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Simple Summary: Pig subcutaneous adipose tissue deposition capacity can reflect the growth rate of
pigs, but too much fat deposition can lead to obesity, causing serious metabolic disorders, resulting in
metabolic diseases. At present, obesity has become a global health epidemic. In this study, we used
obese and lean pigs as models to reveal the expression profile of tsRNA in subcutaneous adipose
tissue. The results demonstrated an important potential regulatory network involved in fat deposition
in porcine subcutaneous adipose tissue. This study provides a new research idea for the regulation
mechanism of fat deposition in pigs, and provides a reference for preventing the occurrence of obesity.

Abstract: Epigenetic factors, including non-coding RNA regulation, play a vital role in the devel-
opment of obesity and have been well researched. Transfer RNA-derived small RNA (tsRNA) is a
class of non-coding RNA proven to be involved in various aspects of mammalian biology. Here we
take pigs as a model for obesity research and use tsRNA-seq to investigate the difference in tsRNA
expression in the subcutaneous adipose tissue of obese and lean pigs to elucidate the role of tsRNA
in obesity development. A total of 482 tsRNAs were identified in pig adipose tissue, of which 123
were significantly differentially accumulated tsRNAs compared with the control group. The tRF-5c
was the main type of these tsRNAs. The largest number of tsRNAs produced was the Gly-carrying
tRNA, which produced 81 tsRNAs. Functional enrichment analysis revealed that differential tsRNAs
indirectly participated in MAPK, AMPK, insulin resistance, the TNF signaling pathway, adipocy-
tokine signaling pathway, and other signaling pathways by interacting with target genes. These
are involved in bioenergetic metabolic regulatory processes, suggesting that tsRNAs may influence
these pathways to mediate the regulation of energy metabolism in porcine adipocytes to promote
lipid deposition, thus contributing to obesity. Our findings suggest a potential function of tsRNA in
regulating obesity development.

Keywords: tsRNA; obese; pig; subcutaneous adipose tissue; lipid deposition

1. Introduction

As one of the most widely raised livestock in the world, pigs not only provide more
than 30% of the world’s protein [1] but are also an ideal animal model for human medicinal
research [2]. Because of its similarity with humans in terms of body size, cardiovascular
system structure, physiology, and metabolic characteristics [3], it has been widely used
in the study of diseases. The incidence of obesity in humans is increasing [4,5] and can
cause serious metabolic disorders such as type 2 diabetes [6,7], nonalcoholic fatty liver
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disease [7,8], hypertension, and cardiovascular diseases [9,10]. Therefore, it is of great
significance to understand the molecular mechanisms of obesity.

Yorkshire pigs, known for their fast growth and a high percentage of lean meat,
are intensively bred worldwide. QingYu pigs, on the other hand, are a local breed in
China that have a low feed conversion rate and a strong fat deposition ability, and are
considered a fat breed. In pig production, fat deposition is important since it is a key
economic characteristic that affects the production efficiency of pigs. Studies have shown
that the thickness of subcutaneous fat is negatively correlated with lean meat percentage
and positively correlated with intramuscular fat content [11,12]. Therefore, the purpose of
artificial breeding in the pig breeding industry is to reduce the thickness of subcutaneous
fat to increase the lean meat percentage, enhance pork quality and reduce production costs.

Adipose tissue is important for thermoregulation, storing and providing energy, and
protecting internal organs [13,14]. Adipogenesis is a complex process regulated by numer-
ous transcription factors, secretory factors, hormones, and functional genes [15–17]. More and
more studies have shown that non-coding RNA, including lncRNA [18,19], circRNA [20,21],
miRNA [22,23], and tsRNA [24], play a key role in adipogenesis. Among them, tRNA-
derived small RNAs (tsRNAs) are a relatively less studied class of non-coding RNAs. They
are derived from tRNAs cleaved by specific nucleases, which were initially considered
the waste products formed by transcription [25]. However, with the development of high-
throughput sequencing technology and the maturity of bioinformatics analysis, tsRNA is
gradually being considered small molecule RNA with important functions at the transcrip-
tional and post-transcriptional levels, and for the regulation of translation by binding to
ribosomes [26–28]. Previous studies have shown that tsRNA can be divided into two major
types of tiRNA and tRFs according to the different cleavage sites on tRNA. Among them,
tiRNA includes two subtypes (tiRNA-3, tiRNA-5), and tRFs include seven subtypes (tRF-1,
tRF-2, tRF-3a, tRF-3b, tRF-5a, tRF-5b, tRF-5c) [29]. Depending on the cleavage site on the
tRNA, the resulting tsRNA transcripts range in length from 14 to 50 nt. Studies on tsRNA
revealed their role in cancer, neurological diseases, and inflammation [30,31]. Currently,
only a few studies of tsRNA in obesity have been reported [24,32,33].

In this study, we used Yorkshire and QingYu pigs as research models to compare
tsRNA gene accumulation profiles in the subcutaneous adipose tissue of two pig breeds,
using high-throughput RNA-seq, functional enrichment, and interaction network analysis.
We aimed to study the molecular mechanism of differentially expressed tsRNA regulating
fat deposition as a novel approach to investigating the regulation of pig fat deposition.
Furthermore, elucidating the molecular mechanism of fat deposition in pigs will not only
benefit the genetic breeding of pigs, but also provide a theoretical basis for the study of
human obesity and related metabolic diseases.

2. Materials and Methods
2.1. Experimental Animals

In this study, six unrelated Yorkshire and six unrelated QingYu female pigs spanning
three generations were used. All animals were fed an equal-calorie diet, with free access to
food and water. Animals were fasted the night before and slaughtered humanely when
they reached a weight of 110 kg. All experimental animal studies were approved by the
Animal Ethics and Welfare Committee of Sichuan Agricultural University, permission No.
DKY-B20131403.

2.2. Sample Collection

Blood samples of obese and lean pigs were collected from the anterior vena cava
immediately before being slaughtered. The blood was centrifuged at 3000× g for 15 min
at 4 ◦C. The serum was collected and stored at −80 ◦C. After death, the subcutaneous fat
thickness of the first rib, the last rib, and the last lumbar vertebra was measured using the
vernier caliper [34]. Then the carcass was divided, the adipose tissue was separated and
weighed, and the adipose tissue index (the percentage of adipose tissue weight vs. total
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carcass weight) was calculated. Subcutaneous adipose tissue was then preserved in liquid
nitrogen for RNA extraction and tsRNA sequencing while 4% paraformaldehyde was used
to preserve subcutaneous adipose tissue for histomorphometric analysis.

2.3. Determination of Serum Biochemical Indexes

The levels of total triglyceride (TG), total cholesterol (TC), high-density lipoprotein
cholesterol (HDL), low-density lipoprotein cholesterol (LDL), and very low-density lipopro-
tein cholesterol (vLDL) in serum were detected using corresponding kits, which were
provided by Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Following the
procedure from a previous study [35], the measurement of TG (#A110-1-1), TC (#A111-1-1),
HDL (#A112-1-1), LDL (#A113-1-1), and vLDL (#H249) in serum was performed under dif-
ferent temperature and absorbance conditions according to the manufacturer’s instructions.
The content of each index in the serum was calculated according to the standard sample.

2.4. RNA Extraction and RT-qPCR

According to the manufacturer’s instructions, RNA was extracted from subcutaneous
fat tissue using TRIzol reagent (TaKaRa, Dalian, China). Reverse transcription was per-
formed using the PrimeScript RT Master Mix kit (TaKaRa, Dalian, China) for mRNA, and
the Mir-X miRNA First-Strand Synthesis Kit (TaKaRa, Dalian, China) for tsRNA. Real-time
PCR of tsRNA and mRNA was performed using the TB Green Premix Ex Taq II Kit in
a Bio-Rad CFX96 Real-Time PCR Detection System (Bio-Rad, Richmond, CA, USA). The
expression levels of mRNA and tsRNA were normalized with β-actin and U6 as controls,
respectively. The relative expression levels of mRNA and tsRNA were calculated using the
2−∆∆Ct method [36]. All primer sequences are listed in Supplementary Table S1.

2.5. tsRNA Sequencing

Sequencing of tsRNA was performed as previously stated [37]. Briefly, the quality
of total RNA was detected using agarose gel electrophoresis and Nanodrop analysis.
RNA samples were pretreated to remove RNA modifications that may interfere with the
construction of the small RNA-seq library. The total RNA of each sample was sequentially
ligated to 3′ and 5′ small RNA adapters. cDNA was then synthesized and amplified using
Illumina’s proprietary RT primers and amplification primers. Subsequently, ~134–160 bp
PCR amplified fragments were extracted and purified from the PAGE gel. Finally, the
completed libraries were quantified in the Agilent 2100 Bioanalyzer. The libraries were
denatured and diluted to a loading volume of 1.3 ml and loading concentration of 1.8 pM.
Diluted libraries were loaded onto a reagent cartridge and forwarded to sequencing run on
an Illumina NextSeq 500 system using the NextSeq 500/550 V2 kit (#FC-404-2005, Illumina
San Diego, CA, USA), following the manufacturer’s instructions. The raw sequencing data
was deposited in the National Genomics Data Center accession PRJNA899798.

2.6. tsRNA Analysis

The tsRNA sequencing data were analyzed as reported previously [38]. Low-quality
reads and adapter sequences were removed from raw data using BOWTIE software. The
tRNA sequences used to generate the tRNA libraries were obtained from GtRNAdb (http:
//gtrnadb.ucsc.edu/, accessed on 11 August 2022) and tRANscan-SE (http://lowelab.
ucsc.edu/tRNAscan-SE/, accessed on 15 August 2022). The abundance of tsRNAs was
evaluated using their sequencing counts and was normalized as counts per million (CPM)
of total aligned reads. The tsRNAs differentially expressed were screened based on the
count value with the R package edgeR [39].

2.7. Target Gene Prediction and Functional Enrichment Analysis

The target genes of tsRNA were predicted using the online website platform Omic-
studio (https://www.omicstudio.cn/analysis, accessed on 8 September 2022). To obtain
effective target genes, we took the intersection of the two according to the results on the

http://gtrnadb.ucsc.edu/
http://gtrnadb.ucsc.edu/
http://lowelab.ucsc.edu/tRNAscan-SE/
http://lowelab.ucsc.edu/tRNAscan-SE/
https://www.omicstudio.cn/analysis
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Miranda and Targetscan databases. Next, we performed enrichment analysis on the genes
in the intersection, and the signal pathways involved in tsRNA were revealed by Gene
ontology (GO) and Kyoto Gene and Encyclopedia of Genomes (KEGG) enrichment anal-
ysis. Cytoscape software was used to construct a tsRNA-target gene-signaling pathway
regulatory network. The predicted target genes are shown in Supplementary Table S2.

2.8. Statistical Analysis

Data were expressed as Mean ± SEM. Microsoft Excel and SPSS software version 26
(IBM, Armonk, NY, USA) were used to collate and analyze the data. A Student’s t-test was
used to compare the data between the two groups. p < 0.05 was considered significant, and
p < 0.01 was considered to be extremely significant.

3. Results
3.1. Phenotypic Differences between Obese and Lean Pigs

In this study, we fed two different breeds of pigs that represented the obese and
lean pig models. To prove that the models of obese and lean pigs were successfully
established, the pigs were sacrificed and their subcutaneous fat was analyzed. The results
showed that the fat index of the obese pigs, which was 2.33 times that of lean pigs, was
significantly higher than that of the lean pigs (p < 0.01) (Figure 1A). By measuring the
thickness of subcutaneous fat on different parts of the carcass, we found that the thickness
of subcutaneous fat on the first rib, the last rib, and the last lumbar spine of obese pigs was
2.05, 2.47, and 9.78 times, respectively, that of the lean pigs. This difference was significant
(p < 0.001) (Figure 1B). The HE staining technique was used to stain the subcutaneous fat. It
can be seen that the size of subcutaneous fat cells in obese pigs was larger than that in lean
pigs. The statistical results also showed that the volume of the fat cells in obese pigs was
significantly larger than that in lean pigs (p < 0.01) (Figure 1C,D). Serum-related indicators
of the two pigs suggested that the contents of high-density lipoprotein (HDL), low-density
lipoprotein (LDL), and very low-density lipoprotein (vLDL) in the serum were elevated in
obese pigs (Figure 1E–G). Both triglyceride (TG) and cholesterol (TC) also had the same
trend (Figure 1H,I). Based on these results, it was clear that the fat content in obese pigs
was higher than that in lean pigs, and the animal model was successfully established.
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3.2. Accumulation Characteristics of tsRNA in Subcutaneous Fat 
Analysis showed that tsRNAs were derived from different tRNAs isoforms, with the 

least tsRNAs obtained from tRNA-Met and the most tsRNAs obtained from tRNA-Gly, 
which produced 3 and 81 tsRNAs, respectively (Figure 2A). The analysis of different types 
of tsRNA showed that tRNA-Met, tRNA-Phe, and tRNA-Trp produced the fewest tsRNA 
types, and all obtained 2 kinds of tsRNAs. The tRNA-Ala, tRNA-Gly, and tRNA-Val ob-
tained the most tsRNA types, and 8 different tsRNAs were obtained (Figure 2B). A total 
of 482 tsRNAs were obtained from subcutaneous adipose tissue (Figure 2D). There was 
an overlap of 93.36% of the tsRNAs in lean and obese, with 28 and 4 tsRNAs unique to 
lean and obese, respectively, belonging to different types of tsRNAs (Figure 2E). Among 
the 9 different tsRNAs subtypes, tRF-5c was the most abundant type in both obese and 
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31 and 32 nt tsRNAs were the most abundant in lean and obese types, accounting for 
81.09% and 90.05%, respectively (Figure 2F). 

Figure 1. Phenotypic indexes of obese and lean pigs. (A) The percentage of adipose tissue in the
carcass. (B) Subcutaneous fat thickness in different parts of the carcass. (C) Subcutaneous adipose
tissue by HE staining. (D) Adipocyte volume; HDL (E), LDL (F), vLDL (G), TG (H), and TC (I) in the
serum of obese and lean pigs. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. Accumulation Characteristics of tsRNA in Subcutaneous Fat

Analysis showed that tsRNAs were derived from different tRNAs isoforms, with the
least tsRNAs obtained from tRNA-Met and the most tsRNAs obtained from tRNA-Gly,
which produced 3 and 81 tsRNAs, respectively (Figure 2A). The analysis of different types
of tsRNA showed that tRNA-Met, tRNA-Phe, and tRNA-Trp produced the fewest tsRNA
types, and all obtained 2 kinds of tsRNAs. The tRNA-Ala, tRNA-Gly, and tRNA-Val
obtained the most tsRNA types, and 8 different tsRNAs were obtained (Figure 2B). A total
of 482 tsRNAs were obtained from subcutaneous adipose tissue (Figure 2D). There was an
overlap of 93.36% of the tsRNAs in lean and obese, with 28 and 4 tsRNAs unique to lean
and obese, respectively, belonging to different types of tsRNAs (Figure 2E). Among the
9 different tsRNAs subtypes, tRF-5c was the most abundant type in both obese and lean
pigs (Figure 2C). The length of these tsRNAs was in the range of 14–40 nt, of which 31 and
32 nt tsRNAs were the most abundant in lean and obese types, accounting for 81.09% and
90.05%, respectively (Figure 2F).
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Figure 2. Characteristics of tsRNA in the subcutaneous adipose tissue of lean and obese pigs. (A) The
number of tsRNAs derived from different tRNA isoforms. (B) Types of tsRNAs produced by tRNAs
carrying different amino acids. (C) Different tsRNA types specific to obese and lean subcutaneous fat.
(D) Venn diagram of tsRNA quantity in obese and lean subcutaneous fat. (E) Percentage of different
types of tsRNA. (F) tsRNA length distribution.

3.3. Difference Analysis of tsRNA in Subcutaneous Fat

Through the differential analysis of the accumulation of tsRNA in the subcutaneous
fat of obese and lean pigs, we found that 115 RNAs were up-regulated and 187 were
down-regulated in obese pigs (Figure 3A). Subsequently, tsRNAs with a Fold change ≥ 1.5
and p < 0.05 were selected as differentially expressed. Through differential analysis, a total
of 123 differentially expressed tsRNAs were identified. Among them, 13 were significantly
up-regulated and 110 were significantly down-regulated in obese pigs (Figure 3B). To verify
the accuracy of the sequencing data, tsRNAs from several differential tables were randomly
selected and verified by RT-qPCR. The results showed that the tsRNAs identified by the
two methods had the same accumulation trend in the two different porcine subcutaneous
adipose tissues (Figure 3C). Finally, we analyzed the base preference of the seed sequence
of the differentially expressed tsRNA (Figure 3D,E), and the results indicated that the
differentially expressed tsRNA seed sequence had different preferences, which also implied
that the way in which it works was different.
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(C) RT-qPCR verified tsRNA sequencing results (n = 6). (D,E) Bias of differentially expressed tsRNA
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3.4. Target Gene Prediction and Functional Analysis of Differential tsRNAs

Studies have shown that tsRNA has a similar function to miRNA, which regulates its
expression by binding to target genes through seed sites [40]. Here, we predicted the top
five tsRNA target genes with significant differential expression. Since the up-regulated but
not statistically significant tsRNA also play an important role in obesity, we also included
the up-regulated top 10 tsRNA in the analysis. As shown in Figure 4A, the three categories
each have a similar number of target genes and 2558 target genes are common. The up-
regulated and differentially up-regulated tsRNAs have 2646 target genes in total. GO
analysis (Figure 4B–D) showed that the differentially upregulated tsRNAs are involved
in lipid metabolism and redox process in biological processes (Figure 4C). The results of
the KEGG enrichment analysis showed that all of them were enriched in MAPK, AMPK,
and insulin resistance signaling pathways (Figure 5A–C). Up-regulated and significantly
up-regulated tsRNAs were also enriched in the insulin signaling pathway (Figure 5A,B),
and significantly up-regulated tsRNAs were also enriched in pathways related to fat and
fatty acid metabolism.

A B

C D

Figure 4. tsRNA target genes prediction and GO enrichment analysis. (A) The number of target
genes and gene intersection distribution; GO enrichment analysis of target genes of increased (B),
significantly increased (C), and significantly decreased (D) tsRNAs.
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Figure 5. KEGG enrichment analysis of tsRNA target genes. Increased (A), significantly increased (B),
and significantly decreased (C) tsRNA target gene KEGG signaling pathway enrichment analysis.

3.5. Regulation Network and Correlation Analysis of Fat Metabolism-Related Pathways

Here, we first constructed an interaction network diagram of tsRNA-target gene–fat
development-related pathways to further illustrate the important role of tsRNA in pig fat
deposition. In the interaction network diagram, tRF-Ala-AGC-052 and tRF-Ala-TGC-027
targeted the most target genes in the upregulated and downregulated tsRNAs, respectively,
and participated in many signaling pathways related to lipid metabolism (Figure 6). Next,
we detected the expression levels of related genes in these metabolic pathways using
RT-qPCR in the subcutaneous adipose tissues of obese and lean pigs. Then, we selected
some genes involved in important components of the network map from these pathways
for verification, we found that the FASN, SCD, and PPARα genes were upregulated in
obese pigs and AKT1 was downregulated in obese pigs (Figure 7A–D). Correlation analysis
of tsRNA and gene expression revealed that they have the same expression trend by
correlation heat map (Figure 7E).
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Figure 6. tsRNA-target gene-pathways network interactions. Diagram of the regulation network of
tsRNA-target gene-fat development-related pathways. The red line indicates differential upregulation
of tsRNA, the blue line indicates differential downregulation.
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4. Discussion

Epigenetics is involved in the whole life cycle of an organism from embryonic de-
velopment to death. It affects every microscopic change in the body and thus affects the
phenotypic changes as well [41]. Non-coding RNAs are involved in the regulation of gene
expression in a variety of different ways [42]. tsRNA is a new type of non-coding small
molecule RNA. It is highly conservative and participates in many biological processes [29].
Studies have shown that tsRNA is involved in adipocyte differentiation and it plays a
critical role in adipose development [33,43,44].

Energy metabolism is a fundamental feature of life. In mammals, the liver, muscle,
and fat are important metabolic centers that play a vital role in energy metabolism and
internal environmental homeostasis [45,46]. When the body ingests too much energy, the
excess energy is stored in the form of fat. Adipose tissue has high plasticity, and with
the continuous accumulation of energy, the phenotype of adipocytes will change. For
example, the volume of adipocytes will expand exponentially and the type of metabolism
will change, causing insulin resistance [47–49].

As an ideal experimental animal model, pigs are widely used in metabolic disease
studies of obesity and diabetes [3,50]. However, the fat content of pigs has also been studied
as an important economic trait in animal husbandry [51], and its fat deposition ability will
affect pig carcass quality, lean meat rate, and reproductive performance [52–54]. Therefore,
subcutaneous fat thickness is a key indicator for assessing fat deposition in pigs and the
reproductive performance of sows, and is regarded as a significant trait in pig breeding. In
this study, we used pigs as animal models to explore the effect of tsRNA in subcutaneous
fat on the fat deposition ability of obese and lean pigs, which will contribute to a new
understanding of adipogenesis.

We used two different pig breeds, obese (QingYu pigs) and lean (Yorkshire pigs) for
our study. The differences in fat deposition ability between the two breeds were illustrated
in terms of carcass fat content and subcutaneous fat thickness. The HE staining analysis of
subcutaneous adipose tissue revealed that obese pigs had a larger adipocyte volume and
triglyceride content compared to lean pigs, which led to increased obesity [55]. Additionally,
we found increased levels of cholesterol, low-density lipoprotein, and other biochemical
indicators in the serum of obese pigs. A large number of studies have shown that increased
levels of triglycerides and cholesterol in the body will exacerbate obesity and its resulting
metabolic syndrome [56–58].

By sequencing the tsRNA in obese and lean subcutaneous pig fat, we found that the
length of these tsRNAs was mainly 31–32 nucleotides, and the type was mainly tRF-5c,
indicating that tsRNA was not produced by the random degradation of tRNA as previously
thought [44]. A large number of studies have shown that tsRNA is involved in many
aspects and plays an important functional role. For example, Jin et al. [37] identified novel
tsRNAs in human and mouse pancreatic cancer tissues and serum using RNA sequencing
and in situ hybridization, and proved that tRF-Pro-AGG-004 and tRF-Leu-CAG-002 can
be used as new biomarkers for the early diagnosis of pancreatic cancer. The deletion of
tRNA RNase (Angiogenin) in mice leads to a decrease in tsRNA production in sperm,
which induces paternal inflammation and heritable metabolic disorders [59]. TsRNA-16902
regulates adipogenic differentiation of human bone marrow mesenchymal stem cells by
targeting PARγ and participating in the smad2/3 signaling pathway [24]. Chen et al. [60]
demonstrated that metabolic disorders in offspring are due to changes in tsRNAs in sperm
caused by the paternal high-fat diet, which is inherited and causes metabolic disorders in
offspring.

To further understand the function of tsRNA, we predicted and functionally enriched
the target genes of differential tsRNA. GO analysis showed that the differentially upregu-
lated tsRNA in obese pigs was specifically enriched in lipid metabolism, redox processes of
a large number of genes, and ion transport processes, which was consistent with a high-fat
content phenotype in obese individuals [61]. KEGG pathway enrichment analysis showed
that the differentially expressed tsRNAs were mainly involved in the MAPK, AMPK, insulin
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resistance, TNF signaling, and adipocytokine signaling pathways. It is worth noting that
the differentially upregulated tsRNAs were also involved in the PPAR signaling pathway,
fatty acid metabolism, and other signaling pathways related to obesity and fat deposition,
which can promote the development of adipocytes and lipid accumulation [62,63]. The
differentially downregulated tsRNAs were involved in the Glucagon signaling pathway
and bile secretion.

The results of our analysis proved that tsRNA is involved in fat deposition in pigs
and plays a key role in the process. By constructing the regulatory network diagram, it can
be seen that tRF-Ala-AGC-052, tRF-Ser-GCT-006, tRF-Ala-TGC-027, and tRF-Glu-TCC-033
are the most important factors in differential tsRNA, and function in the AMPK, MAPK,
insulin resistance, and adipocytokine signaling pathways, which are inextricably linked to
lipid metabolism [64,65]. The process of obesity is accompanied by the dynamic expression
of a large number of genes [66]. We found that the expression levels of genes related to
fatty acid metabolism, fat development, and insulin resistance in the above pathways were
different in obese and lean pig subcutaneous fat [67,68]. This suggests that the functional
intensity of these signaling pathways was different, which may influence fat deposition.
Finally, we analyzed the correlation between tsRNA and the expression of these genes and
found that they had the same expression pattern. However, to further explore the specific
function of tsRNA in adipocyte development, a large number of functional verification
experiments are needed.

5. Conclusions

In conclusion, we revealed the accumulation profile of tsRNA in subcutaneous adipose
tissue of obese and lean pigs and screened 123 differentially expressed tsRNAs. The
function of some tsRNAs was predicted, and functional enrichment analysis showed that
the differential tsRNAs were involved in signaling pathways related to fat metabolism. Our
study is conducive to a better understanding of the role of tsRNA in fat metabolism and
deposition and provides a theoretical basis for the molecular genetics and breeding of pigs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani12243561/s1. Table S1: Sequences of RT-qPCR primers used
in this study; Table S2: Target genes prediction of tsRNAs.

Author Contributions: Conceptualization, H.G., M.G., L.S. and L.Z.; data curation, H.G., J.W. and
S.Z.; software, H.G. and Y.Y.; investigation, Y.Z., L.N. and D.J.; methodology, Y.C. and A.J.; resources,
Y.C. and A.J.; formal analysis, L.W., Y.Y. and L.C.; project administration, L.W., Y.Y. and S.Z.; visual-
ization, H.G., L.W. and M.G.; writing—original draft, H.G. and M.G.; writing—review and editing,
L.S. and L.Z. supervision, L.Z. and L.S.; funding acquisition, L.S. and L.Z. 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 (No.
31972524); Sichuan Science and Technology Program (No. 2021YJ0265, 2021ZDZX0008, 2020YFN0147,
scsztd-2022-08-09); China Agriculture Research System of MOF and MARA; National Center of
Technology Innovation for Pigs.

Institutional Review Board Statement: All experiments were conducted in accordance with the
requirements and standards of the Sichuan Agricultural University Ethics Committee, Sichuan, China
(approval number DKY-B20131403).

Informed Consent Statement: Not applicable.

Data Availability Statement: If additional data related to this study are required, please consult the
corresponding authors.

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

https://www.mdpi.com/article/10.3390/ani12243561/s1
https://www.mdpi.com/article/10.3390/ani12243561/s1


Animals 2022, 12, 3561 13 of 15

References
1. Knox, R.V. Impact of swine reproductive technologies on pig and global food production. Adv. Exp. Med. Biol. 2014, 752, 131–160.

[CrossRef] [PubMed]
2. Lunney, J.K.; Van Goor, A. Importance of the pig as a human biomedical model. Sci. Transl. Med. 2021, 13, eabd5758. [CrossRef]

[PubMed]
3. Spurlock, M.E.; Gabler, N.K. The development of porcine models of obesity and the metabolic syndrome. J. Nutr. 2008, 138,

397–402. [CrossRef] [PubMed]
4. Chooi, Y.C.; Ding, C.; Magkos, F. The epidemiology of obesity. Metab. Clin. Exp. 2019, 92, 6–10. [CrossRef] [PubMed]
5. Kelly, T.; Yang, W.; Chen, C.S.; Reynolds, K.; He, J. Global burden of obesity in 2005 and projections to 2030. Int. J. Obes. 2008, 32,

1431–1437. [CrossRef] [PubMed]
6. Kahn, S.E.; Hull, R.L.; Utzschneider, K.M. Mechanisms linking obesity to insulin resistance and type 2 diabetes. Nature 2006, 444,

840–846. [CrossRef] [PubMed]
7. Al-Sulaiti, H.; Diboun, I.; Agha, M.V.; Mohamed, F.F.S.; Atkin, S.; Dömling, A.S.; Elrayess, M.A.; Mazloum, N.A. Metabolic

signature of obesity-associated insulin resistance and type 2 diabetes. J. Transl. Med. 2019, 17, 348. [CrossRef] [PubMed]
8. Ristic-Medic, D.; Bajerska, J.; Vucic, V. Crosstalk between dietary patterns, obesity and nonalcoholic fatty liver disease. World J.

Gastroenterol. 2022, 28, 3314–3333. [CrossRef]
9. Piché, M.E.; Tchernof, A.; Després, J.P. Obesity Phenotypes, Diabetes, and Cardiovascular Diseases. Circ. Res. 2020, 126, 1477–1500.

[CrossRef]
10. Ortega, F.B.; Lavie, C.J.; Blair, S.N. Obesity and Cardiovascular Disease. Circ. Res. 2016, 118, 1752–1770. [CrossRef]
11. Liu, F.; Brewster, C.J.; Gilmour, S.L.; Henman, D.J.; Smits, R.J.; Luxford, B.G.; Dunshea, F.R.; Pluske, J.R.; Campbell, R.G.

Relationship between energy intake and growth performance and body composition in pigs selected for low backfat thickness. J.
Anim. Sci. 2021, 99, skab342. [CrossRef] [PubMed]

12. Ding, R.; Zhuang, Z.; Qiu, Y.; Ruan, D.; Wu, J.; Ye, J. Identify known and novel candidate genes associated with backfat thickness
in Duroc pigs by large-scale genome-wide association analysis. J. Anim. Sci. 2022, 100, 11–18. [CrossRef] [PubMed]

13. Ibrahim, M.M. Subcutaneous and visceral adipose tissue: Structural and functional differences. Obes. Rev. Off. J. Int. Assoc. Study
Obes. 2010, 11, 11–18. [CrossRef] [PubMed]

14. Zwick, R.K.; Guerrero-Juarez, C.F.; Horsley, V.; Plikus, M.V. Anatomical, Physiological, and Functional Diversity of Adipose
Tissue. Cell Metab. 2018, 27, 68–83. [CrossRef] [PubMed]

15. Yu, K.; Mo, D.; Wu, M.; Chen, H.; Chen, L.; Li, M.; Chen, Y. Activating transcription factor 4 regulates adipocyte differentiation
via altering the coordinate expression of CCATT/enhancer binding protein β and peroxisome proliferator-activated receptor γ.
FEBS J. 2014, 281, 2399–2409. [CrossRef] [PubMed]

16. Mota de Sá, P.; Richard, A.J.; Hang, H.; Stephens, J.M. Transcriptional Regulation of Adipogenesis. Compr. Physiol. 2017, 7,
635–674. [CrossRef]

17. Lee, J.E.; Schmidt, H.; Lai, B. Transcriptional and Epigenomic Regulation of Adipogenesis. Mol. Cell. Biol. 2019, 39, e00601-18.
[CrossRef]

18. Chen, Y.T.; Yang, Q.Y.; Hu, Y.; Liu, X.D.; de Avila, J.M.; Zhu, M.J.; Nathanielsz, P.W.; Du, M. Imprinted lncRNA Dio3os
preprograms intergenerational brown fat development and obesity resistance. Nat. Commun. 2021, 12, 6845. [CrossRef]

19. Squillaro, T.; Peluso, G.; Galderisi, U. Long non-coding RNAs in regulation of adipogenesis and adipose tissue function. eLife
2020, 9, e59053. [CrossRef]

20. Liu, K.; Liu, X.; Deng, Y.; Li, Z.; Tang, A. CircRNA-mediated regulation of brown adipose tissue adipogenesis. Front. Nutr. 2022, 9, 926024.
[CrossRef]

21. Chen, C.; Zhang, X.; Deng, Y.; Cui, Q.; Zhu, J.; Ren, H.; Liu, Y.; Hu, X.; Zuo, J.; Peng, Y. Regulatory roles of circRNAs in
adipogenesis and lipid metabolism: Emerging insights into lipid-related diseases. FEBS J. 2021, 288, 3663–3682. [CrossRef]
[PubMed]

22. Shen, L.; He, J. MicroRNA-126b-5p Exacerbates Development of Adipose Tissue and Diet-Induced Obesity. Int. J. Mol. Sci. 2021,
22, 10261. [CrossRef] [PubMed]

23. Arner, P.; Kulyté, A. MicroRNA regulatory networks in human adipose tissue and obesity. Nat. Rev. Endocrinol. 2015, 11, 276–288.
[CrossRef] [PubMed]

24. Wang, T.; Mei, J.; Li, X.; Xu, X.; Ma, B.; Li, W. A novel tsRNA-16902 regulating the adipogenic differentiation of human bone
marrow mesenchymal stem cells. Stem Cell Res. Ther. 2020, 11, 365. [CrossRef]

25. Pan, Q.; Han, T. Novel insights into the roles of tRNA-derived small RNAs. RNA Biol. 2021, 18, 2157–2167. [CrossRef]
26. Chen, Q.; Zhang, X.; Shi, J.; Yan, M.; Zhou, T. Origins and evolving functionalities of tRNA-derived small RNAs. Trends Biochem.

Sci. 2021, 46, 790–804. [CrossRef]
27. Kim, H.K.; Fuchs, G.; Wang, S.; Wei, W.; Zhang, Y.; Park, H.; Roy-Chaudhuri, B.; Li, P.; Xu, J.; Chu, K.; et al. A transfer-RNA-

derived small RNA regulates ribosome biogenesis. Nature 2017, 552, 57–62. [CrossRef]
28. Goodarzi, H.; Liu, X.; Nguyen, H.C.; Zhang, S.; Fish, L.; Tavazoie, S.F. Endogenous tRNA-Derived Fragments Suppress Breast

Cancer Progression via YBX1 Displacement. Cell 2015, 161, 790–802. [CrossRef]
29. Kumar, P.; Kuscu, C.; Dutta, A. Biogenesis and Function of Transfer RNA-Related Fragments (tRFs). Trends Biochem. Sci. 2016, 41,

679–689. [CrossRef]

http://doi.org/10.1007/978-1-4614-8887-3_7
http://www.ncbi.nlm.nih.gov/pubmed/24170358
http://doi.org/10.1126/scitranslmed.abd5758
http://www.ncbi.nlm.nih.gov/pubmed/34818055
http://doi.org/10.1093/jn/138.2.397
http://www.ncbi.nlm.nih.gov/pubmed/18203910
http://doi.org/10.1016/j.metabol.2018.09.005
http://www.ncbi.nlm.nih.gov/pubmed/30253139
http://doi.org/10.1038/ijo.2008.102
http://www.ncbi.nlm.nih.gov/pubmed/18607383
http://doi.org/10.1038/nature05482
http://www.ncbi.nlm.nih.gov/pubmed/17167471
http://doi.org/10.1186/s12967-019-2096-8
http://www.ncbi.nlm.nih.gov/pubmed/31640727
http://doi.org/10.3748/wjg.v28.i27.3314
http://doi.org/10.1161/CIRCRESAHA.120.316101
http://doi.org/10.1161/CIRCRESAHA.115.306883
http://doi.org/10.1093/jas/skab342
http://www.ncbi.nlm.nih.gov/pubmed/34791287
http://doi.org/10.1093/jas/skac012
http://www.ncbi.nlm.nih.gov/pubmed/35034121
http://doi.org/10.1111/j.1467-789X.2009.00623.x
http://www.ncbi.nlm.nih.gov/pubmed/19656312
http://doi.org/10.1016/j.cmet.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29320711
http://doi.org/10.1111/febs.12792
http://www.ncbi.nlm.nih.gov/pubmed/24673832
http://doi.org/10.1002/cphy.c160022
http://doi.org/10.1128/MCB.00601-18
http://doi.org/10.1038/s41467-021-27171-1
http://doi.org/10.7554/eLife.59053
http://doi.org/10.3389/fnut.2022.926024
http://doi.org/10.1111/febs.15525
http://www.ncbi.nlm.nih.gov/pubmed/32798313
http://doi.org/10.3390/ijms221910261
http://www.ncbi.nlm.nih.gov/pubmed/34638602
http://doi.org/10.1038/nrendo.2015.25
http://www.ncbi.nlm.nih.gov/pubmed/25732520
http://doi.org/10.1186/s13287-020-01882-6
http://doi.org/10.1080/15476286.2021.1922009
http://doi.org/10.1016/j.tibs.2021.05.001
http://doi.org/10.1038/nature25005
http://doi.org/10.1016/j.cell.2015.02.053
http://doi.org/10.1016/j.tibs.2016.05.004


Animals 2022, 12, 3561 14 of 15

30. Pandey, K.K.; Madhry, D.; Ravi Kumar, Y.S.; Malvankar, S.; Sapra, L.; Srivastava, R.K.; Bhattacharyya, S.; Verma, B. Regulatory
roles of tRNA-derived RNA fragments in human pathophysiology. Mol. Ther. Nucleic Acids 2021, 26, 161–173. [CrossRef]

31. Zuo, Y.; Chen, S.; Yan, L.; Hu, L.; Bowler, S.; Zitello, E.; Huang, G.; Deng, Y. Development of a tRNA-derived small RNA
diagnostic and prognostic signature in liver cancer. Genes Dis. 2022, 9, 393–400. [CrossRef] [PubMed]

32. Wang, B.; Xia, L.; Zhu, D.; Zeng, H.; Wei, B.; Lu, L.; Li, W.; Shi, Y.; Liu, J.; Zhang, Y.; et al. Paternal High-Fat Diet Altered Sperm
5′tsRNA-Gly-GCC Is Associated With Enhanced Gluconeogenesis in the Offspring. Front. Mol. Biosci. 2022, 9, 857875. [CrossRef]
[PubMed]

33. Shen, L.; Tan, Z.; Gan, M.; Li, Q.; Chen, L.; Niu, L.; Jiang, D.; Zhao, Y. tRNA-Derived Small Non-Coding RNAs as Novel Epigenetic
Molecules Regulating Adipogenesis. Biomolecules 2019, 9, 274. [CrossRef] [PubMed]

34. Wen, W.; Chen, X.; Huang, Z.; Chen, D.; Yu, B.; He, J.; Luo, Y.; Yan, H.; Chen, H.; Zheng, P.; et al. Dietary lycopene supplementation
improves meat quality, antioxidant capacity and skeletal muscle fiber type transformation in finishing pigs. Anim. Nutr. (Zhongguo
Xu Mu Shou Yi Xue Hui) 2022, 8, 256–264. [CrossRef] [PubMed]

35. Li, M.; Wu, H.; Luo, Z.; Xia, Y.; Guan, J.; Wang, T.; Gu, Y.; Chen, L.; Zhang, K.; Ma, J.; et al. An atlas of DNA methylomes in
porcine adipose and muscle tissues. Nat. Commun. 2012, 3, 850. [CrossRef]

36. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

37. Jin, F.; Yang, L.; Wang, W.; Yuan, N.; Zhan, S.; Yang, P.; Chen, X.; Ma, T.; Wang, Y. A novel class of tsRNA signatures as biomarkers
for diagnosis and prognosis of pancreatic cancer. Mol. Cancer 2021, 20, 95. [CrossRef]

38. Gan, M.; Liu, L.; Zhang, S.; Guo, Z.; Tan, Y.; Luo, J.; Yang, Q.; Pan, H.; Li, X.; Wang, J.; et al. Expression Characteristics of
microRNA in Pig Umbilical Venous Blood and Umbilical Arterial Blood. Animals 2021, 11, 1563. [CrossRef]

39. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139–140. [CrossRef]

40. Di Fazio, A.; Schlackow, M.; Pong, S.K.; Alagia, A.; Gullerova, M. Dicer dependent tRNA derived small RNAs promote nascent
RNA silencing. Nucleic Acids Res. 2022, 50, 1734–1752. [CrossRef]

41. Zhang, L.; Lu, Q.; Chang, C. Epigenetics in Health and Disease. Adv. Exp. Med. Biol. 2020, 1253, 3–55. [CrossRef] [PubMed]
42. Morselli, M.; Dieci, G. Epigenetic regulation of human non-coding RNA gene transcription. Biochem. Soc. Trans. 2022, 50, 723–736.

[CrossRef] [PubMed]
43. Yan, Y.; Chang, C.; Su, J.; Venø, M.T.; Kjems, J. Osteoblastogenesis Alters Small RNA Profiles in EVs Derived from Bone Marrow

Stem Cells (BMSCs) and Adipose Stem Cells (ASCs). Biomedicines 2020, 8, 387. [CrossRef] [PubMed]
44. Wang, T.; Cao, L.; He, S.; Long, K.; Wang, X.; Yu, H.; Ma, B.; Xu, X.; Li, W. Small RNA sequencing reveals a novel tsRNA-06018

playing an important role during adipogenic differentiation of hMSCs. J. Cell. Mol. Med. 2020, 24, 12736–12749. [CrossRef]
[PubMed]

45. Hill, J.O.; Wyatt, H.R.; Peters, J.C. Energy balance and obesity. Circulation 2012, 126, 126–132. [CrossRef] [PubMed]
46. Kayser, B.; Verges, S. Hypoxia, energy balance and obesity: From pathophysiological mechanisms to new treatment strategies.

Obes. Rev. Off. J. Int. Assoc. Study Obes. 2013, 14, 579–592. [CrossRef]
47. Ali, A.T.; Hochfeld, W.E.; Myburgh, R.; Pepper, M.S. Adipocyte and adipogenesis. Eur. J. Cell Biol. 2013, 92, 229–236. [CrossRef]
48. Sakers, A.; De Siqueira, M.K.; Seale, P.; Villanueva, C.J. Adipose-tissue plasticity in health and disease. Cell 2022, 185, 419–446.

[CrossRef]
49. Guilherme, A.; Virbasius, J.V.; Puri, V.; Czech, M.P. Adipocyte dysfunctions linking obesity to insulin resistance and type 2

diabetes. Nat. Rev. Mol. Cell Biol. 2008, 9, 367–377. [CrossRef]
50. Kleinert, M.; Clemmensen, C.; Hofmann, S.M.; Moore, M.C.; Renner, S.; Woods, S.C.; Huypens, P.; Beckers, J.; de Angelis, M.H.;

Schürmann, A.; et al. Animal models of obesity and diabetes mellitus. Nat. Rev. Endocrinol. 2018, 14, 140–162. [CrossRef]
51. Zhang, Y.; Zhang, J.; Gong, H.; Cui, L.; Zhang, W.; Ma, J.; Chen, C.; Ai, H.; Xiao, S.; Huang, L.; et al. Genetic correlation of fatty

acid composition with growth, carcass, fat deposition and meat quality traits based on GWAS data in six pig populations. Meat
Sci. 2019, 150, 47–55. [CrossRef] [PubMed]

52. Suzuki, K.; Ishida, M.; Kadowaki, H.; Shibata, T.; Uchida, H.; Nishida, A. Genetic correlations among fatty acid compositions in
different sites of fat tissues, meat production, and meat quality traits in Duroc pigs. J. Anim. Sci. 2006, 84, 2026–2034. [CrossRef]
[PubMed]

53. Thitachot, K.; Sirinopwong, V.; Seemuang, V.; Ratchatasriprasert, A.; Kirkwood, R.N. Influence of Backfat Thickness and the
Interval from Altrenogest Withdrawal to Estrus on Reproductive Performance of Gilts. Animals 2021, 11, 1348. [CrossRef]
[PubMed]

54. Thiengpimol, P.; Koonawootrittriron, S. Genetic and phenotypic correlations between backfat thickness and weight at 28 weeks of
age, and reproductive performance in primiparous Landrace sows raised under tropical conditions. Trop. Anim. Health Prod. 2022,
54, 43. [CrossRef] [PubMed]

55. Hames, K.C.; Koutsari, C.; Santosa, S.; Bush, N.C.; Jensen, M.D. Adipose tissue fatty acid storage factors: Effects of depot, sex and
fat cell size. Int. J. Obes. 2015, 39, 884–887. [CrossRef] [PubMed]

56. Packard, C.J.; Boren, J.; Taskinen, M.R. Causes and Consequences of Hypertriglyceridemia. Front. Endocrinol. 2020, 11, 252.
[CrossRef]

http://doi.org/10.1016/j.omtn.2021.06.023
http://doi.org/10.1016/j.gendis.2021.01.006
http://www.ncbi.nlm.nih.gov/pubmed/35224155
http://doi.org/10.3389/fmolb.2022.857875
http://www.ncbi.nlm.nih.gov/pubmed/35480893
http://doi.org/10.3390/biom9070274
http://www.ncbi.nlm.nih.gov/pubmed/31336727
http://doi.org/10.1016/j.aninu.2021.06.012
http://www.ncbi.nlm.nih.gov/pubmed/34988307
http://doi.org/10.1038/ncomms1854
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1186/s12943-021-01389-5
http://doi.org/10.3390/ani11061563
http://doi.org/10.1093/bioinformatics/btp616
http://doi.org/10.1093/nar/gkac022
http://doi.org/10.1007/978-981-15-3449-2_1
http://www.ncbi.nlm.nih.gov/pubmed/32445090
http://doi.org/10.1042/BST20210860
http://www.ncbi.nlm.nih.gov/pubmed/35285478
http://doi.org/10.3390/biomedicines8100387
http://www.ncbi.nlm.nih.gov/pubmed/32998458
http://doi.org/10.1111/jcmm.15858
http://www.ncbi.nlm.nih.gov/pubmed/32939933
http://doi.org/10.1161/CIRCULATIONAHA.111.087213
http://www.ncbi.nlm.nih.gov/pubmed/22753534
http://doi.org/10.1111/obr.12034
http://doi.org/10.1016/j.ejcb.2013.06.001
http://doi.org/10.1016/j.cell.2021.12.016
http://doi.org/10.1038/nrm2391
http://doi.org/10.1038/nrendo.2017.161
http://doi.org/10.1016/j.meatsci.2018.12.008
http://www.ncbi.nlm.nih.gov/pubmed/30584983
http://doi.org/10.2527/jas.2005-660
http://www.ncbi.nlm.nih.gov/pubmed/16864861
http://doi.org/10.3390/ani11051348
http://www.ncbi.nlm.nih.gov/pubmed/34068463
http://doi.org/10.1007/s11250-022-03047-4
http://www.ncbi.nlm.nih.gov/pubmed/35015160
http://doi.org/10.1038/ijo.2015.10
http://www.ncbi.nlm.nih.gov/pubmed/25640767
http://doi.org/10.3389/fendo.2020.00252


Animals 2022, 12, 3561 15 of 15

57. Aguilera-Méndez, A.; Álvarez-Delgado, C.; Hernández-Godinez, D.; Fernandez-Mejia, C. Hepatic diseases related to triglyceride
metabolism. Mini Rev. Med. Chem. 2013, 13, 1691–1699. [CrossRef]

58. Sozen, E.; Ozer, N.K. Impact of high cholesterol and endoplasmic reticulum stress on metabolic diseases: An updated mini-review.
Redox Biol. 2017, 12, 456–461. [CrossRef]

59. Zhang, Y.; Ren, L.; Sun, X.; Zhang, Z.; Liu, J.; Xin, Y.; Yu, J.; Jia, Y.; Sheng, J.; Hu, G.F. Angiogenin mediates paternal inflammation-
induced metabolic disorders in offspring through sperm tsRNAs. Nat. Commun. 2021, 12, 6673. [CrossRef]

60. Chen, Q.; Yan, M.; Cao, Z.; Li, X.; Zhang, Y.; Shi, J.; Feng, G.H.; Peng, H.; Zhang, X.; Zhang, Y.; et al. Sperm tsRNAs contribute to
intergenerational inheritance of an acquired metabolic disorder. Science 2016, 351, 397–400. [CrossRef]

61. Korac, B.; Kalezic, A.; Pekovic-Vaughan, V.; Korac, A.; Jankovic, A. Redox changes in obesity, metabolic syndrome, and diabetes.
Redox Biol. 2021, 42, 101887. [CrossRef] [PubMed]

62. Zhang, C.; Luo, X.; Chen, J.; Zhou, B.; Yang, M.; Liu, R.; Liu, D.; Gu, H.F. Osteoprotegerin Promotes Liver Steatosis by Targeting
the ERK-PPAR-γ-CD36 Pathway. Diabetes 2019, 68, 1902–1914. [CrossRef] [PubMed]

63. Mao, Z.; Feng, M.; Li, Z.; Zhou, M.; Xu, L.; Pan, K.; Wang, S.; Su, W.; Zhang, W. ETV5 Regulates Hepatic Fatty Acid Metabolism
Through PPAR Signaling Pathway. Diabetes 2021, 70, 214–226. [CrossRef] [PubMed]

64. Wang, Q.; Liu, S.; Zhai, A.; Zhang, B.; Tian, G. AMPK-Mediated Regulation of Lipid Metabolism by Phosphorylation. Biol. Pharm.
Bull. 2018, 41, 985–993. [CrossRef]

65. Glass, C.K.; Olefsky, J.M. Inflammation and lipid signaling in the etiology of insulin resistance. Cell Metab. 2012, 15, 635–645.
[CrossRef]

66. An, T.; Zhang, J.; Lv, B.; Liu, Y.; Huang, J.; Lian, J.; Wu, Y.; Gao, S.; Jiang, G. Salvianolic acid B plays an anti-obesity role in high fat
diet-induced obese mice by regulating the expression of mRNA, circRNA, and lncRNA. PeerJ 2019, 7, e6506. [CrossRef]

67. Sharma, M.; Dey, C.S. Role of Akt isoforms in neuronal insulin signaling and resistance. Cell. Mol. Life Sci. 2021, 78, 7873–7898.
[CrossRef]

68. Sievert, H.; Krause, C.; Geißler, C.; Grohs, M.; El-Gammal, A.T.; Wolter, S.; Mann, O.; Lehnert, H.; Kirchner, H. Epigenetic
Downregulation of FASN in Visceral Adipose Tissue of Insulin Resistant Subjects. Exp. Clin. Endocrinol. Diabetes Off. J. Ger. Soc.
Endocrinol. Ger. Diabetes Assoc. 2021, 129, 674–682. [CrossRef]

http://doi.org/10.2174/1389557511313120001
http://doi.org/10.1016/j.redox.2017.02.025
http://doi.org/10.1038/s41467-021-26909-1
http://doi.org/10.1126/science.aad7977
http://doi.org/10.1016/j.redox.2021.101887
http://www.ncbi.nlm.nih.gov/pubmed/33579666
http://doi.org/10.2337/db18-1055
http://www.ncbi.nlm.nih.gov/pubmed/31292134
http://doi.org/10.2337/db20-0619
http://www.ncbi.nlm.nih.gov/pubmed/33093014
http://doi.org/10.1248/bpb.b17-00724
http://doi.org/10.1016/j.cmet.2012.04.001
http://doi.org/10.7717/peerj.6506
http://doi.org/10.1007/s00018-021-03993-6
http://doi.org/10.1055/a-1150-7446

	Introduction 
	Materials and Methods 
	Experimental Animals 
	Sample Collection 
	Determination of Serum Biochemical Indexes 
	RNA Extraction and RT-qPCR 
	tsRNA Sequencing 
	tsRNA Analysis 
	Target Gene Prediction and Functional Enrichment Analysis 
	Statistical Analysis 

	Results 
	Phenotypic Differences between Obese and Lean Pigs 
	Accumulation Characteristics of tsRNA in Subcutaneous Fat 
	Difference Analysis of tsRNA in Subcutaneous Fat 
	Target Gene Prediction and Functional Analysis of Differential tsRNAs 
	Regulation Network and Correlation Analysis of Fat Metabolism-Related Pathways 

	Discussion 
	Conclusions 
	References

