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Abstract: Perilipin5 (Plin5) is a scaffold protein that plays an important role in lipid droplets (LD)
formation, but the regulatory effect of leptin on it is unclear. Our study aimed to explore the
underlying mechanisms by which leptin reduces the N6-methyladenosine (m6A) methylation of
Plin5 through fat mass and obesity associated genes (FTO) and regulates the lipolysis. To this end,
24 Landrace male piglets (7.73 ± 0.38 kg) were randomly sorted into two groups, either a control
group (Control, n = 12) or a 1 mg/kg leptin recombinant protein treatment group (Leptin, n = 12).
After 4 weeks of treatment, the results showed that leptin treatment group had lower body weight,
body fat percentage and blood lipid levels, but the levels of Plin5 mRNA and protein increased
significantly in adipose tissue (p < 0.05). Leptin promotes the up-regulation of FTO expression level
in vitro, which in turn leads to the decrease of Plin5 M6A methylation (p < 0.05). In in vitro porcine
adipocytes, overexpression of FTO aggravated the decrease of M6A methylation and increased the
expression of Plin5 protein, while the interference fragment of FTO reversed the decrease of m6A
methylation (p < 0.05). Finally, the overexpression in vitro of Plin5 significantly reduces the size of LD,
promotes the metabolism of triglycerides and the operation of the mitochondrial respiratory chain,
and increases thermogenesis. This study clarified that leptin can regulate Plin5 M6A methylation by
promoting FTO to affect the lipid metabolism and energy consumption, providing a theoretical basis
for treating diseases related to obesity.
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1. Introduction

Research on how leptin relieves obesity has made great progress since its discovery in
1994. Leptin is a kind of adipokines encoded by the ob gene of adipose tissue, which can
effectively regulate and help maintain the body’s physiological energy balance and body
weight [1,2]. Simultaneously, there have been some reports about leptin regulating glucose
and lipid metabolism, immunity, myogenesis, bone physiology and reproduction [3–7].
Leptin therapy has been approved for hypothalamic amenorrhea, partial lipodystrophy,
diabetes, neurodegenerative diseases, depression, and common obesity where plasma
leptin levels are relatively low [8]. However, some obese individuals do not have a
shortage of leptin, on the contrary their obesity is often related to the phenomenon of
“leptin resistance” [9]. Therefore, in-depth study of the mechanism of leptin will contribute
to potential future applications of leptin in clinical practice. Furthermore, increasing fat
percentage and distribution through leptin is also an effective strategy to improve pork
quality.

In recent years, studies have reported that leptin leads to the up-regulation of FTO [10],
which inhibits m6A methylation modification in the body [11]. FTO was previously recog-
nized to be associated with the occurrence and development of childhood and adult obesity
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and type 2 diabetes (T2D) [12,13]. Later, some researchers reported that FTO belonged to
demethylase and participates in the addition of M6A modification sites [12]. There are
more than 100 RNA modifications reported in eukaryotes. Among them, M6A methylation
has an important role in stabilizing mRNA and has attracted more and more attention.
For example, zinc finger protein (Zfp 217) depends on m6A modification to coordinate
transcription and post-transcriptional regulation to promote adipogenic differentiation in
mice [14]. However, studies on pigs have shown that FTO inhibits adipogenesis through
the molecular mechanism of m6A methylation in the post-transcriptional regulation of
the JAK2-STAT3-C/EBPβ signal axis [15]. Therefore, M6A methylation affects fatty acid
biosynthesis metabolism through different targets, and the interaction mechanism between
leptin and M6A methylation is also worthy of further elucidation.

The Perilipin family is composed of five members (PLIN 1–5), which play a major role
in controlling the triacylglycerides hydrolysis and lipolysis in adipose tissue [16]. Plin5
is a scaffold protein in this family that affects the formation of LD. With the continuous
deepening of research, LD are currently considered a key manipulator for storing neutral
lipids, regulating metabolism, membrane transport, protein degradation and signal trans-
duction in the interaction with other organelles [17]. When the lipolysis of LD in the body
is too strong, causing excessive accumulation of FFA in the cytoplasm, Plin5 can reduce
the endoplasmic reticulum stress and cell inflammation caused by this phenomenon in
mice [18–20]. Plin5-/- mice showed a relative decrease in triglyceride content, an increase
in fatty acid β-oxidation, and an increase in ROS levels [21]. Another role that cannot
be ignored is that Plin5 can act as a key protein in the interaction between mitochondria
and LD, affecting mitochondrial biological functions and oxidative stress [22,23]. Plin5
is the core of lipid homeostasis in skeletal muscle, liver, and heart [24]. Therefore, it can
be regarded as a key factor affecting the occurrence and development of diseases such
as non-alcoholic fatty liver, insulin resistance, and myocardial hypertrophy. However,
there are no relevant reports about whether leptin and FTO can effectively regulate the
expression of Plin5. Further studies on the m6A methylation modification of Plin5 have
not been reported. Here, we hypothesize that leptin can regulate the M6A methylation of
Plin5 through FTO.

In order to confirm this hypothesis, leptin recombinant protein was used to treat
piglet or pig primary adipocytes, and the m6A methylation modification of Plin5 was
used as a point of penetration to explore the interaction mechanism of leptin and Plin5 to
regulate lipid metabolism. This provides a nutritional strategy for reducing pig backfat
and improving meat quality, and it also brings hope for the treatment and prevention of
human related diseases with obesity by regulating the expression of Plin5.

2. Results
2.1. Leptin Up-Regulates the Expression of Plin5 to Promote Pig Lipolysis

Leptin treatment for 4 weeks significantly increased the levels of leptin protein and
leptin receptor mRNA in subcutaneous adipose tissue from piglets (p < 0.05, Figure 1A,B).
Correspondingly, compared with the control group, the weight, back fat and intramuscular
fat content of piglets in the leptin group were significantly lower (p < 0.05, Figure 1C–E). The
serum triglyceride, cholesterol and low-density lipoprotein contents of piglets in the leptin
group were significantly lower than those of the control group, while the high-density
lipoprotein contents and lipase were significantly higher than those of the control group
(p < 0.05, Figure 1F). The body temperature of piglets after leptin treatment was significantly
higher than that of the control group (p < 0.05, Figure 1G). Furthermore, the mRNA and
protein expression of Plin5 in the subcutaneous adipose tissue of the leptin group were
significantly increased (p < 0.05, Figure 1H,I). The results of immunohistochemistry and
Western Blot were consistent (Figure 1J).
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Figure 1. Leptin improves the body fat composition and weight of piglets by up-regulating the expression of Plin5. (A) The
leptin kit was used to detect the level of leptin protein in various tissues of piglets. (B) The expression of leptin receptors in
various tissues of piglets. The effect of leptin treatment on: (C) the average daily gain, (D) the intramuscular fat content,
(E) abdominal fat rate and back fat rate and (F) blood lipid level etc. (G) The change of piglet’s body temperature for
15 days after leptin treatment. (H,I) The mRNA and protein expression levels of the Plin family were analyzed by real-time
quantitative PCR and western blot. (J) Immunohistochemical detection of piglet adipose tissue. (K) Western blot analysis
of lipolytic protein expression. n = 4 in each group, values are means ± SD. vs. control group, * p < 0.05, ** p < 0.01,
*** p < 0.001.

In order to further analyze the effects of leptin treatment on pig lipolysis and mi-
tochondrial function, we tested the mRNA and protein levels of lipolysis genes. Leptin
treatment significantly increased the mRNA and protein levels of peroxisome proliferator-
activated receptor gamma (PPARγ), adipose triglyceride lipase (ATGL), hormone-sensitive
lipase (HSL) and lipoprotein lipase (LPL) (p < 0.05, Figures 1K and 2A). However, qPCR
analysis of fatty acid synthesis-related genes acetyl-CoA carboxylase 1 (ACC1) and fatty
acid synthase (Fasn) found that the leptin group was significantly down-regulated (p < 0.05,
Figure 2A). Simultaneous, leptin treatment significantly increased the mRNA expression
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levels of mitochondrial complex-related genes (p < 0.05, Figure 2B). The oil red O stain-
ing results showed that the number of LD increased, while the volume of LD decreased
(Figure 2C). The above results indicate that leptin treatment of piglets can up-regulate Plin5
mRNA and protein levels, enhance lipolysis, and improve mitochondrial function.

Figure 2. Leptin promotes lipolysis by up-regulating the expression of Plin5 in pig adipocytes. (A,B) Real-time quantitative
PCR was used to detect the mRNA expression of Plin5, lipolytic genes and mitochondrial complex-related genes in piglets
subcutaneous adipose tissue. n = 4 in each group. (C) Oil red O staining was used to observe the number and size of LD in
the subcutaneous fat tissue of piglets. (D) Real-time quantitative PCR was used to detect Plin5 and lipolytic gene expression
in porcine adipocytes in vitro treated with 50 nmol/µL leptin for 24 h. The effect of 50 nmol/µL leptin treatment of porcine
adipocytes in vitro on: (E) the expression of Plin5 and lipolytic protein and (F) the mRNA expression of mitochondrial
complex-related genes. (G,H) Porcine adipocytes in vitro were treated with 50 nmol/µL leptin for 24 h to detect Plin5
immunofluorescence or BODIPY staining analysis. n = 3 for each group of cell samples, values are means ± SD. vs. control
group, * p < 0.05, ** p < 0.01.
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2.2. Leptin Up-Regulates FTO in Adipocytes to Inhibit m6A Methylation of Plin5

In order to verify the above results, we cultured primary porcine preadipocytes and
induced their differentiation in vitro and treated the cells with 50 nmol/µL leptin for 24 h to
detect the expression of related genes. The results showed that leptin treatment significantly
increased the expression of Plin5 mRNA and protein in adipocytes, and further increased
the expression of lipolysis-related genes (p < 0.05, Figure 2D,E). Immunofluorescence
observation showed that the expression of Plin5 was more in the leptin treatment group,
and Plin5 was localized around the mitochondria (Figure 2G). It was revealed by staining
with BODIPY that there were fewer LD in leptin-treated adipocytes (Figure 2H). The above
results indicate that leptin has the same effect in porcine adipocytes and piglet tissues.

To further examine the effect of leptin on M6A methylation, we evaluated RNA
m6A methylation-related genes in pig subcutaneous adipose tissue. The results showed
that leptin treatment up-regulated FTO and Ythdf2 (M6A methylation-recognized protein)
expression (p < 0.05, Figure 3A). Furthermore, western blot analysis found that leptin
treatment also significantly increased the level of FTO protein (p < 0.05, Figure 3B). Dot Blot
and M6A methylation detection kit were used to determine the level of m6A methylation,
which showed that the total M6A methylation of leptin-treated cells was significantly down-
regulated (p < 0.05, Figure 3C,D). Finally, the m6A level of Plin5 detected by m6A-IP was
also significantly down-regulated (p < 0.05, Figure 3E). Our data preliminarily indicate that
leptin reduces the M6A methylation of total RNA and Plin5 by promoting the expression
of FTO.

Figure 3. Leptin inhibits the m6A methylation of Plin5 through FTO. (A) Porcine adipocytes in vitro were treated with
50 nmol/µL leptin for 24 h to detect the mRNA expression of methylation-related genes. (B) The protein expression of FTO
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under the same treatment as (A). (C) Dot Blot detected the level of total RNA m6A in 50 nmol/µL leptin-treated porcine
adipocytes in vitro. (D) The colorimetric assay was used to quantify the relative m6A levels of 50 nmol/µL leptin-treated
porcine adipocytes in vitro. (E) m6A-IP was used to detect Plin5 M6A methylation in 50 nmol/µL leptin-treated porcine
adipocytes in vitro. (F) Real-time quantitative PCR was used to detect FTO overexpression and interference efficiency
in vitro. (G) m6A-IP detected the m6A level of Plin5 after overexpression or interference with FTO in vitro. (H) The relative
M6A level of 50 nmol/µL leptin treated porcine adipocytes in vitro after overexpression or interference with FTO. (I) Plin5
M6A levels in 50 nmol/µL leptin-treated porcine adipocytes in vitro after overexpression or interference with FTO. n = 6 for
each group of cell samples, values are means ± SD. vs. control group, * p < 0.05, ** p < 0.01, *** p < 0.001.

Next, we explored whether leptin inhibits M6A methylation of Plin5 through FTO.
First, we used pc-FTO and si-FTO to transfect porcine adipocytes in vitro and tested the
efficiency of the vector. The results showed that the FTO overexpression vector and
interference fragments can meet the requirements of subsequent experiments (Figure 3F).
Overexpression of FTO in porcine adipocytes significantly reduced the m6A methylation
level of Plin5 (p < 0.05), while interference fragments reversed this effect (Figure 3G).
Then, we used leptin and the FTO vector to treat pig adipocytes together, and found
that overexpression of FTO aggravated the decrease in M6A methylation level of total
mRNA (p < 0.05), and interference with FTO reduced the corresponding m6A methylation
(p < 0.05, Figure 3H). The m6A methylation of Plin5 mRNA was consistent with the change
of the total m6A methylation level (p < 0.05, Figure 3I). These results indicate that leptin
treatment inhibits the m6A methylation level of total mRNA and Plin5 mRNA, and this
effect is caused by the up-regulation of FTO.

2.3. FTO Inhibits m6A Methylation of Plin5 to Up-Regulate Plin5 Protein Levels

Since leptin regulates Plin5 M6A methylation through FTO, we speculate that FTO
directly affects Plin5 M6A methylation modification to regulate its protein expression. To
prove this hypothesis, we transfected porcine adipocytes with vectors that overexpress and
interfere with FTO. The results showed that, unlike in leptin treatment, the expression of
Plin5 protein in the pc-FTO group was significantly higher (p < 0.05, Figure 4B), but there
was no change in mRNA level (p > 0.05, Figure 4A). This shows that the increase of Plin5
protein expression after leptin treatment is not only the regulation of transcription level,
but also the post-transcriptional modification, that is, the regulation of m6A methylation
modification.

To verify that the expression of Plin5 is indeed regulated by m6A methylation modifi-
cation, we used the m6A methylation inhibitor Cycloleucine (CL) and the agonist Betaine
(Bet) to treat porcine adipocytes. First of all, we found that CL treatment significantly
reduced cell M6A methylation levels (p < 0.05), and Bet extremely significantly increased
M6A methylation levels (p < 0.01, Figure 4C). When overexpression of or interference with
FTO, the treatment of CL and Bet significantly affected the total M6A methylation level
and Plin5 protein expression (p < 0.05, Figure 4D,F,H), and also had no effect on the mRNA
level (p > 0.05, Figure 4E,G). This result suggests that M6A methylation of Plin5 is a key
factor in regulating its protein expression.
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Figure 4. FTO up-regulates Plin5 protein expression by inhibiting the m6A methylation of Plin5. The effect of FTO
interference or overexpression in vitro on: (A) Plin family mRNA expression and (B) Plin family protein levels. (C) The
relative M6A levels of pig adipocytes in vitro treated with CL and Bet after overexpression or interference with FTO.
(D) The total M6A level of CL−treated pig adipocytes in vitro after overexpression or interference with FTO. (E) Plin family
mRNA expression in CL−treated pig adipocytes in vitro after overexpression or interference with FTO. (F) The total M6A
level of Bet-treated pig adipocytes after overexpression or interference with FTO. (G) Plin family mRNA expression in
Bet-treated pig adipocytes in vitro after overexpression FTO. (H) Plin5 protein expression in pig adipocytes in vitro treated
with CL and Bet after overexpression FTO. (I,J) Plin5 3′UTR end M6A site mutation vector construction. n = 4 for each
group of cell samples, values are means ± SD. vs. control group, * p < 0.05, ** p < 0.01.

In order to further determine whether m6A methylation regulates the expression of
Plin5, we analyzed the m6A modification sites of Plin5 mRNA on the SRAMP website [25];
a total of 23 sites (Figure 4I). We selected the site closest to the stop codon at the 3′ UTR
end for mutation, and constructed a Plin5 methylation site mutation vector (Figure 4J).
The luciferase activity test showed that the 3′UTR end of Plin5 was successfully mutated
(Figure 5A). Further, we used this vector to transfect cultured adipocytes in vitro and
showed that the total M6A methylation level of the Mut grouTablep overexpressing FTO
did not change significantly (p > 0.05, Figure 5B), and the mRNA level of Plin5 did not
change significantly (p > 0.05, Figure 5C). Compared with the WT, the methylation level of
Plin5 M6A after the mutation is down-regulated to a lower degree (p < 0.05, Figure 5D).
The expression of Plin5 protein is also consistent with the changes of its M6A methylation
level (p < 0.05, Figure 5E). The above results support our hypothesis.
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Figure 5. Plin5 regulates lipid metabolism and energy metabolism through LD. (A) Luciferase reporter assay was used
to analyze the effect of M6A mutation at the 3′UTR end of Plin5. (B) Relative M6A level analysis of wild-type and Plin5
mutant. (C) Detection of Plin5 mRNA expression of wild type and Plin5 mutant type. (D) Plin5 m6A methylation analysis
of wild type and Plin5 mutant. (E) Plin5 protein expression of wild type and Plin5 mutant type. (F) Real-time quantitative
PCR was used to detect the efficiency of the Plin5 overexpression vector. (G) Porcine adipocytes in vitro were transfected
with Plin5 overexpression vector and then subjected to BODIPY fluorescent staining of LD. (H) Observation of lipid droplet
extraction. (I,J) Porcine adipocytes in vitro were transfected with Plin5 over-expression vector to detect lipolysis-related
genes mRNA or protein levels. n = 4 for each group of cell samples, values are means ± SD. vs. control group, * p < 0.05,
** p < 0.01, *** p < 0.001.

2.4. Plin5 Promotes the Breakdown of LD to Improve Lipolysis and Energy Metabolism

In order to further evaluate the role of Plin5 in lipid metabolism, we constructed a
Plin5 overexpression vector. Treatment of cultured preadipocytes with this vector showed
that the level of Plin5 mRNA increased significantly (p < 0.001, Figure 5F). Next, we in-
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duced the differentiation of primary porcine preadipocytes under Plin5 overexpression.
The differentiated cells were ultracentrifuged to extract LD (Figure 5H), and their size was
marked by BODIPY fluorescent staining. The results showed that the size of LD in the
pc-Plin5 group was significantly lower than that in the control group (p < 0.05, Figure 5G).
The overexpression of Plin5 further increased the mRNA and protein expression of lipid
droplet protein genes ATGL, HSL, ADBH5 and lipolysis-related genes LPL and carnitine
palmitoyltransferase 1A (CPT1a) (p < 0.05 Figure 5I,J). Consistently, the mRNA expression
levels of the thermogenesis genes PGC1α, UCP3, Atp5a1 and mitochondrial function genes
TFAM, Ndufb8, Sdhb, Uqcrc2, Cox4i1 in the pc-Plin5 group were also significantly increased
(p < 0.05, Figure 6A,B). Furthermore, we analyzed the protein levels of genes that were
extremely increased in the pc-Plin5 group and found that overexpression of Plin5 also sig-
nificantly increased the protein levels of PPARGC1A and NDUFB8 (p < 0.05, Figure 6C). We
found that Plin5 also has an effect on energy metabolism, because the ATP production and
NAD+/NADH ratio of the overexpression Plin5 group were also significantly higher than
in the control group (p < 0.05, Figure 6D,E). These results indicate that the up-regulation
of Plin5 can promote the action of lipolytic enzymes on the surface of LD to accelerate
the degradation of LD, promote the operation of the mitochondrial respiratory chain, and
increase heat production and energy metabolism.

2.5. Plin5 Promotes Lipid Synthesis and Enhances Mitochondrial β-Oxidation under Lipotoxicity Models

In order to study the role of Plin5 in fatty acid disorders, we used palmitic acid (PAL) to
construct a fatty acid lipotoxicity model. PAL treatment in vitro had no effect on the mRNA
levels of apoptosis genes such as Casp3, Casp9, Bax, and Bcl-2 (p > 0.05, Figure 6F). Similarly,
Tunel staining showed that there was no significant increase in the number of apoptotic
cells after PAL treatment (p > 0.05, Figure 6G). It indicated that PAL treatment did not cause
apoptosis of porcine adipocytes but caused a very significant increase in cellular FFA levels
(p < 0.01, Figure 6H). BODIPY fluorescent staining shows accumulation of LD (Figure 6I).
These data indicate that our lipotoxicity model was successfully constructed. Furthermore,
we used the Plin5 overexpression vector to transfect cells under this model and found
that FFA and NAD+/NADH were significantly reduced (p < 0.05, Figure 6J, n). Interest-
ingly, the overexpression of Plin5 under PAL treatment further increased the expression of
β-oxidation rate-limiting enzyme ACSL2 and triglyceride synthase DGAT2, Fasn, and ACC1
(p < 0.05, Figure 6K). Mitochondrial complex-related genes are also significantly up-
regulated (p < 0.05, Figure 6L). Further, the relative protein expression level was consistent
with gene expression (Figure 6M). Our results indicate that Plin5 can alleviate the metabolic
disorder caused by excessive FFA in the body. Under the lipotoxicity model, Plin5 can
promote lipid anabolism and enhance mitochondrial β-oxidation.
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Figure 6. Plin5 promotes lipid synthesis and enhances mitochondrial β-oxidation in a lipotoxic model. (A,B) Real-time
quantitative PCR was used to detect mitochondrial functional gene and β-oxidation gene mRNA expression after Plin5
overexpression. (C) Under the same treatment as (A,B), the protein levels of differentially expressed genes were analyzed by
Western blotting. (D) The kit detected the ATP content of porcine adipocytes transfected with Plin5 overexpression vector.
(E) The ratio of NAD+/NADH was measured after Plin5 overexpression in porcine adipocytes in vitro. (F) 0.4 mmol/L
PAL treated porcine adipocytes in vitro for 48 h to detect the mRNA expression of apoptosis-related genes. (G) Porcine
adipocytes in vitro were treated with 0.4 mmol/L PAL for 48h to perform Tunel staining. (H) The FFA level was detected by
the kit after treatment of 0.4 mmol/L PAL with porcine adipocytes in vitro for 48 h. (I) BODIPY staining after the same
treatment in vitro. (J) After Plin5 overexpression, 0.4 mmol/L PAL was used to treat porcine adipocytes in vitro for 48 h to
detect FFA levels. (K,L) After Plin5 was overexpressed, pig adipocytes in vitro were treated with 0.4 mmol/L PAL for 48 h
to detect the mRNA levels of lipid synthesis genes and mitochondrial β-oxidation genes. (M) Under the same treatment as
(K,L), the protein levels of GDAT2 and CPT1a were analyzed by Western blotting. (N) The NAD+/NADH ratio is measured
after the same treatment as (J). n = 4 for each group of cell samples, values are means ± SD. vs. control group, * p < 0.05,
** p < 0.01, *** p < 0.001.
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3. Discussion

Leptin can effectively regulate body fat deposition and body weight through a variety
of mechanisms [3,26]. In this study, the treatment of piglets with leptin recombinant protein
showed that fat cells became smaller, the size and number of LD became smaller, and the
expression of lipolytic genes increased, which is consistent with the results of other studies.
In porcine adipocytes, leptin mainly activates leptin Receptor B to act on downstream
JAK2 signaling molecules. JAK2 binds to the specific binding region of the C-terminal
of leptin Receptor B, leading to the phosphorylation and activation of JAK2/STAT3 [27].
Phosphorylated STAT3 enters the nucleus to regulate the expression of transcription factors
such as the PPAR family and the PI3K and AMPK signaling pathways [28]. Studies have
shown that PI3K/PPARα is a key signal regulating the Plin5 family [19]. Combined with
the results of previous studies, we found that leptin can regulate the expression of Plin5
mRNA and protein, but its mechanism of action still needs further study. In addition,
leptin also has other effects on regulating lipolysis. For example, leptin induces lipolysis of
white adipose tissue through nitric oxide, and the leptin-adiponectin axis is involved in
regulating dysfunctional adiposity [29,30]. Our results indicate that leptin-mediated Plin5
has a significant effect on promoting lipolysis and enhancing mitochondrial function.

Our laboratory previously reported that leptin regulates the JAK2/STAT3 signaling
pathway through SOCS3, leading to the up-regulation of Plin5 expression [31]. It is shown
in our data that leptin treatment has increased the mRNA and protein expression of PPARγ,
HSL, ATGL, and LPL. Other reports have found that PPARγ induces the accumulation of
Plin5 [32], and further HSL and ATGL can interact with Plin5 to regulate lipolysis [22,33].
Interestingly, we found through preliminary experiments that the JAK2/STAT3 signaling
pathway inhibitor (SD1008) and leptin co-treatment of 3T3-L1 did not cause changes in the
expression of Plin5 mRNA, but the protein level of Plin5 was still significantly up-regulated.
This indicates that the up-regulation of Plin5 after leptin treatment is not only regulated
by the JAK2/STAT3 pathway and lipolytic gene, and implies that there are other ways of
regulation. In addition, leptin can up-regulate the expression of FTO [34], which is one of
the enzymes that catalyzes the demethylation of m6A in vivo [35], indicating that leptin
may also regulate the expression of Plin5 by affecting m6A methylation. This study found
that leptin up-regulated the expression of FTO and YTHDF2 in pig subcutaneous adipose
tissue and decreased the level of RNA m6A methylation. The results of FTO overexpression
and interference fragment treatment are also consistent with our hypothesis. This confirms
that leptin can inhibit the m6A methylation of Plin5 by up-regulating the expression of
FTO. However, the relationship between the decrease of m6A methylation of Plin5 and the
regulation of Plin5 expression needs further experiments to prove.

Our results show that the decrease of m6A methylation level has no effect on Plin5
transcription, but it will lead to enhanced translation and increase the expression of Plin5
protein. In order to exclude the possible influence of FTO itself on the expression of Plin5,
we used CL and Bet to treat the cells. CL is a small molecule inhibitor of methylation, which
can effectively reduce the level of m6A methylation [36]; while Bet is the methyl donor of
m6A methylation in the body [37], which can significantly increase the level of methylation
in the body. The results showed that it was consistent with the FTO vector treatment.
CL significantly reduced the m6A methylation level of Plin5 and increased the protein
expression of Pelin5; the Bet treatment was the opposite of CL. After further mutation of the
Plin5 methylation site, overexpression of FTO did not change the m6A methylation level of
Plin5, and its protein level did not increase. Previous studies have found that decreased
m6A methylation will increase protein levels [38,39]. Our experiments confirmed that the
up-regulation of Plin5 protein expression is caused by FTO demethylation. However, there
are reports that obesity-associated SNPs are not functionally related to FTO, but are related
to FTO neighboring genes IRX 3 and RPGRIP1L [40]. Although the interference of FTO
affects body weight and composition [10,11], FTO intron variants and their activity are still
elusive. IRX 3 and RPGRIP1L have not been reported to regulate methylation. Our results
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prove that M6A methylation of Plin5 is related to FTO, and whether there are other intron
variants is a new direction worthy of our further exploration.

Under normal physiological conditions, the body is in a fine-tuned and relatively
stable environment, which we call homeostasis. When the body receives external stimuli,
the homeostasis will be destroyed, which will lead to metabolic disorders and various
diseases. For example, in obesity, the increase in FFA content triggers lipid metabolism
disorders and chronic low-grade inflammation, thereby causing diseases such as insulin
resistance and non-alcoholic fatty liver [41]. Given the strong association between the
excess of weight and T2D, the focus of a suitable antidiabetic treatment of obese patients
should at least be the prevention of additional weight gain [42]. Previous studies have
found that there are a variety of proteins on the surface of LD, which are involved in a
variety of regulatory processes, such as lipid metabolism, energy metabolism, membrane
transport, protein degradation, immune response, and transcriptional regulation [17]. The
Plin family is likely to be the key factor that makes these LD proteins function [16]. It is
reported that Plin5 and ABHD5, HSL, ATGL co-regulate the breakdown of LD and lipid
metabolism [33,43]. Our results show that the overexpression of Plin5 can promote LD
degradation and activate downstream lipolytic genes and mitochondrial functional gene
expression; while in a lipotoxic state, Plin5 can promote lipid anabolism and fatty acid
β-oxidation, and accelerate FFA consumption. Under lipid stimulation, Najt et al. [18]
characterized Plin5 as a fatty acid binding protein that preferentially binds to LD-derived
monounsaturated fatty acids (MUFA) and transfers to the nucleus under cAMP/PKA
mediation to promote lipolysis. Other studies have revealed that Plin5 can reduce FFA-
induced metabolic disorders and inflammation, mainly because Plin5 relies on sirtuin 1 to
promote autophagy [44]. On the other hand, the contact of Plin5 with mitochondrial-LD
to improve mitochondrial function is also one of the reasons for its potential role [23]. By
revealing the function of Plin5, we provide a target for the treatment of diseases related
to obesity, such as T2D, in the future and also provide a basis for studying the interaction
between LD and other organelles.

4. Material and Methods
4.1. Animals and Samples

After 24 Landrace male piglets (7.73 ± 0.38 kg) were fed for one week to adapt, they
were randomly allocated into two groups according to their initial body weight, namely the
control group (Control, n = 12) and the leptin treatment group (Leptin, n = 12). The leptin
group was injected subcutaneously with 1 mg/kg leptin recombinant protein (ProSpec,
Rehovot, Israel) for 4 weeks, and the control group was injected with equal-dose saline
(PBS). Each piglet was fed ad libitum four times a day and had free access to water.

The body temperature of each piglet is measured daily. The mercury thermometer was
inserted into the rectum of the piglet and was left for 3 min before taking it out to observe
the temperature. Each piglet was repeatedly measured three times at a time, and the
average value was taken as the day’s body temperature. At the end of the experiment, each
piglet was slaughtered by electrocution. After slaughter, piglet liver, subcutaneous adipose
tissue, longissimus dorsi, and omentum were collected and weighed immediately, frozen in
liquid nitrogen, and transferred to −80 ◦C for storage until analysis. Three samples of 4-cm
thickness were obtained at the longissimus muscle, minced, homogenized and a subsample
of ~200 g was used for intramuscular fat content analysis. Intramuscular fat of all of the
muscles was determined using near-IR FoodScan equipment (Foss Analytical, Hillerød,
Denmark) according to the method described by Font-i-Furnols et al. [45]. The blood of
24 piglets was collected, and the separated serum was stored at −20 ◦C until analysis.

4.2. Primary Porcine Preadipocytes Culture and Induced Differentiation

According to the description of Du et al. [46], adipose tissues from the back of 3–5-
day-old piglets were taken for Preadipocytes isolation and culture. Primary Preadipocytes
were cultured in DMEM/F-12 (Gibco, 10565-018, New York City, NY, USA) supplemented
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with 10% FBS (Gibco, 10099–141), 2 mM L-glutamine, 100 µg/mL streptomycin, and
100 U/mL penicillin (Gibco, 15140–122) at 37 ◦C in 5% CO2. Differentiation is induced
when the cells grow to 100%. Differentiation medium I is a basic medium containing
0.5 mmol/L IBMX (Sigma, St. Louis, MO, USA), 1 µmol/L dexamethasone (DEX, Sigma),
and 5 mg/L insulin (Sigma). After 48 h, replace the basic culture medium (differentiation
medium II) containing 5 mg/L insulin and culture for 48 h. After that, the medium was
changed every 2 days until day eight.

4.3. Construction of Lipotoxicity Model

Primary Porcine Preadipocytes were induced to differentiate, and when the cells were
differentiated to 8–12 days (80–90% showed adipocyte phenotype), they were used to
establish the model. The FFA solution was prepared by the protein adsorption method [47],
diluted with serum-free DMEM/F12 medium to concentrations of 0.1, 0.2, and 0.4 mmol/L,
filtered and sterilized, and stored at −20 ◦C for 3 to 4 weeks. Palmitic acid was purchased
from the Sigma company (St. Louis, MO, USA). Mature adipocytes were incubated with
different concentrations of palmitic acid (0, 0.1, 0.2 and 0.4 mmol/L sodium palmitate +1%
bull serum albumin + serum-free DMEM/12 medium) for 48 h.

4.4. m6A Methylation Agonists and Inhibitors

Cycloleucine (CL, Sigma, St. Louis, MO, USA) is used to inhibit the level of M6A
methylation, and betaine (Bet, Sigma, St. Louis, MO, USA) is used to activate M6A
methylation. CL treated porcine adipocytes at a concentration of 10 mM for 24 h, and Bet
treated the cells at a concentration of 1 mM for 24 h.

4.5. Isolation, Purification and Identification of LD

The LD were isolated and purified according to the procedure described by Brasaemle
et al. [48]. The collected pig fat cells are homogenized six to eight times with a tissue
homogenizer. The homogenate was added to a buffer containing phenylmethylsulfonyl
fluoride (PMSF, Sigma) and filtered through a 40-mesh cell sieve to obtain a cell slurry. The
purification conditions were centrifugation at 230,000× g for 30 min at 4 ◦C. Coomassie
brilliant blue staining identified rich and clear lipid droplet protein bands, and western
blot was used to verify its purity.

4.6. FFA Content Analysis

FFA levels were measured using a commercially available kit (Nanjing Jiancheng
Institute of Biological Engineering, Nanjing, China) in a microplate reader (PerkinElmer,
Waltham, MA, USA) at wavelengths of 715 nm, respectively. The operating procedures
were carried out according to the kit instructions. FFA (µmol/104 cell) = sample absorbance
÷ 0.0075 × 1 mL ÷ (1 mL÷1.2 mL × number of cells) = 0.16 × sample absorbance value ÷
number of cells.

4.7. Immunohistochemistry and Oil Red O Staining

Paraffin sections of adipose tissue were made and subjected to antigen retrieval and
endogenous peroxidase activity blocking. Anti-Plin5 antibody (PA5-114352, Thermofisher,
Waltham, MA, USA) was used as the primary antibody, and then the biotin-labeled sec-
ondary antibody (1:3000) was incubated for 1 h. The image was taken with an Olympus
microscope.

After the frozen section (10 µm) of adipose tissue was made, the section was warmed
up at room temperature and was immersed in distilled water. Then it was soaked in
60% isopropanol for 2 min, and was dyed with 5% oil red O working solution (Beyotime,
Shanghai, China) for 5 min. It was toned with 60% isopropanol, and was washed and
sealed with glycerin gelatin. The sections were observed under a microscope (Olympus,
Tokyo, Japan).
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4.8. Immunofluorescence and TUNEL Staining

The cell culture plate was washed three times with PBS, fixed with 4% paraformalde-
hyde for 15 min, and the fixative was discarded. The culture plate was incubated in PBS
containing 0.3% Triton X-100 for 5 min. It was blocked in 10% goat serum blocking solution
for 1 h. After overnight incubation with the anti-Plin5 antibody (Ab222811, Cambridge, UK)
at 4 ◦C, the culture plate was incubated with the secondary antibody at 37 ◦C in the dark
for 1 h. After DAPI staining for 5 min, the culture plate was observed and photographed
under a fluorescence microscope (BioTek, Winooski, VT, USA). The preliminary operation
of TUNEL staining is the same as that for immunofluorescence. The culture plate was
incubated in 0.3% Triton X-100 PBS for 5 min, and then TUNEL staining solution (Vazyme,
Nanjing, China) was added to the plate and incubated for 1 h at 37 ◦C in the dark.

4.9. BODIPY Dyeing

BODIPY staining solution was purchased from Beyotime (Shanghai, China). The cells
fixed with 4% paraformaldehyde were stained with BODIPY staining working solution for
30 min, and then DAPI stained for 10 min. The results were observed using a fluorescence
microscope (BioTek, Winooski, VT, USA).

4.10. Dot Blot Analysis

Total cell RNA was extracted and diluted to a concentration of 50 ng/µL. The extracted
RNA was heated at 95 ◦C for 3 min, and 2 µL was dropped evenly on the nitrocellulose (NC)
membrane. The membrane was cross-linked by UV with 1×PBST (phosphate buffer saline
(PBS), 0.05% Tween 20). The membrane was incubated with an anti-m6A antibody (1:100,
ABCAM, Cambridge, UK) for 7–10 h at 4 ◦C, and then incubated with HRP-conjugated goat
anti-mouse IgG (Boster, Wuhan, China) for 1 h at room temperature. After the developer
(YEASEN, Shanghai, China) was dropped on the NC membrane and left to stand for
2 min, the membrane was placed on the BIO-RAD chemiluminescence gel imaging system
(Bio-Rad, Hercules, CA, USA) to observe and save the pictures.

4.11. m6A-IP

The total RNA in the adipocytes was extracted, and the mRNA was isolated and
purified using PolyA Ttract mRNA Isolation Systems (promega, Madison, WI, USA). The
purified mRNA was added to mRNA denaturation buffer (10 mM ZnCl2, 10 mM Tris-HCl,
pH = 7.0) and was heated at 94 ◦C for 5 min. The mRNA was further added to the buffer
(150 mM NaCl, 0.1% NP-40, 10 mM Tris-HCl, pH = 7.0) and was immunoprecipitated
with anti-m6A antibody (ABCAM, Cambridge, UK) for 2 h at 4 ◦C. Dynabeads Protein G
(Thermo Fisher, Waltham, Massachusetts, USA) was added to the mixture and reacted at
4 ◦C for 2 h. After the m6A-positive mRNA was eluted, the mRNA was recovered with
ethanol and analyzed by real-time quantitative PCR.

4.12. m6A Quantification by Colorimetric Assay

The total M6A methylation level was determined as described in our previous study [49].
That is, the total RNA is extracted from the adipocytes and the mRNA is purified using
the PolyATtracre mRNA separation system (Promega, Madison, WI, USA). Then, the total
RNA M6A methylation level was analyzed by the M6A RNA methylation quantification
kit (EpiQuik, New York, NY, USA).

4.13. Plasmid Construction and RNA Interference

The FTO overexpression vector in this study was constructed from previous stud-
ies [50]. The FTO interference fragment was constructed in Gene Pharma (Shanghai, China).
Overexpression plasmid vectors of Plin5 (pc-Plin5) were constructed in our lab (Forward:
5′ -CCCAAGCTTATGCATCATCACCATCACCATTCAGAAGAAGAGGGGGCTCA -3′,
reverse: 5′ -CCGCTCGAGTCAAAAGTCCAGCTCTGGCATCA-3′; Hind III: AAGCTT, Xho
I: CTCGAG, His Tag: CATCATCACCATCACCAT). The Plin5 gene sequence was cloned
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into the pcDNA3.1 vector (Invitrogen) by standardized procedures. Cells were transfected
at 70% confluence using X-tremeGENE HP DNA Transfection Reagent (Roche, Carlsbad,
CA, USA). All plasmid transfection procedures were performed in accordance with the
manufacturer’s instructions.

4.14. Luciferase Reporter Assay

The sequence containing the wild-type and mutant Plin5–3′ UTR was subcloned
into pGL3-basic luciferase vector (Takara, Japan). Both the wild-type and Plin5 3′UTR
mutant vectors were transfected into the differentiated porcine preadipocytes. After 48 h
of transfection, the cells were collected and analyzed for activity using the Dual-Luciferase
Reporter assay system (Promega, Madison, WI, USA).

4.15. qPCR and Western Blotting Analysis

TRIzol reagent (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) was used to
extract total RNA according to the manufacturer’ s instructions. The mRNA expression
of related genes was analyzed by real-time PCR. Briefly, complementary DNA (cDNA)
was synthesized using the PrimeScript RT reagent kit (TaKaRa Bio, Inc., Otsu, Japan). The
SYBR Premix Ex Taq II kit (TaKaRa) was used for real-time PCR in an ABI Step One System
(Applied Biosystems, Foster City, CA, USA). The reaction program was set to 95 ◦C, 10 s
(pre-change period), 95 ◦C, 5 s, 60 ◦C, 30 s (PCR reaction period), a total of 40 cycles. The
GAPDH gene is used to normalize the relative expression of the target gene according to
the formula 2−∆∆Ct. All primer sequences are shown in Supplementary Table S1.

Western blotting analysis was performed using the standard method described by Liu
et al. [31]. Perilipin5 (Ab222811, Cambridge, UK), Perilipin2 (ab78920, Cambridge, UK),
Perilipin1 (ab172907, Cambridge, UK), ATGL (ab109251, Cambridge, UK), PPARγ (ab59256,
Cambridge, UK), HSL (ab45422, Cambridge, UK), CPT1a (ab220789, Cambridge, UK),
PPARGC1A(ab191838, Cambridge, UK), NDUFB8 (ab110242, Cambridge, UK), DGAT2
(ab237613, Cambridge, UK) and LPL (ab93898, Cambridge, UK) are all purchased from
Abcam. β-actin (AP0060) and GAPDH (AP0063) were purchased from Bioworld (Nan-
jing, China). HRP-labeled goat anti-rabbit IgG (WLA023) was purchased from Wanleibio
(Shenyang, China). The gray value of each band was analyzed by ImageLab software
and was normalized by β-actin or GAPDH to calculate the relative expression of the
target protein.

4.16. NAD+/ NADH Analysis

The analysis of NAD+/NADH was performed using an NAD/NADH Assay Kit (Col-
orimetric, ab65348, Cambridge, UK). Cell/tissue samples were extracted with extraction
buffer and were deproteinized with spin columns. Samples and standards were added
to the wells, and the reaction mixture was added and incubated at room temperature for
5 min to convert NAD to NADH. Then each well was added with NADH chromogenic
reagent and incubated during the reaction cycle for 1–4 h. During the 1–4 h incubation
period, the microplate reader was used several times to analyze the absorbance value. The
reaction can be terminated with a stop solution. The NAD/NADH Ratio was calculated as:
NAD/NADH ratio = (NAD−NADH)/NADH.

4.17. Statistical Analysis

All data were preliminarily organized using Excel 2016. Kolmogorov–Smirnov tests
were used to test the data for normality in the SAS9.4 software (SAS Inst. Inc., Cary, NC,
USA). The control and leptin-treated data were analyzed by independent samples T test
for significance. The other in vitro cell treatment experiments of three groups or more were
analyzed by one-way ANOVA. The data are presented as means ± standard deviation
(Means ± SD). p < 0.01 ** is considered to be extremely significant, p < 0.05 * is considered
significant.
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5. Conclusions

This study found that leptin up-regulated the expression of Plin5 to promote mitochon-
drial function and lipolysis, further verifying that the up-regulation of Plin5 is modified by
FTO-mediated M6A methylation.
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.3390/ijms221910610/s1.

Author Contributions: D.W., X.L. and C.S. designed and supervised the study. D.W., Q.S. and
Y.L. conducted experiments. C.L. performed statistical analysis on all data. D.W. and C.S. wrote
the manuscript and revised it. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was funded by the National Key Research and Development Program of China,
Shaanxi Province Key R&D Program (2021NY-020), the Major National Scientific Research Projects
(2015CB943102), and the National Nature Science Foundation of China (U1804106).

Institutional Review Board Statement: All of the protocols used in this study comply with Chinese
guidelines on experimental procedures and animal welfare, and have been approved by the Animal
Protection Committee of Northwest A&F University (T/NWSUAF, 235-2014,2014-05-09).

Informed Consent Statement: Not applicable.

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

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Bakshi, A.; Singh, R.; Rai, U. Trajectory of leptin and leptin receptor in vertebrates: Structure, function and their regulation. Comp.

Biochem. Physiol. Part B Biochem. Mol. Biol. 2021, 257, 110652. [CrossRef]
2. Flier, J.S.; Maratos-Flier, E. Leptin’s physiologic role: Does the emperor of energy balance have no clothes? Cell Metab. 2017, 26,

24–26. [CrossRef] [PubMed]
3. Zhao, S.; Zhu, Y.; Schultz, R.D.; Li, N.; He, Z.; Zhang, Z.; Caron, A.; Zhu, Q.; Sun, K.; Xiong, W.; et al. Partial leptin reduction as

an insulin sensitization and weight loss strategy. Cell Metab. 2019, 30, 706–719. [CrossRef] [PubMed]
4. Lv, D.; Tan, T.; Zhu, T.; Wang, J.; Zhang, S.; Zhang, L.; Hu, X.; Liu, G.; Xing, Y. Leptin mediates the effects of melatonin on female

reproduction in mammals. J. Pineal Res. 2019, 66, e12559. [CrossRef]
5. Qiu, J.; Zhang, J.; Zhou, Y.; Li, X.; Li, H.; Liu, J.; Gou, K.; Zhao, J.; Cui, S. MicroRNA-7 inhibits melatonin synthesis by acting as

a linking molecule between leptin and norepinephrine signaling pathways in pig pineal gland. J. Pineal Res. 2019, 66, e12552.
[CrossRef]

6. Weber, T.E.; Spurlock, M.E. Leptin alters antibody isotype in the pig in vivo, but does not regulate cytokine expression or stimulate
STAT3 signaling in peripheral blood monocytes in vitro. J. Anim. Sci. 2004, 82, 1630–1640. [CrossRef]

7. Rodríguez, A.; Becerril, S.; Méndez-Giménez, L.; Ramírez, B.; Sáinz, N.; Catalán, V.; Gómez-Ambrosi, J.; Frühbeck, G. Leptin
administration activates irisin-induced myogenesis via nitric oxide-dependent mechanisms, but reduces its effect on subcutaneous
fat browning in mice. Int. J. Obes. 2015, 39, 397–407. [CrossRef] [PubMed]

8. Paz-Filho, G.; Mastronardi, C.A.; Licinio, J. Leptin treatment: Facts and expectations. Metabolism 2015, 64, 146–156. [CrossRef]
9. Zhao, S.; Kusminski, C.M.; Elmquist, J.K.; Scherer, P.E. Leptin: Less is more. Diabetes 2020, 69, 823–829. [CrossRef]
10. Wang, P.; Yang, F.J.; Du, H.; Guan, Y.F.; Xu, T.Y.; Xu, X.W.; Su, D.F.; Miao, C.Y. Involvement of leptin receptor long isoform

(LepRb)-STAT3 signaling pathway in brain fat mass- and obesity-associated (FTO) downregulation during energy restriction.
Mol. Med. 2011, 17, 523–532. [CrossRef]

11. Wei, J.; Liu, F.; Lu, Z.; Fei, Q.; Ai, Y.; He, P.C.; Shi, H.; Cui, X.; Su, R.; Klungland, A.; et al. Differential m(6)A, m(6)A(m), and
m(1)A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm. Mol. Cell 2018, 71, 973–985. [CrossRef] [PubMed]

12. Wang, J.-Y.; Chen, L.-J.; Qiang, P. The potential role of N6-methyladenosine (m6A) demethylase fat mass and obesity-associated
gene (FTO) in human cancers. Onco. Targets Ther. 2020, 13, 12845–12856. [CrossRef]

13. Mizuno, T.M. Fat mass and obesity associated (FTO) gene and hepatic glucose and lipid metabolism. Nutrients 2018, 10, 1600.
[CrossRef] [PubMed]

14. Song, T.; Yang, Y.; Wei, H.; Xie, X.; Lu, J.; Zeng, Q.; Peng, J.; Zhou, Y.; Jiang, S.; Peng, J. Zfp217 mediates m6A mRNA methylation
to orchestrate transcriptional and post-transcriptional regulation to promote adipogenic differentiation. Nucleic Acids Res. 2019,
47, 6130–6144. [CrossRef] [PubMed]

15. Wu, R.; Guo, G.; Bi, Z.; Liu, Y.; Zhao, Y.; Chen, N.; Wang, F.; Wang, Y.; Wang, X. m(6)A methylation modulates adipogenesis
through JAK2-STAT3-C/EBPβ signaling. Biochimica et biophysica acta. Gene Regul. Mech. 2019, 1862, 796–806.

https://www.mdpi.com/article/10.3390/ijms221910610/s1
https://www.mdpi.com/article/10.3390/ijms221910610/s1
http://doi.org/10.1016/j.cbpb.2021.110652
http://doi.org/10.1016/j.cmet.2017.05.013
http://www.ncbi.nlm.nih.gov/pubmed/28648981
http://doi.org/10.1016/j.cmet.2019.08.005
http://www.ncbi.nlm.nih.gov/pubmed/31495688
http://doi.org/10.1111/jpi.12559
http://doi.org/10.1111/jpi.12552
http://doi.org/10.2527/2004.8261630x
http://doi.org/10.1038/ijo.2014.166
http://www.ncbi.nlm.nih.gov/pubmed/25199621
http://doi.org/10.1016/j.metabol.2014.07.014
http://doi.org/10.2337/dbi19-0018
http://doi.org/10.2119/molmed.2010.000134
http://doi.org/10.1016/j.molcel.2018.08.011
http://www.ncbi.nlm.nih.gov/pubmed/30197295
http://doi.org/10.2147/OTT.S283417
http://doi.org/10.3390/nu10111600
http://www.ncbi.nlm.nih.gov/pubmed/30388740
http://doi.org/10.1093/nar/gkz312
http://www.ncbi.nlm.nih.gov/pubmed/31037292


Int. J. Mol. Sci. 2021, 22, 10610 17 of 18

16. Morales, P.E.; Bucarey, J.L.; Espinosa, A. Muscle lipid metabolism: Role of lipid droplets and perilipins. J. Diabetes Res. 2017,
2017, 1789395. [CrossRef]

17. Olzmann, J.A.; Carvalho, P. Dynamics and functions of lipid droplets. Nat. Rev. Mol. Cell Biol. 2019, 20, 137–155. [CrossRef]
[PubMed]

18. Najt, C.P.; Khan, S.A.; Heden, T.D.; Witthuhn, B.A.; Perez, M.; Heier, J.L.; Mead, L.E.; Franklin, M.P.; Karanja, K.K.; Graham, M.J.; et al. Lipid
droplet-derived monounsaturated fatty acids traffic via PLIN5 to allosterically activate SIRT1. Mol. Cell 2020, 77, 810–824.
[CrossRef]

19. Wang, C.; Zhao, Y.; Gao, X.; Li, L.; Yuan, Y.; Liu, F.; Zhang, L.; Wu, J.; Hu, P.; Zhang, X.; et al. Perilipin 5 improves hepatic
lipotoxicity by inhibiting lipolysis. Hepatology 2015, 61, 870–882. [CrossRef] [PubMed]

20. Montgomery, M.K.; Mokhtar, R.; Bayliss, J.; Parkington, H.C.; Suturin, V.M.; Bruce, C.R.; Watt, M.J. Perilipin 5 deletion unmasks
an endoplasmic reticulum stress-fibroblast growth factor 21 axis in skeletal muscle. Diabetes 2018, 67, 594–606. [CrossRef]

21. Keenan, S.N.; Meex, R.C.; Lo, J.C.Y.; Ryan, A.; Nie, S.; Montgomery, M.K.; Watt, M.J. Perilipin 5 deletion in hepatocytes remodels
lipid metabolism and causes hepatic insulin resistance in mice. Diabetes 2019, 68, 543–555. [CrossRef]

22. Gallardo-Montejano, V.I.; Yang, C.; Hahner, L.; McAfee, J.L.; Johnson, J.A.; Holland, W.L.; Fernandez-Valdivia, R.; Bickel, P.E.
Perilipin 5 links mitochondrial uncoupled respiration in brown fat to healthy white fat remodeling and systemic glucose tolerance.
Nat. Commun. 2021, 12, 3320. [CrossRef] [PubMed]

23. Tan, Y.; Jin, Y.; Wang, Q.; Huang, J.; Wu, X.; Ren, Z. Perilipin 5 protects against cellular oxidative stress by enhancing mitochondrial
function in HepG2 cells. Cells 2019, 8, 1241. [CrossRef] [PubMed]

24. Mason, R.R.; Watt, M.J. Unraveling the roles of PLIN5: Linking cell biology to physiology. Trends Endocrinol. Metab. TEM 2015, 26,
144–152. [CrossRef] [PubMed]

25. Zhou, Y.; Zeng, P.; Li, Y.H.; Zhang, Z.; Cui, Q. SRAMP: Prediction of mammalian N6-methyladenosine (m6A) sites based on
sequence-derived features. Nucleic Acids Res. 2016, 44, e91. [CrossRef]

26. Harvey, J.; Ashford, M.L. Leptin in the CNS: Much more than a satiety signal. Neuropharmacology 2003, 44, 845–854. [CrossRef]
27. Monteiro, L.; Pereira, J.; Palhinha, L.; Moraes-Vieira, P.M.M. Leptin in the regulation of the immunometabolism of adipose

tissue-macrophages. J. Leukoc. Biol. 2019, 106, 703–716. [CrossRef]
28. Zeng, L.; Tang, W.J.; Yin, J.J.; Zhou, B.J. Signal transductions and nonalcoholic fatty liver: A mini-review. Int. J. Clin. Exp. Med.

2014, 7, 1624–1631.
29. Frühbeck, G.; Gómez-Ambrosi, J. Modulation of the leptin-induced white adipose tissue lipolysis by nitric oxide. Cell. Signal.

2001, 13, 827–833. [CrossRef]
30. Frühbeck, G.; Catalán, V.; Rodríguez, A.; Ramírez, B.; Becerril, S.; Salvador, J.; Portincasa, P.; Colina, I.; Gómez-Ambrosi, J.

Involvement of the leptin-adiponectin axis in inflammation and oxidative stress in the metabolic syndrome. Sci. Rep. 2017,
7, 6619. [CrossRef]

31. Liu, Z.; Gan, L.; Zhou, Z.; Jin, W.; Sun, C. SOCS3 promotes inflammation and apoptosis via inhibiting JAK2/STAT3 signaling
pathway in 3T3-L1 adipocyte. Immunobiology 2015, 220, 947–953. [CrossRef]

32. Tian, S.; Lei, P.; Teng, C.; Sun, Y.; Song, X.; Li, B.; Shan, Y. Targeting PLIN2/PLIN5-PPARγ: Sulforaphane disturbs the maturation
of lipid droplets. Mol. Nutr. Food Res. 2019, 63, e1900183. [CrossRef]

33. Granneman, J.G.; Moore, H.-P.H.; Mottillo, E.P.; Zhu, Z.; Zhou, L. Interactions of perilipin-5 (Plin5) with adipose triglyceride
lipase. J. Biol. Chem. 2011, 286, 5126–5135. [CrossRef]

34. Benedict, C.; Axelsson, T.; Söderberg, S.; Larsson, A.; Ingelsson, E.; Lind, L.; Schiöth, H.B. Fat mass and obesity-associated gene
(FTO) is linked to higher plasma levels of the hunger hormone ghrelin and lower serum levels of the satiety hormone leptin in
older adults. Diabetes 2014, 63, 3955–3959. [CrossRef] [PubMed]

35. Wang, L.; Song, C.; Wang, N.; Li, S.; Liu, Q.; Sun, Z.; Wang, K.; Yu, S.C.; Yang, Q. NADP modulates RNA m(6)A methylation and
adipogenesis via enhancing FTO activity. Nat. Chem. Biol. 2020, 16, 1394–1402. [CrossRef] [PubMed]

36. Dimock, K.; Stolzfus, C.M. Cycloleucine blocks 5’-terminal and internal methylations of avian sarcoma virus genome RNA.
Biochemistry 1978, 17, 3627–3632. [CrossRef]

37. Kang, H.; Zhang, Z.; Yu, L.; Li, Y.; Liang, M.; Zhou, L. FTO reduces mitochondria and promotes hepatic fat accumulation through
RNA demethylation. J. Cell. Biochem. 2018, 119, 5676–5685. [CrossRef] [PubMed]

38. Lan, T.; Li, H.; Zhang, D.; Xu, L.; Liu, H.; Hao, X.; Yan, X.; Liao, H.; Chen, X.; Xie, K.; et al. KIAA1429 contributes to liver cancer
progression through N6-methyladenosine-dependent post-transcriptional modification of GATA3. Mol. Cancer 2019, 18, 186.
[CrossRef]

39. Sorci, M.; Ianniello, Z.; Cruciani, S.; Larivera, S.; Ginistrelli, L.C.; Capuano, E.; Marchioni, M.; Fazi, F.; Fatica, A. METTL3 regulates
WTAP protein homeostasis. Cell Death Dis. 2018, 9, 796. [CrossRef]

40. Tung, Y.L.; Yeo, G.S.; O’Rahilly, S.; Coll, A.P. Obesity and FTO: Changing focus at a complex locus. Cell Metab. 2014, 20, 710–718.
[CrossRef]

41. Capurso, C.; Capurso, A. From excess adiposity to insulin resistance: The role of free fatty acids. Vasc. Pharmacol. 2012, 57, 91–97.
[CrossRef]

42. Leitner, D.R.; Frühbeck, G.; Yumuk, V.; Schindler, K.; Micic, D.; Woodward, E.; Toplak, H. Obesity and Type 2 diabetes: Two
diseases with a need for combined treatment strategies—EASO can lead the way. Obes. Facts 2017, 10, 483–492. [CrossRef]

http://doi.org/10.1155/2017/1789395
http://doi.org/10.1038/s41580-018-0085-z
http://www.ncbi.nlm.nih.gov/pubmed/30523332
http://doi.org/10.1016/j.molcel.2019.12.003
http://doi.org/10.1002/hep.27409
http://www.ncbi.nlm.nih.gov/pubmed/25179419
http://doi.org/10.2337/db17-0923
http://doi.org/10.2337/db18-0670
http://doi.org/10.1038/s41467-021-23601-2
http://www.ncbi.nlm.nih.gov/pubmed/34083525
http://doi.org/10.3390/cells8101241
http://www.ncbi.nlm.nih.gov/pubmed/31614673
http://doi.org/10.1016/j.tem.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25682370
http://doi.org/10.1093/nar/gkw104
http://doi.org/10.1016/S0028-3908(03)00076-5
http://doi.org/10.1002/JLB.MR1218-478R
http://doi.org/10.1016/S0898-6568(01)00211-X
http://doi.org/10.1038/s41598-017-06997-0
http://doi.org/10.1016/j.imbio.2015.02.004
http://doi.org/10.1002/mnfr.201900183
http://doi.org/10.1074/jbc.M110.180711
http://doi.org/10.2337/db14-0470
http://www.ncbi.nlm.nih.gov/pubmed/24898142
http://doi.org/10.1038/s41589-020-0601-2
http://www.ncbi.nlm.nih.gov/pubmed/32719557
http://doi.org/10.1021/bi00610a032
http://doi.org/10.1002/jcb.26746
http://www.ncbi.nlm.nih.gov/pubmed/29384213
http://doi.org/10.1186/s12943-019-1106-z
http://doi.org/10.1038/s41419-018-0843-z
http://doi.org/10.1016/j.cmet.2014.09.010
http://doi.org/10.1016/j.vph.2012.05.003
http://doi.org/10.1159/000480525


Int. J. Mol. Sci. 2021, 22, 10610 18 of 18

43. Sanders, M.A.; Madoux, F.; Mladenovic, L.; Zhang, H.; Ye, X.; Angrish, M.; Mottillo, E.P.; Caruso, J.A.; Halvorsen, G.; Roush, W.R.; et al.
Endogenous and synthetic ABHD5 ligands regulate ABHD5-perilipin interactions and lipolysis in fat and muscle. Cell Metab.
2015, 22, 851–860. [CrossRef]

44. Zhang, E.; Cui, W.; Lopresti, M.; Mashek, M.T.; Najt, C.P.; Hu, H.; Mashek, D.G. Hepatic PLIN5 signals via SIRT1 to promote
autophagy and prevent inflammation during fasting. J. Lipid Res. 2020, 61, 338–350. [CrossRef]

45. Font-i-Furnols, M.; Brun, A.; Gispert, M. Intramuscular fat content in different muscles, locations, weights and genotype-sexes
and its prediction in live pigs with computed tomography. Animal 2019, 13, 666–674. [CrossRef]

46. Du, J.; Xu, Y.; Zhang, P.; Zhao, X.; Gan, M.; Li, Q.; Ma, J.; Tang, G.; Jiang, Y.; Wang, J.; et al. MicroRNA-125a-5p affects adipocytes
proliferation, differentiation and fatty acid composition of porcine intramuscular fat. Int. J. Mol. Sci. 2018, 19, 501. [CrossRef]

47. Piccolis, M.; Bond, L.M.; Kampmann, M.; Pulimeno, P.; Chitraju, C.; Jayson, C.B.K.; Vaites, L.P.; Boland, S.; Lai, Z.W.; Gabriel, K.R.; et al.
Probing the global cellular responses to lipotoxicity caused by saturated fatty acids. Mol. Cell 2019, 74, 32–44. [CrossRef]

48. Brasaemle, D.L.; Wolins, N.E. Isolation of lipid droplets from cells by density gradient centrifugation. Curr. Protoc. Cell Biol. 2016,
72, 3–15. [CrossRef]

49. Rong, B.; Feng, R.; Liu, C.; Wu, Q.; Sun, C. Reduced delivery of epididymal adipocyte-derived exosomal resistin is essential for
melatonin ameliorating hepatic steatosis in mice. J. Pineal Res. 2019, 66, e12561. [CrossRef]

50. Shen, Z.; Liu, P.; Sun, Q.; Li, Y.; Acharya, R.; Li, X.; Sun, C. FTO inhibits UPR(mt)-induced apoptosis by activating JAK2/STAT3
pathway and reducing m6A level in adipocytes. Apoptosis Int. J. Program. Cell Death 2021, 26, 1–14. [CrossRef]

http://doi.org/10.1016/j.cmet.2015.08.023
http://doi.org/10.1194/jlr.RA119000336
http://doi.org/10.1017/S1751731118002021
http://doi.org/10.3390/ijms19020501
http://doi.org/10.1016/j.molcel.2019.01.036
http://doi.org/10.1002/cpcb.10
http://doi.org/10.1111/jpi.12561
http://doi.org/10.1007/s10495-021-01683-z

	Introduction 
	Results 
	Leptin Up-Regulates the Expression of Plin5 to Promote Pig Lipolysis 
	Leptin Up-Regulates FTO in Adipocytes to Inhibit m6A Methylation of Plin5 
	FTO Inhibits m6A Methylation of Plin5 to Up-Regulate Plin5 Protein Levels 
	Plin5 Promotes the Breakdown of LD to Improve Lipolysis and Energy Metabolism 
	Plin5 Promotes Lipid Synthesis and Enhances Mitochondrial -Oxidation under Lipotoxicity Models 

	Discussion 
	Material and Methods 
	Animals and Samples 
	Primary Porcine Preadipocytes Culture and Induced Differentiation 
	Construction of Lipotoxicity Model 
	m6A Methylation Agonists and Inhibitors 
	Isolation, Purification and Identification of LD 
	FFA Content Analysis 
	Immunohistochemistry and Oil Red O Staining 
	Immunofluorescence and TUNEL Staining 
	BODIPY Dyeing 
	Dot Blot Analysis 
	m6A-IP 
	m6A Quantification by Colorimetric Assay 
	Plasmid Construction and RNA Interference 
	Luciferase Reporter Assay 
	qPCR and Western Blotting Analysis 
	NAD+/ NADH Analysis 
	Statistical Analysis 

	Conclusions 
	References

