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Adipose Tissue Macrophages, Low Grade Inflammation and Insulin Resistance in

Human Obesity
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Abstract: Obesity was first described as a low-grade inflammatory condition more than a decade ago. However, it is only relatively re-
cently that obese individuals have been described with increased macrophage infiltration of adipose tissue, as well as an increase in the
number of “M1” or “classically activated” macrophages. Furthermore, macrophages have been identified as the primary source of many
of the circulating inflammatory molecules that are detected in the obese state and are postulated to be causal both in the development of
insulin resistance and in the progression to type 2 diabetes. There is also novel evidence to suggest that macrophages inhibit adipocyte
differentiation, potentially leading to adipocyte hypertrophy, altered secretion of adipokines and ectopic storage of lipid within liver,
muscle and other non-adipose tissues. Currently, it is not clear what causes increased macrophage infiltration of adipose tissue in obese
individuals. Theories include altered signalling by adipocytes, nutritional induction of metabolic endotoxemia or reduced angiogenesis
and local adipose cell hypoxia. Importantly, PPAR-gamma agonists have been shown to alter macrophage phenotype to “M2” or an “al-
ternatively activated” anti-inflammatory phenotype and may induce macrophage specific cell death. Consequently, excitement surrounds
the potential for specific inhibition of macrophage infiltration of adipose tissue via pharmacotherapy for obese patients and more particu-
larly as adjunct therapy to improve insulin sensitivity in obese individuals with insulin resistance and overt type 2 diabetes.
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CHRONIC LOW GRADE SYSTEMIC INFLAMMATION IN
OBESITY

Adipose tissue was once thought to be an inert mass whose sole
function was the storage of fat. However, it is now recognized that
adipose tissue is an active endocrine organ that secretes numerous
adipokines, cytokines and chemokines. The rapidly increasing
prevalence of obesity in developed countries is now well described
as are the strong associations between obesity and increased risk of
many diseases including cardiovascular disease, metabolic syn-
drome, type 2 diabetes and some types of cancers.

Obesity was first recognised as a chronic low grade inflamma-
tory condition approximately a decade ago, when Hotamisligil and
colleagues described elevations in the cytokine tumor necrosis fac-
tor-alpha (TNFo) following diet induced obesity in rodents and its
effect on insulin sensitivity [1]. This study was part of a paradigm
shift in the way we view adipose tissue. Since then, increased adi-
pose mass has been linked with increases in numerous other in-
flammatory molecules including; C-reactive protein (CRP), plasmi-
nogen activated inhibitor (PAI-1), serum amyloid A, migration
inhibitory factor (MIF), resistin, inducible nitric oxide synthase
(iNOS), interleukin-6 (IL6), colony stimulating factor-1 (CSF1) and
monocyte chemoattractant protein-1 (MCP1) [2-5]. Importantly,
many in-vitro and in-vivo studies have shown that inflammatory
cytokines directly induce insulin resistance (Fig. 1). For example,
TNFao infusion significantly reduced insulin stimulated glucose
uptake in lean men by inhibitory serine phosphorylation of insulin
receptor substrate-1 (IRS-1) [6]. MCP-1 and CRP also led to inhibi-
tory serine phosphorylation of IRS-1 and impaired insulin stimu-
lated glucose uptake in human skeletal muscle cells and in L6-
myotubes [7, 8].

MACROPHAGES INFILTRATION OF ADIPOSE TISSUE

Adipose tissue is a heterogeneous tissue that is composed of
mature adipocytes and smaller cells that constitute the stromal-
vascular fraction. This fraction includes pre-adipocytes, fibroblasts,
endothelial cells, histiocytes, and macrophages. Macrophages are
mononuclear phagocytes involved in immunological and inflamma-
tory processes, whose function is to provide an immediate defence
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Fig. (1). Cytokines Induction of Insulin Resistance.

Macrophage infiltrated adipose tissue secrete increased levels of inflamma-
tory cytokines, such as tumor necrosis factor alpha (TNFo) and monocyte
chemoattractant protein -1 (MCP-1). These cytokines bind receptors that
ultimately lead to the activation of Inhibitor kB Kinases (IKK) and JUN N-
terminal Kinase (JNK) and subsequently inhibitory serine phosphorylation
of insulin receptor substrate-1 (IRS-1). This inhibits the insulin signalling
pathway preventing insulin stimulated glucose transporter-4 (GLUT-4)
translocation to the cell surface and reducing glucose uptake.

against foreign organisms and to clear resultant cellular debris.
Flow cytometry studies of the stromavascular fraction have shown
that 3-10% is made up of resident macrophages [9]. Relatively re-
cently, adipose tissue from obese humans and rodents was de-
scribed as infiltrated by an increased number of macrophages [3,
10]. Interestingly, macrophage infiltration in obesity appears to be
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limited to adipose tissue as no differences are seen in the type or
number of resident macrophages in muscle and/or liver of obese
mice [11]. There is also increasing evidence that adipose tissue
macrophages (ATMs) are the main source of the increase in the
circulating inflammatory molecules detected in obesity [12, 13].

In morbidly obese humans, macrophages form crown-like struc-
tures that completely surrounding necrotic adipocytes and fuse to
form lipid containing giant multi-nucleated cells that stain strongly
for MAC-2 [14]. Adipose samples from lean subjects do not stain
positive for MAC-2, indicating an absence of these giant lipid filled
cells. It has not been reported whether adipose samples from mod-
erately overweight individuals stain for MAC-2. Together, these
studies highlight the extent of macrophage infiltration of adipose
tissue in marked obesity. Furthermore, there is a growing body of
evidence to suggest that the inflammatory process within the ex-
panded fat mass is a primary event which may be involved in the
development of insulin resistance and may also contribute to pro-
gression to type 2 diabetes. However, insulin resistance begins at
much lower levels of fatness than have been studied to date.

In rodents, there is conflicting evidence whether macrophage
infiltration occurs early during weight gain. Some studies have
reported that the expression of inflammatory genes in adipose tissue
is increased within 1-3 weeks following the initiation of a high fat
diet [11, 15, 16]. Furthermore, elevations in circulating levels of
plasma MCP-1 were detected after 4 weeks high fat feeding [16].
However, Xu et al. [11] quantified macrophage number by histol-
ogy and observed no detectable changes in ATM number until after
8 weeks of high fat feeding, which is well after the usual develop-
ment of insulin resistance in rodent models [17].

Macrophages can be stimulated to express distinct patterns of
surface markers, chemokines and cytokines and it was recently
described that the phenotype of macrophage detected in adipose
tissue differs between high fat fed and lean chow fed animals [18].
In this study Lumeng et al. [18] observed that ATMs from lean
mice expressed genes that are characteristic of M2 or "alternatively
activated" macrophages, including Ym1, arginase 1, and 1I-10
whereas diet-induced obese mice had increased expression of genes
such as TNFor and iNOS that are characteristic of M1 or “classically
activated" macrophages. This study suggests that it is not only im-
portant to quantitate the total number of macrophages, but also the
phenotype of macrophage in the tissue.

The cause of macrophage infiltration of adipose tissue is dis-
cussed in more detail later, but it has been proposed by us and oth-
ers [3] that macrophage recruitment is dynamic and may be affected
by changes in nutritional status and adiposity (Fig. 2). Indeed, sub-
stantial weight losses induced by bariatric surgery significantly
reduce macrophage number in morbidly obese individuals [3].
Weight loss was also associated with significant reductions in the
expression of MCP1 and hypoxia inducible factor 1o (HIF1e) and
a switch in macrophage activation from adverse M1 to M2 pheno-
type, with increased staining for the anti-inflammatory cytokine
IL10. An 18 kg weight loss by 15-week lifestyle intervention also
reduced adipose tissue expression of macrophage-specific markers
(CD14, CD68), IL-6, IL-8, and TNFo in morbidly obese individu-
als [3]. However, this study did not investigate changes in ATM
phenotype or location, which is arguably of greater importance.
Most importantly, these studies have only investigated a very large
change in adiposity in severely obese individuals who have a range
of co-morbidities. It is well known that insulin resistance occurs at
much lower body weight, and may be induced in as little as 3 weeks
of overfeeding and reduced by more moderate weight loss in hu-
mans. Therefore, it remains to be established whether moderate
changes in fatness (either gain or loss) alter the total number of
macrophages or alter the phenotype of macrophages detected. Par-
ticularly, in question is whether over-nutrition and/or weight gain
will increase ATMs in all individuals, independently of prior adi-
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posity and/or in particular, genetic predisposition to type 2 diabetes
or obesity.

MACROPHAGES INFILTRATE VISCERAL AND SUB-
CUTANEOUS ADIPOSE TISSUE

Visceral adipose tissue depots are more lipolytic, with higher
fat turnover and fatty acid release and hence are more metabolically
adverse as compared to subcutaneous depots [20]. In fact, visceral
depots are now recognised to be developmentally different [19] and
we predict that visceral depots will behave differently in respect to
macrophage infiltration and cytokine secretion although this is yet
to be clearly established. Visceral adipose depots are known to
express more 1L6, MCP-1 and CSF1 and other macrophage or in-
flammatory related genes [21]. Recently, visceral adipose tissue
was described as infiltrated by an increased number of macrophages
as compared to subcutaneous depots in both lean and obese indi-
viduals, potentially contributing to the well described adverse ef-
fects of visceral adiposity [21, 22]. In addition, visceral macrophage
numbers were positively related with obesity in a wide cross sec-
tional investigation and importantly, intra-abdominal fatness was
associated with increased macrophage infiltration. It is postulated
that macrophage deposition within visceral adipose tissue is more
likely to be responsible for enhanced systemic cytokine levels [23],
although visceral adipose tissue constitutes just 5-20% of total adi-
pose mass. However, the portal drainage of visceral fat may in-
crease the inflammatory response through a hepatic first pass effect.
Although the apparent increase in MCP-1 secretion that is reported
from visceral explants of adipose tissue was lost once adjusted for
the increased number of macrophages detected in visceral adipose
tissue [24]. Together, this data suggest visceral fat is infiltrated with
increased macrophage number and that this contributes significantly
to circulating cytokines and hence inflammation in individuals with
abdominal obesity.

WHAT CAUSES MACROPHAGE INFILTRATION IN OBE-
SITY?

Numerous theories into the underlying cause of macrophage
recruitment into adipose tissue have been proposed. These include
macrophage recruitment in response to altered adipokine signalling
and cell size, local adipose hypoxia and nutritional endotoxemia.
There is also a striking overlap between the biology of adipocytes
and macrophages and some evidence to suggest that preadipocytes
may be converted to macrophages under appropriate conditions

(Fig. 2) [25].

a. Altered Adipocyte Signalling and Cell Size?

Obesity results in an altered secretion pattern of adipokines,
chemokines and cytokines which may be actively involved in
macrophage recruitment (Fig. 2). Indeed, it is well known that obe-
sity results in increased leptin and lower adiponectin secretion from
adipose tissue. Leptin exerts mildly pro-inflammatory effects,
activating macrophage phagocytosis and cytokine production and
adiponectin manifests anti-inflammatory activity as shown by inhi-
biting macrophage production of TNFo and IL6 and other actions,
including binding bacterial lipopolysaccharide [26]. Other secreted
factors that are dysregulated in obesity and may be involved in
macrophage recruitment include MCP-1, MIF1 and CSF1.

Obesity is associated with increased adipocyte size (hypertro-
phy). Larger fat cells secrete more chemoattractant and immune-
related genes, including serum amyloid A, transmembrane 4 L six
family member 1 and chemokine CXC Motif ligand 2 [27] which
may be involved in macrophage recruitment. Interestingly, in-
creased adipocyte size has clearly been associated with insulin re-
sistance and progression to type 2 diabetes [28, 29] and in both
rodents and humans, adipocyte size is a strong direct predictor of
macrophage infiltration of adipose tissue [10, 30]. There is increas-
ing evidence however that this association may be due to, rather
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Fig. (2). Macrophage infiltration of adipose tissue is dynamic and altered by changes in nutrition and adiposity.

Postulated theory whereby over-consumption of high energy foods leads to macrophage infiltration of adipose tissue and altered secretion of chemokines and
cytokines such as reductions in alternatively activated M2 macrophages that express Ym-1 and arginase and increases in clasically activated M1 macrophages
that express inflammatory cytokines such as interlekin-6 (IL-6) and tumor necrosis factor alpha (TNFo.) which directly impact insulin sensitivity in skeletal
muscle. Macrophages also may indirectly lead to insulin resistance via effects on increasing adipocyte size and altered expression of adipokines and excess
fatty acid release, leading to inappropriate storage of triglyceride in non-adipose tissues.

than the cause of, macrophage infiltration of adipose tissue [31].
For instance, addition of medium from human macrophages to pre-
adipocytes that were isolated from either omental or subcutaneous
adipose tissue completely suppressed adipogenesis as evidenced by
decreased triglyceride accumulation and decreased FAS and PPAR-
gamma expression [32]. Interestingly, Hammerstedt et al. [33] re-
ported that TNFa, but not MCP1 or resistin inhibited adipogenesis
by down regulating the wnt-signaling pathway. Recently, we and
other have proposed that obesity and diabetes is associated with a
reduced proportion of pre-adipocytes within adipose tissue [30] and
that some individuals have a reduced ability to switch on adipo-
genesis in response to overfeeding. This inability for adipogenesis
may promote adipocyte hypertrophy under hyperphagic conditions,
ectopic lipid deposition and insulin resistance [34, 35]. It is possible
that macrophage infiltration within adipose tissue affects fat expan-
sion through a paracrine action on adipocyte differentiation, and
thus may indirectly contribute to insulin resistance by increased
lipid spill over to ectopic lipid depots.

b. Nutritional Endotoxemia?

Lipopolysaccheride (LPS) is known to act via the toll-like re-
ceptor-4 (TLR4) to activate the NFxB pathway and subsequent
transcription of various inflammatory cytokines such as TNFo. and
IL-6. Recently, it was described that low-level endotoxemia from
the gut flora is increased in fed versus fasted mice and more than
doubles following 4-weeks of very high-fat feeding [36]. Further-
more, the high fat fed mouse had increased weight gain and in-
creased expression of inflammatory factors from adipose tissue and

increased glucose and insulin areas under the curve in response
following oral glucose load [36]. Interestingly, the authors showed
that the high fat fed response was similar to the low dose LPS infu-
sion response for 4 weeks. Saturated fatty acids can also bind and
activate TLR4-NFxB pathway and TLR4 is expressed by the
3T3L1 preadipocyte cell line as well as in human adipocytes [37,
38]. Importantly, loss of function mutations in TLR4 prevent insu-
lin resistance and diabetes in high fat fed animals [39]. Thus, pro-
longed over-nutrition or increased saturated fatty acid intake may
increase nutritional endotoxemia, stimulate the TLR4-NFkB path-
way in adipocytes, which may be causal in macrophage infiltration
of obese adipose tissue. However, this has yet to be tested in a hu-
man model although a polymorphism is known to affect innate
immune function and atheroma inversely in man [40].

c. Local Adipose Tissue Hypoxia?

Hypoxia occurs when oxygen availability does not match de-
mand by surrounding tissue and is proposed to underlie the inflam-
matory response as adipose tissue mass expands. There is increasing
evidence showing that obese adipose tissue is hypoxic [41, 42].
Obesity is associated with increased expression of hypoxia-
inducible factor-alpha (HIF1ca) in humans and rodents [3, 42]. Fur-
thermore, immunohistochemistry studies of adipose tissue have
shown that pimonidazole detected hypoxic areas are co-localized
with macrophages [43]. Recently, Strissel et al. [44] observed that
hypoxia was a transient phenomenon with temporal increases in
adipocyte size and hypoxia, followed by adipocyte cell death and
macrophage infiltration until 16 weeks of high fat feeding. By 20
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weeks however, they observed an increase in the number of small
adipocytes (adipogenesis), along with reduced adipocyte death and
reduced macrophage infiltration. This study suggests that macro-
phages infiltrate adipose tissue as a direct result of necrotic cell
death. However, this study also raises conjecture that rodent high
fat feeding models create artificial conditions with rapidly expand-
ing adipose mass which leads to local adipose tissue hypoxia.
Whether this process will be observed under the long steady weight
gain that commonly occurs in humans is not clear. Indeed, in the
classical twin overfeeding study by Bouchard and colleagues [45],
weight gain was approximately 10% over 14 weeks rather than the
140% weight gain that is observed in animal studies [44]. Regard-
less, the hypoxic model of macrophage infiltration may have impli-
cations both for pathological conditions of excess fat and/or ectopic
fat deposition and successful expansion with vascular sufficiency
and warrants further investigation.

DOES REDUCING MACROPHAGE INFILTRATION PRE-
VENT INSULIN RESISTANCE?

Although it is increasingly recognised that macrophage infiltra-
tion and chronic low grade inflammation is higher in the obese
state, and evidence is building that macrophages may alter secreted
factors that impact on impaired skeletal muscle insulin signalling in
vitro, it has yet to be indisputably established whether increased
macrophage infiltration is causal in initiating insulin resistance. In
Table 1, we have summarised intervention studies altering both
macrophage infiltration and insulin sensitivity.

a. Evidence from Cells and Genetically Modified Rodents

Monocyte chemoattractant proteins and their receptors play an
important role in the recruitment of monocytes into various tissues.
Lumeng et al. [18] examined mice carrying a homozygous deletion
of the gene encoding C-C motif chemokine receptor-2 (CCR2),
which is the receptor for MCP1, after high fat feeding challenge.
High fat-fed knockout animals had reduced inflammation, de-
creased macrophage infiltration in adipose tissue, and improved
insulin sensitivity as compared to wild type [46]. However, a sub-
sequent study performed by a separate group could not replicate
these findings following 34 weeks high fat feeding [47].

Interaction between macrophages and adipocytes in the context
of both indirect and direct co-culture studies have shown that
macrophage-secreted factors activate the NFxB pathway stimulat-
ing the expression of TNFo and blocking insulin action in adipo-
cytes (Fig. 1) [48]. Interestingly, this response was inhibited follow-
ing co-culture with TLR4-mutant macrophages [49], suggesting
that TLR4 is necessary for an inflammatory response. Whole body
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TLR4 knockouts also have reduced circulating inflammatory cyto-
kines and macrophage infiltration of adipose tissue and have im-
proved insulin sensitivity following high fat feeding [50, 51]. To-
gether, these studies highlight the importance of the TLR4 pathway
in activating inflammation with obesity and suggest that the in-
creased release of fatty acids from enlarged adipocytes may feed
forward to induce inflammatory and insulin signaling changes in
macrophages and adipocytes.

Interestingly, co-culture of macrophages and adipocytes also
reduces adiponectin secretion [32, 51] and a recent study of adi-
ponectin transgenic ob/ob animals found that while these animals
have increased fat mass as compared to ob/ob animals, they are
protected from macrophage infiltration and inflammation in adipose
tissue and have a healthy metabolic phenotype despite massive
obesity [52]. This is seen in conjunction with reduced adipocyte
size, potentially contributing to the metabolically healthy phenotype
observed despite massive obesity.

b. Evidence from Drug Treatments

PPAR gamma is required for fat cell development and is the
molecular target of antidiabetic thiazolidinediones (TZDs), which
exert insulin-sensitizing effects in adipose tissue, skeletal muscle,
and liver. Recently, a macrophage specific knockout of PPAR
gamma was shown to develop insulin resistance under chow-fed
conditions and this was exacerbated by high fat feeding [53]. This
finding raised interest into the effects of TZDs and other drugs on
macrophage infiltration of adipose tissue. TZD treatment reduced
expression of inflammatory genes and decreased macrophage num-
bers in adipose tissue in rodents and in non-diabetic individuals
with impaired glucose tolerance [11][54].

Metformin is another insulin sensitizer that acts at least partially
via an activation of AMP-activated protein kinase (AMPK). There
is conflicting evidence whether metformin suppresses ATM infiltra-
tion in adipose tissue. Dandona et al. [55] observed that metformin
reduced circulating levels of MIF, as well as MIF expression from
circulating blood monocytes, but did not examine macrophage
number of phenotype per se. Isoda et al. [56] observed that met-
formin reduced NFxB translocation to the nucleus reducing expres-
sion of various pro-inflammatory cytokines in human smooth mus-
cle cells. Other studies in humans have not been able to show an
effect of metformin after 10 weeks on macrophage phenotype or
number [57].

Together, these studies suggest that limiting macrophage infil-
tration of adipose tissue by pharmacological intervention will be
metabolically beneficial to obese patients, at least in terms of reduc-
ing insulin resistance. However, it must be remembered that a low

Table 1. Does Macrophage Infiltration of Adipose Tissue Causes Insulin Resistance?

Model Intervention Outcomes Ref
MCP1 -/- (whole body) HFD U ATM, | Circulating inflammatory cytokines, T Insulin sensitivity in knockout [18]

TLRA4 -/- (whole body) HFD U ATM infiltration, U Circulating inflammatory cytokines, T Insulin sensitivity in knockout [[48, 49]
Peritoneal macrophages from TLR4 -/- SFA UNFKB activation, | Pro-inflammatory cytokines in knockout. [49]
3T3-L1 fibroblasts, J774A.1 and Co-Culture T NFKB signalling, ! Pro-inflammatory cytokines, { Adiponectin, [46]

RAW?264 macrophages U Insulin stimulated glucose transport

Ob/Ob Adiponectin transgenic HFD " Fat mass, I ATM infiltration T Insulin sensitivity in transgene [50]
Macrophage specific PPARgamma -/- HFD T ATM, U Insulin sensitivity in knockout [51]
Glucose Tolerant Human Pioglitazone10wk Ucp68 mRNA, I MCP1 mRNA, T Insulin sensitivity after treatment [55]
Glucose Tolerant Human Metformin 10wk < CD68 mRNA, & MCP1 mRNA, < Insulin sensitivity after treatment [55]
Obese Human Metformin 6wk U MIF expression, <> glucose, < insulin after treatment [53]
Human smooth muscle cells Metformin U NFKB activation, U pro-inflammatory cytokines, T Insulin signalling after treatment [54]

MCP1 = monocyte chemoattractant protein-1; ATM = adipose tissue macrophages, NfKB = nuclear factor-kappa B, HFD = High fat diet, SFA = saturated fatty acid stimulation,

MIF, monocyte inhibitory factor.
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level of resident macrophages is necessary to clear necrotic debris
and that complete suppression of function is likely to interfere with
normal biological processes.

CONCLUSION

With the preliminary data currently available inhibition of
macrophage infiltration of adipose tissue of obese or pre-diabetic
individuals seems a rational therapeutic target for the pharma-
cotherapy of type 2 diabetes and/ or the Metabolic Syndrome.
However, a number of questions regarding the role of macrophage
infiltration in human obesity remain to be answered. For example,
what is the cause/s of macrophage infiltration? Does moderate fat
gain alter macrophage number and/or macrophage phenotype in
humans? Are some individuals predisposed to this? Is macrophage
infiltration causal in development of insulin resistance and/or pro-
gression to type 2 diabetes or an accessory after the initiation? Over
the past 3 years, preliminary data suggest that preventing M1
macrophage infiltration of adipose tissue may diminish insulin re-
sistance. Consequently, great excitement surrounds the potential for
specific inhibition of macrophage infiltration of adipose tissue as
pharmacotherapy for obese patients but more particularly as adjunct
therapy to improve insulin sensitivity in obese individuals with
insulin resistance.
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ABBREVIATIONS

ATM = Adipose Tissue Macrophages

TNFo = Tumor Necrosis Factor-alpha
MCP-1 = Monocyte chemoattracant protein-1
CRP = C-Reactive protein

IL6 = Interleukin-6

IL10 = Interleukin-10

PPAR = Peroxisome proliferator activated receptor
PAI-1 = plasminogen activated inhibitor-1
iNOS = inducible nitric oxide synthase
HIFlae = hypoxiainducible factor 1o (HIF1o)
TLR4 = toll like receptor-4
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