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a b s t r a c t

It has been reported that selenium (Se) can reduce hepatopancreas lipid accumulation induced by high-
fat diet. However, its mechanism is still unknown. This study aims to investigate the specific mechanisms
by which Se alleviates high-fat diet-induced lipid accumulation. Grass carp were fed control diet (4.8%
lipid, Con), high-fat diet (8.8% lipid, HFD) or HFD supplemented with 0.3 mg/kg nano-Se (HSe0.3) for 10
weeks. Growth performance, Se deposition, lipid accumulation, hepatic ultrastructure, and gene and
protein expression levels associated with autophagy were examined. Furthermore, oleic acid (OA) was
used to incubate the grass carp hepatocytes (L8824) for 24 h, and then the L8824 were incubated with
sodium selenite in presence or absence of an autophagy inhibitor for 24 h. L8824 was analyzed for tri-
glyceride concentration, immunofluorescence, and gene and protein expression levels associated with
autophagy. We found that dietary nano-Se improved the growth of fish fed HFD and also decreased
hepatosomatic index and intraperitoneal fat ratio of fish fed HFD (P < 0.05). HFD significantly increased
hepatopancreas lipid accumulation and decreased autophagic activity (P < 0.05). Treatment of grass carp
fed HFD with nano-Se decreased lipid accumulation and restored hepatic autophagy (P < 0.05). In vitro,
Se (100 mM sodium selenite) obviously activated autophagy in L8824 incubated with OA, and conse-
quently reduced the lipid accumulation induced by OA (P < 0.05). Furthermore, using pharmacological
inhibition (chloroquine) of the autophagy greatly diminished the beneficial effects of Se on alleviating
OA-induced lipid accumulation and increased the co-localization of lipid droplets with autophagosome
(P < 0.05), which indicated that Se increased autophagic flux. In conclusion, these results suggest that Se
alleviates HFD-induced hepatopancreas lipid accumulation by activating lipophagy.
© 2023 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/).
1. Introduction

Lipids not only provide energy for fish, but also act as compo-
nents of cell membranes and provide essential fatty acids for fish
(Jia et al., 2020a; Li et al., 2016). Appropriately increasing the lipids
content of diet can exert a protein-sparing effect, which not only
promotes fish growth and reduces nitrogen emissions, but also
reduces feed costs. Therefore, the use of high-fat diet (HFD) in
).
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aquaculture is becoming increasingly common (Chen et al., 2016; Li
et al., 2012; Ma et al., 2018; Xie et al., 2020). However, excessive
lipid addition to diet has negative effects on the growth and health
of farmed fish. Long-term intake of HFD causes excessive lipid
accumulation in fish, producing reactive oxygen species, inflam-
mation, and oxidative stress, which eventually leads to impaired
growth performance or even death (Cao et al., 2020; Chen et al.,
2016; Lu et al., 2013a; Xie et al., 2020; Zhao et al., 2019). At pre-
sent, there are problems such as excessive lipid accumulation,
abnormal blood lipids, liver damage, and decreased resistance to
adversity in farmed fish, which have caused extremely serious
losses to the aquaculture (Deng et al., 2018; Lu et al., 2013a).
Therefore, it is particularly important to explore methods to reduce
the negative effects of HFD on fish.

Selenium (Se) is an essential micronutrient for animals. It plays
an important role in maintaining normal physiological functions,
preventing protein and lipid damage, and exerting anti-
inflammatory and antioxidant functions. Especially, because of its
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Table 1
The composition of experimental diets (g/kg, air-dry basis).

Item Groups

Con HFD HSe0.3

Ingredients
Fish meal 50 50 50
Soybean meal 250 250 250
Rape cake 160 160 160
Cottonseed meal 160 160 160
Wheat flour 170 170 170
DDGS 50 50 50
Rice bran 60 60 60
Soybean oil 10 50 50
Choline chloride 5 5 5
Ca(H2PO4)2 20 20 20
Microcrystalline cellulose 44.9 4.9 4.9
Vitamin mixture1 10 10 10
Mineral mixture2 10 10 10
Antioxidant 0.1 0.1 0.1
Proximate composition analysis
Moisture 99 97 110
Crude protein 316 315 314
Crude lipid 42 83 81
Crude ash 71 66 70
Crude protein to energy ratio, g/MJ 16.8 15.7 15.7
Gross energy, MJ/kg 18.8 20.1 20.1
Se, mg/kg 0.08 0.08 0.38

Con¼ control diet; HFD¼ high fat diet; HSe0.3¼HFD supplementedwith 0.3mg/kg
nano-Se; DDGS ¼ distillers dried grains with soluble.

1 Vitamin premix (per kilogram of diet): vitamin A, 3000 IU; vitamin E, 60 IU;
vitamin D, 2000 IU; vitamin C, 200 mg; thiamine, 5 mg; riboflavin, 10 mg; mena-
dione, 10 mg; pyridoxine$HCl, 10 mg; cyanocobalamin, 0.02 mg; biotin, 1 mg;
calcium pantothenate, 40 mg; folic acid, 5 mg; niacin, 100 mg; inositol, 200 mg.
Cellulose was used as a carrier.

2 Mineral mix (per kilogram of the total mineral): KAl(SO4)2, 1.59 g; CaCO3,
181.01 g; Ca(H2PO4)2, 446.01 g; CoCl2, 0.70 g; MgSO4, 52.16 g; MnSO4,H2O, 0.70 g;
KCl, 165.53 g; KI, 0.14 g; ZnCO3, 1.92 g; NaH2PO4, 136.05 g; Na2SeO3, 0.06 g;
CuSO4$5H2O, 0.75 g; Ferric citrate, 13.38 g.
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effective antioxidant properties, it has attracted much attention
(Avery and Hoffmann, 2018; Khurana et al., 2019; Kursvietiene
et al., 2020; Wang et al., 2017b). The bioavailability of Se is
related to its form. Compared with other conventional types of Se,
nano-Se shows better potential because of its high bioavailability
and low toxicity (Ibrahim et al., 2021; Sarkar et al., 2015). It has
been reported that Se ameliorates HFD-induced dyslipidemia in
mice (Gao et al., 2020; Yi et al., 2020). And similarly in fish, Se also
reduces serum triglyceride (TG) and cholesterol (TC) levels in Nile
tilapia (Oreochromis niloticus) and blunt snout bream (Megalobrama
amblycephala) (Durigon et al., 2019; Ghazi et al., 2022; Hao et al.,
2020; Ibrahim et al., 2021). It was consistent with our past
research (Liu et al., 2021) in which nano-Se could relieve excessive
lipid accumulation in grass carp fed HFD. However, the detailed
mechanism of how Se exerts its lipid-lowering effect is still
unknown.

Autophagy is a degradation pathway that breaks down and re-
cycles intracellular components through lysosomes. It removes
misfolded proteins and damaged organelles and participates in
energy metabolism, which is essential for cells to maintain normal
functions and adapt to environmental stress (Flores-Toro et al.,
2016; Xia et al., 2019; Zhang et al., 2018; Zhao et al., 2020). Lip-
ophagy is a type of selective autophagy, which specifically trans-
ports lipid droplets (LD) to lysosomes for degradation. Previous
studies showed that lipophagy played an important role in lipid
metabolism and energy homeostasis in the mammals (Cisa-
Wieczorek and Hernandez-Alvarez, 2020; Singh et al., 2009).
Whereas the lack of lipophagy leads to hepatic steatosis, but the
activation of lipophagy can reduce the subsequent liver injury and
steatosis (Lu and Cederbaum, 2015). Wang et al. (2018) first verified
the presence of lipophagy in zebrafish liver. They found that
inhibiting the lipophagy of zebrafish hepatocyte line significantly
increased the number of LD and decreased fatty acid b-oxidation in
zebrafish hepatocyte line cells, demonstrating that lipophagy plays
an important regulatory role in lipolysis to fish (Wang et al., 2018,
2019). In mammalian and fish studies, persistent lipid overload due
to long-term feeding of HFD inhibits autophagy, which in turn re-
duces the role performed by lipophagy in lipid metabolism and
exacerbates lipid accumulation in the organism (Ueno and
Komatsu, 2017; Wu et al., 2019; Zhang et al., 2018). It has been
reported that zinc alleviated copper-induced lipotoxicity by pro-
moting the occurrence of hepatic lipophagy (Wei et al., 2021).
Therefore, activating lipophagy may be an effective strategy to
alleviate lipid accumulation. Previous study has shown that sodium
selenite significantly improves cardiac autophagic activity and thus
attenuates HFD-induced cardiac injury for mice (Zhang et al., 2019).
In addition, selenite can also promote mitophagy in mammalian
cells (Li et al., 2015). However, whether Se can reduce hepatic lipid
accumulation in grass carp by activating lipophagy has not been
reported yet.

Grass carp (Ctenopharyngodon idella) is one of the most pro-
ductive farmed fish around the world. In 2020, the production of
grass carp in China alone exceeds 5.5 million tonnes (Lu et al., 2022;
Wu et al., 2012). However, with the widespread use of HFD,
excessive lipid accumulation has become one of the biggest chal-
lenges in grass carp culture (Tian et al., 2021). Therefore, in this
study, we investigate the specific mechanism of Se in reducing
HFD-induced hepatopancreas lipid accumulation in grass carp.

2. Materials and methods

2.1. Animal ethics

The experiment procedures were conducted in compliance with
the Guidelines for Animal Research which was approved by the
127
Animal Care Committee of Northwest A&F University, Yangling,
China (No. DKXT20200930).

2.2. Experimental diets

In this experiment, three experimental diets were configured,
including control diet (4.8% lipid, Con), high-fat diet (8.8% lipid, HFD)
and HFD supplemented with 0.3 mg/kg nano-Se (HSe0.3). Based on
the previous studies, the amount of nano-Se added to the diets was
0.3 mg/kg (Liu et al., 2021). And, the lipid content of control diet and
high-fat diet was based on previous studies (Guo et al., 2015, 2022;
Xiao et al., 2017). The nano-Se (>99% purity) (average particle size
60 nm) was purchased from Guangzhou Bosar Biochemical Tech-
nology Research Co., Ltd (Guangzhou, China). Selenium contents in
the different diets were measured using liquid chromatography
coupled with atomic fluorescence spectroscopy (LC-AFS) (Beijing
Haiguang Instrument Co., Ltd, China), and there were 0.08, 0.08, and
0.38 mg Se/kg for the control, HFD, and HSe0.3 diets, respectively.
Diet ingredients, including Se, were crushed and well mixed, and
pellets with a diameter of 2.0 mm were extruded using a pelleting
machine, then the pellets were crushed to make crushed diet with a
smaller diameter (0.6 to 2.0 mm). And then, the diets were air dried
to approximately 10% moisture in a ventilated cool place and stored
at �20 �C until use. The ingredients and proximate composition of
diets are shown in Table 1.

2.3. Fish and experimental conditions

Grass carp were obtained from the Changsheng Fish Hatchery
(Beijing, China). Before the experiment, the grass carp were



X. Zhang, H. Yu, X. Yan et al. Animal Nutrition 15 (2023) 126e136
domesticated in a recirculating aquarium at a water temperature of
26 �C and fed the control diet three times a day. After 2 weeks of
acclimatization, 135 healthy grass carp with similar size (mean
weight¼ 3.45 ± 0.02 g) were randomly assigned to 9 tanks (70 L) of
a recirculating culture system. Grass carp were separated into 3
groups with 3 replicates per treatment and 15 fish per replicate.
Fish were fed each diet three times a day for 10 weeks. The water
temperature was maintained at 26 �C during the feeding experi-
ment. Ammonia nitrogen and nitrite nitrogenwere kept below 0.10
and 0.05 mg/L, respectively.

2.4. Sample collection and calculations

At the end of the feeding experiment, all the fish were fasted for
one day and anaesthetized with MS-222 (90 mg/L) before sampling
(Li et al., 2016). Fish in each tank were counted and weighed to
calculate weight gain rate (WGR), specific growth rate (SGR), and
feed conversion ratio (FCR). Body length of grass carp was
measured to calculate condition factor (CF). Blood drawn from the
tail vein was stored at 4 �C for 6 h and supernatant was stored
at�80 �C after centrifugation (4 �C, 860� g for 10 min). After blood
collection, 9 fish were randomly selected, and dorsal white muscle,
hepatopancreas and abdominal fat were taken and stored at�80 �C
after rapid freezing in liquid nitrogen for determination of Se
content as well as extraction of tissue RNA, protein and tissue ho-
mogenate for subsequent determination. Three fish were randomly
selected, and hepatopancreas was taken and stored in 4% para-
formaldehyde (Beyotime, China) for making tissue sections. For the
remaining fish, hepatopancreas was taken and preserved in elec-
tron microscope fixative (2% paraformaldehyde þ 2.5% glutaralde-
hyde) (Leagene, China), which was used to make electron
microscope sections. During this period, the weight of empty shell,
hepatopancreas, and abdominal fat were measured for calculating
viscero-somatic index (VSI), hepato-somatic index (HSI), and
intraperitoneal fat ratio (IPF). The following equations were used.

Weight gain rate ðWGR;%Þ ¼ ðwt �w0Þ=w0 � 100

Specific growth rate ðSGR;%=dayÞ ¼ ðln wt � ln w0Þ=day� 100

Feed conversion ratio ðFCR; g=gÞ ¼ FI=ðwt �w0Þ

Condition factor ðCF; g=cm3Þ ¼ wt=BL3 � 100

Viscero� somatic index ðVSI;%Þ ¼ wv=wt � 100

Hepato� somatic index ðHSI;%Þ ¼ wh=wt � 100

Intraperitoneal fat ratio ðIPF;%Þ ¼ wa=wt � 100

In the equations, wt, w0 are the final and initial grass carp
weights (g); FI is the average tail feed intake (g); BL is the final grass
carp body length (cm); wv, wh, wa are the weights of viscera (g),
hepatopancreas (g), and abdominal fat (g), respectively.

2.5. Testing of serum and hepatopancreas parameters

Hepatopancreas samples were homogenized in pre-cooled
phosphate-buffered saline solution (PBS) (Cytiva, USA) diluted at
1:9 (wt:vol). The supernatant was stored at �80 �C after centrifu-
gation (4 �C, 860 � g for 10 min). The content of serum TG, TC and
hepatopancreas TGweremeasured using a commercial kit (Nanjing
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Jiancheng Bioengineering Institute, China). Protein concentrations
of hepatopancreas supernatant were measured using a BCA protein
assay kit (Solarbio, China).

2.6. Analysis of Se content in tissues

Acid digestion was carried out in a microwave digestion system.
The samples were digested using acid mixture (the ratio of HNO3 to
H2O2 ¼ 5:1). The completely digested samples were cooled to room
temperature, and then 5 mL of a 6 M HCl (50%) solution was added
and heated to 110 �C until 1 mL of liquid remained. The final volume
was fixed to 50 mL for further Se analysis by LC-AFS (Beijing Hai-
guang Instrument Co., Ltd, China) (Kumar et al., 2017; Kumar and
Singh, 2019). A Se calibration standard solution was used to pre-
pare a standard curve (R2 > 0.999).

2.7. Histological analysis

Samples for light microscopic observation were fixed in 4%
paraformaldehyde (Beyotime, China) for 24 h, dehydrated in a
gradient concentration of ethanol solution, paraffin embedded and
cut into 5 mm thick sections using a rotary block cutter. The sections
were then stained with hematoxylin and eosin (H&E) and observed
under a microscope (Nikon, Japan).

Samples for electron microscopic observation were fixed in
electron microscope fixative (2% paraformaldehyde and 2.5%
glutaraldehyde) (Leagene, China) for 24 h, rinsed in PBS and then
fixed in 1% osmium acid for 2 h. Samples were dehydrated in a
gradient concentration of ethanol solution, successively trans-
parent and embedded using white glue, and polymerized in an
oven for 48 h (Lu et al., 2013b). Samples were trimmed with a block
trimmer (Leica, Germany), cut into ultrathin sections using an ul-
trathin sectioning machine (Leica, Germany), stained with uranyl
acetate and lead citrate. Finally, samples were observed under a
transmission electron microscope (FEI, USA).

2.8. Cell culture and treatments

Grass carp hepatocytes (L8824) (China Center for Type Culture
Collection, China) were cultured in minimum essential medium
(Cytiva, USA) containing 10% fetal bovine serum (Tianhang, China)
at 27 �C and 5% CO2. Mediumwas changed every 24 h and passages
were performed every 72 h.

Hepatocytes were exposed to 300 mM oleic acid (OA) for 24 h to
create an in vitro model. To identify the function of lipophagy in the
reduction of lipid accumulation in grass carp hepatocytes by Se,
L8824 cells were treated with the Se or an autophagy inhibitor
chloroquine (CQ) (Selleck, USA) for 24 h. Treatments were carried
out as follows: Control (no additional addition), OA (300 mM OA),
OA þ CQ (300 mM OA þ 50 mM CQ), OA þ Se (300 mM OA þ 100 mM
Na2SeO3), and OA þ Se þ CQ (300 mM OA þ 100 mM
Na2SeO3 þ 50 mM CQ).

2.9. Determination of cell TG content and Nile Red staining

The content of TG in L8824 cell was measured using a com-
mercial kit (Applygen, China). Protein concentration of L8824 was
measured using the BCA Protein Concentration Assay Kit (Solarbio,
China).

The cell was washed with PBS (Cytiva, USA) and fixed with 4%
paraformaldehyde (Beyotime, China) for 30 min. Then a lipid
fluorescent staining kit (Nile Red Method) (Solarbio, China) was
used to stain cellular lipids. Finally, sample was observed under an
inverted fluorescence microscope.
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2.10. Immunofluorescence co-localization

The co-localization of LD and autophagosomes in hepatocytes
was detected using immunofluorescence. L8824 cells were fixed
with 4% paraformaldehyde (Beyotime, China) for 15 min, then
samples were permeabilized and blocked with Immunostaining
Permeabilization Solution with Triton X-100 and QuickBlock
Blocking Buffer for Immunol Staining (Beyotime, China). Next,
samples were incubated with autophagy marker protein
microtubule-associated protein light chain-3 (LC3) antibody
(1:400, Wanleibio, China) overnight at 4 �C. On the next day, the
samples were incubated with Alexa Fluor 647-labeled goat anti-
rabbit IgG (1:500, Beyotime, China) secondary antibody. The LD
were stained with BODIPY 493/503 (Glpbio, USA) and nuclei were
stained with 4,6-diamidino-2-phenylindole (DAPI) (Bioworld,
USA). Images were taken by laser scanning confocal microscopy
(Leica, Germany).

2.11. RNA isolation and quantitative real-time PCR

The method was described in our previous study (Liu et al.,
2022). Total RNA was extracted from hepatopancreas using Trizol
reagent (Accurate, China), and then samples were assayed for
quality and concentration using a multifunctional enzyme marker
(BioTek, USA). Finally, RNAwas reverse transcribed to cDNA using a
reverse transcription kit (Vazyme, China).

Expression levels of selected genes were assessed by quantita-
tive real-time PCR. Quantitative real-time PCR assays were per-
formed using ChamQ SYBR qPCR Master Mix (Vazyme, China) and
quantified on a thermal cycler (Roche, Switzerland). The 20 mL re-
action mixture contained: 2� ChamQ SYBR qPCR Master Mix
10.0 mL, forward primer (10 mM) 0.4 mL, reverse primer (10 mM)
0.4 mL, ddH2O 7.2 mL, template cDNA 2 mL, and then use the followed
program: pre-denaturation at 95 �C for 3 min, followed by 40
amplification cycles of 10 s at 95 �C, 30 s at 60 �C, and finally with a
melting curve analysis. For each sample, gene expression was cor-
rected by b-actin and the relative expressions of genes were
calculated by the 2�DDCt method (Deng et al., 2018). All amplifica-
tion efficiency of primers was between 96% and 103%. The primers
are shown in Table 2.

2.12. The Western blotting

The Western blotting method was referenced to our recent
study (Zhang et al., 2022). Briefly, hepatopancreas lysates were
prepared using RIPA buffer (Solarbio, China), and then the sample
Table 2
List of PCR primer sequences for real-time PCR analysis.

Gene Primer sequences (5�to 3�) Accession no.

b-Actin F: CGTGACATCAAGGAGAAG M25013
R: GAGTTGAAGGTGGTCTCAT

Beclin1 F: GCTGTCCCAACTACCAGAAG MN311523
R: CCCTCAATGCTCTCCAGTTC

LC3 F: CTCCAGCTCAACTCCAACCA MG821471
R: CTGAGGACACGCAGTTCCAA

ATG5 F: CACGGAGAGAGAAGCAGAGC MK635464
R: AGCGTGGAGGTCAAACAACA

ATG7 F: CGGCACAGCATCATCTTTCG MG797681
R: GCCAGCCTTTTAGGGTCCAT

ATG12 F: GCTGTTGAAGGCTGTCGGT MK635465
R: TGGTGATGGAGCAAATGACTGA

Rab7 F: GCACTCAAACAGGAAACCGA MF598474
R: TGCTGATGGCTTGGCTCTAT

Beclin1 ¼ autophagy-related gene 6; LC3 ¼ microtubule-associated protein light ch
ATG12 ¼ autophagy related gene 12; Rab7 ¼ ras-related protein 7; F ¼ forward primer;
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protein concentrations were standardized. Protein samples were
separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to polyvinylidene fluoride
membranes (PVDF) (Millipore, USA) for protein blotting analysis.
After incubation of the membrane with primary and secondary
antibodies, blots were observed using ECL Super Sensitive Kit (Di
Ning, China), and protein bands were quantified using Gel-pro
analyzer software. The following antibodies were used: anti-
bodies against LC3 (1:800, Wanleibio, China), antibodies against
sequestosome 1 (P62) (1:1000, Wanleibio, China), antibodies
against autophagy related 5 (ATG5) (1:1000, Abmart, China), anti-
bodies against beta-actin (1:1000, Bioss, China), and antibodies
against glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(1:2000, Servicebio, China).

2.13. Statistical analysis

All results were presented as mean ± SD (standard deviation). A
two-tailed t-test or a one-way ANOVA and then Duncan's multiple
range test were done to analyze the data by SPSS 26.0 (SPSS Inc.,
USA). Before all analyses, all data were tested by homogeneity of
variance test (Levene's test). Differences between data were
considered significant when the P-value was less than 0.05.
GraphPad Prism 8.0 (GraphPad Inc., USA) was used for plotting.

3. Results

3.1. In vivo studies

3.1.1. The effect of dietary Se on growth performance and biological
performance of grass carp fed HFD

After the 10-week of feeding, the survival rates of grass carp in
all treatment groups were 100%. In this study, compared to the Con
group, the final body weight (FBW), WGR and SGR of grass carp fed
HFD was significantly decreased (P < 0.05) (Fig. 1A to C), while FCR,
VSI, HSI, IPF and CF in HFD group were significantly increased
(P < 0.05) (Fig. 1D to H). However, dietary Se significantly reduced
the increase of the FCR, VSI, HSI, IPF and CF caused byHFD (P< 0.05)
(Fig. 1D to H) and significantly increased the FBW, WGR and SGR
(P < 0.05) (Fig. 1A to C).

3.1.2. The effect of dietary Se on Se deposition in hepatopancreas
and muscle of grass carp fed HFD

Compared with the Con and the HFD groups, the Se content in
hepatopancreas and muscle of grass carp in HSe0.3 group was
significantly increased (P < 0.05) (Fig. 2). Selenium deposition in
Amplicon size, bp E-values, % R2

299 99.7 0.994

105 97.6 0.996

193 100.1 0.998

119 96.5 0.988

170 96.5 0.995

165 98.0 0.985

90 97.0 0.993

ain 3; ATG5 ¼ autophagy related gene 5; ATG7 ¼ autophagy related gene 7;
R ¼ reverse primer.



Fig. 1. Effect of dietary Se on growth and biomorphology of grass carp fed with HFD. (A) Final body weight (FBW). (B) Weight gain rate (WGR). (C) Specific growth rate (SGR). (D)
Feed conversion rate (FCR). (E) Viscerosomatic index (VSI). (F) Hepatosomatic index (HSI). (G) Intraperitoneal fat ratio (IPF). (H) Condition factor (CF). All results are shown as
mean ± SD, n ¼ 3. Different letters indicate significant differences based on one-way ANOVA by Duncan's test (P < 0.05). Con ¼ control diet; HFD ¼ high-fat diet; HSe0.3 ¼ HFD
supplemented with 0.3 mg/kg nano-Se.

Fig. 2. Effect of dietary Se on Se deposition in grass carp fed with HFD. (A) Se deposition in hepatopancreas of grass carp. (B) Se deposition in muscle tissue of grass carp. All results
are shown as mean ± SD, n ¼ 6. Different letters indicate significant differences based on one-way ANOVA by Duncan's test (P < 0.05). Con ¼ control diet; HFD ¼ high-fat diet;
HSe0.3 ¼ HFD supplemented with 0.3 mg/kg nano-Se.
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grass carp hepatopancreas of HSe0.3 group was about three times
higher than the other treatment groups (Fig. 2A). Compared to the
Con group, the Se content in grass carp hepatopancreas and muscle
tissue of HFD group tended to decrease, but no significant differ-
ence was observed (P > 0.05) (Fig. 2).

3.1.3. The effect of dietary Se on lipid deposition of grass carp fed
HFD

The results showed that serum TG, TC, and hepatopancreas TG
content in grass carp fed HFD were higher compared with Con
group, while dietary Se significantly improved the phenotype of
hepatopancreas lipid accumulation (P < 0.05) (Fig. 3A to C). These
130
results were confirmed by hepatopancreas H&E staining sections,
and less LD were observed in HSe0.3 group (Fig. 3D). In conclusion,
HFD induced lipid accumulation in grass carp hepatopancreas,
whereas Se relieved hepatopancreas lipid accumulation.

3.1.4. The effect of dietary Se on hepatopancreas autophagy of grass
carp fed HFD

The autophagic pathways in hepatopancreas were measured by
the image of hepatopancreas ultrastructure, the quantification of
related gene expression, and Western blotting (Fig. 4). The hepa-
topancreas ultrastructure results showed that the areas of LD in
HFD group were larger than those in Con and HSe0.3 groups, and



Fig. 3. Effect of dietary Se on hepatopancreas lipid deposition in grass carp fed with HFD. (A) Content variation of serum triglyceride (TG) content in grass carp. (B) Content variation
of serum cholesterol (TC) content in grass carp. (C) Content variation of TG in hepatopancreas tissue of grass carp. (D) Histopathological examination by H&E staining for hepa-
topancreas of grass carp. All results are shown as mean ± SD, n ¼ 6. Different letters indicate significant differences based on one-way ANOVA by Duncan's test (P < 0.05).
Con ¼ control diet; HFD ¼ high-fat diet; HSe0.3 ¼ HFD supplemented with 0.3 mg/kg nano-Se.

Fig. 4. Effect of dietary Se on the hepatopancreas autophagy of grass carp fed with HFD. (A) Transmission electron microscope (TEM) images of the structural organization of grass
carp hepatocytes. The black asterisk in figures represents the lipid droplets; the black arrow in figures represents the autophagy; N, nucleus. (B) Expression of autophagy-related
genes in hepatopancreas of grass carp. (C) Image of autophagy marker proteins in the hepatopancreas evaluated by Western blotting analysis. (D) Relative quantification of protein
LC3-II to LC3-I. All results are shown as mean ± SD, n ¼ 6. Different letters indicate significant differences based on one-way ANOVA by Duncan's test (P < 0.05). Con ¼ control diet;
HFD ¼ high-fat diet; HSe0.3 ¼ HFD supplemented with 0.3 mg/kg nano-Se; Beclin1 ¼ autophagy-related gene 6; LC3 ¼ microtubule-associated protein light chain 3;
ATG5 ¼ autophagy-related gene 5; ATG7 ¼ autophagy-related gene 7; ATG12 ¼ autophagy-related gene 12; Rab7 ¼ ras-related protein 7; LC3 ¼ microtubule-associated protein light
chain 3; GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase.
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there was no obvious autophagy found here (Fig. 4A). However,
more lipophagy in HSe0.3 group were observed using hepatopan-
creas ultrastructure (Fig. 4A).

To further confirm the activation of autophagy, the expression
of autophagy genes and proteins in hepatopancreas was
measured. As shown in Fig. 4, the expression of autophagy-related
genes (Beclin1, LC3, ATG7, ATG12 and Rab7) and the ratio of LC3-II
to LC3-I were dramatically inhibited in HFD group compared to
Con group, suggesting that HFD obviously inhibited the activity of
autophagy (P < 0.05) (Fig. 4B to D). Dietary Se significantly
upregulated the expression of autophagy-related genes (Beclin1,
LC3, ATG5, ATG7, ATG12 and Rab7) and the ratio of LC3-II to LC3-I
(P < 0.05) (Fig. 4B to D).
3.2. In vitro study

3.2.1. Sodium selenite reduces oleic acid-induced lipid
accumulation in grass carp hepatocyte

To investigate the mechanisms of Se affecting lipid metabolism,
we performed a series of in vitro experiments using grass carp
hepatocytes L8824. The results of the previous pre-experiments
showed that less than 300 mM OA and no more than 100 mM so-
dium selenite did not adversely affect the viability of hepatocytes.
Therefore, 300 mMOA and 100 mM sodium selenite were used in the
vitro experiments.

The result of cell TG content shown that OA treatment signifi-
cantly increased the TG content of L8824 (P < 0.05) (Fig. 5A), while
sodium selenite obviously reduced cell TG content (P < 0.05)
(Fig. 5A). Moreover, these were corroborated with hepatocytes Nile
Red staining (Fig. 5B). More LD stained red by Nile Red were found
in OA group, but sodium selenite can reduce the accumulation of LD
(Fig. 5B). In addition, Western blotting results showed that OA
treatment significantly inhibited ATG5 and LC3-II protein expres-
sion, but increased the expression of P62 protein in L8824 (P < 0.05)
Fig. 5. Effects of sodium selenite on oleic acid (OA) induced lipid accomplishment in grass ca
L8824. (B) Grass carp hepatocytes L8824 Nile Red staining. (C) Image of autophagy-related p
Relative quantification of autophagy-related proteins in the grass carp hepatocyte L8824. All
based on one-way ANOVA by Duncan's test (P < 0.05). Con, no additional supplement;
ATG5 ¼ autophagy-related gene 5; LC3 ¼ microtubule-associated protein light chain 3.
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(Fig. 5C and D). On the contrary, sodium selenite supplement
effectively increased ATG5 and LC3-II protein expression and
inhibited intracellular accumulation of protein P62 in L8824
(P < 0.05) (Fig. 5C and D).
3.2.2. Sodium selenite reduces lipid accumulation through
lipophagy

To demonstrate whether lipophagy induced by Se is involved in
reducing the OA-induced lipid accumulation in L8824, we used the
autophagy inhibitor CQ to inhibit the autophagic pathway. The
result showed that OA treatment significantly increased the TG
content of hepatocytes (P < 0.05) (Fig. 6A) and the addition of so-
dium selenite significantly decreased hepatocytes TG content
(P < 0.05) (Fig. 6A). However, with the addition of the autophagy
inhibitor CQ, there was a significant increase in TG content of he-
patocytes (P < 0.05) (Fig. 6A), which severely blocked the reduction
effect of sodium selenite on lipid accumulation in L8824. Besides,
LD in L8824 were visualized by Nile Red staining, which also sug-
gested that the ability of sodium selenite to mitigate hepatic lipid
accumulation was highly associated with autophagy (Fig. 6B).
Furthermore, compared to the control, OA treatment inhibited the
expression of autophagy-related genes (Beclin1, ATG5, ATG7, ATG12,
LC3), while sodium selenite addition increased the expression of
autophagy-related genes (Beclin1, ATG5, ATG7, LC3 and Rab7)
(P < 0.05) (Fig. 6C). And, the addition of autophagy inhibitor CQ
significantly increased the expression of autophagy-related genes
(P < 0.05) (Fig. 6C). The results of immunofluorescence co-
localization indicated that OA inhibited the occurrence of auto-
phagy, and there was no significant co-localization of LD with
autophagosomes (Fig. 6D). Furthermore, the addition of CQ aggra-
vated lipid accumulation and there was also no significant co-
localization (Fig. 6D). Sodium selenite treatment increased the
occurrence of autophagy and increased the co-localization of LD
with autophagosomes (Fig. 6D). In addition, the addition of
rp hepatocytes L8824. (A) Content variation of triglyceride (TG) in grass carp hepatocyte
roteins in the grass carp hepatocyte L8824 evaluated by Western blotting analysis. (D)
results are shown as mean ± SD, n ¼ 3. Different letters indicate significant differences
OA, 300 mM OA; OA þ Se, 300 mM OA þ 100 mM Na2SeO3. P62 ¼ sequestosome 1;



Fig. 6. Effects of lipophagy on the mitigation of lipid deposition by sodium selenite in L8824. (A) Content variation of triglyceride (TG) in grass carp hepatocyte L8824. (B) Grass carp
hepatocytes L8824 Nile Red staining. (C) Expression of autophagy-related genes in grass carp hepatocyte L8824. (D) Co-localization of BODIPY 493/503 (green) with LC3 (red) in
grass carp hepatocyte L8824. Nucleus are highlighted with 4,6-diamidino-2-phenylindole (DAPI). All results are shown as mean ± SD, n ¼ 3. Different letters indicate significant
differences based on one-way ANOVA by Duncan's test in (A) (P < 0.05). *P < 0.05 versus OA; #P < 0.05 versus Con by two-tailed t-test in (C). Con, no additional supplement; OA,
300 mM OA; OA þ CQ, 300 mM OA þ 50 mM CQ; OA þ Se, 300 mM OA þ 100 mM Na2SeO3; OA þ Se þ CQ, 300 mM OA þ 100 mM Na2SeO3 þ 50 mM CQ. OA ¼ oleic acid;
CQ ¼ chloroquine; Beclin1 ¼ autophagy-related gene 6; ATG5 ¼ autophagy-related gene 5; ATG7 ¼ autophagy-related gene 7; ATG12 ¼ autophagy-related gene 12;
LC3 ¼ microtubule-associated protein light chain 3; Rab7 ¼ ras-related protein 7.
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autophagy inhibitor CQ further increased the co-localization of LD
with autophagosomes (Fig. 6D), which indicated that sodium
selenite increased autophagic flux.

4. Discussion

At present, research on Se mainly focuses on its excellent anti-
oxidant ability, and only a few studies have shown its potential
ability to regulate lipid metabolism in mice (Gao et al., 2020; Yi
et al., 2020). In this study, we found that Se effectively relieved
lipid accumulation induced by HFD by activating lipophagy.

It has also shown that long-term feeding of HFD inhibited the
growth performance of fish (Cao et al., 2020; Li et al., 2016). In this
study, we also found that long-term feeding of HFD decreased FBW,
WGR and SGR, and it increased FCR, severely limiting the growth
performance of grass carp, which also suggested that HFD inhibited
the growth of grass carp. Previous studies also reported that Se
could improve the growth performance of red sea bream (Pagrus
major), tilapia (O. niloticus) and common carp (Cyprinus carpio)
(Ashouri et al., 2015; Dawood et al., 2019; Iqbal et al., 2020). In the
present study, the supplement of nano-Se significantly increased
the WGR and reduced the FCR, suggesting that nano-Se enhanced
the growth performance of grass carp fed HFD.

The use of HFD usually causes excessive lipid accumulation in
fish and eventually induces fatty liver (Cao et al., 2020; He et al.,
2015). In this study, higher serum TG as well as hepatopancreas
TG was observed in HFD group, and we also found that HFD group
has higher IPF and HSI. In addition, more LD were found in hepa-
topancreas of grass carp fed HFD. These results showed that HFD
induced abnormal lipid accumulation in the hepatopancreas of
grass carp. This is consistent with the study of Li et al. (2016) in
grass carp. Similarly, HFD also induced excessive lipid accumulation
in other fish, including blunt snout bream (M. amblycephala),
largemouth bass (Micropterus salmoides) and common carp
(C. carpio) (Abasubong et al., 2018; Dai et al., 2019; Xie et al., 2020).

Previous studies reported that the addition of Se relieved the
adverse effects of HFD on mammals and prevented fatty liver dis-
ease (Kang et al., 1998; Sarkar et al., 2015). In this study, the sup-
plement of nano-Se in HFD decreased serum TG and
hepatopancreas TG content, and lower IPF and HSI were observed
in HSe0.3 group. This is consistent with our previous research re-
sults (Liu et al., 2021). Besides, we found that nano-Se reduced the
number of LD in the hepatopancreas of grass carp fed HFD. These
results showed that nano-Se reduced HFD-induced hepatic lipid
accumulation. Further, we verified the effect of Se on lipid meta-
bolism in L8824. We found that OA treatment significantly
increased cell TG content and the number of LD in L8824, causing
abnormal lipid accumulation. The result indicated that the OA cell
model was constructed successfully and a similar model was re-
ported by a previous study (Lu et al., 2020). Following this, sodium
selenite was added to treat OA-incubated hepatocytes. And the
results showed that sodium selenite significantly decreased hepa-
tocytes TG levels and reduced the number of LD, relieving the OA-
induced lipid accumulation in L8824. Therefore, combining the
results of in vivo and in vitro experiments, Se alleviated the
excessive lipid accumulation induced by HFD.

Lipophagy is a selective autophagy that specifically breaks down
LD in the cytoplasm. It plays an important role in lipid metabolism
in animals. More and more studies have shown that lipophagy has
great potential in improving hepatic steatosis and preventing fatty
liver (Flores-Toro et al., 2016; Lu and Cederbaum, 2015; Singh et al.,
2009). However, long-term high lipid stress greatly inhibits the
occurrence of autophagy and blocks the participation of lipophagy
in lipid metabolic processes, which in turn further exacerbates the
abnormal deposition of lipids in the liver and eventually induces
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fatty liver disease (Wu et al., 2019). In this study, lipophagy was
observed in HSe0.3 group by a transmission electron microscope,
which suggested that the reducing effect of nano-Se on lipid
accumulation probably was associated with the activation of lip-
ophagy. Thus, to clarify the role of lipophagy in reducing effect of Se
on hepatic lipid accumulation, further studies were conducted. In
this study, HFD decreased the expression of autophagy-related
genes (Beclin1, LC3, ATG7, ATG12 and Rab7) and reduced the ratio
of protein LC3-II to protein LC3-I, which verified that autophagy
was inhibited in HFD group. In a previous study, the expression of
autophagy-related genes was also decreased in Tilapia (O. niloticus)
fed HFD (Jia et al., 2020b). In addition, HFD also blocked autophagy
in mice and excessive lipid accumulation was relieved with the
activation of autophagy (Ding et al., 2017;Wang et al., 2017a). In the
present study, nano-Se supplementation enhanced the expression
of autophagy-related genes (Beclin1, LC3, ATG5, ATG7, ATG12, and
Rab7) and increased the ratio of protein LC3-II to protein LC3-I,
which suggested that nano-Se activated autophagy. In previous
studies, Se maintained normal life activities of organisms by acti-
vating autophagy and selective autophagy in mammals (Li et al.,
2015; Zhang et al., 2019), which is consistent with this study.
Next, the effect of Se on autophagy in L8824 was examined in this
study. In our vitro experiments, OA treatment was found to depress
the expression of autophagy-related genes (Beclin1, ATG5, ATG7,
ATG12 and LC3). In addition, OA treatment increased the expression
of protein P62 and decreased the expression of proteins ATG5 and
LC3 in L8824. These results suggested that OA severely inhibited
autophagy, which probably resulted in lipid accumulation. In pre-
vious studies, OA treatment depressed autophagy in HepG2 and
AML12 cells, and cell TG content was also increased (Huang et al.,
2017; Zhang et al., 2020). Interestingly, once the inhibition of
autophagy was released, the abnormal lipid accumulation and
lipotoxicity of HepG2 and AML12 cell were alleviated (Huang et al.,
2017; Zhang et al., 2020). In this study, sodium selenite enhanced
the expression of autophagy-related genes (Beclin1, ATG5, ATG7, LC3
and Rab7). Sodium selenite reduced accumulation of protein P62 in
cells and increased the expression of ATG5 and LC3-II. These results
indicated that Se greatly restored autophagy inhibited by OA, and it
was consistent with the results of in vivo experiments. The auto-
phagy inhibitor CQ was a widely used inhibitor, which blocked
autophagy and lipophagy via regulating lysosomal activity (Wang
et al., 2019), so CQ was used to further clarify the importance of
lipophagy. Firstly, sodium selenite restored the autophagy inhibited
by OA in L8824 cells. Secondly, sodium selenite significantly
reduced intracellular lipid accumulation in hepatocytes. Impor-
tantly, with the addition of the autophagy inhibitor CQ, this
ameliorating effect of sodium selenite on lipid accumulation was
diminished, which indicated that autophagy directly involved in
the reducing effect of sodium selenite on lipid accumulation.
Thirdly, sodium selenite increased co-localization between auto-
phagosome and LD, whereas the OA treatment blocked the co-
localization between autophagosome and LD. Especially, this
improved effect of sodium selenite was again eliminated by the
autophagy inhibitor CQ, suggesting that lipophagy, a selective
autophagy, played a particularly important role in the beneficial
effect of sodium selenite on lipid accumulation. The cell experi-
ments in this study provided important evidence that Se enhanced
lipophagy activity, and lipophagy was directly involved in reducing
TG levels in hepatocytes.

5. Conclusion

In conclusion, this study suggests that Se significantly mitigates
excessive lipid accumulation in grass carp fed HFD, and to the best
of our knowledge, this is the first study that proves that the
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potential molecular mechanism of the effect of Se on reducing
hepatopancreas lipid accumulation is associatedwith the activation
of lipophagy, thus this study provides a new solution to mitigate
the adverse effects of HFD on fish.
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