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SUMMARY

1. Recent studies suggest that a local hypoxic response
leads to chronic inflammation in the adipose tissue of obese
individuals. The adipose tissue hypoxia may reflect a compen-
satory failure in the local vasculature system in response to
obesity.
2. Studies suggest that inflammation stimulates angiogenesis

and inhibits adipocyte activities in a feedback manner within the
obese adipose tissue. Adipose-derived stem cells (ASC) are able
to differentiate into multiple lineages of progenitor cells for
adipocytes, endothelial cells, fibroblasts and pericytes. Differenti-
ation of ASC into those progenitors is regulated by the adipose
tissue microenvironment.
3. As a major factor in the microenvironment, inflammation

may favour ASC differentiation into endothelial cells through the
induction of angiogenic factors. At the same time, inflammation
inhibits ASC differentiation into adipocytes by suppressing per-
oxisome proliferator-activated receptor c activity and the insulin
signalling pathway. In this context, inflammation may serve as a
signal mediating the competition between adipocytes and endo-
thelial cells for the limited source of ASC.
4. It is a new concept that inflammation mediates signals in the

competition between adipocytes and endothelial cells for the lim-
ited ASC in obesity. There is a lot of evidence that inflammation
promotes endothelial cell differentiation. However, this activity
of inflammation remains to be established in adipose tissue. The
present article reviews the literature in support of this conclu-
sion.
Key words: adipocytes, adipose tissue, adipose-derived

stem cell, cell differentiation, endothelial cells, inflammation,
obesity.

ADIPOSE TISSUE INFLAMMATION

Inflammation in obesity

Inflammation occurs in adipose tissue in obesity and exerts a
broad impact on energy (glucose and fatty acids) metabolism.1–5

Obesity-associated inflammation is characterized by increased
expression of pro-inflammatory cytokines in adipose tissue and
elevation of inflammatory mediators in plasma.1,6–9 Macrophage
infiltration into adipose tissue provides a strong cellular basis for
the inflammatory response.10–12 Inflammation inhibits adipocyte
function by suppressing adipokine expression (such as adiponec-
tin) and decreasing triglyceride storage. The molecular mecha-
nisms are related to impairment of insulin signalling and
suppression of peroxisome proliferator-activated receptor (PPAR)

c function (discussed below). In
adipocytes, inflammation inhibits
the insulin signalling pathway by
targeting insulin receptor substrates
(IRS).1,13,14 Alternatively, inflamma-
tion may impair insulin action by

stimulating lipolysis, which leads to the release of free fatty
acids (FFA) from the adipocytes. The FFA induce insulin resis-
tance through lipotoxicity.15 Recent studies from our laboratory
suggest that inflammation has important beneficial activities in
the body through the control of energy balance and angiogene-
sis. Systemic inflammation in transgenic mice protects the
body against obesity by inducing energy expenditure.16,17 Local
inflammation promotes angiogenesis and improves blood
supply to adipose tissues through the induction of angiogenic
factors.18

‘‘Adipose hypoxia
contributes to
inflammation’’
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Origin of inflammation

There are several hypotheses regarding the pathogenesis of obesity-
associated inflammation.19 These hypotheses include activation of
toll-like receptor 4 by fatty acids, activation of protein kinase C or
c-Jun N-terminal kinase (JNK) by fatty acid derivatives (diaglyceride
or ceramide), endoplasmic reticulum (ER) stress, oxidative stress,
activation of macrophages by dead adipocytes and activation of the
NLR family, pyrin domain containing 3 (NLRP3) inflammasome by
lipids.20–23 Although these possibilities are able to explain some
aspects of inflammation and provide mechanisms for metabolic disor-
ders in obesity, their aetiology remains to be identified. It is not clear
why FFA, ER stress, oxidative stress and adipocyte death are
increased in obesity. In addition, it is not known why adiponectin is
reduced and leptin is elevated in adipose tissue. There is not yet a
consensus for a single theory to account for the metabolic and endo-
crine dysfunctions in white adipose tissue associated with obesity.
However, the discovery of adipose tissue hypoxia (ATH) in obese
mice has provided a potential unifying mechanism.
Recent reports suggest that ATH occurs in obese mice and obese

patients.24–27 Adipose tissue hypoxia represents a novel causative
risk factor for the chronic inflammation in obesity.26 Hypoxia
induces inflammation via activation of two major transcription fac-
tors, hypoxia-inducible factor (HIF)-1a and nuclear factor (NF)-jB,
each of which activates the transcription of a variety of angiogenic
and ⁄or pro-inflammatory cytokines (Fig. 1). The ATH not only
explains the origin of inflammation in adipose tissue, but also provide
a mechanism for the pathological responses in adipose tissue, such as

ER stress,25,28 oxidative stress,29 adipocyte death,30 adiponectin
reduction26,31 and leptin induction.32 Thus, the concept of ATH pre-
sents an exciting and testable hypothesis underlying the mechanisms
of chronic inflammation, adipose tissue dysfunction and metabolic
disorders in obesity.19

Cause of ATH

In tissues, oxygen is delivered by the circulation via haemoglobin in
red blood cells. A reduction in blood supply is a common mechanism
of tissue hypoxia and this is the case for ATH. Adipose tissue blood

flow (ATBF; in mL ⁄min per g) is
a measure of blood supply in adi-
pose tissue. A reduction in ATBF
was first described in 1966 when
a decreased rate of radioisotope
clearance was detected in the

subcutaneous fat of an obese individual.33 The reduction was con-
firmed in animal and human studies thereafter.34–36 In rat models, the
reduction in ATBF has been found to be the result of obesity, but not
a consequence of insulin resistance. Adipose tissue blood flow was
compared in two rat models of Type 2 diabetes with or without obes-
ity.37 Both obese Zucker rats and non-obese Goto-Kakizaki (GK) rats
suffered insulin resistance. The reduction in ATBF was observed in
the obese diabetic rats (obese Zucker rats), but not in the non-obese
diabetic GK rats, suggesting that the reduction in ATBF is the result
of obesity, not insulin resistance. However, in studies of obese
humans, the reduction in ATBF has been associated with insulin
resistance,38,39 suggesting a role for reductions in ATBF in the patho-
genesis of insulin resistance. In addition to the reduction in ATBF,
the increase in adipocyte size associated with obesity may contribute
to the hypoxic response in adipose tissue (for further discussion, see
Ye et al.26). In vivo, oxygen can defuse approximately 120 lm
through tissue.40 When adipocyte diameters increase to (or above)
120 lm, oxygen diffusion from the capillary will be compromised.
Because the diameter of an adipocyte can be 150 lm, the conse-
quences of obesity on tissue oxygenation can be substantial.41

Capillary density was reduced in the adipose tissue of obese mice
and contributed to ATH.18 Our initial observation has been con-
firmed by subsequent independent studies.27,42,43 Capillary density is
determined by angiogenesis, which requires proliferation and tube
formation by endothelial cell progenitors. Capillary formation is dri-
ven by angiogenic factors, including vascular endothelial growth fac-
tor (VEGF) and platelet-derived growth factor (PDGF). A balance
between these two angiogenic factors is required for the formation
and function of new capillaries.44 In obese mice, PDGF expression
was reduced in adipose tissue, which may contribute to the compen-
sation failure in angiogenesis.18

In addition to angiogenesis, a decrease in vasodilation is another
possible mechanism contributing to reductions in ATBF. This
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Fig. 1 Induction of an inflammatory response by hypoxia in adipose tissue.
Hypoxia activates transcription factors hypoxia-inducible factor (HIF)-1a and
nuclear factor (NF)-jB. Those transcription factors activate the transcription
of inflammatory genes, such as inducible nitric oxide synthase (iNOS),
macrophage migration inhibitory factor (MIF), transforming growth factor b
(TGF-b), tumour necrosis factor-a (TNF-a), interleukin 6 (IL-6) and monocyte
chemotactic protein 1 (MCP-1) among others. Expression of these genes will
lead to macrophage infiltration and activation in adipose tissue.

‘‘A result of vascular
failure in adipose
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possibility is supported by literature on angiotensin (Ang) II, a serum
peptide capable of inducing vasoconstriction. Angiotensin II is a
component of the renin–angiotensin system (RAS) and a product of
AngI after digestion by angiotensin-converting enzyme (ACE).
Angiotensin II acts on both AT1 and AT2 receptors. In obesity, AngII
activity is increased in the adipose tissue and in the circulation,
thereby leading to increased vasoconstriction and reduced vasodila-
tion. Consistent with this model, pharmacological AngII inhibitors
enhance blood perfusion in adipose tissue.45 In addition, inflamma-
tory cytokines (such as tumour necrosis factor (TNF)-a) inhibit
vasodilation via the induction of vasoconstriction.46,47

ADIPOSE TISSUE STEM CELLS

Cell types and adipocyte turnover

Adipose tissue contains a heterogeneous population of cells, includ-
ing mature adipocytes, endothelial cells, fibroblast cells, lymphoid
cells, macrophages, pericytes and pre-adipocytes or adipose-derived
stromal ⁄ stem cells (ASC; see below).48–51 The growth and expansion
of adipose tissue in obesity is determined primarily by adipocyte
hypertrophy and hyperplasia. Triglyceride accumulation is responsi-
ble for adipocyte hypertrophy, whereas increased adipocyte differen-
tiation contributes to hyper-
plasia. Studies based on 14C
labelling suggest that the
average adipocyte lifespan is
approximately 10 years.52

Adipocytes undergo apoptosis
and necrosis at the end of their lifespan.53,54 This type of cell death is
accelerated in adipose tissue by obesity.54 Regarding the cause of
adipocyte death, we have reported that ATH contributes to both the
necrosis and apoptosis of adipocytes in obesity.30 To sustain tissue
growth, new adipocytes are generated from pre-adipocytes and ⁄ or
ASC to replace the dead adipocytes and to increase total adipocyte
numbers in the fat pads. When the generation of new adipocytes can-
not meet the demand for triglyceride storage, adipocyte hypertrophy
will take place to store triglyceride through an increase in cell size.
The increased adipocyte death and enlarged cell size in obesity are
associated with chronic inflammation and insulin resistance. Both
inflammation and hypoxia inhibit new adipocyte generation from
pre-adipocyte differentiation.30,55 Impaired compensatory vasculari-
zation contributes to hypoxia and the inflammatory response in the
adipose tissue of obese individuals.56

Adipose-derived stem cells

After digestion by collagenase, adipose tissue can be divided into
two fractions, the adipocyte fraction and a stromal vascular fraction
(SVF).57,58 In the SVF, there is a plastic adherent subpopulation

known as the ASC.58 The ASC are multipotent cells that can differ-
entiate along the adipocyte, chondrocyte, epithelial cell, hepatocyte,
myocyte, neuronal-like and osteoblast lineage pathways.57–61

In vitro, ASC have the capacity of self-renewal and maintain their
capacity for multilineage differentiation at the clonal level, consistent
with the definition of a ‘stem cell’.61–63 In part, the differentiation
and proliferation of ASC are determined by the microenvironment
where the stem cells are maintained (i.e. the stem cell niche). The
microenvironment of the ASC is changed during chronic inflamma-
tion and ATH associated with obesity. This implies that the metabolic
conditions associated with obesity have consequences potentially
extending to the stem cell level.

Differentiation of ASC in adipose tissue

Inhibition of ASC differentiation into pre-adipocytes represents one
mechanism by which adipocyte hyperplasia can be suppressed in adi-
pose tissue. It has been reported that pre-adipocyte numbers are
reduced in adipose tissue in obesity and that this reduction is associ-
ated with impaired glucose metabolism.64 Pre-adipocytes derive from
ASC in adipose tissue and their generation may be inhibited by obes-
ity-associated responses. Endothelial cells are the source of paracrine
factors that influence pre-adipocyte generation. Endothelial cells are
required for the formation of new blood vessels that control blood
supply to the adipose tissue. Endothelial progenitor cells are derived
from ASC65 or circulating bone marrow-derived cells.66 Differentia-
tion of endothelial progenitor cells into endothelial cells is required
for the formation of new blood vessels in adipose tissue.67–71

Inhibition of endothelial progenitor cell recruitment may lead to
the suppression of adipose tissue growth and remodelling in
obesity (for a review, see Daquinag et al.72). When obese murine
models, such as leptin-deficient ob ⁄ob mice, were treated with
the anti-angiogenic compounds TNP-470 (a compound with b-cyclo-
dextrin) or angiostatin, they exhibited a time- and dose-dependent
weight loss similar to that observed with leptin administration
alone.73 Similarly, weight loss was achieved in mice treated with
a peptide targeting the vascular-associated protein prohibitin in
adipose tissue.74 When this peptide was coupled to a pro-apoptotic
molecule, it prevented and reversed weight gain in wild-type mice on
a high-fat diet.74

REGULATION OF ADIPOSE TISSUE STEM
CELLS BY INFLAMMATION

Inhibition of adipogenesis

Inflammation may inhibit ASC differentiation into pre-adipocytes by
suppressing the transcription factor PPARc and the insulin signalling
pathway (Fig. 2). The nuclear receptor PPARc is a lipid sensor that
promotes lipid accumulation through gene transcription. Inhibition

‘‘Stem cell is required
for adipocyte
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of PPARc activity by TNF-a leads to the suppression of adipocyte
differentiation and is involved in the pathogenesis of several condi-
tions, including insulin resistance. The activity of PPARc is regu-
lated by TNF-a at both the pre- and post-translational levels.75

Activation of serine kinases, including IjB kinases (IKK), extracel-
lular signal-regulated kinase (ERK), JNK and p38, underlies the
TNF-a inhibition of PPARc activity. Of the four kinases, IKK is a
dominant signalling molecule in the regulation of PPARc by TNF-a;
IKK activates the transcription factor NF-jB, which, in turn,
suppresses PPARc activity.75

Insulin is required for adipocyte differentiation. Insulin activates
its receptor to induce glucose and FFA uptake by adipocytes. Glu-
cose and FFA are building materials in the biosynthesis of triglycer-
ide, which is stored in the cytoplasm of adipocytes and is often
used as a marker of adipocyte differentiation. In addition, insulin
inhibits the hydrolysis of triglyceride in adipocytes by suppressing
lipases.76 When the insulin signalling pathway is impaired due to
insulin resistance, triglyceride synthesis will be reduced and the
hydrolysis of triglyceride will be enhanced. Under these conditions,

adipocyte differentiation will be inhibited due to a lack of triglycer-
ide. Inflammation inhibits insulin signalling by targeting IRS-1
(Fig. 2).

Molecular mechanism

There are three models for TNF-a inhibition of PPARc,75 as outlined
below.

1. The expression of PPARc is reduced at the mRNA level by
TNF-a through the inhibition
of the CCAAT box enhancer
binding protein (C ⁄EBP) fam-
ily. This is observed in 3T3-
L1 adipocytes treated with
TNF-a for 24 h or longer.75

The mechanism is related to inhibition of C ⁄EBPd expression by
TNF-a. It has been shown that C ⁄EBPd activates the PPARc gene
promoter through direct protein–DNA interaction.75 When C ⁄EBPd
expression is reduced by TNF-a, PPARc gene transcription will be
suppressed.
2. There is no change in PPARc mRNA expression, but its activity
remains decreased. This mechanism was demonstrated in cells trans-
fected with a PPARc expression vector.77 In this model, the ligand-
dependent transcriptional activity of PPARc is reduced as a result of
loss of PPARc DNA-binding activity. It was shown that the inhibi-
tion of DNA-binding activity was dependent on a direct association
between NF-kB and PPARc.77

3. The transcriptional activity of PPARc is inhibited by TNF-a via
the activation of a nuclear corepressor.78 In this mechanism, the
DNA-binding activity of PPARc is not reduced by TNF-a itself.
Instead, the DNA-bound PPARc is inactivated by histone deacety-
lase 3.
Nevertheless, all three mechanisms are dependent on activation of

the IKK ⁄NF-jB pathway because TNF-a activity was abolished by
the super repressor IjBa.78,79 Furthermore, the inhibitory activities
of TNF-a impact both PPARc1 and PPARc2.77,78,80

Tumour necrosis factor-a activates intracellular signalling path-
ways through cell membrane receptors. It activates many signalling
pathways, such as the IKK ⁄NF-jB, mitogen-activated protein
kinase (JNK, ERK and p38) and apoptosis pathways, through its
receptors.81,82 In the absence of its activators, NF-jB stays in the
cytoplasm. This inhibition is mediated by IkBa, which prevents
NF-jB shuttling between the cytoplasm and nucleus.83 Degradation
of IjBa is controlled by a phosphorylation-mediated and protea-
some-dependent mechanism that is initiated by activation of IKK2
(IKKb).84 In the TNF-a signalling pathways, activation of IKK,
ERK and JNK has been reported to inhibit the transcriptional activ-
ity of PPARc,75 but p38 was reported to enhance the function of
PPARc.85–88

Inflammation

IRS-1 PPARγ

Insulin
signalling  ↓

Adipogenic
program ↓ 

Adipogenesis↓
Fig. 2 Regulation of adipocyte differentiation by inflammation. Insulin
receptor substrate (IRS)-1 mediates the insulin receptor signal in adipocytes
for glucose and fatty acid uptake. Inhibition of IRS-1 function by inflamma-
tion leads to suppression of triglyceride synthesis in adipocytes. Inflammation
inhibits peroxisome proliferator-activated receptor (PPAR) c activity to block
the transcriptional programme for adipocyte differentiation. Insulin receptor
substrate-1 and PPARc are two representative targets of inflammation in the
inhibition of adipocyte differentiation.
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PPARc to inhibit

adipogenesis’’

� 2011 The Authors
Clinical and Experimental Pharmacology and Physiology � 2011 Blackwell Publishing Asia Pty Ltd

Regulation of ASC by inflammation 875



CONCLUSIONS

The current literature suggests that multiple cell types within adi-
pose tissue share a common progenitor, namely the ASC. Differen-
tiation of each lineage of progenitor cells from the ASC is
modulated by the physical microenvironment within adipose tissue.
In obesity, there may be a competition between these differentiation
pathways for the limited number of ASC (Fig. 3). This competition
has metabolic consequences when the tissue is undergoing a rapid
expansion leading to obesity. Inflammation and angiogenesis are
two important microenvironmental factors that determine the out-
come in the competition for lineage commitment of progenitor cells.
Inflammation may suppress the generation of pre-adipocytes from
ASC by inhibition of adipocyte differentiation. In contrast, inflam-
mation may promote the differentiation of ASC into endothelial pre-
cursors. As a result, the dynamics of adipocyte turnover in adipose
tissue will be interrupted. This imbalance can be restored by drugs
such as thiazolidinedione, which induces pre-adipocyte differentia-
tion into adipocytes. Lack of endothelial cells impairs angiogenesis
and leads to ATH, which triggers the compensatory inflammatory
response. This engages a feedback response, whereby inflammation
promotes ASC differentiation into endothelial cells to improve the
blood supply in adipose tissue through angiogenesis. Although
these possibilities are supported by considerable evidence, direct
proof of the possibilities remains to be obtained in adipose tissue in
obesity.
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