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Melatonin reduces intramuscular fat deposition by
promoting lipolysis and increasing mitochondrial function
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Abstract In obesity and diabetes, intramuscular fat (IMF)
content correlates markedly with insulin sensitivity, which
makes IMF manipulation an area of therapeutic interest.
Melatonin, an important circadian rhythm-regulating hor-
mone, reportedly regulates fat deposition, but its effects on
different types of adipose vary. Little is known about the role
of melatonin in IMF deposition. Here, using intramuscular
preadipocytes in pigs, we investigated to determine whether
melatonin affects or regulates IMF deposition. We found
that melatonin greatly inhibited porcine intramuscular pre-
adipocyte proliferation. Although melatonin administra-
tion significantly upregulated the expression of adipogenic
genes, smaller lipid droplets were formed in intramuscular
adipocytes. Additional investigation demonstrated that mela-
tonin promoted lipolysis of IMF by activating protein Kki-
nase A and the signaling of ERK1/2. Moreover, melatonin
increased thermogenesis in intramuscular adipocytes by en-
hancing mitochondrial biogenesis and mitochondrial respi-
ration. A mouse model, in which untreated controls were
compared with mice that received 3 weeks of melatonin
treatment, verified the effect of melatonin on IMF deposi-
tion.Bll In conclusion, melatonin reduces IMF deposition by
upregulating lipolysis and mitochondrial bioactivities. These
data establish a link between melatonin signaling and lipid
metabolism in mammalian models and suggest the potential
for melatonin administration to treat or prevent obesity and
related diseases.—Liu, K., W. Yu, W. Wei, X. Zhang, Y. Tian,
M.lak Sherif, X. Liu, C. Dong, W. Wu, L. Zhang, and J. Chen.
Melatonin reduces intramuscular fat deposition by promot-
ing lipolysis and increasing mitochondrial function. J. Lipid
Res. 2019. 60: 767-782.
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Intramuscular fat (IMF) refers to adipose tissue located
between skeletal muscle fibers (1). IMF is an important
economic trait in farm animals (2), reducing IMF levels to

This work was supported by National Natural Science Foundation of China
Grant 31872334, Natural Science Foundation of Jiangsu Province Grant
BK20160727, and Fundamental Research Funds for the Central Universities
Grant KYZ7201639.

Manuscript received 8 June 2018 and in revised form 14 December 2018.

Published, JLR Papers in Press, December 14, 2018
DOI https://doi.org/10.1194/jlr. MOS7619

Copyright © 2019 Liu et al. Published under exclusive license by The American Society
for Biochemistry and Molecular Biology, Inc.
This article is available online at http://www.jlr.org

increase the lean meat percentage of pork or increasing
the IMF content to improve the meat flavor is the most
important part of the breeding work (3, 4). However, in
humans, IMF content has a significant correlation with in-
sulin resistance and type 2 diabetes (5). The reduction of
IMF significantly improves the insulin sensitivity of muscle
tissue (6). Therefore, finding a mechanism to regulate the
proliferation and differentiation of IMF cells has important
economic and medical value.

Melatonin, a derivative of tryptophan, is synthesized and
secreted by the pineal gland in mammals (7) and mainly
mediates circadian rhythms and reproductive cycles (8, 9).
Recent researchers found that melatonin significantly reg-
ulated fat metabolism (10). In vitro experiments show that
melatonin significantly promotes the adipogenic differen-
tiation of 3T3-L1 precursor adipocytes by increasing the
expression of both CCAAT/enhancer binding protein
(C/EBP)a and PPARy (11). Alonso-Vale et al. (12) reported
that melatonin inhibited adipocyte differentiation through
regulated C/EBPB transcriptional activity. This inconsis-
tency in findings may be due to the differences in the timing
of melatonin treatment of 3T3-L1 cells.

Other studies reported that melatonin reduces fat con-
tent by promoting lipid metabolism in porcine oocytes
(13). Although recent findings indicate that melatonin
promotes the differentiation of bovine intramuscular pre-
adipocytes into adipocytes by increasing the expression lev-
els of PPARy, C/EBPB, and C/EBPx via melatonin receptor
1B (MT2) (14), laboratory experiments demonstrate that
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chronic supplementation with melatonin leads to the
suppression of body weight gain and a reduction of adi-
posity in laboratory animals by modifying gut microbiota
in mice (15). However, in postpubertal heifers, melato-
nin promotes fat deposition in the rib and longissimus
muscle (16). In vitro and in vivo findings indicate that
melatonin plays an important regulatory role in the de-
position of fat, yet the effect of melatonin on adipose tis-
sue varies by report, and the study of melatonin on IMF is
limited.

We describe a potential signaling pathway for melatonin-
affected IMF deposition at the cellular level. Melatonin has
a dual role in the deposition of IMF, promoting both fat
differentiation and lipolysis. Long-term melatonin treat-
ment significantly increases the catabolism of IMF cells and
reduces IMF deposition.

MATERIALS AND METHODS

Ethics statement

All experiments were performed in accordance with the guide-
lines of the regional Animal Ethics Committee and were approved
by the Institutional Animal Care and Use Committee of Nanjing
Agricultural University.

Porcine intramuscular preadipocyte isolation and in vitro
differentiation

Three male Erhualian pigs (age, 5 days) were euthanized for
porcine intramuscular preadipocyte isolation and culture (17).
Briefly, longissimus dorsi muscles were harvested from piglets,
minced, and digested with 2 mg/ml collagenase type I (Sigma-
Aldrich) in DMEM/F12 (HyClone, Thermo Fisher Scientific)
containing 1% fatty acid-free BSA (Sigma-Aldrich) in a shaking
water bath at 40 rpm speeds for 2 h at 37°C. The digest samples
were collected with a cell strainer (70 and 200 pm diameter) and
rinsed three times with serum-free DMEM/F12 medium, then
spun twice in a centrifuge at 1,500 gfor 10 min. Finally, cells were
transferred to plates, grown in growth medium (GM) [DMEM/
F12 (HyClone) supplemented with 10% FBS (Sigma-Aldrich) and
1% penicillin-streptomycin] at 37°C with 5% CO,. After 2 h, the
nonadherent cells were washed and replaced with fresh medium
to continue culturing.

After reaching 90% confluence, the intramuscular preadipo-
cytes were induced to differentiate with the adipogenic agent,
DMI (0.25 mM dexamethasone, 1 mM 3-isobutyl-1-methylxan-
thine, and 5 pg/ml insulin), for 4 days. The medium was replaced
with maintenance medium containing 5 wg/ml insulin and 10%
FBS-DMEM until day 8, and fresh medium was changed every
2 days.

Cell proliferation assay

Preadipocytes were seeded into a 96-well plate and cultured
with 10% FBS-DMEM medium. Twenty-four hours later, the me-
dium was replaced with 10% serum medium containing melato-
nin (Sigma-Alrich) at 0, 0.01, 0.1, 0.5, 1, and 2 mM doses for 12,
24, 36, or 48 h. After exposure of the cells to melatonin, culture
medium was changed for serum-free culture medium; we added
10 pl of Cell Counting Kit-8 reagent dissolved in GM, and then
continued culturing at 37°C for 2 h. The absorbance of each well
was measured at 450 nm wavelength using an automated micro-
plate reader (Bio-Rad, Japan).
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EdU stain

Preadipocytes were treated with or without 1 mM of melatonin
for 24 h, and cells were cultured with fresh GM containing
5-ethynyl-2’-deoxyuridine (EAU) (final concentration, 10 mM)
for 2h. EdU staining was conducted using Cell-Light™ EdU
Apollo®488 in vitro imaging kit (RiboBio, Guangzhou, China) ac-
cording to the manufacturer’s protocol. The EdU-labeled cells
were reviewed with a confocal microscope.

Apoptosis analysis

Preadipocytes were treated with or without 1 mM of melatonin
for 24 h. Cells were digested using 0.25% trypsin without EDTA,
washed twice with PBS, fixed in 500 pl of binding buffer [100 mM
HEPES, 140 mM NaCl, 25 mM CaCl, (pH = 7.4)], and stained
with 100 pg/ml annexin V-FITC/100 pg/ml propidium iodide
(PI) at room temperature for 15 min. The apoptosis percentage
of porcine intramuscular preadipocytes was measured using an
apoptosis detection kit (Vazyme Biotech, Nanjing, China) accord-
ing to the manufacturer’s protocol. We sorted 1 x 10” cells by flow
cytometry [fluorescence-activated cell sorting (FACS); Becton-
Dickinson]. The apoptosis rate was calculated using the following
equation: (number of cells in the right upper quadrant + number
of cells in the right lower quadrant) /total number of cells.

Cycle analysis

After treatment with or without 1 mM of melatonin for 24 h,
the cells were harvested by trypsinization, washed twice with
ice-cold PBS, and fixed in 75% ethanol for 24 h at 4°C. We added
100 pl of RNase A and incubated the cells for 30 min at 37°C, and
then added 400 pl of PI staining mix and stored them away from
light for 30 min at 4°C. The wavelength of red fluorescence used
for excitation on the machine test was 488 nm. For each sample,
10,000 events were acquired with a FACS, and the percentage of
cells in GO/G1, S, and G2/M phases of the cell cycle were deter-
mined by FlowJo analytical software version 9.3.2 (BD FACS
Calibur).

Oil Red O staining

To induce porcine intramuscular preadipocyte differentiation
into mature lipid droplets in DMI with or without melatonin, cells
were washed three times with PBS, and then fixed with 10% for-
malin for 15 min. After fixation, the cells were washed three times
with PBS and stained with Oil Red O (0.5% Oil Red O in isopro-
panol, diluted 3:2 in water, and filtered with a 0.2 pm filter;
Sigma-Aldrich). After 20 min, the cells were washed with 60% iso-
propanol for 20 s and photographed using a microscope. To mea-
sure triglyceride contents, stained adipocytes were eluted with
isopropanol for 20 min. The optical density values were detected
with a spectrophotometer at a wavelength of 510 nm, as described
previously (18).

LipiD-QuanT analysis

Mature adipocytes were treated with maintenance medium
containing 1 mM of melatonin or not treated. Lipid droplet im-
ages were taken 2 days later. A total of 803 lipid droplets were used
to assess lipid droplet size by the LipiD-QuanT method (19).

Lipolysis analysis

Intramuscular preadipocytes were induced to differentiate at
6 days with or without melatonin. Samples were collected on days
0, 2, 4, and 6 to extract total RNA. The expression of lipolysis-re-
lated genes was analyzed by quantitative RT-PCR (RT-qPCR). To
further demonstrate the occurrence of lipolysis in the melatonin
treatment process, intramuscular preadipocytes were induced to
differentiate into mature adipocytes, and then incubated for 48 h



in fresh GM with or without 1 mM of melatonin. At the end of the
incubation, supernatants were collected and analyzed for free glyc-
erol according to the protocol for the adipolysis assay kit (Abcam,
Shanghai). Total protein samples were also collected and analyzed
by Western blot analysis for the expression of lipolytic proteins.

Bioenergetics profiling

Porcine intramuscular preadipocytes (approximately 2.5 x 10°
cells/well) were seeded into gelatin-coated XF24 culture micro-
plates and grown in GM for 12 h at 37°C in an atmosphere of 5%
CO,. The cells were treated with DMI, DMI + melatonin (1 mM),
and DMI + melatonin (1 mM) + 4-phenyl-2-propionamidotetralin
(4-P-PDOT; 10 uM) for an additional 24 h. The O, consumption
was measured with a Seahorse Bioscience XF24-3 extracellular
flux analyzer. We added 1 puM of oligomycin to the cells to
measure the oxygen consumption rate (OCR) independent of
oxidative phosphorylation. Subsequently, 0.5 WM of carbonyl
cyanide-p-trifluoromethoxy-phenylhydrazone and 2 uM of the
respiratory chain inhibitor, rotenone, were added to measure the
maximal respiration and basal non-mitochondrial respiration
rates. Statistical comparisons were made using Student’s test.

Intracellular ATP assay

The intracellular ATP concentration was measured using an
ATP assay kit (Beyotime Biotechnology, Jiangsu, China) following
the manufacturer’s protocol. Briefly, the cells were cultured
in DMI, as well as DMI + melatonin (1 mM), or DMI + melatonin
(I mM) + 4-P-PDOT (10 pM). After 24 h, the treated cells were
lysed in the lysis buffer and spun in a centrifuge at 4°C, 14,400 g
for 5 min. The supernatants were used to detect ATP, and the
protein concentrations were determined by BCA assay kit (Beyo-
time Biotechnology). We then added 20 pl of supernatant into
100 pl of ATP detection solution that had been incubated at
room temperature for 5 min, mixed it immediately, and deter-
mined the luminescence using the Dual-Luciferase Reporter assay
system (Promega, Madison, WI). The concentration of ATP was
calculated according to a standard curve and converted into
nanomoles per microgram of protein.

Mitochondrial content

After 24 h of intramuscular preadipocyte treatment with or
without 1 mM of melatonin, samples were collected, and the total
DNA was extracted from cells using a DNA extraction kit (Jiancheng
Bioengineering Institute, Nanjing, China). To quantify mitochon-
drial cytochrome c oxidase subunit 2 (Cox2) and the nuclear
gene, B-globin, copy number, a reference curve was established
using serially diluted standard DNA through RT-qPCR. The copy
number ratio of mtDNA:nDNA was used to evaluate the relative
number of mitochondria as previously described (20). The prim-
ers of mtDNA and nDNA are shown in Table 1.

RT-qPCR

After porcine intramuscular preadipocytes were treated with
1 mM of melatonin for 24 h, total RNA was extracted using a TRIzol
reagent (Invitrogen) according to the manufacturer’s instruc-
tions. We used a Godenstar™ RT6 cDNA synthesis kit (TsingKe
Biotech, Nanjing, China) to reverse transcribe 1.0 pg of each
sample to first-strand cDNA. The RT-qPCR was performed using
SYBR Green Master Mix (Vazyme Biotech), and relative expression
levels were analyzed using the 2:24% method. The primers used
are listed in Table 1. RPLPOwas used as the endogenous control.

Western blotting

Total protein was extracted from intramuscular preadipocytes
using RIPA lysis buffer (Beyotime Biotechnology), and protein

quantities were measured by the BCA protein assay kit (Beyotime
Biotechnology). We prepared 12% SDS-PAGE gel and loaded
20 pg of protein. After 1 h of electrophoresis, the total protein
was transferred to a PVDF membrane (Millipore, Billerica, MA).
The membrane was blocked in 5% BSA and then incubated with
primary antibodies overnight at 4°C. After washing, the appropri-
ate secondary antibodies were used, and chemiluminescence was
detected. Images were captured with the VersaDoc 4000 MP sys-
tem (Bio-Rad). The antibodies used herein mainly include: mela-
tonin receptor 1A (MT1) (1:1,000; Thermo Fisher, #PA5-19109),
MT2 (1:1,000; Affinity, #DF4994), protein kinase A (PKA) (1:800;
Affinity, #AF7746), phospho-PKA (Thrl97, 1:500; Affinity,
#AF7246), ERK1/2 (1:500; Thermo Fisher, #82380); phospho-
ERK1/2 (Thr202/Tyr204, 1:500; Thermo Fisher, #PA5-37828),
hormone-sensitive lipase (HSL) (1:1,000; Affinity, #AF6403),
phospho-HSL (Ser660, 1:500; Affinity, #AF8026), perilipin 1 (PLIN1)
(1:1,000; Affinity, #DF7602), phospho-PLIN1 (Ser522, 1:500; Vala
Sciences, #4856), o-tubulin (1:1,000; Affinity, #AF7010), and GAPDH
(1:1,000; Affinity, #AF7021).

Mouse experiment to verify the effect of melatonin on
IMF deposition

We conducted an in vivo experiment to investigate the effect of
melatonin on fat deposition using 3-week-old healthy male Insti-
tute of Cancer Research mice (n = 8, initial body weight 19 + 0.5 g;
Qing Long Shan Co., Animal Breeding Center, Nanjing, China)
randomly divided into two groups. Melatonin (20 mg/kg) was ad-
ministered via intravenous injection to the tail every other day for
4 weeks. Meanwhile, the minimum volume of alcohol used to dilute
melatonin (20 mg/kg) was injected into another group as a con-
trol group. All mice had free access to standard high-fat diet and
water. All mice were housed in a temperature-controlled (22 +
2°C) room with a 12:12 h light:dark cycle (lights on from 7:00 AM
to 7:00 PM). During the experimental period, body weights were
recorded every 3 days. On day 27, all mice were bled, weighed,
and euthanized. The fat tissues were peeled off, weighed, photo-
graphed, and then quick-frozen for the subsequent experiment.

Histology and imaging

The vastus lateralis (VL) was released from the mouse hind
limb to detect neutral lipid accumulation in muscle tissue. Frozen
VL samples were sectioned with a cryostat (thickness, 7 pm). All
sections were washed with deionized water, quickly dipped in 60%
isopropanol, and then stained for 20 min in the Oil Red O work-
ing solution. They were then rinsed with isopropanol followed by
deionized water and cover-slipped with glycerol jelly. Images were
captured using a microscope.

Statistical analysis

Data were analyzed using the IBM SPSS Statistics for Windows,
version 20.0 (IBM Corp., Armonk, NY) and GraphPad Prism
(GraphPad Software, Inc., La Jolla, CA). The statistical signifi-
cance was calculated using the Student’s #test and one-way
ANOVA (¥P<0.05, ##P<0.01, ¥+¥P<0.001). All data are presented
as mean + SEM.

RESULTS

Melatonin inhibits the proliferation of porcine
intramuscular preadipocytes

To understand the effect of melatonin on IMF deposition
better, different concentrations of melatonin were admin-
istered to porcine intramuscular preadipocytes (Fig. 1A).
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TABLE 1.

Primers used in this study

Gene Primer Sequences

Product Size (bp) Temperature (°C)

C/EBPa 5" ACACGGTGCGTCTAAGATGAG

5 TCGGAGCGGTGAGTTTGC
FABP4 5 GGTGTCACGGCTACCAGAA

5" AAATCATTACATCGCCTTAT
FASN 5" GCCAGCATCGTGAGGGTC

5" CCAGTGCAGGTACGGGAAT
PPARy 5" GCCATTCGCATCTTTCAGGG

5" CGTGGACGCCATACTTTAGGA
HSL 5 TGTCTTTGCGGGTATTCGG

5" GCCTGTTTCATTGCGTTTGTA
ATGL 5" TGGATAAAGGAGCAGACAGG

5 TCGGACGGGAAGGCAGT
PLINI 5" TGAAATGCCACGACAA

5" CTACGGCTAAACTTACTACAC
ucr3 5" TCGGAAATAGGAGGAGGAAA

5 TCGGCTGATTTCCAAGTGT
Tfam 5" CCTAGGAAGCGACTACTGCG

5" GCAACTCTTCAGACCTCGCT
CPT:1B 5 TGGGGCTGGTCAATCACATC

5" GCCGTGCATCTCAAACATCC
CPT*1a 5" GTCCTGCAACTTTGTGCTGG

5" CAGGTGCTGGTGCTTTTCAC
Pgcla 5" GGACTGACATCGAGTGTGCT

5" GCGTCTCTGTGAGAACTGCT
Cidea 5" GGCTCACAAGTGGATAGGGG

5" AGATGAAGAGGAAGCATGGAAGT
Prdml6 5" CCACAAGTCCTACACGCAGT

5" CGGGTAATGGTTCTTGCCCT
Cox2 5" CATACTAACAACAAAACTGACA

5 TGTCAGTTTTGTTGTTAGTATG
B-globin 5" CAACCTCAAGGGCACCTTTGCTA

5" GGCCCTCTCTTCATGACACG
RPLPO 5" GTGCTGATGGGCAAGAAC

5" CTCCAGGAAGCGAGAATG

238 59.1
203 60.3
196 58.6
213 59.3
241 59.1
216 60
187 60.5
270 58.8
126 59.7
188 59.1
97 60
246 60.3
250 60.1
160 60.3
346 59.3
150 60
225 59.6

The result shows that melatonin was both dose- and time-
dependent on cell proliferation. Melatonin (1 mM) signifi-
cantly inhibited preadipocyte proliferation from 24 to 48 h
(24 h, P<0.001; 36 h, P<0.001; 48 h, P<0.001). Melatonin
(2 mM) inhibited cell proliferation and caused death from
12 to 48 h (all P<0.001).

The EdU staining assay verified the inhibited prolifera-
tion of intramuscular preadipocytes related to the 1 mM
melatonin dose. After treating intramuscular preadipo-
cytes with 1 mM of melatonin for 24 h, we found that the
proportion of EdU-positive cells decreased by 80% (Fig.
1B, C), and no significant apoptotic cells were found by
flow cytometry tests (Fig. 1D, E). Cell cycle analysis revealed
that 1 mM of melatonin significantly increased the fraction
of cells in the G0/G1 phase of the cell cycle, while simulta-
neously reducing the proportion in the G2/M phase, but
not the S phase, after treatment for 24 h (Fig. 1F, G). These
results suggest that melatonin could suppress preadipocyte
proliferation by arresting the cell cycle process.

Melatonin significantly reduces fat deposition in
intramuscular preadipocytes

After adipogenic differentiation, the lipid droplets ap-
peared on the third day using a medium with DMI + mela-
tonin, while the lipid droplets developed on the fourth day
using the normal medium (Fig. 2A). The medium was re-
placed with maintenance medium on the fifth day, but
the treatment group contained 1 mM of melatonin and
continued to culture for 3 days. Oil Red O staining and
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triglyceride levels showed that preadipocytes treated with
melatonin have smaller lipid droplets and less triglycer-
ide accumulation than those not treated with melatonin
(Fig. 2B). However, the expression levels of the adipogenic
genes, C/EBPu, adipocyte fatty acid-binding protein 4
(FFABP4), FASN, and PPARy, were significantly upregulated
(P < 0.05) in the melatonin-treated samples compared
with the control group at the 2, 4, and 6 day time points
(Fig. 2C-F). These results indicate that melatonin treat-
ment, given time, could promote fat cell differentiation
earlier, but long-term melatonin treatment decreases lipid
accumulation.

Melatonin promotes lipolysis of intramuscular
preadipocytes

To determine whether melatonin is also involved in reg-
ulating other lipid metabolism activities, we investigated
the expression of genes related to lipolysis and thermo-
genesis, including HSL, adipose triglyceride lipase (ATGL),
PLINI, and uncoupling protein 3 (UCP3). The expression
levels of these genes in the melatonin-treated group were
significantly higher than those in the control groups at
2 and 4 days. On the sixth day, although the difference
of HSL and PLINI expression levels between these two
groups was slight, the expression of ATGL and UCP3 was
still significantly higher in the melatonin-treated group
than the control group. (Fig. 3A-D). These results indi-
cate that melatonin may promote the hydrolysis of por-
cine intramuscular preadipocytes. The lipid droplets’
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diameters are mainly distributed between 0 and 8 px
after 2 days of melatonin-treated porcine mature adi-
pocytes. In the control group, the mean of the lipid
droplets diameters’ size distributions shifted toward
larger lipid droplets, and part of them are distributed in
the 8-16 px region (Fig. 3E, F). Furthermore, melato-
nin significantly increases the amount of free glycerol
in the medium (Fig. 3G). These data suggested that
melatonin promotes lipolysis of porcine intramuscular
preadipocytes.
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Melatonin promotes the lipolysis of porcine adipocytes
through MT?2

To examine the mechanism of melatonin promoting lipol-
ysis of IMF, mature adipocytes were exposed to 1 mM of mela-
tonin for 24 h. RT-qPCR and Western blot analyses showed
that melatonin significantly promoted the expression of M72
in IMF cells. However, it does not change the expression of
MT1I (Fig. 4A—C). This suggests that MT2 may play an impor-
tant role in melatonin-mediated lipolysis of intramuscular
adipocytes. As expected, 4-P-PDOT, a selective antagonist of
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MT?2 (21), can significantly inhibit the upregulation of lipoly-
sistelated genes (HSL and ATGL) caused by melatonin (Fig.
4D, E). Moreover, it rescued the downregulation of PLINI
caused by melatonin in mature adipocytes. These results indi-
cate that the effect of melatonin on lipolysis in porcine intra-
muscular adipocytes may be mainly mediated by MT?2.

Melatonin promotes intramuscular adipocyte lipolysis by
activating ERK1/2 and PKA signaling pathways

The PKA and ERKI1 /2 pathways are two classic pathways
for lipolysis signaling, and they can be activated by melatonin.

Therefore, we explored whether these pathways are in-
volved in mediating melatonin-induced IMF lipolysis. The
PKA (Thr197) and ERK1/2 (Thr202/Tyr204) phosphory-
lation levels in mature intramuscular adipocytes treated for
24 h with 1 mM of melatonin were detected by Western
blots, and the protein levels of phosphorylated PKA and
ERKI1/2 were significantly increased in the melatonin-
treated samples compared with the control. However, after
blocking the melatonin signal through the MT2 inhibitor,
4-P-PDOT, the effect of melatonin was offset (Fig. 5A-D).
As downstream lipolysis-associated genes of PKA and
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ERKI1/2 signaling pathway, the phosphorylation levels of
HSL (Ser660) and PLIN1 (Ser522) and the protein expres-
sion of ATGL were increased (Fig. 51, ]J). However, the
expression of PLIN1 was significantly decreased compared
with the control group (Fig. 5G, H). Meanwhile, blocking
the melatonin signal by 4-P-PDOT reduced the protein ex-
pression related to lipolysis, including HSL, PLIN1, and
ATGL (Fig. BE-]). These findings indicate that ERK1/2 and
PKA might play a role in melatonin-mediated lipolysis.

The role of PKA and ERKI1/2 signaling in
melatonin-induced lipolysis

To further explore the contribution of PKA or ERK1/2
in melatonin-induced lipolysis, preadipocytes were treated
with 1 mM of melatonin, 1 mM of melatonin + 10 puM of
HR89 (inhibitor of PKA, #HY-15979), and 1 mM of melato-
nin + 1 uM of SCH772984 (inhibitor of ERK1 /2, #HY50846),
respectively, for 24 h. Western blot showed that p-PKA and
p-ERK1/2 significantly increased in the melatonin group,
while p-PKA expression significantly decreased in the mela-
tonin + H89 group, and p-ERK expression significantly
decreased in the SCH772984 group (Fig. 6A-C). The
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presence of H89 or SCH772984 significantly reduced
mRNA expression of PLINI, HSL, and ATGL compared
with the melatonin-treated groups (Fig. 6D-F). Similarly,
phosphorylated PLINI and HSL also decreased significantly
under the influence of H89 or SCH772984 (Fig. 6G-I).
More reduction of ATGL appeared after the ERK1/2 sig-
nal was suppressed (Fig. 6G, J). This indicated that melato-
nin, through PKA signal, plays a major role in the regulation
of PLIN1 and HSL, while ERKI/2 has a more significant
effect on ATGL. Oil Red O staining showed that H89 could
be more effective on blocking melatonin to induce lipid
droplet lipolysis, resulting in a larger area of Oil Red O
in the H89 + melatonin group (Fig. 6K, L). Although
SCH772984 can also inhibit melatonin-induced lipolysis,
the effect is slightly weaker than H89.

Melatonin increases mitochondrial content and function
in intramuscular preadipocytes

To understand the effect of melatonin on the metabo-
lism of intramuscular preadipocytes, we examined the level
of cellular oxygen consumption in different treatment
groups. Our data showed a similar basal OCR in the three
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treatments (Fig. 7A, B). However, the addition of the exog-
enous uncoupler, carbonyl cyanide-4-(trifluoromethoxy)
phenyl-hydrazone, increased the maximum respiratory rate

to a higher level in the melatonin group cells compared with
the control group cells. The addition of a melatonin an-
tagonist (4-P-PDOT) can partly reduce the OCR (Fig. 7A, C).
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the ratio of mtDNA:nDNA (n = 3 per treatment). F-K: The expression levels of mitochondrial biogenesis
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Meanwhile, melatonin significantly increased the intracel-
lular ATP generation in porcine intramuscular adipocytes
(Fig. 7D).

Melatonin treatment significantly increased the mito-
chondrial copy number compared with the control (Fig.
7E). Furthermore, melatonin significantly upregulated
the expression of mitochondrial-related genes, including
PPARYy coactivator la (PGC-Ia), transcription factor A mi-
tochondrial (7FAM), and carnitine palmitoyltransferase
(CPT)-1B, thermogenesis gene UCP3, and white adipose
browning genes, including cell death-inducing DFFA-
like effector A (CIDEA) and PR domain containing 16
(PRDM16), compared with the controls. However, this ef-
fect was weakened by the addition of 4-P-PDOT (Fig. 7F-K).
Therefore, melatonin increases mitochondrial content and
respiratory function, and thereby enhances fatty acid oxi-
dation or thermogenesis in intramuscular preadipocytes.

Effects of PKA and ERKI1 /2 signaling on mitochondrial
function during melatonin treatment of intramuscular

preadipocytes

To study the effects of PKA and ERK1/2 signaling path-
ways on the mitochondrial function of melatonin-treated
intramuscular preadipocytes, preadipocytes were treated
with 1 mM of melatonin, 1 mM of melatonin + 10 uM of
H89, and 1 mM of melatonin + 1 uM of SCH772984, re-
spectively, for 24 h. Both the melatonin + H89 treatment
and the melatonin + SCH772984 treatment significantly
inhibited the increase of mitochondrial copy number com-
pared with the melatonin group (Fig. 8A). The total ATP
levels also showed the same trend (Fig. 8B). Moreover, H89
significantly inhibited the effect of melatonin in upregulat-
ing the mitochondrial biogenesis-related genes, PGC-Ia,
TFAM, CPT-1B, and CPT-Ia, as well as the browning genes,
CIDEA and PRDM16 (Fig. 8C-H). SCH772984 also signifi-
cantly inhibited the upregulation of TFAM, CIDEA, and
PRDM16 by melatonin, but the effects on PGC-la, CPT-Icx,
and CPT-IB were not significant (Fig. 8C, E, F). In addi-
tion, the expression of the thermogenic gene, UCP3, is sig-
nificantly reduced in the melatonin + SCH772984 group
compared with melatonin + h89 group (Fig. 8I). These
data indicate that melatonin affects the expression of UCP3
mainly through the ERKI1/2 signal, and affects mitochon-
drial biogenesis as well as intramuscular preadipocyte
browning through the PKA signal.

Melatonin leads to a decrease in body weight and IMF
deposition

Furthermore, our study in vivo found that injection of
melatonin through the tail vein of Institute of Cancer Re-
search mice for 3 weeks was associated with significantly
decreased body weight compared with the control group
animals (Fig. 9A-C). Meanwhile, melatonin significantly
reduced perineal fat and inguinal fat (Fig. 9D, E). PLIN1,
an ideal marker gene for adipose tissue in muscle, and its
mRNA protein levels were significantly reduced in the VL
muscle tissue of mice treated with melatonin, but the phos-
phorylation level was significantly increased (Fig. 9F, G).
The expression of other lipolysis-related genes, such as
HSL, ATGL, and UCP3, was also significantly upregulated
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in the melatonin-treated group (Fig. 9H-]). The area of
Oil Red O staining in VL muscle was significantly reduced
in mice treated with melatonin, (Fig. 9K). Moreover, phos-
phorylation levels of both PKA and ERK1/2 were signifi-
cantly elevated (Fig. 9L, M). The expression of critical
genes of mitochondrial biogenesis and browning genes
were significantly increased in the VL muscle of the mela-
tonin-treated group (Fig. 9N). The above data indicated
that melatonin can reduce IMF deposition by promoting
lipolysis and fat metabolism in vivo.

DISCUSSION

Diabetes and obesity are becoming the leading cause
of cancer and death worldwide. Cancers caused by diabe-
tes and high body mass index (>25 kg/m2) accounted
for 5.6% of the world’s new cancer cases in 2012 (22).
Therefore, how to effectively regulate IMF deposition has
become an area of great concern. Melatonin (N-acetyl-
5-methoxytryptamine) regulates a variety of important cen-
tral and peripheral actions related to circadian rhythms,
reproduction, and neuroendocrine signaling in mammals
(23-25). Melatonin also plays a crucial role in the regula-
tion of adipocyte metabolism by promoting adipocyte pro-
liferation (26), differentiation (11), and white fat browning
(27, 28). Our study confirmed that melatonin doses of
0.5 mM and 1 mM (especially 1 mM) inhibited intramuscu-
lar preadipocyte proliferation. This finding aligns with the
previously published report regarding the human osteo-
blastic cell line (29). However, Linsen Zan and colleagues
reported that 1 mM of melatonin did not affect the prolif-
eration of bovine intramuscular preadipocytes (14). This
inconsistency may be due to the different contributions of
melatonin to different animal-derived cells. Moreover, the
G1 and S phases of the cell cycle are an important regula-
tory period of the metabolic process. In the GO/G1 phase,
the key gene for fat synthesis (PPARYy) is activated to pro-
mote adipogenesis by phosphorylation (30, 31). We found
that melatonin arrested intramuscular preadipocytes in the
GO0/G1 phase and upregulated C/EBPa, FABP4, FASN, and
PPARy mRNA levels. Moreover, melatonin can promote
the early adipogenic differentiation of intramuscular pre-
adipocytes, but long-term melatonin treatment reduces the
accumulation of triglycerides.

Adipocyte lipolysis is mediated by a complicated process
that depends on lipases and proteins associated with lipid
droplets, including HSL, ATGL, and PLINI (32), and lipol-
ysis is closely related to thermogenesis (33). Our results
showed that lipolysis and thermogenic-related genes were
significantly elevated by melatonin treatment. With melato-
nin treatment, lipid droplets became smaller and glycerol
levels increased. This result is consistent with studies in the
3T3-L1 cell line (34). Our data indicated that melatonin
reduces lipid deposition by increasing lipolysis and ther-
mogenesis in intramuscular preadipocytes.

In mammals, activated MT1 and MT2 are important me-
diators of the physiological function of melatonin. The re-
activity of different types of cells to melatonin depends on



A B —_— C o5y . NS
- - pwws s ! — )
254 N ' 8+ U — % 2.0= 2
—_— a
2.04 & ]
-% " - NS o 15 T
1.5+ g =p= s
g 0
> B 2 % 0.5
% 0.5+ <
E 0.0 0- 0.0-
> 23 > o 9 L S A
&° ‘e& EY ) 0’6 ® ® W &‘ x® > N
Qo > < A¥ Q A XQ 4(\ ¢S o3 x@ A
¢ @é @x 606\ C & G"Qé 4@ x%&
x x
& S &+
D . TFAM, E CPT-1p E CPT-1a
' I - Jeke NS i NS
51 — B > T e ¥ 10+ J L% v
o — = g
.% 4+ —_ % ok 'g 8+
& E 24 = ——
o 3+ = T 5
b 3 6+
e T g L
& 2- B -
g . : -
<
%: 1 % % 2
0- 0=
> & > > 0-
& & & ) ° s S o > & o
& i o & S 5 o & S W
¢S é@w & p 6{\ s é&e b4 f &\ & é&y & &\4\'\'
X X =)
& X
CIDEA PRDM16 UCP3
*% *
G 2.5+ ke * H 2.0- d L 1 | . I hadad - dok
= Lo ~NS
£ 204 2 g
% *k Z 1.5+ 4 *
= ' ! 2 & —
g 1.5+ = B * 2 3+
o o 1.0 ' J o
2 2 e =
£ 10 g g 2 -
= 4 o
% 0.5+ < 0.5 < 1+
- > » % L > > P % v > > @
o ® 9 ¢ & @ s & o
CP& &4‘9 N\ CP& b,,'.@ x&b ‘(\"9 069'6 q}‘,@ x‘}‘b ‘\o\ﬁ?
¥ & L 4 L 4

Fig. 8. Effects of PKA and ERKI/2 signaling on mitochondrial function during melatonin treatment of intramuscular preadipocytes.
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the expression level of its receptor (35, 36). Melatonin
modulates glucose homeostasis and energy balance through
the direct activation of MT1 receptors on adipocytes (37).
However, in bovine intramuscular preadipocytes, melato-
nin directly activates MT2, promoting triacylglycerol ac-
cumulation (14). Interestingly, our data revealed that
melatonin significantly promotes lipolysis by increasing the
level of MT2 in mature adipocytes.

Melatonin may be closely related to the PKA and ERK1 /2
pathways (38-40), which play a key role in lipolysis (41).
Melatonin can trigger PKA activation in the rodent malaria
parasite, Plasmodium chabaudi (42). Melatonin can also acti-
vate ERK1/2 in osteoblasts (43). However, no studies indi-
cate whether melatonin can activate PKA or ERK1/2 in
porcine intramuscular preadipocytes. Our current data
suggest that melatonin activates PKA and ERK1/2, leading
to reduced PLIN1 expression and increased phosphoryla-
tion of PLIN1, which is the main cause of melatonin-
induced lipolysis of adipocytes. PLINI serves as a lipid
droplet-protective protein to prevent hydrolysis of triacylg-
lycerol by HSL, while the reduction in PLIN1 and/or the
increase in its phosphorylation would impair the barrier
function of the protein (41, 44). HSL is mainly located in
the cytoplasm. After phosphorylation, it will translocate
from the cytosol to the surface of lipid droplets and syner-
gize with p-PLIN1 and ATGL to further increase the lipoly-
sis reaction (45). More and more HSL is phosphorylated
and translocated to the surface of lipid droplets, which are
involved in the lipolysis reaction. Part of the HSL enters the
small lipid droplets produced by lipolysis (46). This may
result in a decrease in intracellular HSL protein, and then
lead to a compensatory increase in HSL. mRNA. In addi-
tion, our study also showed that melatonin promoted the
phosphorylation of HSL and PLIN1 more efficiently through
the PKA signaling pathway. ERK1/2 had a more significant
effect on the expression of ATGL.

Lipolysis produces glycerol and fatty acids, where fatty
acids are catalyzed by fatty acyl-CoA synthetases located in
the endoplasmic reticulum and mitochondrial outer mem-
branes to form acyl-CoA, which enters the mitochondria to
participate in B-oxidation and release heat (47). This is the
main route of fatty acid degradation and is closely linked to
mitochondrial content and respiration capability (48). A
previous study showed that an increase of PGC-Ia promotes
the expression of TFAM, an important regulator in mito-
chondrial biogenesis (40). TFAM translocates into the mi-
tochondria to stimulate DNA replication and gene
expression (49, 50), thereby promoting mitochondrial bio-
genesis and function. Our data show that melatonin treat-
ments significantly increased cellular respiratory capacity,
upregulated the expression of PGC-Ia and TFAM, and in-
creased mitochondrial copy number. The addition of mel-
atonin also induced the robust expression of thermogenic
genes in intramuscular preadipocytes, including CPT-13
and UCP3, and triggered differentiation toward beige phe-
notype genes, CIDEA and Prdm16. However, when the mel-
atonin signal was switched off via the MT2 antagonist,
4-P-PDOT, the melatonin-promoting effect diminished or
disappeared. Further study showed that blocking PKA and

ERKI /2 signaling reduced the promotion of melatonin on
downstream lipolysis. We found that melatonin-activated
PKA signaling is more likely to upregulate mitochondrial
and browning-related genes, whereas activated ERK1 /2 sig-
naling primarily affects ATGL and UCP3 expression. These
findings suggest that melatonin accelerates intramuscular
preadipocyte expenditures in vitro by enhancing mito-
chondrial biogenesis and energy metabolism, thereby re-
ducing porcine intramuscular preadipocyte deposition.

The body of data suggesting that melatonin reduces por-
cine IMF deposition in vitro is growing. An in vivo test was
performed on mice to determine whether melatonin can
reduce IMF deposition. By injecting exogenous melatonin,
tissue sections with Oil Red O staining indicated that mela-
tonin indeed reduces IMF deposition in VL. muscle. Mela-
tonin also promotes the expression of lipolytic genes,
mitochondria-associated genes, and thermogenic genes in
vivo. These results are consistent with the results of in vitro
studies. Therefore, melatonin, at least partially, reduces IMF
deposition by promoting lipolysis and heat production.

In conclusion, melatonin can inhibit proliferation, pro-
mote differentiation, and enhance the mitochondrial
function of porcine intramuscular preadipocytes, and the
promotion of intramuscular adipocyte lipolysis was medi-
ated by MT2 activating ERK1/2 and PKA signaling. Our
data establish a correlation between melatonin signaling
and lipid metabolism in mammalian intramuscular preadi-
pocytes. These findings further deepened our understand-
ing of the mechanism of melatonin in regulating IMF
deposition. Additional work is needed to determine
whether melatonin reduces IMF deposition in pigs and to
confirm the physiological consequences of melatonin-
regulated IMF deposition to systemic energy balance and
metabolism in vivo.Hl
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