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High-fat diet-induced obesity is associated with a chronic state of low-grade inflammation,
which pre-disposes to insulin resistance (IR), which can subsequently lead to type 2 diabetes
mellitus. Macrophages represent a heterogeneous population of cells that are instrumental in
initiating the innate immune response. Recent studies have shown that macrophages are key
mediators of obesity-induced IR, with a progressive infiltration of macrophages into obese
adipose tissue. These adipose tissue macrophages are referred to as classically activated (M1)
macrophages. They release cytokines such as IL-13, IL-6 and TNFo creating a pro-
inflammatory environment that blocks adipocyte insulin action, contributing to the develop-
ment of IR and type 2 diabetes mellitus. In lean individuals macrophages are in an alternatively
activated (M2) state. M2 macrophages are involved in wound healing and immunoregulation.
Wound-healing macrophages play a major role in tissue repair and homoeostasis, while
immunoregulatory macrophages produce IL-10, an anti-inflammatory cytokine, which may
protect against inflammation. The functional role of T-cell accumulation has recently been
characterised in adipose tissue. Cytotoxic T-cells are effector T-cells and have been implicated
in macrophage differentiation, activation and migration. Infiltration of cytotoxic T-cells into
obese adipose tissue is thought to precede macrophage accumulation. T-cell-derived cytokines
such as interferon y promote the recruitment and activation of M1 macrophages augmenting
adipose tissue inflammation and IR. Manipulating adipose tissue macrophages/T-cell activity
and accumulation in vivo through dietary fat modification may attenuate adipose tissue
inflammation, representing a therapeutic target for ameliorating obesity-induced IR.

Inflammation: Insulin resistance: Adipose tissue macrophages: T-cells

Obesity: introduction

Over the past twenty years there has been a rapid increase
in the prevalence of obesity due to consumption of a high-
fat diet (HFD) and sedentary lifestyle. The WHO has
shown that obesity levels have reached epidemic propor-
tions worldwide with approximately 2-3 billion adults
predicted to be overweight or obese by the year 2015
Obesity represents a significant risk factor that pre-disposes
individuals towards the metabolic syndrome; a cluster

of related risk factors including glucose intolerance,

hypertension, dyslipidemia, central obesity, fatty liver and
insulin resistance (IR)(Z). Metabolic syndrome increases the
risk of developing chronic diseases such as type 2 diabetes
mellitus® and atherosclerosis. Obesity also represents a
significant economic burden driving rises in healthcare
costs®.

Obesity is associated with a chronic state of low-grade
inflammation with progressive immune cell infiltration into
obese adipose tissue>”. Immune cell-derived cytokines
and adipose tissue-derived adipokines augment adipose
tissue inflammation and consequentially induce IR®*.

Abbreviations: ATM, adipose tissue macrophages; BMDC, bone marrow-derived dendritic cells; BMDM, bone marrow-derived macrophages;
DGAT, diacylglycerol acyltransferase; DT, diphtheria toxin; DTR, DT receptor; HFD, high-fat diet; IFNY, interferon y; IKK, inhibitor of KB kinase B;
IR, insulin resistance; JNK, c-Jun N-terminal kinase; MCP-1, monocyte chemoattractant protein-1; RANTES, regulated upon activation, normal T-cell
expressed and secreted; TLR4, Toll-like receptor 4; Ty cells, regulatory T-cells; VAT, visceral adipose tissue.
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This review focuses on the relationship between adipose
tissue immune cell recruitment, dietary factors and the
development of obesity-induced IR.

Macrophages

Macrophages are a heterogeneous population of cells that
play a key role in both the innate and adaptive immune
response to infection. They are responsible for the phago-
cytosis of invading pathogens'”’. Upon activation, imma-
ture bone-marrow derived peripheral blood mononuclear
cells migrate to the site of infection by a process known
as chemotaxis and differentiate between tissue macro-
phages'”. The invading pathogens are engulfed in a
phagosome. Lysosomes fuse with the phagosome to form a
phagolysosome and it is within this phagolysosome that
the pathogen is destroyed by enzymes and expelled as
waste. These activated macrophages produce cytokines
that attract other macrophages to the site of infection and
initiate a pro-inflammatory response. In addition to the
removal of pathogens, macrophages are responsible for the
removal of cellular debris generated from necrotic cells
and/or tissue remodelling. This process occurs indepen-
dently of an immune stimulus and is performed by ‘resi-
dent’ tissue macrophages''®. Macrophages are referred to
as professional antigen-presenting cells due to their role in
adaptive immunity 13, Macrophages are part of a group
of cells including dendritic cells and B-cells that present
foreign antigen to T-cells as part of the adaptive immune
response to infection. Antigen is phagocytosed and bound
to an MHC class II molecule on the surface of the macro-
phage. The T-cell recognises the MHC class II molecule/
antigen complex and binds to the macrophage surface. The
macrophage produces an additional co-stimulatory signal
in order to activate the T-cell. This process triggers the
activation of other T-cells expanding the adaptive immune
response.

Adipose tissue macrophages in obesity

The progressive infiltration of macrophages has been
implicated in the pro-inflammatory response observed in
obese adipose tissue®”. Weisberg er al.® profiled gene
expression in adipose tissue from mice of varying adiposity.
Correlation analysis identified 1304 transcripts that corre-
lated significantly with body mass, an indirect indicator
of adiposity. Thirty percent of these transcripts encoded
proteins that are characteristic of macrophages. Immuno-
histochemical analysis of adipose tissue confirmed sig-
nificantly high levels of the macrophage marker F4/80,
correlating with body mass and adipocyte size. Xu ef al.”
additionally found that treatment with rosiglitazone, an
insulin-sensitising drug, decreased the expression of
macrophage-specific genes indicating the deleterious role
of macrophages in adipose tissue biology.

Adipose tissue has been defined as the largest endocrine
organ in the body'¥. Adipose tissue macrophages (ATM)
along with the adipocytes produce a wide range of med-
iators that contribute to the pro-inflammatory response.
Macrophages are known to produce high quantities of
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IL-1B"®, while adipocytes produce adipokines such as
adiponectin, leptin and resistin'®!'”. Both cell types are
thought to contribute to the production of pro-
inflammatory TNFo, and IL-6°7.

In addition to the secretion of cytokines and adipokines,
the adipose tissue is one of the organs responsible
for glucose uptake from intracellular storage sites to the
plasma membrane. GLUT4 mediates glucose uptake in
adipocytes and skeletal muscle, thus maintaining glucose
homoeostasis. Interestingly, in IR states, GLUT4 expres-
sion is decreased in adipose, but preserved in skeletal
muscle'®. Adipose selective deletion of GLUT4 in mice
leads to impaired glucose homoeostasis and IR with pre-
served adipose tissue mass''®. Interestingly, these mice
develop secondary IR in their skeletal muscle and liver as
evident by decreased activation of phosphoinositide-
3-OH"®. This indicates that reduced glucose uptake
in adipose alone is sufficient to induce an IR state. Ad-
ditionally, it was found that the mechanism of immune
cell-mediated IR stems from the ability of macrophage-
derived pro-inflammatory factors to block insulin action
in adipocytes via down-regulation of GLUT4 and in-
sulin receptor substrate-1 leading to a decrease in protein
kinase B phosphorylation and impaired insulin-stimulated
GLUT4 transport to the plasma membrane. This was
in part reversed by treatment with TNFo neutralising
antibodies suggesting that TNFo is the predominant
macrophage-derived factor involved in adipose tissue
inflammation’®. In addition, previous studies found that
co-culture of 3T3-L1 adipocytes with the macrophage
cell line RAW264 resulted in marked up-regulation of
pro-inflammatory cytokines, including TNFo, and was
ameliorated with a TNFa neutralising antibody treat-
ment®?.

An important question to address is what triggers
the activation and infiltration of ATM during obesity.
Macrophage-derived pro-inflammatory cytokines such as
TNFo, IL-1B and IL-6, as well as NEFA, activate key
regulators of inflammation such as c-Jun N-terminal kinase
(JNK), inhibitor of KB kinase B (IKKB) within insulin
target cells. In IR and obese states, INK?!*? and IKKB®?
activity are increased activating pro-inflammatory tran-
scription factors including activator protein 1 (c-Jun/Fos)
and NF-xB. This leads to the serine phosphorylation of the
insulin receptor substrate that interferes with insulin action.
It has been found that mice deficient in JNK1 but not JNK2
have reduced adiposity and improved insulin sensitivity*®.
Mice-lacking IKKP in their hepatocytes retain liver
responsiveness, but develop IR in skeletal muscle and
adipose tissue in response to diet-induced obesity. How-
ever, specific deletion of IKKB in myeloid cells protects
against systemic IR“". Similarly mice-lacking JNK1 in
their myeloid cells only were protected from IR despite
becoming just as obese as their wild-type counterparts.
This supports the theory that it is the macrophage initiating
the inflammatory response and resulting IR.

Toll-like receptor (TLR)4 is part of the TLR family
that plays a role in pathogen recognition and initiation
of the innate immune response. TLR4 stimulation results
in the activation of both JNK and IKKB®®. Obese mice
have increased TLR4 expression compared with lean
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controls®®. A TLR4 ™/~ mouse model demonstrated that
the NF-kB pathway was not activated in response to
treatment with NEFA. Additionally, it was found that male
TLR4 '~ mice are protected from lipid infusion-induced
IR due to decreased NEFA-induced NF-kB activation
and reduced expression of pro-inflammatory genes TNFa
and IL-6“7. Similarly, female TLR4 '~ mice are pro-
tected from IR resulting from a decrease in inflammation
in tissues such as skeletal muscle and adipose. Further,
C3H/HelJ mice, which have a loss of function mutation in
TLR4 are protected against diet-induced obesity®®. Each
of these studies implicates TLR4 in the development
of diet-induced inflammation and resulting IR. However,
myeloid cell-specific TLR4 deletion protects from diet-
induced obesity and IR implicating the macrophage as the
main mediator of TLR4 responses in the adipose tissue*.

Adipocyte death by necrosis in obese white adipose
tissue increases significantly due to hypertrophy and thus
it is possible macrophages are recruited to white adipose
tissue to scavenge the resulting cell debris. Approximately
90% of all macrophages in obese white adipose tissue are
localised to sites of necrotic-like adipocyte death. These
macrophages form syncytia that sequester and ingest
the adipocyte debris, including lipid droplets, significantl
implicating adipocyte death in the recruitment of ATM®?.
Adipocyte hypertrophy leads to adipose tissue hypoxia,
a potential cause of adipose tissue inflammation in
obesity®". In adipose tissue of diet-induced obese mice,
gene expression of hypoxia-associated genes hypoxia-
inducible factor lo, vascular endothelial growth factor,
GLUTI, haem oxygenase 1 and pyruvate dehydrogenase
kinase isozyme 1 were significantly up-regulated compared
with chow-fed mice. In ob/ob mice, which are mice defi-
cient in the leptin gene, this up-regulation was observed for
all the above-mentioned genes except vascular endothelial
growth factor. In contrast, there was no up-regulation
of hypoxia-associated genes in skeletal muscle of diet-
induced obese or ob/ob mice indicating that hypoxia is a
direct cause of increasing adiposity and not of leptin defi-
ciency®". This increase in adipose tissue hypoxia was
concurrent with an increase in pro-inflammatory gene
expression but a decreased adiponectin in the adipose of
ob/ob mice. Furthermore, cell-culture studies showed that
the transcription factor NF-xB and the TNFo gene pro-
moter were activated by hypoxia in 3T3-L1 adipocytes and
NIH3T3 fibroblasts, while adiponectin expression was
reduced®". Furthermore, these findings have been repro-
duced in a clinical setting. Phosphorylation of p38 is up-
regulated in the visceral adipose tissue (VAT) of obese
subjects®®. p38 has previously been implicated in ther-
mogenesis via regulation of uncoupling protein-1 and fatty
acid oxidation”. Interestingly, O’Rourke et al.®® note
increased uncoupling protein-1 in the adipose stromal
vascular fraction of obese subjects suggesting that hypoxia
may in fact regulate thermogenic and oxidative functions
in obesity.

Chemokines, small proteins secreted by cells, may also
be responsible for recruitment of macrophages to the
adipose tissue®”. Monocyte chemoattractant protein-1
(MCP-1) or CCL2 is a member of the CC chemokine
family of proteins. It is produced by adipose tissue and is
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increased during obesity®>. MCP-1 and its receptor CCR2
are thought to play a pivotal role in the recruitment of
macrophages into adipose tissue. CCR2 ™/~ mice fed a
HFD had a reduced energy intake, reduced ATM, an
improved level of insulin sensitivity and glucose homo-
eostasis and slower development of obesity compared with
wild-type. Similarly, CCR2 "/~ mice that were already
obese had reduced ATM and an improved level of insulin
sensitivity and glucose homoeostasis compared with wild-
type mice®®. Additionally, it was demonstrated that mice
overexpressing MCP-1 have an increased number of ATM
and increased IR®”. In contrast to this, a number of studies
have questioned the role of MCP-1 in obesity-induced IR
and ATM accumulation. Chen ez al.®® reported that there
was no change in ATM recruitment despite an increased
level of MCP-1 in obesity®®, while Inouye er al.®”
demonstrated that CCL2 ™'~ mice on a HFD showed no
reductions in ATM®?. This suggests that factors indepen-
dent of MCP-1 are involved in obesity-induced macro-
phage recruitment and pre-empts the question of whether
infiltrating macrophages are all pro-inflammatory.

Adipose tissue macrophages: M1/M2 and sensitivity
to fatty acids

Macrophages show significant heterogeneity in both their
function and cell surface marker expression. There are two
broad macrophage populations“” (Fig. 1). The first are
referred to as classically activated or M1 macrophages.
These are induced by the type II class of interferon known
as interferon y (IFNYy). These M1 macrophages produce
pro-inflammatory cytokines such as IL-1f3, IL-6 and TNFo
and for this reason are thought to be the type of macro-
phage that infiltrates the adipose tissue during obesity“".
M1 macrophages also produce high quantities of reactive
oxygen species such as NO through inducible nitric oxide
synthase activity in response to invading pathogens which
in turn induces oxidative stress. The second group of
macrophages was first described as alternatively activated
or M2 macrophages. They are functionally and biologically
distinct from M1 macrophages. Alternatively activated
macrophages have been divided into three sub-groups due
to differences in their method of activation. These different
sub groups are involved in wound healing and immuno-
regulation. Wound healing M2a macrophages are primarily
induced by IL-4 and/or IL-13. They produce anti-
inflammatory IL-10, IL-1 receptor antagonist and arginase.
Arginase contributes to the production of the extracellular
matrix as well as limiting M1 inducible nitric oxide
synthase activity by competing for the arginase substrate
that is required for NO production. In vitro experiments
have shown that macrophages treated with IL-4 and IL-13
do not produce pro-inflammatory cytokines and thus are
less effective than M1 macrophages at killing invading
pathogens and initiating a pro-inflammatory response™ .
However, these cells produce polyamines, a component of
the extracellular matrix indicative of their major role in
wound healing. M2b and c-polarisation macrophages are
regulatory macrophages distinguished by their method
of activation. M2b macrophages are induced through the
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Fig. 1. (Colour online) In lean, insulin sensitive adipose tissue, macrophages are in an M2
polarisation state (F4/80*CD11b*CD11c ™) with macrophage-derived IL-10, adipocyte-
derived adiponectin and arginase pre-dominating. As an individual becomes obese
adipocyte hypertrophy and hypoxia occurs, releasing chemokines such as MCP-1 that
attracts pro-inflammatory M1 macrophages (F4/80*CD11b*CD11c*) to the adipose.
Pro-inflammatory mediators, such as IL-1B, TNFa, IL-6, inducible nitric oxide synthase
(INOS) and adipocyte-derived leptin, and resistin rise, while IL-10, adiponectin and argi-
nase decrease. With increased adiposity, adipocytes increase in size and there is further
recruitment of M1 macrophages. Pro-inflammatory mediators now dominate leading to
activation of pro-inflammatory pathway proteins JNK and NF-xB and an IR state occurs.

HFD, high-fat diet.

combined action of TLR and another immune complex or
stimuli. There is much speculation on the type of stimulus
needed to induce these macrophages with fragment crys-
tallisable y receptors*®, glucocorticoids™® and PG** all
being implicated. These M2b macrophages produce high
yields of IL-10 to block the pro-inflammatory action of IL-
12, thus dampening inflammation®. M2c macrophages
are induced by IL-10 and express high levels of the cell
surface marker mannose receptor that has been implicated
in tissue remodelling™?.

Recent work has shown that both M1 and M2 macro-
phages express different cell surface markers. Triple-
positive cells (F4/80"CD11b*CDI11c™) are associated
with the M1-polarisation state, while double-positive cells
(F4/80*CD11b*CD11c ™) indicate M2 macrophages*®.
The population of F4/80"CD11b*CDI11lc* MI macro-
phages was found to be significantly elevated in diet-
induced obese adipose tissue mice compared with lean
mice. Immunofluorescence studies confirmed these find-
ings and demonstrated that CD11c* ATM cluster around
adipocytes in necrotic crown-like structures. The CD11c™
ATM overexpress pro-inflammatory genes such as integrin
alpha X (encoding CD11c), IL-6 and Nos2 compared with
CDl1c™ ATM, while ATM from lean mice expressed high
levels of anti-inflammatory genes such as IL-10, arginase I,
mannose receptor C type 2, Yml/chitinase3-like3 and
macrophage galactose  N-acetyl-galactosamine-specific
lectins 1 and 2. In contrast, mRNA expression of pro-
inflammatory genes TNFo. and Nos2 was significantly
lower in lean mice fed a normal diet in comparison
with ATM from HFD-fed mice“". Following on from
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Weisburg’s study on MCP-1 and CCR2, Lumeng et al.“*"
found that CCR2™'~ mice fed a HFD had reduced
F4/80*CD11b*CD11c* M1 macrophages compared with
HFD-fed obese wild-type mice. Similarly, ATM isolated
from CCR2 ™/~ mice fed a HFD expressed M2 macro-
phage markers comparable to those isolated from lean
mice, indicating that ATM from these obese CCR2 '~
mice still retain properties of the more anti-inflammatory
M2 macrophages.

Nguyen er al.“® showed that NEFA activate bone
marrow-derived dendritic cells (BMDC) which express
F4/80, CD11b and CDl11c via the JNK signalling pathway.
Interestingly, NEFA did not induce inflammation in bone
marrow-derived macrophages (BMDM) which express
F4/80, CD11b but not CD11c. NEFA-treated BMDC have
increased JNK phosphorylation compared with NEFA-
treated BMDM. However, NEFA-treated BMDC deficient
in TLR2/4 did not show an increase p-JNK indicating that
NEFA activation of BMDC is mediated by upstream TLR2
and TLR4. Similarly, NEFA-treated BMDC have increased
IL-6 and IL-1B compared with NEFA-treated BMDM.
NEFA-treated BMDM had lower IL-10 compared with
untreated cells, while NEFA had no effect on mRNA
IL-10 in BMDC. Additionally, BMDC from TLR2/4 '~
had lower basal IL-6 and IL-1B with no effect of NEFA.
When Nguyen et al.“® isolated the ATM, they demon-
strated that F4/80"CDI11b"CDI1lc™ MI cells had
increased mRINA expression of M1 markers TNFa, CCR2
and TLR4 compared with F4/80"CD11b"CDI11c™ M2
cells. Treatment with NEFA significantly induced ex-
pression of IL-6 in F4/80"CD11b*CDIllc* Ml ATM
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but not F4/80"CD11b*CDllc™ M2 cells. Fd4/
80" CD11b*CDI11c ™~ cells expressed high levels of IL-10
which was reduced by NEFA. Expectedly F4/807"
CD11b*CD11c* ATM did not express any detectable
IL-10 both before and after NEFA treatment.

More recently, it was shown that CDIllc depletion
results in a rapid normalisation of glucose and insulin
tolerance and a decrease in inflammatory markers both at
the transcriptional and translational levels“”. A condi-
tional ablation system mediated by the diphtheria toxin
(DT) receptor (DTR), under the control of the CDllc
promoter, was used to generate transgenic mice. Chimaeric
CD11c-DTR mice were created by transplanting bone
marrow from CD11c-DTR donor mice into lethally irra-
diated wild-type mice. Additionally, bone marrow from
wild-type donor mice were transplanted back into irra-
diated wild-type recipient mice to control for irradiation or
DT effects. After 16 weeks of HFD or chow-diet mice
were injected with DT every other day. DT-treated wild-
type mice had significantly more CD11c™ cells compared
with chow-diet mice. However, CD11c ~ DTR mice treated
with DT had no significant population of CD11c™ ATM
for both HFD and chow-fed mice. Furthermore, DT treat-
ment attenuated IR and glucose intolerance in HFD-fed
CDl11lc " DTR mice compared with wild-type mice.
Euglycemic clamps confirmed that this protection is
observed in all major insulin-sensitive tissues; adipose tis-
sue, liver and skeletal muscle. Gene expression analysis
showed an increase in adipose F4/80, MCP-1 and IL-6 in
HFD-fed DT-treated wild-type mice that was markedly
reduced in HFD-fed DT-treated CD11c ~DTR mice.

Fatty acids and adipose tissue macrophage polarisation

Although it is well established that recruitment of M1 pro-
inflammatory ATM represents a key event influencing the
adipose tissue dysfunction that occurs during obesity, it is
likely that with increasing adiposity anti-inflammatory
M2 macrophages may °‘switch’ polarisation status to a
more pro-inflammatory M1 state. Li et al.®°” assessed the
function of CDIllc®™ ATM during HFD challenge and
demonstrated that returning to a normal chow diet restored
insulin sensitivity and glucose tolerance in adipose tissue,
liver and skeletal muscle. Despite this improvement, total
ATM including CD11c™ cell number remained constant
for up to 3 weeks after diet change. In contrast to the flow
cytometry data, diet change resulted in reduced mRNA
expression of IL-1B, IL-6, IL-10, TNFo and IFNYy in
adipose tissue indicating that although M1 ATM number is
comparable, the M1 cell population following normal
chow diet have a less pro-inflammatory profile compared
with those on a HFD. To support this theory, a population
of CDIl1c* and CD1lc~ ATM were isolated from the
adipose tissue of both HFD-fed and those HFD-fed mice
returned to a normal chow diet. CDllc* ATM from
HFD-fed mice had significantly increased mRNA TNFa
and IL-1B compared with CDIlc* ATM from HFD-fed
mice returned to a normal chow diet confirming that these
M1 ATM were less pro-inflammatory compared with those
that remained on the HFD®?.
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The nuclear hormone receptor PPARY has been identi-
fied as a critical signalling molecule in the polarisation of
macrophages to an M2 state®". Mice deficient in PPARY
had impaired M2 activation pre-disposing to diet-induced
obesity, IR and glucose intolerance®®. Furthermore, gene
analysis of liver and skeletal muscle show down-regulation
of fatty acid beta oxidation leading to decreased insulin
sensitivity in these tissues. Additionally, it was found that
macrophage-specific inactivation of PPARy in C57BL/6J
mice resulted in glucose intolerance and IR in both
skeletal muscle and liver and increased expression of pro-
inflammatory cytokines, all of which was exacerbated by a
HFD®?. However, these effects were partially ameliorated
by treatment with thiazolidinediones. Activation of PPARYy
by thiazolidinediones improves insulin sensitivity and
blocks the pro-inflammatory response. It was found that
short-term treatment with the thiazolidinedione rosiglita-
zone increased M2 macrophage infiltration to the adipose
tissue, down-regulating IL-18, while up-regulating M2
macrophage markers including IL-10 and arginase®®. In
human atherosclerotic lesions, expression of M2 macro-
phage markers and PPARY correlate positively®. PPARY
activation primes primary human monocytes towards
macrophages of an M2 polarisation state. Interestingly,
PPARY does not promote an M2 phenotype in resting or
classically activated M1 macrophages indicating that onl?l
native blood monocytes can be primed in this way®>.
IL-13-induced PPARS/PB has also been found to promote
macrophages to an M2 alternatively activated state. In a
co-culture system, macrophages lacking PPARS cannot
polarise to an M2 state resulting in inflammation and IR in
3T3-L1 adipocytes®®. PPAR: ‘has been shown to be dif-
ferentially expressed in F4/80™ and F4/80' macrophages.
Based on the mean fluorescence intensity of the cell
surface glycoprotein F4/80, an F4/80 macrophage subset
expressing high concentrations of F4/80 (F4/80™) and low
concentrations of F4/80 (F4/80'°) was identified®”. F4/80"°
macrophages are predominant in lean adipose tissue, while
F4/80™ macrophages increase rapidly in obese “adipose
coincident with impaired glucose tolerance. F4/80™ macro-
phages express elevated PPARY/d and the PPARY respon-
sive gene CD36 compared with F4/80" macrophages®®.
Similar to previous studies, Bassaganya-Riera et al.®®
showed that macrophages deficient in PPARYy have
increased macrophage polarisation towards the pro-
inflammatory M1 phenotype.

Interestingly, recent studies have focused on the PPARYy
responsive gene CD36 and its role in adipose tissue
inflammation and IR. CD36 is a fatty acid translocase that
binds fatty acids and facilitates lipid uptake. HFD-fed mice
deficient in haematopoietic CD36 showed improved insulin
signalling and reduced ATM infiltration compared with
wild-type®”. However, whole body glucose and insulin
tolerance was not ameliorated. Interestingly, it was found
that macrophages from CD36 '~ mice have reduced
migration and binding capacity compared with wild-type
indicating a role for CD36 in the recruitment of macro-
phages to obese adipose®®. Further, it has been shown that
in obesity increasing lipid accumulation within ATM leads
to an M1 polarisation phenotype®”. These ATM resemble
foam cells and are associated with an increase in mRNA
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expression of genes involved in lipid uptake and accumu-
lation; fatty acid transporter protein 1, CD36, adipose
differentiation-related protein and lipoprotein lipase as
well as typical M1 markers; MCP-1, TNFa, CDI11c and
IFNY. Additionally, treatment with rosiglitazone promoted
an M2 polarisation state. mRNA expression of ATM
CD11c was reduced, coincident with reduced expression of
adipose differentiation-related protein, fatty acid trans-
porter protein 1 and LDL. However, this was not seen in
rosiglitazone-treated adipocytes. In fact, fatty acid trans-
porter protein 1, lipoprotein lipase and CD36 were up-
regulated when compared with non-treated cells. PPARYy
was also up-regulated in rosiglitazone-treated adipocytes
concurring with PPAR role in adipogenesis.

Synthesis of TAG involves the enzyme acyl CoA
diacylglycerol acyltransferase (DGAT)1 that functions by
catalysing a reaction with diacylglycerol and fatty acid
acyl CoA substrates®”. Overexpression of DGAT corre-
lates with increased TAG storage in adipose tissue, skeletal
muscle and liver® Y. DGATI expression in adipocytes
and adipose tissue is up-regulated by PPARY®>~%”. HFD-
fed Ap2-Dgatl mice overexpressing DGAT in both macro-
phages and adipocytes became obese; however, they were
protected from the associated metabolic and inflammatory
perturbations. Glucose and insulin tolerance tests demon-
strated that these mice remained insulin sensitive, while
markers of M1 macrophages such as Nos2, It%ax, TNFa
and MCP-1 were decreased in adipose tissue®”. Further-
more, overexpressing DGAT1 in the macrophage compo-
nent alone was sufficient to improve insulin sensitivity and
reduce the pro-inflammatory response. DGAT1 expression
in BMDM modulates polarisation to an M1 phenotype.
Palmitate-treated BMDM from Ap2-Dgatl mice secreted
significantly more IL-6, MCP-1 and TNFo compared with
palmitate-treated BMDM isolated from wild-type mice®®.
Overexpression of DGATI leads to overexpression of
PPARY, which mediates the inhibition of the palmitate-
induced M1 polarisation state.

Adipose tissue T-cells infiltration and dietary fat

T-cells are leucocytes that develop in the thymus and play
a key role in the adaptive immune response. The functional
role of T-cell accumulation has recently been characterised
in adipose tissue. Similar to macrophages, there are many
broad populations of T-cells. Helper T-cells express the
glycoprotein CD4 on their surface and for this reason are
referred to as CD4" T-cells. CD4* T-cells recognise
MHC class II molecules on the surface of antigen pre-
sentation cells, such as the macrophages and dendritic
cells. Helper T-cells ‘help’ the immune system by activat-
ing and directing other immune cells to the site of infec-
tion. Helper T-cells can be split into two major subsets;
Th1 and Th2 cells. Th1 cells are typically pro-inflammatory
and are induced by IFNy and they produce pro-
inflammatory cytokines IFNy, IL-12 and TNFo all of
which are known to be expressed in obese adipose. In
contrast, Th2 cells are anti-inflammatory. They are induced
by IL-4 and they produce anti-inflammatory IL-4, IL-5,
IL-10 and IL-13, cytokines thought to be predominantly
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expressed in lean adipose tissue®”. Cytotoxic T-cells

express CD8 that recognises MHC class I molecules on
antigen presenting cells. They are induced by IL-2 and
they produce IL-2 and cytotoxins such as perforin and
granzymes that can kill the invading pathogen”? (Fig. 2).

In 2007, it was reported that macrophages may not be
the only immune cell to infiltrate the adipose tissue during
obesity. A population of CD3* T-cells were found in diet-
induced obese adipose tissue’"’? and ob/ob adipose'’".
Using immunohistochemistry, Rausch et al.”" demon-
strated that CD3" T-cells surrounded adipocytes, in a
similar manner to macrophages. Flow cytometry analysis
revealed that these CD3™ T-cells were cytotoxic T-cell
lineage, i.e. CD3"CD8*CD4 ~. T-cells are known to inter-
act with macrophages thus regulating inflammation’?.
Therefore, it is likely that T-cell-mediated cytotoxicity is
contributing to the pro-inflammatory response in obesity
and that these T-cells may enhance macrophage function.

Further studies analysed the role of T-cell chemokines
such as regulated upon activation, normal T-cell expressed
and secreted (RANTES; and its receptor CCRS). Increased
RANTES and CCRS are associated with obesity in both
adipose tissue and liver”'’®. RANTES expression nega-
tively correlates with adiponectin levels in mouse adipose.
These findings were confirmed in human studies whereby
obese patients with metabolic syndrome have increased
RANTES and CCRS expression in their subcutaneous
adipose tissue compared with lean controls. Furthermore,
RANTES and CCRS5 expression were significantly higher
in the visceral adipose depot that correlated positively with
T-cell CD3 and macrophage CD11b VAT expression” "
T-cell accumulation may be a primary event in adipose
tissue inflammation”’®. Immunohistochemical staining and
mRNA analysis demonstrated CD3 " T-cells were present
in the adipose tissue after just 5 weeks of high-fat feeding.
This was associated with impaired glucose tolerance and
reduced insulin sensitivity in these mice. Interestingly,
macrophage accumulation was not observed until 10 weeks
post-HFD indicating that T-cell recruitment into adipose
tissue precedes macrophage infiltration.

Thl cytokines, such as IFNy, may also play a role in
T-cell-mediated adipose tissue inflammation. IFNy is
known to promote an M1 macrophage phenotype. It is
therefore possible that T-cell infiltration to adipose tissue
and subsequent IFNY release recruits macrophages and
promotes a pro-inflammatory M1 polarisation state. After
stimulation, T-cells from obese adipose tissue 7Is)roduced
significantly more IFNY than those from controls>. Obese
mice deficient in IFNy had increased expression of TNFo
and MCP-1, reduced immune cell infiltration and increased
glucose tolerance compared with obese wild-type mice’™.
Similarly, it was found that IFNy induces IR in mature
human adipocytes. Treatment with IFNy suppressed the
expression of insulin signalling genes (GLUT4 and insulin
receptor substrate 1), adipogenic genes (perilipin, lipopro-
tein lipase and fatty acid synthase) and 6%enes involved in
lipid storage (PPARX and adiponectin)’®.

Nishimura et al.”’” provided more compelling evidence
that T-cells play a major role in adipose tissue inflamma-
tion. They found that adipose CD8* T-cells increase with
obesity and preceded macrophage infiltration. They also
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Fig. 2. (Colour online) In lean, insulin sensitive adipose tissue T.eq and Th2 cells pre-
dominate. T4 cells are responsible for high production of transforming growth factor-f
(TGFB) and IL-10, while Th2 cells secrete anti-inflammatory IL-4, IL-5, IL-10 and IL-13, thus
dampening inflammation. As an individual becomes obese Th1 and cytotoxic T-cells
increase, thus reducing T,eg and Th2 cells and their protective anti-inflammatory effect.
Cytotoxic T-cells secrete IL-2, RANTES and cytotoxins. Th1-derived cytokines, such as
interferon y (IFNy), TNFo and IL-12, are thought to be responsible for driving subsequent
M1 macrophage recruitment. HFD, high-fat diet.

demonstrated that immunological and genetic depletion
of CD8 decreased macrophage accumulation as well as
ameliorating pre-established adipose tissue inflammation.
Mice deficient in CDS8 did not show an increased popu-
lation of M1 or M2 macrophages in adipose tissue after
14 weeks of HFD. IL-6 and TNFo expression were
unchanged in CD8 ™/~ mice after HFD when compared
with wild-type mice that showed a significant increase.
Co-culture studies prove that CD8* T-cells and adipocytes
from both lean and obese adipose are responsible for the
activation and recruitment of macrophages to the adipose
tissue””. This provides further evidence that the T-cell
rather than the macrophage initiates adipose tissue inflam-
mation and dysfunction.

Another group of T-cells have recently been implicated
in adipose tissue biology. These cells make up about
5-20% of the CD4" family of helper T-cells and are
referred to as regulatory T-cells (T, cells). Ty, cells
suppress the immune system to maintain homoeostasis. To
date T, cells have been implicated in autoimmun'gy,
allergy, inflammation, infection and tumorigenesis”’®"”
as well as atherosclerotic plaque formation® and more
recently adipose tissue biology®!*?. A large proportion of
T,eg cells express the IL-2 receptor alpha chain (CD25) and
the forkhead-winged-helix transcription factor (FOXP3)
and are therefore often referred to as CD4"CD257
FOXP3 ™ cells. Ty, cells express high quantities of IL-10
and transforming growth factor-p (Fig. 2). Feuerer et al.®?
found that VAT of lean but not obese mice contained
a large population of unique CD4 " CD25 " FOXP3 ™ cells.
Immunohistochemical analysis showed that these T cells
are present in the spaces surrounding adipocytes, similar to
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the positioning of macrophages and T-cells. The adipose
Tyeg cells had the typical T, cell phenotype seen in spleen
and lymph node including overexpression of CD25,
FOXP3, glucocorticoid-induced TNF receptor, cytotoxic
T-lymphocyte antigen-4, OX40 and killer cell-lectin
receptor G;. However, adipose Ty, cells overexpressed
genes involved in leucocyte migration and extravasation
such as CCR1, CCR2, CCR9 and CXCL2 but under-
expressed CCL5 and CXCR3 compared with splenic or
lymphatic T, cells indicating that the T, cells of the
VAT have a unique phenotype, while retaining the hall-
mark features of conventional T, cells. Interestingly, it
was found that adipose T, cells have a specific T-cell
receptor repertoire. The CD3Ra sequences of the adipose
Tree cells were different from that of the lymph nodes
suggesting that specific T-cell receptors recognise the
antigen in fat. Loss-of-function and gain-of-function
experiments showed that T, cells are necessary to reduce
inflammation and increase insulin sensitivity®?.

Winer et al.®" show that Ragl-deficient mice that are
known to have reduced lymphocytes had more severe IR
compared with control wild-type mice. This indicates that
lymphocytes could be protecting against obesity-induced
IR. Adoptive transfer of CD4" T-cells in Ragl-deficient
mice® and treatment with a CD3-specific antibody in
obese wild-type or ob/ob mice®" reduced the number of
Th1 cells and increased the T, population thus attenuat-
ing IR. Winer et al.®" suggest that Tyee cells may have a
protective role due to the production of high quantities of
IL-10. Cell culture studies demonstrated that TNFo
decreased insulin-stimulated glucose uptake into 3T3-L1
adipocytes and increased expression of inflammatory
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markers such as IL-6 and RANTES, but these effects were
inhibited by pre-treatment with IL-10%%. Therefore,
maximising the anti-inflammatory potential of T, cells
may provide a therapeutic target in the protection against
diet-induced IR.

Conclusion

There is extensive evidence implicating both macrophages
and T-cells in adipose tissue biology. Macrophages and
T-cells infiltrate the adipose tissue during obesity initiating
the pro-inflammatory response and blocking adipocyte
insulin action, a contributing factor in the development of
IR and type 2 diabetes mellitus. However, many questions
remain unanswered. The exact trigger that initiates adipose
tissue immune cell recruitment is still unclear with
hypoxia, adipocyte hypertrophy, chemokines, adipokines
and NEFA all being implicated. Macrophages have sig-
nificant plasticity. Recent studies confirm that as well as
immune cell recruitment to the adipose during obesity,
resident ATM in an M2 polarisation state switch to a more
pro-inflammatory M1 state. It is likely that this phenotypic
switch could be the key to propagating inflammation
and IR. To date most therapeutic anti-inflammatory agents
have broad functions that could potentially lead to
an immune compromised phenotype. A more suitable
approach would be to target an individual tissue and
function directly, for example, to specifically target the
pro-inflammatory response in ATM. This may attenuate
adipose tissue inflammation and IR without disrupting
the body’s other innate immune functions. Therefore,
intervening with ATM and T-cells directly may represent a
therapeutic target for ameliorating obesity-induced IR.

Acknowledgements

H. R. was supported by Science Foundation Ireland PI
Programme (06/IM.1/B105) (HMR). The authors declare
no conflicts of interest. K. H. completed the review. H. R.
advised in relation to the review content. C. M., F. M.
and H. R. critically evaluated the manuscript. All authors
approved the final review.

References

1. World Health Organization (2005) Obesity and Overweight.
WHO. Available at http://www.euro.who.int/en/what-we-do/
health-topics/disease-prevention/nutrition/facts-and-figures

2. Hotamisligil GS (2006) Inflammation and metabolic dis-
orders. Nature 444, 860-867.

3. Donath MY & Shoelson SE (2011) Type 2 diabetes as an
inflammatory disease. Nat Rev Immunol 11, 98-107.

4. Hansson GK & Libby P (2006) The immune response in
atherosclerosis: A double-edged sword. Nat Rev Immunol 6,
508-519.

5. Zimmet P, Alberti KG & Shaw J (2001) Global and societal
implications of the diabetes epidemic. Nature 414, 782-787.

6. Weisberg SP, McCann D, Desai M et al. (2003) Obesity is
associated with macrophage accumulation in adipose tissue.
J Clin Invest 112, 1796-1808.

i.org/10.1017/50029665111000565 Published online by Cambridge University Press

7. Xu H, Barnes GT, Yang Q et al. (2003) Chronic inflamma-
tion in fat plays a crucial role in the development of obesity-
related insulin resistance. J Clin Invest 112, 1821-1830.

8. Hotamisligil GS, Shargill NS & Spiegelman BM (1993)
Adipose expression of tumor necrosis factor-alpha: Direct
role in obesity-linked insulin resistance. Science 259, 87-91.

9. Lumeng CN, Deyoung SM, Bodzin JL et al. (2007) Increased
inflammatory properties of adipose tissue macrophages
recruited during diet-induced obesity. Diabetes 56, 16-23.

10. Nathan C (2008) Metchnikoft’s Legacy in 2008. Nat Immu-
nol 9, 695-698.

11. Geissmann F, Manz MG, Jung S ez al. (2011) Development
of monocytes, macrophages, and dendritic cells. Science 327,
656-661.

12. Kono H & Rock KL (2008) How dying cells alert the
immune system to danger. Nat Rev Immunol 8, 279-289.

13. Bryant P & Ploegh H (2004) Class II MHC peptide loading
by the professionals. Curt Opin Immunol 16, 96-102.

14. Trayhurn P (2007) Adipocyte biology. Obes Rev 8, 41-44.

15. Lagathu C, Yvan-Charvet L, Bastard JP er al. (2006) Long-
term treatment with interleukin-1beta induces insulin resis-
tance in murine and human adipocytes. Diabetologia 49,
2162-2173.

16. Maffei M, Fei H, Lee GH, er al. (1995) Increased expression
in adipocytes of ob RNA in mice with lesions of the hypo-
thalamus and with mutations at the db locus. Proc Natl Acad
Sci USA 92, 6957-6960.

17. Beltowski J (2003) Adiponectin and resistin—-new hormones
of white adipose tissue. Med Sci Monit 9, 55-61.

18. Abel ED, Peroni O, Kim JK er al. (2001) Adipose-selective
targeting of the GLUT4 gene impairs insulin action in muscle
and liver. Nature 409, 729-733.

19. Lumeng CN, Deyoung SM & Saltiel AR (2007) Macro-
phages block insulin action in adipocytes by altering
expression of signaling and glucose transport proteins. Am
J Physiol 292, E166-E174.

20. Suganami T, Nishida J & Ogawa Y (2005) A paracrine loop
between adipocytes and macrophages aggravates inflamma-
tory changes: Role of free fatty acids and tumor necrosis
factor alpha. Arterioscler Thromb Vasc Biol 25, 2062-2068.

21. Hirosumi J, Tuncman G, Chang L ef al. (2002) A central role
for JNK in obesity and insulin resistance. Nature 420, 333—
336.

22. Bandyopadhyay GK, Yu JG, Ofrecio J et al. (2005) Increased
p85/55/50 expression and decreased phosphotidylinositol
3-kinase activity in insulin-resistant human skeletal muscle.
Diabetes 54, 2351-2359.

23. Arkan MC, Hevener AL, Greten FR et al. (2005) IKK-beta
links inflammation to obesity-induced insulin resistance. Nat
Med 11, 191-198.

24. Tuncman G, Hirosumi J, Solinas G et al. (2006) Functional
in vivo interactions between JNKI1 and JNK2 isoforms in
obesity and insulin resistance. Proc Natl Acad Sci USA. 103,
10741-10746.

25. Kawai T & Akira S (2007) TLR signaling. Semin Immunol
19, 24-32.

26. Kim JK (2006) Fat uses a TOLL-road to connect inflamma-
tion and diabetes. Cell Metab 4, 417—419.

27. Shi H, Kokoeva MV, Inouye K et al. (2006) TLR4 links
innate immunity and fatty acid-induced insulin resistance.
J Clin Invest 116, 3015-3025.

28. Tsukumo DM, Carvalho-Filho MA, Carvalheira JB et al.
(2007) Loss-of-function mutation in Toll-like receptor 4
prevents diet-induced obesity and insulin resistance. Diabetes
56, 1986-1998.

29. de Luca C & Olefsky JM (2008) Inflammation and insulin
resistance. FEBS Lett 582, 97-105.


https://doi.org/10.1017/S0029665111000565

N’/S Proceedings of the Nutrition Society

https://doi.

416

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

K. A. Harford ef al.

Cinti S, Mitchell G, Barbatelli G et al. (2005) Adipocyte
death defines macrophage localization and function in adi-
pose tissue of obese mice and humans. J Lipid Res 46, 2347—
2355.

Ye J, Gao Z, Yin J et al. (2007) Hypoxia is a potential risk
factor for chronic inflammation and adiponectin reduction in
adipose tissue of ob/ob and dietary obese mice. Am J Physiol
Endocrinol Metab 293, 1118-1128.

O’Rourke RW, White AE, Metcalf MD et al. (2011)
Hypoxia-induced inflammatory cytokine secretion in human
adipose tissue stromovascular cells. Diabetologia 54, 1480-
1490.

Robidoux J, Cao W, Quan H et al. (2005) Selective activa-
tion of mitogen-activated protein (MAP) kinase kinase 3 and
p38alpha MAP kinase is essential for cyclic AMP-dependent
UCP1 expression in adipocytes. Mol Cell Biol 25, 5466—
5479.

Surmi BK & Hasty AH (2008) Macrophage infiltration into
adipose tissue: Initiation, propagation and remodeling.
Future Lipidol 3, 545-556.

Bruun JM, Lihn AS, Pedersen SB et al. (2005) Monocyte
chemoattractant protein-1 release is higher in visceral than
subcutaneous human adipose tissue (AT): Implication of
macrophages resident in the AT. J Clin Endocrinol Metab
90, 2282-2289.

Weisberg SP, Hunter D, Huber R er al. (2006) CCR2
modulates inflammatory and metabolic effects of high-fat
feeding. J Clin Invest 116, 115-124.

Kamei N, Tobe K, Suzuki R ef al. (2006) Overexpression of
monocyte chemoattractant protein-1 in adipose tissues causes
macrophage recruitment and insulin resistance. J Biol Chem
281, 26602-26614.

Chen A, Mumick S, Zhang C er al. (2005) Diet induction
of monocyte chemoattractant protein-1 and its impact on
obesity. Obes Res 13, 1311-1320.

Inouye KE, Shi H, Howard JK er al. (2007) Absence of CC
chemokine ligand 2 does not limit obesity-associated
infiltration of macrophages into adipose tissue. Diabetes 56,
2242-2250.

Mantovani A, Sica A & Locati M (2005) Macrophage
polarization comes of age. Immunity 23, 344-346.

Lumeng CN, Bodzin JL & Saltiel AR (2007) Obesity induces
a phenotypic switch in adipose tissue macrophage polariza-
tion. J Clin Invest 117, 175-184.

Edwards JP, Zhang X, Frauwirth KA et al. (2006) Bio-
chemical and functional characterization of three activated
macrophage populations. J Leukoc Biol 80, 1298-1307.
Gerber JS & Mosser DM (2001) Reversing lipopolysacchar-
ide toxicity by ligating the macrophage Fc gamma receptors.
J Immunol 166, 6861-6868.

Frankenberger M, Haussinger K & Ziegler-Heitbrock L
(2005) Liposomal methylprednisolone differentially regulates
the expression of TNF and IL-10 in human alveolar macro-
phages. Int Immunopharmacol 5, 289-299.

Strassmann G, Patil-Koota V, Finkelman F er al. (1994)
Evidence for the involvement of interleukin 10 in the differ-
ential deactivation of murine peritoneal macrophages by
prostaglandin E2. J Exp Med 180, 2365-2370.

Anderson CF & Mosser DM (2002) Cutting edge: Biasing
immune responses by directing antigen to macrophage Fc
gamma receptors. J Immunol 168, 3697-3701.

Mantovani A, Sica A, Sozzani S et al. (2004) The chemokine
system in diverse forms of macrophage activation and
polarization. Trend Immunol 25, 677-686.

Nguyen MT, Favelyukis S, Nguyen AK et al. (2007) A sub-
population of macrophages infiltrates hypertrophic adipose
tissue and is activated by free fatty acids via Toll-like

rg/10.1017/S0029665111000565 Published online by Cambridge University Press

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

receptors 2 and 4 and JNK-dependent pathways. J Biol Chem
282, 35279-35292.

Patsouris D, Li PP, Thapar D et al. (2008) Ablation of
CDl11c-positive cells normalizes insulin sensitivity in obese
insulin resistant animals. Cell Metab 8, 301-309.

Li P, Lu M, Nguyen MT et al. (2011) Functional hetero-
geneity of CDl1lc-positive adipose tissue macrophages in
diet-induced obese mice. J Biol Chem 285, 15333-15345.
Heilbronn LK & Campbell LV (2008) Adipose tissue mac-
rophages, low grade inflammation and insulin resistance in
human obesity. Curr Pharm Des 14, 1225-1230.

Odegaard JI, Ricardo-Gonzalez RR, Goforth MH et al
(2007) Macrophage-specific PPARgamma controls alter-
native activation and improves insulin resistance. Nature 447,
1116-1120.

Hevener AL, Olefsky JM, Reichart D er al. (2007) Macro-
phage PPAR gamma is required for normal skeletal muscle
and hepatic insulin sensitivity and full antidiabetic effects of
thiazolidinediones. J Clin Invest 117, 1658-1669.

Stienstra R, Duval C, Keshtkar S er al. (2008) Peroxisome
proliferator-activated receptor gamma activation promotes
infiltration of alternatively activated macrophages into
adipose tissue. J Biol Chem 283, 22620-22627.

Bouhlel MA, Derudas B, Rigamonti E er al. (2007) PPAR-
gamma activation primes human monocytes into alternative
M2 macrophages with anti-inflammatory properties. Cell
Metab 6, 137-143.

Kang K, Reilly SM, Karabacak V et al. (2008) Adipocyte-
derived Th2 cytokines and myeloid PPARdelta regulate
macrophage polarization and insulin sensitivity. Cell Metab
7, 485-495.

Guri AJ, Hontecillas R, Ferrer G et al. (2008) Loss of PPARY
in immune cells impairs the ability of abscisic acid to
improve insulin sensitivity by supressing monocyte che-
moattractant protein-1 expression and macrophage infiltration
into white adipose tissue. J Nutr Biochem 19, 216-228.
Bassaganya-Riera J, Misyak S, Guri AJ et al. (2009) PPAR
gamma is highly expressed in F4/80(hi) adipose tissue
macrophages and dampens adipose-tissue inflammation. Cell
Immunol 258, 138-146.

Nicholls HT, Kowalski G, Kennedy DJ et al. (2011) Hema-
topoietic cell-restricted deletion of CD36 reduces high-fat
diet-induced macrophage infiltration and improves insulin
signaling in adipose tissue. Diabetes 60, 1100-1110.

Prieur X, Mok CY, Velagapudi VR et al. (2011) Differential
lipid partitioning between adipocytes and tissue macrophages
modulates macrophage lipotoxicity and M2/M1 polarization
in obese mice. Diabetes 60, 797-809.

Yen CL, Stone SJ, Koliwad S et al. (2008) Thematic review
series: Glycerolipids. DGAT enzymes and triacylglycerol
biosynthesis. J lipid Res 49, 2283-2301.

Chen HC, Ladha Z, Farese RV et al. (2002) Deficiency of
acyl coenzyme a:diacylglycerol acyltransferase 1 increases
leptin sensitivity in murine obesity models. Endocrinology
143, 2893-2898.

Levin MC, Monetti M, Watt MJ et al. (2007) Increased lipid
accumulation and insulin resistance in transgenic mice
expressing DGAT?2 in glycolytic (type II) muscle. Am J
Physiol Endocrinol Metab 293, 1772-1781.

Monetti M, Levin MC, Watt MJ et al. (2007) Dissociation of
hepatic steatosis and insulin resistance in mice over-
expressing DGAT in the liver. Cell Metab 6, 69-78.

Ruan H, Pownall HJ & Lodish HF (2003) Troglitazone
antagonizes tumor necrosis factor-alpha-induced reprogram-
ming of adipocyte gene expression by inhibiting the tran-
scriptional regulatory functions of NF-kappaB. J Biol Chem
278, 28181-28192.


https://doi.org/10.1017/S0029665111000565

NQS Proceedings of the Nutrition Society

https://d

66.

67.

68.

69.

70.

71.

72.

73.

Fats, inflammation and insulin resistance

Kim JY, van de Wall E, Laplante M er al. (2007) Obesity-
associated improvements in metabolic profile through
expansion of adipose tissue. J Clin Invest 117, 2621-—
2637.

Ranganathan G, Unal R, Pokrovskaya I et al. (2006) The
lipogenic enzymes DGAT1, FAS, and LPL in adipose tissue:
Effects of obesity, insulin resistance, and TZD treatment.
J Lipid Res 47, 2444-2450.

Koliwad SK, Streeper RS, Monetti M et al. (2011) DGAT]1-
dependent triacylglycerol storage by macrophages protects
mice from diet-induced insulin resistance and inflammation.
J Clin Invest 120, 756-767.

Gutcher I & Becher B (2007) APC-derived cytokines and
T cell polarization in autoimmune inflammation. J Clin
Invest 117, 1119-1127.

Sarkar S, Kalia V, Haining W et al. (2008) Functional and
genomic profiling of effector CD8 T cell subsets with distinct
memory fates. J Exp Med 205, 625-640.

Rausch ME, Weisberg S, Vardhana P et al. (2008) Obesity in
C57BL/6J mice is characterized by adipose tissue hypoxia
and cytotoxic T-cell infiltration. Int J Obes (Lond) 32, 451—
463.

Wu H, Ghosh S, Perrard XD er al. (2007) T-cell accumula-
tion and regulated on activation, normal T cell expressed and
secreted upregulation in adipose tissue in obesity. Circulation
115, 1029-1038.

Monney L, Sabatos CA, Gaglia JL et al. (2002) Th1-specific
cell surface protein Tim-3 regulates macrophage activation
and severity of an autoimmune disease. Nature 415, 536—
541.

i.org/10.1017/50029665111000565 Published online by Cambridge University Press

74.

75.

76.

7.

78.

79.

80.

81.

82.

417

Kintscher U, Hartge M, Hess K ef al. (2008) T-lymphocyte
infiltration in visceral adipose tissue: A primary event in
adipose tissue inflammation and the development of obesity-
mediated insulin resistance. Arterioscler Thromb Vasc Biol
28, 1304-1310.

Rocha VZ, Folco EJ, Sukhova G et al. (2008) Interferon-
gamma, a Thl cytokine, regulates fat inflammation: A role
for adaptive immunity in obesity. Circulation Res 103, 467—
476.

McGillicuddy FC, Chiquoine EH, Hinkle CC et al. (2009)
Interferon gamma attenuates insulin signaling, lipid storage,
and differentiation in human adipocytes via activation of the
JAK/STAT pathway. J Biol Chem 284, 31936-31944.
Nishimura S, Manabe I, Nagasaki M et al. (2009) CD8*
effector T cells contribute to macrophage recruitment and
adipose tissue inflammation in obesity. Nat Med 15, 914-920.
Zheng Y & Rudensky AY (2007) Foxp3 in control of the
regulatory T cell lineage. Nat Immunol 8, 457-462.
Sakaguchi S, Yamaguchi T, Nomura T et al. (2008) Regu-
latory T cells and immune tolerance. Cell 133, 775-787.
Ait-Oufella H, Salomon BL, Potteaux S et al. (2006) Natural
regulatory T cells control the development of atherosclerosis
in mice. Nat Med 12, 178-180.

Winer S, Chan Y, Paltser G et al. (2009) Normalization of
obesity-associated insulin resistance through immunotherapy.
Nat Med 15, 921-929.

Feuerer M, Herrero L, Cipolletta D et al. (2009) Lean, but
not obese, fat is enriched for a unique population of regu-
latory T cells that affect metabolic parameters. Nat Med 15,
930-939.


https://doi.org/10.1017/S0029665111000565

