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Abstract Perilipin family is the main structural proteins
of lipid droplet (LD) that is intracellular neutral lipid
store ponds, and regulates LD assembly and formation,
and is crucial for lipid metabolism. Here three paralogs
of perilipin family were characterized from grass carp
and their complete coding sequences (CDS) were ob-
tained, including perilipin1, perilipin2, and perilipin3,
coding peptides of 492, 454, and 419 amino acids,
respectively. The alignment of the homology of grass
carp perilipin deduced amino acid sequences with other
teleost species showed that the homology with mamma-
lian was less than 55%. PAT (perilipin) domain in
mammalian was also predicted in grass carp perilipin
1–3 proteins. Genomic organization analysis revealed
that grass carp perilipin1 contained 6 coding exons,
while both perilipin2 and perilipin3 consisted of 7 cod-
ing exons. The mRNA encoding three paralogs were
expressed in a wide range of tissues; perilipin1–3 were
primarily expressed in adipose tissue and liver; besides,
perilipin3 was also highly expressed in the heart.
In vitro, 200 μM DHA increased the proportion of
smaller lipid droplets effectively in fully differentiated
adipocytes of grass carp. The mRNA expression of
perilipin1, perilipin2, and perilipin3 was significantly

increased in the adipocytes treated with DHA (P < 0.05,
P < 0.01). The same responses of different paralogs in
the adipocytes during DHA treatment suggest that they
might play synergistic roles in the formation of LDs.
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Introduction

Disturbances in lipid metabolism and imbalance be-
tween energy intake and energy expenditure spark a
range of metabolic syndrome, such as systemic insulin
resistance, inflammation, obesity, and diabetes (Ozcan
et al. 2004; Esser et al. 2014; Cotillard et al. 2014).
Adipose tissue, having the highlighted plasticity, facili-
tates energy storage and influences aspects of metabolic
disease risk, and is also participated in the regulation of
both glucose and energy homeostasis (Meshkani and
Adeli 2009; Wozniak et al. 2009; Hajer et al. 2008;
Flachs et al. 2013). Adipocytes are cells specialized for
storage of neutral lipids in lipid droplets, mainly triac-
ylglycerol (TAG). Lipid droplets (LDs) can provide a
rapidly mobilized lipid source for many important bio-
logical processes and regulate cellular energy balance
(Murphy et al. 2009). Therefore, understanding the
function and structure of lipid droplets in adipocytes is
essential to the study of lipid metabolism.

LDs are omnipresent that can be found in almost all
eukaryotic cell (yeast, C. elegans, drosophila, zebrafish,
algae, plants, insects, vertebrates, and vertebrates), and
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their characteristic features and sizes considerably vary
among cells (Zweytick et al. 2000; Arrese et al. 2014).
Structurally, lipid droplet contains three parts: a neutral
lipid core surrounded with a phospholipid monolayer,
which is embedded with multiple proteins involved in
the processes of lipidmetabolism (Bozza et al. 2009). Of
which, the most abundant proteins in lipid droplets are
the perilipin family proteins. Perilipins, an ancient gene
family, identified specific LD marker proteins from
seminal in 1999 firstly, and play a critical role in neutral
lipid metabolism (Greenberg et al. 1991). Perilipin1 is
highly expressed in adipose tissue, which is involved in
adipocyte lipolysis processes. During basal conditions
in adipocytes, perilipin1 protects the LDs from lipases,
including hormone-sensitive lipase (HSL) and adipo-
cytes triglyceride lipase (ATGL). However, in stimula-
tion conditions, perilipin1 is multiphosphorylated by
cAMP-dependent protein kinase A, thereby stimulating
the activity of TAG lipase to promoting lipolysis
(Moore et al. 2005). Furthermore, perilipin1-knockout
mice display reduced adipose tissue mass about 30%
when compared with wild-type mice, and exhibit ele-
vated basal lipolysis due to loss of the protective func-
tion of perilipin (Tansey et al. 2001). Additionally,
Perilipin1 promotes the formation of unilocular lipid
droplet by activating fat-specific protein 27 (Fsp27) in
adipocytes (Sun et al. 2013). Perilipin2, adipophilin, is
ubiquitously expressed which plays an essential role in
LD formation and maintains lipid homeostasis, and is
considered to be involved in both LD biogenesis and the
regulation of lipolysis (Brasaemle et al. 1997;
Fukushima et al. 2005; Listenberger et al. 2007).
Perilipin2-deficient mice increased physical activity
and reduced energy intake arrests high-fat diet (HFD)–
induced adipose tissue inflammatory foci and liver
steatosis, and its basal lipolysis was dramatically upreg-
ulated during OA treatment by increasing the expression
of both HSL and phosphorylated HSL (McManaman
et al. 2013; Xu et al. 2019). In macrophages, perilipin2
deficiency decreased the content of cellular lipids and
the size and number of LD (Larigauderie et al. 2006).
Unlike perilipin1/2, perilipin3 functions in the biogene-
sis and degradation of LD, which has apolipoprotein-
like properties and reorganizes liposomes into small
lipid discs. Remarkably, it remains stable in the cyto-
plasm when perilipin3 do not associate with LDs
(Hocsak et al. 2010; Bulankina et al. 2009). It was found
in HeLa cells that interfering perilipin3 led to a cellular
growth rest, decreased the integration of TAG into lipid

droplet, and blocked their maturation (Bulankina et al.
2009; Ganley et al. 2004). And in myotubes from leans,
perilipin3 knockdown showed sharp alleviations in lipid
oxidation (Covington et al. 2015). Furthermore, the
mitochondrial membrane integrity can be protected
through combining with perilipin3, as well as prevent
cell death induced by oxidative stress (Hocsak et al.
2010).

Docosahexaenoic acid (DHA), one number of n-3
polyunsaturated fatty acids (PUFAs), has been reported
to improve obesity-associated metabolic disorders and
modulated lipid metabolisms in several ways (Martínez-
Fernández et al. 2015). Increasing evidence suggested
that n-3 PUFAs have an effect on LD biogenesis and the
number of LDs per cell was rest with both concentration
and type of fatty acid (Lecchi et al. 2013). In the liver of
Fa/fa Zucker rats, DHA was more effective than
eicosapentaenoic acid (EPA) for adding the percentage
of smaller lipid droplets (Hong et al. 2019). Meanwhile,
DHA and EPA reduced the number of lipid droplets by
56% and 42% respectively in C3H10 T1/2 cells (late
phase of differentiation) (Warnke et al. 2011). The study
in caprine monocytes showed that both DHA and EPA
upregulated the gene expression of perilipin2 and
perilipin3 and increased accumulation of lipid droplets
in intracellular; however, DHA had fewer effects com-
pared with EPA (Lecchi et al. 2013). Furthermore, hu-
man adipocytes treated by DHA significantly increased
the release of glycerol and the mRNA of perilipin de-
creased about 40% compared with the control group
(Wang et al. 2010). Currently, most researches of lipid
droplets mainly focus mammalian. However, especially
in teleostean the exact molecular mechanism of n-3
PUFAs affecting the formation of LD is still obscure.

Grass carp (Ctenopharyngodon idella), in terms of
freshwater fish, is the largest scale of breeding in China
and accumulates excess fat in the liver and adipose
tissue during farming. So it is considered a good model
for the study of lipid metabolism (Shi et al. 2017).
Fortunately, the draft genome of grass carp has been
released, which is a useful tool for identifying genomic
structure of genes involved in lipid metabolism (Wang
et al. 2015). Herein, three paralogs of perilipin were
cloned from grass carp. To investigate its role in the
effect of LD formation influenced by DHA in grass carp
adipocytes (the late phase of differentiation), the mRNA
expression of three paralogs in the DHA-induced adi-
pocytes was also evaluated. The results will provide a
theoretical basis for extending our acknowledgment of
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the physiological function of perilipins in fish
adipocytes.

Materials and methods

Grass carp culture and cDNA samples

Experimental grass carps, weighing 40–50 g, were ob-
tained from a local fish rearing farm in Ankang, Shaan-
xi, P. R. China. Before the experiment, animals were
adapted to laboratory conditions for at least 14 days in
300-L square tanks (approximately 25 fish per tank)
with living water supply at about 28 °C, ~ 6.0 mg/L of
dissolved oxygen, under a light 12 h: dark 12 h photo-
period. Grass carps were fed commercial pellet diet
(crude protein: 35%; crude lipid: 7%) 3 times/day.

For cDNA cloning and analysis of tissue distribution,
grass carp was anesthetized by immersion in MS-222
(100 mg/L) (Sigma, St. Louis, MO, USA). Tissues
including the heart, liver, intestinal tract, muscle, spleen,
adipose tissue, and kidney were rapidly dissected, fro-
zen in liquid nitrogen, and stored at − 80 °C until exper-
iments. All procedures were performed in accordance
with the Guide for Care and Use of Laboratory Animals
and approved by the Northwest A&F University Insti-
tutional Animal Care and Use Committee.

Identification and cloning of perilipin family

Sequences of grass carp perilipin1, perilipin2, and
perilipin3 were searched by gene annotation in our
transcriptomic database (accession number:
SRP044769). We used the SeqMan program of
DNAstar software to assemble the ESTs (expressed
sequence tags) into a consensus sequence including
the complete open reading frame (ORF) in silico
(Burland 2000). PCR specific primers were designed
to amplify and verify the whole length of perilipin1,
perilipin2, and perilipin3 cDNAs (Table 1).

For perilipin1–3 cloning, using TRIzol Reagent
(TaKaRa, Dalian, China), total RNA was extracted sep-
arately from grass carp liver, muscle, and adipose tissue
according to the instructions of the manufacturer. The
integrity, concentration, and purity of total RNA were
measured by 1.5% agarose gel electrophoresis and a
spectrophotometer at 260/280 nm and 260/230 respec-
tively. Five micrograms of total RNA, 1 μg of Oligo
(dT)18 primer, and 1 μg Random Hexamer primer were
used to synthesize first-strand cDNA by reverse tran-
scription using RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific, USA). The resulting product
was used as template for PCR amplification. PCR am-
plification was made with 0.5 μL of cDNA, 0.5 μM
forward primer and reverse primer each, 4.75 μL of

Table 1 Specific primers used for CDS cloning of Perilipin and qPCR of Perilipin genes from grass carp

Primers Sequences (5′-3′) Size (bp)

Primers for complete CDS

Perilipin1-F CCAACTTATAGCAGCCAACT 1266
Perilipin1-R CGTTAGAAATCAACGCTCCT

Perilipin2-F AGTGTCGTCTTTGTTTCTGT 1455
Perilipin2-R TGTGAGGAATGTGTGATTGT

Perilipin3-F GAGGGACAACAGAGATCAAT 1598
Perilipin3-R AGGGACTATGAAGTATGGCT

Primers for qPCR

Perilipin1-F AAGGTCAGGAACTGGTCACAC 150
Perilipin1-R TCTGAGGACTGTGCTGTTGTC

Perilipin2-F TGGGCTGGAAGACTGTGACT 102
Perilipin2-R GGTTGTGGGCAATGGTCAGT

Perilipin3-F GAGAAGGGAGAGGACCTGGA 110
Perilipin3-R CCTGGGAGACCCTGTACACT

PPARγ-F GCATCTGTACGAGTCCTATCT 116
PPARγ-R GAGACTTCATGTCGTGGATAAC

β-Actin-F TCCACCTTCCAGCAGATGTGGATT 115
β-Actin-R AGTTTGAGTCGGCGTGAAGTGGTA
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ddH2O, and 6.25 μL of 2 × TSINGKE® MASTER
MIX in a total volume of 12.5 μL. PCR was performed
30 cycles at 94 °C for 30 s, 58 °C for 30 s, and 72 °C for
2 min, with an additional initial 4-min denaturation at
94 °C and a 10-min final extension at 72 °C. 1.5%
agarose gel electrophoresis was used to detect PCR
products, and the bands of the expected size were puri-
fied by PCR Purification Kit (Tiangen, China).

Sequence characterization

The protein sequence was predicted by ORF Finder
(https://www.ncbi.nlm.nih.gov/orffinder/). The
theoretical molecular mass and isoelectric point (pI)
were analyzed by ProtParam (http://br.expasy.
org/tools/protparam.html). And SignalP 4.0
(http://www.cbs.dtu.dk/services/SignalP/), NetOGlyc
3.1 (http://www.cbs.dtu.dk/services/NetOGlyc/),
N e t N G l y c 1 . 0 ( h t t p : / / w w w . c b s . d t u .
dk/services/NetNGlyc/), and NetPhos 2.0 (http://www.
cbs.dtu.dk/services/NetPhos/) were used to verify
whether signal peptides, O-glycosylation and N-
glycosylation sites, or phosphorylation sites existed in
grass carp perilipin1, perilipin2, and perilipin3 protein
sequences, respectively. The protein domains of grass
carp perilipin family were predicted using the conserved
domain profile (http://smart.emblheidelberg.de/).

Gene organization

Gene structure (exons/introns) of grass carp perilipin1,
perilipin2, and perilipin3 was characterized by aligning
the cloned cDNAwith the genome (http://www.ncgr.ac.
cn/grasscarp/), and their gene structures were compared
with the ENSEMBL gene predictions (http//www.
ensembl.org) in human (Homo sapiens), mouse (Mus
musculus), and other representative teleosts, including
zebrafish (Danio rerio), Atlantic salmon (Salmo salar),
fugu (Takifugu rubripes), spotted gar (Lepisosteus
oculatus), and tilapia (Oreochromis niloticus).

Phylogenetic analysis of perilipin family

Sequence alignments and percentage of amino acid
conservation were assessed with the Clustal-W multiple
alignment algorithm byDNAMAN8.0. The phylogenet-
ic tree was constructed with MEGA 7.0 (Kumar et al.
2016) by the neighbor-joining (NJ) method based on the
JTT + G model (Jones et al. 1992). The confidence of

each node was assessed by 1000 bootstrap replicates.
We provided detail information of species in attach-
ment. The deduced amino acid sequences of perilipin
1–3 from grass carp and other organisms were selected
to construct the phylogenetic tree.

Cell culture and treatment

The method of culturing grass carp pre-adipocytes as
described in Liu et al. (2015) was slightly modified.
Briefly, the adipose tissues were isolated from the ab-
dominal and then washed four times with phosphate-
buffered saline (PBS, pH 7.4), followed by a 30-min
incubating in 2% ABV (Albumin Bovine V) with 0.1%
Type I collagenase (Sigma, USA) at room temperature.
Before centrifugation (590 g, 10 min), filtration is re-
quired through a 200-μm nylon filter. The cell pellet
was incubated in erythrocyte lysing buffer for 6 min,
and terminated the reaction immediately using DMEM
complete medium andwashed twice with fresh medium.
Afterwards, cells were resuspended in growth medium
(GM, containing Dulbecco’s modified Eagle’s medium
(DMEM), 10% FBS, and 100 U/mL streptomycin, and
100 U/mL penicillin) and were seeded in plates which
are precoated with gelatin at a density of approximately
20 g tissue/25 cm2. The cells were cultured at 28 °Cwith
5% CO2 until reaching 85–90% confluence. At conflu-
ence, pre-adipocytes were incubated in adipogenic me-
dium (AM) containing GM supplemented with 10 μg/
mL insulin, 10 nmol/L triiodothyronine, 1 μmol/L dexa-
methasone , and 0 .5 mmol /L 3- i sobu ty l -1 -
methylxanthine (IBMX). The medium was changed
every 2 days. In late phase of differentiation (about
differentiation day 6), cells were cultured for additional
48 h in AM supplemented with DHA (0, 100,
200 μmol/L) and extracted RNA after 48 h. Three
independent experiments were conducted in each con-
trol and treatment group.

Quantitative real-time PCR

The extracted and purified total RNA was treated with
4 × gDNA wiper Mix to prevent genomic DNA ampli-
fication. One microgram of total RNA was used for
reverse transcription with First Strand cDNA Synthesis
Kit (Vazyme Biotech Co., Ltd., Nanjing, China). Quan-
titative real-time PCR was performed using a
CFX96TM Real-Time PCR Detection System (Bio-
Rad, USA). The amplification was performed in a final
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volume of 20 μL containing 1 μL of the diluted cDNA
(8-fold), 0.6 μL of each primer (0.5 μM), 7.8 μL of
sterilized double-distilled water, and 10 μL of 2 ×
SYBR®Premix Ex TaqTMII (Vazyme Biotech Co.,
Ltd., Nanjing, China). The quantitative real-time PCR
contained an initial activation step at 95 °C for 30 s,
followed by 40 cycles of 95 °C for 15 s and 60 °C for
15 s. The comparative Ct method (2−ΔΔCt), described in
the literatures (Pfaffl 2001), was used to calculate the
gene expression values.

Statistical analysis

Statistical analyses were performed with SPSS 13.0
software (SPSS, Chicago, IL, USA). Data are expressed
as mean ± SEM and were analyzed using one-way
analysis of variance (ANOVA). Differences were con-
sidered to be significant at P < 0.05, P < 0.01.

Results

Identification of perilipin family in grass carp

In the present study, the complete CDS sequences of the
three perilipin paralogs, named as perilipin1 (GenBank
accession no. KY684179), perilipin2 (GenBank acces-
sion no. MN650220), and perilipin3 (GenBank acces-
sion no. MN650221) were obtained for grass carp. The
open reading frame of perilipin1, perilipin2, and
perilipin3 from grass carp was 1266 bp, 1455 bp, and
1598 bp long, and encoded 492, 454, and 419 deduced
amino acids respectively. The molecular weight of the
three paralogs is 53,564.87 Da, 50,381.17 Da, and
45,230.24 Da. Furthermore, the theoretical isoelectric
point was 8.90, 5.58, and 5.14 respectively. We provid-
ed a detailed description of basic characteristics about
the grass carp perilipin1, perilipin2, and perilipin3 in
Table 2. The results from multiple alignments of the
perilipin paralogs using DNAMAN 8.0 are shown in
supplementary Fig. 1a–c. For perilipin1: Atlantic salm-
on (Salmo salar), 42.51%; coho salmon (Oncorhynchus
kisutch), 44.84%; common carp German mirror
(Cyprinus carpio), 77.24%; horned golden-line barbell
(Sinocyclocheilus rhinocerous), 70.12%; human (Homo
sapiens), 37.65%; mouse (Mus musculus), 38.98%;
zebrafish (Danio rerio), 69.28% (supplementary
Fig. 1a). For perilipin2: Atlantic salmon (Salmo salar),
54.27%; Burton’s mouthbrooder (Haplochromis

burtoni), 56.05%; coelacanth (Latimeria chalumnae),
50.79%; coho salmon (Oncorhynchus kisutch),
56.07%; common carp German mirror (Cyprinus
carpio), 72.19%; eastern happy (Astatotilapia
calliptera), 55.80%; horned golden-line barbell
(Sinocyclocheilus rhinocerous), 77%; human (Homo
sapiens), 50.85%; mouse (Mus musculus), 55%; spotted
gar (Lepisosteus oculatus), 53.76%; Nile tilapia
(Oreochromis niloticus), 56.23%; zebrafish (Danio
rerio), 71.03% (supplementary Fig. 1b). For perilipin3:
Atlantic salmon (Salmo salar), 67.59%; Burton’s
mouthbrooder (Haplochromis burtoni), 65.72%; com-
mon carp German mirror (Cyprinus carpio), 89.74%;
eastern happy (Astatotilapia calliptera), 65.96%; fugu
(Takifugu rubripes), 65.48%; human (Homo sapiens),
42.83%; Japanese medaka (Oryzias latipes), 58.20%;
mouse (Mus musculus), 42.06%; Nile tilapia
(Oreochromis niloticus), 66.43%; zebrafish (Danio
rerio), 87.11% (supplementary Fig. 1c). Furthermore,
the visualization of perilipin1–3 protein domains in
grass carp was predicted (supplementary Fig. 1d). The
results showed that three paralogs all have perilipin
(PAT) domain, position at 11–360, 247–411, 18–400
respectively.

Gene structure and phylogenetic analysis

To assess the gene structural similarities and differences
between the three perilipin paralogs of grass carp, the
sequences of perilipin1, perilipin2, and perilipin3 were
aligned. As shown in Fig. 1, grass carp perilipin1 gene
consisted of 6 exons, which lost 2 exons compared with
mammalian and lost 1 exon compared with zebrafish.
Grass carp perilipin2 gene is composed of 7 exons,
which is highly similar among mammals. However,

Table 2 Fundamental characteristics of the grass carp perilipin
amino acid sequences

Characteristic Perilipin1 Perilipin2 Perilipin3

Number of amino acids 492 454 419

Molecular weight (Da) 53,564.87 50,381.17 45,230.24

Theoretical pI 8.90 5.58 5.14

Aliphatic index 86.57 92.00 90.93

Signal peptides Not found Not found Not found

O-glycosylation sites 24 10 12

N-glycosylation sites 1 3 Not found

Phosphorylation sites 90 98 71
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the number of exons for perilipin2 among teleosts was
varied. Grass carp perilipin3 gene contained 7 coding

exons which were highly conserved among mammalian
and representative teleosts (except spotted gar).

Fig. 1 Genomic organization of perilipin, including grass carp, five representative teleosts, human and mouse. Exons are indicated by
boxes, and their sizes are also indicated. The divergent gene structural regions in perilipin are shown with different colors
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Phylogenetic trees for the proteins identified as ho-
mologous to perilipins are showed in Fig. 2a–c. The
perilipin1 and perilipin3 amino acid sequences of teleost
fish species clustered into the same subgroup (except
coelacanth perilipin1), showed a close phylogenetic re-
lationship with the grass carp, zebrafish, common carp
German mirror, and horned golden-line barbell, while
mammalian, chicken, and tropical clawed frog clustered
into the other subgroup. Similarly, the perilipin2 amino
acid sequences of grass carp, zebrafish, common carp
German mirror, and horned golden-line barbell were the

most closely related, while mammalian, chicken, tropi-
cal clawed frog, and coelacanth were far from the grass
carp sequence.

Tissue distribution of perilipin1–3 paralogs in grass carp

The expression profile of three perilipin paralogs in
grass carp tissue, including the heart, liver, intestinal
tract, muscle, spleen, adipose tissue, and kidney, was
studied at the mRNA levels (Fig. 3). Both perilipin1 and
perilipin2 paralog transcripts were abundant in adipose
tissue and liver. The highest mRNA expression levels of
perilipin3 were observed in the heart, liver, and adipose
tissue; moderate levels in the kidney following in intes-
tinal tract and muscle; and the lowest levels in the spleen
(P < 0.05). Although the abundance of each mRNA is
distinct among tissues, they were broadly distributed.

Perilipin 1–3 might be involved in DHA-induced lipid
drop formation

To investigated the effect of LD formation influenced
by DHA in grass carp adipocytes. The cells were treated
with DHA at various concentrations (0, 100,
200 μmol/L) for 48 h. The results suggested that DHA
increased the proportion of smaller lipid droplets effec-
tively in grass carp adipocytes of the late phase of
differentiation (Fig. 4). Meanwhile, DHA significantly
increased the mRNA expressions of perilipin1,
perilipin2, and perilipin3 respectively compared with
the control and in a dose-dependent manner (Fig. 5a,
P < 0.05, P < 0.01). Furthermore, we detected the
mRNA expressions of peroxisome proliferator activated
receptor γ (PPARγ); the results are similar with
perilipin1–3 (Fig. 5b, P < 0.05, P < 0.01).

Discussion

Lipid droplets (LDs), dynamic cellular organelles, are
deemed to originate in the endoplasmic reticulum (ER)
(Martin and Parton 2006), which serve crucial store-
rooms of lipids. These lipids furnish energy and serve
as substrates for membrane synthesis, ATP production,
and gene regulation, making LDs vital metabolic hubs
(Wilfling et al. 2014). Perilipins, the main structural
proteins of LDs (Bickel et al. 2009), adjust biogenesis
and degradation of LD tightly and are involved in main-
taining LD structural integrity. Although lots of studies

Fig. 2 Phylogenetic tree of the perilipin1 (a), perilipin 2 (b) and
perilipin 3 (c) of amino acid sequences, bootstrap = 1000
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exploring the function of perilipin protein have been
conducted in mammalian systems, concentrating on
lipid metabolism, studies on non-mammalian verte-
brates have been performed relatively li t t le
(Granneman et al. 2017).

In the present study, three paralogs of perilipin
were cloned and characterized from grass carp, and
evaluated their roles in lipid drop formation induced
by DHA. Currently, there are five known paralogs of
perilipin family which is also called “PAT” family
proteins (perilipin1, perilipin2/ADRP, perilipin3/
Tip47, perilipin4/S3–12, perilipin5/OXPAT) identi-
fied in mammalian (Kimmel et al. 2010). The region
of perilipin family in mammalian approximately 100
amino acids at the amino terminus is highly con-
served; that sequence is known as the PAT (renamed
the perilipin) domain (Londos et al. 1995; Miura
et al. 2002). Similarly, we also predicted the PAT
(perilipin) domain in this study (supplementary Fig.
1d). Hence, we can surmise that perilipins of grass
carp may have the similar function as that of

mammalian perilipins. PAT domain has been specu-
lated to be related to the lipid droplet binding prop-
erties of the protein, but previous studies have shown
that this domain does not perform the function of
protein and lipid droplet binding (Liu and Xu 2006).

In order to better understand the physiological func-
tions of genes, their tissue expression pattern was de-
tected. Perilipin1 only expressed in mammary gland
which contains vast adipocytes, and in visceral adipose
tissue of rat. Similar to the study in C57BL/6J mouse,
perilipin1 mRNA detected in adipose and adrenal, no
expression or little was detected in other tissues (Nishiu
et al. 1998; Yamaguchi et al. 2006). Nevertheless,
perilipin1 mRNA of grass carp was highly expressed
in liver and adipose, which are active tissues for lipid
metabolism, but in other tissues little expressed (Fig.
3a). Perilipin2 mRNA was expressed in a variety of
tissues of mouse and especially abundant in adipose
tissue (Jiang and Serrero 1992). Inconsistently,
perilipin2 mRNA was highest observed in adrenal of
C57BL/6J mouse, and then in the liver (Yamaguchi

Fig. 4 Effect of DHA treatment on lipid droplet. Isolated adipocyte was cultured for 48 h in without or with DHA (100 μM and 200 μM)

Fig. 3 Tissue distribution of Perilipin1 (a), Perilipin2 (b), and Perilipin3 (c) mRNA in grass carp. Data (mean ± SEM, n = 4) were
normalized to housekeeping gene (β-actin). For a given perilipin, groups with different letters were significantly different (P < 0.05)
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et al. 2006). In our current study, Perilipin2 mRNA of
grass carp was expressed in all tissues and especially
abundant in adipose tissue and liver (Fig. 3b), consistent
with mentioned above reports. Some studies have
shown that Perilipin3 is expressed ubiquitously
(Subramanian et al. 2004; Ducharme and Bickel 2008;
Paul et al. 2008). In grass carp the result was detected
similarly with mentioned; Perilipin3 mRNA expression
also detected in all tissues, but the mRNA expression
level is relatively low (Fig. 3c). To clarify, perilipin2 is
abundantly expressed in the early stage differentiation
of 3T3-L1 adipocytes; however with the process of
differentiation, although its mRNA expression is in-
creased, the protein expression is rapidly reduced
(Ducharme and Bickel 2008; Brasaemle et al. 1997).
At the same time the expression of perilipin1 protein
gradually increases, which is the phenomenon of the
conversion of the protein on the surface of the LDs from
perilipin2 to perilipin1 during the differentiation pro-
cess, so there is a large amount of perilipin1 in the
surface of the LDs in the late differentiation and mature
adipocytes without the presence of perilipin2
(Ducharme and Bickel 2008; Brasaemle et al. 1997).
Remarkably, the perilipin1–3 of grass carp all expressed
in adipose tissue and liver, the main organs that store
and mobilize LDs in fish. The function of perilipin
family in regulating lipid metabolism is entwined with
its tissue expression pattern.

DHA (docosahexaenoic acid, C22:6) has been
shown to effect proliferation, differentiation, lipol-
ysis, lipogenesis, and apoptosis of adipocytes
through several pathways (Wang et al. 2010; Kim
et al. 2006). Lipid droplet acts as the hubs of lipid
metabolism, its size, number, and membrane

components influenced by n-3PUFA (Lecchi et al.
2013; Hong et al. 2019; Warnke et al. 2011). In our
study, similar to the study in fat Zucker rats (Hong
et al. 2019), 200 μM DHA increased the proportion
of smaller lipid droplets effectively in grass carp
adipocytes of the late phase of differentiation (Fig.
4). The mRNA expression of perilipin1, perilipin2,
and perilipin3 significantly increased, induced by
DHA through a dose-dependent manner (Fig. 5a).
Perilipin family takes part in LD assembly and
biogenesis (Bickel et al. 2009), the function of
perilipin1 is mainly involved in adipocyte lipolysis,
and perilipin2 covers many aspects, for example,
lipid-droplet formation, lipolysis, and lipid accu-
mulation (Fukushima et al. 2005). When cellular
lipid influx adds, perilipin3 takes part in the for-
mation of nascent lipid-droplet (Wolins et al.
2006). Because the change in mRNA expression
levels of perilipin1–3 in grass carp adipocytes is
related to the adding availability of DHA, we hy-
pothesized that DHA may affect the formation of
LDs by regulating the mRNA expression of
perilipins.

Peroxisome proliferator-activated nuclear receptors
(PPARs), vital nuclear receptors, distributing predomi-
nantly in the adipocytes and liver, regulate lipid metab-
olism, energy homeostasis, and the expression of LD-
associated proteins (Yamaguchi et al. 2006). On the one
hand, activation of PPARγ has been shown to increased
perilipin expression in fully differentiated 3T3-L1 adi-
pocytes (Tamori et al. 2002) and added the number of
little adipocytes containing small LDs in white adipose
tissues of fat Zucker rats, presumably via activating
peroxisome proliferator-activated nuclear receptor–γ

Fig. 5 Quantitative analysis of the relative mRNA expression
levels of perilipin family (a) and PPARγ (b) expression in grass
carp adipocyte that treating with different concentrations of DHA.

Data (mean ± SEM, n = 4) were expressed relative to expression of
β-actin gene (#p < 0.05, ##p < 0.01 versus model; *P < 0.05,
**P < 0.01 versus control)
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(PPARγ) (Okuno et al. 1998). On the other hand, some
studies have demonstrated that PPARγ can be triggered
by DHA and EPA (Li et al. 2005). Consistently with our
previous study found that DHA increased the mRNA
and protein expression levels of PPARγ in adipocytes
of grass carp (Jin et al. 2018). We then tried to establish
whether the activation of PPARγ by DHA led to
perilipin1–3 mRNA expression in grass carp. Our pres-
ent study showed that DHA treatments increased the
mRNA expression of PPARγ (Fig. 5b) to potentially
upregulate the mRNA expression of perilipin1–3.

In conclusion, the present study identified for the first
time that three paralogs of perilipin were cloned and
characterized from grass carp. Their high expression in
liver and adipose tissues which are the principal bank
store of LDs supports their roles in LD formation and
lipid metabolism of fish. Presumably via activating
PPARγ, DHA intervention not only increases the pro-
portion of smaller lipid droplets effectively in fully
differentiated grass carp adipocytes but also upregulates
the mRNA expression levels of perilipin1–3, indicating
that during DHA treatment perilipin family might play
synergistic roles in the formation of LDs. This study is
just an underlying exploration of the functions of
perilipin gene in grass carp. Notably, more accurate
molecular mechanism exploration is needed to deter-
mine specific ways of grass carp perilipin1–3 participat-
ing in LD formation and lipid metabolism induced by n-
3 PUFAs.
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