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Abstract

Adipose tissue is located in discrete depots that are differentially associated with elevated risk of metabolic complications,
with fat accretion in visceral depots being most detrimental to metabolic health. Currently, the regulation of specific adi-
pose depot expansion, by adipocyte hypertrophy and hyperplasia and consequently fat distribution, is not well understood.
However, a growing body of evidence from in vitro investigations indicates that mature adipocytes secrete factors that
modulate the proliferation and differentiation of progenitor, adipose-derived stem cells (ADSCs). It is therefore plausible that
endocrine communication between adipocytes and ADSCs located in different depots influences fat distribution, and may
therefore contribute to the adverse health outcomes associated with visceral adiposity. This review will explore the available
evidence of paracrine and endocrine crosstalk between mature adipocytes and ADSCs that affects adipogenesis, as a better
understanding of the regulatory roles of the extracellular signalling mechanisms within- and between adipose depots may
profoundly change the way we view adipose tissue growth in obesity and related comorbidities.
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Introduction

The increasing prevalence of obesity has become a major
public health problem worldwide [1]. This is of particular
concern as obesity is a major risk factor for type 2 diabetes,
dyslipidaemia, hypertension, cardiovascular disease and cer-
tain types of cancers [2, 3]. The rise in obesity and related
health complications has prompted renewed interest in adi-
pose tissue biology, as a detailed understanding of the cel-
lular and molecular mechanisms that govern adipose tissue
expansion, distribution, and function may be the foundation
for the development of new therapeutic strategies aimed at
reducing obesity-related disorders.

Adipose tissue accounts for 5-50% of human body
weight and is mainly found in subcutaneous and visceral
depots, although depots are also located in bone marrow
which can constitute up to 10% of total body fat [4]. The tis-
sue is complex and multicellular, consisting of adipocytes,
adipose progenitor cells, fibroblasts, vascular endothelial
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cells, resident macrophages and a variety of other immune
cells. Adipose tissue plays a key role in whole-body energy
homeostasis and lipid metabolism. In times of sufficient
energy supply, adipocytes act as energy stores by efficiently
sequestering excess glucose and fatty acids from the circu-
lation to be stored in intracellular lipid droplets. This lipid
accrual increases the diameter of adipocytes and contrib-
utes to adipose tissue expansion. Conversely, lipids stored
in adipocytes can be released through lipolytic pathways in
times of energy insufficiency or when energy expenditure is
increased, with the liberated glycerol and fatty acids being
distributed via the blood throughout the body. Hence, adi-
pose tissue is dynamically remodelled to accommodate the
redistribution of lipids in response to fluctuations in nutrient
supply [5]. The processes of glucose and fatty acid uptake,
lipogenesis, and lipolysis are tightly controlled by a complex
regulatory network, which has been extensively studied [6].

When individuals become obese, the increased energy
supply is initially met by increased intracellular lipid accu-
mulation and adipocyte hypertrophy in subcutaneous adi-
pose tissues. However, large, hypertrophic adipocytes even-
tually face limits of expansion and increasing hypoxia due to
inadequate vascularisation of the enlarging adipose tissue.
This results in adipocyte dysfunction, where excess free fatty
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acid and proinflammatory cytokine release may promote
dyslipidaemia, chronic inflammation and insulin resistance
[7]. Consequently, to compensate for the limited capacity
of highly hypertrophic adipocytes to safely store lipids, new
adipocytes are formed from adipocyte progenitor cells by de
novo adipogenesis to increase the storage capacity of adi-
pose tissue. However, a continued energy surplus ultimately
results in the inability of progenitor cells to adequately pro-
liferate and differentiate, contributing to pathological adipo-
cyte hypertrophy and tissue dysfunction [8].

The location of the increased adiposity is an important
factor affecting the metabolic complications of obesity.
While subcutaneous adipose tissue expansion is associated
with relatively benign storage of excess lipids, expansion
of visceral adipose depots is more closely linked to adverse
metabolic outcomes [9, 10]. Moreover, subcutaneous and
visceral adipocytes demonstrate distinct differences in
phenotype, gene expression, lipolysis rates and secretion
profiles [11, 12]. As subcutaneous adipose tissue of obese
individuals approaches its capacity for adipocyte enlarge-
ment and progenitor cell differentiation, the excess energy
is stored in expanding visceral adipose depots. This limits
the potentially cytotoxic effects of ectopic lipid deposition,
where excess lipids are deposited in non-adipocyte cells in
the liver, muscles and pancreas [13]. However, the mecha-
nisms whereby visceral adipose depot expansion responds
to the status of subcutaneous adipose tissue are not well
understood.

In addition to its role in systemic lipid metabolism,
adipose tissue is increasingly recognised as an important
endocrine organ. Adipocytes secrete a wide range of growth
factors and hormones (termed adipokines) that may act
locally by autocrine or paracrine signalling, or may be cir-
culated to relay information to other metabolically active
organs via endocrine mechanisms [14]. Adipokines act by
binding to specific receptors on target cells, which initiates
intracellular signalling pathways and a cellular response.
Well-characterized adipokines include leptin, adiponectin,
adipsin, and chemerin, amongst others [15—-18]. Proteomic
studies suggest that adipocytes secrete at least several hun-
dred distinct proteins [19, 20] and, for the vast majority, the
target tissue and biological action of the secreted proteins
remain unknown. Further studies on adipokine signalling
are warranted, as a growing body of evidence has impli-
cated impairment of the synthesis, secretion, and function of
adipokines with the development of obesity and its related
complications [21, 22].

While mature adipocytes are terminally differentiated,
they are thought to have a constant turn-over rate [23], with
new adipocytes arising from the differentiation of progenitor
cells. These adipocyte progenitors are fibroblast-like stem
cells that can be found in the stromal-vascular fraction of
adipose tissue (which also contains fibroblasts, vascular
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endothelial cells and various immune cells). Techniques for
the isolation and in vitro expansion of these adipose-derived
stem cells (ADSCs) have been well established, and ADSCs
can be readily induced to undergo adipogenic differentiation
and maturation via stimulation with a cocktail of appropriate
reagents [24-26]. However, the exact mechanisms governing
adipogenesis in vivo are not well understood [27].

To date, several cell culture-based studies have reported
possible paracrine interactions between mature adipocytes
and ADSCs that influence the proliferation and/or differ-
entiation of the progenitor cells. These studies range from
investigations of immortalised cell lines, such as the murine
3T3-L1 preadipocyte cell line, to primary adipocytes and
ADSCs that were obtained and purified from animal or
human adipose tissue, without the need for immortalisation.
More recently, the use of three-dimensional (3D) co-cultures
of different cells and microfluidic perfusion cell culture
systems has facilitated the study of paracrine interactions
between adipocytes and other cells, in a setting that better
approximates the in vivo adipose tissue milieu than conven-
tional two-dimensional (2D) cultures. While these studies
suggest that paracrine communication exists between adipo-
cytes and ADSCs within the same adipose depot, it is cur-
rently unclear whether factors secreted by adipocytes may
also influence ADSCs resident in distant adipose depots,
via endocrine mechanisms. Such endocrine factors, secreted
by hypertrophic subcutaneous adipocytes, may contribute
to the delayed onset of visceral adipose depot expansion
seen in obesity. A better understanding of the autocrine,
paracrine and endocrine communication that regulate adi-
pogenesis may provide profound insights into the expansion
visceral adiposity and the pathobiology of obesity-related
comorbidities.

This review focusses on studies of intra- and inter-adipose
communication between mature adipocytes and ADSCs
(summarised in Table 1). We will review various lines of
evidence demonstrating paracrine signalling from adipo-
cytes that influence differentiation of surrounding ADSCs,
as well as discuss the possibility that comparable endocrine
signalling mechanisms may contribute to communication
between cells in different adipose depots.

Paracrine interactions in primary rodent
cells

In periods of energy excess, mature adipocytes accumulate
lipids to become hypertrophic, but progressive expansion
can result in cellular stress and insulin resistance. This is
normally limited by hyperplasia and differentiation of pro-
genitor ADSCs to produce sufficiently abundant mature
adipocytes to store the excess energy. It is therefore easily
conceivable that the regulation of ADSC proliferation and
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Table 1 Evidence of paracrine/endocrine interactions between mature adipocytes and adipose-derived stem cells (ADSCs)

Refs. Experimental model Source of adipocytes Source of ADSCs Experimental Effect of adipocytes ~ Candidate factor?
approach on ADSCs
[29] Rats ScWAT; vWAT; ScWAT; vWAT; Direct co-culture Differentiation 1 No
epWAT epWAT
[32] Obese vs. lean rats SCWAT; vWAT ScWAT; vWAT Direct co-culture Obese: differentia- No
tion 1
Lean: differentia-
tion 1
[32] Old vs. young rats epWAT epWAT Direct co-culture Young: differentia-  No
tion 1
Old: differentiation 1
[33] Rats VWAT VWAT Adipocyte-condi- Differentiation 1 53 kDa protease-
tioned media sensitive factor
[34] Rats SCWAT SCWAT Adipose tissue-con-  Differentiation 1 No
ditioned media Proliferation |
[36] Human subjects SCWAT ScCWAT Direct co-culture, 3D Differentiation 1 No
co-culture
[38] Human subjects scWAT scWAT Adipose tissue-con-  Differentiation 1 bFGF, leptin, IL-6,
ditioned media adiponectin, CCL5
[39] Human subjects ScWAT ScWAT Co-culture with No effect on differ-  N/a
porous insert entiation
[40] Human subjects scWAT scWAT Co-culture with Differentiation | Ang II
porous insert
[45] Obese vs. lean ScCWAT ScCWAT Co-culture with Obese: prolifera- No
human subjects porous insert tion 1
Lean: proliferation 1
[47] Human subjects sScWAT sScWAT Adipocyte-condi- Proliferation 1 no
tioned media No effect on differ-
entiation
[50] Human subjects ScWAT sScWAT Direct co-culture Secretion of VEGF, N/a
G-CSF, bFGF 1
[52] Human subjects Differentiated ScWAT Microfluidics cham-  Differentiation 1 No
ADSCs ber
[53] T2D vs ND human BM BM Adipocyte-condi- T2D: differentia- MCP-1
subjects tioned media tion 1
ND: differentiation 1
[59] 3T3-L1 cell line 3T3-L1 adipocytes ~ 3T3-L1 preadipo- Microfluidics cham-  Differentiation 1 No
cytes ber
[60] 3T3-L1 cell line 3T3-L1 adipocytes ~ 3T3-L1 preadipo- Adipocyte-condi- Differentiation 1 Cav-1
cytes tioned media
[61] 3T3-L1 cell line 3T3-L1 adipocytes ~ 3T3-L1 preadipo- Co-culture with Standard condi- No
cytes porous insert; tions: no effect
+inflammation on differentiation
and/or excess Inflammation and/
insulin or excess insulin:
differentiation |
[63] Mice N/a (in vivo) 3T3-F442A preadi-  Subcutaneous Differentiation 1 No
pocytes implantation of
ADSCs
[64] Mice N/a (in vivo) Human scWAT Subcutaneous Differentiation 1 No
implantation of
ADSCs
[65] Mice N/a (in vivo) Human scWAT Subcutaneous Differentiation 1 No
implantation of
ADSCs
[66] Mice N/a (in vivo) scWAT Adipocyte-specific Differentiation | ADAMTS1

overexpression of
ADAMTSI

Proliferation 1
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Table 1 (continued)

Refs. Experimental model Source of adipocytes Source of ADSCs Experimental Effect of adipocytes  Candidate factor?
approach on ADSCs

[68] Mice ScWAT scWAT; BM Adipose tissue-con-  ADSCs: differentia-  3-5 kDa factor

ditioned media tion 1

BM-MSCs: difteren-
tiation 1

[69] Human subjects ScWAT BM 3D co-cul- Viability 1; clono- No

ture; +excess genicity 1

glucose
[70] Mice ScWAT; vWAT scWAT; vWAT; 3T3- Co-culture with Differentiation | Slc27al?, Vim®, Cp?,

L1 preadipocytes

porous insert;
adipocyte-condi-

Ecml?
Got2°, CpgP, TM1rl1°,

tioned media Lgals3 bp®

ADAMTS1 ADAM metallopeptidase with thrombospondin motif type 1, ADSC adipose-derived stem cell, Ang II angiotensin II, bFGF basic
fibroblast growth factor, CCL5 chemokine ligand 5, BM bone marrow, BM-MSC bone marrow mesenchymal stem cell, Cav-I caveolin 1, Cp
ceruloplasmin, Cpq carboxypeptidase Q, Ecml extracellular matrix protein-1, epWAT epididymal white adipose tissue, Got2 aspartate ami-
notransferase, /L-6 interleukin 6, I/1rl] interleukin-1 receptor-like 1, kDa kiloDalton, Lgals3bp galectin-3-binding protein, MCP-1 monocyte
chemoattractant protein 1, ND non-diabetic, Ref. reference, scWAT subcutaneous white adipose tissue, Slc27al long-chain fatty acid transport
protein 1, 72D Type 2 diabetic, Vim vimentin, vWAT visceral white adipose tissue

*Promotes ADSC differentiation
®Inhibits ADSC differentiation

differentiation could be controlled by the energetic state of
the adipose depot as a whole or by the increasingly hyper-
trophic adipocytes within it. However, the proliferation
and differentiation of cells are usually mutually exclusive
and therefore it is likely that signals from enlarged adipose
depots, containing mature adipocytes, to ADSCs would be
either proliferative or stimulate differentiation. Initial inves-
tigations therefore strived to examine whether mature adi-
pocytes or other cells within adipose tissue could evoke a
cellular response in ADSCs by inducing differentiation or
proliferation. Furthermore, adiposity is known to increase
with age, which is associated with insulin resistance [28]. It
is plausible that this might be due to a diminished response
of ADSCs to compensate for adipocyte hypertrophy during
the period of positive energy balance in later life, possibly as
a result of dysfunctional communication between enlarged
adipocytes and progenitor cells. Investigators have there-
fore also investigated the effects of age on the secretome of
mature adipocytes, examining the effects of adipocyte-con-
ditioned media on the propensity of ADSCs to differentiate.

In a landmark study, Shillabeer et al. [29] investigated
the effect of adipose tissue on the differentiation of cultured
ADSCs, obtained from three adipose depots. Epididymal,
retroperitoneal and inguinal fat depots of healthy adult
Sprague—Dawley rats were dissected, shredded and co-cul-
tured with ADSCs obtained from stromal-vascular fractions
from the corresponding fat depots. The authors found that
direct co-culture of ADSCs with cells liberated from adi-
pose tissue induced a marked (30—40 fold) increase in intra-
cellular lipid accrual in the progenitor cells, compared to
ADSC:s cultured alone. Moreover, incubation with adipose
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tissue induced an increase in glycerol 3-phosphate dehy-
drogenase (GPDH) activity, a key enzyme in triglyceride
biosynthesis and marker of adipogenic differentiation [30],
establishing that lipid droplet expansion within ADSCs was
due to differentiation rather than merely uptake of lipids
from the culture medium. Co-culture of ADSCs with iso-
lated, tissue-liberated mature adipocytes was found to result
in similar levels of ADSC differentiation as incubation with
whole tissue, indicating that the adipogenic effect was spe-
cific to mature adipocytes and not dependent on other cell
types found within the tissue. Adipogenic conversion was
consistently demonstrated regardless of the site of origin of
the ADSCs or mature adipocytes. Mature adipocytes did not
influence the proliferation of ADSCs within the 6-day study
period. Notably, this adipogenic effect could not be ascribed
to the release of free fatty acids by damaged adipocytes, sug-
gesting that mature adipocytes release factors that stimulate
ADSC differentiation and maturation.

Follow-up studies established that the paracrine effects
of adipocytes in co-culture with ADSCs are influenced by
factors such as the corpulence and age of the donor ani-
mals. For example, ADSCs from normal-weight adult
Sprague—Dawley rats that were co-incubated with mature
adipocytes from genetically obese rats underwent robust
adipogenic differentiation, whereas this effect was consid-
erably diminished when the adipocytes were isolated from
lean rats [31]. The authors speculated that lower levels of
differentiation factor(s) were being released by lean- than
obese-derived adipocytes. Similarly, the co-culture of
ADSCs and mature adipocytes isolated from epididymal
tissue of old (20 months) rats resulted in a lower degree of
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ADSC differentiation than when the ADSCs and adipocytes
were obtained from young (3 months) rats [32]. Cross-over
experiments (ADSCs from old rats co-cultured with mature
adipocytes from young rats, and vice versa) demonstrated
that this effect was not due to a reduced adipogenic potential
of ADSCs from aged rats, but rather to a reduced production
and secretion of differentiation-promoting factor(s) from old
adipocytes.

Experimental approaches that used adipocyte-conditioned
media (cell-free media enriched with adipocyte-secreted fac-
tors), as opposed to direct co-culture of ADSCs with mature
adipocytes, negated possible juxtacrine, contact-dependent
interactions between the two cell populations and exam-
ined paracrine and endocrine stimulation of adipogenesis.
Whereas rat ADSCs from epididymal or retroperitoneal
fat depots that were cultured in basal growth media did
not undergo spontaneous adipogenic differentiation, cells
cultured in adipocyte-derived conditioned media rapidly
differentiated and accrued lipid droplets in a linear dose-
dependent manner [33]. Ultrafiltration and fractionation of
the conditioned media revealed that the adipogenic factor
contained therein is a papain- and chymotrypsin-sensitive
protein with an approximate molecular weight of 53 kDa,
which the authors designated adipocyte differentiation factor
(ADF). While the identity of ADF is yet to be confirmed,
ADF may act as an important paracrine hormone that regu-
lates adipogenic processes in vivo.

Other studies focussed on the combined effect of all
secreted factors from the heterogeneous cells in adipose tis-
sue explants, as opposed to secreted factors from isolated
mature adipocytes. Conditioned media derived from adipose
tissue explants of inguinal fat depots from young (3 weeks
old), lean rats added to cultured ADSCs, isolated from
the same fat depot, inhibited the proliferation and colony-
forming efficiency of ADSCs [34]. Adipose explant-derived
conditioned media also promoted ADSC differentiation and
increased the expression of the adipogenesis markers C/
EBPp, PPARy2, ADIPOQ (adiponectin) and LPL (lipopro-
tein lipase) in these ADSCs. The twofold inhibition of cell
proliferation and stimulation of cell differentiation described
in this study is not unexpected, as proliferation and differen-
tiation of ADSCs have been inversely related [35].

Paracrine interactions in primary human
cells

The differentiation-promoting effect of mature adipocytes on
ADSC:s, observed either directly in co-culture experiments
or via secreted factors in adipocyte-conditioned media, has
also been found in cultured human cells. Stacey et al. [36]
compared the adipogenic differentiation of human subcuta-
neous ADSC:s either co-cultured with isolated adipocytes or

treated with standard adipogenic differentiation media, the
conventional method of differentiating ADSCs into adipo-
cytes in vitro [37]. Adipogenesis was substantially greater
in cells co-cultured with adipocytes than in cells cultured in
standard adipogenic media, and measurements of glycerol,
leptin and adiponectin release indicated that ADSCs in co-
culture differentiated at an earlier time point. It is noteworthy
that this investigation found that the most common means
of achieving adipogenesis in vitro (with adipogenic media)
was less supportive of ADSC differentiation than co-cul-
ture conditions, even in the absence of supplemented pro-
adipogenic compounds. These observations were extended
to cell populations cultured in 3D in vitro environments
rather than 2D environments; in general, production of adi-
pogenesis markers was higher in 3D cell cultures than 2D
cultures regardless of treatment conditions. In 3D culture,
co-culture again stimulated greater adipogenesis than the
use of adipogenic media alone. It can be argued that co-
culture of different cell populations scaffolded in 3D is more
physiologically relevant, because it better approximates the
in vivo environment of adipose tissue [36]. Furthermore,
this also highlights insufficiencies in the differentiation of
ADSC:s by standard in vitro differentiation media and a lack
of a full understanding of the process of adipogenesis and
its regulation.

Adipogenic effects have also been described for media
conditioned with adipose tissue explants containing a het-
erogeneous cell population, obtained from human subjects
[38]. Explant-conditioned media (enriched with secreted
factors from a mixture of different adipose-resident cells)
effectively induced lipid accumulation and upregulation of
adipogenic markers in human ADSCs in a dose-dependent
manner, with higher concentrations of conditioned media
resulting in increased stimulation of adipogenesis. Moreo-
ver, cells treated with explant-conditioned media demon-
strated accelerated and higher lipid accumulation than cells
treated with control adipogenic media. Assessments of the
cytokine composition of explant-derived conditioned media
found that it contained numerous cytokines at physiologi-
cally active concentrations, including leptin, adiponectin,
bFGF, CCLS5 and IL-6, which may modulate lipid accumula-
tion in treated ADSCs [38].

In contrast to these findings, inhibition of ADSC dif-
ferentiation by mature adipocytes has also been reported.
Co-culture of human ADSCs with mature adipocytes in
cell culture dishes with porous transwell inserts failed to
induce differentiation of ADSCs, even after an extended co-
incubation period of 20 days [39]. Similarly, the presence of
co-cultured mature adipocytes fully suppressed adipogenesis
in human ADSCs that have been supplemented with adipo-
genic media [40]. ADSCs treated with adipogenic media
successfully underwent differentiation in the absence of co-
cultured adipocytes, indicating that the observed inhibitory
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effect was not due to diminished adipogenic potential of
these cells. The authors specifically examined the contribu-
tion of angiotensin II (Ang II), a vasoactive peptide that has
been previously implicated in the modulation of adipogen-
esis [41]. Mature adipocytes secrete the Ang II precursor
angiotensinogen, and may therefore serve as an endogenous
source of Ang II [42]. It was demonstrated that the suppres-
sion of adipogenesis in ADSCs co-cultured with isolated
adipocytes was abolished by blockade of the Ang II type I
receptor, which resulted in rapid lipid accrual and matura-
tion of ADSCs [40]. This inhibition of ADSC differentiation
by mature adipocytes suggests a paracrine negative feed-
back loop, whereby increased secretion of Ang II by mature
adipocytes suppresses further recruitment of ADSCs, and
points to a modulatory role of the renin—angiotensin system
on adipose tissue function [43]. While the biological rel-
evance of this is currently unclear, adipose Ang II may act
in the regulation of both the regional blood flow to adipose
tissue and adipose hyperplasia [44].

Adipocyte function and dysfunction can also influence
the proliferation of ADSCs. Considine et al. [45] used a
double chamber co-culture system to investigate paracrine
interactions between primary ADSCs and mature adipo-
cytes, isolated from lipoaspirates of subcutaneous adipose
tissue from both lean and obese subjects. Porous transwell
inserts allowed for diffusion of secreted factors between
mature adipocytes and ADSCs while maintaining the physi-
cal separation of the two cultures. It was found that mature
adipocytes from both lean and obese subjects secreted fac-
tors that promoted the proliferation of ADSCs, where the
rate of proliferation increased with both prolonged exposure
to mature adipocytes and increasing numbers of mature adi-
pocytes, indicating a time— and dose—response. Proliferative
rates of the ADSCs were markedly higher in the presence of
adipocytes from obese subjects compared to adipocytes from
lean subjects. This indicates a greater growth-stimulating
potential of adipocytes from obese individuals, which could
contribute to the elevated adipose tissue hyperplasia initially
seen in obesity [46].

Later studies substantiated the pro-proliferative effects
reported by Considine et al. [45]. Human ADSCs iso-
lated from abdominal subcutaneous adipose tissue, and
subsequently exposed to human adipocyte-conditioned
media, demonstrated greater rates of proliferation than
ADSCs cultured in basal media alone [47]. Conditioned
media did not stimulate adipogenic differentiation in this
experimental setting, which may be linked to the inverse
relationship between ADSC proliferation and differen-
tiation [35]. The authors also investigated the growth
responsiveness of ADSCs to purified adipokines known
to be secreted from mature adipocytes. While adiponec-
tin supplementation had no effect on ADSC proliferation,
addition of the adipokines leptin, VEGF-A, LPA and IL-6
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increased the proliferation of ADSCs, mirroring effects
previously described in rodent ADSCs and cell lines [48,
49]. Gene expression analysis confirmed that the ADSCs
express receptors for leptin, LPA and IL-6, indicating
that it was highly likely that there is specific binding by
ADSCs of these factors released into the adipose tissue
microenvironment.

In line with the modulatory effects of adipocytes on
ADSC proliferation and differentiation, co-culture also
affects the secretion profiles of the cells. Blaber et al. [50]
employed a cytokine panel to analyse the secretion profiles
of human subcutaneous ADSCs, isolated subcutaneous
mature adipocytes, and a co-culture of both these cell types.
It was reported that co-culture of ADSCs and mature adi-
pocytes resulted in significantly increased concentrations of
three cytokines, namely VEGF-A, granulocyte colony stim-
ulating factor (G-CSF), and basic fibroblast growth factor
(bFGF) in the growth media. This finding further supports
the existence of paracrine signalling between adipocytes and
ADSCs that enhances the secretion of these cytokines by
either or both cell types.

Autocrine/paracrine communication has also been
described within populations of differentiating ADSCs,
whereby adipocyte-differentiated cells stimulate naive
ADSC s in the microenvironment toward further adipogen-
esis. This has been demonstrated with microfluidic perfusion
cell culture chambers, which enable tight control of the cel-
lular environment during differentiation as the media com-
position remains constant over the entire experiment [51].
Human ADSCs obtained from abdominal subcutaneous
lipoaspirates were cultured in a microfluidics chamber, with
ADSC differentiation controlled by perfusion with either
standard adipogenic media, a mixture of adipogenic media
and differentiating ADSC-conditioned media, or basal media
[52]. This conditioned media was prepared by stimulating
adipogenesis in ADSCs and subsequently collecting and
pooling culture supernatants at several time points; hence,
the conditioned media contained factors secreted by a mix-
ture of cells across various stages of differentiation. Of note,
ADSC:s perfused with adipogenic media were only exposed
to exogenous adipogenic stimuli, as the perfusion conditions
rapidly removed released factors secreted by differentiating
ADSCs, whereas conditioned media provided cells with both
adipogenic stimuli and cell-secreted factors. It was found
that conditioned media increased lipid accrual and upregula-
tion of adipogenesis markers to a greater extent than adipo-
genic media alone, as a result of autocrine/paracrine stimula-
tion. Perfusion with conditioned media for a short period of
12 hours was sufficient to induce expression of CEBPB and
CEBPD (early markers of adipogenesis) in ADSCs, indicat-
ing that the pro-adipogenesis factors, released in response to
adipogenic media, act very early in the adipogenic process
upstream of the transcription factors C/EBP and C/EBPS.
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Paracrine communication between adipocytes and adi-
pocyte progenitor cells has also been described for cells
residing in the bone marrow niche [53]. Bone marrow was
collected from femoral heads of diabetic and non-diabetic
patients undergoing hip surgery, from which mature adi-
pocytes and bone marrow mesenchymal stem cells (BM-
MSCs) were isolated and separately cultured. Conditioned
media was subsequently harvested from mature bone
marrow adipocyte cultures of diabetic- and non-diabetic
patients. BM-MSCs of non-diabetic subjects were exposed
to standard adipogenic media, or adipogenic media supple-
mented with either conditioned media from diabetic adipo-
cytes or conditioned media from non-diabetic adipocytes. It
was found that diabetic conditioned media induced adipo-
genic differentiation to a greater degree than non-diabetic
conditioned media or standard adipogenic media alone. Fur-
thermore, whereas stimulation with osteogenic media alone
or osteogenic media supplemented with non-diabetic condi-
tioned media resulted in increased BM-MSC differentiation
into alkaline phosphatase-positive osteoblasts, this osteo-
genic stimulation was negated with supplementation with
diabetic conditioned media. These results suggest a diabetic
paracrine loop in bone marrow whereby bone marrow adi-
pocytes of diabetic patients promote the adipogenic differ-
entiation of BM-MSCs at the expense of osteogenesis [53].
A comparison of the secretomes of mature adipocytes from
diabetic and non-diabetic patients revealed, amongst other
alterations, a prominently increased secretion of monocyte
chemoattractant protein 1 (MCP-1) by diabetic adipocytes.
This protein has been previously implicated in adipogenesis
[54] and higher circulating levels of MCP-1 have been asso-
ciated with insulin resistance [55]. Antagonism of MCP-1
signalling moderately decreased the observed adipogenic
potential of standard adipogenic media and non-diabetic
conditioned media, but severely inhibited adipogenesis
induced by diabetic conditioned media [53]. This implicates
MCP-1 as an important paracrine factor in bone marrow
adipose tissue, which may contribute to dysregulated bone
marrow adiposity in diabetes.

Paracrine interactions in immortalised cell
lines

In addition to those that have been described in primary
rodent and human cells, paracrine interactions have also
been demonstrated in immortalised cell lines. The most
commonly used cell line in the study of adipogenesis is the
murine 3T3-L1 cell line, a well-established preadipocyte
(adipocyte lineage committed precursor cell) model origi-
nally derived from Swiss 3T3 mouse embryos [56]. The
fibroblastic 3T3-L1 cells are readily induced to undergo de
novo differentiation to adipocytes under appropriate culture

conditions and chemical stimulation [57]. The main advan-
tages of using 3T3-L1 preadipocytes over primary cells
include the ease of culturing, the sustained proliferation
after successive passages and the homogeneity of the cell
population, which provides consistent responses to changes
in experimental conditions. Consequently, 3T3-L1 cells are
routinely used in co-culture experiments to dissect paracrine
and endocrine interactions between different cell types, such
as those between macrophages and adipocytes [58].

Several studies have demonstrated paracrine communi-
cation between naive and differentiated 3T3-L1 preadipo-
cytes. Lai et al. [59] cultured 3T3-L1 cells in microfluidic
cell chambers, where the controlled application of an adi-
pogenic gradient developed a spatially defined co-culture of
preadipocytes and adipocytes. It was found that mature adi-
pocytes stimulated the adipogenic conversion of surrounding
preadipocytes, even in the absence of exogenous adipogenic
agents. This stimulatory effect was restricted to large hyper-
trophied adipocytes, as small, newly formed adipocytes did
not demonstrate a similar differentiation-inducing potential.
This supports the hypothesis that enlargement of adipocytes
triggers the release of paracrine factors that promote the dif-
ferentiation of preadipocytes; however, the cellular mecha-
nism coupling adipocyte enlargement with the secretion of
differentiation factors remains to be identified.

A recent study identified caveolin-1 (Cav-1), a scaffolding
protein and component of plasma membrane caveolae, as a
potential adipogenic differentiation factor [60]. It was shown
that differentiated 3T3-L1 adipocytes, but not naive preadi-
pocytes, secreted Cav-1 within microvesicles and exosomes,
via an ERK1/2-dependent mechanism. It was found that
secreted Cav-1 was taken up by naive preadipocytes, which
enhanced the differentiation of these cells when cultured in
adipogenic media. The specific role of Cav-1 in adipogenesis
was examined by overexpressing Cav-1 in transgenic 3T3-
L1 preadipocytes: intracellular Cav-1 enhanced adipogenic
differentiation of preadipocytes overexpressing Cav-1 com-
pared to cells transfected with an empty vector [60]. Further-
more, adipocyte hypertrophy, induced by excess exogenous
glucose and fatty acids, markedly enhanced Cav-1 levels and
secretion in mature 3T3-L1 adipocytes. Cav-1-containing
microvesicles and exosomes were also found to be secreted
by mouse adipocytes isolated from inguinal and epididymal
adipose depots, while adipocytes from obese mice demon-
strated greater Cav-1 release than from lean mice. Hence,
obesity and adipocyte hypertrophy may enhance Cav-1
secretion which promotes adipogenesis in progenitor cells,
although the mechanism whereby obesity and hypertrophy
regulate Cav-1 secretion remains unknown.

Paracrine communication between adipocytes and
ADSCs may be substantially disrupted in pathophysiological
conditions, such as chronic inflammation and insulin resist-
ance. Wei et al. [61] demonstrated that, when naive 3T3-L1
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preadipocytes were chemically stimulated to differentiate
while being co-cultured with differentiated 3T3-L1 cells,
the presence of the mature adipocytes did not significantly
affect adipogenesis. However, prior exposure of the mature
adipocytes to high concentrations of either lipopolysaccha-
ride or insulin (inducing inflammation or insulin resistance,
respectively) subsequently inhibited differentiation of the
co-cultured preadipocytes. Hence, conditions of chronic
inflammation or insulin resistance may modulate paracrine
signalling between adipocytes and progenitor cells, and
thereby contribute to adipose tissue dysfunction.

In vivo animal experiments

The high proliferation and differentiation potential of
ADSCs has garnered considerable attention in the grow-
ing fields of regenerative medicine and tissue engineering,
which aim to repair or regenerate a body defect by implant-
ing progenitor cells at the site, often in combination with
an artificial cellular scaffold and relevant growth factor(s)
[62]. This tissue engineering approach may also be used
for the regeneration of adipose tissue, where the introduced
adipose progenitor cells are expected to undergo in vivo-
induced adipogenesis. For example, an early study demon-
strated that nude mice which were subcutaneously injected
with cultured preadipocytes from the 3T3-F442A cell line
developed mature fat tissue at the injection site, suggest-
ing that the necessary adipogenic factors were derived from
the host [63]. This effect has also been demonstrated with
human ADSCs isolated from lipoaspirates, which underwent
in vivo adipogenesis following subcutaneous implantation
into the backs of nude mice [64, 65]. Inmunohistochemical
examination confirmed that the newly formed adipose tissue
was composed of human matured adipocytes. Moreover, the
survival and differentiation efficiency of implanted ADSCs
were enhanced by co-implantation with bFGF [64]. While
it is unclear to what extent the in vivo differentiation of
implanted ADSCs into mature adipocytes is directed by the
local microenvironment of the implantation site, it is likely
that a multitude of paracrine/endocrine factors secreted by
host adipose tissue may contribute to this effect. One such
paracrine factor is ADAMTSI1 (a disintegrin and metallopro-
teinase with thrombospondin motif 1), that is predominantly
expressed and secreted by adipocytes and has been shown
to affect adipogenesis in in vivo animal experiments [66].
Glucocorticoids are known to upregulate adipocytic
genes and promote ADSC differentiation [67]. To identify
glucocorticoid-responsive genes that may modulate these
effects, Wong et al. [66] analysed microarrays performed
on cultured mouse preadipocytes treated with the synthetic
glucocorticoid dexamethasone. ADAMTSI was found to be
downregulated by dexamethasone in the arrays and similarly
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reduced in subcutaneous adipose tissue of mice after treat-
ment with the glucocorticoid [66]. To investigate the func-
tion of ADAMTSI1 in vivo, transgenic mice were gener-
ated with cell type specific overexpression of ADAMTSI
in adipocytes, driven by the adipocyte fatty acid binding
protein 4 (FABP4) promoter. It was found that ADAMTS1
transgenic mice had smaller adipose depots than wild-type
mice. Moreover, de novo adipocyte formation was moni-
tored by injecting the fluorescent dye EAU, which labels
synthesising DNA, into ADAMTS] transgenic and wild-
type mice. Transgenic mice had significantly fewer EQU™*
adipocytes, but more EdU* ADSCs, than mice that are not
overexpressing ADAMTS1, which suggests that adipocyte-
secreted ADAMTSI1 suppresses differentiation and promotes
progenitor cell proliferation in vivo. Paracrine effects were
demonstrated in vitro by means of the addition of purified
recombinant ADAMTSI1 to cultured ADSCs, indicating
the likelihood of direct communication in vivo, rather than
systemic effects. Further characterisation of this interaction
indicated that extracellular ADAMTS1 activated the Wnt/f-
catenin pathway in ADSCs, which suppresses ADSC dif-
ferentiation. It is of note that both glucocorticoid exposure
and a high fat diet reduced in vivo ADAMTS1 expression in
adipocytes, resulting in increased adipogenesis and enlarged
adipose depots. Therefore, this protein may act in a paracrine
pathway that regulates the expansion of adipose tissue in
response to systemic cues.

Evidence of endocrine signalling?

This review highlights the growing body of evidence of par-
acrine signalling between mature adipocytes and ADSCs
that influence adipogenesis. However, a salient feature of the
majority of the reviewed studies is that both the adipocytes
and progenitor cells are sourced from similar or the same
fat depot. Hence, the plausibility of paracrine communica-
tion under physiological conditions is supported by the close
proximity of these cell populations in adipose tissue. It can
be speculated that comparable endocrine communication
may also exist between more remote adipose tissues, such
as between subcutaneous adipose stores, visceral fat depots
and/or bone marrow adipose tissue. Such endocrine signal-
ling might modulate the development of pathological states
such as visceral adipose tissue expansion and hypertrophy.
Wu et al. [68] investigated the adipogenic potential of
conditioned media enriched with factors secreted by mouse
subcutaneous adipose tissue fragments. ADSCs, sourced
from the same tissue fragments, were stimulated to dif-
ferentiate when treated with explant-conditioned media,
even in the absence of exogenous adipogenic compounds.
In parallel, treatment of BM-MSCs with the conditioned
media similarly induced spontaneous adipogenesis in these
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progenitor cells. Hence, factors secreted by adipose tissue
fragments could stimulate the differentiation of progenitor
cells that would be distantly located in vivo. Subsequently,
ultracentrifugation was used to characterise the adipogenic
factors of the conditioned media, which refined the molecu-
lar weight of the active components to be between 3 and
5 kDa. While the identities of these adipogenic factors are
still unclear, follow-up studies may reveal one or more small
molecules in the adipose tissue secretome that modulate dif-
ferentiation of ADSCs.

Possible endocrine interactions between subcutaneous
adipocytes and BM-MSCs have also been demonstrated in a
3D co-culture system during investigations on the effects of
adipocytes and hyperglycaemia on BM-MSC viability [69].
Unlike BM-MSCs in monoculture, BM-MSCs in co-culture
with mature adipocytes originally derived from human sub-
cutaneous adipose tissue maintained a high viability and clo-
nogenicity in high glucose conditions. This protective effect
of adipocyte-secreted factors on BM-MSCs corresponded
with significant gene expression changes in both adipocytes
and BM-MSCs in co-culture, compared to either cell type in
monoculture. These results are suggestive of bi-directional
crosstalk between adipocytes and BM-MSCs. Hence, under
hyperglycaemic conditions, an increased number of adipo-
cytes in the bone marrow may exert compensatory signalling
to maintain BM-MSC function and possibly delay the onset
of osteoporosis [69].

Plausible inter-adipose depot communication may also
be inferred from a comprehensive investigation of the cross-
talk between adipocytes and ADSCs combined with frac-
tionation approaches [70]. In this study, mature adipocytes
from both subcutaneous and visceral mouse depots were
co-cultured with subcutaneous primary ADSCs, visceral
ADSCs or 3T3-L1 preadipocytes to investigate the effect of
secreted factors. It was found that co-culture of adipocytes
from either depot had an inhibitory effect on the differentia-
tion potential of subcutaneous, visceral or 3T3-L1 preadi-
pocytes. This suppression of adipogenesis could be fully
reversed by heat inactivation. Subsequent proteomics and
fractionation approaches identified a spectrum of factors that
either positively or negatively affected adipocyte maturation
in ADSCs; among the secreted factors, long-chain fatty acid
transport protein 1 (Slc27al), vimentin (Vim), ceruloplas-
min (Cp), and extracellular matrix protein-1 (Ecml) pro-
moted adipocyte differentiation, whereas secreted aspartate
aminotransferase (Got2), carboxipeptidase Q (Cpq), inter-
leukin-1 receptor-like 1 (I11rll), and galectin-3-binding
protein (Lgals3 bp) decreased adipocyte differentiation.
Although the investigators did not comment on this, it is
noteworthy that the complex regulatory effects of adipocytes
on ADSCs described by Challa et al. were not limited to
cells from the same depot of origin and could plausibly rep-
resent endocrine mechanisms. Future studies may clarify the

in vivo contribution of these identified factors and whether
the maintenance of adipose tissue homeostasis is also influ-
enced by distant, endocrine communication between differ-
ent adipose depots.

It is increasingly recognised that adipose progenitor cells
are highly heterogeneous, existing in distinct but unstruc-
tured subpopulations of cells. Recent reports suggest that
different subpopulations of ADSCs may influence adipo-
genic differentiation in a paracrine manner [71]. Using sin-
gle-cell transcriptomics, investigators identified a CD142*
population of mouse ADSCs that were refractory to adi-
pogenesis and negatively regulated the adipogenic capacity
of other mouse ADSCs. Co-cultures of these adipogenesis-
regulatory cells (Aregs) with other ADSCs demonstrated
that the adipogenesis-suppressive effects of Aregs were
maintained in the absence of direct cell contact, suggesting
a paracrine mechanism of action. Moreover, loss-of-func-
tion genetic screening highlighted three proteins that may
mediate the anti-adipogenic effect of Aregs, namely recep-
tor transport protein 3 (RTP3), serine peptidase inhibitor
Kazal type 2 (SPINK?2) and/or fibroblast growth factor 12
(FGF12). While Aregs constitute a small minority of the
total ADSC population, visceral adipose depots were found
to contain a significantly higher proportion of Aregs com-
pared to subcutaneous adipose tissue, and genetically obese
mice have considerably more Aregs than lean mice. Hence,
paracrine signalling from these differentiation-modulatory
Aregs may contribute to the different responses of subcuta-
neous and visceral adipose depots in obesity.

While this review focusses on paracrine and endocrine
communication between adipocytes and ADSCs, it has been
well established that adipocytes exert endocrine effects
on various other cells throughout the body. For example,
adipocyte-secreted circulating adiponectin directly influ-
ences bone cell function by stimulating osteoblast growth
and inhibiting osteoclastogenesis [72]. Similarly, adipocytes
suppress the differentiation of skeletal muscle myocytes and
modulate insulin-stimulated glucose uptake in skeletal mus-
cle [73, 74]. Several known adipokines have either vasore-
laxing or vasoconstrictive effects on smooth muscle cells in
arteries, contributing to the regulation of vascular tone [75].
Adipocytes are also key regulatory cells in the control of
adipose tissue inflammation, via the crosstalk between adi-
pocytes, macrophages and other immune cells [76]. Hence,
it is plausible that similar endocrine communication mecha-
nisms exist between adipocytes and distant ADSCs, residing
in different adipose depots. This inter-depot crosstalk may
affect adipose depot size and function, and influence fat dis-
tribution throughout the body. Impairment of this endocrine
signalling may also be an important contributing factor in
the systemic metabolic disturbances associated with obesity.

For adipocytes to mediate inter-depot endocrine com-
munication, the secreted factors should be released by
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adipocytes in a regulated manner, the serum concentrations
of the factors must reach physiologically active levels, and
the target cells need to be receptive to the endocrine signals,
i.e. express cell-surface receptors for circulating adipose-
secreted factors. Consequently, studies of the adipose tis-
sue secretomes under various conditions are of great inter-
est. Lim et al. [77] characterised the secreted proteomes of
immortalised 3T3-L1 adipocytes as well as primary adipo-
cytes from rat subcutaneous adipose tissue, identifying 97
and 203 secreted proteins, respectively. Similarly, analyses
of in vitro-differentiated subcutaneous adipocytes from
healthy women identified 347 protein released into condi-
tioned media [78]. Differential secretion profiles have also
been described between obese and lean adipose tissue: a
total of 87 secreted proteins were identified in conditioned
media from adipocytes of obese mice, compared to only
31 from lean mice [79]. Extracellular proteins that were
uniquely detected in obese adipose tissue include inflam-
matory molecules, collagens, proteases and extracellu-
lar matrix proteins. By characterising and comparing the
secretomes of rat adipose tissue from subcutaneous, visceral
and epididymal depots, Roca-Rivada et al. [12] identified
45 secreted proteins that significantly diverged between the
different adipose tissue sources, including known adipokines
and novel released proteins. These marked secretome differ-
ences support the differential functioning of adipose tissue
corresponding to its anatomical location. This is further sup-
ported by a follow-up study of human obese subcutaneous
and visceral adipose secretomes, which also demonstrated
distinct secretion profiles between the depots [20].

The majority of the reviewed studies that characterised
the adipocyte-secreted factors which could mediate par-
acrine effects on adipogenesis concluded that the active
secreted factors are proteins, as these factors were found to
be sensitive to proteases [33] or to be heat-labile [70]. How-
ever, it is plausible that non-peptide secreted factors, such
as free fatty acids and extracellular vesicles, also contribute
to the regulation of adipogenesis. ADSC differentiation can
be stimulated by long chain poly-unsaturated fatty acids, via
activation of PPAR-y [80], and linoleic acid and arachidonic
acid were found to promote triglyceride accrual in human
ADSC:s [81, 82]. Moreover, paracrine and endocrine signal-
ling may be mediated by adipose-secreted microvesicles and/
or exosomes [83]. In a recent study, exosomes isolated from
rat subcutaneous adipose tissue fragments by differential
ultracentrifugation were able to dose-dependently stimulate
adipogenesis in ADSCs from the same tissue [84]. Simi-
larly, exosomes purified from differentiated 3T3-L1 adipo-
cytes cultured in hypoxic conditions [85] promoted lipid
accrual in recipient ADSCs, in contrast to those produced
under normoxic conditions. The total amount of exosome-
associated proteins increased three- to four-fold following
adipocyte hypoxia, and these exosomes were enriched in
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proteins related to de novo lipogenesis. Characterisation of
exosomes isolated from primary human ADSCs differenti-
ated to adipocytes identified 884 exosome-associated pro-
teins, which were enriched for molecular pathways relating
to cell signalling and membrane-mediated processes, sup-
porting the role of exosomes in signalling and inter-organ
crosstalk [86]. These studies highlight the potential impor-
tance of exosome-mediated crosstalk within- and between
adipose depots in the regulation of adipogenesis and adipose
tissue expansion.

While this review focusses on the communication
between white adipocytes and ADSCs, thermogenic fat cells
(brown and beige adipocytes) are increasingly recognised as
important modulators of metabolism in rodent and human
physiology [87]. Comparable studies of possible crosstalk
between progenitor cells and mature brown/beige adipocytes
are therefore of interest. To date, numerous endocrine factors
have been identified that modulate adipose tissue browning
or brown/beige adipocyte activity [88]. The recognition of
these circulating factors, derived from distinct organs and
tissues, support the role of inter-organ crosstalk in the regu-
lation of brown and beige adipose tissue. Moreover, brown
adipocytes secrete a large variety of extracellular proteins,
with the secretory profiles substantially changing following
p-adrenergic stimulation and activation [89]. Several brown
adipocyte-derived autocrine/paracrine factors have been
demonstrated to affect thermogenic adipocyte recruitment
and activity, including adenosine [90], bone morphogenic
protein (BMP) 7 [91], BMPS8 [92] and endothelin-1 [93].
These and other secreted factors have been comprehensively
reviewed elsewhere [88, 94]. However, to the best of our
knowledge, there is currently no experimental evidence for
direct paracrine or endocrine communication between pro-
genitor cells and brown/beige adipocytes. Co-culture experi-
ments and investigations examining how conditioned media
from mature brown/beige adipocytes affect progenitor cell
proliferation and differentiation are therefore warranted.

Taken together, the reviewed studies provide compelling
evidence for the role of paracrine and endocrine interac-
tions between white adipocytes and ADSCs that influence
adipogenesis (Fig. 1). However, investigations of paracrine/
endocrine signalling between adipocytes and ADSCs often
reported contradicting effects. While the majority of studies
observed the promotion of adipogenesis [29, 31, 33, 34, 36,
38, 52, 53, 59, 60, 68], other studies found that adipocytes
had no effect on ADSC differentiation [39, 47] or inhib-
ited differentiation of ADSCs cultured in adipogenic media
[40, 61, 70]. Similarly, adipocytes were reported to either
promote [45, 47, 66] or inhibit [34] ADSC proliferation, or
had no observable effects on mitogenesis [29]. The diver-
gent in vitro effects of adipocyte-secreted factors on ADSCs
likely reflect the complexity of the underlying interactions,
which may involve bi-directional crosstalk via multiple



Adipocyte—progenitor cell communication that influences adipogenesis

125

Modifiers of Adipocyte Secreted Factors Communication Mesenchymal
Communication Stem Cell
4
2 N0 N
—IM\— &5 s Y
P \ ! Proliferation |
Tissue Location ST ' ‘;
Paracrine '
[ ] - /
° Lipids o
U —
Age of Donor Vesicles
) Endocrine
0 Other factors?

Metabolic Status

Primary or
Immortalised Cells

Differentiation

Fig. 1 Factors which affect adipocyte-progenitor cell communication

stimulatory and inhibitory factors. The different observa-
tions may also be due to the wide range of different experi-
mental models used in these studies. For example, while
several of the investigations employed the 3T3-L1 preadi-
pocyte cell line, many aspects of the complex intracellular
signalling pathways that regulate adipogenesis in vivo are
not recapitulated in these cells [95]. Furthermore, the char-
acteristics of the donor animals or subjects from whom pri-
mary cells are sourced can significantly affect the observed
interactions, including donor age [32] and metabolic status,
such as obesity [31, 45].

While mice and rats are commonly used to model human
metabolic disturbances and obesity, there are notable dif-
ferences in adipose tissue distribution and function between
rodents and humans [96]. Results obtained from murine
studies may therefore not be fully applicable to human physi-
ology, and should be interpreted with caution. For example,
the rodent adipokine resistin is expressed by mature adi-
pocytes in mice, where elevated levels are closely linked
to obesity and insulin resistance [97]. In contrast, human
resistin is mainly secreted by macrophages and is increased
in inflammatory conditions [98]. The stark differences in
the physiological roles of resistin in rodents and humans
illustrate the difficulty in drawing clear parallels between
rodent and human adipose biology.

It should also be noted that the current evidence for
adipocyte—progenitor cell communication, as reviewed
here, is almost exclusively based on in vitro results or ani-
mal studies. Hence, it is not yet established whether analo-
gous in vivo paracrine/endocrine signalling may be found
in humans, or whether it contributes to human health and
disease. Under physiological conditions, ADSCs reside in
complex depot-specific microenvironments, where they are

exposed to fluctuating levels of a multitude of pro- and anti-
adipogenic signals at any given time. It is therefore difficult
to dissect the actions of adipocyte-derived factors on ADSCs
from factors secreted by other endocrine organs, as well as
from the effects of adipose tissue innervation by peripheral
nerves [99]. Further studies are required to understand how
complex adipogenic signals from multiple sources are inte-
grated in a physiological milieu. Recently developed trans-
genic models that can track ADSCs and adipogenesis in vivo
are well suited to study adipose tissue remodelling [100,
101]. While only a few studies have investigated adipogen-
esis in humans in vivo, a recent examination of subjects that
underwent allogenic bone marrow transplantation found that
approximately 10% of adipose tissue-resident adipocytes are
derived from BM-MSCs [102]. Human adipocyte turnover
has been measured by analysing of the integration of '*C
into genomic DNA, demonstrating that an average of 10% of
adipocytes are renewed annually, regardless of age or level
of adiposity [103]. These and other studies are shedding new
light on the complex dynamics of in vivo adipogenesis in
humans.

While paracrine/endocrine communication between adi-
pocytes and ADSCs that influence adipogenesis are difficult
to study and are likely to be highly complex, further studies
are warranted to establish whether these interactions are rel-
evant to in vivo adipose tissue function. Endocrine signalling
mechanisms may play a significant role in the delayed onset
of visceral adipose depot growth when compared to subcu-
taneous adipose expansion. Ultimately, a deeper understand-
ing of the regulation of adipose development may provide
novel insights into the pathobiology of obesity, and could
uncover new therapeutic targets for the treatment of obesity-
related disorders.
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