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Effects of dietary astaxanthin on
growth performance, immunity,
and tissue composition in
largemouth bass,

Micropterus salmoides

Jiankun Zhang*, Yeshun Yang®, Hanying Xu®, Xinyu Li'?,
Fen Dong*, Qiang Chen*, Tao Han?,
Jiteng Wang™ and Chenglong Wu*

‘Department of Aquaculture, Zhejiang Ocean University, Zhoushan, China, ?Guangdong Yuehai Feed
Group Co., Ltd., Zhanjiang, China, *College of Life Science, Huzhou University, Huzhou, China

This study examined the effects of feeding largemouth bass (Micropterus
salmoides) with diets containing different doses of astaxanthin (0, 50, 100, 150,
and 200 mg/kg) for 8 weeks. The results showed that the values of weight gain
significantly increased from 620.32 + 50.38% to 826.14 + 33.49% as dietary
astaxanthin levels increased from 0 mg/kg to 100 mg/kg. When the astaxanthin
level exceeded 150mg/kg, the weight gain rate showed a downward trend, but
there was no significant difference among of the 100, 150 and 200 mg/kg groups.
The feed conversion ratio (FCR) and protein efficiency ratio (PER) were also
improved by adding astaxanthin to diets (P < 0.05). Meanwhile, adding
astaxanthin to the feed increased the length and thickness of intestinal villus
and muscle layer thickness (P < 0.05). The astaxanthin supplementation
increased the expression of the NF-E2-related factor (Nrf2) gene and reduced
malondialdehyde (MDA) content and the expression of apoptosis genes
Caspase-9 and Caspase-3 (P < 0.05), indicating that it has a good antioxidant
ability. Furthermore, adding astaxanthin increased the content of non-specific
immune markers and decreased the expression levels of the inflammatory
factors interleukin-15 (/L-15) and tumor necrosis factor-o. (TNF-a). Moreover,
fish fed diets with astaxanthin exhibited lower blood cortisol levels (P < 0.05). The
proportions of C20:4n6 (ARA) and C20:5n3 (EPA) in the liver decreased with
increasing dietary astaxanthin levels. Based on WGR and SGR values, the optimal
addition level of astaxanthin in largemouth bass feed is 134.8 mg/kg ~ 135.75 mg/
kg. In summary, the appropriate dietary astaxanthin enhanced the antioxidant
capacity and immune response of largemouth bass and had a positive effect on
its intestinal health.
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1 Introduction

Due to changing socio-economic landscapes, intensive
aquaculture systems have been developed (Lin et al., 2023).
Although intensive aquaculture systems have their advantages, they
also bring various stress factors, including temperature fluctuations,
water quality deterioration, intra-species competition, and
overcrowding etc (Xie et al., 2008). These stressors make aquatic
organisms more vulnerable to diseases and stress-related responses,
ultimately leading to a significant decrease in yield (Tal et al.,, 2018).
Particularly in the summer, rising temperatures can further
exacerbate the situation, increasing the risk of various diseases
related to fish stress (Grant et al., 2003). Therefore, researchers
have made it a priority to find ways to alleviate the adverse effects
of these stressors, such as using fatty acids (Todorcevic et al., 2010),
herbal compounds (Tan et al, 2017), and vitamins (El-Sayed and
Izquierdo, 2021) and so on.

Astaxanthin is an unsaturated compound known as a
ketocarotenoid or terpenoid, which is an important feed additive
for aquatic animals. It has multiple biological functions, such as
antioxidant activity, modulation of immune responses, and
enhancing disease resistance (Martin et al., 1999). Earlier research
showed that astaxanthin possesses superior antioxidant capability
compared to other carotenoids (Naguib and Yousry, 2000). Despite
synthetic astaxanthin products are available, Haematococcus pluvialis
(algae) is still the most efficient natural source of astaxanthin.
Scientific analyses demonstrated that astaxanthin derived from this
alga exhibits better stability and antioxidant properties compared to
synthetic sources (Ambati et al., 2014). It has been recognized that
astaxanthin is an important feed ingredient in aquaculture, which can
significantly reduce the hazards associated with environmental stress
in fish farming (Jagruthi et al, 2014). Dietary astaxanthin could
enhance growth performance, antioxidant defense, and immunity in
numerous species, including the large yellow croaker (Larimichthys
crocea) (Li et al., 2014) and banded catfish (Tachysurus fulvidraco)
(Liu et al.,, 2016).

The largemouth bass (Micropterus salmoides) is a popular
freshwater fish widely cultivated in China due to its rapid growth,
easy breeding, few bones, and delicious taste (Kou et al., 2023). In
2022, its production reached 802,486 tons in China, a 14.30 percent
increase over the production of 702.093 tons in 2021 (China Fishery
Statistical Yearbook, 2023). However, the intensive farming of
largemouth bass faces enormous challenges, such as harsh aquatic
environment and increased risks of pathogen proliferation (Guo
et al., 2020). Previous research showed that astaxanthin can
enhance growth performance and tolerance to oxidative stress,
and reduce cellular apoptosis in largemouth bass fed high-fat
diets (Xie et al.,, 2020). However, the impact of adding
astaxanthin to the normal diet on largemouth bass has not been
reported. Therefore, the purpose of this research is to investigate
the effects of dietary astaxanthin, derived naturally from
Haematococcus pluvialis, on the growth performance, immune
ability, and tissue composition of largemouth bass. The research
intends to provide useful insights into the potential advantages of
astaxanthin as a functional substance for aquatic species.
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2 Materials and methods

2.1 Diets

Different doses of astaxanthin were added to five isonitrogenous
and isolipidic diets to conduct experiments. The doses were 0 mg/kg
(AX0), 50 mg/kg (AX50), 100 mg/kg (AX100), 150 mg/kg (AX150),
and 200 mg/kg (AX200), respectively. The formulation and
composition of diets are listed in Table 1. The fatty acid profiles
of the diets are shown in Table 2. The main protein and lipid
sources of experimental diets were fish meal, fish oil and soybean
oil, respectively. The dry powdered feed ingredients were
meticulously weighed and thoroughly mixed before adding mixed
fish and soybean oils. Subsequently, approximately 30% distilled
water was added to the mixture. After that, the dough was extruded
into 1.5-mm pellets using a twin-screw extruder, and all produced
feeds were placed in an air-conditioned chamber at 16°C to be
blown dry using cold air, and then stored in a freezer at -20°C for
future use.

2.2 Animals

An 8-week feeding study was carried out at Zhejiang Ocean
University’s Nutrition Laboratory (Zhoushan, China). The juvenile
fish were supplied by a commercial company (Zhengda
Aquaculture Co., Huzhou, Zhejiang). They were temporarily
raised in 2m> culture tank and given commercial feed (48% crude
protein, 8% crude lipid) for 2 weeks. After the temporary rearing
period, 315 juvenile fish (4.21 + 0.04 g/fish) with uniform size and
vigorous viability were randomly selected using lottery method and
allocated to 15 tanks (100L). All tanks were divided into five groups,
with three replicates in each treatment group (21 fish per tank). The
fish were fed the experimental diets at 8:00 and 18:00 every day until
they were satisfied. Throughout the experiment period, the water
temperature was 25-29°C, the ammonia nitrogen level was < 0.05
mg/L, and the dissolved oxygen content was > 7 mg/L. The
photoperiod was 12L:12D. The trial was carried out in static
water (aerated tap water), which was changed twice daily at 60%
for each time.

2.3 Sample collection

After the acclimatization period, 10 juveniles were randomly
selected and euthanized with overdose MS-222 (250 mg/L in culture
water buffered with 200 mg/L of sodium bicarbonate), and then
stored in a freezer at -80°C for subsequent analysis of the whole-
body composition. At the end of the 8-week feeding trial, all fish in
each tank were bulk weighed and counted after a 24-hour fasting.
Six fish were then randomly selected from each tank, euthanized
with MS-222 (250 mg/L in culture water buffered with 200 mg/L of
sodium bicarbonate), and placed in an ultra-low-temperature
refrigerator for body composition analysis. After anesthetized
with MS-222 (125 mg/L) for another nine fish, blood was
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TABLE 1 Formulation and proximate composition of experimental diets
(% dry matter).

Ingredients(%)

Dietary astaxanthin levels

(mg/kg)

(0] 50 100 150
Fish meal® 51.00 51.00 51.00 51.00 51.00
Soybean meal 20.00 20.00 20.00 20.00 20.00
Corn starch 12.00 12.00 12.00 12.00 12.00
Fish oil 4.62 4.62 4.62 4.62 4.62
Soybean oil 231 231 231 231 231
Vitamin premix® 1.00 1.00 1.00 1.00 1.00
Mineral premix* 1.00 1.00 1.00 1.00 1.00

Calcium dihydrogen phosphate = 1.00 1.00 1.00 1.00 1.00

Choline chloride 0.4 0.4 0.4 04 0.4

CMC 3.00 3.00 3.00 3.00 3.00
Cellulose 3.67 3.42 3.17 2.92 2.67
Astaxanthin (2.0%)d 0.00 0.25 0.50 0.75 1.00

Analyzed nutrient compositions (dry matter basis)

Moisture 9.09 9.64 9.70 9.75 9.86
Crude protein 44.63 44.43 44.18 44.2 44.09
Crude lipid 10.75 10.63 10.45 10.08 10.82
Ash 9.98 9.70 9.71 9.94 9.95

“Purchased from Trident Seafoods Corporation, Seattle, USA.

*Vitamin premix (g/kg): vitamin A, 2.31; vitamin D3, 2.02; vitamin E, 16.00; vitamin K3, 1.2;
vitamin C, 17.50; vitamin B5, 10.87; inositol, 15.00; niacin, 14.00; vitamin B6, 3.04; vitamin B2,
3.00; vitamin B1, 3.26; biotin, 0.15; folic acid, 0.6; vitamin B12, 0.02; choline chloride, 135.00;
cellulose, 911.03.

“Mineral premix (g/kg): NaCl, 363.88; MgSO4-7H20, 586.67; FeSO4-7H20, 22.22;
AICI3-6H20, 0.67; KI, 0.67; CuSO4-5H20, 2.22; MnSO4, 4.67; CoCl-6H20, 0.86;
ZnSO4-7H20, 18.09; Na2SeO3, 0.06.

dAstaxanthin purchased from Yunnan Alphy Biotech Co., Ltd., with a content of 2%,
extracted from Haematococcus pluvialis.

obtained from the tail vein and allowed to clot at 4°C for 2 hours.
Blood samples were centrifuged at a rate of 4000 g for 10 min at 4°C
to obtain serum. Another three fish from each tank were humanely
euthanized with overdose MS-222 (250 mg/L in culture water
buffered with 200 mg/L of sodium bicarbonate) and then their
body length, and weight of viscera and liver were recorded to
calculate the condition indices (CF, VSI and HSI). All samples were
frozen promptly in liquid nitrogen, then stored at -80°C until
analysis. The intestines of three fish from each tank were soaked
in 4% paraformaldehyde for histological examination.

2.4 Proximate composition analysis of
the sample

The proximate composition of the samples was determined
based on the method of the AOAC (1995). The moisture content of
the feed was determined by drying it to a constant weight in a 105°C
drying oven. The moisture content of the whole fish body was

Frontiers in Marine Science

10.3389/fmars.2024.1404661

measured using a freeze dryer (LL1500, Thermo Scientific,
Waltham, USA) at -110°C. Using a Kjeldahl nitrogen analyzer
(K355/K437, Buchi, Flawil, Switzerland) to measure crude protein
content (N x 6.25). Crude fat was determined with petroleum ether
using a Soxhlet extractor (E816, Buchi, Flawil, Switzerland). The
sample was put in a muftle furnace (KSW, Kewei, Beijing, China) at
550°C for around 12 hours to determine the ash content. According
to the method of Liu et al. (2021), the fatty acid composition was
measured using a gas chromatograph (GC7890B, Agilent
Technologies Inc., CA, USA).

2.5 Histological testing

Samples from the intestines were fixed in paraformaldehyde
solution for 24 hours, and partial midguts were picked and
dehydrated in a graded alcohol series, then sliced into thin
sections (5um) after being embedded in paraffin. Tissue sections
were stained with hematoxylin and eosin to analyze gut
morphology parameters, and the gut morphology was observed
under a microscope (OLYMPUS, U-LS30-3). According to the
region-specific measuring technique reported by Zhao et al. (2020),
the length and thickness of villi were measured using Image
] software.

2.6 Determination of physio-
biochemical indicators

The physio-biochemical indicators were analyzed
spectrophotometrically using commercial test kits such as total
protein (No. A045-4-1), total antioxidant capacity (T-AOC, No.
A015-2-1), catalase (CAT, No. A007-1-1), superoxide dismutase
(SOD, No. A001-3-2), malondialdehyde (MDA, No. A003-1-2),
acid phosphatase (ACP, No. A060-2-1), alkaline phosphatase
(AKP, No. A059-2-1), and lysozyme (LZM, No. A050-1-1).
Cortisol content was determined employing the competitive
method of ELISA with a fish-specific serum reagent kit. All
testing processes were carried out in accordance with the
manufacturer’s instructions, and were performed by a microplate
reader (iMark, Bio-Rad, Hercules, USA). All test kits were
purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China).

2.7 Gene expression

Following the method of Chomczynski and Sacchi (2006), total
RNA from the liver was extracted utilizing TRIzol (Invitrogen, CA,
USA) and other reagents. Total RNA concentration and purity were
assess using a spectrophotometer (Nanodrop 2000, Thermo
Scientific, Waltham, USA) and 1% agarose gel electrophoresis,
respectively. According to the manufacturer’s instructions, cDNA
was synthesized using 500 ng total RNA by PrimeScriptTM RT
Reagent Kit (Takara, Dalian, China). The relative expression of
target genes was determined by a Real-Time PCR equipment (Life
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TABLE 2 The fatty acid composition (% total fatty acids) of diets.

Dietary astaxanthin levels(mg/kg)

10.3389/fmars.2024.1404661

0 50
C14:0 3.83 +0.22 3.58 £ 0.31 3.68 + 0.22 3.66 + 0.19 3.69 + 0.26
C15:0 0.51 £ 0.01 0.49 £ 0.02 0.49 +0.01 0.48 + 0.04 0.50 + 0.03
C16:0 20.16 + 0.49 20.16 £ 0.92 21.14 £ 0.53 20.89 £ 0.49 20.48 £ 0.69
C17:0 1.27 £ 0.07 1.55 £ 0.27 1.63 £ 0.21 1.58 £ 0.18 1.65 £ 0.57
C18:0 5.72 £0.20 5.80 £ 0.33 6.05 + 0.24 6.14 + 0.37 5.83 £0.26
C20:0 0.69 £ 0.11 0.59 + 0.08 0.59 +0.03 0.56 + 0.06 0.64 + 0.07
SFA * 32,19 £ 0.28 3217 £ 1.17 33.58 +0.71 33.31 + 0.60 3279 + 1.13
Cl16:1 4.88 +£0.24 4.68 +0.38 454 +£0.13 4.57 £0.12 4.67 £ 0.40
C18:1 16.52 £ 0.15 16.80 + 0.24 16.63 £ 0.33 16.57 £ 0.23 16.74 £ 0.27
C24:1 1.16 £ 0.04 1.18 £ 0.07 1.13 £ 0.04 1.14 £ 0.02 1.16 £ 0.01
MUFA © 22.56 + 0.07 22.65 £ 0.13 2230 £ 0.24 2229 £0.14 22.56 £ 0.35
C18:2n6 20.19 + 0.64 19.66 + 1.88 19.41 £ 0.64 19.61 + 0.64 19.32 + 1.82
C18:3n6 0.15 + 0.02 0.13 £ 0.03 0.12 £ 0.01 0.13 £ 0.03 0.13 £ 0.02
C20:3n6 0.11 £ 0.04 0.11 £ 0.02 0.13 £ 0.03 0.10 £ 0.01 0.13 £ 0.03
C20:4n6 1.15 £ 0.13 1.24 £ 0.15 1.18 £ 0.09 1.16 + 0.05 1.17 £ 0.05
n-6PUFA © 21.60 + 0.68 21.14 £ 1.78 20.85 £ 0.59 21.00 + 0.64 20.75 £ 1.81
C18:3n3 2.95+0.24 2.73 £ 049 2.54 £0.24 248 £0.28 2.71 £ 0.41
C20:3n3 0.14 + 0.04 0.11 £ 0.02 0.10 + 0.02 0.11 £ 0.01 0.13 £ 0.02
C20:5n3 9.58 + 0.67 9.91 + 1.10 9.85 + 0.40 9.95 +0.25 10.10 + 1.28
C22:6n3 10.98 + 0.88 11.28 +£0.48 10.78 + 0.44 10.87 £ 0.65 10.96 + 0.59
n-3PUFA ¢ 23.65 + 0.62 24.03 £ 0.75 23.28 £0.83 23.41 £ 0.65 23.90 £ 1.03
PUFA °© 4526 + 0.20 45.18 + 1.06 4412 £ 0.95 4441 £ 0.71 44.64 £ 0.78

Data are represented as mean + SD (three replicates). Values in a same row that do not share same superscript are significantly different (P < 0.05).

“SFA, saturated fatty acid.

"MUFA monounsaturated fatty acids.
“n-,6PUFA, n-6 highly unsaturated fatty acids.
9n-3PUFA, n-3 highly unsaturated fatty acids.
“PUFA, polyunsaturated fatty acids.

Technologies, Carlsbad, USA, QuantStudioTM 6 Flex). With -
actin as the reference gene, the expression level of the target gene
was calculated by the 244¢T
2001). The specific primers used in this study are shown in Table 3.

technique (Livak and Schmittgen,

2.8 Data analysis

All data were statistically analyzed using SPSS 26.0 software.
Homogeneity was checked by Levene’s test. If the data was
homogeneous, one-way ANOVA and Duncan’s multiple range
test were used to analyze the difference of means across all
treatments. If the variances were found to be non-homogeneous,
the Kruskal-Wallis test was used. Data were presented as standard
deviation (mean * S.D.), with a significance level set at P < 0.05. The
composition of tissue fatty acids were studied through principal
component analysis (PCA). The graphs were produced via R
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software (version 4.1.2). To determine the optimal dose of
astaxanthin supplementation in the diet, a quadratic polynomial
regression model was employed.

3 Results

3.1 Growth performance, feed utilization,
and morphological indicators

The results of growth and feed utilization are shown in Table 4.
After 8 weeks of culture trials, it was found that adding astaxanthin
to diets had a considerable favorable influence on the growth
performance of largemouth bass. The weight gain rate (WGR)
and specific growth rate (SGR) of the group that received AX100
diet were significantly higher than those received the AX0 and
AX50 diets. Although there was a downward trend, the WGR and
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SGR values were not statistically significant difference among the
three groups of AX100, AX150 and AX200. As the level of
astaxanthin in the diet increases, the feed conversion ratio (FCR)
tends to decrease, with the FCR of the AX150 group significantly
lower than that of the AXO0 group (P < 0.05). The protein efficiency
ratio (PER) value of the AX0 group was significantly lower than
those of the AX100, AX150, and AX200 groups (P < 0.05).
However, no significant changes in PER values were observed
among the groups supplemented with astaxanthin (P > 0.05).
Additionally, no significant differences (P > 0.05) were observed
in the condition factor (CF), hepatosomatic index (HSI), and
viscera-somatic index (VSI) among all groups. Through quadratic
polynomial regression analysis of WGR (Figure 1) and SGR
(Figure 2), it was determined that the optimal astaxanthin
supplementation level in the feed for largemouth bass was
between 134.8 ~ 135.75 mg kg .

3.2 Proximate composition of whole body

As shown in Table 5, the whole-body moisture, crude protein,
crude fat, or ash contents were not significantly affected by the feed
treatments (P > 0.05).

3.3 Organizational analysis

The inspection results of the intestinal histomorphology are
presented in Figure 3. The addition of astaxanthin to feed has a
significant impact on the intestinal morphology of largemouth bass.
Compared with the AX0 and AX50 groups, the villi length of the
AX150 group was significantly increased (P < 0.05). And, the villus
thickness of the AX100, AX150, and AX200 groups was
significantly higher (P < 0.05) than that of control group (AXO0).
In addition, the muscular layer thickness was considerably higher in
the AX100 and AX150 groups as that of AX0 group (P < 0.05).

3.4 Physio-biochemical parameters
The eftects of dietary astaxanthin levels on the antioxidant and
immune performance of largemouth bass are showed in Figure 4

and Supplementary Table 1. As the dose of astaxanthin increased,

TABLE 3 The sequences of primers in this study.

10.3389/fmars.2024.1404661

so did the levels of T-AOC in the serum and liver. T-AOC levels of
both tissues in the AX150 group were significantly higher than
those in the control group (P < 0.05). The activities of SOD and
CAT in the liver and serum exhibited an increasing trend with the
rising levels of dietary astaxanthin, with CAT activity in the liver of
the AX200 group significantly higher than that of the control group
(P < 0.05). As the astaxanthin level increased from 0 to 150 mg/kg,
the MDA content in serum and liver significantly decreased, with
the AX150 group having significantly lower values than the control
group (P < 0.05). Astaxanthin supplementation can significantly
enhance the immunity of largemouth bass. Specifically, serum LZM
activity was highest in the AX100 and AX150 groups (P < 0.05).
ACP activity also increased significantly with increasing dietary
astaxanthin levels (P < 0.05). Compared with the control group, the
AKP levels in the AX100, AX150, and AX200 groups were
significantly higher (P < 0.05). In addition, the cortisol contents
in the serum in the astaxanthin-added groups were significantly
lower than that in the AX0 group (P < 0.05).

3.5 Gene expressions

As shown in Figure 5, the expression levels of TNF-o decreased
with increasing astaxanthin levels in diets. Compared to the control
group, the values of the AX150 and AX200 groups were significantly
lower (P < 0.05). The expression level of IL-15 gene showed a
decreasing trend with increasing astaxanthin supplementation (P >
0.05), but there was no significant difference among the groups. The
levels of Caspase-3 and Caspase-9 in the groups added astaxanthin were
significantly lower than those in the group non-added astaxanthin (P <
0.05). The expression level of N#f2 gene in the AX150 group was the
highest among all groups and significantly higher than the value in the
AXO0 group (P < 0.05).

3.6 Fatty acid profile

The effects of feeding different levels of astaxanthin on tissue fatty
acid composition of largemouth bass are showed in Figure 6 and
Supplementary Tables 2, 3. The results showed that dietary astaxanthin
levels had a significant effect on the contents of C16:0 and C20:5n3
(EPA) in muscle and most fatty acid contents in the liver, including
SFA, MUFA, n-6PUFA, and n-3PUFA. However, the C22:6n3 (DHA)

Gene Forward sequence (5'-3’) Reverse sequence (5'-3’) Reference
B-actin CTGTGGTGGTGAATGAGTAGCC CATCCTCCGTTTGGACTTGG (Zhao et al., 2022¢)
Nrf2 CCACACGTGACTCTGATTTCTC TCCTCCATGACCTTGAAGCAT (Kou et al,, 2023)
TNF-o CTTCGTCTACAGCCAGGCATCG TTTGGCACACCGACCTCACC (Kou et al,, 2023)
IL-15 GTATGCTGCTTCTGTGCCTGG AGCGTCAGATTTCTCAATGGTGT (Kou et al,, 2023)
caspase-3 GCTTCATTCGTCTGTGTTC CGAAAAAGTGATGTGAGGTA (Yu et al,, 2018)
caspase-9 ATCCACGAGGGAGACAAAGAG GCAACCGAGCACAAATAAGAG (Yu et al,, 2018)

Nrf2, nuclear factor erythroid-2-related factor 2; TNF-o tumor necrosis factor-o; IL-15, interleukin-15; caspase-3, cysteine-aspartic proteases-3; caspase-9, cysteine-aspartic proteases-9.
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TABLE 4 Growth performances of largemouth bass fed with diets containing different astaxanthin levels.

Dietary astaxanthin levels(mg/kg)

10.3389/fmars.2024.1404661

(0] 50
IBW (g/fish) 4.23 +0.02 4.17 +0.04 4.24 +0.02 421 +0.05 4.20 + 0.05
FBW (g/fish) 30.50 + 2.15% 34.57 +1.33° 3927 + 1.52° 37.58 + 1.68° 36.85 + 1.03>

WGR (%g/100g) 620.32 + 50.38" 728.16 + 24.69°

826.14 + 33.49°

792.92 + 50.40°

778.07 + 31.41%

FCR (g/g) 1.09 + 0.08° 1.05 + 0.03% 1.01 + 0.03% 0.99 + 0.03* 1.01 + 0.02%°
PER 1.88 + 0.13° 1.93 + 0.05 2,03 + 0.06° 2.06 + 0.06° 2.03 +0.04°
SGR (%per day) ¢ 3.52 +0.13* 3.77 + 0.05" 3.97 + 0.06° 3.91 + 0.10* 3.88 + 0.06°
CF 1.50 + 0.02 1.38 + 0.01 1.40 + 0.14 1.41 +0.03 1.4 + 0.06
VSI 7.33 +0.59 7.03 + 031 7.25 + 0.56 6.91 +0.33 7.37 +0.26
HSI 0.71 + 0.07 0.61 + 0.07 0.69 + 0.11 0.71 + 0.07 0.74 + 0.10

Data are represented as mean + SD (three replicates). Values in a same row that do not share same superscript are significantly different (P < 0.05). Initial body weight (IBW, g fish!); Finial body
weight (FBW, g fish'); Weight gain (WG, %) = 100 x (FBW - IBW)/IBW); Specific growth rate (SGR, % day'l) =100x [In (FBW) - In (IBW)]/days; Protein efficiency ratio (PER) = wet weight
gain/protein intake; Feed conversion ratio (FCR) = total feeding amount/(finial weight - initial weight); Condition factors (CF, g/cm®) = 100 x body weight (g)/body length?; Viscerosomatic index
(VSI, %) = 100 x viscera weight (g)/whole bodyweight (g); Hepatosomatic index (HSI, %) = 100 x liver weight (g)/body weight (g).

content in muscle and liver did not change significantly among
treatments. With the increase of astaxanthin levels in the diet, the
EPA content in muscle and liver decreased significantly (P < 0.05).
Moreover, the content of C20:4n6 (ARA) in the liver significantly
decreased with the increase of astaxanthin levels in the diets (P < 0.05).
The liver content of 18:2n-6 and 18:3n-3 increased with increasing
dietary astaxanthin levels (P < 0.05). The results of the principal
component analysis (PCA) showed a significant separation of the
liver fatty acid compositions between the control group and the groups
with supplementation levels above 50 mg kg (Figure 6).

4 Discussion

The biological effects of astaxanthin on aquatic species, such as
promoting growth, reproduction, pigmentation, and immune
activation, have received increasing attention in recent years

y = -0.0108x? + 2.9124x + 619.27
R? = 0.9561
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o :
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400 v
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Addition amount of astaxanthin (mg/kg)
FIGURE 1

Relationship between astaxanthin supplementation levels and
weight gain rate in largemouth bass. Where Xopt represents the
optimal dietary astaxanthin level for the maximum WGR.
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(Elbahnaswy and Elshopakey, 2024). In this study, it was found
that the addition of astaxanthin can improve the growth
performance of largemouth bass. Fish fed with diets containing
100 and 150 mg kg astaxanthin exhibited significantly higher
growth performances than those in the control group without
astaxanthin supplementation. Chen et al. (2020) also confirmed
that the diet supplemented with 100 mg/kg astaxanthin significantly
improved the WGR and SGR values of loach (Paramisgurnus
dabryanus), but the growth showed a downward trend when the
addition level was higher. In addition, adding astaxanthin also
improved the FCR and PER values of largemouth bass; these
values in the AX150 group were significantly higher than those in
the AXO0 group. Similar results can be found in the report on
rainbow trout (Oncorhynchus mykiss) (Zhao et al, 2022b). By
analyzing the data on WGR and SGR using quadratic polynomial
regression, the optimal supplementation level of astaxanthin in the
diet of largemouth bass is between 134.8 and 135.75 mg/kg. This is

43 y = -2E-05)2 + 0.0064x + 3.5245
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FIGURE 2

Relationship between astaxanthin supplementation levels and
special growth ratio in largemouth bass. Where Xopt represents the
optimal dietary astaxanthin level for the maximum SGR.
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TABLE 5 Body proximate composition in largemouth bass fed with diets containing different astaxanthin levels.

Dietary astaxanthin levels(mg/kg)

Initial fish 0] 50
Moisture 77.84 + 0.16 68.99 + 2.08 69.65 + 0.68 70.15 + 0.39 70.07 + 3.58 69.94 + 3.05
Protein 13.13 +0.28 17.69 + 1.46 17.46 + 1.69 17.17 + 0.94 17.56 + 3.01 17.68 + 1.39
Lipid 521 +0.14 738 + 1.11 7.61 0.16 7.57 + 0.43 8.13 + 0.65 848 + 1.07
Ash 318 +0.11 3.88 + 0.07 3.78 % 0.08 3.83 % 0.03 381 +0.16 381 +0.14

Data are represented as mean + SD (three replicates).

consistent with studies on some species, such as 150 mg/kg for
Asian seabass (Lates calcarifer) (Lim et al., 2019), and 100 mg/kg for
swordtail fish (Xiphophorus helleri) (Rashidian et al., 2020).
However, several studies also showed that the addition of
astaxanthin has no effect on the growth performance of certain
species, such as catfish (Lophiosilurus alexandri) (Costa et al., 2022)
and coral trout (Plectropomus leopardus) (Zhu et al., 2022).
According to Cheng et al. (2018), the variation may be caused by
some factors such as the source of astaxanthin, species, fish size, and
dietary palatability.

The examination of intestinal morphology is an effective
method to evaluate the health status and digestive system
function of fish (Han et al., 2015). Morphological changes, such
as increased dimensions of villi, could expand the surface area,
allowing for better nutrient absorption in the intestine (Lin et al.,

2020). The thickness of the muscular layer is closely related to the
peristalsis ability of the intestine, which plays a crucial role in
promoting the passage of food through the intestine and completing
digestion (Yu et al,, 2020). The results indicated that astaxanthin
can improve the intestinal development and enhance the digestion
and absorption capacity of largemouth bass. Compared to other
treatment groups, the length and thickness of villis in the AX100
and AX150 groups were significantly increased, and the thickness of
muscle layer in the AX150 group was the highest among all groups.
This may be one of the reasons why adding 100-150mg/kg
astaxanthin resulted in the optimal FCR and PER values. It was
reported that astaxanthin is beneficial for improving the intestinal
morphology of rainbow trout, particularly by increasing villi length
and thickness and muscular layer thickness (Zhao et al., 2022b).
Similarly, adding astaxanthin led to an increase in the length of

AX0
Muscular layer thickness (um)
c

AX100
Villi length (um)

2

‘ 450

Ax0

Axi00

AxXs0 AX100 Axa00

FIGURE 3

AX150 AX200

Villi thickness (um)

c

=

E AX0

B3 axso
- AX100
- AX150
- AX200

0.

xS0

AXs0

AXI00 AXIs0

Ax200
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Physio-biochemical parameters in serum and liver of largemouth
bass fed experimental diets for 8 weeks. Different letters indicate
significant differences in the same row (P < 0.05).

midgut villi in the pompano (Trachinotus ovatus) (Zhao
et al., 2022a).

The antioxidant defense system is the primary defense
mechanism of cells against oxidative stress. Some indicators, such
as T-AOC, SOD, CAT, GSH-PX, and MDA, are important
biomarkers for evaluating antioxidant activity in vivo. SOD and
CAT directly participate in the elimination of reactive oxygen
species, protecting the organism from oxidative damage (Zhang
et al,, 2013). MDA is an indirect sign of cellular damage caused by
free radicals. T-AOC represents the total antioxidant capacity in the
body (Ghosh et al,, 2016). In this study, with the increase of
astaxanthin levels in diets, the SOD, CAT, and T-AOC values in
serum and liver all increased. And, the highest T-AOC value
appeared in the AX150 group. Meanwhile, the MDA levels in
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both tissues showed a decreased trend with increasing dietary
astaxanthin levels. Similar results can also be seen in blood parrot
(Cichlasoma citrinellum x Cichlasoma synspilum) (Li et al., 2018).
These results indicated that astaxanthin can reduce MDA content
and enhance antioxidant capacity of largemouth bass.

The expression of antioxidant enzymes is predominantly
regulated by Nrf2 gene (Kobayashi et al, 2006; Keum, 2012).
Previous research on rainbow trout (Zhao et al., 2023)
demonstrated that Nrf2 controls the transcriptional activity of
antioxidant enzymes by binding to antioxidant response elements.
In this study, the addition of astaxanthin to the diet resulted in a
significant increase in Nrf2 gene expression. Combined with the
results of antioxidant enzymes, it is suggested that astaxanthin may
enhance cellular defense mechanisms by regulating the Nrf2
signaling pathway. Xie et al. (2019) also pointed out that
astaxanthin can upregulate Nrf2 gene expression, improving the
antioxidant capacity of the body and reducing the potential for
apoptosis. In response to apoptotic signals, activation of
endogenous apoptotic pathways can influence gene expression
pertinent to anti-apoptotic and pro-apoptotic processes. Relevant
studies showed that astaxanthin can activate the Nrf2/HO-1 (Heme
Oxygenase-1) pathway, significantly inhibit cell apoptosis, and
reduce the gene expression of Caspase-9 and Caspase-3 (Azita
et al., 2021). The current research also indicated that dietary
astaxanthin significantly reduced the expression of Caspase-9 and
Caspase-3 gene in largemouth bass.

Astaxanthin not only enhances antioxidant capacity, but also
has a substantial impact on fish immune function. Lysozyme, an
alkaline enzyme, plays a crucial role in defense mechanisms by
degrading and removing foreign substances (Liu et al., 2010). Some
studies showed that astaxanthin can increase lysozyme activity in a
variety of species, including large yellow croaker (Li et al., 2014) and
snakehead (Channa argus) (Zhu et al, 2020). Similarly, serum
lysozyme activity increased significantly as dietary astaxanthin
levels increased in this study. AKP and ACP are essential for
immune defense mechanisms as they can remove invasive
pathogens and promote phagocytosis and degradation of foreign
bodies (Zhao et al., 2018). AKP also plays a significant role in the
growth of aquatic organisms by contributing to the assimilation,
utilization of nutrients, and protein synthesis (Wu et al., 2021). In
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significant differences between dietary groups within each gene (P < 0.05).
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this research, the ACP activity was positively correlated with
increasing levels of dietary astaxanthin. Furthermore, astaxanthin
can modulate the immune responses of aquatic species by affecting
the expression of key inflammatory cytokine (Xie et al., 2020). It was
demonstrated that astaxanthin can reduce the production of
apoptosis markers and inflammatory cytokines in fish, including
Caspase-3, Caspase-9, IL-15, and TNF-o (Song et al., 2017).
Unsurprisingly, dietary astaxanthin reduced the gene expression
of TNF-¢ in largemouth bass.

Previous research showed that adding astaxanthin can affect the
metabolism of fatty acids in fish (Kalinowski et al., 2019; Trine et al.,
2021). It is worth noting that the contents of EPA in the muscle and
liver of the largemouth bass are significantly lower than that of
DHA. And, the percentage contents of EPA in muscle and liver are
only half of that in feed. As the dose of astaxanthin in diets
increased, the concentration of EPA in both tissues decreased
significantly, while DHA levels remained relatively stable. Sargent
etal. (2002) suggested that DHA was more important than EPA for
fish growth and development. In addition, the unique properties of
DHA structure can help it resist environmental stressors and reduce
the risk of oxidative degradation. In this Study, increasing the
dietary astaxanthin content led to a decrease in the levels of ARA
and n-3PUFA in the liver. Similarly, Zhao et al. (2022b) reported
that adding astaxanthin to the diet can inhibit the biosynthesis of n-
3 unsaturated fatty acids in rainbow trout. Bell et al. (2000)
suggested that the absence of fat-soluble antioxidants might
trigger increased activity of fatty acid elongases and desaturases
due to stimulation by peroxides, thereby enhancing PUFA
synthesis. Long-chain polyunsaturated fatty acids (Lc-PUFA) are
an important component of cell membranes and are highly
susceptible to attacks from reactive oxygen species. The
accumulation of Lc-PUFA oxidation products poses potential
risks to cellular and organ function (Sies, 1997). Therefore, when
dietary antioxidant levels are low, the increase in PUFA synthesis
leads to an excessive accumulation of oxidation products, which is

Frontiers in Marine Science

harmful to the organism itself (Nematipour and Gatlin, 1993).
Astaxanthin supplementation may help prevent excessive oxidation
and decomposition of Lc-PUFA, as high levels of MDA content in
the liver and serum and high expression of Caspase-9 and Caspase-3
genes were found in the control group. These results indicate that
astaxanthin supplementation can reduce excessive oxidation and
decomposition of Lc-PUFA.

As is well known, Lc-PUFA plays a key role in regulating immune
function by affecting cell membrane composition, signaling pathways,
and related enzyme activities (Qi et al., 2022). There is ample evidence
that certain polyunsaturated fatty acids, particularly ARA and EPA, are
precursors to eicosanoid metabolites, including prostaglandins (PG),
thromboxanes (TX), leukotrienes (LT), and lipoxins (LX). These
metabolites play pivotal roles in modulating inflammation and
immune responses in fish (Tocher, 2010; Pedro et al, 2021).
Interestingly, the proportions of ARA and EPA in liver fatty acids in
the groups with astaxanthin addition were lower compared with the
control group without astaxanthin supplementation. Combined with
the evaluation of non-specific immune parameters, it can be concluded
that dietary astaxanthin can enhance the immune function of
largemouth bass by regulating fatty acid metabolism. However,
further research on this topic is warranted to clarify the underlying
mechanisms controlling these interactions.

Cortisol is a hormone that helps organisms resist environmental
stress (Donaldson, 1981). For instance, under stress conditions, fish
will increase cortisol secretion through the hypothalamic-pituitary-
adrenal (HPA) axis to maintain body homeostasis (Hsich et al.,
2003). However, prolonged elevated levels of cortisol can have
adverse effects on immune function, leading to a decrease in
lymphocyte and white blood cell count, and damage to immune
organs such as the spleen and thymus (Valle et al.,, 1995; Demers
and Bayne, 1997). This will make organisms susceptible to pathogen
infections. In this study, fish fed diets containing astaxanthin had
significantly lower blood cortisol levels than those in the control
group. The results indicate that dietary astaxanthin can enhance
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stress resilience and mitigate stress-induced immunosuppression in
largemouth bass. This is consistent with the study conducted on
banded catfish (Liu et al., 2016).

5 Conclusion

Adding astaxanthin to the diet can not only improve growth
performance, but also have a positive impact on intestinal structure
of largemouth bass. Astaxanthin can enhance the activity of
antioxidant enzymes in the liver and serum by regulating the
Nrf2 signaling pathway, resulting in decreased cortisol and MDA
levels in these tissues. Moreover, dietary astaxanthin can alter
tissues fatty acid content and significantly boosts the immunity of
largemouth bass. According to the results of a quadratic regression
analysis of WGR and SGR, the optimal level of astaxanthin
supplementation for largemouth bass feed is 134.8 ~ 135.75 mg/kg.
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