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A B S T R A C T   

TNFα is one of important cytokines belonging to TNF superfamily, which can exhibit a pleiotropic effect in 
immune modulation, homeostasis as well as pathogenesis. However, its immunoregulatory function on mucosal 
immunity in fish gut are still unclear. In this study, we aimed to investigated the immunoregulatory role of 
TNFα1 in midgut of white crucian carp (WCC). WCC-TNFα1 sequence and its deduced structure were firstly 
identified in WCC. Then, tissue-specific analysis revealed that high-level WCC-TNFα1 expression was detected in 
gill. After Aeromonas hydrophila and lipopolysaccharide (LPS) stimulated, increased trends of WCC-TNFα1 ex
pressions were detected in immune-related tissues and cultured fish cells, respectively. WCC anal-intubated with 
WCC-TNFα1 fusion protein showed the increased levels of edema and fuzzy appearance in impaired villi, along 
with atrophy and reduction of goblet cells (GC). Moreover, the expression levels of tight junction (TJ) genes and 
mucin genes were consistently lower than those of the control (P < 0.05). WCC-TNFα1 treatment could sharply 
decrease antioxidant status in midgut, while the expression levels of caspase (CASP) genes, unfolded protein 
response (UPR) genes and redox response genes increased dramatically. Our results suggested that WCC-TNFα1 
could exhibit a detrimental effect on antioxidant and mucosal immune regulation in midgut of WCC.   

1. Introduction 

Water contamination can promote the increased levels of infectious 
agents in aquatic environment, exhibiting a high immunotoxicity in 
aqueous livings [1]. Pollutants, including antibiotics and heavy metals, 
can show a detrimental influence on intracellular homeostasis and im
mune regulation in teleost fish [2]. Although immunoprophylaxis can 
increase fish immunity against infectious diseases, pollutant bio
accumulation can enable rapid occurrence of pathogenic bacteria with 
multiple resistance and high virulence by challenging the microbe 
community in water environment [3,4]. Emerging evidences suggest 
that pathogenic diseases can pose a huge threat to the health of farmed 
fish, leading to a great economic loss in aquaculture [5]. Whist invading 
pathogens succeed in breaching mucosal barriers of teleost fish, they 
instantly orchestrate host immune response and exacerbate the degrees 
of acute infectious diseases [6]. Crucian carp (Carassius auratus) is an 

important farmed fish species in China, but its farming process suffers 
from pathogenic infection [7]. As known pathogenic bacteria, Aero
monas hydrophila can increase fish morbidity by generating toxins [8]. 
Our previous studies indicated that A. hydrophila can disturb epithelial 
permeability in midgut, increase bacterial burdens as well as dysregu
late immune response in gut-liver axis of WCC [9]. 

Biotic or abiotic stressors may exhibit suppressive effects on fish 
immunity and then render fish more susceptible to invading pathogens 
[10], but teleost fish possess large quantities of immune-related prop
erties such as pathogen recognition receptors (PRRs) and complement 
cascades, which play crucial roles in the front line of pathogenic 
recognition and elimination [11]. The reciprocal interaction of gut, gut 
flora and liver constitute an immune microenvironment in gut-liver axis, 
which has been gradually recognized in teleost fish [12,13]. Gut- 
associated lymphoid tissue (GALT) is playing an predominant role in 
mucosal immune regulation in fish [14], whereas gut mucosal surface 
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acting as biophysical barrier can promote mucus secretion, increase 
immune surveillance as well as participate in pathogenic elimination 
[15,16]. Current studies suggest that immune-regulated signals, 
including cytokine secretion, pathogenic recognition as well as immune 
cell activation, can exhibit synergistic effects on immune regulation of 
gut-liver axis in fish [17,18]. Among known immune effectors, TNFα is a 
glycopeptide hormone that can exert a pleiotropic role in immune 
activation, inflammatory response and apoptotic processes [19]. Recent 
findings suggest that teleost fish possess most of TNF genes and their 
receptors found in mammals and some homologues exclusively present 
in teleost fish, but OX40 ligand (TNFSF4), CD27 ligand (TNFSF7), CD30 
ligand (TNFSF8) and their cognate receptors are absent [20]. TNFα 
function has been extensively studied in mammals, but the regulatory 
role of TNFα in teleost fish may require further study. Some teleost fish 
may possess two types of TNFα homologues that located on two separate 
chromosomes [21]. Most studies focus on gene structure and expression 
analysis of TNFα in teleost fish, such as large yellow croaker [22], 
rainbow trout [23] and tilapia [24]. However, the immunoregulatory 
role of TNFα1 in gut barrier function in WCC was unclear. 

Therefore, current study aimed to characterize architectures of 
TNFα1 in WCC. Then, the expression profiles of WCC-TNFα1 were 
measured in immune-related tissues or cultured fish fibroblast cell lines 
upon stimulation. After that, WCCs received the gut perfusion with 
WCC-TNFα1 fusion protein in order to investigate its immunoregulatory 
function on mucosal immune response in midgut, which may provide a 
new insight into the regulatory function of TNFα1 in WCC. 

2. Materials and methods 

2.1. Ethics approval 

All applicable international, national, and/or institutional guidelines 
for the care and use of animals were followed. We followed the labo
ratory animal guideline for the ethical review of the animal welfare of 
China (GB/T 35892–2018). 

2.2. Animals 

Healthy WCCs were obtained from a fishing base in Changsha, China. 
Then, fish (approximately 16.61 ± 1.95 g) were acclimatized in aquar
ium and fed with diet twice daily till 24 h before the subsequent 
experiment. Water quality was controlled to prevent the emergence of 
infectious diseases by daily removing the excess of fish feed and feces. 

2.3. Fish infected with A. hydrophila 

A. hydrophila L3–3 strain (NCBI accession number: OM184261) was 
isolated from liver of the dying crucian carp [25]. A. hydrophila L3–3 
strain was cultured in Luria-Bertani (LB) medium at 30 ◦C for 24 h and 
then resuspended in 1 × PBS (pH 7.3) before use [26]. Intraperitoneal 
injection of A. hydrophila (1× 107 CFU mL− 1) was used as A. hydrophila 
challenge group, while fish receiving the injection of equivalent volume 
of sterile PBS was used as control group. Tissues were isolated at 0, 6, 12, 
24, 36 and 48 h post-injection, immediately frozen in liquid nitrogen 
and preserved in − 80 ◦C. Each group contained three biological repli
cates, respectively. 

2.4. Cell culture and LPS stimulation 

WCC fibroblast cells (WCCFCs) were cultured in dulbecco’s modified 
eagle medium (DMEM, Gibco, USA) supplemented with 10 % fetal 
bovine serum (FBS, Gibco, USA) at 26 ◦C with a humidified atmosphere 
of 5 % CO2 as described previously [27]. Then, WCCFCs were seeded 
into 6-well plates at 80 % confluence for 24 h. Then, cultured medium 
(DMEM, 10%FBS) was replaced with fresh medium containing 500 ng/ 
mL of LPS (Escherichia coli O111:B4, Sigma, USA) [28]. Cells were 

harvested at 0, 6, 12, 24, 36 and 48 h post-treatment, frozen in liquid 
nitrogen and preserved in − 80 ◦C. 

2.5. Gene cloning, bioinformatics analysis and plasmid construction 

Based on previous studies, open reading frame (ORF) sequence of 
WCC-TNFα1 was cloned [29]. After that, domain structure and binding 
sites were analyzed by NCBI blast program [30]. Then, tertiary structure 
was generated by phyre2 program and phylogenetic tree analysis was 
constructed by using MEGA 6.0 software and ITOL program. Moreover, 
ORF sequence was ligated to pET32α and pcDNA3.1 plasmid, respec
tively. The constructed vectors were transformed into Escherichia coli 
and positive bacterial clone was subjected to sequence confirmation 
(Tsingke, Beijing, China). 

2.6. Dual-luciferase reporter assay 

Dual-luciferase reporter assay was performed in fish cells as previ
ously described [31,32]. Briefly, WCCFCs were seeded in 24-well plates 
overnight. Then, cell were co-transfected with various amount of re
combinant vector pcDNA3.1, pcDNA3.1-WCC-TNFα1, PRL-TK and NF- 
κB Luc to investigate transcriptional activity of NF-κB reporter. 
Furthermore, transfected cells were stimulated with LPS at 200 ng/mL 
for 6 h. Following 24 h, luciferase activity were analyzed by using a 
dual-luciferase reporter assay system (Promega). Relative folds of 
luciferase activity were normalized to the level of renilla luciferase. The 
results were repeated in triplicate. 

2.7. Prokaryotic expression, purification and validation of TNFα1 

In vitro production and purification of fusion protein were performed 
as described previously [33]. The plasmid pET32α and pET32α-WCC- 
TNFα1 were transformed into E. coli BL21 clone and then positive clones 
were cultured in LB medium until OD600 value reached about 0.6. 
Following 4 h incubation with 1 mM Isopropyl β-D-thiogalactoside 
(IPTG, Sangon Biotech, China), bacteria were sonicated and dissolved in 
urea-containing buffer. After that, supernatant proteins were purified by 
using Ni-NTA Sefinose(TM) Resin 6FF (Sangon Biotech, China). In brief, 
Ni-NTA His bind resin was loaded with 1 × binding buffer, Ni ion so
lution, 1 × binding buffer, soluble recombinant protein solution, 1 ×
binding buffer, 1 × wash buffer and 1 × elution buffer, respectively. 
Then, the released soluble WCC-TNFα1 protein was subjected to 
continuous protein refolding process. Protein refolding assay was per
formed at 4 ◦C by using dialysate containing gradient-decreased urea 
content. Purified WCC-TNFα1 protein was separated by SDS-PAGE and 
validated by western-blotting. After incubation with HIS-tag primary 
antibody and alkaline phosphatase (AP)-conjugated secondary anti
body, PVDF membrane were visualized. 

2.8. Gut perfusion with TNFα1 fusion protein 

Gut perfusion assay was performed as described previously [34]. 
Briefly, fish were anally intubated with TNFα1 fusion protein (0.15 mg/ 
per fish) by using a gavage needle inserted into a depth of approximately 
3 cm, while equivalent per gram of pET32α tag perfusion was used as 
control group, respectively. Tissues were isolated at 48 h post-perfusion, 
then immediately frozen in liquid nitrogen and preserved in − 80 ◦C. 
Each group contained three biological replicates, respectively. 

2.9. Histological analysis 

The isolated midgut samples were fixed in bouin solution, dehy
drated in ethanol, clarified in xylene and then embedded in paraffin 
wax. Then, paraffin-embedded samples were sectioned and stained ac
cording to the protocol of a periodic acid-schiff (PAS) staining kit 
(Solarbio, China) [35]. Microstructures of midgut tissues were observed 
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by using a light microscope with 200× magnification. The average 
changes of goblet cell (GC) numbers and villus length-to-width (L/W) 
ratios were calculated. The experiment was repeated in triplicate. 

2.10. Detection of biochemistry change 

2.10.1. Catalase (CAT) activity 
According to previous studies, the above fusion protein treated 

midgut samples were homogenized on ice and the protein concentration 
was quantified by bicinchoninic acid (BCA) method [36]. Then, CAT 
activities in midgut were measured at OD405 absorbance by using a CAT 
activity kit (Nanjing Jiancheng Bioengineering Institute, China). Results 
were given in units of CAT activity per milligram of protein, where 1 U of 

CAT is defined as the amount of enzyme decomposing 1 μmol H2O2 per 
second. The experiment was repeated in triplicate. 

2.10.2. Glutathione peroxidase (GPx) activity 
GPx activities in midgut were observed at OD340 absorbance by using 

a GPx activity kit (Beyotime Biotechnology, China). Results were shown 
as U GPx activity per milligram of protein. The experiment was repeated 
in triplicate. 

2.10.3. Total superoxide dismutase (SOD) activity 
Total SOD activity in midgut were detected at OD560 absorbance by 

using a total SOD activity kit (Beyotime Biotechnology, Shanghai, 
China). Results were given in units of SOD activity per milligram of 

Table 1 
The primer sequences used in this study.  

Primer names Sequence direction (5′ → 3′) Use 

TNFα1-F ATGATGGATCTTGAGAGTCAGCT clone 
TNFα1-R TCATAAAGCAAACACCCCGAA clone 
pet-TNFα1-F CCGGAATTCATGCTCAACAAGTCTCAGAA vector 
pet-TNFα1-R CCGCTCGAGTTAATGATGATGATGATGATGTAAAGCAAACACCCCGAAGA vector 
RT-18S-F CGGAGGTTCGAAGACGATCA qPCR 
RT-18S-R GAGGTTTCCCGTGTTGAGTC qPCR 
RT-TNFα1-F TGTGGGGTCCTGCTGGC qPCR 
RT-TNFα1-R TTCCTGATTGTTCTGAGACTTGTTG qPCR 
RT-FADD-F TTGTGCCAAGAAGAAGTCGG qPCR 
RT-FADD -R TGTTTTCGCAGGAGTTCAGTG qPCR 
RT-CASP7-F CTAAGCCACGGCGAGGA qPCR 
RT- CASP7-R CGGAACCCCGACAAGC qPCR 
RT-CASP3-F AGATGCTGCTGAGGTCGGG qPCR 
RT-CASP3-R GGTCACCACGGGCAACTG qPCR 
RT-CASP8-F TGTGAATCTTCCAAAGGCAAA qPCR 
RT-CASP8-R CTGTATCCGCAACAACCGAG qPCR 
RT-HSP70-F ACGAGGCAGTGGCTTATGG qPCR 
RT-HSP70-R GGGTCTGTTTGGTGGGGAT qPCR 
RT-HSP90α-F AGCAGCCGATGATGGA qPCR 
RT-HSP90α-R GGATTTGGCGATGGTTC qPCR 
RT-HSP90β-F TGGGATTGGGGATTGATGA qPCR 
RT-HSP90β-R CCTTCCAGAGGTGGGATTTC qPCR 
RT-ATF4-F CCTGGACTCACTTCCGTTCG qPCR 
RT-ATF4-R GCTGCCGTTTTGTTCTGCT qPCR 
RT-ATF6-F TCTGTGATGAAAGCAACCGC qPCR 
RT-ATF6-R CAGGGGCAGCAGGAAATG qPCR 
RT-IRE1-F AGCGGCAAGCAAACATTCT qPCR 
RT-IRE1-R CCACCATCCGTCCTCCTCT qPCR 
RT-PDIA3-F CTGAGCCTGTTCCAGAGTCCA qPCR 
RT- PDIA3-R TCCAGAGGGCACAAAGTAAATG qPCR 
RT-XBP1-F TCCACTTTGACCACATCTACACC qPCR 
RT-XBP1-R TTCATCTTTGACGGACACCATT qPCR 
RT-ZO-1-F TGCCCAGAGGTGAAGAGGTC qPCR 
RT- ZO-1-R GCCCAGTTTGCCGTTGTAA qPCR 
RT-occludin -F GTTGCCCATCCGTAGTTCAGT qPCR 
RT-occludin -R CTTCAGCCAGACGCTTGTTG qPCR 
RT-claudin-1-F GCTCCTCGGATACTCTTTGGC qPCR 
RT-claudin-1-R TTTCATCAGACAGACAGGTGGTG qPCR 
RT-claudin-3-F GTCAATGGGAATGGAGATGGG qPCR 
RT-claudin-3-R AAGCCTGAAGGTCTTGCGATA qPCR 
RT-claudin-6-F GACCATCGCTGTTCCAAGA qPCR 
RT-claudin-6-R ATTCCATCCACAAGCCCTC qPCR 
RT-claudin-9-F GGCAAACACGGGTCTTCAG qPCR 
RT-claudin-9-R CGGTGCGGCGACATTC qPCR 
RT-MUC2-F CCTGACATTTTGTGGTGGAGA qPCR 
RT-MUC2-R CTGTGCGATTACTTGAGCGAG qPCR 
RT-MUC13-F TGCCACATCAGTTTCAGTTGC qPCR 
RT-MUC13-R TTCACCCACCGCCATTTC qPCR 
RT-COX4-F ACAACAACCGTCTGGATACACC qPCR 
RT-COX4-R CTCTTTGGAACCTTGCCTCAT qPCR 
RT-OXR1-F CATCAGGCAGCATTAGAGGC qPCR 
RT-OXR1-R TGGAGGGGATTTTAGGTTTTG qPCR 
RT-TrxR-F TCCTGGGGTCTGGGTGG qPCR 
RT-TrxR-R CAGCCGAACTTGCGTGC qPCR 
RT-CYP11A1-F CTGAGGGTCATTATCCCAAGAG qPCR 
RT-CYP11A1-R TGAGCAGGACGCCGTATTT qPCR 
RT-TXNL1-F TGATGCCGTTCGTCAGTAAAG qPCR 
RT-TXNL1-F GGTTGATTGAAGGCGATTGTG qPCR  
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protein, where 1 U of SOD is defined as the amount of enzyme producing 
50 % inhibition of SOD. The experiment was repeated in triplicate. 

2.10.4. NADPH/NADP+ ratio 
NADPH/NADP+ contents in midgut were determined by using 

NADPH/NADP+ assay kit (Beyotime Biotechnology, Shanghai, China). 
Then, NADPH/NADP+ ratios were calculated as: [NADPH]/[NADP+] =
[NADPH]/([NADP total]-[NADPH]). The experiment was repeated in 
triplicate. 

2.10.5. Determination of relative reactive oxygen species (ROS) production 
ROS levels in supernatants of 10 % midgut homogenates were 

measured by DCFH-DA probe (Beyotime Biotechnology, Shanghai, 
China). After triplicate repeats, ROS contents were calculated with 
absorbance changes at excitation/emission wavelength of OD480/520 nm. 

2.10.6. Malondialdehyde (MDA) amounts 
Free MDA and lipid hydroperoxides can be determined by thio

barbituric acid (TBA) method. According to protocols of lipid peroxi
dation MDA assay kit (Beyotime Biotechnology, Shanghai, China), 
midgut MDA amount was measured. The concentration of MDA was 

Fig. 1. Bioinformatics analysis of WCC-TNFα1. (A) WCC-TNFα1 amino acid sequence analyzed by NCBI. (B) Secondary structure prediction of WCC-TNFα1. 
: Helix strand, Helices labeled: H1, H2, … and strands by their sheets A, B, …; β: beta turn; γ: gamma turn; : beta hairpin; : disulphide bond. (C) 

Tertiary structure prediction. Structures were colored by rainbow from N to C terminus. (D) Cleft domain prediction in tertiary structure of WCC-TNFα1. Cleft 
domains were colored by rainbow. 
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expressed as micromole MDA per milligram of protein. The experiment 
was repeated in triplicate. 

2.10.7. Diamine oxidase (DAO) activity 
DAO activity in midgut was measured by using a DAO assay kit 

(Solarbio, China). After triplicate measurements, DAO activity was 
calculated with absorbance changes at OD500 nm. 

2.11. RNA isolation, cDNA synthesis and qRT-PCR assay 

Based on previous studies, total RNA was isolated from above tissues 
and harvested cells and treated with DNAase to avoid genomic 
contamination by using total RNA isolation kit V2 (Vazyme Biotech, 
China) [37]. After RNA quality check, 1000 ng of purified total RNA was 
used to synthesize cDNA templates by using MonScript™ RT III All-in- 
One Mix with dsNase (Monad, China). Relative expression profiles of 
TNFα1, Fas-associating protein with a novel death domain (FADD), 
caspase 7 (CASP7), caspase 3 (CASP3), caspase 8 (CASP8), heat shot 
protein 70 (HSP70), heat shot protein 90α (HSP90α), heat shot protein 
90β ((HSP90β), activating transcription factor 4 (ATF4), activating 
transcription factor 6 (ATF6), Inosital-requiring enzyme 1 (IRE1), pro
tein disulfide isomerase family A, member 3 (PDIA3), X-box binding 
protein 1 (XBP1), zonula occludens-1 (ZO-1), occludin, claudin-1, 
claudin-3, claudin-6, and claudin-9, oxidation resistance 1 (OXR1), 
thioredoxin reductase (TrxR), CuZnSOD (SOD1), mucin 2 (MUC2), 
mucin 13 (MUC13), cytochrome c oxidase 4 (COX4), cytochrome P450 
11 A (CYP11A1) and 18S rRNA were investigated by qRT-PCR assay 
[36]. The above primers were shown in Table 1. Additionally, qRT-PCR 

reaction contained: 10.0 μL SYBR Green Master Mix (ABI), 2.0 μL cDNA 
template, 0.5 μL each primer and 7.0 μL ddH2O. Following confirmation 
by melting curve analysis, qRT-PCR results were calculated by using 2 
-△△Ct methods [38]. The calculated results were subjected to triplicate 
measurements. 

2.12. Statistical analyses 

SPSS program was used for data calculation, which is subjected to 
one-way ANOVA or t-test analysis. GC numbers and (L/W) ratios in 
midgut villi were measured by using Image J software. Chart generation 
was executed by using Origin software. Whist the analytical levels reach 
<0.05 P-value, results were statistically significant. 

3. Results 

3.1. Characterization of TNFα1 sequences 

The nucleotide and amino acid sequences of WCC-TNFα1 were 
shown in supplementary Fig. 1. The ORF sequence of WCC-TNFα1 
encoded a polypeptide of 232 amino acid residues with an estimated 
molecular mass of 25.66 KDa and a predicted isoelectronic point of 6.83. 
In Fig. 1A, a transmembrane region, a TNF domain, seven trimer 
interface sites (H84F129Y131Y193F198F226F230) and six receptor binding 
sites (R101K102A107S154S161S166) were analyzed in the structure of WCC- 
TNFα1. In Fig. 1B, secondary structure of WCC-TNFα1 possessed 3 
sheets, 3 β-hairpins, 3 β-bulges, 11 strands and 1 disulphide. In Fig. 1C, 
tertiary structure of WCC-TNFα1 was 70 % identical to c7dovB template 

Fig. 2. Phylogenetic tree analysis by using NJ method with 1000 bootstrap replications. The amino acid sequences used in this study were shown below: Felis catus 
TNFα1, NP_001009835.1; Mus musculus TNFα, AAC82484.1; Bos taurus TNFα, NP_776391.2; Oryctolagus cuniculus TNFα, NP_001075732.1; Zootoca vivipara TNFα, 
XP_034954640.1; Terrapene carolina triunguis TNFα, XP_029770241.1; Chelydra serpentine TNFα, KAG6921425.1; Dermochelys coriacea TNFα, XP_038227681.1; 
Pelobates cultripes TNFα, CAH2314388.1; Pelodiscus sinensis TNFα, XP_014431445.1; Podarcis lilfordi TNFα, CAI5768086.1; Cuculus canorus TNFα1, XP_053907960.1; 
Cuculus canoru TNFα2, XP_053907961.1; Podarcis lilfordi TNFα, CAI5768086.1; Rana temporaria TNFα, XP_040179046.1; Pelobates cultripes TNFα, CAH2314388.1; 
Bombina bombina TNFα, XP_053545132.1; Oncorhynchus mykiss TNFα, XP_021415456.1; Larimichthys crocea TNFα, NP_001290314.1; Salmo salar TNFα, 
XP_014034205.1; Sinocyclocheilus anshuiensis TNFα, XP_016327880.1; Danio rerio TNFα, AAR06286.1; Ictalurus punctatus TNFα, NP_001187101.1; Paralichthys oli
vaceus TNFα, BAA94969.1; Gallus gallus TNFα, AUG72034.1; Scophthalmus maximus TNFα, ACN41911.1; Epinephelus coioides TNFα1, AEH59794.1; Epinephelus 
coioides TNFα2, AEH59795.1; Ctenopharyngodon idella TNFα, ADY80577.1. TNFα sequences from different species were clarified by rainbow. 
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modeled with exceeding a 95 % confidence. In Fig. 1D, tertiary structure 
of WCC-TNFα1 possessed 10 predominant clefts, only two clefts marked 
in red and purple contained the maximum volumes of 3136.64 A^3 and 
3240.32 A^3, respectively. In Fig. 2, phylogenetic analysis implied that 
TNFα showed a high evolutionary conservatism among species. Fish 
TNFα sequences are predominately divided into two branches and WCC- 
TNFα1 sequence exhibited a close similarity to the counterparts of other 
freshwater teleost fish. 

3.2. Expression profiles of TNFα1 

In Fig. 3A, tissue-specific expression analysis revealed that the 
highest expression level of WCC-TNFα1 was detected in gill, followed by 
spleen, liver and kidney, whereas low-level expression of WCC-TNFα1 
mRNA was observed in muscle. In Fig. 3B, WCC-TNFα1 expression 
significantly increased from 6 h to 12 h and achieved the highest level at 
12 h after A. hydrophila challenge (P < 0.05), followed by a sharp decline 
from 24 h to 48 h. In Fig. 3C, fish receiving A. hydrophila infection 
showed a upregulated profiles of WCC-TNFα1 expression in kidney with 

Fig. 3. Gene expression levels of WCC-TNFα1. (A) Tissue-specific expressions determined by qRT-PCR assay. (B–D) Expressions of WCC-TNFα1 were detected in 
liver, kidney and spleen at 0, 6, 12, 24, 36 and 48 h post-challenge. (E) Expression levels of TNFα1 in WCCFCs subjected to LPS exposure. The calculated data (mean 
± SD) with different letters were significantly different (P < 0.05) among the groups. The experiments were performed in triplicate. 
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peaked level at 6 h (P < 0.05). In Fig. 3D, splenic WCC-TNFα1 mRNA 
expression attained the peaked value at 6 h after A. hydrophila challenge 
(P < 0.05), followed by a gradual decrease from 6 h to 36 h. In Fig. 3E, 
WCC-TNFα1 mRNA began to increase at 6 h and gradually attained the 
peaked expression at 24 h in WCCFCs after 500 ng/mL LPS exposure (P 
< 0.05). 

3.3. WCC-TNFα1 overexpression promote NF-κB activation in WCCFCs 

As shown in Fig. 4, WCC-TNFα1 overexpression could significantly 
elevate NF-κB luciferase activity in WCCFCs. 500 ng WCC-TNFα1 
plasmid could enhance NF-κB luciferase activity to 1.38-fold by 
comparing with that of control vector group (P < 0.05), whereas 1000 
ng WCC-TNFα1 plasmid could achieve 1.68-fold increase in NF-κB ac
tivity by comparing with that of control vector group (P < 0.05). 

Furthermore, LPS stimulation could augment TNFα1-induced NF-κB 
activity in WCCFCs. Overexpression of 500 ng WCC-TNFα1 plasmid can 
reach 1.52-fold increase of NF-κB activity in WCCFCs exposed to LPS 
stimulation by comparing with that of control vector group (P < 0.05), 
whereas 1000 ng WCC-TNFα1 plasmid overexpression could enhance 
NF-κB luciferase activity to 1.81-fold by comparing with that of control 
vector group (P < 0.05). 

3.4. Prokaryotic expression and fusion protein validation 

In Fig. 5, a clear IPTG-induced fusion protein of approximately 36.0 
KDa was detected in pET32a-WCC-TNFα1 transformed cells, while no 
significant elevation of IPTG-induced protein was detected in pET32a 
transformed cells. After Ni-NTA purification, the purified TNFα1 fusion 
proteins were confirmed by western blotting using anti-His antibody. 

3.5. Effect of TNFα1 stimulation on histological changes in midgut 

In Fig. 6A-B, WCC receiving anal intubation with WCC-TNFα1 
showed a fuzzy appearance of brush broader in impaired villi along with 
vacuolization and edema of midgut wall by comparing with that of the 
control. In Fig. 6C-D, WCC-TNFα1 treatment could cause atrophic GC 
changes in midgut villi. The average GC numbers showed a 3.62-fold 
decrease in villi of WCC-TNFα1 treated midgut by comparing with the 
control (P < 0.05), while no significant difference of L/W ratio was 
observed among the groups. In Fig. 6E, DAO is a key injury marker of 
epithelial integrity of the intestinal mucosa. WCC-TNFα1 treatment 
could significantly increase DAO activity in midgut and a 4.16-fold 
elevation of DAO activity was observed in midgut of WCC following 
TNFα1 stimulation in comparison with the control (P < 0.05). As shown 
in Fig. 6F, a 3.97-, 1.30-, 1.56-, 1.48-, 1.42-, 1.67-, 2.51- and 2.03-fold 
decrease of ZO-1, occludin, claudin 1, claudin 3, claudin 6, claudin 9, 
MUC2 and MUC13 was detected in midgut treated with WCC-TNFα1 by 
comparing with the control (P < 0.05), suggesting that WCC-TNFα1 
treatment may impair tight junction integrity and alleviate mucosal 
immunity in gut epithelium. 

3.6. Effect of TNFα1 stimulation on immune-related gene expression in 
midgut 

The immune-related genes involved in TNF signals and redox bal
ance were investigated. As shown in Fig. 7A, relative expressions of 
FADD, CASP3, CASP7, CASP8, ATF4, ATF6, IRE1, PDIA3 and XBP1 in 
TNFα1-treated midgut were approximately 3.71-, 2.77-, 3.43-, 3.96-, 
4.21-, 3.48-, 2.68-, 5.03- and 3.03-fold higher than those of the control 
(P < 0.05). In Fig. 7B, relative expressions of HSP70, HSP90α, HSP90β, 
OXR1, TrxR and TXNL decreased sharply in midgut following WCC- 
TNFα1 treatment, while 6.96- and 4.11-fold increased levels of COX4 
and CYP11A1 were monitored. 

Fig. 4. Effect of WCC-TNFα1 overexpression on the promoter activities. Cells 
were co-transfected with PRL-TK, NF-κB Luc, together with pcDNA3.1 or 
pcDNA3.1-WCC-TNFα1. The calculated data (mean ± SD) with different letters 
were significantly different (P < 0.05). The experiments were performed 
in triplicate. 

Fig. 5. Generation and validation of TNFα1 fusion proteins. Lane M: protein 
molecular standard; Lane pET32α WCL: total protein was isolated from lysis of 
pET32α-BL21 after IPTG induction; Lane WCC-TNFα1 WCL: total protein was 
isolated from lysis of pET32α-WCC-TNFα1-BL21 after IPTG induction; Lane 
purified WCC-TNFα1: WCC-TNFα1 fusion protein was purified by using Ni-NTA; 
Lane WCC-TNFα1 WB: purified fusion protein was identified by using anti-His 
tag antibody. 
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Fig. 6. Histological analysis in midgut by In vivo administration of WCC-TNFα1 fusion protein. (A-B) Midgut tissues were sectioned and stained by using PAS staining 
kit. D: villi deformation; F: villus fusion; E: edema of midgut wall. Villus length-to-width (L/W) ratios (C), average numbers of goblet cells (D) and midgut DAO 
activities (E) were determined. (F) Expressions of TJ genes and mucins in midgut perfused with WCC-TNFα1. The calculated data (mean ± SD) with different letters 
were significantly different (P < 0.05) among the groups. The experiments were performed in triplicate. 
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3.7. Measurement of antioxidant status in midgut 

In Fig. 7C-E, fish receiving WCC-TNFα1 stimulation showed a 5.49-, 
2.24- and 1.73-fold reduction of CAT activity, GPx activity and total SOD 
activity in midgut by comparing with those of the control (P < 0.05). As 
shown in Fig. 7F-H, NADPH/NADP+ ratio, ROS content and MDA 
amount in WCC-TNFα1 group were approximately 3.54-, 5.10- and 4.62- 
fold higher than those of the control groups (P < 0.05). 

4. Discussion 

In this study, TNFα1 gene was identified in WCC. The deduced WCC- 
TNFα1 amino acid sequence contained three high-conserved motifs: a 
TNF domain, seven trimer interface sites and six receptor binding sites. 
Previous findings demonstrated that the compact jellyroll folding 
generated by trimer interface sites and receptor binding subunits in 
TNFα structure may play a pivotal role in efficient signal transduction of 
TNF pathways [39]. Thus, we speculated that WCC-TNFα1 may play a 
functionally conserved role in signal pathways. qRT-PCR analysis 
revealed that WCC-TNFα1 was expressed in a wide range of isolated 
tissues with a high-expressed level in gill. Elevated trends of WCC- 
TNFα1 expressions were observed in immune-related tissues and 
cultured cells upon in vitro stimulation, suggesting that WCC-TNFα1 may 
play an important role in immune regulation. However, the regulatory 
role of WCC-TNFα1 in gut immunity of fish is unclear. 

In general, tight junction constitutes a physiological barrier that can 
elicit the first line of host innate immune defense against invading 
pathogens in environment [40]. Furthermore, gut epithelial cells acting 
as important sensors can directly recognize invading microbes and 
enable the chemoattraction of activated immune cells to adhere to gut 
surfaces [41]. GCs distribution and mucus function can enable the 
secretion of mucin glycoproteins and bioactive molecules to promote 
immune cell connection and orchestrate mucosal immune response to 
invasive pathogens [42,43]. ZO-1, occludin, claudin 1, claudin 3, clau
din 6, claudin 9 are the important TJ genes in gut epithelial cells, while 
MUC2 and MUC13 are key mucin glycans participating in mucosal im
munity [44]. Gut injury is usually accompanied by villus deformation 
and increased levels of DAO index, which were the two predominant 
pathological indicators that can reflect the injured degrees of mucosal 
immunity in gut tract [45]. In this study, WCC receiving WCC-TNFα1 
perfusion exhibited a severe pathological changes in impaired midgut, 
along with GC decrease and DAO elevation. Moreover, expression pro
files of ZO-1, occludin, claudin 1, claudin 3, claudin 6, claudin 9, MUC2 
and MUC13 reduced significantly in midgut of WCC upon stimulation. 
These results suggested that WCC-TNFα1 treatment could significantly 
promote epithelial permeability enhance midgut injury in WCC. 

TNFα is a proinflammatory cytokine belonging to TNF superfamily, 
which can induce the recruitment of adaptor molecule FADD via TNFα 
receptor [46]. FADD, a pivotal component in cell death signals, can 
enable the synchronization between active TNFα receptors and CASP 
molecules (CASP3, CASP7 and CASP8) via NF-κB pathway, which is able 
to determine the choice between cell life or death events [47]. Current 
study suggested that WCC-TNFα1 overexpression could dramatically 
increase NF-κB activity in WCCFCs with or without LPS stimulation. 
Death receptor-mediated extrinsic apoptosis and necroptosis are highly 
modulated cell death process that can boost immunological tolerance, 

maintain host homeostasis as well as remodel inflammatory response in 
impaired tissues [48,49]. In addition, ROS stimulation by TNFα or oxi
dants can orchestrate the synergy between innate immunity and adap
tive immune response, but its long-term increase can hamper normal 
function of macromolecular properties, including ROS overproduction 
and lipid peroxidation, and promote cell death via caspase signals 
[50,51]. NADPH is required by enzymes involved in pathogenesis of 
metabolic disorder and high ratio of NADPH/NADP+ is correlated with 
increased level of oxidative stress [52]. In contrast, antioxidant enzymes 
and endogenous antioxidants, including OXR1, TXNL, TrxR, SOD, GPx 
and CAT, are playing a frontline role in antioxidant response to in vitro 
stimuli [53]. HSP70, HSP90α and HSP90β are high-conserved chaper
ones as the crucial stress sensors participating in a variety of cellular 
processes such as protein folding, degradation and translocation 
[54,55]. However, continuous accumulation of free radical in gut tract 
can exacerbate the disruption of cellular homeostasis, cause emerging 
production of misfolded proteins in endoplasmic reticulum as well 
disturb redox-dependent protein folding process [56,57]. As is well 
known, AT4, ATF6, IRE1, PDIA3 and XBP1 were the crucial regulators 
involved in three signal pathways of unfolded protein response (UPR), 
including IRE1α-XBP1 pathway, PERK pathway and ATF6 pathway 
[58]. UPR is an integrated signal pathway that can alleviate the 
biosynthetic burden and cope with the stress imperiling all living cells 
[59]. UPR activation exhibits a cytoprotective effect on homeostasis 
restoration in tissues or cells suffering from deleterious stressors and 
severe illness, while its subversion may aggravate immune insult [60]. 
In this study, WCC-TNFα1 perfusion could alleviate expression profiles 
of HSP70, HSP90α, HSP90β, OXR1, TrxR and TXNL in midgut of WCC, 
while the expressions of apoptotic genes, UPR genes and redox 
responsive genes increased sharply. In addition, enzymatic activity of 
CAT, GPx and total SOD decreased significantly in TNFα1-perfused 
midgut, along with increased levels of NADPH/NADP+ ratios, ROS 
production and MDA amount. These results indicated that ROS-induced 
cytotoxic stress was involved in antioxidant insult and apoptotic process 
in TNFα1-treated midgut of WCC via NF-κB pathway. 

In summary, WCC-TNFα1 architecture was firstly characterized in 
this study. Then, expression profiles of WCC-TNFα1 in healthy WCC, 
A. hydrophila-infected WCC and LPS-stimulated cells were measured, 
respectively. WCC-TNFα1 perfusion could dramatically attenuate TJ 
gene expressions and reduce GC numbers in midgut of WCC. In addition, 
a dramatic decrease of antioxidant status was observed in WCC-TNFα1 
treated midgut, along with elevated levels of apoptotic processes. Our 
results revealed that WCC-TNFα1 cytotoxicity may cause antioxidant 
insults and facilitate the mucosal immune damage in midgut of WCC. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2023.127770. 
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Fig. 7. In vivo administration of WCC-TNFα1 fusion protein regulated immune response in midgut. (A) Expressions of apoptosis genes and UPR genes in midgut 
perfused with WCC-TNFα1. (B) Expressions of antioxidant genes and redox responsive genes in midgut perfused with WCC-TNFα1. (C-E) Analyses of CAT, GPx and 
total SOD were detected in midgut. (F–H) NADPH/NADP+ ratio, relative ROS production and MDA amount were determined in midgut. The calculated data (mean 
± SD) with different letters were significantly different (P < 0.05) among the groups. The experiments were performed in triplicate. 
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