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Abstract
Background Obesity affects the cargo packaging of the adipocyte-derived exosomes. Furthermore, adipocytes in different 
adipose tissues have different genetic makeup, the cargo contents of the exosomes derived from different adipose tissues 
under obesity conditions should be different, and hence their impacts on the pathophysiological conditions.
Methods and results iTRAQ-based quantitative proteomics show that obesity has more prominent effects on the protein pro-
files of the exosomes derived from subcutaneous adipose tissue (SAT-Exos) in the high fat diet-induced obesity (DIO) mice 
than those derived from epididymal adipose tissue (EAT-Exos) and visceral adipose tissue (VAT-Exos). The differentially 
expressed proteins (DEPs) in SAT-Exos and VAT-Exos are mainly involved in metabolism. Subsequent untargeted metabo-
lomic and lipidomics analyses reveal that injection of these SAT-Exos into the B6/J-Rab27a-Cas9-KO mice significantly 
affects the mouse metabolism such as fatty acid metabolism. Some of the DEPs in SAT-Exos are correlated with fatty acid 
metabolism including ADP-ribosylation factor and mitogen-activated protein kinase kinase kinase-3. Pathway analysis also 
shows that SAT-Exos affect adipocyte lipolysis and glycerophospholipid metabolism, which is in parallel with the enhanced 
plasma levels of fatty acids, diglycerides, monoglycerides and the changes in glycerophospholipid levels in DIO mice.
Conclusion Our data provide scientific evidence to suggest SAT-Exos contribute to the changes in plasma lipid profiles 
under obesity conditions.

Keywords Exosome · Obesity · Metabolism

Abbreviations
ARF-1  ADP-ribosylation factor 1
BPC  Base peak chromatograms

Cellular and Molecular Life Sciences

Minting Chen, Fan Zhang and Baisen Chen contribute equally to the 
manuscript.

 * Tao Su 
 sutao@gzucm.edu.cn

 * Hiu Yee Kwan 
 hykwan@hkbu.edu.hk

 Minting Chen 
 chenmt3334@163.com

 Fan Zhang 
 serzhang@163.com

 Baisen Chen 
 parsonch@icloud.com

 Condon Lau 
 condon.lau@cityu.edu.hk

 Keyang Xu 
 21482055@life.hkbu.edu.hk

 Tiejun Tong 
 tongt@hkbu.edu.hk

 Chuying Huo 
 20481969@life.hkbu.edu.hk

 Quanbin Han 
 simonhan@hkbu.edu.hk

1 Centre for Cancer and Inflammation Research, School 
of Chinese Medicine, Hong Kong Baptist University, 
Hong Kong, China

2 International Institute for Translational Chinese Medicine, 
School of Pharmaceutical Science, Guangzhou University 
of Chinese Medicine, Guangzhou 510006, China

3 Department of Physics, City University of Hong Kong, 
Hong Kong, China

4 Department of Mathematics, Hong Kong Baptist University, 
Hong Kong, China

5 Institute for Research and Continuing Education, Hong Kong 
Baptist University, Shenzhen, China

http://orcid.org/0000-0002-6088-7323
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-022-04597-4&domain=pdf


 M. Chen et al.

1 3

  570  Page 2 of 17

CV  Coefficient of variation
DEPs  Differentially expressed proteins
DG  Diglyceride
DLS  Dynamic light scattering
dMePH  Dimethylphosphatidylethanolamine
EAT-Exos  Exosomes derived from epididymal adipose 

tissues
ERK  Extracellular signal-regulated kinases
FA  Fatty acid
FABP4  Fatty acid binding protein 4
FDR  False discovery rate
GO  Gene ontology
IL6  Interleukin 6
JNK1/2/3  C-JUN N-terminal kinase 1, 2 and 3
KOG  Eukaryotic orthologous groups
LdMePE  Lysodimethylphosphatidylethanolamine
LPC  Lyso-phosphatidylcholine
LPE  Lyso-phosphatidylethanolamine
LPG  Lyso-phosphatidylglycerol
MAP3K  Mitogen-activated protein kinase kinase 

kinase-3
MCP-1  Monocyte chemoattractant protein-1
MGDG  Monoglyceride and diglyceride
MIF  Macrophage migration inhibitory factor
PC  Phosphatidylcholine
PCA  Principal component analysis
PE  Phosphatidylethanolamine
PG  Phosphatidylglycerol
PI  Phosphatidylglycerol
PLS-DA  Partial least squares method-discriminant 

analysis
PPI  Protein–protein interaction
PS  Phosphatidylserine
PSMs  Peptidespectrum matches
SAT-Exos  Exosomes derived from subcutaneous adi-

pose tissues
TEM  Transmission electron microscopy
TG  Triglyceride
VAT-Exos  Exosomes derived from visceral adipose 

tissues
VIP  Variable importance in projection

Introduction

Exosomes are nanometer-size, membrane-bound extracellu-
lar vesicles that mediate cell-to-cell communications locally 
and systemically by delivering different functional cargos 
such as proteins, lipids, long noncoding RNAs and microR-
NAs to the recipient cells and affect the cellular biological 
process [1, 2].

The contents of the exosomes that are derived from pre-
adipocytes and mature adipocytes are different. Studies show 

that exosomes derived from preadipocyte have higher level 
of signaling fatty acids and adipogenesis markers when 
compared to those derived from mature adipocytes [3]. 
Besides, the cargo contents of the exosomes derived from 
mature adipocytes are also different between non-obese and 
obese subjects. Under obesity conditions, adipocytes have 
hypertrophic and hyperplastic growth that led to adipocyte 
dysfunction that dysregulates the assembly and sorting of 
the biological contents in the exosomes [4–7]. Hence, these 
exosomal contents may underlie the pathophysiological 
changes of the recipient targets under obesity conditions. 
Many studies have demonstrated that under obesity condi-
tions, the exosomes derived from mature adipocytes have 
crucial roles in mediating obesity associated comorbidities 
such as type 2 diabetes, vascular diseases, liver steatosis, 
inflammation and cancers [8–12]. For example, in the ob/
ob mice, the adipocyte-derived exosomes induce insulin 
resistance and increase pro-inflammatory cytokine secre-
tion [6]. Besides, exosomes secreted from the adipocytes 
also increase the hypertrophic growth of the adipocytes in 
an autocrine manner by enhancing lipogenesis [13].

The formation of exosomes involves ESCRT-dependent 
and ESCRT-independent mechanisms [14]. Besides, tet-
raspanins and CD81 are involved in sorting target proteins 
into the exosomes [15, 16]. However, it is not clear whether 
the same mechanism is used to selectively load the exoso-
mal cargo in different cell types. Nevertheless, it is gener-
ally believed that exosomal content resembles that of the 
donor cells. Indeed, exosomes have been suggested to be 
cancer biomarkers because the exosomal contents represent 
the tumor state [17]. The signature of the tumor-derived 
exosomes (TEXscore) has also been established to predict 
the overall survival of 12 cancer types [18]. We expect the 
exosomal content of the adipocyte-derived exosomes should 
have a high resemblance to the adipocyte. However, adipo-
cytes in different adipose depots have different genetic back-
grounds [19–21]. That is, the genes are of fat depot-specific 
expression patterns [21] and are differentially expressed in 
different adipocytes such as subcutaneous and visceral adi-
pocytes. A study shows that the adipocytes in the visceral 
adipose tissues (VAT), subcutaneous adipose tissues (SAT) 
and epididymal adipose tissues (EAT) share only 1907 genes 
in common, with the genetic profile in SAT is distinct from 
those in VAT and EAT [20]. Many of these differentially 
expressed genes are correlated with various obesity-related 
traits [21]. Since the genetic makeup of the adipocytes in 
different adipose tissues are different, the exosomal con-
tents in the exosomes that are derived from these adipose 
tissues and, hence, their biological and pathological impacts 
should also be different. Nevertheless, less studies have dif-
ferentiated the biological and pathological effects of these 
exosomes under obesity conditions.
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Exosomes carry a broad array of transmembrane proteins 
and soluble proteins [1]. The exosomal proteins constitute 
an essential part of the human adipose tissue secretome [7, 
22]. A proteome analysis has identified 897 adipokines in the 
adipocyte-derived exosomes, which have strong association to 
human metabolic diseases [22]. Besides, many of these exo-
somal proteins are implicated in various signaling pathways, 
integrin signaling and membrane mediated processes [22]. 
Indeed, the majority of the proteins implicated in metabolism 
can be found in the adipocyte-derived exosomes [23].

In this study, we aimed to compare the impacts of obe-
sity on the protein profiles of the exosomes that are derived 
from different adipose tissues. Then, we separately injected 
these exosomes into constitutive Rab27a knockout mice 
(B6/J-Rab27a-Cas9-KO) and compared the metabolic pro-
files of these mice with high fat diet-induced obesity mouse 
models. The data would suggest the differential contribu-
tions of these exosomes to the metabolic profiles and the 
pathophysiology of obesity. Besides, correlations of the dif-
ferential exosomal proteins to the metabolic changes under 
obesity conditions would suggest potential novel targets for 
exosome-based therapy for obesity.

Methods and materials

Establishing diet‑induced obesity (DIO) mouse 
models

Male C57BL/6 mice (4–5 weeks old) were purchased from 
the Laboratory Animal Services Centre, Chinese University 
of Hong Kong. Mice were housed in ventilated cages in the 
animal room at the Hong Kong Baptist University, with a 
12 h light–dark cycle. The animal studies were approved 
by the Research Ethics Committee at the Hong Kong Bap-
tist University and the Department of Health in the Hong 
Kong Special Administration Region. All the animal experi-
ments were conducted according to the ethical standards and 
national guidelines. The mice were randomly selected to 
have either control diet (D12450J Research Diets), or high 
fat diet (D12762 Research Diets) for 8 weeks to induce obe-
sity. Both diet and water were supplied ad libitum. Body 
weight of the mouse was recorded every week.

Hematoxylin and Eosin (H&E) staining 
of the adipose tissues

Adipose tissues were cut into pieces and then fixed and 
embedded in paraffin. The embedded tissues were sectioned 
into 5 μm thick sections using microtome. Before preform-
ing H&E staining (ThermoFisher Scientific), de-paraffiniza-
tion and re-hydration of the sections were done. The stained 
sections were imaged using bright-field microscopy [24].

Extraction of adipose tissue derived exosomes 
from DIO mouse models

After dietary intervention, DIO mice were scarified, and 
adipose tissues were dissected. Visceral adipose tissues 
(VAT) were the perirenal fat dissected from the fat pad sur-
rounding the kidneys. Subcutaneous adipose tissues (SAT) 
were the bilateral superficial subcutaneous white adipose 
deposits between the skin and muscle fascia just anterior 
to the lower segment of the hind limbs. Epididymal adi-
pose tissues (EAT) were dissected from the fat pad over 
the epididymis. These adipose tissues were separately cul-
tured. The culture medium was Dulbecco's modified Eagles 
medium (ThermoFisher Scientific) supplemented with 
50 μg/ml gentamicin and 10% FBS with exosome-depleted 
fetal bovine serum (ThermoFisher Scientific). The culture 
was kept in a 37 °C incubator in an atmosphere of 5%  CO2 
and 95% air [6]. The adipose tissue derived exosomes were 
then purified form the conditioned medium with differential 
ultracentrifugation method [6, 25] in which the conditioned 
medium was first centrifuged at 300g for 10 min; then, the 
supernatant was centrifuged at 2,000 g for 10 min, followed 
by another centrifugation at 10,000g for 30 min. The clear 
supernatant was then centrifugated at 100,000g for 70 min. 
The exosomes were washed by PBS before another cen-
trifugation at 100,000g for 70 min. Transmission electron 
microscopy (TEM), dynamic light scattering (DLS) and 
expressions of exosomal markers were done to confirm the 
authenticity of the purified exosomes.

Transmission electron microscopy (TEM)

The exosomes were prepared for the TEM [26]. Briefly, 
exosomes in the conditioned medium were isolated as 
described above and were mixed with 2.5% glutaralde-
hyde (Sigma-Aldrich) in 0.1 M sodium cacodylate solution 
(pH 7.0) (Sigma-Aldrich) for 1 h at 4 °C. Sodium caco-
dylate (0.1 M) was prepared and was adjusted to pH 7.4. 
The exosomes were rinsed with the sodium cacodylate 
(Sigma-Aldrich) and was post-fixed with osmium tetrox-
ide (1%) (Sigma-Aldrich) for 1 h at 4 °C before incubating 
with graded acetone on shaker. Then, the exosomes were 
subsequently incubated with solutions of different ratios of 
acetone and low viscosity embedding mixture. Exosomes 
were then double stained with uranyl acetate (2%) (Sigma-
Aldrich) and lead citrate (2.5%) (Sigma-Aldrich) before 
being observed under TEM (Philips CM100 Transmission 
Electron Microscope).
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Dynamic light scattering (DLS)

The extracted exosomes were diluted to 0.1 μg/μl using Dul-
becco's phosphate-buffered saline and then transferred into 
a cuvette. The measurement was started after the laser and 
temperature equilibrium of the Photon Correlation Spectros-
copy (PHOTOCOR) was stabilized. Temperature control, 
refractive index, scattering angle and laser wavelength were 
standardized. Exosomes were identified by their diameters.

Western blot analysis

Proteins were extracted in lysis buffer containing 150 mM 
sodium chloride, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 0.1% SDS, 50 mM Tris (pH 8.0), protease and 
phosphatase inhibitors (Bio-Rad), incubated on ice for 
30 min before centrifugation. Quantification of protein 
was performed using the Pierce™ BCA Protocol Assay 
kit (ThermoFisher Scientific). Equal amount of the protein 
samples (10 µg) was denatured before being separated on 
10% sodium dodecyl sulfate–polyacrylamide (SDS-PAGE) 
gel and transferred onto polyvinylidene difluoride (PVDF) 
membranes. The transferred proteins were incubated over-
night at 4 °C with the respective primary antibody (Cell 
Signaling and Santa Cruz). Immunodetection was accom-
plished using horseradish peroxidase-conjugated secondary 
antibody (Bio-Rad), followed by enhanced chemilumines-
cence (ECL) detection system (Amersham).

iTRAQ‑based quantitative proteomics

Proteins were extracted from the exosomes, and proteoly-
sis and peptide labeling were then performed. The protein 
samples were dissolved in 0.5 M TEAB and added to the 
corresponding iTRAQ labeling reagent. For each sample, 
100 µg of protein was taken for the iTRAQ peptide labeling, 
and 20 µg of the labeled peptides will be sent for fractiona-
tion for the proteomics analysis. Different sample peptides 
had different iTRAQ labeling. For peptide fractionation, Shi-
madzu LC-20AB liquid-phase system was used [27]. A 5 µm 
4.6 × 250 mm Gemini C18 column for liquid-phase sepa-
ration of the samples was used. The samples were recon-
stituted with mobile phase A (5% ACN pH 9.8), eluted at 
1 mL/min flow rate with mobile phase B (95% ACN, pH 
9.8). The peptides separated by liquid-phase chromatogra-
phy were passed to a tandem mass spectrometer Q Exactive 
HF-X MS (ThermoFisher Scientific) for data dependent 
acquisition (DDA) mode detection. The protein databases 
NCBInr compiled by the National Center for Biotechnol-
ogy Information (NCBI) were used for Blast searches. 
Protein quantification was done with software IQuant inte-
grated with Mascot Percolator to quantitatively analyze the 
labeled peptides with isobaric tags and provide significance 

measures. The peptidespectrum matches (PSMs) were pre-
filtered at PSM-level false discovery rate (FDR) of 1%. The 
pathway enrichment analysis was performed with differen-
tially expressed proteins with p value less than 0.05.

LC–MS/MS‑based untargeted metabolomics

Mouse serum metabolites were extracted by methanol and 
acetonitrile (2:1, v/v), and internal standards were used. The 
metabolites were resuspended in 50% methanol. After cen-
trifugation, supernatants were subjected to LC–MS analysis 
with Waters 2D UPLC coupled to Q-Exactive mass spec-
trometer with a heated electrospray ionization source and 
controlled by the Xcalibur 2.3 software program (Ther-
moFisher Scientific). Chromatographic separation was per-
formed on a Waters ACQUITY UPLC BEH C18 column. In 
the positive mode, mobile phase A was 0.1% formic acid and 
mobile phase B was acetonitrile. In negative mode, mobile 
phase A was 10 mM ammonium formate and mobile phase 
B was acetonitrile. The data quality was evaluated by the 
repeatability of QC sample detection. The data were pro-
cessed by Compound Discoverer 3.1 (ThermoFisher Sci-
entific) and R package metaX software. Compounds with 
coefficient of variation (CV) of the relative peak area greater 
than 30% were deleted. For univariate analysis, data were 
subjected for fold change analysis and T test and p value 
was corrected for the FDR to obtain q value. Probabilistic 
quotient normalization (PQN) was used for sample normali-
zation. Local polynomial regression fitting signal correction 
(QC-RLSC) was used as an effective method for data cor-
rection in metabolomics area data analysis.

LC–MS/MS‑based untargeted lipidomics

The nontargeted LC–MS/MS lipidomics analysis was per-
formed using high-resolution mass spectrometer Q Exactive 
(ThermoFisher Scientific) for data acquisition in both posi-
tive ion and negative ion mode. SPLASH Internal standards 
(SPLASHTM Lipidomix Mass Spec Standard, Avanti Polar 
Lipids) were used. To each sample, isopropanol and internal 
standard were added and subjected to centrifugation. Equal 
volume of each sample was mixed into a QC sample for the 
evaluation of the repeatability and stability of the LC–MS 
analysis. CSH C18 column (1.7 μm 2.1 × 100 mm, Waters) 
was used. The mobile phase consisted of solvent A (60% 
acetonitrile aqueous solution, 0.1% formic acid, 10 mM 
ammonium formate) and solvent B (10% acetonitrile aque-
ous solution, 90% Isopropanol, 0.1% formic acid, 10 mM 
ammonium formate) under positive ion mode, and solvent A 
(60% acetonitrile aqueous solution, 10 mM ammonium for-
mate) and solvent B (10% acetonitrile aqueous solution, 90% 
Isopropanol, 10 mM ammonium formate) under negative ion 
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mode. Q Exactive mass spectrometer (ThermoFisher Scien-
tific) was used to obtain MS1 and MS2 data. The MS scan 
method was in the range of m/z 200–2000. The parameters of 
ESI were sheath gas of 40 L/min, aux gas of 10 L/min, spray 
voltage 3.80 in positive ion mode and 3.20 in negative ion 
mode, capillary temperature of 320 °C and aux gas heater 
temperature of 350 °C. Lipid identification was performed 
by Software Thermo Scientific LipidSearch v4.1, and data 
were transferred to metaX for data preprocessing and sub-
sequent analysis.

Principal component analysis (PCA), partial least squares 
method-discriminant analysis (PLS-DA), and variable 
importance in projection (VIP) values were employed in the 
data analysis. For the univariate analysis, fold change analy-
sis, T test and false discovery rate (FDR) correction were 
performed to obtain the fold change, p value and q value, 
respectively. The results were screened for differential lipid 
molecules with criteria set at VIP of the first two principal 
components of the PLS-DA model equaled or above 1, fold 
change equaled or above 1.2 or less than 0.83 and the p value 
less than 0.05.

Joint‑pathway analysis for proteomics 
and metabolic data

To examine the correlation between the differentially 
expressed proteins (DEPs) and the alternations in metabo-
lites, we performed joint pathway analysis using Metabo-
Analyst 3.0, which enabled the visualization of significant 
genes and metabolites that were enriched in a particular 
pathway. Functional annotation databases were utilized 
based on the gene ontology (GO) networks.

Establish constitutive Rab27a knockout mice 
(B6/J‑Rab27a‑Cas9‑KO)

Constitutive Rab27a knockout mice (B6/J-Rab27a-Cas9-
KO) were obtained by CRISPR/Cas9 technology (Gem-
Pharmatech). CRISPR-Cas9 system was used to perform 
the genome editing in the mice by delivering guide RNA to 
the designated genomic site and knockout Rab27a expres-
sion [28, 29]. Knockout of Rab27a in the mouse was con-
firmed by genotyping. The primers sequences for genotyp-
ing PCR study were JS05042-Rab27a-5wt-t, forward (F1) 
5′-AGG CTA CAC GTA CTG TTT CAA GGG -3′ and reverse 
(R1) 5′-AAA CCA ACA GTG TCA GCC ATG TGT C-3′, and 
JS15042-Rab27a-wt-t, forward (F2) 5′-AGC TTT GTG GAT 
GCT AAG CAA GAC -3′ and reverse (R2) 5′-TCA TCT TAC 
CAG GTG CAG ATGAG-3′. Western blot analysis was also 
used to validate the knockout of Rab27a protein in various 
adipose tissues and organs.

Injection of exosomes to B6/J‑Rab27a‑Cas9‑KO mice

The concentration levels of the adipose derived exosomes, 
namely those exosomes released from VAT (VAT-Exos), 
SAT (SAT-Exos) and EAT (EAT-Exos) in healthy and 
obese mouse models, have not been reported. With refer-
ence to the other published studies that investigate the roles 
of adipocyte-derived exosomes in mediating obesity comor-
bidities [6, 30], we injected 80 µg of the VAT-Exos, SAT-
Exos or EAT-Exos dissected from the DIO mice into the 
B6/J-Rab27a-Cas9-KO mice via tail vein twice a week for 
2 weeks. The mice were fed with control diet during the 
experiment. Equal volume of PBS served as vehicle control.

Statistical analysis

Results were shown as mean ± SD. Data were analyzed by 
one-way ANOVA followed by the Dunnett's multiple com-
parisons. Statistical analyses were carried out using Graph-
Pad Prism (GraphPad Software) version 7.0. *p < 0.05 was 
considered statistically significant.

Results

Obesity has differential impacts on the protein 
profiles of the EAT‑Exos, VAT‑Exos and SAT‑Exos

We used C57BL/6J mice to set up HFD-induced obesity 
(DIO) mouse model that had a significant difference in body 
weight when compared to control diet (CD) mice (supple-
mentary Fig. 1a). The mass of subcutaneous adipose tissue 
(SAT), visceral adipose tissue (VAT), epididymal adipose 
tissue (EAT) (supplementary Fig. 1b), and the size of these 
adipocytes in the DIO mice were significantly larger than 
those in CD mice (supplementary Fig. 1c), suggesting that 
the adipocytes in DIO mice are under hypertrophic growth.

Exosomes derived from epididymal adipose tissue (EAT-
Exos), visceral adipose tissue (VAT-Exos) and subcutane-
ous adipose tissue (SAT-Exos) were purified (Fig.  1a). 
Transmission electron microscopy (TEM) indicated the 
exosomes were intact and were morphologically “cup-
shape” (Fig. 1b) [31]. TEM (Fig. 1b) and dynamic light 
scattering (DLS) (Fig. 1c) showed that the diameters of the 
purified exosomes were consistent with the proposed sizes 
of exosomes (30–150 nm) [1]. Authenticity of the purified 
exosomes was also examined by the expressions of exoso-
mal markers CD63 and CD81 (Fig. 1d). The International 
Society for Extracellular Vesicles has recommended some 
negative controls for exosomes including calnexin, histone, 
cytochrome C, Grp94, GM130, and argonaut [32]. We also 
tried to detect histone and cytochrome c in the purified 
exosomes. As shown in Fig. 1e, histone and cytochrome c 
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were detected in the adipose tissues but not in the purified 
exosomes, suggesting that only exosomes are purified in the 
preparation. To ascertain the exosomes were derived from 
adipocytes, we examined the purified exosomes with the 
markers that are specific for adipocyte-derived exosomes, 
namely adiponectin and fatty acid binding protein 4 (FABP-
4) [33] as shown in Fig. 1f. Adipocyte-derived exosomes 
also have inflammatory adipokines such as macrophage 
migration inhibitory factor (MIF), monocyte chemoat-
tractant protein-1 (MCP-1) and interleukin 6 (IL-6) [25]. 
Therefore, we also examined these markers in our purified 
exosomes (Fig. 1f). The presence of adiponectin, FABP-4, 
MIF, MCP-1 and IL-6 suggest that the purified exosomes are 
derived from adipocytes. Besides, we examined whether the 
adipocyte-derived exosomes would enter the blood circula-
tion. We purified the circulating exosomes from the mice 
and tested for the adipocyte-specific exosomal markers. As 
shown in supplementary Fig. 1d, adiponectin and FABP-4 
positive exosomes were detected in the circulation, suggest-
ing that the adipocyte-derived exosomes could enter the 
blood circulation.

iTRAQ-based quantitative proteomics were used to exam-
ine the protein profiles of the EAT-Exos, VAT-Exos and 
SAT-Exos under obesity conditions. Data showed that a total 
of 304 proteins were upregulated and 186 were downregu-
lated in EAT-Exos (Fig. 1g), while 306 exosomal proteins 
were upregulated, and 273 were downregulated in VAT-Exos 

(Fig. 1h). Interestingly, HFD feeding had a great impact on 
the protein profiles in the SAT-Exos as 578 proteins were 
upregulated, and 310 proteins were downregulated (Fig. 1i). 
Besides, we also compared the exosomal protein profiles in 
SAT-Exos, VAT-Exos and EAT-Exos under CD and HFD 
conditions as shown in the supplementary Fig. 2a–f. With 
eukaryotic orthologous groups (KOG) annotation, we found 
that the detected proteins in these exosomes were mainly 
involved in cellular process and participate in binding activ-
ity (supplementary Fig. 2g). Among different cellular pro-
cesses, 13.46% of the exosomal proteins was involved in 
metabolic process (Table 1) including carbohydrate metabo-
lism, amino acid metabolism and lipid metabolism (Fig. 1j).

Obesity affects the metabolic‑associated proteins 
in SAT‑Exos and VAT‑Exos

We next compared the impacts of obesity on the protein 
profiles of EAT-Exos, VAT-Exos and SAT-Exos. Proteins 
with 1.2-fold change and q value less than 0.05 were deter-
mined as differentially expressed proteins (DEPs). Most of 
the DEPs in the EAT-Exos, VAT-Exos and SAT-Exos were 
cytosolic proteins (supplementary Fig. 3a to 3c). Although 
the pathway enrichment analysis showed that DEPs in 
EAT-Exos, VAT-Exos and SAT-Exos were mainly involved 
in metabolism (Fig. 2a–c), only 239 and 375 metabolic-
associated DEPs were identified in EAT-Exos (supple-
mentary Fig. 3d) and VAT-Exos (supplementary Fig. 3e), 
respectively, while 544 metabolic-associated DEPs were 
identified in SAT-Exos (supplementary Fig. 3f). Scatter 
plot of the top 20 of KEGG enrichment RichFactor also 
revealed that DEPs in EAT-Exos were associated to not 
only metabolism but also other biological processes. As 
shown in Fig. 2d and supplementary Fig. 3 g, DEPs in 
EAT-Exos were involved in carbon metabolism, endocyto-
sis, bacterial invasion and cortisol synthesis and secretion, 
endocrine and other factor-regulated calcium reabsorption, 
peroxisome and fatty acid metabolism. DEPs in VAT-Exos 
were mainly involved in complement and coagulation 
cascades, pathogenic bacterial infection and metabolism 
(Fig. 2e and supplementary Fig. 3h). Interestingly, DEPs 

Fig. 1  Obesity has differential impacts on the protein profiles of the 
EAT-Exos, VAT-Exos and SAT-Exos. a A flow diagram illustrates 
the exosome extraction procedures. b TEM and c DLS analysis of the 
purified exosomes. d Expressions of CD63 and CD81, f adiponectin, 
FABP4, MIF, MCP-1, IL6 and e absence of histone and cytochrome 
c expression in the purified exosomes. Volcano plots showing the 
upregulated and downregulated proteins in the g EAT-Exos, h VAT-
Exos and i SAT-Exos under obesity conditions; and the j pathway 
analysis of the detected exosomal proteins. FABP4 fatty acid binding 
protein 4, MCP-1 monocyte chemoattractant protein-1, MIF mac-
rophage migration inhibitory factor, EAT-Exos exosomes derived 
from epididymal adipose tissues, VAT-Exos exosomes derived from 
visceral adipose tissues, SAT-Exos exosomes derived from subcutane-
ous adipose tissues of the high fat diet-induced (DIO) mice. n = 3–4 
mice in each group

◂

Table 1  The pathway analysis 
of the detected exosomal 
proteins.

Index Pathway Proteins with pathway 
annotation (4049)

Pathway ID

1 Metabolic pathways 545 (13.46%) ko01100
2 Pathways in cancer 187 (4.62%) ko05200
3 Endocytosis 170 (4.2%) ko04144
4 PI3K-Akt signaling pathway 165 (4.08%) ko04151
5 Human papillomavirus infection 155 (3.83%) ko05165
6 Focal adhesion 124 (3.06%) ko04510
7 Human immunodeficiency virus 1 infection 121 (2.299%) ko05170
8 Epstein–Bar virus infection 120 (2.96%) ko05169
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in SAT-Exos were mostly involved in metabolism with a 
few DEPs involved in proteasome (Fig. 2f and supplemen-
tary Fig. 3i).

Furthermore, we performed STRING to predict the pro-
tein–protein interaction (PPI) of the DEPs, which includes 
both physical and functional associations. Interestingly, PPI 
of the DEPs in SAT-Exos predicted that the upregulated 
DEPs mainly interacted with other DEPs that were upregu-
lated, and downregulated DEPs with other DEPs that were 
downregulated, the protein–protein interaction was differ-
ent from those in EAT-Exos and VAT-Exos (supplementary 
Fig. 3j–l). In this specific case, this observed phenomenon 
is likely to be a kind of synergism between proteins up or 
down regulated that may lead to a synergistic effect, which, 
in turn, may lead to exacerbation of pathological effects 
under obesity conditions. Supplementary Table 1a–c sepa-
rately highlighted the DEPs in EAT-Exos, VAT-Exos and 
SAT-Exos that were increased by at least twofold or reduced 
by at least 0.3-fold. The results clearly showed that obesity 
had differential effects on the exosomal proteins in these 
exosomes. Some highlighted DEPs were also validated. 
For example, ADP-ribosylation factor 1 (ARF1) was sig-
nificantly increased in the SAT-Exos and VAT-Exos, while 
mitogen-activated protein kinase kinase kinase 3 (MAP3K, 
also known as MEKK3 or MAPKKK3) expression was sig-
nificantly increased in the SAT-Exos, VAT-Exos and EAT-
Exos (Fig. 2g), suggesting that ARF1 and MAP3K may play 
a role in mediating the effects of the exosomes under obesity 
conditions.

Our proteomic data strongly suggest that obesity has a 
more prominent effect on the proteins in the SAT-Exos than 
those in EAT-Exos and VAT-Exos. The DEPs in the EAT-
Exos are involved in different biological functions, while 
those in SAT-Exos and VAT-Exos are mainly involved in 
metabolism.

Untargeted metabolomics analysis reveals 
a significant impact of SAT‑Exos on the serum 
metabolite profile in constitutive Rab27a knockout 
mouse model

Since the DEPs in SAT-Exos and VAT-Exos under obesity 
conditions are mainly related to metabolism, we next exam-
ined whether these exosomes would affect the metabolic 
profiles in the mice. To eliminate the effects of endogenous 
exosomes on the mouse metabolism, we used constitu-
tive Rab27a knockout mouse (B6/J-Rab27a-Cas9-KO) as 
model. Rab27a is critical for exosome secretion [28]. More 
importantly, Rab27a-KO mice are shown to have reduced 
exosome secretion [34]. We first preformed genotyping to 
validate the knockout of Rab27a in the B6/J-Rab27a-Cas9-
KO mice. As shown in Fig. 3a, only homozygous knock-
out mice were selected for the study. Knockout of Rab27a 
protein in adipose tissues, heart, liver, spleen, lung, kidney 
and brain was confirmed by Western blot analysis (Fig. 3b). 
These data clearly demonstrated that Rab27a, the critical 
protein for exosome secretion, was successfully knockout 
in the B6/J-Rab27a-Cas9-KO mice.

Then, we separately injected equal amount of EAT-Exos, 
VAT-Exos and SAT-Exos that were purified from DIO mice 
into the B6/J-Rab27a-Cas9-KO mouse models. PBS served 
as vehicle control. The injections were done twice a week 
for 2 weeks. Then, we employed untargeted metabolomics 
analysis to examine the changes of the metabolite profiles in 
these mice. The quality of the samples was tested by chro-
matogram overlapping (supplementary Fig. 4a, b) and the 
coefficient of variation (CV) of the relative peak area in the 
samples (supplementary Fig. 4c). In the metabolomic study, 
a total of 1858 compounds were detected in the positive 
mode, and 739 of them with known identification. In the 
negative mode, only 561 compounds were detected and 315 
of them with known identification. Most of the metabolites 
detected in the positive mode are amino acids and organic 
acids in the negative mode. KEGG database was used to 
annotate the identified metabolites to understand their bio-
logical functions. As shown in the supplementary Fig. 4d, e, 
most of the metabolites were involved in amino acid metabo-
lism, followed by lipid metabolism, carbohydrate metabo-
lism and metabolism of cofactors and vitamins.

To examine the differential effects of the EAT-Exos, 
VAT-Exos and SAT-Exos on metabolism, we employed 
PLS-DA to examine the distribution and separation trend of 
the metabolite samples. PLS-DA provides high rates of sen-
sitivity and specificity as it can substantially reduce the num-
ber of discriminatory variables by creating significant VIP 
(variable importance in projection) scores. As revealed by 
the models, injections of SAT-Exos, EAT-Exos or VAT-Exos 
that were purified from DIO mice had significant impacts on 
the plasma metabolites in the B6/J-Rab27a-Cas9-KO mice 

Fig. 2  Obesity affects the metabolic-associated proteins in SAT-Exos 
and VAT-Exos. Pathway enrichment analysis of the differentially 
expressed proteins (DEPs) in the a EAT-Exos, b VAT-Exos and c 
SAT-Exos under obesity conditions. Statistics of pathway enrich-
ment of DEPs in d EAT-Exos, e VAT-Exos and f SAT-Exos under 
obesity conditions. g Representative western blot showing the expres-
sions of ARF1 and MAP3K proteins in the SAT-Exos, VAT-Exos 
and EAT-Exos, and the relative protein quantifications. ARF-1 ADP-
ribosylation factor 1, MAP3K mitogen-activated protein kinase kinase 
kinase-3, EAT-Exos exosomes derived from epididymal adipose tis-
sues, VAT-Exos exosomes derived from visceral adipose tissues, SAT-
Exos exosomes derived from subcutaneous adipose tissues. CD con-
trol diet mice, DIO high fat diet-induced obesity mice. CS, CD mice 
SAT-Exos; HS, DIO mice SAT-Exos; CV, CD mice VAT-Exos; HV, 
DIO mice VAT-Exos; CE, CD mice EAT-Exos; HE, DIO mice EAT-
Exos. n = 3–4 mice in each group

◂
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as illustrated by the sample clustering in the PLS-DA (Sup-
plementary Fig. 4f–h).

We next screened for the differential metabolites in dif-
ferent grouping pairs of the mice. In the screening process, 
VIP of the first two PCs of the PLS-DA model above 1 was 
set as one of the criteria; and only metabolites with fold 
changes ≥ 1.2 or ≤ 0.83 that reached statistical significance 
(p value < 0.05) were shortlisted. As shown in Supplemen-
tary Table 2, EAT-Exos injection significantly affected a 
total of 47 metabolites, VAT-Exos injection affected a total 
of 62 metabolites, and SAT-Exos injection affected a total 
of 153 metabolites in both positive and negative modes. The 
metabolites detected in these mice were listed in supple-
mentary Table 3a to 3f. The visual displays of the differen-
tial metabolites were shown in the respective volcano plots 
(Fig. 3c–e) and heat maps (supplementary Fig. 4i–k).

In the pathway enrichment analysis, only the metabolites 
that showed statistically significant differences between 
groups were shortlisted for the analysis. The number of 
affected pathways after EAT-Exos injection was less than 
those after VAT-Exos and SAT-Exos injections (Table 2). 
Only 5 signaling pathways were affected by EAT-Exos, 
while 20 signaling pathways were affected by VAT-Exos 
or SAT-Exos. For the SAT-Exos, the signaling pathway that 
was the most significantly affected was metabolic pathway, 
with a total of 1706 metabolites annotated. The other path-
ways that were also affected by SAT-Exos included tyrosine 
metabolism, phenylalanine metabolism, lysine degradation, 
aminoacyl-tRNA biosynthesis, fatty acid biosynthesis and 
so on (Table 2).

We next correlated these differential metabolites after 
SAT-Exos injection with the DEPs in the SAT-Exos that 
were increased by at least twofold or reduced by 0.3-fold as 
listed in supplementary Table 1c. We found that these DEPs 
were correlated to 14 different metabolisms including amino 
acid metabolisms and lipid metabolisms such as fatty acid 
degradation and steroid hormone biosynthesis (Fig. 3f).

Taken together, the metabolomic data suggest that the 
effects of EAT-Exos, VAT-Exos and SAT-Exos on the mouse 
metabolism are different. Injection of SAT-Exos has more 
prominent effects on the metabolite profiles and metabolic 
pathways in the B6/J-Rab27a-Cas9-KO mice when com-
pared to EAT-Exos and VAT-Exos injections. Correlation 
analysis suggests that DEPs in the SAT-Exos contribute to 
the metabolic changes including amino acid metabolism and 
fatty acid metabolism under obesity conditions.

Untargeted lipidomics analysis reveals 
the impacts of SAT‑Exos on the plasma lipid profile 
in B6/J‑Rab27a‑Cas9‑KO mouse model, which mimic 
the plasma lipid profile in DIO mice

Since our data suggest that SAT-Exos that are derived from 
DIO mice have significant effects on fatty acid metabolism, 
we next performed global lipidomics to compare the plasma 
lipid profiles between the DIO mice and the B6/J-Rab27a-
Cas9-KO mice after SAT-Exos injection.

After injecting SAT-Exos purified from DIO mice into the 
B6/J-Rab27a-Cas9-KO mice twice a week for two weeks, we 
performed untargeted lipidomics with the plasma lipid sam-
ples. The base peak chromatograms (BPC) of the lipid sam-
ples in positive and negative modes were shown in supple-
mentary Fig. 5a, b. The CV distribution of lipid molecules 
was shown in supplementary Fig. 5c. Multivariate statistical 
analysis and univariate analysis were used to screen different 
lipids between groups. PLS-DA models showed the separa-
tion trends of the different plasma lipid samples, suggesting 
that SAT-Exos affects the plasma lipid profiles (supplemen-
tary Fig. 5d). Interestingly, SAT-Exos injection reduced the 
triglyceride (TG) levels; it also changed the levels of glycer-
ophospholipids in the plasma in these mice (supplementary 
Table 4). Subsequent pathway enrichment analysis also sug-
gests that SAT-Exos affects metabolism such as arachidonic 
acid metabolism, linoleic acid metabolism, biosynthesis of 
unsaturated fatty acid, regulation of lipolysis in adipocytes 
and glycerophospholipid metabolism in the mice (Table 3).

Next, we examined the lipid profiles in the DIO mice, 
with CD mice served as control. The BPC of the lipid sam-
ples in the DIO and CD mice were shown in supplementary 
Fig. 6a–d. In the lipidomic study, a total of 667 lipid mol-
ecules were detected. The lipid profiles for DIO and CD 
mice were different as indicated by the lipid sample cluster-
ing in the PCA (supplementary Fig. 6e). The differences in 
the lipid molecules between these mice were visualized in 
volcano plots (Fig. 4a) and the heat maps (supplementary 
Fig. 6f), respectively.

Interestingly, our data (supplementary Table 4) showed 
that injection of SAT-Exos purified from DIO mice into the 
B6/J-Rab27a-Cas9-KO mice reduced TG levels and changed 
glycerophospholipid levels. DIO mice also exhibited similar 

Fig. 3  Untargeted metabolomics analysis reveals the impact of SAT-
Exos on the serum metabolite profile in constitutive Rab27a knock-
out mouse model. a Genotyping of the male Rab27a knockout mice 
(B6/J-Rab27a-Cas9-KO) and b expressions of Rab27a protein in the 
heart, liver, spleen, lung, kidney, brain, subcutaneous adipose tis-
sue (SAT) and epididymal adipose tissue (EAT) in the homozygous 
knockout mice. Volcano map of the differential metabolites in c EAT-
Exos, d VAT-Exos and e SAT-Exos (upper panel, positive ion mode; 
lower panel, negative ion mode) under obesity conditions. f Correla-
tion analysis of the differential metabolites in the B6/J-Rab27a-Cas9-
KO mice after SAT-Exos injection and the differentially expressed 
proteins in the SAT-Exos derived from high fat diet-induced (DIO) 
mice. EAT-Exos, exosomes derived from epididymal adipose tissues; 
VAT-Exos, exosomes derived from visceral adipose tissues; SAT-
Exos, exosomes derived from subcutaneous adipose tissues. n = 3–4 
mice in each group

◂
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changes when compared to CD mice. As shown in Fig. 4b, in 
the DIO mice, the levels of fatty acid (FA), diglyceride (DG), 
monoglyceride and diglyceride (MGDG) were increased, 
while TG level was reduced, which suggest a change in 
the lipolytic activity. Besides, SAT-Exos also changed the 
plasma levels of glycerophospholipids including dimethyl-
phosphatidylethanolamine (dMePH), phosphatidylserine 
(PS), lyso-phosphatidylglycerol (LPG), phosphatidylglyc-
erol (PG), lyso-phosphatidylcholine (LPC), phosphatidyle-
thanolamine (PE), lyso-phosphatidylethanolamine (LPE), 
phosphatidylglycerol (PI), lysodimethylphosphatidylethan-
olamine (LdMePE) and phosphatidylcholine (PC).

Discussion

This is the first report comparing the protein profiles in EAT-
Exos, VAT-Exos and SAT-Exos under obesity conditions. 
Our data show that obesity has a more prominent effect on 
the protein profiles in SAT-Exos than those in EAT-Exos and 
VAT-Exos. Interestingly, DEPs in SAT-Exos and VAT-Exos 
are mainly involved in metabolism. Subsequent metabo-
lomics and lipidomics suggest that SAT-Exos contribute to 
the changes in lipid metabolism under obesity conditions 
such as fatty acid metabolism and the changes in glycer-
ophospholipid levels (Fig. 4c).

Dysregulation of fatty acid disposition and ectopic lipid 
accumulation in organs and tissues is a major contribut-
ing factor to metabolic syndrome under obesity conditions 
[35]. Clinical and epidemiological findings show that obese 
patients more likely to develop metabolic complications 
[36], which is in part, due to the abnormalities in lipid 
metabolism [37]. The elevated circulating fatty acid level is 
a key pathophysiological feature in the obese patients [38]. 
These elevated fatty acids affect the secretion of adipokines 
and inflammatory cytokines [37]. In obese patients, the cir-
culating palmitic acid has a positive correlation with the 
levels of C-reactive protein (r = 0.2965; p = 0.035) [37] that 
is an acute marker of inflammation [39]. Many studies have 
explored the mechanism underlying the elevated circulating 
fatty acid levels in the obese patients. It has been suggested 
that under obesity conditions, adipocytes are having hyper-
trophic and hyperplastic growth. The hypertrophic adipo-
cytes develop insulin resistance, hence increases lipolysis 
and fatty acid flux from the adipose tissues to the circulation 
[40]. Besides, pro-inflammatory signal such as tumor necro-
sis factor-alpha or some adipokines [36] also induce insulin 
resistance and enhance lipolysis in the adipocytes.

Our data have identified the DEPs in the SAT-Exos under 
obesity conditions; among these, 16 DEPs are upregulated 
by more than 2 folds, and 19 DEPs are reduced by more 
than 0.3 folds. By correlating these DEPs and the metabolic 
profiles of B6/J-Rab27a-Cas9-KO mice that have received 

SAT-Exos injections, we suggest that the DEPs in SAT-Exos 
may contribute to the metabolic changes under obesity con-
ditions. Some of these metabolic changes are amino acid 
metabolism while others are lipid metabolism including fatty 
acid degradation and steroid hormone biosynthesis. With 
focus on the lipid metabolism, we then performed lipidomics 
with DIO mice, and we indeed observe the changes in the 
levels of the plasma fatty acids and glycerophospholipids 
in these mice. Nevertheless, the changes in these metabolic 
pathways after SAT-Exos injection may not solely dependent 
on the primary changes of the SAT-Exos because metabolic 
pathways work in a complex intertwined network in our 
body. The highlighted metabolic changes that are induced 
by SAT-Exos worth investigating, which may suggest novel 
exosomal-based therapeutic design for treating obesity.

Among the DEPs in the SAT-Exos, ADP-ribosylation 
factor (Arf) is elevated by 2.1 folds in the SAT-Exos under 
obesity conditions. Other study has shown that Arf protein 
levels are markedly increased in the white adipose tissues in 
ob/ob mice, whereas they are decreased in obesity-resistant 
mice [41]. More importantly, depletion of Arf inhibits iso-
proterenol-stimulated lipolysis in adipocytes, which is inde-
pendent of insulin signaling [41]. Besides, Arf also mediates 
the endothelin-1 induced lipolysis in the adipocytes [42]. A 
study shows that endothelin-1 induces lipolysis by activating 
Arf and extracellular signal-regulated kinases (ERK) in adi-
pocytes, which can be inhibited by the inhibitors of Arf and 
ERK [42]. Given the lipolytic role of Arf, the elevated level 
of Arf in the SAT-Exos may underlie the enhanced lipolysis 
in the adipocytes under obesity conditions.

Besides, mitogen-activated protein kinase kinase kinase 
3 (MAP3K) is upregulated by 4.49 folds in the SAT-Exos 
under obesity conditions. MAP3K is a serine/threonine spe-
cific protein kinase; it activates MAP2K that in turns acti-
vates MAPK. Other protein kinases involved in the MAPK 
signaling cascade are ERK1/2, the c-JUN N-terminal kinase 
1, 2 and 3 (JNK1/2/3), and the p38 MAPK. Study shows 
that MAP3K mix-lineage kinase 3 (MLK3) knockout mice 
are resistant to high fat diet-induced obesity, which is due 
to the inhibition of obesity-induced JNK activation, reduc-
tion in macrophage infiltration into adipose tissue and pro-
inflammatory cytokine expressions [43]. Therefore, MAP3K 
activity contributes to the obesity pathophysiology. How-
ever, whether the elevation of MAP3K in the SAT-Exos 
under obesity conditions contributes to the changes in the 
plasma levels of fatty acids and glycerophospholipids is 
yet unknown. Other studies also show that MAPK signal-
ing pathways are associated with the development of liver 
steatosis [44, 45] and hepatocellular carcinoma [46], fur-
ther studies can be done to investigate the involvement of 
the elevated level of MAP3K in SAT-Exos in the disease 
development.
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Table 2  The pathway enrichment analysis of differential metabolites in B6/J-Rab27a-Cas9-KO mice after EAT-Exos, VAT-Exos or SAT-Exos 
injection

PBS served as control. EAT-Exos exosomes derived from epididymal adipose tissues, VAT-Exos exosomes derived from visceral adipose tissues, 
SAT-Exos exosomes derived from subcutaneous adipose tissues. n = 3–4 mice in each group

Group Pathway Count All metbolites with path-
way annotation (Count.
All)

P-value Pathway ID Mode

EAT-Exos vs PBS Circadian entrainment 1 9 0.003888944 map04713 pos
Protein digestion and absorption 1 47 0.02016342 map04974 pos
Neuroactive ligand-recptor interaction 1 52 0.02228738 map04080 pos
Tyrosine metabolism 1 78 0.03326717 map00350 pos
Tryptophan metabolism 1 81 0.0345271 map00380 pos

VAT-Exos vs PBS Protein digestion and absorption 2 47 0.001167526 map04974 pos
Intestinal immune network for IgA production 1 2 0.002162688 map04672 pos
Th17 cell differentiation 1 4 0.004320931 map04659 pos
Retionl metabolism 1 25 0.02671636 map00830 pos
Pantothente and CoA biosynthesis 1 28 0.02987637 map00770 pos
beta-Alanine metabolism 1 32 0.03407456 map00410 pos
Glutathione metabolism 1 38 0.04033949 map00480 pos
Phenylalanine, tyrosine and tryptophan biosynthesis 2 35 3.40E-05 map00400 neg
Protein digestion and absorption 2 47 6.30E-05 map04974 neg
2-Oxocarboxylic acid metabolism 2 134 0.000514138 map01210 neg
Melanogenesis 1 6 0.001621972 map04916 neg
Prolactin signaling pathway 1 11 0.002972007 map04917 neg
Dopaminergic synapse 1 12 0.003241839 map04928 neg
Thiamine metabolism 1 31 0.00835755 map04728 neg
Aminoacy-tRNA biosynthesis 1 52 0.0139873 map00730 neg
Phenylalanine metabolism 1 60 0.01612523 map00970 neg
Tyrosine metabolism 1 78 0.02092201 map00360 neg
Tryptophan metabolism 1 81 0.02171975 map00350 neg
Ubiquinone and other terpenoid-quinone biosynthe-

sis
1 92 0.02463989 map00130 neg

Biosynthesis of amino acids 1 128 0.03414831 map01230 neg
SAT-Exos vs PBS Tyrosine metabolism 4 78 4.78E-06 map00350 pos

Protein digestion and absorption 3 47 4.32E-05 map04974 pos
Neuroactive ligand-receptor interaction 2 52 0.002604142 map04080 pos
Metabolic pathways 7 1706 0.009586724 map01100 pos
Synaptic vesicle cycle 1 12 0.0173918 map04721 pos
Pantothente and CoA biosynthesis 1 28 0.0401283 map00770 pos
Mineral absorption 1 29 0.04153238 map04978 pos
Thiamine metabolism 1 31 0.04433461 map00730 pos
beta-Alanine metabolism 1 32 0.04573277 map00410 pos
Phenylalanine metabolism 2 60 0.001058578 map00360 neg
Melanogenesis 1 6 0.00485934 map04916 neg
Prolactin signaling pathway 1 11 0.008891944 map04917 neg
Dopaminergic synapse 1 12 0.009696633 map04728 neg
Linoleic acid metabolism 1 28 0.02248901 map00591 neg
Thiamine metabolism 1 31 0.02487034 map00730 neg
Phenylalanine, tyrosine and tryptophan biosynthesis 1 35 0.02803703 map00400 neg
Protein digestion and absorption 1 47 0.0374796 map04974 neg
Fatty acid biosynthesis 1 50 0.03982683 map00061 neg
Aminoacy-tRNA biosynthesis 1 52 0.04138868 map00970 neg
Lysine degradation 1 54 0.04294815 map00310 neg
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Fig. 4  Untargeted lipidomics analysis of the plasma lipid profiles in 
DIO mice. a The volcano map of differential metabolites and the b 
detected changes in lipid sub-classes in the high fat diet-induced 

(DIO) mice. n = 3–4 mice in each group, *p < 0.05. c A diagram sum-
marizes the main findings of this study
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Our data also show that, unlike the DEPs in EAT-Exos, 
those in the SAT-Exos and VAT-Exos are mainly involved 
in metabolism under obesity conditions. In general, it is 
believed that excessive VAT is a risk factor for metabolic dis-
eases [47]. VAT is directly associated with systemic inflam-
mation by secreting various cytokines [48, 49], which leads 
to type 2 diabetes, atherosclerosis, cardiovascular disease, 
and some cancers [50–52]. However, study also suggests that 
the altered fatty acid metabolism under obesity conditions 
is not a direct consequence of VAT activity, but a dysfunc-
tion of SAT in which the abdominal SAT fails to adapt the 
expand through hyperplasia to store the excess circulating 
fatty acids [53]. Our study may reveal a novel role of SAT 
and SAT-Exos in changing the fatty acid metabolism under 
obesity conditions, which may suggest therapeutic targets 
for the treatment of obesity and its associated comorbidities.

Besides, based on our data, the role of EAT-Exos in con-
tributing to the metabolic changes under obesity conditions 
is less prominent. DEPs in EAT-Exos under obesity condi-
tions are involved in various signaling pathways including 
melanogenesis, Fc gamma R-mediated phagocytosis, cal-
cium signaling pathway, regulation of actin cytoskeleton, 
gastric acid secretion. Although some of the DEPs in EAT-
Exos are involved in metabolism such as carbon metabolism 

and fatty acid metabolism, injection of EAT-Exos into the 
B6/J-Rab27a-Cas9-KO mice does not profoundly affect the 
mouse metabolism. Indeed, the association of EAT and obe-
sity or its comorbid conditions is less reported.

In conclusion, our data strongly suggest that obesity has 
more prominent effects on the protein profile of the SAT-
Exos. DEPs in SAT-Exos may contribute to the altered fatty 
acid metabolism under obesity conditions. Our study has 
paved the path for the future development of novel exoso-
mal-based therapeutics for the treatment of obesity.
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