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Abstract
This study investigated the effects of glycinin on the growth, intestinal oxidative status, tight junction components, cytokines and apoptosis
signalling factors of fish. The results showed that an 80 g/kg diet of glycinin exposure for 42 d caused poor growth performance and depressed
intestinal growth and function of juvenile Jian carp (Cyprinus carpio var. Jian). Meanwhile, dietary glycinin exposure induced increases in lipid
peroxidation and protein oxidation; it caused reductions in superoxide dismutase (SOD), catalase and glutathione peroxidase (GPx) activities;
and it increased MnSOD, CuZnSOD, GPx1b and GPx4a mRNA levels, suggesting an adaptive mechanism against stress in the intestines of
fish. However, dietary glycinin exposure decreased both the activity and mRNA levels of nine isoforms of glutathione-S-transferase (GST) (α, μ,
π, ρ, θ, κ, mGST1, mGST2 and mGST3), indicating toxicity to this enzyme activity and corresponding isoform gene expressions. In addition,
glycinin exposure caused partial disruption of intestinal cell–cell tight junction components, disturbances of cytokines and induced apoptosis
signalling in the distal intestines>mid intestines>proximal intestines of fish. Glycinin exposure also disturbed the mRNA levels of intestinal-
related signalling factors Nrf2, Keap1a, Keap1b, eleven isoforms of protein kinase C and target of rapamycin/4E-BP. Interestingly, glutamine
was observed to partially block those negative influences. In conclusion, this study indicates that dietary glycinin exposure causes intestinal
oxidative damage and disruption of intestinal physical barriers and functions and reduces fish growth, but glutamine can reverse those
negative effects in fish. This study provides some information on the mechanism of glycinin-induced negative effects.
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The growing demand to substitute fish meal in aqua feed has
resulted in the need to search for alternative less-expensive and
protein-rich sources(1). Soyabean meal (SBM) is one of the most
promising plant protein sources as a fish meal substitute in
fish feeding(2). However, its use is also limited because of the
occurrence of the antinutritional factors(3). Glycinin, the main
storage protein in soyabean, has been identified as a major
antinutritional factor in soyabean(4). Studies have shown that
glycinin could reduce weight gain in piglets(5). Our previous
studies demonstrated that poor growth performance is always
attributed to a reduction in the digestive and absorptive ability,

which is partially related to the impaired intestinal integrity of
fish(6,7). Limited studies have observed that glycinin could cause
intestinal epithelium damage in piglets(5). However, until now,
the underlying mechanisms by which glycinin caused damage to
the intestine epithelium in animals have been largely unknown.
Nevertheless, this topic is very important for understanding and
resolving the problems of using high doses of SBM.

The intestinal structural integrity relies on the integrity of the
intestinal physical barrier, which comprises intestinal epithelial
cells(8). Our previous studies observed that the intestinal epithelial
cell structure of fish is very sensitive to oxidative damage(6,9).

* Corresponding authors: X.-Q. Zhou, fax +86 835 288 5968, email zhouxq@sicau.edu.cn; L. Feng, fenglin@sicau.edu.cn

† These three authors contributed equally to this work.

Abbreviations: AKP, alkaline phosphatase; CAT, catalase; DI, distal intestine; Gln, glutamine; γ-GT, γ-glutamyl transpeptidase; GPx, glutathione peroxidase;
GSH, glutathione; GST, glutathione-S-transferase; IPC, intestinal protein content; MDA, malondialdehyde; MI, mid intestine; PC, protein carbonyl; PI, proximal
intestine; ROS, reactive oxygen species; SBM, soyabean meal; SOD, superoxide dismutase; TGF-β2, transformed growth factor-β2; TJ, tight junction;
TOR, target of rapamycin.

British Journal of Nutrition (2015), 114, 1569–1583 doi:10.1017/S0007114515003219
© The Authors 2015

https://doi.org/10.1017/S0007114515003219  Published online by Cam
bridge U

niversity Press

mailto:zhouxq@sicau.edu.cn
mailto:fenglin@sicau.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1017/S0007114515003219&domain=pdf
https://doi.org/10.1017/S0007114515003219


However, whether glycinin-induced intestinal injuries are
associated with oxidative damage has not yet been studied in
animals. It was indicated that glycinin, as a major allergen in
soyabean, could cause inflammatory disorders in mice(10).
Intestinal inflammation always invokes subsequent peroxi-
dative damage because of the excessive reactive oxygen
species (ROS) production in rats(11). In addition, oxidative
damage occurs, in part, when antioxidant enzyme gene trans-
criptions is not sufficient to produce enough enzymes to
combat the excessive ROS in organisms(12,13). The gene trans-
cription of antioxidant enzymes is typically regulated by Nrf2
(NF-E2-related factor 2) signalling pathways in fish(14). Our
previous study observed that excessive ROS could destroy the
antioxidant system and disturb the Nrf2 signalling and thus
cause oxidative damage to juvenile Jian carp (Cyprinus carpio
var. Jian)(13). That information indicated that glycinin-induced
intestinal damage in animals might be related to the disturbance
of the antioxidant system and the induction of oxidative
damage, which needs to be investigated.
In addition to the integrity of the intestinal cells, the intestinal

structural integrity also relies on the integrity of the tight
junction (TJ) complex between epithelial cells, such as occlu-
dins and claudins in fish(8). Until now, to the best of our
knowledge, only one study had investigated the effects of
glycinin on the TJ in animals/cells, finding that glycinin reduced
the expression of occludin and claudin-3 in in vitro porcine
intestinal epithelial cell lines (IPEC-12)(15). Although those
observations indicated that glycinin could influence the intest-
inal TJ in animal cells, several questions need to be resolved.
For instance, (1) in vitro cell lines cannot fully reflect the
physiological response in vivo in live animals(16), and (2) TJ
genes are largely different between fish and terrestrial animals.
In the teleost fish Fugu rubripes, the claudin superfamily con-
sists of fifty-six claudin genes, whereas in humans it comprises
only nineteen claudin genes(17). Thus, studies of the effects of
glycinin on the TJ in the intestines of fish are quite necessary.
TJ proteins are regulated by cytokines in mammals(18).

However, little attention has been given to the potential effects
of dietary glycinin on the cytokines in fish. In mice, the
administration of glycinin could promote the secretion of
inflammatory cytokines in the intestinal epithelial cells(10).
There exist large differences in the digestive tracts of terrestrial
and aquatic animals. Some fish species, such as carp, do not
have stomachs, whereas terrestrial animals have at least one
stomach(19). Thus, whether dietary glycinin has effects on
cytokines, and thus affects the TJ in the intestines of fish, needs
to be investigated.
Apoptosis is essential for the removal of neutrophils from

inflamed tissues and the timely resolution of inflammation.
However, excessive apoptosis could destroy the structural
integrity of fish intestines(20). In mammals, cell apoptosis
could be inhibited by target of rapamycin (TOR) signalling(21).
However, information about the effects of glycinin on either cell
apoptosis or on TOR signalling in fish is scarce. In piglets,
glycinin was reported to induce the duodenum apoptosis,
whereas it did not induce apoptosis in the mid-jejunum and
ileum. Fish intestines are generally divided into three intestinal
segments: the proximal intestine (PI), the mid intestine (MI) and

the distal intestine (DI)(8). Thus, it is very important to investi-
gate the effects of glycinin on the TJ, cytokines and apoptosis in
different intestinal segments (PI, MI and DI) of fish.

Glutamine (Gln), a conditionally essential amino acid,
appears to be a key nutrient for the gut in mammals(22).
Our previous study has demonstrated that dietary Gln supple-
mentation increased the intestinal weight and alkaline phos-
phatase (AKP) activity, and thus improved fish intestinal
structure and function in juvenile Jian carp(23). Further study by
our laboratory demonstrated that it could protect fish intestines
against another soyabean anti-nutrient factor – β-conglycinin-
induced oxidative damage(24). Accordingly, we set up a
treatment that administered Gln combined with glycinin to
investigate whether Gln could protect fish against glycinin toxicity.

The present study evaluated the hypothesis that dietary
glycinin exposure might decrease the growth of fish through
injury of intestinal health caused by oxidative stress, inflam-
mation and apoptosis, which contributes to the damaged
structural integrity of intestinal epithelial cells and the TJ com-
plex between epithelial cells in fish. The potential protective
effects of Gln against glycinin toxicity were also investigated.
The results of this study will allow us to determine some of the
reasons for the negative effects of high doses of dietary SBM,
and provide some insights into the resolution methods.

Methods

The Animal Care and Use Committee of Sichuan Agricultural
University approved all experimental procedures (B-20081106).

Experimental diets, fish trial and sampling

Purified glycinin was kindly provided by China Agricultural
University (patent no. 200410029589·4, China). The ingredients
and nutrient content of the experimental diets are shown in
Table 1. Fish meal, gelatin and casein were used as the dietary
protein sources. An 80 g glycinin/kg diet was used in this study
to investigate the toxic effects and the corresponding mechan-
isms according to the following concerns. It is well-known that
glycinin accounts for approximately 40 % of the total soyabean
proteins(25). Our previous study observed that high levels
(347, 517·8 and 685·8 g/kg diet) of de-hulled SBM (protein
content= 47 %) significantly impaired growth and seriously
disrupted the intestinal integrity in juvenile Jian carp(26). In
addition, a dosage of 12·0 g Gln/kg used to block the negative
effects of glycinin was proven to be optimal for the intestinal
health of Jian carp in our previous study(23). All diets were made
isonitrogenous. Briefly, glycinin was made isonitrogenous, and
amino acids were balanced with the addition of reduced
amounts of casein and modulated amino acids and compen-
sated with appropriate amounts of maize starch according to a
previous study(27), whereas Gln was made isonitrogenous with
the addition of reduced amounts of glycine and compensated
with appropriate amounts of maize starch according to our
previous study(23). In the diets, lysine, methionine, threonine,
riboflavin, pantothenic acid, thiamine, pyridoxine, inositol, Fe
and Zn were properly added to meet the nutrient requirements
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of juvenile Jian carp according to our previous laboratory
studies(28,29). The levels of other nutrients were designed to
meet the requirements of common carp (Cyprinus carpio L.)
according to the NRC (2011). The diets were stored at −20°C
until feeding, as in our previous study(24).
The juvenile Jian carps (Cyprinus carpio var. Jian) used in this

study were purchased from a local hatchery. Before the trial, the
fish were acclimatised to the experimental environment (the
water temperature and pH were 23 (SD 1) and 7·0 (SD 0·3)°C,
respectively; dissolved oxygen was higher than 5mg/l; the
aquaria were supplied with flow-through water at a rate of 1·2 l/
min; and the water was drained through biofilters to remove solid
substances and reduce ammonia concentration) for 4 weeks.
After adapting, 450 fish with a mean initial weight of 5·37
(SD 0·02) g were randomly assigned to each of nine experimental
aquaria (90 length× 30 width× 40 cm height). In the feeding trial,

each diet was fed to a triplicate of fish six times per d for the first
4 weeks and four times per d for the 5th and 6th week, a feeding
rhythm that was established in our laboratory previously(30). The
fish were fed to apparent satiation. After 30min of feeding,
uneaten feed was removed by siphoning, and it was dried and
weighed later to calculate feed intake.

At the beginning and end of the trial, fish in each aquarium
were counted and weighed. After that, fish were anaesthetised
in a benzocaine bath (50 mg/l) 12 h after the last feeding
according to the method of Bohne and our previous study(24,31).
After killing the fish, their intestines were quickly removed on
ice, rinsed in cold physiological saline (0·9 % NaCl solution,
pH= 7·2), weighed, measured and frozen in liquid nitrogen and
stored at −80°C until they were analysed according to the
methods described in previous studies(24,32). The intestines of
another six fish from each aquarium were sampled and fixed
with formalin (10 %), sectioned and stained with haematoxylin–
eosin stain for analysis of height of intestinal folds according to
the method in our previous study(24).

Biochemical analysis

According to the method in a previous study(32), with slight
modifications, the intestine samples were homogenised on ice
in ten volumes (w/v) of ice-cold physiological saline and
centrifuged at 6000 g for 20 min at 4°C, and then the super-
natant was used for biochemical analysis.

Intestinal function indexes, such as AKP, Na+/K+-ATPase,
γ-glutamyl transpeptidase (γ-GT) and creatine kinase (CK), were
determined according to the procedure described by Bessey
et al.(33), Weng et al.(34), Bauermeister et al.(35) and Tanzer &
Gilvarg(36), respectively. In the assay enzymes, 1 U of activity was
considered as the amount of enzyme required to release 1 μmol
of product/h, except γ-GT, which calculated as per min.

ROS were measured according to the method described by
Gornicka et al.(37) with a slight modification – intestinal tissue
homogenates were used in this study instead of adipose tissue
homogenates in the referenced study. The values of ROS are
expressed as the multiple of the levels of the control group
according to the method described by a previous study(38). Lipid
peroxidation was analysed in terms of malondialdehyde (MDA)
equivalents using the thiobarbituric acid (TBA) reaction as a
previous study described(32). In brief, samples were mixed with
TCA and centrifuged. Then, TBA was added to the supernatant.
The mixture was heated in water at 95°C for 40min. MDA forms a
red adduct with TBA, which has an absorbance of 532 nm. The
protein carbonyl (PC) residue content was determined as pre-
viously described(39), using the 2,4-dinitrophenylhydrazine
reagent. The carbonyl content was calculated from the peak
absorbance at 340 nm, using an absorption coefficient of 22 000/
M/cm. The protein contents of the intestines were determined
according to a previous study(40), which were used to calculate
the following parameters involved. MDA and PC are all denoted
by nmol/mg protein.

The total superoxide dismutase (SOD) and glutathione
peroxidase (GPx) activities were assayed as a previous
study described(41). Briefly, for SOD, the reaction
mixture contained 50mM-phosphate buffer (pH= 7·8),

Table 1. Ingredients and nutrient contents of the diets

Ingredients (g/kg) Control Glycinin Glycinin + glutamine

Fish meal 125·0 125·0 125·0
Gelatin 100·0 100·0 100·0
Casein 93·0 93·0 93·0
Casein* 87·00 0·00 0·00
Glycinin* 0·00 80·00 80·00

L-Lysine-hydrochloride* 0 3·20 3·20
DL-Methionine* 5·50 6·50 6·50
L-Threonine* 5·20 6·00 6·00
Glutamine† 0·00 0·00 12·00
Glycine† 12·34 12·34 0·00
α-Starch 150·0 150·0 150·0
Maize starch 320·16 322·16 322·50
Soyabean oil 18·0 18·0 18·0
Fish oil 18·0 18·0 18·0
Ca(H2PO4)2 24·0 24·0 24·0
Cellulose 20·0 20·0 20·0

Choline chloride (50%) 1·30 1·30 1·30
Trace mineral premix‡ 10·0 10·0 10·0

Vitamin premix§ 10·0 10·0 10·0
Ethoxyquin (30%) 0·50 0·50 0·50

Nutrient content|| (%)
Crude protein 33·84 34·15 33·98
Crude lipid 4·56 4·60 4·60
Lysine 2·19 2·19 2·19
Met +Cys 1·44 1·44 1·44

Available P 0·6 0·6 0·6
n-3 Fatty acids 1·0 1·0 1·0
n-6 Fatty acids 1·0 1·0 1·0

* Glycinin was made isonitrogenous, and amino acids were balanced with the addition
of reduced amounts of casein and modulated amino acids and compensated with
appropriate amounts of maize starch according to a previous study(27).

† Glutamine was made isonitrogenous with the addition of reduced amounts of
glycine and compensated with appropriate amounts of maize starch according to
our previous study(23).

‡ Per kg of mineral premix (g/kg): FeSO4 · 7H2O (19·7% Fe), 69·695 g; CuSO4 · 5H2O
(25·0% Cu), 1·201 g; ZnSO4 ·7H2O (22·5% Zn), 21·640 g; MnSO4 ·H2O (31·8%
Mn), 4·089 g; KI (3·8% I), 2·895 g; NaSeO3 (1·0% Se), 2·500 g. All ingredients were
diluted with CaCO3 to 1 kg.

§ Per kg of vitamin premix (g/kg): retinyl acetate (172 g/kg vitamin A), 0·800 g;
cholecalciferol (12·5 g/kg vitamin D), 0·480 g; D, L-α-tocopherol acetate (50%),
20·000 g; menadione (50%), 0·200 g; cyanocobalamin (10%), 0·010 g; D-biotin
(20%), 0·500 g; folic acid (96%), 0·521 g; thiamin nitrate (98%), 0·104 g; ascorhyl
acetate (92%), 7·247 g; niacin (98%), 2·857 g; meso-inositol (98%), 52·857 g;
calcium-D-pantothenate (98%) 2·511 g; riboflavine (80%), 0·625 g; pyridoxine
hydrochloride (98%), 0·755 g. All ingredients were diluted with maize starch to 1 kg.

|| Crude protein and crude lipid contents were determined according to the method of
AOAC (1998). Lysine, Met +Cys, available P, n-3 and n-6 fatty acids contents were
calculated according to NRC (1993).
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1·08mM-diethylenetriaminepentaacetic acid (DETAPAC),
0·06mM-nitro blue tetrazolium, 0·16mM-xanthine solution and
30 μl of samples. After the addition of 0·19 U/ml of xanthine
oxidase, the absorbance change at 550 nm was monitored. For
GPx, the reaction mixture consisted of tissue homogenates, 40 μl
of 0·25mM-hydrogen peroxide (H2O2), 10mM-sodium
phosphate buffer (pH= 7·0), 0·5mM-glutathione (GSH) and
1·25mM-NaN3 in a total volume of 1ml. After 3 min intervals,
0·5ml of dithiobisnitrobenzoic acid was added. A yellow
product formed as GSH reacts with dithiobisnitrobenzoic acid,
which was monitored at 412 nm. The catalase (CAT) activities
were measured as in our previous study(42). The assay mixture
consisted of 100 mM-KPO4 buffer (pH= 7·0), 10mM-H2O2 and
50 μl of intestinal homogenates in a total volume of 1 ml. The
decrease of H2O2 was monitored by measuring the absorbance
at 240 nm. Glutathione-S-transferase (GST) activity was
measured by monitoring the formation of the adduct of GSH and
1-chloro–2,4-dinitrobenzene (CDNB)(43). The reduced GSH was
determined using the method described in a previously
described study(44). An adduct between GSH and CDNB was
monitored at 340 nm. Together, with the exception of SOD, in
which 1 U of activity was considered a half of inhibition of
absorbance in comparison with tube lacking enzyme according
to the method described by Datkhile et al.(45), in the assay
enzymes 1 U of activity was considered as the amount of
enzyme required to transform 1 μmol of substrate/min.

RNA extraction and quantitative real-time PCR analysis

In this study, total RNA was extracted according the procedure of
our previous study(29). Briefly, total RNA of the intestines was
extracted using RNAiso Plus (D9108B; Takara Biotechnology,
Dalian Co. Ltd), according to the manufacturer’s instructions. RNA
quantity and quality were assessed by electrophoresis on 1%
agarose gels and spectrophotometric analysis (A260:280 nm ratio).
Subsequently, cDNA was synthesised using a PrimeScriptTM RT
reagent Kit, according to the manufacturer’s instructions. Briefly,
oligo dT primers were used to reverse transcribe respective RNAs
in the presence of PrimeScriptTM RT enzyme Mix I, 5×
PrimeScriptTM buffer, Random 6 mers and RNase-free dH2O at
37°C for 15min, following inactivation at 85°C for 5 s.
The specific primers for the genes were designed with Primer

Premier Software (Premier Biosoft International) based on the carp
sequences (Table 2). According to the results of our preliminary
experiment concerning the evaluation of internal control genes,
β-actin was used as a reference gene to normalise cDNA loading.
The quantitative RT-PCR assays were conducted using the relative
standard curve method described by Wang et al.(46). Standard
curves were generated for the target genes and the endogenous
control gene β-actin (Table 2) based on 10-fold serial dilutions.
Gene expression quantities were normalised against β-actin, and
ratios for the treated samples were calculated via comparisons
with the expressions in control animals.

Statistical analysis

All results were expressed as the means and standard deviations.
Data were subjected to one-way ANOVA. When a significant

difference was observed (P< 0·05), Tukey’s test of significance
was used to resolve the difference. All statistical analyses were
performed using the SPSS 13.0 for Windows (SPSS Inc.).

Results

Effects of glycinin on the growth performances and
intestinal growth and function of fish

The fish growth performance and intestinal growth and function
results are presented in Table 3. The results indicated that
compared with the control group treatment with glycinin alone
significantly decreased the final body weight (FBW), specific
growth ratio (SGR), feed intake (FI), intestinal weight (IW),
intestinal protein content (IPC), intestinal length (IL) and fold
heights in the PI and MI of fish (P< 0·05). Upon co-treatment
with Gln, the FBW, SGR, FI, IW, IPC, IL and fold heights in the
PI and DI significantly increased compared with those of fish
exposed to glycinin alone (P< 0·05), and the FBW, SGR and IPC
values and fold heights in the PI and DI completely recovered
to become equivalent to those of the control group. However,
no significant differences were found in the feed efficiency,
survival rate and intestinal length index and intestinal somatic
index among the treatments (P> 0·05).

Intestinal function indexes demonstrated that dietary glycinin
exposure alone depressed the activities of creatine kinase and
AKP in the PI, MI and DI; the activity of Na+ and K+-ATPase in
the MI; and the activity of γ-GT in the PI of fish (P< 0·05). When
co-treated with Gln, the activity of AKP in the PI, MI and DI and
the γ-GT activity in the PI were significantly increased when
compared with those of fish exposed to glycinin alone
(P< 0·05), and even those values completely recovered to be
equivalent to the control. However, glycinin alone caused
increases in the γ-GT activity in the DI of fish, whereas that
co-treated with Gln had no significant effects on this index. No
significant differences were found in the Na+, K+-ATPase
activity in the PI and DI, as well as γ-GT activities in the MI
among the treatments (P> 0·05).

Effects of glycinin on the oxidative status and
antioxidant-related parameters in the intestines of fish

The oxidative status and antioxidative enzyme activities in the
intestines of fish are presented in Fig. 1 and Table 4. With the
administration of glycinin alone, ROS, MDA and PC contents in
the intestines of fish increased significantly (P< 0·05), and co-
administration of glycinin and Gln caused the ROS and MDA
content to recover to the levels similar to the control levels.
However, there was no significant change in the intestinal PC
content in fish between the glycinin alone group and the group
with glycinin plus Gln (P> 0·05). In addition, the activities of
SOD, CAT, GST and GR in the intestines of fish were decreased in
fish treated with glycinin compared with the unexposed controls
(P< 0·05). Except for intestinal GST, those activities reduced by
glycinin exposure recovered with the co-treatment of Gln to be
equivalent to the control values (P> 0·05). GPx activity in the
co-treatment with glycinin and Gln group is higher than that in the
glycinin alone group. GSH was not significantly different between
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the control group and the glycinin alone group, whereas it sig-
nificantly increased with the co-treatment of glycinin and Gln in
the intestines of fish (P< 0·05).

Effects of glycinin on the mRNA levels of MnSOD,
CuZnSOD, catalase, four isoforms of glutathione
peroxidases, nine isoforms of glutathione-S-transferases
and glutathione reducase genes in the intestines of fish

To investigate the effects of glycinin on the transcription of anti-
oxidant enzymes in the intestines of fish, the mRNA levels of
CuZnSOD, MnSOD, CAT, four isoforms of GPx, nine isoforms of
GST and GR in the intestine of fish were determined (Fig. 2). The
results indicated that dietary glycinin exposure significantly
increased the MnSOD, CuZnSOD, GPx1b and GPx4a mRNA
levels, but decreased the mRNA levels of GSTα, GSTμ, GSTπ, GSTρ,

GSTθ, GSTκ, mGST1, mGST2 and mGST3. The GPx1a, GPx4b,
CAT and GR mRNA levels were not changed by dietary glycinin
exposure in the intestines of fish. The highest mRNA levels of
MnSOD, CuZnSOD, CAT, GPx1a, GPx1b and GR, and the lowest
mRNA levels of GSTθ and mGST1 were observed in the intestines
of fish fed the glycinin plus Gln diet (P<0·05). However, no
significant difference in the mRNA expression of GPx4a, GPx4b,
GSTα, GSTμ, GSTπ, GSTρ and GSTκ were observed between the
glycinin alone group and the glycinin plus Gln group.

Effects of glycinin on the antioxidant-relative signalling
factors in the intestines of fish

The effects of glycinin on the mRNA levels of Nrf2 signalling-
related factors in the intestines of fish are presented in Fig. 3.
The results indicated that glycinin exposure alone significantly

Table 2. Real-time PCR primer sequences

Target genes Primer sequence forward (5′→ 3′) Primer sequence reverse (5′→ 3′) Temperature (°C) Accession number

CuZnSOD TGGCGAAGAAGGCTGTTTGT TTCACTGGAGACCCGTCACT 60·4 JF342355
MnSOD CTGCCTGACCTTCCATACGA CCTTAGCCAGTGCCTCTTGATA 60·4 JF411603
CAT CTGGAAGTGGAATCCGTTTG CGACCTCAGCGAAATAGTTG 54·5 JF411604
GPx1a GTGACGACTCTGTGTCCTTG AACCTTCTGCTGTATCTCTTGA 60·4 JF411605
GPx1b TATGTCCGTCCTGGCAATGG ATCGCTCGGGAATGGAAGTT 60·4 JF411606
GPx4a CCTTCCCATCCCACCAGTTT TGCGGAGTCACCGTTCACAT 60·0 FJ656211
GPx4b TGTGCCCAAGCCAACGACT TGCCGCAAGCTGAGTGTAG 60·0 FJ656212
GSTα AGTTGAGCCGTGCTGACGTTCAC CGGCTGGAGGAACTTGCTGA 60·0 DQ411310
GSTμ GGAAACTGATGAAGCGCAGATGAG ATCTTGTCCCCAGCAAACCACTT 60·0 DQ411311
GSTπ GATCTGCCCAACCACCTCAAACC CCGGGCAGCAATCTTATCCACAT 60·0 DQ411312
GSTρ GTCATGGTCGCGCTGGAGGAGAA AGATACAGACACGCGGCGAACGA 60·0 DQ411314
GSTθ TATGCTGTACCTGACTGAGAAGTT TCCTCTACTGCATTGTCCATCTT 60·0 DQ411313
GSTκ GTCTCTCGGCCAGTGAGTTGGA AAGAGCTCAGCCTTCCCGTTCA 60·0 DQ411315
mGST1 GATGTGTTCCTGGCCTTCTCCACA GAAGACCAATCACCACAAAGGGAA 60·0 DQ411316
mGST2 CGGGGCTGATTCCAAAACAGAAG CGAGACTGCTGCGAGGAGAACTG 60·0 DQ411317
mGST3 GTATCCTATTGCCGCCTCTGTGTT GAATGACTCCAAACAGCCCGATGT 60·0 DQ411318
GR GAGAAGTACGACACCATCCA CACACCTATTGAACTGAGATTGAG 56·0 JF411607
Nrf2 TTCCCGCTGGTTTACCTTAC CGTTTCTTCTGCTTGTCTTT 60·0 JX462955
Keap1a GCTCTTCGGAAACCCCT GCCCCAAGCCCACTACA 60·0 JX470752
Keap1b CTACAACCCCGAGAGAGACGA GGAGGAGATGAAGCTCCAGAC 60·0 JX470753
PKCα ACGCTTCAGTTTTCCATCCG CTCTGCCAACATCACCTTCC 60·0 JX673915
PKCβ1 AGTTTGTTGCTTTCTCCTGC CCTCTCGGTGTGGTCTGTTC 60·0 JX470756
PKCβ2 TATCCAGCAGGTCGGCAAGT CAGGGGTCCCACAGAAGGTC 60·0 JX470757
PKCγ TTCCTCACCCACCTCCACT GCCTTCAGCATCCAACATC 60·0 JX673916
PKCδ AAATCCACCAAGCGACCT CGAACCCTCCCACAGACG 60·0 JX470751
PKCε ATCCGCAGCCCTTACCCATA TCTTCCAGCGTCATCCTTTT 60·0 JX673920
PKCη1 ACCTGCCAAGGAACAGACTA GCATCCATACCTGAGAGACC 60·0 JX673917
PKCη2 GAGGAGCCGTATGGTGTATC GCTGGGTCTCTGGTGAGTAA 60·0 JX673918
PKCθ TGCGGAACCTTGTTGTGGG GCAGGCGTGAGGGGTGTAA 60·0 JX573538
PKCζ ATGAAGGTGGTGAAGAAAGAG GCAGAAAATTAAGAGCGATGC 60·0 JX494369
PKCι TGGGCGTCCTGATGTTTGAG GGCGTTCCTTTGGTTCCTTG 60·0 JX673919
Occludin ATCGGTTCAGTACAATCAGG GACAATGAAGCCCATAACAA 54·0 KF975606
Claudin-3c GCACCAACTGTATCGAGGATG GGTTGTAGAAGTCCCGAATGG 61·4 JQ767157
Claudin-7 CTTCTATAACCCCTTCACACCAG ACATGCCTCCACCCATTATG 60·4 JQ767155
Claudin-11 TCGGAAGTGAACCAGAAAGC GAAGCCAAAGGACATCAAGC 60·0 JQ767158
IL-1β AACTTCACACTTGAGGAT GACAGAACAATAACAACAAC 61·5 AB010701·1
TNF-α AAGTCTCAGAACAATCAGGAA TGCCTTGGAAGTGACATT 56·0 AJ311800·2
IL-10 GCCAGCATAAAGAACTCG CCAAATACTGCTCGATGT 59·4 AB110780
TGF-β2 CAGCACAGCAATATCCTT GTTCCAGATCCTGAGACA 57·5 U66874·1
Caspase-3 CTCTACGGCACCAGGTTACTACTC GCCATCATTTCACAAAGGGACT 60·0 KF055462
Caspase-8 AAGCTCCTCATTGAAGAACCG ATCGTCCTGAACCACAACCTC 60·0 KC822471
Caspase-9 GCAAGCCCAAACTGTTCTTCAT CGTCCATCTGGTCATCTATCCC 60·0 KC676314
TOR ATCATACGCATCCAGTCCATTG GGTCATTAGCCAGTAGAGTGTTC 60·0 FJ899680
4E-BP GCTACCTCACGACTATTGC TTCTTGCTTGTCACTCCTG 59·5 HQ010440
β-Actin CGTGATGGACTCTGGTGATG TCGGCTGTGGTGGTGAAG 60·0 M24113

CAT, catalase; GPx, glutathione peroxidase; GR, glutathione reducase; GSH, glutathione; GST, glutathione-S-transferase; PKC, protein kinase C; SOD, superoxide dismutase;
TGF-β2, transformed growth factor-β2; TOR, target of rapamycin.
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decreased mRNA levels of Nrf2, Kelch-like ECH-associated
protein-1a (Keap1a) and Keap1b in the intestines of fish
compared with the unexposed control group (P< 0·05). Diets
supplemented with glycinin and Gln did not change the Nrf2

and Keap1b mRNA levels (P> 0·05), but they significantly
decreased the Keap1a mRNA levels (P< 0·05).

The effects of glycinin on the mRNA levels of eleven isoforms of
protein kinase C (PKC) are presented in Fig. 4. The results indicated
that glycinin significantly decreased the mRNA levels of conven-
tional PKC (α, β1, β2 and γ). However, glycinin has different effects
on the novel PKC and atypical PKC. It decreased the mRNA levels
of PKCδ, η1, θ and ι but did not have significant effects on the
PKCη2, ε and ζ mRNA levels. In addition, interestingly, except for
PKCβ2, the decreased mRNA levels of conventional PKC (including
PKCα, β1 and γ) and atypical PKC (including ζ and ι) in fish fed the
glycinin alone diet were partially or completely reversed, whereas
the novel PKC (including PKCδ, ε, η1 and θ) except PKCη2 in the
intestines of fish were not changed in fish with glycinin plus Gln.

Effects of glycinin on the tight junction protein transcript
abundance in the intestines of fish

Fig. 5 presents the relative levels of occludin, claudin-3c, claudin-11
and claudin-7 mRNA in the PI, MI and DI of fish exposed to dietary
glycinin. Compared with the control fish, glycinin significantly

Table 3. Growth performance and intestinal growth of juvenile Jian carp (Cyprinus crpio var. Jian) exposed to dietary glycinin for 42 d
(Mean values and standard deviations)

Control Glycinin Glycinin + glutamine

Indexes Mean SD Mean SD Mean SD

IBW (g/fish) 5·37a 0·04 5·38a 0·01 5·37a 0·03
FBW (g/fish)* 28·68b 0·92 25·17a 0·37 28·78b 0·72
SGR* 3·99b 0·09 3·67a 0·03 4·00b 0·07
FI (g/fish)* 30·21c 0·05 26·67a 0·11 29·09b 0·01
FE (%)* 87·69a 3·50 82·91a 1·20 87·48a 2·79
Survival rate (%)* 100·00a 0·00 100·00a 0·00 100·00a 0·00
IW (g/fish) (n 18) 1·10c 0·20 0·72a 0·17 0·88b 0·18
IL (cm/fish) (n 18) 17·93c 2·34 14·95a 1·95 16·56b 1·85
ILI (n 18) 170·22a 21·54 162·26a 14·17 171·49a 16·69
ISI (n 18) 3·23a 0·27 3·15a 0·44 3·21a 0·38
IPC (%) (n 6) 2·35b 0·16 2·06a 0·15 2·44b 0·23
Folds heights (μm) (n 6)

PI 700·44b 70·72 565·73a 53·50 716·63b 49·65
MI 443·58b 42·94 363·22a 30·37 401·25a 78·68
DI 524·14a,b 46·60 449·86a 38·96 538·15b 60·78

Creatine kinase (μmol of P released/g tissue per h) (n 6)
PI 47·14b 4·60 37·09a 3·84 43·30a,b 6·18
MI 55·77b 5·74 40·69a 5·64 44·10a 3·98
DI 22·38b 2·37 17·47a 2·81 20·95a,b 3·08

Na+, K+-ATPase (μmol of P released/g tissue per h) (n 6)
PI 289·06a 31·54 240·23a 23·27 290·36a 50·73
MI 220·70b 30·23 151·04a 53·14 188·15a,b 22·29
DI 207·68a 36·26 149·74a 29·92 208·33a 62·19

Alkaline phosphatase (mmol of nitrophenol released/g tissue per h) (n 6)
PI 26·23b 3·19 17·28a 5·35 28·89b 7·64
MI 17·28b 2·09 12·72a 2·15 17·08b 2·38
DI 3·30b 0·24 2·76a 0·21 3·38b 0·44

γ-Glutamyl transpeptidase (mmol of 5-amino-2-nitrobenzoate released/g tissue per min) (n 6)
PI 38·37b 4·85 29·88a 4·03 40·93b 6·54
MI 65·47a 9·02 51·74a 9·84 62·56a 9·81
DI 80·81a 11·07 131·86b 21·23 127·21b 25·62

IBW, initial body weight; FBW, final body weight; SGR, specific growth ratio; FI, feed intake; FE, feed efficiency; IW, intestinal weight; IPC, intestinal protein content; IL, intestinal length;
ILI, intestinal length index; ISI, intestinal somatic index; PI, proximal intestine; MI, mid intestine; DI, distal intestine.

SGR=100× (ln final weight− ln initial weight)/number of days.
FE=100× (weight gain (g)/feed intake (g)).
ILI=100× (intestine length (cm)/total body length (cm)).
ISI=100× (wet intestine weight (g)/wet body weight (g)).
IPC=100× (intestine protein (g)/wet intesitine weight (g)).
a,b,c Mean values within a row with unlike superscript letters are significantly different (P<0·05).
* Fifty fish in each group.
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down-regulated the expression of occludin in all intestinal seg-
ments and claudin-3c in the MI and DI (P<0·05) and up-regulated
the expression of claudin-3c in the PI, claudin-11 in all intestinal
segments and claudin-7 in the DI (P<0·05), whereas there was
no significant change in the expression of claudin-7 in the PI and
MI (P>0·05). Co-administration of glycinin and Gln demonstrated
significant increases in the mRNA levels of occludin in the MI and
significant decreases of the mRNA levels of claudin-3c in the PI,
claudin-11 in all intestinal segments and claudin-7 in the DI.
However, no significant changes in the mRNA levels of
occludin in the PI and DI, claudin-3c in the MI and DI and
claudin-7 in the PI and MI were observed when comparing the
glycinin plus Gln group with the group of glycinin exposed alone.

Effects of glycinin on the relative mRNA levels of cytokines
in the intestines of fish

As shown in Fig. 6, glycinin significantly down-regulated the
mRNA levels of IL-1β in the DI, TNF-α in the PI and MI and IL-10

Table 4. Oxidative status and antioxidant abilities in the intestine of juvenile
Jian carp exposed to dietary glycinin for 42 d
(Mean values and standard deviations of six replicates)

Control Glycinin Glycinin + glutamine

Indexes Mean SD Mean SD Mean SD

MDA 2·83a 0·31 3·36b 0·29 3·00a,b 0·26
PC 1·16a 0·18 1·87b 0·27 1·63b 0·21
SOD 46·13b 7·69 34·97a 5·46 47·32b 6·42
CAT 11·03b 0·94 9·06a 1·26 10·44a,b 1·39
GPx 174·91a,b 23·68 149·01a 13·77 185·34b 24·69
GST 83·42b 10·46 60·12a 8·72 64·14a 10·35
GR 91·09b 12·86 71·48a 7·96 91·98b 9·63
GSH 38·21a 2·99 37·11a 3·35 49·44b 4·89

MDA, malondialdehyde (nmol/mg protein); PC, protein carbonyl content (nmol/mg
protein); GSH, glutathione content (mg/g protein); SOD, superoxide dismutase
(U/mg protein); CAT, catalase (U/mg protein); GST, glutathione-S-transferase
(U/mg protein); GPx, glutathione peroxidase (U/mg protein); GR, glutathione
reductase (U/g protein).

a,b Mean values within a row with unlike superscript letters are significantly different
(P<0·05).
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in the PI and DI, and transformed growth factor-β2 (TGF-β2) in
the MI (P< 0·05) and up-regulated the mRNA levels of IL-1β in
the PI and MI, and TNF-α in the DI (P< 0·05), whereas it caused
no significant change in the mRNA levels of IL-10 in the MI and
TGF-β2 in the PI and DI (P> 0·05). Co-administration of glyci-
nin and Gln resulted in significant reductions in the mRNA
levels of IL-1β in the PI, IL-10 in the MI and TGF-β2 in the PI
(P< 0·05) and significant increases in the mRNA levels of IL-1β
in the MI and DI, TNF-α in the PI and DI and TGF-β2 in the DI
(P< 0·05), whereas it resulted in no significant change in mRNA
levels of TNF-α and TGF-β2 in the MI and IL-10 in the PI and DI
as compared with the group of glycinin (P> 0·05).

Effects of glycinin on the mRNA levels of the caspase-3,
8 and 9 in the intestines of fish

The mRNA levels of caspase-3, caspase-8 and caspase-9 in the
PI, MI and DI are presented in Fig. 7. Glycinin significantly
increases the mRNA levels of caspase-3 in the DI and caspase-8
and caspase-9 in the DI (P< 0·05) and reduced the mRNA levels
of caspase-8 and caspase-9 in the PI and MI of Jian carp
(P< 0·05). Co-administration of glycinin and Gln resulted in
significant decreases in the mRNA levels of caspase-3, caspase-8
and caspase-9 in the DI (P< 0·05), and increases in the mRNA
levels of caspase-9 in the PI and MI (P< 0·05), whereas it
resulted in no significant change in the mRNA levels of
caspase-3 and caspase-8 in the PI and MI of Jian carp when
compared with the glycinin alone group (P> 0·05).

Effects of glycinin on the mRNA levels of target
of rapamycin and 4E-BP in the intestines of fish

The mRNA levels of TOR and 4E-BP genes in the PI, MI and DI
of fish are presented in Fig. 8. Significant reductions in TOR
mRNA levels caused by glycinin alone were observed in the MI
and DI, and the reduction in the DI of fish was completely
blocked by Gln supplementation (P< 0·05). However, Gln
failed to significantly block the reduction of TOR by glycinin
exposure in the MI of fish. Furthermore, there were no
changes in the TOR mRNA levels in the PI of fish among the
three groups. As for 4E-BP, the results indicated that glycinin
increased the mRNA levels in the DI (P< 0·05), whereas it
caused no significant change in the PI and MI of fish (P> 0·05).
Upon treatment with Gln, the 4E-BP mRNA levels recovered to
the control levels in the DI (P> 0·05) and increased to higher
than the control levels in the PI of fish (P< 0·05). In addition, no
significant effect was observed in the MI of fish supplemented
with glycinin and Gln (P> 0·05).

Discussion

Soyabean protein is a source of high-quality protein in fish
diets(47). However, our previous study observed that high doses
of dietary SBM could depress the growth of fish(26). Glycinin is a
primary storage protein, and it has long been recognised as one
of the allergens in soyabeans(48). Therefore, the present study
was conducted to investigate the mechanisms whereby
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excessive SBM induces growth depression in animals utilising
purified soyabean glycinin.

Glycinin-depressed fish growth performance and impaired
intestinal growth and function of fish

In terms of growth performance, the present study found that
dietary glycinin decreased the fish growth rate and impaired
feed intake, which was also observed in piglets(5). However, the
survival rate was not influenced by the dietary treatments.
Although no reports exist concerning the effects of glycinin on
the survival rate in fish, similar findings were observed in our
previous study with β-conglycinin, another allergen in soyabean
protein(24). In addition, fish growth is strongly related to
intestinal growth and function(8). To our knowledge, intestinal
brush border enzymes, such as AKP, Na+, K+-ATPase, γ-GT and
CK, are considered to reflect intestinal function in fish(49). The
present study demonstrated that dietary glycinin exposure
alone decreased the IW, IL and IPC, and reduced the fold
heights and creatine kinase, Na+, K+-ATPase, AKP and γ-GT
activities in some intestinal segments of fish, suggesting that
glycinin could impair the growth and function of the intestines
in fish. Similar results of decreased jejunum villus height caused
by dietary glycinin exposure were found in rats(50). However,
those results do not agree with a recent study that found that

glycinin had no significant effects on the fold heights and AKP
activities in the mid gut and hind gut of juvenile turbot
Scophthalmus maximus(51). There are at least three reasons for
those differences. First, it may be partially because of the
different doses. This study administered an 80 g glycinin/kg
diet, which was higher than that in the juvenile turbot study
(60 g glycinin/kg diet)(51). Second, in this study, the fish were
exposed to dietary glycinin for 6 weeks, which was longer than
the exposure in the juvenile turbot study (4 weeks)(51). Third,
turbot is a carnivorous fish with a stomach(51), whereas this
study used carp, which is an omnivorous fish without a
stomach. Furthermore, fish intestinal growth and function are
associated with the structural integrity(24). To our knowledge,
oxidative damage has been linked to the disruption of intestinal
barrier integrity, cell injury and dysfunction(8). Thus, we next
investigated whether glycinin-depressed intestinal growth and
function are related to the oxidative damage and the potential
mechanism in the intestines of fish.

Glycinin-induced oxidative damage and its potential
mechanism in the intestines of fish

Glycinin caused oxidative damage in the intestines of fish.
Our results first demonstrated that dietary glycinin exposure
resulted in elevation of the ROS, MDA and PC contents in
the intestines of fish, suggesting that excessive dietary glycinin
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exposure could cause oxidative damage in fish intestines.
Previous studies in our laboratory indicated that oxidative damage
was often accompanied by the depression of the antioxidant
capacity(9,29). Thus, we next investigated the effects of dietary
glycinin exposure on the intestinal antioxidant capacity of fish.

Glycinin exposure impaired the antioxidant system in
the intestines of fish. GSH is the major endogenous anti-
oxidant scavenger that protects cells from oxidative stress(52).
Surprisingly, the present study found no significant changes in
the GSH content in the intestines of fish following dietary gly-
cinin exposure. It was reported that GSH synthesis in endo-
thelial cells occurs through a process that requires the activity of
γ-GT(53). In this study, increases in γ-GT activity in the DI might
correspond to a first attempt to overcome oxidative stress by

producing a high amount of GSH. In addition, the present study
observed decreases in the SOD, CAT, GST and GR activities in
the intestines of fish exposed to dietary glycinin alone. These
results indicated that the intestinal oxidative damage caused by
glycinin might be partially related to the suppression of the
antioxidant capacity of carp. The antioxidant enzyme activities
are closely related to their mRNA levels in fish(54). Thus, we next
investigated the effects of glycinin on antioxidant enzyme
mRNA levels in the intestines of fish.

Interestingly, although the activities of most antioxidant
enzymes were decreased by glycinin exposure, different gene
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expression patterns of some enzymes were observed in the
intestines of fish. For instance, dietary glycinin exposure caused
decreases in the activities of SOD, CAT and GR but increased
the mRNA levels of CuZnSOD and MnSOD isoforms, whereas it
did not change the mRNA levels of CAT and GR significantly. In
addition, although dietary glycinin exposure did not change the
activity of GPx significantly, it increased the mRNA levels of
GPx1b and GPx4a isoforms and had no significant effects on
the mRNA levels of GPx1a and GPx4b isoforms. The different
patterns between gene mRNA levels and their corresponding
enzyme activities might be partially explained by two factors.
First, the increases in mRNA levels of antioxidant enzymes
indicated an adaptive mechanism that fish intestines need more
de novo synthesis of those antioxidant enzymes for scavenging
excess ROS, but those antioxidant enzyme activities were

constantly inactivated by the ROS that resulted from dietary
glycinin exposure, and we thus observed no changes or
decreases in enzyme activities. Similar results were observed in
our previous study with fish exposed to another dietary anti-
nutrient factor β-conglycinin(24). Second, it might be related to
influences on enzyme activities that occurred not only at the
gene transcriptional level but also at the post-transcriptional
(such as translation, post-translational modification and so on)
levels, just as Ferro et al.(55) indicated.

The GSTs represent an important group of enzymes that
detoxify both endogenous compounds and foreign chemicals
such as pharmaceuticals and environmental pollutants(56).
According to subcellular localisation, GSTs consists of cytosolic
GST (α, μ, π, ρ and θ),mitochondrial GSTκ and microsomal GST
(mGST1, mGST2 and mGST3)(57,58). Interestingly, this study
observed that glycinin exposure caused decreases in the mRNA
levels of all nine isoforms of GST, coinciding with GST enzyme
activities. The decreases in the mRNA levels of nine GST iso-
forms by dietary glycinin exposure might partially explain the
decreased GST activity in this group and also indicates an
inhibition of the de novo synthesis of those nine GST isoforms,
thus causing a dysfunction of detoxification in the cytosolic,
mitochondrial and microsomal proteins in the intestines of fish.

The gene transcripts of antioxidant enzymes are regulated by
intracellular signalling pathways in mammals(59). Recently, a
central role of Nrf2 pathways in regulating antioxidant enzyme
gene transcriptions has emerged in terrestrial animals(60), zebra
fish(61) and Jian carp(13). Thus, we next investigated the effects
of glycinin exposure on the Nrf2 signalling in the intestines
of fish.

Glycinin impaired antioxidant-related Nrf2 signalling factor
transcription in the intestines of fish. In the current study,
the relative expression of Nrf2 genes in the intestines of fish
was depressed by glycinin exposure, suggesting that decreases
in the mRNA levels of nine isoforms of GST caused by glycinin
might be partially related to the reduced Nrf2 gene transcription
in fish intestines. Nrf2 nuclear translocation is a critical event
for provoking gene transcription of antioxidant enzymes in
HT29 human colon carcinoma cell(62). Keap1, a cytoplasmic
protein, binds to the actin cytoskeleton and traps Nrf2, thereby
preventing the nuclear translocation of this transcription factor
in mice(63). It has been reported that the down-regulation
of Keap1 gene expression in murine lungs stimulated nuclear
translocation of Nrf2, thus evoking the transcription of Nrf2
target genes(64). However, this study observed that glycinin
exposure caused decreases in the expression of Keap1a
and Keap1b. Those results may be partially related to the
depressed Nrf2 regulation. It was reported that the Keap1
gene promoter contains a functional antioxidant response
element sequence, which could be up-regulated by Nrf2 in
mouse hepatoma cells(65). Thus, the decreases in Keap1a and
Keap1b mRNA levels might be partially related to the decreased
Nrf2 mRNA levels.

In terrestrial animals, the inhibition of PKC was indicated to
decrease the accumulation of free-Nrf2 nuclear translocation(60).
Meanwhile, PKC also have many roles, such as the regulation of
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many cellular processes, including division, proliferation, survival,
anoikis and polarity in terrestrial animals(66). The PKC isoforms
are grouped into three classes: conventional forms (α, β1, β2
and γ), which are activated by Ca2+/diacylglycerol, novel forms
(δ, ε, η1, η2 and θ), which are activated by diacylglycerol
alone, and atypical forms (ζ and ι), which are diacylglycerol-
independent terrestrial animals(67). Interestingly, this study
observed that glycinin exposure significantly decreased the
mRNA levels of conventional PKC (α, β1, β2 and γ). However, it
has different effects on the novel PKC and the atypical PKC. It
decreased the mRNA levels of PKCδ, η1, θ and ι, but did not affect
the PKCη2, ε and ζ mRNA levels. Those observations indicated a
possible relationship between glycinin-induced decrease in the
de novo synthesis of PKC (α, β1, β2, γ, δ, η1, θ and ι) and the
reduction of Nrf2 signalling in fish.
In addition to the integrity of intestinal epithelial cells, intestinal

health has been correlated with the intestinal physical barrier,
which primarily comprises TJ proteins in fish(8). TJ can be
influenced by cytokines and apoptosis(68). Cytokine production
and apoptosis can be modulated by TOR signalling(21,69). Thus,
we next investigated the effects of dietary glycinin on the TJ,
cytokines, apoptosis and TOR signalling in the intestines of fish.

Glycinin impaired intestinal tight junctions and modulated
cytokines and apoptosis signalling, which is partially
related to changes in target of rapamycin signalling in the
intestines of fish

Several lines of evidences support a barrier-forming role for
occludin, claudin-3c and claudin-11 in fish(70,71), whereas
claudin-7 appears to possess pore-forming characteristics(72). In
the present study, dietary glycinin exposure significantly
decreased the mRNA levels of the barrier-forming TJ, occludin
and claudin-3c in the MI and DI, and increased the mRNA
levels of the pore-forming TJ, claudin-7 in the DI, whereas it
did not change the mRNA levels of claudin-7 in the PI and MI
of fish. However, in the PI, although dietary glycinin exposure
decreased occludin mRNA levels, it also increased claudin-3c
mRNA levels. Meanwhile, we observed that dietary glycinin
exposure induced adaptive increases in the mRNA levels of
claudin-11 in the PI, MI and DI of fish. These results indicated
that glycinin exposure could impair some of the TJ components,
the seriousness of which followed the order DI>MI> PI. These
results might partially explain a previous report that SBM-
induced pathohistological changes primarily occurred in the DI
of fish(73). The reasons for serious glycinin-induced impairment
of the TJ in the DI>MI>PI are largely unknown but might be
partially associated with the apoptosis and the inflammatory
cytokines. It was reported that the intestinal TJ could be
destroyed by apoptosis and pro-inflammatory cytokines(18,68).
Thus, we next investigated the effects of glycinin on the
apoptosis signalling and the cytokines in the intestines of fish.
It was reported that pro-inflammatory cytokines disrupt

epithelial barrier function by apoptosis-independent mechan-
isms(68). In general, caspase-3 is the major executioner caspase
in the caspase-dependent pathway(74). Meanwhile, apoptotic
pathways are mainly classified into the intrinsic (mitochondrial)
pathway and the extrinsic (death ligand) pathway, and these

classifications could be regulated by caspase-9 and caspase-8,
respectively(75). In this study, dietary glycinin exposure
increased the mRNA levels of all of the apoptosis signalling,
including caspase-3, caspase-8 and caspase-9 in the DI of
juvenile fish, whereas it decreased caspase-8 and caspase-9
mRNA levels in the PI and MI of fish. These results indicated
that glycinin-induced apoptosis signalling primarily occurred in
the DI of fish, which followed a similar pattern to the effects of
glycinin on intestinal TJ, indicating a possible relationship
between glycinin-induced disruption of intestinal TJ and
apoptosis signalling in fish. Although the patterns of apoptosis
signalling are similar to the TJ patterns, the cytokines observed
disorder patterns. For instances, glycinin exposure caused pro-
inflammatory cytokine IL-1βmRNA levels to increase and TNF-α
mRNA levels to decrease in the PI and MI, whereas the IL-1β
mRNA levels decreased and the TNF-α mRNA levels increased
in the DI of fish. For anti-inflammatory cytokines, glycinin
exposure decreased only IL-10 mRNA levels in the PI and DI,
and decreased only the TGF-β2 mRNA levels in the MI of fish.
The reasons for these disorder patterns for cytokines are largely
unknown but might be partially related to the different expo-
sure time course in the PI, MI and DI of fish during the process
when fish intake and digest feed. Studies have shown that the
expression of three pro-inflammatory cytokine genes (IL-1β,
IL-8 and TNF-α) in the liver of juvenile salmons differed in the
exposure timing and magnitude(76).

The TOR signalling pathway is a well-known pathway to
regulate translation initiation, the limiting step in protein
synthesis in animals(77). Recently, it has been observed that the
inhibition of TOR signalling promoted cell apoptosis and
induced pro-inflammatory cytokine production(21,78). However,
the up-regulation of 4E-BP could inhibit TOR signalling(79). This
study observed that dietary glycinin exposure alone decreased
the TOR mRNA levels in the MI and DI and increased the 4E-BP
mRNA levels in the DI, whereas it did not change the TOR and
4E-BP mRNA levels in the PI of fish. These observations
indicated that glycinin exposure could inhibit TOR signalling in
the MI and DI, more seriously in the DI than in the MI of fish.
These effects followed similar patterns to the effects on the TJ
and apoptosis signalling, suggesting that glycinin-induced
TJ damage and apoptosis signalling were partially related to
the inhibition of TOR signalling. However, a study from our
laboratory observed that fish exposed to another dietary
anti-nutrient factor, β-conglycinin, also caused the down-
regulation of TOR signalling, but this change primarily
occurred in the PI and MI(24). Considering those two studies
together might partially explain how high doses of SBM
impaired the intestinal structural integrity and caused poor
growth of the fish observed in a previous study(73).

Protective effects of glutamine against glycinin-induced
negative effects on intestinal health and the growth
performance of fish

Gln serves as a major fuel for intestinal epithelial cells in
mammals(80). Our previous study has demonstrated that dietary
Gln supplementation could improve growth performance and

1580 W.-D. Jiang et al.

https://doi.org/10.1017/S0007114515003219  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114515003219


the intestinal structure and function in Jian carp(24). According
to these findings, we investigated the potential protection of Gln
against glycinin toxicity in the present study. Interestingly,
compared with the glycinin alone groups, for fish administered
Gln with glycinin, the performance parameters (FBW, SGR
and FI), intestinal growth (IW, IL, IPC and folds heights) and
functional (activities of CK, Na+, K+-ATPase, AKP and γ-GT)
indicators, as well as intestinal structural integrity indexes (ROS
and MDA content, activities of SOD, CAT, GPx, GST and GR)
were partially or completely close to or equal to those in the
control group, demonstrating that Gln might mitigate the
negative effects on fish growth and intestinal health caused by
glycinin. Similar results of Gln against another dietary anti-
nutrient factor, β-conglycinin, induced intestinal oxidative
damage in juvenile Jian carp, as observed in our previous
study(24). Those positive effects might be partially because of
the fact that Gln has protective and reparative roles against
oxidative damage. Our previous studies observed that co-
treatment or post-treatment with Gln could protect or repair fish
enterocytes from oxidative damage caused by H2O2

(9,81). Thus,
because Gln was observed to mitigate the negative influences
of glycinin or β-conglycinin observed in our previous study(24),
it is reasonable for us to recommend supplementation with Gln
when high levels of SBM (glycinin and β-conglycinin) are used
in fish diets.

Conclusion

In this study, we report five primary, novel and interesting
results. (1) Dietary glycinin exposure could depress the growth
performance of fish, which might be partially related to the
dysfunction of the intestines, which are the digestive/absorptive
organs in stomach-less fish. (2) The dietary glycinin-induced
poor growth and dysfunction of the intestines might be partially
associated with the intestinal cellular oxidative damage and
disruption of the cell–cell TJ. (3) The glycinin-induced intestinal
cellular oxidative damage was, at least in part, related to the
impaired enzymatic antioxidant ability (decreased SOD, CAT,
GST and GR activities) and disturbed antioxidant enzyme
gene expression, inducing adaptive increases in MnSOD,
CuZnSOD, CAT, GPx1b and GPx4a mRNA levels, and
decreasing the mRNA levels of nine GST isoforms. Meanwhile,
dietary glycinin exposure also disturbed the antioxidant-related
signalling factor mRNA levels, including Nrf2, Keap1a, Keap1b
and eleven isoforms of PKC. (4) Dietary glycinin exposure-
induced disruption of the cell–cell TJ was partially related to
the modulation of cytokines, apoptosis and TOR signalling in
the following order of seriousness DI>MI>PI. (5) Because
Gln was observed to mitigate the negative influences of
glycinin, it is reasonable for us to recommend supplementation
with Gln when high levels of SBM (glycinin) are utilised in
fish diets.

Acknowledgements

The present study was jointly supported by National Depart-
ment Public Benefit Research Foundation (Agriculture) of China

(X.-Q. Z., grant number 201003020), the National Basic
Research Program of China (973 Program) (Y.-A. Z., grant
number 2014CB138600), Science and Technology Support
Program of Sichuan Province of China (X.-Q. Z., grant number
2014NZ0003), Major Scientific and Technological Achievement
Transformation Project of Sichuan Province of China (X.-Q. Z.,
grant numbers 2012NC0007, 2013NC0045), the Demonstration
of Major Scientific and Technological Achievement Transfor-
mation Project of Sichuan Province of China (X.-Q. Z., grant
number 2015CC0011), Natural Science Foundation for Young
Scientists of Sichuan Province (L. F., grant number 2014JQ0007)
and Sichuan Province Research Foundation for Basic Research
(L. F., grant number 2013JY0082). The funding agencies had no
role in the design and analysis of the study or in the writing of
this article.

The author’s contributions are as follows: X.-Q. Z. and L. F.
designed the study; W.-D. J., K. H. and J.-X. Z. conducted the
study and analysed the data; Y. L., J. J., P. W., J. Z. S.-Y. K.,
L. T. W.-N. T. and Y.-A. Z. participated in the interpretation of
the results; W.-D. J., K. H. and J.-X. Z. wrote the manuscript;
X.-Q. Z. had primary responsibility for the final content of the
manuscript. All authors read and approved the final manuscript.

The authors declare that they have no conflicts of interest.

References

1. Brinker A & Friedrich C (2012) Fish meal replacement by plant
protein substitution and guar gum addition in trout feed.
Part II: Effects on faeces stability and rheology. Biorheology
49, 27–48.

2. Silva-Carrillo Y, Hernández C, Hardy RW, et al. (2012) The
effect of substituting fish meal with soybean meal on growth,
feed efficiency, body composition and blood chemistry in
juvenile spotted rose snapper Lutjanus guttatus (Steindachner,
1869). Aquaculture 364, 180–185.

3. Zhao Y, Qin G, Sun Z, et al. (2011) Effects of soybean agglutinin
on intestinal barrier permeability and tight junction protein
expression in weaned piglets. Int J Mol Sci 12, 8502–8512.

4. Wang T, Qin G, Sun Z, et al. (2014) Advances of research on
glycinin and β-conglycinin: a review of two major soybean
allergenic proteins. Crit Rev Food Sci 54, 850–862.

5. Zhao Y, Qin GX, Sun ZW, et al. (2010) Effects of glycinin and
β-conglycinin on enterocyte apoptosis, proliferation and
migration of piglets. Food Agr Immunol 21, 209–218.

6. Jiang WD, Wu P, Kuang SY, et al. (2011) Myo-inositol prevents
copper-induced oxidative damage and changes in antioxidant
capacity in various organs and the enterocytes of juvenile
Jian carp (Cyprinus carpio var. Jian). Aquat Toxicol 105,
543–551.

7. Jiang WD, Feng L, Liu Y, et al. (2009) Growth, digestive
capacity and intestinal microflora of juvenile Jian carp
(Cyprinus carpio var. Jian) fed graded levels of dietary
inositol. Aquac Res 40, 955–962.

8. Wen HL, Feng L, Jiang WD, et al. (2014) Dietary tryptophan
modulates intestinal immune response, barrier function,
antioxidant status and gene expression of TOR and Nrf2 in
young grass carp (Ctenopharyngodon idella). Fish Shellfish
Immun 40, 275–287.

9. Chen J, Zhou XQ, Feng L, et al. (2009) Effects of glutamine on
hydrogen peroxide-induced oxidative damage in intestinal
epithelial cells of Jian carp (Cyprinus carpio var. Jian).
Aquaculture 288, 285–289.

Glycinin impaired the integrity of fish intestines 1581

https://doi.org/10.1017/S0007114515003219  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114515003219


10. Xu J, Zhou A, Wang Z, et al. (2010) Effects of glycinin and
β-conglycinin on integrity and immune responses of mouse
intestinal epithelial cells. J Anim Plant Sci 20, 170–174.

11. Turan A & Mahmood A (2007) The profile of antioxidant
systems and lipid peroxidation across the crypt-villus axis in
rat intestine. Digest Dis Sci 52, 1840–1844.

12. Kohen R & Nyska A (2002) Invited review: oxidation of
biological systems: oxidative stress phenomena, antioxidants,
redox reactions, and methods for their quantification. Toxicol
Pathol 30, 620–650.

13. Jiang WD, Liu Y, Jiang J, et al. (2015) Copper exposure induces
toxicity to the antioxidant system via the destruction of Nrf2/ARE
signaling and caspase-3-regulated DNA damage in fish muscle:
amelioration by myo-inositol. Aquat Toxicol 159, 245–255.

14. Kobayashi A, Kang M, Watai Y, et al. (2006) Oxidative and
electrophilic stresses activate Nrf2 through inhibition of
ubiquitination activity of Keap1. Mol Cell Biol 26, 221–229.

15. Zhao Y, Liu D, Han R, et al. (2015) Soybean allergen glycinin
induced the destruction of the mechanical barrier function in
IPEC-J2. Food Agr Immunol 26, 601–609.

16. Unger RE, Krump-Konvalinkova V, Peters K, et al. (2002) In
vitro expression of the endothelial phenotype: Comparative
study of primary isolated cells and cell lines, including the
novel cell line HPMEC-ST1. 6R. Microvasc Res 64, 384–397.

17. Loh YH, Christoffels A, Brenner S, et al. (2004) Extensive
expansion of the claudin gene family in the teleost fish, Fugu
rubripes. Genome Res 14, 1248–1257.

18. Capaldo CT & Nusrat A (2009) Cytokine regulation of tight
junctions. Biochim Biophys Acta 1788, 864–871.

19. Feng K, Zhang G, Wei K, et al. (2012) Molecular character-
ization of cholecystokinin in grass carp (Ctenopharyngodon
idellus): cloning, localization, developmental profile, and
effect of fasting and refeeding on expression in the brain and
intestine. Fish Physiol Biochem 38, 1825–1834.

20. Hoyle I, Shaw BJ & Handy RD (2007) Dietary copper
exposure in the African walking catfish, Clarias gariepinus:
transient osmoregulatory disturbances and oxidative stress.
Aquat Toxicol 83, 62–72.

21. Zeng Z, Wang R, Shi Y, et al. (2014) MLN0128, a second-
generation mTOR kinase inhibitor, disrupts survival signaling
and triggers apoptosis in AML. Blood 124, 3613.

22. Satoh J, Tsujikawa T, Fujiyama Y, et al. (2003) Nutritional
benefits of enteral alanyl–glutamine supplementation on rat
small intestinal damage induced by cyclophosphamide.
J Gastroen Hepatol 18, 719–725.

23. Lin Y & Zhou XQ (2006) Dietary glutamine supplementation
improves structure and function of intestine of juvenile Jian
carp (Cyprinus carpio var. Jian). Aquaculture 256, 389–394.

24. Zhang JX, Guo LY, Feng L, et al. (2013) Soybean β-conglycinin
induces inflammation and oxidation and causes dysfunction of
intestinal digestion and absorption in fish. PLOS ONE 8, e58115.

25. Utsumi S, Matsumura Y & Mori T (1997) Structure–function
relationships of soy proteins. In Food Protein and their
Applications, pp. 257–292 [S Damodaran and A Paraf, editors].
New York: Marcel Dekker.

26. Zhang JX, Zhou XQ & Liu Y (2007) Effects of soybean meal on
the growth and intestinal immunity of juvenile Jian carp.
Aquacult Sci 2, 315–320.

27. Sun P, Li D, Li Z, et al. (2008) Effects of glycinin on
IgE-mediated increase of mast cell numbers and histamine
release in the small intestine. J Nutr Biochem 19, 627–633.

28. Jiang TT, Feng L, Liu Y, et al. (2014) Effects of exogenous
xylanase supplementation in plant protein-enriched diets on
growth performance, intestinal enzyme activities and micro-
flora of juvenile Jian carp (Cyprinus carpio var. Jian).
Aquacult Nutr 20, 632–645.

29. Jiang WD, Liu Y, Hu K, et al. (2014) Copper exposure induces
oxidative injury, disturbs the antioxidant system and changes
the Nrf2/ARE (CuZnSOD) signaling in the fish brain: protec-
tive effects of myo-inositol. Aquat Toxicol 155, 301–313.

30. Xiao WW, Feng L, Liu Y, et al. (2011) Effects of dietary
methionine hydroxy analogue supplement on growth, protein
deposition and intestinal enzymes activities of juvenile Jian
carp (Cyprinus carpio var. Jian). Aquacult Nutr 17, 408–417.

31. Bohne VJB, Hamre K & Arukwe A (2007) Hepatic metabolism,
phase I and II biotransformation enzymes in Atlantic salmon
(Salmo Salar, L) during a 12 week feeding period with graded
levels of the synthetic antioxidant, ethoxyquin. Food Chem
Toxicol 45, 733–746.

32. Qu RJ, Wang XH, Feng MB, et al. (2013) The toxicity of
cadmium to three aquatic organisms (Photobacterium phos-
phoreum, Daphnia magna and Carassius auratus) under
different pH levels. Ecotox Environ Safe 95, 83–90.

33. Bessey OA, Lowry OH & Brook MJ (1964) Rapid colouring
method for determination of alkaline phosphatase in five
cubic millimeters of serum. J Biol Chem 164, 321–329.

34. Weng CF, Chiang CC, Gong HY, et al. (2002) Acute changes in
gill Na+-K+-ATPase and creatine kinase in response to salinity
changes in the euryhaline teleost, tilapia (Oreochromis mos-
sambicu. Physiol Biochem Zool 75, 29–36.

35. Bauermeister A, Lewendon A, Ramage P, et al. (1983)
Distribution and some properties of the glutathione S-trans-
ferase and γ-glutamyl transpeptidase activities of
rainbow trout. Comp Biochem Phys C 74, 89–93.

36. Tanzer ML & Gilvarg C (1959) Creatine and creatine kinase
measurement. J Biol Chem 234, 3201–3204.

37. Gornicka A, Fettig J, Eguchi A, et al. (2012) Adipocyte
hypertrophy is associated with lysosomal permeability both
in vivo and in vitro: role in adipose tissue inflammation. Am J
Physiol Endoc Metab 303, E597–E606.

38. Xu S, Zhou Z, Zhang L, et al. (2010) Exposure to 1800 MHz
radiofrequency radiation induces oxidative damage to mito-
chondrial DNA in primary cultured neurons. Brain Res 1311,
189–196.

39. Baltacıoğlu E, Akalın FA, Alver A, et al. (2008) Protein
carbonyl levels in serum and gingival crevicular fluid in
patients with chronic periodontitis. Arch Oral Biol 53,
716–722.

40. Bradford MM (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal Biochem 72, 248–254.

41. Zhang X, Zhu Y, Cai L, et al. (2008) Effects of fasting on the
meat quality and antioxidant defenses of market-size farmed
large yellow croaker (Pseudosciaena crocea). Aquaculture
280, 136–139.

42. Jiang W, Feng L, Liu Y, et al. (2009) Myo-inositol prevents
oxidative damage, inhibits oxygen radical generation and
increases antioxidant enzyme activities of juvenile Jian carp
(Cyprinus carpio var. Jian). Aquac Res 40, 1770–1776.

43. Lushchak VI, Lushchak LP, Mota AA, et al. (2001) Oxidative
stress and antioxidant defenses in goldfish Carassius auratus
during anoxia and reoxygenation. Am J Physiol Regul Integr
Comp Physiol 280, R100–R107.

44. Vardi N, Parlakpinar H, Ozturk F, et al. (2008) Potent
protective effect of apricot and β-carotene on methotrexate-
induced intestinal oxidative damage in rats. Food Chem
Toxicol 46, 3015–3022.

45. Datkhile KD, Mukhopadhyaya R, Dongre TK, et al. (2009)
Increased level of superoxide dismutase (SOD) activity in
larvae of Chironomus ramosus (Diptera: Chironomidae)
subjected to ionizing radiation. Comp Biochem Physiol
C Toxicol Pharmacol 149, 500–506.

1582 W.-D. Jiang et al.

https://doi.org/10.1017/S0007114515003219  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114515003219


46. Wang L & Gallagher EP (2013) Role of Nrf2 antioxidant
defense in mitigating cadmium-induced oxidative stress in the
olfactory system of zebrafish. Toxicol Appl Pharm 266,
177–186.

47. Collins SA, Desai AR, Mansfield GS, et al. (2012) The effect of
increasing inclusion rates of soybean, pea and canola meals
and their protein concentrates on the growth of rainbow trout:
Concepts in diet formulation and experimental design for
ingredient evaluation. Aquaculture 344-349, 90–99.

48. Holzhauser T, Wackermann O, Ballmer-Weber BK, et al.
(2009) Soybean (Glycine max) allergy in Europe: Gly m 5
(β-conglycinin) and Gly m 6 (glycinin) are potential diagnostic
markers for severe allergic reactions to soy. J Allergy Clin
Immun 123, 452–458.

49. Chen GF, Feng L, Kuang SY, et al. (2012) Effect of dietary
arginine on growth, intestinal enzyme activities and gene
expression in muscle, hepatopancreas and intestine of juvenile
Jian carp (Cyprinus carpio var. Jian). Brit J Nutr 108, 195–207.

50. Ma X, He P, Sun P, et al. (2010) Lipoic acid: an immuno-
modulator that attenuates glycinin-induced anaphylactic
reactions in a rat model. J Agr Food Chem 58, 5086–5092.

51. Gu M, Bai N, Xu W, et al. (2014) Effects of dietary
β-conglycinin and glycinin on digestive enzymes activities,
intestinal histology and immune responses of juvenile turbot
Scophthalmus maximus. Aquac Res (epublication ahead of
print version 16 August 2014).

52. Liang Q, Sheng Y, Jiang P, et al. (2011) The gender-dependent
difference of liver GSH antioxidant system in mice and its influ-
ence on isoline-induced liver injury. Toxicology 280, 61–69.

53. Moellering D, Mc Andrew J, Patel RP, et al. (1999) The induction
of GSH synthesis by nanomolar concentrations of NO in
endothelial cells: a role for γ-glutamylcysteine synthetase and
γ-glutamyl transpeptidase. Febs Lett 448, 292–296.

54. Fontagné-Dicharry S, Lataillade E, Surget A, et al. (2014)
Antioxidant defense system is altered by dietary oxidized
lipid in first-feeding rainbow trout (Oncorhynchus mykiss).
Aquaculture 424, 220–227.

55. Ferro D, Franchi N, Mangano V, et al. (2013) Characterization
and metal-induced gene transcription of two new copper
zinc superoxide dismutases in the solitary ascidian Ciona
intestinalis. Aquat Toxicol 140, 369–379.

56. Nebert DW & Vasiliou V (2004) Analysis of the glutathione
S-transferase (GST) gene family. Hum Genomics 1, 460–464.

57. Uno Y, Murayama N, Kunori M, et al. (2013) Characterization
of microsomal glutathione S-transferases MGST1, MGST2, and
MGST3 in Cynomolgus macaque. Drug Metab Dispos 41,
1621–1625.

58. He S, Liang X, Sun J, et al. (2013) Induction of liver GST
transcriptions by tert-butylhydroquinone reduced microcystin-
LR accumulation in Nile tilapia (Oreochromis niloticus).
Ecotox Environ Safe 90, 128–135.

59. Itoh K, Wakabayashi N, Katoh Y, et al. (2003) Keap1 regulates
both cytoplasmic-nuclear shuttling and degradation of Nrf2 in
response to electrophiles. Genes Cells 8, 379–391.

60. Niture SK, Jain AK & Jaiswal AK (2009) Antioxidant-induced
modification of INrf2 cysteine 151 and PKC-delta-mediated
phosphorylation of Nrf2 serine 40 are both required for
stabilization and nuclear translocation of Nrf2 and increased
drug resistance. J Cell Sci 122, 4452–4464.

61. Nakajima H, Nakajima-Takagi Y, Tsujita T, et al. (2011)
Tissue-restricted expression of Nrf2 and its target genes in
zebrafish with gene-specific variations in the induction pro-
files. PLoS ONE 6, e26884.

62. Boettler U, Sommerfeld K, Volz N, et al. (2011) Coffee constituents
as modulators of Nrf2 nuclear translocation and are (EpRE)-
dependent gene expression. J Nutr Biochem 22, 426–440.

63. Kang M, Kobayashi A, Wakabayashi N, et al. (2004)
Scaffolding of Keap1 to the actin cytoskeleton controls the
function of Nrf2 as key regulator of cytoprotective phase
2 genes. Proc Natl Acad Sci USA 101, 2046–2051.

64. Blake DJ, Singh A, Kombairaju P, et al. (2010) Deletion of Keap1
in the lung attenuates acute cigarette smoke–induced oxidative
stress and inflammation. Am J Resp Cell Mol 42, 524–536.

65. Lee O, Jain AK, Papusha V, et al. (2007) An auto-regulatory
loop between stress sensors INrf2 and Nrf2 controls their
cellular abundance. J Biol Chem 282, 36412–36420.

66. Martin-Liberal J, Cameron AJ, Claus J, et al. (2014) Targeting
protein kinase C in sarcoma. Biochim Biophys Acta 1846,
547–559.

67. Gilio K, Harper MT, Cosemans JM, et al. (2010) Functional
divergence of platelet protein kinase C (PKC) isoforms in
thrombus formation on collagen. J Biol Chem 285, 23410–23419.

68. Bruewer M, Luegering A, Kucharzik T, et al. (2003)
Proinflammatory cytokines disrupt epithelial barrier function by
apoptosis-independent mechanisms. J Immunol 171, 6164–6172.

69. Umemura A, Park EJ, Taniguchi K, et al. (2014) Liver damage,
inflammation, and enhanced tumorigenesis after persistent
mTORC1 inhibition. Cell Metab 20, 133–144.

70. Chasiotis H & Kelly SP (2011) Effect of cortisol on permeability
and tight junction protein transcript abundance in primary
cultured gill epithelia from stenohaline goldfish and
euryhaline trout. Gen Comp Endocr 172, 494–504.

71. Chasiotis H, Kolosov D & Kelly SP (2012) Permeability
properties of the teleost gill epithelium under ion-poor con-
ditions. Am J Physiol Regul Integr Comp Physiol 302,
R727–R739.

72. Krause G, Winkler L, Piehl C, et al. (2009) Structure and
function of extracellular claudin domains. Ann Ny Acad Sci
1165, 34–43.

73. Krogdahl Å, Bakke McKellep AM & Baeverfjord G (2003)
Effects of graded levels of standard soybean meal on intestinal
structure, mucosal enzyme activities, and pancreatic response
in Atlantic salmon (Salmo salar L.). Aquacult Nutr 9, 361–371.

74. Gao D, Xu ZE, Qiao P, et al. (2013) Cadmium induces liver
cell apoptosis through Caspase-3A activation in purse red
common carp (Cyprinus carpio). PLOS ONE 8, e83423.

75. Sharifi AM, Eslami H, Larijani B, et al. (2009) Involvement of
caspase-8,-9, and-3 in high glucose-induced apoptosis in
PC12 cells. Neurosci Lett 459, 47–51.

76. Fast MD, Johnson SC & Jones S (2007) Differential expression
of the pro-inflammatory cytokines IL-1β-1, TNFα-1 and IL-8 in
vaccinated pink (Oncorhynchus gorbuscha) and chum
(Oncorhynchus keta) salmon juveniles. Fish Shellfish Immun
22, 403–407.

77. Tsukumo Y, Laplante M, Parsyan A, et al. (2014) MTOR and
regulation of translation. In Translation and Its Regulation in
Cancer Biology and Medicine, pp. 307–343 [A Parsyan,
editor]. Dordrecht, The Netherlands: Springer.

78. Hu K, Zhang J, Feng L, et al. (2015) 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, 635–649.

79. Tain LS, Mortiboys H, Tao RN, et al. (2009) Rapamycin
activation of 4E-BP prevents parkinsonian dopaminergic
neuron loss. Nat Neurosci 12, 1129–1135.

80. Windmueller HG (1982) Glutamine utilization by the small
intestine. Adv Enzymol Relat Areas Mol Biol 53, 37.

81. Hu K, Feng L, Jiang WD, et al. (2014) Oxidative damage repair
by glutamine in fish enterocytes. Fish Physiol Biochem 40,
1437–1445.

Glycinin impaired the integrity of fish intestines 1583

https://doi.org/10.1017/S0007114515003219  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114515003219

	Soyabean glycinin depresses intestinal growth and function in juvenile Jian carp (Cyprinus carpio var Jian): protective effects of glutamine
	Methods
	Experimental diets, fish trial and sampling
	Biochemical analysis

	Table 1Ingredients and nutrient contents of the diets
	RNA extraction and quantitative real-time PCR analysis
	Statistical analysis

	Results
	Effects of glycinin on the growth performances and intestinal growth and function of fish
	Effects of glycinin on the oxidative status and antioxidant-related parameters in the intestines of fish
	Effects of glycinin on the mRNA levels of MnSOD, CuZnSOD, catalase, four isoforms of glutathione peroxidases, nine isoforms of glutathione-S-transferases and glutathione reducase genes in the intestines of fish
	Effects of glycinin on the antioxidant-relative signalling factors in the intestines of fish

	Table 2Real-time PCR primer sequences
	Effects of glycinin on the tight junction protein transcript abundance in the intestines of fish

	Table 3Growth performance and intestinal growth of juvenile Jian carp (Cyprinus crpio var.
	Fig. 1Effects of different treatments on the reactive oxygen species (ROS) production in the intestine of Jian carp. Values are means of six replicates, with standard deviations represented by vertical bars. a,b Mean values with unlike letters were signif
	Effects of glycinin on the relative mRNA levels of cytokines in the intestines of fish

	Table 4Oxidative status and antioxidant abilities in the intestine of juvenile Jian carp exposed to dietary glycinin for 42 d(Mean values and standard deviations of six replicates)
	Fig. 2Effects of different treatments on the mRNA levels of CuZnSOD, MnSOD (A), catalase (CAT) (B), four isoforms of glutathione peroxidase (GPx) (C), nine isoforms of glutathione-S-transferase (GST) (D, E) and glutathione reducase (GR) (F) in the intesti
	Effects of glycinin on the mRNA levels of the caspase-3, 8 and 9 in the intestines of fish
	Effects of glycinin on the mRNA levels of target of rapamycin and 4E-BP in the intestines of fish

	Discussion
	Fig. 4Effects of different treatments on the mRNA levels of eleven isoforms of protein kinase C (PKC) in the intestine of Jian carp. Values are means of six replicates, with standard deviations represented by vertical bars. a,b,c Mean values with unlike l
	Fig. 3Effects of different treatments on the mRNA levels of Nrf2 and Keap1 in the intestine of Jian carp. Values are means of six replicates, with standard deviations represented by vertical bars. a,b,c Mean values with unlike letters were significantly d
	Glycinin-depressed fish growth performance and impaired intestinal growth and function of fish
	Glycinin-induced oxidative damage and its potential mechanism in the intestines of fish
	Glycinin caused oxidative damage in the intestines of fish


	Fig. 5Effects of different treatments on the mRNA levels of occludin, claudin-3c, claudin-11 (A, B, C) and claudin-7 (D) in the proximal intestine (PI), mid intestine (MI) and distal intestine (DI) of Jian carp. Values are means of six replicates, with st
	Outline placeholder
	Glycinin exposure impaired the antioxidant system in the intestines of fish


	Fig. 6Effects of different treatments on the mRNA levels of IL�-�1&#x03B2;, TNF-&#x03B1;, IL�-�10 and transformed growth factor-&#x03B2;2 (TGF-&#x03B2;2) in (A) the proximal intestine (PI), (B) mid intestine (MI) and (C) distal intestine (DI) of Jian carp
	Fig. 7Effects of different treatments on the mRNA levels of caspase-3, caspase-8 and caspase-9 in (A) the proximal intestine (PI), (B) mid intestine (MI) and (C) distal intestine (DI) of Jian carp. Values are means of six replicates with standard deviatio
	Outline placeholder
	Glycinin impaired antioxidant-related Nrf2 signalling factor transcription in the intestines of fish


	Fig. 8Effects of different treatments on the mRNA levels of target of rapamycin (TOR) and 4E-BP in (A) the proximal intestine (PI), (B) mid intestine (MI) and (C) distal intestine (DI) of Jian carp. Values are means of six replicates with standard deviati
	Glycinin impaired intestinal tight junctions and modulated cytokines and apoptosis signalling, which is partially related to changes in target of rapamycin signalling in the intestines of fish
	Protective effects of glutamine against glycinin-induced negative effects on intestinal health and the growth performance of fish
	Conclusion

	Acknowledgements
	ACKNOWLEDGEMENTS
	References


