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A B S T R A C T   

Nicotinamide phosphoribosyltransferase (NAMPT) is the rate-limiting enzyme in the nicotinamide adenine 
dinucleotide (NAD+) salvage pathway and plays a crucial role in the maintenance of the NAD+ pool during 
inflammation. Considering that macrophages are essential for tissue homeostasis and inflammation, we sought to 
examine the functional impact of NAMPT in inflammatory macrophages, particularly in the context of inflam
matory bowel disease (IBD). In this study, we show that mice with NAMPT deletion within the myeloid 
compartment (Namptf/fLysMCre+/-, Nampt mKO) have more pronounced colitis with lower survival rates, as well 
as numerous uncleared apoptotic corpses within the mucosal layer. Nampt-deficient macrophages exhibit 
reduced phagocytic activity due to insufficient NAD+ abundance, which is required to produce NADPH for the 
oxidative burst. Nicotinamide mononucleotide (NMN) treatment rescues NADPH levels in Nampt mKO macro
phages and sustains superoxide generation via NADPH oxidase. Consequently, Nampt mKO mice fail to clear dead 
cells during tissue repair, leading to substantially prolonged chronic colitis. Moreover, systemic administration of 
NMN, to supply NAD+, effectively suppresses the disease severity of DSS-induced colitis. Collectively, our 
findings suggest that activation of the NAMPT-dependent NAD+ biosynthetic pathway, via NMN administration, 
is a potential therapeutic strategy for managing inflammatory diseases.   

; 6AN, 6-aminonicotinamide; BMDM, Bone marrow-derived macrophage; CD, Crohn’s disease; DAI, Disease activity index; DEG, Differentially expressed gene; 
DPI, Diphenyleneiodonium chloride; DSS, Dextran sulfate sodium; EpCAM, Epithelial cell adhesion molecule; IBD, Inflammatory bowel disease; IFN, Interferon; IL, 
Interleukin; LPS, Lipopolysaccharide; mKO, Myeloid-specific knock out; NAD, Nicotinamide adenine dinucleotide; NAM, Nicotinamide; NAMPT, Nicotinamide 
phosphoribosyltransferase; NMN, Nicotinamide mononucleotide; NOX2, NADPH oxidase 2; PBMC, Peripheral blood mononuclear cell; ROS, Reactive oxygen species; 
SIRT, Sirtuin; TLR, Toll-like receptor; UC, Ulcerative colitis; WT, Wild type. 
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1. Introduction 

Inflammation is characterized by a sequence of events comprising an 
activation phase, which is designed to allow rapid and robust immune 
responses that are required to eliminate invading pathogens [1,2]. The 
subsequent resolution phase is an active process controlled by the 
accumulation of activated macrophages with pro-resolving capacity for 
rapid return to homeostasis [3–5]. Intestinal macrophages play a key 
role in fine-tuning the mucosal immune system and in the innate im
mune response, wherein they contribute to the production of cytokines, 
growth factors, and lipid mediators [6,7]. Moreover, intestinal macro
phages function to clear pathogens, bacterial wall components, and 
apoptotic cells [8]. Failure to mount a robust protective response against 
pathogens during the resolution phase of inflammation may lead to 
persistent and excessive inflammation, as often observed in the patho
genesis of inflammatory bowel diseases (IBD) [9,10]. Recently, 
genome-wide association studies have identified key driver genes in 
macrophages leading to IBD [11]. Additionally, accumulating evidence 
supports the notion that enforcing a pro-resolving phenotype in mac
rophages might represent a novel therapeutic approach for the control of 
intestinal inflammation and restoration of tissue function. 

Nicotinamide phosphoribosyl-transferase (NAMPT) catalyzes the 
synthesis of nicotinamide mononucleotide (NMN) from nicotinamide 
(NAM) and 5′-phosphoribosyl-1′-pyrophosphate (PRPP), thus playing an 
important role in the cyclic biosynthetic pathway of nicotinamide 
adenine dinucleotide (NAD+) [12,13]. NAD+ is essential for the main
tenance of cellular energy via redox reactions and acts as a substrate for 
NAD+-cleaving enzymes, such as poly (ADP-ribose) polymerases, sir
tuins (SIRTs), and cADP-ribose synthases (e.g. CD38/CD157) [14–16]. 
NAD+ is produced by two distinct biosynthetic pathways, namely, the 
salvage and de novo pathways [17]. As the rate-limiting enzyme in the 
NAD+ salvage pathway, NAMPT is biologically indispensable and 
implicated in various inflammatory diseases, including rheumatoid 
arthritis, diabetes, and sepsis [18–22]. However, the role of NAMPT in 
inflammatory macrophages has not been fully elucidated, particularly in 
the context of IBD. 

Herein, we investigated the functions and underlying molecular 
mechanisms of NAMPT in a murine dextran sulfate sodium (DSS)- 
induced colitis model with Nampt deletion in the myeloid compartment 
(Namptf/fLysMCre+/-, Nampt mKO). Nampt deletion in macrophages 
impaired their phagocytosis functions due to the defect in NAD+ supply, 
leading to increased severity of colitis. Finally, administration of NMN 
improved the survival rate of Nampt mKO mice with DSS-induced colitis. 
We believe that our study provides insights for the development of a 
novel therapeutic strategy, via activating the NAMPT-dependent NAD+

biosynthetic pathway, for inflammatory diseases, including IBD. 

2. Material and methods 

2.1. Transcriptome profiling in human peripheral blood mononuclear cells 
(PBMCs) 

Affymetrix HG-U133A human GeneChip array data (NCBI GEO 
accession number: GSE3365) were used herein [23]. Differentially 
expressed genes (DEGs) in the PBMCs from patients with ulcerative 
colitis (UC; n = 26) and Crohn’s disease (CD; n = 59), as well as normal 
healthy control individuals (NT, n = 42) were identified using the per
mutated Student’s t-test. Gene ontology analysis was performed using 
the gProfileR in the R package. Additionally, using xCell [24], the 
properties of immune cells in each sample were investigated. 

2.2. Nampt knockout mouse model 

Namptf/f mice (C57BL6) bearing two loxP sites flanking exon 5 were 
cross-bred with LyzM-Cre mice (C57BL6) to specifically knock out (KO) 
Nampt in the myeloid cell lineage, including macrophages (termed 

Namptf/fLysMCre+/-, Nampt mKO). We used Namptf/fLyzM
Cre+/-(heterozygous) as myeloid-specific NAMPT-depleted mice, and 
Namptf/fLyzMCre− /− (WT) as the control mice. Mice were housed in the 
Laboratory Animal Research Center of Ajou University and were main
tained according to the guidelines of the Institutional Animal Care and 
Use Committee, who approved all animal procedures (2020–0013). 

2.3. Mouse models of colitis 

Age- and sex-matched Namptf/f and Namptf/fLyzMCre± mice received 
2.5% DSS (MP Biomedicals, Santa Ana, CA, USA) for 7 days, and were 
then allowed to recover for 7 days. NMN (500 mg/kg; Cayman, Ann 
Arbor, MI, USA) was administered via intraperitoneal injection three 
times per week from day 1 to termination of experiments. Colitis 
severity was determined daily via a scoring system based on the sum of 
the points for the following parameters: weight loss (0 points: no weight 
loss/weight gain, 1 point: 5–10% weight loss, 2 points: 11–15% weight 
loss, 3 points: 16–20% weight loss, and 4 points: > 21% weight loss); 
stool consistency (0 points: normal and well-formed, 2 points: very soft 
and unformed, and 4 points: watery stool); and bleeding stool score (0 
points: normal color, 2 points: reddish color, and 4 points: bloody stool). 
Therefore, the disease activity index (DAI) ranged from 0 to 12 [25]. 

2.4. Isolation of colon lamina propria cells 

Cell isolation was performed as described previously with slight 
modifications [26]. Briefly, extraintestinal fat tissues and blood vessels 
were carefully removed; the colons were then opened longitudinally and 
washed with cold phosphate-buffered saline (PBS). Colon pieces were 
digested in collagenase D and 0.1 mg/mL DNase I for 40 min. The ob
tained cell suspensions were then passed through 100 μm strainers 
layered onto a Percoll gradient and centrifuged. 

2.5. Flow cytometric analysis 

Cell suspensions were stained on ice for 20 min in the dark with 
various combinations of fluorochrome-conjugated antibodies, including 
anti-CD45 (30-F11), anti-CD11b (M1/70), anti-F4/80 (BM8), anti-Ly6G 
(1A8), anti-Ly6C (HK1.4), anti-MHC II (M5/114.15.2), anti-CD11c 
(N418), anti-CD206 (MMR), and anti-CD86 (GL-1) (all from Bio
Legend, San Diego, CA, USA). Samples were acquired on a FACS Canto II 
flow cytometer (BD, Franklin Lakes, NJ, USA). Data were analyzed using 
the FlowJo™ Software (BD). 

2.6. Histopathology and immunohistochemistry 

Histology was scored in a blinded manner using a semiquantitative 
scoring system based on the sum of the points of the following param
eters [27]: presence of ulcers: 0 = none, 1 = punctate, 2 = minimal, 3 =
moderate, 4 = widespread; presence of inflammation: 0 = none, 1 =
minimal, 2 = mild, 3 = moderate, 4 = severe; extent of inflammation: 0 
= none, 1 = mucosal, 2 = mucosal + submucosal, 3 = mucosal + sub
mucosal + muscle penetration, 4 = full thickness involvement. Immu
nohistochemistry was performed using rabbit anti-NAMPT (Bethyl 
Laboratories, TX, USA), rabbit anti-Ki-67 (Abcam, Cambridge, UK), 
rabbit anti-cleaved caspase3 (Cell Signaling Technology), rat 
anti-CD326 (EpCAM)-APC (Invitrogen), and rat anti-F4/80 (Abcam) 
antibodies. 

2.7. Staining for apoptotic and engulfed cells 

Cell death was assessed by TUNEL assay using Apoptag plus in situ 
apoptosis fluorescein detection kit (Merck) according to the manufac
turer’s instructions. TUNEL-positive signals were normalized to the total 
nuclei signals for each field. Engulfed cells were stained using the 
Apoptag ISOL dual fluorescence apoptosis detection kit (Millipore) 
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according to the manufacturer’s instructions. Subsequently, the samples 
were incubated overnight with rat anti-F4/80 antibody. The fluores
cence of each image was obtained by confocal micros copy (A1R HD25, 
Nikon, Tokyo, Japan) and a slide scanner (Axioscan, Zeiss, Germany). 

2.8. Phagocytosis evaluation 

pHrodo™ Green-conjugated Escherichia coli Bioparticles™ were 
diluted in serum media and incubated for 30 min, followed by two 
washes with PBS. Cells were incubated for the indicated times and 
analyzed using a FACS Canto II flow cytometer (BD) or a fluorescence 
microscope (DFC3000G; Leica, Wetzlar, Germany). 

2.9. Measurement of NAD+, NADPH, and ATP 

Bone marrow-derived macrophages (BMDMs) were harvested and 
analyzed using the EnzyChrom NAD+/NADH Assay Kit (Bioassay Sys
tems, Hayward, CA, USA), Elite NADPH Assay Kit (eEnzyme, Gaithers
burg, MD, USA), and CellTiter-Glo(R) Luminescent Cell Viability assay 
(Promega, Madison, WI, USA) according to the manufacturers’ 
instructions. 

2.10. Measurement of reactive oxygen species (ROS) 

BMDMs or peritoneal macrophages were incubated with Hanks’ 
balanced salt solution (HBSS) containing 5 μM CM-H2DCFDA (Invi
trogen, Carlsbad, CA, USA) at 37 ◦C for 15 min. To measure mitochon
drial ROS levels, cells were incubated with 5 μM MitoSOX (Invitrogen) 
for 15 min. Fluorescence levels were monitored using the FACS Canto II 

(BD). 

2.11. Measurement of mitochondrial membrane potential 

BMDMs were incubated with HBSS containing 100 nM Mito
Tracker™ Green FM (Invitrogen) plus 400 nM MitoTracker™ Red 
CMXRos (Invitrogen) for 15 min at room temperature. Fluorescence 
levels were monitored using the FACS Canto II (BD). 

2.12. Statistical analysis 

Data were analyzed using the unpaired two-tailed Student’s t-test 
with GraphPad Prism 9 (San Diego, CA) and are presented as the mean 
± standard error of the mean (SEM). Statistical significance was set at p 
< 0.05. 

3. Results 

3.1. NAMPT expression is increased within the inflammation niche 

We first analyzed NAMPT expression in various human tissue sam
ples (data retrieved from BioGPS website, GSE1133) and found that 
whole blood cells had the highest NAMPT expression levels (Fig. 1a). We 
further analyzed NAMPT expression in a subtype of immune cells and 
observed that myeloid cells exhibited relatively higher levels of NAMPT 
in both humans and mice (Supplementary Fig. 1a). To better understand 
the relevance of NAMPT expression in inflammatory disorders, we 
analyzed transcriptome data (GSE3365) [23] for PBMCs from patients 
with ulcerative colitis (UC) and Crohn disease (CD), as well as normal 

Fig. 1. Altered NAMPT expression pattern in in
flammatory tissues and cells. 
(A) Human NAMPT mRNA levels in various tissues 
for data retrieved from the BioGPS website. (B) 
Scattered dot plots showing the log2 fold difference 
between UC and NC or between CD and NC sam
ples. Significantly up-or down-regulated genes are 
marked in red or dark blue color, respectively. (C) 
Violin plot showing NAMPT expression in PBMCs 
from NC, UC, or CD. (D) Immunohistochemistry for 
CD68 and NAMPT in normal and inflamed colon 
mucosae from UC patients. (E) DSS-induced colitis 
model. Mice were treated with 2.5% DSS for 7 days 
and were evaluated at day 14. (F) Paraffin- 
embedded colonic sections from DSS-treated mice 
were stained with hematoxylin and eosin and anti- 
NAMPT, anti-F4/80, and anti-EpCAM antibodies. . 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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control (NC). We identified commonly up-regulated (n = 107) and 
down-regulated (n = 126) genes in both UC and CD patients compared 
to NC (Supplementary Fig. 1b). Moreover, gene ontology analysis indi
cated that these up-regulated genes were highly related to 
leukocyte-mediated immunity, suggesting their pathological roles in 
inflammation (Supplementary Fig. 1c). As expected, NAMPT was among 
the up-regulated genes (Fig. 1b and c). Furthermore, immune profiling 
based on the transcriptome data revealed that myeloid cells were 
increased in the PBMCs from IBD patients (Supplementary Fig. 1d), 
suggesting that up-regulated expression of NAMPT in PBMCs from IBD 
patients may reflect an increased population of myeloid cells that play 
an important role in the process of inflammation. Since NAMPT 
expression in colon biopsies has been suggested as a marker of the 
severity of pediatric IBD [28], we next analyzed NAMPT expression in 
colon biopsies from IBD patients. Colon biopsies from UC patients 
showed higher numbers of inflammatory cells including CD68-positive 
macrophages, increased tissue fibrosis, and stronger NAMPT expres
sion in inflamed areas, than did normal colon tissues (Fig. 1d). 

To further establish the pathophysiological role of up-regulated 
NAMPT in inflammatory diseases, we used a DSS-induced colitis 
mouse model (Fig. 1e) and found destruction of the colonic epithelial 
structure, increased span of inflamed areas, thicker mucosa, and sub
stantial F4/80+ macrophage population on day 7, whereas these were 
largely recovered by day 14 (Fig. 1f). Under normal condition, NAMPT is 
primarily expressed in the epithelium and colocalized with epithelial 
cell adhesion molecule (EpCAM), as shown in Fig. 1f. However, in DSS- 
induced colitis, NAMPT expression was detected in epithelium as well as 
in lamina propria, wherein NAMPT was colocalized with F4/80 on day 
7. These data indicate that up-regulated NAMPT expression in inflamed 

tissues is not only transcriptionally regulated, but also results from 
increased recruitment of macrophages to the inflammatory sites. 

3.2. NAMPT deficiency in macrophages augments colitis severity 

To investigate the role of myeloid-specific NAMPT in inflammation, 
we generated mice with specific Nampt deletion in the myeloid 
compartment (Namptf/fLysMCre+/-) (Fig. 2a, upper panel). NAMPT 
protein expression in different tissues from both Namptf/f (wild type, 
WT) and Namptf/fLysMCre+/- (mKO) mice showed a similar pattern 
(Supplementary Fig. 2a). Importantly, compared to those in WT mice, 
NAMPT protein levels in total bone marrow-derived monocytes (BMs) 
from Nampt mKO mice decreased by 38% (Supplementary Fig. 2b) but 
were undetectable in the peritoneal macrophages of Nampt mKO mice, 
which indicates successful macrophage-specific deletion of Nampt 
(Fig. 2a, lower panel and Supplementary Fig. 2c). Of note, the propor
tion of F4/80+ cells within BMDMs (Mφ) were similar between WT and 
Nampt mKO mice (Fig. 2b). 

Using this mouse model, we investigated the role of NAMPT in in
flammatory macrophages in DSS-induced colitis. After colitis induction, 
WT mice typically lost 10% of their body weight by day 10, however, all 
regained their weight and survived (Fig. 2c and d). In contrast, Nampt 
mKO mice showed body weight loss by 24% and 42% of Nampt mKO 
mice died of disease (Fig. 2c and d). Additionally, a marked difference 
was observed in the DAI score between WT and Nampt mKO mice, 
suggesting a protective role of macrophage-derived NAMPT in the 
context of colitis (Fig. 2e). In fact, 14 days after DSS treatment, the colon 
length became significantly shorter in Nampt mKO than in WT mice 
(Fig. 2f). Moreover, observer-blinded pathological analyses revealed a 

Fig. 2. Loss of NAMPT in macrophages enhances 
DSS-induced colitis. 
(A) Macrophage-specific Nampt knockout mice ob
tained via the crossing of Namptf/f mice with lyso
zyme M-Cre driver mice. Representation of the 
Nampt locus inserted with the flox sequences 
flanking in front of exon 5 and behind exon 6 (upper 
panel). NAMPT protein levels in BMDMs from 2- 
month-old Namptf/f (wild type; WT) and Namptf/ 

fLyzMCre+/- (knockout; Nampt mKO) mice (left 
panel). Cell morphology of BMDMs from WT and 
Nampt mKO mice (right panel). (B) Bone marrow 
(BM) cells were isolated from WT and Nampt mKO 
mice and were differentiated into macrophages 
with M-CSF. The expression of Ly6C and F4/80 was 
evaluated by flow cytometry. (C, D) Survival curve 
(C) and relative body weight of 2.5%-DSS-treated 
mice (D). (E) Disease activity index (DAI) was 
scored based on stool consistency, fecal bleeding, 
and weight loss. The individual parameters were 
scaled from 0 to 4 (0–12 in total) as described in the 
materials and methods section. (F) Representative 
images of DSS-induced colitis. The colon lengths of 
DSS-induced mice were measured. (G) The histo
logical score of the colon was calculated based on 
hematoxylin and eosin (H&E)-stained colon sec
tions. (H) Representative images of H&E and 
TUNEL staining of colon tissues. Scale bar = 100 
μm. Results are represented as the mean ± SEM. 
Statistical analysis was performed using the un
paired 2-tailed Student’s t-test.   
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significantly greater histological score and a prominent tissue destruc
tion, as well as severe inflammation and ulceration in DSS-treated Nampt 
mKO mice than in WT mice (Fig. 2g and h). Furthermore, Nampt mKO 
mice had more TUNEL + cells in colonic tissues than WT mice (Fig. 2h). 
Collectively, these results suggest that macrophage-specific Nampt 
deletion increases the severity of DSS-induced colitis in this mouse 
model. 

3.3. Nampt deletion does not affect initial inflammatory response in DSS- 
induced colitis 

For a successful resolution of inflammation, macrophages act in a 
sequential and coordinated cascade; clearing a pathogen, terminating 
inflammatory response, and repairing damaged tissue [29]. To better 
delineate the contribution of NAMPT in DSS-induced colitis, we 
compared disease activities on the first day 7 (induction period) and the 

subsequent 7 days (recovery period) (Fig. 3a left panel). Although Nampt 
mKO mice showed severe body weight loss and shortening of the colon 
on day 14, the difference between WT and Nampt mKO mice in colon 
length was not statistically significant on day 7 (Fig. 3a right panel and 
Supplementary Fig. 3a). Marked inflammation and tissue destruction 
along with many macrophages infiltration were also noted on day 7 in 
the colon of both WT and Nampt mKO mice (Fig. 3b). However, unlike 
the Nampt mKO mice, the WT mice seemed to recover from the injury, as 
evidenced by the restored colon length (see Fig. 2f) and reduced number 
of infiltrated macrophages on day 14 (Fig. 3b). 

We next measured the proportions of monocytes and macrophages 
on day 7 and found similar proportions between WT and Nampt mKO 
mice (Fig. 3c and Supplementary Figs. 3b and c). Of note, the pro
portions of pro-inflammatory Ly6ChighMHC-IIlow macrophages and 
Ly6Clow MHC-IIhigh macrophages were also similar between Nampt mKO 
and WT mice (Fig. 3d and Supplementary Fig. 3d), suggesting that 

Fig. 3. Nampt-deleted macrophages did not alter 
initiation of inflammatory response. 
(A) Mice were treated with 2.5% DSS for 7 days and 
evaluated at day 7 or 14. Representative image of 
the colons from DSS-treated mice. The histological 
scores were calculated based on hematoxylin and 
eosin (H&E)-stained colon sections obtained 7 days 
after DSS treatment. (B) Paraffin-embedded colonic 
sections from DSS-treated mice on days 7 and 14 
were stained with H&E (upper) and anti-F4/80 
antibody (down). Scale bar = 50 μm. (C, D) Lam
ina propria immune cells were isolated from the 
colons of DSS-treated mice at day 7. The percent
ages of monocytes (CD11b+Ly6C+), macrophages 
(CD11b+F4/80+), Ly6ClowMHCIIhigh, and 
Ly6ChighMHCIIlow macrophages were determined 
by flow cytometry. (E, F) Lamina propria immune 
cells were isolated from the colons of DSS-treated 
mice at day 7 and 10. The percentages of M1 mac
rophages (CD11b+F4/80+CD86high) and M2 mac
rophages (CD11b+F4/80+CD206high) were 
determined by flow cytometry. (G, H) Relative 
mRNA levels of cytokines in the colonic tissues of 
DSS-treated WT and Nampt mKO mice on day 7 and 
14. The results are represented as the mean ± SEM. 
Statistical analysis was performed using the Stu
dent’s t-test.   
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Nampt deletion in macrophages does not affect local recruitment of 
monocytes/macrophages and initial inflammatory response. 

3.4. Colitis severity in Nampt mKO mice is not related to M1/M2 
macrophage polarization 

It has been reported that disequilibrium of M1 and M2 macrophage 
subsets promote colitis development and NAMPT contribute to the po
larization and activation of M1 macrophages [28,30]. Therefore, we 
sought to determine whether deletion of Nampt alters colonic M1 and 
M2 macrophage populations during colitis. First, we analyzed the pro
portions of M1 and M2 macrophages in the colonic mucosa of 
DSS-induced colitis model. On day 7, the proportions of F4/80+CD11b+

macrophages, as well as M1 (CD86high) and M2 (CD206high) macro
phages were similar between the Nampt mKO and WT mice upon DSS 
treatment (Fig. 3e). However, Nampt mKO mice had a higher population 
of M1 (CD86high) macrophages than WT mice on day 10 (Fig. 3f). 

M1 and M2 macrophages are characterized by the secretion of pro- 
and anti-inflammatory cytokines, respectively [31]. Similar to our ob
servations regarding colonic M1 and M2 macrophage populations, 
although we observed a robust induction of inflammatory genes during 
DSS treatment on day 7, no statistically significant effects were induced 
by Nampt deletion (Fig. 3g and h). Meanwhile, following the recovery 
phase, Nampt mKO mice maintained a larger macrophage population 
(see Fig. 3b) within the inflamed tissues, resulting in up-regulated 
expression of inflammatory genes in intestinal samples, compared 
with WT mice (Fig. 3g and h). Next, we investigated whether NAMPT is 
involved in M1/M2 polarization. BMDMs (M0) could differentiate into 
M1-like macrophages (M1) upon stimulation with lipopolysaccharide 
(LPS)/interferon (IFN)-γ or M2-like macrophages (M2) upon treatment 
with interleukin (IL)-4 [31]. Deletion of Nampt did not alter M1/M2 
polarization (Supplementary Fig. 4a) nor did inhibition of NAMPT 
enzymatic activity via FK866 treatment (Supplementary Fig. 4b). The 
expression level of specific markers representing different macrophage 
phenotypes was further analyzed by western blot. No significant dif
ferences were observed between WT and Nampt mKO macrophages 
(Supplementary Fig. 4c); indicating that NAMPT is not involved in 
M1/M2 macrophage polarization during the inflammatory process. 
Similar to FACS analysis, FK866 treatment had no effect on the 
expression of M1/M2 macrophage-specific markers (Supplementary 
Fig. 4d). 

Reduced responsiveness to Toll-like receptor (TLR) activation has 
been suggested to represent impaired macrophage function [32]. 
BMDMs from the WT and Nampt mKO mice had no alteration in TLR4 
downstream signaling, such as mitogen-activated protein kinase 
(MAPK) and nuclear factor (NF)-κB activation in response to LPS (Sup
plementary Fig. 5a). Moreover, In agreement with a previous report 
[33], NAMPT depletion decreased mRNA levels of certain cytokines 
upon LPS treatment (Supplementary Figs. 5b and c). However, the level 
of IL-1β was similar in WT and Nampt mKO BMDMs upon LPS treatment 
for 5 h (Supplementary Fig. 5d). Furthermore, inflammasome activa
tion, which is the innate immune component responsible for activation 
of inflammatory responses, was also comparable between WT and Nampt 
mKO BMDMs (Supplementary Fig. 5e). Taken together, our data suggest 
that Nampt deletion in macrophages influences the severity of 
DSS-induced colitis, probably by inducing improper resolution of 
inflammation, whereas NAMPT depletion does not impair macrophage 
polarization or cytokine production. 

3.5. NAMPT deficiency impairs apoptotic cell clearance in DSS-induced 
intestinal injury 

Several key events are required for the successful resolution of 
inflammation, and effective removal of dying cells by macrophages is 
the essential for this [34]. Thus, as an indicator of tissue injury recovery, 
we measured Ki67+ cells in DSS-induced colitis samples from WT and 

Nampt mKO mice on day 7. As expected, the percentage of Ki67+ cells in 
the epithelium, was markedly reduced in Nampt mKO mice (Fig. 4a). 
Additionally, to examine the role of NAMPT in apoptotic cell clearance 
in vivo, DSS-induced colitis samples from WT and Nampt mKO mice were 
stained with cleaved caspase-3 antibody to quantify the number of 
remaining uncleared apoptotic corpses. We found that significantly 
more positive signals were observed in Nampt mKO mice on day 14 
(Fig. 4b). Similarly, the number of TUNEL+ nuclei in the epithelium of 
colon mucosa of Nampt mKO mice was significantly increased, 
compared to that of WT mice (Fig. 4c). 

Next, we investigated whether NAMPT-deficient macrophages show 
decreased engulfment in the DSS-induced colitis model. To this end, we 
employed a detection method that can distinguish engulfed cells within 
phagocytes [35]. As the DNA derived from the engulfed debris un
dergoes DNase II-mediated cleavage (type II break) within a phag
olysosome, we detected engulfed cells by monitoring type II DNA 
cleavage. As shown in Fig. 4d, signals of engulfed cells were higher in 
WT mice than in Nampt mKO mice. Furthermore, F4/80+ macrophages 
exhibited a lower level of engulfed cells in colonic tissues from Nampt 
mKO mice. Collectively, these findings suggest that depletion of NAMPT 
in activated inflammatory macrophages could attenuate cell clearing 
activity, and in turn, augment colitis severity in this murine model. 

3.6. Nampt-deleted macrophages exhibit attenuated phagocytic potential 

In our in vivo DSS-induced colitis mouse model, we found that 
NAMPT functions in the phagocytosis of apoptotic cells during the in
flammatory response. To further support this notion, we compared the 
phagocytic activity between the WT and Nampt mKO macrophages by 
performing a pulse and chase phagocytosis assay using pHrodo green. In 
WT BMDMs, an increase in the intensity of green fluorescence signals 
was observed, indicating the gradual maturation and fusion of pHrodo 
green containing phagosomes with lysosomes (Supplementary Fig. 6a). 
Although there was no difference in BMDM polarization upon LPS/IFN-γ 
treatment (see Supplementary Fig. 4a), green fluorescence intensity was 
markedly reduced in Nampt mKO BMDMs relative to that in WT BMDMs 
upon pHrodo challenge for 30 min (Fig. 5a). pHrodo intensity upon 
FK866 treatment in WT BMDMs was reduced, while treatment of NMN 
in Nampt mKO BMDMs rescued the fluorescence intensity (Fig. 5b and 
Supplementary Figs. 6b and c). Inhibition of NAMPT activity by FK866 
also reduced pHrodo intensity in RAW264.7 cells, as shown in WT 
BMDMs (Fig. 5c). As expected, lysosome inhibitor, bafilomycin A1 (Baf 
A1) treatment reduced the fluorescence intensity of pHrodo in both WT 
BMDMs and RAW264.7 cells, indicating that the engulfed pHrodo green 
E. coli bioparticles containing phagosomes matured into late phag
osomes or phagolysosomes, then the bioparticles were degraded in 
macrophages (Fig. 5d and Supplementary Fig. 6d). These results suggest 
that the enzymatic activity of NAMPT promotes macrophage 
phagocytosis. 

ROS are essential bactericidal agents; NADPH oxidase 2 (NOX2) 
serves as the primary source of ROS in phagocytic immune cells [36]. 
Considering that our data suggests that NAMPT-depleted macrophages 
have impaired phagocytic activity, we next measured ROS levels upon 
LPS treatment in BMDMs from Nampt mKO and WT mice. Nampt-deleted 
BMDMs and peritoneal macrophages exhibited a defect in cellular ROS 
production upon LPS treatment (Fig. 5e and f). Of note, unlike the total 
cellular ROS levels, mitochondrial ROS levels and mitochondrial mem
brane potentials, upon LPS treatment, did not change significantly be
tween WT and Nampt mKO macrophages (Fig. 5g and h). Additionally, 
in Raw 264.7 cells, treatment with FK866 partially inhibited ROS pro
duction in response to LPS, however, this inhibitory effect was reversed 
by NAD+ co-treatment (Fig. 5i). 

Furthermore, we examined whether inhibition of NOX2-mediated 
ROS generation can affect phagocytic activity. Using the NADPH oxi
dase inhibitor, diphenyleneiodonium chloride (DPI), we measured 
phagocytic activity in primary macrophages from WT and Nampt mKO 
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mice. As expected, inhibition of NOX2 activity by DPI blocked phago
cytic activity, indicating reduced NOX2-mediated ROS generation 
(Supplementary Fig. 6e). These results support that NAMPT expression 
in macrophages promotes phagocytosis in an enzymatic activity- 
dependent manner. 

3.7. NAMPT-deficient macrophages fail to produce sufficient NAD+ for 
phagocytic activity 

Macrophages require NADPH as an electron carrier for ROS pro
duction [36]. Therefore, we hypothesized that NAMPT-deficient mac
rophages would show a defective phagocytic activity due to reduced 
NADPH levels (Fig. 6). As expected, NAMPT deficiency or FK866 
treatment significantly reduced NAD+ levels, while NMN administration 
rescued this phenotype (Fig. 6b and Supplementary Fig. 7a). As NAD+ is 
a critical co-factor in ATP production, we next quantified ATP levels 
upon LPS treatment. No difference was observed in ATP levels under 
vehicle treatment between Nampt mKO and WT BMDMs, whereas LPS 
treatment decreased ATP levels in both cells (Fig. 6c), indicating that the 
process of ATP production is not directly mediated by NAMPT during 
the immune response. 

Notably, NADPH levels were downregulated in Nampt mKO macro
phages, while NMN administration increased NADPH levels (Fig. 6d), 
indicating that enzymatic activity of NAMPT regulates NADPH levels in 
BMDMs. LPS treatment markedly decreased NAD+ levels, and FK866 
treatment even caused a further reduction (Fig. 6e). Consistently, LPS 
challenge significantly reduced NADPH levels by 50% in WT macro
phages. However, NADPH levels in NAMPT-depleted macrophages were 
reduced by 21% (Fig. 6f). Moreover, FK866 treatment caused a further 
decrease in NADPH levels, whereas NMN treatment restored NADPH 

levels under LPS treatment (Fig. 6g). These results suggest that NAMPT- 
depleted macrophages are unable to produce sufficient NADPH. 

NAMPT promotes NADPH production via increasing NAD+ influx 
into the pentose phosphate pathway (PPP) [37]. Of note, the oxidative 
burst requires a large amount of NADPH to fuel superoxide generation 
via NOX2 (Supplementary Fig. 7b). Consistently, we observed that 
treatment with 6-aminonicotinamide (6AN), an antimetabolite used to 
inhibit the PPP, reduced NADPH levels in a dose-dependent manner in 
WT, but not Nampt mKO macrophages (Fig. 6h). Furthermore, NMN 
administration rescued NADPH levels in Nampt mKO macrophages, 
which had been blocked by 6AN treatment (Fig. 6i). Under LPS chal
lenge, inhibition of the PPP by 6AN further decreased NADPH levels 
(Fig. 6j). Expectedly, 6AN treatment led to a decrease in ROS level in 
BMDMs, which were stimulated with LPS and IFN-γ (Supplementary 
Fig. 7c). Taken together, our data suggest that NAMPT promotes NADPH 
production via the PPP to fuel NOX2 in the context of phagocytosis. 

3.8. NMN administration protects Nampt mKO mice from severe colitis 

We hypothesized that NAMPT deficiency in inflammatory macro
phages does not provide sufficient NAD+ in response to inflammation, 
leading to severe colitis via decreased NADPH levels. It is, therefore, 
assumed that the impact of NAMPT depletion on colitis might be alle
viated by NMN supplementation. To test this hypothesis, we first 
examined the effect of NMN administration in a DSS-induced colitis 
model. After 2.5% DSS treatment, 500 mg/kg of NMN or PBS was 
injected intraperitoneally into Nampt mKO mice three times per week. 
NMN treatment alleviated body weight reduction and decreased DAI, 
resulting in a better survival rate (Fig. 7a and b; Supplementary Fig. 8a). 
In detail, PBS injection resulted in 33% survival (4/12 mice), whereas 

Fig. 4. Apoptotic cell clearance was attenuated in 
Nampt-deleted macrophages. 
(A) Immunohistochemistry for Ki67 in the colonic 
tissues from mice treated with DSS for 7 days. Bar 
graphs represent percentage of positive cells out of 
total nuclei. (B) Immunohistochemistry for cleaved 
caspase-3 in the colonic tissues from mice treated 
with DSS at days 7 and 14. Bar graphs represent the 
number of positive cells per crypt. (C) 
Sections of colon at days 7 and 14 were subjected to 
TUNEL staining. Representative images (left) and 
percentage of TUNEL-positive cells (right) are pre
sented. (D) Staining of engulfed corpses and F4/80+

macrophages in the colonic tissues from mice 
treated with DSS for 7 days. The results are repre
sented as the mean ± SEM. Statistical analysis was 
performed using the unpaired 2-tailed Student’s t- 
test. Scale bar = 50 μm.   
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NMN administration resulted in 67% survival (8/12 mice) (Fig. 7c). 
Next, we examined whether any cytotoxic side effects accompanied by 
NMN injection may present in mice. NMN administration did not alter 
body weights until 14 days (Supplementary Fig. 8b). No gross and 
microscopic abnormalities were observed in the colon, liver, or spleen at 
the same time point (Fig. 7d and Supplementary Fig. 8c). Furthermore, 
the serum levels of alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) were not increased upon NMN treatment 
(Fig. 7e), indicating that NMN injection could attenuate DSS-induced 
colitis without obvious hepatotoxicity. Consistently, NMN treatment 
increased Ki-67+ cells, while decreased cleaved caspase-3 and TUNEL 
signaling, with reduced F4/80+ macrophage infiltration (Fig. 7f). These 
results that NMN administration protects mice from DSS-induced colitis 
by enhancing the resolution of inflammation. 

4. Discussion 

Herein, we demonstrated a fundamental role of NAMPT in macro
phages using DSS-induced colitis model via the genetic ablation of 

Nampt. Nampt mKO mice suffered from prolonged, severe inflammation, 
although the initial inflammatory response was preserved regardless of 
NAMPT expression. NAMPT depletion did not affect the recruitment of 
macrophages or the production of inflammatory cytokines, whereas we 
found that NAMPT deletion impaired a “clean-up” process of macro
phages, which is important in the resolution of inflammation and 
restoration of tissue homeostasis [3]. Deletion of NAMPT showed that 
clearance of tissue debris including apoptotic bodies was impeded due to 
reduced phagocytic activity, derived from insufficient NADPH supply. 
This functional deficit finally led to a prolonged, severe colitis in mouse 
model. 

The data presented in this work provide several key insights into the 
role of macrophage-derived NAMPT within the inflammatory response, 
particularly in the context of IBD, which comprises CD and UC (chronic 
inflammatory disorders of the gastrointestinal tract). First, this is the 
first report that macrophage-specific NAMPT functions as a defensive 
measure to mitigates colitis severity with the genetic ablation of NAMPT 
in the myeloid compartment. Such findings do not agree with those of an 
earlier report that indicated that NAMPT inhibition, via a chemical 

Fig. 5. NAMPT expression in macrophages is 
essential for optimal phagocytic activity. 
(A) BMDMs from WT and Nampt mKO mice were 
treated with LPS/IFN-γ for 12 h. The phagocytic 
activity of BMDMs was detected at 30 min and 90 
min after the addition of pHrodo green dye via 
fluorescence microscopy (Scale bar = 50 μm) (left), 
and the phagocytic activity of BMDMs was detected 
at 30 min after the addition of pHrodo green dye via 
flow cytometry (right). (B) The phagocytic activity 
of BMDMs was assessed in the presence of FK866 or 
NMN via flow cytometry. (C, D) The phagocytic 
activity of Raw 264.7 cells treated with 20 nM 
FK866 (C) and 50 nM Baf A1 (D) was assessed from 
30 min to 4.5 h via flow cytometry. (E, F) BMDMs 
and peritoneal macrophages were treated with 100 
ng/mL of LPS for 3 h and ROS was quantified using 
CM-H2DCFDA. (G) The mitochondrial ROS levels 
were monitored upon LPS treatment for 3 h using 
MitoSOX in BMDMs. (H) Mitochondrial membrane 
potential levels of BMDMs monitored upon LPS 
treatment for 3 h using MitoTracker™ 
Green FM and MitoTracker™ 
Red CMXRos. The data are presented as the ratio of 
red MFI/green MFI. (I) Raw264.7 cells were pre
treated with 20 nM FK866 or 0.5 mM NAD for 6 h 
and followed by LPS treatment for 6 h. These cells 
were subjected to measure ROS levels by using CM- 
H2DCFDA (left panel) and MitoSOX (right panel). 
The results are represented as the mean ± SEM. 
Statistical analysis was performed using the un
paired 2-tailed Student’s t-test. . (For interpretation 
of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   
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inhibitor, FK866, protects against inflammation in DSS-induced colitis 
[28]. This discrepancy probably due to a different model to demonstrate 
NAMPT function in inflammatory process. Since NAMPT expression is 
mainly in epithelial cells, enzymatic inhibition of NAMPT by FK866 
could affect not only colon epithelial cells but also immune cells, 
thereby, inducing variable outcomes in inflammatory responses. More
over, considering that chemical inhibitors might have exhibited 
off-target effects, FK866 may also elicit unknown effects aside from its 
impact on NAMPT enzymatic activity. Additionally, FK866 may affect 

function of circulating NAMPT, which is represented by secreted 
NAMPT from various cells, thereby, inducing distinct outcome in tissues 
[38,39]. Very recently, Ratnayake et al., reported that secreted NAMPT 
from the macrophage provides stem-cell-activating niche that promotes 
the muscle repair and regeneration by acting through C–C motif che
mokine receptor type 5 (Ccr5) in mice [39]. In the line with this function 
of circulating NAMPT, inhibition of NAMPT by FK866 could cause loss 
of proliferation-inducing cues for injury-induced repair response in 
DSS-induced colitis. Although we did not determine whether 

Fig. 6. NAMPT increases NADPH levels via PPP. 
(A) Schematic diagram. NAMPT enhances NOX2- 
mediated ROS generation via the increase of 
NADPH levels. (B) NAD+ levels were measured after 
treatment with 20 nM FK866 or 2 mM NMN for 6 h 
in BMDMs from WT and Nampt mKO mice. (C) ATP 
levels were measured after treatment with 100 ng/ 
mL LPS for 3 h or 6 h. (D) NADPH levels were 
measured treatment with 20 nM FK866 or 0.5 mM 
NMN for 6 h. (E–G) BMDMs were pretreated with 
20 nM FK866 or 0.5 mM NMN for 6 h and then 
incubated with 100 ng/mL LPS for 6 h. NAD+

levels (E) and NADPH levels (F, G). (H, I) NADPH 
levels were measured in present of 200 μM 6AN or 
0.5 mM NMN. (J) BMDMs from WT mice were 
pretreated with 200 μM 6AN for 1 h. BMDMs were 
incubated with 100 ng/mL LPS for additional 3 h 
and subjected to NADPH measurement. Results 
shown are mean ± SEM. Statistical analyses were 
performed using an unpaired 2-tailed Student’s t- 
test.   

Fig. 7. NMN administration ameliorates the severity 
of DSS-induced colitis. 
Nampt mKO mice were treated with 2.5% DSS for 7 
days and injected intraperitoneally with 500 mg/kg 
NMN or PBS at three times per week until termination 
of experiments. (A) Survival curve graph. (B) Disease 
activity index (DAI) was scored based on stool con
sistency, fecal bleeding, and weight loss as described 
in the materials and methods. (C) Venn diagram of 
survival rates. (D) Representative images of colon, 
liver, and spleen from DSS-treated Nampt mKO mice 
with or without NMN. (E) Serum ALT and AST levels 
(F) Immunohistochemical analysis from DSS-treated 
Nampt mKO mice upon NMN administration.   
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macrophage-secreted NAMPT promotes the colon repair and regenera
tion, comprehensive evidence from this study supports that 
macrophage-specific NAMPT functions to mitigate colitis severity. 

Second, we found that NAMPT is essential in maintaining the 
phagocytic activity of macrophages. Inflammatory macrophages usually 
go through an oxidative burst, in which sufficient NADPH is required. 
Therefore, PPP: a metabolic pathway parallel to glycolysis, is highly 
activated to supply more NADPH in these cells [40]. Increased pro
duction of NADPH is used to generate ROS which is essential in the 
process of phagocytosis [36]. In this regard, transcriptional upregulation 
of NAMPT is also accompanied to meet the increased demand of NADPH 
in inflammatory macrophages, as depicted in Supplementary Figs. 4c–d. 
In fact, defect in the generation of NADPH, e.g., glucose-6-phosphate 
dehydrogenase (G6PD) deficiency, impairs ROS production and this 
results in severe and recurrent bacterial infections [10]. Therefore, our 
findings underscore the critical roles of the metabolic axis comprising 
NAMPT, NADPH, and ROS in the maintenance of phagocytic activity of 
macrophages. 

Third, administration of NMN protects against deleterious inflam
matory response in the DSS-induced colitis model of Nampt mKO mice 
without obvious toxic side effects. Despite this new therapeutic pro
posal, it might be misunderstood that the clinical translational relevance 
of our study seems to be limited, because the condition related to 
‘macrophage-specific NAMPT depletion’ is not expected to be encoun
tered easily in clinical setting. Eventually, we emphasize that NAD+ is 
critical in the phagocytic activity of macrophages and in the subsequent 
resolution of inflammation. In cells, including macrophages, NAD+ is 
largely made from nicotinamide (a form of vitamin B3, also known as 
niacin), which has various dietary sources, including fish, meat, and 
mushroom. Without proper supplementation, people can suffer from its 
deficiency, e.g., pellagra. Meanwhile, patients with IBD commonly suf
fer from poor oral intake because they frequently go through abdominal 
pain, diarrhea, or decreased appetite. Malabsorption is another common 
problem in IBD patients. Therefore, these challenges often result in 
nutritional imbalance or deficiency [41]. In fact, the reported preva
lence of malnutrition in IBD patients ranges between 20% and 85% [42]. 
Furthermore, malnutrition is one of the most important factors associ
ated with a poor clinical outcome in IBD patients [43,44]. Thus, this 
collective information implies that NAD+ deficiency may occur in im
mune cells (which is equivalent to NAMPT depletion in macrophages in 
our study) of chronic IBD patients with malnutrition. In addition, ageing 
is accompanied by a gradual decline in tissue and cellular NAD+ levels in 
multiple organisms including human [45,46]. This decline in NAD+

levels is linked causally to numerous ageing-associated diseases, 
including cognitive decline, cancer, and metabolic disease [47–50]. 
Remarkably, it has been reported that NAMPT expression also decreases 
in many tissues during organismal aging [51–54]. Thus, it seems that 
decrease in NAD+ is ascribed to the reduced NAMPT expression in aged 
cells, at least in part. Taken together, supplementation of NMN (or 
nicotinamide) seems to be an effective treatment strategy help to reduce 
the severity and the duration of inflammation in patients with IBD, in 
particular those who are old or suffer from malnutrition. 

In summary, our data indicate that NAMPT in macrophages has a 
critical role in maintaining their phagocytic activity, which leads to 
proper resolution of inflammation and tissue repair. As NAD+ might be 
deficient in IBD patients, supplementation of NMN appears to be an 
attractive therapeutic strategy. We hope that our approach activating 
the NAMPT-dependent NAD+ biosynthetic pathway in order to control 
inflammatory diseases would provide new perspectives regulating 
inflammation and also open avenues for developing effective 
treatments. 
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