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Nicotinamide phosphoribosyltransferase (Nampt) of hybrid crucian carp 
protects intestinal barrier and enhances host immune defense against 
bacterial infection 
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A B S T R A C T   

Nicotinamide phosphoribosyltransferase (Nampt) can act extracellularly as a mediator of inflammation or 
intracellularly as a rate-limiting enzyme, regulating nicotinamide adenine dinucleotide (NAD) biosynthesis in the 
NAD salvage pathway. Nampt exerts important immunological functions during infection in mammals. However, 
the in vivo function of fish Nampt in immune regulation and inflammation is essentially unknown. With an aim to 
elucidate the antimicrobial mechanism of Nampt in fish, we in this study examined the function of Nampt from 
hybrid crucian carp. Hybrid crucian carp Nampt (WR-Nampt) possesses the conserved nicotinamide phosphor
ibosyltransferase domain and shows high similarity to that of mammalian Nampt. WR-Nampt is expressed in 
multiple tissues and is upregulated by bacterial infection. Overexpression of WR-Nampt significantly increased 
the number of goblet cells of distal intestine. In addition, WR-Nampt induced significant inductions in the 
expression of the antimicrobial molecules (IL-22, Hepcidin-1, LEAP-2 and MUC2) and tight junctions (ZO-1 and 
Occludin). Consistent with this, fish administered with WR-Nampt significantly alleviated the intestinal perme
ability and apoptosis, thereby enhancing host’s resistance against bacterial infection. Together these results 
revealed the potential effect of WR-Nampt in intestinal barrier and immune defense against bacterial infection.   

1. Introduction 

Nicotinamide Phosphoribosyltransferase (Nampt), also known as 
Pre-B-cell colony-enhancing factor (PBEF) or visfatin was found to act as 
the rate-limiting enzyme in the salvage pathway restoring the cofactor 
nicotinamide adenine dinucleotide (NAD) (Garten et al., 2015). By 
controlling NAD production, Nampt can impact on cellular energetics 
and also on the activity of NAD-dependent enzymes, such as the NADPH 
oxidase (Sultani et al., 2017). Extracellularly, Nampt was shown to play 
a prominent role in cell metabolism, inflammation and immune modu
lation (Travelli et al., 2018). Nampt induces NF-κB transcriptional ac
tivities via direct ligation of toll-like receptor 4 (TLR4) (Camp et al., 
2015), and extracellular Nampt significantly increases secretion of 
TNF-α, IL-1β and IL-6 from inflammatory cells (Moschen et al., 2007). In 
neutrophils, exogenous Nampt delays neutrophil apoptosis and primes 
neutrophils for the respiratory burst (Jia et al., 2004; Malam et al., 

2011). Nampt has been implicated in the pathology of inflammatory 
diseases (Dakroub et al., 2021; Franco-Trepat et al., 2019). For instance, 
elevated Nampt levels were described in patients characterized by 
conditions of acute (respiratory distress syndrome) or chronic (type 2 
diabetes, obesity, and cancer) inflammation (Gesing et al., 2017; R 
Moschen et al., 2010). During infection, inhibition of Nampt enhances 
the viral growth of cytomegalovirus in both fibroblasts and macro
phages, while Nampt activation dramatically inhibits a murine hepatitis 
virus (MHV) replication (Dantoft et al., 2019; Heer et al., 2020). The 
ability of Nampt to regulate immune activation, inflammation, together 
with its role in delaying apoptosis, identifies this protein as an important 
mediator of inflammatory process. 

In intestinal mucosal immunity, the NAD level of intestinal was 
decreased significantly in Nampt− /- mice; histological examination 
showed that mouse intestinal villi were atrophic and disrupted (Zhang 
et al., 2017). MUC2, a major component of the mucus layer in the 
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intestine, is associated with antimicrobial activity and gut immune 
system function (Holloway et al., 2021). Intriguingly, the MUC2 syn
thesis was increased by activating enzymes involved in the salvage 
pathways of NAD+ biosynthesis in LS 174T goblet cells (Hwang et al., 
2018; Ma et al., 2020). Besides, in intestinal disorders such as inflam
matory bowel disease (IBD), extracellular Nampt exacerbates the 
symptoms of colitis, suggesting that extracellular Nampt plays a 
pro-inflammatory role in IBD (Colombo et al., 2020). 

In teleost, Nampt homologue has only been identified in zebrafish. In 
the early embryonic development of zebrafish, Nampt was widely 
expressed in brain, fins, intestine and eyes (Fang et al., 2015). Func
tionally, inhibitors of Nampt caused retinal damage in larval zebrafish 
(Cassar et al., 2017). In addition, resveratrol reduced the expression of 
Nampt, resulting in a decrease of NAD+/NADH ratio in adult zebrafish 
liver (Schirmer et al., 2012). In a recent paper, Nampt secretion from 
macrophages was required for muscle regeneration using a zebrafish 
model (Ratnayake et al., 2021). However, compared to higher verte
brates, very few functional studies about Nampt have been carried out in 
teleost. As a result, the role of teleost Nampt, especially in immune 
response and inflammation, is almost unknown. 

By using distant hybridization and subsequently selective breeding, 
hybrid crucian carp (WR, 2n = 100) has been originated from White 
crucian carp (Carassius cuvieri, WCC, female) × Red crucian carp (Car
assius auratus red var., RCC, male) (Liu et al., 2018). Hybrid crucian carp 
has many advantages, such as faster growth, better taste and stronger 
disease resistance compared with their parental species (Liu et al., 
2019a; Luo et al., 2021). Currently, hybrid crucian carp has become an 
economically important species cultured in China (Liu et al., 2019b); 
however, there are few reports about the immunity of this hybrid cru
cian carp. 

In recent decades, fish motile aeromonad septicemia (MAS) has 
caused serious economic losses to the Chinese cyprinid fish industry, and 
Aeromonas hydrophila has been identified as the etiologic agent of MAS 
disease outbreaks (Zhao et al., 2019). A. hydrophila, a gram-negative 
pathogen, has been shown to perturb the integrity of tight junctions in 
intestinal epithelial cells (Bücker et al., 2011). For example, A. hydro
phila infection can cause intestinal lesions and inflammation in grass 
carp (Ctenopharyngodon idella) (Kong et al., 2017). In this work, we 
described the identification of a Nampt homologue from hybrid crucian 
carp (named WR-Nampt). We found that the expression of WR-Nampt 
was upregulated by A. hydrophila challenge. In addition, we found that 
WR-Nampt exhibited a protective effect on intestinal barrier, which may 
provide the first evidence that teleost Nampt is involved in innate im
mune response against A. hydrophila infection. 

2. Materials and methods 

2.1. Fish 

Healthy hybrid crucian carps (average 26 g) were collected from the 
Engineering Research Center of Polyploid Fish Breeding and Repro
duction of State Education Ministry in Hunan Normal University. Hybrid 
crucian carps (male and female) were randomly collected without 
gender difference. We followed the laboratory animal guideline for the 
ethical review of the animal welfare of China (GB/T 35892–2018). 
Hybrid crucian carps were acclimatized in 70 × 65 × 65 cm plastic 
aquarium (25 fish/aquarium) and fed with commercial diet twice a day. 
During the experiment, the water environment was as follows: temper
ature was 22.01 ± 5.45 ◦C, pH was 7.1 ± 0.2, and dissolved oxygen was 
higher than 7.0 mg/L, natural photoperiod, respectively. Before the 
experiment, fish were randomly sampled and verified to be absent of 
bacterial pathogens in liver, kidney, blood and spleen as reported pre
viously (Zhou et al., 2020). For tissue collection, fish were euthanized 
with tricaine methanesulfonate (MS222, Sigma, St. Louis, MO, USA) at a 
concentration of 100 mg/L. 

2.2. Cloning of WR-Nampt 

Total RNA was extracted from spleen using Trizol Reagent (Invi
trogen, California, CA, USA) as described in the manufacturer’s in
struction. The first-strand cDNA was synthesized from the previous total 
RNA using the Maxima H Minus First Strand cDNA Synthesis Kit with 
dsDNase (Thermo Fisher Scientific, Waltham, MA, USA) according to the 
manufacturer’s protocol. Based on the homologous Nampt of teleost, the 
open reading frame (ORF) of WR-Nampt was amplified using primers 
WR-Nampt-F1/WR-Nampt-R1 (Table S1). The ORF sequence of WR- 
Nampt has been deposited in GenBank database under the accession 
number OK032063. The DNA template was extracted from spleen by 
genomic DNA extraction kit (Tiangen biotech, Beijing, China) according 
to user’s manual. After obtaining the cDNA sequence of WR-Nampt, the 
genomic DNA sequence WR-Nampt was amplified through primers WR- 
Nampt-F4/WR-Nampt-R4, WR-Nampt-F5/WR-Nampt-R5, WR-Nampt- 
F6/WR-Nampt-R6 and WR-Nampt-F7/WR-Nampt-R7 (Table S1). 

2.3. Sequence, structure and phylogenetic analysis 

The cDNA and amino acid sequences of WR-Nampt were analyzed 
using the BLAST program at the National Center for Biotechnology In
formation (NCBI). Domain search was performed with the simple 
modular architecture research tool (SMART) version 4.0 and the 
conserved domain search program of NCBI. Multiple sequence align
ment was created with Clustal X. Phylogenetic tree was constructed 
using MEGA4.1 software with the neighbor-joining (NJ) algorithm. 

2.4. Quantitative real time reverse transcription-PCR (qRT-PCR) 

2.4.1. qRT-PCR analysis of WR-Nampt expression in fish tissues under 
normal physiological conditions 

Liver, spleen, muscle, heart, skin, gill, distal intestine and kidney 
were taken aseptically from hybrid crucian carps (as described above, 
five fish in each experiment) and used for total RNA extraction with 
EZNA Total RNA Kit II (Omega Bio-tek, Doraville, CA, USA). The first- 
strand cDNA was synthesized as described above. qRT-PCR was car
ried out in a 7500 Real-time PCR System (Applied Biosystems, Foster 
City, CA, USA) using the PowerUp SYBR Green Master Mix (Thermo 
Fisher Scientific). The qRT-PCR program was: 1 cycle of 50 ◦C/2 min, 1 
cycle of 95 ◦C/2 min, 40 cycles of 95 ◦C/15 s, 57 ◦C/15s, 72 ◦C/35s, 
followed by dissociation curve analysis (60 ◦C–95 ◦C) to verify the 
amplification of a single product. The expression level of WR-Nampt was 
analyzed using comparative threshold cycle method (2− ΔΔCT) with beta- 
actin (ACTB) as an internal reference (Table S1). PCR efficiency (E) and 
correlation coefficient (R2) were conducted as previously described 
(Zhou et al., 2020). The experiment was performed three times, each 
time with five fish. 

2.4.2. qRT-PCR analysis of WR-Nampt expression in fish tissues during 
bacterial infection 

Aeromonas hydrophila CCL1 (MK014495), a bacterial pathogen iso
lated from diseased red crucian carps (Zhou et al., 2020), was cultured in 
Luria-Bertani broth (LB) medium at 28 ◦C to an OD600 of 0.8; the cells 
were washed with PBS and resuspended in PBS to 1 × 105 CFU/mL. 
Hybrid crucian carps (as described above, five fish in each group) were 
divided randomly into two groups and injected intramuscularly (i.m.) 
with 100 μL A. hydrophila or PBS (control). Liver, spleen, kidney and 
distal intestine were taken from the fish (five at each time point) at 0, 6, 
12, 24, 36 and 48 h post-bacterial infection. Total RNA extraction, cDNA 
synthesis, and qRT-PCR were performed as described above. The 
experiment was performed three times. 

2.5. Construction of pWR-Nampt 

To construct the eukaryotic expression plasmid pWR-Nampt, which 
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expresses His-tagged WR-Nampt, the coding sequence of WR-Nampt was 
amplified with primers WR-Nampt-F3 and WR-Nampt-R3, and the PCR 
products were inserted into the eukaryotic expression vector pCN3 
(Zhou and Sun, 2016) at the EcoRV site. After that, endotoxin-free 
plasmids (pWR-Nampt and pCN3) were prepared using Endo-Free 
plasmid Kit (Omega Bio-Tek). The quality of the DNA was examined 
by determining A260/280 and A260/230 absorbance ratio using 
NanoDrop 2000 (Thermo Fisher Scientific) and by gel electrophoresis. 
pWR-Nampt and pCN3 were diluted in PBS to 200 μg/mL based on 
previous and preliminary experiment (Feng et al., 2021). 

2.6. In vivo effect of pWR-Nampt overexpression on intestinal barrier 
function 

Hybrid crucian carps (as above, three fish in each group) were 
divided randomly into three groups and injected i.m. with 100 μL of 
pWR-Nampt, pCN3, or PBS (control). Distal intestine was taken from the 
fish at 3 d post-plasmid administration and used for examination of the 
presence of plasmids and WR-Nampt expression. For plasmid detection, 
DNA was extracted from the tissues with the TIANamp DNA Kit (Tian
gen). PCR detection of pCN3 was performed with the primers CN–F1 and 
CN-R1; PCR detection of pWR-Nampt was performed with the primers 
CN–F1 and WR-Nampt-R3. To examine expression of plasmid-derived 
WR-Nampt, total RNA was extracted from the tissues and used for 
qRT-PCR with the primers WR-Nampt-F3 and His-R. As an internal 
control, qRT-PCR was also performed with the primers specific to beta- 
actin (Table S1). 

At 3 days post-plasmid administration as above, the fish (three fish in 
each group) were infected via i.m. injection with A. hydrophila CCL1 (1 
× 104 CFU/fish). At 24 h post-infection (hpi), distal intestine from pWR- 
Nampt, pCN3, or PBS (control) injected fish was taken under aseptic 
conditions and total RNA was prepared as described above. qRT-PCR 
was used to analyze the expression of IL-22, MUC2, Hepcidin-1, LEAP- 
2, ZO-1, Occludin, Claudin-1, Claudin-2, Claudin-4, Claudin-8, IL-1β and 
TNF-α as above. The PCR primers are listed in Table S1. The transcripts 
were sequenced to confirm the specificity (Fig. S1). The experiment was 
performed three times, each time with five fish. The results showed that 
the PCR efficiencies ranged from 90% to 108%, and the correlation 
coefficients ranged from 0.990 to 0.998 (data not shown). 

At 24 hpi of A. hydrophila, plasma was prepared from the blood of 
pWR-Nampt, pCN3, or PBS (control) injected fish (three fish in each 
group). The plasma LPS, a representative biological marker of mucosal 
permeability, was then quantified using limulus amebocyte lysate QCL- 
1000 kit as descripted in our previous study (Zhou et al., 2018). To 
measure the number of goblet cells (GCs), at 24 hpi of A. hydrophila, the 
distal intestine from pWR-Nampt, pCN3, or PBS (control) injected fish 
was immediately transferred to 4% paraformaldehyde solution for 
alcian blue/periodic acid-Schiff (AB-PAS) Staining Kit (Solarbio) as re
ported previously (Feng et al., 2021). The goblet cells (dark blue dots) 
per a villus in each section were counted in three to four fields of view 
using a light microscope. The experiment was performed three times, 
each time with three replicates. 

2.7. In vivo effect of pWR-Nampt overexpression on NAD+/NADH levels 

At 3 days post-plasmid administration as above, the fish (three fish in 
each group) were infected via i.m. injection with A. hydrophila CCL1 (1 
× 104 CFU/fish). At 24 hpi, 30 mg distal intestine samples were taken 
and washed with pre-cooled PBS on ice. The NAD+/NADH levels were 
then detected by NAD+/NADH Assay Kit (Beyotime, Shanghai, China) as 
described in the manufacturer’s instruction. Briefly, the sample was 
placed in a homogenizer, and 400 μL NAD+/NADH extract buffer was 
added for homogenization on ice. The supernatant were collected by 
centrifugation at 12,000g, 4 ◦C, 10 min, and then were treated with or 
without heat treatment at 60 ◦C for 30 min 90 μL ethanol working so
lution were added into the samples. After incubation at 37 ◦C for 30 min, 

10 μL WST-8 chromogenic buffer were added and the plate was read at 
450 nm with a microplate reader. The experiment was performed three 
times, each time with three replicates. 

2.8. In vivo effect of pWR-Nampt overexpression on apoptosis of intestinal 
epithelium cells 

At 3 days post-plasmid administration as above, the fish (three fish in 
each group) were infected via i.m. injection with A. hydrophila CCL1 (1 
× 104 CFU/fish). At 24 hpi, distal intestine were fixed in 4% para
formaldehyde at room temperature for 24 h, and faded in 70% ethanol 2 
h for 4 times, and dehydrated in 80%, 95% and 100% ethanol sequen
tially. Then the samples were embedded in paraffin wax, sectioned (6 
μm) and mounted on slides. The slides were deparaffinated in xylene, 
rehydrated in diluted ethanol series from 95% up to distilled water. 
Antigen retrieval was performed by high-pressure steam method using 
the commercially available citrate antigen retrieval solution (Sangon 
Biotech., Shanghai, China). Briefly, the slides were immersed in a coplin 
jar filled with diluted target retrieval solution. The coplin jar was then 
placed in a pressure cooker for 6 min at 15 psi (121 ◦C). The slides were 
washed three times with PBS after the retrieval solution is cooled to 
room temperature. The slides were then blocked with 3% BSA in PBS at 
37 ◦C for 30 min. Mouse anti-E-cadherin antibody (13–5700, Thermo 
Fisher Scientific, diluted 1:500 in 3% BSA) and rabbit anti-active Cas
pase 3 antibody (MA5-32015, Thermo Fisher Scientific, diluted 1:500 in 
3% BSA) were added to the slide. The slide was incubated at 4 ◦C for 
overnight and washed in PBS containing 0.1% Tween-20 (PBS-T) for 
three times. Cy3-conjugated goat anti-mouse IgG antibody (Sangon 
Biotech., D110088, 1/500 dilution) and Alexa Fluor 488-conjugated 
goat anti-rabbit IgG antibody (Sangon Biotech., D110061, 1/500 dilu
tion) in PBS containing 3% BSA were added to the slide. The slide was 
incubated at 37 ◦C for 1 h. After washing with PBS-T for three times, 
sections were incubated with DAPI (Sangon Biotech., E607303) for 5 
min. Finally, the sections were washed with PBS-T and observed with a 
fluorescence microscopy (Olympus DP73, Tokyo, Japan). The experi
ment was performed three times. 

2.9. In vivo effect of pWR-Nampt overexpression on A. hydrophila 
infection 

At 3 days post-plasmid administration as above, the fish (three fish in 
each group) were infected via i.m. injection with A. hydrophila (1 × 104 

CFU/fish). At 24 and 48 hpi, kidney and spleen were taken under aseptic 
conditions and examined for bacterial numbers by plate count as re
ported previously (Zhou and Sun, 2015). The experiment was performed 
three times, each time with three replicates. To calculate the survival 
percentage, fish with or without pWR-Nampt overexpression (twenty 
fish in each group) were infected with A. hydrophila as above, and fish 
mortality during infection was recorded and calculated in three weeks. 

2.10. Statistical analysis 

All experiments were performed in triplicate or independently for 
three times, and statistical analyses were carried out with GraphPad 
Prism 6 (GraphPad Software, San Diego, CA, USA). Data were analyzed 
with one-way analysis of variance (ANOVA) with Kruskal-Wallis’ com
parison or 2-way ANOVA with Tukey’s comparison, and statistical sig
nificance was defined as P < 0.05. For statistical analysis in the survival 
experiment, log-rank test was used. For the qRT-PCR, the relative ex
pressions are normalized via β-actin expression before calculating the 
relative expression levels to PBS/0 h treatment. 
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3. Results 

3.1. Sequence characteristics of WR-Nampt 

The deduced amino acid sequence of WR-Nampt is composed of 556 

residues, which has a calculated molecular mass of 62.7 kDa and a pI of 
6.8. In silico analysis identified a conserved nicotinamide phosphor
ibosyltransferase domain in WR-Nampt (Fig. 1). Sequence alignment 
showed that WR-Nampt shares 82.9%–90.6% overall sequence identities 
with the teleost species including large yellow croaker, tilapia, 

Fig. 1. Sequence and structure of WR-Nampt. (A) Alignment of the sequences of WR-Nampt homologues. Dots denote gaps introduced for maximum matching. 
Numbers in the end of each line indicate overall sequence identities between WR-Nampt and the compared sequences. The consensus residues are in black, the 
residues that are ≥90% identical among the aligned sequences are in grey. The GenBank accession numbers of the aligned sequences are as follows: WR-Nampt, 
OK032063; Fathead minnows, XP_039516638.1; Common carp, XP_018936796.1; Zebrafish, XP_002661386.1; Tilapia, XP_003450758.3; Large yellow croaker, 
NP_001290284.1; Chicken, NP_001025899.1; Human, NP_005737.1; House mouse, NP_067499.2. (B) Nicotinamide phosphoribosyltransferase domain of WR-Nampt, 
human and house mouse Nampt. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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zebrafish, common carp and fathead minnows. The overall sequence 
identity between WR-Nampt and human and house mouse WR-Nampt 
are 76.8% and 76.6%, respectively (Fig. 1). 

The genomic sequence of WR-Nampt possessed eleven exons, which 
is the same in zebrafish, tropical clawed frog, common wall lizard, house 
mouse and human (Fig. 2A). In addition, the amino acid sequences of 
WR-Nampt and other Nampt from different vertebrates were collected to 
construct the phylogenetic tree using neighbor joining algorithm based 
on multiple sequence alignment. The WR-Nampt firstly clusters with 
WR-Nampt from common carp, and then clusters with the same mole
cules from other teleost, suggesting a close relationship of WR-Nampt 
with its homologs from teleost (Fig. 2B). The Nampt from other verte
brates, such as amphibian, reptile, avian and mammal, form sister 
groups of the group formed by teleost Nampt (Fig. 2B). 

3.2. WR-Nampt expression in the absence and presence of A. hydrophila 
infection 

qRT-PCR analysis showed that under normal physiological condi
tions, WR-Nampt expression was detected, in increasing order, in the 
liver, spleen, muscle, heart, skin, gill, distal intestine and kidney of 
hybrid crucian carp (Fig. 3A–B). When the fish were infected with the 
bacterial pathogen A. hydrophila, significant inductions of WR-Nampt 
expression were detected in spleen and liver at 6 and 12 hpi, with the 
highest level of induction occurring at 12 hpi (Fig. 4C-D). In kidney and 
intestine, A. hydrophila infection induced WR-Nampt expression to sig
nificant levels at 12, 24 and 36 hpi, with the highest level of induction 
occurring at 24 hpi (Fig. 4A-B). 

3.3. Effect of WR-Nampt on intestine goblet cells 

To examine whether WR-Nampt has any in vivo effect with respect to 

Fig. 2. Evolutionary conservation of WR-Nampt. (A) 
Genomic structures of WR-Nampt and other verte
brates. Rectangles represent coding exons. The hori
zontal lines between two rectangles represent introns. 
(B) Phylogenetic trees constructed with the amino 
acid sequences of Nampt from the indicated species. 
The tree was constructed using the neighbor-joining 
(NJ) algorithm with the Mega 4.1 program based on 
multiple sequence alignment by Clustal X. Bootstrap 
values of 1000 replicates (%) are indicated for the 
branches.   

Fig. 3. WR-Nampt expression in fish tissues under normal physiological con
dition. (A) WR-Nampt expression in the liver, spleen, muscle, heart, skin, gill, 
distal intestine and kidney of hybrid crucian carp was determined by quanti
tative real time RT-PCR. For convenience of comparison, the expression level in 
liver was set as 1. (B) WR-Nampt expression in above fish tissues was deter
mined by RT-PCR. Values are shown as means ± SEM (N = 3). N, the number of 
times the experiment was performed. 
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immune defense against pathogen invasion, hybrid crucian carps were 
pre-administered with pWR-Nampt, pCN3, or PBS (control). PCR anal
ysis showed that pWR-Nampt and pCN3 were present in the intestine of 
the fish administered with the respective plasmids but not in the fish 
administered with PBS (Fig. S2), while qRT-PCR showed that mRNA 
specific to plasmid-encoded WR-Nampt was present in the intestine of 
the fish administered with pWR-Nampt, but not in the fish administered 
with pCN3 or PBS (Fig. S2). 

Goblet cells (GCs) are responsible for coating the intestinal epithe
lium with a protective layer of mucus, and thus, we compared the 
number of GCs during A. hydrophila infection by AB-PAS staining. The 
results showed that compared to the fish administered with pWR- 
Nampt, GC numbers in PBS or pCN3 administered fish were signifi
cantly decreased (Fig. 5A–B). Further, qRT-PCR analysis showed that 
compared to treatment with PBS or pCN3, treatment of fish with pWR- 
Nampt induced significant inductions in the expression of IL-22, Hepci
din-1, LEAP-2 and MUC2 (Fig. 5C–F). 

3.4. Effect of WR-Nampt on intestine barrier function 

NAD+, which is the core cofactor of mitochondrial function, plays a 
vital role in regulating cell metabolism and energy homeostasis (Garten 
et al., 2015). We found that the NAD+/NADH level was significantly 
increased in the fish administered with pWR-Nampt compared that in 
pCN3 or PBS administered fish (Fig. 6A). Plasma LPS, which is trans
located from dysfunctional mucosal barriers, has been considered to a 
representative biological marker of mucosal permeability (Ogunrinde 
et al., 2019). For this purpose, we measured the plasma LPS levels in the 
fish administered with pWR-Nampt, pCN3, or PBS (control) during 
pathogen infection. The results showed that the plasma LPS level in the 
fish administered with pWR-Nampt was significantly decreased 
compared that in pCN3 or PBS administered fish (Fig. 6B). 

Immunohistochemistry assay was performed to further characterize the 
protection of pWR-Nampt on intestinal epithelium cells. The results 
showed that compared to that in PBS or pCN3 administered fish, the 
apoptosis of epithelial cells was significantly inhibited in the fish 
administered with pWR-Nampt (Fig. 6C). qRT-PCR analysis showed that 
in the fish administered with pWR-Nampt, the expression of ZO-1 and 
Occludin, but not Claudin-1, -2, -4 and -8, in intestine were significantly 
increased compared to the control fish (Fig. 6D–I). In contrast, admin
istered with pCN3 or PBS had no apparent effect on the expression of 
these genes. 

3.5. Effect of WR-Nampt overexpression on bacterial infection 

To further verify our finding, the fish pre-administered with pWR- 
Nampt, pCN3, or PBS (control) were challenged with A. hydrophila, 
and bacterial loads in the kidney and spleen of the fish were determined. 
The results showed that the bacterial numbers were significantly 
reduced in pWR-Nampt treated fish, whereas the bacterial numbers in 
pCN3 treated fish were comparable to those in the control fish treated 
with PBS (Fig. 7A and B). In addition, qRT-PCR analysis showed that in 
the fish administered with pWR-Nampt, the expression of IL-1β and TNF- 
α were significantly increased compared to the control fish (Fig. 7C and 
D). In contrast, administered with pCN3 had no apparent effect on the 
expression of these genes. Correlated with that, the fish administered 
with pWR-Nampt have higher survival rate than the PBS or pCN3 
administered fish within 21 days (Fig. 7E). 

4. Discussion 

Nampt, also known as PBEF and visfatin, can act intracellularly 
regulating NAD biosynthesis in the NAD salvage pathway (Sultani et al., 
2017). Extracellularly, Nampt has been shown to stimulate expression of 

Fig. 4. WR-Nampt expression during bacterial infection. Hybrid crucian carps were infected with or without (control) Aeromonas hydrophila, and WR-Nampt 
expression in kidney (A), distal intestine (B), spleen (C) and liver (D) were determined by quantitative real time RT-PCR at various time points. In each case, the 
expression level of the control fish was set as 1. Values are shown as means ± SEM (N = 3). N, the number of times the experiment was performed. *P < 0.05, **P 
< 0.01. 
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cytokines, matrix-degrading enzymes, and chemokines in monocytes 
(Travelli et al., 2018). In neutrophils, exogenous Nampt delays neutro
phil apoptosis and primes neutrophils for the respiratory burst (Jia et al., 
2004; Malam et al., 2011). Nevertheless, most studies related to Nampt 
are focusing on higher vertebrates, especially the mammals, whether 
and how the Nampt controls immune responses in early vertebrates 
remains largely unknown. In the present work, we cloned the sequence 
of Nampt in hybrid crucian carp (WR-Nampt). SMART analysis showed 
that the WR-Nampt is a highly conserved nicotinamide phosphor
ibosyltransferase, and shares highly similarity of structure with its 
mammalian homologues. The results of blast and phylogenetic analysis 
showed that WR-Nampt is a highly conserved molecule from fish to 
mammals, indicating that it may perform similar functions to higher 
vertebrates. 

In mammals, Nampt has a ubiquitous expression in several cells, 
tissues and organs (Chen et al., 2007). In the early embryo development 
of zebrafish, Nampt was widely expressed across many tissues, including 
brain, fins, intestine and eyes (Fang et al., 2015). In our study, 
WR-Nampt expression was found to be relatively high in kidney and 

intestine, moderate in gill, skin and heart, and low in muscle, spleen and 
liver. Further study is remained to illustrate this tissue-specific expres
sion pattern and its internal mechanisms. In human, elevated Nampt 
levels in obese children were mainly derived from leucocytes and 
inducible by lipopolysaccharide (LPS) (Friebe et al., 2011). Nampt levels 
were also selectively elevated in acute infectious disease and in acute 
relapse of chronic inflammatory diseases in children (Gesing et al., 
2017). Furthermore, recent study has shown that Nampt was 
up-regulated in SARS-CoV-2-infected cells and may play a positive 
antiviral activity (Heer et al., 2020). In this study, experimental infec
tion with a bacterial pathogen caused significant induction of 
WR-Nampt expression in kidney, intestine, liver and spleen. As we 
know, consist with mammals, kidney, intestine, liver and spleen are 
generally considered as immune organs and the center of immune re
sponses in teleost, because a large number of immune cells colonize in 
these organs and participate in immune response during pathogen in
vasion. These observations suggested a possible universal role of fish 
Nampt in pathogen infection and host immune defense. 

Goblet cells (GCs) secrete protective mucins that are required for the 

Fig. 5. WR-Nampt increases intestinal goblet cells. (A–F) Hybrid crucian carps were administered with pWR-Nampt, pCN3 or PBS. At 3 days post-plasmid 
administration, carps were infected with Aeromonas hydrophila for 24 h. (A and B) The goblet cells (GCs) numbers of distal intestine from pWR-Nampt, pCN3, or 
PBS (control) injected fish were measured by AB-PAS staining. Bar: 50 μm. (C–F) Relative mRNA levels of the indicated molecules in intestine were analyzed by 
quantitative real-time RT-PCR. Values are shown as means ± SEM (N = 3). N, the number of times the experiment was performed. *P < 0.05, **P < 0.01. Ns: no 
significance. 
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movement and effective expulsion of gut contents, and provide protec
tion against pathogen infection (Gehart and Clevers, 2019). When 
sentinel goblet cells detect bacterial invasion via toll-like receptors they 
secrete the mucus protein mucin 2 (MUC2) and are associated with 
antimicrobial activity and gut immune system function (Holloway et al., 
2021). Intriguingly, previous studies have shown that enhanced NAD+

levels stimulate MUC2 expression in human goblet cells (Hwang et al., 
2018; Ma et al., 2020). In line with this, we found that the numbers of 
GCs and MUC2 expression were significantly increased in pWR-Nampt 
administered fish, suggesting WR-Nampt may protect intestinal goblet 
cells during bacterial invasion. IL-22 plays a critical role in the main
tenance and defense of the gut epithelial barrier, including inducing the 
release of antimicrobial peptides, increasing the number of goblet cells 
and the expression of MUC2 (Sugimoto et al., 2008). In contrast, 
depletion of NAD+ levels suppressed the production of IL-22 in mouse 
(Gardner et al., 2013). In our study, we found the expression of IL-22 and 
the antimicrobial molecules (MUC2, Hepcidin-1 and LEAP-2) were 
significantly increased in the pWR-Nampt administered fish, which 
suggest a possible involvement of WR-Nampt in intestinal barrier 
against microbial pathogens. 

Tight junctions are essential for establishing a barrier in epithelial 
tissues (Zihni et al., 2016). Tight junctions can be disrupted by invading 
pathogens, which may result in increased mucosal permeability and 

subsequent systemic inflammation (Luo et al., 2019). Previous studies 
have showed that NAD+ ameliorates inflammation-induced epithelial 
barrier dysfunction in cultured enterocytes and mouse ileal mucosa 
(Han et al., 2003). In contrast, inhibition of Nampt induces apoptosis 
and detachment of epithelial cells, leading to the dysfunction of mucosa 
barrier (Li et al., 2019). In the present study, we found that the 
NAD+/NADH level was significantly increased in the 
pWR-Nampt-administered fish. Additionally, LPS, a representative bio
logical marker of intestinal permeability, was significantly reduced in 
pWR-Nampt treated fish. Moreover, pWR-Nampt induced a significant 
expression of ZO-1 and Occludin. These results indicate that WR-Nampt 
may prevent pathogens invasion by enhancing the intestinal barrier and 
thus play a protective role in the immune defense during bacterial 
infection. However, another possibility is that the decrease in LPS levels 
is due to some direct bactericidal mechanisms of WR-Nampt, which 
leads to a reduced load of A. hydrophila in circulation. Inhibition of the 
NAD + biosynthesis resulted in an increased mucosal destruction and 
cecal hemorrhage in response to Clostridium difficile infection (El-Zaatari 
et al., 2014). In our study, when the fish were infected with A. hydro
phila, the bacterial loads in the tissues of pWR-Nampt-administered fish 
were significantly lower than those in the control group. And the 
expression of IL-1β and TNF-α were also significantly increased in 
pWR-Nampt-administered fish. Taken together, these results suggest 

Fig. 6. WR-Nampt protects intestinal barrier. (A–I) Hybrid crucian carps were administered with pWR-Nampt, pCN3 or PBS. At 3 days post-plasmid administration, 
carps were infected with Aeromonas hydrophila for 24 h. (A) The NAD+/NADH levels were detected by NAD+/NADH Assay Kit. (B) Plasma LPS levels in the fish were 
determined by limulus amebocyte lysate QCL-1000 kit. (C) Apoptosis of intestinal epithelium cells were determined by immunohistochemistry analysis. Bar: 50 μm. 
(D–I) The expressions of tight junction relevant genes in distal intestine were determined by quantitative real time RT-PCR. For convenience of comparison, the 
expression levels of PBS treatment were set as 1. Values are shown as means ± SEM (N = 3). N, the number of times the experiment was performed. **P < 0.01. 
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that pWR-Nampt may effectively protect hybrid crucian carp from A. 
hydrophila infection by limiting bacterial colonization in vivo through 
some direct or indirect antimicrobial mechanisms (i.e. induction of 
cytokines). 

In conclusion, this study demonstrates that WR-Nampt, as a highly 
conserved nicotinamide phosphoribosyltransferase, is upregulated in 
expression by bacterial infection. WR-Nampt exhibits a significant pro
tective effect on intestinal barrier and restricts the colonization of A. 
hydrophila in systemic immune organs. These results provide us a new 
insight into the immune mechanism of teleost Nampt in antibacterial 
immunity in vivo. In the future, we will try to express the recombinant 
WR-Nampt protein and determine its enzyme activity in vitro. In addi
tion, we will prepare its polyclonal or monoclonal antibody, and verify 
whether fish Nampt has the same function as mammals. 
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