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1  |  INTRODUC TION

Exposure to environmental pollutants enhance incidence of infec-
tious diseases in mammals (Wen et al.,  2022). Similarly, ambient 
stressors can promote physiological disorder, antioxidant insult and 
immune suppression in teleost fish, which can enable invasive patho-
gens to survive and reproduce within the host (Ellis, 1999). Although 
immunoprophylaxis exerts a great effort in spread restriction of 
pathogenic diseases, emerging population of resistant bacteria chal-
lenged by antibiotics and heavy metal bioaccumulation may elevate 
the risk for infectious diseases in aquaculture (Dong et al.,  2020). 
Among documented pathogens, A. hydrophila is a widespread rep-
resentative of Aeromonadaceae found in aqueous environments and 
aquatic organisms, which are able to generate a large quantity of 
virulence factors and bacterial toxins (Awan et al., 2018).

Crucian carp (Carassius auratus) is one of popular farmed fish 
species in China, because of its delicious taste and high-stress re-
sistance (Li, Wang, et al., 2018). However, global climate change may 
accelerate environmental deterioration and then exacerbate risk 

factors for emerging diseases in aquaculture (Warner et al., 2010). 
Thus, farming process of crucian carp is ravaged by microbial infec-
tion, which may exhibit an adverse economic impact in aquaculture 
(Nielsen et al., 2001; Rodger, 2016). Although teleost fish commonly 
possess a large quantity of pathogen-recognizing receptors (PRRs) 
and complement components to cope with invasive pathogens 
(Uribe et al.,  2011), pathogens can effectively skirt the elimina-
tion of innate immunity and beach mucosal barrier to orchestrate 
pathogen-induced inflammation for deeper infection (Secombes 
et al.,  2001). Currently, collaborative modulation of gut–liver axis 
have gradually acquired more attention in fish. Gut–liver axis may 
refer to reciprocal communication of gut tract, gut microbiota and 
liver, playing a crucial role in maintaining immune homeostasis (Li, 
Selmi, et al., 2018). Gut flora is composed of a dynamic community of 
bacteria, fungi, archaea and protozoans in gut mucosal barrier, which 
can promote the synthesis of secretory immunoglobulins, recruit ac-
tivating lymphocytes as well as attenuate pathogenic colonization 
(Kelly et al., 2005). When gut mucosal barrier function is disrupted, 
liver can receive endogenous metabolites from gut tract to support 
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Abstract
Aeromonas hydrophila can pose a great threat to the survival of farmed fish. In cur-
rent study, we investigated the pathological characteristics and immune response in 
gut–liver axis of white crucian carp (WCC) upon gut infection. WCC anally intubated 
with A. hydrophila exerted a tissue deformation in damaged midgut with elevated lev-
els of goblet cells along with a significant decrease in tight junction proteins and villi 
length-to-width ratios. In addition, immune-related gene expressions and antioxidant 
properties increased dramatically in gut–liver axis of WCC following gut infection with 
A. hydrophila. These results highlighted the immune modulation and redox alteration 
in gut–liver axis of WCC in response to gut infection.
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gut–liver connection and detoxify bacterial products under bacteria-
induced inflammatory response (Seo & Shah, 2012). However, the 
synchronous regulation of the gut–liver axis in fish remains unclear.

In this study, the aims were to evaluate gut mucosal barrier 
function, physiological response and critical gene expressions in 
midgut and liver of white crucian carp (WCC, Carassius cuvieri) 
after gut infection with A. hydrophila, which may give a novel insight 
into the synchronization of immune regulation in gut–liver axis of 
A. hydrophila-infected fish.

2  |  MATERIAL S AND METHODS

2.1  |  Animal preparation

Healthy WCCs (about 18.24 ± 0.53 g) were daily fed with commercial 
diets for animal acclimation in clean freshwater until 24 h prior to gut 
infection with A. hydrophila experiment. Fish feed and faeces were 
removed daily for maintaining water quality during acclimation and 
infection periods.

2.2  |  Bacterial perfusion assay

Aeromonas hydrophila strain L3-3 (NCBI accession number: 
OM184261) was cultured in Luria-Bertani (LB) medium overnight 
and then resuspended in 1× PBS (pH 7.3) (Xiong et al., 2022). Then, 
the previously published gut perfusion method was performed with 
a slight modification (Song et al.,  2014). Briefly, WCCs 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.

2.3  |  Histological assay

Midgut samples were fixed in Bouin solution, paraffin-embedded, 
cut into 5 μm-thick sections and then stained by using a periodic 
acid–schiff (PAS) kit (Beyotime Biotechnology, China) (Jeong & 
Kim,  2022). Microstructures of midgut tissues were observed by 
using a light microscope with 200× magnification. Goblet cell num-
bers and length-to-width ratios in villi were determined. The experi-
ment was repeated in triplicate.

2.4  |  Bacterial load determination and gene 
expressions by qRT-PCR assay

Total RNA was isolated from midgut and liver by using HiPure 
Total RNA Mini Kit (Magen Biotechnology, China). After 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-10, claudin-12, claudin-20, mucin 7 
(MUC7), mucin 13 (MUC13), polycomb ring finger oncogene 
(BMI-1), CD22, CD28, metalloprotein 9 (MMP9), metalloprotein 
23 (MMP23), complement component 1q (C1q), complement 
component 6 (C6), liver expressed antimicrobial peptide-2 (LEAP-
2), Toll-like receptor 5 (TLR5), lysozyme C (LysC), caspase-2 and 
caspase-9 were investigated by qRT-PCR assay. 18S rRNA was 
used as internal control. The primer sequences are shown in 
Table 1.

For bacterial load determination, the above-isolated tissues 
were homogenized for genomic DNA extraction by using a DNA ex-
traction kit (Magen Biotechnology, China) (Luo et al., 2020). Before 
detection, DNA concentration was adjusted to 100 ng/μL. Relative 
expression of A. hydrophila hlyA gene was detected by qRT-PCR 
assay, while GAPDH was used as reference gene. Briefly, qRT-
PCR assay was performed by using PowerUp SYBR Green Master 
Mix (Applied Biosystems, USA) and measured by using Applied 
Biosystems QuantStudio 5 Real-Time PCR System with 2−ΔΔCt meth-
ods. PCR procedure was shown below: 1 cycle of 95°C for 1 min, 40 
cycles of 95°C for 30 s, 60°C for 1 min, followed by melting curve 
analysis for qRT-PCR confirmation. The experiments were per-
formed in triplicate.

2.5  |  Detection of antioxidant enzymes in liver

2.5.1  |  Catalase (CAT) activity

Catalase activities in 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 de-
composing 1 μmol H2O2 per second. The experiment was repeated 
in triplicate.

2.5.2  |  Glutathione peroxidase (GPx) activity

Glutathione peroxidase activities in liver were observed at OD340 
absorbance by using a GPx activity kit (Beyotime Biotechnology, 
China). Results were shown as mU GPx activity per milligram of pro-
tein. The experiment was repeated in triplicate.

2.5.3  |  Glutathione reductase (GR) activity

Glutathione reductase activities in liver were detected at OD412 ab-
sorbance 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.
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2.6  |  Statistical analyses

The above results were subjected to one-way ANOVA analysis by 
using SPSS. If the analytical levels of p-value reach <.05, results 
were statistically significant.

3  |  RESULTS

3.1  |  Pathological characteristics of midgut villi 
after A. hydrophila challenge

In Figure 1a–g, a significant morphological alteration was detected in 
midgut of WCC following gut infection with A. hydrophila. Villi vacu-
olization was observed in midgut at 24 h post-infection, then midgut 
villi showed a deformed characteristics with abnormal cell morphol-
ogy, fusion and submucosal rupture, whereas no pathological change 
was observed in the control. In Figure  1h, the average numbers 
of Goblet cells in A. hydrophila-infected midgut were consistently 
higher than those of the control, while time-dependent reduction of 
length-to-width ratios of midgut villi was observed (Figure 1i).

3.2  |  Bacterial load detection

In Figure 2a–d, expression profiles of A. hydrophila hlyA gene in liver, 
kidney and midgut peaked at 24 h post-infection, followed by a sig-
nificant decline from 24 h to 72 h, while highest level of A. hydrophila 
hlyA gene expression in spleen was detected at 48 h post-infection.

TA B L E  1  The primer sequences used in this study.

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

qpcr-zo-1-F TGCCC​AGA​GGT​GAA​
GAGGTC

qPCR

qpcr-zo-1-R GCCCA​GTT​TGC​CGT​TGTAA qPCR

qpcr-occludin-F GTTGC​CCA​TCC​GTA​GTT​
CAGT

qPCR

qpcr-occludin-R CTTCA​GCC​AGA​CGC​TTGTTG qPCR

qpcr-claudin10-F ATGTA​GGA​GGC​AAG​
GGTGGT

qPCR

qpcr-claudin10-R GCAGT​TAG​TGA​CGG​ACG​
AGGT

qPCR

qpcr-claudin12-
cara-F

CTTGC​TGC​TCC​AAA​ACT​
CCTG

qPCR

qpcr-claudin12-
cara-R

GCCAC​ATA​CAC​CCC​AAA​
CTCT

qPCR

qpcr-claudin20-
cara-F

GCCTA​ACT​GGA​AGG​
TGAGCG

qPCR

qpcr-claudin20-
cara-R

GCCGT​CTG​GAG​GTA​TGCG qPCR

qpcr-MUC7-F AGACC​AAA​GCC​CAC​GCAG qPCR

qpcr-MUC7-R ACACC​AGT​CCA​GCC​AGCAG qPCR

qpcr-MUC13-F TGCCA​CAT​CAG​TTT​CAG​
TTGC

qPCR

qpcr-MUC13-R TTCAC​CCA​CCG​CCA​TTTC qPCR

qpcr-BMI-1-F TGAGG​ACA​GAG​GAG​AAG​
TGGC

qPCR

qpcr-BMI-1-R GCAGG​GCA​TTG​TAA​GTAGCG qPCR

qpcr-CD28-F CAGAA​AGA​TTG​GAA​ACG​
GCACT

qPCR

qpcr-CD28-R AGGAA​GCG​ACG​ATT​AGG​
ATGG

qPCR

qpcr-CD22-F ACTGG​ATG​TAT​GGA​CAA​
TGGC

qPCR

qpcr-CD22-R TTGCG​TAG​ACT​GCT​GAA​
CCTT

qPCR

qpcr-MMP23-F AAGAC​GCC​CGC​TCCCA qPCR

qpcr-MMP23-R GCCAG​TTC​TCC​AGT​GATGCC qPCR

qpcr-18S-F CGGAG​GTT​CGA​AGA​
CGATCA

qPCR

qpcr-18S-R GAGGT​TTC​CCG​TGT​TGAGTC qPCR

qpcr-GAPDH-F CAGGG​TGG​TGC​CAA​GCG qPCR

qpcr-GAPDH-R GGGGA​GCC​AAG​CAG​
TTAGTG

qPCR

qpcr-hlyA-F GGCCG​GTG​GCC​CGA​AGA​
TACGGG

qPCR

qpcr-hlyA-R GGCGG​CGC​CGG​ACG​AGA​
CGGGG

qPCR

qpcr-casp2-F GGCTA​AAC​CGA​CAT​CCCAGG qPCR

qpcr-casp2-R GCCGT​AAG​AGC​AGC​ACA​
GAAG

qPCR

(Continues)

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

qpcr-casp9-F GTGGG​ATA​GAT​GAC​CAG​
ACGG

qPCR

qpcr-casp9-R GAGAA​GTT​TTC​GGA​GGA​
AGTTGA

qPCR

qPCR-MMP9-F GACAT​CCG​CAA​CTA​TCA​
AACTT

qPCR

qPCR-MMP9-R GGGGT​AAC​ATC​ACT​CCA​
GACTT

qPCR

qpcr-TLR5-F GAAAC​CTT​CAA​CCT​GGCTCA qPCR

qpcr-TLR5-R ATCCT​GGC​TGT​CGT​CGG qPCR

qpcr-C1q-F GTGGT​GGC​ATT​GAT​GGCAG qPCR

qpcr-C1q-R TCGGT​TTC​GCA​GCA​CAGAG qPCR

qpcr-C6-F GAGCC​AAG​CAT​CCC​ACAAG qPCR

qpcr-C6-R TGAGC​AGG​TCT​CCC​ATTCG qPCR

qpcr-leap2-F1 AGACA​CTG​ACT​GGG​CGACC qPCR

qpcr-leap2-R1 CTGTT​GAG​CAT​TAT​TGA​
AGGA

qPCR

qpcr-lysC-F ATGAA​GGT​GGC​GAT​TGCG qPCR

qpcr-lysC-R AAACT​TGC​TTT​CCC​AGT​
AGGC

qPCR

TA B L E  1  (Continued)
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3.3  |  Expressions of tight junction proteins and 
immune-related genes in midgut

As shown in Figure 3a–e, WCC anally intubated with A. hydrophila ex-
hibited a significant decline of ZO-1, occludin, claudin-10, claudin-12 

and claudin-20 expression in midgut from 24 h to 72 h by comparing 
with the control, respectively.

In Figure 4a, MUC7 expression began to increase at 24 h post-
infection and peaked at 48 h with the highest value of 19.88-fold 
greater than that of the control. In Figure  4b–e, expression levels 

FIGURE 1 Morphological analysis of midgut in WCC 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. (h, i) average numbers of goblet cells and length-to-width ratio of 
midgut villi were calculated. Results (mean ± SD) with different letters were significantly different (p < .05). The experiments were performed 
in triplicate.
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of MUC13, CD22 and CD28 reached the highest levels at 24 h post-
infection, while the highest level of BMI-1 expression was observed 
at 72 h following gut infection with A. hydrophila.

3.4  |  Effect of invasive A. hydrophila on 
immune and antioxidant properties in liver

As shown in Figure 5a,b, a gradual increase of liver C1q mRNA ex-
pression was observed from 24 h to 72 h following gut infection with 
A. hydrophila, whereas liver C6 expression peaked at 48 h, followed 
by a dramatic decline. In Figure 5c,d, a 48.61- and 5.82-fold increase 
in MMP9 and MMP23 expression was detected at 24 h and 48 h, 
respectively. In Figure 5e,f, caspase-2 mRNA expression increased 
sharply at 48 h post-infection, followed by a significant decline at 
72 h, while caspase-9 expression reached the highest level at 24 h and 
declined gradually from 24 h to 72 h. In Figure 5g–i, the highest ex-
pression profiles of TLR5, LEAP-2 and LysC in A. hydrophila-infected 
WCC were approximately 45.32-, 4.36- and 12.18-fold greater than 
those of the control, respectively. In Figure 5j–l, enzymatic activities 

of CAT, GPx and GR in liver reached the peaked levels at 72 h post-
infection, respectively.

4  |  DISCUSSION

Aeromonas hydrophila is widely considered as one of major etio-
logic agents in aqueous environments, which can trigger a wide 
spectrum of diseases such as gastroenteritis and septicemia (Abd-
El-Malek,  2017). Most isolated A. hydrophila strains can exert the 
cytotoxic effect and possess a quantity of virulence factors, in-
cluding enterotoxin, haemolysin and cytotoxin (Gray et al.,  1990). 
Furthermore, alternative sigma factors, two-component systems, 
heat shock proteins and cold shock proteins of A. hydrophila can di-
rectly participate in stress response mechanisms, which can enable 
biofilm formation and maturation to enhance its ability of food- and 
water-borne pathogens and survive in environment or within the 
host (Awan et al., 2018).

Our previous findings have demonstrated that invasive A. hy-
drophila can alleviate antioxidant status and impair metabolic 

F I G U R E  2  Detection 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 < .05).
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homeostasis in fish kidney (Xiong et al., 2023). In this current study, 
WCC receiving anal intubation with A. hydrophila showed a progres-
sive pathological characteristics with severe tissue deformation and 
abnormal cell morphology in midgut villi, along with an increased 

numbers of goblet cells. In general, tight junction integrity acting 
as physiological barrier is playing an important role in the frontline 
defence against infectious agents (Schneeberger & Lynch,  2004), 
while epithelial cells is pivotal sensors of invading microbes in gut 

F I G U R E  3  Effect of A. hydrophila infection on tight junction. Expression profiles of ZO-1 (a), occludin (b), claudin-10 (c), claudin-12 (d) and 
claudin-20 (e) were determined in midgut of WCC following A. hydrophila infection. The calculated data (mean ± SD) with different letters 
were significantly different (p < .05) among the groups. The experiments were performed in triplicate.
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F I G U R E  4  Gene expressions in midgut mucosal immunity of WCC anally intubated with A. hydrophila. Expressions of MUC7 (a), 
MUC13 (b), BMI-1 (c), CD22 (d) and CD28 (e) were detected by qRT-PCR assay. The calculated data (mean ± SD) with different letters were 
significantly different (p < .05) among the groups. The experiments were performed in triplicate.
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F I G U R E  5   (Continued)
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tract, which can recruit and chemoattract the adhesion of activated 
immune cells (Kagnoff & Eckmann, 1997). Mucus layer and goblet 
cells can direct mucosal immune defence against invasive pathogens 
and facilitate immune-related cell connection in gut tract by secret-
ing mucin glycoproteins and bioactive molecules (Kim & Ho, 2010; 
Pelaseyed et al.,  2014). BMI-1 belonging to polycomb-repressive 
complex 1 (PRC1) family is indispensable for self-renewal and main-
tenance of stem cells in gut tract, which may facilitate overall tis-
sue homeostasis and repair (Bhattacharya et al.,  2015). CD22 is a 
transmembrane glycoprotein that regulates a central role in the 
survival and cellular homeostasis of mature B lymphocytes (Tedder 
et al., 2005). CD28, a member of heterophilic cell adhesion complex, 
can bind to B7 molecule on antigen-presenting cells, then modulating 
T lymphocyte activation and cytokine production (June et al., 1990). 
In this study, WCC anally intubated with A. hydrophila showed a de-
clined level of ZO-1, occludin, claudin-10, claudin-12 and claudin-20 
in midgut, along with elevated profiles of MUC7, MUC13, BMI-1, 
CD22 and CD28. Additionally, expressions of A. hydrophila hlyA in-
creased significantly in liver, kidney, spleen and midgut of WCC sub-
jected to gut infection with A. hydrophila. These results implied that 
A. hydrophila infection promote midgut injury with increased levels 

of mucosal immune response and epithelial permeability, leading to 
the migration of invasive A. hydrophila to other tissues for systemic 
infection through gut barrier.

Liver is one of major recipients of gut-derived products, which 
enables production of acute phase proteins and antimicrobial 
molecules to alleviate the dispersal of infectious agents, mitigate 
tissue injury and participate in immune surveillance (Bayne & 
Gerwick, 2001). Moreover, liver is also playing a predominant role 
in eliminating invasive pathogens by generating 80% to 90% of the 
complement components and pattern-recognition receptors (Gao 
et al.,  2008). C1q is a critical complement component that can 
exert in vitro antibacterial activity and modulate the activation of 
classical complement cascades (Wang et al.,  2017). C6 is one of 
important terminal complement components involved in forma-
tion of membrane attack complex (MAC), which can enable for-
mation of C5b-9 complex to promote complement-mediated lysis 
(Schäfer et al., 1986). MMPs are zinc-dependent endopeptidases 
that can confer protection against lethal bacterial infection in fish 
by regulating macrophage migration (Shan et al.,  2016). LEAP-2 
and LysC are involved in direct bacteria killing mechanism in fish 
(Li et al.,  2015; Wei et al.,  2012). CAT, GR and GPx are playing 

F I G U R E  5  Assessment of immune-related gene expressions and antioxidant properties in liver of WCC anally intubated with 
A. hydrophila. (a–i) Expressions of C1q, C6, MMP9, MMP23, caspase-2, caspase-9, TLR-5, LEAP-2 and LysC were detected by qRT-PCR 
assay. (j–l) Enzymatic activities of CAT, GPx and GR were determined in liver. The calculated data (mean ± SD) with different letters were 
significantly different (p < .05) among the groups. The experiments were performed in triplicate.
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an important role in first line of antioxidant defence against free 
radicals during pathogenic infection (Sahreen et al.,  2021), but 
prolonged production of reactive oxygen species (ROS), one of 
potent antibacterial molecules, can induce antioxidant insult, 
impair macromolecular bioactivity as well as promote cell death 
via caspase signals (Ricci et al., 2003; Rizwan et al., 2014). In this 
study, elevated expressions of C1q, C6, MMP9, MMP23, TLR5, 
LEAP-2, LysC, caspase-2 and caspase-9 were detected in liver of 
WCC anally intubated with A. hydrophila, along with up-regulation 
of CAT, GR and GPx activity. Thus, taken together, these results 
indicated that midgut infection with A. hydrophila could trigger 
systemic immune response and antioxidant alternation in gut–liver 
axis of WCC.

In summary, we characterized time-dependent midgut damage 
and increased levels of bacterial loads in tissues of WCC subjected 
to gut infection with A. hydrophila. Gut infection with A. hydrophila 
could increase midgut epithelial permeability and reduce expression 
levels of tight junction proteins, but immune signals in gut muco-
sal barrier were activated. In addition, elevated levels of immune-
related gene expressions and antioxidant capacities were detected 
in liver. Thus, the information presented in this study could give a 
new insight into the immune regulation in gut–liver axis of WCC un-
dergoing gut infection with A. hydrophila.
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