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a b s t r a c t

This study evaluated the effect of black soldier fly (Hermetia illucens) larvae oil (BO) produced by a novel
technique, subcritical butane extraction, on the flesh quality, lipid nutrients and muscle growth of
rainbow trout (Oncorhynchus mykiss) fillet, and investigated the alleviating mechanisms of dietary
astaxanthin (AST) supplementation. Two hundred and forty fish (215.16 ± 2.30 g) were distributed to
three groups with four replicates. Fish were fed three experimental diets for 8 weeks: the control diet
(CD diet), total fish oil of the CD diet was replaced with BO to formulate the BO100 diet, and then 1 g/kg
AST was supplemented with the BO100 diet to formulate the AST diet. Results showed that the final body
weight and the sarcomere length of fillet were significantly increased and the protein phosphorylation
levels of mammalian target of rapamycin (mTOR) and p70 S6 kinase were enhanced in the BO100 group
compared to the CD group (P < 0.05). However, there was a reduction in the hardness, springiness and
chewiness of fillets, with a decrease in eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
levels in the fish of the BO100 group (P < 0.05). Supplementation of AST in the BO100 diet mitigated the
impairment of springiness and chewiness and further promoted the sarcomere length of fillet (P < 0.05).
Furthermore, dietary AST partially restored the EPA and DHA content of fillet by increasing the phos-
phorylation levels of serine/threonine kinase (AKT) and AMP-activated protein kinase a (AMPKa)
(P < 0.05) and activating the gene expression of unsaturated fatty acid synthesis. To conclude, BO pro-
duced by subcritical butane extraction can be a readily available oil source for rainbow trout feed that can
be used to promote muscle growth in rainbow trout. Further dietary AST supplementation can alleviate
BO-induced lipid accumulation, restore DHA levels and improve the flesh quality of rainbow trout fillet.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
hao), niuj3@mail.sysu.edu.cn

ssociation of Animal Science

vier on behalf of KeAi

y Elsevier B.V. on behalf of KeAi Co
1. Introduction

The advantages of insect farming in industrial culturing facilities
are gradually realized: a lower environmental resource require-
ment, less greenhouse gas emissions and the transformation of
low-value organic waste to high-value biomass (Van Huis and
Oonincx, 2017; Van Huis and Gasco, 2023). As a potential source
of protein, lipids and minerals, edible insects are controversial as
human food, but there seems to be consensus on their use as feed
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Table 1
Composition and nutrient levels of diets (as-fed basis, %).

Item Diet

CD BO100 AST

Ingredients
Fishmeal 42.00 42.00 42.00
Soybean meal 10.00 10.00 10.00
Soy protein isolate 12.00 12.00 12.00
Cassava starch 5.00 5.00 5.00
Wheat flour 13.00 13.00 12.90
Fish oil 12.00
Black soldier fly larvae oil 12.00 12.00
Soy lecithin 3.00 3.00 3.00
Ca(H2PO4)2 1.00 1.00 1.00
Vitamin premix1 0.50 0.50 0.50
Mineral premix2 0.50 0.50 0.50
Choline chloride 0.50 0.50 0.50
Vitamin C 0.50 0.50 0.50
Astaxanthin (10%)3 0.10
Total 100.00 100.00 100.00
Nutrient levels
Crude protein 41.70 41.84 41.80
Crude lipid 17.86 17.55 17.38
Ash 10.23 10.21 10.15
Nitrogen free extract 23.22 22.39 22.08

1 Vitamin premix (per kilogram diet): vitamin B1 30 mg, vitamin B2 60 mg,
vitamin B6 20 mg, nicotinic acid 200 mg, calcium pantothenate 100 mg, inositol 100
mg, biotin 2.5 mg, folic acid 10 mg, vitamin B12 0.1 mg, vitamin K3 40 mg, vitamin A
10,000 IU, vitamin D3 2000 IU, vitamin E 160 IU.

2 Mineral premix (per kilogram diet): MgSO4$H2O 1090 mg, KH2PO4 932 mg,
NaH2PO4$2H2O 432 mg, FeC6H5O7$5H2O 181 mg, ZnCl2 80 mg, CuSO4$5H2O 63 mg,
AlCl3$6H2O 51 mg, MnSO4$H2O 31 mg, KI, 28 mg; CoCl2$6H2O 6 mg, Na2SeO3$H2O
0.8 mg.

3 Astaxanthin was provided by BASF, Germany.
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for farmed animals (Caparros Megido et al., 2016; Bessa et al.,
2020). As a sustainable insect species, black soldier fly (Hermetia
illucens) are suitable for producing biomass by feeding on organic
waste such as kitchen waste and livestock manure (Amrul et al.,
2022). The black soldier fly larvae (BSF) fed on kitchen waste
typically contain greater than 30% crude protein and 30% crude
lipid and are good sources of feed ingredients (Nyakeri et al., 2017;
Shumo et al., 2019). To improve the utilization value, a novel
technique, subcritical butane extraction, was developed in our
previous study that the black soldier fly larvae oil (BO) could be
extracted from BSF (Chen et al., 2023a). The optimal extraction
process of BO could be conducted at 35 �C, 50 min/extraction and 5
extractions. However, BO extracted by this method needs further
biosafety testing before it can be put into production.

To explore the availability of BO in animal feed, rainbow trout
(Oncorhynchus mykiss) were selected for this study because they
require high dietary fat (Meng et al., 2019). In addition, Chinese
consumers' interest in rainbow trout is increasing rapidly, with
China producing 37,345 tonnes of rainbow trout annually in 2022, a
4.27% increase from 2021 (35,814 tonnes) according to Bureau of
Fisheries of MARA (2023). A previous study has shown that dietary
full-fat BSF did not affect the color, water-holding capacity and
nutritional value of rainbow trout fillets (Bruni et al., 2020). Besides,
Fawole and colleagues reported dietary BO did not alter the
nutrient retention of rainbow trout (Fawole et al., 2021). However,
these studies also lacked details and sources regarding BO pro-
duction methods. Additionally, changes in flesh quality, including
texture analysis, and muscle growth of rainbow trout fillets have
not been intensively studied. On the other hand, astaxanthin (AST)
was not taken into account in these previous studies, which was
considered an essential feed additive for salmonids (Lim et al.,
2018). As a pigment carotenoid, AST is efficacious in coloring the
flesh of salmonids, and thereby contributes to improving the
product quality and price (Aquilina et al., 2014).What's more, AST is
oil soluble and has a potential effect on lipidmetabolism in rainbow
trout (Kalinowski et al., 2023). However, it was unclear whether the
efficacy of AST on fillet quality was affected by BO and the potential
synergistic effect of AST and BO.

It should be emphasized that the utilization of insect ingredients
in animal feed possibly leads to alterations in muscle texture and
nutritional values (Gasco et al., 2019). The primary objective of this
studywas to investigate the effects of BO produced using subcritical
butane extraction on the flesh quality and nutritional value of
rainbow trout fillets. Additionally, the study examined the potential
impact of further dietary supplementation with AST on these pa-
rameters. This study demonstrated how dietary BO affected fillet
quality in rainbow trout and provided recent insights into AST
mitigation of these adverse effects.

2. Materials and methods

2.1. Animal ethics statement

All animal studies were approved by the Experimental Animal
Ethics Committee of Sun Yat-Sen University, in keeping with Chi-
nese Ethical Guidelines for Experimental Animals. The study pro-
tocol, experimental procedures and fish in this study were
reviewed and approved with an approval number of SYSU-IACUC-
2023-B0475.

2.2. Experimental fish and diet

About 240 farmed triploid rainbow trout (O. mykiss) were pro-
vided by Qinghai Cold-Water Fishery Ecological Company (China).
Before the experiment, the fish were acclimated and fed a
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commercial diet (Aller Aqua Qingdao Company, China) for 2 weeks
in the cage of the Lasiwa Reservoir (China). The control diet (CD
diet) was formulated to contain 41.70% crude protein and 17.86%
crude lipid. Subsequently, total fish oil of the CD diet was replaced
with BO to formulate the BO100 diet. Then, 1 g/kg 10% AST (BASF,
Germany) was supplemented to the BO100 diet to formulate AST
diet (Zhao et al., 2022). The BO was produced according to our
previous study using subcritical butane extraction (Chen et al.,
2023a). The three diets were produced using procedures previ-
ously reported (Meng et al., 2019). The experimental feed was
extruded into 4.5-mm diameter pellets and stored at �20 �C before
used. The formulation was showed in Table 1.
2.3. Experimental design

After acclimatization, 240 health and uniform-sized rainbow
trout (average initial weight of 215.16 ± 2.30 g) were randomly
distributed to three treatments with four replicates. Each 20 fish
was cultured in a 2 m � 2 m � 3m cage and fed experimental diets
for 8 weeks. The rainbow trout in each cage were fed twice a day
(07:00 and 17:00) to apparent satiety. During the 8-week feeding
trial, the water parameter was measured, with the dissolved oxy-
gen ranging from 7.2 to 10.5 mg/L and water temperature ranging
from 6.7 to 13.2 �C.
2.4. Determination of growth performance and feed utilization

After the feeding trial, fish were fasted for 24 h. Fish in each cage
were counted and weighed to calculate the growth performance.
The body weight and length of four individual fish from each cage
were measured to determine the condition factor (CF). Afterwards,
the livers of these four fish were separated and weighed to
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determine the hepatosomatic index (HI). These indicators were
calculated as follows:

Specific growth rate (SGR, %/d) ¼ 100 � [ln final body weight
(FBW) � ln initial body weight (IBW)]/days;

Feed conversion ratio (FCR) ¼ feed consumed/(FBW � IBW);
Feed intake (FI, g/per fish) ¼ feed consumed/survival number;
HI (%) ¼ 100 � liver weight/body weigh;
CF (g/cm3) ¼ 100 � FBW/(body length)3.

2.5. Analysis of diets, whole body, liver and fillet composition

Another four fish were then collected for whole body compo-
sition analysis. The whole fish, liver and fillet were dried in an oven
at 105 �C for 24 h till constant weight to determine the moisture
content. The moisture was determined by the weight loss of dried
samples according to GB 5009.3-2016. The crude protein content
(N � 6.25) of diets, whole body, liver and fillet was determined by
the Kjeldahl method (Tecator 1030 automatic analyzer, Tecator,
Helsingborg, Sweden) according to GB/T 6432-2018. The crude lipid
content of diets, whole body, liver and fillet was determined by the
petroleum ether extraction method by a Soxtec System HT (Soxtec
System HT6, Tecator, Hoganas, Sweden) according to GB 5009.6-
2016. The ash of diets was determined by combusted in a com-
bustion oven for 4 h at 550 �C till constant weight according to GB/T
6438-2007. Nitrogen free extract (NFE) of diets was calculated as:
NFE ¼ dry matter � ash � crude lipid � crude protein (Letelier-
Gordo et al., 2015). The fatty acid composition of diets (Table 2)
and fillet was determined by gas chromatography (GCeMS)
method according to the GB 5009.168-2016. Briefly, the lipid was
extracted, saponified and methylated to produce fatty acid methyl
esters, which are then analyzed by GCeMS (GC7820A, Agilent,
USA).

2.6. Measurement of flesh quality parameters

Dorsal fillets were carefully dissected for color determination,
texture analysis and pHmeasurement. Firstly, the color of each fillet
was measured using a colorimeter (CR-400, Minolta Camera Co.,
Table 2
Fatty acid composition of experimental diets (% of total fatty acid)1.

Item CD BO100 AST

C12:0 0.17 16.91 16.20
C14:0 4.75 4.37 4.62
C14:1 0.10 0.25 0.32
C15:0 0.48 0.27 0.36
C16:0 21.47 18.72 20.27
C16:1 6.62 2.52 2.64
C17:0 0.79 0.39 0.52
C18:0 5.00 5.37 6.73
C18:1 20.21 19.82 19.47
C18:2n-6 13.03 18.01 15.88
C18:3n-6 0.28 0.07 0.07
C20:0 0.71 0.24 0.21
C18:3n-3 1.72 1.90 1.58
C20:1 1.79 1.00 1.04
C20:3n-6 0.19 0.03 0.03
C22:0 0.25 0.10 0.10
C20:4n-6 1.10 0.39 0.36
C22:1 0.27 0.17 0.15
C20:5n-3 8.36 3.96 3.88
C24:0 0.19 0.06 0.07
C24:1 1.12 0.57 0.59
C22:5n-6 0.37 0.05 0.06
C22:5n-3 1.29 0.31 0.31
C22:6n-3 9.40 3.92 3.88

1 CD¼ control diet; BO100 ¼ black soldier fly larvae oil replaces fish oil at 100% in
control diet; AST ¼ astaxanthin supplemented in BO100 diet.
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Ltd., Japan) and visually compared to the color card (SalmoFan,
DSM, Netherlands). The result was presented as lightness (L*),
redness (a*) and yellowness (b*). Texture analysis was performed
at the fillet color measurement point using a texture analyzer
(TMS-PRO, FTC, USA) following the method (Cao et al., 2023). The
probe was loaded on the analyzer with the probe perpendicular to
the surface of the fillet, and the parameter of texture analysis was
set at test speed 60 mm/min and deformation 60% following a
published report (Guan et al., 2023). Six main indices were used to
characterize the results of the texture analysis including hardness,
adhesiveness, cohesiveness, springiness, gumminess and chewi-
ness (Cheng et al., 2021). After texture analysis, a pH meter (S220,
Mettler, Switzerland) was used to measure the pH of fillet at the
same point of color and texture analysis (Guan et al., 2023).

To determine the cooking loss of the fillet, fillet sample was
blotted, weighed and placed in a filter bag. All the filter bags were
cooking in awater bath at 75 �C for 25min according to a published
report (Mohsenpour et al., 2023). The cooked fillet sample was
cooled, surface dried with a tissue and weighed. The cooking loss
was calculated by the weight loss of fillet sample after cooking.

2.7. Morphology analysis

Dorsal muscle of rainbow trout was sampled
(0.5 mm � 0.5 mm � 0.5 mm) and fixed in 2.5% glutaraldehyde
solution at 4 �C for 24 h. Then, it was fixed, dehydrated, embedded,
sectioned and stained. The ultrathin sections were observed with a
transmission electron microscopy (TEM, JEM-1400 Flash, Rigaku,
Japan). The sarcomere length was measured by ImageJ software.
Each section was randomly measured six times to determine the
average length of sarcomere.

2.8. Real time -quantitative PCR (RT-qPCR)

Both liver and dorsal muscle were sampled and stored at�80 �C
prior to RNA extraction. Total RNA was isolated using RNAiso Plus
(#9109, TaKaRa, Japan). NanoDrop 2000 Spectrophotometer
(Thermo Fisher, USA) was employed to verify the quantity of RNA.
The RNA was then reverse transcribed to cDNA using a kit Evo M-
MLV RT Kit with gDNA Clean for qPCR (#AG11711, Accurate
Biotechnology Hunan Co., Ltd., China) following the protocol of
manufacturer. RT-qPCR was conducted in LightCycler 480 (Roche
Applied Science, Switzerland) with a SYBR Green Kit (#AG11701,
Accurate Biotechnology Hunan Co., Ltd., China). The amplification
program were performed as previously done in our laboratory
(Chen et al., 2023b). The elongation factor-1 alpha (ef-1a) was used
as the reference gene and the target gene were normalized and
calculated by the 2�DDCt method. The primers for target genes are
shown in Table 3.

2.9. Western blot analysis

The muscle sample of four fish in each group was lysed in RIPA
lysis buffer (#FD009, Fude Biological Technology Co., Ltd., China),
protease and phosphatase inhibitor (#FD1002, Fude Biological
Technology Co., Ltd., China). After measuring the total protein
concentration, samples were denatured with loading buffer at
100 �C for 5 min. Proteins were separated by sodium dodecyl sul-
fate - polyacrylamide gel electrophoresis (SDS-PAGE) (7.5% or 10%
acrylamide gel containing 0.1% SDS) and transferred onto a poly-
vinylidene difluoride (PVDF) membrane. The membranes were
blocked by 5% (w/v) skim milk in Tris-buffered saline containing
0.1% Tween 20 (TBST) at room temperature for 2 h. The membranes
were then incubated overnight at 4 �C in the appropriate concen-
tration of primary antibody. Primary antibody mammalian target of



Table 3
Primers used for quantitative real-time PCR.

Gene Sequences forward (5’ to 3’) Sequences reverse (5’ to 3’) Fragment length, bp Accession no.

acc TCATCAATGCCAAGGACCCC CGTCAGAGTCCAGGTTTGCT 288 XM_036990266.1
fas CCTCACCTCCAAAGACAGTCAG CGACGGCGACACAGGAATAA 144 XM_021576226.2
elovl2 CTGGTGGAAACGCTACCTGA ATCCAACGGGGAAACCACAA 104 KM244737
elovl5 CAATCTGGCCCTCACTCTATT TGGTATCTGTTTCTCCCGCAC 119 AY605100
D5 fads GCAGAGAGAACCGAGGATGG GCAGTGCTTCTGGACCTCTT 136 JQ087459.1
D6 fads CCATCGCAGATTAACCACCT TTTGGATCCCCCATTAGACA 140 AF301910
cd36 CCTGCTCGTAGTCTTCGTCC TTGCCGTAGTAAAAGAATGAAAAGC 104 AY606034.1
ppara TCGAGTAACGGCTCTGAAGG GCGTGAACTCCGTAGTGGTA 176 HM536190.1
pparb CTGGAGCTGGATGACAGTGA GTCAGCCATCTTGTTGAGCA 59 AY356399.1
pparg CACGTTGGACTTGGCAGAGA TGTGGTGGTGGGGACTGTT 122 HM536192.1
gpat AAGTGCGACACACTACCTCG AATGCAGGAGCTTGTTCCGA 146 XM_036946572.1
hsl GGGCTGACCATCTGGCTAAT ACATTGACATCACCCTCAGCA 200 HQ225622.1
myod TGCCTGTCAAACATCGTGGA TCCGTTCTCACTCGCTATGG 123 NM_001124720.1
myog AGGTGAACGAGGCATTCGAG GGTGCGGTATTGTAAGCCCT 179 NM_001124727.1
mstn GGGCAGGCACATAGGTATCC CAGCCATACGGACAGCACTT 100 NM_001124282.1
myf5 ACGCCATCCAGTACATCGAG CAGTCAACCATGCTGTCGGA 133 NM_001124529.1
mrf4 AAAGTCTGCACCAACCGACA GCGCTGCGTAAAATCTCCAC 150 XM_021563867.2
ghr CAACTTCTGAACAAGCCCTGC CACTCACTCCACTCTTTGGGA 184 NM_001124731.1
ef-1a TCCTCTTGGTCGTTTCGCTG ACCCGAGGGACATCCTGTG 59 AF498320

acc ¼ acetyl-CoA carboxylase; fas ¼ fatty acid synthase; elovl2/5 ¼ elongase of very-long fatty acid 2/5; D5/6 fads ¼ D5/6 fatty acid desaturase; cd36 ¼ CD36/FAT fatty acid
translocase; myod ¼ myogenic determining factor; myog ¼ myogenin; mstn ¼ myostatin; myf5 ¼ myogenic factor 5; mrf4 ¼ myogenic factor 4; ghr ¼ growth hormone
receptor; ppara/b/g ¼ peroxisome proliferators-activated receptors-a/b/g; gpat ¼ glycerol-3-phosphate acyltransferase; hsl ¼ hormone-sensitive lipase; ef-1a ¼ elongation
factor -1 a.
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rapamycin (mTOR), p-mTOR, p70 S6 kinase (S6K) and p-S6K were
provided by ABclonal Technology Co., Ltd., China. AMP-activated
protein kinase a (AMPKa), p-AMPKa, serine/threonine kinase
(AKT) and p-AKT were purchased from Cell Signaling Technology
(Beverly, MA, USA). Membranes were washed three times in tris
buffered saline with tween-20 (TBST) for 10 min each time and
then incubated with horseradish peroxidase (HRP)-coupled sec-
ondary antibody for 1 h at room temperature. Protein bands were
detected with an enhanced chemiluminescence (ECL) detection kit
(#FD8020, Fude Biological Technology Co., Ltd., China), then visu-
alized and recorded by Azure 300 (Azurebiosystems, CA, USA). The
gray values were quantized using ImageJ 1.52a and then analyzed
in SPSS 21.0 software (IBM, USA).

2.10. Proteomic analyses

Liver samples of four rainbow trout in each cage were collected
and the samples of four replicates cages were homogenized and
distributed to three sample pools. After being digested, desalted,
the protein sample was transferred to peptide, which was then
labeled and undergoing a high pH reverse phase separation by
Ultimate 3000 system (Thermo Fisher scientific, MA, USA) with a
reverse phase column (XBridge C18 column, 4.6 mm � 250 mm,
5 mm, Waters Corporation, MA, USA). The collected peptides were
then analyzed by on-line nanospray LC-MS/MS on Orbitrap Fusion
Lumos mass spectrometer to EASY-nLC 1200 system (Thermo
Fisher Scientific, MA, USA). The data independent acquisition (DIA)
results were analyzed by Spectronaut software. The proteins
among groups with a fold change higher than 1.5 and false dis-
covery rate value (FDR-value) lower than 0.05 were considered to
be differentially expressed proteins (DEP). In addition, the functions
and characteristics of DEP was analyzed and clustered by several
database including Gene Ontology (GO, geneontology.org) and the
Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.
genome.jp/kegg) database.

2.11. Statistical analysis

The data were presented as mean ± standard error of the mean
(SEM). Independent-sample t-test was conducted to evaluate the
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difference between the data. The statistical analysis was performed
on SPSS 21.0 software (IBM, USA) and P-values < 0.05 were
considered significant differences. When the P-value is greater than
0.05 and less than or equal to 0.10, it indicates a significant
tendency.

3. Results

3.1. Growth performance and feed utilization of rainbow trout

The effect of dietary BO and AST supplementation on growth
performance and feed utilization in rainbow trout is displayed in
Table 4. Fish fed with the BO100 diet (BO100 group) exhibited a
significantly higher FBW and a lower FCR compared to those fed
with the control diet (CD group) (P < 0.05). Additionally, the BO100
group showed an increasing trend in weight gain (WG) and SGR
(0.05 < P < 0.10). Survival, FI and CF did not differ significantly
among the three groups (P > 0.05). However, the HI was signifi-
cantly higher in the BO100 group compared to both the CD and AST
groups (P < 0.05). The AST diet did not result in significant differ-
ences in WG, FBW, SGR, FCR, survival, FI and CF when compared to
the BO100 group (P > 0.05). Nonetheless, an increasing trend inWG
and FBWwas observed in the AST group compared to the CD group
(0.05 < P < 0.10). Furthermore, dietary AST significantly alleviated
the HI of fish compared to the BO100 group (P ¼ 0.027), although it
remained significantly higher than the CD group (P ¼ 0.006).

3.2. Whole body, liver and fillet composition

Regarding the major nutrient composition, no significant vari-
ations were observed in the crude protein levels of the whole body
and liver among the different treatment groups (P > 0.05). How-
ever, the BO100 group exhibited a significantly lower crude protein
content in the fillet compared to both the CD and AST groups
(P < 0.05), as detailed in Table 5. In contrast, the crude lipid of fillet
in BO100 group was significantly higher than the CD group
(P ¼ 0.012) and showed an increasing tendency compared to the
AST group (0.05 < P < 0.10). Additionally, the crude lipid content of
liver in BO100 and AST groups was significantly higher than the CD
group (P < 0.05).
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Table 4
Effects of dietary BO and AST on growth performance and feed utilization in O. mykiss1.

Item CD BO100 AST P-value of t-test2

CD vs BO100 BO100 vs AST CD vs AST

WG, g 108.02 ± 5.478 139.19 ± 11.563 136.16 ± 13.213 0.051 0.869 0.097
FBW, g 323.18 ± 4.536 355.81 ± 11.413 352.33 ± 12.965 0.038 0.847 0.078
SGR, %/d 0.72 ± 0.032 0.88 ± 0.058 0.86 ± 0.066 0.056 0.869 0.104
FCR 1.50 ± 0.075 1.22 ± 0.057 1.35 ± 0.130 0.028 0.345 0.376
Survival, % 98.33 ± 1.178 100.00 ± 0.000 98.75 ± 1.250 0.207 0.356 0.816
FI, g/per fish 165.62 ± 16.261 166.67 ± 4.702 179.92 ± 11.083 0.919 0.129 0.251
HI, % 1.07 ± 0.048 1.37 ± 0.037 1.26 ± 0.016 0.006 0.027 0.012
CF, g/cm3 1.71 ± 0.037 1.73 ± 0.040 1.69 ± 0.024 0.720 0.493 0.770

AST¼ astaxanthin; BO¼ black soldier fly larvae oil; WG¼weight gain; FBW¼ final bodyweight; SGR¼ specific growth rate; FCR¼ feed conversion rate; FI¼ feed intake; HI¼
hepatosomatic index; CF ¼ condition factor.

1 CD ¼ control diet; BO100 ¼ black soldier fly larvae oil replaces fish oil at 100% in control diet; AST ¼ astaxanthin supplemented in BO100 diet.
2 P-value of t-test less than 0.05 indicated significant differences.

Table 5
Effects of dietary BO and AST on composition (% of wet mass) of whole body, fillet and liver in O. mykiss1.

Item CD BO100 AST P-value of t-test2

CD vs BO100 BO100 vs AST CD vs AST

Whole body
Moisture 69.79 ± 0.265 69.52 ± 0.705 70.74 ± 0.629 0.729 0.272 0.184
Crude protein 15.48 ± 0.205 15.87 ± 0.150 15.76 ± 0.138 0.174 0.618 0.269
Crude lipid 11.00 ± 0.256 11.23 ± 0.457 9.42 ± 0.871 0.688 0.116 0.261
Fillet
Moisture 74.73 ± 0.252 74.50 ± 0.436 74.75 ± 0.171 0.668 0.616 0.948
Crude protein 21.49 ± 0.259 20.48 ± 0.231 21.38 ± 0.152 0.018 0.018 0.719
Crude lipid 2.66 ± 0.147 3.93 ± 0.417 3.10 ± 0.199 0.012 0.068 0.188
Liver
Moisture 73.02 ± 0.583 72.28 ± 2.514 72.33 ± 0.277 0.104 0.156 0.328
Crude protein 21.99 ± 0.894 21.11 ± 1.867 21.52 ± 0.253 0.191 0.246 0.630
Crude lipid 3.88 ± 0.130 5.74 ± 0.307 5.19 ± 0.163 0.004 0.168 0.002

AST ¼ astaxanthin; BO ¼ black soldier fly larvae oil.
1 CD ¼ control diet; BO100 ¼ black soldier fly larvae oil replaces fish oil at 100% in control diet; AST ¼ astaxanthin supplemented in BO100 diet.
2 P-value of t-test less than 0.05 indicated significant differences.
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Furthermore, as illustrated in Table 6, the total n-3 poly-
unsaturated fatty acid (PUFA) content was significantly reduced in
the fillets of the BO100 group compared to the CD group (P< 0.001),
while the total n-6 PUFA content was increased (P ¼ 0.003). Spe-
cifically, lauric acid (C12:0) and linoleic acid (C18:2n-6) accumu-
lated in fillets of rainbow trout fed the BO100 diet, but the levels of
arachidonic acid (C20:4n-6, ARA), eicosapentaenoic acid (C20:5n-3,
EPA), and docosahexaenoic acid (C22:6n-3, DHA) were reduced
(P < 0.05). As for the ASTgroup, the lauric acid level of fillet was also
increased as a marker of BO addition (P < 0.001). Compared to the
BO100 group, dietary AST partially restored the total n-3 PUFA
content of fillet and enhanced the DHA content (P < 0.05).
3.3. Flesh quality and fillet parameters

As shown in Table 7, there was no significant differences in the
pH of the fillet among groups (P > 0.05). The hardness, springiness
and chewiness of fillet in fish fed with the BO100 diet significantly
decreased but the adhesiveness and cohesiveness increased
compared to the fish fed the CD diet (P < 0.05). Surprisingly, dietary
AST partly improved the springiness (0.05 <P < 0.10) and signifi-
cantly promoted the chewiness of fillet compared to the BO100
group (P ¼ 0.009). In addition, the cooking loss of fillet was
decreased in the BO100 group compared to the CD group
(P ¼ 0.024) but restored in the AST group (P ¼ 0.032).

The results of visual observation and TEM of fish fillets are
shown in Fig. 1. The light and dark areas and Z-lines of myofibrils
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are exhibited apparently. Statistical results in Table 7 showed that
the sarcomere length in the BO100 group was significantly longer
than the CD group (P ¼ 0.002), while that of the AST group was
further longer than that in the BO100 group (P < 0.001). It was clear
that the redness and yellowness of the flesh color in the AST group
were deeper than the other two groups (P < 0.05). Also, the redness
of fish fillets in the BO100 group was significantly lower than the
CD group (P ¼ 0.008).
3.4. Muscle growth

Both protein and mRNA expression were analyzed to illustrate
the muscle growth of rainbow trout. As shown in Fig. 2, phos-
phorylation level of mTOR, S6K and AMPKa were significantly
upregulated in the BO100 group compared to the CD group
(P < 0.05). Furthermore, the phosphorylation level of AKT and
AMPKawas significantly upregulated in the ASTgroup compared to
the BO100 group (P < 0.05). Additionally, phosphorylation level of
S6K, AKT and AMPK was significantly upregulated in the AST group
compared to the CD group (P < 0.05) as well as the mTOR
(P ¼ 0.065). In addition, the growth of muscle was studied on
transcript level. Dietary BO100 remarkably upregulated the relative
mRNA expression of myogenin (myog), myostatin (mstn) and
myogenic factor 4 (mrf4), while downregulated the relative mRNA
expression of growth hormone receptor (ghr) compared to the CD
group (P< 0.05) (Fig. 3A). Additionally, dietary ASTalso upregulated
the relative mRNA expression of myogenic factor 5 (myf5), while



Table 6
Fatty acid composition (% of total fatty acid) of fillet in O. mykiss1.

Item CD BO100 AST P-value of t-test2

CD vs BO100 BO100 vs AST CD vs AST

C12:0 0.09 ± 0.002 6.02 ± 0.036 5.54 ± 0.044 <0.001 0.001 <0.001
C14:0 2.66 ± 0.097 2.74 ± 0.141 2.79 ± 0.013 0.655 0.757 0.259
C14:1 0.06 ± 0.001 0.12 ± 0.002 0.14 ± 0.001 <0.001 0.023 <0.001
C15:0 0.22 ± 0.016 0.18 ± 0.006 0.20 ± 0.001 0.074 0.024 0.290
C16:0 18.01 ± 1.913 17.71 ± 0.069 17.84 ± 0.098 0.883 0.352 0.932
C16:1 4.22 ± 0.568 3.39 ± 0.011 2.91 ± 0.006 0.217 <0.001 0.082
C17:0 0.45 ± 0.007 0.30 ± 0.002 0.33 ± 0.002 <0.001 0.002 <0.001
C18:0 4.65 ± 0.327 5.26 ± 0.028 5.45 ± 0.001 0.141 0.003 0.073
C18:1 21.21 ± 0.422 24.03 ± 0.155 22.57 ± 0.143 0.003 0.002 0.038
C18:2n-6 15.78 ± 0.563 20.20 ± 0.107 19.02 ± 0.141 0.002 0.003 0.005
C18:3n-6 0.29 ± 0.005 0.32 ± 0.002 0.28 ± 0.002 0.019 0.001 0.206
C20:0 0.27 ± 0.003 0.22 ± 0.001 0.20 ± 0.002 <0.001 0.002 <0.001
C18:3n-3 1.95 ± 0.028 1.87 ± 0.005 1.80 ± 0.006 0.050 0.001 0.007
C20:1 1.41 ± 0.070 1.29 ± 0.024 1.50 ± 0.021 0.200 0.004 0.301
C20:3n-6 0.56 ± 0.005 0.57 ± 0.004 0.61 ± 0.004 0.112 0.004 0.002
C22:0 0.18 ± 0.001 0.15 ± 0.005 0.17 ± 0.006 0.012 0.141 0.316
C20:4n-6 1.37 ± 0.058 0.86 ± 0.004 1.00 ± 0.060 0.001 0.078 0.012
C22:1 0.16 ± 0.003 0.12 ± 0.002 0.12 ± 0.001 <0.001 0.009 0.001
C20:5n-3 4.34 ± 0.062 2.11 ± 0.051 2.32 ± 0.028 <0.001 0.024 <0.001
C24:0 0.03 ± 0.000 0.03 ± 0.000 0.04 ± 0.000 <0.001 <0.001 0.307
C24:1 0.84 ± 0.003 0.51 ± 0.003 0.56 ± 0.001 <0.001 <0.001 <0.001
C22:5n-6 0.46 ± 0.007 0.22 ± 0.002 0.29 ± 0.002 <0.001 <0.001 <0.001
C22:5n-3 1.54 ± 0.022 0.67 ± 0.023 0.73 ± 0.002 <0.001 0.073 <0.001
C22:6n-3 15.98 ± 0.106 9.76 ± 0.052 12.41 ± 0.394 <0.001 0.003 0.001
SSFA 26.60 ± 1.603 32.65 ± 0.106 32.59 ± 0.108 0.020 0.683 0.020
SMUFA 27.91 ± 0.634 29.49 ± 0.172 27.81 ± 0.154 0.074 0.002 0.891
SPUFA n-3 23.83 ± 0.038 14.42 ± 0.104 17.27 ± 0.417 <0.001 0.003 <0.001
SPUFA n-6 18.48 ± 0.544 22.19 ± 0.109 21.22 ± 0.183 0.003 0.011 0.009
SPUFA n-3/SPUFA n-6 1.29 ± 0.039 0.65 ± 0.007 0.81 ± 0.026 <0.001 0.004 0.001

SFA¼ saturated fatty acid; MUFA¼ monounsaturated fatty acid; PUFA¼ polyunsaturated fatty acids.
1 CD ¼ control diet; BO100 ¼ black soldier fly larvae oil replaces fish oil at 100% in control diet; AST ¼ astaxanthin supplemented in BO100 diet.
2 P-value of t-test less than 0.05 indicated significant differences.

Table 7
Effects of dietary BO and AST on flesh quality and appearance in O. mykiss1.

Item CD BO100 AST P-value of t-test2

CD vs BO100 BO100 vs AST CD vs AST

pH 5.99 ± 0.057 5.94 ± 0.044 6.05 ± 0.045 0.517 0.129 0.427
Hardness, N 3.11 ± 0.207 2.13 ± 0.153 2.60 ± 0.020 0.019 0.136 0.154
Adhesiveness, mJ 0.87 ± 0.043 1.38 ± 0.028 1.72 ± 0.241 0.001 0.229 0.026
Cohesiveness 0.22 ± 0.007 0.27 ± 0.006 0.28 ± 0.016 0.004 0.700 0.014
Springiness, mm 1.40 ± 0.048 0.70 ± 0.031 0.89 ± 0.059 <0.001 0.054 0.001
Gumminess, mJ 0.68 ± 0.056 0.63 ± 0.055 0.70 ± 0.034 0.578 0.387 0.779
Chewiness, mJ 1.08 ± 0.040 0.41 ± 0.035 0.78 ± 0.070 <0.001 0.009 0.019
Cooking loss, % 19.80 ± 0.441 18.51 ± 0.402 20.32 ± 0.608 0.024 0.032 0.475
Sarcomere length, mm 1.65 ± 0.013 1.73 ± 0.007 1.81 ± 0.006 0.002 <0.001 <0.001
L* 45.44 ± 0.471 45.35 ± 0.865 37.27 ± 1.137 0.928 0.001 0.001
a* �1.28 ± 0.239 �2.28 ± 0.096 9.27 ± 0.115 0.008 <0.001 <0.001
b* 6.12 ± 0.909 4.85 ± 0.517 13.68 ± 0.254 0.270 <0.001 <0.001

AST ¼ astaxanthin; BO ¼ black soldier fly larvae oil; L* ¼ lightness; a* ¼ redness; b* ¼ yellowness.
1 CD ¼ control diet; BO100 ¼ black soldier fly larvae oil replaces fish oil at 100% in control diet; AST ¼ astaxanthin supplemented in BO100 diet.
2 P-value of t-test less than 0.05 indicated significant differences.
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downregulated the relative mRNA expression of myog and mstn
compared to the BO100 group (P < 0.05).
3.5. Lipid metabolism

As shown in Fig. 3B, the relative mRNA expression of fatty acid
synthetase including acetyl-CoA carboxylase (acc) and fatty acid
synthase (fas), elongase including elongase of very-long fatty acid 2
(elovl2) and 5 (elovl5), and desaturase such as D5 fatty acid desa-
turase (D5 fads) was upregulated in the BO100 group compared to
the CD group (P < 0.05). Also, regulators of lipid metabolism were
upregulated in the BO100 group compared to the CD group, such as
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CD36/FAT fatty acid translocase (cd36), peroxisome proliferators-
activated receptors-a (ppara) and g (pparg) (P < 0.05) (Fig. 3C). In
terms of the triglyceride metabolism, the relative mRNA expression
of glycerol-3-phosphate acyltransferase (gpat) was upregulated,
while the relative mRNA expression of hormone-sensitive lipase
(hsl) was downregulated in the BO100 group compared to the
control group (P < 0.05). In contrast, supplementing AST in the
BO100 diet partly restored the relative mRNA expression of acc, fas,
elovl2, elovl5, cd36, gpat and hsl in rainbow trout (P < 0.05).

Furthermore, the dynamic process of long chain unsaturated
fatty acids (LC-PUFA) synthesis in rainbow trout was further
explored using proteomics tools (Fig. 4). Principal component



Fig 1. Effects of dietary black soldier fly larvae oil (BO) and astaxanthin (AST) supplementation on the myofiber morphology of rainbow trout. (A-C) Transmission electron mi-
croscope of longitudinal section. (D) Color appearance of fillet. CD ¼ control diet; BO100 ¼ BO replaces fish oil at 100% in control diet; AST ¼ AST supplemented in BO100 diet.

Fig 2. Effects of dietary black soldier fly larvae oil (BO) and astaxanthin (AST) supplementation on the protein expressions in the muscle sample of rainbow trout. (A) Western blot
analysis of mammalian target of rapamycin (mTOR), p70 S6 kinase (S6K), AMP-activated protein kinase a (AMPKa), serine/threonine kinase (AKT) and their phosphorylation level,
and b-actin. (B-E) Quantification of phosphorylation ratio of these proteins. Data are presented as mean ± SEM (n ¼ 4). Asterisks (*) indicate significant differences between groups
(P < 0.05). CD ¼ control diet; BO100 ¼ BO replaces fish oil at 100% in control diet; AST ¼ AST supplemented in BO100 diet.
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analysis (PCA) analysis clearly differentiated the three groups
(Fig. 4A) and then DEP was defined by FDR value less than 0.05, fold
change greater than 1.5 or less than �1.5 (Fig. 4B). Using the KEGG
database for clustering, DEP were significantly enriched in lipid
metabolism, endocrine system, amino acid metabolism, and car-
bohydrate metabolism in the comparison of the CD and BO100
groups (Fig. 4C). While in the contrast between BO100 and AST
groups, DEP were enriched in transport and catabolism, circulatory
system, translation and cell growth and death. As can be seen in
Fig. 4D, fatty acid synthesis (ko00061), fatty acid elongation
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(ko00062), fatty acid degradation (ko00071), biosynthesis of un-
saturated fatty acid (ko01040) and PPAR signaling pathways
(ko03320) were significantly affected after complete replacement
of fish oil by BO (CD-vs-BO100 and CD-vs-AST). Clustering heatmap
showed that DEP of fatty acid transport (fatty acid-binding protein
1 [fabp1], cd36), synthesis (acc and fas), elongation (long chain acyl-
coenzyme A synthetase 1 [acsl1], elovl2 and elovl6) and desatura-
tion (D6 fads and stearyl-CoA desaturase 1 [scd1]) were enriched in
the BO100 group (Fig. 4E), while elovl5 was enriched in the AST
group.



Fig 3. Relative mRNA expression of muscle growth and lipid metabolism in rainbow trout. (A) Genes related to muscle growth. (B and C) Genes related to lipid metabolism. Data are
presented as mean ± SEM (n ¼ 4). Asterisks (*) indicate significant differences between groups (P < 0.05). CD ¼ control diet; BO100 ¼ black soldier fly larvae oil replaces fish oil at
100% in control diet; AST ¼ astaxanthin supplemented in BO100 diet. acc ¼ acetyl-CoA carboxylase; fas ¼ fatty acid synthase; elovl2/5 ¼ elongase of very-long fatty acid 2/5; D5/6
fads ¼ D5/6 fatty acid desaturase; cd36 ¼ CD36/FAT fatty acid translocase; myod ¼ myogenic determining factor; myog ¼ myogenin; mstn ¼ myostatin; myf5 ¼ myogenic factor 5;
mrf4 ¼ myogenic factor 4; ghr ¼ growth hormone receptor; ppara/b/g ¼ peroxisome proliferators-activated receptors-a/b/g; gpat ¼ glycerol-3-phosphate acyltransferase; hsl ¼
hormone-sensitive lipase.
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4. Discussion

The growth performance is the first consideration and most
intuitive and primary indicator when introducing a novel oil source
into the trout diet. Surprisingly, complete replacement of fish oil by
BO significantly increased the FBW of rainbow trout in this exper-
iment. This result showed a different trend in growth performance
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compared to the findings of Fawole et al. (2021), in which the
growth of rainbow trout was not affected after dietary fish oil was
totally replaced by BO. It is speculated that the difference may be
due to the different extraction methods and the fatty acid compo-
sition of BO, which are closely related to the culture medium of the
insects. Nevertheless, there are similarities between our findings
and those of Fawole et al. (2021), such as elevated HI. These findings



Fig 4. Proteomics analysis of rainbow trout fed with different diets. (A) Principal component analysis (PCA) analysis. (B) Distinguish of differentially expressed proteins (DEP) among
groups. (C) DEP cluster according to Kyoto Encyclopedia of Genes and Genomes (KEGG) database. (D) Heatmap of influenced pathways in different comparisons (Values in the
heatmap present the P-value of t-test between groups. P-values less than 0.05 indicate significant differences between groups. NA indicated that no DEP belonged to the specific
pathway in the comparison). (E) Heatmap of DEP included in lipid metabolism. CD ¼ control diet; BO100 ¼ black soldier fly larvae oil replaces fish oil at 100% in control diet; AST ¼
astaxanthin supplemented in BO100 diet. fabp1 ¼ fatty acid-binding protein 1; acc ¼ acetyl-CoA carboxylase; scd1 ¼ stearyl-CoA desaturase 1; elovl2/5/6 ¼ elongase of very-long
fatty acid 2/5/6; D6 fads¼ D6 fatty acid desaturase; acsl1 ¼ long chain acyl-coenzyme A synthetase 1; fas¼ fatty acid synthase; cd36 ¼ CD36/FAT fatty acid translocase; fads 2 ¼ fatty
acid desaturases 2; hsl ¼ hormone-sensitive lipase; gpat ¼ glycerol-3-phosphate acyltransferase.
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indicated that BO produced by subcritical butane extraction is safe
for rainbow trout. However, the elevated HI and crude lipid content
of the liver in the BO100 group suggested potential liver stress,
which may be due to an excessive saturated fatty acid intake
leading to the synthesis and storage of triglyceride (Rosqvist et al.,
2014). The liver size of rainbow trout was reduced after AST sup-
plementation, suggesting that dietary AST may alleviate lipid
deposition and liver burden induced by dietary BO. This perspective
is also confirmed by a recent study, inwhich rainbow trout fed with
dietary AST showed a reduced liver size compared to the control
group (Kalinowski et al., 2023).

In terms of the flesh quality, dietary BO enhanced the crude lipid
content of fillet. In addition, the fatty acid content of the fillets fol-
lowed the same trend as that of the feed, suggesting that dietary BO
affected the lipid metabolism of rainbow trout. Similar results were
also reported in some teleost such as barramundi (Lates calcarifer),
striped catfish (Pangasianodon hypophthalmus) and Jian carp (Cypri-
nus carpio var. Jian) (Li et al., 2016; Hender et al., 2021; Sudha et al.,
2022). Since BO typically consists of a high percentage of lauric acid
and extremely low levels of EPA and DHA, similar results would be
observed when fish were fed the BO diets. Notably, dietary AST
partially restores the DHA content of fillet, suggesting that AST may
function to regulate unsaturated fatty acid synthesis in rainbow trout.
On theotherhand, theobserveddecrease in theprotein contentof the
fillet in the BO100 group may raise concerns; however, dietary AST
appears to have mitigated this nagetive effect. In addition to the
nutritional composition, variations in feed types can simultaneously
affect the sensorypropertiesandfleshqualityofaquaticproducts (Luo
et al., 2021), which directly affects consumer preference, consump-
tion trend and commercial value. Fish fillet color is one of the main
reasons influencing the willingness to consume because the visual
effect is always direct and strong. Supplementation of AST in BO100
diets significantly improved the redness and yellowness of flesh
colors, indicating that total replacement of fish oil by BO does not
affect the coloring function of AST.

Flesh quality and chewing sensation of fish fillets are associated
with the textural characteristics. The results showed that the
hardness, springiness and chewiness of the fillets in the BO100
group decreased, but the adhesiveness increased. This suggested
that the fillets of rainbow trout became softer when fed with di-
etary BO, which may be less attractive to consumers (Espe, 2008).
Interestingly, dietary AST partially restored the springiness and
chewiness of the fillets. Since textural changes in fish fillets are
closely related to muscle structure and growth, muscle micro-
structure, protein expressions and growth-related genes were
investigated to understand the mechanism by which this occurred
(Lefaucheur, 2010). Results of TEM illustrated that dietary BO100
significantly increased the sarcomere length, which was further
enhanced by AST supplementation. The growth of myofiber is
largely dependent on hypertrophy and hyperplasia of myofiber,
which is associated with myogenic regulatory factors (MRF) in
skeletal muscle (White et al., 2018). Myogenic determining factor
(myod) and myf5 are the primary MRF members that contributed
to the transformation of proliferating somatic cells to myogenic
cells, while the secondary mrf, myog and mrf4, further promoted
differentiation and maturation of myoblast into myofibers
(Sabourin and Rudnicki, 2000). In the present study, dietary BO
facilitated the gene expression of secondary mrf, myog and mrf4,
which promoted the generation of myofibers and thus explained
why the sarcomere length was longer in the BO100 group. Mean-
while, the elevated expression of mstn may represent negative
feedback on increased myofiber generation. A previous study also
indicated that relative mRNA expression of muscle myod, mrf5 and
myog significantly upregulated in large yellow croaker (Lar-
imichthys crocea) fed with 750 mg/kg glycerol monolaurate (Wang
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et al., 2022a). Different from the BO100 group, although muscle
sarcomere length was further increased in rainbow trout fillets fed
the AST diet, the relative mRNA expression of myog and mstn was
downregulated, whereas myf5 relative mRNA expression was
upregulated, suggesting that dietary AST may target different
mechanisms of muscle growth. As an antioxidant, AST has been
shown to attenuate muscle atrophy in rats by inhibiting oxidative
stress and protein hydrolysis in the findings of Shibaguchi et al.
(2016). Furthermore, another study claimed that combined intake
of AST, b-carotene, and resveratrol promoted protein synthesis
duringmuscle hypertrophic (Kawamura et al., 2020). Therefore, it is
speculated that AST may have influenced the textural characteristic
of fish fillets by modulating oxidative stress and protein synthesis.
This hypothesis is also supported by the fillet crude protein results,
in which the crude protein significantly increased in the fillet of the
AST group compared to the BO100 group. More importantly, the
protein expression results supported this hypothesis. Dietary
BO100 significantly increased the phosphorylation levels of mTOR
and S6K, which may be activated through the AMPK pathway. On
the other hand, AST supplementationmay have activated themTOR
pathway through the activation of the AMPK pathway as well as the
phosphoinositide 3-kinase-AKT (PI3K-AKT) pathway. In summary,
the replacement of total fish oil by BO in the feed may provide
protein for myofiber differentiation and maturation through acti-
vation of the AMPKa-mTOR-S6K pathway, thereby affecting the
textural characteristics of rainbow trout fillets. Furthermore, sup-
plementation of the BO100 diet with AST improved the appearance
of fillets andmay further activate the PI3K-AKT pathway for protein
synthesis to promote the growth of sarcomere.

The enrichment of unsaturated fatty acid nutrients in fish fillets,
especially n-3 LC-PUFA, which is highly beneficial to human health
(Ruxton et al., 2004), is one of the reasons for consumers choose
them. In the present study, n-3 LC-PUFA (including EPA and DHA)
content was reduced and the n-3 PUFA/n-6 PUFA ratio was also
lower in the BO100 group compared to the CD group. This
impairment was partially restored in the AST group. Dietary AST
had been prove to enhance DHA content in eggs by improving PUFA
stability through antioxidant effects (Wang et al., 2022b). Others
also reported an enhancement effect of EPA and DHA content in
Chinese mitten crab (Eriocheir sinensis) feed supplement with 1.2 g/
kg 10% AST (Zhang et al., 2024). To further explore how BO affected
the synthesis of PUFA in rainbow trout, studies on the transcript
level were conducted. The peroxisome proliferators-activated re-
ceptors (ppar) signaling pathway was speculated to play an
important function in BO-affected lipid metabolism since the
relative mRNA expression of ppara and pparg was upregulated in
the BO100 group compared to the CD group. Similar activations of
ppara and pparg were also observed in rice field eel (Monopterus
albus) fed BSF meal (Hu et al., 2020). This process may be mediated
by the uptake and transport of fatty acids by cd36, which was
activated in the BO100 group (Su and Abumrad, 2009; Pepino et al.,
2014). The collective up-regulation of these genes suggests that
dietary BO in this context immensely promotes lipid metabolism in
rainbow trout, including fatty acid synthesis, elongation and
desaturation processes. In this case, AST supplementation restored
mRNA expression of multiple genes to a lower level, including acc,
fas, cd36, gpat and hsl. This suggested that dietary ASTmay promote
fatty acid catabolism and inhibit fatty acid synthesis de novo,
thereby attenuating lipid deposition and enhancing the liver health
of rainbow trout, which was consistent with trends in the crude
lipid content of whole fish and fillet (Zhao et al., 2023). The DEP
clustering heatmap further supported the results of the transcripts
that the fatty acid synthesis process in rainbow trout was enhanced
by the use of BO, including de novo synthesis, elongation, and
desaturation. On the one hand, the addition of AST may have
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attenuated the de novo synthesis of fatty acids and the storage of
triglyceride, which could have alleviated the hepatic burden of
rainbow trout and reduced the crude lipid content of the fillets. On
the other hand, AST supplementation improved DHA content in
fillets of rainbow trout fed with the BO100 diet, which may be
mediated through the promotion of mRNA expression and protein
levels of fatty acid desaturase.

5. Conclusion

In this study, we have explored the underlying mechanisms of
BO produced by subcritical butane extraction as a substitute for fish
oil in the diet of rainbow trout. Our findings indicated that a
complete substitution of fish oil by BO could potentially compro-
mise the flesh quality (lower hardness, springiness and chewiness),
change the nutritional components (lower protein and higher fat)
and lead to a reduction of LC-PUFA (DHA and EPA) contents within
the trout fillets. A promising strategy to mitigate these negative
effects is the inclusion of dietary AST. Supplementation of AST in
the BO diet could alleviate the changes in springiness and chewi-
ness, partially restore DHA levels and improve the visual appeal of
the trout fillets. Significantly, the inclusion of dietary AST enhanced
the crude protein content and reduced the crude lipid content in
the fillets. This effect is likely mediated by the upregulation of AKT
and AMPK protein phosphorylation, which in turn modulates
downstream lipid metabolism. Consequently, using AST as an ad-
ditive in the feed of BO-fed rainbow trout may be instrumental in
enhancing the overall quality of the fillets.
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