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We evaluated the effect of dietary curcumin supplementation on the antioxidant
capacity of the liver and the resistance of the liver and spleen to ammonia stress in
the great amberjack (Seriola dumerili). Three isonitrogenous and isolipidic test
diets were prepared by supplementing incremental levels of dietary curcumin at
0 mg/kg (CURO%, control), 100 mg/kg (CUR0.01%), and 200 mg/kg (CUR0.02%),
respectively. Each diet was randomly assigned to triplicate groups of 15 fish per
tank. At the end of the feeding experiment, dietary curcumin supplementation
positively modulated antioxidant-related genes and enzyme activity in liver
tissues. After the ammonia challenge, dietary supplementation with the
appropriate level of curcumin alleviated ammonia stress in liver tissue by
upregulating the relative expression of GSH-Px and downregulating the relative
expression of Keapl and GR. Meanwhile, ammonia stress in spleen tissue could
also be alleviated by upregulating the relative expression of CAT, downregulating
the relative expression of GR, and increasing the activity of SOD and GSH. After
the recovery, dietary supplementation with curcumin still alleviated ammonia
stress in the liver tissue by upregulating the relative expression of CAT,
downregulating the relative expression of Keapl and GR, and increasing the
activity of SOD and GSH. On the other hand, ammonia stress in spleen tissue was
still alleviated by upregulating the relative expression of Mn-SOD and increasing
the activity of SOD and GSH. The histological structure results also showed that
liver cells in the curcumin-containing groups exhibited a positive impact on cell
boundaries, alignment, and nuclei after the ammonia challenge and recovery.
Spleen cells in the curcumin-containing groups exhibited greater aggregation of
melano-macrophage centers after the ammonia challenge and recovery. These
results suggest that dietary curcumin supplementation at 100 mg/kg can promote
the health condition and resistance to ammonia stress of the greater amberjack.
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1. Introduction

The aquaculture industry is growing rapidly, which provides
a valuable source of protein for the increasing global human
demand (Gobi et al., 2016). According to the long-term
monitoring data from the Food and Agriculture Organization
of the United Nations (FAO), marine fishery resources continue
to decline, while people’s consumption of edible fish continues to
grow at an average annual rate of 3.1% until the latest statistics of
2017 (Stankus, 2021). In recent years, intensive farming systems
have become more and more popular due to the characteristics
of saving farmland, high yield, easy management, and low risk as
the demand for human fish increases. However, intensive
farming systems also bring many problems, such as the
deterioration of the aquatic environment leading to disease
outbreaks (Anderson, 1996; Luis et al., 2019). It has been
shown that environmental ammonia concentrations are
inevitably raised in intensive farming, even accumulating to
unsafe levels due to high stocking densities, overfeeding, low
water exchange frequency, and unbalanced diet composition
(Randall and Tsui, 2002; Wilson, 2003). When the organism is
exposed to high ammonia concentration, it causes abnormal
oxidative reactions in aerobic metabolic pathways, forming
excess singlet oxygen and other reactive oxygen species (ROS).
This can lead to different histopathological changes and a range
of physiological effects which can trigger diseases and death,
resulting in huge economic losses (Hillaby and Randall, 1979;
Qiu et al., 2011). In aquaculture practices, antibiotics and other
chemicals are currently used in varying degrees to control
diseases. However, as food safety awareness increases, these
methods, causing antibiotic resistance due to drug abuse, are
gradually becoming less acceptable (Wu et al, 2019). When
these negative factors are combined, they have become an
important factor limiting aquaculture production (Ahmed
et al., 2019).

The greater amberjack (Seriola dumerili) is a marine pelagic
carnivorous species that has become a popular fish in the
aquaculture industry owing to its excellent taste and
nutritional composition, as well as its rapid growth and
adaptive characteristics (Jover et al., 1999; Mazzola et al,
2000). Intensive culture is also the main method of culture for
the greater amberjack, so it faces the same dilemma as the other
fishes. Currently, the addition of immunostimulants to the diet
to enhance the innate and adaptive immune response is
considered a promising addition to vaccination and selective
breeding, which remain the key strategies for the prevention of
diseases in fish aquaculture (Djordjevic et al., 2009). In recent
years, the extracts of Chinese herbs have received commercial
and scientific attention as potential functional materials for
immunomodulation and aquaculture due to their effectiveness
and fewer negative effects. Many studies have demonstrated the
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protective effect of Chinese herbal extracts on aquatic animals.
Dietary supplementation with glycyrrhetinic acid could protect
the liver of Jian carp (Cyprinus carpio var. Jian) by positively
modulating the expression of antioxidant- and inflammation-
related genes (Cao et al,, 2017), and dietary supplementation
with garlic could increase the antioxidant capacity of the liver
and kidney of tilapia (Oreochromis niloticus) (El-Barbary, 2016).

The Chinese herbal extract we used for this experiment is
curcumin which has characteristics of low cost, high availability,
and efficiency. Curcumin is the active component of the turmeric
rhizome, which has a scavenging effect on oxidative free radicals
due to its phenolic structure (Agrawal and Mishra, 2010).
Curcumin has also been shown to have various effects such as
anti-inflammatory, anticancer, and other functions (Martin
et al, 2012; Fu et al., 2014; Farhangi et al., 2015; Shi et al,
2015). Researchers found positive effects of dietary
supplementation with curcumin on growth, antioxidant
enzymes, and immune response in rainbow trout
(Oncorhynchus mykiss) (Kohshahi et al., 2018). Dietary
supplementation with 5 g/kg of curcumin significantly
enhanced the antioxidant activity of crucian carp (Carassius
auratus) in a study by Jiang et al. (2016). However, one previous
work has only focused on the effects of curcumin on the serum
and intestine of aquatic animals, with few studies on the effects
of curcumin on the protective capacity of the fish liver and
spleen tissue. The liver and spleen are key frontline immune
tissues, playing an important role in both innate and adaptive
immunity, and their health condition determines the growth and
survival of the fish (Li et al., 2017; Kubes and Jenne, 2018).
Furthermore, there are few studies on whether curcumin can still
be effective in response to acute high concentrations of ammonia
stress in the greater amberjack. Thus, it is necessary to
investigate whether dietary curcumin supplementation can
enhance the health condition of the liver and spleen of the
greater amberjack to resist high ammonia stress. We evaluated
the effect of dietary curcumin supplementation on the health and
resistance to ammonia stress of the greater amberjack by the
antioxidant capacity of the liver after the feeding experiment, as
well as the antioxidant capacity and histological structure of the
liver and spleen during ammonia stress. This study aimed to
assess whether curcumin can be supplemented in the diet of the
greater amberjack and also to provide information on the use of
herbal extracts as immune additives in aquaculture.

2. Materials and methods
2.1 Experimental diet preparation

The curcumin (purity > 95%) used in the experiment was
supplied by Xi’an Feida Biotechnology Co., Ltd (Xi'an, China).
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We referenced dietary curcumin levels from previous studies
on grass carp (Ctenopharyngodon idella) and common carp (C.
carpio) (G. Li et al., 2020; Zhang et al.,, 2021). Three
isonitrogenous (49.7% crude protein) and isolipidic (12.7%
crude lipid) experimental diets were formulated to contain
different amounts of curcumin (0, 100, and 200 mg/kg,
respectively). The formulation and approximate composition
of the diets are presented in Table 1. Fish meal, corn gluten
meal, and soybean meal were used as protein sources. Fish oil
and phospholipids were used as lipid sources. All ingredients
were finely ground, weighed, and kneaded until homogeneous.
In order to prepare a supplemented diet, the inclusion of
curcumin was performed by premixing it with the corn
fraction before mixing it with the other ingredients. The
mixture of all the ingredients was pelletized through a 1.5-
mm diameter die and dried in a forced air circulation oven at
35°C for 24 h. All diets were designed and produced by the
Tropical Fisheries Research and Development Center, South
China Sea Fisheries Research and Development Center, South
China Sea Fisheries Research Institute, Chinese Academy of
Fishery Sciences. All feeds were sealed in vacuum-packed bags
and stored at —20°C until use for the feeding trial.

2.2 Experimental design and fish
The wild-caught juvenile of the greater amberjack was

obtained from the Tropical Fisheries Research and Development
Center, South China Sea Fisheries Research and Development

TABLE 1 Formulation and proximate composition of experimental diets.

10.3389/fmars.2022.961783

Center, South China Sea Fisheries Research Institute, Chinese
Academy of Fishery Sciences (Lingshui, Hainan, China). Fish
were randomly allocated to circulating mariculture tanks
containing 200 L of seawater after 1 week of acclimatization.
Fish were fed a basic diet without curcumin until the start of the
experiment. The culture environment was maintained with
sufficient dissolved oxygen by air stone connected to the central
air compressors. The water temperature, salinity, and pH of the
aquaculture seawater during the experimental period were
maintained at 27°C-31°C, 35, and 7.5-8.0, respectively. The
ammonia nitrogen content was lower than 0.1 mg/L, and the
nitrite content was kept lower than 0.02 mg/L.

2.2.1 Experiment |

Experiment I was the feeding experiment to determine
whether dietary curcumin supplementation could enhance
liver health. A total of 135 juvenile greater amberjack were
distributed randomly into three groups. Each group had a
triplicate of 15 fish. Nine tanks were divided into three
treatment groups that were given different diets (the curcumin
content was 0, 100, and 200 mg/kg, respectively), and the control
group was the non-curcumin supplementation group. Fish were
hand-fed two times daily (at 8:00 and 20:00 h) for visual
satiation. One hour after feeding, fish feces were cleaned from
each tank to prevent pollution of the farming environment.
Dead fish within 72 h after stocking was replaced by fish of
similar size. Sampling for experiment I was conducted at the end
of the 8-week feeding stage.

Ingredients Diets
CUR0% CURO0.01% CURO0.02%

Fish meal 5,900 5,900 5,900
Corn gluten meal 700 700 700
Soybean meal 800 800 800
Cornstarch 800 800 800
Microcrystalline cellulose 500 500 500
Fish oil 700 700 700
Phospholipids 100 100 100
Vitamin premix® 50 50 50
Mineral premix® 50 50 50
Choline chloride 50 50 50
Betaine 50 50 50
Carboxymethyl cellulose 300 299 298
Curcumin 0 1 2

Based on 10,000 g of feed in each parallel, the weight of each component of the feed is shown in the table. The CUR0%, CUR0.01%, and CURO0.02% represented the experimental groups fed
with 0 (control), 100 mg/kg, and 200 mg/kg of curcumin, respectively, that is, the amount of curcumin in each 10,000 g of feed was 0, 1, and 2 g, respectively.

*Vitamin premix (mg/kg diet): vitamin A 9,000,000 (IU/kg diet), vitamin K3 600 (IU/kg diet), vitamin D 2,500,000 (IU/kg diet), vitamin E 500 (IU/kg diet), vitamin B (B, 3,200, B, 10,900,
Bs 20,000, B4 5,000, By, 1,160), vitamin C 50,000, phaseomannite 1,500, calcium pantothenate 200, niacin 400, folic acid 50, and biotin 2.

"Mineral premix (mg/kg diet): KCI 70, KI 1.5, MgSO,-7H,0 300, MnSO,4-4H,0 3, CuCl, 5, ZnSO,-7H,0 14, CoCl,-6H,0 0.5, FeSO,-7H,0 15, CaCl, 2.8 (g/kg diet), and KH, PO,-H,0 4.5
(g/kg diet). The dietary energy was calculated as carbohydrate: 17.15 MJ/kg, protein: 23.64 MJ/kg, and lipid: 39.54 M]J/kg. And the proximate composition of all diet groups was 87.9% dry
matter, 49.7% crude protein, 12.7% crude lipids, and 10.7% crude ash.
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2.2.2 Experiment Il

Experiment II was the ammonia challenge and recovery
experiment to determine whether dietary curcumin
supplementation improves the resistance of the liver and
spleen to ammonia stress. At the end of the sampling stage of
experiment I, the remaining fish were first subjected to the
ammonia challenge experiment. The farming environment was
prepared to the concentration of 1 g/L ammonia by ammonium
chloride (NH,CI). Four fish were randomly selected from each
tank when all fish exhibited significant negative effects such as
mania or syncope (lasting approximately 6 min according to the
pre-experiment). Two of them were sampled for ammonia
challenge and the other two fish were released into normal
seawater for the recovery experiments. When the fish returned to
their normal swimming state, they were anesthetized using a 50-
mg/L concentration of eugenol (Shangchi Dental Materials Co.,
Ltd., Changshu, China), followed by sampling when the fish
were in the syncope state. The schematic design of experiments I
and II is presented in Figure 1.

2.3 Ethics statement

This study was carried out in strict accordance with the
recommendation of the Animal Welfare Committee of the
Chinese Academy of Fishery Sciences. No protected species
were used during the experiment.

2.4 Sampling

After the feeding stage, the fish were starved for 24 h before
sampling and then anesthetized with 50 mg/L of eugenol. We
referred to previous studies on the greater amberjack for eugenol
concentration (Hossain et al., 2017; Hossain et al., 2018). The

Ammonia
~ |challenge

—

Rearing tank

1. antioxidant 2. antioxidant
gene expression enzyme activity

Experiment I

FIGURE 1

10.3389/fmars.2022.961783

livers from four fish (n = 4) per tank were collected for
experiment I and immediately aliquoted into a sterile tube,
rapidly frozen with liquid nitrogen, and stored at —80°C for
analysis of antioxidant gene expression and antioxidant enzyme
activity. After the ammonia challenge and recovery experiment,
the livers and spleens from six fish (n = 6) per tank were
collected for experiment II, respectively. Two of them (n = 2)
were fixed in 10% buffered formalin for histological observation,
while the other four (n = 4) were rapidly frozen using liquid
nitrogen and stored at —80°C for analysis of antioxidant gene
expression and antioxidant enzyme activity in the liver and
spleen after the ammonia challenge and recovery.

2.5 Gene expression

The harvested frozen liver and spleen tissues were
homogenized in 1 ml of TRIzol reagent (Invitrogen, Thermo
Fisher Scientific Co., Ltd., Shanghai, China) on ice using a
handheld homogenizer (GreenPrima Instruments Co., Ltd.,
UK), and the RNA was separated in a chloroform layer and
precipitated with isopropanol. The RNA pellets were washed in
1 ml of 75% ethanol and air-dried before resuspension in RNase-
free water. The quantity of the isolated RNA was later
determined by measuring their absorbance at 260 and 280 nm
using a Nano-300 microspectrophotometer (Hangzhou
AllSheng Instruments Co., Ltd., China), and the quality of
total RNA was detected by electrophoresis on 1.0% agarose gel.
Total RNA was reverse-transcribed using One-Step gDNA
Removal and ¢cDNA Synthesis SuperMix (EasyScript, Beijing
TransGen Biotech., Ltd., Beijing, China) according to the
manufacturer’s instructions, and the first-strand cDNA was
synthesized accordingly. Real-time quantitative PCR analysis
was conducted using a Real-Time PCR system (Q1000,
Hangzhou Longji Scientific Instruments Co., Ltd., Hangzhou,

m@ I 1. antioxidant gene after
the ammonia challenge
2. antioxidant
Spleen and liver

> enzyme after the
3. Histological
= observation

ammonia challenge
W 1. antioxidant gene
after the recovery

Experiment IT

Recover 2. antioxidant
|:’|> Spleen and liver| enzyme after
the recovery

3. Histological
= observation

The schematic design of the rearing system and measured parameters of the experience.
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China). The antioxidant-related genes chosen for analysis by
qPCR were selected from the Seriola dumerili NCBI database
(http://www.ncbinlm.nih.go/). The running conditions were as
follows: initial denaturation at 95°C for 15 min, 40 cycles of 95°C
for 10 s, 60°C for 20 s, and 72°C for 30 s. All PCR amplifications
were performed in triplicate, and the reactions include 2x
RealUniversal PreMix (10 pl), each of the PCR primers (0.6 pl,
10 pmol/L), template cDNA (2 pl), and RNase-free ddH,O with
a final volume of 20 ul. We screened the housekeeping genes in
the pre-experiment. The B-actin, EFI1-a, actb, EEFIA, and
GAPDH genes were selected, and the expression of these genes
in the liver, gill, spleen, and muscle in different experimental
treatments was quantified. In addition, the stability of the
measured gene expression was determined using geNorm
through the RefFinder portal. The results showed that the CT
ranges of B-actin and EF1-o were 20.21 + 1.77 and 18.81 + 1.15,
respectively, and the M values were in the range of 1-1.5. So,
EFI-ocand B-actin were used as the reference genes. At the end of
each cycle, a melting curve analysis of the primers was
performed to ensure that only specific products were obtained
with no formation of primer dimers. No template control was
included with each assay to verify that PCR master mixes were
free of contamination (Fu et al., 2019). The 10-fold serial dilution
of each cDNA primer pair was performed to establish a standard
curve. The efficiency of PCR reactions ranged from 90% to 110%
and Pearson’s coefficient of determination (R?) was >0.97. The
primers used for the analysis are shown in Table 2. We
determined the relative expression of catalase (CAT),
glutathione peroxidase (GSH-Px), glutathione reductase (GR),
Keap1, and manganese-superoxide dismutase (Mn-SOD) in liver
and spleen tissues referring to previous studies that selected
antioxidant-related genes (Jiang et al., 2016; Zhao et al., 2021).

TABLE 2 Primers used for real-time PCR.

Gene abbreviation Primer sequence (5'-3')

CAT F: CAAGTTTTACACTGAGGAGGGC
R: TGTGGGTTTGGGGATTGC

GSH-Px F: ACCAGCGGTACTCCAGCAA

R: CCAGGACGGACATACTTCAGA
GR F: TCACGAGCAGGAAGAGTCAG

R: TGCAGCATCTCATCACAGC
Keapl F: CCTCCATAAACCCACCAAAG

R: CAGCGTAGAAAAGCCCACT
Mn-SOD F: CCAGCCTCAGCCAAACTAT

R: GCGGTCACATCTCCCTTT
EF1-0 F: ATCGTTGCCGCTGGTGTT

R: TCGGTGGAGTCCATCTTGTT
B-Actin® F: TCTGGTGGGGCAATGATCTTGATCTT

R: CCTTCCTTCCTCGGTATGGAGTCC

10.3389/fmars.2022.961783

2.6 Assay of antioxidant enzyme activity

Liver and spleen tissues were homogenized in ice-cold saline
solution (0.86%) in a 1:9 (w/v) ratio. After centrifugation
(2,500%g, 10 min, 4°C), the supernatants were separated and
kept at 4°C for further analysis. The activities of total superoxide
dismutase (T-SOD, E.C. 1.15.1.1) and glutathione peroxidase
(GSH-Px, E.C. 1.11.1.9) in the liver and spleen were quantified
based on the methods in previous studies (Djordjevic et al., 2011;
Dabas et al., 2012). The malondialdehyde (MDA) content in the
liver and spleen was determined using the thiobarbituric acid
(TBA) method (Kei, 1978). All assays were determined using
commercial kits (Nanjing Jiancheng Biotech. Co., Nanjing,
China) and performed in triplicate. The protein concentration
of the enzyme extracts was measured using the Bradford method
(Bradford, 1976).

2.7 Histological observation of the liver
and spleen

The fixed liver and spleen samples were wrapped in gauze
and rinsed in running water for 24 h. Subsequently, the samples
were dehydrated in ethanol and paraffin-embedded accordingly
to standard histological procedures. The samples were sliced in a
series of transverse sections (5-um thickness) using a Leica RM
2016 rotary microtome (Shanghai Leica Instrument Co., Ltd.,
China). Hematoxylin and eosin (H&E) were used for staining
and general histological analysis. Each slide with tissue sections
was mounted permanently using neutral balsam. The sections
were scanned by a Pannoramic 250/MIDI scanner

Amplicon size (bp) Accession number

125 XM_022756059.1
118 XM_022745698.1
106 XM_022760278.1
203 XM_022766859.1
211 XM_022737832.1
134 XM_022744048.1
212 XM_022757055.1

CAT, catalase; GSH-Px, glutathione peroxidase; GR, glutathione reductase; Mn-SOD, manganese-superoxide dismutase.

“Elongation factor 1-alpha (EF1-or) and beta-actin (B-actin) were used as the reference genes.
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(3DHISTECH Co., Ltd., Hungary), and the samples were
photographed by an optical microscope (x100) (DMC4500,
Leica, Germany).

2.8 Calculations and statistical analysis

The expression levels of antioxidant-related genes were
normalized based on the level of housekeeping genes (EFI-o¢
and f-actin). After verification of PCR efficiency to be around
100%, gene expression was analyzed based on the P
method (Livak and Schmittgen, 2001). All data were presented
as the standard deviation (mean + SD). One-way analysis of
variance (ANOVA) was used to test the effect of dietary
manipulation. Multiple comparisons of the LSD test were used
to compare the means between groups if significance was
detected. If significance was detected, the LSD test multiple
comparisons were used to compare the means between groups.
All statistical analyses were performed using SPSS 23 software. A
significant difference was defined as P <0.05.

3. Results

3.1 Antioxidant capacity of the liver in
experiment |

3.1.1 Relative expression of antioxidant-related
genes after dietary supplementation
with curcumin

The relative expression of the antioxidant-related genes in
the liver of the greater amberjack is shown in Figure 2. In the fish

10.3389/fmars.2022.961783

liver, the relative expression of CAT and GSH-Px was positively
associated with the dietary curcumin level, while a significantly
(P < 0.05) upregulated relative expression was found in all
curcumin-containing groups. A significantly (P < 0.05)
upregulated relative expression of GR and Mn-SOD was found
in all curcumin-containing groups, with the maximum value
found in the CUR0.01% group. There was no significant
difference (P > 0.05) in the relative expression of Keapl
among all the groups.

3.1.2 Antioxidant enzyme activity after dietary
supplementation with curcumin

The activity of the antioxidant-related enzymes in the liver of
the greater amberjack is shown in Figure 3. A significant increase
(P < 0.05) in the activity of SOD was found only in the
CUR0.01% group. The concentration of MDA was negatively
associated with dietary curcumin level, with a significantly lower
(P <0.05) concentration of MDA found in the CUR0.02% group.

3.2 Antioxidant capacity of the liver and
spleen in experiment Il

3.2.1 Antioxidant capacity of the liver after
dietary supplementation with curcumin

The gene relative expression and enzyme activity of
antioxidant-related genes in the liver of the greater amberjack
after the ammonia challenge assay and recovery assay are given
in Figure 4. After the ammonia challenge, the relative expression
of CAT and GR was significantly downregulated (P < 0.05) in the
curcumin-containing groups, with the minimum value found in
the CUR0.01% group. The relative expression of Keapl was

Liver

El CUR0%
8 CURO0.01%
3 CURO0.02%

5_
c
O 4- 8 a
..7’ ‘[ T
3 a
S 3
3
@24 7
= b
= c
e’ ]
oy T
CAT GSH-Px

FIGURE 2

GR Keap1 Mn-SOD

The relative expression of antioxidant genes in liver of the greater amberick after the 8-week feeding experiment in Experiment |. Different
letters above bars indicate significant differences at the 0.05 level. Data are expressed as the means + SD (n=3)
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The activity of SOD (A) and the concentration of MDA (B) in liver of the greater amberjack after the 8-week feeding in Experiment |. Different
letters above bars indicate significant differences at the 0.05 level. Data are expressed as the means + SD (n=3).

negatively associated with dietary curcumin level, with a
significantly downregulated (P < 0.05) relative expression
found in the CUR0.02% group. A significantly upregulated
(P < 0.05) relative expression of GSH-Px was found only in
the CUR0.01% group. There were no significant differences
(P > 0.05) in the relative expression of Mn-SOD among all the
groups. The activity of SOD and GSH was negatively associated
with dietary curcumin levels, with a significantly lower (P < 0.05)
activity found in all curcumin-containing groups.

After the recovery, a significantly upregulated (P < 0.05)
relative expression of CAT was found only in the CUR0.02%
group. A significantly downregulated (P < 0.05) relative
expression of GSH-Px was found only in the CUR0.01%
group, and a significantly downregulated (P < 0.05) relative
expression of Keapl and GR was found in all curcumin-
containing groups, with the minimum value found in the
CURO0.01% group. There was no significant difference
(P > 0.05) in the relative expression of Mn-SOD among all the
groups. A significantly higher (P < 0.05) SOD and GSH activity
was found in all curcumin-containing groups, with the
maximum value found in the CUR0.01% group.

3.2.2 Antioxidant capacity of the spleen after
dietary supplementation with curcumin

The gene relative expression and enzyme activity of
antioxidant-related genes in the spleen of the greater
amberjack after the ammonia challenge assay and recovery
assay are given in Figure 5. After the ammonia challenge, a
significantly upregulated (P < 0.05) relative expression of CAT
was found in all curcumin-containing groups, with the

maximum value found in the CUR0.01% group, and a
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significantly downregulated (P < 0.05) relative expression of
GR was found only in the CUR0.01% group. There was no
significant difference (P > 0.05) in the relative expression of
GSH-Px, Mn-SOD, and Keapl among all the groups. A
significantly increased (P < 0.05) SOD activity was found in all
curcumin-containing groups, with the maximum value found in
the CUR0.01% group. The activity of GSH was positively
associated with dietary curcumin level, with a significantly
increased (P < 0.05) activity found in the CUR0.02% group.
After the recovery, a significantly downregulated (P < 0.05)
relative expression of CAT was found only in the CUR0.01%
group, and a significantly upregulated (P < 0.05) relative
expression of Keapl and Mn-SOD was found in all curcumin-
containing groups, with the maximum value found in the
CURO0.01% group. The relative expression of GR was
negatively associated with dietary curcumin level, while a
significantly downregulated (P < 0.05) relative expression was
found in all curcumin-containing groups. There was no
significant difference (P > 0.05) in the relative expression of
GSH-Px among all the groups. The activity of SOD and GSH was
positively associated with dietary curcumin level, with a
significantly increased (P < 0.05) activity found in all

curcumin-containing groups.

3.3 Histological structure of the liver and
spleen after dietary supplementation
with curcumin

After the ammonia challenge, the liver cells in the
CURO0.01% and CURO0.02% groups were polygonal in shape
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and had centrally located nuclei and clear cell boundaries. The
liver cells in the CUR0% group exhibited deviated nuclei,
enlargement, and blurred and loosely arranged cell borders.
After the recovery, the liver showed the same condition just
like after the ammonia challenge (Figure 6). There were
significant pathological changes in the spleen after the
ammonia challenge. In the CUR0.01% and CURO0.02% groups,
a greater aggregation of melano-macrophage centers (MMCs)
was observed, and splenocytes were more tightly arranged than
those of the control group. After the recovery, splenocytes
showed the same condition just like after the ammonia
challenge (Figure 7).
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4. Discussion

4.1 The effects on antioxidant capacity of
the liver after dietary supplementation
with curcumin

The results of this experiment showed that dietary curcumin
supplementation enhanced the health condition of aquatic
animals by increasing their antioxidant capacity. This result has
been demonstrated in previous studies. For example, the SOD,
GR, CAT, and GPx activities in the intestine of crucian carp (C.
auratus) were positively associated with the content of curcumin
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The relative expression of CAT (A), GSH-Px (B), GR (C) Keapl (D) Mn-SOD (E) gene and the enzyme activity of SOD (F), GSH (G) in spleen tissue
of the greater amberjack subjected to ammonia challenge experiment and recovery experiment. Different letters above bars indicate significant
differences at the 0.05 level. Data are expressed as the means + SD (n=3).

supplemented in the diet (Cao et al., 2015). Dietary
supplementation with curcumin modulated liver SOD activity,
glutathione (GSH) metabolism, and the peroxisome proliferator-
activated receptor (PPAR) signaling pathway to enhance the
health of Nile tilapia (O. niloticus) (Li et al., 2020). The
antioxidant systems of fish are composed of non-enzymatic
compounds, such as SOD, CAT, GSH-Px, and GR. These
antioxidant compounds and enzymes convert and decompose
superoxide anions and hydrogen peroxide to protect cells from
damage caused by the accumulation of ROS (Monaghan et al.,
2009). In addition, ROS can activate transcription factors to
control antioxidant enzymes, such as Nrf2/Keapl, which binds
to the cytosolic chaperone Keapl to keep the relatively inhibitory
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activity under physiological conditions. When ROS accumulates
in excess, Nrf2 activates a series of downstream antioxidant
enzymes, such as SOD and CAT (Motohashi and Yamamoto,
2004; Sykiotis and Bohmann, 2008). These antioxidant indicators
are closely linked to the entire immune defense system. In this
experiment, a positive effect of relative expression of antioxidant-
related genes and enzyme activity in the liver was found when the
diet was supplemented with 100 mg/kg of curcumin, while there
was no significant difference in SOD activity when the diet was
supplemented with 200 mg/kg of curcumin. Thus, dietary
supplementation with 100 mg/kg of curcumin was more
suitable for the greater amberjack considering the antioxidant
capacity of the liver.
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Liver histological structure of different groups of the greater amberjack after ammonia challenge (A1-3) and after recovery (B1-3).

Dietary supplementation with curcumin can inhibit lipid
peroxidation in the liver tissue by increasing antioxidant
capacity. Previous studies have shown that the liver is involved
in the immunity of teleostean and is also a vital organ with the
capacity to digest and absorb nutrients (Hoekstra et al., 2013).
The appropriate lipid content in the diet can improve dietary
efficiency, conserve protein, and enhance the immunity system
of aquatic animals (Castell and Covey, 1976; Lopez et al., 2006),
but the high frequency of feeding in intensive aquaculture often
leads to oxidative damage because of the high polyunsaturated
fatty acid content in fish diets and such fatty acids could release
lipid free radicals easily inducing oxidative damage (National
Research Council, 2011; Zhang et al., 2013; Mahmoud et al,,
2017). In many liver diseases of aquatic animals, various
enzymes and free radicals in the liver are closely related to
lipid peroxidation. The present study showed that the positive
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effect of antioxidant-related genes and enzymes represented that
lipid peroxidation was inhibited, and the decrease of MDA
concentration in the liver also proved that. Similar results
were found in Nile tilapia and Jian carp, whose liver tissues
showed significantly higher antioxidant enzyme activity
and significantly lower MDA levels when the diet was
supplemented with curcumin (Cao et al,, 2015; Mahmoud
et al, 2017). These results suggest that dietary curcumin
supplementation has an important role in protecting liver
tissue from lipid peroxidation and restoring cell membrane
function. In earlier studies, curcumin was found to be eight
times more effective than vitamin E in preventing
lipid peroxidation (Toda et al., 1985). In addition, dietary
supplementation with curcumin may be a potential method
to save protein by reducing the negative effects of more
lipid content.
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Spleen histological structure of different groups of the greater amberjack after ammonia challenge (A1-3) and after recovery (B1-3). MMCs,
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4.2 The effects on the resistance of the
liver and spleen to ammonia stress and
recovery after dietary supplementation
with curcumin

In intensive aquaculture, the concentration of ammonia in
the aquaculture environment may rise sharply in a short-term
period due to many factors, thus causing acute ammonia stress
injury to aquatic animals. Non-ionic ammonia can enter the
body easily through organs such as the gills, causing a large
number of free radicals to be generated in different organs
(Widman et al., 2008).

Under normal conditions, there is a balance between the
production of ROS and antioxidant defense systems, and the
presence of ROS can prevent the invasion of pathogens (Aikawa
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et al,, 2010). Changes in environmental factors such as salinity,
temperature, oxygen levels, ammonia, nitrite, and pH may
disturb the dynamic balance and induce excessive production
or accumulation of ROS, even leading to oxidative stress
(Canakei et al.,, 2009; Lushchak, 2011). This can lead to
pathological changes in the aquatic animals’ tissues, disruption
of the immune system, and even death (Monaghan et al., 2009).
In recent years, an increasing number of studies have shown that
ammonia exposure can trigger immune responses, oxidative
stress, and apoptosis in shrimps (Wei et al., 2017; Yu et al,
2019), fish (Yu et al., 2019), and crabs (Cheng et al., 2019). To
determine whether dietary supplementation with curcumin
improves resistance to ammonia stress, we analyzed the
histological structure and antioxidant capacity of the liver and
spleen after the ammonia challenge and recovery.
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The antioxidant capacity of the liver and spleen in the
curcumin-containing groups was significantly higher than that
of the control group after the ammonia challenge, suggesting
that dietary curcumin supplementation alleviated oxidative
stress in the liver and spleen. Previous studies have shown that
curcumin alleviates ethanol-induced oxidative stress in the brain
of rats by enhancing antioxidant capacity (Ikram et al., 2019).
Curcumin enhances the liver antioxidant capacity of Jian carp to
reduce CCl-induced oxidative stress (Cao et al., 2015).
However, the results showed that the antioxidant enzymes in
the liver after the ammonia challenge were negatively related to
the dietary curcumin level. We believe that this phenomenon is
related to the deposition of curcumin in the liver. Curcumin is
highly lipophilic that may bind to lipids in the diet (Hocking
et al, 2018). Curcumin deposited in the liver also has an
antioxidant function when oxidative stress occurs; thus, the
activity of SOD and GSH is inhibited. In addition, we found
that curcumin supplementation significantly inhibited the
relative expression of GR in the liver and spleen. Previous
studies have shown that elevated GR activity usually occurs
during the initial phase of liver tissue damage and inflammation
induced by external factors (Djordjevic et al., 2011; Huo et al.,
2011). Thus, dietary supplementation with curcumin could
alleviate tissue damage and inflammatory response induced by
a high concentration of ammonia. Our other study also showed
that dietary curcumin supplementation inhibits pro-
inflammatory cytokine and promotes anti-inflammatory
cytokine to improve the intestinal immune condition of the
greater amberjack.

It is worth mentioning that the liver and spleen of the
curcumin-containing groups of fish maintained a higher
antioxidant capacity after the recovery. This implies that
dietary supplementation with curcumin can restore fish to
fully normal physiological conditions more quickly. Previous
studies have shown that oxidatively stressed aquatic animals can
recover to basic physiological conditions in the non-ammonia
environment for a short period of time, but it still takes some
time to recover to a fully normal condition (Wei et al,, 2010). A
recovery period of 10 days is not sufficient to restore the internal
homeostasis of Brazilian flounder (Paralichthys orbignyanus)
(Lucas et al,, 2017). In practice production, it is necessary to
reduce feeding and water exchange to avoid secondary oxidative
stress when aquatic animals have already experienced oxidative
stress, but this method can lead to a reduction in the growth rate
of aquatic animals. Therefore, dietary supplementation with
curcumin may be a potential way to shorten the recovery time
and avoid further financial losses.

The histological structure results showed that dietary
curcumin supplementation significantly alleviated the stress
damage to the histological structure of the liver and spleen
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caused by external factors. Similar results were found in previous
studies, such as the ability of curcumin to normalize the function
of the liver and kidney in paracetamol-induced rats by
protecting the histological structure of the liver and kidney
(Yousef et al,, 2010). Cao et al. (2015) found that curcumin
supplementation alleviated CCly-induced liver tissue injury in
Jian carp. In addition, we found a positive correlation between
dietary curcumin level and the area of MMCs in the spleen
histological structure result. Previous studies have found that
MMCs in teleostean were surrounded by a layer of lymphocytes
containing antigen-forming cells and leukocytes, with
immunoglobulins on the surface (Gregori et al., 2014).
Therefore, it is generally accepted that MMCs have an
important role in dealing with the recycling and degradation
of various substances in vivo. When the farming environment is
contaminated, the free melano-macrophage engulfs necrotic
cells and aggregates to form MMCs, further enhancing
phagocytosis. Mela et al. found that water-soluble copper
caused the liver of Rhamdia quelen to show a larger area of
MMCs (Mela et al., 2013), while cadmium significantly
increased the amount of MMCs in the head kidney and spleen
of European seabass (Suresh, 2009). These studies are consistent
with our results. Dietary curcumin supplementation may be able
to stimulate the rapid aggregation of MMCs, thereby alleviating
the organ damage caused by high ammonia concentrations.

5. Conclusion

We assessed whether dietary curcumin supplementation
could improve the health and resistance to ammonia stress of
the greater amberjack through histological structure,
antioxidant-related gene relative expression, and enzyme
activity. According to the results of the study, it can be
confirmed that dietary curcumin supplementation improves
the antioxidant capacity of the liver and has a positive effect in
terms of resistance to ammonia stress. The dietary curcumin
supplementation level of 100 mg/kg is more suitable for practical
application in the greater amberjack considering the health of
the liver and spleen. We believe that our research contributes to
the healthy and intensive farming of the greater amberjack
through supplementation with the appropriate levels of
curcumin. In addition, it also provides a better reference for
future practical applications.
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