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A growth experiment was conducted to evaluate the effects of dietary fish oil (FO)
replaced by linseed oil (LO) on the growth performance, antioxidant capacity, hepatic
lipid metabolism, and expression of inflammatory genes in large yellow croaker
(Larimichthys crocea). Fish (initial weight: 15.88 ± 0.14 g) were fed four experimental
diets with 0% (the control), 33.3%, 66.7%, and 100% of FO replaced by LO. Each
diet was randomly attributed to triplicate seawater floating cages (1.0 × 1.0 × 2.0 m)
with 60 fish in each cage. Results showed that the growth performance of fish fed
the diet with 100% LO was markedly decreased compared with the control group
(P < 0.05), while no remarkable difference was observed in the growth performance
of fish fed diets within 66.7% LO (P > 0.05). The percentage of 18:3n-3 was the
highest in the liver and muscle of fish fed the diet with 100% LO among the four
treatments. When dietary FO was entirely replaced by LO, fish had a markedly
higher total cholesterol, total triglyceride, low-density lipoprotein cholesterol content,
and alanine transaminase activity in the serum than the control group (P < 0.05).
The concentration of malondialdehyde was markedly higher, while the activity of
catalase was markedly lower in fish fed the diet with 100% LO than the control
group (P < 0.05). When dietary FO was entirely replaced by LO, hepatic lipid
content, transcriptional levels of fatp1 and cd36, and CD36 protein expression were
significantly higher, while transcriptional level of cpt-1 and CPT-1 protein expression
were significantly lower than the control group (P < 0.05). As for the gene expression
of cytokines, fish fed the diet with 100% LO had markedly higher transcriptional
levels of il-1β, tnfα, and il-6 than the control group (P < 0.05). In conclusion,

Frontiers in Physiology | www.frontiersin.org 1 February 2021 | Volume 12 | Article 631850

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2021.631850
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2021.631850
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2021.631850&domain=pdf&date_stamp=2021-02-17
https://www.frontiersin.org/articles/10.3389/fphys.2021.631850/full
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-631850 February 11, 2021 Time: 18:6 # 2

Li et al. Linseed Oil in Larimichthys crocea

the substitution of 66.7% FO with LO had no significant effects on the growth
performance of fish, while 100% LO decreased the growth performance and increased
the inflammation and hepatic lipid content of fish. The increase of hepatic lipid content
was probably due to the increased fatty acid uptake and decreased fatty acid oxidation
in fish.

Keywords: linseed oil, growth, antioxidant capacity, lipid metabolism, inflammation, Larimichthys crocea

INTRODUCTION

Linseed oil (LO) is rich in α-linoleic acid (18:3n-3), which
is a vital fatty acid (FA) for fish to maintain good growth
performance and health status (Menoyo et al., 2007;
Wu and Chen, 2012). Furthermore, due to its relatively
economical price and high production, LO is considered
as a promising lipid source to replace fish oil (FO) in
aquafeed (Turchini et al., 2009). Previous investigations
have elucidated that LO can be effectively utilized by certain
freshwater fishes; dietary FO could be partially replaced
by LO in silver barb (Puntius gonionotus) (Nayak et al.,
2017) or even entirely replaced by LO in murray cod
(Maccullochella peelii peelii) (Turchini et al., 2011), rainbow
trout (Oncorhynchus mykiss) (Filiz et al., 2017), and tilapia
(Oreochromis niloticus) (Peng et al., 2016) without severely
compromising the growth performance and health status.
Nevertheless, when dietary FO was excessively replaced
by LO, fish growth and health were reduced, and hepatic
lipid deposition was increased in certain marine fishes,
such as the yellow drum (Nibea albiflora) (Qin et al., 2020),
turbot (Scophthalmus maximus) (Wang et al., 2016), and
gilthead seabream (Sparus aurata) (Menoyo et al., 2004;
Montero et al., 2008).

Lipid metabolism consists of lipid uptake, FA oxidation,
lipid synthesis, and triglyceride-rich lipoprotein secretion (Musso
et al., 2009). After the digestion and hydrolysis of dietary lipid, the
circulating lipoproteins and non-esterified FAs are absorbed into
hepatocytes through lipoprotein receptors, fatty acid transport
protein 1 (fatp1) and cluster of differentiation 36 (cd36) (Stahl,
2004; Musso et al., 2009). After absorption, cytoplasmic FAs
can be oxidized by carnitine palmitoyltransferase 1 (cpt-1) in
mitochondria, and acyl CoA oxidase (aco) in peroxisomes,
respectively (Ruyter et al., 1997; Mcgarry and Brown, 2010;
Li et al., 2018). Furthermore, the acetyl CoA, produced by
FA oxidation or other metabolic reactions, is an intermediate
of the de novo lipogenesis. Fatty acid synthase (fas) and
sterol-regulatory element-binding protein 1 (srebp1) represent
a key lipogenic enzyme and a key transcription factor in
lipid synthesis, respectively (Eberlé et al., 2004; Menendez and
Lupu, 2007). However, when lipids are excessively synthesized
in the cytoplasm, lipids can be excreted from the hepatocytes
in the form of triglyceride-rich lipoproteins that are mediated
by microsomal triacylglycerol transfer protein (mtp) and
apolipoprotein B100 (apoB100) (Olofsson and BorÈN, 2005;
Hussain et al., 2012). Thus, lipid metabolism is a useful
approach to evaluate the utilization of vegetable oils in fish
(Yan et al., 2015).

An imbalance in lipid accumulation (lipoprotein and FA
uptake as well as lipid synthesis) and lipid consumption (FA
oxidation and very-low-density lipoprotein secretion) can induce
abnormal lipid deposition, which is always accompanied by
inflammation in fish (Tan et al., 2017). Interleukin-1β (il-1β),
interferon γ (ifnγ), cyclooxygenase-2 (cox-2), tumor necrosis
factor α (tnfα), and interleukin-6 (il-6) are significant pro-
inflammatory and chemotactic cytokines in fish (Pohlenz and
Gatlin, 2014; Zou and Secombes, 2016). Meanwhile, interleukin-
4 (il-4), interleukin-10 (il-10), and transforming growth factor
β (tgf β) are deemed to be anti-inflammatory cytokines, and
arginase-1 (arg-1) is deemed to be an anti-inflammatory
enzyme. Those anti-inflammatory factors can be regulated
by FAs to limit the over-activation of immune regulatory
pathways (Kühn et al., 1993; Berg et al., 1995). Furthermore,
the aforementioned lipid metabolism-related proteins and
inflammatory factors can partly reflect the physiological state
of fish (Montero et al., 2008; Xu et al., 2015). Nevertheless,
few studies have systematically evaluated the lipid metabolism
and the inflammation of fish that were fed diets with
different LO levels.

Large yellow croaker (Larimichthys crocea) is a widely
cultivated marine fish in China (Xiao et al., 2015; Chen
et al., 2018; Huang et al., 2020). The appropriate use of
LO in aquafeed can yield considerable benefits in terms of
fish health, growth, and the economy (Wabike et al., 2020).
Although a previous study has shown that passive effects were
found in large yellow croaker when FO was entirely replaced
by LO (Mu et al., 2020), the specific growth performance,
lipid metabolism and inflammation in this fish fed diets with
different LO levels still needs to be assessed to determine
an appropriate substitution level of FO in the diet. Thus,
the aim of this study was to evaluate the effects of dietary
LO on the growth performance, antioxidant capacity, hepatic
lipid metabolism, and inflammation in this fish for the further
utilization of LO in aquafeed.

MATERIALS AND METHODS

Diet Formulation
Four isonitrogenous (approximately 42% protein) and isolipidic
(approximately 12% lipid) experimental diets were formulated
to contain graded levels (0%, 33.3%, 66.7%, and 100%) of
FO replaced by LO, and the FO group was regarded as the
control (Table 1). Raw materials were pulverized into a fine
powder and thoroughly mixed with water and oils to make
diets (2.0 × 5.0 mm). Specific procedures of making diets and
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TABLE 1 | Formulation and chemical proximate analysis of the experimental diets
(% dry weight).

Ingredients Fish oil replacement level/%

0% 33.3% 66.7% 100%

White fish meala 35 35 35 35

Soybean meala 28 28 28 28

Wheat meala 23.8 23.8 23.8 23.8

Fish oil 7.5 5.0 2.5 0

Linseed oil 0 2.5 5.0 7.5

Soybean lecithin 1.5 1.5 1.5 1.5

Vitamin premixb 2 2 2 2

Mineral premixb 2 2 2 2

Attractant mixturec 0.1 0.1 0.1 0.1

Mold inhibitord 0.1 0.1 0.1 0.1

Total 100 100 100 100

Proximate analysis

Crude protein (%) 41.93 42.20 41.95 42.42

Crude lipid (%) 12.43 12.68 12.23 12.14

Gross energy (GE, MJ/Kg) 20.08 20.32 20.41 20.51

Protein/energy ratio (P/E ratio, g/MJ) 20.88 20.77 20.55 20.68

aThe composition of ingredients were determined by Li X. S. et al. (2019).
bThe mixture of mineral mixture and vitamin mixture according to Yan et al. (2015).
cAttractant: the mixture of 50% glycine acid and 50% betaine by weight.
dMold inhibitor: the mixture of 50% calcium propionic acid and 50% fumaric acid
by weight.

storing them were applied according to Ai et al. (2006). Four
experimental diets were similar in quality and sinking properties,
and FA composition of oils and diets was determined in this
study (Table 2).

Proximate Composition and FA
Composition Determination
The crude protein, lipid, ash, and moisture of experimental diets
and fish were determined according to the Association of Official
Analytical Chemists (AOAC, 1995). Fish tissue was lyophilized to
determine the moisture content, and the freeze-dried tissue was
used to analyze the lipid content according to Folch et al. (1957).
The gross energy content of experimental diets was analyzed
by combustion in an oxygen bomb calorimeter PARR6400
(Parr Instrument Company, United States). Moreover, the
FA composition of muscle and liver samples was analyzed
according to Metcalfe et al. (1966) with a few modifications
(Zuo et al., 2012). Specific procedures for determining FA
composition were conducted according to Li X. S. et al. (2019)
and Feng et al. (2017). The extracted FA methyl esters were
detected by a gas chromatograph HP6890 (Agilent, Santa Clara,
CA, United States).

Experimental Procedures
L. crocea of the same batch were supplied by a local farm
in Ningde, Fujian, China. Fish were cultured in floating cages
(2 × 4 × 2.5 m) and adapted to the FO diet for 14 days. After
the adaptation period, juveniles (initial weight: 15.88 ± 0.14 g)
were randomly apportioned to 12 floating cages (1 × 1 × 2 m)

with 60 juveniles in each cage. Each experimental diet was
randomly allocated to three experimental cages. Juveniles were
well fed twice daily (5:30 a.m. and 5:00 p.m.) to apparent visual
satiation (when fish were not actively eating) for 10 weeks. This
study was approved by the Institutional Animal Care and Use
Committee of the Ocean University of China. The protocols for
animal care and handling were strictly conducted according to
Standard Operation Procedures (approval number: 20001001) of
the Institutional Animal Care and Use Committee of the Ocean
University of China.

Sample Collection
At the end of the experiment, juveniles fasted for an entire
day and were anesthetized with eugenol (Sigma-Aldrich,
United States, 1:10,000) before sample collection (Mai et al.,
2006). Subsequently, final fish numbers and total fish weight
per cage were determined to calculate survival rate and growth
performance. Four fish per cage were randomly collected for
proximate composition analysis. The weight of the liver and
visceral mass and the length of seven fish per cage were recorded
to analyze morphological parameters. After then, the liver and
muscle samples of the aforementioned seven fish were sampled
to determine the proximate composition, FA composition,
enzyme activity, and transcriptional level of genes. Blood was
collected and placed at 4◦C overnight to collect the serum after
centrifugation (4◦C, 4,000 × g for 10 min), and the serum was
kept at−80◦C until analysis.

Biochemical Analysis
Total triglyceride (TG), total cholesterol (TC), high-
density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), activities of serum aspartate
aminotransferase (AST), and alanine transaminase (ALT)
were determined by an automatic chemistry analyzer
(BS200, Mindray, China) using diagnostic reagent kits
(Mindray Bio Medical Co., Ltd., China). The concentration
of malondialdehyde (MDA), total antioxidant capacity (T-AOC),
and activities of catalase (CAT) and superoxide dismutase
(SOD) in the liver were detected using commercial reagent
kits provided by Nanjing Jiancheng Bioengineering Institute
(Nanjing, China).

Real-Time Quantitative Polymerase
Chain Reaction (RT-qPCR)
Three fish livers from the same cage were mixed into a
tube, and the mixed samples were pulverized into powder in
liquid nitrogen. RNA was isolated from 18 fish samples per
group using TRIzol reagent (Takara, Japan) according to the
manufacturer’s instructions. The DNA contaminant in isolated
RNA was removed, and cDNA was synthesized with 1,000 ng
of the isolated RNA using the PrimeScriptTM RT reagent Kit
(Takara, Japan). The primer sequences were designed based on
the nucleotide sequences of L. crocea (Table 3), where β-actin
and glyceraldehyde 3-phosphate dehydrogenase (gapdh) were
considered as house-keeping genes (Zheng et al., 2016). The
volume of reaction system and the RT-qPCR program were
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TABLE 2 | Fatty acid composition of linseed oil and the experimental diets (% total fatty acids)i.

Fatty acid (% total fatty acids) Fish oilh Linseed oilh Linseed oil replacement level/%

0% 33.3% 66.7% 100%

14:0 8.77 0.07 6.58 4.43 2.65 0.66

16:0 19.15 5.39 22.62 18.58 15.06 11.10

18:0 4.26 3.76 5.41 5.50 5.39 5.17

20:0 1.18 0.17 1.38 1.24 1.05 0.99

6SFAa 33.36 9.39 35.97 29.92 24.69 18.53

16:1n-7 11.85 0.10 8.81 6.21 3.70 1.22

18:1n-9 9.75 20.45 13.81 15.46 18.04 19.94

6MUFAb 21.60 20.55 22.63 21.67 21.74 21.17

18:2n-6 (LNAc) 1.54 15.52 10.76 13.32 16.44 18.76

20:4n-6 1.30 0.00 1.06 0.85 0.54 0.34

6n-6PUFAd 2.84 15.52 11.82 14.17 16.97 19.10

18:3n-3 (ALAe) 0.76 53.02 1.43 10.89 20.88 30.23

20:5n-3 12.34 0.00 7.07 5.21 3.04 1.11

22:6n-3 7.30 0.00 5.15 4.15 2.71 1.70

6n-3PUFAf 20.41 53.02 13.65 20.24 26.64 33.03

ALA/LNA 0.49 3.42 0.13 0.82 1.27 1.61

n-3/n-6PUFA 7.18 3.42 1.15 1.43 1.57 1.73

6n-3LC-PUFAg 19.64 0.00 12.22 9.35 5.75 2.80

aSFA, saturated fatty acids.
bMUFA, mono-unsaturated fatty acids.
cLNA, Linoleic acid.
dn-6 PUFA, n-6 poly-unsaturated fatty acids.
eALA, α-linolenic acid.
f n-3 PUFA, n-3 poly-unsaturated fatty acids.
gLC-PUFA, long chain-polyunsaturated fatty acids.
hFatty acid composition of fish oil and linseed oil is according to Li Y. N. et al. (2019) supplemental data.
iSome fatty acids, of which the percentages are minor, trace amount or not detected, such as 20:0, 22:0, 24:0, 14:1, 20:1n-9, 22:1n-11, 20:2n-6, 18:3n-6, 20:3n-6,
18:4n-3, and 22:5n-3, are not listed in the table.

TABLE 3 | Sequences of the PCR primers used in this study.

Target gene Forward primers (5’–3’) Reverse primers (5’–3’) Accession number

aco AGTGCCCAGATGATCTTGAAGC CTGCCAGAGGTAACCATTTCCT JX456348

apoB100 AGAGTGTTGTCCAGGATAAAGATGC CAGGGCTCAGGGTCTCAGTC KM593126

arg1 AACCACCCGCAGGATTACG AAACTCACTGGCATCACCTCA XM019269015

β-actin GACCTGACAGACTACCTCATG AGTTGAAGGTGGTCTCGTGGA GU584189

cd36 GAGCATGATGGAAAATGGTTCAAAG CTCCAGAAACTCCCTTTCACCTTAG KM593122

cox-2 CTGGAAAGGCAACACAAGC CGGTGAGAGTCAGGGACAT KP259877

cpt-1 GCTGAGCCTGGTGAAGATGTTC TCCATTTGGTTGAATTGTTTACTGTCC JX434612

fas CAGCCACAGTGAGGTCATCC TGAGGACATTGAGCCAGACAC JX456351

fatp1 CAACCAGCAGGACCCATTACG CATCCATCACCAGCACATCACC KM593124

gapdh GACAACGAGTTCGGATACAGC CAGTTGATTGGCTTGTTTGG XM010743420

ifnγ TCAGACCTCCGCACCATCA GCAACCATTGTAACGCCACTTA KM501500

il-1β CATAGGGATGGGGACAACGA AGGGGACGGACACAAGGGTA KJ459927

il-4 AGTTCTTCTGTCGCGCTGAG GCTATGTATGTGCGGTTGCTG KU885453

il-10 AGTCGGTTACTTTCTGTGGTG TGTATGACGCAATATGGTCTG XM010738826

il-6 CGACACACCCACTATTTACAAC TCCCATTTTCTGAACTGCCTCT KU140675

mtp ATGTCCAAAATGTTCTCCATGTCTG ATGTCAATAGCCAACCCTCCTTG KP027412

srebp1 TCTCCTTGCAGTCTGAGCCAAC TCAGCCCTTGGATATGAGCCT KP342262

tgfβ AGCAACCACCGTACATCCTG AGGTATCCCGTTGGCTTGTG XM027280465

tnfα ACACCTCTCAGCCACAGGAT CCGTGTCCCACTCCATAGTT EF165623

aco, acyl-CoA oxidase; apoB100, apolipoprotein B100; arg-1, arginase-1; cd36, cluster of differentiation 36; cox-2, cyclooxygenase-2; cpt-1, carnitine
palmitoyltransferase 1; fas, fatty acid synthase; fatp1, fatty acid transport protein 1; gapdh, glyceraldehyde-3-phosphate dehydrogenase; hl, hepatic lipase; ifnγ,
interferon γ; il-1β, interleukin-1β; il-4, interleukin-4; il-10, interleukin-10; il-6, interleukin-6; mtp, microsomal triacylglycerol transfer protein; srebp1, sterol-regulatory
element-binding protein 1; tgfβ, transforming growth factor β; tnfα, tumor necrosis factor α.

Frontiers in Physiology | www.frontiersin.org 4 February 2021 | Volume 12 | Article 631850

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-631850 February 11, 2021 Time: 18:6 # 5

Li et al. Linseed Oil in Larimichthys crocea

performed according to Zuo et al. (2012) and Li X. S. et al. (2019).
Transcriptional level of genes was analyzed using the 2−1 1 Ct

method (Livak and Schmittgen, 2001).

Western Blot
Total protein of hepatic samples was extracted by RIPA reagent
(Beyotime Biotechnology, China) according to the methods
described by Xu et al. (2016). Protein concentration was
quantified by a BCA Protein Assay Kit (Solarbio, China). The
specific procedures of western blot were conducted according
to Li X. S. et al. (2019). The GAPDH was used as the
reference (Cui et al., 2020). Antibody against MTP (ab186446)
was purchased from Abcam (England). Antibody against CPT-1
(#15184-1-AP) was purchased from Proteintech (United States).
Antibody against CD36 was made by Genscript (China) via
immunizing two adult New Zealand rabbits with antigen
polypeptide (sequence: KGPYTYRTRYLPKEC) dissolved with
complete Freund’s adjuvant. The validation of CD36 antibody
was confirmed according to the methods described by Uhlen et al.
(2016). Antibody against GAPDH (#TA-08) was purchased from
Golden Bridge Biotechnology (China), and HRP-conjugated
secondary antibody (#A0208) was purchased from Beyotime
Biotechnology (China).

Calculations and Statistical Methods
The following parameters were calculated:

Survival rate (SR%) =
NF

NI
× 100

Specific growth rate(
SGR, %/d

)
=

(LnWF − LnWI)

t
× 100

Feed intake
(
FI, %/d

)
=

FC(
WF+WI

2

)
× t
× 100

Feed efficiency ratio (FER) =
WG

FC

Hepatosomatic index (HSI%) =
WL

WF
× 100

Viscerosomatic index (VSI%) =
WV

WF
× 100

Condition factor (CF%) =
WF

L3
F
× 100

TABLE 4 | Growth, survival, and morphological parameters of large yellow croaker fed diets with different levels of linseed oil (Means ± S.E.M)a.

Index 0% 33.3% 66.7% 100%

Initial body weight (IBW, g) 15.89 ± 0.08 15.87 ± 0.32 15.87 ± 0.42 15.91 ± 0.41

Final body weight (FBW, g) 37.67 ± 1.07a 36.71 ± 0.18a 35.92 ± 0.93a 32.03 ± 0.51b

Specific growth rate (SGR,%/d) 1.23 ± 0.05a 1.20 ± 0.04ab 1.17 ± 0.06ab 1.00 ± 0.04b

Survival rate (SR,%) 91.67 ± 1.67 88.33 ± 2.55 86.11 ± 1.47 84.44 ± 1.11

Feed Intake (FI,%/d) 2.11 ± 0.08 2.29 ± 0.11 1.96 ± 0.08 2.22 ± 0.01

Feed efficiency ratio (FER) 0.55 ± 0.02a 0.50 ± 0.03ab 0.56 ± 0.01a 0.43 ± 0.02b

Viscera-somatic index (VSI,%) 7.12 ± 0.26 6.71 ± 0.33 6.79 ± 0.33 7.00 ± 0.37

Hepato-somatic index (HSI,%) 1.96 ± 0.15 1.93 ± 0.10 2.07 ± 0.11 2.19 ± 0.13

Condition Factor (CF,%) 0.99 ± 0.03 1.00 ± 0.02 1.06 ± 0.04 1.00 ± 0.02

aData are presented as means ± S.E.M. Means in each row sharing the same superscript letter or absence of superscripts are not significantly different determined by
Tukey’s test (P > 0.05). S.E.M., standard error of means.

TABLE 5 | Body composition analysis of large yellow croaker fed diets with different levels of linseed oil (Means ± S.E.M)a.

Index (wet weight,%) 0% 33.3% 66.7% 100%

Whole body (%)

Moisture 72.26 ± 0.73 72.32 ± 0.29 72.95 ± 1.08 72.14 ± 0.60

Lipid 7.63 ± 0.22 7.39 ± 0.18 7.22 ± 0.10 7.61 ± 0.18

Protein 15.48 ± 0.36 16.20 ± 0.41 15.94 ± 0.28 16.45 ± 0.32

Ash 3.89 ± 0.14 3.91 ± 0.23 4.19 ± 0.17 3.87 ± 0.16

Liver (%)

Moisture 59.10 ± 0.72 61.85 ± 0.68 64.53 ± 4.08 57.87 ± 1.25

Lipid 22.79 ± 1.28b 26.20 ± 1.08b 27.55 ± 1.43ab 32.07 ± 1.84a

Muscle (%)

Moisture 73.82 ± 0.61 72.43 ± 0.96 73.22 ± 1.77 76.06 ± 0.63

Lipid 7.54 ± 0.53 8.05 ± 0.60 8.44 ± 0.46 9.29 ± 0.45

aData are presented as means ± S.E.M. Means in each row sharing the same superscript letter or absence of superscripts are not significantly different determined by
Tukey’s test (P > 0.05). S.E.M., standard error of means.
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TABLE 6 | Fatty acid composition (% total fatty acids) in the liver of large yellow croaker fed diets with different levels of linseed oil (Means ± S.E.M)f.

Fatty acid (% total fatty acids) 0% 33.3% 66.7% 100%

14:0 4.29 ± 0.36a 3.86 ± 0.33ab 2.90 ± 0.23b 1.33 ± 0.13c

16:0 22.28 ± 0.38a 20.49 ± 0.56a 17.55 ± 0.66b 13.96 ± 0.78c

18:0 7.14 ± 0.82 6.66 ± 0.08 6.16 ± 0.52 5.91 ± 0.52

20:0 1.62 ± 0.20 1.52 ± 0.12 1.56 ± 0.06 1.32 ± 0.14

6SFAa 35.32 ± 0.88a 32.52 ± 0.73a 28.17 ± 0.60b 22.51 ± 1.29c

16:1n-7 13.26 ± 0.43a 9.99 ± 0.46b 7.76 ± 1.16bc 4.76 ± 0.45c

18:1n-9 22.34 ± 1.56b 25.31 ± 1.26ab 27.62 ± 1.31ab 29.06 ± 1.37a

6MUFAb 35.60 ± 1.21 35.30 ± 1.31 35.38 ± 2.38 33.82 ± 1.81

18:2n-6 7.81 ± 0.73b 10.08 ± 1.52ab 12.89 ± 0.55a 14.00 ± 1.23a

20:4n-6 0.46 ± 0.01a 0.31 ± 0.10ab 0.13 ± 0.02b 0.13 ± 0.00b

6n-6PUFAc 8.27 ± 0.72b 10.38 ± 1.61ab 13.02 ± 0.57ab 14.13 ± 1.23a

18:3n-3 1.42 ± 0.20d 7.14 ± 0.42c 14.77 ± 0.48b 20.48 ± 1.29a

20:5n-3(EPA) 3.80 ± 0.29a 1.96 ± 0.17b 1.04 ± 0.25bc 0.33 ± 0.06c

22:6n-3(DHA) 2.29 ± 0.35a 1.35 ± 0.11b 0.71 ± 0.11bc 0.39 ± 0.02c

6n-3PUFAd 7.52 ± 0.41c 10.45 ± 0.26c 16.52 ± 0.67b 21.20 ± 1.31a

n-3/n-6PUFA 0.92 ± 0.09 1.06 ± 0.16 1.28 ± 0.09 1.54 ± 0.21

6n-3LC-PUFAe 6.09 ± 0.42a 3.31 ± 0.17b 1.75 ± 0.20c 0.73 ± 0.04c

aSFA, saturated fatty acids.
bMUFA, mono-unsaturated fatty acids.
cn-6 PUFA, n-6 poly-unsaturated fatty acids.
dn-3 PUFA, n-3 poly-unsaturated fatty acids.
eLC-PUFA, long chain-polyunsaturated fatty acids.
f Some fatty acids, of which the percentages are minor, trace amount or not detected, such as 20:0, 22:0, 24:0, 14:1, 20:1n-9, 22:1n-11, 20:2n-6, 18:3n-6, 20:3n-6,
18:4n-3 and 22:5n-3, are not listed in the table. Data are presented as means ± S.E.M. Means in each row sharing the same superscript letter or absence of superscripts
are not significantly different determined by Tukey’s test (P > 0.05). S.E.M., standard error of means.

TABLE 7 | Fatty acid composition (% total fatty acids) in the muscle of large yellow croaker fed diets with different levels of linseed oil (Means ± S.E.M)f.

Fatty acid (% total fatty acids) 0% 33.3% 66.7% 100%

14:0 4.52 ± 0.12a 3.80 ± 0.04b 2.52 ± 0.10c 1.54 ± 0.18d

16:0 21.40 ± 0.34a 19.39 ± 0.57b 17.26 ± 0.33c 15.28 ± 0.18d

18:0 4.73 ± 0.21 4.69 ± 0.17 4.42 ± 0.20 4.06 ± 0.30

20:0 1.49 ± 0.04a 1.49 ± 0.04a 1.38 ± 0.08ab 1.16 ± 0.06b

6SFAa 32.13 ± 0.59a 29.37 ± 0.68b 25.58 ± 0.17c 22.04 ± 0.46d

16:1n-7 9.10 ± 0.35a 7.16 ± 0.22b 5.26 ± 0.04c 3.20 ± 0.18d

18:1n-9 15.26 ± 0.22b 16.72 ± 0.35ab 18.12 ± 1.04a 19.40 ± 0.49a

6MUFAb 24.36 ± 0.21 23.89 ± 0.36 23.38 ± 1.02 22.59 ± 0.46

18:2n-6 9.68 ± 0.28c 11.51 ± 0.31bc 13.68 ± 0.88ab 15.08 ± 0.22a

20:4n-6 0.94 ± 0.05a 0.83 ± 0.04a 0.58 ± 0.05b 0.58 ± 0.07b

6n-6PUFAc 10.63 ± 0.33c 12.34 ± 0.32bc 14.26 ± 0.84ab 15.66 ± 0.28a

18:3n-3 1.45 ± 0.02d 9.13 ± 0.28c 17.34 ± 0.66b 25.80 ± 0.30a

20:5n-3(EPA) 6.62 ± 0.33a 5.28 ± 0.33b 3.34 ± 0.27c 1.54 ± 0.21d

22:6n-3(DHA) 5.66 ± 0.38a 4.52 ± 0.28a 3.07 ± 0.21b 2.01 ± 0.27b

6n-3PUFAd 13.73 ± 0.69d 18.94 ± 0.52c 23.75 ± 0.64b 29.34 ± 0.39a

n-3/n-6PUFA 1.30 ± 0.09b 1.54 ± 0.06ab 1.68 ± 0.14ab 1.88 ± 0.06a

6n-3LC-PUFAe 12.27 ± 0.68a 9.81 ± 0.43b 6.41 ± 0.34c 3.55 ± 0.10d

aSFA, saturated fatty acids.
bMUFA, mono-unsaturated fatty acids.
cn-6 PUFA, n-6 poly-unsaturated fatty acids.
dn-3 PUFA, n-3 poly-unsaturated fatty acids.
eLC-PUFA, long chain-polyunsaturated fatty acids.
f Some fatty acids, of which the percentages are minor, trace amount or not detected, such as 20:0, 22:0, 24:0, 14:1, 20:1n-9, 22:1n-11, 20:2n-6, 18:3n-6, 20:3n-6,
18:4n-3, and 22:5n-3, are not listed in the table. Data are presented as means ± S.E.M. Means in each row sharing the same superscript letter or absence of superscripts
are not significantly different determined by Tukey’s test (P > 0.05). S.E.M., standard error of means.
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TABLE 8 | Serum biochemical indexes and enzyme activities of large yellow croaker fed diets with different levels of linseed oil (Means ± S.E.M.)g.

Plasma biochemical indexes 0% 33.3% 66.7% 100%

TCa (mmol/L) 2.67 ± 0.18b 2.86 ± 0.24ab 2.70 ± 0.13b 3.55 ± 0.23a

TGb (mmol/L) 3.18 ± 0.22b 3.69 ± 0.43b 4.43 ± 0.30ab 5.26 ± 0.29a

HDL-Cc (mmol/L) 0.79 ± 0.03 0.77 ± 0.07 0.67 ± 0.05 0.59 ± 0.06

LDL-Cd (mmol/L) 0.75 ± 0.05b 0.82 ± 0.11b 0.83 ± 0.03b 1.15 ± 0.09a

ALTe (U/L) 55.68 ± 3.13b 59.02 ± 3.74ab 62.99 ± 3.40ab 70.06 ± 2.66a

ASTf (U/L) 5.58 ± 0.48 5.95 ± 0.38 6.69 ± 0.38 7.17 ± 0.50

aTC, Total cholesterol.
bTG, Total triglyceride.
cHDL-C, High-density lipoprotein cholesterol.
dLDL-C, Low-density lipoprotein cholesterol.
eALT, Alanine transaminase.
f AST, Aspartate aminotransferase.
gData are presented as means ± S.E.M. Means in each row sharing the same superscript letter or absence of superscripts are not significantly different determined by
Tukey’s test (P > 0.05). S.E.M., standard error of means.

FIGURE 1 | Concentration of (A) malondialdehyde (MDA) and activities of (B) superoxide dismutase (SOD), (C) total antioxidant capacity (T-AOC), and (D) catalase
(CAT) in the liver of large yellow croaker. 0%: control diet with 0% fish oil replaced by linseed oil; 33.3%: diet with 33.3% fish oil replaced by linseed oil; 66.7%: diet
with 66.7% fish oil replaced by linseed oil; 100%: diet with fish oil totally replaced by linseed oil; Data are presented as means ± S.E.M. Columns sharing the same
superscript letter or absence of superscripts are not significantly different determined by Tukey’s test (P > 0.05). S.E.M., standard error of means.
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where NI and NF represent the initial and final fish number,
respectively; WI and WF represent the initial and final fish body
weight, respectively; t represents the duration of experimental
days; FC represents the dry feed consumption in g; WG represents
the wet weight gain in g; WL represents the hepatic wet weight;
WV represents the visceral wet weight; and LF represents the
fish body length.

Statistical analyses were processed by one-way analysis of
variance (ANOVA) and then carried out Tukey’s test using SPSS
21.0 (IBM, United States) (He et al., 2019; Li S. L. et al., 2019). The
column charts were made using GraphPad Prism 5 (GraphPad
Software, Inc., La Jolla, CA, United States). The significance of
statistics was judged by P < 0.05, and the results were represented
as means± S.E.M (standard error of the mean).

RESULTS

Survival, Growth, and Morphological
Parameters
Dietary LO levels had no remarkable difference in the SR of
fish among the four treatments (P > 0.05). Compared with the
control group, fish fed the diet with 100% LO showed markedly
lower SGR and FER (P < 0.05). However, no remarkable
differences were observed in the SGR and FER of fish fed
diets within 66.7% LO (P > 0.05). Furthermore, there were no
remarkable differences in the FI, VSI, HSI, or CF of fish among
the four treatments (P > 0.05) (Table 4).

Body Composition Analysis
When dietary FO was entirely replaced by LO, fish had markedly
higher hepatic lipid content than the control group (P < 0.05).
However, there were no remarkable differences in the lipid or
moisture contents of the muscle as well as the moisture, lipid,
protein, or ash contents of the whole body among the four
treatments (P > 0.05) (Table 5).

FA Composition in the Liver and Muscle
The percentage of 18:3n-3 (α-linolenic acid, ALA) was the highest
in the liver and muscle of fish fed the diet with 100% LO among
the four treatments (Tables 6, 7). However, when dietary FO was
entirely replaced by LO, the hepatic percentage of ALA was lower
than the hepatic percentage of 18:1n-9 (oleic acid, OA) in fish
(Table 6). Moreover, percentages of OA and 18:2n-6 (linoleic
acid, LNA) were significantly increased, while percentages of
14:0, 16:0, 16:1n-7, 20:4n-6 (arachidonic acid, ARA), 20:5n-3
(eicosapentaenoic acid, EPA), and 22:6n-3 (docosahexenoic acid,
DHA) were significantly decreased in the liver and muscle of
fish fed the diet with 100% LO compared with the control group
(P < 0.05) (Tables 6, 7).

Serum Biochemical Parameters
The activity of ALT and contents of TC, TG, and LDL-C were
markedly higher in fish fed the diet with 100% LO than the
control group (P < 0.05). However, compared with the control
group, the activity of serum ALT and contents of TC, TG, and

FIGURE 2 | Expression of genes related to lipid metabolism in the liver of
large yellow croaker. (A) srebp1, sterol-regulatory element-binding protein 1;
fas, fatty acid synthase; cpt-1, carnitine palmitoyltransferase 1; aco, acyl-CoA
oxidase; (B) mtp, microsomal triglyceride transfer protein; apoB100,
apolipoprotein B100; fatp1, fatty acid transport protein 1; cd36, cluster of
differentiation 36; 0%: control diet with 0% fish oil replaced by linseed oil;
33.3%: diet with 33.3% fish oil replaced by linseed oil; 66.7%: diet with 66.7%
fish oil replaced by linseed oil; 100%: diet with fish oil totally replaced by
linseed oil; Data are presented as means ± S.E.M. Columns sharing the same
superscript letter or absence of superscripts are not significantly different
determined by Tukey’s test (P > 0.05). S.E.M., standard error of means.

LDL-C showed no remarkable difference in fish fed diets within
66.7% LO (P > 0.05). No remarkable differences were observed
in the content of HDL-C or the activity of AST of fish among the
four treatments (P > 0.05) (Table 8).

Antioxidant Capacity
When dietary FO was entirely replaced by LO, fish had the lower
activity of CAT and the higher concentration of MDA in the
liver than the control group (P < 0.05) (Figures 1A,D). However,
no remarkable differences were observed in the activity of CAT
and the concentration of MDA in fish fed diets within 66.7% LO
(P > 0.05). Furthermore, there were no remarkable differences
observed in activities of SOD or T-AOC of fish among the four
treatments (P > 0.05) (Figures 1B,C).
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FIGURE 3 | Expression of MTP, CD36, and CPT-1 proteins in the liver of large yellow croaker. MTP, microsomal triglyceride transfer protein; CPT-1, carnitine
palmitoyltransferase 1; CD36, cluster of differentiation 36; GAPDH: glyceraldehyde-3-phosphate dehydrogenase. Data are expressed as A.U. of the western blot
and are depicted as a ratio of MTP to GAPDH, CPT-1 to GAPDH, and CD36 to GAPDH. 0%: control diet with 0% fish oil replaced by linseed oil; 33.3%: diet with
33.3% fish oil replaced by linseed oil; 66.7%: diet with 66.7% fish oil replaced by linseed oil; 100%: diet with fish oil totally replaced by linseed oil; Data are presented
as means ± S.E.M. Columns sharing the same superscript letter or absence of superscripts are not significantly different determined by Tukey’s test (P > 0.05).
S.E.M., standard error of means.

Expression of Lipid Metabolism-Related
Genes
When dietary FO was entirely replaced by LO, fish had
higher transcriptional levels of fatp1 and cd36 and a lower
transcriptional level of cpt-1 than the control group (P < 0.05).
There were no remarkable differences in transcriptional levels
of srebp1, fas, aco, mtp, or apoB100 of fish among the four
treatments (P > 0.05) (Figure 2).

Expression of MTP, CPT-1 and CD36
Proteins
When dietary FO was entirely replaced by LO, fish had the
higher expression of CD36 protein and lower expression of CPT-
1 protein than the control group (P < 0.05). There was no
remarkable difference in the expression of CPT-1 and CD36
proteins in fish fed diets within 66.7% LO (P > 0.05). No
remarkable difference was observed in the expression of MTP
protein of fish among the four treatments (P > 0.05) (Figure 3).

Expression of Pro-inflammatory and
Anti-inflammatory Genes
When dietary FO was entirely replaced by LO, fish had higher
transcriptional levels of pro-inflammatory genes (il-6, il-1β, and
tnf α) and lower transcriptional levels of anti-inflammatory genes
(arg1 and tgfα) than the control group (P < 0.05). Compared with
the control group, transcriptional levels of il-6, il-1β, tnfα, arg1,
and tgfβ showed no remarkable difference in fish fed diets within
66.7% LO (P > 0.05). No remarkable differences were found at
the transcriptional levels of ifnγ, cox-2, il-10, or il-4 of fish among
the four treatments (P > 0.05) (Figures 4A,B).

DISCUSSION

In this study, the growth performance was compromised in
L. crocea fed the diet with 100% LO, which was consistent with
results found in turbot (Wang et al., 2016) and gilthead seabream
(Montero et al., 2008). The decreased growth performance of
L. crocea was probably due to the increase of ALA/LNA ratio
and the decrease of n-3 LC-PUFA content with the increasing
inclusion of LO. Evidence in the literature has shown that an
appropriate ratio of ALA/LNA in diets can increase the growth
performance of yellow catfish (Pelteobagrus fulvidraco) (Tan
et al., 2009) and Atlantic salmon (Salmo salar). However, a
high ratio of ALA/LNA in diets showed passive effects on the
growth performance of tilapia (Li et al., 2016) and grass carp
(Ctenopharyngodon idellus) (Zeng et al., 2016). In this study, the
ratio of ALA/LNA was increased by 12.38 times in the 100% LO
diet compared with that in the FO diet. In addition, n-3 LC-
PUFA was deemed to be essential for marine fish, Zuo et al. (2012)
have reported that the requirement of n-3 LC-PUFA for L. crocea
is about 0.60–0.98% to maintain good growth performance and
non-specific immunity. In this study, the content of n-3 LC-
PUFA was approximately 0.34% in the 100% LO diet, which did
not meet the requirement of n-3 LC-PUFA for L. crocea.

Besides the growth performance, the physiological state of fish
has also become a research hotspot for nutritionists to evaluate
lipid sources. Serum biochemical indices were useful terms to
evaluate the physiological state of fish (Shi Y. et al., 2019). In
this study, contents of serum TC, TG, and LDL-C were increased
in fish when dietary FO was entirely replaced by LO. Similarly,
the hyperlipidemic effect caused by dietary LO was also observed
in black seabream (Acanthopagrus schlegelii) (Jin et al., 2017),
and Manchurian trout (Brachymystax lenok) (Yu et al., 2019).
Additionally, OA and LNA could increase serum lipid content,
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FIGURE 4 | Expression of genes related to inflammation in the liver of large
yellow croaker. (A) arg-1, arginase-1; il-10, interleukin-10; tgfβ, transforming
growth factor β; il-4, interleukin-4; (B) il-6, interleukin-6; il-1β, interleukin-1β;
cox-2, cyclooxygenase-2; ifnγ, interferon γ; tnfα, tumor necrosis factor α; 0%:
control diet with 0% fish oil replaced by linseed oil; 33.3%: diet with 33.3%
fish oil replaced by linseed oil; 66.7%: diet with 66.7% fish oil replaced by
linseed oil; 100%: diet with fish oil totally replaced by linseed oil; Data are
presented as means ± S.E.M. Columns sharing the same superscript letter or
absence of superscripts are not significantly different determined by Tukey’s
test (P > 0.05). S.E.M., standard error of means.

while n-3 LC-PUFA could reduce serum lipid content (Vegusdal
et al., 2005; Hu et al., 2011; Shearer et al., 2012). In this study, an
increase in the percentages of OA and LNA and a decrease in the
percentage of n-3 LC-PUFA were found in diets with increasing
LO levels. Therefore, the hyperlipemia of fish could be due to
the imbalance of FAs in the 100% LO diet. However, different
results were also observed that dietary LO decreased contents
of serum TC and TG in yellow drum (Qin et al., 2020), hybrid
sturgeon (Acipenser baeri Brandt♀ × A. schrenckii Brandt♂)
(Liu et al., 2018), and largemouth bass (Micropterus salmoides)
(Shi C. M. et al., 2019). Those different results might be related
to the culture condition, feed ingredients or species differences in
experiments. However, the specific reason remains to be further
explored in the future. Since the liver is the central organ for lipid
metabolism, liver damage is usually accompanied by increased
ALT and AST activity in the serum (Giannini et al., 1999). When
dietary FO was entirely replaced by LO, L. crocea had the higher
activity of ALT in the serum than the control group. Similar
results were found in turbot (Wang et al., 2016), and black

seabream (Jin et al., 2017). In this study, the increased activity
of ALT in the serum indicated that a high level of LO might cause
some damage in the liver of fish.

Antioxidant capacity was also an important term in evaluating
the physiological state of fish. CAT was a type II detoxifying
enzyme that played a vital role in scavenging toxic intermediates
(Samanta et al., 2014), while MDA was commonly used as
an index to evaluate lipid peroxidation, which could indirectly
reflect the degree of cell impairment (Mendes et al., 2009).
The current study reported that L. crocea fed the diet with
100% LO had lower CAT activity and a higher concentration
of MDA than the control group. Similar effects were found in
Japanese seabass (Lateolabrax japonicus) (Tan et al., 2017) and
hybrid grouper (Epinephelus fuscoguttatus ♀ × E. lanceolatus
♂) (An et al., 2020). ALA has been confirmed to increase
mitochondrial DNA methylation in the liver, which can induce
oxidative stress in fish (Liao et al., 2015). Meanwhile, EPA
and DHA have been confirmed to relieve oxidative stress-
related mitochondrial dysfunction and can improve activities
of type II detoxifying enzymes (Oppedisano et al., 2020).
According to these studies, the decrease of antioxidant capacity
in L. crocea could be due to the increased content of
ALA and the decreased contents of EPA and DHA in
the 100% LO diet.

In this study, the total substitution of dietary FO with LO
increased the hepatic lipid content of L. crocea. Similarly, dietary
LO increased the abnormal lipid deposition in rainbow trout
(Turchini and Francis, 2009), Japanese seabass (Xu et al., 2015),
tilapia (Li et al., 2016), and yellow drum (Qin et al., 2020). The
increase of abnormal lipid deposition was probably due to the
increased percentage of ALA in the 100% LO diet, which could
alter lipid metabolism. Previous studies have shown that FATP1
and CD36 are vital FA transport proteins in the liver (Stahl,
2004; Musso et al., 2009). In this study, when dietary FO was
entirely replaced by LO, L. crocea had higher transcriptional
levels of fatp1 and cd36 and a higher expression of the CD36
protein than the control group. A previous study have showed
that the uptake of PUFA was dependent on membrane proteins
in Atlantic salmon hepatocytes, where the uptake process was on
this ranking list: EPA > ALA = DHA > LNA > OA (Zhou et al.,
2010). Although the percentage of n-3 LC-PUFA in the 100%
LO diet was lower than that in the FO diet, the percentage of
ALA in the 100% LO diet was much higher than the percentage
of n-3 LC-PUFA in the FO diet. The increased transcriptional
levels of fatp1 and cd36 and expression of the CD36 protein were
probably due to the high amount of the ALA in the 100% LO
diet. Furthermore, CPT-1 is considered a significant enzyme in
the FA oxidation pathway (Mcgarry and Brown, 2010). In this
study, when dietary FO was entirely replaced by LO, fish had
lower cpt-1 mRNA expression than the control group. Moreover,
dietary perilla oil (rich in ALA) was reported to increase the
methylation of mitochondrial DNA in L. crocea which could
cause the depression in FA oxidation (Liao et al., 2015). The
decrease of cpt-1 mRNA expression could be due to the excessive
ALA in the 100% LO diet that might increase the mitochondrial
DNA methylation. Therefore, the increase of lipid deposition
in L. crocea fed the diet with 100% LO could be attributed

Frontiers in Physiology | www.frontiersin.org 10 February 2021 | Volume 12 | Article 631850

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-631850 February 11, 2021 Time: 18:6 # 11

Li et al. Linseed Oil in Larimichthys crocea

to the up-regulation in FA uptake and the down-regulation
in FA oxidation.

As abnormal lipid deposition was associated with chronic
inflammation in fish (Tan et al., 2017), we investigated whether
the inflammation was related to the negative physiological
status of L. crocea. When dietary FO was entirely replaced by
LO, fish had higher transcriptional levels of pro-inflammatory
genes (il-6, il-1β, and tnfα) but lower transcriptional levels
of anti-inflammatory genes (arg1 and tgfβ) than the control
group. Similarly, total substitution dietary FO with LO induced
inflammation in yellow drum (Qin et al., 2020), and gilthead
seabream (Montero et al., 2010). The inflammation caused by
a high level of dietary LO was most likely attributed to the
imbalance of dietary FAs. Although the 100% LO diet contained
enough ALA, L. crocea had a limited capacity to synthesize
EPA and DHA (essential FAs for marine fish) from C18 PUFA
(Tocher, 2010; Li et al., 2017). The limited capacity and low
n3 LC-PUFA content in the 100% LO diet would result in an
unsatisfied amount of essential FA for L. crocea to maintain
positive inflammatory responses.

CONCLUSION

In conclusion, no more than 66.7% of FO can be substituted with
LO without significantly decreasing the growth performance of
large yellow croaker. However, high levels of dietary LO caused
growth reduction, abnormal lipid deposition, and inflammation
in the liver of fish. In addition, the increase of hepatic lipid
deposition caused by 100% LO was probably attributed to the
increase of fatty acid uptake and the decrease of fatty acid
oxidation in fish.
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