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ABSTRACT

We evaluated the growth performance and the hepatoprotective and antioxidant effects of curcumin against
carbon tetrachloride (CCl,)-induced liver injury in common carp Cyprinus carpio. A 10-week feeding trial
was carried out. A basal feed was supplemented with 0 (control), 30, 60, 120 and 240 mg/kg curcumin to
formulate five experimental feeds. At the end of the feeding trial, the growth performance was determined.
Subsequently, CCl, was used for the model experiment. The plasma and liver were collected for the test
after 72 h. Results showed that there was a significant (P<0.05) increase in weight gain rate (WG) and
a special growth rate (SGR) of fish fed feeds supplemented with 60 and 120 mg curcumin kg'. When
fish were induced by CCl, after 72 h, fish fed the diet supplemented with 120 mg (P5) curcumin kg'' had
significantly (P<0.05) lower plasma GOT, GPT activities and MDA content and higher plasma TP content
and activities of liver SOD, GSH, GSH-Px and plasma T-AOC than those of P1 group. Curcumin (120
mg kg curcumin per feed) inhibited the damage of liver tissue structure caused by carbon tetrachloride
and made liver tissue structure return to normal. Meanwhile, dietary curcumin supplementation could
also increase the live Nrf2 mRNA level and Nrf2 protein level in the liver nucleus, and those of the P5
group were highest. Overall, the results indicated that appropriate dietary curcumin supplementation could
enhance the growth (especially 60 and 120 mg kg!' curcumin per feed) of common carp and effectively
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protect the liver against CCl, induced injury (especially 120 mg kg™ curcumin per feed) in fish.

INTRODUCTION

n recent years, high-density aquaculture is on rapid
development. However, there are also many problems such
as antibiotic abuse, excess feeding, and nutrition imbalances,
bacterial infections (Barton, 2002; Ming ef al., 2012). These
problems lead to the disorders of the metabolic system and
liver damage, which lead to the large-scale outbreak of fish
hepatobiliary syndrome (Hu et al., 2006). Therefore, it is
urgent to understand the pathogenesis of fish hepatobiliary
syndrome and take appropriate medicine in time.
Currently, antibiotics are used to treat the hepatobiliary
syndrome. However, antibiotics often cause antibiotic
resistance (Cabello, 2006). Besides, a large number of
antibiotic residues in the body will cause the pathogen to
develop a certain degree of drug resistance, and eventually
to human health. Therefore, it is important to develop
green and safe methods for the protection of liver damage
in fish. Alternative environment-friendly approaches for
the prevention and treatment of fish infectious diseases
are highlighted in Chinese traditional herbal medicine as
alternatives to antibiotic feed additives.
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Curcumin is a natural yellow acidic phenol extracted
from curcuma genus (Curcumalonga) plant such as
turmeric (Curcuma longa) and acruginous turmeric
rhizome (Rhizoma curcumae Aeruginosae) (Aggarwal
et al., 2007). Recent studies have demonstrated a wide
range of pharmacological effects of dietary curcumin,
such as elimination of free radicals (Toda et al.,
1985) and antioxidant (Ruby et al., 1995), relief of
inflammation (Gupta et al., 2011), antibacterial effects,
and immunomodulation. The transcription factor Nrf2
(nuclear factor crythroid 2-related factor 2) is a member of
the basic leucine-zipper NF-E2 family and interacts with
the antioxidant response element (ARE) in the promoter
region of phase 2 detoxifying enzymes and finally improve
the antioxidant capacity of fish by regulating the expression
of a 2-phase enzyme. At present, studies on curcumin’s
anti-oxidation and protection against liver injury are
mostly found in mice, Mus musculus (Ma et al., 2014,
Han et al., 2009), livestock, and poultry (Zhang, 2015).
The results of these studies indicated that curcumin had a
protective effect on liver injury in mice, broilers (Gallus
gallus), and other animals by activating Nrf2 activity (Jia
et al., 2015). However, there are only few studies on this
aspect of fish, only Yu ef al. (2016) studied the protective
effect of curcumin on the acute liver injury of grass carps,
Ctenopharynodon idellus.
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CCl, is a classical substance that can induce liver
injury, which can damage the liver cell membrane and
organelle membrane, resulting in lipid peroxidation of the
membrane, and ultimately leading to liver function decline
and liver cell necrosis (Adzet et al., 1987). It is widely used
to construct liver injury models to screen liver protective
drugs and study liver mechanism in mammals (Koneri ef
al., 2008). Similar to mammals, fish hepatocytes are also
sensitive to CCI, (Statham et al., 1978). CCl, has been
widely used to construct the liver injury model of fish
in recent years (Koskinen ef al., 2004). Given this, CCI,
was used as the classic toxicant to induce liver injury in
common carp, Cyprinus carpio, in this study, and effects
of dietary curcumin supplementation were studied on
growth and liver-protection, to provide a theoretical basis
for further development of liver protection drugs of fish.

MATERIALS AND METHODS

Experimental feeds

The formulation and proximate composition of the
basal feed are shown in Table I. The basal feed consisted of
2 mm pelleted feed based on fish meal, soybean meal, fish
oil, and soybean oil (protein 32.29%, fat 7.57%, and ash
8.17%). The basal feed was supplemented with 0 (control),
30, 60, 120, and 240 mg curcumin kg'. Curcumin
(with purity > 99%) was provided by Feida Chemical
Reagent Company (Xi’an, China). For the preparation of
experimental feeds, the ingredients were ground into fine
powder through a 60-mesh sieve. Feeds were prepared
by mixing dry ingredients, and then oil and water were
added (40%, v/w) to form a soft dough. The dough was
then pelleted using a laboratory pellet machine and dried
in a forced-air oven at room temperature. After drying,
the feeds were broken into smaller pieces and sieved into
proper pellet size. All feeds were stored at -20°C until
used.

Experiment design

The experiment was divided into six groups. Two
control groups were fed with a basal feed for 10 weeks (the
positive control, P1 and the negative control, P2), and four
treatment groups were fed with feeds supplemented with
30, 60, 120 and 240 mg curcumin kg™ for the entire 10-
week study duration (P3, P4, P5, and P6), respectively. At
the end of the feeding period, groups P1, P3, P4, P5, and
P6 were sampled to analyze the effect of dietary curcumin
supplementation on the growth performance of carp.
Subsequently, we conducted preliminary experiment based
on the study of Du ef al. (2013), and finally determined
that the concentration of CCl, solution (CCl, was diluted
with olive oil) was 30%. The CClI, solution (0.5 ml per 100

g body weight) was injected into the abdominal cavity of
P1, P3, P4, P5, and P6 groups. The P2 group was injected
with olive oil in the same proportion. After 72 h, samples
were taken separately to investigate the effect of curcumin
on the liver injury induced by CCl, in fish. No feed was
given to fish during the CCI, challenge test.

Table I. Formulation and nutrient contents of the
experimental diets.

Ingredients Percentage dry weight (%)
Fish meal 15

Soybean meal 40

Beer yeast 6

Wheat middling 28

Soybean oil 2.5

Fish oil 2.5

Choline chloride (50%) 2

Vitamin premix® 1
Mineral premix® 1
Calcium dihydrogen phosphate 2

Proximate composition (%)

Crude protein 32.29
Ether extract 7.57
Ash 8.17

Note: * Vitamin premix supplied the following vitamins (IU or mg/
kg): Vitamin A, 9000001U; Vitamin D,2000001U; Vitamin E, 4500 mg;
Vitamin K, 220 mg; Vitamin B ,320 mg; Vitamin B,, 1090 mg; Niacin,
2800 mg; Vitamin B, 2000 mg; Vitamin B, 500 mg; Vitamin B ,, 1.6
mg; Vitamin C, 5000 mg; Pantothenate, 1000 mg; Folic acid, 165 mg;
Choline, 60000 mg. ®* Mineral premix supplied the following minerals
(g/kg): FeSO, 7TH,0, 25 g; CuSO,-5H,0, 2.0 g; ZnSO,7H,0, 22 g;
Na,SeO,, 0.04 g; KI, 0.026 g; MnSO,-4H,0, 7 g; CoCl,-6H,0, 0.1 g.

Fish husbandry

Juvenile common carp were obtained from the
fish farm of Freshwater Fisheries Research Institute
of Shandong Province, where the experiment was also
conducted. Before experiments, fish were fed with the
basal feed for an acclimation period of 15 days. After
acclimation, 540 fish (average weight, 6.35 + 0.022 g)
were randomly distributed into six groups across 18
circular fiberglass tanks (300 L) with the density of 30 fish
per tank. Fish were hand-fed with the experimental feeds
three times (08:30, 12:30, and 16:30) daily to apparent
satiation for 10 weeks. A photoperiod was set at natural
conditions. Water was maintained at 26 = 1.5°C, 6.8-7.0
pH, > 6 mg dissolved oxygen L, and 0.08-0.09 mg NH,-N
L' over the experimental period. The flow rate of water in
each tank was maintained at approximately 2 L min™".
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Sample collection

At the end of the feeding trial, fish were fasted 24
h and then anesthetized by 100 mg L' MS-222 (tricaine
methanesulfonate, Sigma, USA). The total number and
weight of fish in each tank were determined. Then, 3 fish
per tank were randomly sampled and blood was collected
by the caudal venipuncture using 1 ml heparinized
syringes. The blood was centrifuged (3500%g, 10 min,
4°C) to obtain plasma. Plasma was separated and stored at
-80°C until further analysis. At the end, liver was taken out
of 3 fish and a small piece was fixed in Bouin’s solution
for histological examination. The rest was stored at -80°C
until molecular immunological and antioxidant index
analysis.

Plasma biochemical measurements

Plasma glutamic oxalacetic transaminase (GOT) and
glutamic pyruvic transaminase (GPT) activities, total protein
(TP) content and total antioxidant capacity (T-AOC) were
measured using the colorimetric methods of kits purchased
from the Nanjing Jiancheng Bioengineering Institute of
China.

The antioxidant status in liver

The liver samples were homogenized in ice-cold
phosphate buffer (1:10 dilution) (phosphate buffer: 0.064
M, pH7.4). The homogenate was centrifuged (3000xg,
10min, 4°C), and aliquots of the supernatant were used to
measure the hepatic levels of superoxide dismutase (SOD),
malondialdehyde (MDA), glutathione peroxidase (GPX),
and glutathione (GSH). SOD activity was determined
by its ability to inhibit superoxide anion generated by a
xanthine and xanthine oxidase reaction system (Marklund
and Marklund, 1974). MDA was measured using a
barbituric acid method (Drape ef al., 1993). GPX activity
was detected according to the method described by Flohé
and Giinzler (1984). GSH content was measured using the
Colorimetric method. SOD and GPX activity and MDA
and GSH content were measured by commercial kits from
Nanjing Jiancheng Bioengineering Institute, Nanjing,
China.

Histological examination

The liver was excised from different fish groups and
processed as described by Khan and Parvez (2015). A
physiological saline solution (0.75% NaCl) was used to
rinse and clean the tissues. They were fixed in aqueous
Bouin’s solution (75 ml saturated picric acid, 25 ml
formaldehyde (37-40%), and 5 ml glacial acetic acid) for
48 h. Subsequently, liver tissue was processed through a
graded series of alcohols, cleared in xylene, and embedded
in paraffin wax. Sections were cut at 4-6 um thickness

using an 820-Spencer rotatory microtome, stained with
hematoxylin-eosin (dissolved in 70% alcohol) (Humason,
1972) and were mounted in Canada balsam. Thin sections
(20 um) were stained with hematoxylin-eosin and observed
with an Olympus BX61 photo-microscope (x1000).

qPCR analysis

The PCR primers were produced by Shanghai
General Biotechnology, Co., Ltd, China. Total RNA of the
liver in the experiment groups (9 samples per group) were
extracted by RNAiso Plus (TaKaRa, Japan) and measured
by Nanodrop 2000 (Thermo Fisher Scientific, USA). The
OD 260/280 of total RNA is 1.8-2.0. Primer 5.0 was used
to design primers for Nrf2 genes for qRT-PCR analysis
based on the obtained fragments (Table II). The RNA in
each sample was diluted to 500 ng/ml, and the following
quantitative analysis was carried out for 2 pg of the total
RNA with a Two Steps SYBR® PrimeScript® Plus RT-
PCR Kit (TaKaRa, Dalian). The real-time quantitative
PCR (RT-PCR) was performed in 20 pl reaction volumes
under the following thermal profile: 1 cycle at 95 °C for 15
min; 40 amplification cycles at 95 °C for 10 s, 55 °C for
30 s, 72 °C for 31 s and conducted by ABI 7500 real-time
PCR system, and the 2-22¢T method was used for analysis.

Table II. Primers for real time PCR analysis of Nrf2
genes.

Primers Primer sequence(5'-3")

Nrf2-F 5'-TCATACTGGGATTGTTTGCG-3'
Nrf2-R 5'-AGCCTCATGTTACAGGGTGC-3'
p-actin-F 5'-GCTATGTGGCTCTTGACTTCGA-3'
f-actin-R 5'-CCGTCAGGCAGCTCATAGCT-3'

F, forward primer; R, reverse primer.

Protein extraction and western blot analysis

Total protein was isolated from liver tissues with RIPA
buffer containing 25 mM Tris-HCI (pH 8.0), 150 mM NaCl,
ImM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate
and 1% SDS. Protein concetrations were determined using
Pierce BCA Protein Assay Reagent (Pierce Biotechnology).
Proteins was separated by 2-DE gels, transferred to PVDF
membranes (Millipore, Billerica, MA, USA) using a
TransBlot® SD semi-dry Transfer Cell (Bio-Rad) for 60 min
at 18 V. The membranes were blocked with 5% skimmed
milk in PBS, pH 7.4 for 2 h at room temperature. Following
three washes at pH 7.4 with TBST, the membranes were
incubated overnight at 4°C with Nrf2 rabbit polyclonal
antibody (since there is no commercial Nrf2 antibody for
common carp, the primary antibody of Nrf2 we used was
prepared by ourselves.) diluted 1:1000 in TBST. After
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three washes in TBST, the membranes were incubated
with the horseradish-peroxidase- (HRP) conjugated goat
anti-rabbit IgG (#111-035, Jackson, 1:10000) at 25°C for
2 h. Immunoblot experiments were conducted using the
Clarity™ Western ECL substrate (Bio-Rad) in duplicate,
no variation in the results was observed. The PDQuest™
2-D Analysis Software (BioRad) was used for matching
and analysis of the antigenic protein spots on the 2-DE gels.
Results shown in the figures are representative results from
three independent experiments.

Statistical analysis

All data are presented as means + S.E. (standard error
ofthe mean). Data were logarithmically transformed before
subjection to one-way analysis of variance (ANOVA)
using SPSS 17.0. When the overall treatment effect was
found to be significantly different. The Duncan multiple
range tests was conducted to compare the means between
the levels of curcumin treatment. The level of significant

difference was set at P < 0.05.
RESULTS

Growth performance

After 10 weeks feeding, curcumin supplementation
significantly affected the growth of carp. Fish fed feeds
supplemented with 60 (P4) and 120 (P5) mg curcumin
kg! had significantly higher weight gain (WG) and
specific growth rate (SGR) (P<0.05) than that of fish fed
feeds supplemented with 0 (P1), 30 (P3) and 240 (P6)
mg curcumin kg' (Table III). No significant differences
were observed in WG and SGR between P1, P3, and P6
treatments (P>0.05). FCR of fish under P6 treatment
was higher (P<0.05) than other groups. There was no
significant difference in the survival, viserosomatic index
(VSI), hepatosomatic index (HIS), and condition factor
(CF) between the treatment group and control group.

Table II1. Growth performance of Cyprinus carpio fed diets containing different levels curcumin'. n=9; X+SE.

Variables P1 P3 P4 P5 Pé6

Initial body weight (g) 6.35+0.01 6.32+0.02 6.4+0.05 6.33+0.02 6.35+0.01
Final body weight (g) 18.75+1.14* 19.68+2.15* 22.59+1.2° 21.86+1.08° 19.57+1.3¢
WG? (%) 195.28+9.38* 211.39+8.1® 252.97+11.11° 245.34+21.08° 208.19+£14.25%®
SGR3 (% d") 2.12+0.02* 2.23+0.032 2.74+0.08° 2.70+0.12° 2.31+0.05%
FCR* 1.23+0.06 1.22+0.122 1.22+0.04 1.25+0.09° 1.37+0.07°
Survival rate’ (%) 100 98 100 97 100

VSI® (%) 10.45+0.45 10.38+0.19 10.95+0.77 11.26+0.23 10.89+0.51
HIS? (%) 1.4440.13 1.39+0.35 1.48+0.16 1.19+0.11 1.07+0.22

CF? (%) 3.93+0.19 3.81+0.26 3.74+0.17 3.56+0.21 3.63+0.17

'Values are means+S.E. of three replications, values with different superscript letters in the same line are significantly different in the Duncan multiple
range test (P<0.05); *Weight gain (WG) = (Final body weight-initial body weight) x 100/ initial body weight; *Specific growth rate (SGR) = (LnWt -
LnW,) x 100/T, where W and Wt are the initial and final body weights, and T is the culture period in days; ‘Feed conversion ratio (FCR) = total diet fed
(g) / total wet weight gain (g); *Survival rate = (initial fish number-final fish number) x 100/ initial fish number; ¢Viserosomatic index (VSI) =Visceral
weight x 100/ final body weight; "Hepatosomatic index (HIS)=Liver weight x 100/ final body weight; *Condition factor (CF) =Final body weight x 100/

L3, where L is length of fish body.

P1, positive control; P30, 30 mg curcumin Kg''; P4, 60 mg curcumin Kg™'; P5, 120 mg curcumin Kg''; 240 mg curcumin Kg'.

Table IV. Effects of dietary curcumin supplementation on the plasma physiological indices of Cyprinus carpio before

CCl,-challenge. n=9; X+SE.

Variables P1 P2 P3 P4 P5 Pé6

GPT (U/L) 24.5842.22 23.61+£2.21 21.8743.15 20.2542.81 18.54+3.66 22.98+3.71
GOT (U/L) 26.86+6.17 24.7£5.16 25.254+5.79 22.3446.15 20.52+5.76 24.62+7.39
TP (g/L) 22.79+2.69* 21.56+1.58° 28.67+2.47® 31.59+1.21° 32.61£2.17° 28.314+2.69
T-AOC (U/mL) 7.59+0.87° 7.87+0.58* 9.16£1.11° 9.91+0.67% 10.27+1.09¢ 8.92+1.02%®

Note: Means in the same line with different superscripts are significantly different (£<0.05).

For details of groups, see Table III.
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Plasma physiological index

Table IV shows no significant difference in plasma
GOT and GPT activities of fish between treatment groups
when the fish was not treated with CCl, (P>0.05), but the
activity of GOT and GPT of fish fed feeds supplemented
with curcumin were higher than that of the control group.
The highest GPT and GOT activities were observed in
P5 and P4 treatments, respectively. Although plasma
TP content of fish under P4 and PS5 treatments was
significantly (P<0.05) higher than that of the control
group, no significant difference was observed in plasma
TP of P3 and P6 treatment group compared with the
control group. Fish under P3, P4 and PS5 treatment group
had significantly higher (P<0.05) plasma T-AOC than fish
in the control group, and T-AOC in the P5 treatment group
was significantly higher than that of the P3 treatment
group, but not significantly different from that of the P4
treatment group. There was no significant difference in
T-AOC between the P6 group and the control group.

Table V showed that dietary curcumin supplementation
significantly affected the activities of GOT and GPT,
TP content, and T-AOC of fish plasma after 72 h CCl,-
challenge (P<0.05). Results indicated that fish in the P1
group had significantly (P<0.05) higher GPT and GOT
activities than fish in the P2 group. GPT activity of fish fed
curcumin was not significantly different from that of fish in
the P2 group, and the lowest GPT activity was observed in
PS5 treatment among curcumin treatments. GOT activities
of fish under P4, PS5, and P6 treatments significantly
(P<0.05) decreased compared with the P1 group. Among
these three groups, the activity of GOT in the P5 group was
lowest, and there was not significant different compared to
the P2 group. The plasma TP content and T-AOC of fish in
the P1 group were significantly (P<0.05) lower than those
of the P2 group. Plasma TP content and T-AOC increased
firstly and then decreased from P3 to P6 groups, and the
TP content and T-AOC of fish under P5 treatment were the
peak value among these four groups and closest to those
of P2 group.

Liver antioxidant status

Figure 1 shows that liver SOD activity and MDA
content were significantly affected by dietary curcumin
supplementation. Fish fed feeds supplemented with 60
and 120 mg curcumin kg' had significantly (P<0.05)
higher SOD activity than that of the control group and
P6 treatment group when the fish was not induced by
CCl,. There was no significant difference in SOD activity
between other treatment groups and the control group.
After 72 h CCl -challenge, the SOD activity of the P1 and
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Fig. 1. Effects of curcumin on the activity of SOD (A) and
MDA content (B) in CCl , -challenged Cyprinus carpio
liver homogenate supernatant. For details of groups, see

Table 111

Table V. Effects of dietary curcumin supplementation on the plasma physiological indexes of Cyprinus carpio after

72 h CCl -challenged. n=9; X+SE.

Variables P1 P2 P3 P4 P5 Pé6

GPT (U/L) 39.68+4.32° 18.87+1.49° 30.78+3.65% 25.26+3.54® 23.45+1.57° 27.72+£3.23
GOT (U/L) 53.42+11.54° 23.48+5.46¢ 40.67£5.2%® 33.69+3.92° 27.74+6.79% 33.66+9.6°
TP (g/L) 15.67+2.11° 23.69+1.36° 16.35+2.87¢ 19.87+3.77% 22.09+3.82° 18.89+3.05%
T-AOC (U/mL) 3.77+£0.34* 7.25+0.86" 5.58+0.81° 8.38+1.32¢ 8.96+1.14° 7.59+0.78"

Note: Means in the same line with different superscripts are significantly different (P<0.05). For details of groups, see Table II1.
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P3 groups was lower compared to the P2 group. SOD
activity increased firstly and then decreased as dietary
curcumin from 30 to 240 mg kg'. SOD activity of fish
under the P5 group was significantly (P<0.05) higher than
that of P1 and P3 groups (Fig. 1A). On the contrary, MDA
content decreased firstly and then increased with increasing
curcumin from 30 to 240 mg kg'. And fish fed 120 mg kg™!
curcumin had significantly (P<0.05) low MDA content
than fish under the P1group.

Figure 2 showed that dietary curcumin
supplementation can improve GPX activity and GSH
content of fish. Although GPX activity and GSH
content in the P1 group was lower compared with the
negative control group (P2) after 72 h CCl -challenge,
these two indices increased firstly and then decreased
with increasing dietary curcumin supplementation. The
liver GPX activity and GSH content of fish under the P5
treatment group were significantly (P<0.05) higher than
those in the negative control group.
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Fig. 2. Effects of curcumin on the activity of GPx (A) and
GSH content (B) in CCl , -challenged Cyprinus carpio liver
homogenate supernatant. For details of groups, see Table
I1I.

Liver histology

Figure 3 shows no histopathological changes in the
liver of P2 group fish. In P1, P3, P4, and P6 groups, there
are varying degrees of nuclear hypertrophy, karyolysis,

nuclear aggregation, and liver vacuolar degeneration after
72 h CCl,- challenge. While only mild liver vacuolar
degeneration was observed in the P5 group.

Fig. 3. Effects of curcumin on liver histology in Cyprinus
carpio after 72 h of CCl , -challenged (x1000).
a, indicated adipose hollow space; b, indicated cell nucleus.

qPCR and western blot analysis

Figure 4 shows that dietary curcumin supplementation
increased the liver Nrf2 mRNA level. Fish fed feed
supplemented with 120 (P5) mg curcumin kg' had
significantly (P<0.05) higher liver Nrf2 mRNA level than
fish fed feeds supplemented with 0 and 30 mg curcumin
kg, and there was no significant difference on the liver
Nrf2 mRNA level among the other treatment groups.
Although the liver Nrf2 mRNA level of fish in P1 and P3
groups decreased compared with the P2 group after 72 h
CCl,-challenge, the Nrf2 mRNA level increased firstly
and then decreased from the P1 to P6 group except for the
P2 group. And the Nrf2 mRNA level in P4, P5, and P6
treatment groups was significantly higher than that of the
P1 group. The highest Nrf2 expression was observed in the
PS5 treatment group.

Figure 5 shows that the Nrf2 protein level in the liver
cell nucleus of common carp under curcumin treatment
groups was higher than that of the control group. The Nrf2
protein level in the liver cell nucleus of different curcumin
treatment groups was also different, and that of the P5
treatment group was highest.
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Fig. 4. Effects of curcumin on the liver Nrf 2 mRNA level
of Cyprinus carpio in CCl , -challenged. For details of
groups, see Table I11.

Fig. 5. Effects of curcumin on Nrf2 protein level in nucleus
of Cyprinus carpio liver 72 h after CCI , -challenged. For
details of groups, see Table III.

DISCUSSION

To improve growth and disease resistance of fish is
most concerned. At present, antibiotics is widely used to
promote growth and immunity in the breeding of land
animals, which caused the pathogen to develop a certain
degree of drug resistance, and eventually endanger human
health. Therefore, alternative environment-friendly
approaches for the prevention and treatment of fish diseases
are highlighted. Chinese herbal medicine has received
much attention as a potential alternative to antibiotics
to prevent disease in aquaculture. Previous studies have
shown that curcumin can promote gastrointestinal motility
(Luo, 2012) and enhance the activity of digestive enzymes
in the gut and pancreas of rats (Rattus norvegicus) (Platel
and Srinivansan, 1996). It has also been reported that
curcumin increased the activity of protease and diastase

in the intestinal tract and improve the growth performance
of tilapia (Cui et al., 2013). In the present study, diet
supplemented with 60 and 120 mg curcumin kg for ten
weeks significantly increased the WG and SGR of juvenile
Cyprinus carpio, which is similar to the results of previous
studies. One reasonable explanation for this result was that
curcumin supplementation enhanced the immune response
of fish, which increased growth performance (Zhang et al.,
2014). However, fish fed the diet supplemented with 240
mg curcumin kg had significantly lowered WGR and SGR
and increased FCR than fish fed the diet supplemented
with 60 and 120 mg curcumin kg'. It could be overdose
of curcumin which caused an imbalance of intestinal flora,
disturbed intestinal digestion and absorption (Liu et al.,
2012). These results indicated that the growth performance
of Cyprinus carpio was improved because of the diet
supplemented with 60 and 120 mg curcumin kg™

Increased level of plasma GOT and GPT are commonly
recognized as indicator of liver damage (Sheikhzadeh et
al., 2012; Hemre et al., 1996). In the present study, lower
activities of GOT and GPT were observed in fish fed feeds
supplemented with curcumin when compared to control,
but the differences were not significant. This phenomenon
indicated that the supplementation of curcumin did not
cause any liver damage. When the fish were injected with
CCl, for 72 h, plasma GOT and GPT activities of the P1
group significantly increased compared with the P2 group,
indicating that CCI, caused liver damage in Cyprinus
carpio. However, fish fed the diet supplemented with 120
(P5) mg curcumin kg™ had significantly lower GPT activity
than fish in the P1 group, and the activity of GOT in fish
under P4, P5, and P6 treatment groups was significantly
lower than that of the P1 group. This result showed that
supplementing the diet with a certain amount of curcumin
had a liver protective effect in carp.

The TP content in the plasma is an important index to
reflect the body’s nutrition and metabolism status, and also
indirectly reflects the body’s antioxidant ability. Protein
metabolism is heavily based on the liver, and when the
liver is damaged, the plasma TP content will decrease.
Therefore, TP can also be used as an indicator to detect
liver function for clinical identification (Luo, 2012). Liu et
al. (2009) think that Chinese herbal medicine can not only
improve the antioxidant function of Acipenser schrenckii,
but also significantly increase the plasma TP content,
which was consistent with our result. Fish in P4 and P5
groups had significantly higher plasma TP content than
control. However, after 72 h CCl,-challenge plasma TP
content of P1 group was significantly lower than that of P2
group, and plasma TP content tended to increase at first and
then decrease with increasing curcumin supplementation.
It shows that diet supplemented with a certain amount of
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curcumin could promote protein synthesis and protect the
liver. This result could be attributed to curcumin’s immune
activation function, which could resist the damage of
diseases, promote growth performance and protein
metabolism of fish.

The metabolism of chemical substances in the liver
mainly depends on phase 1 metabolism (such as GSH)
and phase 2 enzyme metabolism (such as GPX, SOD).
Increasing evidence suggests that the Keap1-Nrf2 complex
is a key molecular target of chemopreventive phase 2
enzyme inducers (Kwak et al., 2004). As a cytoplasmic
actin-binding protein, Keap1 is an inhibitor of Nrf2 that
sequesters it in the cytoplasm under normal physiological
conditions. However, inducers promote the release of
Nrf2 from a cytoplasmic inhibitor Keapl by altering the
structural conformation of Keap1. The transcription factor
Nrf2 is a member of the basic leucine-zipper NF-E2 family
and interacts with the antioxidant response element (ARE)
in the promoter region of phase 2 detoxifying enzymes
(Kwak et al., 2004). Finally, the antioxidant capacity of
the body is improved by regulating the expression of a
2-phase enzyme.

The present study indicates that orally administered
curcumin at an appropriate dose (60 and 120 mg kg')
significantly increased plasma antioxidant status in the
carp, which might be related with the increase of SOD, GPx
activities, GSH content , and decrease of MDA content.
Consistent with our results, the previous studies have
shown that curcumin could improve antioxidant capacity
of Penaeus monodon by regulating antioxidant enzyme
activities (Malar and Charles, 2013). After 72 h CCl,-
challenged, the liver Nrf2 mRNA level, SOD and GPX
activity, GSH content of P1 group were significantly lower,
MDA is significantly higher compared with P2 group.
However, dietary curcumin (120 mg kg') significantly
increased the activity of SOD and GPX , GSH content,
decreased MDA content. Meanwhile, the Nrf2 protein level
in the nucleus of Cyprinus carpio liver tended to increase
at first and then to decrease with increasing curcumin
supplementation. And the highest Nrf2 protein level in the
nucleus was observed in the P5 group. However, the Nrf2
protein level in the high-dose group was significantly lower
than that in the P5 group. One reasonable explanation was
that high doses of curcumin might damage the structure of
hepatocytes, thereby inhibiting Nrf2 metastasis (Sandur et
al., 2007). Moreover, curcumin is a free radical scavenger
and hydrogen donor, showing both antioxidant and pro-
oxidant activities at high curcumin concentration, it is the
later one, which predominates over the former (Banerjee
et al., 2008). These results indicated that curcumin could
increase the antioxidant status of the carp by promoting
the release of Nrf2 from a cytoplasmic inhibitor Keapl,

combining Nrf2 with the ARE in the promoter region of
SOD and GPX and finally protecting carp liver.

Previous studies had confirmed that in liver vacuolar
degeneration, necrosis and inflammatory cell infiltration
were biological markers of liver injury (Bocci, 2006;
Ledn et al., 1998). However, the present study showed
that dietary curcumin supplementation could reduce
inflammatory cell infiltration and vacuolar degeneration
of the liver, and in the P5 group. It means that curcumin
(120 mg kg ! feed) could protect carp from liver injury
induced by CCI,. Similar results were also observed in
humans (Jing et al., 2002) and Mus musculus (Hemeida
and Mohafez, 2008). This result directly verified the liver-
protection function of curcumin in carp.

CONCLUSION

This study provides evidence that dietary
supplementation with optimal curcumin (60 and 120 mg
kg") can increase the growth performance of Cyprinus
carpio. Feed supplemented with 120 mg curcumin kg
could increase the antioxidant status of carp by promoting
the release of Nrf2, which increase the activity of
antioxidant enzymes and finally protect carp from liver
injury by CCl,. In this study, a liver-protection mechanism
of curcumin in common carp is preliminary established,
which provides theoretical guidance for the further
development of liver protection drugs of fish.
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