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Simple Summary: Lipid deposition in animals is closely related to lipid anabolism. In order to
further explore how differences in different metabolic types regulate lipid deposition, we compared
the growth performance and lipid droplet metabolism of fatty-type ducks and lean-type ducks.
The results showed that fatty-type ducks showed a faster growth rate and more fat deposition in
the early growth stage after feeding the same diet, and produced more lipoproteins in serum and
deposited in adipose tissue. However, fewer triglycerides accumulated in the liver. We believe that
this performance of fatty-type ducks is caused by the increased expression level of lipid droplet-
related genes.

Abstract: The reasons for differences in lipid depositions between fatty-type (F-T) and lean-type
(L-T) ducks remain unknown. The present study aimed to compare the growth performance, lipid
deposition, and gene expression related to lipid droplet formation in F-T and L-T Pekin ducks. One-
day-old, 140 each L-T and F-T male ducks were selected and distributed separately into 20 replicate
cages. All ducks were fed commercial diets up to 35 d of age. F-T ducks had a higher average daily
gain from 21 to 28 d of age. On 35-day-old, F-T ducks had higher serum levels of high- and low-
density lipoprotein cholesterol, cholesterol, albumin, and hydroxybutyrate dehydrogenase activity
than L-T ducks. F-T ducks had higher abdominal fat and subcutaneous fat percentages than those in
L-T ducks. Liver histological examination showed that L-T ducks contained more lipid droplets in
the liver, which gradually decreased with increasing age. The average adipocyte area and diameter
of abdominal fat and subcutaneous fat in the F-T and L-T ducks increased with age and were higher
in F-T ducks than those in L-T ducks. Furthermore, the gene expression of perilipin 1, perilipin 2,
angiopoietin-like protein 4, adipose triglyceride lipase, alpha/beta-hydrolase domain-containing
protein 5 (ABHD5), and serine/threonine kinase 17a in the liver, abdominal fat, and subcutaneous
fat of F-T ducks was higher than that in L-T ducks, and it increased with age. Compared to L-T
ducks, F-T ducks had higher expression of ABHD5 in the abdominal fat and subcutaneous fat and
lower expression in the liver. Thus, F-T ducks displayed lower hepatic lipid deposition and a higher
percentage of abdominal fat and subcutaneous fat, suggesting that F-T ducks had higher lipid storage
capacity due to increased gene expression related to lipid droplets.

Keywords: Pekin duck; fatty-type; lean-type; lipid deposition; lipid droplet

1. Introduction

The Pekin duck, a high-quality local meat duck, shows excellent performance, rapid
growth, and strong adaptability. Recently, Pekin ducks have become the primary meat
duck breed for the production and improvement of duck meat in various countries glob-
ally [1]. To meet various consumer needs for different raw food constituents, the Chinese
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Academy of Agricultural Sciences bred two Pekin duck strains with different performance
characteristics, referred to as lean-type (L-T) and fatty-type (F-T) ducks, which vary in
lipid deposition and meat yield. Past research has shown that L-T ducks had 2.52% higher
pectoral muscles and 0.46% higher leg muscles than F-T ducks in 35 d [2]. This could be
attributed to enhanced meat deposition in L-T ducks, which improves protein anabolism
and reduces protein catabolism [3]. The fat content in F-T ducks is 6—20% higher than that
in L-T [2-5]. However, what causes the difference in lipid deposition between F-T and L-T
ducks has not yet been determined.

In animals, the liver and adipose tissue are the main sites of lipid synthesis deposi-
tion [6,7]. The liver of poultry is primarily involved in fat metabolism and regulates lipid
generation through precise and complex signaling [8]. Triglycerides synthesized in the
liver are transported to muscle or adipose tissue by binding to apolipoproteins. It has
been shown that 95% of fat in chicks is present in adipose tissue and other organs [9].
In addition, triglycerides (TG) are deposited in the adipose tissue in the form of lipid
droplets, which play a key role in the balance between lipogenesis and lipolysis. Recently,
it has been found that the excessive accumulation of lipid droplets leads to individual
obesity, while insufficient accumulation of lipid droplets in adipocytes leads to serious
changes in systemic energy metabolism, such as fat malnutrition [10]. The surface of lipid
droplets is covered by coating proteins such as perilipin [11] and alpha/beta-hydrolase
domain-containing protein 5 (ABHDS5) [12], which stabilize the lipid droplets. Therefore,
we speculated that the differential expression of lipid droplet synthesis-related genes in
liver and adipose tissue of F-T ducks and L-T ducks may be one of the reasons affecting
their lipid synthesis and metabolic differences.

The aim of this study was to determine the growth performance, fat deposition,
serum biochemical parameters, liver, and adipose histology, and gene expression related to
lipid droplet metabolism in F-T and L-T Pekin ducks, and to investigate the role of gene
expression related to lipid droplets in regulating lipid deposition in Pekin ducks.

2. Materials and Methods
2.1. Experiments and Animal Handing

The ducks and care used in this experiment were approved by the Chinese Animal
Care and Use Committee, and all procedures were performed under guidelines devel-
oped and approved by the Animal Care and Use Committee of Yangzhou University
(approval number: 151-2014), throughout which we minimized animal pain, tissue damage,
and stress.

One-day-old 180 Pekin male ducklings, 140 F-T ducks, and 140 L-T ducks were housed
in 20 cages composed of wire floor enclosures (200 x 100 x 40 cm), 14 ducks per cage, and
All birds were maintained under constant light and kept at 30 °C for 1 to 3 d, followed by a
gradual decrease to 20 °C to 21 d. All cages had nipple drinkers and tubular feeders and
were fed commercial diets ad libitum, until the end of 5 weeks.

There were two commercial diets in this experiment, divided into edible diets for
ducklings aged 1 to 21 days and 22 to 35 days, purchased from Hope Feed Co., Ltd.
(Fangshan District, Beijing, China), and the main raw materials and nutritional components
guaranteed by the products are shown in Table 1. Both F-T and L-T ducks were fed the
same commercial diet.

2.2. Sample Collection

At 21, 28, and 35 d, the body weight and feed intake of the ducks in each cage were
recorded after fasting for 12 h with ad libitum access to water. At the initial age of the
14 one-day-old ducks per cage (20 cages, 10 cages each for F-T and L-T), two ducks per
cage were selected for slaughter at 21, 28, and 35 d based on average body weight, and
immediately sacrificed via cervical dislocation after carbon dioxide anesthesia. Liver,
abdominal fat, and subcutaneous fat were collected from a portion of Pekin ducks and fixed
in 4% tissue fixative followed by Oil Red O or HE staining. The liver, abdominal fat, and
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subcutaneous fat of the remaining Pekin ducks were immediately stored in liquid nitrogen
at —80 °C, until subsequent RT-PCR analysis. In addition, one Pekin duck per cage was
selected at 35 days based on average body weight for calculation of slaughter performance
using abdominal fat and subcutaneous fat collected. At 35 d, blood samples were collected
by wing vein puncture with heparinized syringes equipped with stainless steel needles.
The blood samples were centrifuged at 1000x g for 15 min at 4 °C to separate the upper
transparent and stored at —20 °C until the measurement of serum biochemical parameters.

Table 1. Product guarantee nutritional composition in duckling compound feed (1-35 d).

Item ! Content

Product guarantee value composition (1-21 D), %

Crude protein >19.0
Crude ash <8.0
Crude fiber <6.0
Calcium 0.5-1.5
Phosphorus >0.3
Sodium chloride 0.2-0.8
Methionine >0.3
Moisture <14.0
Product guarantee value composition (22-35 D), %
Crude protein >16.0
Crude ash <9.0
Crude fiber <6.0
Calcium 0.9-1.5
Phosphorus >0.3
Sodium chloride 0.2-0.8
Methionine >0.2
Moisture <14.0

I The main raw materials used were corn, soybean meal, corn gluten meal, stone powder, calcium bicarbonate,
manganese sulfate, vitamin A, and vitamin B2.

2.3. Measurement of Serum Biochemical Parameters

The concentrations of glucose, Triacylglycerol (TG), high-density lipoprotein choles-
terol (HDL-C), low-density lipoprotein cholesterol (LDL-C), cholesterol (CHOL), uric acid,
total bilirubin, direct bilirubin, total protein, albumin (ALB), and lactate dehydrogenase,
were measured using commercial kits (Maccura Biotechnology Co., Ltd., Chengdu, China).
The enzymatic activities of creatine kinase, hydroxybutyrate dehydrogenase, alkaline phos-
phatase, alanine aminotransferase, and aspartate aminotransferase were measured using
an automatic analyzer (7080, Hitachi, Tokyo, Japan).

2.4. Histological Studies

The liver, abdominal fat, and subcutaneous fat samples were examined histologi-
cally using hematoxylin and eosin (HE) staining. These samples were washed in PBS,
soaked in 4% paraformaldehyde for 24 h, removed, dehydrated, embedded in paraffin
wax, and cut into slices of approximately 5 um. These slices were collected on polylysine-
coated glass slides and stained with HE or Oil Red O. The samples were scanned using
a Nanozoomer scanner and the adipocyte area was calculated using an image analysis
system (3DHISTECH'’s Slide Converter).

2.5. RNA Extraction and Real-Time Quantitative PCR

Total RNA from the liver, abdominal fat, and subcutaneous fat was extracted using
the TRIzol reagent (TaKaRa, Shanghai, China). One microgram of RNA from each sample
was reverse-transcribed into cDNA using a reverse transcription kit (TaKaRa, Shanghai,
China). Quantitative real time-PCR was performed in 96-well plates using an ABI 7500
real-time PCR system (Applied Biosystems, Foster City, CA, USA). Each well contained
2 uL of cDNA template (diluted 20x after the PCR reaction), 5 pL. SYBR green (Bio-Rad,
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Foster City, CA, USA), and 1 pL each of the forward and reverse gene-specific primers at
10 pmol/L (primers are listed in Table 2). Glyceraldehyde 3-phosphate dehydrogenase was
used as an endogenous reference gene for normalization. The thermal profile was 95 °C for
30 s followed by 40 amplification cycles at 95 °C for 15 s and 60 °C for 30 s. Subsequently,
the melting curve analysis was performed. The resulting cycle threshold values were used
to determine relative gene expression.

Table 2. Primer sequence used in this study.

GenBank

Gene Sequence (5'—3') Product Size (bp) .
Accession

F: AGATGCTGGTGCTGAATACG
GAPDH R CGGAGATGATGACACGCTTA 104 XM_0050106

F: GGTATCGGCAGCAGTCTTA
PLINT R: TTCACAGAGGCGAGTAACTT 200 NM_00131042.1

F: CACCACACCGTTAATCTGATCG
PLIN2 R: AGTTCTTGACTCTATGTGCTC 71 NM_001310418

F: TGATGTTATTTACATAGCAATGTC
ATGL R: TATTAGAAGATATATTTCTGCCAA 157 EU747707

F: CCACTTCGACGCTGATGCTC
ABHDS R: ATAAGGTGTTTGACCCTCGAT 168 XM_038174904

F: CCTGATGGATGCCCAGAACTCCC
ANGPTLA R: AGACTGCGTTTTGTTGTCCTT 157 XM_038169204

F: ATTAAACAAGATTTCAAGTGGCT
STKI7A R: TCACTGAAACACCTGCTATGTC 159 XM_013095211

2.6. Statistical Analyses

All data, including growth performance, slaughter performance, serum biochemical
indices, adipose tissue characteristics, and gene expression levels by RT-PCR, are expressed
as mean £ SE. SPSS software (version 18.0; SPSS, Inc., Chicago, IL, USA) was used to
compare the significance of repeated measurements between different growth ages and
strains. p < 0.05 was used as the statistical significance criterion. Duncan’s multiple range
test was used to detect and analyze the main effects among different growth ages and
different strains.

3. Results
3.1. Growth Performace

In terms of body weight, L-T ducks at 21, 28, and 35 days were lower (p < 0.01,
Figure 1a). The average daily feed intake of F-T ducks was higher than those of L-T ducks
throughout the experimental period (p < 0.01; Figure 1b). There was no difference in
average daily gain between F-T and L-T ducks at 28 to 35 d of age (p = 0.146); however,
F-T ducks had a higher average daily gain from 21 to 28 d of age than that in L-T ducks
(p < 0.05) (Figure 1c). By calculation, the feed to gain ratio of F-T ducks is higher than L-T
ducks throughout the growth period (p < 0.01) (Figure 1d).

3.2. Serum Biochemical Parameters

F-T ducks exhibited higher serum concentrations of HDL-C, LDL-C, CHOL, ALB,
and hydroxybutyrate dehydrogenase than L-T ducks did (p < 0.05, Table 3). Serum total
bilirubin levels and creatine kinase activity were higher in the L-T ducks than in F-T
ducks (p < 0.05, Table 3). The serum levels of glucose, TG, uric acid, direct bilirubin, and
total protein and the activities of lactate dehydrogenase, alkaline phosphatase, alanine
aminotransferase, and aspartate aminotransferase between F-T and L-T ducks have no
differences (p > 0.05).
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Figure 1. Comparison of body weight (a) average daily feed intake (b), average daily gain (c), and

feed-to-gain ratio (d) between two strains of meat duck. Values were compared for statistical analysis
on three measuring days (21 D, 28 D, and 35 D). Data are given as means and standard error of the
mean (1 = 8). p-values are shown after comparison of two strains.

Table 3. Comparison of serum biochemical parameters between Lean-type ducks and Fatty-type

ducks at 35 D.
Item ! Lean-Type Fatty-Type p-Value
GLU/(mmol/L) 9.12 +0.31 9.04 + 0.22 0.846
TG/(mmol/L) 0.39 + 0.02 0.39 £ 0.02 0.953
HDL-C/(mmol/L) 291 +0.11° 3.30+0.122 0.024
LDL-C/(mmol/L) 132 £0.07° 1.91 4 0.14 2 0.001
CHOL/(mmol/L) 505 4 0.21° 5.90 + 0.26 @ 0.015
UA/(umol/L) 206.45 & 9.42 210.30 & 13.11 0.813
TBIL/(umol/L) 2.0340.132 141 £0.12° 0.001
DBIL/(umol/L) 4.72 +0.28 441 +0.18 0.364
TP/(g/L) 4427 +1.18 47.77 + 2.31 0.186
ALB/(g/L) 17.38 +0.38 P 19.24 +0.542 0.007
LDH/(U/L) 533.65 4 33.37 582.40 4+ 62.00 0.493
CK/(U/L) 1212.15 4+ 120.68 2 820.65 + 39.86 P 0.004
HBDH/(U/L) 681.25 + 31.01 " 926.45 + 100.64 2 0.025
ALP/(U/L) 528.30 4 36.66 448.63 + 18.17 0.059
ALT/(U/L) 39.96 + 1.92 40.70 4+ 2.51 0.816
AST/(U/L) 41.18 £ 3.45 40.46 £+ 5.09 0.906
AST/ALT 1.03 4+ 0.07 1.01 +0.11 0.858

! Data are presented as the mean and standard error of the mean (1 = 8). *® Means within a row lacking
a common superscript differ significantly (p < 0.05). Abbreviations: GLU, glucose; TG, triglyceride; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein; CHOL, cholesterol; UA, uric acid; TBIL,
total bilirubin; DBIL, direct bilirubin; TP, total protein; ALB, albumin; LDH, lactate dehydrogenase; CK, creatine
kinase; HBDH, hydroxybutyrate dehydrogenase; ALP, alkaline phosphatase; ALT, alanine transaminase; AST,

aspartate aminotransferase.
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3.3. Liver Histology

Compared with the liver parenchyma cells of the F-T ducks, those of the L-T ducks
showed widespread deposition of lipid droplets on Oil Red O staining at 21, 28, and 35 d
(Figure 2). As age progressed, the number of hepatic lipid droplets decreased in both the
F-T and L-T ducks.

28D 35D

TALTNLY TN
0 ; 45“ L)

()

Figure 2. Oil red O staining of liver sections showing the effects of different strains on the hepatic lipid
accumulation in the liver of meat duck. Lean-type Pekin ducks after 21 Days of growth (a); Fatty-type
Pekin ducks after 21 Days of growth (b); Lean-type Pekin ducks after 28 Days of growth (c); Fatty-type
Pekin ducks after 28 Days of growth (d); Lean-type Pekin ducks after 35 Days of growth (e); Fatty-type
Pekin ducks after 35 Days of growth (f). The red spots in the pictures are stained lipid droplets. Scale
bar: 20 um.

3.4. Fat Deposition and Adiopocyte Histology

Compared with L-T ducks, F-T ducks had higher percentages of abdominal fat and
subcutaneous fat at 35 d (p < 0.01, Figure 3), and HE staining showed that the adipocyte
sizes of abdominal fat and subcutaneous fat in F-T ducks were higher (Figure 4).

O Lean-type
B Fatty-type

“0- p <0.001

am
30+
204 |
10 »<0.001
3 —_—
2
1_ | ﬁ
0 T T

Abdominal fat Subcutaneous fat

Fat Weight / Body Weight (%)

35D

Figure 3. Comparison of abdominal fat and subcutaneous fat contents at 35 D between two strains of
meat duck. Data are given as means and standard error of the mean (n = 8). p-values are shown after
comparison of two strains.
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Figure 4. Representative H&E staining pictures of the abdominal adipose cell (a) and subcutaneous
adipose cell (b) of 21 D, 28 D, and 35 D old ducks. The scale bar is 50 um. Abbreviations: H&E,
hematoxylin, and eosin.

Adipocyte diameter, area, and density of abdominal fat and subcutaneous fat were
affected by age and strain in both F-T and L-T ducks (Table 4). These parameters were also
affected by the interaction between age and strain in subcutaneous fat but not in abdominal
fat (Table 4). As age progressed, adipocyte diameter and area increased, and adipocyte
density decreased in abdominal fat in both F-T and L-T ducks (Table 4). F-T ducks had
higher adipocyte diameter and area and lower adipocyte density in the abdominal fat than
those in L-T ducks (Table 4). The adipocyte diameter and area in the subcutaneous fat
of F-T ducks were higher than those in L-T ducks at 28 and 35 d (p < 0.05), whereas the
adipocyte density was lower than that in L-T ducks at 28 and 35 d.

Table 4. Comparison of adipocytes between Lean-type ducks and Fatty-type ducks at different
growth ages.
Abdominal Fat Subcutaneous Fat
Growth Strai Densite/ S
rain
Ages ! Diameter/(um) Area/(um?) ensﬁyz (per, Diameter/(um) Area/(um?) ensﬁyz (per,
mm-©) mm-~)
21D Lean-type 59.70 2511.49 392.47 77.00 € 4592.73 € 230.26 2
Fatty-type 61.37 2844.33 375.84 74.50 € 4328.61 ¢ 236.37 2
28D Lean-type 61.60 2913.60 350.93 81.184 5056.56 4 218.77 2
Fatty-type 65.07 3249.38 335.98 86.70 © 5850.40 © 183.42°
35D Lean-type 67.97 3639.73 287.29 91.69 P 6661.35 P 165.11°
Fatty-type 71.20 4022.22 252.15 96.28 @ 7007.48 2 143.01 ¢
P O‘ﬁfli SE 0.69 68.69 8.79 0.85 116.47 7.17
21D 60.53 € 267791 ¢ 384.152 75.75 4460.67 233.31
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Table 4. Cont.

Abdominal Fat Subcutaneous Fat
Growth Strai - -
Ages! ram Diameter/(um) Area/(um?) Den51tyz/(per, Diameter/(um) Area/(um?) Den51tyz/(per,
mm?#) mm?~)
28D 63.33b 3081.49 b 343.45P 83.94 5453.48 201.10
35D 69.58 @ 3830.97 269.72 ¢ 93.99 6834.41 154.07
Pooled SE 0.49 48.57 6.21 0.60 82.36 5.07
. Lean-type 63.09P 3021.61P 343.56 2 83.29 5436.89 204.72
Strain Fatty-type 65.88 2 3371.98 2 321.32° 85.83 5728.83 187.60
Pooled SE 0.40 39.66 5.07 0.49 67.25 4.14
il Growth ages <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
sza ue Strain <0.001 <0.001 0.003 0.01 0.002 0.006
A(I\EVOV{)/Z Growth ages *
) Strain 0.727 0.777 0.450 0.001 <0.001 0.019

! Data represent the means of six replicate individuals (1 = 6). *° Means within a row lacking a common
superscript differ significantly (p < 0.05). * In the figure represents the interaction between the two factors.

3.5. Gene Expression

In the liver, age and strain affected the expression of perilipin 1 (PLIN1), perilipin
2 (PLIN2), angiopoietin-like protein 4 (ANGPTL4), adipose triglyceride lipase (ATGL),
ABHDS, and serine/threonine kinase 17a (STK17A). The interaction between age and strain
affected the expression of PLIN2 and ATGL, but had no influence on the expression of
PLIN1, ANGPTL4, STK17A, and ABHDS5. As age progressed, the mRNA levels of PLIN1,
PLIN2, ANGPTL4, ATGL, and STK17A markedly increased (p < 0.01), but ABHD5 gradually
decreased (p < 0.01, Figure 5). The expression levels of PLIN1, PLIN2, ANGPTL4, ATGL,
and STK17A were higher in F-T ducks than those in L-T ducks. ABHD5 mRNA levels were
higher in L-T ducks than those in F-T ducks (p < 0.01; Figure 5).
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Figure 5. Comparison of expression levels of lipid droplet anabolism genes in liver (a—f) at 21 D,
28 D, and 35 D between two strains of meat ducks. Data are given as means and standard error
of the mean (n = 6). Bars with different letters are significantly different (p < 0.05). * In the figure
represents the interaction between the two factors. Abbreviations: PLIN1, perilipin 1; PLIN2, perilipin
2; ANGPTL4, angiopoietin-like protein 4; ATGL, adipose triglyceride lipase; ABHD5, abhydrolase
domain containing 5; STK17A; serine/threonine kinase 17a.
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In abdominal fat, age and strain also affected the expression of PLIN1, PLIN2, ANGPTL4,
ATGL, STK17A, and ABHDb. The interaction between age and strain affected PLIN1, ANGPTL4,
and ABHDS5 and had no influence on the expression of PLIN2, ATGL, and STK17A. The
expression of PLIN1, PLIN2, ANGPTL4, ATGL, ABHDS5, and STK17A in the abdominal fat was
markedly upregulated throughout development (p < 0.01, Figure 6). The expression of PLIN1,
PLIN2, ANGPTL4, ATGL, STK17A, and ABHD5 in abdominal fat and F-T ducks was always
higher than that in L-T ducks (p < 0.05, Figure 6).
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Figure 6. Comparison of expression levels of lipid droplet anabolism genes in abdominal fat (a—f) at
21 D, 28 D, and 35 D between two strains of meat ducks. Data are given as means and standard error of
the mean (1 = 6). Bars with different letters are significantly different (p < 0.05). * In the figure represents
the interaction between the two factors. Abbreviations: PLIN1, perilipin 1; PLIN2, perilipin 2; ANGPTL4,
angiopoietin-like protein 4; ATGL, adipose triglyceride lipase; ABHD5, abhydrolase domain containing
5; STK17A; serine/threonine kinase 17a.

In subcutaneous fat, age and strain affected the expression of PLIN1, PLIN2, ANGPTL4,
ATGL, STK17A, and ABHDS5. However, the interaction between age and strain affected
PLIN1, PLIN2, ATGL, and ABHDS5 but had no influence on the gene expression of ANGPTL4
and STK17A. As age progressed, the mRNA levels of PLIN1, PLIN2, ANGPTL4, ATGL,
and ABHD5 were markedly upregulated (p < 0.01); however, STK17A showed no major
expression trend (p > 0.05, Figure 7). The expression levels of PLIN1, PLIN2, ANGPTL4,
ATGL, ABHDS5, and STK17A were higher in F-T ducks than those in L-T ducks (p < 0.05,
Figure 7).
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Figure 7. Comparison of expression levels of lipid droplet anabolism genes in subcutaneous fat (a—f) at
21D, 28 D, and 35 D between two strains of meat ducks. Data are given as means and standard error of
the mean (1 = 6). Bars with different letters are significantly different (p < 0.05). * In the figure represents
the interaction between the two factors. Abbreviations: PLIN1, perilipin 1; PLIN2, perilipin 2; ANGPTL4,
angiopoietin-like protein 4; ATGL, adipose triglyceride lipase; ABHDS5, abhydrolase domain containing
5; STK17A; serine/threonine kinase 17a.

4. Discussion

In the present study, it was observed that F-T ducks had higher proportions of ab-
dominal fat and subcutaneous fat than those in L-T ducks, which is similar to the findings
of previous studies [2,3,5]. It has been observed that the F-T broilers accumulate more
lipids than do the L-T broilers [13] and pigs [14]. Although we found a higher feed intake
in F-T ducks, this might not be the main reason for the high percentage of abdominal fat
and subcutaneous fat in these ducks. Reduced feed intake does not influence hepatic lipid
deposition [2]. Therefore, genetic selection for meat yield reduces lipid deposition, which
may be the main reason [15].

Lipid deposition is characterized by the enlargement of adipocytes, which results
from increased TG storage. The major sources of TG deposition in adipose tissue are
chylomicrons and very low-density lipoproteins. In the present study, L-T ducks showed
higher amounts of lipid droplets in the liver than those in the F-T ducks. Interestingly,
Saadoun and Leclercq has previously reported similar results [16]; prior to 5 weeks of age,
the liver fat content of lean line chickens was marginally higher than that of fat line chickens.
F-T ducks strongly express proteins related to glycolysis, ATP synthesis, and protein
catabolism, whereas proteins highly expressed in L-T ducks reduce protein catabolism [3].
This indicates that F-T and L-T ducks have different liver metabolic capacities. In addition,
the serum concentrations of HDL-C, LDL-C, CHOL, and ALB were higher in F-T ducks
than those in L-T ducks. Obese animals usually have higher serum TG, LDL-C, and
HDL-C levels [17-20]. LDL is the main form of liver lipid transport to extrahepatic tissues.
Therefore, we speculate that the lipids synthesized by F-T Pekin duck livers are more
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rapidly transported to adipose tissue for storage than those synthesized by the L-T duck
livers, resulting in less lipid deposition in the F-T duck liver.

As lipid droplets accumulate in adipocytes, adipocytes undergo hypertrophy (increase
in size) and hyperplasia (increase in number) [21], which in turn produces expansion of
adipose tissue [22]. In this study, as age progressed, the adipocyte size of the abdominal fat
and subcutaneous fat increased, which were higher in F-T ducks than those in L-T ducks.
Accumulating evidence suggests that adipocyte hyperplasia in broiler-type chicken occurs
from 3 d post-hatching to 7 weeks of age, and hypertrophic growth occurs before 5 weeks
of age [23], This is the same as our results. In addition, compared to lean animals, in both
poultry and mammals, adipose tissue development of fatty type animals increased in both
adipocyte formation and cell enlargement [24-26], suggesting that selecting for the fatness
trait results in cellularity and volume changes in adipose tissues. F-T meat ducks have
higher fatty acid synthesis-related gene expression [27], indicating their increased ability
for fatty acid synthesis. Therefore, F-T ducks may attain a large amount of fat deposition in
adipocytes by synthesizing more fatty acids, leading to fat hypertrophy and proliferation,
which results in an increase in adipose tissue.

Lipids are deposited in adipocytes in the form of lipid droplets, which play a positive
role in the development of obesity in humans and animals [10,28,29]. The surface of the
lipid droplets was covered with a droplet protein, which stabilized it. Recent studies have
shown that PLIN1 and PLIN2 are important proteins that regulate lipid droplet lipolysis
and lipogenesis [30]. In general, PLIN1 and its cofactor, ABHDS, inhibit lipid lysis by
blocking contact between ATGL and lipid droplets [28]. In the stimulated state, PLIN1 is
phosphorylated by protein kinase A, which destroys the interaction between ABHD5 and
PLIN1, activating ATGL and accelerating lipolysis [31]. Similarly, PLIN2 attenuates lipolysis
by reducing ATGL contact with lipid droplets in the basal state [32], whereas lipase cannot
be effectively recruited into lipid droplets by PLIN2 protein binding in the stimulated
state [33]. Over the past decade, it has been reported that animals deficient in PLIN1 and
PLIN2 exhibit a typical lean phenotype with enhanced lipolytic capacity in the body [34-36].
In porcine adipose tissue, PLIN1 has been identified as a novel candidate gene affecting
IMF (Intramuscular fat) content, PLIN1 knockdown reduces triglyceride (TG) levels and
lipid droplet (LD) size in porcine adipocytes [37]. Deletion of PLIN1 mainly enhances
lipolysis of adipocytes by exposing lipids in lipid droplets and upregulating lipase [38],
while PLIN2 protects its own house, namely lipid droplets. Downregulation of PLIN2
stimulates TG catabolism through autophagy [33], which may provide an explanation for
our study, and the lipid metabolism types also produce some differences between the two
Pekin ducks due to the differential expression of PLIN1 and PLIN2. ANGPTL4 is mainly
involved in energy flow and fat deposition by inhibiting LPL activity and stimulating
lipolysis for adipocyte storage. Many studies have reported a positive correlation between
circulating ANGPTLA4 levels and obesity [39,40]. In the present study, compared with L-T
ducks, F-T ducks had higher mRNA levels of PLIN1, PLIN2, and ANGPTL4 in abdominal
fat and subcutaneous fat, and showed an increased expression with age. Thus, it has been
suggested that F-T ducks and L-T ducks may have different lipid metabolism abilities
because of their differences in PLIN1, PLIN2, and ANGPTL4 expression, among which F-T
ducks have a higher ability to stabilize lipid droplets, protecting them from lipolysis by
ATGL. These results are consistent with the findings of previous studies [34,36].

5. Conclusions

The present study explored the differences in lipid metabolism between the two strains
of Pekin ducks. The data showed that compared to L-T ducks, F-T Pekin ducks could attain
more abdominal fat and subcutaneous fat deposition during the growth stage due to higher
dietary intake, stronger lipid transport ability, and lipid droplet metabolism regulation. The
ABHDS expression pattern could be associated with the increase in hepatic lipid deposition
in L-T ducks, and the gene expression patterns of PLIN1, PLIN2, and ANGPTL4 may
explain adipocyte hypertrophy in F-T ducks.



Animals 2022, 12, 2268 12 0f13

Author Contributions: Conceptualization, G.C. (Guobin Chang) and Y.J.; methodology, Z.Z., T.Y.,
W.J. and M.B.; formal analysis and data curation, Z.Z., H.B. and Z.W.,; visualization, Z.Z. and Y.J.;
writing—original draft preparation, Z.Z.; writing—review and editing, Y.J. and H.B.; resources and
funding acquisition, Z.W., G.C. (Guohong Chen), Y.J. and G.C. (Guobin Chang). All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by National Natural Science Foundation of China (31902174,
32002159), and Natural Science Foundation of Jiangsu Province (BK20190902).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: The animal study protocol was approved by the Animal Care and
Use Committee of Yangzhou University (approval number 151-2014).

Data Availability Statement: Data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Vostrizansky, A.; Barce, A.; Gum, Z.; Shafer, D.].; Jeffrey, D.; Fraley, G.S.; Rivera, P.D. Effect of pre-hatch incubator lights on the
ontogeny of CNS opsins and photoreceptors in the Pekin duck. Poult. Sci. 2022, 101, 101699. [CrossRef] [PubMed]

2. Jiang, Y.; Xie, M,; Tang, J.; Zhou, Z.; Zhang, Y.; Chen, G.; Hou, S. Effects of genetic selection and threonine on meat quality in
Pekin ducks. Poult. Sci. 2020, 99, 2508-2518. [CrossRef] [PubMed]

3. Zheng, A.; Chang, W.; Hou, S.; Zhang, S.; Cai, H.; Chen, G.; Lou, R.; Liu, G. Unraveling molecular mechanistic differences in
liver metabolism between lean and fat lines of Pekin duck (Anas platyrhynchos domestica): A proteomic study. J. Proteom. 2014, 98,
271-288. [CrossRef] [PubMed]

4.  Farhat, A,; Chavez, E.R. Metabolic studies on lean and fat Pekin ducks selected for breast muscle thickness measured by
ultrasound scanning. Poult. Sci. 2001, 80, 585-591. [CrossRef]

5. Ding, S.R;Li, G.S; Chen, S.R.; Zhu, F,; Hao, ].P; Yang, EX.; Hou, Z.C. Comparison of carcass and meat quality traits between lean
and fat Pekin ducks. Anim. Biosci. 2021, 34, 1193-1201. [CrossRef]

6. Leonhardt, M.; Langhans, W. Fatty acid oxidation and control of food intake. Physiol. Behav. 2004, 83, 645-651. [CrossRef]

7. Ahima, R.S,; Flier, ].S. Adipose tissue as an endocrine organ. Trends Endocrin. Metab. 2000, 11, 327-332. [CrossRef]

8.  Bedu, E.; Chainier, F,; Sibille, B.; Meister, R.; Dallevet, G.; Garin, D.; Duchamp, C. Increased lipogenesis in isolated hepatocytes
from cold-acclimated ducklings. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2002, 283, R1245-R1253. [CrossRef]

9.  Zhou, Y; Chen, Z,; Lin, Q.; Yang, Y.; Hang, Y.; Zhou, X.; Wu, C.; Xie, Z. Nuciferine reduced fat deposition by controlling
triglyceride and cholesterol concentration in broiler chickens. Poult. Sci. 2020, 99, 7101-7108. [CrossRef]

10. Krahmer, N.; Farese, R.V., Jr.; Walther, T.C. Balancing the fat: Lipid droplets and human disease. EMBO Mol. Med. 2013, 5, 973-983.
[CrossRef]

11. Brasaemle, D.L.; Subramanian, V.; Garcia, A.; Marcinkiewicz, A.; Rothenberg, A. Perilipin A and the control of triacylglycerol
metabolism. Mol. Cell. Biochem. 2009, 326, 15-21. [CrossRef]

12.  Zechner, R.; Kienesberger, P.C.; Haemmerle, G.; Zimmermann, R.; Lass, A. Adipose triglyceride lipase and the lipolytic catabolism
of cellular fat stores. J. Lipid Res. 2009, 50, 3-21. [CrossRef] [PubMed]

13. Leclercq, B.; Saadoun, A.J.PS. Selecting Broilers for Low or High Abdominal Fat: Comparison of Energy Metabolism of the Lean
and Fat Lines. Poult. Sci. 1982, 61, 1799-1803. [CrossRef]

14. Wu, T,; Zhang, Z.; Yuan, Z.; Lo, L.J.; Chen, J.; Wang, Y.; Peng, J. Distinctive genes determine different intramuscular fat and
muscle fiber ratios of the longissimus dorsi muscles in Jinhua and landrace pigs. PLoS ONE 2013, 8, e53181. [CrossRef] [PubMed]

15. Sandercock, D.A.; Nute, G.R.; Hocking, PM. Quantifying the effects of genetic selection and genetic variation for body size,
carcass composition, and meat quality in the domestic fowl (Gallus domesticus). Poult. Sci. 2009, 88, 923-931. [CrossRef]

16. Saadoun, A.; Leclercq, B. In vivo lipogenesis in genetically fat and lean chickens of various ages. Comp. Biochem. Physiol. B 1986,
83, 607-611. [CrossRef]

17. Xu, D.; Xu, M,; Lin, L.; Rao, S.; Wang, ].; Davey, A.K. The effect of isosteviol on hyperglycemia and dyslipidemia induced by
lipotoxicity in rats fed with high-fat emulsion. Life Sci. 2012, 90, 30-38. [CrossRef]

18. Ivanovic, N.; Minic, R.; Dimitrijevic, L.; Skodric, S.R.; Zivkovic, I.; Djordjevic, B. Lactobacillus rhamnosus LA68 and Lactobacillus
plantarum WCFS1 differently influence metabolic and immunological parameters in high fat diet-induced hypercholesterolemia
and hepatic steatosis. Food Funct. 2015, 6, 558-565. [CrossRef] [PubMed]

19. Liu, R; Zhang, J.; Liu, W.; Kimura, Y.; Zheng, Y. Anti-Obesity effects of protopanaxdiol types of Ginsenosides isolated from the
leaves of American ginseng (Panax quinquefolius L.) in mice fed with a high-fat diet. Fitoterapia 2010, 81, 1079-1087. [CrossRef]

20. Li, M.Y,; Chen, ].H.; Chen, C.; Kang, Y.N. Association between Egg Consumption and Cholesterol Concentration: A Systematic

Review and Meta-analysis of Randomized Controlled Trials. Nutrients 2020, 12, 1995. [CrossRef]


http://doi.org/10.1016/j.psj.2022.101699
http://www.ncbi.nlm.nih.gov/pubmed/35176701
http://doi.org/10.1016/j.psj.2019.10.059
http://www.ncbi.nlm.nih.gov/pubmed/32359587
http://doi.org/10.1016/j.jprot.2013.12.021
http://www.ncbi.nlm.nih.gov/pubmed/24412807
http://doi.org/10.1093/ps/80.5.585
http://doi.org/10.5713/ajas.19.0612
http://doi.org/10.1016/j.physbeh.2004.07.033
http://doi.org/10.1016/S1043-2760(00)00301-5
http://doi.org/10.1152/ajpregu.00681.2001
http://doi.org/10.1016/j.psj.2020.09.013
http://doi.org/10.1002/emmm.201100671
http://doi.org/10.1007/s11010-008-9998-8
http://doi.org/10.1194/jlr.R800031-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/18952573
http://doi.org/10.3382/ps.0611799
http://doi.org/10.1371/journal.pone.0053181
http://www.ncbi.nlm.nih.gov/pubmed/23301040
http://doi.org/10.3382/ps.2008-00376
http://doi.org/10.1016/0305-0491(86)90304-4
http://doi.org/10.1016/j.lfs.2011.10.010
http://doi.org/10.1039/C4FO00843J
http://www.ncbi.nlm.nih.gov/pubmed/25518825
http://doi.org/10.1016/j.fitote.2010.07.002
http://doi.org/10.3390/nu12071995

Animals 2022, 12, 2268 13 0f 13

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Jang, H.; Kim, M.; Lee, S.; Kim, J.; Woo, D.C.; Kim, K.W.; Song, K.; Lee, I. Adipose tissue hyperplasia with enhanced adipocyte-
derived stem cell activity in Tc1(C8orf4)-deleted mice. Sci. Rep. 2016, 6, 35884. [CrossRef] [PubMed]

Wang, G.; Kim, WK_; Cline, M.A_; Gilbert, E.R. Factors affecting adipose tissue development in chickens: A review. Poult. Sci.
2017, 96, 3687-3699. [CrossRef] [PubMed]

Guo, L,; Sun, B,; Shang, Z.; Leng, L.; Wang, Y.; Wang, N.; Li, H. Comparison of adipose tissue cellularity in chicken lines
divergently selected for fatness. Poult. Sci. 2011, 90, 2024-2034. [CrossRef]

Simon, J.; Leclercq, B. Longitudinal study of adiposity in chickens selected for high or low abdominal fat content: Further
evidence of a glucose-insulin imbalance in the fat line. J. Nutr. 1982, 112, 1961-1973. [CrossRef] [PubMed]

Hermier, D.; Quignard-Boulange, A.; Dugail, I.; Guy, G.; Salichon, M.R.; Brigant, L.; Ardouin, B.; Leclercq, B. Evidence of
enhanced storage capacity in adipose tissue of genetically fat chickens. J. Nutr. 1989, 119, 1369-1375. [CrossRef]

Hausman, G.J.; Martin, R.J. Subcutaneous adipose tissue development in Yorkshire (lean) and Ossabaw (obese) pigs. J. Anim. Sci.
1981, 52, 1442-1449. [CrossRef] [PubMed]

Wang, L.; Li, X.; Ma, J.; Zhang, Y.; Zhang, H. Integrating genome and transcriptome profiling for elucidating the mechanism of
muscle growth and lipid deposition in Pekin ducks. Sci. Rep. 2017, 7, 3837. [CrossRef]

Walther, T.C.; Chung, J.; Farese, R.V,, Jr. Lipid Droplet Biogenesis. Annu. Rev. Cell Dev. Biol. 2017, 33, 491-510. [CrossRef]

Bell, M.; Wang, H.; Chen, H.; McLenithan, J.C.; Gong, D.W.; Yang, R.Z.; Yu, D.; Fried, SK.; Quon, M.].; Londos, C.; et al.
Consequences of lipid droplet coat protein downregulation in liver cells: Abnormal lipid droplet metabolism and induction of
insulin resistance. Diabetes 2008, 57, 2037-2045. [CrossRef]

Sztalryd, C.; Brasaemle, D.L. The perilipin family of lipid droplet proteins: Gatekeepers of intracellular lipolysis. Biochim. Biophys.
Acta Mol. Cell Biol. Lipids 2017, 1862, 1221-1232. [CrossRef]

Isabelle, J.; Marie-Christine, V.; Elise, B.; Pascale, C.; Sara, B.; Martine, A.; Camille, V.; Olivier, L.; Savage, D.B.; Vigouroux, C.
Metabolism. Diagnostic challenge in PLIN1-associated Familial Partial Lipodystrophy. J. Clin. Endocrinol. Metab. 2019, 104,
6025-6032.

Li, Y,; Khanal, P.; Norheim, F; Hjorth, M.; Bjellaas, T.; Drevon, C.A.; Vaage, ].; Kimmel, A.R.; Dalen, K.T. Plin2 deletion increases
cholesteryl ester lipid droplet content and disturbs cholesterol balance in adrenal cortex. J. Lipid Res. 2021, 62, 100048. [CrossRef]
[PubMed]

Tsai, TH.; Chen, E.; Li, L,; Saha, P.; Lee, H.].; Huang, L.S.; Shelness, G.S.; Chan, L.; Chang, B.H. The constitutive lipid droplet
protein PLIN2 regulates autophagy in liver. Autophagy 2017, 13, 1130-1144. [CrossRef] [PubMed]

Libby, A.E.; Bales, E.S.; Monks, J.; Orlicky, D.J.; McManaman, J.L. Perilipin-2 deletion promotes carbohydrate-mediated browning
of white adipose tissue at ambient temperature. J. Lipid Res. 2018, 59, 1482-1500. [CrossRef] [PubMed]

Zhang, Q.C.; Zhang, P.P; Li, B.C.; Dang, HW,; Jiang, ].F; Meng, L.; Zhang, H.].; Zhang, Y.Y.; Wang, X.M.; Li, Q.R.; et al. The
Expression of Perilipin Family Proteins can be used as Diagnostic Markers of Liposarcoma and to Differentiate Subtypes. J. Cancer
2020, 11, 4081-4090. [CrossRef] [PubMed]

Sun, Y.; Zhai, G; Li, R.; Zhou, W.; Li, Y.; Cao, Z.; Wang, N.; Li, H.; Wang, Y. RXRalpha Positively Regulates Expression of the
Chicken PLIN1 Gene in a PPARgamma-Independent Manner and Promotes Adipogenesis. Front. Cell Dev. Biol. 2020, 8, 349.
[CrossRef]

Bojiang, L.; Qiannan, W.; Chao, D.; Zengkai, Z.; Rongyang, L.; Jingge, L.; Aiwen, J.; Qifa, L.; Chao, J.; Wangjun, W.J.G. A Key
Gene, PLIN1, Can Affect Porcine Intramuscular Fat Content Based on Transcriptome Analysis. Genes 2018, 9, 194.

Feng, C.; Xu, X.; Dong, W.; Chen, Z.; Yan, J. CRISPR/Cas9 knockout plinl enhances lipolysis in 3T3-L1 adipocytes. Sheng Wu
Gong Cheng Xue Bao 2020, 36, 1386-1394.

Barja-Fernandez, S.; Moreno-Navarrete, ].M.; Folgueira, C.; Xifra, G.; Sabater, M.; Castelao, C.; Fern, O.].; Leis, R.; Dieguez, C,;
Casanueva, EF; et al. Plasma ANGPTL-4 is Associated with Obesity and Glucose Tolerance: Cross-Sectional and Longitudinal
Findings. Mol. Nutr. Food. Res. 2018, 62, €1800060. [CrossRef]

Feng, S.Q.; Chen, X.D.; Xia, T; Gan, L.; Qiu, H.; Dai, M.H.; Zhou, L.; Peng, Y.; Yang, Z.Q. Cloning, chromosome mapping and
expression characteristics of porcine ANGPTL3 and -4. Cytogenet. Genome Res. 2006, 114, 44—49. [CrossRef]


http://doi.org/10.1038/srep35884
http://www.ncbi.nlm.nih.gov/pubmed/27775060
http://doi.org/10.3382/ps/pex184
http://www.ncbi.nlm.nih.gov/pubmed/28938790
http://doi.org/10.3382/ps.2010-00863
http://doi.org/10.1093/jn/112.10.1961
http://www.ncbi.nlm.nih.gov/pubmed/6750055
http://doi.org/10.1093/jn/119.10.1369
http://doi.org/10.2527/jas1981.5261442x
http://www.ncbi.nlm.nih.gov/pubmed/7298529
http://doi.org/10.1038/s41598-017-04178-7
http://doi.org/10.1146/annurev-cellbio-100616-060608
http://doi.org/10.2337/db07-1383
http://doi.org/10.1016/j.bbalip.2017.07.009
http://doi.org/10.1016/j.jlr.2021.100048
http://www.ncbi.nlm.nih.gov/pubmed/33582145
http://doi.org/10.1080/15548627.2017.1319544
http://www.ncbi.nlm.nih.gov/pubmed/28548876
http://doi.org/10.1194/jlr.M086249
http://www.ncbi.nlm.nih.gov/pubmed/29866659
http://doi.org/10.7150/jca.41736
http://www.ncbi.nlm.nih.gov/pubmed/32368290
http://doi.org/10.3389/fcell.2020.00349
http://doi.org/10.1002/mnfr.201800060
http://doi.org/10.1159/000091927

	Introduction 
	Materials and Methods 
	Experiments and Animal Handing 
	Sample Collection 
	Measurement of Serum Biochemical Parameters 
	Histological Studies 
	RNA Extraction and Real-Time Quantitative PCR 
	Statistical Analyses 

	Results 
	Growth Performace 
	Serum Biochemical Parameters 
	Liver Histology 
	Fat Deposition and Adiopocyte Histology 
	Gene Expression 

	Discussion 
	Conclusions 
	References

