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Abstract: A 56-day feeding trial investigated the effects of dietary histamine on the antioxidant
capacity, gastric and intestinal barrier functions, and growth performance of striped catfish (Pan-
gasianodon hypophthalmus). Seven isonitrogenous (34.0% crude protein) and isolipidic (10.5% crude
lipid) diets were formulated with supplemental 0, 15, 30, 60, 120, 240, and 480 mg/kg of histamine,
named H0, H15, H30, H60, H120, H240, and H480 group, respectively. Results showed that the
weight gain rate, specific growth rate, relative intestinal length in the H240 and H480 groups, and the
condition factors in the H480 group were significantly lower than those in the H0 group. Intestinal
total antioxidant capacity, peroxidase, catalase, superoxide dismutase, glutathione peroxidase, and
glutathione reductase activities in the H480 group were significantly lower than those in the H0 group,
whereas intestinal malondialdehyde content exhibited the opposite trend. Intestinal complement 3,
complement 4, immunoglobulin M, and Recombinant Mucin 2 in the H480 group were significantly
lower than those in the H0 group, in contrast to intestinal lipopolysaccharide content. Intestinal IL-10
gene expression in the H480 group was significantly lower than that in the H0 group, whereas the
TNF-α, IL-1, IL-6, and IL-8 gene expression exhibited opposite results. Scanning and transmission
electron microscopic observation of the gastrointestinal tract revealed severe damage to the gastric
mucosa and intestinal epithelium in the H480 group. The abundance of Treponema in the histamine
groups was significantly higher than that in the H0 group. These results indicated that high dietary
histamine decreases intestinal immunity and antioxidant capacity, inducing digestive tract oxidative
damage and ultimately decreasing the growth of striped catfish.

Keywords: histamine; striped catfish; digestive tract; mucosal barrier; oxidative damage

1. Introduction

The striped catfish (Pangasianodon hypophthalmus) is native to the Mekong and Chao
Phraya River basins and is widely farmed in many Asian countries because of its fast
growth, strong adaptability, and high disease resistance [1]. In Vietnam, exports of striped
catfish already accounted for 23.2% of the national aquatic product exports in 2019 [2].
Due to its delicious meat quality, no intermuscular spines, and low price, striped fish is
popular among consumers [3]. As a result, the culture scale of this species is still expanding.
It is well known that reducing farming costs is one of the main strategies to improve
farming economic efficiency [4]. In modern aquaculture, feed costs usually account for
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more than 50% of total costs, since fish meal is increasingly expensive [5–7]. Currently,
fish meal remains an integral part of commercial feed for striped catfish, remaining at
20–60% [8]. In Vietnam, stale fishmeal has been routinely used in catfish farming because of
its local availability and it facilitates the control of feed costs [9]. However, fishmeal stored
for long periods usually contains high doses of histamine due to the decarboxylation of
histidine [10–12]. Moreover, striped catfish are cultivated commercially in subtropical and
tropical regions where unfavorable storage conditions (humidity and heat) often lead to
feed spoilage and produce large amounts of histamine [13]. Therefore, striped catfish may
face dietary challenges with high doses of histamine.

Histamine is a low molecular weight organic nitrogen compound with the chemical
formula of C5H9N3 [14], which extensively participated in numerous metabolic activi-
ties [15–17]. Excessive intake of histamine may cause human health disorders, poisoning,
headaches, and even anaphylaxis [18–20]. Therefore, some regions and countries legislate
to limit the histamine content in food; for the European Union, Australia, and South Africa,
histamine content should be less than 100 mg/kg [21–23], and for the United States of Amer-
ica, below 50 mg/kg [24]. Recently, the effects of histamine on the growth, metabolism,
and health of aquatic animals have attracted widespread attention [12,25–29], with results
showing that dietary histamine interferes with normal metabolism, causes inflammatory
responses, and reduces antioxidant capacity and growth in aquatic animals. Moreover,
the toxic effects of dietary histamine can directly damage the morphology, physiology,
and health of the digestive tract of aquatic animals [29–32] and disrupt the normal gut
microbiota structure [28]. Thus, striped fish may suffer from the toxic effects of dietary
histamine; however, limited information is available about this.

The digestive tract is the main nutrient intake place of fish, and its physiological
function and health maintenance are closely related to antioxidant and immune status.
Specifically, the antioxidant status usually depends on the activity of antioxidant enzyme
systems, including peroxidase, catalase superoxide dismutase, glutathione peroxidase, and
glutathione reductase; the immune status is determined by both the innate and acquired
immune systems, with the innate immune system being the dominant type in fish [29],
which consists of complement and immunoglobulins. To date, no studies have reported
the effects of dietary histamine on the intestinal antioxidant and immune system of striped
catfish. Therefore, this study evaluated the effects of dietary histamine on the antioxidant
capacity, gastric and intestinal barrier functions, and growth performance of striped catfish.
Our data will contribute to the healthy farming of striped fish.

2. Materials and Methods
2.1. Experimental Diets Preparation

Before making the test diet, we tested the histamine content of 22 commercial feeds
for striped catfish (Table 1), and the results showed that the histamine contents ranged
from 33.70–177.00 mg/kg. Among them, the histamine content exceeded 80 mg/kg in eight
feeds, accounting for 36.36%. Subsequently, the histamine content of the experimental diet
was designed based on these data.

Table 1. Histamine content of commercial feeds.

Manufacturer Product Name Production Date Test Date Crude Protein (%) Crude Lipid (%) Histamine (mg/kg)

CPP 783- 3© 2021/3/25 2021/8/5 26.60 6.98 58.60
CPP 781- 2© 2021/4/16 2022/2/7 32.56 8.02 89.00
CPP 781 2021/7/9 2022/2/7 33.72 7.60 40.00

Evergreen 102-3 2021/11/21 2022/2/7 32.80 8.20 107.00
Evergreen 102-3 2021/6/24 2022/2/7 32.56 7.09 40.90

Foshan Baiyang BC-3 2020/11/30 2021/5/27 29.08 6.37 53.80
GLOBAL SAFIR-3 2021/6/11 2022/2/7 31.29 8.34 44.60
Indonesia
Evergreen 104-3 2021/3/29 2021/8/5 23.04 8.72 50.00
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Table 1. Cont.

Manufacturer Product Name Production Date Test Date Crude Protein (%) Crude Lipid (%) Histamine (mg/kg)

Indonesia
Evergreen 104-2 2021/6/19 2021/8/5 23.89 8.69 60.90

Indonesia
Tongwei 168 2021/2/6 2021/8/5 32.03 7.92 67.80

Jiangmen Coral 3662 2021/1/25 2021/5/10 34.10 8.34 177.00
PT. CJ AT-3 2021/3/28 2021/8/5 15.80 7.12 55.80

PT. SURITANI
PEMUKA SPM 4A 2021/4/5 2021/8/5 25.92 5.98 51.00

STP LA 7K 2021/8/1 2022/2/7 29.69 7.21 33.70
Tongwei 8505 2021/7/18 2022/2/7 34.44 9.54 121.00

Yangjiang
Dahai 3664 2020/9/27 2021/5/10 29.39 5.66 54.20

Yangjiang
Dahai 3663 2021/8/2 2021/8/16 28.92 5.58 54.50

Yangjiang
Dahai 3664 2021/9/3 2021/11/12 29.20 5.33 99.50

Yangjiang
Dahai 3664 2021/9/4 2021/11/12 28.32 5.32 112.00

Yangjiang
Dahai 4411 2021/10/10 2021/11/25 30.46 5.88 104.00

Zhanjiang
Yuehua 3663 2021/5/9 2021/5/27 32.44 5.30 56.40

Zhanjiang
Yuehua 3663 2021/5/29 2021/7/23 34.38 6.28 81.50

Seven isonitrogenous (34.0% crude protein) and isolipidic (10.5% crude lipid) di-
ets were formulated with supplemental 0, 15, 30, 60, 120, 240, and 480 mg/kg of his-
tamine, named H0, H15, H30, H60, H120, H240, and H480 groups, respectively. To re-
duce the histamine content in the basal diet, we used fresh white fish meal (PILENGA
2, histamine ≤ 40 mg/kg, purchased from fishing vessel IMO: 9120310). All ingredients
were ground into meals and sifted out with a 60 µm sieve, and then accurately weighed
and mixed with a V-mixer (M-256, South China University of Technology, Guangzhou,
China). Subsequently, the soybean oil and pure water were supplemented to prepare a
dough and then extruded with an extruder (School of Chemical Engineering, South China
University of Technology, Guangzhou, China) to produce 2.0 mm diameter pellets. The
moist pellets were dried in an air-conditioned room at 25 ◦C (dehumidification mode) and
then collected in self-sealing bags and stored at −20 ◦C until use. Diet formulation and
proximate composition are shown in Table 2.

Table 2. Ingredients and nutritional compositions of the experimental diets.

Ingredients H0 H15 H30 H60 H120 H240 H480

White fish meal 150.00 150.00 150.00 150.00 150.00 150.00 150.00
Rapeseed meal 200.00 200.00 200.00 200.00 200.00 200.00 200.00
Soybean meal 200.00 200.00 200.00 200.00 200.00 200.00 200.00
Wheat flour 150.00 150.00 150.00 150.00 150.00 150.00 150.00

Rice bran meal 252.99 252.99 252.99 252.99 252.99 252.99 252.99
Soybean oil 20.00 20.00 20.00 20.00 20.00 20.00 20.00
Ca(H2PO4)2 12.00 12.00 12.00 12.00 12.00 12.00 12.00

Choline chloride (50%) 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Vitamin C 0.20 0.20 0.20 0.20 0.20 0.20 0.20

Compound premix a 10.00 10.00 10.00 10.00 10.00 10.00 10.00
Histamine

dihydrochloride 0.00 0.025 0.050 0.101 0.203 0.406 0.811

Cellulose
microcrystalline 0.81 0.785 0.760 0.709 0.607 0.404 0.00

Proximate composition b (dry matter, g/kg)
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Table 2. Cont.

Ingredients H0 H15 H30 H60 H120 H240 H480

Moisture 104.76 109.79 105.13 104.49 105.47 97.18 105.76
Crude protein 338.00 342.94 342.44 338.50 347.50 353.81 348.88

Crude lipid 106.52 104.61 103.88 109.84 107.33 105.23 104.36
Ash 104.48 107.76 101.83 103.91 98.99 96.99 101.63

Gross energy (MJ/kg) c 18.33 18.18 18.34 18.42 18.50 18.67 18.39
Histamine (mg/kg) 8.47 23.60 38.59 68.49 128.71 248.87 488.75

a Compound premix (g/kg mixture): vitamin A, 0.20 g; vitamin D3, 0.003 g; vitamin E, 4.40 g; vitamin K3, 0.66 g;
vitamin B1, 0.33 g; vitamin B2, 0.88 g; vitamin B6, 0.73 g; vitamin B12, 0.001 g; nicotinic acid, 2.89 g; calcium
pantothenate, 1.64 g; folic acid, 0.07 g; biotin, 0.003 g; vitamin C, 10.01 g; FeSO4·7H2O, 52.87 g; H3ClCu2O3,
0.65 g; ZnSO4·7H2O, 43.15 g; MnSO4·7H2O, 31.56 g; MgSO4·H2O, 44.65 g; Ca(IO3)2, 0.42 g; Na2SeO3, 0.11 g;
CoCl2·6H2O, 0.14 g. b Measured values; GE, gross energy; CP, crude protein; CL, crude lipid; DM, dry matter;
ASH, ash. c Gross energy.

2.2. Animal and Feeding Trial

A total of 630 striped catfish juveniles (body weight = 31.38 ± 0.09 g) were randomly
assigned to 21 cages with 30 fish per cage (0.7 m × 0.7 m × 1 m). The feeding trial lasted
8 weeks, and the fish were fed twice daily at 7:00 and 17:30 h to apparent satiation during
this period. The amount of feed fed to each net box was recorded daily and checked
for fish mortality. This trial was conducted in the Freshwater Base of Guangdong Ocean
University with the following water parameters: temperature keep at 29–32 ◦C, dissolved
oxygen > 4.0 mg/L, ammonia nitrogen < 0.04 mg/L.

2.3. Sample Collection

At the end of the feeding trial, the fish were starved for 1 day, then weighed and
counted. Subsequently, the fish were anesthetized with eugenol solution (1:10,000 dilution,
Macklin, Shanghai, China) before starting the sampling. Four fish per cage were individu-
ally measured in terms of body weight and length, visceral weight, liver weight, intestinal
length, and intestinal weight to calculate condition factors (CF), viscerosomatic index (VSI),
hepatosomatic index (HSI), relative intestinal length (RIL) and relative intestinal weight
(RIW). Four fish from each cage were selected for dissection, and the hindgut tissues were
harvested and placed in an Eppendorf (EP) tube, then stored at −80 ◦C for enzyme activities
analysis. Another four fish per cage were selected for dissection, and the hindgut was
collected in an RNAlater-added EP tube for intestinal gene quantitative analysis, and the
digesta in the hindgut was collected for intestinal flora analysis.

2.4. Gastrointestinal Tract Histomorphological Observation

One fish per cage from the H0, H60, and H480 groups was selected for dissection, and
the stomach and hindgut were harvested and placed in an EP tube containing glutaralde-
hyde fixative (Wuhan Servicebio Technology Co., Ltd., Wuhan, China). Subsequently, the
stomach tissue blocks were washed with 0.1 mol/L phosphoric acid buffer (PSB) solution
3 times, 15 min each, and then the tissue was transferred to PBS containing 1% OsO4 and
left for 1–2 h at room temperature. Afterward, the tissue blocks were washed three times
with PBS for 15 min each, followed by dehydration with an alcohol gradient. The tis-
sues were placed in an isoamyl acetate solution and then dried with a critical point dryer
(K850, Quorum, Nottingham, United Kingdom). Finally, the specimens were attached to
metal stakes for 30 s using a carbon sticker and sputtering apparatus (MC1000, Hitachi,
Tokyo, Japan) and then observed using a scanning electron microscope (SEM, SU8100,
Hitachi, Japan).

Hindgut tissue was fixed and dehydrated according to the procedure of gastric tissue,
and the treated hindgut tissue was placed in resin for permeabilization and embedding,
followed by cutting into ultrathin sections (Leica UC7, Leica, Wetzlar, Germany). Subse-
quently, ultrathin sections were stained with 2% uranyl acetate and 2.6% lead citrate and
observed using a transmission electron microscope (TEM, HT7800, HITACHI, Japan).
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2.5. Intestinal Biochemical Parameters Analysis

Wet intestine samples were first accurately weighted, and then a ninefold volume
(v/m) of phosphate buffer (pH 7.4) was added to prepare crude enzyme extract solution
with the following method: homogenized evenly using a homogenizer (IKA Works Asia,
Bhd, Kuala Lumpur, Malaysia) and then centrifuged at 875 g for 10 min at 4 ◦C; the su-
pernatant was then removed for subsequent analysis. The total protein concentration of
each intestine sample was measured by the bicinchoninic acid method (BCA) using the
commercially available kit (No. A045-3-2, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). Intestinal total antioxidant capacity (T-AOC, ABTS method, No. A015-
2-1), peroxidase (POD, colorimetric method, No. A084-1-1), catalase (CAT, ultraviolet
method, No. A007-2-1), superoxide dismutase (SOD, WST-1 method, No. A001-3-2), glu-
tathione peroxidase (GPX, colorimetric method, No. A005-1-2), glutathione reductase (GR,
ultraviolet method, No. A062-1-1), and lysozyme (LZM, turbidimetric method, A050-1-1)
activities and intestinal malondialdehyde (MDA, TBA method, No. A003-1-2) content were
determined by using commercial kits purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). Intestinal recombinant lipopolysaccharide (LPS, No. ml505648),
complement 3 (C3, ml003460), complement 4 (C4, ml003461), and immunoglobulin M (IgM,
No. ml326413) contents were determined by the ELISA method using commercial kits
purchased from Shanghai Enzyme Link Biotechnology Co., Ltd. (Shanghai, China). The
determination procedures of each parameter were performed in strict accordance with the
corresponding instructions, and unit conversion was performed by dividing by the protein
concentration of the corresponding sample.

2.6. Real-Time Quantitative PCR

Total intestinal RNA was extracted using the TRIzol™ Reagent kit (TransGenBiotech,
Beijing, China), followed by concentration and integrity detection using a spectrophotome-
ter (NanoDrop® ND-2000, Thermo, Waltham, MA, USA) and a 1.2% denatured agarose,
respectively. Subsequently, the qualified samples (1 µg RNA) were used as reverse tran-
scription templates to synthesize cDNA using commercial kits (Accurate Biology, Changsha,
China). Real-Time Quantitative PCR analysis was performed under a 10 µL SYBR® Green
Premix Pro Taq HS qPCR Kit II reaction system (Accurate Biology, China) using a quan-
titative PCR instrument (Roche LightCycler® 480) following the method described in a
previous study [33]. Briefly, the 10 µL reaction system contains a 10 ng cDNA template,
0.4 µM forward primers, 0.4 µM reverse primers, 5 µL 2 × SYBR® Green Pro Taq HS Premix
II, and the rest is RNase-free water. The PCR instrument was set up with a program of
denaturation at 95 ◦C for 30 s, followed by 40 amplification cycles with denaturation at
95 ◦C for 5 s and annealing at 60 ◦C for 30 s. The primers used in this trial are shown in
Table 3. The expression level or target genes were calculated by the 2−∆∆CT method [34]
and normalized with the expression level of β-actin in the H0 group.

Table 3. Primers pair sequences used for real-time PCR.

Target Gene Primer Sequence Product Size Accession No.

TNF-α F-TGTCTCGCTGGTCTGACTCCTATG
R-CAGTGGGTTTGTTGCTCTTCAAGTG 97 XM_026942329.2

IL-10 F-TCTACTTGGAGACCGTGTTGCCTAG
R-GATGGTGTCGATGGGAGTTCTGAAG 80 XM_026935649.2

IL-6 F-GACTGCGGGTCTGAGAGTTTACTTC
R-GCAACACTGGGTCTGATCTGTCTG 142 XM_026922014.2

IL-8 F-GCTTAGGGAGGTGAGGGCTGAG
R-TAGGTGTGGAGGTGGATGTGGTAAG 112 XM_027138229.2

IL-1β F-TTCTTCAGAAACGGCACTGGTGAC
R-GGAGGTGACTGGATTGCTGCTTAC 130 NM_001200219

β-actin F-GGCTACTCCTTCACCACCACA
R-ATTGAGTCGGCGTGAAGTGGTAAC 100 XM_026929614.2

TNF-α, tumor necrosis factor a; IL-10, interleukin-10; IL-6, interleukin-6; IL-8, interleukin-8; IL-1β, interleukin
1-beta.
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2.7. Intestinal Microbiome Analysis

Intestinal microbiota total DNA was extracted by using the HiPure Soil DNA Extrac-
tion Kit (Magen, Guangzhou, China) according to the instructions, followed by a quality
test with a UV spectrophotometer (Thermo, Waltham, MA, USA). Subsequently, the V3-
V4 region of the 16SrRNA gene was amplified using a universal primer pair (341F/806R,
CCTACGGGNGGCWGCAG/GGACTACHVGGGTATCTAAT) and a commercially avail-
able kit (New England Biolabs, MA, USA). The amplification conditions were set as follows:
pre-denaturation at 95 ◦C for 5 min, followed by denaturation at 95 ◦C for 1 min, annealing
at 60 ◦C for 1 min, extension at 72 ◦C for 1 min, and incubation at 72 ◦C for 7 min after
performing 30 cycles. PCR amplification was performed using a 50 µL reaction system
containing 10 µL of 5 × Q5@ Reaction Buffer, 10 µL 5 × Q5@ High GC Enhancer, 1.5 µL of
2.5 mM dNTPs, 1.5 µL of forward and reverse primers (10 µM), 0.2 µL of Q5@ High-Fidelity
DNA Polymerase, and 50 ng of template DNA. Afterward, the amplification products are
purified and quantified, and then a library is constructed before initiating the sequencing
work (Illumina platform, Illumina, San Diego, CA, USA). Intestinal microbiome analysis
was entrusted to Guangzhou Genedenovo Biotechnology Co., Ltd. (Guangzhou, China).

2.8. Statistical Analysis

The obtained data were subjected to one-way analysis of variance (ANOVA) by SPSS
software (version 22, IBM, Chicago, IL, USA), followed by Duncan’s multiple comparison
test when p-value < 0.05. All data were expressed as mean ± standard error of measure-
ment (SEM).

3. Results
3.1. Growth Performance and Morphologic Indexes

As shown in Table 4, the SR, VSI, and RIW were not significantly affected by experi-
mental diets (p > 0.05). The FMW, WGR, SGR, and RIL in the H240 and H480 groups and
the CF in the H480 group were significantly lower than those in the H0 group, whereas
the FCR in the H240 and H480 groups exhibited an opposite result (p < 0.05). The HIS in
the H0 group was significantly lower than that in the H60, H120, H240, and H480 groups
(p < 0.05).

WGR(%) = 100 × (WF − WI)/WI

SGR(%/day) = 100 × (LnWF − LnWI)/56

FCR(%) = 100 × WFI/(WF − WI)

SR(%) = 100 × NF/NI

VSI(%) = 100 × WV/W

HSI(%) = 100 × WL/W

CF
(

g/cm3
)
= W/L3

RIL(%) = 100 × LI/L

RIW(%) = 100 × WI/W

where WI, WF, WFI, NI, and NF are the initial body weight (g), final body weight (g), feed
intake weight (g), initial fish numbers, and final fish numbers, respectively; W, WV, WL,
WI, L, and LI are the body weight (g), visceral weight (g), liver weight (g), intestinal weight
(g), body length (cm), and intestinal length (cm) of the same sampled fish.
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Table 4. Effect of dietary histamine on growth performance and morphologic indexes of striped cat-
fish.

Items H0 H15 H30 H60 H120 H240 H480

IBW (g) 31.45 ± 0.01 31.40 ± 0.08 31.35 ± 0.03 31.32 ± 0.02 31.33 ± 0.04 31.36 ± 0.14 31.43 ± 0.12
FBW (g) 106.56 ± 1.80 b 107.68 ± 2.86 b 105.25 ± 1.60 b 105.00 ± 5.67 b 102.87 ± 2.21 ab 96.8 ± 5.69 a 96.31 ± 2.90 a

WGR (%) 2.39 ± 0.06 c 2.43 ± 0.08 c 2.36 ± 0.05 c 2.31 ± 0.12 bc 2.28 ± 0.08 abc 2.09 ± 0.19 ab 2.07 ± 0.08 a

FCR (%) 1.27 ± 0.05 a 1.26 ± 0.04 a 1.30 ± 0.03 a 1.33 ± 0.02 ab 1.34 ± 0.04 ab 1.48 ± 0.12 bc 1.43 ± 0.06 c

SGR (%/day) 2.18 ± 0.05 b 2.20 ± 0.04 b 2.16 ± 0.03 b 2.14 ± 0.02 b 2.12 ± 0.04 b 1.99 ± 0.11 a 2.00 ± 0.04 a

SR (%) 100 100 100 100 100 100 100
HSI (%) 1.63 ± 0.08 a 1.73 ± 0.20 ab 1.83 ± 0.16 ab 1.90 ± 0.19 b 1.91 ± 0.18 b 1.89 ± 0.18 b 1.96 ± 0.23 b

VSI (%) 11.19 ± 1.44 11.35 ± 1.94 11.03 ± 1.04 10.97 ± 1.67 11.41 ± 1.78 10.56 ± 1.79 10.74 ± 1.72
CF (g/cm3) 1.54 ± 0.05 b 1.52 ± 0.04 b 1.52 ± 0.06 b 1.51 ± 0.06 ab 1.50 ± 0.08 ab 1.46 ± 0.10 ab 1.43 ± 0.05 a

RIL (%) 213.43 ± 28.21 b 197.41 ± 9.7 ab 195.42 ± 12.97 ab 189.1 ± 19.91 ab 183.31 ± 40.77 ab 172.54 ± 29.43 a 165.81 ± 29.95 a

RIW (%) 1.71 ± 0.34 1.75 ± 0.25 1.91 ± 0.31 1.88 ± 0.31 1.74 ± 0.32 1.66 ± 0.28 1.64 ± 0.28

Data in the same row with different superscript letters indicate significant differences between groups (n = 3;
p < 0.05).

3.2. Intestinal Antioxidant Capacity

As shown in Table 5, intestinal POD and SOD activities in the H480 groups, intestinal
GR activity in the H240 and H480 groups, and intestinal T-AOC and GPX activities in the
H120, H240, and H480 groups were significantly lower than those in the H0 group, whereas
the intestinal MDA content in the H480 group exhibited an opposite result (p < 0.05). The
intestinal CAT activity in the H30, H60, H120, H240, and H480 groups was significantly
lower than that in the H0 group (p < 0.05).

Table 5. Effect of dietary histamine on the intestinal antioxidant ability of striped catfish.

Items H0 H15 H30 H60 H120 H240 H480

T-AOC (U/mg prot) 0.80 ± 0.10 b 0.76 ± 0.02 b 0.77 ± 0.03 b 0.78 ± 0.04 b 0.60 ± 0.06 a 0.58 ± 0.03 a 0.53 ± 0.04 a

POD (U/g prot) 54.22 ± 13.01 b 50.69 ± 10.81 b 45.06 ± 9.33 ab 44.94 ± 7.64 ab 41.12 ± 9.17 ab 39.78 ± 5.97 ab 32.84 ± 9.80 a

CAT (U/g prot) 12.28 ± 1.19 b 10.44 ± 0.36 ab 9.62 ± 0.40 a 9.77 ± 0.06 a 9.56 ± 0.46 a 8.32 ± 1.24 a 8.05 ± 1.20 a

SOD (U/g prot) 33.17 ± 1.75 b 28.74 ± 2.13 ab 31.29 ± 2.27 ab 26.52 ± 5.91 ab 26.12 ± 2.28 ab 23.45 ± 4.24 ab 18.84 ± 1.84 a

GPX (U/g prot) 29.17 ± 2.44 c 27.67 ± 5.00 bc 25.73 ± 2.07 bc 24.94 ± 2.47 bc 22.20 ± 1.97 ab 18.31 ± 3.54 a 17.62 ± 6.23 a

GR (U/g prot) 24.79 ± 2.72 b 23.16 ± 5.13 b 22.40 ± 2.59 b 22.32 ± 2.51 b 19.81 ± 3.04 b 13.94 ± 2.23 a 14.07 ± 2.13 a

MDA (nmol/mg prot) 1.13 ± 0.65 a 1.44 ± 0.35 a 1.58 ± 0.32 a 1.71 ± 0.64 a 2.47 ± 0.39 ab 2.57 ± 0.87 ab 3.57 ± 1.40 b

Data in the same row with different superscript letters indicate significant differences between groups (n = 3;
p < 0.05).

3.3. Intestinal Immune Status

As shown in Table 6, the intestinal LZM activity was not significantly affected by
experimental diets (p > 0.05). The intestinal C3 content in the H240 and H480 groups and
the IgM content in the H60, H120, H240, and H480 groups were significantly lower than
those in the H0 group (p < 0.05). The intestinal C4 content in the H30, H60, H120, H240, and
H480 groups was significantly lower than that in the H0 group, whereas the LPS content
exhibited an opposite result (p < 0.05).

Table 6. Effect of dietary histamine on intestinal immunity of striped catfish.

Items H0 H15 H30 H60 H120 H240 H480

LZM (U/g prot) 1.55 ± 0.25 1.44 ± 0.10 1.57 ± 0.12 1.86 ± 0.05 1.91 ± 0.48 2.10 ± 0.25 2.04 ± 0.31
C3 (mg/g prot) 20.37 ± 2.21 b 16.28 ± 4.40 ab 15.14 ± 5.21 ab 14.28 ± 3.93 ab 15.53 ± 2.33 ab 12.66 ± 1.89 a 11.48 ± 1.01 a

C4 (mg/g prot) 77.78 ± 4.90 c 66.44 ± 2.76 bc 54.89 ± 7.44 ab 51.08 ± 1.69 ab 45.95 ± 12.71 a 43.78 ± 4.66 a 39.81 ± 2.79 a

IgM (mg/g prot) 15.21 ± 1.80 b 13.93 ± 1.56 ab 13.99 ± 3.35 ab 10.82 ± 1.85 a 10.13 ± 0.67 a 10.47 ± 1.24 a 9.57 ± 0.04 a

LPS (ng/mg prot) 0.69 ± 0.14 a 0.84 ± 0.13 ab 0.95 ± 0.01 bc 1.18 ± 0.02 c 1.12 ± 0.17 c 1.15 ± 0.05 c 1.11 ± 0.09 c

Data in the same row with different superscript letters indicate significant differences between groups (n = 3;
p < 0.05).

3.4. Intestinal Inflammatory Response

The intestinal IL-6 and IL-8 expressions in the H240 and H480 groups and the intestinal
TNF-α and IL-1 expressions in the H120, H240, and H480 groups were significantly higher
than those in the H0 group, whereas the IL-10 expression in the H60, H120, H240, and
H480 groups was significantly lower than that in the H0 group (p < 0.05; Figure 1).
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Figure 1. Intestinal inflammation-related gene expression of striped catfish fed with experimental
diets. Values in each column with different superscripts represent significant differences (p < 0.05).

3.5. Gastric SEM and Intestinal TEM Observations

The gastric SEM and intestinal TEM observations are presented in Figure 2A,B, re-
spectively. As shown in Figure 2A, the degree of gastric mucosal damage increased with
increasing dietary histamine levels. Furthermore, as shown in Figure 2B, dietary histamine
damaged intestinal epithelial cells, and organelle lysis was observed in the H480 group.
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Figure 2. Gastric SEM and intestinal TEM observations of striped catfish fed with experimental diets.
(A), gastric SEM observations; (B), intestinal TEM observations. M, mitochondria; TJ, tight junction;
MV, microvillus; L, lysosome. Mitochondrial dissolution, lysosome volume increase, and microvilli
damage were clearly observed in the H480 group.

3.6. Microbiota Structure

As shown in Table 7, the Goods coverage of all the groups was above 99%, indicating
that the sequencing depth in this study was adequate. The Shannon, Simpson, Chao1,
and ACE indices were not significantly affected by the experimental diets (p > 0.05). The
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structural composition analysis of microbiota exhibited that Bacteroidetes, Firmicutes,
Fusobacteria, and Spirochaetes were the dominant phyla of all groups (Figure 3A). The top
10 genera of all groups are shown in Figure 3B, and the Bacteroides, Clostridium sensu stricto,
and Cetobacterium were the three dominant genera in all groups. As shown in Figure 3C, the
abundance of Bacteroides in the H60 group, the abundance of Treponema2 in the H240 group,
and the abundance of Parabacteroides in the H120 group were significantly higher than
those in the H0 group, whereas the abundance of Catobacterium in the H480 group and the
abundance of Terrisporobacter in the H240 group were significantly lower than those in the
H0 group (p < 0.05).

Table 7. Effect of dietary histamine on microbiota α-diversity of striped catfish.

Items H0 H15 H30 H60 H120 H240 H480

Goods
coverage 0.99 0.99 0.99 0.99 0.99 0.99 0.99

Shannon 4.69 ± 0.21 4.35 ± 0.19 4.65 ± 0.11 4.29 ± 0.25 4.38 ± 0.15 4.64 ± 0.58 5.28 ± 0.09
Simpson 0.92 ± 0.01 0.88 ± 0.01 0.91 ± 0.03 0.89 ± 0.03 0.89 ± 0.00 0.89 ± 0.06 0.94 ± 0.02

Chao1 462.84 ± 112.71 503.1 ± 51.95 532.33 ± 42.14 511.99 ± 111.15 492.98 ± 19.82 531.99 ± 33.7 472.69 ± 17.32
Ace 467.86 ± 121.96 507.63 ± 54.8 537.84 ± 46.52 507.99 ± 115.19 499.28 ± 22.27 533.86 ± 30.56 465.54 ± 16.79
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4. Discussion

This study first investigated the effects of dietary histamine on the antioxidant capacity,
gastric and intestinal barrier functions, and growth performance of striped catfish. As
a toxic dietary component, histamine has attracted much attention from aquatic animal
nutritionists in recent years. Previous studies have shown that dietary histamine signifi-
cantly decreased the growth performance of the juvenile group (Epinephelus coioides) [35],
mysis (Neomysis japonica Nakazawa) [36,37], American eels (Anguilla rostrata) [38,39], yellow
catfish (Pelteobagrus fulvidraco) [29], and rainbow trout (Oncorhynchus mykiss) [40]. In this
study, our data exhibited that dietary histamine below 60 mg/kg has limited effects on
the growth of striped catfish, whereas dietary histamine above 120 mg/kg significantly
decreased the growth, suggesting that the growth-inhibiting effect of dietary histamine was
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dose-dependent. Of note, the striped catfish in the H15 group showed better growth than
in the H0 group. Similarly, He et al. (2018) [40] found that diets containing 18.0 mg/kg
of histamine had a growth-promoting effect on yellow catfish. This evidence suggests
that low-dose histamine may benefit the growth of fish. Conversely, diets containing
4000 mg/kg of histamine showed no detrimental effects on the performance of Chinese
mitten crab (Eriocheir sinensis) [32], and high-dose dietary histamine (2400 mg/kg) even
showed a growth-promoting effect on blue shrimp (Litopenaeus stylirostris) [41]. The differ-
ence in these results may be related to differences in the digestive physiology of different
aquatic animals.

A healthy digestive tract is important for maintaining proper immunity and growth in
fish, and the health of the digestive tract is regulated by dietary ingredients [42,43]. Oxida-
tive damage is an unavoidable part of the physiological activity of aerobic organisms, due
to the continuous production of oxygen radicals during their physiological metabolism [44].
The scavenging of oxygen radicals is accomplished by the antioxidant system, including
antioxidant enzymes and antioxidant active substances [45]. Therefore, the antioxidant
capacity is commonly used to evaluate the health status of fish. In this study, fish in the
H480 group exhibited the lowest intestinal T-AOC, POD, CAT, SOD, GPX, and GR activities
and the highest MDA content, suggesting that high dietary histamine is detrimental to the
intestinal antioxidant capacity of striped catfish. Similarly, high-dose dietary histamine
significantly decreased the antioxidant capability of grouper [35], American eel [38], and
Pacific white shrimp (Litopenaeus vannamei) [12]. Liu et al. [35] concluded that the long-term
intake of histamine disrupts the ability of fish to respond to reactive oxygen intermedi-
ates, thereby disrupting the antioxidant system and causing oxidative damage. However,
considering that the intestinal antioxidant capacity of striped catfish fed low-dose dietary
histamine (below 60 mg/kg) was not significantly reduced, we hypothesized that dietary
histamine disrupts the intestinal antioxidant system in a dose-dependent manner.

Intestinal innate immunity plays an essential role in maintaining intestinal health,
which constitutes the first line of defense against colonization by disease-causing microor-
ganisms [46]. Intestinal immune activity is accomplished by the synergistic action of multi-
ple immune enzymes and immunologically active substances, including immunoglobulins
M (IgM), lysozyme, and the complement (C3, C4) [47,48]. In this study, dietary histamine
(above 120 mg/kg) significantly decreased intestinal C3, C4, and IgM contents, suggesting
that high-dose dietary histamine is detrimental to the innate immunity of striped catfish,
thereby disrupting intestinal health. Besides, the complement system also plays an equally
important role in regulating inflammation in fish [49]. The inflammatory response is usually
regulated by a dynamic balance of pro- and anti-inflammatory factors [26,50]. In this study,
dietary histamine (above 120 mg/kg) caused the downregulation of anti-inflammatory
factors (e.g., IL-10 and NF-κB) and the upregulation of pro-inflammatory factors (e.g.,
IL-1, IL-6, IL-8, and TNF-α), suggesting that high doses of histamine may cause intestinal
inflammation in striped catfish. Similarly, dietary histamine also induced inflammation in
Pacific white shrimp and Perciformes [12,51]. Galindo-Villegas et al. [51] suggested that di-
etary histamine regulates the inflammatory response by acting directly with macrophages.
Therefore, this evidence suggests that high doses of dietary histamine may trigger an
inflammatory response mediated by macrophages, thereby impairing intestinal health.

Dong et al. [52] suggested that inflammation usually occurs when immune cells are
infected or tissues are damaged. In this study, the intestinal TEM observation exhibited that
high-dose dietary histamine (480 mg/kg) severely damaged the structure and morphology
of intestinal epithelial cells, including an increase in the number of lysosomes and swelling
of mitochondria and endoplasmic reticulum. Moreover, the gastric SEM observation also
showed that high-dose dietary histamine severely damaged the mucosal layer. Combined
with the poor intestinal antioxidant capacity and upregulated inflammation levels, these
results sufficiently suggest that high-dose dietary histamine disrupts the intestinal antioxi-
dant system, causing oxidative damage to intestinal tissues and inducing inflammation in
striped catfish. More importantly, the morphology of the digestive tract is closely related
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to its physiological function [53]. Thus, the poor digestive tract morphology also plausi-
bly explains the reduced intestinal immune function and growth performance of striped
catfish [54]. Similar results were observed in grouper [35] and yellow catfish [29]. This
evidence suggests that high-dose dietary histamine may reduce fish growth by disrupting
digestive tract health and function.

As a component of the intestinal mucosal layer, the intestinal flora is also critical to
intestinal health and function [55,56]. Meanwhile, the structure of the intestinal flora is
easily affected by dietary ingredients [57,58]. In this study, Firmicutes, Fusobacteria, Bac-
teroidetes, and Spirochaetes were the four dominant phyla of all groups, which was highly
consistent with a previous study reported by Hieu et al. [59]. These results indicate that
these phyla may constitute the core flora of striped catfish and are essential for maintaining
intestinal health and function [60]. In this study, dietary histamine altered the relative
abundance of individual phyla, although it did not change the species of the core flora,
suggesting that dietary histamine may induce the migration of intestinal function.

In this study, Fusobacteria, mainly Cetobacterium genera, have been reported to pro-
duce vitamin B12, acetate, and propionate through their fermentation process [61,62]. These
metabolites extensively participate in the regulation of energy metabolism, gut health,
and gut microecology [62,63]. Therefore, a decrease in the abundance of Cetobacterium in
the H480 group suggests that high-dose dietary histamine is detrimental to the intesti-
nal physiological function and health of striped catfish. Bacteroidetes mainly consist of
Bacteroides and Parabacteroides in this trial. Bacteroidetes are considered to be the main
catabolite of polysaccharides in the intestine, producing large amounts of short-chain
fatty acids that contribute to improved intestinal health [64]. Parabacteroides are a butyrate
producer with equally positive effects on improving intestinal health [65,66]. Thus, an
increase in the abundance of Bacteroides and Parabacteroides may suggest that low-dose
dietary histamine has an ameliorative effect on intestinal health. Nevertheless, this degree
of ameliorative effect did not effectively mitigate the toxic effects of dietary histamine, and
therefore, dietary histamine ultimately impaired the intestinal health of striped catfish.
Moreover, considering that dietary histamine caused a significant decrease in intestinal
maltase activity in striped catfish (Table S1) and that both Bacteroides and Parabacteroides
usually use carbohydrates as the carbon source, we speculate that the increase in the abun-
dance of these two genera caused by dietary histamine may be related to poor carbohydrate
utilization efficiency. Firmicutes mainly consist of Terrisporobacter genera in this study.
Terrisporobacter is an acetate-producing bacterium that is positively correlated with host
health [67,68]. Treponema_2 genera are the dominant genera of Spirochaetes in this study,
which has been reported as pathogenic bacteria [69]. Therefore, a decrease in the abun-
dance of Terrisporobacter and a decrease in the abundance of Treponema_2 in the H240 group
suggests that high-dose dietary histamine is detrimental to the intestinal health of striped
catfish. Moreover, the colonization of pathogenic microorganisms indicates a decrease
in the immune viability of the intestinal mucosa and an imbalance in the balance of the
microbial community. Combined with the poor intestinal immunity, decreased intestinal
antioxidant capacity, and increased oxidative stress in the H240 group, the increased abun-
dance of pathogenic microorganisms in the H240 group suggests that a high dose of dietary
histamine disrupts intestinal antioxidant and immune defenses, leading to colonization by
pathogenic microorganisms.

5. Conclusions

In conclusion, high-dose dietary histamine decreased intestinal antioxidant capacity,
thereby inducing intestinal oxidative damage and decreasing the growth of striped catfish.
In addition, high-dose dietary histamine reduces intestinal immunity, induces the colo-
nization of pathogenic microorganisms and intestinal inflammation, and impairs intestinal
health. High-dose dietary histamine severely damaged the mucosal layer of the digestive
tract in striped catfish. More importantly, our data confirmed that histamine is a toxic
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dietary component for aquatic animals and that increases in histamine levels should be
prevented during aquafeed production and storage.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox11112276/s1, Table S1: Intestinal digestive enzyme activities
of striped catfish fed with different experimental diets.

Author Contributions: Y.L. and X.F.: Formal analysis, Data curation, Writing—original draft,
Writing—review and editing; H.H., J.F. and H.Z.: Formal analysis, Data curation; J.D. and B.T.:
Conceptualization, Methodology, Writing—original draft, Writing—review and editing, Supervi-
sion, and Funding acquisition. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was financially supported by the National Key R&D Program of China (2019YF-
D0900200), the Program for Scientific Research Startup Funds of Guangdong Ocean University
(060302022007), the Foundation of Tongwei Co., Ltd. (TA2019A003), National Natural Science Foun-
dation of China (31760761), and the Natural Science Foundation of Yunnan Province (2018FA018).

Institutional Review Board Statement: The striped catfish juveniles used in this study were pro-
vided by Guangdong Evergreen Feed Industry Co., Ltd. The procurement of test fish was approved
by the Animal Research and Ethics Committee of Guangdong Ocean University (Zhanjiang, China;
approval ID: GDOU-IACUC-2021-A2220, approval date: 8 September 2021), and all experimental
procedures were carried out in strict accordance with its guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and in the Supplementary Material.

Acknowledgments: The authors would like to thank Yixiong Cao, Yumeng Zhang, and Xiaomei Dou
for their help during the experiments.

Conflicts of Interest: The authors declare that no conflict of interest could be perceived as prejudicing
the impartiality of the research reported.

References
1. Gao, Z.; You, X.; Zhang, X.; Chen, J.; Xu, T.; Huang, Y.; Lin, X.; Xu, J.; Bian, C.; Shi, Q. A chromosome-level genome assembly of

the striped catfish (Pangasianodon hypophthalmus). Genomics 2021, 113, 3349–3356. [CrossRef]
2. Dang, T.H.O.; Xuan, T.T.T.; Duyen, L.T.M.; Le, N.P.; Hoang, H.A. Protective efficacy of phage pvn02 against haemorrhagic

septicaemia in striped catfish Pangasianodon hypophthalmus via oral administration. J. Fish Dis. 2021, 44, 1255–1263. [CrossRef]
[PubMed]

3. Wang, D.; Hsieh, Y.-H.P. The use of imported pangasius fish in local restaurants. Food Control 2016, 65, 136–142. [CrossRef]
4. Glencross, B.; Hien, T.T.T.; Phuong, N.T.; Cam Tu, T.L. A factorial approach to defining the energy and protein requirements of tra

catfish, pangasianodon hypothalamus. Aquac. Nutr. 2011, 17, e396–e405. [CrossRef]
5. Zhang, Y.; Chen, P.; Liang, X.F.; Han, J.; Wu, X.F.; Yang, Y.H.; Xue, M. Metabolic disorder induces fatty liver in japanese seabass,

Lateolabrax japonicas fed a full plant protein diet and regulated by camp-jnk/nf-kb-caspase signal pathway. Fish Shellfish Immunol.
2019, 90, 223–234. [CrossRef]

6. Medard, G.; Ouattara, N.G.; Bamba, Y.; Mamadou, O.; Ouattara, A.; Kouakou, Y.A.O. Substitution of the fish meal by the
earthworm and maggot meal in the feed of nile tilapia oreochromis niloticus reared in freshwater. Int. J. Fish. Aquac. 2018, 10,
77–85. [CrossRef]

7. Kotzamanis, Y.; Kouroupakis, E.; Ilia, V.; Haralabous, J.; Papaioannou, N.; Papanna, K.; Richards, R.; Gisbert, E. Effects of
high-level fishmeal replacement by plant proteins supplemented with different levels of lysine on growth performance and
incidence of systemic noninfectious granulomatosis in meagre (Argyrosomus regius). Aquac. Nutr. 2018, 24, 1738–1751. [CrossRef]

8. Allam, B.W.; Khalil, H.S.; Mansour, A.T.; Srour, T.M.; Omar, E.A.; Nour, A.A.M. Impact of substitution of fish meal by high
protein distillers dried grains on growth performance, plasma protein and economic benefit of striped catfish (Pangasianodon
hypophthalmus). Aquaculture 2020, 517, 734792. [CrossRef]

9. Edwards, P.; Anh Tuan, H.; Allan, G. A Survey of Marine Trash Fish and Fish Meal as Aquaculture Feed Ingredients in Vietnam; Working
Paper; Australian Centre for International Agricultural Research: Canberra, Australia, 2004; p. 57.

10. Eitenmiller, R.R.; Wallis, J.W.; Orr, J.H.; Phillips, R.D. Production of histidine decarboxylase and histamine by Proteus morganii. J.
Food Prot. 1981, 44, 815–820. [CrossRef]

11. Moniente, M.; García-Gonzalo, D.; Llamas-Arriba, M.G.; Virto, R.; Ontañón, I.; Pagán, R.; Botello-Morte, L. Potential of histamine-
degrading microorganisms and diamine oxidase (dao) for the reduction of histamine accumulation along the cheese ripening
process. Food Res. Int. 2022, 160, 111735. [CrossRef]

https://www.mdpi.com/article/10.3390/antiox11112276/s1
https://www.mdpi.com/article/10.3390/antiox11112276/s1
http://doi.org/10.1016/j.ygeno.2021.07.026
http://doi.org/10.1111/jfd.13387
http://www.ncbi.nlm.nih.gov/pubmed/33913522
http://doi.org/10.1016/j.foodcont.2016.01.016
http://doi.org/10.1111/j.1365-2095.2010.00774.x
http://doi.org/10.1016/j.fsi.2019.04.060
http://doi.org/10.5897/IJFA2018.0682
http://doi.org/10.1111/anu.12814
http://doi.org/10.1016/j.aquaculture.2019.734792
http://doi.org/10.4315/0362-028X-44.11.815
http://doi.org/10.1016/j.foodres.2022.111735


Antioxidants 2022, 11, 2276 13 of 15

12. Lin, C.; Yan, P.; Lou, Z.; Shi, X.; Zhao, Q.; Li, E. Effects of histamine on the neuroendocrine-immune regulatory network in the
pacific white shrimp, Litopenaeus vannamei. Aquaculture 2022, 554, 738156. [CrossRef]

13. Jaw, Y.M.; Chen, Y.Y.; Lee, Y.C.; Lee, P.H.; Jiang, C.M.; Tsai, Y.H. Histamine content and isolation of histamine-forming bacteria in
fish meal and fish soluble concentrate. Fish. Sci. 2012, 78, 155–162. [CrossRef]

14. Chu, B.; Lin, L.; Yu, K.-Q. Rapid determination of histamine concentration in fish (Miichthys miiuy) by surface-enhanced raman
spectroscopy and density functional theory. Int. J. Agric. Biol. Eng. 2017, 10, 252–258. [CrossRef]

15. Yılmaz, C.; Gökmen, V. Neuroactive compounds in foods: Occurrence, mechanism and potential health effects. Food Res. Int.
2020, 128, 108744. [CrossRef]

16. Wang, K.; Sun, Z.; Li, Y.; Liu, M.; Loor, J.J.; Jiang, Q.; Liu, G.; Wang, Z.; Song, Y.; Li, X. Histamine promotes adhesion of neutrophils
by inhibition of autophagy in dairy cows with subacute ruminal acidosis. J. Dairy Sci. 2022, 105, 7600–7614. [CrossRef]

17. Barik, B.; Mohapatra, S. Selective visual detection of histamine and ascorbic acid through the rapid gel-sol transition of luminescent
alginate hydrogel. Sens. Actuators B Chem. 2022, 367, 132128. [CrossRef]

18. Maintz, L.; Novak, N. Histamine and histamine intolerance. Am. J. Clin. Nutr. 2007, 85, 1185–1196. [CrossRef]
19. Efsa Efsa panel on biological hazards (biohaz): Scientific opinion on risk-based control of biogenic amine formation in fermented

foods. EFSA J. 2011, 9, 2393. [CrossRef]
20. Schnedl, W.J.; Schenk, M.; Lackner, S.; Enko, D.; Mangge, H.; Forster, F. Diamine oxidase supplementation improves symptoms in

patients with histamine intolerance. Food Sci Bio. 2019, 28, 1779–1784. [CrossRef]
21. Union, E. Commission regulation no. 2073/2005 of 15 november 2005 on microbiological criteria for foodstuffs. Off. J. Eur. Union

2005, 48, 1–26.
22. Food Standards Australia New Zealand. Imported Food Risk Statement Fish and Fish Products from the Families Specified and Histamine;

Food Standards Australia New Zealand: Majura, Australia; Wellington, New Zealand, 2016.
23. South African Bureau of Standards. Regulations Governing Microbiological Standards for Foodstuffs and Related Matters; Government

Notice No. R 490; South African Bureau of Standards: Pretoria, South Africa, 2001.
24. Food and Drug Administration. Fish and Fishery Products Hazards and Controls Guidance; Food and Drug Administration: Silver

Spring, MD, USA, 2011.
25. Li, W.; Pan, X.; Cheng, W.; Cheng, Y.; Yin, Y.; Chen, J.; Xu, G.; Xie, L. Serum biochemistry, histology and transcriptomic profile

analysis reflect liver inflammation and damage following dietary histamine supplementation in yellow catfish (Pelteobagrus
fulvidraco). Fish Shellfish Immunol. 2018, 77, 83–90. [CrossRef]

26. Li, W.; Liu, B.; Liu, Z.; Yin, Y.; Xu, G.; Han, M.; Xie, L. Effect of dietary histamine on intestinal morphology, inflammatory status,
and gut microbiota in yellow catfish (Pelteobagrus fulvidraco). Fish Shellfish Immunol. 2021, 117, 95–103. [CrossRef]

27. García-García, E.; Gómez-González, N.E.; García-Ayala, A.; Mulero, V. The possible role of histamine as a modulator in
inflammation in the tunicate styela plicata. Fish Shellfish Immunol. 2013, 34, 1652. [CrossRef]

28. Xu, Q. Preliminary Study of Toxic Effects of Dietary Histamine on American Eel (Anguilla rostrata) Juveniles. Master’s thesis,
Jimei University, Xiamen, China, 2019.

29. He, J.; Wu, D.; Ye, Y.; Cai, C.; Wu, P.; Luo, Q.; Pu, Q. Effects of dietary histamine level on growth performance, serum biochemical
indexes and gastrointestinal mucosa structure of yellow catfish (Pelteobagrus fulvidraco). Chin. J. Anim. Nutr. 2018, 30, 2581–2593.
[CrossRef]

30. Watanabe, T.; Takeuchi, T.; Satoh, S.; Toyama, K.; Okuzumi, M. Effect of dietary histidine or histamine on growth and development
of stomach erosion in rainbow trout. Nippon Suisan Gakkaishi 1987, 53, 1207–1214. [CrossRef]

31. Fairgrieve, W.T.; Dong, F.M.; Hardy, R.W. Histamine effects feed acceptability but not protein utilization by juvenile rainbow
trout (Oncorhynchus mykiss). In Proceedings of the VIII International Symposium on Nutrition and Feeding of fish & Crustacean
Nutrition, Las Palmas de Gran Canaria, Spain, 1–4 June 1998.

32. Zhao, L.; Yang, X.; Cheng, Y.; Yang, S. Effect of dietary histamine supplementation on growth, digestive enzyme activities and
morphology of intestine and hepatopancreas in the Chinese mitten crab Eriocheir sinensis. Springerplus 2016, 5, 552. [CrossRef]

33. Chen, Y.; Chi, S.; Zhang, S.; Dong, X.; Yang, Q.; Liu, H.; Zhang, W.; Deng, J.; Tan, B.; Xie, S. Replacement of fish meal
with methanotroph (methylococcus capsulatus, bath) bacteria meal in the diets of pacific white shrimp (Litopenaeus vannamei).
Aquaculture 2021, 541, 736801. [CrossRef]

34. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative pcr and the 2−∆∆ct method.
Methods 2001, 25, 402–408. [CrossRef]

35. Liu, Z.-Y.; Yang, H.-L.; Hu, L.-H.; Yang, W.; Ai, C.-X.; Sun, Y.-Z. Dose-dependent effects of histamine on growth, immunity and
intestinal health in juvenile grouper (Epinephelus coioides). Front. Mar. Sci. 2021, 8, 650. [CrossRef]

36. Yang, X.; Wang, J.; Fan, P.; Zhao, L.; Cheng, Y.; Wu, X.; Zeng, C. Survival, growth, sexual maturity and tissue histamine
accumulation of the mysis, neomysis awatschensis and n. Japonica nakazawa, fed histamine supplemented diets. Aquaculture
2010, 302, 256–260. [CrossRef]

37. Yang, X.; Wang, J.; Zhao, L.; Fan, P.; Wu, X.; Cheng, Y.; Zeng, C. Effects of elevated ambient histamine level on survival, growth,
sexual maturity and tissue histamine accumulation of the mysis neomysis awatschensis and neomysis japonica nakazawa. Aquac.
Int. 2012, 20, 347–356. [CrossRef]

38. Ma, D.; Cai, P.; Zhai, S.; Cheng, X. Effect of dietary histamine on growth performance, digestive enzyme activities and antioxidant
indices in intestine of juvenile american eels (Anguilla rostrata). Feed Res. 2020, 42–45. [CrossRef]

http://doi.org/10.1016/j.aquaculture.2022.738156
http://doi.org/10.1007/s12562-011-0432-x
http://doi.org/10.25165/j.ijabe.20171004.3468
http://doi.org/10.1016/j.foodres.2019.108744
http://doi.org/10.3168/jds.2022-22036
http://doi.org/10.1016/j.snb.2022.132128
http://doi.org/10.1093/ajcn/85.5.1185
http://doi.org/10.2903/j.efsa.2011.2393
http://doi.org/10.1007/s10068-019-00627-3
http://doi.org/10.1016/j.fsi.2018.03.036
http://doi.org/10.1016/j.fsi.2021.07.017
http://doi.org/10.1016/j.fsi.2013.03.057
http://doi.org/10.3969/j.issn.1006-267x.2018.07.018
http://doi.org/10.2331/suisan.53.1207
http://doi.org/10.1186/s40064-016-2105-9
http://doi.org/10.1016/j.aquaculture.2021.736801
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.3389/fmars.2021.685720
http://doi.org/10.1016/j.aquaculture.2010.02.006
http://doi.org/10.1007/s10499-011-9463-7
http://doi.org/10.13557/j.cnki.issn1002-2813.2020.02.012


Antioxidants 2022, 11, 2276 14 of 15

39. Zhai, S.; Wang, Y.; He, Y.; Chen, X. Oligomeric proanthocyanidins counteracts the negative effects of high level of dietary
histamine on american eel (Anguilla rostrata). Front. Mar. Sci. 2020, 7, 549145. [CrossRef]

40. Moghaddam, M.R.M.; Janmohammadi, H.; Sheikhzade, N.; Moghanloo, K.S.J.I.J.o.B. The effect of histamine resulted from
decarboxylase corruption of the diets on non-specific immune response, growth performance and hepatic index of rainbow trout
(Oncorhynchus mykiss). Int. J. Biosci. 2015, 6, 243–251.

41. Tapia-Salazar, M.; Smith, T.K.; Harris, A.; Ricque-Marie, D.; Cruz-Suarez, L.-E. Effect of dietary histamine supplementation on
growth and tissue amine concentrations in blue shrimp Litopenaeus stylirostris. Aquaculture 2001, 193, 281–289. [CrossRef]

42. Liu, H.; Wang, F.; Zhang, S.; Li, C.; Ma, Y. Effect of chinese herbal compound on immune protection of rainbow trout (Oncorhynchus
mykiss). J. Guangdong Ocean Univ. 2022, 42, 7–12. [CrossRef]

43. Willora, F.P.; Vatsos, I.N.; Mallioris, P.; Bordignon, F.; Keizer, S.; Martınez-Llorens, S.; Sørensen, M.; Hagen, Ø. Replacement of
fishmeal with plant protein in the diets of juvenile lumpfish (Cyclopterus lumpus, L. 1758): Effects on digestive enzymes and
microscopic structure of the digestive tract. Aquaculture 2022, 561, 738601. [CrossRef]

44. Liu, Y.; Zhou, H.; Fan, J.; Huang, H.; Deng, J.; Tan, B. Assessing effects of guar gum viscosity on the growth, intestinal flora, and
intestinal health of micropterus salmoides. Int. J. Biol. Macromol. 2022, 222, 1037–1047. [CrossRef]

45. Pan, S.; Yan, X.; Dong, X.; Li, T.; Suo, X.; Tan, B.; Zhang, S.; Li, Z.; Yang, Y.; Zhang, H. The positive effects of dietary inositol
on juvenile hybrid grouper (♀Epinephelus fuscoguttatus × ♂E. Lanceolatu) fed high-lipid diets: Growthperformance, antioxidant
capacity and immunity. Fish Shellfish Immunol. 2022, 126, 84–95. [CrossRef]

46. Zheng, W.; Sun, L.; Yang, L.; Xu, T. The circular rna circbcl2l1 regulates innate immune responses via microrna-mediated
downregulation of traf6 in teleost fish. J. Biol. Chem. 2021, 297, 101199. [CrossRef]

47. Meng, X.; Shen, Y.; Wang, S.; Xu, X.; Dang, Y.; Zhang, M.; Li, L.; Zhang, J.; Wang, R.; Li, J. Complement component 3 (c3): An
important role in grass carp (Ctenopharyngodon idella) experimentally exposed to aeromonas hydrophila. Fish Shellfish Immunol.
2019, 88, 189–197. [CrossRef]

48. Hu, Y.; Zhang, J.; Xue, J.; Chu, W.; Hu, Y. Effects of dietary soy isoflavone and soy saponin on growth performance, intestinal
structure, intestinal immunity and gut microbiota community on rice field eel (Monopterus albus). Aquaculture 2021, 537, 736506.
[CrossRef]

49. Copenhaver, M.; Yu, C.Y.; Hoffman, R.P. Complement components, c3 and c4, and the metabolic syndrome. Curr. Diabetes Rev.
2019, 15, 44–48. [CrossRef]

50. Lin, S.M.; Zhou, X.M.; Zhou, Y.L.; Kuang, W.M.; Chen, Y.J.; Luo, L.; Dai, F.Y. Intestinal morphology, immunity and microbiota
response to dietary fibers in largemouth bass, micropterus salmoide. Fish Shellfish Immunol. 2020, 103, 135–142. [CrossRef]

51. Galindo-Villegas, J.; Garcia-Garcia, E.; Mulero, V. Role of histamine in the regulation of intestinal immunity in fish. Develop.
Compar. Immunol. 2016, 64, 178–186. [CrossRef]

52. Dong, B.; Wu, L.; Chen, Q.; Xu, W.; Li, D.; Han, D.; Zhu, X.; Liu, H.; Yang, Y.; Xie, S.; et al. Tolerance assessment of atractylodes
macrocephala polysaccharide in the diet of largemouth bass (Micropterus salmoides). Antioxidants 2022, 11, 1581. [CrossRef]

53. Fang, H.; Xie, J.; Liao, S.; Guo, T.; Xie, S.; Liu, Y.; Tian, L.; Niu, J. Effects of dietary inclusion of shrimp paste on growth performance,
digestive enzymes activities, antioxidant and immunological status and intestinal morphology of hybrid snakehead (Channa
maculata ♀× Channa argus ♂). Front. Physiol. 2019, 10, 1027. [CrossRef]

54. Li, J.; Wang, C.; Zhang, Y.; Wu, D.; Fan, Z.; Wang, L. Effect of arginine supplementation in high starch diets on intestinal digestive
enzyme activities and intestinal morphology of songpu mirror carp (Cyprinus carpio L.). J. Guangdong Ocean Univ. 2020, 41, 39–46.
[CrossRef]

55. Liu, Y.; Deng, J.; Tan, B.; Xie, S.; Zhang, W. Effects of soluble and insoluble non-starch polysaccharides on growth performance,
digestive enzyme activity, antioxidant capacity, and intestinal flora of juvenile genetic of improvement of farmed tilapia
(Oreochromis niloticus). Front. Mar. Sci. 2022, 9, 872577. [CrossRef]

56. Nayak, S.K. Role of gastrointestinal microbiota in fish. Aquac. Res. 2010, 41, 1553–1573. [CrossRef]
57. Han, F.; Xu, C.; Qi, C.; Lin, Z.; Li, E.; Wang, C.; Wang, X.; Qin, J.G.; Chen, L. Sodium butyrate can improve intestinal integrity and

immunity in juvenile chinese mitten crab (Eriocheir sinensis) fed glycinin. Fish Shellfish Immunol. 2020, 102, 400–411. [CrossRef]
58. He, Y.; Chi, S.Y.; Tan, B.; Zhang, H.; Dong, X.H.; Yang, Q.; Liu, H.Y.; Zhang, S. Effect of yeast culture on intestinal microbiota of

litopenaeus vannamei. J. Guangdong Ocean Univ. 2017, 37, 21–27. [CrossRef]
59. Hieu, D.Q.; Hang, B.T.B.; Lokesh, J.; Garigliany, M.M.; Huong, D.T.T.; Yen, D.T.; Liem, P.T.; Tam, B.M.; Hai, D.M.; Son, V.N.; et al.

Salinity significantly affects intestinal microbiota and gene expression in striped catfish juveniles. Appl Microb. Biotech. 2022, 106,
3245–3264. [CrossRef]

60. Ghanbari, M.; Kneifel, W.; Domig, K.J. A new view of the fish gut microbiome: Advances from next-generation sequencing.
Aquaculture 2015, 448, 464–475. [CrossRef]

61. Tsuchiya, C.; Sakata, T.; Sugita, H. Novel ecological niche of cetobacterium somerae, an anaerobic bacterium in the intestinal
tracts of freshwater fish. Lett. Appl. Microbiol. 2008, 46, 43–48. [CrossRef]

62. Degnan, P.H.; Taga, M.E.; Goodman, A.L. Vitamin b12 as a modulator of gut microbial ecology. Cell Metab. 2014, 20, 769–778.
[CrossRef]

63. Lin, M.; Zeng, C.X.; Jia, X.Q.; Zhai, S.W.; Li, Z.Q.; Ma, Y. The composition and structure of the intestinal microflora of anguilla
marmorata at different growth rates: A deep sequencing study. J. Appl. Microbiol. 2019, 126, 1340–1352. [CrossRef]

http://doi.org/10.3389/fmars.2020.549145
http://doi.org/10.1016/S0044-8486(00)00494-4
http://doi.org/10.3969/j.issn.1673-9159.2022.01.002
http://doi.org/10.1016/j.aquaculture.2022.738601
http://doi.org/10.1016/j.ijbiomac.2022.09.220
http://doi.org/10.1016/j.fsi.2022.05.016
http://doi.org/10.1016/j.jbc.2021.101199
http://doi.org/10.1016/j.fsi.2019.02.061
http://doi.org/10.1016/j.aquaculture.2021.736506
http://doi.org/10.2174/1573399814666180417122030
http://doi.org/10.1016/j.fsi.2020.04.070
http://doi.org/10.1016/j.dci.2016.02.013
http://doi.org/10.3390/antiox11081581
http://doi.org/10.3389/fphys.2019.01027
http://doi.org/10.3969/j.issn.1673-9159.2021.01.006
http://doi.org/10.3389/fmars.2022.872577
http://doi.org/10.1111/j.1365-2109.2010.02546.x
http://doi.org/10.1016/j.fsi.2020.04.058
http://doi.org/10.3969/j.issn.1673-9159.2017.04.004
http://doi.org/10.1007/s00253-022-11895-1
http://doi.org/10.1016/j.aquaculture.2015.06.033
http://doi.org/10.1111/j.1472-765X.2007.02258.x
http://doi.org/10.1016/j.cmet.2014.10.002
http://doi.org/10.1111/jam.14174


Antioxidants 2022, 11, 2276 15 of 15

64. Cheng, J.; Hu, J.; Geng, F.; Nie, S. Bacteroides utilization for dietary polysaccharides and their beneficial effects on gut health.
Food Sci. Human Well. 2022, 11, 1101–1110. [CrossRef]

65. Zhang, S.; Wu, P.; Tian, Y.; Liu, B.; Huang, L.; Liu, Z.; Lin, N.; Xu, N.; Ruan, Y.; Zhang, Z.; et al. Gut microbiota serves a predictable
outcome of short-term low-carbohydrate diet (lcd) intervention for patients with obesity. Microb. Spectr. 2021, 9, e0022321.
[CrossRef]

66. Biagi, E.; Nylund, L.; Candela, M.; Ostan, R.; Bucci, L.; Pini, E.; Nikkïla, J.; Monti, D.; Satokari, R.; Franceschi, C.; et al. Through
ageing, and beyond: Gut microbiota and inflammatory status in seniors and centenarians. PLoS ONE 2010, 5, e10667. [CrossRef]

67. Wang, X.; Shang, Y.; Wei, Q.; Wu, X.; Dou, H.; Zhang, H.; Zhou, S.; Sha, W.; Sun, G.; Ma, S.; et al. Comparative analyses of the gut
microbiome of two fox species, the red fox (vulpes vulpes) and corsac fox (vulpes corsac), that occupy different ecological niches.
Microb. Ecol. 2022, 83, 753–765. [CrossRef]

68. Deng, Y.; Guo, X.; Wang, Y.; He, M.; Ma, K.; Wang, H.; Chen, X.; Kong, D.; Yang, Z.; Ruan, Z. Terrisporobacter petrolearius sp. Nov.,
isolated from an oilfield petroleum reservoir. Int. J. Syst. Evol. Microbiol. 2015, 65, 3522–3526. [CrossRef]

69. Sampedro, A.; de Asís Ramirez, F. Leptospira, borrelia and treponema. Encycl. Infect. Immun. 2022, 1, 719–729. [CrossRef]

http://doi.org/10.1016/j.fshw.2022.04.002
http://doi.org/10.1128/Spectrum.00223-21
http://doi.org/10.1371/annotation/df45912f-d15c-44ab-8312-e7ec0607604d
http://doi.org/10.1007/s00248-021-01806-8
http://doi.org/10.1099/ijsem.0.000450
http://doi.org/10.1016/B978-0-12-818731-9.00069-0

	Introduction 
	Materials and Methods 
	Experimental Diets Preparation 
	Animal and Feeding Trial 
	Sample Collection 
	Gastrointestinal Tract Histomorphological Observation 
	Intestinal Biochemical Parameters Analysis 
	Real-Time Quantitative PCR 
	Intestinal Microbiome Analysis 
	Statistical Analysis 

	Results 
	Growth Performance and Morphologic Indexes 
	Intestinal Antioxidant Capacity 
	Intestinal Immune Status 
	Intestinal Inflammatory Response 
	Gastric SEM and Intestinal TEM Observations 
	Microbiota Structure 

	Discussion 
	Conclusions 
	References

