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Summary

Interactions between macrophages and adipocytes influence both metabolism and inflammation.
Obesity-induced changes to macrophages and adipocytes lead to chronic inflammation and insulin
resistance. This paper reviews the various functions of macrophages in lean and obese adipose
tissue and how obesity alters adipose tissue macrophage phenotypes. Metabolic disease and
insulin resistance shift the balance between numerous pro- and anti-inflammatory regulators of
macrophages and create a feed-forward loop of increasing inflammatory macrophage activation
and worsening adipocyte dysfunction. This ultimately leads to adipose tissue fibrosis and diabetes.
The molecular mechanisms underlying these processes have therapeutic implications for obesity,
metabolic syndrome, and diabetes.

Introduction

Macrophages are professional mononuclear phagocytes that maintain tissue homeostasis and
function by scavenging debris, pathogens, and apoptotic or necrotic cells. Circulating
monocytes differentiate into diverse resident macrophages found in almost all tissues
including spleen, liver (Kupffer cells), lung (alveolar macrophages), brain (microglia), bone
(osteoclasts and marrow macrophages), eye, lymph nodes, intestines, and fat (adipose tissue
macrophages). Each macrophage phenotype has a specialized function and maintains the
local tissue microenvironment and inflammatory tone. Even within a single organ,
macrophages can display heterogeneous phenotypes as has been demonstrated within
adipose tissue macrophages (ATM).
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Adipose tissue, previously considered a simple sink for calories, is now recognized as a
dynamic organ with an intricate vasculature and innervation that is a key driver of metabolic
flexibility. Lean and obese adipose tissue have different associated macrophage populations
that will be reviewed in detail. Adipocytes secrete numerous paracrine, endocrine hormones,
and adipokines (adipose cytokines) that regulate systemic metabolism and local and
systemic inflammation-2. Traditionally, regulation of the transformation and oxidation of
nutrients in adipocytes and other metabolic tissues has been considered as separate and
distinct from the immune system’s role in defense from pathogens. However, we now know
that both pathogens and overnutrition cause chronic cellular stress that activates shared
signaling pathways.

Excess calories induce intracellular changes in reduction (redox) potential and oxidative
stress and cause endoplasmic reticulum (ER) stress in hepatocytes, adipocytes, and
hypothalamic neurons®. Hepatocytes interact with Kuppfer cells by secreting paracrine
hormones that affect lipid metabolism and hepatic insulin sensitivity. Overnutrition leads to
Kuppfer cell activation, chronic inflammation, hepatic steatosis and eventual steatohepatitis
and cirrhosis. Similarly, in the vascular intima, overnutrition induced hyperlipidemia leads to
oxidized LDL formation and uptake in macrophages leading to foam cell formation and
vascular inflammation. The crosstalk between metabolism and inflammation is also
demonstrated by immunomodulatory corticosteroids that also have strong effects on host
protein and carbohydrate metabolism. This has clinical relevance since immunosuppressant
medications used after solid organ transplantation are associated with an increased risk of
diabetes.

Metaflammation is the process whereby excess nutrients promote chronic low-grade
inflammation?. Unlike the acute, intense, and rapidly resolving inflammation in response to
infection and injury, low-grade chronic tissue stress is associated with a physiologic adaptive
immune response called para-inflammation®. Para-inflammation affects recruitment of
monocytes and tissue macrophages, which are at the center of the interaction between
metabolism and inflammation. Dysregulation of chronic para-inflammation may contribute
to disease progression. For example, chronic low-grade inflammation causes insulin
resistance, which leads to the transition from metabolically healthy obesity to metabolic
syndrome. The metabolic syndrome is not a purely metabolic disorder, but also a chronic
systemic inflammatory syndrome characterized by elevated serum inflammatory cytokines
including tumor necrosis factor-a (TNF-a) and macrophage infiltration into adipose tissue.

Hence, macrophages are central to immunometabolism6, obesity associated tissue
remodeling, and the development of adiposity-based chronic diseases comorbidities
including chronic systemic inflammation, metabolic syndrome, obesity-related insulin
resistance (OIR), non-alcoholic fatty liver disease, and type 2 diabetes (T2D).

Scope of review

This review will cover the roles of macrophages in lean and obese adipose tissue, in adipose
tissue remodeling during the development of obesity, and the potential of
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immunomodulatory therapies to control chronic inflammation of obesity and metabolic
syndrome.

We searched PubMed/MEDLINE and clinicaltrials.gov for English articles and relevant
clinical trials with the search terms: macrophage, inflammation, adipose, and obesity from
1965 to March 2017. We selected pertinent publications from the last 15 years but did not
exclude high impact older papers. We reviewed the references from key papers to identify
additional articles. Reviews are cited to provide readers with more details and references
than is possible here.

After reviewing macrophage classification systems, we examine macrophage functions in
lean adipose tissue, and their role in the pathways that control inflammation, energy
expenditure, and insulin sensitivity. We review how obesity leads to oxidative stress and
skews the balance between pro- and anti-inflammatory macrophages leading to insulin
resistance, hypoxia, and inflammasome activation. Next, we discuss how this leads to altered
adipokine secretion, formation of crown-like structures (CLS), activation of other
lymphocyte subsets and fibrotic remodeling. Finally, we review the changes in adipose tissue
with T2D and after bariatric surgery and consider the therapeutic implications of these
findings.

1. Macrophages are broadly classified as M1 or M2

Just as CD4+ T cells have been classified according to their distinct cytokine signatures and
functions as Th1/Th2, macrophages have traditionally been categorized into two distinct and
mutually exclusive activation states: classical (M1) and alternative (M2). M1 activation
occurs in response to molecules derived from bacterial infections such as lipopolysaccharide
(LPS) and interferon-y (IFN-vy). M1 macrophages are highly inflammatory and express the
integrin a-chain Cd11c. M1 macrophages also express CD11b and F4/80 markers in mice,
hence they are also called “triple” positive. M2 macrophages express CD11b and F4/80 but
do not express Cd11c, hence they are also called “double” positive. M2 activation occurs in
response to parasites and their associated cytokines interleukin (IL)-4 and I1L-13. M2
macrophages promote tissue repair and inhibit M1 macrophages. A large number of
alternative cell-surface markers have also been identified to distinguish M1 and M2
macrophages in mice and humans’.

Macrophages can be activated by a variety of endogenous and exogenous stimuli and serve a
range of functions across different tissues. Therefore, the dichotomy between M1 and M2
macrophages is an oversimplification8. Newer classification systems organize macrophages
along a continuum (M1, M2a, M2b, M2c)? or between three primary groupings based on
function (host defense, wound healing, and immune regulation) with various combinations
of these forming a spectrum of activation19 (Figure 1). While imperfect and still evolving,
these classification systems have been widely used in the literature to characterize tissue
macrophages. A review macrophage functions in lean and obese adipose tissue follows.
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2. Macrophage functions in lean tissue

In lean subcutaneous adipose tissue, about 10% of the cells stain positive for the
macrophage marker CD68 in humans or F4/80 in micell. Macrophages are important cells
for host defense and serve numerous functions including pro- and anti-inflammatory
responses2. In lean tissue, macrophages work in efferocytosis (removal of dying or dead
cells), lipid buffering, angiogenesis, and apoptotic cell clearancel3. The complex crosstalk
between adipocytes and macrophages is demonstrated by the ability of preadipocytes
(adipose progenitor cells) to differentiate into macrophages!# and possibly also macrophages
to differentiate into preadipocytesl®.

Another important function of macrophages is regulation of iron flux. Adipocytes,
macrophages, and mitochondria all depend on iron for proper functioning. Macrophages
express the receptor for haptoglobin-hemoglobin CD163 and also secrete the acute-phase
reactant hepcidin. Iron is important for adipogenesis. With obesity, adipocytes become iron
overloaded. The association of metabolic disease and iron overload has been called
dysmetabolic iron overload syndrome and has been reviewed elsewherelS.

2.1 Macrophages regulate the immune response

Macrophages are key to the innate immune response to pathogens. Macrophages function as
antigen presentation cells and regulate adipose tissue T cells1”. Upon activation,
macrophages release cytokines and chemokines that initiate an inflammatory response. The
suppressor of cytokine signaling (SOCS) family regulates this response via feedback
inhibition targeting the Janus kinase (JAK) pathway, a signaling cascade that transduces
signals from cytokines and regulates cell proliferation and insulin sensitivity. Toll-like
receptors (TLR) are evolutionarily conserved pathogen-associated molecular pattern
receptors that recognize potential pathogens and mount an immune response.

MicroRNA (miRNA) are small non-coding RNA molecules that regulate gene expression by
binding to messenger RNA. miRNA-155 is released by inflammatory macrophages in
response to danger signals such as TLR ligands and LPS18. miRNA-155 represses SOCS
leading to JAK signaling and increased inflammation.

Pro-inflammatory miRNA from inflammatory macrophages such as this are balanced by
anti-inflammatory cytokines such as protectin. Protectin is synthesized by M2 macrophages
and is involved with the resolution of inflammation and tissue healing®. M2 macrophages
express lower levels of inflammatory cytokines and higher levels anti-inflammatory
cytokines such as IL-10, IL-1RA. M2 macrophages also secrete transforming growth factor
(TGF)-p which promotes collagen expression and fibrosis but also have a crucial role in
tissue repair?? (Table 1).

2.2 Macrophages regulate insulin sensitivity, adipogenesis, and angiogenesis

Macrophages regulate adipogenesis and angiogenesis?! in response to environmental,
nutritional, and physical stimuli through interactions with preadipocytes22. Macrophages
secrete platelet-derived growth factor (PDGF), which promotes preadipocyte survival
leading to adipose tissue hyperplasia and maintenance of insulin sensitivity?3. Conversely,
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M1 macrophages induce insulin resistance, which is reviewed below. In lean tissue, M2
macrophages interact with preadipocytes by releasing factors that promote survival and
maintain adequate angiogenesis24. We review below how obesity is associated with altered
angiogenesis with subsequent adipose tissue hypoxia and fibrosis.

Peroxisome proliferator activated receptor (PPAR) is a family of nuclear proteins that
function as transcription factors that regulate adipocyte gene expression and functions. The
three types of PPAR will be discussed and include PPAR-a, PPAR-6, and PPAR-y (Table
2). PPAR-vy is a nuclear hormone receptor that controls systemic fatty acid metabolism and
mitochondrial biogenesis. PPAR-y promotes primary human monocytes to differentiate into
an M2 phenotype2®. M2 macrophages maintain insulin sensitivity by secreting the anti-
inflammatory cytokine 1L-1026. Macrophage-specific deletion of the PPAR-y receptor
impairs M2 macrophage activation and decreases expression of genes involved in oxidative
phosphorylation in liver and muscle tissue, which is associated with decreased insulin
sensitivity in these tissues?’. The PPAR proteins have many other important effects on
adipose tissue that are reviewed below.

Thiazolidinediones (TZD) are a class of medications used to treat T2D which act as PPAR-y
agonists and include rosiglitazone and pioglitazone. The combination of rosiglitazone and
dexamethasone inhibits ATM accumulation in murine epididymal fat28. Similarly,
pioglitazone in humans reduces macrophage chemoattractant factors after 10 and 21 days,
reduces adipose tissue macrophage content by 69% after 21 days, and improves insulin
sensitivity2®. Pioglitazone induced apoptosis in subcutaneous adipose tissue macrophages in
humans with impaired glucose tolerance, but in this study M1 and M2 macrophages were
not distinguished30. Pioglitazone is still clinically used for the treatment of T2D but
rosiglitazone was withdrawn from the market due to increased risk of myocardial infarction.
Unfortunately, TZD are associated with weight gain, edema, increased risk of bone fractures,
and possibly increased risk of bladder cancer, which limits their clinical attractiveness for
the treatment of T2D. The use of other medications as modulators of inflammation and
macrophage polarization is reviewed below.

Macrophages respond to several inflammatory and metabolic pathways and regulate insulin
sensitivity and adipose tissue and remodeling. We now focus on the anti-inflammatory
mediators of ATM.

2.3 Anti-inflammatory regulators of macrophages

Fatty acid binding proteins (FABPs) are lipid chaperones involved in lipid metabolism that
are altered in obesity. The FABP aP2 is induced by PPAR-y and by oxidized LDL in human
THP-1 macrophages3!. Macrophages deficient in aP2 have lowered inflammatory cytokine
expression and reduced atherosclerosis in a model of severe hypercholesterolemia32:33. Mice
deficient in aP2 have an altered macrophage inflammatory response and exhibit an
uncoupling of the usual association between obesity and insulin resistance by remaining
insulin sensitive despite developing HFD-induced obesity34. Mice lacking both aP2 and
another FABP mal1 are resistant to HFD induced obesity and insulin resistance3°. These
studies provide insight into the complex interactions between the metabolic and
inflammatory response to HFD and its implications for atherosclerosis.
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There are at least three distinct pathways that serve as anti-inflammatory regulators of
macrophages: PPAR-§, eisonoids, and anti-inflammatory lipids.

PPAR-§ is a nuclear hormone receptor that regulates arginase-1, an enzyme expressed by
M2 macrophages with anti-inflammatory and anti-fibrotic actions. PPAR-6 is required for
the alternative macrophage activation by the unsaturated fatty acid oleic acid, and protects
against diet-induced insulin resistance and obesity in mice3¢. PPAR-8 is induced when
macrophages engulf apoptotic cells and enhances the production of opsonins, which
facilitate the clearance of apoptotic debris by macrophages3’. There are few PPAR-6
agonists that are clinically used in humans. Bezafibrate is not approved for use in the United
States but is approved for the treatment of dyslipidemia in Canada. Several PPAR-8 agonists
are in clinical development. For example, the novel PPAR-8 agonist PYPEP improved lipids,
lowered chemokine (C-C motif) ligand 2 (CCL2) and suppressed atherosclerotic lesion
progression in mice38, CCL2, also known as monocyte chemoattractant protein-1 (MCP-1),
is a cytokine secreted by macrophages, adipocytes, and many other cell types that recruits
inflammatory cells to sites of tissue injury or inflammation. CCR2 is a receptor for CCL2
and other cytokines that is present on monocytes, neutrophils, neuronal cells, and
macrophages. The regulation and inflammatory consequences of CCL2 are reviewed later
on.

Eicosanoids are lipid mediators of inflammation. Mice overexpressing ALOX5AP have
increased lipoxin A4 production and reduced mRNA levels of the macrophage markers
F4/80 and IL-6 in epididymal white adipose tissue3®. Lipoxin A4 promotes ABCA
expression and cholesterol efflux from macrophages and increases high-density lipoprotein
(HDL) levels. HDL has antioxidant and anti-inflammatory properties*0. Prostaglandin D2 is
another eicosanoid produced in macrophages that promotes M2 differentiation and is
positively correlated with insulin sensitivity*1.

Branched fatty acid esters of hydroxy fatty acids (FAHFA) were recently identified as anti-
inflammatory regulatory molecules of ATM that are reduced in insulin-resistant states.
Treatment of HFD-fed mice with FAHFA decreased the percentage of TNF-a and IL-1p
positive macrophages in perigonadal white adipose tissue?2. For a review of the anti-
inflammatory effects of FAHFA, see*3. FAHFASs decrease macrophage activation in vitro
following exposure to LPS and IFN-y and hold promise as potential therapies for
inflammatory and metabolic diseases**.

2.4 Cold, exercise, and eosinophils induce M2 catecholamine production and beige fat

Brown adipose tissue comprises a minority of the adipose tissue mass in humans and
functions to maintain body temperature via adaptive thermogenesis. Uncoupling Protein 1
(UCP-1) mediates thermogenesis and is increased in brown adipocytes. Beige adipose cells
are dispersed throughout adipose tissue and have low basal UCP-1 expression but can be
activated by cold or beta-adrenergic stimulation by catecholamines into a state with high
UCP-1 expression and respiration*®. These discoveries led to research into molecules that
can activate beige adipocytes or achieve white to brown fat transdifferentiation of visceral
adipocytes.
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Exposure to cold induces macrophage infiltration to cold-stressed subcutaneous white
adipose tissue via CCR2. Cold activates a thermogenic circuit consisting of eosinophils and
M2 macrophages that regulate local production of catecholamines and increase beige fat
mass*6. M2 macrophages are induced by IL-4, which is predominantly secreted by
eosinophils in lean mice*’. M2 macrophages activated by cold exposure upregulate
thermogenic gene expression in brown adipose tissue and promote fatty acid mobilization in
white adipose tissue*8. Meteorin-like is a novel hormone secreted in response to exercise
and cold exposure that stimulates eosinophil 1L-4 release and alternative activation of
macrophages in adipose tissue. Meteorin-like is required for physiologic adaptation to cold
in mice*®. The insulin-sensitizing effects of meteorin-like occur through activation of the
PPAR-y pathway50:51,

Exposure to cold also stimulates secretion of the adipokine adiponectin, which has anti-
inflammatory and insulin sensitizing properties. The receptor for adiponectin is expressed on
macrophages. Adiponectin production is stimulated by PPAR-y ligands and promotes M2
macrophage polarization®2. Adiponectin also induces browning of subcutaneous adipose
tissue via Akt-mediated M2 macrophage proliferation®3,

These findings have translational implications. For example, chronic helminth infection in
mice increases white adipose tissue eosinophils and M2 macrophages and improves glucose
uptake and insulin sensitivity®*. Further studies elucidating the mechanisms behind
eosinophil activation and its beneficial metabolic effects are warranted as they may reveal
new drug targets. Xanthoangelol is a phytochemical that attenuates LPS induced c-Jun N-
terminal kinase (JNK) phosphorlyation in macrophages, lowers macrophage infiltration into
subcutaneous white adipose tissue, improves glucose tolerance, and increases UCP-1
expression in diet-induced obesity (D10) mice®® but has not advanced to clinical trials in
humans to date. The cannabinoid receptor type 1 antagonist rimonabant was withdrawn from
the market due to safety concerns about serious psychiatric side effects. However,
cannabinoid receptor type 2 receptor polymorphisms are associated with obesity and the
cannabinoid receptor type 2 agonist JWH-133 enhanced adipocyte UCP-1 expression
(consistent with a browning effect) and hindered IL-6 release®®. In addition to these potential
candidates for drug development, several other classes of molecules are in clinical trials for
obesity modulate brown fat and energy intake and expenditure and have been reviewed>®’.

Macrophages are therefore central to immune regulation of adaptive thermogenesis in beige
and brown adipose tissues, which affects energy expenditure®8.

tissue inflammation regulates energy expenditure

Whereas adipocytes synthesize and either store or mobilize fatty acids, ATM perform
lipophagy (particularly at CLS) followed by intracellular lipolysis. In cell culture, human
macrophages take small bites out of adipocytes (a process called trogocytosis), which
triggers robust macrophage 1L-6 secretion®®. Paradoxically, obesity is associated with
chronic inflammation, but inflammation stimulates energy expenditure and lipolysis. Thus,
mice with genetic knockouts of pro-inflammatory cytokines have decreased energy
expenditure and develop obesity®0. Conversely, transgenic mice with elevated NF-xB have
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elevated TNF-a and IL-6 in adipose tissue and serum, reduced adipogenesis, elevated
energy expenditure, and protection from HFD-induced obesity®?.

The inflammatory cytokine TNF-a is released by M1 macrophages and decreases
lipoprotein lipase synthesis and activity®2. The anti-TNF-a. monoclonal antibody
ethanercept used in psoriasis may improve insulin sensitivity3. However, studies have failed
to consistently replicate this finding®4:65. Body fat increases after starting anti-TNF
medications, although it is not clear whether this is mediated by changes in appetite or
energy expenditure®6,

The miRNA-34a is increased in subcutaneous adipose tissue in humans with obesity and
targets the soluble IL-6 receptor. miRNA-34a —/— knockout mice are more susceptible to
HFD induced weight gain and have increased ATM expression of the anti-inflammatory
cytokine 1L-10 mRNA®7. FGF21 is a hormone that enhances fat oxidation and enhances
browning of white adipose tissue. Lentiviral mediated downregulation of miR-34a increases
FGF21 signaling and reduced adiposity in DIO miceb8. These discordant results may be
reconciled based on tissue specific effects of miR-34a in adipose and muscle, and
differences between whole-body knockout compared with lentiviral-mediated repression.
The FGFZ21 genotype affected the changes in central adiposity and body fat composition
achieved by energy restricted diets of differing macronutrients composition in POUNDS
Lost, a 2-year randomized diet intervention trial. This may be mediated by FGF21
activation of AMP-activated protein kinase (AMPK) and SIRT1 (an anti-inflammatory
deacetylase that stimulates autophagy), which inhibits macrophage-mediated
inflammation0. The metabolic and inflammatory effects of AMPK are reviewed next and
autophagy and the clinical implications of these findings are reviewed later on.

2.6 AMPK is a metabolic sensor that regulates macrophages and inflammation

AMPK is an enzyme that is activated by phosphorylation in response to exercise and other
stimuli that activates genes involved in fatty acid oxidation in human macrophages’?.
Macrophages AMPK activity is increased upon stimulation with IL-10 and decreased upon
stimulation with LPS72. Activation of AMPK in macrophages increases SIRT1 activity and
inhibits LPS or free fatty acid (FFA) induced NF-xB activation’3. Wild-type mice that
receive a bone marrow transplant from AMPK deficient mice and are fed a HFD develop M1
macrophage polarization with enhanced secretion of TNF-a and IL-6 in response to the
saturated fatty acid palmitate’*. AMPK upregulates GLUT4 expression in cardiomyocytes,
enhances mitochondrial biogenesis, and inhibits fatty acid synthesis’®. IL-6 is released by
skeletal muscle during exercise and activates AMPK in muscle and adipose tissue’S. I1L-6 is
a cytokine that has either pro-inflammatory or anti-inflammatory properties depending on
whether it binds to its membrane receptor (leading to activation of the JAK pathway) or to
its soluble receptor’”. Macrophage AMPK activity maintains M2 polarization, mitochondrial
function, and inhibits the NLRP3 inflammasome, an intracellular structure that promotes the
generation of inflammatory cytokines’8.79. Further, the AMPK activator metformin
significantly attenuated monocyte-to-macrophage differentiation and inhibited plaque
formation in ApoE knockout mice8.
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From these data, it is clear that AMPK has important metabolic and anti-inflammatory
effects. Activators of AMPK include metformin, TZDs, glucagon-like peptide-1 (GLP-1)
agonists, dipeptidyl peptidase-4 (DPP-4) inhibitors, salicylates, resveratrol, and adiponectin
and there are many others which have been recently reviewed®!. We now focus on how
DPP-4 inhibitors and GLP-1 agonists may affect macrophage function and adipose tissue.

DPP-4 is an enzyme expressed on the surface of adipocytes, endothelial cells, T cells, and
M1 macrophages, which degrades a variety of peptides and chemokines including GLP-1
and Neuropeptide Y. The stress hormone Neuropeptide Y is released by macrophages in
adipose tissue where it has anti-inflammatory effects82. DPP-4 can also be released from the
cell surface and its soluble form is considered an adipokine. GLP-1 is a metabolic hormone
that augments glucose-stimulated insulin secretion and may also have anti-inflammatory and
cardioprotective actions83. GLP-1 may also enhance autophagy and GLP-1 agonists are
discussed further in section 3.2. By degrading these hormones, DPP-4 may enhance
inflammation and hence DPP-4 inhibitors are hypothesized to have anti-inflammatory
effects.

Indeed, DPP-4 inhibitors (including vildagliptin, linagliptin, anagliptin, and sitagliptin) are
used for the treatment of T2D and have been show to have anti-inflammatory effects in
addition to their glucose lowering effects. Soluble DPP-4 increases the expression of TLR-4
and amplified inflammatory cytokine production in murine macrophage cells and these
effects could be inhibited by vildagliptin®4. Linagliptin decreases M1 macrophages and
increases M2 macrophages in adipose tissue and liver in mice on HFD®. Anagliptin reduced
gene expression of TNF-a and IL-6 in the carotid arteries of cholesterol-fed rabbits and
reduced macrophage accumulation and plague formation on the coronary arteries8®.
Sitagliptin decreases serum inflammatory markers (TNF-a, CRP, IL-6) and increase anti-
inflammatory IL-10 in Japanese patients with T2D87. A randomized controlled non-
inferiority trial with 14,671 patients with T2D showed that adding sitagliptin to usual care
did not increase risk of major adverse events®. It is currently unknown whether these anti-
inflammatory effects can lead to clinically meaningful macrovascular outcomes for patients
with T2D.

We have reviewed several of the anti-inflammatory hormones and pathways that decrease
macrophage driven inflammation with downstream effects on oxidative stress and
metabolism. We review the opposing pro-inflammatory molecules that upregulate
macrophage-driven inflammation next.

3. Macrophage and adipocyte dysfunction in obese adipose tissue

3.1 Obesity and oxidative stress alter adipose tissue macrophage polarization leading to
adipocyte dysfunction

Macrophages are the numerically and functionally dominant immune cell in adipose tissue
and display tremendous heterogeneity in their functions reflecting their local metabolic and
immune microenvironments. In a landmark paper in 2003, mice and humans with obesity
were reported to have increased ATM, which correlated with their degree of adiposityll.
This led to the concept that adipose tissue can recruit additional macrophages in response to
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stimuli. Indeed, abdominal visceral fat tissue area was the most significant predictor of both
visceral and subcutaneous macrophage infiltration in women89. We now review the
mechanisms whereby obesity leads to ATM infiltration.

Obese mice on a HFD develop a novel population of classically activated M1 macrophages
in their adipose tissue, increased inflammatory gene expression, and decreased anti-
inflammatory 1L-10%. These mice have an increased ratio of M1 to M2 macrophages in
adipose tissue due to M1 macrophage infiltration that is dependent on dendritic cells®. The
obesity-driven events initiating inflammation and the transition of ATM from M2 to M1,
which then recruit T cells have been recently reviewed®293. Aging is associated with similar
changes in visceral adipose tissue in mice including T cell infiltration and a shift towards M1
polarization94. These changes may be mediated by cell adhesion molecules including
intercellular adhesion molecule (ICAM-1) and vascular cell adhesion molecule (VCAM-1).
ICAM-1 and VCAM-1 mRNA in visceral fat are increased with obesity and are positively
associated with CD68 protein levels®®. This same association is also seen in the kidney
where ICAM-1 is also associated with CD68+ macrophage infiltration and ICAM-1
deficiency is protective against diabetic nephropathy in db/db mice.

LPS and IFN-y signal the need for production of reactive oxygen species (ROS) and nitric
oxide (NO) for killing of pathogens, which induce irreversible mitochondrial dysfunction.
M1 macrophages have increased inducible nitric oxide synthase (iNOS) expression, and
knockout iNOS —/- mice do not exhibit the significant increase in M1 markers in
epididymal white adipose tissue that is seen in wild type mice on HFD’. NO released by
macrophages induces mitochondrial dysfunction by suppressing PGC-1a which can be
blocked by rosiglitazone. Pretreatment of macrophages with an iNOS inhibitor reduces
mitochondrial dysfunction induced by LPS and IFN-y and shifts macrophages towards M2
polarization®8. Hence, oxidative stress induces M1 macrophage polarization. Acute
overnutrition induces systemic oxidative stress and carbonylation and loss of activity of
GLUT4%,

G6PD is an enzyme that shunts glucose into the pentose phosphate pathway and is
upregulated in adipose tissues of patients with diabetes and obesity. This pathway produces
NADPH, a cofactor for the ROS-producing enzyme NADPH oxidase. In humans, fat
accumulation increases ROS production by dysfunctional adipose tissue, which increases
markers systemic oxidative stress'90. Nuclear factor kappa-light-chain-enhancer of activated
B cells (NFxB) is an important transcriptional regulator of inflammatory pathways that is
activated by ROS, TNF-a, LPS, IL-1, the saturated fatty acid palmitate, and TLR receptor
ligands.

G6PD-deficient mice on HFD show reduced inflammatory cytokines, improved insulin
sensitivity, and reduced CLS191, Conversely, GPD6 overexpression in adipocytes stimulates
NADPH oxidase expression, NFxB signaling, and inflammatory cytokines including TNF-
a, IL-6, CCL2, and resistin and lowered adiponectinl02. Treatment of obese mice with the
inhibitor of NADPH oxidase apocynin significantly decreased ROS production in adipose
tissue and improved hyperglycemia, hyperinsulinemia, hepatic steatosis and increased
adiponectin and decreased TNF-a expression10. Uric acid is elevated in metabolic
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syndrome and induces pro-inflammatory CCL2 expression by redox-dependent signaling via
stimulation of NADPH oxidase. Apocynin inhibited the increase in CCL2 secretion by
murine adipocytes by uric acid103. Hence, inhibitors of ROS production may lower adipose
tissue macrophage inflammation.

Another key mediator of the inflammatory response and the redox system is Leukotriene B4
(LTB4). The receptor for LTB4 is expressed on immune cells. LTB4 induces macrophage
activation and chemotaxis into adipose tissue1%4. Knockout mice for the gene BLT71 that
encodes the receptor for LTB4 have blunted expression of IL-6 and CCL2, an increased ratio
of M2:M1 macrophages in adipose tissue, and decreased diet-induced insulin resistancel05.
LTB4 is also a ligand for the transcription factor PPAR-a that upregulates fatty acid -
oxidation, antioxidant catalase transcription, and LTB4 catabolism%6. PPAR-a is down-
regulated by inflammatory transcription factors regulated by NFxB. Activation of PPAR-a
by the natural steroid hormone dehydroepiandrosterone-3-sulfate (DHEAS) represses NFxB
signaling, lowers oxidative stress, and reduces inflammatory cytokine production by
macrophages%7. In a randomized clinical trial comparing metformin with a lifestyle
intervention, metformin significantly lowered markers of oxidative stress in patients with
recently diagnosed T2D18, Indeed, the recent discovery that metformin inhibits
mitochondrial glycerophosphate dehydrogenase thereby increasing the cytosolic redox state
and increasing cytosolic glutathione is consistent with metformin having an important
impact on the cellular redox balancel%.

Obesity is associated with decreased adiponectin, increased TNF-a, increased oxidative
stress and ROS110, Oxidative stress leads to decreased circulating adiponectin possibly due
to ROS-induced increases in T-cadherin expression which binds adiponectin!l, AMPK, in
addition to the metabolic and anti-inflammatory effects described above, may function in
responding to oxidative stress. AMPKa. is activated by adiponectin and the novel adipokine
Clg/tumour necrosis factor-related protein-3 (CTRP3) which provides protection from
hyperglycemia induced oxidative stress, inflammation, and apoptosis in vitrol12, Both
CTRP3 and adiponectin belong to the C1g/TNF superfamily CTRP3 and suppress hepatic
gluconeogenesis13 and are decreased with obesityl14. Activation of AMPK by metformin
restored ROS-impaired autophagy in senescent cells'1®. The impairment of autophagy will
be reviewed further in section 3.3.

Hydrogen sulfide is a gas produced by metabolism cysteine and sulfur-containing proteins
that has anti-oxidative and anti-inflammatory properties and inhibits the formation of foam
cells from macrophages!16. Increasing adiposity has been correlated with a reduction in
plasma hydrogen sulfide levels which may represent another mechanism whereby obesity
causes oxidative stresst1’.

These results suggest that the inflammatory response may activate an antioxidant redox
pathway to balance the increased ROS produced by macrophages. Lack of balance between
pro- and anti-oxidant pathways leading to oxidative stress may mediate the deleterious
effects of HFD on adipocyte function and insulin sensitivity. The large number of pro- and
anti-oxidant pathways and pro- and anti-inflammatory regulatory cytokines highlights the
redundancy of the immunometabolism. These lists are not complete as we continue to
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discover new molecules associated with the various immune pathways. This redundancy
suggests that /77 vivo inhibition of a single pathway may not be successful and highlights the
importance of /in vivo study of these pathways. We now review the consequences of adipose
tissue macrophage activation.

3.2 M1 macrophages cause insulin resistance

Both M1 and M2 macrophages are present in lean and obese adipose tissue. M1
macrophages fail to repolarize into M2 macrophages with 1L-4 exposure, whereas M2
macrophages can be repolarized into M1%. M1 macrophages rely on glycolysis whereas M2
macrophages rely on oxidative phosphorylation. This is consistent with their roles since M1
macrophages require rapid energy for intense short bactericidal functions whereas M2
macrophages require a more long-term metabolic source of energy. These findings suggest a
metabolic reprogramming of macrophages based on their role and activation state.

Insulin resistance may be adaptive against bacterial infection in order to provide glucose and
nutrients to the activated immune system for rapid glycolysis-dependent bacterial killing via
respiratory burst ROS production by M1 macrophages. Conversely, helminth-induced Th2
response improves insulin sensitivity, which may be an adaptive response to sequester
nutrients and prevent growth of parasites!18. Since M1 macrophages are dependent on
glycolysis, inhibition of glycolysis should decrease M1 activity. Indeed, the glycolytic
inhibitor 2-deoxyglucose attenuates the adipocyte release of CCL2 in response to TNF or
LPS119, again demonstrating the connection between metabolism and inflammation.

The adipokine adipsin is an important regulator of B cell function and adipose tissue
inflammation via generation of ¢3a, a potent stimulator of glucose stimulated insulin
secretion. Adipsin knockout mice have fewer macrophages and CLS in adipose tissue but
develop P cell failure on a HFD120, Expression of the c3a receptor in adipocytes and
macrophages is increased with HFD feeding and c3a knockout is associated with decreased
ATM and improved insulin sensitivity21. Hence, this may represent one of the mechanisms
whereby HFD leads to CLS and insulin resistance.

Haptoglobin is a plasma protein and an acute phase reactant that binds to free hemoglobin
and is upregulated in white adipose tissue in obese mice. Macrophages express the receptor
CD163 that binds to the haptoglobin-hemoglobin complex leading to endocytosis. In vitro,
haptoglobin in required for normal adipogenesis. It is induced by inflammatory stimuli and
repressed by PPAR-y. Mice lacking haptoglobin have increased adiponectin and are
protected from HFD-induced metabolic dysfunction but have muscle atrophy22. Saturated
fatty acids increase haptoglobin gene expression in murine adipose tissuel23. Macrophage
inflammatory gene expression in white adipose tissue is upregulated in both genetically
obese and DIO mice prior to the development of insulin resistance and can be downregulated
by rosiglitazonel24. HFD fed obese mice develop M1 macrophage infiltration of epididymal
fat that peaks after 12 weeks. Three weeks after being switched to a normal chow diet, these
insulin-resistant mice lose weight, show improved insulin sensitivity and glucose tolerance,
and have decreased inflammatory cytokines and chemokines. At three weeks after the switch
back to normal diet, there was no decrease in M1 macrophages in adipose tissue, but at five
weeks a decrease towards normal was seen2®. Hence, even prior to changes in ATM density,
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a normalization in ATM inflammatory cytokines including Galectin-3 and inflammatory
gene expression is seen following a switch back to normal chow diet.

In humans the order of events may be different than in mice since insulin resistance may be
seen with overfeeding prior to subcutaneous macrophage infiltration. Tam et al.126 overfed
healthy subjects by 1,250 kcal per day with 45% fat for 28 days and found that insulin
sensitivity assessed by hyperinsulinemic euglycemic clamp was decreased by 11% and
CCL2 and C-reactive protein (CRP) were significantly increased but there were no changes
in subcutaneous adipose tissue macrophages, T cells, or inflammatory gene expression.
Visceral adipose tissue ATM was not assessed in this study and may be decreased with
weight loss more rapidly than subcutaneous ATM. While the exact sequence of events and
mediators is not fully understood, there are clearly a large number of cellular alterations that
occur leading to ATM activation in obesity. Just as in mice, adipose tissue inflammation by
macrophages and the presence of CLS in humans were similarly associated with metabolic
consequences including hyperinsulinemia, insulin resistance, and impaired endothelium-
dependent flow-mediated vasodilatation?7.

Obesity is associated with chronically elevated basal lipolysis and release of FFA in adipose
tissue that provides chronic stimulation to ATM. A feed-forward paracrine inflammatory
cycle involves co-cultured adipocytes release of FFA and macrophages FFA-induced TNF-a
production, which blocks insulin-stimulated glucose uptake in adipocytes, and leads to
increased release of FFA128, TNF-a. induces insulin resistance through several mechanisms
including inhibition of insulin receptor signaling and increases in FFA129, M1 macrophages
secrete a chemotactic proinflammatory lectin Galectin-3 that directly decreases insulin
signaling and promotes adipose tissue inflammation139, Selective ablation of M1
macrophages (CD11c+) by administration of diphtheria toxin in transgenic obese mice with
expression of diphtheria toxin receptor under control of the CD11c promoter improved
insulin sensitivity and lowered inflammatory markers31. Conversely, weight loss is
associated with improved insulin sensitivity and induces a transient accumulation of M2
ATM driven by lipolysis in micel32.

We next review the mechanisms whereby the obesity-associated changes in ATM lead to
inflammation and alter autophagy.

3.3 Saturated fatty acids increase inflammatory ATM, activate the NLRP3 inflammasome,
and decrease autophagy

Obesity and the saturated fatty acid palmitate are associated with increased macrophage
retention via increased netrin-1 expression in obese adipose tissue that promotes insulin
resistance33. Long chain saturated FFA but not unsaturated FFA induce an inflammatory
response in macrophages that requires JNK signaling34.

The Nod-like receptor protein 3 (NLRP3) inflammasome detects the pore-forming exotoxins
of Gram-positive bacteria but is also activated by a diversity of other stimuli. It initiates an
inflammatory cascade that activates caspase-1 and pyroptosis (proinflammatory
programmed cell death)135, Activation of TLR4 by saturated fatty acids induces the NLRP3
inflammasome and IL-1 secretion by myeloid cells.
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Mitochondrial ROS are a trigger to NLRP3 activation36. Oxidized LDL also activates the
NLRP3 inflammasome!37. Coincubation of LPS and the saturated fatty acid palmitate, but
not the unsaturated fatty acid oleate, induces activation of the NLRP3 inflammasome in
bone marrow macrophages!38.

Ceramides are composed of sphingosine and a fatty acid, and accumulate in obesity in
response to saturated fatty acids and proinflammatory cytokines. Ceramides activate the
NLRP3 inflammasome. Whole body and adipocyte-specific depletion of ceramides in mice
by inhibiting their synthesis by serine palmitoyltransferase induces adipose tissue browning
and increases M2 macrophages!39. Ablation of NLRP3 in mice improves insulin sensitivity,
reduces IL-18, and reduces effector T cells in adipose tissuel40. Mice lacking TLR4 are
protected from HFD-induced insulin resistance and inflammatory cytokine upregulation in
adipocytes and hepatocytes41. Glyburide is a sulphonylurea used for the treatment of T2D
which also inhibits the NLRP3 inflammasome and delays LPS induced lethality in micel42,
Beta-hydroxybutyrate143 and the sulfonylurea MCC95014 are inhibitors of NLRP3 and are
promising therapeutic candidates for several NLRP3-mediated autoimmune diseases4°.

Autophagy is an intracellular process responsible for degradation of proteins that has an
anti-inflammatory effect. Loss of autophagic function through macrophage knockout of
Atg5 increases M1 polarization, increases systemic and hepatic inflammation, but does not
increase adipose tissue inflammation146. Loss of another autophagic protein Atg16L1 in
macrophages increases LPS-induced production of pro-inflammatory IL-1@ and 1L-18147.
Mice fed SFA-rich HFD have decreased autophagy. Autophagic proteins inhibit the NLRP3
inflammasome by maintaining mitochondrial function and preserving mitochondrial
integrity in macrophages48,

The GLP-1 agonist exendin-4 induced autophagy in monocytes from non-obese subjects
which suppresses foam cell formulation but appear to have the opposite effects in monocytes
from obese patients in a small study of 10 Japanese patients'4. Further research is necessary
as this does not seem consistent with the overall decrease in cardiovascular adverse
outcomes seen in clinical trials of other GLP-1 agonists such as a large randomized
controlled trial of liraglutide in 9340 patients10 and semaglutide in 3297 patients!®1.
Ongoing clinical trials are underway to determine whether this benefit is a class effect of
GLP-1 agonists (NCT02465515, NCT01144338 and NCT01394952).

These results demonstrate that autophagy has important effects on macrophages, insulin
sensitivity, and inflammation. The interactions between autophagy and metabolism have
been reviewed in depth elsewherel2,

3.4 Gut microbiota may also affect insulin sensitivity

The inflammasomes may is also be involved in intestinal epithelial cells and maintenance of
the gut microbiota. Obesity is associated with shifts in the gut microbiota. Host-gut
microbiota interactions mediated by bile acids and LPS may affect macrophage polarization
and host metabolism and immune responses®3. For example, the gut microbe Akkermansia
muciniphila has been recently shown to moderate the negative effects of IFN-y on glucose
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tolerance in mice and humans%4. These interactions will require further comprehensive
investigation in patients with inflammatory and metabolic diseases.

3.5 Altered adipokine and cytokine secretion in obesity activates macrophages and
inflammation

Obesity is associated with altered immune systemic function through several mechanisms.
Adipocyte size is an important determinant of adipokine secretion, and with obesity there is
an increase in adipocyte size that correlates with increased secretion of macrophage
inflammatory protein 1@, IL-1RA, CCL21%5, Obesity is associated adipocyte hypertrophy
and with decreases in miRNAs in subcutaneous adipose tissue that attenuate CCL2
production16,

Adipocytes release exosome-like vesicles that are taken up by monocytes where they
promote differentiation into inflammatory macrophages and promote insulin resistancel%’.
Retinol binding protein 4 (RBP4) is secreted by adipocytes and hepatocytes. RBP4 is
increased in obese and insulin resistant subjects and induces proinflammatory cytokines
(TNF-a, IL-6, CCL-2, IFN-y, GM-CSF, IL-1, IL-2) through the JNK and TLR-4 pathways
in macrophages!®8. Activation of the TLR4 signaling pathway requires mineralocorticoid
receptors in bone marrow macrophages for phosphorylation of JNK and increased
expression of downstream type 1 inflammatory markers!®°,

Male mice fed a HFD developed increased bone marrow cellularity and TNF-a. production,
and their bone marrow mesenchymal stem cells were primed towards adipogenesis'60. ATM
in visceral adipose tissue release cytokines such as IL-1p that increase bone marrow
proliferation, resulting in monocytosis and neutrophilial6l. Macrophages from DIO mice
exhibit increased TNF-a at baseline but reduced LPS stimulated release of TNF-a after 4
hours or 24 hours!62,

The CCL18 chemokine is produced by antigen presenting cells and macrophages in adipose
tissue. CCL18 levels are higher in obese patients and positively correlated with ATP-111 risk
score, triglycerides, TNF-a, and 1L-6163,

Chemerin is a chemoattractant protein secreted by white adipose tissue whose receptor is
expressed in macrophages and dendritic cells164. It recruits plasmacytoid dendritic cells into
visceral adipose tissue, which upon activation secrete type | interferons that promote
proinflammatory macrophage polarizationl°. Obese patients have increased chemerin, with
associated inflammatory adipokine secretion and adipose tissue metabolic dysfunction16,
Obese patients also have increased C-C chemokine receptor 7 (CCR7) expression in M1
ATM, which perpetuates chronic inflammation. Administration of a monoclonal antibody to
CCR7 improved glucose tolerance in mice fed a HFD67. There are currently no registered
clinical trials on anti-CCRY7 therapies.

Adipose tissue macrophages secrete resistin, which activates TLR4 and has pro-
inflammatory effects and induces monocyte migration via CCL2168. Mice over-expressing
CCL2 have increased insulin resistance on a HFD, whereas knockout mice exhibit reduced
insulin resistance, hepatic steatosis, and adipose tissue macrophage infiltration on a HFD69,
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Resistin is largely produced by macrophages and monocytes in humans and is increased in
obesity. Increases in resistin triggers hepatic lipogenesis and promotes vascular
inflammation.

Compared with offspring of normal dams, male offspring of DIO mice have increased
adipose CCL2 and TNF-a signaling accompanied by reduced miR-706 and increased
inflammatory IL-33 and CAMK1D170, CCL2 is higher in obese subjects and is stimulated
by IL-1, TNF-a, IL-8, IL-4, and IL-6 and the IL-6-soluble receptor. In contrast, CCL2 is
decreased by insulin, dexamethasone, 1L-10, metformin, and thiazolidinediones!1. In
patients already taking simvastatin with impaired fasting glucose, metformin significantly
reduced plasma FFA, CRP, and stimulated monocyte release of TNF-a, IL-1pB, IL-6, IL-8
and CCL2172, Hence, the some of pleiotropic benefits of metformin may also be due to its
inhibitory effect on inflammatory ATM secretion.

The vicious circle between hypertrophic adipocytes, lymphocytes, and M1 macrophages
leads to ongoing activation of inflammatory cells and formation of CLS that induces further
metabolic dysfunction. We next review the role of CLS in the progression towards diabetes
and adipose tissue fibrosis.

3.6 Crown-like structures are a hallmark of adipocyte dysfunction and are associated with
disease progression

CLS are composed of macrophages and T cells surrounding a single adipocyte and are
associated with adipose tissue dysfunction and chronic inflammation. Adipocyte cell
hypertrophy is associated with increased necrotic-like death that triggers macrophages to
form CLS around them173, In humans with morbid obesity, there are twice as many
macrophages in visceral (omental) adipose tissue compared with in subcutaneous adipose
tissue. Increased CLS in omental adipose tissue is associated with worsening hepatic
fibroinflammatory lesions, suggesting that CLS may contribute to progression of non-
alcoholic fatty liver diseasel’4.

Polycystic ovarian syndrome (PCOS) is a common endocrine disorder characterized by
hyperandrogenism, menstrual irregularities, infertility, and hirsutism. It is also associated
with obesity, metabolic syndrome, insulin resistance, and increased density of CLS in
adipose tissue compared to BMI matched controls’®. It has also recently been shown to be
associated with increased IL-6, ICAM-1, ROS production, and ER stress1’6.

The semisynthetic bile acid obeticholic acid binds to the farsenoid X receptor, a nuclear
receptor that regulates adipose function and macrophage polarization. Administration of
obeticholic acid to mice on an atherogenic diet reduced CLS in periovarian and mesenteric
adipose tissue and reduced CCR2 and CD11c mRNA expressionl’’.

CLS in human subcutaneous and omental fat are predominantly composed of M1
macrophages, but also B and T lymphocytes. The B:T cell ratio within CLS is increased in
patients with or without T2D who are on metformin17é.
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3.7 B cells, T cells, and NK cells propagate adipose tissue inflammation

Obesity has been shown in mice to be associated with increased B cell production of TNF-a
and macrophage inflammatory protein-2 (MIP-2), an ortholog of human IL-8, which leads to
increased macrophage content in epididymal adipose tissuel’®. B cells in DIO mice recruit
pro-inflammatory T cells and macrophages to adipose tissue, and secrete higher amounts of
MIP-2, after stimulation with LPS180, These B cells also produce pathogenic IgG antibodies
that induced glucose intolerance, inflammatory cytokine production, and M1 phenotype shift
in visceral adipose tissue upon transfer to DIO B cell null mice on HFD182, Depletion of B
cells with a CD20-targeting monoclonal antibody administered 6—7 weeks after HFD
improved glucose metabolism. Compared to BMI matched controls, subjects with diabetes
have increased Th17 cytokines that stimulate TNF-a production that can be decreased by B
cell depletion182, Insulin resistant obese male humans have a unique profile of 1gG
autoantibodies compared with age- and weight-matched insulin sensitive males!8L.,

Obesity is associated with activation of the innate immune system and infiltration of
macrophages and T cells into metabolic tissues through alterations in cell recruitment,
proliferation, and egress. CD8+ T cells recruit macrophages to adipose tissue in DIO
micel83, CD40L is primarily expressed on activated T cells and binds to CD40 on
macrophages, providing a potent activating signal. CD40 knockout mice and mice treated
with an anti-CD40 neutralizing antibody are protected against obesity induced inflammation
and insulin resistancel®4,

Compared to healthy controls, patients with obesity and T2D have reduced circulating
mucosal associated invariant T cells, which are shifted towards an activated phenotype with
elevated Th1 and Th17 cytokine production!®5. IL-17 levels were positively associated with
the development of insulin resistance in the Cardiovascular Risk in Young Finns Study186
and IL-17 levels correlated with hemoglobin Alc in patients with diabetes. Patients with
T2D also have an altered T cell balance with increased Th17 and a reduced percent of
Tregulatory cells187. Tregulatory cells maintain M2 macrophage polarization!8. Obesity is
also associated with increased adipose tissue NK cells that secrete TNF-a and exacerbate
HFD induced insulin resistancel®°,

Osteopontin is a Thl cytokine secreted by M2 macrophages and T cells which functions as a
chemoattractant to monocytes and preadipocytes. Osteopontin expression in adipose tissue is
associated with macrophage infiltration and is decreased following bariatric surgery in
humans9. At CLS, M2 macrophages express high levels of osteopontin. Knockout of
osteopontin in mice prevented the formation of CLS and subsequent recruitment,
proliferation, and differentiation of preadipocytes?2. HFD-induced chronic inflammation in
visceral fat with an accumulation of a distinct population of CD153*PD-1*CD44"MCD4* T
cells. These T cells can induce insulin resistance upon transfer to lean mice and produce
large amounts of osteopontin91, Osteopontin has also been implicated in the deposition of
extracellular matrix and adipose tissue fibrosis, which are reviewed further in section 3.8.

Hence, it has been clearly demonstrated that both innate and adaptive immunity are involved
in obesity-induced inflammation. Obesity is not only associated with an altered M1/M2
balance, but also an altered cytokine balance!®2 which may contribute to proinflammatory
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crosstalk between adipocytes, ATM, and B and T cells, propagation of inflammation, and
CLS formation. We will now examine the consequences of inflammation-induced adipose
tissue remodeling.

3.7 Obesity is associated with adipose tissue inflammation and hypoxia

Adipocyte hypertrophy leads to intracellular adipocyte stress, insulin resistance, and
activation of proinflammatory pathways93. Chronic overnutrition-driven adipocyte
hypertrophy leads to tissue growth that outpaces angiogenesis and a hypoxic
microenvironment in obese humans!®* and increased release of FFA195, Hypoxia activates
hypoxia-inducible factor-1a,, a transcription factor that activates inflammatory and fibrosis
related genes, suppresses preadipocyte-related angiogenesis, and causes insulin
resistancel9, In contrast, smaller and more numerous subcutaneous adipocytes likely due to
hyperplasia is associated with improved insulin sensitivity and HDL and decreased
triglycerides in a study of Swedish bariatric surgery patients19’.

The transition from lean to obese adipose tissue is marked by several changes in macrophage
cytokine signaling and energy metabolism. This ultimately results in fibrotic dysfunctional
adipose tissue, increased ectopic fat deposition, and insulin resistance%.

3.8 Macrophage-driven adipose tissue inflammation and remodeling ultimately leads to

fibrosis

In addition to promoting insulin resistance and altering cytokines, inflammatory ATM may
affect adipose tissue remodeling. Macrophage-secreted factors also increase pre-adipocyte
gene expression of inflammatory cytokines IL-6 and IL-8. Treatment with an IL-1p
neutralizing antibody reversed several of these changes in gene expression!®9. Adipocytes
treated with a macrophage-conditioned medium containing macrophage-secreted factors
have increased gene expression of 1,088 genes including endopeptidases called matrix
metalloproteinases (MMP) that lead to fibrotic tissue remodelingZ.

Tenascin C (TNC) is an extracellular protein induced by TGF-f nearly absent in normal
healthy adult tissues but over-expressed in human adipocytes following activation by
macrophages. Macrophage-secreted factors increase expression of genes related to the
extracellular matrix (TNC, a5-integrin, fibronectin, collagen I) that contribute to fibrosis.
TNC is increased in the visceral adipose tissue of obese subjects, and DIO or genetically
obese mice and is positively correlated with MMP9 and MM2, suggesting that it may be a
mediator of obesity associated extracellular matrix remodeling2%1,

Adipose tissue from obese subjects has increased fibrosis, both M1 and M2 macrophages,
and TGF- activity202, ATM secretion of TGF-B induces a myofibroblast-like phenotype of
adipose progenitor cells in humans2%, Adipose hypertrophy leads to hypoxia, free fatty acid
fluxes, and adipocyte death, which induce extensive tissue remodeling of the extracellular
matrix and deposition of collagen V1293, Post-translational processing of collagen VI fibrils
by MMP releases the adipokine endotrophin, which stimulates fibrosis and induces
macrophage accumulation294, Fibrosis is stimulated by TGF-B1 and by AMPK inhibition,
which can be potentially prevented by treatment with metformin295. a-tocopherol is an
antioxidant that decreased oxidative stress, improved insulin sensitivity, and reduced
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collagen deposition in the visceral adipose tissue of HF-diet fed mice206, Adiponectin
inhibits NFxB signaling and upregulates AMPK and has potent anti-fibrotic effects on
cultured fibroblasts207.

The extracellular matrix (ECM) regulates adipocyte metabolism such that non-diabetic ECM
that has been decellularized and then repopulated with adipocytes from patients with T2D
partially rescues the defective glucose uptake and lipolysis208.

Obesity-induced matrix remodeling alters the microenvironment with consequences for cell
migration, proliferation, differentiation, and function29. This remodeling is orchestrated by
macrophages that regulate fibrogenesis by their secretion of MMP and their inhibitors
leading to altered angiogenesis, recruitment of fibroblasts, ectopic fat deposition, insulin
resistance and ultimately T2D?10 (Figure 2). However, the data supporting this progression
towards increasing fibrosis and insulin resistance are conflicting as a recent study in patients
undergoing bariatric surgery found decreased fibrosis and preadipocytes in T2D patients
compared with obese patients without T2D?11, These studies are potentially confounded by
use of medications for T2D which have anti-fibrotic effects such as metformin and TZDs.

In the preceding sections we have discussed how obesity is associated with oxidative stress,
macrophage activation, insulin resistance, and inflammation. CLS are sites of adipose tissue
remodeling and form an adipogenic niche for preadipocytes leading to activation of B, T,
and NK cells and ultimately tissue fibrosis. The relationships between these processes are
summarized in Figure 3. We now review some of the therapeutic targets in these processes.

4. Therapeutic implications of macrophage biology

4.1 Anti-inflammatory therapies for diabetes in development

Patients with newly diagnosed T2D had 76% higher serum LPS and 154% higher TNF-a
compared with matched controls with a similar BMI212, Diabetes skews the transcriptome of
macrophages towards a pro-inflammatory state?13. T2D is commonly associated with other
chronic inflammatory conditions such as periodontitis. The inflammatory response of
macrophages is regulated by bromodomain and extraterminal domain (BET) proteins that
control gene transcription. BET inhibition by JQ1 rescues endotoxemic mice from lethal
increases in IL-6 and TNF-a214, In a murine periodontitis model, JQ1 inhibits the TLR2/4-
NF-xB pathway in LPS-treated macrophages and significantly lowers inflammatory
cytokines, which decreases alveolar bone loss21®. Periodontitis induces chronic
inflammation and endotoxinemia, which enhances macrophage activation, cholesterol
uptake, and foam cell formation leading to atherogenesis216. Metabolic syndrome and T2D
are associated with increased serum glucose, FFA, and insulin levels and accelerated
atherosclerosis. Glucose, FFA, and insulin have been demonstrated to enhance conversion of
macrophages to foam cell in vitro by increasing perilipin 3 expression?l”. RVX000222 is a
BET inhibitor which has advanced to phase 11 clinical trial examining time to major
cardiovascular events for patients with high risk T2D (NCT02586155). Hence, BET and
perilipin 3 are potential therapeutic targets for T2D.
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Insulin-naive patients with T2D developed an influx of macrophages into adipose tissue
independent of weight gain 6 months after initiation of insulin therapy?18. Lowering insulin
levels in obese mice with streptozotocin or diazoxide decreased macrophage content in
adipose tissue?19. These results are counterintuitive since short-term studies of healthy
human subjects infused with insulin found a decrease in CCL2, NFxB, ROS, and soluble
ICAM-1 suggesting an anti-inflammatory effect?20, Furthermore, insulin deficient mice with
B-cell knockout of the cholesterol transporters ABCAL and ABCG1 had increases in
adiposity and ATM and reduced skeletal muscle mass. Insulin supplementation reversed the
adipose tissue expansion in these mice but not the increased ATM or systemic
inflammation221, Hence, insulin replacement in insulin deficient mice has beneficial
properties but chronic hyperinsulinemia may have adverse metabolic consequences.

The various clinical trials of anti-inflammatory drugs for T2D have been reviewed
elsewhere?22 so only a few representative examples are discussed here. The CCR2
antagonist CCX140-B in mice reduces adipose tissue macrophage content and improves
insulin sensitivity223.224_ Clinical trials of CCX140-B demonstrated improved fasting
glucose and a modest decrease in hemoglobin Alc of 0.14%7225. Anakinra is a monoclonal
antibody to IL-1p (and possibly IL-1a) that induces improvement in the pro-insulin to
insulin ratio, and reductions in CRP and IL-6 in patients with T2D226, Canakimumab
inhibits IL-1p and lowered CRP, IL-6, fibrinogen, and hemoglobin Alc slightly227,

However, the use of anti-inflammatory therapies to alter adipose tissue function may be done
cautiously as some degree of inflammation may be essential to normal physiology. For
example, mice with impaired local pro-inflammatory potential responses in adipose tissue
due to a dominant negative TNF-a construct had increased ectopic lipid accumulation,
increased intestinal permeability, and glucose intolerance with HFD228, Hence, adipose
tissue inflammation is required for healthy adipose tissue expansion and filtering gut derived
toxins. These intricate association between inflammation and metabolism need to be heeded
in order for targeted anti-inflammatory therapies to be successful for the treatment of
metabolic diseases.

lifestyle modifications affect macrophages and inflammation

The effects of diets on adipose tissue inflammation have been studied in both animal models
and clinical trials. Animal models have elucidated many aspects of macrophage biology that
may apply to human physiology but caution is needed due to biological differences between
mouse models and humans®. While some molecular aspects are highly conserved across
species, there are species differences and limitations to the findings from genetically
manipulated animal models. With those caveats in mind, we now review the data on how
exercise and dietary changes can affect adipose tissue inflammation.

Endurance exercise exerts global anti-inflammatory effects including skeletal muscle and
adipose tissue and modulates polarization of ATM towards a M2 phenotype?2°, The anti-
inflammatory effects of exercise on systemic inflammation and ATM infiltration have been
reviewed elsewhere230, Exercise is associated with increased I1L-6, which promotes M2
polarization of macrophages23! and AMPK activation leading to increased fatty acid
oxidation and decreased insulin resistance232. A twice-weekly aerobic exercise program for
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6 months in overweight patients with T2D was associated with significant decreases in P-
selectin and ICAM-1 even in the absence of weight loss or reduced weight
circumference?33.

The effects of dietary proteins, fats, and overall calorie content on inflammation have been
recently extensively studied?34, The type of dietary protein (plant vs. animal) in an 8-week
hypo-caloric dietary trial in patients with metabolic syndrome affected markers of systemic
inflammation including IL-6 and TNF-a.23°, Similarly, a saturated fatty acid-rich diet
compared with a mono-unsaturated fatty acid rich diet for eight weeks induced upregulation
of inflammatory gene and chemokine expression in adipose tissue, although no differences
in macrophage infiltration of adipose tissue was seen236, A high saturated fat high-
carbohydrate meal compared with an isocaloric meal rich in fiber and fruit increased serum
TLR4 protein expression in serum mononuclear cells and FFA and LPS levels?37. The
addition of orange juice to this meal prevented the meal-induced ROS generation by
peripheral mononuclear cells and increase in MMP-9 mRNA and SOCS-3 protein consistent
with an antioxidant and anti-inflammatory protective effect?38. A subsequent study by this
group showed that the addition of soluble fiber to a high-fat high-carbohydrate meal reduced
hyperglycemia, reduced the rise in soluble DPP4, increased insulin, reduced LPS and
oxidative and inflammatory stress following the meal23°.

The macronutrient ratios may also influence inflammation and adipocyte function, since a
hypocaloric high fat low carb diet produced similar reductions in body weight but lower
CRP and higher total adiponectin compared with a hypocaloric low-fat high-carbohydrate
diet?40. These effects may be mediated by FGF21 genotype as mentioned earlier although
these were not measured in this study.

Omega-3 fatty acids stimulate G protein-coupled receptor 120, which enhances glucose
uptake in adipocytes. This also promotes M2 polarization in adipose tissue and decreases
inflammatory macrophage infiltration in adipose tissue4L. In mice, addition of
eicosapentanoic acid to a high fat diet lowered gonadal adipose tissue CCL2 and PAI-1
levels242. Omega-3 fatty acid supplementation with 4 grams per day of fish oil in patients
with metabolic syndrome decreased ATM and reduced CCL2 expression in subjects with
insulin resistance243. Omega-3 feeding also increased levels of Resolvin D1, which was
associated with decreased insulin resistance and ATM M1:M2 ratio, and increased
adiponectin and AMPK phosphorylation244,

In addition to their macronutrient ratios, the overall caloric content and the duration of
dietary interventions also affect adipose tissue inflammation. After 28 days of a very low-
calorie diet (VLCD), subcutaneous adipose tissue secretion of CCL2 and IL-6 from were
significantly increased, consistent with increased adipose tissue inflammation24. A longer
dietary intervention consisting of 1-month of VLCD followed by 2 months of low-calorie
diet and then 3 months of weight-maintenance in 27 obese premenopausal women
significantly decreased body weight and macrophage mRNA levels in adipose tissue along
with plasma CCL2 levels without affecting macrophages polarization assessed by CD16246,
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These studies demonstrate that interventions that increase energy expenditure through
exercise, alter energy intake, or alter dietary nutrients, affect some of the pathways involved
in adipose tissue inflammation. However, there are barriers to widespread adoption and
maintenance of these lifestyle interventions. Bariatric surgery has been shown to lead to
more sustained weight loss than lifestyle interventions. We now review the effects of
bariatric surgery on adipose tissue inflammation.

surgery may promote beneficial alterations in ATM

The effects of bariatric surgery on inflammation in adipose tissue are complex and have been
recently reviewed?4. A study of 92 non-obese subjects who underwent laparoscopic surgery
for elective cholecystectomy or hiatal-hernia repair showed increased macrophage markers
genes in subcutaneous adipose tissue but no difference in visceral adipose tissue in
metabolically unhealthy compared with metabolic healthy subjects?48. In a randomized trial
of a lifestyle intervention or Roux-en-Y gastric bypass (RYGB) in sixteen patients with
obesity and T2D, the loss of 7% of body weight was associated with an increase in adipose
tissue inflammation in subcutaneous adipose tissue in both groups, suggesting that the
reduction in adipose tissue inflammation is not the mechanism whereby RYGB exerts its
anti-diabetes effect?49. However, in that trial 7% weight loss was achieved within 13 days
after RYGB while the lifestyle intervention group required 277 days hence the different
duration of these two interventions may be confounding. Another study found that 3 months
after gastric bypass, there was a shift towards M2 polarization of macrophages in
subcutaneous adipose tissue with improved glucose homeostasis2°C.

IL-32 is a recently characterized cytokine that increases adipocyte expression of genes
related to inflammation and extracellular matrix. Obesity is associated with increased IL-32
levels, and these are reduced following bariatric surgery2L. This cytokine may represents a
therapeutic target and warrants further study.

Despite the adverse metabolic consequences of visceral abdominal fat, the addition of
omentectomy to RYGB did not improve insulin sensitivity or cardiovascular risk factors so
omentectomy is not considered for obese patients252, Evidently, bariatric surgery may also
be considered immunomodulatory metabolic surgery, given its associated changes in
adipokines and adipose tissue inflammation233, Ongoing research into the mechanisms for
bariatric surgery is looking into its effects on microflora and bile acids and may need to new
therapies for metaflammation.

5. Current challenges and future directions

Considerable progress has been made over the past two decades in the field of
immunometabolism but several challenges remain. There are limitations to animal studies.
There are conflicting results in the literature on several questions, likely due to differences in
study design, duration, tissue depots, definitions of diseases, and molecular methods used.
Gene knockout studies are imperfect models for human polymorphisms. Diet-induced
obesity in mice may not be well representative of human overnutrition, which often occurs
more slowly over decades with intermittent periods of weight loss. Animal studies are often
conducted in sterile environments so the effects of gut microflora are altered. Animal models
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have also differences in their B and T cell responses that may not be generalizable to
humans.

Due to these limitations, knowledge gathered from animal models often does not translate to
clinical therapies for patients. Even in humans, there are conflicting data and studies have
important limitations. There may be key differences between the various saturated fats -
some may be more inflammatory than others. Likewise, there are likely differences between
the unsaturated fats Dietary studies are often short term and do not obtain tissue biopsies so
long term effects on adipose tissue are not known.

With those caveats, we now highlight some of the key unresolved questions:
- What are the long-term effects of bariatric surgery on adipose inflammation?
- Why have anti-inflammatory therapies not been more successful for T2D?

- Is fibrosis adaptive or maladaptive as a means to prevent hypertrophy and
increase hyperplasia?

- If adipose tissue cytokines are a significant source of metabolic dysfunction,
why does neither subcutaneous liposuction nor visceral omentectomy improve
metabolism?

- What degree of inflammation is necessary for physiological adipose tissue
function? Would suppressing it below this threshold level be deleterious?

Further investigation in this field may lead to new insights and therapies for inflammatory
and metabolic disease. Metformin and lifestyle interventions are effective in preventing
progressive metabolic dysfunction but are often insufficient. Immunometabolism may lead
to the development of new therapies or the reuse of existing medications for new indications.
For example, using anti-inflammatory medications for metabolic diseases (i.e. anti-TNF for
T2D) and using metabolic therapies for the treatment of inflammatory diseases (i.e.
pioglitazone for NAFLD254, metformin for HIV lipodystrophy) with enormous potential.
Better therapies are needed to prevent the epidemic of obesity from increasing metabolic and
cardiovascular disease globally.

6. Conclusions

Adipose tissue is a complex plastic endocrine and lymphoid organ with profound effects of
inflammation and metabolism. Across all multicellular animals, immunity and metabolism
are fundamental highly conserved systems with intricate crosstalk mediated by
macrophages. Adipose tissue macrophages have many roles and are altered towards a pro-
inflammatory profile with obesity. Obesity is associated with dynamic changes in resident
macrophage population polarization and adipocyte function. The exact mechanisms behind
obesity-induced inflammation are under investigation; current data suggests that
overnutrition leads to adipocyte hypertrophy and hypoxia, which activates macrophage
infiltration and formation of CLS. This causes inflammatory cytokine release and leads to
further adipocyte dysfunction and insulin resistance and ultimately results in adipose tissue
fibrosis. Exercise, cold exposure, and substitution of dietary saturated fatty acids for
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unsaturated fatty acids can reduce inflammatory macrophage polarization. Several
interleukins and adipokines that have been identified are potential targets for therapies.
Targeted anti-inflammatory therapies hold promise to halt the vicious circle of obesity-
induced adipose tissue inflammation.
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AMPK AMP-activated protein kinase

ATM adipose tissue macrophages
CRP C-reactive protein
DIO diet-induced obesity

DPP-4 dipeptidyl peptidase-4
FFA free fatty acids

GLP-1 glucagon-like peptide-1

HFD high fat diet

IFN-y interferon-y

IL interleukin

INK c-Jun N-terminal kinase
LPS lipopolysaccharide

LDL low density lipoprotein
MMP matrix metalloproteinase

mMiRNA microRNA
NFxB nuclear factor kappa-light-chain-enhancer of activated B cells
NLRP3 Nod-like receptor protein 3

NO nitric oxide
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OIR obesity-related insulin resistance

PCOS polycystic ovarian syndrome

PPAR peroxisome proliferator activated receptor
ROS reactive oxygen species

SFA saturated fatty acid

TNC tenactin C

TZD thiazolidinedione

TGF transforming growth factor

TNF-a tumor necrosis factor-a

T2D type 2 diabetes

VLCD very low-calorie diet
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Figure 1.

Monocyte differentiation into adipose tissue M1 and M2 macrophages is regulated by
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Consequences of overnutrition on adipose tissue, inflammation, and metabolism
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Comparison of key characteristics of M1 and M2 macrophages.

Table 1

Page 42

killing

M1 M2
Markers F4/80, CD11b, and CD11c; CD86; CD32; CCR7 F4/80, CD11b; CD301; Argl; CD206
Functions Production of reactive oxygen species for bacterial Promotion of preadipocyte survival, wound healing,

resolution of inflammation

Secreted factors

Galectin-3, resistin; IL-1; IL-18; IL-6; TNF-a

IL-10, IL-1RA, TGF-B, Protectin

Induced by

IFN-y
TLR4

Saturated FFA
Aldosterone
LTB4

Ceramides

Type | interferons
PAMP/DAMP
LPS

Prostaglandin D2
IL-4
Meteorin-like
Adiponectin
I1L-10

I1L-13

T regulatory cells
Eosinophils
FAHFA

AMPK

Metabolic effects

Promote insulin resistance
Decrease UCP1

Promote insulin sensitivity
Increase UCP1
Promote mitochondrial health

Metabolism

Glycolysis

Oxidative phosphorylation

Dominant polarization

Obese adipose tissue

Lean adipose tissue

Metabolism. Author manuscript; available in PMC 2018 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Thomas and Apovian

Table 2

Comparison of key characteristics of PPAR families.
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Fenofibrate

PPAR-a PPAR-8 PPAR-y
Agonists DHEA-S Bezafibrate TZD
Gemfibrozil Apoptotic cells Meteorin-like

Metabolic effects

Promotes fatty acid utilization by liver
and ketogenesis
Activates FGF21 Insulin sensitizing

Promotes fatty acid utilization by muscle and
liver
Insulin sensitizing

Fatty acid metabolism
Mitochondrial biogenesis
Adipogenesis

Insulin sensitizing
Increases adiponectin

Inflammatory effects

Inhibits NFxB

Required for M2 differentiation
Enhances opsonin production

Inhibits NFxB
M2 polarizing
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