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Abstract: In animals, myostatin (MSTN) is a negative regulator that inhibits muscle growth and
repair. The decreased level of functional MSTN gene expression can change the amount and pro-
portions of fats in pigs. In this study we determined the lipidomics of subcutaneous fat in MSTN
single copy mutant pigs and evaluated the variations in lipid contents of the subcutaneous fat
from MSTN*/~ and wild type Large White (LW) pigs via ultra-performance liquid chromatography-
quadrupole/Orbitrap-mass spectrometry (MS). The results showed that the quantities of glycerolipids,
sphingolipids, fatty acyls and glycerophospholipids were significantly changed, particularly, the
molecular diacylglycerol in glycerolipids, long-chain unsaturated fatty acids, and ceramide non-
hydroxy fatty acid-sphingosine in sphingolipids were remarkably increased in the MSTN*/~ group.
Due to their positive bioavailability demonstrated by previous researches, these three lipids might
be beneficial for human health. Further, the results of our study confirm that MSTN participates
in the regulation of fat metabolism, and reduced expression of MSTN can ultimately influence the
accumulation of lipid contents in the subcutaneous fat of pigs.

Keywords: myostatin; lipidomics; subcutaneous fat; long-chain unsaturated fatty acids; glycerolipids;
sphingolipids; glycerophospholipids; pigs

1. Introduction

Myostatin (MSTN) is a protein that inhibits the development of muscle tissue and its
inactive form could interrupt the deposition of fat contents [1-3], thus farm animals with
MSTN functional mutations or MSTN gene knockout might have higher percentage of
lean meat and lower fat contents. Indeed, MSTN knockout pig breeds including Landrace
pigs [4], Meishan [5], Large White/Landrace x Duroc [6], and Erhualian [7] have already
been generated, and among them, MSTN-mutant (both MSTN*~ and MSTN~/ ) Meishan,
and Erhulian pigs are healthy, whereas MSTN-mutant Landrace pigs died within a week
after birth, and three MSTN~/~ Large White/Landrace x Duroc piglets died within 1 day.
All of these MSTN-edited pigs had a reduced fat content with increased tenderness similar
to MSTN ™/~ Meishan pigs, and a significantly lower body fat percentage about 3.27%
was observed (p < 0.05) than that of wild type pigs [5]. Similarly, the backfat thickness
of MSTN~/~ Meishan pigs was also significantly lower (p < 0.05) [8]. Previously, the
transcription activator-like effector nucleases (TALENs) were used to generate nonsense
mutations (which act as stop codons) in the third exon of the MSTN gene of cells derived
from both Meishan (MS) and Large White (LW) pigs which subsequently results in increased
yields of lean meat in both LW (MSTN*/~) and MS (MSTN~/~ and MSTN*/~) pigs [9].
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MSTN inhibition has also been investigated in other animals and is being employed
as a potential strategy to decrease animal fat tissues. In transgenic mice, the MSTN gene
was suppressed using a propeptide cDNA sequence resulting in the significant reduction
of fat contents in the retroperitoneal, subcutaneous, and epididymal regions as compared
to WT mice [2]. Additionally, the decreased level of visceral fat was also observed in
adult mice once the MSTN was knocked down using siRNA [10]. Other studies have
demonstrated that MSTN inhibition might be futile while inducing it for weight loss
in obese mice [11]. Primarily, MSTN administration could inhibit adipogenesis in 3T3-
L1 preadipocytes through down-regulating the expression of CCAAT /enhancer bind-
ing protein (C/EBP) 3 and peroxisome proliferator-activated receptor vy (PPARY) [12],
C/EBPa, and lipid metabolism-related genes such as diacylglycerol O-acyltransferase
(DGAT), glycerol-3-phosphate dehydro-genase (GPDH), adipose triglyceride lipase (ATGL),
hormone-sensitive lipase (HSL), and acylCoA synthetase long-chain family member 1
(ACS1) [13]. Moreover, MSTN supplementation to adipogenic differentiation medium
suppressed the adipogenesis in porcine and bovine preadipocytes [14,15], while it can
promote adipogenesis through driving the pluripotent stem cells into a particular state [16].
Similarly, in animals, the MSTN gene inhibition or deletion can decrease fat contents and
increase the muscle mass. Furthermore, the reduced fat mass is particularly associated with
the inhibition of the MSTN in muscle tissue (though not adipose tissue), whereas the MSTN
is helpful in regulating fatty acids metabolism through MEF2C/miR222 /SCD5 cascade,
and further affect the fat deposition and TG biosynthesis [8]. Therefore, MSTN plays a
substantial role in controlling or regulating both myogenesis and adipogenesis. Fat is one of
the important macronutrients of our daily diets, which also enhances the flavor and aroma
of food. Our bodies require small amounts of essential fatty acids from food on a daily basis
to construct cell membranes and to produce many vital hormones including testosterone,
progesterone, prostaglandins, and estrogen. However, obesity contributes to many chronic
diseases and can be caused by excessive fat intake [17]. Thus, the bioavailability of dietary
fat or lipids with anti-obesity properties have become topics of great interest for researchers
in recent decades [18]. Moreover, the MSTN inhibition may contribute to lower the amount
of adipose tissue in animals. However, it is yet not clear whether the functional inactivation
of the MSTN can alter the composition of fat which subsequently affects the properties
of dietary fat. Therefore, in current study we employed untargeted metabolomics based
on ultra-performance liquid chromatography—quadrupole/Orbitrap-mass spectrometry
(LC-MS) to explore the phenotypic changes in lipid composition of subcutaneous fat from
MSTN-edited Large White pigs.

2. Materials and Methods
2.1. Animals

All the animal experiments were approved by the Animal Welfare and Research Ethics
Committee at the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences
(IAS2018-10). The MSTN-edited Large White (LW) pigs were generated using TALEN [9].
The MSTN gene carried by this pig is prematurely produced by a termination codon in the
3rd exon due to a base mutation (A/G), following an 11 bp deletion [9]. All the pigs were
kept under same conditions with free access to commercial pig diets (Tianjin Taikang feed
mill, Tianjin, China) and water.

2.2. Sampling

Pigs were categorized into two groups: wild type (WT) and heterozygous mutant
(MSTN*/~) pigs. In total, eight 8-month-old pigs (five boars that were not castrated and
three non-pregnant sows) were included in each group. The average body weight (ABW) of
MSTN*/~ and WT LW pigs were 114.44 + 3.68 kg and 115.37 + 3.65 kg, respectively. All the
animals were reared under the same feeding conditions. Pigs were sacrificed in a slaughter-
house by electric shock and incision of the carotid artery. The dorsal subcutaneous adipose
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tissues above the longissimus dorsii were removed, and immediately soaked in liquid
nitrogen for rapid freezing, and then stored at —80 °C.

2.3. Histologic Analysis

Adipose tissues morphology was examined by using hematoxylin—eosin (HE) staining.
Through a series of graded ethanol solutions, 5 um-thick paraffin sections were de-waxed
and re-hydrated. Then, water was used to wash the adipose tissues sections and those
hydrated sections were treated with 5% hematoxylin solution for 5 min, and then tap water
was used to rinse the sections. After that, the adipose tissue sections were treated with
hematoxylin differentiation solution, and tap water was used to rinse the section again.
Following that, adipose tissue sections were stained for 5 min with a 0.5% eosin solution.
Finally, the stained sections were examined under an LEICA DMIi8 microscope [19]. Image]
was used to measure the total adipocyte size. In order to calculate the adipocyte size, we
calculated the ratio of total adipocyte size/number of adipocytes, and the imperfect cells
were removed manually.

2.4. Lipid Extraction

Subcutaneous fat samples were thawed using ice, and isopropanol (IPA) was used
to obtain the lipids. After adding precooled IPA (120 pL) to the samples, the vortexing
was performed for 1 minute and the samples were then incubated for 10 min at room
temperature. The resulting mixture was stored overnight at —20 °C. The supernatants
were centrifuged for 20 min at 4000 g, after that, each sample was diluted to 1:10 using
IPA /acetonitrile (ACN)/H,O (2:1:1, v:v:v) and the samples were kept at —80 °C for prior
analysis. Furthermore, a 10 pL extraction mixture from each sample was used to prepare
the QC samples.

2.5. Lipidomics Study

All the lipid samples were evaluated using LC-MS-based ultra-performance liquid
chromatography (UPLC) system (SCIEX, Warrington, UK) and a high-resolution tandem
mass spectrometer TripleTOF5600plus (SCIEX, UK). Some metabolic ions were positively
charged, whereas others were negatively charged so, to detect metabolic ions as many as
possible a quadrupole time-of-flight (Q-TOF) mass spectrometer was operated separately in
both electrospray ionization positive (ESI+) and negative (ESI—) modes. The electrospray
voltages were 5000 V in the positive ion mode and 4500 V in the negative ion mode.

The XCMS software was used to preprocess the LC-MS collected data and then we
converted the raw data files to mzXML and process those using R’s XCMS, CAMERA, and
metaX tools. Based on retention time and m/z information, the ions were identified. We
recorded the intensity of each peak and generated a three-dimensional matrix containing
sample names (observations), arbitrarily assigned peak indices (retention time-#/z pairs),
and ion intensity information (variables). To identify level-one and level-two (MS2) metabo-
lites, the public databases (Kyoto Encyclopedia of Genes and Genomes, KEGG, and Human
Metabolome Database, HMDB), and in-house databases which contain 8360 samples were
used for identification and annotation.

2.6. Data Analysis

A t-test was used to identify the differences in the concentrations of metabolites
between WT and MSTN*/~ pigs. For identified metabolites, Principal Component Analysis
(PCA) was performed using the R function prcomp and 2D PCA plot with R package rgl.
Each point in the PCA figures represented a sample. Separation and aggregation trends
of samples in the score chart reflected the similarity and differences among all samples.
The R package metaX was used to perform a partial least squares-discriminant analysis
(PLS-DA) to evaluate the variables between groups. Furthermore, a 200-permutation test
was executed in order to validate the PLS-DA model by describing the R?Y and Q? values.
Volcano plots were used to evaluate the base R volcano plot function. Additionally, the
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variable important in projection (VIP) value was analyzed from the OPLS-DA model and
VIP > 1, p < 0.05 and fold changes >2 or <—2 values were considered as a statistical
criterion to determine the differentially expressed lipid metabolites.

2.7. Pathway Analysis

In MetabolAnalyst 5.0 (https:/ /www.metaboanalyst.ca/, accessed on 15 June 2021),
Metabolomics Pathway Analysis (MetPA) was used to analyze the metabolic pathways of
differentially expressed lipid metabolites. The pathway topology analysis was also used to
determine the p value for pathway enrichment analysis and pathway impact values.

3. Results
3.1. Basic Information on Experimental Pigs and LC-MS-Based Untargeted Lipidomics Results

The MSTN*/~ LW pigs showed significantly reduced fat contents than that of WT
LW pigs (5.108% =+ 0.5356% vs. 10.36% £ 1.165%, p < 0.01) [9]. Histological examina-
tion of the subcutaneous fat sections exhibited that the adipocytes in MSTN*/~ and WT
adipose tissues were both round or oval with individual well-circumscribed cell borders
(Figure 1a,b), and the adipocytes size calculated by Image] did not significantly differ
between two groups (p > 0.05). These results revealed that there was no change in the
adipocyte morphology and distribution between MSTN*/~ and WT pigs. Furthermore, we
used LC-MS-based untargeted lipidomics to examine the subcutaneous fat of MSTN*/~
(n=8) and WT LW pigs (n = 8) and evaluated the variable lipids composition in subcu-
taneous fat as a response to MSTN-alteration. In total, we detected 5259 metabolites in
positive ion mode, of which 2959 were annotated, with 410 matched to in-house databases
(MS2). Moreover, 1756 metabolites were perceived in negative anion mode, of which 844
were annotated, with 44 matched to in-house databases (MS2). We also identified 454 MS2
metabolites in negative and positive ion modes (Table 1). Additionally, the volcano plot
presentation showed that most of the metabolites detected from both positive and negative
ion modes were upregulated in the subcutaneous fat of MSTN-edited pigs (Figure 1c,d).

Table 1. LC-MS-based untargeted lipidomics identification results statistics.

Mode All Feature All Annotated MS2 HMDB KEGG
pos 5259 2959 410 2551 1081
neg 1756 844 44 679 375

Note: pos, positive mode. neg, negative mode. MS2, the metabolites that matched with level-two fragment ions in
in-house database.

3.2. PCA and PLS-DA Analysis of Lipid Metabolism Profiles

In order to compare the metabolic lipid profiling of subcutaneous fat between MSTN*/~
and WT pigs, we conducted Principal Component Analysis (PCA), and results are shown
in Figure 2a,b. In unsupervised mode, the samples of the two groups exhibited obvious
clustering. In addition, we also used a partial least squares discriminant analysis (PLS-DA)
to determine the distinct lipid metabolites in subcutaneous fat of the MSTN*~ and WT
pigs. A significant difference in the subcutaneous fat of two genotypes (Figure 3a,b) was
observed, which indicated that the MSTN alteration could produce significant changes in
biochemistry of the subcutaneous fat. Further, we validated our PLS-DA model, and the
values of R%Y and Q?, were verified by a 200-times permutation test. Notably, the R?Y and
Q? support the fitness and prediction power of PLS-DA model, respectively, and the values
of R2Y and Q? > 0.5 are considered as the best fit for model verification. The detected values
of R?Y and Q? for our model were 0.8931 and 0.6741 in positive ion mode, and 0.8130 and
0.7418 in negative ion mode, respectively (Figure 3c,d). The results indicated that there
is no over-fitting in this model, and the analysis of differentially expressed metabolites
is accurate.
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Figure 1. The decreased expression of MSTN altered the lipid content of subcutaneous fat. (a) HE
staining of adipose tissue from MSTN*/~ pigs; (b) HE staining of adipose tissue from WT pigs;
(c) Volcano plot of lipid metabolites in positive ion mode; (d) Volcano plot of lipid metabolites in

negative ion mode.
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Figure 2. PCA scores of the detected compounds in the two groups. (a) PCA scatter plot of differen-
tially expressed lipid metabolites in positive ion mode; (b) PCA scatter plot of differentially expressed

lipid metabolites in negative ion mode.
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Figure 3. PLS-DA of lipid metabolite profiling data for comparison of MSTN*/~ and WT pigs.
(a) PLS-DA score plots of WT and MSTN-edited pigs based on the extracted spectral data in positive
ion mode; (b) PLS-DA score plots of WT and MSTN-edited pigs based on extracted spectral data in
negative ion mode; (c) Permutation plot of PLS-DA based on the extracted spectral data in positive
ion mode. R%Y = 0.8931 and Q? = 0.6741; (d) Permutation plot of PLS-DA based on the extracted
spectral data in negative ion mode. R?Y = 0.8130 and Q? = 0.7418.

3.3. Screening the Differential Lipid Metabolites

The Q-value obtained by Benjamini-Hochberg (BH) correction using univariate fold-
change analysis, the t-test, and the VIP value obtained by PLS-DA were analyzed by
multivariate statistical analysis and were used to screen the differentially expressed lipid
metabolites. We have identified a total of 44 differentially expressed lipid metabolites
(DELM) between MSTN-edited and WT LW pigs based on relative abundance and VIP val-
ues, of which 43 were upregulated and only 1 was downregulated (Figure 4a). These
differentially expressed metabolites included 20 glycerolipids (GL), 14 sphingolipids
(SP), 8 fatty acyls (FA), and 2 glycerophospholipids (GP) as shown in Figure 4b. The
8 differentially expressed FAs were all long-chain unsaturated fatty acids (molecules
with >12 carbon atoms) (Table 2 and Figure 5). From 20 differentially expressed glyc-
erolipids, 18 were diacylglycerols (DG) and 2 triacylglycerols (TG), and all the 18 di-
acylglycerols were up-regulated, while, from 2 triacylglycerols, the TG 42:4 was up-
regulated whereas the other TG 50:0 was downregulated. All the 22 altered DGs con-
tained polyunsaturated bonds (Table 3). Of the 14 differentially expressed sphingolipids,
there were 13 ceramide non-hydroxy fatty acid-sphingosines (Cer[NS]) and only 1 was
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sphingomyelin (SM). All of the 14 differentially expressed sphingolipids were upregu-
lated in the MSTN-edited group (Table 4). Similarly, of the 2 altered GPs, there was
1 lysophophatidylcholine (lysoPC) and 1 phosphatidylcholine (PC, Table S1).

Table 2. Significantly differently expressed fatty acyls in the MSTN*/~ versus the WT pigs.

MS2 Metabolites WT MSTN FC (MSTN/WT) t.Test_p.Value VIP Regulated MS2class
FA 18:1 3546.793 9773.901481 2.7557 <0.0001 2.0193 up FA
FA 18:2 143,397.6 391,532.6511 2.7304 <0.0001 2.0036 up FA
FA 18:3 6932.366 17,210.03558 2.4826 <0.0001 1.9423 up FA
FA 20:2 8642.403 22,567.74914 2.6113 0.0002 1.8699 up FA
FA 20:3 6461.461 19,078.51236 2.9527 0.0003 1.9203 up FA
FA 20:4 19,995.97 86,817.52091 4.3418 0.0004 2.1756 up FA
FA 22:4 5978.082 34,021.06063 5.6910 0.0012 2.2632 up FA
FA 22:5 4734.286 18,623.7508 3.9338 <0.0001 2.2632 up FA

Notes: FA, fatty acids. WT, wild type group. MSTN, MSTN*/~ group. FC, fold change. VIP, variable important
in projection.

Table 3. Significantly differently expressed glycerolipids in the MSTN*/~ versus the WT pigs.

MS2 Metabolites WT MSTN FC (MSTN/WT) t.Test_p.Value VIP Regulated MS2class
DG 30:2; DG(12:0/18:2) 8560.459 20,125.29867 2.3510 0.0055 2.1145 up DG
DG 33:0; DG(16:0/17:0) 5994.942 12,379.94687 2.0651 0.0033 1.8401 up DG
DG 33:2; DG(15:0/18:2) 5044.778 12,492.03431 2.4762 0.0054 1.9723 up DG
DG 34:2; DG(16:0/18:2) 170,198.4 355,028.0342 2.0860 0.0060 1.8450 up DG
DG 34:3; DG(16:1/18:2) 103,739.4 233,561.7196 2.2514 0.0040 1.9747 up DG
DG 34:4; DG(16:1/18:3) 6334.194 13,508.78926 2.1327 0.0005 2.1073 up DG
DG 35:0; DG(17:0/18:0) 9121.664 24,772.23257 2.7158 0.0105 2.2335 up DG
DG 35:1; DG(17:0/18:1) 14,536.48 34,174.0373 2.3509 0.0003 2.1624 up DG
DG 35:2; DG(17:0/18:2) 22,347.37 49,492.0652 2.2147 0.0058 1.8518 up DG
DG 35:3; DG(17:1/18:2) 8888.985 18,309.88358 2.0598 0.0152 1.6628 up DG
DG 36:2; DG(18:1/18:1) 62,498.74 151,512.7417 2.4243 0.0038 2.0144 up DG
DG 36:3; DG(18:1/18:2) 34,011.48 115,883.6619 3.4072 0.0026 2.3690 up DG
DG 36:4; DG(18:2/18:2) 32,631.76 1,002,795.866 3.8613 0.0017 2.5261 up DG
DG 36:5; DG(18:2/18:3) 32,631.76 115,389.4501 3.5361 0.0010 2.5030 up DG
DG 37:3; DG(19:1/18:2) 4571.692 10,533.324 2.3040 0.0012 2.1446 up DG
DG 38:4; DG(19:2/19:2) 18,561.4 58,653.825 3.1600 0.0016 2.3852 up DG
DG 40:4; DG(18:0/22:4) 5632.562 12,793.07064 2.2713 0.0023 2.0061 up DG
DG 40:5; DG(18:1/22:4) 10,866.66 22,187.87537 2.0418 0.0111 1.9783 up DG

TG 42:4; TG(12:1/12:1/18:2) 7388.643 15,922.36588 2.1550 0.0190 1.9034 up TG
TG 50:0; TG(16:0/16:0/18:0) 349,899.6 169,207.3744 0.4836 0.0084 1.9507 down TG

Notes: DG, diacylglycerol. TG, triacylglycerol. WT, wild type group. MSTN, MSTN*/~ group. FC, fold change.
VIP, variable important in projection.

Table 4. Significantly differently expressed sphingolipids in the MSTN +/= versus the WT pigs.

MS2 Metabolites WT MSTN FC (MSTN/WT) t.Test_p.Value VvIP Regulated MS2class
Cer[NS] 32:1; Cer[NS](d18:1/14:0) 3861.602 9693.892561 2.5103 0.0282 2.0953 up Cer_NS
Cer[NS] 33:1; Cer[NS](d17:1/16:0) 1068.501 2993.02488 2.8011 0.0044 2.1338 up Cer_NS
Cer[NS] 34:1; Cer[NS](d18:1/16:0) 31,982.4 100,204.3959 3.1331 0.0117 2.3630 up Cer_NS
Cer[NS] 34:2; Cer[NS](d18:1/16:1) 4002.504 17,169.607 4.2897 0.0029 2.7466 up Cer_NS
Cer[NS] 35:1; Cer[NS](d18:1/17:0) 1267.395 5045.999952 3.9814 0.0011 2.8133 up Cer_NS
Cer[NS] 36:1; Cer[NS](d18:1/18:0) 14,143.47 39,845.93159 2.8173 0.0184 2.2561 up Cer_NS
Cer[NS] 36:2; Cer[NS](d18:2/18:0) 2028.951 6282.032455 3.0962 0.0170 2.0525 up Cer_NS
Cer[NS] 36:4; Cer[NS](d17:3/19:1) 57,570.47 142,091.5412 2.4681 0.0200 1.9485 up Cer_NS
Cer[NS] 38:1; Cer[NS](d18:1/20:0) 14,266.6 41,073.31911 2.8797 0.0186 2.1327 up Cer_NS
Cer[NS] 38:2; Cer[NS](d18:2/20:0) 1844.387 6254.25343 3.3910 0.0051 2.6342 up Cer_NS
Cer[NS] 42:1; Cer[NS](d18:1/24:0) 16,619.03 43,973.47298 2.6460 0.0412 1.9252 up Cer_NS
Cer[NS] 42:2; Cer[NS](d18:1/24:1) 20,262.9 48,511.80825 2.3941 0.0399 1.9521 up Cer_NS
Cer[NS] 42:3; Cer[NS](d18:1/24:2) 10,174.64 26,046.28408 2.5599 0.0162 2.1515 up Cer_NS

SM 36:1; SM(d14:0/22:1) 14,790.72 30,015.73873 2.0294 0.0172 1.8125 up SM

Notes: Cer[NS], ceramide non-hydroxy fatty acid-sphingosines. SM, sphingomyelin. WT, wild type group. MSTN,
MSTN*/~ group. FC, fold change. VIP, variable important in projection.
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Figure 4. Differentially expressed lipid metabolites in the MSTN +/= versus the WT pigs. (a) Of
the 44 differentially expressed metabolites, 43 were upregulated and 1 was downregulated; (b) The
differential metabolites included 24 glycerolipids (GL), 14 sphingolipids (SP), 8 fatty acyls (FA),
and 2 glycerophospholipids (GP). There were 22 diacylglycerol (DG) and 2 triacylglycerol (TG)
molecules in the 24 differentially expressed glycerolipids. There were 13 ceramide non-hydroxy fatty
acid-sphingosine (Cer[NS]) and 1 sphingomyelin (SM) in differential sphingolipids.
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Figure 5. Differentially expressed long-chain unsaturated fatty acids in the MSTN*/~ versus the WT
pigs. (a—h) Relative expression level of FA 18:1 (a), FA 18:2 (b), FA 18:3 (c), FA 20:2 (d), FA 20:3 (e), FA
20:4 (f), FA 22:4 (g), FA 22:5 (h) was significantly different between MSTN*/~ and WT pigs. Note:
**p <0.01, ** p < 0.001.
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3.4. Pathway Analysis of the Differentially Expressed Lipids

A total of seven pathways, including biosynthesis of unsaturated fatty acids, glyc-
erophospholipid metabolism, linoleic acid metabolism, alpha-linolenic acid metabolism,
glycerolipid metabolism, sphingolipid metabolism, and arachidonic acid metabolism were
accessed as potential associated pathways related to the differentially expressed lipid. The
pathway impact analysis of these seven pathways is presented in Figure 6.
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Figure 6. Lipid metabolic pathway analysis of the identified differential lipid species. (The circle size
and x-axis represent the pathway impact value, and the circle color and y-axis is the -log (p-value)
obtained from pathway enrichment analysis. 1: pathway of biosynthesis of unsaturated fatty acids;
2: pathway of glycerophospholipid metabolism; 3: pathway of linoleic acid metabolism; 4: pathway of
alpha-linolenic acid metabolism; 5: pathway of glycerolipid metabolism; 6: pathway of sphingolipid
metabolism; 7: pathway of arachidonic acid metabolism.)

4. Discussion

Pig meat contributes 40% of the global red meat consumption. Superfluous fat intake
is thought to be associated with an increased risk of many diseases, such as ovarian
cancer [20], Barrett’s carcinogenesis [21] and gestational diabetes mellitus [22]. So, lower
fat content meat with healthier lipids has an increasing importance in the pig breeding goal
because of their invaluable impact on consumer acceptance. Both single base or double
site mutation in MSTN gene can reduce the fat content of pigs. Further, the growth of
single base mutation pigs is normal and the reproductive organs, and digestive organs
have no difference from wild type pigs [9,23]. In the present study, we investigated the
effects of MSTN single allele editing on the lipid composition of the subcutaneous fat of
MSTN-edited LW pigs. The results exhibited no significant differences in subcutaneous
adipose, and differential lipid metabolites including glycerolipids, sphingolipids, fatty
acyls, and glycerophospholipids.

The loss of MSTN function in pig, rabbit, cattle, and sheep, etc., results in a reduction
of total fat mass [24]. Here, we found insignificant changes in adipocyte morphology and
distribution between MSTN*/~ and WT pigs. Moreover, in MSTN ™/~ mice, the adipocyte
size of inguinal fat pads appeared smaller until day 62 [25]. Whereas, in both male and
female MSTN~/~ mice, the size of adipocytes in white adipose tissue was smaller than that
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of WT mice, but, smaller size of gonadal fat pads and the intrascapular brown fat was only
observed in female MSTN~/~ mice [26]. Although all the tissues were taken from MSTN —/=
mice, but the adipocyte size of tissue from different genders and distinct tissues showed
dissimilar results. In addition, it was also reported that MSTN inhibited intramuscular
preadipocyte differentiation in a dose-dependent manner in 3T3-L1 cells [15]. Our results
are inconsistent with earlier reports, possibly due to different genotypes, different species,
and the dose-dependent impact of MSTN on fat cells.

The down-regulation of the MSTN gene promoted the accumulation of long-chain
unsaturated fatty acids, especially the monounsaturated fatty acids including oleic acid
and polyunsaturated fatty acids, such as linoleic acid and arachidonic acid. Fatty acids
play an important role in the human diet and subsequently prevent various types of
diseases, such as polyunsaturated fatty acid (PUFA), which might reduce the risk factors
of end-stage renal disease or failure through a variety of mechanisms in populations with
a high burden of kidney disease [27]. Additionally, PUFA can impart a protective role
in patients with cardiovascular and cerebrovascular diseases [28]. Similarly, long-chain
PUFAs are indeed inducive for the people suffering from obesity and osteoporosis [29].
Beside this, oleic acid (FA 18:1) insures against cancer, insulin resistance, and type 2 diabetes
mellitus [30,31]. Omega3 PUFAs, a conjugant of linoleic acid (FA 18:2), and the linolenic acid,
also possess inhibitory properties for cancer development [30]. A previous study in rats
has demonstrated that fructose plus an oleic, linoleic, and «-linolenic fatty acids-enriched
diet could reduce body fat [32]. Linoleic acid is a precursor of arachidonic acid (FA 20:4),
which is essential for the proper development of the immune, skeletal muscle, and nervous
systems particularly, for optimal brain and cognitive performance [33]. Earlier, the results
of our study in MSTN-edited pigs also revealed higher contents of PUFA in longissimus
dorsi muscles [9]. Moreover, transcriptomic analyses of the MSTN~/~ knockout mice also
disclosed several sub-networks involved in fatty acid metabolism which were significantly
enriched at d35 [34]. Furthermore, comparative proteomic and phosphoproteomic analyses
in MSTN™/~ cattle illustrated that MSTN knockout could enhance the activity of many
key enzymes involved in fatty acid 3-oxidation and glycolysis processes in gluteus muscle
tissues [35]. Besides, MSTN was also demonstrated to regulate the desaturation of fatty
acids through MEF2C/miR222/SCD5 cascade in subcutaneous fat of MSTN-knockout
Meishan pigs [8]. Therefore, MSTN is involved in fatty acid metabolism and affects the
content of fatty acids in subcutaneous fat.

The DG concentration in subcutaneous adipose tissue increased in MSTN*/~ pigs. In
two human population groups it was observed that the human group who took diacylglyc-
erol (mainly 1,3-diacylglycerol) had a lower level of postprandial triglyceridemia than that
of the human group who consumed triacylglycerol [36]. Dietary diacylglycerol has reduced
the hepatic fat accumulation caused by high-fat diets in rats, as well as accumulated abdom-
inal fat and body weight in Japanese males [36,37]. A clinical double-blind and random trial
demonstrated that diacylglycerol oil-supplemented foods is helpful in downsizing body
fat and also accelerates weight loss in men and women who were considered overweight
(waist circumference > 90 cm and waist circumference > 87 cm, respectively) [36]. Mi-
croencapsulated duck DG intake was found to be safe and acted as a functional ingredient
for decreasing body weight, lowering obesity, and inducing the metabolism of lipids in
the viscera of hyperlipidemic Wistar rats [18]. Furthermore, the DG positively affected
the growth performance and nutrient digestibility in Ross broiler chicks [38]. Thus, the
DG consumption cannot only be helpful in reducing the postprandial TG levels in serum,
suppress abdominal and visceral fat accumulation, lessen obesity, promote growth perfor-
mances, and nutrient digestibility, but can also assist in the treatment of clinical metabolic
diseases. The glycerol phosphate pathway is the main synthesis pathway of triacylglycerol
in which DG acyltransferase esterified the DG and converted it into TG [39]. It has also
been reported that the concentration of TG in adipocytes was decreased up to 46% after
MSTN treatment [40]. The TG proportion in the subcutaneous fat tissue of MSTN*/~ and
MSTN~/~ pigs was decreased [8], while in MSTN~/~ pigs the expression level of the genes
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involved in lipid synthesis were also found to be downregulated in the adipose tissue [41].
Here we perceived that the decreased DG contents were probably associated with the loss
of MSTN function which prevents the formation of TG from DG.

The results of our study showed that the contents of Cer[NS] were increased in subcu-
taneous fat of the MSTN*/~ pigs. Fatty acid and sphingosine constitute to form ceramides
(Cer) which are signalling molecules involved in the regulation of inflammation, insulin
resistance related to obesity, decreased oxidation of fatty acids, and liver steatosis [42]. Cer,
which consist of about half of the intercellular lipids, are important for enhancing the skin
ability to act as a barrier, inhibiting melanin production [43] and moisturizing the skin [44].
Cer are a vital entity owing to their functional involvement in different cellular activities or
biological functions. This opens up ways to access their ability to treat sensitive and dry skin
and their possible role in healthy foods and cosmetics. There are several examples of these
products being produced at a commercial level and sold, and the market for such goods
is constantly growing (e.g., Kao Men’s Bioré Double Moisture Cream [Kao Corporation,
Tokyo, Japan], L' Actua Deep Harmonize Cream [Ajinomoto Health Supply, Tokyo, Japan,
Eucerin Smoothing Repair Dry Skin Lotion [Beiersdorf, Inc, Hamburg, Germany], Eucerin
Eczema Relief Body Créme, CeraVe Moisturizing Lotion [Valeant Pharmaceuticals Interna-
tional, Inc, Bridgewater, NJ], CeraVe Suncare Sunscreen Face SPF 30) [44]. Cer[NS], contains
anon-hydroxyl acyl and sphingosine and is an important ceramide. Saccharomyces cerevisiae
have already been used to produce human Cer[NS] [45]. Further, the Cer_NS were also
isolated from porcine hard palates by using preparative thin-layer chromatography [46].
However, the bioavailability of Cer[NS] from S. cerevisiae and the stratum corneum from
the porcine hard palate has not yet been verified, while the biological characteristics of
naturally derived Cer are similar to the Cer found in the human skin [47]. According to our
results, MSTN plays a significant role in increasing the quantity of Cer[NS] in adipose tissue.
The subcutaneous fat of our MSTN-edited pigs was enriched with Cer[NS], which cannot
only be used as the source material for the extraction of Cer[NS], but can also provide a
more direct source of Cer[NS] for consumers.

The pathway analysis presented a total of seven pathways significantly associated to
the differentially expressed lipids. The results of transcriptome data from longissimus dorsi
muscles of MSTN~/~ goats presented a number of genes, which were involved in fatty
acid metabolism and significantly changed the biosynthesis of unsaturated fatty acids [48].
Previously it has also been stated that differentially expressed metabolites in the jejunum
of MSTN*/~_and WT pigs were involved in sphingolipid metabolism, while half of the
differently enriched metabolites in the cecum were lipids, which were mainly involved in
glycerophospholipid and pyrimidine metabolism [49]. Thus, previously reported findings
and our data suggest that MSTN could participate in the regulation of lipid metabolism in
multiple species and organs.

5. Conclusions

Taken together, our study presented that molecular diacylglycerol in glycerolipids,
long-chain unsaturated fatty acids, and Cer[NS] in sphingolipids were distinctly increased
in the MSTN-edited group as compared to the WT group. The results of our study, along
with previously reported studies, state that these lipid species have positive biological
activity and excellent bioavailability, which may contribute to promote human health.
Further, we confirmed that MSTN regulates the lipid metabolism of subcutaneous fat and
can change the content of many lipids. Our study provides a comprehensive insight into the
unique nutritional value of subcutaneous fat, which is one of the most common concerns
in domestic animal breeding.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods11091286/s1, Table S1: Significantly differently expressed
glycerophospholipids in the MSTN*/~ versus the WT pigs.


https://www.mdpi.com/article/10.3390/foods11091286/s1
https://www.mdpi.com/article/10.3390/foods11091286/s1

Foods 2022, 11, 1286 12 of 14

Author Contributions: K.L. and Y.P. designed and managed the project. Y.P. and Y.S. performed all
animal tests and collected biological samples and analyzed the data. Y.P. wrote the manuscript. S.u.R.,
Z.F,HL.,YM, QL. and K.L. revised the paper. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (32130102),
the Science Technology and Innovation Commission of Shenzhen Municipality (JCKYZDKY202009-
3), the National Transgenic Breeding Project (2016Z2X08006-001), the Guangdong Provincial Key
Laboratory of Animal Molecular Design and Precise Breeding (2019B030301010), the Key Labora-
tory of Animal Molecular Design and Precise Breeding of Guangdong Higher Education Institutes
(2019KSYS011), the Key-Area Research and Development Program of Guangdong Province (Grant
No. 2019B020211004).

Institutional Review Board Statement: The study was approved by the Animal Welfare and Re-
search Ethics Committee at the Institute of Animal Sciences, Chinese Academy of Agricultural
Sciences (IAS2018-10).

Data Availability Statement: The raw dataset can be found in the MetaboLights database (www.ebi.
ac.uk/metabolights /MTBLS3547, accessed on 24 March 2022).

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

References

1. McPherron, A.C.; Lawler, A.M.; Lee, S.J. Regulation of skeletal muscle mass in mice by a new TGF-beta superfamily member.
Nature 1997, 387, 83-90. [CrossRef] [PubMed]

2. Zhao, B.; Wall, R]; Yang, ]. Transgenic expression of myostatin propeptide prevents diet-induced obesity and insulin resistance.
Biochem. Biophys. Res. Commun. 2005, 337, 248-255. [CrossRef] [PubMed]

3. Guo, T,; Jou, W,; Chanturiya, T; Portas, J.; Gavrilova, O.; McPherron, A.C. Myostatin inhibition in muscle, but not adipose tissue,
decreases fat mass and improves insulin sensitivity. PLoS ONE 2009, 4, e4937. [CrossRef] [PubMed]

4. Wang, K.; Ouyang, H.; Xie, Z.; Yao, C.; Guo, N,; Li, M,; Jiao, H.; Pang, D. Efficient Generation of Myostatin Mutations in Pigs
Using the CRISPR/Cas9 System. Sci. Rep. 2015, 5, 16623. [CrossRef] [PubMed]

5. Qian, L.; Tang, M.; Yang, J.; Wang, Q.; Cai, C.; Jiang, S.; Li, H.; Jiang, K.; Gao, P.; Ma, D; et al. Targeted mutations in myostatin by
zinc-finger nucleases result in double-muscled phenotype in Meishan pigs. Sci. Rep. 2015, 5, 14435. [CrossRef]

6. Rao, S.; Fujimura, T.; Matsunari, H.; Sakuma, T.; Nakano, K.; Watanabe, M.; Asano, Y.; Kitagawa, E.; Yamamoto, T.; Nagashima, H.
Efficient modification of the myostatin gene in porcine somatic cells and generation of knockout piglets. Mol. Reprod. Dev. 2016,
83, 61-70. [CrossRef]

7. Wang, K,; Tang, X,; Xie, Z.; Zou, X.; Li, M.; Yuan, H.; Guo, N.; Ouyang, H.; Jiao, H.; Pang, D. CRISPR/Cas9-mediated knockout of
myostatin in Chinese indigenous Erhualian pigs. Transgenic Res. 2017, 26, 799-805. [CrossRef]

8.  Ren, H,; Xiao, W,; Qin, X,; Cai, G.; Chen, H.; Hua, Z.; Cheng, C.; Li, X.; Hua, W,; Xiao, H.; et al. Myostatin regulates fatty acid
desaturation and fat deposition through MEF2C/miR222/SCD5 cascade in pigs. Commun. Biol. 2020, 3, 612. [CrossRef]

9. Fan, Z; Liu, Z,; Xu, K;; Wu, T,; Ruan, J.; Zheng, X.; Bao, S.; Mu, Y.; Sonstegard, T.; Li, K. Long-term, multidomain analyses
to identify the breed and allelic effects in MSTN-edited pigs to overcome lameness and sustainably improve nutritional meat
production. Sci. China Life Sci. 2022, 65, 362-375. [CrossRef]

10. Mosler, S.; Relizani, K.; Mouisel, E.; Amthor, H.; Diel, P. Combinatory effects of siRNA-induced myostatin inhibition and exercise
on skeletal muscle homeostasis and body composition. Physiol. Rep. 2014, 2, €00262. [CrossRef]

11. Mcpherron, A.C.; Guo, T.; Wang, Q.; Portas, ]. Soluble activin receptor type IIB treatment does not cause fat loss in mice with
diet-induced obesity. Diabetes Obes. Metab. 2012, 14, 279-282. [CrossRef] [PubMed]

12.  Kim, H.S; Liang, L.; Dean, R.G.; Hausman, D.B.; Hartzell, D.L.; Baile, C.A. Inhibition of preadipocyte differentiation by myostatin
treatment in 3T3-L1 cultures. Biochem. Biophys. Res. Commun. 2001, 281, 902-906. [CrossRef] [PubMed]

13.  Zhu, HJ; Pan, H.; Zhang, X.Z.; Li, N.S.; Wang, L.J.; Yang, H.B.; Gong, EY. The effect of myostatin on proliferation and lipid
accumulation in 3T3-L1 preadipocytes. J. Mol. Endocrinol. 2015, 54, 217-226. [CrossRef] [PubMed]

14. Hirai, S.; Matsumoto, H.; Hino, N.; Kawachi, H.; Matsui, T.; Yano, H. Myostatin inhibits differentiation of bovine preadipocyte.
Domest. Anim. Endocrinol. 2007, 32, 1-14. [CrossRef] [PubMed]

15.  Sun, W.X,; Dodson, M.V,; Jiang, Z.H.; Yu, S.G.; Chu, WW.,; Chen, ]J. Myostatin inhibits porcine intramuscular preadipocyte
differentiation in vitro. Domest. Anim. Endocrinol. 2016, 55, 25-31. [CrossRef]

16. Feldman, B.].; Streeper, R.S.; Farese, R.V,, Jr.; Yamamoto, K.R. Myostatin modulates adipogenesis to generate adipocytes with
favorable metabolic effects. Proc. Natl. Acad. Sci. USA 2006, 103, 15675-15680. [CrossRef]

17. Matsuo, N. Nutritional characteristics and health benefits of diacylglycerol in foods. Food Sci. Technol. Res. 2004, 10, 103-110.

[CrossRef]


www.ebi.ac.uk/metabolights/MTBLS3547
www.ebi.ac.uk/metabolights/MTBLS3547
http://doi.org/10.1038/387083a0
http://www.ncbi.nlm.nih.gov/pubmed/9139826
http://doi.org/10.1016/j.bbrc.2005.09.044
http://www.ncbi.nlm.nih.gov/pubmed/16182246
http://doi.org/10.1371/journal.pone.0004937
http://www.ncbi.nlm.nih.gov/pubmed/19295913
http://doi.org/10.1038/srep16623
http://www.ncbi.nlm.nih.gov/pubmed/26564781
http://doi.org/10.1038/srep14435
http://doi.org/10.1002/mrd.22591
http://doi.org/10.1007/s11248-017-0044-z
http://doi.org/10.1038/s42003-020-01348-8
http://doi.org/10.1007/s11427-020-1927-9
http://doi.org/10.1002/phy2.262
http://doi.org/10.1111/j.1463-1326.2011.01520.x
http://www.ncbi.nlm.nih.gov/pubmed/22023380
http://doi.org/10.1006/bbrc.2001.4435
http://www.ncbi.nlm.nih.gov/pubmed/11237745
http://doi.org/10.1530/JME-15-0038
http://www.ncbi.nlm.nih.gov/pubmed/25878062
http://doi.org/10.1016/j.domaniend.2005.12.001
http://www.ncbi.nlm.nih.gov/pubmed/16431073
http://doi.org/10.1016/j.domaniend.2015.10.005
http://doi.org/10.1073/pnas.0607501103
http://doi.org/10.3136/fstr.10.103

Foods 2022, 11, 1286 13 of 14

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Wang, B.W.; Zhang, M.G.; Ge, W.H.; He, K.L.; Cheng, ES. Microencapsulated duck oil diacylglycerol: Preparation and application
as anti-obesity agent. LWT-Food Sci. Technol. 2019, 101, 646-652. [CrossRef]

Fischer, A.H.; Jacobson, K.A.; Rose, J.; Zeller, R. Hematoxylin and eosin staining of tissue and cell sections. CSH Protoc. 2008,
2008, pdb-prot4986. [CrossRef]

Blank, M.M.; Wentzensen, N.; Murphy, M.A.; Hollenbeck, A.; Park, Y. Dietary fat intake and risk of ovarian cancer in the
NIH-AARP Diet and Health Study. Br. J. Cancer 2012, 106, 596-602. [CrossRef]

Macke, R.A.; Nason, K.S.; Mukaisho, K.; Hattori, T.; Fujimura, T.; Sasaki, S.; Oyama, K.; Miyashita, T.; Ohta, T.; Miwa, K.; et al.
Barrett’s esophagus and animal models. Ann. N. Y. Acad. Sci. 2011, 1232, 392-400. [CrossRef] [PubMed]

Bowers, K.; Tobias, D.K.; Yeung, E.; Hu, F.B.; Zhang, C. A prospective study of prepregnancy dietary fat intake and risk of
gestational diabetes. Am. J. Clin. Nutr. 2012, 95, 446-453. [CrossRef] [PubMed]

Pei, Y,; Fan, Z.; Song, Y.; Chen, C.; Mu, Y,; Li, B.; Feng, Z.; Li, H.; Li, K. Viscera Characteristics of MSTN-Edited Heterozygous Pigs.
Front. Genet. 2022, 13, 764965. [CrossRef] [PubMed]

Deng, B.; Zhang, F.; Wen, |.; Ye, S.; Wang, L.; Yang, Y.; Gong, P; Jiang, S. The function of myostatin in the regulation of fat mass in
mammals. Nutr. Metab. 2017, 14, 29. [CrossRef] [PubMed]

Jackson, M.E; Li, N.; Rodgers, B.D. Myostatin regulates tissue potency and cardiac calcium-handling proteins. Endocrinology 2014,
155,1771-1785. [CrossRef] [PubMed]

Jackson, M.E; Luong, D.; Vang, D.D.; Garikipati, D.K.; Stanton, J.B.; Nelson, O.L.; Rodgers, B.D. The aging myostatin null
phenotype: Reduced adiposity, cardiac hypertrophy, enhanced cardiac stress response, and sexual dimorphism. J. Endocrinol.
2012, 213, 263-275. [CrossRef] [PubMed]

Malhotra, R.; Cavanaugh, K.L.; Blot, W.J.; Ikizler, T.A.; Lipworth, L.; Kabagambe, E.K. Dietary polyunsaturated fatty acids and
incidence of end-stage renal disease in the Southern Community Cohort Study. BMC Nephrol. 2016, 17, 152. [CrossRef]
Sokota-Wysoczanska, E.; Wysoczanski, T.; Wagner, J.; Czyz, K.; Bodkowski, R.; Lochynski, S.; Patkowska-Sokota, B. Polyunsatu-
rated Fatty Acids and Their Potential Therapeutic Role in Cardiovascular System Disorders—A Review. Nutrients 2018, 10, 1561.
[CrossRef]

Kelly, O.J.; Gilman, ]J.C.; Kim, Y.; Ilich, J.Z. Long-chain polyunsaturated fatty acids may mutually benefit both obesity and
osteoporosis. Nutr. Res. 2013, 33, 521-533. [CrossRef]

Escrich, E.; Moral, R.; Grau, L.; Costa, L.; Solanas, M. Molecular mechanisms of the effects of olive oil and other dietary lipids on
cancer. Mol. Nutr. Food Res. 2007, 51, 1279-1292. [CrossRef]

Palomer, X.; Pizarro-Delgado, J.; Barroso, E.; Vazquez-Carrera, M. Palmitic and Oleic Acid: The Yin and Yang of Fatty Acids in
Type 2 Diabetes Mellitus. Trends Endocrinol. Metab. 2018, 29, 178-190. [CrossRef] [PubMed]

Poudyal, H.; Kumar, S.A.; Iyer, A.; Waanders, J.; Ward, L.C.; Brown, L. Responses to oleic, linoleic and alpha-linolenic acids in
high-carbohydrate, high-fat diet-induced metabolic syndrome in rats. J. Nutr. Biochem. 2013, 24, 1381-1392. [CrossRef] [PubMed]
Tallima, H.; El Ridi, R. Arachidonic acid: Physiological roles and potential health benefits—A review. J. Adv. Res. 2018, 11, 33—41.
[CrossRef]

Yang, X.; Koltes, J.E.; Park, C.A.; Chen, D.; Reecy, ]. M. Gene co-expression network analysis provides novel insights into myostatin
regulation at three different mouse developmental timepoints. PLoS ONE 2015, 10, e0117607. [CrossRef] [PubMed]

Xin, X.B; Yang, S.P; Li, X.; Liu, X.E; Zhang, L.L.; Ding, X.B.; Zhang, S.; Li, G.P.; Guo, H. Proteomics insights into the effects of
MSTN on muscle glucose and lipid metabolism in genetically edited cattle. Gen. Comp. Endocrinol. 2020, 291, 113237. [CrossRef]
[PubMed]

Nagao, T.; Watanabe, H.; Goto, N.; Onizawa, K.; Taguchi, H.; Matsuo, N.; Yasukawa, T.; Tsushima, R.; Shimasaki, H.; Itakura, H.
Dietary diacylglycerol suppresses accumulation of body fat compared to triacylglycerol in men in a double-blind controlled trial.
J. Nutr. 2000, 130, 792-797. [CrossRef]

Taguchi, H.; Watanabe, H.; Onizawa, K.; Nagao, T.; Gotoh, N.; Yasukawa, T.; Tsushima, R.; Shimasaki, H.; Itakura, H. Double-blind
controlled study on the effects of dietary diacylglycerol on postprandial serum and chylomicron triacylglycerol responses in
healthy humans. J. Am. Coll. Nutr. 2000, 19, 789-796. [CrossRef]

Upadhaya, S.D.; Park, ] W.; Park, ].H.; Kim, I.H. Efficacy of 1,3-diacylglycerol as a fat emulsifier in low-density diet for broilers.
Poult. Sci. 2017, 96, 1672-1678. [CrossRef]

Karasawa, K.; Tanigawa, K.; Harada, A.; Yamashita, A. Transcriptional Regulation of Acyl-CoA:Glycerol-sn-3-Phosphate
Acyltransferases. Int. J. Mol. Sci. 2019, 20, 964. [CrossRef]

Chu, W.; Wei, W.,; Han, H.; Gao, Y,; Liu, K,; Tian, Y,; Jiang, Z.; Zhang, L.; Chen, J. Muscle-specific downregulation of GR levels
inhibits adipogenesis in porcine intramuscular adipocyte tissue. Sci. Rep. 2017, 7, 510. [CrossRef]

Xuan, M.E; Luo, Z.B,; Han, S.Z.; Li, Z.Y.; Gao, K,; Liu, X.Y.; Chang, S.Y; Jin, Z.Y.; Choe, H.M.; Paek, H.J.; et al. Skeletal
muscle-secreted myokine interleukin-6 induces white adipose tissue conversion into beige adipose tissue in myostatin gene
knockout pigs. Domest. Anim. Endocrinol. 2022, 78, 106679. [CrossRef] [PubMed]

Catalan, V,; Frithbeck, G.; Gomez-Ambrosi, J. Inflammatory and Oxidative Stress Markers in Skeletal Muscle of Obese Subjects.
In Obesity; del Moral, A.M., Aguilera Garcia, C.M., Eds.; Academic Press: Cambridge, MA, USA, 2018; pp. 163-189.

Kim, D.S,; Kim, S.Y.; Chung, J.H.; Kim, K.H.; Eun, H.C.; Park, K.C. Delayed ERK activation by ceramide reduces melanin synthesis
in human melanocytes. Cell. Signal. 2002, 14, 779-785. [CrossRef]


http://doi.org/10.1016/j.lwt.2018.11.061
http://doi.org/10.1101/pdb.prot4986
http://doi.org/10.1038/bjc.2011.572
http://doi.org/10.1111/j.1749-6632.2011.06061.x
http://www.ncbi.nlm.nih.gov/pubmed/21950831
http://doi.org/10.3945/ajcn.111.026294
http://www.ncbi.nlm.nih.gov/pubmed/22218158
http://doi.org/10.3389/fgene.2022.764965
http://www.ncbi.nlm.nih.gov/pubmed/35299949
http://doi.org/10.1186/s12986-017-0179-1
http://www.ncbi.nlm.nih.gov/pubmed/28344633
http://doi.org/10.1210/en.2013-2014
http://www.ncbi.nlm.nih.gov/pubmed/24517228
http://doi.org/10.1530/JOE-11-0455
http://www.ncbi.nlm.nih.gov/pubmed/22431133
http://doi.org/10.1186/s12882-016-0371-y
http://doi.org/10.3390/nu10101561
http://doi.org/10.1016/j.nutres.2013.04.012
http://doi.org/10.1002/mnfr.200700213
http://doi.org/10.1016/j.tem.2017.11.009
http://www.ncbi.nlm.nih.gov/pubmed/29290500
http://doi.org/10.1016/j.jnutbio.2012.11.006
http://www.ncbi.nlm.nih.gov/pubmed/23333092
http://doi.org/10.1016/j.jare.2017.11.004
http://doi.org/10.1371/journal.pone.0117607
http://www.ncbi.nlm.nih.gov/pubmed/25695797
http://doi.org/10.1016/j.ygcen.2019.113237
http://www.ncbi.nlm.nih.gov/pubmed/31374285
http://doi.org/10.1093/jn/130.4.792
http://doi.org/10.1080/07315724.2000.10718079
http://doi.org/10.3382/ps/pew425
http://doi.org/10.3390/ijms20040964
http://doi.org/10.1038/s41598-017-00615-9
http://doi.org/10.1016/j.domaniend.2021.106679
http://www.ncbi.nlm.nih.gov/pubmed/34715416
http://doi.org/10.1016/S0898-6568(02)00024-4

Foods 2022, 11, 1286 14 of 14

44.

45.

46.

47.

48.

49.

Meckfessel, M.H.; Brandt, S. The structure, function, and importance of ceramides in skin and their use as therapeutic agents in
skin-care products. J. Am. Acad. Dermatol. 2014, 71, 177-184. [CrossRef] [PubMed]

Murakami, S.; Shimamoto, T.; Nagano, H.; Tsuruno, M.; Okuhara, H.; Hatanaka, H.; Tojo, H.; Kodama, Y.; Funato, K. Producing
human ceramide-NS by metabolic engineering using yeast Saccharomyces cerevisiae. Sci. Rep. 2015, 5, 16319. [CrossRef]
[PubMed]

Hill, J.R.; Wertz, PW. Structures of the ceramides from porcine palatal stratum corneum. Lipids 2009, 44, 291-295. [CrossRef]
[PubMed]

Choi, S.M.; Lee, B.M. Safety and risk assessment of ceramide 3 in cosmetic products. Food Chem. Toxicol. 2015, 84, 8-17. [CrossRef]
[PubMed]

Wang, L.; Cai, B.; Zhou, S.; Zhu, H.; Qu, L.; Wang, X.; Chen, Y. RNA-seq reveals transcriptome changes in goats following
myostatin gene knockout. PLoS ONE 2017, 12, e0187966. [CrossRef]

Pei, Y,; Chen, C.; Mu, Y,; Yang, Y.; Feng, Z.; Li, B.; Li, H.; Li, K. Integrated Microbiome and Metabolome Analysis Reveals a
Positive Change in the Intestinal Environment of Myostatin Edited Large White Pigs. Front. Microbiol. 2021, 12, 628685. [CrossRef]


http://doi.org/10.1016/j.jaad.2014.01.891
http://www.ncbi.nlm.nih.gov/pubmed/24656726
http://doi.org/10.1038/srep16319
http://www.ncbi.nlm.nih.gov/pubmed/26573460
http://doi.org/10.1007/s11745-009-3283-9
http://www.ncbi.nlm.nih.gov/pubmed/19184160
http://doi.org/10.1016/j.fct.2015.07.012
http://www.ncbi.nlm.nih.gov/pubmed/26206496
http://doi.org/10.1371/journal.pone.0187966
http://doi.org/10.3389/fmicb.2021.628685

	Introduction 
	Materials and Methods 
	Animals 
	Sampling 
	Histologic Analysis 
	Lipid Extraction 
	Lipidomics Study 
	Data Analysis 
	Pathway Analysis 

	Results 
	Basic Information on Experimental Pigs and LC-MS-Based Untargeted Lipidomics Results 
	PCA and PLS-DA Analysis of Lipid Metabolism Profiles 
	Screening the Differential Lipid Metabolites 
	Pathway Analysis of the Differentially Expressed Lipids 

	Discussion 
	Conclusions 
	References

