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Aeromonas hydrophila can threaten the survival of freshwater fish. In this study, A. hydrophila challenge could
induce tissue damage, promote antioxidant imbalance as well as alter the transcript levels of oxidative stress
indicators, apoptotic genes and metabolic enzyme genes in kidney of red crucian carp (RCC). Metabolomics
analysis revealed that A. hydrophila challenge had a profound effect on amino acid metabolism and lipid
metabolism. In addition, we further identified dipeptides, fatty acid derivatives, cortisol, choline and tetrahy-
drocortisone as crucial biomarkers in kidney of RCC subjected to A. hydrophila infection. These results high-

lighted the importance of metabolic strategy against bacterial infection.

1. Introduction

Increasing evidences have demonstrated that exposure to environ-
mental hazards may result in pathogenesis of severe diseases in mam-
mals [1]. Similarly, both biotic and abiotic stressors can cause
physiological malfunction and immune dysregulation in fish, rendering
fish more susceptible to invading pathogens [2,3]. Additionally, the
release of pollutants, including antibiotics and heavy metals, may pro-
mote the increasing numbers of resistant bacteria [4,5].

Microbial diseases can threaten the survival of aquatic animals,
causing a great economic loss [6]. Crucian carp (Carassius auratus) is one
of the most important economic freshwater fish and abundant in lakes,
rivers and reservoirs in China, which is popular with fish farmers [7].
However, accumulating reports have pointed out that A. hydrophila may
be the dominant motile Aeromonas species that causes disease outbreaks
in aquaculture [8]. Invading pathogens successfully breach mucosal and
epithelial barriers that can cause inflammatory events, whilst a large
range of cell types and signal mediators are involved in pathogen-
induced inflammatory response [9]. In addition, bacterial infection
and endotoxin stimulation may stimulate the generation of reactive
oxygen species (ROS) in aquatic animals [10,11]. Antioxidant enzymes
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and endogenous antioxidants can serve as the first cellular defense
agaisnt oxidative stress, but ROS accumulation may exhibit an adverse
effect on the organisms, triggering antioxidant imbalance and lipid
peroxidation [12]. A. hydrophila is a gram-negative pathogen capable of
generating various virulence factors, which is a widespread represen-
tative of Aeromonadaceae found in water, river sediment, fish and
shellfish [13]. Previous studies have demonstrated that A. hydrophila
infection can significantly increase accumulative mortality of allogy-
nogenetic crucian carp at the doses of 1 x 108 CFU m1~! [14].

Although immunoprophylaxis is an effective strategy in the spread
limitation of pathogenic infection [15], vaccine application cannot al-
ways deal with all issues of infectious diseases and antibiotics bio-
accumulation, which may easily trigger the emergence of antibiotic
resistance bacteria (ARB) in water environment [16]. Immunometabo-
lism is an emerging field of investigation linking immunolgy to meta-
bolism, which has emerged as an important mechanism central to innate
and adaptive immune regulation and provided a new insight into the
underlying mechanism between infection-induced systemic inflamma-
tion and homeostasis [17].

In this study, the aims were to evaluate the antioxidant status and
metabolite profiles of red crucian carp (RCC, Carassius auratus red var).
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This study may provide a comprehensive data on the biochemical
pathways and immunometabolic status of A. hydrophila-infected fish.

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

Red crucian carp (RCC, average length 15.1 + 0.82 cm) was accli-
matized in 70 x 65 x 65 cm plastic aquarium (25 fishes/aquarium) with
the clean freshwater (pH 8.0, 23 + 1 °C) for two weeks and fed with
commercial diet twice daily till 24 h before challenge experiment,
respectively. In addition, water quality was properly controlled to avoid
pathogenic contamination during fish acclimation or immune challenge.

2.3. Immune challenge with A. hydrophila

A. hydrophila strain L3-3 (accession number: OM184261) was
cultured in Luria-Bertani (LB) medium at 28 °C for 24 h, centrifuged at
10,000 xgat 4 °C for 15 min and resuspended in 1 x PBS (pH 7.3) [18].
Then, fish receiving 100 pl suspension of 1 x 107 CFU ml~* A. hydrophila
in phosphate buffered saline (PBS) was served as infection group
(RCCah), while injection of 100 pl sterile PBS was used as the control
group (RCCctl). Kidney samples were isolated from RCC at 48 h post-
infection. Each group contained six sets of kidney samples for biolog-
ical replication. Each set was the single sample isolated from three
different individuals.

2.4. Sample preparation for nontargeted metabolomics by liquid
chromatography-mass spectrometry (LC-MS)

Sample preparation for LC-MS metabolomics was performed as
previously described [19]. Following protein removal, filtrated samples
were dried in vacuum and analyzed by ultraperformance liquid chro-
matography (UPLC) coupled to a premium quadrupole-time of flight
mass spectrometer (QTOF-MS) [20]. Binary gradient elution system is
composed of water (containing 0.1% formic acid, v/v) and acetonitrile
(containing 0.1% formic acid, v/v). LC-MS metabolomics was operated
in positive and negative ion mode (scan range 50-1000 m/z). QCs were
injected at regular intervals throughout the analytical run.

2.5. LC-MS data processing and pathway analysis

Raw data were analyzed by progenesis QI software. Then, LC-MS
data were shown with mass/charge ratio (m/z), peak retention time
(RT) and peak intensity, while RT-m/z pairs were used for ion identifi-
cation. Resulting matrix was reduced by peak removals with more than
60% missing value (ion intensity = 0) in samples. Internal standard was
used for QC analysis and the metabolites were annotated by using public
metabolic database, which were subjected to principal component
analysis (PCA) and partial least squares discriminate analysis (PLS-DA).
Threshold of variable importance in projection (VIP) was set to 1 for
ranking metabolites. Differential metabolites were analyzed by hierar-
chical cluster analysis (HCA) and represented as heat map, which was
performed on the log transformed normalized data and completed in R
platform using distance matrix. Then, differential metabolites were
analyzed by Kyoto Encyclopedia of Genes and Genomes (KEGG)
database.
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2.6. Histological analysis

Based on the protocols, kidney samples were fixed in Bouin solution,
dehydrated in ethanol, clarified in xylene, and embedded in paraffin
wax. After that, the samples were sectioned (approximately 5 pm thick)
and stained by using a hematoxylin and eosin (HE) staining kit [21]. The
prepared slides of the sections were examined by using a light micro-
scope with 200x magnification. The experiment was repeated in
triplicate.

2.7. Measurement of total superoxide dismutase (SOD) activity

According to protocols of total SOD activity kit (Beyotime Biotech-
nology, Shanghai, China), enzymatic activities in kidney were measured
as the changes in absorbance at 560 nm. 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.

2.8. Measurement of catalase (CAT) activity

Based on protocols of catalase (CAT) activity kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China), reaction compounds could be
monitored by the absorbance at 405 nm. 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 pmol Hz0, per second. The experi-
ment was repeated in triplicate.

2.9. Measurement of total antioxidant capacity (T-AOC)

Based on protocols of total antioxidant capacity (T-AOC) assay kit
with ABTS method (Beyotime Biotechnology, Shanghai, China), T-AOC
level in kidney was determined by the absorbance at 734 nm. Trolox
solution was used as a reference standard. The experiment was repeated
in triplicate.

2.10. Measurement of malondialdehyde (MDA) production

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), tissue
MDA amount was measured. The concentration of MDA was expressed
as micromole MDA per milligram of protein. The experiment was
repeated in triplicate.

2.11. Determination of glutathione peroxidase (GPx) activity

According to protocols of cellular glutathione peroxidase assay kit
with NADPH (Beyotime Biotechnology, Shanghai, China), GPx activity
in kidney was measured at 340 nm. Results were expressed as mU GPx
activity per milligram of protein. The experiment was repeated in
triplicate.

2.12. Determination of glutathione reductase (GR) activity

According to protocols of glutathione reductase assay kit with DTNB
(Beyotime Biotechnology, Shanghai, China), GR activity in kidney was
measured at 412 nm. Results were expressed as mU GR activity per
milligram of protein. The experiment was repeated in triplicate.

2.13. Determination of NADPH/NADP™ ratio

NADPH/NADP™' contents in kidney were determined by using
NADPH/NADP™" assay kit (Beyotime Biotechnology, Shanghai, China).
Then, NADPH/NADP" ratios were calculated as: [NADPH]/[NADP'] =
[NADPH] / (INADP total] — [NADPH]). The experiment was repeated in
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Table 1

The primer sequences used in this study.
Primer names Sequence direction (5’ — 3') Use
RT-actin-F GACCGAGCGTGGCTACAG qPCR
RT-actin-R GATACCGCAAGACTCCATACC qPCR
RT-Bax-F GGTGGAGGCGATACGGG qPCR
RT-Bax-R CGAGTTGGTTGAAGAGTGGAGT qPCR
RT-caspase-3-F AGATGCTGCTGAGGTCGGG qPCR
RT-caspase-3-R GGTCACCACGGGCAACTG qPCR
RT-caspase-8-F TGTGAATCTTCCAAAGGCAAA qPCR
RT-caspase-8-R CTGTATCCGCAACAACCGAG qPCR
RT- HSP90a-F AGCAGCCGATGATGGA qPCR
RT- HSP90a-R GGATTTGGCGATGGTTC qPCR
RT-CA2-F TGATGAATCGCTGAAACCG qPCR
RT-CA2-R GTCGTCGCTGGCACCC qPCR
RT-STS-F GGAAGGTGGGATTCGGAT qPCR
RT-STS-R ATGACTCTGTCGCTGGGTTT qPCR
RT-17pHSD8-F CATCACTGTGGGCAGCATAG qPCR
RT-17pHSD8-R GCTCTTTGGCAGCGGTT qPCR
RT-BCL2-F AGCCGCAGTATTGTGGTGA qPCR
RT-BCL2-R CATTTCCGCAAAGTCCGA qPCR
RT-NR13-F GGCTGGAGGAAAACGGAG qPCR
RT-NR13-R AACAGTGCGGTCTTCATCG qPCR
RT-TrxR-F TCCTGGGGTCTGGGTGG qPCR
RT-TrxR-R CAGCCGAACTTGCGTGC qPCR
RT-CAT-F ACCCATCGCTGTTCGTTTT qPCR
RT-CAT-R AGTTGCCCTCATCGGTGTAG qPCR
RT-CuZnSOD-F GGACCAACGGATAGCGACA qPCR
RT-CuZnSOD-R CCAGGCGACTTCCAGCG qPCR
RT-MnSOD-F CACTGCCTGACCTCCCAT qPCR
RT-MnSOD-R CCATCCTGAGCCCTGAAC qPCR

triplicate.

2.14. Detection of ROS production

ROS content in kidney was measured by using DCFH-DA probe
(Beyotime Biotechnology, Shanghai, China) as previously described
[22]. In brief, the supernatants of 10% tissue homogenates were mixed
with DCFH-DA probe. Then, reaction mixtures were measured by a
fluorescence reader with an excitation wave length of 480 nm and
emission wavelength of 520 nm. The experiment was repeated in
triplicate.

2.15. RNA isolation and cDNA synthesis

Total RNA isolation and cDNA synthesis were performed as previ-
ously described [23]. In brief, total RNA was extracted from kidney
samples by using HiPure Total RNA Mini kit (Magen, China). After that,
concentration and integrity of purified total RNA were determined by
measurement of 260/280 nm absorbance and agarose gel electropho-
resis, respectively. 1000 ng of purified total RNA was used for cDNA
synthesis using Revert AidTM M-MuLV Reverse Transcriptase Kit (MBI
Fermentas, USA).

2.16. Quantitative real-time PCR (qRT-PCR) assay

Expression profiles of caspase-3, caspase-8, Bcl-2-associated X pro-
tein (Bax), Bcl-2 (B-cell lymphoma-2), anti-apoptotic protein NR13-like,
heat shock protein 90 alpha (HSP90x), manganese-containing super-
oxide dismutase (MnSOD), copper zinc superoxide dismutase (CuZn-
SOD), thioredoxin reductase (TrxR), catalase (CAT), carbonic anhydrase
2 (CA2), steroid sulfatase (STS), hydroxysteroid 17-beta dehydrogenase
8, (17p-HSD8) were examined by using Applied Biosystems QuantStudio
5 Real-Time PCR System (Applied Biosystems, USA). At the end of qRT-
PCR amplified reactions, melting curve analysis was implemented to
confirm credibility of each qRT-PCR analysis. Expression of f-actin was
measured and used as internal control to normalize results of qRT-PCR
analyses. All primers were checked to be completely identical to
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Control

A. hydrophila challenge

Fig. 1. Histological sections of kidney in RCC following A. hydrophila chal-
lenge. The control samples (A) and A. hydrophila-infected samples (B) were
sectioned and stained by using a hematoxylin and eosin (HE) staining kit. CH:
cell hypertrophy; NA: nuclear atrophy; CS: cloudy swelling; V: vacuolization; M:
mesangial cells.

sequences of target genes and primer specificity was confirmed prior to
qRT-PCR assay. Each sample was analyzed in triplicate. The primers
were shown in Table 1. qRT-PCR results were measured with 2724Ct
methods.

2.17. Statistical analyses

The data analyses were measured by using SPSS 18 analysis program
and represented as means + standard deviation. All of the experimental
data analyses were subjected to Student's t-test or one-way ANOVA (one-
way analysis of variance). Further analysis of Duncan's multiple range
test, only if the level of P-value <0.05, the differences were considered
statistically significant.

3. Results

3.1. Tissue damage and antioxidant status in kidney following
A. hydrophila challenge

As shown in Fig. 1A-B, A. hydrophila challenge could stimulate ranges
of tissue damage in kidney of RCC, including cell hypertrophy, cyto-
plasmic vacuolation, nuclear atrophy, cloudy swelling and formation of
mesangial cells.
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Fig. 2. Antioxidant status in kidney of RCC after A. hydrophila challenge. Total SOD (A), CAT (B), T-AOC (C), GPx (D), GR (E), NADPH/NADP™" ratio (F), ROS
generation (G) and MDA (H) were measured by a microplate reader. The calculated data (mean + SD) with different letters were significantly different (P < 0.05).
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Fig. 3. Gene expression profiles in kidney of RCC following A. hydrophila challenge. Relative expressions of caspase-3, caspase-8, Bax, HSP90«, 17p-HSD8, Bcl-2,
NR13, MnSOD, CuZnSOD, TrxR, CAT, CA2 and STS in kidney of RCC were calculated by the 24ACt methods. The calculated data (mean + SD) with different

letters were significantly different (P < 0.05).

Antioxidant parameters in kidney following A. hydrophila challenge
were shown in Fig. 2A-H. Total SOD activity, CAT activity, GPx activity,
GR activity and T-AOC level decreased sharply after A. hydrophila
challenge, whereas a significant increase of NADPH/NADP™ ratio, ROS
production and MDA amount was detected.

3.2. Gene expressions determined by qRT-PCR assay

In Fig. 3, expression profiles of oxidative stress indicators, apoptotic
genes and metabolic enzyme genes were investigated following
A. hydrophila infection. Expression levels of caspase-3, caspase-8, Bax,
HSP90a, and 17p-HSD8 increased significantly in RCC subjected to
A. hydrophila challenge, while a sharp decrease of Bcl-2, NR13, MnSOD,
CuZnSOD, TrxR, CAT, CA2 and STS mRNA was detected.

3.3. Metabolite categories and profiles after A. hydrophila infection

In order to obtain clear separation of LC-MS metabolic data from
control samples and A. hydrophila infection samples, combination
analysis of PCA model and PLS-DA model was investigated in this study.
The scatter plot of PCA model obtained with data of kidney samples was
shown in Fig. 4A. The cross-validation of predicted model showed a PC1
value of 26.02% for the first component and a PC2 value of 21.26% for
the second component. Furthermore, LC-MS data were analyzed by PLS-
DA model. The predicted model showed a PC1 value of 25.05% for the
first component and a PC2 value of 6.87% for the second component,
which is subjected to permutation test (Fig. 4B-C). To characterize
crucial metabolic biomarkers in RCC after A. hydrophila infection, sec-
ondary metabolites were analyzed based on metabolomics database. In
Fig. 5A, percentages of metabolic categories in RCCah vs RCCctl ranked
amino acids > lipids > carbon sources = nucleotides. In Fig. 5B-C, a total
of 244 differential metabolites were detected in RCCah vs RCCctl, con-
taining 66 increased metabolites and 178 decreased metabolites. The
numbers of increased and decreased metabolites in RCCah vs RCCctl
were shown in Fig. 5D. Most numbers of metabolites in amino acids,
carbon sources and lipids were down-regulated in RCCah vs RCCctl,
while most numbers of metabolites in nucleotides were up-regulated.

To represent the relative contents of crucial metabolites (P-value <
0.05, VIP > 1) in RCCah vs RCCctl, HCA-heatmap of top 60 metabolites
were investigated. As shown in Fig. 6, relative abundances of most
stress-induced hormones increased dramatically in RCCah vs RCCctl,
while the contents of phosphatidylcholine (PC), lysophosphatidylcho-
line (LysoPC), lysophosphatidylethanolamine (LysoPE), lysophosphati-
dylinositol (LysoPI) and various dipeptides were significantly down-
regulated.

3.4. Important metabolites and pathway analysis

To investigate the mechanisms linking A. hydrophila-induced me-
tabolites in RCC and the specific pathways, the obtained secondary
metabolites were used for pathway enrichment by KEGG analysis. In
Fig. 7A, differential metabolites in RCCah vs RCCctl belonged to five
main categories, including “Cellular processes”, “Environmental infor-
mation processing”, “Genetic information processing”, “Metabolism”
and “Organismal systems”, while the most assigned category was
“Metabolism”. In Fig. 7B, “Bile secretion” and “Steroid hormone
biosynthesis” enriched the most metabolites in RCCah vs RCCctl, while
“Bile secretion” was significantly enriched. Based on VIP scores analysis,
the crucial metabolites determined from “Bile secretion” and “Steroid
hormone biosynthesis” were shown in Fig. 7C. Thirteen metabolites
were determined as the crucial metabolite indicators, while the stress-
induced hormones such as choline, tetrahydrocortisone, spermine,
cortisol and estrone (VIP > 1.5) may appear to play important roles in
metabolic processes of RCC subjected to A. hydrophila infection.

4. Discussion

A. hydrophila is a gram-negative bacteria that can cause severe dis-
ease outbreak during aquaculture. Among known secreted virulent
factors, aerolysin can promote cell hemolysis and cause deep wound
infection by binding to specific glycophosphatidylinositol (GPI)-
anchored proteins on the surface of fish cells [24]. In this study, we
found that A. hydrophila challenge could stimulate ranges of tissue
damage in kidney of RCC.
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Fig. 6. HCA-heatmap showing the relative contents and relationship of top 60 metabolites (P-value < 0.05, VIP > 1) in RCCah vs RCCctl.

In general, kidney is one of the major lymphoid tissues in fish, which
is involved in lymphocytes- and macrophages-mediated immune
response [25]. However, acute bacterial infection can induce oxidative
stress, resulting in redox imbalance and lipid peroxidation [26]. Addi-
tionally, excessive accumulation of intracellular ROS may impair host
immunity, affect metabolic response and delay bacterial clearance [27].
Although antioxidant enzymes and compounds can alleviate cytokine-
mediated toxicity [28], severe oxidative stress can attenuate antioxi-
dant defense in fish [29]. In this study, decreased levels of total SOD
activity, CAT activity, GPx activity, GR activity and T-AOC level along
with up-regulation of NADPH/NADP" ratio, ROS production and MDA
amount were observed in kidney following A. hydrophila challenge. In
addition, down-regulated expressions of MnSOD, CuZnSOD, TrxR and
CAT along with increased levels of HSP90a were observed in kidney
following A. hydrophila challenge. These results implied that acute
A. hydrophila infection could significantly suppress antioxidant defense
in RCC undergoing severe oxidative stress.

Evidences are emerging that mitochondrial malfunction is highly
associated with increased level of intracellular oxidative stress, which is
considered as an early event in apoptosis [30,31]. Apoptosis is highly
modulated cell death process in the normal development and homeo-
stasis within the host that can mitigate autoimmunity and ameliorate
aberrant immune response, as well as remodel inflamed sites via
phagocytic clearance of dying cells [32]. The expression ratios of pro-
apoptotic and anti-apoptotic genes may delineate apoptotic status in
cells and then determinate cell survive and death [33]. In this study, pro-

apoptotic genes (caspase-3, caspase-8 and Bax) and anti-apoptotic genes
(Bcl-2 and NR13) were investigated in kidney after A. hydrophila infec-
tion. Enhanced levels of caspase-3, caspase-8 and Bax along with
decreased expressions of Bcl-2 and NR13, suggesting that A. hydrophila
infection could augment the activation of apoptotic signals in kidney of
RCC.

Exposure to stressors may alter teleostean non-specific response in
hormone levels, metabolite contents, hydromineral balance and hema-
tological changes, which may enable fish to maintain homeostasis and
counteract stress-evoked adverse effects [34]. Previous findings indicate
that Salmonella infection elicits a profound effect on tissue metabolite
profiles, disturbing eicosanoid metabolism, steroid metabolism and bile
acid synthesis [35]. In this study, LC-MS results analyzed by KEGG
revealed that A. hydrophila infection could significantly alter amino acid
metabolism and lipid metabolism in kidney of RCC, whereas the most
metabolites were enriched in bile secretion and steroid hormone
biosynthesis. In addition, transcript levels of CA2 and STS decreased
significantly in kidney following A. hydrophila challenge, while 17p-
HSD8 expression increased sharply. As is well known, amino acids can
serve as preferential energetic substrates together with fatty acids, while
its deficiency may damage immune function and enhance the suscepti-
bility to infectious diseases [36]. Fatty acids are not only important
energy sources metabolized by p-oxidation, but also function as signal
molecules that can regulate various cellular processes and physiological
functions [37]. In general, bile contains complex components, including
bile salt, fatty acid, cholesterol and bicarbonate, while CA2 expression
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may be involved in the production of bicarbonate for its further secre-
tion to bile [38]. Bile secretion plays an important role in the lipid
digestion and absorption, but invading bacteria may resist bactericidal
conditions of bile and utilize bile as a key signal molecule to enhance
their virulence regulation for efficient infection [39]. In addition,
pathogenic infection may also enhance bile acid deconjugation, elevate
energy expenditure and dysregulate lipid metabolism, causing growth
impairment [40]. In addition, both 17p-HSD isozymes and STS play vital
roles in steroid hormone metabolism and formation of biologically
active steroids [41,42]. Steroid hormones not only elicit a profound
effect in maintenance of host metabolic homeostasis, but also participate
in generating antimicrobial peptides [43] and antagonizing toxin-
induced pathopysiological levels of inflammatory response [44]. In
turn, invading bacteria could alter steroid synthesis and metabolism,
receptor signal activities and expressions of genes containing hormone
response elements [45]. Thus, taken together, A. hydrophila challenge
exhibited a profound effect on amino acid metabolism and lipid meta-
bolism, dramatically decreasing dipeptide and fatty acid derivatives
along with elevated levels of stress-induced hormones in kidney of RCC.

In summary, we characterized histological analysis, antioxidant ac-
tivities, apoptotic gene expressions and metabolic features in RCC
following A. hydrophila challenge. Our findings revealed that
A. hydrophila infection could induce kidney injury, decrease antioxidant
status along with increased level of apoptotic processes. In addition, we
further identified dipeptides, fatty acid derivatives, cortisol, choline and
tetrahydrocortisone as crucial biomarkers in kidney of RCC subjected to
A. hydrophila challenge. Thus, the information presented in this study
could highlight the importance of metabolic strategy to cope with bac-
terial infection.
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