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Cooked pork-derived exosome nanovesicles 
mediate metabolic disorder—microRNA could 
be the culprit
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Abstract 

In this study, exosomes from cooked meat were extracted by ultra-high-speed centrifugation. Approximately 80% of 
exosome vesicles were within 20–200 nm. In addition, the surface biomarkers of isolated exosomes were evaluated 
using flow cytometry. Further studies showed the exosomal microRNA profiles were different among cooked por-
cine muscle, fat and liver. Cooked pork-derived exosomes were chronically administered to ICR mice by drinking for 
80 days. The mice plasma levels of miR-1, miR-133a-3p, miR-206 and miR-99a were increased to varying degrees after 
drinking exosome enriched water. Furthermore, GTT and ITT results confirmed an abnormal glucose metabolism and 
insulin resistance in mice. Moreover, the lipid droplets were significantly increased in the mice liver. A transcriptome 
analysis performed with mice liver samples identified 446 differentially expressed genes (DEGs). Functional enrich-
ment analysis found that DEGs were enriched in metabolic pathways. Overall, the results suggest that microRNAs 
derived form cooked pork may function as a critical regulator of metabolic disorder in mice.
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Introduction
Extracellular vesicles (EVs) are lipid bilayer membrane 
vesicles produced by all types of cells in the organism 
[1]. Despite the continuous development of the field, EVs 
are currently divided into two categories: ectosomes and 

exosomes [2]. Exosomes are composed of 40–160  nm-
sized vesicles (~ 100  nm on average) [3]. This class is 
crucial for intercellular communication allowing the sub-
stances exchange between cells [4]. Moreover, exosome 
contents have been considered s potential biomarkers in 
several diseases, including cancers [5], Parkinson’s dis-
ease [6], and Alzheimer’s disease [7].

It has been described that exosomes are mainly com-
posed of lipids, proteins and nucleic acids (predomi-
nantly microRNA (miRNA)) [8]. Interestingly, exosomal 
miRNA has been widely studied. MicroRNA is a non-
coding small RNA presenting a highly conserved mecha-
nism of action. Recently, several studies have suggested 
that exosomal miRNAs in food can be absorbed through 
the intestine, playing an essential function in the organ-
ism. Xiao et  al. A previous report evealed the presence 
of exosomes in 11 edible fruits and vegetables and suc-
cessfully identified miRNA profiles in exosomes [9]. 
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Furthermore, exosomal miRNA could be a key factor in 
functional food. For example, one study demonstrated 
that ginger-derived exosomes could promote mucosal 
tissue healing in mice with colitis [10]. In addition, some 
reports showed that exosome vesicles containing miRNA 
could be found in milk. Gu et  al. reported that the 
exosomes in pig colostrum contain rich immune related 
miRNAs [11].

Over the years, pork has been an essential human 
food source being the most consumed meat worldwide. 
Usually, the population consumes more cooked meat 
than raw meat.. Moreover, a previous study established 
that exosomes and microRNAs are stable at high tem-
peratures [12]. Therefore, this study aimed to identify 
exosomes in the cooked porcine muscle, fat and liver 
samples and investigate the microRNA profiles in cooked 
meat. Furthermore, this study also aimed to determine 
the effect of feeding exosomes obtained from cooked 
pork on the growth of mice.

Materials and methods
Exosomes isolation
In this study, exosomes were isolated from cooked por-
cine muscle, fat and liver samples using a previous 
methodology [13] with some modifications. Briefly, 
approximately 250  g of meat was minced in a meat 
grinder, 250 g of water was added, and boiled for 1 h until 
the meat was fully cooked. Then, the broth was filtered 
through filter paper and cooled to room temperature. 
The filtrate was centrifuged at 2,000×g for 30 min in an 
ultracentrifuge (Optima Max-XP, Beckmann Coulter, 
USA). Then the supernatant was collected, centrifuged 
for 45  min at 12,000×g and filtered through a 0.22  μm 
filter (Millipore Millex-GP, SLGPR33RB). Next, the fil-
trate was centrifuged at 160,000×g for 2 h, the precipitate 
was collected and washed with phosphate-buffered saline 
(PBS), and centrifuged at 160,000×g for 1 h. Finally, the 
precipitate was re-suspended in PBS to obtain exosome 
suspensions.

Characterization of cooked meat‑derived exosomes
Exosomal morphology was studied using a transmission 
electron microscope (TEM, HT7800, Hitachi, Japan). 
Samples were prepared as described previously [14]. 
Additionally, atomic force microscopy image capture was 
performed according to a previous methodology [9]. The 
particle size of exosomes was determined by dynamic 
light scattering analysis (DLS) using Zetasizer Nano ZS 
(Malvern Instruments, Worchestershire, UK). The exo-
some characteristic protein markers CD63 (#557288, BD 
Pharmingen™, USA) and CD81 (#551108, BD Pharmin-
gen™, USA) were detected using a flow cytometer (BD 
Accuri C6 Flow Cytomenter). For this assay, exosomes 

were preincubated with Fc-block (BD Biosciences, CA, 
USA) before staining to block nonspecific Fc-receptor–
mediated binding.

Mice and feeding
All mice and diets were purchased from Dashuo Com-
pany (Chengdu, China). The ICR female mice (∼14  g, 
4  weeks old) were randomized into two groups. One 
group was supplemented with porcine muscle-derived 
exosomes dissolved in PBS for 80 days (EXD, n = 6). Mice 
was fed daily with a quantity of exosomes equivalent to 
the quantity contained in 5  g of pork. In addition, the 
second group received PBS and was used as a control 
(CON, n = 6). In this study, the normal drinking water of 
mice was replaced with PBS or PBS containing exosomes 
between 9 and 10 a.m. every day.

Tissue section staining, glucose tolerance test (GTT), 
and insulin tolerance test (ITT) determination
The hematoxylin and eosin (HE) and Oil Red O stainings 
were performed according to ourpreviously published 
methods [15]. Furthermore, GTT and ITT also were per-
formed according to previous methodology [15].

RNA extraction, library construction, sequencing 
and RT‑qPCR
RNA was isolated using Trizol LS (Ambion, Carlsbad, 
CA, USA) according to the manufacturer’s instructions. 
The library construction and sequencing of exosomal 
miRNA and liver mRNA was performed by Lianchuan 
BioTech Co., Ltd (Lianchuan Bio, Hangzhou, China). 
A previous methodology was adopted to perform the 
RNA-seq analyses [16, 17]. Differentially expressed 
genes (DEGs) were identified using the edgeR software 
(|logFC|> 1, p value < 0.05).

Reverse transcription-quantitative PCR (RT-qPCR) 
was performed using Mir-X™ miRNA First Strand syn-
thesis kit (Takara, Dalian, China) and TB Green Premix 
Ex Taq II kit (Takara, Dalian, China) on a CFX96 system 
(Bio-Rad, CA, USA). After PCR, absolute quantification 
was performed by a standard curve method.

Everted intestinal sac assay
The everted intestinal sac as an in vitro model was pre-
pared following Liu et al. [18]. Female SD rats were fasted 
overnight and anesthetized to excise jejunum. Each intes-
tinal segment was cut to 4 cm long segments and rinsed 
with cold saline and immediately placed in 37 °C Tyrode’s 
buffer oxygenated with 95%  O2 and 5%  CO2. The intesti-
nal sacs were ligated at one end and gently everted with 
a glass rod. Exosomes extracted from 250  g meat were 
added to 20  mL Tyrode’s buffer. The control group was 
conducted without exosomes. The intestinal sac model 



Page 3 of 11Shen et al. Journal of Nanobiotechnology           (2023) 21:83  

was incubated in a thermostatic shaker at 37  °C with 
50 rpm for 2 h.

miRNA target gene prediction and functional enrichment 
analysis
The target gene of exosomal miRNAs were analyzed 
and predicted by online platform OmicStudio (https:// 
www. omics tudio. cn/ analy sis) by using Sus scrofa and 
Mus musculus as species background, respectively. 
Gene Ontology (GO) and Kyoto Gene and Encyclope-
dia of Genomes (KEGG) enrichment analysis were per-
formed using DAVID knowledgebase (v2022q3, https:// 
david. ncifc rf. gov). Protein–protein interaction (PPI) net-
works were constructed using the STRING database for 
Cytoscape software 3.9.1.

Statistical analysis
Data were visualized using GraphPad Prism 8.0 software. 
The results were represented as mean ± SEM. Compari-
sons between two groups were performed using a two-
tailed Student’s t-test. p < 0.05 was considered statistical 
significance (*p < 0.05, **p < 0.01).

Results
Identification of exosomes isolated from cooked meat
In this study, exosomes were isolated from cooked meat 
(CM-Exo), including porcine muscle (PME), fat (PFE) 
and liver (PLE) (Fig. 1a). The purified samples were fur-
ther characterized by TEM and atomic force micros-
copy (AFM). The vesicles with exosome-like features 
were confirmed in cooked meat (Fig.  2b, c). Moreover, 
the average particles size of those exosome-like vesicles 
showed 70.29  nm, and approximately 80% were within 
20–200  nm (Fig.  2d). Furthermore, flow cytometry 
results demonstrated that the positive rates of exosome-
specific markers CD63 and CD81 were 84.5% (Fig. 1e, f ) 
and 95.9% (Fig. 1g, h), respectively.

microRNA profiles of CM‑Exo
The miRNA expression profile in PME, PLE and PFE 
samples was investigated by high throughput sequenc-
ing. The results revealed that miR-1, miR-133a-3p and 
miR-206 contribute to more than 80% of the total miRNA 
in the PME sample (Fig.  2a). The relative abundance 
of miR-122 (37.8%) was highest in the PLE sample, fol-
lowed by miR-451 (8.9%), miR-99a (5.3%) and others 
miRNAs (Fig.  2b). On the other hand, in the PFE sam-
ple, miR-125b, miR-26a, miR-143-3p, miR-27a and miR-
99a were the most abundant (Fig.  2c). Furthermore, 
a KEGG pathway enrichment analysis revealed that 
miRNAs obtained from the PME sample were mainly 
involved in the MAPK signaling pathway, insulin resist-
ance and autophagy (Fig. 2d). Additionally, the top three 

significantly enriched pathways for the miRNAs derived 
from PLEwere insulin resistance, TNF and MAPK sign-
aling pathway (Fig.  2e). Moreover, the T cell receptor 
signaling pathway, autophagy and TNF signaling pathway 
were the most significantly represented factors in miR-
NAs obtained from PFE (Fig. 2f ).

Effect of supplementary feeding cooked pork‑derived 
exosomes on growth of mice
To evaluate the effects of cooked pork-derived exomes on 
the growth of mice, exosomes (equivalent to the quan-
tity contained in 5 g of pork) were added to the drinking 
water daily for up to 80 days (Fig. 3a). After the exosomes 
intake, we assessed several miRNAs levels in mice plasma 
with a higher relative abundance in exosomes (Fig. 3c–f). 
The results showed that the miR-1, miR-133a-3p, miR-
206 and miR-99a levels increased within 0–8  h in mice 
after exosome ingestion. In addition, the everted intes-
tinal sac assay was performed (Fig.  3b). A significant 
increase in the four miRNAs level in everted intestinal 
sac was observed after adding exosomes to the buffer 
(Fig. 3g).

This study also evaluated the body weight of mice after 
ingestion of exosomes. The results demonstrated a signif-
icant increase in the exosome-supplemented mice group 
compared to the CON group after 10  days of ingestion 
(Fig.  3h). Following intraperitoneal glucose injection, 
the EXD group exhibited significantly higher blood glu-
cose levels at 15–120 min compared to the CON group 
(Fig.  3j). Additionally, the ITT results showed impaired 
blood glucose consumption and reduced insulin sensitiv-
ity in the EXD group (Fig. 3k). In addition, the histomor-
phological analysis performed in the liver showed small 
vacuoles in the EXD group (Fig. 3i). On the other hand, 
the liver of the EXD group contained more abundant 
lipid droplets compared to the CON group (Fig. 3l).

Cooked pork‑derived exosome cause transcriptome 
changes in mice liver
Furthermore, the liver transcriptomic changes were 
evaluated after the ingestion of exosomes. Overall, 466 
DEGs with 292 genes upregulated and 174 genes down-
regulated were identified in the EXD group (Fig.  4a). 
Heatmap presenting DGEs in EXD and CON groups are 
shown in Fig.  4b. The GO enrichment analysis revealed 
that DEGs were mainly enriched in the steroid metabolic 
process, sterol and steroid biosynthetic process, choles-
terol and lipid metabolic process (Fig. 4c). Furthermore, 
the KEGG enrichment analysis showed the DEGs were 
mainly enriched in metabolism pathways, MAPK signal-
ing pathway, lipid and atherosclerosis (Fig. 4d).

https://www.omicstudio.cn/analysis
https://www.omicstudio.cn/analysis
https://david.ncifcrf.gov
https://david.ncifcrf.gov
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Potential regulatory networks involved in lipid metabolic 
process
In this study, a PPI network including the top 100 hub 
genes was constructed (Fig.  5), and the results showed 
that Itgax, Tlr4, Itgb2, Csf1r and Tyrobp were the top hub 
genes. Taking into consideration the altered lipid metab-
olism (Fig.  3), a potential miRNA–mRNA–lipid metab-
olism pathways regulatory network was constructed 
(Fig.  6), and a significant interconnection between 

exosomal miRNA and liver lipid metabolism pathways 
was detected.

Discussion
Current studies have shown that exosomes are widely 
found in foodstuffs, including vegetables, fruits [9], 
and milk [19]. However, the presence and function of 
exosomes in meat products remain unclear. Several 
reports revealed that exosomes are present in the muscle 

Fig. 1 Identification of exosomes isolated from cooked meat. a Flow chart of exosomes isolation from cooked porcine muscle, fat and liver, 
respectively. b Representative electron microscope image of CM-Exo. c Representative atomic force microscope image of CM-Exo. d The size 
distribution of isolated exosomes by Zetasizer Nano ZS. e–h Flow-cytometric analysis of exosome markers CD63 and CD81. Negative controls (NC) 
were exosome samples to which no antibody was added
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and fat of animals [20]. The biogenesis process of exo-
some involves the plasma membrane invagination and 
the formation of intracellular multivesicular bodies [3]. 
Therefore, this indicates that exosome-like vesicles are 
widespread in cells before the exosomes secretion. In this 
study, cooked meat-derived exosomes were obtained and 
identified.. CM-exo was evaluated using TEM and AFM 
imaging (Fig. 2b, c). The results revealed that the average 
diameter of the CM-exo was 70.29 nm. Similarly to our 
results, a previous study also reported that the average 
size of exosomes extracted from milk was 75.7 nm [21]. 
However, plant-derived exosome nanoparticles have a 
diameter of approximately 50–500  nm [22], indicating 

that exosomes obtained form animals or plants could be 
distinct. Moreover, relative high positivity rates for CD63 
and CD81 were detected. Therefore, these results sug-
gest that exosomes are present and can be isolated from 
cooked meat.

The exosome mainly contain lipids, proteins and 
nucleic acids, predominantly microRNA (miRNA) [8]. 
Recently, some studies indicated that exosomal miRNA 
in food could be absorbed via the gut having crucial 
biological functions in the organism. Therefore, we 
evaluated the miRNA expression profile in CM-exo 
through miRNA sequencing. We observed great differ-
ences in exosomal miRNA cargo in muscle, fat and liver 

Fig. 2 Percentage of the miRNAs in exosomes isolated from PE (a), PL (b) and PF (c). KEGG pathway enrichment analysis of the potential target 
genes of top ten miRNAs in PME (d), PLE (e) and PFE (f), respectively

Fig. 3 Mice were given drinking water supplemented with PME. a A schematic showing the experimental procedure. b Everted intestinal sac assay 
schematic. c–f Fold change in plasma miRNA relative to initial levels. g Fold change of miRNA in everted intestinal sac (EX) relative to control group 
(CON). h Body weights of mice (n = 6). D: day. W: week. i HE and Oil Red O staining of the liver. j Glucose tolerance test (GTT). k Insulin tolerance 
test (ITT). l Quantification of the Oil Red O staining images. EXD: mice supplemented exosomes in drinking water. CON: mice supplemented PBS in 
drinking water. Results are presented as mean ± SE (n = 3 except as indicated otherwise, *p < 0.05, **p < 0.01)

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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samples. For example, in the PME samples, miR-1 and 
miR-133a-3p were predominant, while miR-122 and 
miR-451 were present in higher abundance for the PLE 
sample. Subsequently, we perform miRNA functional 

enrichment analysis for the top 10 miRNAs. Interest-
ingly, PME and PLE miRNAs were found to be sig-
nificantly enriched with insulin resistance. Meanwhile, 
metabolic pathways had the highest number of enriched 

Fig. 4 The overview of the transcriptomic changes of mouse liver. a Volcano plot of differential gene expression. b EXD group and CON group 
difference gene clustering analysis heatmap. c GO enrichment analysis of DEGs. d KEGG enrichment analysis of DEGs
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target genes. Previous reports indicated that exosomes 
modulate several biological processes, including chronic 
inflammation, insulin resistance and metabolic disor-
ders [23]. Therefore, we further investigated the effect of 
cooked meat-derived exosomes on metabolism of mice.

Some highly-expressed exosomal miRNAs were altered 
in plasma after oral administration of drinking water 
containing exosomes. The levels of miR-1, miR-133a-3p, 
miR-206 and miR-99a were increased to varying degrees 

in mice plasma. As observed in the present study, milk-
derived exosomal miRNA could be absorbed by the 
organism [24]. In our study, everted intestinal sac assay 
also confirmed this. Interestingly, the mice group supple-
mented with PME exhibited significantly faster growth 
compared to the control group. Additionally, abnormal 
glucose metabolism and insulin resistance were detected 
in the EXD group. Moreover, the liver samples analysis 
revealed that lipid droplets were significantly increased 

Fig. 5 Top 100 hub genes identified from the PPI network. Each node represents a hub gene. Red ovals represent upregulated genes, blue triangle 
represented downregulated genes. The color depth represents the fold-change of hub genes
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in the ECD group. The liver is a major metabolic organ 
crucial during lipids and glucose metabolism [25]. The 
transcriptomic results obtained in this study can com-
firm this information. DEGs in the liver were predomi-
nantly enriched in metabolic pathways. Furthermore, 
the PPI network analysis suggested that DEGs could be 
divided into three clusters. We observed numerous genes 
linked to lipid metabolism were centrally located, such as 
Insig1 [26], Tlr4 [27], Scd1 [28]. The relative abundance of 
miR-1 in PME was the highest. It has been described that 
miR-1 can induce lipogenesis in hepatocytes [29]. On the 
other hand, miR-143-3p exhibited the maximum num-
ber of target genes in network (Fig. 6). Previous studies 

showed that miR-143-3p could be an essential regulator 
of insulin resistance and lipid deposition in mice liver 
metabolic syndrome [30]. Therefore, the miRNA–
mRNA–pathway regulatory network indicated that the 
PME miRNA could be a critical regulator involved in the 
metabolic disorder of mice.

Conclusion
Overall, this study demonstrated that exosomes could 
be detected in cooked meat products, including porcine 
muscle, fat and liver, and differences in exosomal miRNA 
were detected between these tissues. Moreover, the mice 
supplemented with long-term cooked-pork-derived 

Fig. 6 miRNA–mRNA–lipid metabolism pathways regulatroy network. The red node represents miRNA. Blue nodes represent target genes. Green 
node represents lipid metabolism pathway
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exosomes exhibited insulin resistance and lipid meta-
bolic disorder in the liver. Additional research is needed, 
and ongoing, to determine which active ingredients of 
exsomes play a role in dysmetabolism. This work sug-
gested that exosomes derived from meat products could 
not be ignored, where miRNA may not be beneficial for 
our health.
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