
RESEARCH ARTICLE

Dietary gossypol suppressed postprandial TOR signaling and elevated ER
stress pathways in turbot (Scophthalmus maximus L.)
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Bian F, Jiang H, Man M, Mai K, Zhou H, Xu W, He G. Dietary
gossypol suppressed postprandial TOR signaling and elevated ER
stress pathways in turbot (Scophthalmus maximus L.). Am J Physiol
Endocrinol Metab 312: E37–E47, 2017. First published November 15,
2016; doi:10.1152/ajpendo.00285.2016.—Gossypol is known to be a
polyphenolic compound toxic to animals. However, its molecular
targets are far from fully characterized. To evaluate the physiological
and molecular effects of gossypol, we chose turbot (Scophthalmus
maximus L.), a carnivorous fish, as our model species. Juvenile turbots
(7.83 � 0.02 g) were fed diets containing gradient levels of gossypol
at 0 (G0), 600 (G1), and 1,200 (G2) mg/kg diets for 11 wk. After the
feeding trial, fish growth, body protein, and fat contents were signif-
icantly reduced in the G2 group compared with those of the G0 group
(P � 0.05). Gossypol had little impact on digestive enzyme activities
and intestine morphology. However, gossypol caused liver fibrosis
and stimulated chemokine and proinflammatory cytokine secretions.
More importantly, gossypol suppressed target of rapamycin (TOR)
signaling and induced endoplasmic reticulum (ER) stress pathway in
both the feeding experiment and cell cultures. Our results demon-
strated that gossypol inhibited TOR signaling and elevated ER stress
pathways both in vivo and in vitro, thus providing new mechanism of
action of gossypol in nutritional physiology.

gossypol, turbot (Scophthalmus maximus L.); liver fibrosis; TOR; ER
stress

COTTONSEED MEAL (CSM) is a plant protein source with high
protein content that has been widely used in livestock, poultry,
and aquaculture feeds (45, 47, 53, 55). However, the presence
of gossypol in CSM as a major antinutritional factor has
limited the performance of CSM in animals (38, 55). High
levels of free gossypol in diets may be responsible for acute
clinical signs in animals (14). The typical negative effects of
gossypol in livestock, poultry, and aquatic animals are loss of
weight, weakness, appetite decrease, breathing difficulties,
reproductive problems, and histological changes in various
tissues and organs (38, 46, 47).

Many studies on gossypol have highlighted a wide range of
biological activity manifestations. Gossypol exerted its actions
through interactions with a spectrum of biomolecules, includ-
ing enzymes, signaling mediators, and membranes (8). Studies
showed that gossypol was highly reactive and bound to meta-
bolic enzymes, including oxidoreductases, transferases, hydro-
lases, lyases, etc. (8). Gossypol can also bind to a wide range
of substances including minerals and amino acids (6). These
effects were presumably through the formation of Schiff’s

bases via the reaction of the aldehyde groups of gossypol with
the amino groups of the lysine residues of enzymes, or via
H-bond formation with the catechol hydroxyls (8). Further-
more, gossypol has been identified as a BH3-mimetic inhibitor
of Bcl-2 family members and therefore induces cell apoptosis
through interaction with the mitochondrial caspase pathways
(49). Other effects of gossypol included inhibition of cell
proliferation through induction of transforming growth fac-
tor-�1 (TGF�1) and downregulation of cyclin D1 (25, 69).
Further elucidation of the molecular targets involved in gos-
sypol actions will provide better understanding of the multi-
faceted biological effects of gossypol and better use of cotton-
seed as a feed gradient in husbandry.

During recent years, mounting evidence has supported the
notion that sensing of nutrition status by signaling pathways is
critical for animal growth and homeostasis (21, 22, 43, 65). In
particular, nutrient sensing pathways stimulate anabolism
when food is abundant, whereas food scarcity shifts toward
catabolism (10). Among all of the signaling pathways, target of
rapamycin (TOR) signaling is the main mediator of cellular
nutrient sensing. It senses and integrates a variety of environ-
mental cues, including growth factors, nutrients, energy, and
stress, to regulate organismal growth and homeostasis (33, 64).
On the other hand, when cells are exposed to stress, stress
response pathways are activated. Stress-induced shutdown of
translation is triggered by phosphorylation of the eukaryotic
initiation factor 2� (eIF2�), which inhibits the initiation step of
protein synthesis (2). Recently, it was demonstrated that the
composition of diet, including protein levels (31), amino acid
composition (28, 60), lipid content (30), and quality (56)
influenced the responses of nutrient sensing pathways. How-
ever, few studies were conducted to examine whether antinu-
tritional factors such as gossypol influenced the postprandial
responses of nutrient sensing pathways. In this study, we chose
turbot (Scophthalmus maximus L.), an economically valuable
marine carnivorous fish as our experiment model species. The
effects of gossypol on phenotypical parameters, histology, and
postprandial responses of cell signaling pathways were char-
acterized.

MATERIALS AND METHODS

All animal care and handling procedures in this study were ap-
proved by the Animal Care Committee of Ocean University of China.

Diet formulations. The composition of the basal diet is listed in
Table 1. Experimental diets were designed by introducing gossypol
into the basal diet at 0 (G0), 600 (G1), and 1,200 (G2) mg/kg diets, a
range that had been widely used in other studies and represents the
gossypol concentration in CSM used in aquafeeds (3, 5, 66). Gossy-
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pol-acetic acid (1 mg � 0.8962 mg gossypol) is the naturally occur-
ring acetic acid form of gossypol and was purchased from Chukang
Biotechnology Co. (purity �98%). This form contained equal
amounts of (�) and (�) isomers of gossypol. Feed ingredients were
ground into fine powder through 300-	m meshes. All ingredients
were blended thoroughly, added with oil, and mixed with water and
pelleted with an experimental feed mill and dried for 16 h in a
ventilated oven at 45°C. After drying, the diets were stored at �20°C
until used.

Feeding trial and sampling. Juvenile turbots were purchased from
a local fish rearing farm (Qingdao, China). Experiments were done at
Yihaifeng Aquatic Product Co. (Qingdao, China). All fish were
acclimated to laboratory conditions and fed a commercial diet for 2
wk before experiments. After being fasted for 24 h, fish (7.83 � 0.02
g) were randomly assigned to nine experimental fiberglass tanks (300
liters) with 35 fish per tank and three tanks per treatment. Seawater,
continuously pumped from the coast adjacent to the experimental
station, passed through sand filters into each tank at ~1.5 l/min. Each
diet was randomly assigned to triplicate groups. Fish were manually
fed to apparent satiety two times daily at 7:00 AM and 7:00 PM The
feeding trial lasted for 11 wk. During the experimental period, the
water temperature ranged from 19 to 21°C, salinity from 29 to 32%,
and dissolved oxygen was ~6 mg/l, pH from 7.5 to 8.0.

When the feeding trial was completed, fish were left unfed for 48
h to obtain the basal levels of metabolism in fish (56). After they had
been starved for 24 h, fish from each tank were weighed and counted.
Four fish per tank (12 fish per treatment) were randomly sampled and
stored at �20°C for biochemical analysis. Four other fish from each
tank (12 fish per treatment) were anesthetized with benzocaine (30
mg/l), and individual body weight, body length, visceral weight, and
liver weight were examined to calculate condition factor (CF), vis-
cerosomatic index (VSI), and hepatosomatic index (HSI).

At the end of the 48-h fasting period, the sampled fish was
designated as the 0-h sample (fasted fish). Fish were then fed a single
meal until apparent satiation. Samples were collected at 2 and 8 h after
refeeding, the time period reflecting symbolic postprandial responses

in turbot (65). At each time interval, four fish from each tank were
collected. The fish were visually checked whether the belly was
bulging or not to ensure that the fish had effectively consumed the
diet. Blood was taken from the caudal vein using heparinized syringes
to heparin anticoagulation tubes and centrifuged at 3,000 g for 10 min
at 4°C to obtain plasma samples and stored at �80°C until analysis.
After the blood was taken, liver and intestine were immediately
dissected, frozen in liquid nitrogen, and kept at �80°C for later
analysis.

Cell culture and treatment. The turbot primary cell culture was
conducted as described before (62). Specifically, turbot (~15 g) was
immersed in 75% alcohol for 30 s and then washed with sterile
Dulbecco’s phosphate-buffered saline (DPBS) with antibiotics (400
U/ml penicillin and 400 	g/ml streptomycin, GIBCO: 15240–112).
White dorsal muscle was excised under sterile conditions and col-
lected in cold Leibovitz’s L-15 medium (Sigma: L5520) with antibi-
otics. The tissue was cut into 1.0-mm3 pieces using stainless steel eye
scissors and forceps. After centrifugation at 300 g for 10 min, the
pellets were digested with 0.05% trypsin solution (GIBCO: 25200–
056) for 30 min at room temperature with gentle agitation. The
reaction was stopped with L-15 medium containing 10% fetal bovine
serum (GIBCO: 10099–141). The cell suspension was filtered
through a 70-	m nylon cell strainer (BD Falcon) and centrifuged (300
g for 10 min). The cell pellets were then resuspended in cold L-15
medium supplemented with 20 mM HEPES, 10% FBS, 1% antibiotics
(penicillin 100 U/ml, streptomycin 100 	g/ml), 2 mM GlutaMAX
(GIBCO: 35050–061), and basic fibroblast growth factor (2.5 ng/ml;
GIBCO: PHG 0024). Cells were diluted to give 2 
 106 cells/ml
medium and cultured at 24°C.

Cells of the zebrafish liver cell line (ZFL; ATCC CRL-2643) were
cultured in ZFL medium consisting of Leibovitz’s L-15, Dulbecco’s
modified Eagle’s medium (DMEM; GIBCO: 12100-046), and Ham’s
F-12 (GIBCO: 21700-075; 50:35:15) supplemented with 0.15 g/l
sodium bicarbonate (GIBCO: 25080-094), 15 mM HEPES, 0.01
mg/ml insulin, 50 ng/ml epidermal growth factor (EGF; GIBCO:
PHG0311), 2 mM GlutaMAX, and 5% heat-inactivated fetal bovine
serum at 28°C as recommended by ATCC.

For experiment, cells were treated with gossypol (Sigma: G8761) at
0, 5, 10, 20, or 30 	M for 4 h (turbot primary muscle cells) or for 1
h (ZFL). DMSO was used as vehicle. All cell culture experiments
were repeated at least three times.

Cytotoxicity assay for gossypol. The cytotoxicity of gossypol was
measured by a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte tra-
zolium bromide) assay (13, 70). Turbot primary muscle cells were
plated at a density of 2.5 
 105 cells/ml into 96-well plates containing
100 	l of L-15 complete medium. After 24-h incubation, cells were
treated with various concentrations of gossypol at 0 (control), 5, 10,
20, or 30 	M for 4 h, whereas for ZFL cells were plated at a density
of 1.5 
 105 cells/ml into 96-well plates containing 100 	l of ZFL
medium. After 24-h incubation, cells were treated with various con-
centrations of gossypol at 0 (control), 5, 10, 20, or 30 	M for 1 h.
Then, 11 	l of MTT (5 mg/ml) was added to each well and incubated
for another 4 h. Subsequently, the solution was removed, and 150
	l/well DMSO was added. The resulting MTT-formazan product was
quantitated by absorbance at 570 nm using a microplate reader
(Synergy HT, BioTek). Each treatment was duplicated in eight wells,
and the experiment was repeated three times. The results are ex-
pressed as the average optical density ratio of the gossypol treatment
group to the control group.

Biochemical analysis. Moisture, crude protein, crude lipid, and ash
of ingredients, experimental diets, and fish samples were analyzed
using standard methods as described before (65). For enzyme assays,
intestine samples were homogenized in ice-cold phosphate-buffered
saline and centrifuged at 4,000 g for 20 min at 4°C to collect the
supernatant. Activities of trypsin, lipase and amylase were determined
as described before (39, 63) using enzymatic assay kits (Jiancheng
Bioengineering Institute, China).

Table 1. Composition of basal diet

Ingredients g/kg Dry Diets

Fishmeal* 620
Wheat meal* 280
Fish oil 40
Soy lecithin 20
Choline chloride 3
Vitamin premix† 10
Mineral premix‡ 20
Calcium propionic acid 1
Ethoxyquinoline 1
Attractants§ 5
Proximate composition
Crude protein 507.2
Crude lipid 125.1
Gross energy/(KJ/g) ** 20.66

*Red fishmeal (g/kg dry matter): protein 739.1, crude lipid 98.2; wheat meal
(g/kg dry matter): crude protein 175.1, crude lipid 17.9. These ingredients were
obtained from Great Seven Bio-Tech (Qingdao, China). †Vitamin premix
(mg/kg dry diet): thiamin, 25; riboflavin, 45; pyridoxine HCl, 20; vitamin B12,
10; vitamin K, 10; inositol, 800; pantothenic acid, 60; niacin acid, 200; folic
acid, 20; biotin, 60; retinol acetate, 32; cholecalciferol, 5; �-tocopherol, 240;
ascorbic acid, 2,000; microcrystalline cellulose, 1,473. ‡Mineral premix:
(mg/kg dry diet): CoCl2 (1%), 50; CuSO4·5H2O, 10; FeSO4·H2O, 80;
ZnSO4·H2O, 50; MnSO4·H2O, 45; MgSO4·7H2O, 1,200; H2NaOSe(1%), 20;
H2CaIO4 (1%), 60; Zeolite powder, 8,485. §Attractants (g/kg dry diet): betaine,
2; dimethylpropiothetin, 1; glycine, 1; alanine, 0.5; inosine-5=-diphosphate
trisodium salt, 0.5. **Gross energy of experimental diets was calculated
according to gross energy values 23.64 KJ/g crude protein, 39.54 KJ/g crude
fat, 17.57 KJ/g carbohydrate, respectively.
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Analysis of gossypol concentration in tissues. The gossypol con-
centrations in plasma and liver were determined as described before
(35). Briefly, tissue samples were homogenized with extraction re-
agent (2% 2-amino-1-propanol and 10% glacial acetic acid in N,N-
dimethylformamide) for 45 s. The mixture was heated at 95°C for 30
min, cooled on ice, and then centrifuged at 1,500 g for 5 min at 4°C.
Subsequently, an aliquot of the supernatant was diluted with the
mobile phase (8 vol of acetonitrile and 2 vol of 10 mM KH2PO3

adjusted to pH 3.0 with H3PO3) and filtered through a syringe filter
(0.45 	m) before HPLC analysis. An HP1100 HPLC system (Agilent,
Germany) equipped with a 4.6 
 250-mm Zorbax Eclipse C18 column
(Agilent) was used. The samples were detected at 254 nm, with a flow
rate of 1.0 ml/min; (�)- and (�)-gossypol-acetic acid (Sigma: G4382)
was used as a standard.

Histological analysis. Four fish from each tank were anesthetized.
The intestine and liver were dissected out and placed in Bouin’s
fixative solution (picric acid saturated solution: formalin: glacial
acetic acid � 15:5:1) and transferred to 70% ethanol after 24 h. The
fixed samples were then dehydrated in a series of alcohol solutions
and embedded in paraffin. The tissues were further dissected into
5-	m sections and mounted onto albumin-coated slides. The intestinal
slices were stained with hematoxylin and eosin (H&E), while the liver
slices were processed for Masson trichrome staining. The morpholog-
ical structures of these tissues were observed using an imaging
microscope (Olympus, DP72, Nikon, Japan).

All digital images were analyzed using ImageJ v. 1.36. At least 12
slides from each treatment were analyzed. Intestine histology was
analyzed to determine the ratios of villi height to gut lumen diameter
and (microvilli height to gut lumen diameter. Villus height and
microvillus height were measured from the base to the top of each
segment (8 measurements per image) as described before (51).

Quantitative real-time PCR. Total RNA was extracted from liver
(~50 mg) using TRIzol Reagent (Invitrogen, Carlsbad, CA) according
to the manufacturer’s instructions and quantified using a Nanodrop
2000 spectrophotometer (Thermo). The integrity of the RNA was
examined using 1.5% agarose gel. cDNA preparation and qRT-PCR
analysis were conducted as described (71). All primer sequences of
target genes are listed in Table 2, and some sequences were published
previously (15, 52, 65). To calculate the expression levels of target
genes, results were normalized to elongation factor 1� (ef1�), as no

expression changes of ef1� were observed in liver among different
treatments (data not shown). The gene expression levels were calcu-
lated by 2���CT method (41). The data were reported as fold increase
of the control (0 h sample of G0).

Western blot analysis. Tissues were homogenized with glass Ten-
broeck tissue grinders (Kimble Chase) on ice and lysed with 50 mM
Tris·HCl, 150 mM NaCl, 0.5% NP-40, 0.1% SDS, and 1 mM EDTA,
pH 7.5, with protease and phosphatase inhibitor cocktails (Roche) at
4°C for 1 h and cleared by centrifugation at 12,000 g for 20 min.
Protein concentrations were determined with a BCA protein assay kit
(Beyotime Biotechnology) using bovine serum albumin as standard.
Protein samples (30 	g protein per lane) were separated by SDS-
PAGE and transferred to 0.45-	m PVDF membrane (Millipore) for
Western analysis. The membrane was blocked with 5% nonfat milk in
TBST buffer (20 mM Tris·HCl, 500 mM NaCl, 0.1% Tween 20) for
1 h at room temperature and incubated with primary antibody over-
night at 4°C before horseradish peroxidase (HRP)-conjugated second-
ary antibodies were added and visualized using ECL reagents (Good-
Here, China). The following antibodies were used: antibodies against
AMPK� (2532), phospho-AMPK� (Thr172, 2531), protein kinase B
(Akt, 9272), phospho-Akt (Ser473, 9271), TOR (2972), phospho-TOR
(Ser2448, 2971), p70 ribosomal protein S6 kinase (p70S6K, 9202),
phospho-p70S6K (Thr389, 9205), phospho-p70S6K (Thr421/Ser424,
9204), phospho-p70S6K (Ser371, 9208), ribosomal protein S6 (S6,
2217), phospho-S6 (Ser235/236, 4856), eukaryotic initiation factor 4E
binding protein-1 (4E-BP1,), phospho-4E-BP1 (Thr37/46, 9459),
RNA-dependent protein kinase-like ER kinase (PERK, 3192), phos-
pho-PERK (Thr980, 3179), glucose-regulated protein-78 (GRP78,
3183), eIF2� (9722), phospho-eIF2� (Ser51, 3597), and �-tubulin
(2146) were purchased from Cell Signaling Technology. Antibodies
against activating transcription factor 6� (ATF6�, sc-166659), X-
box-binding protein (XBP-1, sc-7160), ATF4 (sc-200), small mothers
against decapentaplegic 2/3 (Smad2/3, sc-133098), phospho-Smad2/3
(Ser423/425, sc-11769), signal transducers and activators of transcrip-
tion 1 (STAT1, sc-346), and phospho-STAT1 (Tyr701, sc-7988) were
purchased from Santa Cruz Biotechnology. All these antibodies
were developed using antigenic regions completely conserved in
turbot, and many had been successfully used in turbot and pub-
lished before (65). The Western bands were quantified using NIH
Image 1.63 software.

Statistical analyses. All statistical evaluations were analyzed using
the software SPSS 19.0. The growth parameters, intestine index, and
cell treatment assay were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple range tests. The effects of
time and diets and their interactions were analyzed by two-way
ANOVA. Tukey’s multiple range tests were used to examine treat-
ment differences among the interactions. When the interaction was
significant, the results were further analyzed using one-way ANOVA
and Turkey’s multiple range test. In case unequal variance was
determined by Levene’s test, the data were square root-transformed
before statistical analysis. Differences were regarded as significant
when P � 0.05. Data are expressed as means � SE.

RESULTS

Dietary gossypol reduced growth and nutrient retentions in
turbot. As shown in Table 3, the initial body weight in each
group was 7.83 � 0.02 g. However, after an 11-wk feeding
trial, fish fed the G2 diet gained less body weight
(63.1 � 0.97 g) than those fed the G0 (72.3 � 0.93 g) and G1
(71.5 � 2.57 g) diets (P � 0.015; Table 3). Compared with the
G0 (15.44 � 0.12%) group, G1 (14.95 � 0.17%) and G2
(14.77 � 0.12%) groups had decreased whole body protein
content (P � 0.03). Whole body lipid content was also lower
in G1 (3.8 � 0.42%) and G2 (3.32 � 0.09%) groups compared
with that of the G0 group (4.55 � 0.18%, P � 0.04). No signif-

Table 2. Primer sequences used for real-time quantitative
PCR

Gene* Forward Primer (5=-3=) Reverse Primer (5=-3=)

Product
Size
(bp)

tnf�† CCCTTATCATTATGGCCCTT TCCGAGTACCGCCATATCCT 424
il1b† TACCTGTCGTGCCAACAGGAA TGATGTACCAGTTGGGGAA 181
TLR22 ATATTCACACGGAGGCCATT CTTTGTTTGTGCAACCTGGA 110
MyD88 CCCAATGGTAGCCCTGAGAT CATCTCGGTCGAACACACAC 153
socs1 AGAAGGTGGGGAAGTGAG TAGGATGGTAGCCGACAGCA 230
socs3 CACTTTGACTGCGTCCTGA CCATTGACCGTTTTCCTG 179
TGF�† ACAAGCCGACGGGCTACCATG GGAGAGTGGCTTCAGTTTTTC 173
atf3 TCGCCATCCAGACCAAGC ACTCCTTCTGCAAATCCTCC 234
chop ACATGCACCGAGAAAGAGCC CCTGCCGAACTATTTCCACT 245
redd1 TGGAGCACATCGGACAGGAG GACGAGGTAGGGGTCCACAG 140
ef1�† TCATTGGCCATGTCGACTCC ACGTAGTACTTGGCGGTCTC 226

Partial sequences of some target genes in turbot were obtained through a
degenerate PCR strategy in this study, including MyD88, myeloid differenti-
ation primary response 88; socs1, suppressor of cytokine signaling-1; atf3,
activating transcription factor 3; chop, C/EBP homology protein; redd1,
regulated in development and DNA damage responses 1. *Abbreviations and
GenBank accession nos.: tnf�, tumor necrosis factor-�, FJ654645.1; il1b,
interleukin1�, AJ295836.2; TLR22, Toll-like receptor 22, KJ606345.1; socs3,
suppressor of cytokine signaling-1, HM640022.1; TGF�, transforming growth
factor-�, AJ276709.1; ef1�, elongation factor-1�, AF467776.1. †Previously
published primer sequence.
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icant differences were found for survival rates, feed efficiency
ratio, or feed intake as well as CF, VSI, and HSI (P � 0.05).

Dietary gossypol accumulations in plasma and liver. The
postprandial kinetics of gossypol concentrations in plasma and
liver was assessed. As shown in Table 4, plasma gossypol
levels remained high at 2 h and 8 h after refeeding, with basal
levels (0 h) at 38.97 � 0.81 	g/ml for G1 and 49.95 � 1.30
	g/ml for G2, respectively. The liver concentration of gossypol

peaked at 2 h after feeding with basal levels (0 h) at 111.2 � 6.82
	g/g (G1) and 280.91 � 8.57 	g/g (G2), respectively.

Gossypol influenced little on intestinal morphology and
functions but caused liver fibrosis. As shown in Fig. 1A, the
intestine morphology did not show significant changes in fish
fed different diets. The ratios of villi height to gut lumen
diameter and microvilli height to gut lumen diameter were not
significantly different among groups. Furthermore, the activi-
ties of digestive enzymes, namely trypsin, lipase, and amylase,
showed no significant differences among groups (P � 0.05,
Fig. 1B). However, Masson’s trichrome staining revealed over-
deposition of blue-stained collagen fibers in livers of both G1
and G2 groups (Fig. 1C), suggesting the occurrence of liver
fibrosis (23, 58). The postprandial mRNA expressions and
proteins involved in liver fibrosis were also examined. These
included the expression levels of socs1, socs3, tnf�, il1b,
TGF�, TLR22, and MyD88 and phosphorylation of Smad2/3
and STAT1 (1, 4, 20, 48). The expression levels of tnf�, il1b,
TLR22, MyD88, and TGF� were upregulated, and socs1 and
socs3 were downregulated in gossypol-supplemented groups (Fig.
1D). Furthermore, dietary gossypol increased the phosphorylation
level of Smad2/3 and decreased that of STAT1 (Fig. 1D).

Gossypol inhibited postprandial TOR signaling and induced
ER stress. The postprandial activities of TOR signaling were
examined in liver (Fig. 2A). Indicated by their corresponding
phosphorylation levels, the postprandial activation of Akt,
TOR, S6, and 4E-BP1 were all decreased in both G1 and G2
groups compared with the G0 group. On the other hand, the
phosphorylation level of AMPK was increased in both G1 and
G2 groups compared with the G0 group. Compared with G0
diet, G1 and G2 diets significantly increased eIF2� phosphor-
ylation and ATF4 levels (Fig. 2B). We also examined the
mRNA expression of ER stress-related genes, which were
activating transcription factor 3 (atf3), C/EBP homology pro-
tein (chop), and regulated in development and DNA damage
responses 1 (redd1) (26, 59). The mRNA expression levels of
these stress-induced genes were all upregulated more in the G2
group than those in the G0 group (Fig. 2C).

Table 3. Growth parameters and feed utilization of juvenile turbots (Scophthalmus maximus L.) fed experimental diets for
11 wk

G0 G1 G2 P Value

Initial body weight (g) 7.82 � 0.02 7.82 � 0.02 7.86 � 0.03 0.535
Final body weight (g) 72.3 � 0.93a 71.5 � 2.57a 63.1 � 0.97b 0.015
Weight gain rate (%)* 825 � 11.7a 814 � 31.5a 703 � 15.0b 0.012
Specific growth rate (%/day)† 2.89 � 0.02a 2.87 � 0.04a 2.70 � 0.02b 0.008
Survival rate (%)‡ 99.05 � 0.95 100 � 0.00 99.05 � 0.95 0.63
Feed efficiency (g/g)§ 1.39 � 0.03 1.39 � 0.01 1.31 � 0.02 0.068
Feed intake (%/day) ** 1.50 � 0.03 1.50 � 0.01 1.54 � 0.01 0.293
Whole body protein (%) 15.44 � 0.12a 14.95 � 0.17a,b 14.77 � 0.12b 0.03
Whole body lipid (%) 4.55 � 0.18a 3.80 � 0.42a,b 3.32 � 0.09b 0.04
Whole body ash (%) 3.10 � 0.19 3.03 � 0.23 3.30 � 0.07 0.57
Condition factor (%)†† 3.43 � 0.06 3.48 � 0.13 3.44 � 0.08 0.932
Viscerosomatic index (%)‡‡ 4.27 � 0.40 4.20 � 0.12 4.45 � 0.14 0.783
Hepatosomatic index (%)§§ 1.05 � 0.15 1.09 � 0.09 1.07 � 0.07 0.965

Values show means � SE (n � 12); Significance was evaluated by one-way ANOVA followed by Tukey’s multiple range tests. G0, control diet; G1, 600 mg
gossypol/kg diet; G2, 1,200 mg gossypol/kg diet. a,b Mean values in the same row with different superscripted letters were significantly different (P � 0.05).
*Weight gain rate (%) � (final body weight – initial body weight)/initial body weight 
 100%. †Specific growth rate (%/day) � (Ln final body weight – Ln initial
body weight)/days 
 100%. ‡Survial rate (%) � (final fish number/initial fish number) 
 100%. §Feed efficiency � wet weight gain (g)/dry feed intake (g).
**Feed intake (%/day) � dry feed intake/[(final body weight � initial body weight)/2]/days 
 100%. ††Condition factor (%) � final body weight (g)/body length
(cm)3 
 100%. ‡‡Viscerosomatic index (%) � viscera weight (g)/whole body weight (g) 
 100%. §§Hepatosomatic index (%) � liver weight (g)/whole body
weight (g) 
 100%.

Table 4. Changes of (�)-, (�)-isomers and total gossypol
concentrations in plasma and liver of juvenile turbots
(Scophthalmus maximus L.) fed experimental diets for 11 wk

Plasma (	g/ml) Liver (	g/g dry matter)

Diets Time (h) (�)-Isomer (�)-Isomer total (�)-Isomer (�)-Isomer total

Individual treatment means
G1 0 2.07 36.91 38.97 37.54 73.66a 111.20
G1 2 2.89 47.74 50.77 83.79 90.46a 174.25
G1 8 3.07 48.59 51.66 66.75 81.67a 148.42
G2 0 2.99 46.96 49.95 129.23 151.69b 280.91
G2 2 3.15 54.97 58.12 164.67 208.33c 373.00
G2 8 3.41 54.55 57.96 135.00 200.00c 335.00
Pooled SE 0.07 0.48 0.50 2.58 1.82 2.51

Means of main effect
G1 2.68x 44.41x 47.14x 62.69x 81.93 144.62x

G2 3.18y 52.16y 55.34y 142.96y 186.67 329.64y

0 2.53A 41.93A 44.46A 83.38A 112.67 196.06A

2 3.02B 51.36B 54.45B 124.23C 149.39 273.62C

8 3.24B 51.57B 54.81B 100.88B 140.83 241.7B

Two-way ANOVA: P values
Diet 0.004 �0.001 �0.001 �0.001 �0.001 �0.001
Time 0.005 �0.001 �0.001 �0.001 �0.001 �0.001
Diet 
 Time 0.164 0.249 0.173 0.22 0.001 0.099

Treatment means represent the average values for 3 tanks per treatment and
were analyzed by two-way ANOVA (n � 12). Tukey’s test was conducted for
individual means only if there was a significant interaction (P � 0.05).
a,b,cMean values among all treatments within a row with different superscript
letters were significantly different when the interaction was significant (P �
0.05). A,B,CMean values among 3 time points with different superscript letters
were significantly different (P � 0.05). x,yMean values among 2 diets with
different letters were significantly different (P � 0.05).
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Gossypol inhibited TOR signaling and activated ER stress
pathway in cells. To exclude possible indirect and nonspecific
pathological effects, we further examined the effect of gossy-
pol in cell cultures. Turbot primary muscle cells were treated
with a series of levels of gossypol (0, 5, 10, 20, 30 	M) for 4
h. Under these conditions, no apparent cytotoxicity of gossypol
was observed by MTT assay (Fig. 3A). However, gossypol

activated the phosphorylation of AMPK, and reduced the
phosphorylation of Akt, TOR, p70S6K, S6, and 4E-BP1 in a
dose-dependent manner (Fig. 3B). On the other hand, the levels
of eIF2� phosphorylation, PERK, Grp78, ATF6�, XBP-1, and
ATF4 were increased (Fig. 3C). These effects were further
confirmed in ZFL cells and obtained the same results as
described above (Fig. 4).
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Fig. 1. Gossypol did not affect intestine mor-
phology (A) and digestive enzymes activities
(B) but caused liver fibrosis (C) after 11 wk
of feeding trial. Expressions of genes related
to liver fibrosis were analyzed (D). Intestine
sections were stained by hematoxylin and
eosin. Scale bars, 200 	m (top) and 20 	m
(bottom), respectively. Liver sections were
processed for Masson trichrome staining;
scale bar, 50 	m. Results are represented as
means � SE (n � 12). Significance was
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Tukey’s multiple range tests in A. Statistical
analysis for genes related to liver fibrosis
were analyzed by two-way ANOVA fol-
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diets; T, time points; T 
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Fig. 2. Dietary modulations of nutrient sensing responses in target of rapamycin (TOR) signaling pathway (A), endoplasmic reticulum (ER) stress response
pathway (B), and expression of related genes (C). Results are represented as means � SE (n � 12) and were analyzed using two-way ANOVA followed by
Tukey’s multiple range test. G0, control diet (�); G1, 600 mg gossypol/kg diet (�); G2, 1,200 mg gossypol/kg diet (‘). SQRT indicates data were transformed
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0.05). x,yMean values among three diets with different letters are significantly different (P � 0.05).
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Fig. 3. Gossypol levels below cytotoxicity doses (A) inhibited TOR signaling (B), and stimulated ER stress pathway (C) in turbot primary muscle cells. Cells
were treated with gossypol at 0, 5, 10, 20, or 30 	M for 4 h. Values are represented as means � SE (n � 3). Significance was evaluated by one-way ANOVA
followed by Tukey’s multiple range tests. PERK, RNA-dependent protein kinase-like ER kinase; Grp78, glucose-regulated protein-78; XBP1, X-box-binding
protein-1. a,b,c,dMean values with different letters were significantly different (P � 0.05).
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Fig. 4. Gossypol levels below cytotoxicity doses (A) inhibited TOR signaling (B), and stimulated ER stress pathway (C) in zebrafish liver cell line (ZFL). Cells
were treated with gossypol at 0, 5, 10, 20, or 30 	M for 1 h. Values are represented as means � SE (n � 3). Significance was evaluated by one-way ANOVA
followed by Tukey’s multiple range tests. a,b,c,dMean values with different letters were significantly different (P � 0.05).
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DISCUSSION

Gossypol is reported to inhibit growth in terrestrial (46, 47)
and aquatic animals (38). In channel catfish (Ictalurus puncta-
tus), growth retardation was observed when dietary gossypol
levels were higher than a 1,400 mg/kg diet in one study (9) but
only a 300 mg/kg diet in another report (66). Allogynogenetic
silver crucian carp (Carassius auratus gibelio� 
 Cyprinus
carpio�) was reported to tolerate at least a 642 mg free
gossypol/kg diet (7). On the other hand, Tilapia aurea could
tolerate up to an 1,800 mg gossypol/kg diet (54). In the present
study, growth performance was not influenced at a 600 mg
gossypol/kg diet but significantly reduced at a 1,200 mg
gossypol/kg diet. Fish species, diet composition, and environ-
mental conditions in various studies could account for these
differences. Reductions of body protein and lipid content
further indicated the negative effects of gossypol on fish
physiology.

In our experiment, turbot intestine structure showed no
significant differences among groups (Fig. 1A). In addition,
minimal effects of gossypol were found on intestine digestive
enzyme activities (Fig. 1B). Similar results were also reported
in other animals. Allogynogenetic silver crucian carp fed diets
containing 642 mg/kg free gossypol showed no significant
changes in mid gut histology (7). No significant differences in
severity scores were reported in channel catfish fed diets
containing up to 1,500 mg gossypol/kg diets (12). Similarly, no
clear negative effects were found on small intestine morphol-
ogy in male broilers fed up to 186 mg gossypol/kg diets (50).
All these results suggested that gossypol had minimal influ-
ences on digestive tract.

The present study, along with previous studies, showed that
gossypol accumulated mainly in the liver (24, 29, 34, 36).
Gossypol caused liver damage in a wide range of species. The
symptoms included individual cell necrosis, cellular infiltra-
tion, and areas of necrosis in male rats (11), mild perivascular
lymphoid aggregate formations and bilary hyperplasia in
chicks (19), and high pigment deposition in livers from channel
catfish (12). In the present study, dietary gossypol caused liver
fibrosis in turbot after 11 wk of feeding trial (Fig. 1C). Similar
symptoms were found in calves fed a diet containing 33%
cottonseed meal (68) and dogs that ingested cottonseed bed-
ding contained 1,600 mg/kg gossypol (61). Liver fibrosis is
known to result from excessive deposition of extracellular
matrix (ECM) proteins and be regulated by integrated signaling
networks (4, 37). Persistent inflammation almost always pre-
cedes fibrosis, and related signaling molecules are the key
mediators of this process. Genes regulating the inflammatory
responses (e.g., il1b, tnf�, socs, and TLRs) determine the
fibrogenic response to injury (4). Among them, il1b and tnf�
are proinflammatory cytokines that provoke the activation of
hepatic satellite cells, which produce ECM proteins and con-
tribute to hepatic injury (1, 40). Recent evidence also demon-
strated the importance of TLRs in the activation of hepatic
immune and stellate cells during liver fibrosis (1). On the other
hand, socs1 and socs3 are negative regulators of cytokine
signaling and protect against hepatic injury and fibrosis (48,
67). In addition, TGF� stimulates the expression of many ECM
proteins and acts as the major fibrogenic cytokine. Once
activated, TGF� signals via its cognate receptors to Smad
proteins, which leads to induction of collagen production (37).

STAT1 has been proposed to negatively regulate liver fibrosis
through inhibition of TGF� and satellite cell proliferation (20).
Our results showed that gossypol downregulated socs1 and
socs3 and upregulated tnf�, il1b, TLR22, and MyD88 levels in
turbot (Fig. 1D). Furthermore, gossypol activated TGF�/Smad
signaling and inhibited the activation of STAT1 (Fig. 1D).
These results suggested that gossypol in the diets induced
inflammatory responses and led to liver fibrosis.

Recently, increasing evidence has shown that nutrient sens-
ing pathways play a key role in cell growth and proliferation
(21, 22, 43). The main mediator of cellular nutrient sensing is
the TOR signaling pathway. It regulates cellular and organis-
mal growth and homeostasis by coordinating anabolic and
catabolic processes with nutrient, energy, oxygen, and growth
factors (57). AMPK is a cellular energy sensor (16). Activated
upon energy deprivation, it functions as a negative regulator
upstream of TOR (44). To our knowledge, none of the previous
studies examined the effect of gossypol on postprandial re-
sponses of AMPK and TOR signaling. In the present study,
dietary gossypol was found to increase AMPK activation and
decrease postprandial activation of major TOR signaling mol-
ecules, including TOR, Akt, S6, and 4E-BP1 in turbot (Fig.
2A). Mechanistically, suppression of TOR signaling led to
reduced protein synthesis and lipid accumulation (17, 32, 42),
evidenced by decreased body protein and lipid contents in
turbots after an 11-wk feeding trial with gossypol diets. To rule
out possible indirect and nonspecific pathological effects, we
further confirmed this effect in cell cultures. Cells were treated
with gossypol at doses without apparent cytotoxicity, thus
ensuring its physiological specificity. Dose-dependent in-
creases in phosphorylation of AMPK and decreases in phos-
phorylation of Akt, TOR, p70S6K, S6, and 4E-BP1 by gossy-
pol were observed in both turbot primary muscle cell (Fig. 3B)
and ZFL cultures (Fig. 4B). Therefore, our data suggested that
gossypol activated AMPK and inhibited TOR signaling both in
vivo and in vitro.

Endoplasmic reticulum (ER) has an important role in protein
processing. This process is often perturbed when cells are
exposed to toxins, hypoxia, infections, or deprivation of essen-
tial nutrients and is believed to be mediated by increased
phosphorylation of eIF2� (18, 22). In our study, G1 and G2
diets induced higher eIF2� phosphorylation and ATF4 levels,
as well as atf3, chop, and redd1 mRNA expressions (Fig. 2, B
and C). These effects were also confirmed in both turbot
primary muscle cell (Fig. 3C) and ZFL cell cultures (Fig. 4C),
evidenced by the concentration-dependent increases in eIF2�
phosphorylation, PERK, Grp78, ATF6�, XBP-1, and ATF4
levels. Previous reports showed that gossypol activated ER
stress in leukemia cell lines (59). High eIF2� phosphorylation
could shut down general protein synthesis while promoting
translation of certain mRNAs selectively (e.g., ATF4) (27).
The combination of suppressed TOR signaling and elevated
ER stress pathway would synergistically lead to reduced ani-
mal nutrient retentions, as observed in the phenotypic param-
eters in this study (Table 3).

The pathological effects of gossypol have been well char-
acterized in animals (38, 55). However, much fewer studies
have provided mechanistic explanations of the actions of gos-
sypol. In particular, there have been no previous studies on the
molecular mechanism of actions of gossypol in fish. The
present study demonstrates that gossypol influences the activ-
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ities of TOR signaling and ER stress pathways both in vivo and
in vitro, thus providing new molecular mechanisms on the
actions of gossypol.
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