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Abstract 

Background  Pork quality is affected by the type of muscle fibers, which is closely related to meat color, tender-
ness and juiciness. Exosomes are tiny vesicles with a diameter of approximately 30–150 nm that are secreted by cells 
and taken up by recipient cells to mediate communication. Exosome-mediated muscle-fat tissue crosstalk is a newly 
discovered mechanism that may have an important effect on intramuscular fat deposition and with that on meat 
quality. Various of adipose tissue-derived exosomes have been discovered and identified, but the identification 
and function of muscle exosomes, especially porcine fast/slow myotube exosomes, remain unclear. Here, we first 
isolated and identified exosomes secreted from porcine extensor digitorum longus (EDL) and soleus (SOL), which 
represent fast and slow muscle, respectively, and further explored their effects on lipid accumulation in longissimus 
dorsi adipocytes.

Results  Porcine SOL-derived exosomes (SOL-EXO) and EDL-derived exosomes (EDL-EXO) were first identified 
and their average particle sizes were approximately 84 nm with double-membrane disc- shapes as observed 
via transmission electron microscopy and scanning electron microscopy. Moreover, the intramuscular fat content 
of the SOL was greater than that of the EDL at 180 days of age, because SOL intramuscular adipocytes had a stronger 
lipid-accumulating capacity than those of the EDL. Raman spectral analysis revealed that SOL-EXO protein content 
was much greater than that of EDL-EXO. Proteomic sequencing identified 72 proteins that were significantly differen-
tially expressed between SOL-EXO and EDL-EXO, 31 of which were downregulated and 41 of which were upregulated 
in SOL-EXO.

Conclusions  Our findings suggest that muscle-fat tissue interactions occur partly via SOL-EXO promoting adipo-
genic activity of intramuscular adipocytes.
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Background
Pork is the most commonly consumed meat in China 
due to its delicacy, high yield and low price [1, 2]. Adi-
pose tissue is essential for livestock and is involved in the 
composition of living organisms [3], but can also affect 
pork quality. Adipose tissue can often be subdivided into 
three separate compartments, namely, the intramuscu-
lar fat (IMF), subcutaneous fat, and visceral fat, of which 
the IMF content is an important factor affecting meat 
quality [4]. An appropriate amount of IMF (marbling) 
in pork results in a good meat quality, and an IMF con-
tent of 2.5%–3% in pork is generally believed to be opti-
mal [5]. However, limited information is available on the 
IMF quality traits of skeletal muscles with different ana-
tomical locations in pigs. Our previous study showed 
that the IMF content of the longissimus thoracis muscle 
was greater than that of the semitendinosus muscle in 
180-day-old pigs [6], and correlation analysis between 
IMF contents determined by the Soxhlet extraction 
method and computed tomography (CT) in vivo assess-
ment in the longissimus thoracis, gluteal medius and 
semimembranosus muscles [7]. Although studies have 
shown that the type of pig muscle fiber can affect the IMF 
content, the molecular mechanism by which IMF forma-
tion is regulated by fast/slow muscles remains unclear.

Skeletal muscle is a highly heterogeneous secretory tis-
sue that accounts for approximately 40%–60% of body 
weight and is composed of muscle fibers, muscle mem-
branes, myosatellite cells, and other components, such 
as blood vessels, connective tissue, intramuscular adi-
pocytes, and immune cells [8, 9]. Fleshy characteristics 
are affected by the composition of skeletal muscle fibers, 
especially the type, number and diameter of muscle fib-
ers [10, 11]. According to the contraction characteristics, 
porcine skeletal muscle fibers can be classified as slow-
twitch or fast-twitch muscle fibers. Normally, pork with 
a high content of slow-twitch muscle fiber shows bet-
ter meat quality traits including meat color, pH, tender-
ness, flavor, juiciness and shear force [12, 13]. Therefore, 
elucidating the characteristics of skeletal muscle fib-
ers and increasing the IMF content have become solu-
tions for increasing pork quality. Skeletal muscle can 
secrete various muscle factors to regulate adipose tissue 
in a paracrine manner. Exosomes are vital intermediar-
ies of material and information transfer between adipo-
cytes and muscle cells in pork. Exosomes are tiny vesicles 
with a diameter of approximately 30–150 nm that can be 
excreted by cells and taken up by other cells [14]. Almost 
all cells can communicate with other cells or organs by 
releasing exosomes to transport part of their cellular con-
tents to the extracellular space to be taken up by recipient 
cells, and skeletal muscle can also secrete exosomes [15]. 
The exosome content is complex and includes proteins, 

lipids, and RNA species [16]. Approximately 70% of the 
regulatory effects of exosomes on target cells are medi-
ated by miRNAs, followed by proteins, which account 
for only 10% of the regulatory effects [17]. However, 
there is no information on the correlation between IMF 
traits and fast/slow muscle secreted exosomes. Due to 
the close anatomical location between myofibers and 
IMFs, exosomes may mediate cell-to-cell communication 
between these structures [18, 19]. To date, the effect of 
porcine fast/slow muscle exosomes on IMF deposition 
remains unclear. Therefore, this study aimed to 1) investi-
gate skeletal muscle type and IMF content in the porcine 
gastrocnemius (GAS), tibialis anterior (TA), soleus (SOL) 
and extensor digitorum longus (EDL) muscles; 2) isolate 
and identify exosomes from the EDL and SOL muscles, 
which represent porcine fast/slow-twitch skeletal mus-
cle; and 3) explore the effect of porcine fast/slow muscle 
exosomes on lipid accumulation in intramuscular adipo-
cytes in a primary cell culture model.

Although many cytokines and metabolites have been 
reported to be involved in muscle-fat tissue crosstalk, 
further study of the systemic regulatory mechanism 
of exosome-mediated communication between mus-
cle and adipose tissue is needed. In this study, we first 
isolated and identified 72 significantly differentially 
expressed proteins—31 proteins with a lower abun-
dance and 41 proteins with a higher abundance in SOL-
EXO. Interestingly, porcine SOL-EXO promoted lipid 
accumulation in longissimus intramuscular adipocytes 
by increasing the levels of key adipogenic proteins, 
including exosomal proteins such as FASN, but EDL-
EXO had the opposite effect in vitro. The accumulation 
of lipids in intramuscular adipocytes can affect meat 
color, tenderness, and shear force and improve pork 
quality. Therefore, these findings provide new insight 
into the use of exosomes from fast/slow skeletal mus-
cle to improve pork quality through skeletal muscle-fat 
interactions.

Materials and methods
Animals
The 8 Large White pigs, 4 3-day-old piglets and 4 
180-day-old finishing pigs used in this study were all pur-
chased from the experimental station of Northwest A&F 
University and handled in accordance with the guidelines 
of the Northwest A&F University Animal Care Commit-
tee. These animals were allowed access to feed and water 
ad  libitum under the same feedstuff and management 
conditions and were ultimately humanely sacrificed to 
ameliorate suffering. SOL, GAS, TA and EDL samples 
were collected from 8 pigs at 3 and 180 days of age. The 
samples were immediately preserved in liquid nitrogen 
for preparation for histological slides and fluorescence 
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double-standard staining of fast/slow skeletal muscle fib-
ers, Oil Red O (ORO) staining and IMF content analysis.

Porcine primary cell isolation and culture
SOL, EDL and LD skeletal muscles from 3-day-old Large 
White piglets were aseptically isolated, and all visible 
connective tissue and blood vessels were removed. After 
the tissues were minced to 0.5 mm3 in serum-free Dul-
becco’s modified Eagle’s medium (DMEM)/F12, 12,500 
U of collagenase I/II was added to the finely minced 
tissues, and the samples were digested in a water bath 
at 37 °C for 1 h. After digestion, the isolated cells were 
neutralized with DMEM/F12 and passed through ster-
ile 70 mm and 200 mm steel mesh filters. The cells were 
rinsed with serum-free DMEM/F12 medium, centri-
fuged twice at 1,500 × g for 10 min and resuspended in 
DMEM/F12. Viable cells were plated at a density of 6 × 
105 cells per 60-mm culture dish and cultured in a 5% 
CO2 incubator at 37 °C. Then, the cultured cells were 
rinsed with phosphate buffer saline (PBS) three times 1 
h after seeding to remove insoluble myofibrillar proteins 
and other insoluble debris [6]. The cells were cultured 
in DMEM/F12 growth medium until they reached 80% 
confluence and then digested with 0.05% trypsin, which 
contained 0.5 mmol/L ethylenediaminetetraacetic acid 
(EDTA). The cells were collected by centrifugation at 
1,500 ×  g for 5 min, resuspended in growth medium, 
plated at a density of 5 × 104 cells/cm in a 6-well plate 
and used to induce differentiation.

At d 2 after the cells reached 100% confluence, the 
growth medium was replaced with induction medium 
consisting of DMEM/F12 supplemented with 10% 
fetal bovine serum (FBS), supplemented with 5 μg/mL 
(872 nmol/L) insulin, 1 μmol/L dexamethasone and 
0.5 mmol/L isobutyl methylxanthine (IBMX, Sigma-
Aldrich, St. Louis, MO, USA), for 2 d to induce differ-
entiate. Then, the medium was removed, and the cells 
were cultured in DMEM containing 10% FBS and 1 μg/
mL insulin for 2 d. The cells were then maintained in 
DMEM supplemented with 10% FBS, and the medium 
was changed every 2 d.

Porcine skeletal muscle satellite cells were isolated 
from the SOL and EDL muscles of 3-day-old piglets. 
Consistent with previous studies [20, 21], tissue block 
digestion was used to isolate skeletal muscle satellite 
cells in a sterile environment. Muscle tissue was cut 
into pieces (0.5 mm3) and then digested with 320 U/mL 
collagenase type II (Gibco, Los Angeles, CA, USA) in 
a 37 °C water bath with shaking for 1 h. After termina-
tion with F12 medium (Gibco, Los Angeles, CA, USA) 
supplemented with 10% FBS (Gibco, Los Angeles, CA, 
USA), the cell suspension was filtered through 70 mm 

and 200 mm steel mesh filters to remove tissue debris. 
The filtrate was retained. Afterward, the resulting cell 
pellet was resuspended and cultured in PM+ consisting 
of Roswell Park Memorial Institute (RPMI)-F12 medium 
supplemented with 20% FBS, 0.5% GlutaMax (Gibco, 
Los Angeles, CA, USA), 0.5% nonessential amino acids 
(Gibco, Los Angeles, CA, USA), 0.5% penicillin/strep-
tomycin solution (Gibco, Los Angeles, CA, USA), 0.25% 
chicken embryo extract (Gemini, Woodland, CA, USA), 
and 2.5 ng/mL basic fibroblast growth factor (Invitrogen, 
Grand Island, NY, USA).

The isolated porcine SOL and EDL muscle satellite cells 
were induced to differentiate into myotubes. When the 
cells reached 70%–80% confluence, they were transferred 
to F12 medium supplemented with 5% horse serum 
(Gibco, Los Angeles, CA, USA) to induce differentiation, 
and the medium was changed every 2 d.

3T3‑L1 and C2C12 cell culture
3T3-L1 cells (American Type Culture Collection®, 
CL-173) were cultured in DMEM supplemented with 
1 g/L glucose (Gibco) and 10% FBS (Thermo Fisher Sci-
entific), at 37 °C in a humidified CO2 incubator. For dif-
ferentiation, cells were seeded at 30,000 cells/cm2 in the 
same media for differentiation and incubated for 48 h 
until they reached 100% confluence. Then, the cells were 
differentiated with 1× DMEM supplemented with 10% 
FBS, 0.25  μmol/L dexamethasone (Sigma‒Aldrich) and 
0.5  mmol/L IBMX (Sigma‒Aldrich). The medium was 
changed to maintenance media (DMEM) 48  h after the 
initiation of differentiation, and the cells were refed with 
the same media every 2 d until d 8.

For culture of the C2C12 myoblast cell line, growth 
medium consisting of DMEM supplemented with 10% 
FBS, and 1% penicillin–streptomycin was used. The 
cells were then transferred to differentiation medium 
supplemented with 2% horse serum (Solarbio), 1% pen-
icillin–streptomycin, and Dulbecco’s modified Eagle’s 
medium, which triggers differentiation, when the cell 
density reached 80% to 90%. The cells were incubated 
in a cell incubator at a fixed temperature and humid-
ity (37 °C and 5% CO2), and the medium was replaced 
every 2 d.

Fluorescence double‑standard staining of muscle tissue
For staining of muscle sections, we collected porcine 
SOL, GAS, TA and EDL muscle samples frozen in liquid 
nitrogen-cooled isopentane in Tissue-Tek OCT and then 
sliced the muscles into 30 μm sections with a cryostat 
(CM1850, Leica) for staining [22]. The muscle sections 
were fixed with paraformaldehyde (PFA)/PBS (1%, 10 
min), washed with PBS/0.1% Tween-20 for 3 × 5 min, and 
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incubated with primary antibodies. The antibodies used 
included mouse anti-MyHC I (BA-D5-S 1:1,000, DSHB) 
and mouse anti-MyHC IIb (BF-F3 1:1,000, DSHB). The 
sections were washed in PBS/0.1% Tween-20 and incu-
bated with Alexa Fluor-labeled (goat anti-mouse IgM/
Alexa Fluor 555 antibody, bs-0368G-AF555, Bioss) and 
FITC-labeled (goat anti-mouse FITC, bs-50950, Bio-
warld) secondary antibodies (1:1,000, 1 h). The mounted 
slides were imaged on a fluorescence inverted micro-
scope (Olympus). Each section was photographed using 
a microscope (n = 3), after which the number of muscle 
fibers of different colors was counted using ImageJ soft-
ware. Fluorescence intensity images were captured with 
a fluorescence microscope (Nikon Eclipse C1, Japan) and 
analyzed using CaseViewer (3DHISTECH, Hungary). 
Slow MyHC-positive fibers were stained green, and fast 
MyHC-positive fibers were stained red. Then, ImageJ 
software was used to quantify the muscle fiber types. 
Three images were taken for each group. More than 150 
muscle fibers were counted per image (scale bar repre-
sents 200 μm).

PAX7/MyoD/MyHC immunofluorescence staining
After the cells were collected, the medium was discarded, 
and the cells were washed three times with PBS. The 
cells were fixed with 4% cold paraformaldehyde for 20 
min and washed 3 times with PBS for 5 min/wash. The 
cells were permeated with 0.5% Triton X-100 for 10 min 
and washed with PBS 3 times for 5 min each time. The 
cells were blocked with 5% BSA for 30 min and washed 
with PBS 3 times for 5 min each time. The samples were 
incubated at 37 °C for 2 h and washed 3 times with 
PBS. PAX7 (1:1,000 dilution, CY5913, Abways), MyoD 
(1:1,000 dilution, CY8838, Abways), and MyHC (1:1,000 
dilution, ab207926, Abcam) antibodies were incubated at 
room temperature for 2 h (in the dark) or at 37 °C for 1.5 
h, after which the cells were washed with PBS 4 times for 
5 min/wash. The sections were incubated with goat anti-
rabbit IgG H&L (1:1,000 dilution, AB0121, Abways) at 
room temperature for 2 h (in the dark) or 37 °C for 1.5 h 
and then washed with PBS 4 times for 5 min/wash. After 
4′,6-diamidino-2-phenylindole (DAPI) or Hoechst stain-
ing (10 min), the sections were washed with PBS 3 times 
for 5 min/wash, after which the fluorescent film was 
directly illuminated.

Determination of the IMF and TG contents
The IMF contents of porcine SOL, GAS, TA and EDL 
samples were determined according to a previously pub-
lished Soxhlet extraction method [23]. The triglyceride 
(TG) content in porcine intramuscular adipocytes was 
determined according to a previously published method 
[24, 25]. Briefly, the TG contents were determined on 

d 6 of adipocyte differentiation. The cells were digested 
with 0.25% trypsin and then homogenized by ultrasonic 
processing. The TG content in the lysates was measured 
using a TG test kit (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China) following the manufacturer’s 
protocol.

Oil Red O staining
ORO staining was performed to identify lipid droplets 
resulting from porcine SOL, EDL, TA and GAS intra-
muscular adipocyte differentiation. The ORO stock solu-
tion was prepared by dissolving ORO powder (0.7 g) in 
100% isopropanol (200 mL), stirring overnight, and fil-
tering through a 0.22-μm syringe filter. Three parts of 
the ORO stock solution were mixed with two parts of 
deionized water to prepare an ORO working solution, 
which was then filtered through a 0.22-μm syringe filter. 
The cells were rinsed with PBS and fixed with 10% for-
malin for 1 h at room temperature. After fixation, the 
cells were washed with 60% isopropanol and dried thor-
oughly. Next, ORO working solution was added, followed 
by incubation for 10 min. The cells were washed 4 times 
with deionized water, and images were captured using a 
microscope. For quantitative analysis, ORO was eluted 
from the cells using 100% isopropanol, and the absorb-
ance was measured at 500 nm.

BODIPY and AdipoRed immunofluorescence staining
The amount of lipid accumulation in SOL, EDL and 
LD intramuscular adipocytes was assessed by BODIPY 
(Sigma, USA) and AdipoRed (Sigma, USA) staining, and 
the nuclei were assessed by DAPI staining as described 
previously [26]. The cells were observed and photo-
graphed with a TE2000-S fluorescence microscope 
(Nikon, Japan).

Isolation and characterization of exosomes
Exosomes in the culture supernatant of porcine SOL 
and EDL myotubes were isolated by ultracentrifu-
gation. The specific steps were as follows. After the 
culture supernatant was centrifuged at 200 × g for 10 
min and 1,200 ×  g for 30 min, large debris and dead 
cells were removed. The supernatant was subjected to 
ultracentrifugation at 100,000 × g for 70 min. Finally, 
the cells were washed with PBS and ultracentrifuged 
for 70 min at 100,000 × g. We resuspended the pellets 
in 100 µL of PBS and stored them at −80 °C until fur-
ther use.

TEM and SEM analysis
The morphological characteristics of the exosomes were 
determined using transmission electron microscopy 
(TEM) and scanning electron microscopy (SEM). For 
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TEM, in brief, exosomes were fixed with PBS (pH 7.4) 
containing 2% glutaraldehyde overnight, rinsed with PBS, 
and then fixed with 1% osmium tetroxide at 4 °C over-
night. Then, the samples were dehydrated in a gradient of 
acetone and embedded in epoxy resin. Ultrathin sections 
were prepared and adsorbed onto formvar-coated copper 
grids. The samples were stained with uranyl acetate and 
lead citrate and then observed via TEM (Tecnai, USA). 
For SEM, a suspension of exosomes was mounted on alu-
minum holders covered with silver-pasted glass, freeze-
dried, and then coated with platinum under a vacuum 
before analysis (S4800 U field emission scanning electron 
microscope; Hitachi, Tokyo, Japan).

Nanoparticle tracking analysis (NTA) of exosomes
The exosomes were diluted to a ratio of 1:6 for sub-
sequent research. The performance of the NanoFCM 
instrument (Flow NanoAnalyzer) was tested with stand-
ard products, and exosome samples were loaded after 
the standard was assessed. After the sample was tested, 
the particle size and concentration of the exosomes were 
determined.

Raman spectroscopy analysis of exosomes
SOL-EXO and EDL-EXO isolated by size-exclusion chro-
matography were concentrated by ultracentrifugation 
(100,000 × g for 70 min). Then, the exosomes were ana-
lyzed by Raman spectroscopy (LabRAM, Horiba Jobin 
Yvon) following a previously published protocol [27].

Proteomic analysis of exosomes
Protein extraction and digestion and liquid chromatog-
raphy with mass spectrometry (LC–MS/MS) analysis 
were performed according to the literature [28]. For bio-
informatics analysis, the MaxQuant software package 
(v1.6.6.0) was used to retrieve the secondary MS data, 
and the Swiss-Prot_Human data were used as a reference 
(Proteome ID: UP000005640). The sequences of the iden-
tified proteins were mapped according to Gene Ontol-
ogy (GO) analysis to determine their biological function 
using InterProScan (v.5.14-53.0, http://​www.​ebi.​ac.​uk/​
inter​pro/). Protein enrichment pathway assessment was 
performed with the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database and the KAAS tool (v.2.0, 
http://​www.​genome.​jp/​kaas-​bin/​kaas_​main). The identi-
fied proteins were compared with exosome-available data 
from the ExoCarta database (http://​www.​exoca​rta.​org).

PKH26 exosome uptake test
Freshly isolated SOL and EDL exosomes were labeled 
with the PKH67 Green Fluorescent Cell Linker Mini kit 
(MINI67, Sigma, USA) according to the manufacturer’s 
protocol. Briefly, exosomes diluted in PBS were added to 

1 mL of Diluent C. In parallel, 4 μL of PKH67 dye was 
added to 1 mL of Diluent C and incubated with the exo-
some solution for 4 min. Labeling was stopped by the 
addition of 2 mL of 0.5% BSA/PBS. The labeled exosomes 
were centrifuged at 105,000 × g for 2 h, and the result-
ing pellet was diluted in 100 μL of PBS. PKH67-labeled 
exosomes were added to the culture medium of recipient 
cells growing on microscope coverslips and incubated 
at 37 °C for 30 min or 2, 4 or 24 h. Porcine LD intra-
muscular adipocytes were also incubated with PKH67-
labeled exosomes for 12 h at 4 °C, and DAPI was used as 
a nuclear marker.

Western blot analysis
Total protein was isolated from cells by incubation in 
RIPA buffer containing a protease inhibitor cocktail for 
30 min and then centrifugation at 12,000 × g for 10 min 
at 4 °C to remove the precipitate. The total protein con-
centration was determined using the BCA Protein Assay 
kit (Pierce), and 30 μg of protein was separated by reduc-
ing SDS‒PAGE on 10% or 15% Bis‒Tris gels, transferred 
to PVDF membranes (EMD Millipore) and probed 
with different primary antibodies:anti-TSG101 (1:1,000 
dilution, ab30871, Abcam), anti-CD9 (1:500 dilution, 
sc-13118, Santa Cruz, CA, USA), anti-CD63 (1:500, 
sc-5275, Santa Cruz, CA, USA), anti-CD81 (1:500, 
sc-166029, Santa Cruz, CA, USA), anti-PPARγ (1:1,000, 
ab17860, Abcam), anti-CEBPβ (1:1,000, ab32358, 
Abcam), anti-FABP4 (1:1,000, ab92501, Abcam), anti-
FASN (1:1,000, ab128870, Abcam), anti-ATGL (1:1,000, 
sc-365278, Santa Cruz, CA, USA), anti-HSL (1:1,000, 
ab45422, Abcam), anti-MINK1 (1:500, NBP1-22989, 
Novus), anti-PIN1 (1:500, SC-46660, Santa Cruz, CA, 
USA), anti-SUMO1 (1:1,000, ab32058, Abcam) and anti-
β-tubulin (1:1,000, sc-166729, Santa Cruz, CA, USA) 
at 4 °C overnight. Then, the cells were incubated with 
a goat anti-mouse IgG secondary antibody (1:1,000, 
14709, CST) or a goat anti-rabbit IgG secondary anti-
body (1:1,000, 14708, CST) for 1 h at room temperature. 
The protein bands were visualized using a Gel Doc XR 
System (Bio-Rad, Richmond, CA, USA). and analyzed 
using ImageJ software. The data were normalized to the 
expression of β-tubulin.

H/E staining and determination of muscle fiber size
Briefly, sections were deparaffinized in xylene (2 × 5 
min) and rehydrated with successive 1-min washes in 
100%, 96%, 80%, and 70% ethanol. The sections were then 
stained with hematoxylin (2 min), rinsed with distilled 
water, rinsed with 0.1% hydrochloric acid in 50% ethanol, 
rinsed with tap water for 15 min, stained with eosin for 1 
min, and rinsed again with distilled water. The slides were 
then successively dehydrated with 95% and 100% ethanol, 

http://www.ebi.ac.uk/interpro/
http://www.ebi.ac.uk/interpro/
http://www.genome.jp/kaas-bin/kaas_main
http://www.exocarta.org
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followed by xylene (2 × 5 min) and mounting with cov-
erslips. The muscle fiber size/cross-sectional area was 
quantified using ImageJ software.

L*, a* and b* measurements
A color difference meter (3nh, China) was used to deter-
mine the values of L*, a* and b*. Briefly, the lens of the 
color difference meter was vertically placed on the cross 
section of the muscle for measurement, and the mirror 
mouth was close to the muscle (no light leakage). Each 
sample was measured 5 to 8 times, the values of L*, a* 
and b* were recorded.

Statistical analysis
Diagrams were generated using GraphPad Prism ver-
sion 8.0 statistical software (La Jolla, CA, USA), and all 
the data are presented as the mean ± SEM. The signifi-
cance of differences between the groups was assessed 
using one-way analysis of variance (ANOVA) and mul-
tiple t-tests. P values less than 0.05 were considered to 

indicate statistical significance, and different lowercase 
letters indicate significant differences.

Results
Myofiber composition and IMF contents in porcine SOL, 
GAS, TA and EDL samples
We investigated the correlation between myofiber type 
and the IMF content of porcine skeletal muscle. To 
study the differences in the composition and IMF con-
tent of muscle fiber types in different muscle tissues 
of pigs, we collected SOL, GAS, TA and EDL muscle 
tissue samples from 3-day-old and 180-day-old pigs 
for analysis. As shown in Fig. 1a, the number of slow-
twitch muscle fibers was greatest in the SOL group, 
but the number of fast contractile muscle fibers in the 
EDL samples predominated at 3 days of age and like-
wise tended to increase at 180 days of age (Fig.  1b). 
Compared with those at 3 days of age, the numbers of 
fast-twitch muscle fibers in the GAS, TA and EDL sam-
ples apparently increased at 180 days of age (Fig.  1c). 

Fig. 1  Differences of fast/slow muscle fiber and IMF content in porcine SOL, GAS, TA and EDL. a Fluorescence double-standard staining of fast/
slow skeletal muscle fiber in porcine SOL, GAS, TA and EDL on 3 and 180 days of age, Red: fast MyHc, Green: slow MyHc. b and c Analysis of fast/
slow muscle fiber number. For counting fast/slow muscle fiber number, samples from 3 randomly selected pigs in each group and data from 3 pigs 
in each group were compared. d ORO staining. e and f IMF content analysis, 3 randomly selected from pigs in each group were compared. g HE 
staining. h and i Analysis of fiber cross-section area. For counting the cross-section area of muscle fiber, 3 randomly selected images in each sample 
and data from 3 pigs in each group were compared. a–dDifferent lowercase letters indicate significant differences (P < 0.05)
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Interestingly, using ORO staining (Fig.  1b), we found 
that the SOL, GAS, TA and EDL samples contained 
trace amounts of IMF when the animals were 3 days of 
age (Fig.  1d and e). However, in the 180-day-old pigs, 
the IMF content in the four skeletal muscles increased 
by 3–8 times and was greatest in the SOL muscle 
(Fig. 1d–f ). Moreover, the muscle fiber cross-sectional 
area in the EDL muscle was greatest among the four 
muscles in both the 3 and 180 d samples, whereas it was 
the lowest in the SOL muscle (Fig.  1g–i). Compared 
with that in the 3 d samples, the muscle fiber cross-area 
in the EDL samples increased by 14 times at 180 days of 
age (Fig. 1g–i).

Porcine SOL adipocytes have a greater lipid accumulation 
capacity than do EDL adipocytes
For determination of significant differences in the IMF 
contents between porcine SOL and EDL samples, intra-
muscular preadipocytes were isolated, cultured and 
induced to undergo adipogenic differentiation (Fig.  2a). 
The SOL and EDL of 3-day-old piglets were sepa-
rated (Fig. S1a), after which proliferation and differen-
tiation were successfully induced in the SOL and EDL 
preadipocytes (Fig. S1b). The results showed that the 
fluorescence intensity (green or red light) in the SOL 
adipocytes was significantly greater than that in the 
EDL adipocytes according to BODIPY and AdipoRed 

Fig. 2  SOL intramuscular adipocytes have a stronger lipid accumulation than that of EDL in vitro. a Flow diagram on identification of porcine 
SOL and EDL intramuscular adipocytes. b Bodipy and adipored staining of SOL and EDL intramuscular preadipocytes after induction on d 6, Red: 
adipored staining, Green: Bodipy staining. c ORO staining. d TG contain analysis. 3 randomly selected from pigs in each group were compared. e 
Western blotting detection of the key lipogenic and lipolytic proteins. f The relative protein levels of PPARγ, FABP4, ATGL and HSL. *P < 0.05; **P < 0.01
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immunofluorescence staining on d 6 after induction 
(Fig. 2b). Similarly, by ORO staining, we found that SOL 
adipocytes had significantly greater lipid droplet and TG 
contents than did EDL adipocytes (Fig. 2c and d). Moreo-
ver, western blot analysis revealed that the protein lev-
els of the key adipogenic genes PPARγ and FABP4 were 
greater (P < 0.05) in SOL adipocytes than in EDL adipo-
cytes, whereas the protein levels of the lipolytic genes 
HSL and ATGL were lower (P < 0.05) in SOL adipocytes 
than in EDL adipocytes (Fig. 2e and f ). Therefore, porcine 
SOL adipocytes have a greater capacity for lipid accu-
mulation than do EDL derived adipocytes, resulting in a 
significant difference in the IMF content between porcine 
SOL and EDL.

Isolation and identification of porcine SOL and EDL‑derived 
exosomes
First, porcine SOL and EDL satellite cells and myotubes 
were isolated and identified (Fig. 3a). The SOL and EDL 
muscles of 3-day-old pigs were sampled, and we found 
that the L* value of the SOL sample was greater than that 
of the EDL sample, but the a* value and b* value of the 
SOL sample were significantly lower (Fig.  3b). Moreo-
ver, the cells isolated from the SOL or EDL samples were 
identified as skeletal muscle satellite cells using paired 
box  7 (PAX7) and myogenic differentiation 1 (MyoD) 
immunofluorescence staining during proliferation at d 1 
(Fig. 3c). Similarly, the induced cells were determined to 

be pig skeletal muscle myotubes by MyHC immunofluo-
rescence staining during differentiation at d 2 (Fig. 3d).

Second, porcine SOL- and EDL-derived exosomes were 
isolated and identified (Fig. 3e). TEM clearly showed that 
both the SOL myotubes and EDL myotubes secreted 
exosomes from the plasma membrane, some of which 
had completely left the membrane surface, as indicated 
by red or blue triangles, respectively (Fig. 3f ). Moreover, 
under a scanning electron microscope, the SOL-EXO and 
EDL-EXO had a disc shape (Fig. 3g). The average sizes of 
the SOL-EXO and EDL-EXO were 84.61 and 84.92 nm, 
respectively, as determined by NTA of the exosomes 
(Fig.  3h), indicating that there was almost no difference 
in average particle size or shape between the SOL-EXO 
and EDL-EXO.

Finally, marker membrane proteins of porcine SOL-
EXO and EDL-EXO were assessed by western blotting. 
The results showed that the marker membrane proteins 
in exosomes, including TSG101, CD9, CD63 and CD81, 
were expressed in the porcine SOL-EXO and EDL-EXO 
(Fig. 3i). In summary, porcine SOL-EXO and EDL-EXO 
were successfully isolated for the first time and identified 
for subsequent functional studies.

Component analysis of SOL‑EXO and EDL‑EXO
To determine the components of the SOL-EXO and 
EDL-EXO, we performed Raman spectroscopy analysis. 
A schematic diagram of exosome components is shown 

Fig. 3  Isolation and identification of porcine SOL and EDL myotube-derived exosomes. a A flow chart on cultured SOL and EDL myotubes. b The 
SOL and EDL of piglet on 3 days of age. c Identification of SOL and EDL satellite cells, Red: PAX7, Green: MyoD. d Identification of SOL and EDL 
myotubes. e A flow chart on obtained SOL and EDL myotube-derived exosomes (SOL-EXO and EDL-EXO). f and g Observation of exosomes by TEM 
and SEM. h NTA Analysis of exosome size. i Western blot detection of exosome membrane proteins. *P < 0.05; **P < 0.01
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in Fig. 3i. Raman spectroscopy in the spectral ranges of 
500–1800 and 2600–3200 are the most important regions 
in biological specimens for Raman spectroscopy. In 
this study, Raman spectroscopy was used to analyze the 
nucleic acid, protein and lipid contents of the SOL-EXO 
and EDL-EXO. The nucleic acid-corresponding Raman 
bands are highlighted in red, the protein bands are high-
lighted in blue, and the lipid bands are highlighted in 
yellow. The results showed that both the SOL-EXO and 
EDL-EXO contained nucleic acids, proteins and lipids, 
and the protein content showed the greatest difference 
between the SOL-EXO and EDL-EXO (Fig. 4).

Proteomic analysis of SOL‑EXO and EDL‑EXO
To further explore the differences in protein content 
between the SOL-EXO and EDL-EXO, we performed 
4D-label-free quantitative proteomics analysis (Fig.  5a). 
Bioinformatics analysis of the retrieved data revealed that 
a total of 33,262 peptides and 4,173 proteins were identi-
fied in this study, and a total of 3,118 proteins were quan-
tified from the SOL-EXO and EDL-EXO (Fig.  5b). The 
relative molecular masses of these proteins ranged from 
10 to 70 kDa (Fig. S2a). The Wayne plot showed that 3115 
proteins were detected, but 882 proteins were specifically 
detected in the SOL-EXO, and 176 proteins were specifi-
cally detected in the EDL-EXO (Fig. 5c). The volcano plot 
indicated that a total of 72 proteins were differentially 
expressed between porcine SOL-EXO and EDL-EXO, 
of which 41 were more abundant in the SOL-EXO and 
31 were less abundant in the SOL-EXO (Fig.  5d). Six-
teen percent of the differentially expressed proteins 
were originally located in the cytomembrane, 12% in the 
nucleus and 10% in the cytoplasm (Fig. S2b). Compared 

with EDL-EXO, the top 10 up-regulated and down-reg-
ulated proteins of SOL-EXO are shown in Table S1 and 
Table S2, respectively. Furthermore, western blot analy-
sis revealed that the levels of the differentially expressed 
proteins FASN and MINK1 were increased, but the levels 
of SUMO1 and PIN1 were decreased (Fig. 5e).

To fully elucidate the biological function of the proteins 
differentially expressed between porcine SOL-EXO and 
EDL-EXO, we annotated 72 proteins screened by GO 
analysis (Fig.  5f ). GO and KEGG enrichment analyses 
revealed that the proteins identified in the SOL-EXO and 
EDL-EXO were involved in the secretion and formation 
of exosomes, among which the proteins highly expressed 
in the SOL-EXO, especially FASN, MINK1, PIN1 and 
SUMO1, were involved in the differentiation and lipid 
deposition of preadipocytes.

To more systematically analyze the biological signaling 
pathways associated with the 72 proteins, we identified 
the pathways enriched in the proteins by KEGG analysis 
(Fig.  5g). GO and KEGG enrichment analyses indicated 
that the porcine proteins of the SOL-EXO and EDL-EXO 
participated in the secretion and formation of exosomes, 
and the proteins detected in the SOL-EXO, especially 
FASN, MINK1, PIN1 and SUMO1, were implicated in 
preadipocyte differentiation and lipid deposition.

SOL‑EXO promote lipid accumulation in intramuscular 
adipocytes, but EDL‑EXO inhibit lipid accumulation
Here, we obtained exosomes from C2C12 myoblasts and 
myotubes (Fig. S3a) and found that they both inhibited 
adipogenesis in 3T3-L1 preadipocytes, but the inhibitory 
effect of myotube-derived exosomes was greater (Fig. 
S3b and c). For analysis of the effects of the SOL-EXO 

Fig. 4  The Raman spectrum analysis between porcine SOL-EXO and EDL-EXO. The figure on the left shows the nucleic acid, protein and lipid 
content of SOL-EXO and EDL-EXO respectively, and the figure on the right shows the Raman spectral difference of SOL-EXO and EDL-EXO
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and EDL-EXO on IMF deposition, porcine LD intramus-
cular adipocytes treated with NC (PBS), SOL-EXO or 
EDL-EXO were stained with PKH26, BODIPY or ORO 
(Fig. 6a). In this study, exosomes isolated from 50 mL of 
the supernatants of myotube culture with SOL- or EDL-
induced differentiation of myotube culture supernatants 
were diluted with PBS to 100 μL for subsequent experi-
ments. According to the PKH26 exosome uptake test 
assay, the SOL-EXO and EDL-EXO, which are marked 
with PKH26 red fluorescence, entered LD intramus-
cular adipocytes and were uniformly distributed in the 
cytoplasm after treatment for 24 h (Fig.  6b). BODIPY 

immunofluorescence staining showed that lipid droplets 
in the intramuscular adipocytes treated with the SOL-
EXO had a stronger fluorescence intensity than those 
in the adipocytes treated with the EDL-EXO (Fig.  6c). 
Moreover, at 6 d after induction of differentiation, lipid 
droplets were stained with ORO, and the absorbance 
at 510 nm was determined via isopropanol extraction. 
The results showed that the LD intramuscular adipo-
cytes treated with the SOL-EXO had a greater (P < 0.05) 
TG content but a lower (P < 0.05) TG content after the 
EDL-EXO treatment (Fig.  6d  and  e). Moreover, com-
pared with those in the control group, the protein levels 

Fig. 5  The differentially expressed protein analysis between porcine SOL-EXO and EDL-EXO. a A procedure of LC/MS on SOL-EXO and EDL-EXO. b 
The number of spectrum, peptides and proteins. c The number of differentially expressed proteins. d The differentially expressed protein analysis 
using volcano plot. e Western blot detection of FASN, MINKI, PIN1,TSG101 and SUMO1. f GO enrichment analysis. e KEGG enrichment analysis
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of the vital lipogenic genes PPARγ, CEBPβ and FASN 
were significantly increased in the adipocytes treated 
with the SOL-EXO, but the protein levels of the key 
lipolytic genes ATGL and HSL were markedly decreased 
(Fig. 6f ). Conversely, compared with those in the control 
cells, the protein levels of PPARγ and FASN were signifi-
cantly decreased in the cells treated with the EDL-EXO, 
whereas the protein levels of the lipolytic genes ATGL 
and HSL were sharply increased (Fig. 6f ). Therefore, the 
SOL-EXO promoted lipid accumulation in intramuscu-
lar adipocytes, but the EDL-EXO inhibited adipogenesis. 
Figure 7 shows a diagrammatic illustration of the identifi-
cation of porcine SOL/EDL-EXO and their opposite adi-
pogenic effects on LD intramuscular adipocytes.

Discussion
Improving meat quality through exosome-mediated 
muscle-fat tissue crosstalk is important [19]. In this 
study, we explored the reason why the IMF content of 

SOL was greater than that of EDL. Furthermore, porcine 
SOL-EXO and EDL-EXO were first isolated and identi-
fied, and differences in their proteins and nucleic acids 
were detected via Raman analysis. Seventy-two differen-
tially expressed proteins were further identified via pro-
teomic analysis. Importantly, the SOL-EXO promoted 
lipid accumulation in LD intramuscular adipocytes, but 
the EDL-EXO inhibited lipid accumulation in vitro. The 
accumulation of lipids in intramuscular adipocytes is 
believed to improve the tenderness, color and water con-
tent of pork, thus increasing pork quality. These find-
ings provide new insight into the use of exosomes from 
fast/slow skeletal muscle to increase the IMF level via 
skeletal muscle-fat tissue crosstalk and indicate that 
these exosomes can be used as a means to improve pork 
quality.

Fast and slow muscles have different metabolic char-
acteristics due to different muscle fiber types, which may 
affect the adipogenic capacity of adjacent intramuscular 

Fig. 6  Porcine SOL-EXO improves lipid accumulation of LD intramuscular adipocytes, whereas EDL-EXO inhibits in vitro. a A mode of SOL/EDL-EXO 
modulating lipid accumulation of LD intramuscular adipocytes. b LD intramuscular adipocytes uptake exosomes by PKH26 immunofluorescence 
method, Blue: DAPI, Red: PKH26-label Exosome. c Bodipy saining. d and e Oil Red O (ORO) staining and triglyceride (TG ) content analysis, samples 
from 3 randomly selected pigs in each group. f Detection and analysis of western blot. a–cDifferent lowercase letters indicate significant differences 
(P < 0.05)
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adipocytes [29, 30]. Fibro-adipogenic progenitors (FAPs), 
the cellular source of IMF and fibrotic scar tissue, are 
located in the interstitial space between muscle fibers 
and eventually result in the deposition of IMF [31–34]. 
Our previous study revealed that lipid accumulation in 
intramuscular preadipocytes derived from pig longissi-
mus thoracis occurred earlier and was greater than that 
in SOL intramuscular preadipocytes, resulting in a much 
greater IMF content in 180-day-old pig LD muscle than 
in pig SOL muscle [6]. In the present study, we first con-
firmed that SOL intramuscular adipocytes had greater 
fat accumulation than did EDL intramuscular adipocytes 
because of the higher protein levels of key lipogenic genes 
and the lower protein expression of vital lipolytic genes, 
which may result in SOL having a greater IMF content 
than EDL. Why do SOL intramuscular adipocytes have a 
stronger lipogenic ability than EDL intramuscular adipo-
cytes? Based on the above findings, we further speculated 
that the presence of fast and slow myogenic exosomes 
was important.

Exosomes are nanosized vesicles that are released 
by cells through phagocytosis and exocytosis and are 
involved in intercellular communication through loaded 
proteins and nucleic acids [35]. Through this process, 
exosomes mediate cell‒cell and organ‒organ commu-
nication, suggesting that skeletal muscle cells can also 
secrete exosomes that function in targeting cells [36]. 
Both muscle cells and fat cells belong to the mesoderm 
cell lineage, and the fact that these cells have the same 
origin indicates that there may be special interactions 
between muscle and fat tissue [37]. Moreover, this phe-
nomenon may be due to the anatomical position of mus-
cle fibers and IMF cells that are relatively close to muscles 
and because secretory organs show intramuscular cross-
talk with adipocytes in the form of exosomes. Previous 
studies have shown that skeletal muscle can regulate the 
physiological and metabolic processes of adipose tissue 
by secreting exosomes. LD muscle-derived exosomes 
can inhibit the adipogenesis of porcine subcutaneous 
preadipocytes [38]. Furthermore, skeletal muscle-derived 

Fig. 7  A diagrammatic illustration represents identification of porcine SOL/EDL-EXO and their adipogenic function on LD intramuscular adipocytes 
in vitro
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exosomal miR-146a-5p was shown to inhibit adipo-
genesis by mediating the muscle-fat axis and targeting 
growth differentiation factor 5 (GDF5)-PPARγ signaling 
[39]. However, the effect of different muscle fiber types 
and their secreted exosomes on the adipogenesis of intra-
muscular adipocytes remains unclear. In addition, LD, as 
a typical mixed muscle, is relatively less affected by dif-
ferent types of muscle fibers, and can be used as a typical 
model of intramuscular adipogenesis differentiation.  In 
this study, porcine SOL-EXO and EDL-EXO, which were 
first identified, were added to LD intramuscular adipo-
cytes to explore the effect of exosomes secreted by por-
cine fast and slow muscles on IMF accumulation. This 
study provides a new idea for exploring exosome-medi-
ated muscle-fat tissue crosstalk to improve pork quality.

Most exosome biogenesis patterns tend to show a 
“delayed process” in which vesicles first germinate into 
an intermediate structure, which is subsequently released 
upon endosomal-plasma membrane fusion [40]. Here, 
we first found that both porcine SOL and EDL myotubes 
preferentially secrete exosomes as the plasma membrane 
buds outward. For exosomes in the C2C12 myotube 
culture supernatant, TEM analysis showed the genera-
tion and release of nanovesicles via direct budding from 
the plasma membrane [41]. This method of germinat-
ing directly from the plasma membrane is known as the 
“immediate mode” of exosome biogenesis, in contrast 
to the classical view of exosome release [42]. Further-
more, Raman spectroscopy in the spectral ranges of 
500–1,800 and 2,600–3,200 is the most important for 
biological specimens [27]. In this study, according to the 
corresponding peaks of nucleic acids, proteins and lipids, 
Raman spectroscopy was used to analyze their contents 
in the freshly isolated SOL-EXO and EDL-EXO. We 
found that the SOL-EXO contained more nucleic acids, 
proteins and lipids than the EDL-EXO and speculated 
that the apparent difference in the protein content of 
exosomes may play an important role in targeting cells. 
In the present study, proteomic analysis revealed the top 
10 significantly differentially abundant proteins between 
porcine SOL-EXO and EDL-EXO, among which fatty 
acid synthase (FASN), G protein-coupled receptor class 
C group 5 member B (GPRC5B), misshapen-like kinase 
1 (MINK1)/cellular communication network factor 2 
(CCN2), MacroH2A1, PIN1 and small ubiquitin-like 
modifier 1 (SUMO1) were implicated in adipogenesis. In 
the de novo synthesis pathway of fatty acids, the key rate-
limiting enzyme FASN catalyzes the polymerization of 
small-molecule dicarbon units into long-chain fatty acids 
by acetyl CoA and malonic acid monoacyl CoA, contrib-
uting to adipocyte TG storage [43]. GPRC5B knockout in 
mice reduced fat production and prevented diet-induced 
obesity and insulin resistance [44]. The final step of cell 

division is physical disconnection between the two 
daughter cells via shrinking of the cleavage groove and 
detachment of the membrane, while MINK1 is a poten-
tial mitotic kinase necessary for final membrane shedding 
[45]. CCN2 regulates CCAAT/enhancer binding proteins 
and inhibits fat cell differentiation through TGF-β signal-
ing [46]. Overexpression of MacroH2A1.2 inhibited adi-
pogenesis, while knockdown of MacroH2A1.1 had the 
opposite effect [47]. PIN1 increases adipocyte differen-
tiation by positively regulating the transcriptional activity 
of PPARγ [48]. SUMO1 increases adipogenesis through 
the EDL of Sharp-1 [49]. Based on the above analysis, the 
porcine SOL-EXO and EDL-EXO proteins are involved in 
lipid metabolism by participating in preadipocyte prolif-
eration, differentiation, autophagy, and ubiquitination of 
related transcription factors. Therefore, the differentially 
expressed proteins of porcine fast and slow myogenic 
exosomes may provide a different functional advantage 
to these recipient cells, such as intramuscular adipocytes. 
However, the role of nucleic acids and lipids in exosomes 
cannot be ignored. Therefore, transcriptomic and lipi-
domic analyses can be further used for joint analysis to 
explore the differential expression of nucleic acids and 
lipids between SOL-EXO and EDL-EXO in the future.

Autocrine and paracrine intercellular communica-
tion is vital for regulating the functionality of a tissue 
or organ. Exosomes are specialized cargo delivery vesi-
cles secreted from cells by the fusion of multivesicular 
bodies with the plasma membrane [40]. In this study, 
PKH26 staining, BODIPY immunofluorescence stain-
ing and ORO staining revealed that SOL-EXO entered 
LD intramuscular adipocytes and promoted adipo-
genesis, while EDL-EXO inhibited lipid accumulation. 
PPARγ is indispensable for adipogenic programming 
and is the master regulator of adipogenesis [50], and 
C/EBPβ can trigger the transcription of C/EBPα and 
PPARγ, which in turn coordinately induce the tran-
scription of adipogenic genes, including FASN and 
FABP4, to promote adipogenic differentiation [51, 52]. 
Moreover, the major enzymes participating in lipolysis 
are ATGL and HSL [53, 54]. Here, SOL-EXO increased 
the levels of key adipogenic proteins, including C/
EBPα, PPARγ, FASN and FABP4, in LD intramuscular 
adipocytes, resulting in accelerated TG synthesis and 
downregulating the protein expression of the above 
vital lipolytic genes and the key lipolytic genes encod-
ing ATGL and HSL, thereby inhibiting TG lipolysis. 
Interestingly, the opposite results were found for EDL-
EXO. The literature has shown that single myofiber 
SOLs contain more intramyocellular lipids than do 
single myofiber EDLs due to greater mRNA expres-
sion of genes involved in fatty acid synthesis, triglycer-
ide synthesis and lipid droplet formation [55], possibly 
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resulting in greater FASN protein levels in SOL-EXO. 
Therefore, we hypothesized that skeletal muscle fibers 
are involved in intramuscular adipocyte adipogenesis 
mediated via myogenic exosomes as part of muscle-fat 
tissue interactions. Interestingly, fast and slow myo-
genic exosomes had the opposite effect on IMF depo-
sition, suggesting that cells package specific proteins 
in exosomes to provide signal specificity and targeted 
delivery.

Conclusions
In conclusion, we first isolated and identified porcine 
SOL-EXO and EDL-EXO, both of which had bilayer 
membrane disc-shaped morphologies and were approxi-
mately 84 nm in size. Furthermore, among the proteins 
differentially expressed between porcine SOL-EXO and 
EDL-EXO, FASN, GPRC5B, MINK1, PIN1, CCN2 and 
SUMO1 were among the top 10 upregulated or downreg-
ulated proteins and were implicated in adipogenic regu-
lation partially through exosome transport. Importantly, 
SOL-EXO promoted lipid accumulation in LD intramus-
cular adipocytes, but EDL-EXO inhibited lipid accumu-
lation in vitro. These findings provide novel insights into 
fast and slow myogenic exosome-mediated muscle-fat 
tissue crosstalk.
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