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Abstract

The present study aims to explore the effects of oral astaxanthin administration on the growth performance and innate
immunity of juvenile crucian carp (Carassius auratus). Juvenile crucian carps with a bodyweight of 40.06 +2.17 g were
randomly assigned to four groups, i.e., one control group fed with a basic diet and three treatment groups fed with a diet
that contains 200, 400 and 800 mg/kg astaxanthin. After 60 days of feeding, the groups fed with astaxanthin-containing
diets had improved body weight gain rate; feed conversion ratio; intestinal digestive protease, lipase and amylase levels;
serum superoxide dismutase, catalase, acid phosphatase, alkaline phosphatase and lysozyme activities; complement 3 and
complement 4 levels; interleukin (IL)-10 and resistance to Aeromonas hydrophilia and reduced serum aspartate aminotrans-
ferase and alanine aminotransferase activities and tumour necrosis factor-o, IL-1p and IL-8 levels compared with those of
the control group. Based on the efficiency of the oral administration of astaxanthin on the growth performance of juvenile
crucian carps, the optimum dose of astaxanthin was 400 mg/kg. Results indicated that astaxanthin may be used as a dietary
supplement for the crucian carp.
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Introduction Sifi et al. 2016; Wang et al. 2012). Recently, astaxanthin

has been applied to improve the growth of many animals,

Astaxanthin, a keto-carotenoid (3,3'-dihydroxy-p,p-carotene-
4,4'-dione), is mainly isolated from Haematococcus pluvia-
lis (Martinez et al. 2019), which is responsible for the pink-
ish or reddish colour of certain plants, crustaceans and fish.
This material possesses many biological activities, such as
antioxidant, immunomodulatory, hypolipidemic and hypo-
glycemic activities (Eren et al. 2019; Kumar et al. 2017;
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such as giant tiger shrimp (Penaeus monodon), long-snout
seahorse (Hippocampus guttulatus) juveniles, postlarval
kuruma shrimp (Marsupenaeus japonicus), white shrimp
(litopenaeus vannamei), pufterfish (Takifugu obscurus) and
red swamp crayfish (Procambarus clarkia) (Cheng and Wu
2019; Cheng et al. 2018; Liu et al. 2018; Palma et al. 2017,
Wang et al. 2018; Wade et al. 2017).

Crucian carp (Carassius auratus) lives in major water
systems outside the Qinghai—Tibet Plateau and is one of the
most common freshwater fishes in China. This species has
a wide range of feeding habits, strong adaptability, strong
reproductive power, strong disease resistance, fast growth,
low water temperature requirements and easy breeding (Wu
2020). In recent years, the rapid expansion of crucian carp
culture has led to infection outbreaks, resulting in huge
yield loss. In recent years, the aquaculture farmers have
been compelled to use antibiotics to control infectious dis-
eases. However, the long-term use of antibiotics has harmful
influences on environmental and consumer health (Romano
et al. 2015). Thus, safe native resources with high efficiency
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should be developed to control infectious diseases in aqua-
culture. Recently, many native resources, such as curcumin,
purple coneflower (Echinacea purpurea), selenium nano-
particle, selenomethionine, Chlorella meal, phosphorus,
cellulase and red swamp crayfish (Procambarus clarkia),
have been applied to improve crucian carp growth (Cheng
and Wu 2019; Chen et al. 2017; Jiang et al. 2016; Shi et al.
2017a, b; Tang et al. 2016; Zhou et al. 2009). However, the
data on the effects of dietary astaxanthin on the growth and
innate immunity of the crucian carp are limited.

This study aims to explore the effects of dietary astaxan-
thin on the growth performance and innate immunity of the
crucian carp.

Materials and methods
Materials

Astaxanthin was purchased from Fujian Kangshimei Bio-
technology Co., Ltd. (Fuzhou, China). The microenzyme-
linked immunosorbent assay (ELISA) strip plate provided in
the kit was precoated with an antibody specific to the target
enzyme. All other chemicals were reagent grade.

Diet preparation

The proximate composition of the basal diet for crucian
carp are presented in Table 1. Astaxanthin was added to the
basal diet to replace wheat flour and obtain 0.0, 200, 400 and
800 mg/kg astaxanthin. All ingredients were pulverised and
sifted through a 100-mesh sieve, fully mixed with an appro-
priate amount of water, coldly extruded using an extruder
(Polylab, Thermo Fisher Scientific Company, USA), cut into
particles, air dried and stored at — 20 °C until use.

Crucian carp rearing

The culture equipment was a 500 L cylindrical fiberglass tank
provided with a continuous water flow (1.5 L min~") and aera-
tion with air-stones to supply enough dissolved oxygen (DO).
The juvenile grass carps, which had an initial body weight
of 10.03+0.57 g, were purchased from a local aquaculture
farm in Lianyungang, China. Prior to the feeding trial, the fish
were fed with basal diet for two weeks and placed in clean
aquaculture water without feeding for two days to acclimatise
the fish to indoor recirculating aquaculture conditions. A total
of 360 crucian carps were randomly distributed to 12 tanks.
Notably, each tank was stocked with 30 crucian carps, and
each diet was randomly assigned to triplicate tanks. The cru-
cian carps were hand-fed twice a day (08:00 and 18:00), and
the total feeding amount was 3% to 4% (w/w) of the body.
During the trial period, the water temperature was maintained
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Table 1 Composition of basal

diet of crucian carp (Carassius Ingredient (?omposi-
auratus) Eon @
g)
Fish meal 100
Soybean meal 130
Cottonseed meal 100
Rapeseed meal 240
Soybean oil 20
Wheat flour 246
‘Wheat bran 60
Rice bran 80
Ca(H,PO,), 15
Choline chloride 3
Vitamin mixture® 3
Mineral premix” 3
Proximate analysis
(% dry matters)
Water 9.47
Crude protein 36.74
Crude lipid 3.71
Carbohydrate 31.07
Ash 8.71
*Vitamin  mixture  (g/kg):

p-Carotene, 3 M.L.U.; Chole-
calciferol, 0.6 M.1.U.; Thiamin,
3.6; Riboflavin, 7.2; Pyridoxine,
6.6; Cyanocobalamine, 0.02;
a-Tocopherol, 16.5; Menadione,
2.4; Niacin, 14.4; Pantothenic
acid, 4; Biotin, 0.02; Folic acid,
1.2; Inositol, 30; Ascorbic acid,
100

®Mineral premix (g/kg): P, 120;
Ca, 120; Mg, 15; Fe, 1.5; Zn,
4.2; Cu, 2.1; K, 75; Co, 0.11;
Mn, 1.6; Se, 0.01; Mo, 0.005;
Al 0.025;1,04

at 25 °C to 28 °C, and the water conditions were maintained
as follows: pH, 7.3-7.6; DO, 6 mg/L; NH;-N <0.05 mg/L and
H,S <0.01 mg/L. The culture period was 60 days.

Growth performance

At the end of the rearing experiment, the final bodyweight of
the crucian carps in each group was weighed. The body weight
gain rate (BWGR), feed conversion ratio (FCR) and survival
rate were calculated using the following equations:
BWGR(%) = (W, — Wy)/W, x 100%,

FCR(%) = (W, — Wy)/W, x 100% and

Survival rate (%) = (N;/Ny) x 100%,
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where W, is the initial body weight, W/ is the final body
weight, W, is the total weight of the dried diet consumption,
Ny, is the initial number of survival crucian carps and N is
the final number of crucian carps.

Sampling

At the end of the rearing trial, three crucian carps from
each tank were randomly collected and anesthetised with
100 mg/L MS-222. Blood samples were collected from
caudal venipuncture with 1 mL medical syringe, allowed to
clot at 4 °C for 2 h and centrifuged at 3000 X g and 4 °C for
15 min. The resultant supernatant was collected and frozen
at—20 °C until use. The peritoneal cavity was aseptically
opened using a sterile scalpel, and the part of the intestine
between the pyloric caeca and ~ 1 cm anterior to the anus was
excised. The intestinal wall was washed with sterile saline,
and the faeces with mucus were stripped off using sterile
forceps. The intestines of the crucian carps were homog-
enised in 10 volumes (v/w) of ice-cold phosphate-buffered
saline and centrifuged at 5000 g at 4 °C for 10 min. The
resulting supernatant was stored in a refrigerator at —20 °C
and used to assay the intestinal digestive protease, lipase and
amylase activities.

Biochemical measurement

Serum aspartate aminotransferase (AST), alanine ami-
notransferase (ALT), protease, lipase, amylase, superoxide
dismutase (SOD), catalase (CAT), acid phosphatase (ACP),
alkaline phosphatase (AKP), lysozyme (LYZ), complement
3 (C3) and complement 4 (C4) activities were determined
using ELISA kits in accordance with the methods of Gao
et al. (2017). A unit of enzyme activity was defined as
the amount of enzyme that decreased the absorbance by
0.001 min~'. The serum tumour necrosis factor (TNF)-a,
interleukin (IL)-1p, IL-8 and IL-10 of the crucian carps were
determined using ELISA Kkits in accordance with the instruc-
tions described in the commercial kit.

Pathogen challenge test

At the end of the rearing trial, 12 crucian carps were ran-
domly selected from each tank, raised in tanks for five days
and intraperitoneally injected with 1.5 x 10° cfu per gram
body weight of A. hydrophila based on our previous results.
The challenge test period was conducted for 15 days. The
culture conditions were the same as the aforementioned cul-
ture conditions. During the challenge test, the behaviour of
the crucian carps was observed, and cumulative mortality
was recorded.

Statistical analysis

All tests were performed in triplicate, and data were reported
as means + standard deviation. Variance and significant dif-
ferences amongst the means were tested through one-way
analysis of variance by using the SPSS software (version
17.0 for Windows, SPSS Inc., Chicago, IL, USA).

Results

After 60 days of feeding experiments, the groups admin-
istered with oral astaxanthin had significantly improved
BVGR; FCR (Table 2); intestinal digestive enzyme (pro-
tease, lipase and amylase; Table 3), AST, ALT, SOD, CAT,
ACP, AKP and LYZ activities; and C3, C4 (Table 4), TNF-«,
IL-1p, IL-8 and IL-10 levels (Table 5) compared with those
in the control group (p <0.05). In addition, oral astaxanthin
administration decreased the cumulative mortality of crucian
carp fed with astaxanthin diets after being challenged by the
pathogen, A. hydrophila (Fig. 1; p <0.05). However, a high
dose of astaxanthin (800 mg/kg) did not further improve
its efficiency. Moreover, no significant difference was noted
in the survival rate of crucian carps amongst all groups
(Table 2).

Table 2 Growth performance

. . Parameters Astaxanthin (g/kg)

and survival rate of crucian

carp (Carassius auratus) after 0 200 400 800

60 days of feeding different

diets Initial weight (g) 10.04 +0.56* 10.03+0.57* 10.02+0.57* 10.05+0.59*
Final weight (g) 35.07+1.16* 40.29 +1.49° 46.39 +1.56° 46.62+1.74°
BVGR (%) 250.35+4.07° 302.65+5.68° 362.65+6.82¢ 365.39+7.26°
FCR (%) 1.19+£0.04* 1.31+£0.05° 1.32+0.06° 1.34+0.08°
Survival rate (%) 97.56 +0.06* 100 +0? 100 +0? 100 +0?

Different superscript letters indicate significant differences between the same column (p <0.05). Values are

the mean+ SD (n=3)
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Table 3 Intestine digestive

) Parameters Astaxanthin (g/kg)
enzymes of crucian carp
(Carassius auratus) after 0 200 400 800
60 days of feeding different
diets Protease (U/mg protein) 12.57+0.23% 15.72+0.67° 19.74 +0.82¢ 20.28+0.91°¢
Lipase (U/mg protein) 0.91+0.05* 1.37+0.07° 2.25+0.09¢ 2.31+0.09°
Amylase (U/g protein) 1427 +1.13% 17.35+1.39° 20.46+2.01° 20.57+2.09¢

Different superscript letters indicate significant differences between the same row (p <0.05). Values are the

mean+SD (n=3)

Table 4 Effects of astaxanthin

: Parameters Astaxanthin (g/kg)

on the levels of serum immune

molecules in crucian carp 0 200 400 800
AST (U/]) 32.35+3.68° 28.63+2.92° 27.46+2.41° 27.13+2.29°
ALT (U/1) 16.52+1.79* 13.49+1.62° 13.16+1.47° 12.86+1.36°
SOD (U/ml) 28.13+1.64* 31.57+1.81° 35.24+2.07° 36.02+2.15°
CAT (U/ml) 2.38+0.41° 3.42+0.53 4.55+0.71¢ 4.68 +0.83°
ACP (U/ml) 3.16+0.19° 437+0.21° 6.08 +0.26° 6.19+0.28¢
AKP (U/ml) 0.96 +0.04* 1.35+0.06° 2.27+0.08° 2.35+0.09°
LYZ (ug/ml) 153.28 +10.25° 183.16£11.37° 226.39 +12.62¢ 229.81+13.72¢
C3 (g/l) 0.17 +0.03* 0.26 +0.04° 0.42 +0.06° 0.44+0.07°
C4 (g/) 0.08 +0.02* 0.11£0.04° 0.15+0.05° 0.16+0.06°

AST aspartate aminotransferase, ALT alanine aminotransferase, SOD superoxide dismutase, CAT catalase,
ACP acid phosphatase, AKP alkaline phosphatase, LYZ Lysozyme, C3 complement 3, C4 complement 4

Different superscript letters indicate significant differences between the same row (p <0.05). Values are the

mean + SD (n=3)

Table 5 Effect of astaxanthin on

Parameters Astaxanthin (g/kg)
serum TNF-a, IL-1, IL-8, and
IL-10 levels in crucian carps 0 200 400 800
TNF-a (pg/mL) 21.27+1.16* 17.03+0.73° 13.54+0.64¢ 12.91+0.52¢
IL-1f (pg/mL) 11.53+0.57% 9.25+0.41° 6.27+0.34¢ 6.09+0.31°
IL-8 (pg/mL) 15.44+0.72% 12.23+0.59° 8.43+0.42¢ 8.15+0.41°8.15+0.41°¢
IL-10 (pg/mL) 4.63+0.22* 6.38+0.31° 8.38+0.37° 8.57+0.43¢

Different superscript letters indicate significant differences between the same row (p <0.05). Values are the

mean+ SD (n=3)

Discussion

In recent years, astaxanthin has been reported to promote
the growth performance of many animals, such as giant
tiger shrimp (Penaeus monodon), long-snout seahorse
(Hippocampus guttulatus) juveniles, postlarval kuruma
shrimp, white shrimp, pufferfish and red swamp crayfish
(Procambarus clarkia) (Cheng and Wu 2019; Cheng et al.
2018; Liu et al. 2018; Palma et al. 2017; Wang et al. 2018;
Wade et al. 2017). In the present study, the oral astax-
anthin administration increased the BWGR and FCR of
crucian carp. The biosyntheses of protein, lipid and carbo-
hydrate need adequate reducing power, e.g., nicotinamide
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adenine dinucleotide phosphoric acid (NADPH). Astaxan-
thin has super antioxidant activity and can inhibit NADPH
reductase activity and increase NADPH level, thus pro-
moting biosynthesis (Ohno et al. 2011). At the same time,
astaxanthin has hypolipidemic activity, which offsets its
biosynthesis effects at a high dose (800 mg kg™ ).
Intestinal digestive enzymes, such as protease, lipase
and amylase, are responsible for the enzymatic hydrolysis
of protein, lipid and starch and play a vital role in animal
growth (Zahran et al. 2014). In the present study, the groups
in administered with oral astaxanthin had significantly
increased protease, lipase and amylase activities compared
with those in the control group. This finding indicated that
astaxanthin can promote the expression of these enzymes.
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Fig. 1 Cumulative mortality (%) of crucian carp fed with astaxanthin
diets, after being challenged by pathogen, Aeromonas hydrophila

This phenomenon can also be due to the biosynthesis effect
of astaxanthin. Moreover, the super antioxidant activity of
astaxanthin maintained a reducing environment in the intes-
tine, inhibited the growth of aerobic bacteria, decreased the
digestive enzymes secreted by these aerobic bacteria and
induced the expression of these enzymes.

Blood biomarkers are vital pathological, physiologi-
cal and toxicological indices, and changes in the blood
parameters are widely applied to analyse the nutritional
and health status of animals (Zhou et al. 2001). Pathologi-
cal or physiological changes in crucian carp due to outside
influences are inevitably reflected in blood indicators. AST
and ALT are indicators of a healthy status of livers. Hepat-
ocyte membrane permeability increases when the liver is
damaged, and great quantities of AST and ALT transfer
to the blood, thus reducing the functions of AST and ALT
in the liver (Yang et al. 2014). Results indicated that oral
astaxanthin administration decreased the activities of AST
and ALT in the blood of the crucian carp. This finding can
be due to the antioxidant and immunomodulatory activities
of astaxanthin (Eren et al. 2019; Sifi et al. 2016). A system
with antioxidant capacity can scavenge excess free radicals
and prevent itself from oxidative damage. SOD and CAT
are important indices for the evaluation of the antioxidant
activities in animals (Rahman et al. 2006). Results indi-
cated that the serum SOD and CAT activities of crucian
carp fed with astaxanthin-containing diets significantly
increased. Hence, oral astaxanthin administration can
increase the antioxidant capacity of the crucian carp. ACP
and AKP are vital metabolic regulatory enzymes in organ-
isms and participate in the transfer reaction of phosphoric
groups and metabolism of phosphorus. These enzymes
play a key role in the nutrient utilisation of aquatic animals
and ameliorate their disease resistance (Zhang et al. 2011).

Results indicated that astaxanthin can improve the nutrient
utilisation of crucian carps, increase protein biosynthesis
and promote crucian carp growth. LYZ is an important
innate specific immune marker of animals and can strongly
kill Gram-positive bacteria (Mck and Peters 1990). The
antibacterial effect of LYZ in animals is directly related
to the immune and health status of fish (Li et al., 2013).
The LYZ activity in the serum of crucian carp increased
significantly compared with that of the control group. Fish
complements can lyse and opsonise foreign cells (Holland
and Lambris 2002), whereas C3 and C4 play an important
role in the activation reaction of the complement system
(Kuroda et al. 2000). Serum C3 and C4 levels were sig-
nificantly increased with astaxanthin doses increasing up
to 400 mg per kg diet, but higher astaxanthin doses did
not further increase the serum C3 and C4 levels. Results
indicated that an appropriate astaxanthin supplement can
increase the innate immunity of crucian carp.

The inflammatory cytokines found in fish can be divided
into species, namely, anti-inflammatory cytokines (such as
IL-10) and proinflammatory cytokines, (such as TNF-a,
IL-1f and IL-8). The inflammation of fish can be reduced
via the upregulation of anti-inflammatory cytokines and the
downregulation of proinflammatory cytokines (Chen et al.
2015; Costa et al. 2011; Ottinger et al. 2016). In this study,
the oral astaxanthin administration increased the IL-10 level
and decreased the IL-1p and IL-8 levels and TNF-a mRNA
levels, which indicated that oral astaxanthin administration
can attenuate the inflammation in crucian carp.

During the challenge test against A. hydrophila, the
oral astaxanthin administration groups showed signifi-
cantly less cumulative mortality compared with the control
group, and this result can be due to the immunomodulatory
activity of astaxanthin (Sifi et al. 2016).

In conclusion, the groups administered with oral astax-
anthin had increased BVGR; FCR; intestinal digestive pro-
tease, lipase and amylase levels; serum SOD, CAT, ACP,
AKP and LYZ activities; C3 and C4 levels; IL-10 and resist-
ance to Aeromonas hydrophilia and reduced serum AST and
AST activities and TNF-a and IL-1p levels compared with
those of the control group. On the basis of the efficiency
of oral astaxanthin administration in the promotion of the
growth performance of crucian carp, the optimal dose of
astaxanthin was 400 mg/kg. Results indicated that astaxan-
thin can be used as an immunostimulant for the enhancement
of the growth and immunity of the crucian carp.
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