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Abstract
Background  Skeletal muscle lipid deposition is a key manifestation of obesity, often accompanied by decreased 
exercise capacity and muscle atrophy. Skeletal muscle as the largest organ in the body, makes it challenges for 
designing targeted drug delivery systems. Lipid nanoparticles (LNPs) are widely used as a safe and efficient delivery 
carrier, there is limited research on LNPs that specifically target skeletal muscle.

Results  A LNP designed with five specific receptor complements on its surface, which specifically targets skeletal 
muscle in vivo in mice, without off-target effects on other tissues and organs. MiR-130a, a regulator of PPARG, which 
is a key factor in skeletal muscle lipid deposition, was encapsulated with LNP (LNP@miR-130a). In high-fat diet (HFD) 
mice, LNP@miR-130a effectively reduced skeletal muscle lipid deposition, increased exercise activity and enhanced 
muscle mass. Interestingly, the myokines in skeletal muscle have also changed which may leading to reduce the 
adipose tissue weight and liver lipid deposition in HFD mice.

Conclusions  These results indicated LNP@miR-130a is a promising inhibitor of skeletal muscle lipid deposition 
and may help alleviate obesity. This study provides new insights for obesity treatment and lays foundation for the 
development of targeted skeletal muscle therapeutics.
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Introduction
 Lipid nanoparticle (LNP) is an excellent carrier system 
composed of highly biocompatible lipids that can effec-
tively protect nucleic acid drugs from degradation and 
achieve targeted delivery [1]. LNP is the most advanced 
nucleic acid therapy drug delivery system in clinical prac-
tice, and Onpattro was approved by the United States and 
the European Union in 2018 for the treatment of amyloi-
dosis [2]. LNP has gained widespread attention as a key 
component of COVID-19 mRNA vaccine [3], and many 
liposome-based drugs have been applied in medical 
practice [4]. Notably, nanoparticles derived from ginger 
exhibit characteristics similar to mammalian extracel-
lular vesicles, including size distribution, surface charge, 
morphology, density, and certain components [5], and 
they are easy to extract. These plant-derived extracel-
lular vesicle-like nanoparticles (PELN), possess phos-
pholipid bilayers can protect nucleic acids and proteins 
from degradation [6] suggesting that ginger derived 
nanoparticle as a safe and efficient phospholipid source 
for artificial LNP. The design of targeted carriers typi-
cally involves loading complement onto the surface of the 
carrier, enabling interactions with recognition elements 
on the cell surface, for tissue localization and selective 

uptake [7]. Due to the inherent properties of LNP, they 
are predominantly targeted to the liver, which limits their 
clinical applications to liver diseases and vaccines [8]. In 
liver-targeted research, LNP has been used to treat non-
alcoholic fatty liver disease [9], liver fibrosis [10, 11]. The 
challenge in designing non-liver targeted LNP stems 
from their tendency to accumulate in the liver after intra-
venous administration, prompting many studies focus on 
enhancing the of LNP targeting to non-liver tissues [8]. 
Currently, there is limited research on targeting LNP to 
muscle tissue, and a specific lack of LNP designed for 
skeletal muscle diseases. Designing targeted carriers for 
skeletal muscle is significant challenges due to its large 
size and uneven drug distribution caused by intramuscu-
lar injection [12]. Based on above reasons, designing LNP 
for muscle tissue can help expand the targeted research 
of LNP and also contribute to the treatment of muscle-
related diseases. Developing LNP specifically for muscle 
tissue could enhance targeted drug delivery and contrib-
ute to the treatment of muscle-related diseases.

Skeletal muscle lipid deposition refers to an increase 
lipid content like triglyceride (TG) in skeletal muscle [13], 
which is often a key manifestation of obesity. This con-
dition not only impacts the function and metabolism of 
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skeletal muscle, but is also closely related to pathological 
processes such as non-alcoholic fatty liver disease [13, 14] 
and insulin resistance [15, 16]. Skeletal muscle is the largest 
metabolic organ in the body and responsible for approxi-
mately 75% of systemic glucose metabolism [17]. Altering 
energy metabolism in skeletal muscle can significantly aid 
in maintaining energy homeostasis throughout the body 
and serve as a regulatory method for anti-obesity [16]. In 
recent years, researchers’ interests in obesity treatment have 
been increasing, and the therapeutic targets and strategies 
on skeletal muscles still need to be studied. In an ideal state, 
treatment strategies should balance therapeutic efficacy with 
the reduction of systemic side effects. Small non-coding 
RNAs have been shown to have strong therapeutic poten-
tial for obesity and metabolic syndrome [18–20]. Therefore, 
identifying small RNAs that inhibit lipid deposition in skel-
etal muscle is expected to become a promising treatment 
approach. MiR-130a is a crucial microRNA that plays a role 
in regulating lipid metabolism. It modulates the expression 
level of PPARG (Peroxisome Proliferator Activated Recep-
tor Gamma) by targeting its 3’UTR, thereby affecting lipid 
metabolism and insulin sensitivity [21, 22]. In adipose tis-
sue of obese individuals, miR-130a expression is reduced 
[18], indicating its potential as a therapeutic agent for obe-
sity. PPARG is involved in regulating adipocyte differentia-
tion, lipid metabolism, and the expression of inflammatory 
factors [23]. A study conducted transcriptome sequencing 
of cultured muscle cells from human lateral thigh muscles 
revealed that PPARG was significantly upregulated in the 
obese group, indicating a correlation between PPARG and 
skeletal muscle lipid deposition in obesity [24]. However, 
the role of miR-130a in reducing lipid deposition in myo-
cytes remains unclear, and it is a challenge of accurately and 
efficiently delivering miR-130a into skeletal muscle. Naked 
miRNAs exhibit low delivery efficiency, stability, and thera-
peutic potential [25, 26], necessitating encapsulation for 
effective therapeutic outcomes and reduce systemic side 
effects [27]. AAV viruses are commonly used for skeletal 
muscle specific delivery of miRNA, however, they demon-
strate low systemic delivery efficiency and may induce tox-
icity due to off-target effects in tissues [28]. Although LNP 
is an excellent carrier, specific muscle-targeting LNP carried 
with miR-130a needs to be designed and constructed.

In this study we have designed a LNP specifically tar-
geting skeletal muscle, which contains five skeletal mus-
cle-specific receptor complements on its surface and is 
engineered to deliver miR-130a for the treatment of skel-
etal muscle lipid deposition. The functional study of miR-
130a provides a feasible therapeutic target for addressing 
abnormalities in lipid deposition skeletal muscle and 
obesity. Furthermore, the innovative design of this mus-
cle-targeting LNP provides an efficient and precise deliv-
ery tool for the treatment of numerous skeletal muscle 
diseases.

Results
Design, synthesis and characteristic of LNP@miR-130a
LNP@miR-130a synthesis is shown in Fig.  1A. Ginger-
derived nanoparticles were sonicated and broken into 
individual phospholipids, which were co-incubated with 
modified anti-receptors in a rotary distillation apparatus 
to form phospholipid bilayers. Together with miR-130a, 
they were subjected to microfluidic treatment, and miR-
130a was encapsulated in LNP with antibodies on the 
surface. After concentration in an ultrafiltration tube, 
they were ready for in vivo experiments. To enhance the 
targeting efficiency of LNP towards skeletal muscle, we 
screened several proteins that are highly expressed on 
the surface of muscle cells as targets, including LRP-3, 
MYF5, MYOG, MYHC-2 A and MYHC-2B. To enhance 
the stability of anti-receptors, we modified LRP3, 
MyHC-2 A and MYF5 with mannitol, MYOG with leu-
cine, and linked MYHC-2B with biotin-azide to form an 
arm like structure to stabilize the protein conformation. 
These modifications optimize the stability of the proteins 
three-dimensional structures, facilitating better penetra-
tion into target cells and improving both the activity and 
targeting efficiency of the LNP’s (Fig. 1B).

The transmission electron microscopy (TEM) results 
showed no significant changes in the morphology 
between empty LNP and LNP@miR-130a (Fig. 2A), simi-
larly particle size analysis also indicated no significant 
difference in size variation between the two formula-
tions (Fig. 2B, C). Due to the negative charge of miRNA, 
LNP encapsulating miR-130a exhibited a larger negative 
charge value (Fig.  2D), indicating a higher encapsula-
tion efficiency. Electrophoresis further confirmed this 
efficiency, as the miR-130a fragment appeared smaller 
than 50  bp when not encapsulated, and its size signifi-
cantly increased upon encapsulation (Fig. 2E). To assess 
the in vivo targeting efficiency of LNP@miR-130a, we 
performed imaging studies three days after tail vein 
injection in mice (Fig. 2F). The results showed that, LNP 
functionalized with five different anti-receptors targeted 
skeletal muscle compared to the negative control and 
not accumulate in liver, spleen, kidneys, and lungs. Since 
our primary goal is to inhibit lipid deposition in mouse 
skeletal muscle, we also need to verify whether the thera-
peutic effect persisted after phenotypic changes in the 
mice in vivo. The treatment method for mice is depicted 
in Fig. 2G. After six weeks of drug administration, RNA 
analysis revealed that miR-130a expression in skeletal 
muscle was over the two-fold higher than the control 
group, while there was no significant change observed 
in adipose tissue and liver (Fig.  2H), indicating a high 
level of skeletal muscle specific overexpression by LNP@
miR-130a.
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LNP@miR-130a reduces skeletal muscle lipid deposition in 
HFD mice
To evaluate the impact of LNP@miR-130a on lipid depo-
sition in skeletal muscle, and mice were treated for three 
weeks. The control groups injected with either miR-130a 
alone or LNP alone, did not exhibit significant differ-
ences in weight loss compared to the normal high-fat diet 
(HFD) group. In contrast, the LNP@miR-130a treated 
group significantly decreased in body weight (Fig.  3A), 
with no difference in feed intake observed (Fig.  3B). In 
week 20, the weight difference remained below P < 0.001 
(Fig.  3C), and there was a significant increase in the 
weight of gastrocnemius muscle (Gas) (Fig. 3D), indicat-
ing an improvement in muscle atrophy by HFD. TG anal-
ysis confirmed that LNP@miR-130a effectively reduced 
lipid deposition in skeletal muscle (Fig. 3E). Since obesity 
is often accompanied by muscle atrophy and decreased 

exercise ability, a series of exercise performance tests 
were conducted (Fig.  3F) and found that LNP@miR-
130a significantly improved the physical performance 
of the HFD mice. Histological analysis of Gas muscle 
sections using H&E staining results showed a marked 
increase in the muscle fibers cross-sectional area after 
treatment (Fig. 3G, H). The Bodipy and Oil Red O stain-
ing further corroborated the TG findings, demonstrating 
reduced lipid content in the muscle fibers post-treatment 
(Fig.  3H, I, J). In addition to the gastrocnemius muscle, 
other skeletal muscles such as quadriceps femoris (Qu) 
and tibialis anterior (TA) showed increased skeletal mus-
cle mass, enlarged muscle fiber cross-sectional area, and 
decreased lipid deposition in muscle fiber (Fig S1). Mean-
while, increasing the number of both Gas and Sol type I 
muscle fibers promote the oxidation of fat and reduce the 
accumulation in the muscle (Fig S2).

Fig. 1  Synthesis and structure of skeletal muscle specific targeting LNP@miR-130a. (A) Introduction to anti receptors and modifications of LNP. (B) The 
synthesis of LNP@miR-130a. Ginger exosomes were sonicated to break down into individual phospholipids, co cultured with anti-receptors to form phos-
pholipid bilayers with antibodies, and co formed with miR-130a through a microfluidic system LNP@miR-130a
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LNP@miR-130a changes the lipid metabolism pathway of 
skeletal muscle in HFD mice
To further investigate the effects of LNP@miR-130a 
on skeletal muscle of HFD mice, we collected Gas tis-
sue from 20-weeks old mice and performed transcrip-
tome analysis (Fig. 4A) to determine any changes in lipid 
metabolism-related pathways. The results showed that 
there was a significant overall difference between the 
treatment group and the control group (Fig. 4B), and the 

down regulated adipogenic genes included FABP4, C/
EBPa, PLIN1, Adipoq, and PPARG. In contrast, mito-
chondrial related genes like Tfam, Mfn1, Opa1, Pgv1a 
upregulated (Fig.  4C). Pathway enrichment analysis was 
conducted for 267 down regulated genes (Fig.  4D). GO 
analysis (Fig. 4E) showed that the down regulated genes 
were primarily enriched in pathway related to cholesterol 
absorption, lipid absorption, adipocyte differentiation, 
lipid transport, lipid localization, and glucose transport. 

Fig. 2  Characterization and function of skeletal muscle specific targeting LNP@miR-130a. (A) Electron microscopy images of LNP. Scale bars = 100 nm. 
(B) Particle size distribution of LNP. (C) Average particle size of LNP. (D) Zeta potential analysis of LNP. (E) Electrophoretic analysis of miR-130a fragments 
before and after encapsulation. (F) Fluorescence imaging of biodistributed Cy7-labeled LNPs@miR-130a in body and ex vivo organs. (G) Injection process 
diagram for mice. (H) Overexpression efficiency of miR-130a in muscle, visceral e-WAT, and liver of 20 w mice. ***P < 0.001. For each group, n = 4. All data 
are presented as the mean ± SD
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Fig. 3  LNP@miR-130a reduces lipid deposition of skeletal muscle in HFD mice. (A) Changes in weight of mice. Starting from 14 w, inject every three days 
until 17 w. N = 10. (B) Food intake of mice. N = 10. (C) Weight before slaughter of mice. N = 10. (D) Weight of Gas of mice. N = 4. (E) TG detection of gastroc-
nemius muscle. N = 3 ~ 5. (F) Suspension test, swimming test, treadmill test including running distance and running time. N = 10. (G) Cross sectional area 
statistics of gastrocnemius muscle. N = 5. (H) H&E staining, Bodipy staining and Oil Red O staining of mice Gas. Scale bars = 100 μm. (I, J) Statistics of H. 
N = 3. *P < 0.05, **P < 0.01, ***P < 0.001. All data are presented as the mean ± SD
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KEGG analysis (Fig. 4F) revealed that these down regu-
lated genes were mainly associated with the PPAR signal 
pathway, and linked to type 2 diabetes and non-alcoholic 
fatty liver.

LNP@miR-130a decreases lipid by interacting with PPARG 
in skeletal muscle
To identify the target gene of miR-130a, we analyzed the 
transcriptome data. The sequencing results showed that 
the downregulated genes were enriched in the PPAR sig-
naling pathway, and PPARG identified as one of the tar-
get genes of miR-130a. Further, we compared the target 

genes detected from the sequencing data with the pre-
dicted targets of miR-130a from miRbase ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​
m​i​r​b​a​s​e​.​o​r​g​​​​​)​, and found that, PPARG was the most sig-
nificantly downregulated gene among the top 20 and was 
closely associated with adipogenesis (Fig. 5A). To confirm 
whether miR-130a directly binds to PPARG, we designed 
a dual fluorescein reporter vector (Fig. 5B) and conducted 
dual fluorescein reporter assays in 293T cells and C2C12 
cells, respectively (Fig.  5C). The results demonstrated 
that the wild-type PPARG vector exhibited lower fluores-
cence activity with miR-130a in both cell lines, indicating 
that miR-130a directly binds to the 3’UTR of PPARG. Fig 

Fig. 4  LNP@miR-130a affects the lipid metabolism pathway in HFD mice. (A) Mouse transcriptome flowchart. (B) Principal component analysis. (C) 
Volcano diagram. (D) Heatmap of all differentially expressed genes. (E) GO analysis of down regulated genes. (F) KEGG analysis of down regulated genes. 
For each group, n = 3
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Fig. 5  miR-130a inhibits lipid deposition by targeting PPARG in myoblasts. (A) Heatmap of the top 20 target genes of miR-130a in sequencing. (B) Pattern 
diagram of double fluorescent reporter vector. (C) Experiment of double fluorescent reporter in 293T cells and C2C12 cells. (D) Experiment of Oil Red O 
and immunofluorescence staining in C2C12 cells treated with miR-130a inhibitor and mimic. (E) qPCR of adipogenic genes after add miR-130a’ s inhibitor 
and mimic. (F) Oil Red O, immunofluorescence staining of C2C12 treated with PPARG and miR-130a. (G) qPCR of adipogenic genes of C2C12 treated with 
PPARG and miR-130a. Scale bars = 200 μm. *P < 0.05, **P < 0.01, ***P < 0.001. For each group, n = 3 ~ 5. All data are presented as the mean ± SD
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S3A shows the successful construction of an adipogenic 
system in myocytes. After the treatment (Fig S3B), over-
expression and inhibition of miR-130a were observed in 
C2C12 cells (Fig S3C). Staining results showed that miR-
130a inhibited adipogenesis in myocytes, significantly 
reducing lipid droplets and TG content induced by adi-
pogenesis (Fig. 5D, Fig S3D, E, F), and decreasing mRNA 
expression of adipogenic genes (Fig. 5E). In the recovery 
experiment, the addition of PPARG counteracted the 
inhibitory effect of miR-130a on adipogenesis (Fig. 5F, Fig 
S3G, H), with the mRNA levels of key adipogenic genes 
was also restored (Fig. 5G).

LNP@miR-130a inhibits obesity in HFD mice by affecting 
secreting myokines
Interestingly, HFD mice treated with LNP@miR-130a 
showed a reduction in obesity, while miR-130a is only 
overexpressed in skeletal muscle. Previous studies sug-
gest that, regulating skeletal muscle homeostasis can 
counteract weight gain caused by HFD [29, 30], with 
myokines serves as key messengers in the communica-
tion between skeletal muscle regulates adipose tissue 
and liver [31–33]. To explore the specific mechanisms of 
muscle-fat and muscle-liver interaction, we analyzed dif-
ferentially expressed myokines form the transcriptome 
data. The sequencing results (Fig. 6A) revealed significant 
changes in many myokines within skeletal muscle. We 
selected four myokines with significant changes, Metrnl, 
irisin, IL15, and musclin, and detected them in muscle, 
serum, brown adipose tissue (BAT), white adipose tis-
sue (WAT) and liver (Fig. 6B). The changes in myokines 
expression in skeletal muscle were consistent with the 
sequencing results, and similar changes were observed in 
serum, WAT, BAT, and liver. Taken together, these find-
ings suggest that the altered level of these myokines in 
skeletal muscle may be one of the reasons for the changes 
in serum, and further may affect the expression of myo-
kines in liver and adipose tissue, suggesting a correlation 
with benign changes in liver and adipose tissue.

LNP@miR-130a relieves obesity in HFD mice
We found that compared to the HFD control groups, the 
mice treated with LNP@miR-130a exhibited a significant 
reduction in body temperature (Fig. 6C, Fig. S4A), addi-
tionally decreased adipose tissue and with a noticeable 
change in liver color significantly (Fig.  6C). MRI results 
show there is a significant decrease in both body fat vol-
ume and liver fat percentage (Fig.  6C, Fig. S4B). Liver 
TG levels decreased following treatment, indicating an 
improved in fatty liver symptoms in HFD mice (Fig. S4C). 
Organizational weight analysis also revealed a decrease in 
visceral WAT, inguinal WAT, BAT, and liver weight (Fig. 
S4). Furthermore, histological analysis showed that the 
size of adipocytes in both epididymal and inguinal WAT 

significantly decreased compared to the control group. 
Lipid droplets in BAT and liver also decreased signifi-
cantly, while there were no changes in the group injected 
with miRNA and LNP alone (Fig. 6C). Serum biochemi-
cal indicators of mice (Fig.  7A) revealed the levels of 
serum TG and cholesterol (CHO) significantly decrease, 
along with decreased low-density lipoprotein and 
increased high-density lipoprotein, which is one of the 
manifestations for weight loss. In addition, liver function 
biomarkers such as ALT, AST, ALP, and APOB, which 
showed a trend towards normal levels post-treatment. 
In order to understand the glucose metabolism func-
tion, we conducted intraperitoneal GTT, ITT, and PTT 
tests. The results showed that after administration, the 
sensitivity of mice to glucose increased (Fig. 7B, C), and 
the sensitivity to insulin increased (Fig. 7D, E). HOMA-
IR results showed that the degree of insulin resistance 
in mice decreased and tended towards a healthy level 
(Fig.  7F), while the metabolic capacity of pyruvate 
increased (Fig. 7G, H). It is worth noting that there was 
no significant difference between group CD and group 
CD + miR-130a, which may be due to the lack of substrate 
provided by HFD, which prevented the weight loss effect 
of miR-130a.

In summary, LNP@miR-130a specifically targets skele-
tal muscle, delivering miR-130a into skeletal muscle cells. 
MiR-130a directly binds to PPARG, reducing its expres-
sion level and inhibiting lipid droplet formation, thereby 
improving the intracellular environment of myocytes. We 
found significant changes of four myokines in skeletal 
muscle, which are consistent with WAT, BAT and liver. 
Therefore, we speculate that changes in myokines may 
be one of the reasons for these tissue changes, ultimately 
leading to weight loss in HFD mice.

Discussion
The development of drugs targeting skeletal muscle has 
always been a concern for scientists. A recent report, 
described the use of LNP encapsulation to deliver 
CRISPR-Cas9 mRNA to skeletal muscle for the treatment 
of Duchenne muscular dystrophy. They developed a pH 
dependent ionizable lipid with three hydrophobic tails 
and formulated it into an LNP delivery system designed 
to preferentially target skeletal muscle [34]. Their admin-
istration method involved repeated intramuscular injec-
tions. Additionally, recent reports, researchers used LNP 
to deliver DNA to cardiomyocytes for the treatment of 
cardiovascular disease. LNP formulated with a higher 
DOPE and lower cholesterol molar ratio was used to 
enhance delivery and GFP expression in cardiomyocytes 
[35]. And scientists developed a skeletal muscle spe-
cific modRNA translation system for LNP encapsulated 
modRNA, which performs controlled protein translation 
at the injection site to prevent potential harmful leakage 
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Fig. 6  LNP@miR-130a inhibits obesity by secreting myokines in mice. (A) Heatmap of myokines screened in sequencing. (B) Myokines content in skeletal 
muscle (Gas), serum, white fat, brown fat, and liver. N = 3. *P < 0.05, **P < 0.01, ***P < 0.001. All data are presented as the mean ± SD. (C) Infrared images, 
MRI, photos of mice after execution of 20 w mice and H&E staining of e-WAT, i-WAT, BAT and liver. Scale bars = 250 μm
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and expression in non-myocardial and skeletal muscles 
[36]. At present, there are few studies on products that 
assemble multiple specific receptors complements onto 
LNP to improve targeting efficiency.

In this study, we selected five skeletal muscle specific 
proteins as target molecules. LRP-3 is a transmembrane 
protein expressed in skeletal muscle and ovaries [37]. As 
we used male mice as experimental models, off-target 

Fig. 7  LNP@miR-130a improves biochemical indicator of blood serum and glucose metabolism in HFD mice. (A) Biochemical indicator of blood serum. 
For each group, n = 3. (B, C) Glucose tolerance testing and area under the curve. (D, E) Insulin tolerance testing and area under the curve. (F) Homeostasis 
Model Assessment of Insulin Resistance. (G, H) Acetoacetate tolerance testing and area under the curve. *P < 0.05, **P < 0.01, ***P < 0.001. For each group, 
n = 10. All data are presented as the mean ± SD
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effects from the ovaries could be ruled out. The Myh4 
gene encodes MYHC-2B and the Myh2 gene encodes 
MYHC-2  A, which is involved in muscle fiber forma-
tion [38] and is abundantly expressed on the surface of 
myocytes. MYF5 and MYOG are myogenic regulatory 
factors (MRFs) involved in regulating skeletal muscle 
development and regeneration [39], and they are present 
in the cytoplasm and membrane of muscle cells. Given 
the abundant expression levels of these five receptors on 
muscle cell membrane, we designed modified anti-recep-
tors specific to each. Our study is the first to encapsulate 
these five modified skeletal muscle specific anti-receptors 
on the surface of artificial LNP, achieving an encapsula-
tion efficiency of up to 99% for miR-130a. It has strong 
targeting properties for skeletal muscle without off-target 
effects in the liver, kidney, lung, and pancreas. After 6 
weeks of drug administration, the miR-130a carried by 
LNP still maintained over twice the overexpression effi-
ciency in skeletal muscle, indicating LNP stable retention 
of LNP in skeletal muscle. This LNP not only deliv-
ers miR-130a for the treatment of skeletal muscle lipid 
deposition abnormalities, but also has the potential to 
transport nucleic acid drugs for other conditions such as 
muscle inflammation, muscle atrophy, and muscular dys-
trophy in the future, with significant application value.

The peroxisome proliferator activated receptor (PPAR) 
plays a crucial role in regulating energy demand dur-
ing physical activity. Three subtypes of PPAR have been 
identified in mammals, with PPARdelta being the pre-
dominant subtype in skeletal muscle [40]. PPARG is the 
primary regulatory factor for adipose tissue generation 
[41, 42]. Although there is no evidence to suggesting 
that PPARG is a key gene in skeletal muscle that leads 
to lipid accumulation, recent studies have found that the 
absence of PPARG completely eliminates ectopic muscle 
lipid deposition during muscle regeneration [43]. Addi-
tionally, research indicates that the expression of PPARG 
and C/EBPa is upregulated in elderly individuals with 
sarcopenia [44, 45], a condition characterized by skeletal 
muscle fat infiltration [45]. In this study, we observed 
high expression of PPARG in both the cell model induc-
ing lipid deposition and in a mouse obesity model. LNP@
miR-130a regulated the expression of PPARG, resulting 
in a reduction of TG content in skeletal muscle. A com-
mon consequence of obesity is the ectopic storage of 
fatty acid as TG in skeletal muscle lipid droplets (LDs). In 
addition, our medication also associated with an increase 
in the cross-sectional area of muscle fibers, improving 
muscle mass, and enhancement of athletic performance. 
In conclusion, we found that PPARG is an important 
gene regulating lipid deposition in skeletal muscle, and 
miR-130a acts as an inhibitor of PPARG, which has never 
been previously confirmed in skeletal muscle in. Thus, 
PPARG as a promising therapeutic target for addressing 

lipid deposition abnormalities in skeletal muscle. How-
ever, the effects of PPARG and its agonists and inhibitors 
on skeletal muscle metabolism are still poorly understood 
[46]. In a study about diabetic sarcopenia, PPARγ inhibi-
tion promoted muscle fiber atrophy [47]. Macrophage 
PPARγ controls GDF3 and skeletal muscle regeneration 
[48]. Another recent study suggests that, PPARγ/LXRβ 
pathway activation impede skeletal muscle development 
and induce lipid accumulation in vivo and in vitro in 
mice [49]. More studies have shown that PPARG has a 
protective effect on skeletal muscle insulin resistance [50, 
51]. Therefore, the favorable changes in exercise ability 
and insulin resistance observed in HFD mice after LNP@
miR-130a injection in this research may not be entirely 
dependent on the inhibition of PPARG. On the one hand, 
the role of PPARG in skeletal muscle growth needs fur-
ther investigation, and on the other hand, a more detailed 
mechanism of miR-130a will guide our next research 
direction.

Researching drugs that directly target skeletal mus-
cles to enhance energy metabolism offers a promising 
approach to combat obesity, in addition to weight loss 
surgery, exercise, and dietary control. Obesity is a com-
mon disease and a major cause of incidence rate and 
mortality [52]. Remarkably our developed drug not only 
targets skeletal muscle accurately, but also reduces body 
weight, fat mass, insulin sensitivity, and fatty liver lev-
els in mice, effectively inhibiting obesity in HFD mice. 
Importantly, this effect is not attributed to off-target 
actions, as miR-130a was not overexpressed in adipose 
tissue and liver. The interplay between skeletal muscle 
adipose tissue interaction and skeletal muscle liver inter-
action is an area of active research. Skeletal muscles play 
a crucial role in regulating systemic metabolism, partly 
through the secretion of endocrine factors, collectively 
known as myokines [53]. In this study, transcriptome 
sequencing results showed that changes in the RNA 
expression levels of multiple myokines in mouse skel-
etal muscle after administration. We speculate that skel-
etal muscle communicates with adipose tissue and liver 
by altering myokines levels in the blood. Meteorin-like, 
also known as Metrnl, plays a crucial role in metabolic 
regulation [54]. In type 1 and type 2 diabetes mice, the 
expression of Metrnl in plasma was significantly reduced, 
and has been shown to mitigate diabetes related cardio-
myopathy [55]. Serum Metrnl levels are lower in obese 
individuals and those with type 2 diabetes compared to 
healthy controls [56]. Under the HFD, the loss of Metrnl 
is associated with increased blood TG levels, suggesting 
its role in lipid regulation [57]. The high level of circulat-
ing Metrnl correlate significantly reduced risk of type 2 
diabetes [58]. This study also found that the content of 
Metrnl in muscle has a synergistic relationship with the 
content of TG in blood, with changes in adipose tissue 
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and liver those in muscle. Musclin is a myokine that can 
inhibit palmitate induced endoplasmic reticulum stress 
by upregulating SIRT7 and autophagy signaling, thereby 
reducing lipid accumulation in primary liver cells and 
providing a therapeutic strategy for non-alcoholic fatty 
liver disease [59]. In obese human subjects and mice, 
the expression of Musclin in skeletal muscle is signifi-
cantly increased, resulting in elevated levels of circulat-
ing Musclin [60]. In this study, we observed that muscle 
and serum levels of musclin were elevated in HFD mice, 
consistent with previous research, and these levels nor-
malized after administration. Interleukin-15 (IL15) which 
is expressed in skeletal muscle, may serve as a source 
of plasma IL15 thus regulating adipose tissue [61]. Our 
findings demonstrate that IL15 increase while PPARG 
decrease in HFD mice after treatment, contributing to 
reductions in body weight and fat mass, alleviation of 
fatty liver, improving glucose homeostasis and insulin 
sensitivity [62, 63]. Irisin, known for its role in inducing 
the browning of white adipose tissue, shows a negative 
correlation with irisin and insulin sensitivity, which aligns 
with our results [64]. The changes in Metrnl, Musclin, 
IL15, and Irisin explain the reasons for the alterations in 
adipose tissue and liver caused by skeletal muscle specific 
administration.

This study also has limitations. Firstly, PPARG is only 
one of the target genes of miR-130a, and it cannot be 
determined that all favorable changes in mice come from 
the decrease of PPARG. Secondly, the cause of changes 
in myokines levels in the body cannot be determined yet. 
Finally, due to the use of LRP3, LNP@miR-130a is only 
suitable for male mice, and drugs targeting the skeletal 
muscles of female mice need further research.

In summary, this study demonstrated that LNP @
miR-130a specifically targets skeletal muscle, effectively 
delivering miR-130a into myocytes and reducing lipid 
deposition. As skeletal muscle health improves, the 
changes myokines contribute to alleviating obesity in 
HFD mice. However, further research is needed to elu-
cidate the specific mechanisms by which skeletal muscle 
regulate adipose tissue and liver function.

Conclusion
In conclusion, this study successfully developed a tar-
geted lipid nanoparticle carrier with high delivery effi-
ciency and minimal off-target specifically designed for 
skeletal muscle. This carrier can transport miRNA and 
other therapeutic molecules, and has strong potential 
for clinical applications in addressing skeletal muscle 
lipid deposition abnormalities. Moreover, in the future, 
this carrier can also be utilized to deliver other small 
molecule drugs for the treatment of various skeletal 
muscle diseases. Our findings indicate that LNP carry-
ing miR-130a can significantly improve skeletal muscle 

lipid deposition, reduce body weight, decrease fat mass, 
enhance insulin sensitivity, and lower levels of fatty liver 
in obese mice, providing a novel and effective therapeutic 
drug strategy for combating obesity.

Materials and methods
Synthesis and characterization of skeletal muscle specific 
LNP@miR-130a
Ginger nanoparticles were isolated and purified as 
described in reference [5], and then phospholipid sus-
pensions were prepared using an ULtrasonic Cell Dis-
ruptor (with a sound power of 500 W and frequency of 
30 kHz) for 15 min at room temperature (25 °C).

LNP formulations were prepared using a procedure 
similar to a method previously described for mRNA [65, 
66]. Briefly, we dissolved three lipids (digalactosyldiacyl-
glycerol, monogalactosyldiacylglycerol, and phosphatidic 
acid) with dichloromethane (DCM) in glass tubes and 
mixed them in a ratio of 3:2:5, which mimics the phos-
pholipid composition mixture. Then, phospholipid com-
position mixture, LRP3, MYF5, MYOG, MYHC-2 A, and 
MYHC-2B were dissolved in ethanol at molar ratios of 
10:1:1:1:1. The lipid mixture was combined with 20 mM 
citrate buffer (pH 4.0) containing miR-130a at a ratio of 
1:12 (ethanol/aqueous) using a microfluidic mixer. For-
mulations were diluted with 10 times the volume of PBS 
and dialyzed in dialysis cassettes for at least 24 h, and the 
mixture was then concentrated using Amicon ULtra cen-
trifugal filters. The LNP formulations were stored at 4 °C.

The nanoparticle morphology was determined by 
using transmission electron microscopy (TEM; Hitachi 
H-7500, Japan). The size distribution and concentration 
of LNPs were examined by nanoparticle tracking analysis 
with ZetaView PMX 110 (Particle Metrix, Germany) and 
the corresponding software ZetaView 8.04.02. LNPs were 
diluted in PBS to measure the particle size and concen-
tration. NTA measurements were recorded and analyzed 
at 11 positions. Calibration of the ZetaView system was 
performed using 110  nm polystyrene particles. All pro-
cedures were performed at room temperature. According 
to previous research [67], an agarose gel electrophore-
sis assay was carried out to evaluate the miRNA loading 
capacity of LNP.

Animal and sample collection
To establish a high-fat model, 60 male C57BL/6J mice 
(7 weeks old, purchased from the Experimental Animal 
Center of Xi’an Jiao-Tong University) were acclimated 
to the environment for one week and divided into five 
groups. 20 mice were fed a regular diet (Control Diet, 
CD, 10% fat) as the control group. The remaining mice 
were fed a high-fat diet (High-Fat Diet, HFD, 60% fat) 
to induce obesity. After 14 weeks, the high-fat model 
was successfully established, and drug administration 
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commenced. In the CD group, 10 mice were untreated, 
10 mice were treated with LNP@miR-130a. In the HFD 
group, 10 mice were left untreated, 10 mice were treated 
with naked miR-130a only (provided by Hanheng, 
China), 10 were treated with Lipid Nanoparticles (LNP) 
only, and 10 were treated with LNP encapsulated miR-
130a (LNP@miR-130a). Mice were treated with LNP at a 
dosage of 10 mg/kg body weight. The control group was 
treated with 0.9% NaCl. Injections were administered 
seven times over a period of three weeks. Live experi-
ments began at 17 weeks, and mice were euthanized at 
20 weeks. Skeletal muscle, white adipose tissue, brown 
adipose tissue, liver, and serum were collected for further 
analysis. The animal experiments were approved by the 
Research Ethics Committee of Northwest A&F Univer-
sity (approval number 2011-31101684).

Chemical imaging
To elucidate the biodistribution of lipid nanoparticles 
encapsulating miR-130a (LNPs@miR-130a), the IVIS 
Lumina Imaging System (Caliper Life Sciences, Hopkin-
ton, MA, USA) was employed for in vivo fluorescence 
imaging [68]. LNPs@miR-130a coupled with the near-
infrared fluorescent dye Cy7 enables visualization and 
tracking of nanoparticles in mice to achieve deep tissue 
penetration and minimal background autofluorescence.

Thermal imaging analysis
Mouse subjects were evaluated thermographically using 
a high-resolution infrared imaging device, FLIR ONE 
PRO Thermal Camera (FLIR Systems, Wilsonville, OR, 
USA) [69]. Subsequently, the captured thermograms 
were analyzed in detail using FLIR software to process 
and enhance the infrared images, allowing accurate tem-
perature measurements and detection of thermal patte.

Glucose tolerance test (GTT), insulin tolerance test (ITT), 
and pyruvate tolerance test (PTT)
Prior to the commencement of metabolic assays, mice 
were subjected to fasting to standardize the experimental 
conditions. Specifically, for the GTT and PTT, a 16-hour 
fasting period was implemented, whereas for the ITT, a 
4-hour fasting period was observed.

After the fasting period, each mouse was weighed to 
obtain its baseline weight. A small section of the mouse’s 
tail was excised and gently pressed to induce blood flow, 
and then blood samples were collected for analysis.

Fasting blood glucose levels were determined using 
a calibrated blood glucose meter (YUWELL, Jiangsu, 
China), which provides a rapid and accurate measure-
ment of glucose concentrations in the blood samples. 
Following the baseline glucose measurement, a glucose 
solution (1.5 g/kg body weight), insulin (0.65 U/kg body 

weight), or sodium pyruvate (1.5 g/kg body weight) was 
administered via intraperitoneal injection.

After injection, blood glucose levels were monitored 
at specific time intervals (15, 30, 60, 90, and 120 min) to 
capture the dynamic response of glucose metabolism in 
mice after injection of the challenge substance to assess 
changes in glucose homeostasis and insulin sensitivity 
[70].

Running test, swimming test, and suspension test
To evaluate the physical endurance and exercise capac-
ity of mice, each having undergone an 18-week treatment 
regimen, were subjected to a series of standardized phys-
ical performance tests. The protocols refer to the follow-
ing references and be modified according to the actual 
situation [71–73].

Treadmill fatigue test
The treadmill fatigue test was employed to quantify the 
endurance capacity of the mice. Before the commence-
ment of the test, the subjects underwent a three-day 
acclimatization period on an electrified treadmill, dur-
ing which they were required to run at a uniform velocity 
of 10 m per minute for a duration of 30 min. The actual 
fatigue test initiated at the same speed of 10 m/min, with 
the velocity incrementally increased by 1 m/min at each 
minute interval. The endpoint of exhaustion was defined 
as the inability of the mouse to continue running after 
a 5-second period of continuous electrical stimulation 
(1 Hz, 0.15 mA, 163 V) delivered to the treadmill grid.

Swimming test
The swimming capacity of the mice was assessed using 
acrylic resin cylinders with a diameter of 19  cm and 
a height of 50 cm, filled with tap water maintained at a 
temperature of 23–24  °C, with a water depth of 20  cm. 
Each mouse was subjected to a load equivalent to 10% of 
its body weight to simulate a natural swimming condi-
tion. The test measured the duration for which the mouse 
was able to keep its mouth and nose above water con-
tinuously, which is an indicator of the mouse’s swimming 
stamina and physical endurance. The swimming time 
was recorded from the moment the mouse was placed in 
the water until it failed to keep its head above water for a 
continuous period of 3 s, at which point the test was ter-
minated to prevent drowning.

Suspension test
In the suspension test, mice were inverted and suspended 
from a 20 cm × 20 cm metal mesh, with each small grid 
measuring 0.5  cm². The test recorded the duration for 
which the mice were able to maintain their grip before 
succumbing to gravity and dropping from the mesh. This 
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test provides a measure of the mice’s muscular strength 
and endurance under conditions of physical stress.

Magnetic resonance imaging (MRI)
Anesthesia was induced in the mice using isoflurane to 
ensure their comfort and immobility during imaging. The 
mice were positioned horizontally within the MRI scan-
ner to allow for a comprehensive body scan.

Anesthesia was induced in the mice using isoflurane to 
ensure their comfort and immobility during imaging. The 
mice were positioned horizontally within the MRI scan-
ner to allow for a comprehensive body scan. Anesthesia 
was induced in the mice using isoflurane to ensure their 
comfort and immobility during imaging. The mice were 
positioned horizontally within the MRI scanner to allow 
for a comprehensive body scan.

The MRI protocol involved the acquisition of 18 dis-
tinct slices covering the entire body. The body composi-
tion, including liver and body fat, was assessed using this 
high-field strength MRI. Lipid quantification was per-
formed by analyzing the signals from the liver fat or body 
fat, with representative images selected from the middle 
section that covered 8 slices [74]. The fourth slice from 
this middle section was specifically used for the analysis.

Hematoxylin and Eosin (H&E) staining
Fix muscle tissue with 4% paraformaldehyde for paraffin 
and frozen sections. After dewaxing, the paraffin sections 
were stained with hematoxylin and eosin and observed 
under a microscope.

Manually circle the cross-sectional shape of muscle 
fibers and use Image J software (NIH) to calculate the 
cross-sectional area measurement. Each muscle uses at 
least 500 fibers to calculate its cross-sectional area [79].

Fluorescence staining
The treated cells were discarded from the culture 
medium, washed with PBS for 2 times, added appropri-
ate amount of fixative, and fixed at room temperature 
for 30 min. Discarded the fixative, washed with PBS for 
2 times, added appropriate amount of 0.5% Triton X-100, 
and permeabilized at room temperature for 30  min. 
Washed with PBS for 2 times, and closed at room tem-
perature for 30  min with 5% BSA. Diluted the primary 
antibody according to the appropriate proportion, and 
left at 4℃ overnight. Washed with PBS for 2 times, and 
diluted the secondary antibody according to the appro-
priate proportion, and photographed after 1  h at room 
temperature. Dilute the secondary antibody according to 
the appropriate proportion, and take pictures after 1 h at 
room temperature [75]. The same experimental protocol 
was used for mice tissue section.

Succinate dehydrogenase (SDH) staining
The experimental protocol is based on the instructions of 
the reagent kit (Solarbio, G2000, China). Take fresh tissue 
that cannot be fixed, prepare frozen slices, add NBT incu-
bation solution dropwise to the slices, and place them 
in a 37 ℃ incubator for 5–30 min of constant tempera-
ture staining. Gently rinse with distilled water to remove 
excess dye. Observe and take photos under a microscope.

Myokines detection
Add 50ul of diluted standard and 50ul of test sample 
to each reaction well. Immediately add 50ul of biotin-
labeled antibody. Cover the plate and mix gently, incu-
bate at 37℃ for 1 h. Discard the liquid and wash 3 times 
with washing solution. Add 80ul of streptavidin-HRP to 
each well, mix gently, and incubate at 37℃ for 30  min. 
Discard the liquid and wash 3 times with washing solu-
tion. Add 50ul of the corresponding substrate to each 
well, mix gently, and incubate at 37℃ for 10 min, avoid-
ing light. Remove the microplate and quickly add 50ul of 
stop solution. After adding the stop solution, measure the 
results immediately [76]. Measure the OD value of each 
well at the specified wavelength.

Serum biochemical profiling
Following the experimental protocol, blood samples 
were collected from the subjects at the conclusion of the 
study [77]. The samples were centrifuged at 3000  rpm 
for 10 min at 4 °C to isolate the serum. The biochemical 
analysis was performed at the Biochemical Analysis Lab-
oratory within the School of Animal Science and Tech-
nology at Northwest A&F University, Yangling, Shaanxi, 
China. A range of biochemical parameters were mea-
sured, including glucose, lipids, liver function markers, 
and electrolytes, using validated analytical techniques 
and high-precision instruments to assess the metabolic 
status of the subjects.

Measurement of triglyceride (TG) levels in muscle tissue
To quantify triglyceride (TG) content within muscle tis-
sue, a TG assay kit from Solabio (Beijing, China) was 
employed. The absorbance was measured at 450  nm 
using an ELISA spectrophotometer (model 51119080, 
Thermo Fisher, Waltham, USA), which was calibrated 
prior to use to ensure accurate readings [78]. TG levels 
were determined by comparing the absorbance values to 
a standard curve generated from the kit’s TG standards.

Cell culture and transfection
C2C12 cells (ATCC) were cultured in high-glucose 
DMEM (Gibco) supplemented with 10% FBS and 1% 
penicillin/streptomycin at 37  °C and 5% CO2. Cells 
were seeded into 6, 12, and 24-well plates and trans-
fected with miR-130a mimics or inhibitors (Ribobio) at a 
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concentration of 50 nmol/L, using X-tremeGene siRNA 
transfection reagent (Roche) and Opti-MEM medium 
(Gibco). After 12 h, the medium was replaced with fresh 
culture medium.

To induce cell differentiation, DMEM containing 2% 
horse serum (Gibco) was used [79]. After 7 d of myotube 
formation, cells were incubated with DMEM contain-
ing 0.5% fatty acid-free BSA and 500 μm oleic acid ester 
(Aladdin) for 24 h before harvesting.

Total RNA extraction, RNA Reverse Transcription, and RT 
qPCR
Tissue or cell lysate was transferred to a 1.5mL RNase-
free EP tube, add an appropriate amount of TRIzol, and 
let it stand for 5 min. Add 200µL of chloroform to each 
tube, mixed thoroughly, and incubated on ice for 10 min 
and the samples were centrifuged at 4  °C for 15  min. 
After centrifugation, transferred the upper aqueous 
phase (approximately 500µL) to a new EP tube. The sam-
ple was incubated on ice and precipitated with alcohol for 
10 min. Centrifuge and remove the supernatant and wash 
the RNA pellet with 1mL of 75% ethanol. The superna-
tant was removed, and the RNA pellet was air-dried or 
vacuum-dried for 5–10 min and then resuspended with 
appropriate amount of water.

The extracted RNA was reverse transcribed using a 
two-step method. Quantitative RT-PCR was performed 
using qPCR SYBR Green Premix on a real-time PCR sys-
tem. The expression of the target gene was normalized to 
the average expression of the control group [80].

Luciferase reporter gene assay methodology
The plasmid pis-CHECK2, which includes the wild-
type and mutant 3’-untranslated regions (3’-UTRs) of 
the PPARG gene, was sourced from General Biosystems 
Co., Ltd. (Anhui, China). HEK293T and C2C12 cells 
were seeded in 48-well plates and co-transfected with 
the 3’-UTR constructs and miR-130a mimic using Lipo-
fectamine 2000. Luciferase activity was assessed in cell 
lysates utilizing the Dual Glo Luciferase Assay System 
from Promega (Madison, WI) [81].

Statistical analysis
Statistical analysis was performed using two-way 
ANOVA and multiple t-test in GraphPad Prism ver-
sion 8 statistical software (La Jolla). The data presented 
as ± SEM mean, with P < 0.05 is considered significant * 
P < 0.05, ** P < 0.01, *** P < 0.001.
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