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A B S T R A C T   

Aeromonas hydrophila can pose a great threat to fish survival. In this study, we investigated the differential 
immune and redox response in gut-liver axis of hybrid fish (WR) undergoing gut infection. WR anally intubated 
with A. hydrophila showed severe midgut injury with decreased length-to-width ratios of villi along with GC 
hyperplasia and enhanced antioxidant activities, but expression profiles of cytokines, chemokines, antibacterial 
molecules, redox sensors and tight junction proteins decreased dramatically. In contrast, immune-related gene 
expressions and antioxidant activities increased significantly in liver of WR following gut infection with 
A. hydrophila. These results highlighted the differential immune regulation and redox balance in gut-liver axis 
response to bacterial infection.   

1. Introduction 

Water environmental pollution not only promotes high accumulation 
of toxic substances in aquatic livings, but also shows a potent suppres
sive effect on fish immunity (Austin, 1998). Environmental stressors can 
disrupt the normal physiology in fish and alleviate their immune resis
tance against pathogenic infection (Magnadottir, 2010). Contamination 
of antibiotics and heavy metals may significantly challenge the natural 
microbial population and then facilitate the enrichment of highly 
resistant pathogens in aqueous environment (Kraemer et al., 2019; Sil
ver and Phung, 1996). Among known pathogens, A. hydrophila is a 
ubiquitous gram-negative pathogen that can enhance morbidity and 
mortality of cultured fish by producing a variety of virulence factors, 
including adhesins, lipases and proteases (Oliveira et al., 2012). Previ
ous studies have demonstrated that heat-labile cytotonic and heat-stable 
cytotonic enterotoxins of A. hydrophila may increase the risk factors for 
acute watery diarrhoea (Bhowmik et al., 2009). 

Innate immunity in teleost fish can participate in the first line of 
defense against invading pathogens, containing various forms of 
pathogen-recognizing receptors (PRRs) and their specific immune sig
nals (Uribe et al., 2011). Whist invading pathogens succeed in gut 
colonization or efficient breach of mucosal barriers, they can recruit 

immune cells and crucial adaptor molecules to facilitate the spread of 
infectious diseases (Boltaña et al., 2011). In contrast, fish may possess a 
quantity of specific or nonspecific immune mechanisms to participate in 
the elimination of invading pathogens (Rauta et al., 2012). The gut-liver 
axis in immune remodeling has been gradually recognized in fish (Deng 
et al., 2020). Gut mucosal surface acting as biophysical barrier enable 
mucus secretion to drive immune homeostasis (Torrecillas et al., 2015). 
In addition, gut-associated lymphoid tissue (GALT) is one of crucial 
constituents in mucosal immunity, possessing various immune cell types 
to form immune surveillance and cytotoxic killing (Salinas, 2015; 
Tafalla et al., 2016). Liver can confer protection against circulating 
antigens and endotoxins crossing the gut barrier (Wu et al., 2018). 
However, the collaborative regulation of the gut-liver immune system in 
fish remains largely unclear. 

Crucian carp (Carassius auratus) is important economic fish species in 
China (Li et al., 2018), but its aquaculture process is ravaged by path
ogenic infection (Nielsen et al., 2001). Additionally, global climate 
change may aggravate the emergences of infectious diseases during 
aquaculture processes through long distance transmission of water- 
borne pathogens (Gallana et al., 2013). Our previous studies have sug
gested that hybrid cyprinids exhibit a strong immune resistance against 
A. hydrophila infection by comparing with those of its parental species 
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(Xiong et al., 2022b). Currently, hybrid crucian carp (WR) is a novel fish 
species exhibiting a high disease resistance and pathogenic tolerance 
(Luo et al., 2021). However, its gut-liver immune regulation under 
A. hydrophila infection was still unknown. 

In this study, the aims were to evaluate the antioxidant status, gut 
mucosal barrier (GMB) function and crucial gene expressions in midgut 
and liver of WR infected with A. hydrophila, which may give a novel 
insight into the collaborative regulation of the gut-liver immune 
response in hybrid fish. 

2. Materials and methods 

2.1. Animals 

Healthy WRs (approximately 21.51 ± 0.53 g) from a fish-farming 
base in Changsha were subjected to two-week acclimatization. Fish 
were feed daily with commercial diet till 24 h prior to gut infection. The 
excess of dietary feed and fish feces were removed daily and one-third of 
water was replaced with clean freshwater in every three days to avoid 
pathogenic contamination during fish accumulation or challenge 
infection. 

2.2. Gut perfusion with A. hydrophila 

A. hydrophila was cultured in Luria-Bertani (LB) medium at 28 ◦C for 
24 h and resuspended in 1× PBS (pH 7.3) (Xiong et al., 2022c). Then, gut 
perfusion assay was performed as described previously (Morris et al., 
1989; Song et al., 2014). Briefly, fish were anally intubated with 
A. hydrophila (1 × 108 CFU ml− 1) in PBS suspension by using a gavage 
needle inserted into a depth of approximately 3 cm, while equivalent 
volume of sterile PBS perfusion was used as control group. Tissues (liver, 
kidney, spleen and midgut) were isolated at 0, 24, 48 and 72 h post- 
infection, immediately frozen in liquid nitrogen and preserved in 
− 80 ◦C. Each group contained three biological replicates, respectively. 

2.3. Determination of bacterial load by qRT-PCR assay 

To investigate the effect of A. hydrophila on injury of GMB function, 
bacterial load assay was performed as described previously (Luo et al., 
2019). The above isolated tissues were homogenized, then genomic DNA 
was extracted by using a DNA extraction kit (Magen Biotechnology, 
China). Before use, DNA concentration was adjusted to 100 ng/μL. 
Relative expression of hlyA gene of A. hydrophila was detected by qRT- 
PCR assay, while GAPDH was used as reference gene. The experiments 
were performed in triplicate. 

2.4. Histological analysis 

Midgut samples isolated from anally intubated fish were fixed in 
Bouin solution and embedded in paraffin wax. Then, samples were cut 
into 5-μm thick sections and stained by using a periodic acid-schiff (PAS) 
kit (Jeong and Kim, 2022). Prepared slides were observed by using a 
light microscope with 200× magnification. Then, the numbers of goblet 
cell (GC) and length-to width ratios in villi were determined. The 
experiment was repeated in triplicate. 

2.5. Biochemistry assays 

2.5.1. Catalase (CAT) activity 
CAT activities in midgut and liver were detected 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 decom
posing 1 μmol H2O2 per second. The experiment was repeated in 
triplicate. 

2.5.2. Glutathione peroxidase (GPx) activity 
GPx activities in midgut and liver were observed at OD340 absor

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

2.5.3. Glutathione reductase (GR) activity 
GR activities in midgut and liver were detected at OD412 absorbance 

by using a GR activity kit (Beyotime Biotechnology, China). Results were 
presented as mU GR activity per milligram of protein. The experiment 
was repeated in triplicate. 

2.5.4. Monoamine oxidase (MAO) activity 
MAO activities in midgut were detected at OD242 absorbance by 

using a MAO activity kit (Nanjing Jiancheng Bioengineering institute, 
China). Mean values from triplicate experiments were expressed as U 

Table 1 
The primer sequences used in this study.  

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

qpcr-IL6-F CGTGTCTGAGCCGCATTTAC qPCR 
qpcr-IL6-R GCGTTTGGTCCCGTGTTT qPCR 
qpcr-IL8-F CTTCCCTCCAAGCCCACA qPCR 
qpcr-IL8-R TCTCAATGACCTTCTTTACCCA qPCR 
qpcr-CXCL10-F ACTGAGTGGAGCCAGAGGTG qPCR 
qpcr-CXCL10-R AAGTGGGACTGTTGTTGATGTTC qPCR 
qpcr-CCL20-F GTTCTTCTGAGCCTGTTCCC qPCR 
qpcr-CCL20-R CCTTCTTGTTGTTCTTGGTGAT qPCR 
qpcr-CCL2-F GCTCTGATGCTGTGGCTTCTG qPCR 
qpcr-CCL2-R CGTTTTGTTTGATACCGACTGC qPCR 
qpcr-CXCL2-F GTGCTGCTTCACAACCATCTAT qPCR 
qpcr-CXCL2-R TTTGCTGCTCTTCTACTCCTCA qPCR 
qpcr-zo-1-F TGCCCAGAGGTGAAGAGGTC qPCR 
qpcr-zo-1-R GCCCAGTTTGCCGTTGTAA qPCR 
qpcr-occludin-F GTTGCCCATCCGTAGTTCAGT qPCR 
qpcr-occludin-R CTTCAGCCAGACGCTTGTTG qPCR 
qpcr-claudin1-F GCTCCTCGGATACTCTTTGGC qPCR 
qpcr-claudin1-R TTTCATCAGACAGACAGGTGGTG qPCR 
qpcr-claudin3-F GTCAATGGGAATGGAGATGGG qPCR 
qpcr-claudin3-R AAGCCTGAAGGTCTTGCGATA qPCR 
qpcr-claudin4-F TGGGAGGGCTTGTGGATG qPCR 
qpcr-claudin4-R GGCAGATAATGATGGCGATG qPCR 
qpcr-claudin6-F GACCATCGCTGTTCCAAGA qPCR 
qpcr-claudin6-R ATTCCATCCACAAGCCCTC qPCR 
qpcr-claudin12 -F CTTGCTGCTCCAAAACTCCTG qPCR 
qpcr-claudin12-R GCCACATACACCCCAAACTCT qPCR 
qpcr-claudin20- F GCCTAACTGGAAGGTGAGCG qPCR 
qpcr-claudin20-R GCCGTCTGGAGGTATGCG qPCR 
qpcr-NKlysin-F TGCGGAGAATCGTCGTG qPCR 
qpcr-NKlysin-R GGTTTTGGCGTCATCAGTAG qPCR 
qpcr-TLR5-F GAAACCTTCAACCTGGCTCA qPCR 
qpcr-TLR5-R ATCCTGGCTGTCGTCGG qPCR 
qpcr-lysC-F ATGAAGGTGGCGATTGCG qPCR 
qpcr-lysC-R AAACTTGCTTTCCCAGTAGGC qPCR 
qpcr-MHCI-F CAGGTCGCAATGAAACGCT qPCR 
qpcr-MHCI-R GCTGGTCTTCTGAAAGGTCCC qPCR 
qpcr-CLEC4E-F CAGAGGAAGTAGATGTTTGGTGTC qPCR 
qpcr-CLEC4E-R CTCCGTGGCGAATGAAGAT qPCR 
qpcr -Hepcidin-F TCTCGCTGCTTTGGTCAT qPCR 
qpcr -Hepcidin-R GCCAGGGGATTGGTTTG qPCR 
RT-18S-F CCGACCCTCCCTCACG qPCR 
RT-18S-R GCCTGCTGCCTTCCTTG qPCR 
RT-GAPDH-F CAGGGTGGTGCCAAGCG qPCR 
RT-GAPDH-R GGGGAGCCAAGCAGTTAGTG qPCR 
RT-hlyA-F GGCCGGTGGCCCGAAGATACGGG qPCR 
RT-hlyA-R GGCGGCGCCGGACGAGACGGGG qPCR 
qpcr-COX4-F ACAACAACCGTCTGGATACACC qPCR 
qpcr-COX4-R CTCTTTGGAACCTTGCCTCAT qPCR 
qpcr-TXNL1-F TGATGCCGTTCGTCAGTAAAG qPCR 
qpcr-TXNL1-R GGTTGATTGAAGGCGATTGTG qPCR 
qpcr-OXR1-F CATCAGGCAGCATTAGAGGC qPCR 
qpcr-OXR1-R TGGAGGGGATTTTAGGTTTTG qPCR 
qpcr-HSP90a-F AGCAGCCGATGATGGA qPCR 
qpcr-HSP90a-R GGATTTGGCGATGGTTC qPCR  
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MAO per milligram of protein. 

2.5.5. Succinate dehydrogenase (SDH) activity 
SDH activities in midgut and liver were detected at OD600 absor

bance 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. 

2.5.6. Diamine oxidase (DAO) activity 
Determination of DAO activities in plasma, gut and liver were sub

jected to triplicate detection by using a DAO assay kit (Solarbio, China). 
Mean values of DAO activities were calculated with absorbance changes 
at OD500 nm. 

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

Total RNA was isolated from tissues by using HiPure Total RNA Mini 
Kit (Magen Biotechnology, China). Following RNA quality assessment, 
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 zonula occludens-1 (ZO-1), occludin, claudin 1, claudin 3, 
claudin 4, claudin 6, claudin 12, claudin 20, hepcidin, NK-lysin, inter
leukin-6 (IL-6), interleukin-8 (IL-8), C-X-C chemokine ligand-10 
(CXCL10), C-X-C chemokine ligand-2 (CXCL2), C–C chemokine 
ligand-2 (CCL2) and C–C chemokine ligand-20 (CCL20), HSP90α, 
CuZnSOD, oxidation resistance 1 (OXR1), lysozyme C (lysC), toll-like 
receptor 5 (TLR5), major histocompatibility complex class I (MHC-I), 

c-type lectin domain family 4, member A (CLEC4A), thioredoxin (TXNL) 
and cytochrome c oxidase subunit 4 (COX4) were investigated by qRT- 
PCR assay. 18S rRNA was used as internal control. The primer se
quences were shown in Table 1. Briefly, qRT-PCR assay was performed 
by using PowerUp SYBR Green Master Mix (Applied Biosystems, USA) 
and qRT-PCR results were measured by using Applied Biosystems 
QuantStudio 5 Real-Time PCR System with 2 -△△Ct methods. PCR 
procedure was shown below: 1 cycle of 95 ◦C for 1 min, 40 cycles of 
95 ◦C for 30s, 60 ◦C for 1 min, followed by melting curve analysis for 
qRT-PCR confirmation. 

2.7. Statistical analyses 

The above results were subjected to one-way ANOVA analysis by 
using SPSS. If the analytical levels of P-value reach <0.05, results were 
statistically significant. 

3. Results 

3.1. Detection of bacterial load in tissues 

In Fig. 1A-D, the relative expressions of A. hydrophila hlyA in liver, 
kidney, spleen and midgut increased dramatically from 24 h to 72 h after 
gut infection with A. hydrophila by comparing with those of the control, 
respectively. 

Fig. 1. Determination of A. hydrophila hlyA gene expression in liver (A), kidney (B), spleen (C) and midgut (D) at 24 h, 48 h and 72 h following gut infection with 
A. hydrophila. The calculated data (mean ± SD) with different letters were significantly different (P < 0.05). 
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3.2. Histological changes in midgut after A. hydrophila infection 

In Fig. 2A-G, fish anally intubated with A. hydrophila showed a severe 
midgut pathological changes, including edema of midgut wall, defor
mation of villi structures, villus vacuolization and villus fusion, while no 
significant morphological change was observed in the control group. In 
Fig. 2H, length-to-width ratios of midgut villi decreased significantly 
following A. hydrophila infection, while time-dependent increases in GC 
numbers were observed (Fig. 2I). In Fig. 2J, the increased levels of DAO 
activities were observed in plasma from 24 h to 72 h following 
A. hydrophila infection. 

3.3. Effect of acute A. hydrophila infection on tight junction in midgut 

As shown in Fig. 3A-H, expression levels of ZO-1, occludin, claudin- 
1, claudin-3, claudin-4, claudin-6, claudin-12 and claudin-20 decreased 
dramatically from 24 h to 72 h in midgut following A. hydrophila 
infection by comparing with the control, respectively. 

3.4. Gene profiles of cytokines and antibacterial molecules in midgut and 
liver 

In Fig. 4A-H, expressions levels of IL-6, IL-8, CCL2, CCL20, CXCL2, 
CXCL10, hepcidin and NK-lysin in midgut infected with A. hydrophila 
were consistently lower than those of the control, respectively. 

In Fig. 5A, liver TLR5 expression began to increase at 24 h and 
peaked at 48 h post-infection. In Fig. 5B, expression levels of MHC-I 
increased significantly in liver after gut perfusion with A. hydrophila. 
In Fig. 5C-F, increased levels of liver IL-8, CCL20, CXCL2 and CXCL10 
were observed at 24 h and peaked at 48 h following A. hydrophila 
challenge. In Fig. 5G, a gradual increase of LysC expression in liver was 
observed from 24 h to 72 h after A. hydrophila infection, while peaked 
levels of liver CLEC4A gradually deceased from 24 h to 72 h. 

3.5. Measurement of antioxidant status and pathological indices in 
midgut and liver 

In Fig. 6A-B, expression levels of HSP90α and OXR1 in the midgut 
decreased significantly from 24 h to 72 h after A. hydrophila infection. In 
Fig. 6C-G, enzymatic activities of CAT, GR and MAO in midgut reached 
at the peaked levels at 48 h post-infection, while GPx and SDH activities 
peaked at 72 h and 24 h, respectively. In Fig. 6H, a significant increase of 
midgut DAO activity was observed at 48 h following A. hydrophila 
infection. 

In Fig. 7A-C, high-levels of liver OXR1 expressions were observed at 
72 h following gut perfusion with A. hydrophila, while the expressions of 
TXNL and COX4 peaked at 24 h post-infection. As shown in Fig. 7D-G, 
enzymatic activities of CAT, GPx and SDH in liver peaked at 24 h post- 
infection, while liver GR activity gradually increased and peaked at 72 h. 
In Fig. 7H, DAO activity in liver increased sharply at 48 h post-infection. 

4. Discussion 

A. hydrophila is a ubiquitous bacteria in aqueous surroundings, which 
can cause etiologic agent infection in fish (Abd-El-Malek, 2017). It may 
not only produce large quantities of virulence factors such as cytolytic 
enterotoxin, aerolysin and haemolysin during infection, but also 
orchestrate biofilm formation or metabolic alternation to promote its 
survival within the hosts (Aberoum and Jooyandeh, 2010). For in
stances, haemolysin is vital virulence factor generated by A. hydrophila, 

which can enable phospholipid hydrolysis on cell membrane to accel
erate cell damage (Kozaki et al., 1987). 

In this study, fish receiving gut perfusion with A. hydrophila showed a 
time-dependent pathological response in midgut of WR. The structure of 
midgut villi exerted a severe deformation with decreased levels of 
length-to-width ratios, along with high degrees of villi fusion and 
increased GC numbers. In general, GC is playing an important role in gut 
immune defense against bacterial invasion, which is able to generate 
secretory mucins and bioactive molecules such as trefoil factor peptides, 
resistin-like molecule β and Fc-γ binding protein (Kim and Ho, 2010). In 
addition, a group of integral tight junction membrane proteins, 
including occludin and claudin, can establish the continuous physio
logical barrier in gut epithelial cell lays that can confer protection 
against infectious agents in the environment, whereas bacterial invasion 
can disrupt tight junction barrier and increase epithelial permeability 
(Schneeberger and Lynch, 2004). As is well known, DAO, a critical 
marker of gut mucosa integrity, can be released from gut tract to plasma 
during gut injury (Li et al., 2016). Recent findings suggested that 
elevated levels of DAO activity is observed in rat liver injury, which is 
due to the close correlation of gut-liver immunity via frequent bidirec
tional communication regulated by hormones, bile acids, etc. (Wang 
et al., 2015). In this study, increased levels of A. hydrophila hlyA were 
observed in liver, kidney, spleen and midgut, while reductions of ZO-1, 
occludin, claudin-1, claudin-3, claudin-4, claudin-6, claudin-12 and 
claudin-20 expressions were observed in midgut, along with a sharp 
increase of DAO activity in plasma, midgut and liver. Thus, these results 
implied that anal intubation with A. hydrophila could stimulate GC hy
perplasia in villi and induce severe midgut injury with an increased 
epithelial permeability, resulting in extra-gut infection with 
A. hydrophila. 

Emerging evidences suggest that gut epithelial cells can chemo
attract immune cells by cytokine secretion and functions as physical 
barrier that can defense against pathogenic invasion (Kagnoff and Eck
mann, 1997). Fish cytokines and chemokines can directly participate in 
antibacterial response and immune cell activation (Alejo and Tafalla, 
2011; Sakai et al., 2021). NK-lysin, hepcidin and lysC are predominant 
fish antibacterial peptides that can directly eliminate invading bacteria 
(Ellis, 1999; Valero et al., 2013). TLR5 in fish can recognize bacterial 
flagellins to orchestrate immune activation (Gao et al., 2022). Fish MHC- 
I molecule is involved in antigen presentation for the adaptive immune 
response (Loh et al., 2022). CLEC4A is a C-type lectin-like receptor 
involved in activation of immune cell and cytokine signals (Johansson 
et al., 2016). However, pathogenic bacteria can directly suppress NF-κB 
activation, alleviate the expressions proinflammatory cytokines as well 
as attenuate cell-mediated immune response in gut tract, which can 
enable invading bacteria to reproduce and colonize in gut tract by cir
cumventing gut immune defense mechanism (Hauf and Chakraborty, 
2003; Ireton and Cossart, 1998). In this study, fish anally intubated with 
A. hydrophila exhibited reduced expression levels of cytokines and 
antibacterial molecules in midgut, while expressions of TLR5, MHC-I, IL- 
8, CCL20, CXCL2, CXCL10, lysC and CLEC4A increased dramatically in 
liver. 

Previous studies indicated that acute A. hydrophila infection could 
induce tissue injury, promote oxidative stress and cause metabolic dis
order in fish kidney (Xiong et al., 2023, 2022a). In general, ROS gen
eration by mucosa-resident cells or recruited innate immune cells can 
participate in antimicrobial response and intracellular signals for barrier 
repair, while prolonged production of ROS at high level can induce DNA 
damage and lipid peroxidation, suggesting that oxidative stress may 
function as double-edged sword in gut immune regulation upon 

Fig. 2. Morphological analysis of midgut in WR anally intubated with A. hydrophila. (A-G) Histological section of midgut treated with A. hydrophila at 24 h, 48 h and 
72 h, while PBS treatment was used as control group. E: edema of midgut wall; H: goblet cell hyperplasia; D: villi deformation; V: villus vacuolization; S: submucosal 
rupture; F: villus fusion. Length-to-width ratio of midgut villi (H), average numbers of goblet cells (I) and plasma DAO activity (J) were determined. The calculated 
data (mean ± SD) with different letters were significantly different (P < 0.05). The experiments were performed in triplicate. 
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Fig. 3. Effect of A. hydrophila infection on tight junction. Expression profiles of ZO-1 (A), occludin (B), claudin-1 (C), claudin-3 (D), claudin-4 (E), claudin-6 (F), 
claudin-12 (G) and claudin-20 (H) were determined in midgut of WR following A. hydrophila infection. 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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Fig. 4. Gene expressions of cytokines and antibacterial molecules in midgut of WR anally intubated with A. hydrophila. Expressions of IL-6 (A), IL-8 (B), CCL2 (C), 
CCL20 (D), CXCL2 (E), CXCL10 (F), hepcidin (G) and NK-lysin (H) were determined by qRT-PCR assay. 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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Fig. 5. Gene expressions of cytokines and antibacterial molecules in liver of WR anally intubated with A. hydrophila. Expressions of TLR5 (A), MHC-I (B), IL-8 (C), 
CCL20 (D), CXCL2 (E), CXCL10 (F), LysC (G) and CLEC4A (H) were determined by qRT-PCR assay. 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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Fig. 6. Midgut Redox status in WR anally intubated with A. hydrophila. HSP90α (A) and OXR1 (B) mRNA expressions were determined by qRT-PCR assay. Enzymatic 
activities of CAT (C), GPx (D), GR (E), MAO (F), SDH (G) and DAO (H) 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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Fig. 7. Liver Redox status in WR anally intubated with A. hydrophila. OXR1 (A), TXNL (B) and COX4 (C) mRNA expressions were determined by qRT-PCR assay. 
Enzymatic activities of CAT (D), GPx (E), GR (F), SDH (G) and DAO (H) were determined in liver. 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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bacterial infection (Aviello and Knaus, 2017). Antioxidant compounds 
can attenuate toxicological effects induced by various stimuli (Lortz 
et al., 2000; Mates, 2000), but severe oxidative stress can decrease 
antioxidant activity in fish (Mates, 2000). TXNL1 and OXR1 can coun
teract oxidative damage, which can maintain mitochondrial DNA 
integrity (Yang et al., 2014; Zhao and Qi, 2021), while COX4 and 
HSP90α serve as sensors in response to abiotic or biotic stress (Vogt 
et al., 2011). In this study, the increased activities of CAT, GPx, GR, MAO 
and SDH were observed in midgut subjected to A. hydrophila infection, 
while expression patterns of HSP90α and OXR1 decreased sharply. In 
contrast, fish anally intubated with A. hydrophila exerted enhanced 
levels of CAT, GPx, GR and SDH in liver, along with increased expres
sions of OXR1, TNXL and COX4. Thus, taken together, these results 
indicated that midgut infection with A. hydrophila could cause the dif
ferential modulation of immune response and antioxidant status in gut- 
liver axis of WR. 

In summary, we characterized time-dependent midgut injury and 
elevated levels of bacterial loads in tissues of WR anally intubated with 
A. hydrophila. Reduced profiles of cytokines, chemokines, antibacterial 
molecules, redox sensors and tight junction proteins were observed in 
A. hydrophila-infected midgut along with GC hyperplasia and enhanced 
antioxidant activities, while increased levels of immune-related gene 
expressions and antioxidant activities were observed in liver. Thus, the 
information presented in this study could give a new insight into the 
differential immune and redox response in midgut and liver of hybrid 
fish undergoing gut infection with A. hydrophila. 
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