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ARTICLE INFO ABSTRACT

Keywords: TNFa belongs to superfamily of tumor necrosis factor that can exert the pleiotropic effort in a large quantity of
Crucian carp biological processes, including immune homeostasis, intracellular modulation and etiopathogenesis, but its
Cytokines

regulatory role in mucosal immune regulation of fish is unclear. Currently, this study aimed to evaluate the
immunoregulatory function of TNFal on gut barrier in teleost fish. In this study, TNFal sequences were iden-
tified from red crucian carp (RCC, Carassius auratus red var). The high-level expression of RCC-TNFal mRNA was
detected in gill among all the isolated samples. Then, RCC-TNFal expression increased dramatically in immune-
related tissues after A. hydrophila infection and in cultured fish cells after lipopolysaccharide (LPS) treatment.
RCC-TNFal fusion protein was generated and purified in vitro. RCC receiving RCC-TNFal perfusion showed an
increased levels of villi fusion and edema in injured midgut with the fuzzy appearance. In addition, The mRNA
expressions of tight junction (TJ) genes, mucin genes and redox sensitive genes decreased sharply in TNFal-
treated midgut in comparison with those of the control (P < 0.05), whereas the expression levels of apoptotic
genes involved in caspase signals and unfolded protein response (UPR) attained the dramatic increase. These
results demonstrated that RCC-TNFal stimulation could impair midgut structural integrity and immune function
by induction of antioxidant collapse and apoptotic activation.

Gene expression
Gut immunity

1. Introduction

A wide range of ambient stressors can directly disturb normal
physiological processes in animals [1]. Previous findings suggest that
biotic or abiotic stressors may exhibit an immunosuppressive effect on
fish, rendering fish more susceptible to pathogenic invasion [2]. In
addition, abuse of antibiotics administration or release of heavy metals
may dramatically alter the natural population of microbes and then
facilitate superbug enrichment in aqueous surroundings [3]. Whist
invading pathogens succeed in breach of mucosal barriers, they can
immediately exacerbate infectious diseases and orchestrate innate im-
mune response in fish during pathogen-induced inflammation [4].
Although immunoprophylactic treatments can significantly boost fish
immunity and then restrict dispersal of infectious diseases during
aquaculture processes, pollutant bioaccumulation can dramatically alter
the microbe community in water environment, then facilitating the

emerging pathogenic bacteria with multiple resistance and virulence
[5]. Crucian carp (Carassius auratus) is an important farmed fish species
in China, but its farming process suffers from pathogenic infection [6].
As known pathogenic bacteria, Aeromonas hydrophila can increase fish
morbidity by generating toxins [7]. Our previous studies indicated that
gut infection with A. hydrophila can disrupt epithelial permeability in
midgut, increase bacterial burdens as well as dysregulate immune
response in gut-liver axis of RCC [8].

Fish possess a variety of immune-related properties such as pathogen
recognition receptors (PRRs) and complement cascades, which can serve
as the first line of immune defense against pathogenic infection [9].
Gut-associated lymphoid tissue (GALT) is playing an important role in
mucosal immune defense and pathogenic elimination in fish [10],
whereas gut mucosal surface acting as biophysical barrier can promote
mucus secretion, increase immune surveillance as well as establish a
microenvironment in gut-liver axis maintained by a reciprocal
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interaction between gut, gut flora and liver [11,12]. Recent findings
demonstrate that activation of immune-related signals, including
pattern recognition, cytokine production as well as immune cell signals,
are involved in synergistic effect on immune regulation of gut-liver axis
in fish after pathogenic infection [13,14]. Among known immune reg-
ulators, TNFa is a glycopeptide hormone that can exert a pleiotropic role
in immune activation, inflammatory response and apoptotic processes
[15]. Although TNFa function has been extensively studied in mammals,
fish contain multiple isoforms of TNFa gene [16]. Some studies focused
on gene structure and immune regulation of TNFa in large yellow
croaker [17], zebrafish and medaka [18], but the immunoregulatory
function of TNFal on gut mucosal barrier in RCC was unclear.

In this study, the aims were to characterize architectures of TNFal in
RCC. Then, the expression profiles of TNFal in immune-related tissues
or cultured cell lines were investigated. After that, TNFal fusion protein
was generated in vitro and then its immunoregulatory effect on gut
mucosal barrier function was studied, providing a new insight into the
regulatory function of TNFal in RCC.

2. Materials and methods
2.1. Animals

Healthy RCCs were collected from earthen ponds in a fishing base
(Changsha, China). The water temperature ranged from 19 °C to 26 °C.
RCCs (approximately 18.91 + 1.25 g) were acclimatized in aquarium for
two weeks and fed with commercial diet twice daily till 24 h before
challenge experiment. Water quality was maintained to avoid patho-
genic contamination by removing the excess of dietary feed and fish
feces daily.

2.2. Infection with A. hydrophila

A. hydrophila was cultured in Luria-Bertani (LB) medium at 28 °C for
24 h, centrifuged at 12000xg and resuspended in 1 x PBS (pH 7.3)
before challenge experiment [19]. Intraperitoneal injection of
A. hydrophila (1 x 107 CFU ml™!) served as A. hydrophila infection
group, while equivalent volume of sterile PBS injection 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 replicates, respectively.

2.3. Cell culture and LPS stimulation

RCC fibroblast cells (RCCFCs) were cultured in DMEM medium at
26 °C with a humidified atmosphere of 5 % CO, as described previously
[20]. Then, RCCFCs were seeded into 6-well plates at 80 % confluence
for 24 h. Then, cultured medium was replaced with fresh medium
containing 500 ng/mL of LPS (Escherichia coli O111:B4, Sigma, USA)
[21]. Cells were harvested at 0, 6, 12, 24, 36 and 48 h post-treatment,
frozen in liquid nitrogen and preserved in —80 °C.

2.4. Gene cloning, bioinformatics analysis and plasmid construction

Open reading frame (ORF) sequences of RCC-TNFal were cloned by
using the primers TNFal-F: ATGATGGATCTTGAGAGTCAGCT and
TNFal-R: TCATAAAGCAAACACCCCGAA. Domain architectures were
analyzed by NCBI blast, SignalP 5.0 server, TMHMM 2.0 server and
phyre2 program, while phylogenetic analysis was constructed by using
MEGA 6.0. Enzyme cleavage sites were added to the ORF sequence by
using primers pet-TNFal-F: CCGGAATTCATGCTCAACAAGTCTCAGAA
and pet-TNFal-R: CCGCTCGAGTTAATGATGATGATGATGATGTAAAG-
CAAACACCCCGAAGA. ORF sequence was ligated to pET32a plasmid
and then transformed into Escherichia coli BL21 (DE3) competent cells
for fusion protein production. Positive bacterial clone was subjected for
sequencing confirmation (Tsingke, China).
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Table 1
The primer sequences used in this study.
Primer Sequence direction (5° — 3) Use AN of original
names sequence
RT-TNFal-F TGTGGGGTCCTGCTGGC qPCR OR712226
RT-TNFal-R TTCCTGATTGTTCTGAGACTTGTTG qPCR
RT-FADD-F TTGTGCCAAGAAGAAGTCGG qPCR OR712228
RT-FADD -R TGTTTTCGCAGGAGTTCAGTG qPCR
RT-CASP7-F CTAAGCCACGGCGAGGA qPCR OR712229
RT- CASP7- CGGAACCCCGACAAGC qPCR
R
RT-CASP3-F AGATGCTGCTGAGGTCGGG qPCR OR712230
RT-CASP3-R GGTCACCACGGGCAACTG qPCR
RT-CASP8-F TGTGAATCTTCCAAAGGCAAA qPCR OR712231
RT-CASP8-R CTGTATCCGCAACAACCGAG qPCR
RT-HSP70-F ACGAGGCAGTGGCTTATGG qPCR OR712232
RT-HSP70-R GGGTCTGTTTGGTGGGGAT qPCR
RT-HSP90a- AGCAGCCGATGATGGA qPCR OR712233
F
RT-HSP90«- GGATTTGGCGATGGTTC qPCR
R
RT-HSP90p- TGGGATTGGGGATTGATGA gqPCR OR712234
F
RT-HSP90B- CCTTCCAGAGGTGGGATTTC qPCR
R
RT-ATF4-F CCTGGACTCACTTCCGTTCG qPCR OR712235
RT-ATF4-R GCTGCCGTTTTGTTCTGCT qPCR
RT-ATF6-F TCTGTGATGAAAGCAACCGC qPCR OR712236
RT-ATF6-R CAGGGGCAGCAGGAAATG qPCR
RT-IRE1-F AGCGGCAAGCAAACATTCT qPCR OR712237
RT-IRE1-R CCACCATCCGTCCTCCTCT qPCR
RT-PDIA3-F CTGAGCCTGTTCCAGAGTCCA qPCR OR712238
RT- PDIA3-R TCCAGAGGGCACAAAGTAAATG qPCR
RT-XBP1-F TCCACTTTGACCACATCTACACC qPCR OR727861
RT-XBP1-R TTCATCTTTGACGGACACCATT qPCR
RT-ZO-1-F TGCCCAGAGGTGAAGAGGTC qPCR OR727864
RT- ZO-1-R GCCCAGTTTGCCGTTGTAA gPCR
RT-occludin GTTGCCCATCCGTAGTTCAGT gqPCR OR727865
-F
RT-occludin CTTCAGCCAGACGCTTGTTG qPCR
-R
RT-claudin- GTCAATGGGAATGGAGATGGG qPCR OR727866
3-F
RT-claudin- AAGCCTGAAGGTCTTGCGATA qPCR
3-R
RT-claudin- GACCATCGCTGTTCCAAGA qPCR OR727867
6-F
RT-claudin- ATTCCATCCACAAGCCCTC qPCR
6-R
RT-claudin- GGCAAACACGGGTCTTCAG qPCR OR727868
9-F
RT-claudin- CGGTGCGGCGACATTC gqPCR
9-R
RT-MUC2-F CCTGACATTTTGTGGTGGAGA qPCR OR727869
RT-MUC2-R CTGTGCGATTACTTGAGCGAG gqPCR
RT-MUC13- TGCCACATCAGTTTCAGTTGC qPCR OR727870
F
RT-MUC13- TTCACCCACCGCCATTTC qPCR
R
RT-MUC7-F AGACCAAAGCCCACGCAG qPCR OR727871
RT-MUC7-R ACACCAGTCCAGCCAGCAG qPCR
RT-OXR1-F CATCAGGCAGCATTAGAGGC qPCR OR727872
RT-OXR1-R TGGAGGGGATTTTAGGTTTTG qPCR
RT-TrxR-F TCCTGGGGTCTGGGTGG qPCR OR731261
RT-TrxR-R CAGCCGAACTTGCGTGC qPCR
RT-SOD1-F GGACCAACGGATAGCGACA qPCR OR727873
RT- SOD1-R CCAGGCGACTTCCAGCG qPCR

2.5. Prokaryotic expression, purification and western blotting of TNFa1

Generation and purification of fusion proteins were performed as
described previously [22]. The above E. coli BL21 clones inserted with
corrected plasmids were cultured until ODggg value reached about 0.6,
then 1 mM IPTG was added for another 4 h incubation. Pellets were
harvested for sonication treatment, dissolved in urea-containing buffer.
After centrifugation, supernatant proteins were purified by using
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Ni-NTA resins. After dialysis, purified TNFal fusion proteins were
validated by western blotting [23]. The purified TNFal fusion proteins
were loaded on SDS-PAGE gel, separated electrophoretically and
transferred to PVDF membranes. After incubation with blocking buffer,
membranes were reacted with 1:2000 diluted His-tag antibody and
enzyme-conjugated secondary antibody, respectively. Finally, PVDF
membranes were developed and visualized.

2.6. Gut perfusion with TNFal fusion protein

Gut perfusion assay was performed as described previously [24-26].
Briefly, fish were anally intubated with TNFal fusion protein (0.15
mg/per fish) by using a gavage needle inserted into a depth of approx-
imately 3 cm, while equivalent per gram of pET32x tag perfusion was
used as control group, respectively. Tissues were isolated at 48 h
post-perfusion, then immediately frozen in liquid nitrogen and pre-
served in —80 °C. Each group contained three biological replicates,
respectively.

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

Total RNA was extracted from isolated tissues and harvested cells by
using HiPure Total RNA Mini Kit (Magen, China). Following quality
check, 1000 ng of purified total RNA was used for cDNA synthesis by
using MonScript™ RT III All-in-One Mix with dsNase (Monad, China).
Relative expressions of TNFal, 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 90« (HSP90a),
heat shot protein 90f ((HSP90p), activating transcription factor 4
(ATF4), activating transcription factor 6 (ATF6), Inosital-requiring
enzyme 1 (IRE1), protein 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 7 (MUC7) and mucin 13 (MUC13) were
investigated by qRT-PCR assay [27]. In brief, qRT-PCR assay was per-
formed by using PowerUp SYBR Green Master Mix (Applied Biosystems,
USA). At the end of qRT-PCR assay, melting curve analysis was imple-
mented to confirm credibility of each qRT-PCR result. The primers used
in this study were shown in Table 1. 18S rRNA was amplified by using

ATG ATG GAT CTR GAG AGT CAG CTT GIT GAR GRRL GGG GGA TIG CTG 47
M M D E E 3 Q L v E G G L L 15
CCC TCR CGG CAG GIG ACG GTG TCG AGG AGG ACG TCC GGT GIC TGG 92
P 5 R Q v T v 5 R R T 5 6 W W 30
CG6 GIG TGT GGG GIC CIG CTG GCT GIG GCC CIG TGT GCC GCC GCC 137
R ¥ € G v L L A ¥ A L c A R A 45
GCT GIC TGC TTC ACG CTC RAAC ARG TCT CAG RAC RAT CAG GRA GGA 132
A ¥ € E T L K 5 C H N QO E G &0
[5GR RAT GCG CTG RAGG CTC ACA TTA AGA GAT CGT CTT TCA AAG CAR 227
G H A L R L E Li ‘R I R L 5 K Q 75
AAC GTIC ACT TCC ARG GCT GCC ATC CAT TTR ACR GGT GCG TAT GRR 272
il | s 5 K A A -E H L T G s A E 50
CCT ARR GIG TCC RAR GAC ACC CTT TAC TGG AGA RAG GAC CAG GAC 317
B K. ¥ 5 K D T 5 W R K D Q D 105
CAG GCT TIC ACT TCA GGC GGC TTG ARR TTA GCG GGL AGG GGG ATC 362
Q N F S G G L KE L z G E 6 I 120
ATC ATT CCT ACG GAT GGC ATT TAC TTC GTC TAC AGT CAG GIG TCT 4407
13 P T D G I ¥ F b Y. iS5 Q: W § 135
TIC CAC ATC AGR TGC ARG ACT GAC ATT CCT GAG GAC CAC GAT GTT 452
B i3 B..C KT D o B E I H D vV 150
GIG CAR ATG AGC CAC ATA GIG TIC CGC TAC TCT GAT TCC TAT GGC 497
v Q M 5 H I v F T § 5 D S5 X G 165
AGC TAC ARG CCA CTT TIC AGC GCA ATC CGC TCG GCC TGC GAG CRG 542
5. Y K P L E 5 A I R 5 2 C E Q 130
GCG ACR GAC TCT GAC GAT CTIG TGG TAC AAC ACG ATT TAT CIC GGT 537
By - aF D 5 1 D L W T N T B L G 195
GCG GCC TIC AGC CIG CGA GCC GRA GAC AGG CIG TGC ACT RAAT 2CG 632
A E F 5 L R - oD R L L& H T 210
ACT ATR GCA CTC CIG CCT CGC GIC GAR AGC GAC AAC GGR ARG RCC 677
T E _A L E, B R WV E 5 D N G KE T 225
TIC TIT GGG GIG TIT GCG TTA TGR 704
F F 6 v S L END 233
Fig. 1. Nucleotide sequence and deduced amino acid sequence of RCC-TNFal.
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primers RT-18S-F: CGGAGGTTCGAAGACGATCA and RT-18S-R:
GAGGTTTCCCGTGTTGAGTC, which was used as internal control to
normalize the results. Efficiency of the primers used in this study was
over 95 %, and their product sizes ranged from 100 bp to 300 bp. Primer
specificity was confirmed and each sample was analyzed in triplicate to
certify the repetitiveness and credibility of experimental results.
Accession numbers (AN) of the original sequences were presented in
Table 1. qQRT-PCR results were measured by using Applied Biosystems
QuantStudio 5 Real-Time PCR System with 2 AL methods.

2.8. Histological analysis

The above anally intubated midgut samples were fixed in Bouin so-
lution, dehydrated in ethanol, clarified in xylene, and embedded in
paraffin wax. Then, samples were sectioned (approximately 5 pm thick)
and stained by using a periodic acid-schiff (PAS) staining kit [28]. Pre-
pared slides were observed by using a light microscope with 200 x
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.

2.9. Detection of biochemistry change

2.9.1. Catalase (CAT) activity

CAT activities in midgut were measured at OD4o5 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 decom-
posing 1 pmol Hy0, per second. The experiment was repeated in
triplicate.

2.9.2. Glutathione peroxidase (GPx) activity

GPx activities in midgut were observed at ODs4( 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.

2.9.3. Total superoxide dismutase (SOD) activity

Total SOD activity in midgut were detected at ODsgo absorbance by
using a total SOD activity kit (Beyotime Biotechnology, Shanghai,
China). Results were given in units of SOD activity per milligram of
protein, where 1 U of SOD is defined as the amount of enzyme producing
50 % inhibition of SOD. The experiment was repeated in triplicate.

2.9.4. Succinate dehydrogenase (SDH) activity

SDH activity in midgut was detected at ODggo absorbance by using a
SDH activity kit (Nanjing Jiancheng Bioengineering institute, China).
Following triplicate measurements, mean values were shown as U SDH
per milligram of protein.

2.9.5. 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.

2.9.6. Determination of relative reactive oxygen species (ROS) production

ROS levels in supernatants of 10 % midgut homogenates were
measured by DCFH-DA probe. After triplicate repeats, ROS contents
were calculated with absorbance changes at excitation/emission wave-
length of ODy4g0,/520 NM.

2.9.7. Malondialdehyde (MDA) amounts
Free MDA and lipid hydroperoxides can be determined by thio-
barbituric acid (TBA) method. According to protocols of lipid
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Fig. 2. Bioinformatics analysis of RCC-TNFal. (A) Alignment analysis of RCC-TNFal with other TNFa sequences. CcTNF, Coregonus clupeaformis TNFa,
XP_041757942.2; AmTNF, Astyanax mexicanus TNFa, KAG9279623.1; SaTNF, Salvelinus alpinus TNFa, XP_023844956.1; SSTNF, Salmo salar TNFo, NP_001117089.1;
PpTNF, Percocypris pingi TNFa, AIN25992.1; LcTNF, Larimichthys crocea TNFa, NP_001290314.1; MaTNF, Megalobrama amblycephala TNFa, ANA78340.1. The shared
residues represented the similar regions between the different species and the conservative degree was distinguished from light to dark. TNF domain was indicated by
arrow and transmembrane region was circled by blue box. (B) Secondary structure prediction of RCC-TNFal. <8~ »: Helix strand, Helices labeled: H1, H2, ...and
strands by their sheets A, B, ...; p: beta turn; y: gamma turn; —=: beta hairpin; & &: disulphide bond. (C) Tertiary structure prediction. Structures were colored
liy rainbow from N to C terminus.
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Fig. 3. Gene expression levels of RCC-TNFal. (A) Tissue-specific expressions determined by qRT-PCR assay. (B-D) Expressions of RCC-TNFal were detected in liver,
kidney and spleen at 0, 6, 12, 24, 36 and 48 h post-challenge. (E) Expression levels of TNFal in RCCFCs 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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RCC-TNFal WCL

Purified RCC-TNFal
RCC-TNFal WB

pPET32a WCL

53 KDa
40 KDa

33KDa - el oo

—

Fig. 4. Generation and validation of TNFal fusion proteins. Lane M: protein
molecular standard; Lane pET32a WCL: total protein was isolated from lysis of
pET32a-BL21 after IPTG induction; Lane RCC-TNFal WCL: total protein was
isolated from lysis of pET32a-RCC-TNFal-BL21 after IPTG induction; Lane
purified RCC-TNFal: RCC-TNFal fusion protein was purified by using Ni-NTA;
Lane RCC-TNFal WB: purified fusion protein was identified by using anti-His
tag antibody.

peroxidation MDA assay kit (Beyotime Biotechnology, Shanghai,
China), midgut MDA amount was measured. The concentration of MDA
was expressed as micromole MDA per milligram of protein. The exper-
iment was repeated in triplicate.

2.9.8. 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 OD5po nm.

2.10. Statistical analyses

SPSS program was used for data calculation, which is subjected to
one-way ANOVA. If the analytical levels reach less-than 0.05 P-value,
results were statistically significant.

3. Results
3.1. Characterization of TNFal sequences

The nucleotide and deduced amino acid sequences of RCC-TNFal
were shown in Fig. 1. The ORF sequence of RCC-TNFal encoded a

polypeptide of 232 amino acid residues with an estimated molecular
mass of 25.71 kDa and a predicted isoelectronic point of 7.67. In Fig. 2A,
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RCC-TNFal structure harbored a transmembrane region, a TNF domain,
seven trimer interface sites (H84F129Y131Y193F198F226F230) and six re-
ceptor binding sites (R191K!02A107g154g161g166) 11 Fig. 2B, secondary
structure analysis indicated that RCC-TNFal contained 3 sheets, 3
B-hairpins, 3 p-bulges, 5 helices, 12 strands and 1 disulphide. In Fig. 2C,
tertiary structure of RCC-TNFal was 70 % identical to c7dovB template
modeled with exceeding a 95 % confidence.

3.2. Expression profiles of TNFal mRNA

In Fig. 3A, tissue-specific TNFal mRNA expressions were detected in
all isolated samples. The highest expression level of RCC-TNFal was
observed in gill, whereas the low-level mRNA expression of RCC-TNFa1
was measured in brain.

In Fig. 3B, liver RCC-TNFa1 expression gradually increased from 6 h
to 24 h and peaked at 24 h after A. hydrophila challenge (P < 0.05),
followed by a sharp decrease at 48 h. In Fig. 3C, RCC-TNFal expression
in kidney began to elevated at 6 h and attained the highest level at 48 h
after A. hydrophila challenge (P < 0.05). In Fig. 3D, splenic RCC-TNFal
expression achieved the peaked level at 48 h following A. hydrophila
infection (P < 0.05).

In addition, LPS is a heat-stable endotoxin of gram-negative patho-
gens that can exhibit in vitro and in vivo effect on various immune re-
sponses and biological efforts [29]. In our pervious study, we have
demonstrated that LPS treatment can induce oxidative stress in RCCFCs,
which can be alleviated by administration of N-Acetyl-L-cysteine (NAC)
[30]. In Fig. 3E, RCCFCs receiving the exposure to 500 ng/mL LPS
exhibited elevated expression levels of RCC-TNFal mRNA and peaked at
24 h post-stimulation (P < 0.05).

3.3. Prokaryotic expression and fusion protein validation

In Fig. 4, a clear IPTG-induced fusion protein band were observed in
pET32a-RCC-TNFaltransformed cells in comparison with that of
pET32a transformed cells. After Ni-NTA purification, the purified TNFal
fusion proteins were confirmed by western blotting using anti-His
antibody.

3.4. Effect of TNFal stimulation on histological changes in midgut

In Fig. 5A and B, RCC anally intubated with RCC-TNFal fusion
protein exhibited a fuzzy appearance of brush broader in impaired villi
along with fusion and edema of midgut wall by comparing with that of
the control. In Fig. 5C and D, the average GC numbers reduced sharply
and reached a 2.07-fold reduction in villi of RCC-TNFal treated midgut
in comparison with those of the control (P < 0.05), while no significant
difference was observed in L/W ratio in midgut villi. In Fig. 5E, a 4.42-
fold increase of DAO activity was observed in midgut of RCC subjected
to RCC-TNFal perfusion.

3.5. Effect of TNFal stimulation on immune-related gene expression in
midgut

As shown in Fig. 6A, a 1.81-, 1.42-, 1.75-, 2.38-, 1.64-, 3.33-, 5.01-
and 1.41-fold decreased expression of ZO-1, claudin 3, claudin 6, clau-
din 9, occludin, MUC2, MUC7 and MUC13 was observed in midgut
following RCC-TNFal stimulation. In Fig. 6B and C, relative expressions
of FADD, CASP3, CASP7, CASP8, ATF4, ATF6, IRE1, PDIA3 and XBP1 in
TNFal-treated TNFal were approximately 4.62-, 4.22-, 2.71-, 5.13-,
3.06-, 2.36-, 3.39-, 6.28- and 2.88-fold greater than those of the control.

3.6. Measurement of antioxidant status in midgut
As shown in Fig. 7A, fish receiving RCC-TNFa1 perfusion exhibited a

sharp decrease of HSP70, HSP90x, HSP90B, OXR1, TrxR and SOD1
expression in midgut. In Fig. 7B-E, CAT activity, GPx activity, total SOD
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activity and SDH activity decreased dramatically in midgut treated with
RCC-TNFal, while NADPH/NADP" ratio, ROS content and MDA
amount in RCC-TNFa1 group were approximately 3.53-, 3.62- and 2.89-
fold greater than those of the control (Fig. 7F-H).

4. Discussion

According to previous transcriptome sequencing data [31],
RCC-TNFal gene was identified in this study. The deduced RCC-TNFal
sequence possessed a TNF domain with trimer interface sites and re-
ceptor binding sites at highly conserved level, which may generate a
compact jellyroll folding. Previous study suggested that efficient
signaling transduction of TNF pathways appear to require trimer mol-
ecules and receptor binding subunits [32]. These results speculated that
RCC-TNFal possessing TNF motifs may be functionally conserved.
qRT-PCR analysis revealed that RCC-TNFal was expressed in a wide
range of isolated tissues with a high-expressed level in gill. RCC-TNFal
expression showed an upregulated trend in liver, kidney and spleen
following A. hydrophila infection. In addition, similar trend of
RCC-TNFa1 expression was observed in RCCFCs following LPS exposure.
These results suggested that RCC-TNFal may participate in immune
response to bacterial invasion. However, the regulatory role of RCC
-TNFal in gut immunity of fish is unclear.

In general, tight junction integrity serving as physiological barrier
plays a crucial role in the front line of innate immune defense against
infectious agents in environment [33], while epithelial cells are key
sensors of invading microbes that can recruit and chemoattract the
adhesion of active immune cells in gut tract [34]. In addition, mucus
layer and goblet cells can promote mucosal immune defense against
invasive pathogens and facilitate immune cell communication by
secreting mucin glycoproteins and bioactive molecules [35,36]. Thus,
emerging evidences demonstrate that villi deformation and DAO
amount can act as the symptom indicators of mucosal injury in gut tract
[37]. Current results indicated that severe pathological symptoms were
observed in midgut of RCC perfused with RCC-TNFal, along with GC
reduction and DAO elevation. In addition, expression levels of ZO-1,
occludin, claudin 3, claudin 6, claudin 9, MUC2, MUC7 and MUC13
decreased sharply in midgut of RCC following RCC-TNFal treatment,
suggesting that RCC-TNFal treatment could significantly promote
epithelial permeability enhance midgut injury in RCC.

As well known, TNFa is one of pivotal ligands in TNF superfamily,
which can recruit downstream adaptor protein FADD via TNF« receptor
(TNFR) [38]. FADD is a critical component involved in death
receptor-mediated extrinsic apoptosis and necroptosis, which can
directly determined cell life and death by bridging activated TNFR tri-
mers with CASP signalings [39]. Then, CASP8 activation can orchestrate
the execution of extrinsic apoptosis [40]. Programmed cell death,
including apoptosis, necrosis and necroptosis, is highly regulated cell
death process in immune homeostasis that can elevate immunological
tolerance within the host and remodel inflammation in injured tissues
[41,42]. Additionally, ROS induced by a variety of stimulators such as
TNFa or oxidants can act as a crucial signal molecule and play a pivotal
role in the orchestration of innate immunity towards adaptive immune
response, but is long-term elevation can impair macromolecular prop-
erties [43,44]. HSPs belong to a family of highly conserved chaperones
involved in various cellular processes such as protein folding, degrada-
tion and translocation, which can serve as stress sensors to regulate host
tolerance of oxidative stress and protect against apoptosis [45,46].
OXR1, TrxR, SOD, GPx and CAT can participate in antioxidant defense in
response to stimuli [47]. Although antioxidant enzymes and compounds
can alleviate cytokine-mediated toxicity, free radical accumulation can
exacerbate antioxidant insult and facilitate cell death via caspase signals
[48]. Free radical accumulation can also disturb cellular homeostasis,
which may enable mounting production of misfolded proteins accu-
mulated in endoplasmic reticulum (ER) to disorder the redox-dependent
protein folding process in gut tract [49,50]. However, activated UPR
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Fig. 7. Effect of RCC-TNFal on antioxidant status in midgut. (A) Expressions of antioxidant genes in midgut perfused with RCC-TNFal. (B-E) Analyses of CAT, GPx,
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molecules exert the cytoprotective effort on restoration of cellular ho-
meostasis in tissues or cells suffering from deleterious stressors and se-
vere illness, whereas its subversion enables the collapse of host immune
surveillance [51]. In this study, RCC-TNFal treatment could attenuate
expression profiles of HSP70, HSP90, HSP90B, OXR1, TrxR and SOD1 in
midgut of RCC, while the expressions of apoptotic genes and UPR genes
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increased sharply. In addition, enzymatic activity of CAT, GPx, total
SOD and SDH decreased significantly in TNFal-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 activation in
TNFal-treated midgut of RCC.
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In conclusion, we characterized the architectures of RCC-TNFal for
the first time. Expression patterns of RCC-TNFual in healthy RCC,
A. hydrophila-infected RCC and LPS-stimulated cells were measured,
respectively. RCC-TNFal fusion protein was produced in vitro. Gut
perfusion with RCC-TNFal could significantly impair tight junction
function and decrease GC numbers in midgut villi. In addition, RCC-
TNFal treatment can dramatically decrease antioxidant defense and
increase apoptosis in midgut of RCC. Our results revealed that the
cytotoxicity of RCC-TNFal stimulation may cause the collapse of anti-
oxidant capacity and promote apoptotic process in midgut of RCC.
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