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ARTICLE INFO ABSTRACT

The present study explored the effects of dietary gossypol on the gut health of on-growing grass carp. The fish
were fed six diets containing different levels of free gossypol (0, 121.38, 243.94, 363.89, 759.93 and
1162.06 mg/kg diet) from gossypol-acetic acid for 60 days and then challenged with Aeromonas hydrophila for 14
days. The results showed that dietary gossypol (1) could aggravate enteritis and damage the structure of in-
testinal epithelial cells, (2) decreased the lysozyme (LZ) and Acid phosphatase (ACP) activities, complement 3
(C3), C4 and immunoglobulin M (IgM) contents, and it down-regulated the Hepcidin (rather than distal intestine
(DD)), immunoglobulin Z (IgZ), liver-expressed antimicrobial peptide (LEAP)-2B, Mucin2 and [-defensin-1
mRNA levels in the proximal intestine (PI), mid intestine (MI) and DI, (3) up-regulated intestinal pro-in-
flammatory cytokines tumor necrosis factor a (TNF-a), interferon y2 (IFN-y2), interleukin 1p (IL-1f), IL-6 (only
in PI), IL-8 and IL-12p35 mRNA levels partly related to nuclear factor kappa B (NF-«B) signalling, and (4) down-
regulated the mRNA levels of anti-inflammatory cytokines such as transforming growth factor (TGF)-f1, TGF-p2,
interleukin 4/13A (IL-4/13A) (except IL-4/13B), IL-10 and IL-11 partly relating to target of rapamycin (TOR)
signalling in the intestines of on-growing grass carp. Moreover, the dietary gossypol had no impact on the LEAP-
2A, 1L-12P40, IL-17D, IL-10, NF-kBp52, IKKa and elF4E-binding proteins 2 (4E-BP2) mRNA levels in the in-
testines. Finally, based on the intestinal histopathological results, enteritis morbidity, LZ activity and IgM
content, the safe dose of gossypol in the diets for on-growing grass carp should be less than 103.42 mg/kg diet.

Keywords:

Gossypol

Grass carp (Ctenopharyngodon idella)
Intestinal immunity

NF-kB signalling

TOR signalling

1. Introduction

Fish intestine is constantly exposed to various foreign substances,
such as feed toxic ingredients, that always weaken intestinal health
[1,2]. As we know, intestinal health was closely related to the intestinal
structure integrity and the intestinal immune function in fish [3].
Gossypol is known as a toxic compound present in cottonseed meal
which is widely used in fish feed [4]. Our previous study observed that
dietary gossypol could impair the intestinal structural integrity of
young grass carp [5]. However, whether gossypol impaired the in-
testinal immune function has not yet been studied in animals. In grass
carp, dietary gossypol decreased the threonine contents in the intestines
[5], while the low levels of threonine could decrease the intestinal

immune function [6]. Hence, there might be a relationship between
gossypol and intestinal immune function in fish.

In fish, the intestinal immune function is closely related to innate
immune components such as lysozyme (LZ), acid phosphatase (ACP),
complements (such as C3 and C4) and antimicrobial peptides (such as
hepcidin, liver-expressed antimicrobial peptide (LEAP)-2A, LEAP-2B
and [-defensin) and adaptive immune components such as im-
munoglobulin M (IgM) [7,8]. However, there are no studies focused on
the effects of gossypol on innate and adaptive immune components in
the intestine of animals. A study reported that gossypol could suppress
the activity of protein kinase C (PKC) in spermatocyte [9], while the
inhibition of PKC may reduce the LZ release in alveolar macrophages
[10]. Watkins et al. [11] reported that gossypol could bind iron in the
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bloodstream, causing iron deficiency in broiler chickens. Our previous
study demonstrated that iron deficiency reduced C3 and C4 contents in
the gill of grass carp [12]. In channel catfish, gossypol binds to lysine in
feed and leads to the lysine deficiency [13]. In gilthead sea bream
muscle cells, lysine deficiency decreased the insulin-like growth factor
(IGF)-1 expression [14]. The inhibition of IGF-1 could suppress the B-
defensin expression in human keratinocytes [15]. These data implied
that gossypol might affect intestinal immune immunity in animals, and
the possibility warrants investigation.

The intestinal immune function is also associated with the cyto-
kines, which include pro-inflammatory cytokines (such as tumor ne-
crosis factor a (TNF-a), IL-1 and IL-6) and anti-inflammatory cytokines
(such as interleukin 10 (IL-10) and transforming growth factor 3 (TGF-
B)) [16]. Moreover, studies in human have confirmed that the pro-in-
flammatory and anti-inflammatory cytokines could be modulated by
nuclear factor kB (NF-kB) [17] and target of rapamycin (TOR) [18],
respectively. Our previous study indicated that dietary gossypol in-
hibited the TOR signalling in the intestines of young grass carp [5].
However, there is no report investigating the effects of gossypol on the
NF-kB signalling and the inflammatory cytokines in animal intestine. In
rat liver, gossypol could reduce the activity of protein kinase A (PKA)
[19], while the inhibition of PKA promoted the production of TNF-a in
human dendritic cells [20]. Bian et al. [21] found that gossypol could
activate the AMP-activated kinase (AMPK) signalling in turbot primary
muscle cells. The activation of AMPK could inhibit the TGF-3 expres-
sion in the human proximal tubular cell [22]. A study in human pro-
myelocytic leukemia cells reported that gossypol suppressed the ac-
tivity of protein phosphatase 2A (PP2A) [23]. The inhibition of PP2A
could activate NF-xBp65 in murine macrophage [24]. Therefore, the
above observations indicate that there might be a potential relationship
between gossypol and multiple cytokines, as well as NF-kB and TOR
signalling in animals, which remains to be elucidated.

In general, on the basis of our previous study that gossypol de-
creased the growth and impaired the intestinal integrity of fish [5], for
the first time, this study was performed to investigate the effect of
gossypol on the intestinal immune function and the possible regulatory
mechanisms of animals. Studies have shown that the nutrition re-
quirements of fish may vary with different indices [6,25]. Similarly, the
safe dose of gossypol for animals should be estimated by using the
different indices. Grass carp is the biggest contributor to the world's
aquaculture production (FAO, 2015) [26]. Thus, we also explored the
safe dose of gossypol in the diets of on-growing grass carp based on
multiple indexes, which may provide a reference for dietary gossypol
levels on the health of fish.

2. Methods
2.1. Diet and feeding trial

The present study used the identical animal experiment as our
previous study [5]. Formulation and proximate composition of the
basal diet are presented in Table 1. The experimental diet and the
procedures for diet preparation and storage (—20 °C) were the same as
our previous study. The basal diet was supplemented with free gossypol
from gossypol-acetic acid (Ci Yuan Biotechnology Co., Ltd. Shanxi of
China (purity = 98%)) at levels of 0, 125, 250, 375, 775 and 1175 mg/
kg diets. The final free gossypol concentrations of the six diets were 0
(control), 121.38, 243.94, 363.89, 759.93 and 1162.06 mg/kg diet,
which were determined by high-performance liquid chromatography
(HPLC) [27]. After being prepared completely, all the ingredients were
thoroughly mixed and extruded as pellets. After drying, the diets were
stored at —20 °C until used according to Guardiola et al. [28].

The procedures used in this study were approved by the University
of Sichuan Agricultural Animal Care Advisory Committee. The grass
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Table 1
Formulation and chemical composition of the experimental diets (%).
Ingredients 1 2 3 4 5 6
Fish meal 4.80 4.80 4.80 4.80 4.80 4.80
Soybean protein 23.50 23.50 23.50 23.50 23.50 23.50
concentrate
Rice protein 18.11 18.11 18.11 18.11 18.11 18.11
concentrate
meal
Corn starch 15.0800 15.0675 15.0550 15.0425 15.0025 14.9625
a-starch 24.00 24.00 24.00 24.00 24.00 24.00
Fish oil 2.88 2.88 2.88 2.88 2.88 2.88
Soybean oil 0.77 0.77 0.77 0.77 0.77 0.77
Microcrystalline 5.00 5.00 5.00 5.00 5.00 5.00
cellulose
Ca(H,P04), 1.29 1.29 1.29 1.29 1.29 1.29
Vitamin premix® 1.00 1.00 1.00 1.00 1.00 1.00
Mineral premix” 2.00 2.00 2.00 2.00 2.00 2.00
Gossypol 0.00 0.0125 0.0250 0.0375 0.0775 0.1175
DL-Met (99%) 0.47 0.47 0.47 0.47 0.47 0.47
L-Trp (99%) 0.02 0.02 0.02 0.02 0.02 0.02
L-Thr (98.5%) 0.03 0.03 0.03 0.03 0.03 0.03
Choline chloride 1.00 1.00 1.00 1.00 1.00 1.00
(50%)
Ethoxyquin (30%) 0.05 0.05 0.05 0.05 0.05 0.05
Chemical composition (%)
Moisture® 12.66 12.58 12.57 12.62 12.58 12.61
Crude protein® 29.72 29.62 29.75 29.80 29.65 29.71
Crude lipid® 5.60 5.62 5.55 5.58 5.58 5.60
-3 Fatty acids® 1.04 1.04 1.04 1.04 1.04 1.04
-6 Fatty acids’ 0.96 0.96 0.96 0.96 0.96 0.96
Available 0.40 0.40 0.40 0.40 0.40 0.40
phosphorus®
Free gossypol 0.00 121.38 243.94 363.89 759.93 1162.06
(mg/kg)"

@ Per kilogram of vitamin premix (g/kg): retinyl acetate (500,000 1U/g),
2.10; cholecalciferol (500,000 IU/g), 0.40; DL-a-tocopherol acetate (50%),
12.58; menadione (22.9%), 0.83; cyanocobalamin (1%), 0.94; D-biotin (2%),
0.75; folic acid (95%), 0.42; thiamine nitrate (98%), 0.09; ascorhyl acetate
(95%), 4.31; niacin (99%), 4.04; meso-inositol (98%), 19.39; calcium-p-pan-
tothenate (98%), 3.85; riboflavin (80%), 0.73; pyridoxine hydrochloride (98%),
0.62. All ingredients were diluted with maize starch to 1kg.

b per kilogram of mineral premix (g/kg): MnSO4-H20 (31.8% Mn), 2.6590;
MgSO4H20 (15.0% Mg), 200.0000; FeSO4-H20 (30.0% Fe), 12.2500;
ZnSO4-H20 (34.5% Zn), 8.2460; CuSO4-5H20 (25.0% Cu), 0.9560; KI (76.9%
I), 0.0650; Na2SeO3 (44.7% Se), 0.0168. All ingredients were diluted with
maize starch to 1kg.

¢ Moisture, crude protein and crude lipid contents were measured values.

4 ©-3 and w-6 were calculated according to Zeng et al. [90] and calculated
according to NRC (2011).

¢ Available phosphorus were calculated according to NRC (2011).

f Free gossypol contents were measured values.

carp used in this study were purchased from Tong Wei hatchery
(Sichuan, China). Prior to the experiment, fish were acclimatized to the
experimental environment for 4 weeks according to Ji et al. [29]. Then,
540 fish (mean weight 230.93 * 0.50 g) were randomly assigned to
eighteen experimental cages (1.4L X 1.4 W X 1.4 Hm), resulting in 30
fish per cage as described in our laboratory study [30]. Each cage was
equipped with a disc of 100 cm diameter in the bottom to collect the
uneaten feed, according to our laboratory study [31]. For the feeding
trial, fish were fed with their respective diets to apparent satiation four
times daily according to Tu et al. [32] for 60 days. Thirty minutes after
feeding, the uneaten feed was collected, dried and weighed to calculate
the feed intake, as previously described by Tian et al. [33]. During the
experiment, the water temperature was averaged at 27 + 2 °C, and the
pH value was maintained at 7.0 = 0.4. The dissolved oxygen was not
less than 6.0 mg O/L. The experimental units were under natural light
and dark cycle.
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Table 2

Real-time PCR primer sequences *.
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Target gene

Primer sequence Forward (5'—3)

Primer sequence Reverse (5'—3") Temperature (°C) Accession number

Hepcidin
LEAP-2A
LEAP-2B
Mucin 2
B-defensin-
1
1gZ
IFN-y2
TNF-a
IL-18
IL-6
IL-8
IL-10
IL-11
IL-12p35
IL-12p40
IL-15
IL-17D
IL-4/13A
IL-4/13B
TGF-B1
TGF-B2
NF-«B p52
NF-«B p65
c-Rel
IxBa
IKKa
IKKB
IKKy
TOR
S6K1
4E-BP1
4E-BP2
B-Actin
GAPDH

CCGGTA
GACTCG
ACTACA
TACAG

AGCAGGAGCAGGATGAGC
TGCCTACTGCCAGAACCA
TGTGCCATTAGCGACTTCTGAG
GAGTTCCCAACCCAACACAT
TTGCTTGTCCTTGCCGTCT

CCAGTCAGTCCAGGGAAGG
TGTTTGATGACTTTGGGATG
CGCTGCTGTCTGCTTCAC
AGAGTTTGGTGAAGAAGAGG
CAGCAGAATGGGGGAGTTATC
ATGAGTCTTAGAGGTCTGGGT
AATCCCTTTGATTTTGCC
GGTTCAAGTCTCTTCCAGCGAT
TGGAAAAGGAGGGGAAGATG
ACAAAGATGAAAAACTGGAGGC
CCTTCCAACAATCTCGCTTC
GTGTCCAGGAGAGCACCAAG
CTACTGCTCGCTTTCGCTGT
TGTGAACCAGACCCTACATAACC
TTGGGACTTGTGCTCTAT
TACATTGACAGCAAGGTGGTG
TCAGTGTAACGACAACGGGAT
GAAGAAGGATGTGGGAGATG
GCGTCTATGCTTCCAGATTTACC
TCTTGCCATTATTCACGAGG
GGCTACGCCAAAGACCTG
GTGGCGGTGGATTATTGG
AGAGGCTCGTCATAGTGG
TCCCACTTTCCACCAACT
TGGAGGAGGTAATGGACG
GCTGGCTGAGTTTGTGGTTG
CACTTTATTCTCCACCACCCC
GGCTGTGCTGTCCCTGTA
GTTACAAGGGAGAAGTTCACCAT
61.4

GCCAGGGGATTTGTTTGT 59.3 JQ246442.1
AATCGGTTGGCTGTAGGA 59.3 FJ390414
ATGATTCGCCACAAAGGGG 59.3 KT625603
AAAGGTCTACACAATCTGCCC 60.4 KT625602
AATCCTTTGCCACAGCCTAA 58.4 KT445868
GTAGTCAAAGGCAGCCGTCAG 58.4 GQ201421
TCAGGACCCGCAGGAAGAC 60.4 JX657682
CCTGGTCCTGGTTCACTC 58.4 HQ696609
TTATTGTGGTTACGCTGGA 57.1 JQ692172
CTCGCAGAGTCTTGACATCCTT 62.3 KC535507
ACAGTGAGGGCTAGGAGGG 60.3 JN663841
GTGCCTTATCCTACAGTATGTG 61.4 HQ388294
TGCGTGTTATTTTGTTCAGCCA 57.0 KT445870
AGACGGACGCTGTGTGAGTGTA 55.4 KF944667
GTGTGTGGTTTAGGTAGGAGCC 59.0 KF944668
AACACATCTTCCAGTTCTCCTT 61.4 KT445872
GCGAGAGGCTGAGGAAGTTT 62.3 KF245426
CCCAGTTTTCAGTTCTCTCAGG 55.9 KT445871
TTCAGGACCTTTGCTGCTTG 55.9 KT625600
AGTTCTGCTGGGATGTTT 55.9 EU099588
TCTTGTTGGGGATGATGTAGTT 55.9 KM279716
TACTTCAGCCACACCTCTCTTAG 58.4 KM279720
TGTTGTCGTAGATGGGCTGAG 62.3 KJ526214
ACTGCCACTGTTCTTGTTCACC 59.3 KT445865
TGTTACCACAGTCATCCACCA 62.3 KJ125069
CGGACCTCGCCATTCATA 60.3 KM279718
GCACGGGTTGCCAGTTTG 60.3 KP125491
CTGTGATTGGCTTGCTTT 58.4 KMO079079
ACACCTCCACCTTCTCCA 61.4 JX854449
ACATAAAGCAGCCTGACG 54.0 EF373673
CGAGTCGTGCTAAAAAGGGTC 60.3 KT757305
TTCATTGAGGATGTTCTTGCC 60.3 KT757306
GGGCATAACCCTCGTAGAT 61.4 M25013
GQ266395

* LEAP-2, liver expressed antimicrobial peptide 2; IgZ, immunoglobulin Z; IFN-y2, interferon y2; TNF-a, tumor necrosis factor a; IL, interleukin; TGF-B, transforming
growth factor 3; NF-kB, nuclear factor kappa B; IkBa, inhibitor of kBa; IKK, IkB kinase; TOR, target of rapamycin; S6K1, ribosomal protein S6 kinases 1; 4E-BP, eIF4E-
binding proteins; GAPDH, glycer-aldehyde-3-phosphate dehydrogenase.

35.00 - *P<0.01 "
2 ;)70/ 28.13 %
28.00 - e =
= 2227%
=
g 21.00 A . . 1707%
£ 12.27% 13.60%
‘= 14.00 1
a
=
W
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o
=
0.00 4 T T T
0 121.38 243.94 363.89 759.93 1162.06

Dietary gossypol levels (mg/kg diet)

Fig. 1. Effects of dietary gossypol (ing/kg diet) on enteritis morbidity of on-growing grass carp after infection of A. hydrophila. Values having different letters are
significantly different (P < 0.05). *P-values underlined with a solid line indicate a significant linear dose response relationship (P < 0.05).

2.2. Challenge trial and sample collection

After a 60-days feeding trial, a challenge trial was conducted to
investigate the influence of dietary gossypol on the intestinal immune
function of on-growing grass carp, the challenge trial was performed in

a similar manner to that described by Xu et al. [34]. Aeromonas hy-
drophila (FDL20120711) was kindly provided by the College of Veter-
inary Medicine, Sichuan Agricultural University, China. Fifteen fish
from each treatment group were randomly collected with similar body
weights and moved to labeled cages, and fish were acclimatized to the
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Fig. 2. Enteritis symptom of on-growing grass carp (Ctenopharyngodon idella) fed diets contain different levels of gossypol after challenged with A. hydrophila for 14

days.

experimental condition for 5 days according to our laboratory study
[35]. After 5 days acclimation, each fish was intraperitoneally injected
with 1.0mlA. hydrophila (2.5 X 108 colony-forming units (cfu)/ml),
which was determined with a nonlethal dosage that could induce in-
flammation efficiently according to our preliminary test (data not
shown). The challenge trial was conducted for 14 days according to
Basha et al. [36] and our preliminary test.

At the end of the challenge trial, all fish were anaesthetized in a
benzocaine bath as described by Guo et al. [12] then sacrificed. The fish
intestines were quickly removed, segmented (proximal intestine (PI),
mid intestine (MI) and distal intestine (DI)) and the severity of in-
testinal inflammation of fish was evaluated based on the method of
Song et al. [3]; the intestines were then frozen in liquid nitrogen and
stored at —80 °C until further analysis, as described by Hu et al. [37].

2.3. Histological analysis

For histological evaluation, fish were dissected to remove the in-
testine tissues and fixed with 4% paraformaldehyde [38]. Tissues were
embedded in paraffin wax after dehydrated in a graded ethanol series
and equilibrated in xylene according to standard histological techni-
ques [39]. The tissues were further dissected into 5-um sections ac-
cording to Taylor et al. [40]. Sections were stained using standard
haematoxylin and eosin (H & E) and examined by a Nikon TS100 light
microscope (Nikon Corporation, Tokyo, Japan). To assess the effect of
different treatments on PI, MI and DI morphology, 10 images were
randomly selected from each fish in each treatment. The impacts of
treatments were monitored in terms of blood capillary hyperaemia,
nuclear migration, goblet cell hyperplasia, loose arrangement of en-
terocyte, and epithelial sloughing. The morphological changes were
scored as follows: 0 = not observed, 1 = low (1-3 out of 10 images),

2 = moderate (4-6 out of 10 images), and 3 = high (7 or more out of
10 images) [41].

2.4. Biochemical parameter analysis

The intestinal samples were homogenised on ice in 10 vol (w/v) of
ice-cold physiological saline and centrifuged at 6000 g for 20 min at
4 °C, and then the collected supernatants were stored for the subsequent
analysis of related parameters, as described by our laboratory previous
study [42]. The activity of LZ and ACP in fish intestines were de-
termined according to the method of Zheng et al. [43]. The contents of
C3, C4 and IgM were measured by using the immunoturbidimetry kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China), ac-
cording to the method of Liu et al. [44] and Li et al. [45].

2.5. Quantitative real-time PCR

In this study, the quantitative real-time PCR (qRT-PCR) was similar
to the previously described in our previous study [46]. The total RNAs
were extracted from the PI, MI and DI using RNAiso Plus (Takara,
Dalian, China) according to the manufacturer's instructions. The RNA
quality and quantity were assessed by agarose gel (1%) electrophoresis
and spectrophotometric analysis (A260:280 nm ratio). Subsequently,
RNA was reverse transcribed into ¢cDNA using the PrimeScript™ RT
reagent Kit (TaKaRa) according to the manufacturer's instructions. The
gRT-PCR reactions were performed in triplicate on a CFX96TM Real-
Time PCR Detection System (Bio-Rad, Hercules, CA) using SYBR® Green
I Supermix (Takara, Dalian, China) based on the manufacturer's pro-
tocol. For qRT-PCR, specific primers were designed according to the
sequences cloned in our laboratory and the published sequences of
grass carp (Table 2). According to the results of our preliminary
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Fig. 3. The histology of the PI, MI and DI (H&E x 100) in on-growing grass carp fed diets containing different levels of gossypol (mg/kg diet) after challenged with A.
hydrophila for 14 days. (A) Control (0), (B) 121.38 mg/kg diet, (C) 243.94 mg/kg diet, (D) 363.89 mg/kg diet, (E) 759.93 mg/kg diet, (F) 1162.06 mg/kg diet. In each
panel, NM: nuclear migration, GH: goblet cell hyperplasia, BH: blood capillary hyperaemia, LA: loose arrangement of enterocyte, ES: epithelial sloughing.
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Table 3

Intestinal morphological changes in different groups of on-growing grass carp
fed diets containing different levels of gossypol for 60 days after infection with
the A. hydrophila for 14 days *.

Morphology Dietary gossypol levels (mg/kg diet)
Control (0) 125 250 375 775 1175
PI
Blood capillary hyperaemia 0.67 0.67 0.67 1.00 1.33  1.67
Nuclear migration 0.67 0 0.67 1.00 1.00 1.00
Goblet cell hyperplasia 0 1.00 1.33 1.33 1.00 1.33
Loose arrangement of 0 0 0 0.67 1.00  2.00
enterocyte
Epithelial sloughing 0 0 0 0 1.00 1.00
Column totals 1.34¢ 1.67¢  2.67° 4.00 5.33" 7.00°
MI
Blood capillary hyperaemia 0.33 0.67 0.67 0.67 1.00 1.67
Nuclear migration 0 1.00 1.00 1.67 1.67 2.00
Goblet cell hyperplasia 1.00 0.33 0.67 1.00 1.00 1.33
Loose arrangement of 0 0 1.00 0.33 1.00 1.00
enterocyte
Epithelial sloughing 0 0 0 0 1.67 1.67
Column totals 1.33¢ 2.00 334> 367> 6.34* 7.67°
DI
Blood capillary hyperaemia 0 1.00 1.00 1.67 1.00 1.67
Nuclear migration 0 0 0.67 1.00 1.33  1.00
Goblet cell hyperplasia 0.33 0 0 0.67 1.67 1.67
Loose arrangement of 0 0 0 0 0.33 1.00
enterocyte
Epithelial sloughing 0 0 0 0 0 1.00
Column totals 0.33° 1.00°  1.67° 3.34° 4.33" 6.34°

“The morphological changes are based on light microscopy evaluation of 10
micrographs from each fish in each treatment group. Tissue changes were as-
sessed as follows: 0 = not observed; 1 = low frequency (1-3 out of 10 images);
2 = moderate frequency (4-6 out of 10 images) and 3 = high frequency (7 or
more out of 10 images); Means, N = 3 fish. Different superscript letter means
significant difference when compared to control (0).

experiment concerning the evaluation of internal control genes (data
not shown), B-Actin and GAPDH were used as reference genes to nor-
malize ¢cDNA loading as described by Vandesompele et al. [47] and
Zheng et al. [48]. The target and housekeeping gene amplification ef-
ficiency were calculated according to the specific gene standard curves
generated from 10-fold serial dilutions. The 2~ 24" method was used to
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calculate the expression results as described by Fontagne-Dicharry et al.
[49] and Chu et al. [50].

2.6. Western blot analysis

The processes for intestines protein extract preparation, antibodies
and western blotting are the same as those described in our previous
studies [51]. Briefly, after extraction the PI, MI and DI protein con-
centrations were determined, using the bicinchoninic acid (BCA) Pro-
tein Assay Kit (Beyotime Biotechnology Inc., Jiangsu, China). Protein
samples were separated by SDS-PAGE and transferred to 0.45 pum PVDF
membrane for western analysis. The membrane was blocked for 1h at
room temperature (RT) and then incubated with primary antibody
overnight at 4 °C. We used the same anti-total TOR (AF6308, 1:1000
dilution), phosphorylation of TOR on residue Ser 2448 (p-TOR Ser 24*%)
(AF3308, 1:1000 dilution), NF-kBp65 (AF5006, 1:750 dilution), Lamin
B1 (AF5161, 1:1000 dilution) and -Actin (AF7018, 1:3000 dilution)
antibodies as those in our previous studies [48] and were purchased
from Affinity BioReagents (Golden, Colorado, USA). The anti-total PKA
(PKA-cat) (AF7746, 1:800 dilution) and phosphorylation of PKA on
threonine residue 197 (p-PKA-cat (Thr197)) (AF7246, 1:800 dilution)
antibodies selection were according to the method of Hu et al. [51].
Briefly, alignment of amino acid sequences of peptides was used to
produce polyclonal antibodies with the corresponding sequences in fish
to check the specificity of the antibodies; then, preliminary experiments
were performed with murine samples as a control to comparative
western blots of grass carp and murine samples. Thus, the anti-PKA-cat
and p-PKA-cat (Thr197) were also purchased from Affinity BioReagents
(Golden, Colorado, USA), which were checked and successfully cross
reacted with the grass carp proteins of the intestine. The sources of all
above antibodies were from human, mouse and rabbit. The western
bands were quantified using the NIH Image 1.63 software (National
Institutes of Mental Health, Bethesda, USA).

2.7. Statistical analysis

The effects of gossypol were assessed by ANOVA followed by a
linear contrast to test the dose effect of gossypol on intestinal immune
parameters among treatments were assessed using the general linear
models (GLM) procedure of SAS 9.4 (SAS Institute Inc., Cary, NC, USA).
Results were presented as mean = standard error (SE). All data were

Table 4
Effects of different levels of gossypol on immune related parameters in the PI, MI and DI of on-growing grass carp (Ctenopharyngodon idella) *.
Dietary gossypol levels (mg/kg diet) SEM P-value
0 (control) 121.38 243.94 363.89 759.93 1162.06 Linear Quadratic

PI
Lz 109.07% 113.382 96.10° 91.27° 81.12¢ 76.33¢ 2.67 < 0.001 0.03
ACP 101.42° 95.24° 83.64° 76.69" 69.37¢ 62.26° 2.50 < 0.001 < 0.001
c3 18.75° 18.83° 18.13° 17.31¢ 16.47¢ 16.04¢ 0.30 < 0.001 0.40
c4 7.04° 7.11° 6.41° 6.27> 5.84¢d 5.77¢ 0.11 < 0.001 < 0.001
gM 45.38° 46.91° 41.25° 37.84 27.85¢ 25.10° 1.49 < 0.001 0.05
MI
LZ 113.36% 107.12% 95.41° 89.36™ 79.44°4 70.62¢ 2.92 < 0.001 0.03
ACP 136.87° 132.41%° 121.36" 117.07¢ 107.23¢ 106.84¢ 2.52 < 0.001 0.02
c3 18.04% 18.12% 17.14% 16.41° 15.04° 14.85° 0.26 < 0.001 0.03
c4 6.58° 6.37° 5.36° 5.33 4.70° 4.74° 0.14 < 0.001 < 0.001
IgM 68.94% 65.82% 58.65" 50.19¢ 49.21¢ 42.27¢ 1.76 < 0.001 <0.01
DI
LZ 83.73% 81.60%° 70.10°¢ 71.14° 67.28° 56.51¢ 2.06 < 0.001 0.46
ACP 107.69° 104.99° 97.66 90.67¢ 80.84¢ 76.39¢ 2.21 < 0.001 0.02
c3 13.20% 13.16% 13.02° 12.68° 11.88° 11.50° 0.15 < 0.001 0.82
c4 5.922 5.81% 5.84% 5.24° 4.35° 4.15° 0.13 < 0.001 0.15
IgM 67.80° 62.14% 58.13" 53.624 48.26% 44.91° 1.56 < 0.001 0.01

*LZ, lysozyme (U/mg protein); ACP, acid phosphatase (U/mg protein); C3, complement 3 (mg/g protein); C4, complement 4 (mg/g protein); IgM, immunoglobulin M

(mg/g protein).
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Fig. 4. Relative expression of Hepcidin, IgZ, LEAP-2A, LEAP-2B, Mucin2 and B-defensin-1 in the PI (A), MI (B) and DI (C) of on-growing grass carp fed diets

containing different levels of gossypol for 60 days. Values are means (six fish per group) and standard errors represented by vertical bars. Mean values with unlike

letters were significantly different (P < 0.05; ANOVA and Duncan's multiple-range tests). *P-values underlined with a solid line indicate a significant linear dose

response relationship (P < 0.05).
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Fig. 5. Relative expression of pro-inflammatory cytokines (TNF-a,, IL-1f3, IFN-y2, IL-6, IL-8, IL-12p35, IL-12p40, and IL-17D) in the proximal intestine (PI) (A), middle
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tests). *P-values underlined with a solid line indicate a significant linear dose response relationship (P < 0.05).

subjected to one-way analysis of variance (ANOVA) followed by
Duncan's method to determine significant differences among groups at
the level of P < 0.05. The abscissa is the logarithmic value of the level
of variation (Log dietary gossypol levels), and the ordinate is the sta-
tistical value of the relevant parameter, which was used for regression
analysis according to Wen et al. [52]. Broken line analysis [53] was
used to evaluate the safe dose of gossypol in the diets of on-growing
grass carp.

3. Results
3.1. Enteritis and enteritis morbidity of fish

The enteritis severity of fish from each treatment was evaluated as
described by Song et al. [54]. The results are shown in Fig. 1. Compared
with the control group, increasing the levels of dietary gossypol linearly
aggravated (P < 0.05) the enteritis morbidity of fish under A.
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Fig. 6. Western blot analysis of NF-kBP65 in the proximal intestine (PI) (A), middle intestine (MI) (B) and distal intestine (DI) (C) of on-growing grass carp fed diets
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a significant linear dose response relationship (P < 0.05).

hydrophila infection.

As shown in Fig. 2. The intestinal hyperemia symptom became more
severe with increasing dietary gossypol levels from 121.38 to
1162.06 mg/kg diet. In addition, the survival rate of all group after
infection with A. hydrophila was 100% (unpublished data).

3.2. Histopathological examination

The histological results are shown in Fig. 3. Compared with the
control group, increasing the dietary levels of gossypol resulted in blood
capillary hyperaemia, nuclear migration, goblet cell hyperplasia, loose
arrangement of enterocyte, and epithelial sloughing in three intestinal
segments of on-growing grass carp. A summary of the morphological
changes observed in the treatments is presented in Table 3. A general
trend was noticed; compared with the control group, dietary gossypol
could aggravate intestinal injuries in on-growing grass carp after in-
fection with A. hydrophila. Among the groups challenged with A. hy-
drophila, the histological changes in the PI, MI and DI of fish were in-
creased significantly with the dietary gossypol level up to 363.89,
243.94 and 363.89 mg/kg diet (P < 0.05), respectively.

822

3.3. Immune parameters in the intestines of fish

The activities of LZ and ACP and the contents of C3, C4 and IGM in
the three intestinal segments of on-growing grass carp after infection
with A. hydrophila are presented in Table 4. In the PI, MI and DI of fish,
the contents of C3 and C4 were linearly and quadratically (except C3 in
the PI and DI) decreased (P < 0.05) by increasing dietary gossypol
concentrations. Meanwhile, feeding diets containing different levels of
gossypol linearly and quadratically decreased (P < 0.05) the activities
of the LZ, ACP and IgM in the three intestinal segments of fish.

3.4. Relative mRNA levels of innate and adaptive components and cytokines
in fish intestines

The effect of dietary gossypol on antimicrobial peptides in the PI, MI
and DI of on-growing grass carp are presented in Fig. 4. The mRNA
levels of Hepcidin (except DI), immunoglobulin Z (IgZ), LEAP-2B,
Mucin2 and [-defensin-1 were linearly down-regulated (P < 0.05) in
the three intestinal segments of fish with increasing dietary gossypol
levels. However, the dietary gossypol did not impact on the mRNA
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linear dose response relationship (P < 0.05).

levels of LEAP-2A in the three intestinal segments (P > 0.05), and
Hepcidin in the DI (P > 0.05) of on-growing grass carp.

Effects of dietary gossypol on pro-inflammatory cytokines in the
intestines of on-growing grass carp are shown in Fig. 5. The mRNA
levels of TNF-a, IL-1f, IFN-y2, IL-8, IL-12P35 and IL-6 (only in PI) were
linearly down-regulated (P < 0.05) in the three intestinal segments of
fish with increasing dietary gossypol levels. However, the dietary gos-
sypol had no impact on the mRNA levels of IL-12P40, IL-17D and IL-6

823

(except PI) in the intestines of on-growing grass carp (P > 0.05).

The effects of dietary gossypol on anti-inflammatory cytokines
genes expression in the intestines of on-growing grass carp are present
in Fig. 7. The TGF-32, IL-4/13A and IL-11 mRNA levels were linearly
down-regulated (P < 0.05) in the three intestinal segments of fish with
increasing dietary gossypol levels. The mRNA levels of TGF-f1 in the PI
and MI, and IL-10 in the PI of fish were linearly down-regulated
(P < 0.05) by increasing dietary gossypol levels. However, compared
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Fig. 8. Relative expression of signalling molecules in the PI (A), MI (B) and DI (C) of on-growing grass carp fed diets containing different levels of gossypol for 60
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with the control group, increasing the dietary levels of gossypol had no level of dietary gossypol linearly up-regulated (P < 0.05) the mRNA
effect on the mRNA levels of TGF-$1 in the DI, IL-10 in the MI and DI, levels of NF-kBp65, IKKP, IKKy and 4E-BP1 in the three intestinal
and IL-4/13B in the three intestinal segments of on-growing grass carp segments, and c-Rel in the MI and DI of fish. In addition, the mRNA

(P > 0.05). levels of IkBa, TOR and S6K1 were linearly down-regulated (P < 0.05)
in the three intestinal segments by increasing dietary gossypol levels.
3.5. Relative mRNA levels of immune-related signalling molecules in the Interestingly, the mRNA levels of NF-kBp52, IKKa and 4E-BP2 in the

intestines of fish

three intestinal segments, and c-Rel in the MI and DI of fish were no
differences (P > 0.05) occurred among all treatments.

As shown in Fig. 8, compared with the control group, increasing the
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3.6. Effects of gossypol on the protein levels of NF-kBp65, TOR and PKA in
fish intestines

As shown in Fig. 6, Fig. 9 and Fig. 10, although similar quantities of
proteins were loaded onto the gels, the NF-kBp65, p-TOR Ser®**® and p-
PKA-cat (Thr197) protein levels were differences in the intestinal seg-
ments of fish in a dose-dependent manner. Compared with the control
group, increasing the level of dietary gossypol linearly raised
(P < 0.05) the protein levels of NF-kBp65 in the PI, MI and DI of fish.
Additionally, the TOR and PKA phosphorylation levels were linearly
reduced (P < 0.05) in the three intestinal segments of fish by in-
creasing dietary gossypol levels.

4. Discussion

In cottonseed meal, gossypol is a toxic compound, which could re-
duce the growth and damage multiple organs in animals [55,56]. Our
previous study observed that increasing dietary levels of gossypol above
179 mg/kg diet could decrease the growth (the SGR and PWG of Groups
1-6 were 1.87 + 0.01%, 1.85 = 0.02%, 1.80 = 0.02°, 1.69 = 0.01F,
1.60 = 0.029, 1.54 + 0.02° and 206.88 + 2.61%, 202.76 = 4.01%

194.89 + 3.98° 175.81 + 2.00°, 161.51 = 3.299, 152.60 = 2.54°,
respectively) and impair the structural integrity of intestinal epithelial
cells in on-growing grass carp [5]. We all know that animal growth was
also related to the intestinal immunity. However, no study has been
reported about the effect of gossypol on the intestinal immunity of
animals. Thus, this study further investigated the effects of gossypol on
the intestinal immunity and the potential regulatory mechanisms,
which may afford a partial theoretical basis for the negative effect of
gossypol on the growth of animals.

4.1. Gossypol could aggravate enteritis and intestinal histopathological
lesions of on-growing grass carp under A. hydrophila infection

A. hydrophila is generally considered a major pathogen in almost all
animal taxa and causes intestinal inflammation in fish [57]. Our pre-
vious study demonstrated that the higher enteritis morbidity could re-
flect the weaker enteritis resistance of fish [6]. In this study, we de-
monstrated for the first time that dietary gossypol was linearly
increased the enteritis morbidity in on-growing grass carp, indicating
that gossypol could reduce the enteritis resistance ability of fish.

Fish intestinal health was associated with its structural integrity
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Fig. 10. Effect of gossypol on the status of PKA activation (phosphorylation) in the proximal intestine (PI) (A), middle intestine (MI) (B) and distal intestine (DI) (C)
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[58]. Studies have reported that blood capillary hyperaemia [59], dis-
placement of enterocyte nuclei [60], goblet cell hyperplasia [61], loose
arrangement of epithelial cells and epithelial sloughing [62] were re-
flected the histopathological changes in enteropathy of fish. In this
study, the histopathology showed that the intestines from fish fed doses
of gossypol above 121.38 mg/kg diet exhibited significant mild to se-
vere damage.

All the data above indicated that gossypol could decrease the en-
teritis resistance ability and damage the intestinal structure of on-
growing grass carp. Additionally, the enteritis resistance is related to
intestinal immunity, which mainly depends on the innate and adaptive
immune components in fish [8]. Thus, we next investigated the impacts
of dietary gossypol on intestinal immunity of fish.

4.2. Gossypol reduced innate and adaptive immunity in the intestines of fish

The intestine constitutes the largest body area is continuously
contacted with the external pathogens and plays a vital role in the
immune defense against inflammation and pathogen infection [1]. As
we know, the immune function of fish relies on the immune response,
which is closely associated with innate and adaptive immune compo-
nents such as LZ, ACP, complements, antibacterial peptides and im-
munoglobulins [63]. In the present study, dietary gossypol decreased
the LZ and ACP activities, C3, C4 and IgM contents, and it down-
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regulated the Hepcidin (rather than DI), LEAP-2B, Mucin2 and p-de-
fensin-1 mRNA levels in the three intestinal segments of on-growing
grass carp, indicating that gossypol could impair the intestinal immune
function of fish.

Interestingly, we observed that dietary gossypol down-regulated
Hepcidin mRNA levels in the PI and MI (rather than DI) and had no
impact on the mRNA levels of LEAP-2A in the intestines of fish. The
possible reasons for the diverse results are analysed as follows. First, the
dietary gossypol down-regulated Hepcidin mRNA levels in the PI and
MI but did not alter it in the DI of fish, which might be due to the TGF-
B1. In mice hepatic cell, the inhibition of TGF-f1 could down-regulate
the mRNA levels of Hepcidin [64]. Our data show that dietary gossypol
did not affect TGF-1 mRNA levels in the DI of on-growing grass carp,
which supports our hypothesis. Second, dietary gossypol had no effect
on the mRNA levels of LEAP-2A in the three intestinal segments of fish,
which might be partially due to the unchanged IKKa. A study has been
reported that IKKa could increase IL-22 expression in mice [65]. In
splenocytes of rainbow trout (Oncorhynchus mykiss), IL-22 could up-
regulate the mRNA levels of LEAP-2A [66]. In this study, the dietary
gossypol did not influence the mRNA levels of IKKa in the three in-
testinal segments of fish, supporting our hypothesis. In addition, the
fish intestinal immune function is also related to the inflammation re-
sponses, which are primarily mediated by cytokines [67] and related
signalling pathways such as NF-kB and TOR [48,68].
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4.3. Gossypol aggravated intestinal inflammatory responses partly relating
to NF-kB and TOR signalling pathways in fish

4.3.1. Gossypol increased intestinal inflammation partly related to up-
regulating pro-inflammatory cytokines via the NF-xB and PKA signalling
pathway in fish

In fish, enteritis induced by A. hydrophila infection was closely as-
sociated with the inflammatory cytokines [54]. In this study, we are the
first time to evaluate the effects of gossypol on multiple pro-in-
flammatory cytokines mRNA levels in fish intestines. The current re-
sults indicated that dietary gossypol up-regulated the studied pro-in-
flammatory cytokines (except IL-6 in the MI and DI) mRNA levels in the
intestines of fish, suggesting that gossypol may aggravate enteritis by
up-regulating pro-inflammatory cytokines. It was reported that pro-in-
flammatory cytokines could be regulated by the signalling molecule NF-
kB in human [69]. In addition, the inhibition of PKA could up-regulate
the pro-inflammatory cytokine TNF-a in human dendritic cells [20].
Thus, we next examined the impacts of gossypol on the NF-kxB and PKA
signalling in different intestinal segments of on-growing grass carp.

Studies reported that activated IKK complex (IKKa, IKK( and IKKy)
phosphorylates IkBa, results in the activation of NF-xB (e.g. NF-xBp65,
p52 and c-Rel) that plays vital roles in the regulation of pro-in-
flammatory cytokine expression in animals [70,71]. In this study, the
dietary gossypol induced the up-regulation of NF-kBp65, c-Rel (only in
PI), IKK (3 and y (not @)) and the down-regulation of IxkBa mRNA levels
in the three intestinal segments of on-growing grass carp. In addition,
the dietary gossypol also down-regulated the protein levels of NF-kBp65
and p-PKA in the three intestinal segments. These results suggest that
gossypol increased the intestinal inflammation due to up-regulating the
mRNA levels of pro-inflammatory cytokines, which were partially at-
tributed to IKK (3 and v (not a))/IxkBa/NF-kB (p65 and c-Rel (not p52))
and PKA signalling in the intestines of fish.

Surprisingly, no significant differences were found in the IL-6 (ra-
ther than PI), IL-12p40, IL-17D, NF-kBp52, IKKa and c-Rel (rather than
PI) mRNA levels of three intestinal segments for fish fed different levels
of gossypol diets. We have several explanations for this lack of effect.
First, dietary gossypol up-regulated the mRNA levels of IL-6 in the PI
but did not alter it in the MI and DI of fish, which might be partially
associated with the c-Rel. Tumang et al. [72] reported that IL-6 was
positively regulated by c-Rel in primary B cells. In this study, the
dietary gossypol up-regulated c-Rel mRNA levels in the PI and did not
affect it in the MI and DI of on-growing grass carp, supporting our
hypothesis. Second, the dietary gossypol up-regulated IL-12p35 but did
not impact on IL-12p40 mRNA levels in the three intestinal segments of
fish, which might be due to IL-1f. In the mature DCs, IL-1f3 could up-
regulate IL-12p35 mRNA level but had no effect on the mRNA level of
IL-12p40 [73]. Our study showed that dietary gossypol up-regulated IL-
1 mRNA levels in the three intestinal segments of fish. Thus, we
speculate that gossypol might increase IL-1[3 gene expression leading to
the up-regulation of IL-12p35 but not IL-12p40 in the intestines of fish.
Third, the dietary gossypol had no impact on the mRNA levels of IL-17D
in the three intestinal segments of fish, which might be due to the
unchanged IKKa and NF-kBp52. It was reported that IKKa/NF-kBp52
was the non-canonical NF-kB pathway [74], which could activate the
Th17 cells to produce the IL-17 family of cytokines (including IL-17A to
E) [75]. Our data observed that dietary gossypol had no impact on the
mRNA levels of IKKa and NF-xBp52 in the three intestinal intestines of
fish. Hence, we speculated that dietary gossypol did not alter IL-17D
mRNA levels in the intestines of fish might be partially associated with
the unchanged mRNA levels of IKKa and NF-kBp52, which requires
further investigation. Fourth, the finding that dietary gossypol did not
affect NF-kBp52 mRNA levels in the three intestinal segments might be
partly due to the lack of change in IKKa expression. In immune cells,
IKKa plays a crucial role in the activation of NF-kBp52 [76]. In this
study, the dietary gossypol did not affect IKKa mRNA levels in the three
intestinal segments of fish, supporting our hypothesis. Fifth, the reason
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that gossypol elevated IKK( and IKKy but not IKKoo mRNA levels in the
three intestinal segments might be associated with TNF-a altering
protein kinase C-zeta (PKC(). Our study observed that dietary gossypol
up-regulated TNF-a mRNA levels in the intestines of on-growing grass
carp. A study in mice has been indicated that TNF-a could enhance the
PKC( levels [77], which could up-regulate IKKf and IKKy but not IKKa
expression in kupffer cell [78]. Thus, we hypothesised that gossypol
might increase PKC levels leading to the up-regulation of IKK3 and
IKKy (not IKKa) in the intestines of fish. However, this hypothesis re-
quires further investigation. Lastly, gossypol up-regulated c-Rel mRNA
levels in the PI but unaffected it in the MI and DI of fish, which might be
related to IL-10. Rahim et al. [79] reported that the inhibition of IL-10
could up-regulate the c-Rel in macrophages. In this study, the dietary
gossypol down-regulated the mRNA levels of IL-10 in the PI but un-
affected it in the MI and DI of on-growing grass carp, which supports
our hypothesis.

4.3.2. Gossypol induced intestinal inflammation by down-regulating the
anti-inflammatory cytokines through the TOR signalling pathway in fish

In humans, the down-regulation of anti-inflammatory cytokines
could aggravate the inflammation process [80], which could be regu-
lated by TOR signalling via inhibiting ribosomal protein S6K1 and ac-
tivating 4E-BP1 [81]. Our data showed that the dietary gossypol down-
regulated the targeted anti-inflammatory cytokines (except TGF-f1 in
the DI and IL-10 in the MI and DI) mRNA levels in the three intestinal
segments of on-growing grass carp, suggesting that dietary gossypol
aggravated intestinal inflammatory responses in fish. In addition,
compared with the control group, the dietary gossypol down-regulated
TOR and S6K1 mRNA levels, decreased TOR phosphorylation levels,
and up-regulated the mRNA levels of 4E-BP1 in the three intestinal
segments of fish. The above observations implied that gossypol down-
regulated anti-inflammatory cytokines partially due to the suppression
of the (TOR/(S6K1 and 4E-BP1)) signalling pathway in fish intestines.

Interestingly, the dietary gossypol had no effect on the IL-4/13B, IL-
10 (except PI), TGF-f1 (only in DI) and 4E-BP2 mRNA levels in the
three intestinal segments of fish. The possible reasons for these differ-
ences were analysed as follows. First, the dietary gossypol down-regu-
lated IL-4/13A, but not IL-4/13B mRNA levels in the intestines of fish
may be related to TOR signalling and GATA-3. The current results
displayed that dietary gossypol down-regulated TOR mRNA and phos-
phorylation levels in the three intestinal segments of on-growing grass
carp. The inhibition of TOR could down-regulate the expression of
GATA3 in the T cells of mice [82]. In pufferfish, GATA3 could regulate
the gene transcription of IL-4/13A but not IL-4/13B through binding
with a TATA box [83]. Therefore, we specular that gossypol reduced
TOR phosphorylation levels to diminish GATA-3 expression, thus
leading to down-regulate the IL-4/13A (not IL-4/13B) mRNA levels in
fish intestines. However, this possible supposition requires further in-
vestigation. Second, the dietary gossypol down-regulated the mRNA
levels of IL-10 in the PI and had no influence it in the MI and DI of fish,
which might be associated with the Cholecystokinin (CCK). A study
confirmed that gossypol could bind with the lysine in feed, which in
turn leads to the lysine deficiency in channel catfish [13]. Naz and
Tiirkmen [84] found that lysine deficiency reduced the CCK secretion in
larvae gilthead seabream. Meanwhile, the CCK was a higher expression
in the PI than that in the MI and DI of Schizothorax prenanti [85]. Zhang
et al. [86] observed that the inhibition of CCK could down-regulated
the IL-10 mRNA levels in mouse liver. Hence, we speculate that dietary
gossypol down-regulated the mRNA levels of IL-10 in the PI but un-
affected it in the MI and DI of on-growing grass carp might be via in-
hibition the CCK in the intestine of fish. However, this hypothesis re-
quires further investigation. Third, the dietary gossypol down-regulated
the TGF-B1 mRNA levels in the PI and MI but did not alter it in the DI of
fish, which may be associated with the intestinal isoleucine content. It
was documented that isoleucine deficiency could down-regulate the
mRNA levels of TGF-f1 in the intestines of grass carp [87]. Our
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previous study has been found that dietary gossypol reduced the iso-
leucine contents in the PI and MI but did not affect it in the DI of on-
growing grass carp [5], supporting our hypothesis. Lastly, the dietary
gossypol up-regulated 4E-BP1 but did not alter 4E-BP2 mRNA levels in
the three intestinal segments of fish, which may be related to TNF-a. A
study in human LO2 hepatocytes has been found that TNF-a could in-
duce the phosphorylation of eukaryotic initiation factor 2 alpha (eIF2a)
[881, while the phosphorylation of elF2a only up-regulates 4EBP1 not
4EBP2 gene expression in mouse MEF cells [89]. In this study, the
dietary gossypol up-regulated TNF-a mRNA levels in the intestines of
on-growing grass carp, supporting our hypothesis.

4.4. The safe dose of dietary gossypol for the intestinal immune function of

fish

Our study indicated that dietary gossypol reduced the intestinal
immunity of on-growing grass carp. Thus, it is necessary to evaluate the
safe dose of gossypol in the diet for intestinal immunity of on-growing
grass carp. As shown in Fig. 11, based on the intestinal histopatholo-
gical results and the broken line analysis for the enteritis morbidity, LZ
activity and IgM content in the MI, the safe dose of gossypol in the diets
for on-growing grass carp were estimated to be121.38, 117.49, 112.20
and 103.42 mg/kg diet, respectively. Interestingly, on the basis of IgM,
the safe dose of gossypol in the diet of on-growing grass carp was re-
commended to be 103.42 mg gossypol/kg diet, which was lower than
that base on the percent weight gain (182.39 mg gossypol/kg diet) [5],
suggesting that infections with intestinal pathogenic bacteria could
decrease the gossypol tolerance of on-growing grass carp.

5. Conclusions

In summary (Fig. 12), we found for the first time that dietary gos-
sypol impaired intestinal immune function of fish as displayed in the
following aspects. Compared with the control group, (1) dietary gos-
sypol aggravated enteritis and intestinal histopathological lesions of on-
growing grass carp; (2) dietary gossypol reduced the intestinal immune
function of fish by depressing the production of innate and adaptive
immune components including LZ, ACP, C3, C4 and IgM and down-
regulating the mRNA levels of antimicrobial peptides (Hepcidin, LEAP-
2B, Mucin2 and (-defensin-1) and IgZ; (3) dietary gossypol aggravated
intestinal inflammation partially by up-regulating the pro-inflammation
cytokines (TNF-a, IL-1B, IFN-y2, IL-6 (only in PI), IL-8 and IL-12p35)
and down-regulating the anti-inflammatory cytokines (TGF-B1 (except
DI), TGF-32, IL-4/13A, IL-10 (only in PI) and IL-11) mRNA levels in the
intestines of fish, which were partially associated with (IKK (3, v/IxBa/
NF-kB (p65 and c-Rel)) and (TOR/(S6K1 and 4E-BP1)) signalling, re-
spectively, but not (IKKa/IkBa/NF-kBp52) and (TOR/4E-BP2) signal-
ling pathways; (4) dietary gossypol had no impact on the LEAP-2A, IL-
12P40, IL-17D and IL-10 mRNA levels in the three intestinal segments
of on-growing grass carp. In addition, based on the intestinal histo-
pathological results, enteritis morbidity, LZ activity and IgM content,
the safe dose of gossypol in the diets for on-growing grass carp should
be less than 103.42 mg/kg diet.

Acknowledgments

The present study was jointly supported by the National Basic
Research Program of China (973 Program) (2014CB138600), National
Department Public Benefit Research Foundation (Agriculture) of China
(201003020), Outstanding Talents and Innovative Team of Agricultural
Scientific Research (Ministry of Agriculture), Science and Technology
Support Program of Sichuan Province of China (2014NZ0003), Major
Scientific and Technological Achievement Transformation Project of
Sichuan Province of China (2012NC0007; 2013NC0045), The
Demonstration of Major Scientific and Technological Achievement
Transformation Project of Sichuan Province of China (2015CC0011),

829

Fish and Shellfish Immunology 86 (2019) 814-831

the Earmarked Fund for China Agriculture Research System (CARS-45),
Natural Science Foundation for Young Scientists of Sichuan Province
(2014JQ0007), and Foundation of Sichuan Youth Science and
Technology Innovation Research Team (2017TD0002). The authors
would like to thank the personnel of these teams for their kind assis-
tance.

References

[1] J.H. Rombout, L. Abelli, S. Picchietti, G. Scapigliati, V. Kiron, Teleost intestinal
immunology, Fish Shellfish Immunol. 31 (5) (2011) 616-626.

C. Huang, P. Wu, W.D. Jiang, Y. Liu, Y.Y. Zeng, J. Jiang, S.Y. Kuang, L. Tang,
Y.A. Zhang, X.Q. Zhou, L. Feng, Deoxynivalenol decreased the growth performance
and impaired intestinal physical barrier in juvenile grass carp (Ctenopharyngodon
idella), Fish Shellfish Immunol. 80 (2018) 376-391.

Z.-X. Song, W.-D. Jiang, Y. Liu, P. Wu, J. Jiang, X.-Q. Zhou, S.-Y. Kuang, L. Tang,
W.-N. Tang, Y.-A. Zhang, L. Feng, Dietary zinc deficiency reduced growth perfor-
mance, intestinal immune and physical barrier functions related to NF-kB, TOR,
Nrf2, JNK and MLCK signaling pathway of young grass carp (Ctenopharyngodon
idella), Fish Shellfish Immunol. 66 (2017) 497-523.

1.C. Gadelha, N.B. Fonseca, S.C. Oloris, M.M. Melo, B. Soto-Blanco, Gossypol toxi-
city from cottonseed products, Sci. World J. 2014 (2014) 231635.

K.-z. Wang, W.-d. Jiang, P. Wy, Y. Liu, J. Jiang, S.-y. Kuang, L. Tang, Y.-a. Zhang,
X.-q. Zhou, L. Feng, Gossypol reduced the intestinal amino acid absorption capacity
of young grass carp (Ctenopharyngodon idella), Aquaculture 492 (2018) 46-58.
Y.W. Dong, W.D. Jiang, Y. Liu, P. Wu, J. Jiang, S.Y. Kuang, L. Tang, W.N. Tang,
Y.A. Zhang, X.Q. Zhou, L. Feng, Threonine deficiency decreased intestinal immunity
and aggravated inflammation associated with NF-kappaB and target of rapamycin
signalling pathways in juvenile grass carp (Ctenopharyngodon idella) after infection
with Aeromonas hydrophila, Br. J. Nutr. 118 (2) (2017) 92-108.

L.Y. Zhu, L. Nie, G. Zhu, L.X. Xiang, J.Z. Shao, Advances in research of fish immune-
relevant genes: a comparative overview of innate and adaptive immunity in tele-
osts, Dev. Comp. Immunol. 39 (1-2) (2013) 39-62.

P.R. Rauta, B. Nayak, S. Das, Immune system and immune responses in fish and
their role in comparative immunity study: a model for higher organisms, Immunol.
Lett. 148 (1) (2012) 23-33.

C.S. Teng, Gossypol-induced apoptotic DNA fragmentation correlates with inhibited
protein kinase C activity in spermatocytes, Contraception 52 (6) (1995) 389-395.
E. Corsini, B. Viviani, L. Lucchi, M. Marinovich, M. Racchi, C.L. Galli, Ontogenesis
of protein kinase C betall and its anchoring protein RACK1 in the maturation of
alveolar macrophage functional responses, Immunol. Lett. 76 (2) (2001) 89-93.
S.E. Watkins, J.T. Skinner, M.H. Adams, P.W. Waldroup, An evaluation of low-
gossypol cottonseed meal in diets for broiler chickens. 1. Effect of cottonseed meal
level and lysine supplementation, J. Appl. Poultry Res. 2 (3) (1993) 221-226.
Y.L. Guo, P. Wu, W.D. Jiang, Y. Liu, S.Y. Kuang, J. Jiang, L. Tang, W.N. Tang,
Y.A. Zhang, X.Q. Zhou, L. Feng, The impaired immune function and structural in-
tegrity by dietary iron deficiency or excess in gill of fish after infection with
Flavobacterium columnare: regulation of NF-kappaB, TOR, JNK, p38MAPK, Nrf2
and MLCK signalling, Fish Shellfish Immunol. 74 (2018) 593-608.

E.H. Robinson, M.H. Li, C. Lim, D.J. Sessa, Use of Cottonseed Meal in Aquaculture
Feeds, Nutrition & Utilization Technology in Aquaculture, (1995).

S. Azizi, M.A. Nematollahi, B.M. Amiri, E.J. Vélez, E. Lutfi, I. Navarro, E. Capilla,
J. Gutiérrez, Lysine and leucine deficiencies affect myocytes development and IGF
signaling in gilthead sea bream (Sparus aurata), PLoS One 11 (1) (2016) e0147618.
O.E. Sgrensen, J.B. Cowland, K. Theilgaardmonch, L. Liu, T. Ganz, N. Borregaard,
Wound healing and expression of antimicrobial peptides/polypeptides in human
keratinocytes, a consequence of common growth factors, J. Immunol. 170 (11)
(2003) 5583-5589.

V. Delcenserie, D. Martel, M. Lamoureux, J. Amiot, Y. Boutin, D. Roy,
Immunomodulatory effects of probiotics in the intestinal tract, Curr. Issues Mol.
Biol. 10 (2) (2008) 37-54.

C. Danning, G. Illei, C. Hitchon, M. Greer, D. Boumpas, I. McInnes,
Macrophage-derived cytokine and nuclear factor kB p65 expression in synovial
membrane and skin of patients with psoriatic arthritis, Arthritis Rheum. 43 (6)
(2000) 1244-1256.

T. Weichhart, G. Costantino, M. Poglitsch, M. Rosner, M. Zeyda, K.M. Stuhlmeier,
T. Kolbe, T.M. Stulnig, W.H. Horl, M. Hengstschlager, M. Muller, M.D. Saemann,
The TSC-mTOR signaling pathway regulates the innate inflammatory response,
Immunity 29 (4) (2008) 565-577.

D.M. Xiao, W.H. Zhou, Y.H. Zhang, X.L. Wang, B. Zhu, J.B. Zhang, G.D. Yang,
H.C. Chen, Comparison between the effects of (-)- and (+)-gossypol on protein
kinase C and protein kinase A, Yao Xue Xue Bao 28 (7) (1993) 494-498.

R.V. Schillace, C.L. Miller, N. Pisenti, J.E. Grotzke, G.M. Swarbrick,

D.M. Lewinsohn, D.W. Carr, A-kinase anchoring in dendritic cells is required for
antigen presentation, PLoS One 4 (3) (2009) e4807.

F. Bian, H. Jiang, M. Man, K. Mai, H. Zhou, W. Xu, G. He, Dietary gossypol sup-
pressed postprandial TOR signaling and elevated ER stress pathways in turbot
(Scophthalmus maximus L.), Am. J. Physiol. Endocrinol. Metab. 312 (1) (2016)
E37-E47.

J.H. Lee, J.H. Kim, J.S. Kim, J.W. Chang, S.B. Kim, J.S. Park, S.K. Lee, AMP-acti-
vated protein kinase inhibits TGF-beta-, angiotensin II-, aldosterone-, high glucose-,
and albumin-induced epithelial-mesenchymal transition, Am. J. Physiol. Renal.
Physiol. 304 (6) (2013) F686-F697.

[2]

[3]

[4

[5]

[6]

[7

[8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]


http://refhub.elsevier.com/S1050-4648(18)30813-1/sref1
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref1
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref2
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref2
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref2
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref2
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref3
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref3
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref3
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref3
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref3
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref4
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref4
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref5
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref5
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref5
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref6
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref6
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref6
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref6
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref6
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref7
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref7
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref7
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref8
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref8
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref8
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref9
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref9
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref10
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref10
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref10
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref11
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref11
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref11
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref12
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref12
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref12
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref12
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref12
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref13
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref13
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref14
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref14
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref14
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref15
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref15
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref15
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref15
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref16
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref16
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref16
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref17
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref17
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref17
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref17
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref18
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref18
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref18
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref18
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref19
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref19
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref19
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref20
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref20
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref20
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref21
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref21
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref21
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref21
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref22
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref22
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref22
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref22

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

. Wang et al.

F. Sahin, C.B. Avci, C. Gunduz, C. Sezgin, 1.Y. Simsir, G. Saydam, Gossypol exerts its
cytotoxic effect on HL-60 leukemic cell line via decreasing activity of protein
phosphatase 2A and interacting with human telomerase reverse transcriptase ac-
tivity, Hematology 15 (3) (2010) 144-150.

B. Chen, J. Li, H. Zhu, AMP-activated protein kinase attenuates oxLDL uptake in
macrophages through PP2A/NF-kB/LOX-1 pathway, Vasc. Pharmacol. 85 (2016)
1-10.

K. Chen, W.D. Jiang, P. Wu, Y. Liu, S.Y. Kuang, L. Tang, W.N. Tang, Y.A. Zhang,
X.Q. Zhou, L. Feng, Effect of dietary phosphorus deficiency on the growth, immune
function and structural integrity of head kidney, spleen and skin in young grass carp
(Ctenopharyngodon idella), Fish Shellfish Immunol. 63 (2017) 103-126.

FAO, Fisheries and Aquaculture Department, Fisheries and Aquaculture Statistics,
Food and Agriculture Organization of United Nations, 2015.

K.J. Lee, K. Dabrowski, High-performance liquid chromatographic determination of
gossypol and gossypolone enantiomers in fish tissues using simultaneous electro-
chemical and ultraviolet detectors, J. Chromatogr. B Analyst. Technol. Biomed. Life
Sci. 779 (2) (2002) 313-319.

F.A. Guardiola, C. Barroso, P. Enes, A. Couto, P. Diaz-Rosales, A. Afonso,

E. Kanashiro, H. Peres, E. Matos, A. Oliva-Teles, P. Pousao-Ferreira, B. Costas,
Humoral and mucosal immune responses in meagre (Argyrosomus regius) juveniles
fed diets with varying inclusion levels of carob seed germ meal, Fish Shellfish
Immunol. 79 (2018) 209-217.

H. Ji, J. Li, P. Liu, Regulation of growth performance and lipid metabolism by
dietary n-3 highly unsaturated fatty acids in juvenile grass carp, Ctenopharyngodon
idellus, Comp. Biochem. Physiol. B Biochem. Mol. Biol. 159 (1) (2011) 49-56.

L. Feng, S.Q. Li, W.D. Jiang, Y. Liu, J. Jiang, P. Wu, J. Zhao, S.Y. Kuang, L. Tang,
W.N. Tang, Y.A. Zhang, X.Q. Zhou, Deficiency of dietary niacin impaired intestinal
mucosal immune function via regulating intestinal NF-kappaB, Nrf2 and MLCK
signaling pathways in young grass carp (Ctenopharyngodon idella), Fish Shellfish
Immunol. 49 (2016) 177-193.

P.J. Ni, W.D. Jiang, P. Wu, Y. Liu, S.Y. Kuang, L. Tang, W.N. Tang, Y.A. Zhang,
X.Q. Zhou, L. Feng, Dietary low or excess levels of lipids reduced growth perfor-
mance, and impaired immune function and structure of head kidney, spleen and
skin in young grass carp (Ctenopharyngodon idella) under the infection of Aeromonas
hydrophila, Fish Shellfish Immunol. 55 (2016) 28-47.

Y. Tu, S. Xie, D. Han, Y. Yang, J. Jin, H. Liu, X. Zhu, Growth performance, digestive
enzyme, transaminase and GH-IGF-I axis gene responsiveness to different dietary
protein levels in broodstock allogenogynetic gibel carp (Carassius auratus gibelio)
CAS 1II, Aquaculture 446 (2015) 290-297.

L. Tian, X.-Q. Zhou, W.-D. Jiang, Y. Liu, P. Wu, J. Jiang, S.-Y. Kuang, L. Tang, W.-
N. Tang, Y.-A. Zhang, F. Xie, L. Feng, Sodium butyrate improved intestinal immune
function associated with NF-kB and p38MAPK signalling pathways in young grass
carp (Ctenopharyngodon idella), Fish Shellfish Immunol. 66 (2017) 548-563.

J. Xu, P. Wu, W.D. Jiang, Y. Liu, J. Jiang, S.Y. Kuang, L. Tang, W.N. Tang,

Y.A. Zhang, X.Q. Zhou, L. Feng, Optimal dietary protein level improved growth,
disease resistance, intestinal immune and physical barrier function of young grass
carp (Ctenopharyngodon idella), Fish Shellfish Immunol. 55 (2016) 64-87.

L. Zhang, L. Feng, W.D. Jiang, Y. Liu, P. Wu, S.Y. Kuang, L. Tang, W.N. Tang,
Y.A. Zhang, X.Q. Zhou, Vitamin A deficiency suppresses fish immune function with
differences in different intestinal segments: the role of transcriptional factor NF-
kappaB and p38 mitogen-activated protein kinase signalling pathways, Br. J. Nutr.
117 (1) (2017) 67-82.

K.A. Basha, R.P. Raman, K.P. Prasad, K. Kumar, E. Nilavan, S. Kumar, Effect of
dietary supplemented andrographolide on growth, non-specific immune parameters
and resistance against Aeromonas hydrophila in Labeo rohita (Hamilton), Fish
Shellfish Immunol. 35 (5) (2013) 1433-1441.

R. Hu, Y. Wang, F. Qu, J. Tang, Y. Zhou, S. Lu, J. Zhang, Z. Liu, Z. Zhou, X. Guo,
Molecular characterization and dietary regulation of the AlaSerCys transporter 2 in
grass carp, Ctenopharyngodon idella, J. World Aquacult. Soc. 48 (2) (2017) 333-341.
P. Moran, F. Marco-Rius, M. Megias, L. Covelo-Soto, A. Pérez-Figueroa,
Environmental induced methylation changes associated with seawater adaptation
in brown trout, Aquaculture 392-395 (2013) 77-83.

C. Zhang, S. Rahimnejad, Y.-r. Wang, K. Lu, K. Song, L. Wang, K. Mai, Substituting
fish meal with soybean meal in diets for Japanese seabass (Lateolabrax japonicus):
effects on growth, digestive enzymes activity, gut histology, and expression of gut
inflammatory and transporter genes, Aquaculture 483 (2018) 173-182.

J.F. Taylor, L. Martinez-Rubio, J. del Pozo, J.M. Walton, A.E. Tinch, H. Migaud,
D.R. Tocher, Influence of dietary phospholipid on early development and perfor-
mance of Atlantic salmon (Salmo salar), Aquaculture 448 (2015) 262-272.

W. Liu, C. Ran, Z. Liu, Q. Gao, S. Xu, E. Ringo, R. Myklebust, Z. Gu, Z. Zhou, Effects
of dietary Lactobacillus plantarum and AHL lactonase on the control of Aeromonas
hydrophila infection in tilapia, MicrobiologyOpen 5 (4) (2016) 687-699.

G. Chen, L. Feng, S. Kuang, Y. Liu, J. Jiang, K. Hu, W. Jiang, S. Li, L. Tang, X. Zhou,
Effect of dietary arginine on growth, intestinal enzyme activities and gene expres-
sion in muscle, hepatopancreas and intestine of juvenile Jian carp (Cyprinus carpio
var. Jian), Br. J. Nutr. 108 (2) (2012) 195-207.

X. Zheng, L. Feng, W.D. Jiang, P. Wy, Y. Liu, J. Jiang, S.Y. Kuang, L. Tang,

W.N. Tang, Y.A. Zhang, X.Q. Zhou, Dietary pyridoxine deficiency reduced growth
performance and impaired intestinal immune function associated with TOR and NF-
kappaB signalling of young grass carp (Ctenopharyngodon idella), Fish Shellfish
Immunol. 70 (2017) 682-700.

B. Liu, Z. Zhao, P.B. Brown, H. Cui, J. Xie, H.-M. Habte-Tsion, X. Ge, Dietary vitamin
A requirement of juvenile Wuchang bream (Megalobrama amblycephala) determined
by growth and disease resistance, Aquaculture 450 (2016) 23-30.

X. Li, L. Liu, Y. Zhang, Q. Fang, Y. Li, Y. Li, Toxic effects of chlorpyrifos on lysozyme
activities, the contents of complement C3 and IgM, and IgM and complement C3

830

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Fish and Shellfish Immunology 86 (2019) 814-831

expressions in common carp (Cyprinus carpio L.), Chemosphere 93 (2) (2013)
428-433.

W.-D. Jiang, Y.-P. Deng, Y. Liu, B. Qu, J. Jiang, S.-Y. Kuang, L. Tang, W.-N. Tang,
P. Wu, Y.-A. Zhang, X.-Q. Zhou, L. Feng, Dietary leucine regulates the intestinal
immune status, immune-related signalling molecules and tight junction transcript
abundance in grass carp (Ctenopharyngodon idella), Aquaculture 444 (2015)
134-142.

J. Vandesompele, K.D. Preter, F. Pattyn, B. Poppe, N.V. Roy, A.D. Paepe,

F. Speleman, Accurate normalization of real-time quantitative RT-PCR data by
geometric averaging of multiple internal control genes, Genome Biol. 3 (7) (2002)
research0034.1.

L. Zheng, L. Feng, W.D. Jiang, P. Wu, L. Tang, S.Y. Kuang, Y.Y. Zeng, X.Q. Zhou,
Y. Liu, Selenium deficiency impaired immune function of the immune organs in
young grass carp (Ctenopharyngodon idella), Fish Shellfish Immunol. 77 (2018)
53-70.

S. Fontagne-Dicharry, S. Godin, H. Liu, P. Antony Jesu Prabhu, B. Bouyssiere,

M. Bueno, P. Tacon, F. Medale, S.J. Kaushik, Influence of the forms and levels of
dietary selenium on antioxidant status and oxidative stress-related parameters in
rainbow trout (Oncorhynchus mykiss) fry, Br. J. Nutr. 113 (12) (2015) 1876-1887.
W. Chu, J. Cheng, X. Zhu, P. Wu, L. Chen, J. Wang, Y. Wu, M. Zeng, J. Zhang,
Identification and characterization of follistatin-related protein-1 involved in the
regulation of Chinese Perch skeletal muscle hyperplasia, Curr. Mol. Med. 16 (6)
(2016) 596-604.

K. Hu, J.X. Zhang, L. Feng, W.D. Jiang, P. Wu, Y. Liu, J. Jiang, X.Q. Zhou, Effect of
dietary glutamine on growth performance, non-specific immunity, expression of
cytokine genes, phosphorylation of target of rapamycin (TOR), and anti-oxidative
system in spleen and head kidney of Jian carp (Cyprinus carpio var. Jian), Fish
Physiol. Biochem. 41 (3) (2015) 635-649.

W. Wen, J. Wen, L. Lu, H. Liu, J. Yang, H. Cheng, W. Che, L. Li, G. Zhang,
Metabolites of arsenic and increased DNA damage of p53 gene in arsenic plant
workers, Toxicol. Appl. Pharmacol. 254 (1) (2011) 41-47.

H.J. Xu, W.D. Jiang, L. Feng, Y. Liu, P. Wu, J. Jiang, S.Y. Kuang, L. Tang, W.N. Tang,
Y.A. Zhang, X.Q. Zhou, Dietary vitamin C deficiency depresses the growth, head
kidney and spleen immunity and structural integrity by regulating NF-kappaB, TOR,
Nrf2, apoptosis and MLCK signaling in young grass carp (Ctenopharyngodon idella),
Fish Shellfish Immunol. 52 (2016) 111-138.

X. Song, J. Zhao, Y. Bo, Z. Liu, K. Wu, C. Gong, Aeromonas hydrophila induces
intestinal inflammation in grass carp (Ctenopharyngodon idella): an experimental
model, Aquaculture 434 (2014) 171-178.

M. Yildirim, C. Lim, P.J. Wan, P.H. Klesius, Growth performance and immune re-
sponse of channel catfish (Ictalurus punctatus) fed diets containing graded levels of
gossypol-acetic acid, Aquaculture 219 (1-4) (2003) 751-768.

S.G. Morgan, Gossypol Toxicity in Livestock, Division of Agricultural Sciences and
Natural Resources, Oklahoma State University, 2006.

C. Ran, C. Qin, M. Xie, J. Zhang, J. Li, Y. Xie, Y. Wang, S. Li, L. Liu, X. Fu, Q. Lin,
N. Li, M.R. Liles, Z. Zhou, Aeromonas veronii and aerolysin are important for the
pathogenesis of motile aeromonad septicemia in cyprinid fish, Environ. Microbiol.
20 (9) (2018) 3442-3456.

J.-X. Zhang, L.-Y. Guo, L. Feng, W.-D. Jiang, S.-Y. Kuang, Y. Liu, K. Hu, J. Jiang, S.-
H. Li, L. Tang, Soybean B-conglycinin induces inflammation and oxidation and
causes dysfunction of intestinal digestion and absorption in fish, PLoS One 8 (3)
(2013) e58115.

P. Wu, W.D. Jiang, J. Jiang, J. Zhao, Y. Liu, Y.A. Zhang, X.Q. Zhou, L. Feng, Dietary
choline deficiency and excess induced intestinal inflammation and alteration of
intestinal tight junction protein transcription potentially by modulating NF-kappaB,
STAT and p38 MAPK signaling molecules in juvenile Jian carp, Fish Shellfish
Immunol. 58 (2016) 462-473.

M.H. Penn, E.A. Bendiksen, P. Campbell, A. Krogdahl, High level of dietary pea
protein concentrate induces enteropathy in Atlantic salmon (Salmo salar L.),
Aquaculture 310 (3-4) (2011) 267-273.

J. Gu, A. Krogdahl, N.H. Sissener, T.M. Kortner, E. Gelencser, G.I. Hemre,

A.M. Bakke, Effects of oral Bt-maize (Mon810) exposure on growth and health
parameters in normal and sensitised Atlantic salmon, Salmo salar L, Br. J. Nutr. 109
(8) (2013) 1408-1423.

M. Chen, J. Yin, Y. Liang, S. Yuan, F. Wang, M. Song, H. Wang, Oxidative stress and
immunotoxicity induced by graphene oxide in zebrafish, Aquat. Toxicol. 174
(2016) 54-60.

C. Uribe, H. Folch, R. Enriquez, G. Moran, Innate and adaptive immunity in teleost
fish: a review, Vet. Med. 56 (10) (2011) 486-503.

R.H. Wang, C. Li, X. Xu, Y. Zheng, C. Xiao, P. Zerfas, S. Cooperman, M. Eckhaus,
T. Rouault, L. Mishra, C.X. Deng, A role of SMAD4 in iron metabolism through the
positive regulation of hepcidin expression, Cell Metabol. 2 (6) (2005) 399-409.
P.R. Giacomin, R.H. Moy, M. Noti, L.C. Osborne, M.C. Siracusa, T. Alenghat, B. Liu,
K.A. McCorkell, A.E. Troy, G.D. Rak, Y. Hu, M.J. May, H.L. Ma, L.A. Fouser,

G.F. Sonnenberg, D. Artis, Epithelial-intrinsic IKKalpha expression regulates group
3 innate lymphoid cell responses and antibacterial immunity, J. Exp. Med. 212 (10)
(2015) 1513-1528.

M.M. Monte, J. Zou, T. Wang, A. Carrington, C.J. Secombes, Cloning, expression
analysis and bioactivity studies of rainbow trout (Oncorhynchus mykiss) interleukin-
22, Cytokine 55 (1) (2011) 62-73.

T. Wang, C.J. Secombes, The cytokine networks of adaptive immunity in fish, Fish
Shellfish Immunol. 35 (6) (2013) 1703-1718.

E.Y. Ko, S.H. Cho, S.H. Kwon, C.Y. Eom, M.S. Jeong, W. Lee, S.Y. Kim, S.J. Heo,
G. Ahn, K.P. Lee, Y.J. Jeon, K.N. Kim, The roles of NF-kappaB and ROS in regulation
of pro-inflammatory mediators of inflammation induction in LPS-stimulated zeb-
rafish embryos, Fish Shellfish Immunol. 68 (2017) 525-529.


http://refhub.elsevier.com/S1050-4648(18)30813-1/sref23
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref23
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref23
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref23
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref24
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref24
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref24
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref25
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref25
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref25
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref25
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref26
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref26
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref27
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref27
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref27
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref27
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref28
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref28
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref28
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref28
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref28
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref29
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref29
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref29
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref30
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref30
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref30
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref30
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref30
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref31
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref31
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref31
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref31
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref31
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref32
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref32
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref32
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref32
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref33
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref33
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref33
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref33
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref34
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref34
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref34
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref34
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref35
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref35
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref35
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref35
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref35
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref36
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref36
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref36
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref36
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref37
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref37
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref37
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref38
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref38
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref38
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref39
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref39
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref39
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref39
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref40
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref40
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref40
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref41
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref41
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref41
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref42
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref42
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref42
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref42
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref43
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref43
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref43
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref43
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref43
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref44
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref44
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref44
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref45
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref45
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref45
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref45
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref46
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref46
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref46
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref46
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref46
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref47
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref47
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref47
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref47
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref48
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref48
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref48
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref48
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref49
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref49
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref49
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref49
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref50
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref50
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref50
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref50
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref51
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref51
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref51
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref51
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref51
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref52
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref52
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref52
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref53
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref53
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref53
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref53
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref53
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref54
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref54
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref54
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref55
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref55
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref55
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref56
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref56
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref57
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref57
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref57
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref57
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref58
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref58
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref58
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref58
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref59
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref59
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref59
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref59
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref59
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref60
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref60
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref60
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref61
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref61
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref61
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref61
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref62
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref62
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref62
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref63
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref63
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref64
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref64
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref64
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref65
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref65
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref65
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref65
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref65
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref66
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref66
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref66
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref67
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref67
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref68
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref68
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref68
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref68

[69]

[70]
[71]

[72]

[731]

[74]

[75]

[76]

[771

[78]

[79]

[80]

. Wang et al.

M.H. Hong, J.Y. Lee, H. Jung, D.H. Jin, H.Y. Go, J.H. Kim, B.H. Jang, Y.C. Shin,
S.G. Ko, Sophora flavescens Aiton inhibits the production of pro-inflammatory cy-
tokines through inhibition of the NF kappaB/IkappaB signal pathway in human
mast cell line (HMC-1), Toxicol. Vitro 23 (2) (2009) 251-258.

S. Vallabhapurapu, M. Karin, Regulation and function of NF-kappaB transcription
factors in the immune system, Annu. Rev. Immunol. 27 (2009) 693-733.

B. Hoesel, J.A. Schmid, The complexity of NF-kB signaling in inflammation and
cancer, Mol. Canc. 12 (1) (2013) 86.

J.R. Tumang, C.Y. Hsia, W. Tian, J.F. Bromberg, H.-C. Liou, IL-6 rescues the hy-
poresponsiveness of c-Rel deficient B cells independent of Bcl-xL, Mcl-1, and Bcl-2,
Cell. Immunol. 217 (1-2) (2002) 47-57.

E. Lee, W.L. Trepicchio, J.L. Oestreicher, D. Pittman, F. Wang, F. Chamian,

M. Dhodapkar, J.G. Krueger, Increased expression of interleukin 23 p19 and p40 in
lesional skin of patients with Psoriasis Vulgaris, J. Exp. Med. 199 (1) (2004)
125-130.

S.C. Sun, The noncanonical NF-kB pathway, Immunol. Rev. 246 (1) (2012)
125-140.

A.R. Noort, P.P. Tak, S.W. Tas, Non-canonical NF-kappaB signaling in rheumatoid
arthritis: Dr Jekyll and Mr Hyde? Arthritis Res. Ther. 17 (2015) 15.

J. Bollrath, F.R. Greten, IKK/NF-kappaB and STAT3 pathways: central signalling
hubs in inflammation-mediated tumour promotion and metastasis, EMBO Rep. 10
(12) (2009) 1314-1319.

W. Wieteska-Skrzeczyniska, K. Grzelkowska-Kowalczyk, E. Rejmak, Growth factor
and cytokine interactions in myogenesis. Part II. Expression of IGF binding proteins
and protein kinases essential for myogenesis in mouse C2C12 myogenic cells ex-
posed to TNF-a and IFN-y, Pol. J. Vet. Sci. 14 (3) (2011).

Y. Peng, C.A. Sigua, C. Karsonovich, M.M. Murr, Protein kinase C-zeta (PKC-zeta)
regulates Kupffer cell apoptosis during experimental sepsis, J. Gastrointest. Surg. 11
(12) (2007) 1712-1721.

S.S. Rahim, N. Khan, C.S. Boddupalli, S.E. Hasnain, S. Mukhopadhyay, Interleukin-
10 (IL-10) mediated suppression of IL-12 production in RAW 264.7 cells also in-
volves c-rel transcription factor, Immunology 114 (3) (2005) 313-321.

S. Mia, A. Warnecke, X.M. Zhang, V. Malmstrom, R.A. Harris, An optimized pro-
tocol for human M2 macrophages using M-CSF and IL-4/IL-10/TGF-beta yields a
dominant immunosuppressive phenotype, Scand. J. Immunol. 79 (5) (2014)
305-314.

831

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

Fish and Shellfish Immunology 86 (2019) 814-831

J. Zhao, M.R. Benakanakere, K.B. Hosur, J.C. Galicia, M. Martin, D.F. Kinane,
Mammalian target of rapamycin (mTOR) regulates TLR3 induced cytokines in
human oral keratinocytes, Mol. Immunol. 48 (1-3) (2010) 294-304.

K.D. Cook, J. Miller, TCR-dependent translational control of GATA-3 enhances Th2
differentiation, J. Immunol. 185 (6) (2010) 3209-3216.

M. Ohtani, N. Hayashi, K. Hashimoto, T. Nakanishi, J.M. Dijkstra, Comprehensive
clarification of two paralogous interleukin 4/13 loci in teleost fish, Immunogenetics
60 (7) (2008) 383-397.

M. Naz, M. Tiirkmen, Changes in the digestive enzymes and hormones of gilthead
seabream larvae (Sparus aurata, L. 1758) fed on Artemia nauplii enriched with free
lysine, Aquacult. Int. 17 (6) (2008) 523-535.

D. Yuan, T. Wang, C. Zhou, F. Lin, H. Chen, H. Wu, R. Wei, Z. Xin, Z. Li, Leptin and
cholecystokinin in Schizothorax prenanti: molecular cloning, tissue expression, and
mRNA expression responses to periprandial changes and fasting, Gen. Comp.
Endocrinol. 204 (2014) 13-24.

Y. Zhang, J. Zhu, L. Guo, Y. Zou, F. Wang, H. Shao, J. Li, X. Deng, Cholecystokinin
protects mouse liver against ischemia and reperfusion injury, Int. Inmunopharm.
48 (2017) 180-186.

L. Feng, L. Gan, W.D. Jiang, P. Wu, Y. Liu, J. Jiang, L. Tang, S.Y. Kuang, W.N. Tang,
Y.A. Zhang, X.Q. Zhou, Gill structural integrity changes in fish deficient or excessive
in dietary isoleucine: towards the modulation of tight junction protein, inflamma-
tion, apoptosis and antioxidant defense via NF-kappaB, TOR and Nrf2 signaling
pathways, Fish Shellfish Immunol. 63 (2017) 127-138.

Z.-Q. Jiang, Y.-X. Ma, M.-H. Li, X.-Q. Zhan, X. Zhang, M.-Y. Wang, 5-
Hydroxymethylfurfural protects against ER stress-induced apoptosis in GalN/TNF-
a-injured LO2 hepatocytes through regulating the PERK-eIF2a signaling pathway,
Chin. J. Nat. Med. 13 (12) (2015) 896-905.

K.M. Mazor, M.H. Stipanuk, GCN2- and elF2alpha-phosphorylation-independent,
but ATF4-dependent, induction of CARE-containing genes in methionine-deficient
cells, Amino Acids 48 (12) (2016) 2831-2842.

Y.Y. Zeng, W.D. Jiang, Y. Liu, P. Wu, J. Zhao, J. Jiang, S.Y. Kuang, L. Tang,

W.N. Tang, Y.A. Zhang, X.Q. Zhou, L. Feng, Optimal dietary alpha-linolenic acid/
linoleic acid ratio improved digestive and absorptive capacities and target of ra-
pamycin gene expression of juvenile grass carp (Ctenopharyngodon idellus), Anim.
Nutr. 22 (6) (2016) 1251-1266.


http://refhub.elsevier.com/S1050-4648(18)30813-1/sref69
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref69
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref69
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref69
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref70
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref70
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref71
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref71
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref72
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref72
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref72
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref73
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref73
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref73
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref73
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref74
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref74
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref75
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref75
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref76
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref76
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref76
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref77
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref77
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref77
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref77
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref78
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref78
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref78
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref79
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref79
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref79
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref80
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref80
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref80
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref80
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref81
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref81
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref81
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref82
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref82
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref83
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref83
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref83
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref84
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref84
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref84
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref85
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref85
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref85
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref85
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref86
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref86
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref86
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref87
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref87
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref87
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref87
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref87
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref88
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref88
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref88
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref88
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref89
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref89
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref89
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref90
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref90
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref90
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref90
http://refhub.elsevier.com/S1050-4648(18)30813-1/sref90

	Dietary gossypol reduced intestinal immunity and aggravated inflammation in on-growing grass carp (Ctenopharyngodon idella)
	Introduction
	Methods
	Diet and feeding trial
	Challenge trial and sample collection
	Histological analysis
	Biochemical parameter analysis
	Quantitative real-time PCR
	Western blot analysis
	Statistical analysis

	Results
	Enteritis and enteritis morbidity of fish
	Histopathological examination
	Immune parameters in the intestines of fish
	Relative mRNA levels of innate and adaptive components and cytokines in fish intestines
	Relative mRNA levels of immune-related signalling molecules in the intestines of fish
	Effects of gossypol on the protein levels of NF-κBp65, TOR and PKA in fish intestines

	Discussion
	Gossypol could aggravate enteritis and intestinal histopathological lesions of on-growing grass carp under A. hydrophila infection
	Gossypol reduced innate and adaptive immunity in the intestines of fish
	Gossypol aggravated intestinal inflammatory responses partly relating to NF-κB and TOR signalling pathways in fish
	Gossypol increased intestinal inflammation partly related to up-regulating pro-inflammatory cytokines via the NF-κB and PKA signalling pathway in fish
	Gossypol induced intestinal inflammation by down-regulating the anti-inflammatory cytokines through the TOR signalling pathway in fish

	The safe dose of dietary gossypol for the intestinal immune function of fish

	Conclusions
	Acknowledgments
	References




