad Prism-5 statistical software (La
Jolla, CA, USA). All values were presented as the mean ± SEM and
were analyzed by Student’s t test or ANOVA followed by Tukey
post-hoc test. P < 0.05 was considered statistically significant.

RESULTS
Body weight and serum parameters of ApoE−/−;Nampt-Tg mice
We initially compared body weight and serum parameters
between the ApoE−/− mice and ApoE−/−;Nampt-Tg mice. There
were no differences between the ApoE−/− mice and ApoE−/−;
Nampt-Tg mice under normal chow (Supplementary Table 1).
Under a 16-week challenge of the pro-atherosclerotic HFD, body
weight did not significantly differ between the ApoE−/− mice and
ApoE−/−;Nampt-Tg mice (Fig. 1a). We isolated the serum that was
rich in lipid content and measured the glucose and lipid levels. As
shown in Fig. 1b, there was no significant difference in the serum
glucose, TG, TC, LDL, and HDL levels between the ApoE−/− mice
and ApoE−/−;Nampt-Tg mice. However, the serum NEFA level in
the ApoE−/−;Nampt-Tg mice was slightly and significantly higher
than that in the ApoE−/− mice.

ApoE−/−;Nampt-Tg mice display aggravated atherosclerotic lesion
Oil Red O staining of the aortic tree showed that the
atherosclerotic lesion size in the ApoE−/−;Nampt-Tg mice was
significantly greater than that in the ApoE−/− mice (Fig. 2a). In
addition, oil red O staining demonstrated that the lipid-enriched
lesion in the aortic root of the ApoE−/−;Nampt-Tgmice was greater
than that in the ApoE−/− mice (Fig. 2b). Morphological analysis
demonstrated that the atheromatous plaque area in the cephalic
brachial trunk of the ApoE−/−;Nampt-Tg mice was greater than
that in the ApoE−/− mice (Fig. 2c). H&E staining of the aortae
analysis confirmed that the thickness of the aortic atherosclerosis

plaque in the ApoE−/−;Nampt-Tg mice was greater than that in the
ApoE−/− mice (Fig. 2d).

Transgene of Nampt modulates the collagen content in
atherosclerotic plaque in ApoE−/− mice
We subsequently compared the collagen content of the athero-
sclerotic plaque between the ApoE−/− mice and ApoE−/−;Nampt-
Tg mice by measuring the collagen content with Masson
trichrome staining and PicroSirius Red staining. Masson trichrome
staining showed that the blue stained area, which indicates the
collagen content, was reduced by ~50% in the ApoE−/−;Nampt-Tg
mice compared with the ApoE−/− mice (Fig. 3a). Moreover, the
number of necrotic core (indicated as #) in the atherosclerotic
plaque of the ApoE−/−;Nampt-Tg mice was ~1.8-fold higher than
that in the ApoE−/− mice (Fig. 3a). The collagen fibers (red stained
area) in the vascular wall and atherosclerosis plaque were further
analyzed using PicroSirius Red staining. Under light microscopy,
the total collagen content in the ApoE−/−;Nampt-Tg mice was
significantly decreased compared with the ApoE−/− mice (Fig. 3b).
The proportions of the different fibrillar collagen types in the mice
were further assessed using polarized light microscopy. Collagen I
was mature and stained red-orange, while collagen III was
immature and stained green [37]. The collagen maturation
(collagen I/III ratio) was reduced by ~50% in the ApoE−/−;Nampt-
Tg mice compared with that in the ApoE−/− mice (Fig. 3c). These
results suggest that Nampt overexpression could modulate the
collagen content in the atherosclerotic plaque in ApoE−/− mice.

Apoptosis in atherosclerotic plaque is aggravated in ApoE−/−;
Nampt-Tg mice
The TUNEL staining showed that there were many apoptotic cells
in the atherosclerotic plaque in the ApoE−/− mice, while the
number of TUNEL-positive apoptotic cells in the ApoE−/−;Nampt-
Tg mice was substantially higher than that in the ApoE−/− mice
(Fig. 4a). In support of this finding, the activities of caspase-3,
caspase-8, and caspase-9 in the aortic samples of the ApoE−/−;
Nampt-Tg mice were higher than those in the ApoE−/− mice
(Fig. 4b–d). These data indicate that the apoptosis in the

Fig. 1 Body weight and serum parameters of mice fed HFD. a Body weight curve of ApoE−/− mice and ApoE−/−;Nampt-Tg mice fed HFD for
16 weeks. b Serum glucose, TG, TC, LDL, HDL, and NEFA levels in ApoE−/− mice and ApoE−/−;Nampt-Tg mice. *P < 0.05 vs. ApoE−/−. TC total
cholesterol, TG triglycerides, HDL high-density lipoproteins, LDL low-density lipoproteins, NEFA non-esterified fatty acid, NS no significance
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atherosclerotic plaque is aggravated in ApoE−/−;Nampt-Tg mice
compared with ApoE−/− mice.

TNF-α signaling in atherosclerotic plaque is stimulated in ApoE−/−;
Nampt-Tg mice
We subsequently compared the inflammation in the athero-
sclerotic plaque between the ApoE−/− and ApoE−/−;Nampt-Tg
mice. F4/80 immunohistochemistry staining demonstrated a
significantly increased F4/80-positive area in the aortic athero-
sclerotic plaque in the ApoE−/−;Nampt-Tg mice compared with the
ApoE−/− mice (Fig. 5a), which suggests that the plaque of the
ApoE−/−;Nampt-Tg mice has more macrophage content. TNF-α
immunohistochemistry staining also showed that the TNF-α-
positive area in the ApoE−/−;Nampt-Tg mice was significantly
greater than that in the ApoE−/− mice (Fig. 5b). However, the IL-
1β-positive area in the ApoE−/−;Nampt-Tg mice was comparable
with that in the ApoE−/− mice (Fig. 5c). Moreover, there was no
difference in the TNF-α concentration between the ApoE−/− and
ApoE−/−;Nampt-Tg mice (Fig. 5d). These results imply that Nampt
transgene could further stimulate the pro-inflammatory TNF-α
signaling in the atherosclerotic plaque in ApoE−/− mice.

ICAM-1 and CXCR-4 are activated in atherosclerotic plaque of
ApoE−/−;Nampt-Tg mice
Finally, we measured the chemokines and chemokine receptors in
the atherosclerotic plaques of the ApoE−/− and ApoE−/−;Nampt-Tg
mice. Compared with the ApoE−/− mice, the ICAM-1 expression in
the atherosclerotic plaque was higher in the ApoE−/−;Nampt-Tgmice
(Fig. 6a). However, we did not observe a significant difference in the

VCAM-1 expression between the ApoE−/− and ApoE−/−;Nampt-Tg
mice (Fig. 6b). The protein level of C-X-C chemokine receptor type 4
(CXCR-4) was determined using immunoblotting. CXCR4 is a
chemokine receptor specific for stromal-derived factor-1 (SDF-1,
also referred to as CXCL12), a molecule endowed with potent
chemotactic activity for lymphocytes [40, 41]. Vascular CXCR4 limits
atherosclerosis by maintaining the arterial integrity [40], while
CXCR4 blockade induces atherosclerosis [41]. In our experiment, we
found that the CXCR4 expression in the atherosclerotic aortic sample
of the ApoE−/−;Nampt-Tg mice was significantly lower than that in
the ApoE−/− mice (Fig. 6c).

DISCUSSION
There is no doubt Nampt represents an essential factor for all
cells in energy metabolism, circadian clock, and cell survival
through its fundamental enzymatic activity for NAD+ biosynth-
esis. Although several previous reports have described the
relevance of Nampt in atherosclerosis, it seems that they do not
reach a consensus and are even contradictory. Moreover, there
are many uncertainties regarding the molecular mechanisms
that mediate the actions of Nampt in atherosclerosis. The
current study aimed to evaluate the role of Nampt in
atherosclerosis development in ApoE−/− mice. Our experimental
evidence demonstrates that the overexpression of Nampt
accelerates atherosclerotic lesion formation in ApoE−/− mice.
Lipid accumulation in the vascular wall is the first key step of

atherosclerosis. Nampt and its enzymatic product nicotinamide
mononucleotide (NMN), as well as the compound nicotinamide

Fig. 2 Comparison of atherosclerotic lesion between ApoE−/− and ApoE−/−;Nampt-Tg mice. a Representative images and statistical data of
Oil Red O staining on aortic tree. **P < 0.01 vs. ApoE−/−. b Representative images and statistical data of Oil Red O staining on aortic root
section. **P < 0.01 vs. ApoE−/−. Scale bar, 100 μm. c Morphological images and statistical data of atherosclerotic lesion in cephalic brachial
trunk. **P < 0.01 vs. ApoE−/−. d H&E staining and statistical data of atherosclerotic lesion thickness. **P < 0.01 vs. ApoE−/−. Scale bar, 100 μm
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ribose (NR), critically regulate lipid homeostasis. Nampt was found to
be required for de novo lipogenesis in tumor cells [42]. The
overexpression of Nampt decreased the whole-body lipid profile in
rats via upregulation of the tyrosine phosphorylation of IRS-1 protein
and the mRNA levels of PPARγ and SREBP-2 [43]. Both NMN and NR
exhibited potent improvements in glucose intolerance and lipid
profiles in high-fat diet-induced metabolic abnormalities [44, 45].
Our previous work also found enzymatically inactive NAMPT
transgenic mice had moderate lipid accumulation in the liver, and
NR substantially reduced the hepatic liver content [38]. Therefore, it
seems to be safe to consider that Nampt overexpression might
improve the blood lipid profile in ApoE−/− mice. However, our data

in this study showed that the overexpression of Nampt in ApoE−/−

mice failed to reduce serum lipid concentrations. By contrast, the
serum NEFA level was even higher in ApoE−/−;Nampt-Tg mice than
that in ApoE−/− mice, which suggests the effect of enforced Nampt
overexpression may differ from the administration of NMN or NR.
These unexpected results are difficult to interpret. We speculate that
the overexpression of Nampt in the whole body may affect lipid
absorption and consumption not only by prompting NAD+

biosynthesis but also influencing other unknown biological events
associated with lipid homeostasis.
As a key feature of atherosclerosis, atherosclerotic inflammation

contributes to a group of complex procedures during

Fig. 3 Evaluation of collagen content in atherosclerotic lesion of ApoE−/− and ApoE−/−;Nampt-Tg mice. a Masson trichrome staining images
and statistical data of collagen content (blue) and necrosis core in aortic atherosclerotic plaque. **P < 0.01 vs. ApoE−/−. Scale bar, 200 μm.
b PicroSirius Red staining images under light microscopy and statistical data of collagen fibers (red). *P < 0.05 vs. ApoE−/−. Scale bar, 50 μm.
c Different fibrillar collagen types in plaque were assessed using polarized light microscopy with PicroSirius Red staining. Collagen I is mature
and stained red-orange, and collagen III is immature and stained green. **P < 0.01 vs. ApoE−/−. Scale bar, 50 μm
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atherosclerosis from foam-cell formation to plaque rupture and
thrombosis. Both the innate and adaptive immune systems
govern the inflammatory process in the arterial wall. Monocytes
and macrophages act together to fuel the inflammatory cascade
in atherosclerosis development. To investigate the effect of Nampt
in atherosclerosis, early investigations used in vitro cultured
macrophages following stimuli under oxidized LDL cholesterol
(ox-LDL). Dahl et al. reported that Nampt was markedly enhanced
in carotid plaques from symptomatic individuals compared with
plaques from asymptomatic individuals and localized in areas that
were rich in lipid-loaded macrophages [23]. Moreover, the Nampt
expression in THP-1 monocytes was increased by ox-LDL and TNF-
α [23]. These results implied that Nampt might be an inflammatory
mediator localized within unstable atherosclerotic lesions and
seemed to play a role in plaque destabilization. Intriguingly, in
another investigation, the same group showed that Nampt
knockdown increased lipid accumulation in macrophages [46],
which suggests Nampt might not be a completely undesirable
factor in atherosclerosis. However, as other cells such as VSMCs
and T-lymphocyte cells also contributed to the atherosclerotic
inflammation, evaluating the effects of Nampt in atherosclerosis
development in vivo might be more appropriate. Furthermore, the
potential effects of Nampt on the adhesion of monocytes to
endothelial cells should be considered. Several previous studies
had provided strong evidence for this possibility. For example, Kim
et al. reported that Nampt enhanced ICAM-1 and VCAM-1
expression through ROS-dependent NF-κB activation in endothe-
lial cells [47]. Adya et al. showed that Nampt induced VEGF and

MMP-2/9 production in endothelial cells [48]. Thus, the changed
adhesion molecules in endothelial cells might promote the
recruitment of immune cells and thus trigger inflammation.
Furthermore, the effects of Nampt in atherosclerosis in vivo

have been explored by several investigations. Nencioni et al.
found the Nampt inhibitor FK866 mitigated inflammation in
atherosclerotic plaques by reducing CXCL1-mediated activities on
neutrophils in ApoE−/− mice with a HFD [24]. Li et al. also reported
that Nampt knockdown by adenovirus injection via the tail vein
attenuated atherosclerosis and promoted reverse cholesterol
transport in ApoE−/− mice with a HFD [49]. By contrast, Bermudez
et al. recently provided evidence that hematopoietic overexpres-
sion of human Nampt attenuated the plaque burden and
stabilized lesions in LDL-deficient mice fed a western-type diet
[26]. The authors considered that the seemingly paradoxical
results of their study compared with those of previous studies can
be attributed to the diverging activities of intracellular and
extracellular Nampt because extracellular Nampt was commonly
thought to be a pro-inflammation factor [22]. There are several
limitations in these studies. First, the chemical inhibitor FK866,
siRNA-mediated knockdown and lentivirus-mediated overexpres-
sion were applied to modulate Nampt activity or expression in
these studies. As chemical inhibitors always have a non-specific
action in vivo and virus-mediated gene delivery is rather
challenging, particularly in a long-term animal study, we aimed
to test the assumption more specifically. Thus, we used a
transgenic mouse model in an ApoE gene knockout background
with hereditary overexpression of Nampt (ApoE−/−;Nampt-Tg

Fig. 4 Determination of apoptosis in atherosclerotic plaque of ApoE−/− and ApoE−/−;Nampt-Tg mice. a Representative images of TUNEL
staining in atherosclerosis plaque and quantitative analysis. **P < 0.01 vs. ApoE−/−. Scale bar, 100 μm. b–d Activities of caspase-3 (b), caspase-8
(c) and caspase-9 (d) were measured. **P < 0.01 vs. ApoE−/−
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mice) in the present study and demonstrated that Nampt
transgene promoted atherosclerosis inflammation and enlarged
the atherosclerotic lesion. Specifically, we observed that the
plaque of ApoE−/−;Nampt-Tg mice displayed promoted TNF-α
expression, but not IL-1β. This result is clearly in line with the
previous study that showed the intracellular NAD+ pool facilitates
TNF-α release [11]. It should be noted that our data in this study
only suggest Nampt systemic overexpression may have a pro-
atherosclerosis property under the HFD condition. To clarify the
exact role of Nampt in atherosclerosis, additional investigations
are warranted.

The change of the NAD+ level in a cell may not only affect
apoptosis but also other types of cell death, such as necroptosis [50,
51], autophagy [52, 53], and parthanatos [54, 55]. As NAD+ and
NADH play crucial roles in a number of fundamental biological
processes, such as energy metabolism, mitochondrial functions, and
gene regulation, the fluctuation in the intracellular NAD+ pool may
serve as a potential therapeutic target for treating several disorders.
Specifically, our group previously reported that the Nampt-NAD+

axis modulated neuronal autophagy following ischemic stress
in vivo and in vitro [27]. More importantly, we demonstrated the
induction of autophagy contributed to the neuroprotection of

Fig. 5 TNF-α, but not IL-1β, is activated in atherosclerotic plaque of ApoE−/−;Nampt-Tg mice. a Infiltrated macrophages were evaluated by
F4/80 staining. **P < 0.01 vs. ApoE−/−. b TNF-α immunohistochemistry staining and quantitative analysis. *P < 0.05 vs. ApoE−/−. c IL-1β
immunohistochemistry staining and quantitative analysis. Scale bar, 100 μm. d Serum TNF-α level in ApoE−/− and ApoE−/−;Nampt-Tg mice. NS
no significance
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Nampt in cerebral ischemia [27]. However, in this study, our results
suggested that the Nampt transgene promoted apoptosis in
atherosclerotic lesions. Complex mechanisms must underlie this
discrepancy and should be explored in the future.
In conclusion, our results illustrate that the transgene of Nampt

potentiates inflammation and promotes atherosclerosis in ApoE−/

− mice. Moreover, these findings support further assessments of
Nampt as a therapeutic target for atherosclerosis prevention and
treatment.
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