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Adipose tissue-derived stem cells (ADSCs) are pluripotent mesenchymal stem cells found in relatively high percentages in

the adipose tissue and able to self-renew and differentiate into many different types of cells. Extracellular vesicles (EVs),

small membrane vesicular structures released during cell activation, senescence, or apoptosis, act as mediators for long

distance communication between cells, transferring their specific bioactive molecules into host target cells.  Metabolic

syndrome and type 2 diabetes mellitus (T2DM) are mainly caused by abnormal adipose tissue size, distribution and

metabolism and so ADSCs and their secretory factors such as EVs are currently investigated as therapeutics in these

diseases. Here we provide a comprehensive summary of the current knowledge on EVs secreted from ADSCs both as

diagnostic biomarkers and therapeutics in diabetes and associated cardiovascular disease, the molecular mechanisms

involved, as well as on the use of ADSC differentiation potential in cardiovascular tissue repair and prostheses.

Keywords: adipose tissue-derived stem cells ; extracellular vesicles ; diabetes ; cardiovascular disease

1. Introduction

The adipose tissue has been considered for many years an inert storage depot for nutrients, but now many evidences

show that adipose tissue has various physiological roles that include regulation of metabolism, immunity and endocrine

function. The anatomical location in coordination with the dynamic changes of cellular component has a prominent effect

on the biology of adipose tissue. Given its central role in regulation of energy homeostasis and because obesity-related

disorders such as diabetes, metabolic syndrome and cardiovascular diseases have reached an epidemic magnitude,

extensive interest has been payed to establish a broad map of adipose tissue cellular composition and the intercellular

communication that mediate pathologic responses.

The adipose tissue is generally divided into two distinct types, white adipose tissue (WAT) and brown adipose tissue

(BAT), the first acting to store and mobilize triglycerides, and the second having the leading function of burning fatty acids

and glucose for heat production, a process known as adaptive (non-shivering) thermogenesis .

WAT is found throughout the body but is mainly organized into anatomically distinct depots: subcutaneous WAT, which is

found under the skin, and visceral WAT, which is located within the body cavities, surrounding the major organs. In

addition to subcutaneous and visceral fat, WAT can be found in many other areas: breasts, on the neck and upper back,

extremities, in the retro-orbital space, and within bone marrow. During the last years, a third form of adipose tissue has

been characterized in rodents and humans. BAT is found as depots in newborns (in perivascular and peri-organ visceral

areas) but also in adults (in cervical, supraclavicular, mediastinal, and suprarenal regions) . Both visceral and

subcutaneous WAT depots have been shown to harbor thermogenic adipocytes, and originally in subcutaneous WAT they

were called beige, whilst in visceral WAT they were termed brite . The process of browning and the recruitment of beige

adipocytes typically occurs in response to certain stimuli, particularly exposure to cold or to β3—adrenergic stimulation .

Beige adipocytes are located within WAT depots, and are morphologically and functionally comparable to brown

adipocytes . Beige adipocytes express uncoupling protein 1 (UCP-1), a master regulator of thermogenesis in BAT .

WAT is composed of a mixed population of cells including lipid-filled mature adipocytes, and a stromal vascular fraction

(SVF) that contains stromal cells (adipose stem cells, blood lineage cells, vascular cells, fibroblasts) and immune cells,

the percentage of each being in a dynamic state. Healthy WAT is characterized by the presence of numerous and smaller

adipocytes resulted from differentiated progenitor cells. However, it is known that WAT is highly plastic and responds to

different stimuli by continuous remodeling, i.e., during periods of excess energy intake it expands by both hypertrophy

(increase in cell size) and/or hyperplasia (increase in cell number) . The explanation for these processes comes

from the fact that within WAT there are subpopulations of adipocyte progenitor cells which exhibit different secretory pro-

inflammatory or fibrotic phenotypes influencing their differentiation state. Thus, identifying different subpopulations of

progenitor cells and their interaction with non-stromal resident cells in WAT it is a crucial issue in order to understand how

fat homeostasis is regulated.
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It has been showed that expansion of visceral WAT is mainly due to adipocyte hypertrophy that is linked to inflammation

and insulin resistance . In murine models, high fat feeding leads to adipocyte hypertrophy in both visceral and

subcutaneous WAT, whereas adipogenesis is thought to occur primarily in visceral WAT . The ability of adipose tissue

to expand by hyperplasia confers a protective advantage against insulin sensitivity and metabolic disease risk by the

recruitment of adipocyte progenitor cells and commitment to the adipose lineage . Chronic overnutrition forces

adipocytes to enlarge, to store more triglycerides and when their buffering capacity is exceeded, hypertrophied adipocyte

death coupled with the accumulation of pro-inflammatory macrophages and fibrotic cells into the adipose tissue leads to

ectopic fat accumulation in muscle and liver and to systemic insulin resistance .

Differences between visceral and subcutaneous adipose tissue exist also in terms of the number of isolated adipose

tissue-derived stem cells (ADSCs) and their ability to expand in vitro. SFV cell number isolated from omental adipose

tissue was significantly higher than that from subcutaneous adipose tissue in human donors . In addition, it was noted

that the yield of ADSCs isolated from each gram of visceral fat was significantly greater than that from subcutaneous fat,

implying that the visceral adipose tissue contained more ADSCs .

Extracellular vesicles (EVs) are different types of submicron vesicles derived from nearly all cells in response to cell

activation, stress or apoptosis. Based on the size, morphology, and mechanism of biogenesis, they are divided in

exosomes and ectosomes. Exosomes (50–100 nm) are small vesicles exocyted from multivesicular bodies (MVBs)
after receptor-mediated endocytosis. Ectosomes (microvesicles (MVs) or microparticls (MPs)) are slightly larger

vesicles (100–500 nm) compared with exosomes and are also cell specific as they are released from plasma membrane

by budding .

Metabolic syndrome is a multifactorial disease and involves numerous cell types, tissues, organs and humoral factors

(cytokines, growth factors and miRNA molecules, many of them being encapsulated in circulating EVs). Almost any type

of cells (endothelial cells, lymphocytes, T cells, macrophages, renal cells, cancer cells and stem cells) can release EVs in

physiological state, and number of these submicron vesicular membrane structures is increased during pathological

processes. EVs can exhibit characteristics (RNAs, DNA and lipids) of their parent cell of origin and may provide diagnostic

and prognostic value in metabolic dysfunction and cardiovascular diseases . EVs can be isolated from plasma,

urine, cerebral spinal fluid, lymph and conditioned media from cell culture by different methods.

Mesenchymal stem cells (MSCs) are multipotent cells with high proliferative, self-renewal, multi-lineage differentiation,

and regenerative potential. MSCs reside in variable amount in adult organs of human bodies with high regeneration and

differentiation capacity, but bone marrow, human umbilical cord and adipose tissue are important origins of MSCs for

researches. MSCs from these sources exhibit common features in terms of proliferation and differentiation capacity, but

their regenerative potential is site-specific. Previous studies  showed that MSCs convey their reparative effects by

releasing EVs, including small and large EVs. Recently, MSC-derived EVs as a cell-free therapeutic alternative have

gained considerable interest. More than that, EVs can also be used as a vehicle to deliver bioactive factors. EVs derived

from bone marrow mesenchymal stem cells (BM-MSCs) have been used to treat cartilage defects or osteoarthritis which

are related to bone diseases , renal injury  or Graft Versus-Host Disease . Small EVs derived from BM-MSCs

are widely used in the treatment of myocardial infarction (MI). An important mechanism behind the regenerative potential

of EV-MSCs is the immune-regulatory properties of these vesicles. In a recent paper, small EVs secreted by BM-MSCs

were incorporated into alginate hydrogel to increase their retention in the heart, have been showed to reduce the

apoptosis of cardiomyocytes and promoted the polarization of macrophages .

Among MSC-dervied EVs, ADSC-derived EVs stand out as novel mediators and biomarkers in the crosstalk between

adipose tissue and other organs/tissues relevant in obesity and metabolic diseases. In recent years, EVs from ADSCs

have attracted much attention for their role in metabolic dysfunction, in particular, obesity and its complications, but their

role in diabetes and associated cardiovascular disease was very little discussed.

Diabetic nephropathy represents one of the most relevant chronic complications of diabetes and the major cause of end-

stage renal failure . At present, available clinical biomarkers including glomerular filtration rate (GFR), proteinuria and

urinary sediment evaluation do not allow a specific diagnosis neither clarify disease staging. Therefore, the finding of non-

invasive biomarkers could hinder the use of kidney biopsy, a procedure implying complication risks. Urine is an ideal

source of biomarkers, particularly for diseases of the kidney and urinary tract, because it can be conveniently collected in

large amounts without risk to the patient. Recent studies revealed that expression of urinary exosomal miRNA is changed

in patients with type 2 diabetes mellitus (T2DM) . Urinary exosomal miRNA content is altered in patients suffering

from type 1 diabetes mellitus (T1DM) with incipient diabetic nephropathy and micro-albuminuria resulting in an up-

regulation of miR-130a and miR-145 and a down-regulation of miR-155 and miR-424 .
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2. Extracellular Vesicles from Adipose Tissue Stem Cells

2.1. Classification and Molecular Properties of Adipose Tissue Extracellular Vesicles

There is no consensus on specific markers of EV subtypes, such as endosomal origin exosomes (small EVs) and plasma

membrane-derived ectosomes (microparticles/large EVs), therefore assigning EVs to a particular biogenesis pathway

remains very difficult. Due to an increased interest in the EVs field and of higher number of published papers working with

these EV subtypes, whose size and amount often make them difficult to obtain as relatively pure preparations, and to

characterize properly, an improved guideline have been published in order to help scientists to make strong conclusions

on the involvement of specific populations of EVs in physiological or pathological condition. A list of minimal information for

studies of EVs (MISEV2018) was provided, covering EV separation/isolation, characterization, and functional studies. This

updated ISEV statement reflects an improved understanding in EV biology, which has resulted in a consensus to promote

meaningful changes to nomenclature and experimental approach. MISEV2018 guidelines advise the authors to use

operational terms for EV subtypes that refer to (a) physical characteristics of EVs, such as size (small EVs (sEVs) and

medium/large EVs (m/lEVs), with ranges defined, for instance, respectively, <100 nm or <200 nm [small], or >200 nm

[large and/or medium]) or density (low, middle, high, with each range defined); (b) biochemical composition

(CD63 /CD81 -EVs, Annexin A5-stained EVs, etc.); or c) descriptions of conditions or cell of origin (podocyte EVs,

hypoxic EVs, large oncosomes, apoptotic bodies) .

Considering the fat type and location, adipose tissue-derived EVs can be divided into: EVs secreted from subcutaneous or

visceral fat and EVs secreted from WAT or BAT.

Molecular properties of adipose tissue EVs rest on their composition in lipids, proteins, and nucleic acids. Basically, the

biomolecular content of EVs is similar to that of the source cell, any differences in adipose tissue-derived EVs composition

resting on the content variability of the original fat cell type.

Adipose tissue EV release has been widely studied in explants from both adipose visceral and subcutaneous tissues 

, as well as in in vitro differentiated adipocytes and in adipose tissue stem cells (ADSCs) . However, most of the in

vitro studies used the murine 3T3-L1 pre-adipocyte cell line differentiated to mature adipocytes and only a few used

human adipocytes and adipose tissue extracts .

Analyses of microRNA (miRNA) profiles, showed that adipocyte-derived small EVs exhibit abundant miRNA content, many

of which are up-regulated, such as miR-103, miR-146b, miR-148a . Considering the length of adipogenesis

induction, 3T3-L1 small EVs, registered a time dependent increment of adipogenesis-related gene transcripts expression,

peroxisome proliferator-activated receptor γ2 (PPARγ2), adiponectin and leptin . Therefore, EVs from adipogenic

induced 3T3-L1 cells, doubled adiponectin content, while fatty acid-binding protein 4 (FABP-4) and preadipocyte factor 1

(PREF-1) levels decreased . Adiponectin, as well as a small amount of resistin were found also in small EVs from

serum . After adipogenesis, the lipid composition of EVs was also enriched in phosphatidiyl serine and arahidonic acid

and in long chain omega-3 fatty acid decosahexaenoic acid . Protein marker expression of CD9, CD36, TSG101 and

Alix remained unchanged, after 3T3-L1 cell differentiation . In normoxic and hypoxic conditions, 231 proteins were

identified in 3T3-L1 small EVs, including enzymes involved in “de novo” lipogenesis, mostly when the hypoxic

environment induced by adipocyte hypertrophy was mimicked . Moreover, besides adipocyte specific proteins, several

immunomodulatory proteins, such as tumor necrosis alpha (TNF-α), macrophage-colony-stimulating factor (MCSF) and

retinol binding protein4 (RBP-4), have been reported within the small EVs .

Human adipose tissue isolated ADSCs release small EVs that have been shown to contain small RNA species like

miRNAs, small nucleolar RNAs (snoRNAs) and mostly transfer RNAs (tRNAs) . Protein secretory profile of ADSCs is

considered almost specific to each person, thus forming a heterogeneous population of cells that may produce equivalent

EVs .

Differentiated human adipocytes-derived EV content is characterized by adipose specific markers FABP-4 as well as

adiponectin and by a number of inflammatory adipokines, including macrophage migration inhibitory factor (MIF), TNFα,

MCSF, and RBP-4 . Regarding the adipokine profile, visceral adipose tissue EVs have a significantly higher

concentration of interleukin -6 (IL-6), MIF, and monocyte chemoattractant protein-1 (MCP-1) compared to those from

subcutaneous adipose tissue. The content of EVs produced by both subcutaneous and visceral adipose tissue is also rich

in adiponectin. In contrast to adiponectin-negative EVs produced mainly by stromal cells, adiponectin-positive EVs are

produced exclusively by adipocytes.
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Since the release of small EVs by BAT is increased after cAMP treatment, down regulation of specific marker miR-92a

was also observed in both murine and human small EVs after cold exposure-dependent cAMP activation (Chen et al.,

2016).

2.2. Physiological Functions of Adipose Tissue Extracellular Vesicles

Adipocyte released EVs influence the vascular health of the adipose tissue, being important means of vascular

homeostasis regulation by neovascularization and angiogenesis , ADSC small EVs promoting vascular endothelial cell

migration and proliferation and stimulating neo-vessel formation .

Adipocyte-derived EVs (including large EVs and small EVs) may function as adipokines contributing to adipose tissue

homeostasis or dysfunction. An important role of EVs isolated from adipose tissue is their capacity to mediate the

endocrine connection between maternal adipose tissue and fetal growth, being unfortunately also responsible for fetal

overgrowth . Since adipocyte-derived EVs contain large amount of adiponectin, a crucial adipokine for glucose and lipid

metabolism, also involved in fatty acid oxidation and insulin sensitivity , small EVs through their rich adiponectin

content may be involved in distant cell metabolism.

Adipocyte derived EVs have also an important role in paracrine regulation of adipocyte metabolism . Microvesicles and

exosomes released by adipocytes containing glycosylphosphatidylinositol (GPI)-anchored proteins, CD73 and Gcel have

role in esterification and in lipolysis inhibition  the small EVs may be effective players in adipocyte

intercommunication .

The paracrine cross talk between adipocytes and macrophages is also regulated by adipose tissue-derived EVs. When

primary monocytes differentiate into macrophages, the most effective EVs were adiponectin-positive and visceral ones

compared to adiponectin-negative and subcutaneous EVs . Moreover, the exposure of hepatocytes to subcutaneous

and visceral adipose tissue-derived EVs led to a negative association between Akt signaling and glucose-6-phosphatase

gene expression . There is evidence of adipocyte-derived EV communication with the immune cells as well as their

influence on whole body. EVs are implicated in regulation of hepatic insulin signalling and immunity as shown in vitro by

their ability to reduce the proliferation rate of stimulated T lymphocytes and by controlling monocyte to macrophage

differentiation.

Figure 1. Relevance of extracellular vesicles from adipose tissue stem cells in pathophysiology of diabetes and

associated cardiovascular disease: extracellular vesicles as diagnostic biomarkers, direct mediators and therapeutic

strategies
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