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ARTICLE INFO ABSTRACT
Keywords: Adipose tissue is traditionally classified into two main types based on their functions: brown
Adipose tissues adipose tissue (BAT) and white adipose tissue (WAT). Each type plays a distinct role in the body’s
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energy metabolism. Additionally, a third type, beige adipose tissue, can develop within subcu-
taneous WAT (including inguinal WAT, iWAT) in response to specific stimuli and exhibits char-
acteristics of both BAT and WAT. Extracellular vesicles (EVs) are crucial for intercellular
communication, carrying a diverse array of biomolecules such as proteins, lipids, and nucleic
acids. While the functional diversity and endocrine roles of adipose tissues are well-documented,
a comparative analysis of the functions of EVs released by different adipose tissues from mice
housed at room temperature has not been thoroughly explored. MicroRNAs (miRNAs), which are
highly enriched in small extracellular vesicles (sEVs), offer a promising avenue for investigating
the complex functions and unique roles of various adipose tissues. In this study, we isolated sEVs
from different adipose tissues under basal conditions and performed a comprehensive analysis of
their miRNA content. By comparing miRNA profiles across different adipose tissues, we aim to
elucidate the potential roles of sEV-derived miRNAs in mediating intercellular communication
and the distinct physiological functions of adipose tissues. Understanding the molecular features
of miRNAs in adipose tissue EVs could reveal new aspects of adipose tissue biology and lay the
groundwork for further research into their physiological significance.

1. Introduction

Adipose tissue is traditionally classified into two main types based on their functions: brown adipose tissue (BAT) and white adipose
tissue (WAT) [1]. Each type plays a distinct role in the body’s energy metabolism. BAT is primarily involved in non-shivering ther-
mogenesis, a process facilitated by uncoupling protein-1 (UCP-1) in its mitochondria, which converts chemical energy into heat [2-4].
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This thermogenic ability is crucial for BAT’s role in thermoregulation and its potential use in obesity management through increased
energy expenditure [5,6].0n the other hand, WAT serves as the main energy reservoir, storing lipids as triglycerides within large,
unilocular adipocytes [7]. Additionally, there is a third type of adipose tissue—beige adipose tissue—which can develop within
subcutaneous WAT in response to specific stimuli, such as cold exposure or physical activity in both rodents and humans. Beige adipose
tissue exhibits characteristics of both BAT and WAT, including thermogenic potential and lipid storage capabilities [8]. Adipocytes
play a central role in maintaining metabolic homeostasis and preventing various diseases. Dysfunction in adipocytes is linked to a
range of conditions, including metabolic syndrome, cardiovascular diseases, type 2 diabetes, and several cancers [9-12].This study
examines adipose tissues based on their anatomical locations and histological features in mice, distinguishing between interscapular
BAT (iBAT), inguinal WAT (iWAT), and epididymal WAT (eWAT). iWAT, a type of subcutaneous adipose tissue, primarily stores
energy but can also develop beige characteristics under certain conditions. eWAT, a type of visceral adipose tissue, is located around
the epididymis in mice.

Extracellular vesicles (EVs) are recognized as key mediators of intercellular communication [13]. EVs carrying a wide range of
biomolecules, including proteins, lipids, and nucleic acids, with microRNAs (miRNAs) being particularly prominent. EVs are secreted
by virtually all cell types and are abundant in body fluids, playing significant roles in both physiological and pathological contexts
[14]. Small extracellular vesicles (sEVs), which are less than 200 nm in diameter, have been extensively studied, especially in relation
to pathological conditions such as obesity [15,16], type 2 diabetes [17], melanoma [18,19], and colorectal cancer [20,21].

microRNAs (miRNAs), crucial regulators of gene expression, influence various biological pathways and are involved in processes
such as adipocyte differentiation, maturation, and metabolism [22-24]. These miRNAs, which are known to be enriched in sEVs, can
be secreted by various cells to exert their functions systemically [25]. Research has demonstrated the role of adipose tissue-derived
sEVs in regulating physiological homeostasis. For example, Thomou et al. found that transplantation of both white and brown adi-
pose tissues, particularly brown adipose tissue, into ADicerKO mice restored the levels of several circulating miRNA [26]. Our previous
study also showed that miR-378a-3p, which is predominantly expressed in iBAT, can be transferred to the liver via sEVs during cold
exposure, thereby stimulating hepatic gluconeogenesis in male mice [27]. Additionally, emerging research on EVs from
adipocyte-derived mesenchymal cells (ADSC-EVs) has highlighted their potential benefits, including anti-inflammatory effects [26].
However, a comparative analysis of the distinct functions of EVs released by iBAT, iWAT, and eWAT from mice housed at room
temperature has not yet been thoroughly explored.

Characterizing and analyzing sEV-derived miRNAs can offer significant insights into the regulatory mechanisms of adipose tissue
function. This study involves the isolation of sEVs from adipose tissue, characterization of miRNAs derived from these sEVs, and an
analysis of their content to clarify their roles in intercellular communication and the promotion of tissue-specific functions. Gaining an
understanding of the molecular characteristics of miRNAs in adipose tissue-derived further exploration of their physiological roles.

2. Methods
2.1. Animals

10-week-old male and female C57BL/6J WT mice were obtained from Gem-Pharmatech Laboratory (Nanjing, China). The
experimental animals were individually housed in a specific pathogen-free (SPF) facility at Nanjing University, maintained at 25 +
2 °Cand a relative humidity of 55 + 10 %, and provided with ad libitum access to pellet normal chow diet and water, and were kept on
a 12-h light/12-h dark cycle.

Euthanasia of mice was performed by inhalation of carbon dioxide, followed by immersion of the mouse body in 75 % ethanol for 5
min. Three types of adipose tissues were carefully dissected using scissors and forceps. Further details of in vivo experiments were
provided for each respective section.

2.2. Hematoxylin—eosin (H&E) staining

For hematoxylin—eosin (H&E) staining, mouse tissues were promptly preserved in 4 % formaldehyde for 24 h, rinsed with 70 %
ethanol, embedded in paraffin, and serially sectioned at 5 pM. The slides were visualized using an Olympus microscope CX31. Sub-
sequently, adipocyte diameter measurements were conducted using NIH ImageJ software (NIH, Bethesda, MD, USA) in a minimum of
three fields per slide (20 x magnification).

2.3. Small extracellular vesicles (sEVs) collection

Small extracellular vesicles (EVs) derived from iBAT, iWAT, and eWAT were isolated using ultracentrifugation.The process
involved excising total iBAT, iWAT, and eWAT from mice and transferring them into 2 ml DMEM with 1 % P/S, followed by gentle
cutting into 2 mma3 pieces, respectively. The chopped tissues were then centrifuged for 5 min at 1000 xg at room temperature, and the
resulting pellets were resuspended in DMEM before being transferred into a Petri dish. After a 30-min incubation in DMEM containing
2 % EV-free FBS (YOBIBIO cat#U45-852A), 0.5 mg/ml DNase I, 0.2 mg/ml RNase A, and 1 % P/S, the culture medium was replaced
with DMEM containing 2 % EV-free FBS. The iBAT, iWAT, and eWAT tissues were then incubated for 24 h at 37 °C, 5 % CO2,
respectively, and the culture supernatant was collected for EV isolation using the ultracentrifugation method.

In summary, the medium underwent centrifugation at 300xg for 10 min, 3000 xg for 20 min, and 10,000 xg for 30 min to remove
tissues, cells, debris, and medium/large vesicles. The resulting supernatant was filtered through a 0.22 pm filter and then subjected to
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ultracentrifugation at 110,000 xg using a 70Ti fixed-angle rotor placed in a Beckman Coulter Optima LE-80K ultracentrifuge for 70 min
at 4 °C to pellet EVs. The EV collections were washed once, resuspended in PBS, and then centrifuged a second time at 110,000 x g for
16 h at 4 °C. Finally, the EV pellet was resuspended in DMEM or PBS.

2.4. Transmission electron microscopy (TEM)

The isolated EVs suspension was applied to a copper grid with carbon film and allowed to sit for 3-5 min. Excess liquid was then
absorbed using filter paper. Subsequently, 2 % phosphotungstic acid (Servicebio, cat# G1102) was added to the copper grid to stain the
EVs for 1-2 min, and excess liquid was again absorbed using filter paper. After the grids were air-dried, they were observed using a
HT7800 transmission electron microscope manufactured by HITACHI in Tokyo, Japan, and operated at 120 kV.

2.5. Nanoparticle tracking analysis (NTA)

To analyze the size distribution o Evs, a dark-field microscope Nanosight NS300 manufactured by Malvern Panalytical in Ames-
bury, UK, was utilized. The EV samples were initially diluted with saline to achieve a concentration of 107-108 particles/mL for
analysis. Each sample was measured in triplicate using the camera and then analyzed using NanoSight NTA 3.2 software.

2.6. Western blot analysis

To identify Evs markers, the Evs collected from iBAT, iWAT, and eWAT were dissolved in PBS, and the proteins were extracted for
Western blot analysis. Evs,cells or tissues were lysed in ice-cold RIPA buffer (Beyotime, cat#P0013B) supplemented with a protease
and phosphatase inhibitor cocktail. The protein concentration was measured using the Pierce™ BCA protein assay kit (Thermo Sci-
entific, cat#23227). The following antibodies were used for Western blot analysis: anti-UCP1 (1:1000) antibody(Cell Signaling
Technology, cat#72298),anti-Alix (1:1000) antibody (ABclonal, cat#A2215), anti-CD9 (1:1000) antibody(Cell Signaling Technology,
cat#13174), anti-CD63 (1:1000) antibody(Cell Signaling Technology, cat#52090), anti-p-AKT (1:1000) antibody (Cell Signaling
Technology, cat#4060), anti-AKT (1:1000) antibody(Cell Signaling Technology, cat#9272), anti-LAMIN A/C (1:10000) antibody
(ABclonal, cat#A19524), anti-TGFBI (1:1000) antibody(ABclonal, cat#A21964), anti-LDHA/B (1:1000) antibody (ABclonal,
cat#A21893). Following the Western blot procedure, the results were analyzed using ImageJ. The signal of each image was normalized
such that the average of all control samples equaled 1.0.

2.7. Cell migration assay

The migratory capacity of the human hepatoma cell line HepG2 (ATCC, HB-8065) was assessed using a wound healing assay. For
the wound healing assay, HepG2 cells were plated in 6-well plates with DMEM containing 10 % FBS and incubated at 37 °C with 5 %
CO2 for 24 h until the cells reached 70-80 % confluence. A straight scratch was made on the cell monolayer using a sterile 20 pL
disposable serological pipette tip. The cells were washed with 1 mL PBS to remove debris and smooth the edges of the scratch, then the
medium was replaced with DMEM containing 2 % EV-Free FBS for co-culture. iBAT-sEV, iWAT-sEV, and eWAT-sEV were added to
three experimental groups for 24 h of co-culture, with an sEV concentration of 10000 particles/cell. Images of cell proliferation were
captured using a microscope at 0 and 24 h post-scratch. The percentage of migrated area was calculated using ImageJ software (version
1.48v, National Institutes of Health, USA).

2.8. Cell proliferation assay

Cell viability was measured using the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the manufacturer’s in-
structions. Briefly, cells were seeded into 96-well plates and cultured with DMEM containing 10 % FBS for 24 h. The medium was then
replaced with DMEM containing 2 % EV-Free FBS, and iBAT-sEV, iWAT-sEV, and eWAT-sEV were added to the respective experimental
groups for 24 h of co-culture, with an sEV concentration of 10000 particles/cell. The medium was changed to complete medium
containing 10 % FBS, and CCK-8 reagent (10 pL per well) was added, followed by further incubation at 37 °C and 5 % CO2 for 2-4 h.
The rate of cell proliferation was determined by measuring the absorbance at 450 nm.

2.9. Isolation of adipose SVF cells

Mice were euthanized, and the tissues of iBAT/iWAT/eWAT were harvested and soaked in 75 % ethanol for 5 min, followed by
washing in PBS containing 1 % PS to remove hair. The tissues were minced into pieces of approximately 1 mm3 and digested in a mixed
enzyme solution containing collagenase D (Sigma, cat#11088866001) and Dispase II (Sigma, cat#4942078001) at 37 °C with shaking
at 150 rpm for 30 min. After the addition of 5 mL of complete growth medium to terminate the digestion, the mixture was centrifuged
at 700g for 10 min to remove excess lipids from the supernatant. The pellet was resuspended, filtered through a 70 pm cell strainer,
centrifuged again at 700g for 10 min, and the supernatant was discarded. The resulting pellet was resuspended in complete growth
medium, and the cells were plated in culture dishes. After 2 h, the medium was changed to remove excess blood cells and other
contaminating cells, and the cells were allowed to grow for approximately 72 h at 37 °C in a 5 % CO2 incubator.
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Fig. 1. Isolation and characterization of sEVs from different adipose tissues of mice. (A) Schematic diagram of the experimental procedure for
the isolation of sEVs. (B) Transmission electron microscopy (TEM) images of sEVs released from iBAT, iWAT, and eWAT. (C and D) Nanoparticle
tracking analysis (NTA) and quantification of sEVs derived from iBAT, iWAT, and eWAT (n = 6 each group, from 2 independent experiments). (E)
Western blot detection of EV markers ALIX, CD63, and CD9 in sEVs derived from iBAT, iWAT, and eWAT (n = 6 each group, from 2 independent
experiments). (F) Western blot analysis of non-vesicular extracellular particles (NVEPs) TGFBI and LDHA in the tissue, cell debris, and their derived
sEVs from iBAT, iWAT, and eWAT (n = 6 each group, from 2 independent experiments).
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2.10. sEV Co-culture experiment

Adipose SVF cells from iBAT, iWAT, and eWAT were plated in 6-well plates and grown at 37 °C in a 5 % CO2 incubator for 24 h. The
medium was replaced with DMEM containing 2 % EV-Free FBS, and sEVs extracted from the corresponding adipose tissues were added
to the cultures at a concentration of 10,000 particles per cell for 24 h of co-culture. In the context of iWAT and eWAT stromal vascular
fraction (SVF) cells, an additional experimental group was warranted. Following a 12-h co-culture with sEVs, a further supplemen-
tation of 5 nM insulin was introduced for an additional 12 h of incubation. Subsequently, the cells were harvested for the assessment of
relevant markers using quantitative polymerase chain reaction (q-PCR) or Western blot analysis.

2.11. Total RNA isolation

RNA extraction from cultured cell lines or tissue samples was performed using RNAiso Plus (Takara, cat#9109), according to
protocols provided by the supplier. Utilizing 1 pg of the extracted RNA, reverse transcription to synthesize first-strand cDNA was
conducted using HiScript III RT SuperMix (Vazyme, cat#R323). Subsequent analysis of the synthesized cDNA involved quantitative
PCR, employing ChamQ Universal SYBR qPCR Master Mix (Vazyme, cat#Q711) on a LightCycler®480 system (Roche Diagnostics,
Mannheim, Germany). The PCR thermal cycling parameters were set as follows: an initial denaturation at 95 °C for 5 min, succeeded
by 40 amplification cycles (95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s). Quantification of relative mRNA levels was executed
through normalization against p-actin expression, applying the 2 -AACT technique for calculation.

2.12. Microarray analysis for detection of microRNA

In microarray studies, samples of iBAT, iWAT, and eWAT were harvested from male C57BL/6J mice at 10 weeks of age. For each
tissue type, sEV samples were collected from 6 mice, with pooled samples from 2 distinct mice, resulting in a total of three composite
sample pools. Total RNA was extracted from these pooled samples using TRIzol reagent, in preparation for subsequent analysis via the
Affymetrix miRNA microarray platform, a service provided by Nanjing Hepu Biotechnology Co., Ltd. Briefly, after RNA extraction, the
miRNA molecules were labeled with a fluorescent dye. The labeled miRNAs were then hybridized to an Affymetrix miRNA microarray.
After washing away nonspecifically bound molecules, the microarray was scanned to detect the fluorescence emitted from the labeled
miRNAs. The intensity of the fluorescence signal was measured and used to determine the expression levels of specific miRNAs.
Consequently, after subtracting the background signal and normalizing across different samples or experiments, the resultant fluo-
rescence signal intensity reflects the relative expression level of each miRNA.

2.13. Functional enrichment analysis

MiRNAs identified in EVs from iBAT, iWAT, and eWAT were subjected to Gene Ontology (GO) and KEGG pathway analysis using
Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources 6.8 [28-30]. The protein—protein
interaction (PPI) network analysis was performed by applying the STRING® programme version 11 [31,32]. The resultant PPI images
were then imported into Cytoscape_version 3.10.1 for a better resolution based on adjustment of the node interaction degree and scores
[33,34].

2.14. Quantification and statistical analysis

Statistical analysis was conducted using GraphPad Prism 9 software. Firstly, the normality of the data was assessed using either
D’Agostino-Pearson’s normality test (n > 7) or Shapiro-Wilk’s test (n < 7). The results are presented as the mean + SEM. GPower 3.1
was used to determine effect size and power values for data with significant differences. Specific tests used for statistical analyses are
indicated in the figure legends, and further statistical details can be found in the Source Data.

3. Results
3.1. Characterization of sEVs isolated from different adipose tissues of mice

To investigate the physiological functions of iBAT, iWAT, and eWAT, adipose tissues were isolated from C57BL/6 mice housed at
room temperature (25 °C). Consistent with previous reports, Hematoxylin and Eosin (H&E) staining revealed that eWAT is charac-
terized by larger unilocular lipid droplets, iWAT contains relatively smaller lipid droplets, and iBAT features the smallest lipid droplets
with a multilocular structure, as also confirmed by cell size quantification (Supplementary Figures S1A and S1B). The expression of
UCP1 in iBAT was significantly higher compared to iWAT and eWAT at room temperature (Supplementary Figures S1C and S1D). The
small extracellular vesicles (sEVs) were isolated from the three different adipose tissues using ultracentrifugation (Fig. 1A). Trans-
mission electron microscopy (TEM) images demonstrated that the sEVs from all three sources maintained a typical EV morphology
(Fig. 1B). Under electron microscopy, the vesicles displayed distinct membrane boundaries and appeared as cup-shaped or saucer-like
vesicular structures with a diameter of approximately 100 nm, with no significant morphological or size differences among the sEVs
from these different adipose tissues. Nanoparticle tracking analysis (NTA) revealed that although iBAT had the lowest mass, it secreted
the highest number of sEVs, followed by iWAT, with eWAT secreting the fewest sEVs (Supplementary Figure S1E and Fig. 1C-D). The
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Fig. 2. Comparative Analysis of sEV-Derived miRNA Expression Profiles in Different Adipose Tissues. (A) The heatmap illustrates the
expression levels of EV-derived miRNAs from eWAT, iWAT, and iBAT, The color scale represents the correlation between color and expression
levels, with intensity ranging from low (blue) to high (red). For each tissue type, samples were collected from 6 mice, with each row representing
pooled samples from 2 distinct mice, resulting in a total of three composite sample pools. (B) Among the top 30 expressed adipose-derived
extracellular vesicle-miRNAs (ADEV-miRNAs), there are 16 miRNAs common to the three types of adipose tissues. (C) The bubble chart of
KEGG enrichment analysis for the target genes of the 16 common miRNAs, with p-values indicating the statistical significance of each pathway. (D)
GO analysis of the pathways related to the target genes of the 16 common miRNAs, conducted using DAVID Bioinformatics Resources and cate-
gorized based on biological processes, cellular components, and molecular functions, with each color representing a different category. (E) Mo-
lfcular interaction network based on the pathways related to the target genes of the 16 common miRNAs.

<

levels of EV marker proteins, including CD9, CD63, and ALIX, differed among iBAT, iWAT, and eWAT, reflecting the variations in SEV
secretion (Fig. 1E), which aligns with the NTA findings. Additionally, we examined the presence of non-vesicular extracellular particles
(NVEPs), such as TGFBI and LDHA/B, which were typically enriched in exomeres or supermeres, in the isolated sEV samples. Fig. 1F
shows that TGFBI and LDHA/B were minimally detected in sEVs from iBAT, iWAT, or eWAT, in contrast to their abundant expression
in the corresponding tissues. Moreover, the nuclear protein Lamin A/C was not detected in sEVs (Figure S1F). Therefore, based on the
established characteristics of EVs and the analysis of EV markers, the isolated sEVs demonstrate a relatively high level of purity.

3.2. Comparative analysis of sEV-Derived miRNA expression profiles in different adipose tissues

In our comparative study, we conducted a high-throughput analysis to identify miRNAs derived from sEVs in iBAT, iWAT, and
eWAT. The heatmap reveals a distinct expression landscape, indicating different miRNA expression levels (Fig. 2A). For each type of
adipose tissue, we selected the top 30 most abundantly expressed sEV-derived miRNAs from the 850 detected miRNAs in iBAT, iWAT,
and eWAT for further analysis (Supplementary Table S1 and Table S2). The Venn diagram illustrates both shared and unique sEV-
derived miRNAs among these adipose tissues (Fig. 2B). Some miRNAs were found to be commonly expressed, potentially reflecting
their fundamental regulatory roles, while others were tissue-specific, suggesting specialized functions within their respective adipose
depots. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis further clarified the roles of the predicted targets of 16
commonly enriched sEV-derived miRNA across all three types of adipose tissue, highlighting their involvement in essential biological
pathways (Fig. 2C and Supplementary Table S3). Significant enrichment was observed in pathways related to neuronal guidance and
intracellular signaling, indicating the possible impact of these miRNAs on adipose tissue function. Gene Ontology (GO) analysis was
performed to categorize the genes targeted by the 16 common sEV-derived miRNAs based on functional annotations (Fig. 2D). The
proximity of the dots represents the strength of the association between these target genes within specific biological processes (BP). We
observed tight clusters related to "neuron projection’, ’cell-cell signaling,” and *GTPase activity’, suggesting a coordinated regulatory
network that may influence physiological outcomes within adipose tissues and intercellular regulation. The molecular interaction
networks mapped the potential pathways and interactions governed by the 16 common sEV-derived miRNAs (Fig. 2E). These networks
highlight key regulatory genes, which could be crucial for adipose tissue signaling and homeostasis. Notable genes such as 'NUMBL’
and 'KPNB1' emerged as central nodes in the regulation of adipose tissue function through sEV-miRNA signaling, which may deserve
further experimental exploration.

3.3. Analysis of iBAT-enriched sEV-derived miRNAs and their possible functions

Among the top 30 miRNAs expressed in sEVs from various adipose tissues, 13 miRNAs were uniquely enriched in sEVs derived from
iBAT (Fig. 3A). Notably, mmu-miR-23a and mmu-miR-378a have been shown to play specialized regulatory roles within brown ad-
ipose tissue [27,35]. KEGG pathway analysis revealed that these iBAT-specific miRNAs target genes involved in key pathways that
regulate essential physiological processes, including cell growth, survival, differentiation, and metabolism (Fig. 3B and Supplementary
Table S4). For instance, the MAPK signaling pathway is crucial for cell differentiation, growth, and apoptosis; the PI3K-Akt pathway
regulates cell survival, growth signaling, and glucose homeostasis; and the mTOR pathway is a key regulator of cellular metabolism,
growth, and proliferation. Interestingly, several of these pathways are associated with cancers such as lung cancer, melanoma, breast
cancer and prostate cancer. This observation aligns with recent reports suggesting that activation of brown adipose tissue may suppress
tumor growth [35,36], highlighting the potential importance of iBAT-specific miRNAs in both cancer research and broader physio-
logical contexts. The Gene Ontology (GO) analysis, combined with STRING network prediction, revealed four key genes targeted by the
13 iBAT-enriched sEV-derived miRNAs, including plexin B3 (PLXNB3), sorting nexin 9 (SNX9), melanoma inhibitory activity (MIA),
and CDGSH iron sulfur domain (CISD2) (Fig. 3C and D), suggesting they may represent crucial regulatory nodes in the network. To
explore the impact of these BAT-sEV enriched miRNAs on cancer, we co-cultured iBAT-derived sEVs (iBAT-sEVs) with HepG2 cells. As
shown in Fig. 3E and F, treatment with iBAT-sEVs significantly reduced the migratory capacity and viability of HepG2 cells. Addi-
tionally, treatment with iWAT-derived sEVs resulted in a modest reduction in both the migratory capacity and viability of HepG2 cells,
although the effect was less pronounced compared to that seen with iBAT-derived sEVs. In contrast, eWAT-derived sEVs had minimal
impact on the migratory capacity and viability of HepG2 cells (Fig. 3E and F).

Moreover, we investigated the functions of iBAT-derived sEVs by co-culturing them with SVF-derived cells from iBAT. We found
that iBAT-sEVs significantly enhanced the differentiation of preadipocytes in iBAT-SVF, evidenced by increased expression of genes
such as Ppary2, Pgcla, and Ucpl (Fig. 3G). This suggests that iBAT-sEVs also play important autocrine and paracrine roles in main-
taining specific thermogenic functions in iBAT. The same phenomenon was observed for iBAT-sEV derived from female mice
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Fig. 3. Comprehensive Analysis of iBAT-Specific EV-derived miRNA and Their Unique Profiles. (A) Venn diagram illustrating a subset of 13
extracellular vesicle (EV)-derived microRNAs (miRNAs) exclusive to iBAT. (B) KEGG enrichment analysis bubble plot for the target genes of 13
iBAT-specific EV-derived miRNAs, with p-values indicating the statistical significance of each pathway. (C) GO analysis of the pathways associated
with the target genes of iBAT-specific EV-derived miRNAs, conducted using DAVID Bioinformatics Resources and categorized by biological process,
cellular component, and molecular function, with each color representing a different category.(D) Molecular interaction network of the target genes
of 13 iBAT-specific EV-derived miRNAs, highlighting key nodes that represent genes with a high degree of connectivity. (E) Graphical representation
of the quantitative analysis of HepG2 cell migration, expressed as the percentage of wound closure relative to the initial scratch area at time 0. Scale
bars: 200 pm. (F) Assessment of HepG2 cell viability using the Cell Counting Kit-8 (CCK-8) assay (n = 6 each group, from 2 independent experi-
Tents). (G) Relative expression levels of genes associated with iBAT differentiation (n = 6 each group, from two independent experiments).

(Supplementary Figure S2).
3.4. Analysis of iWAT-specific enriched miRNAs and overlapping miRNAs with iBAT

We analyzed three miRNAs specific to iWAT derived from small extracellular vesicles (sEVs): mmu-miR-214-5p, mmu-let-7j, and
mmu-miR-696 (Fig. 4A). These miRNAs were first subjected to KEGG pathway analysis (Fig. 4B and Supplementary Table S5). The
results revealed that their target genes are primarily involved in axon guidance, GABAergic synapses, and glutamatergic synapses. This
suggested that iWAT-enriched miRNAs may regulate pathways associated with neural and synaptic functions. Next, we performed GO
analysis on the target genes of iWAT-enriched miRNAs (Fig. 4C). This analysis showed that these target genes are predominantly
associated with cellular processes, cellular components, and binding functions. Additionally, the Venn diagram identified one miRNA
shared between iWAT and iBAT: mmu-miR-26a-5p (Fig. 4D). KEGG analysis and pathway visualizations showed that mmu-miR-26a-5p
targets genes involved in key physiological processes such as cell growth, metabolism, and survival. Significant pathways affected by
this miRNA include the mTOR signaling pathway, insulin resistance, and influenza A (Fig. 4E and Supplementary Figure S3 and
Supplementary Table S6). We also explored the possible autocrine and paracrine functions of adipose-derived sEVs. Western blot and
quantification analysis of phosphorylated AKT following co-culturing iWAT-derived sEVs with their SVF cells demonstrated that
treatment with iWAT-derived sEVs increased AKT phosphorylation levels, confirming their role in regulating insulin sensitivity in
adipose tissue (Fig. 4F and G). The same phenomenon was observed for iWAT-sEV derived from female mice (Supplementary
Figures S2B).

3.5. Analysis of eWAT-Specific sEV-derived miRNAs and overlapping miRNAs between eWAT and iWAT

We identified four extracellular vesicle (EV)-derived microRNAs (miRNAs) uniquely associated with eWAT: mmu-miR-467h, mmu-
miR-709, mmu-miR-466c¢-5p, and mmu-miR-665-5p (Fig. 5A). KEGG pathway linked these eWAT-specific sEV-derived miRNAs to key
pathways involved in cellular function, development, and physiological responses (Fig. 5B and C and Supplementary Table S7). The
enrichment scores and p-values underscore the relevance of axon guidance signaling, which directs axon growth during development,
and pathways like PI3K-Akt signaling, adrenergic signaling in cardiomyocytes, and endocytosis, each contributing uniquely to cellular
function and physiology. To further elucidate these findings, we employed bioinformatics to analyze protein data related to the
identified pathways. GO analysis revealed that most proteins were associated with cell signaling and the regulation of cellular
functions in the biological process (BP) category. In the cell component (CC) analysis, the majority of proteins were linked to neural
signaling components. Molecular function (MF) classification highlighted their roles in synaptic transmission and neuronal signaling
(Fig. 5C).

Additionally, the Venn diagram showed 10 miRNAs shared between iWAT and eWAT. KEGG pathway analysis of these shared
miRNAs revealed their involvement in cellular signaling and physiological regulation, including intercellular signal transduction,
neuronal communication, and intracellular signaling pathways (Fig. 5D and E and Supplementary Table S8). These processes reflect
the transmission of information within and outside the cell and the regulation of cellular functions, crucial for maintaining cellular
homeostasis and normal physiological state. GO analysis indicated that the proteins related to these shared miRNAs primarily function
in regulating RNA polymerase II activity at specific DNA sequences, impacting gene expression and cellular functions (Fig. 5F). Cell
component analysis linked most proteins to neural signaling components and the maintenance of cellular structural integrity, while
molecular function classification highlighted their roles in controlling gene expression by modulating transcription factor activity and
sequence-specific DNA binding.

Furthermore, we also explored the possible autocrine and paracrine effects of adipose tissue-derived sEVs. Western blot and
quantification analysis of phosphorylated AKT following co-culturing sEVs from eWAT with their SVF cells showed that eWAT-derived
sEVs significantly increased AKT phosphorylation levels, also indicating their role in maintaining insulin sensitivity in adipose tissue
(Fig. 5G and H). The same phenomenon was observed for eWAT-sEV derived from female mice (Supplementary Figures S2C).

4. Discussion

In mammals, there are two main types of adipose tissue: WAT and BAT. Structural and functional similarities between human and
mouse adipose tissues are evident, including similarities in basic tissue composition and the role of adipocytes as primary energy
storage cells. However, there are also significant differences, such as the distribution of adipose tissue. For example, in rodents like
mice, brown adipocytes are primarily located in the interscapular region and are characterized by multilocular lipid droplets and a
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Fig. 4. Analysis of iWAT-Specific Enriched miRNAs and Shared miRNAs with iBAT. (A) Venn diagram highlighting a subset of three EV-derived
miRNAs exclusively identified in iWAT. (B) KEGG enrichment analysis bubble plot for the target genes of three iWAT-specific EV-derived miRNAs,
with p-values indicating the statistical significance of each pathway. (C) GO analysis of the pathways associated with the target genes of iWAT-
specific EV-derived miRNAs, conducted using DAVID Bioinformatics Resources and categorized by biological process, cellular component, and
molecular function, with each color representing a different category. (D) Venn diagram focusing on a subset of one EV-derived miRNA shared
between iBAT and iWAT. (E) KEGG enrichment analysis bubble plot for the target genes of the shared miRNA between iBAT and iWAT, with p-
values indicating the statistical significance of each pathway. (F and G) Western blot and quantification analysis of phosphorylated AKT in iWAT-
éerived SVF cells (n = 6 biological replicates, from three independent experiments).

high density of mitochondria, which are mainly involved in dissipating stored energy as heat. While it was once thought that brown
adipocytes were limited to specific regions in infants and adults exposed to extreme cold, recent research suggests that brown adi-
pocytes, or those with features of both brown and white adipocytes (known as "beige’ or ’brite’ adipocytes), may be more common in
adult humans than previously believed [37]. Nonetheless, WAT remains the dominant type in adult humans and is characterized by
large adipocytes with a single lipid droplet and fewer mitochondria compared to brown adipocytes. In humans, adipose tissue is
categorized into distinct subtypes: subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT). In contrast, mice have more
gonadal WAT (eWAT), which shares similar functional and structural properties with human VAT. Additionally, inguinal WAT (iWAT)
in mice resembles SAT, highlighting functional differences in fat tissues between species. Our current study aimed to investigate the
potential physiological significance of sEVs derived from different adipose tissues in mice housed at room temperature. Specifically, we
conducted a systematic analysis of miRNAs—one of the most abundant cargo RNAs in sEVs (also newly named as RNAkines [38])—
from various adipose tissues under normal physiological conditions in mice.

We first focused on the top 30 most abundantly expressed miRNAs across different adipose tissue-derived sEVs. Among these, 30
miRNAs were conserved between humans and mice (Supplementary Table S2), suggesting potential similarities in the functions of
corresponding adipose tissues across species.

SAT, which is found abundantly beneath the skin in both mice and humans, plays a vital role in storing body fat and regulating
metabolic balance. It is involved in the secretion of endocrine hormones, immune modulation, and maintaining tissue homeo-
stasis—key functions for preserving internal stability and overall health [39]. Insulin resistance, a condition characterized by reduced
insulin sensitivity and/or responsiveness, impairs the ability of insulin to facilitate glucose uptake and utilization, leading to elevated
blood glucose levels and potentially resulting in diabetes [40]. Our study suggests that miRNAs secreted by iWAT, which is the most
extensively studied type of SAT in mice, can target genes associated with insulin resistance. This indicates that iWAT holds significant
potential for further research and development in the treatment of diabetes and other related metabolic disorders.

eWAT, a crucial type of VAT in mice, is vital for energy storage and release and acts as a significant endocrine organ [41,42]. The
specific miRNAs derived from its SEVs are involved in regulating key cellular functions, development, and physiological responses. Our
analysis reveals that these miRNAs play roles in cellular signal transduction, regulation, and neural processes. These findings enhance
our understanding of the regulatory mechanisms of eWAT and highlight the potential impact of sEV-derived miRNAs on adipose tissue
metabolism and physiological functions. Furthermore, 10 miRNAs derived from sEVs are shared between iWAT and eWAT and are
involved in intercellular signal transduction and physiological regulation. These insights offer valuable information on the regulatory
mechanisms and physiological roles of sEV-derived miRNAs in adipose tissue, underscoring their potential significance in metabolic
and physiological processes.

Most intriguingly, our analysis suggests that sEVs from BAT, known for its high thermogenic activity and energy dissipation, may
also play a role in inhibiting tumorigenesis. Previous research by Cao et al. demonstrated that cold-induced activation of BAT can
suppress tumor growth [43]. Consistent with these findings, our analysis of iBAT-specific sEV-derived miRNAs under physiological
conditions provides new insights into the role of iBAT in cancer biology. We identified a nuanced regulatory network within iBAT that
may impact the expression of oncogenes and tumor suppressor genes. Our GO analysis, combined with STRING prediction, highlights
four key genes potentially linked to tumor suppression. For example, PLXNB3, involved in semaphorin signaling, is crucial for neural
development and angiogenesis. Abnormal expression of PLXNB3 has been associated with prostate cancer and gliomas, where it
contributes to tumor growth and metastasis [44]. MIA, a biomarker for melanoma, affects the extracellular matrix and influences cell
adhesion, migration, and tissue structure. Elevated MIA levels in serum are correlated with aggressive melanoma, increased tumor
thickness, metastatic potential, and poor prognosis [45]. SNX9 is essential for endocytosis and interacts with regulators of the actin
cytoskeleton, impacting cell migration, adhesion, and shape changes. Dysregulation of SNX9 can contribute to metastatic behavior in
cancers such as breast cancer [46]. CISD2, a mitochondrial protein, is important for maintaining mitochondrial integrity, iron ho-
meostasis, and regulating reactive oxygen species (ROS) levels. Elevated CISD2 expression is linked to aggressive forms of breast
cancer, hepatocellular carcinoma, and pancreatic cancer [47]. These four proteins are involved in critical cellular functions, including
cell survival, adhesion, migration, and lipid metabolism. Their dysregulated expression is associated with tumor growth and metas-
tasis, suggesting a mechanistic link between miRNA actions and potential tumorigenesis. The alignment of these miRNAs with key
signaling pathways, particularly those abnormally activated in cancer, positions them as crucial molecular switches in the interplay
between adipose physiology and cancer. Our findings suggest that BAT’s role extends beyond energy expenditure and glucose regu-
lation [48]. It also functions as an important endocrine organ, secreting factors that may target cancer-related pathways and inhibit
tumor growth [49]. Given that our previous study showed that BAT-derived sEVs can be secreted to various organs, including the liver,
kidneys, heart, and white adipose tissues, we speculate that BAT-derived sEVs may also act as potential tumor suppressors. This
possibility warrants further investigation.

Furthermore, in addition to their anticipated endocrine roles, which may have systemic effects, our findings demonstrate that sEVs
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Fig. 5. Analysis of eWAT-Specific EV-derived miRNAs and shared miRNAs between eWAT and iWAT. (A) Venn diagram highlighting a subset
of four extracellular vesicle (EV)-derived microRNAs (miRNAs) exclusively identified in eWAT. (B) KEGG enrichment analysis bubble plot for the
target genes of four eWAT-specific EV-derived miRNAs, with p-values indicating the statistical significance of each pathway. (C) Gene Ontology
(GO) analysis of the pathways associated with the target genes of eWAT-specific EV-derived miRNAs, performed using DAVID Bioinformatics
Resources and categorized by biological process, cellular component, and molecular function, with distinct colors representing different categories.
(D) Venn diagram illustrating the overlap of 10 EV-derived miRNAs shared between eWAT and iWAT. (E). KEGG enrichment analysis bubble plot for
the target genes of 10 EV-derived miRNAs common to both eWAT and iWAT, with p-values indicating the statistical significance of each pathway.
(F) GO analysis of the target genes of EV-derived miRNAs shared between eWAT and iWAT, performed using DAVID Bioinformatics Resources and
categorized by biological process, cellular component, and molecular function, with each color representing a different category. (G and H) Western
Izlot and quantification analysis of phosphorylated AKT in eWAT-derived SVF cells (n = 6 biological replicates, from 3 independent experiments).

derived from adipose tissue significantly influence the tissues themselves. Specifically, SEVs from interscapular iBAT notably enhanced
the differentiation of preadipocytes in the iBAT SVF cells, as evidenced by increased expression of Ppary2, Pgcla, and Ucpl. Addi-
tionally, sEVs from iWAT and eWAT improved insulin sensitivity and metabolic activity in their respective SVF cells. Thus, alongside
well-known adipose-derived hormones such as leptin, resistin, and adiponectin, our study underscores the significant autocrine,
paracrine, and potential endocrine roles of adipose tissue-derived sEVs, particularly due to their enriched miRNA content.

In summary, we isolated sEVs from various adipose tissues (eWAT, iWAT, and iBAT) under basal conditions and characterized the
sEV-derived miRNAs using microarray and bioinformatics analysis. Our findings reveal complex regulatory networks mediated by
these miRNAs and their significant impact on adipose tissue functions. This study underscores the distinct roles of adipose-derived sEVs
in normal physiological processes and their potential involvement in disease onset, offering new insights into the molecular mecha-
nisms of adipose tissue communication under physiological conditions.

5. Limitations of the study

While our study provides a comprehensive analysis and comparison of miRNAs from various adipose tissues, primarily using male
mice, several limitations must be acknowledged. Firstly, although we validated some functions of sEVs using samples from female
mice, most of our analyses were based on male mice. It would be beneficial to determine if these findings apply to female mice as well,
considering that sex-specific differences in adipose tissue function and miRNA expression might exist. Secondly, our study utilized
differential ultracentrifugation (dUC) methods to isolate sEVs, which makes it challenging to completely eliminate all contaminants
from the samples. Additionally, while we investigated the functional roles of the identified miRNAs in cancer pathways, further
research—including overexpression and knockout experiments—is necessary to clarify their specific effects on cancer-related gene
expression and tumor cell behavior. Lastly, the physiological functions of shared miRNAs across different adipose tissues were not
thoroughly explored. Further investigation into their roles in intercellular signaling and physiological regulation is needed to gain
deeper insights into the regulatory mechanisms and physiological functions of these miRNAs in adipose tissues.
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