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Chapter 1

Introduction

Obesity and metabolic disorders

Obesity is defined as abnormal or excessive fat accumulation and presents a risk to health. It is a major
risk factor for the development of various chronic diseases, like diabetes mellitus, cardiovascular
disease and several cancers (1), and is one of the leading preventable causes of morbidity and mortality
(2-4). As obesity is reaching epidemic proportions and the prevalence is still increasing not only in
western societies but also in low- and middle-income countries, it is a cause for worldwide concern (5).

When energy intake exceeds energy expenditure this will lead to weight gain and eventually to
obesity. Excess energy will be stored as triglycerides (TG) primarily in the white adipose tissue (WAT),
leading to WAT expansion. One TG molecule is composed of one glycerol and three fatty acid (FA)
molecules. TG are common lipids in our diet and the main energy source for the body. FA derived from
TG can be used for ATP production by the muscle and for generation of heat by brown adipose tissue
(BAT) (6, 7). However, if TG are not being used for energy production or properly stored in WAT, plasma
lipid levels may increase resulting in hyperlipidemia. TG can also be stored in organs other than WAT,
like liver or muscle which is known as ectopic fat storage. Ectopic fat storage can contribute to the
development of metabolic disorders, which is discussed later on.

Obesity is the major cause of the development of the metabolic syndrome, which is characterized
by the co-occurrence of several cardio-metabolic risk factors, including central obesity, insulin
resistance, hypertension, and dyslipidemia (8). The metabolic syndrome represents a major risk for
the development of type 2 diabetes and cardiovascular disease. However, about 20 percent of the
obese population seem to remain relatively insulin sensitive and metabolically healthy. The reason why
these people are protected from the development of metabolic disorders has not been extensively

characterized yet.

White adipose tissue

For a long time it was thought that WAT did little else than storing and releasing energy and to
function as cushioning and insulation of the body. It is now known that WAT also is an endocrine and
inflammatory organ (9). Adipocytes (or fat cells) release hormones like leptin and adiponectin that
regulate satiety and metabolic processes, as well as cytokines which are all known as adipokines (10).
Recently, it was found that adipocytes also have infection-protective properties via the production of
antimicrobial peptides (11). Furthermore, adipocytes show similarities to immune cells; in addition to
the capacity to produce all kinds of cytokines, they have antigen-presenting cell (APC) properties and
express MHCII molecules on their cell surface (12, 13).

WAT is distributed in different depots throughout the body. A subcutaneous depot (sWAT) is
located underneath the skin, and visceral depots (VWAT) are situated around the abdominal organs.
VWAT is known to be more metabolically active and pro-inflammatory, and to exert more negative
effects on health as compared with sWAT (14-16). WAT is composed of adipocytes and a number

of different cell types which are compositely known as the stromal vascular fraction (SVF). The SVF
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contains vascular endothelial cells, fibroblasts, pre-adipocytes, and several types of immune cells (17).

Adipocytes mature from pre-adipocytes that originate from the mesenchymal cell lineage (18).

The effect of obesity on white adipose tissue

During the development of obesity, WAT expands by increase in size (hypertrophy) and/or number
(hyperplasia) of adipocytes (18, 19). A typical human adipocyte has a size of 0.1 mm in diameter,
however, adipocytes can expand to more than twice that size during obesity. Generally, hypertrophy
occurs prior to hyperplasia to increase the fat storage capacity of WAT during the development of
obesity (20). In humans, adipocyte hyperplasia is a matter of some debate. According to Arner et al.
(21), the number of adipocytes is determined during childhood and remains stable during life. This
is supported by others that show hypertrophy rather than hyperplasia during weight gain in humans
(22). A recent study did, however, show increased numbers of newly generated adipocytes in SWAT of
healthy volunteers after overfeeding (23). Also in some individuals with morbidly obesity, hyperplasia
of the adipocytes has been demonstrated once hypertrophy of the adipocytes was limited (24).

During the development of obesity, hypertrophic adipocytes release increased levels of FA and
adipokines that both have immune modulatory activities (25, 26). Pro-inflammatory adipokines,
including leptin, TNFa, and IL6, stimulate the influx of pro-inflammatory immune cells into the obese
WAT. Obesity-induced WAT inflammation is associated with metabolic dysfunction and is hypothesized
to contribute to the development of insulin resistance, as discussed later on in the section “Impact of
inflammation on insulin signalling”.

WAT expansion requires tissue remodelling, which includes extracellular matrix breakdown and
resynthesis as well as angiogenesis to maintain nutrient and oxygen supply (27). It has been shown
that the inflammatory response induced by expanding adipocytes is essential during this process, as
these signals drive healthy adipose tissue expansion and remodelling (28). However, when expansion
of adipocytes is not associated with appropriate remodelling and angiogenesis, oxygen may become
deficient in WAT, leading to hypoxia. Adipose tissue hypoxia leads to adipocyte stress and cell death,
characterized by dysregulation of the production of cytokines, as well as altered FA fluxes (29) which
contributes to the development of WAT dysfunction in obesity (30). However, WAT hyperoxia during
obesity has also been associated with adipose tissue dysfunction and insulin resistance (31). Obese
subjects seem to have higher oxygen tension despite lower adipose tissue blood flow, which could be

explained by a lower oxygen consumption of obese adipose tissue.

Obesity-induced inflammation

The body induces an immune response to eliminate pathogens or damaged cells. Two general types
of immune responses are recognized: the innate and the adaptive immune response. The innate
immune response is characterized by a relatively non-specific and rapid response of the body to fight
infections, and is in evolutionary terms the oldest. It is known as a first line of defence mechanism, and

the cellular component includes macrophages, granulocytes (neutrophils, eosinophils, and basophils),
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mast cells, dendritic cells, and natural killer cells. The evolutionary more recent adaptive immune
response is antigen-specific and includes T and B lymphocytes that express variable T-cell receptors
and produce antibodies, respectively. Antibodies undergo a process called affinity maturation to
increase the specificity of the antigen recognition. This process takes time and upon first exposure,
the adaptive immune response is relatively slow. However, T and B lymphocytes create immunological
memory after initial response to a pathogen, which ensures a rapid response upon repeated exposure.

WAT contains several types of immune cells that in the lean state are mainly considered as anti-
inflammatory immune cells (Figure 1). These cells are presumably involved in immune surveillance and
adipose tissue remodelling (32). During the development of obesity, the expanding adipocytes release
adipokines, like leptin, MCP1, TNFa, and IL6, which attract and activate pro-inflammatory immune
cells into the WAT (Figure 1). The immune cells themselves also release pro-inflammatory cytokines
and chemokines, which lead to additional infiltration of immune cells into WAT during WAT expansion
(33). WAT inflammation eventually causes chronic low-grade systemic inflammation, characterized by
increased levels of cytokines and other inflammatory markers in the circulation which are thought
to contribute to the development of insulin resistance in peripheral organs (34). The immune cells
playing an important role in obesity-induced inflammation and studied in this thesis are discussed

below.
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Figure 1. Schematic overview of adipose tissue inflammation during the lean and obese state. Lean adipose
tissue mainly contains anti-inflammatory immune cells. During the development of obesity adipocytes expand
and pro-inflammatory immune cells infiltrate into the adipose tissue. Adipocytes and immune cells in the obese
adipose tissue release increased levels of pro-inflammatory cytokines, which are thought to contribute to the
development of insulin resistance. Adapted from Kalupahana et al (33).
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Role of monocytes and macrophages

Monocytes are circulating immune cells that are able to migrate into tissue in response to
inflammatory signals. These inflammatory signals include increased expression of chemokines, like
monocyte chemotactic protein 1 (MCP1) which is specifically known to recruit monocytes to the site
of inflammation (35). Monocytes differentiate into macrophages or dendritic cells once they enter
the tissue. Macrophages are phagocytic cells, specialized in the removal of pathogens, dead cells
and cellular debris by engulfment and digestion (36). In the adipose tissue this can be recognized
by the presence of crown-like structures (CLS) that exist of macrophages surrounding dying and
dead adipocytes (37). After digestion of pathogenic material, the macrophage presents pathogen-
derived antigens via its MHC molecules to corresponding T cells to facilitate further effective pathogen
clearance and to initiate immune memory. Tissue resident macrophages, that are presumably
involved in immune surveillance, are termed alternatively activated macrophages (M2 type) and have
an anti-inflammatory phenotype, characterized by release of anti-inflammatory cytokines such as
IL10 and TGFP (38, 39). Pro-inflammatory macrophages are termed classically activated or M1 type
macrophages and secrete pro-inflammatory cytokines like IL1B, IL6, IL12, and TNFa (38, 39).

Numbers of monocytes are increased in the circulation of obese human subjects and diet-induced
obese mice compared to lean (40, 41). Furthermore, cytokine levels in the circulation of obese subjects
are increased as compared to lean, including IL6 and TNFa which are known to be secreted, amongst
others, by monocytes and macrophages (42). IL6 and TNFa are both pro-inflammatory cytokines,
indicative for systemic inflammation and may contribute to the development of metabolic disorders
(43).

Obese WAT is known to contain higher numbers of macrophages and CLS as compared to lean
WAT (44). The presence of CLS in the adipose tissue has been linked with adipose tissue dysfunction
and the development of metabolic disorders (37, 45). Recently, it has been shown that in addition
to monocyte recruitment, macrophages are also able to proliferate locally in WAT to increase the
number of macrophages during obesity (46). Lean WAT primarily contains M2 types macrophages,
whereas obesity induces a phenotypic switch leading to increased numbers of pro-inflammatory M1
types macrophages (47). Macrophages thus do seem to play an important role in the development of

obesity induced inflammation.

Role of T cells

T cells are lymphocytes characterized by the expression of the T cell receptor on their cell surface.
Several subtypes of T cells are recognized, including T helper and cytotoxic T cells, characterized by
expression of the cell surface markers CD4 and CD8, respectively. The main function of T helper cells
is to assist other immune cells during immune responses. Antigen presenting cells (APCs), such as
macrophages, can present antigens via their MHCII molecules to T helper cells. In this way T helper
cells can become activated, which triggers them to produce cytokines that regulate immunological

processes including B cell maturation, monocyte recruitment, and cytotoxic T cell activation (48).
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There are different subtypes of T helper cells, including Th1, Th2, Th17, and regulatory T cells. Thl
and Th17 T cells are generally considered pro-inflammatory, whereas Th2 and regulatory T cell are
considered as anti-inflammatory cell types (49). Cytotoxic T cells are also known as killer cells, as they
can directly destroy for example infected cells by releasing cytotoxins that induce apoptosis of the
target cell. The infected cells present antigens via their MHCI molecules, which are expressed by nearly
all nucleated cells. The presented antigens are recognized by the antigen specific T cell receptor on the
cytotoxic T cell. After recognition, the antigen-specific T cells undergo clonal expansion to eliminate
the antigen-positive target cells. In addition, memory T cells are formed in order to induce a quick and
efficient immune response after re-exposure to the same pathogen.

T cells originate from precursors in the bone marrow which mature and differentiate in the thymus
before they end up in the circulation. Thymus size, as well as numbers of thymocytes are increased in
diet-induced obese mice (40). Also circulating T cell numbers are elevated by obesity, which is primarily
caused by an increase of T helper cells (50, 51). The activation status of T cells in the circulation is also
increased with obesity (52). Although the type and activation status of circulating lymphocyte subsets
in relation with obesity have been studied extensively in humans (41, 50, 52), lymphocyte subsets in
relation with obesity in the mouse systemic circulation have been poorly characterized (53).

Numbers of T cells are increased in obese WAT of both humans and mice (54, 55). Obese WAT
is characterized by increased numbers of pro-inflammatory Thl and cytotoxic T cells, whereas the
number of regulatory T cells is decreased (55). Both Th1 and cytotoxic T cells have been associated
with increased insulin resistance (56, 57). T cell infiltration into the WAT seems to be a primary event
in WAT inflammation (58). Several studies have shown that Th1l and cytotoxic T cells help recruit
macrophages into the expanding WAT and stimulate macrophage polarization towards the pro-
inflammatory M1 subtype (56, 57, 59). Thereby, this clearly implicates T cell mediated inflammation in

the pro-inflammatory phenotype of obesity.

Role of B cells and immunoglobulins

The primary function of B cells is to produce antibodies against specific antigens. Furthermore, they
can function as antigen presenting cells and release cytokines that regulate immune responses (60).
Similar to T cells, B cells can form an immune memory pool after first exposure, to enable a quicker
and stronger response after re-exposure to the same antigen. After antigen exposure, plasma B cells
are formed that produce large amounts of antibodies, also termed immunoglobulins (Ig). An antibody
consists of a variable region containing a specific antigen binding site and a constant Fc-region to
communicate with and activate other immune components (61), the Fc-region determines the
antibody isotype. Upon binding of antigens, the different antibody isotypes bind to isotype-specific Fc-
receptors (e.g. 1gG binds to Fcy-receptors), thereby inducing specific immune responses. Fc-receptors
are expressed by a variety of cells, including macrophages, dendritic cells, B cells and mast cells which
can be activated by antibody-antigen immune complexes (62). Binding to Fc-receptors can induce

phagocytosis of the immune complex, cytokine production, and cell death of the target cell (61, 63).



General Introduction

Furthermore, immune complexes are able to bind to Clq, the recognition component of the classical
complement pathway. Binding of C1lq activates the complement system and initiates a cascade of
reactions that finally cleaves the central complement component C3, inducing phagocytosis and/or
lysis of the pathogen (64). There are distinct differences between the human and mouse Fc-receptor
biology (65). The human 1gG Fc-receptor family consists of six receptors, whereas in mice only four
Fcy-receptors have been identified. Human and mouse Fcy-receptors both include several activating
receptors and one inhibitory receptor. Two of the human and all mouse activating Fcy-receptors
contain a y-subunit, which is necessary for signalling and cell surface expression of the receptors. For
the 1gG subclasses there are also differences between humans and mice. Human IgG nomenclature
is given by order of abundance in plasma (IgG1-4), which does not account for mice (IgG1,2A/B,3).
Moreover, the human and mouse IgG subtypes differ in function and receptor affinity (65).

Total leukocyte counts as well as B cell numbers are increased in the circulation of obese women
compared to non-obese women (41). Circulating B cells show a pro-inflammatory cytokine profile
(increased IL6 and TNFa, and decreased IL10 secretion) in diabetic patients, as well as in spleens from
obese mice (66, 67). This is thought to promote pro-inflammatory T cell functioning and to regulate
inflammation in T2DM (67). Obese children have elevated total plasma IgG levels as compared with
lean children, which is associated with a less favourable metabolic phenotype (68). In the mouse
circulation 1gG3 is primarily present, however 1gG2c is the only subtype that is increased by HFD
intervention in the circulation and in WAT (69).

Shortly after high fat diet (HFD) feeding in mice, numbers of B cells increase in WAT (55), the
accumulation of B cells in the obese WAT contributes to the development of insulin resistance by the
production of pathogenic IgG antibodies (Figure 2) (69, 70). Transfer of IgG from obese mice to HFD-fed
B-null mice induced rapid local and systemic changes in the inflammatory cytokine production and a
phenotypical conversion of the WAT macrophages to a pro-inflammatory M1 phenotype (69). Obesity
related antigens, against which B cells produce antibodies have not been identified yet. However, as
1gG antibodies were found to be located in CLS, it is possible that dead adipocytes are a source of the
antigens (70). B cells and their antibodies may thus be important regulators during the development

of obesity related insulin resistance.

Impact of inflammation on insulin signalling

Insulin is produced by beta cells in the pancreas and regulates postprandial glucose metabolism, via
inducing glucose uptake from the circulation by muscle and adipose tissue, and by inhibition of the
glucose production by the liver (71). Obesity can lead to the development of insulin resistance, a
condition where organs and tissues like muscle, liver, and adipose tissue do not respond properly
to insulin anymore and higher levels of insulin than normal are required to maintain glucose levels.
Insulin resistance can lead to disturbed insulin mediated glucose uptake by the muscle and adipose
tissue (72). Furthermore, hepatic glucose production may not be efficiently repressed by insulin (72).

When the condition proceeds, more and more insulin is needed eventually leading to pancreatic
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Figure 2. Schematic overview of the role of B cells and IgG antibodies in obesity-induced adipose tissue
inflammation and related insulin resistance. Obesity leads to B cell activation possibly by antigens from dead
adipocytes. B cells mediate MHC-dependent antigen presentation to T helper and cytotoxic T cells, which leads
to an immune response. Activated B cells produce antigen specific IgG antibodies which form immune complexes.
These immune complexes are able to activate immune cells via Fc-receptors and to induce complement activation
via binding to C1q. This leads to immune responses including pro-inflammatory cytokine release, which contributes
to the development of obesity-induced insulin resistance. Adapted from Mallat et al (70).

beta cell exhaustion and failure of the pancreatic beta cells to secrete the required levels of insulin.
Pancreatic beta cell failure is a direct cause for type 2 diabetes mellitus.

As discussed in previous sections, obesity-induced adipose tissue and systemic inflammation
are thought to contribute to the development of insulin resistance. Pro-inflammatory mediators like
IL1B, IL6, and TNFa are secreted by immune cells in the adipose tissue during obesity (73). These
pro-inflammatory cytokines are able to directly interfere with the insulin signalling pathway, thereby
inducing insulin resistance. Obesity-induced inflammation is thought to activate the Jun N-terminal
kinase (JNK) and IkB kinase-B (IKKB)/nuclear factor-kB (NF- kB) pathways in muscle, liver, and fat cells
(74, 75). Pro-inflammatory cytokines can activate these pathways via classical receptor-mediated
mechanisms (e.g. TNF- and IL1-receptors). Other mechanism that activate these pathways are toll-
like receptor (TLR) ligand binding and cellular stress factors including reactive oxygen species (ROS)
and endoplasmic reticulum (ER) stress. JNK has been shown to induce insulin resistance via serine

phosphorylation of insulin receptor substrate-1 (IRS-1) (76, 77). IKKB induces transcriptional activation
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of NF-kB that leads to increased expression of inflammatory markers and mediators which lead to the
development of insulin resistance (78). The IKKB inhibitor salicylate promotes insulin sensitivity and
improves glucose tolerance in obese mice and diabetic patients (79, 80). Furthermore, JNK and IKKB
knock-out mouse models are protected against the development of HFD-induced insulin resistance
(76, 79).

Pro-inflammatory cytokines have direct effects on adipocytes. TNFa inhibits GLUT4 mediated
glucose uptake, attenuates PPARy and lipoprotein lipase (LPL) activity and thus affects FA esterification.
Furthermore, TNFa increases cAMP that leads to hormone-sensitive lipase (HSL) activation (75).
Thereby, obesity-induced inflammation increases lipolysis and decreases TG synthesis in adipocytes.
These actions result in increased circulating FFA levels that may induce ectopic fat storage in muscle
and liver (81). Impaired insulin responsiveness of skeletal muscle is a precursor of the development
of T2DM. Ectopic lipids decrease the expression of genes involved in mitochondrial functioning, such
as PPARy co-activator-1 (PGC-1). Additionally, endogenous lipids are thought to activate TLRs during
obesity, which is supported by the finding that saturated FA can activate TLR2 and TLR4 and induce
pro-inflammatory responses (82-84). Thus, obesity-induced inflammation likely contributes to the
development of insulin resistance of muscle, liver, and adipose tissue through several pathways. This

may therefore be promising targets to treat obesity-induced insulin resistance.

Outline of the thesis

Obesity induced adipose tissue inflammation is thought to play a key role in the development of
insulin resistance and other metabolic disorders. If specific inflammatory pathways are causal, they
present promising targets in the treatment of metabolic disorders. However, this requires extensive
knowledge on the triggers for adipose tissue inflammation and subsequent inflammatory pathways
and their effect on metabolic functioning. The research described in this thesis aims to gain more
insight in the development of obesity-associated adipose tissue and systemic inflammation and the
contribution thereof to metabolic disorders.

In chapter 2 we studied systemic as well as adipose tissue inflammation in a human cohort of lean
women, obese women with normal glucose tolerance, and obese women with type 2 diabetes mellitus.
We determined to what extent differences in metabolic health are associated with differences in
inflammatory phenotype and found increased systemic and WAT inflammation in obese women with
T2DM compared to obese women with normal glucose tolerance. In chapter 3 we determined adipose
tissue depot specific differences in expandability and immune cell influx during the development of
obesity in mice. We characterized adipocyte size and functionality of different adipose tissue depots,
as well as extent of inflammation as a function of body weight. We observed significant differences
in WAT depot expandability and immune cell composition. Furthermore, we found that gonadal WAT
seems to primarily expand during the initial development of obesity in mice, after which the expansion
tapered off and CLS formation, liver steatosis, and insulin resistance progressed. Chapter 4 describes

the composition of immune cells in the circulation and WAT of obese humans and mice. A comparison
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of the WAT depots indicated major differences of the composition of immune cells between obese
humans and mice. The composition of immune cells in the circulation was also significantly different
between humans and mice, however the effect of obesity on circulating immune cells shows
similarities.

B cells and their immunoglobulins have been shown to contribute to the development of obesity
related insulin resistance (69, 70). Immunoglobulins can induce immune responses by immune cell
activation via Fc-receptors, or via complement activation. Chapter 5 describes the role of the FcRy-chain
in the development of HFD-induced obesity and related metabolic disorders. We studied FcRy -/- mice,
which lack the signal transducing y-chain of the Fc-receptors, leading to non-functional FcyRl, IlI, and
IV and FceRl, and therefore have diminished IgG and IgE antibody mediated cellular responses. Mice
that lack the FcRy-chain are protected against HFD-induced obesity and related disorders. To further
identify the effector pathway by which obesity-induced IgG antibodies contribute to the development
of insulin resistance, we studied FcyR1234-/-, FcyR2b-/-, and complement C3-/- mice during HFD-
induced obesity in chapter 6. We showed that FcyR or C3 deficiency does not result in decreased WAT
inflammation or insulin resistance. This suggests that if obesity-induced IgG antibodies play a role in
insulin resistance, this is not limited by deletion of FcyR or complement mediated pathways. Chapter

7 provides an overall summary and discussion of the results described in this thesis.



General Introduction

Reference list

10.
11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24,

25.

26.

27.

Haslam DW, James WP. Obesity. Lancet. 2005;366(9492):1197-209.

Allison DB, Fontaine KR, Manson JE, Stevens J, Vanltallie TB. Annual deaths attributable to obesity in the
United States. JAMA. 1999;282(16):1530-8.

Barness LA, Opitz JM, Gilbert-Barness E. Obesity: genetic, molecular, and environmental aspects. Am J Med
Genet A. 2007;143A(24):3016-34.

Mokdad AH, Marks JS, Stroup DF, Gerberding JL. Actual causes of death in the United States, 2000. JAMA.
2004;291(10):1238-45.

WHO. Health topics; Obesity. 2015; Available from: http://www.who.int/topics/obesity/en/.

Cannon B, Nedergaard J. Brown adipose tissue: function and physiological significance. Physiol Rev.
2004;84(1):277-359.

Mu H, Porsgaard T. The metabolism of structured triacylglycerols. Prog Lipid Res. 2005;44(6):430-48.
Eckel RH, Grundy SM, Zimmet PZ. The metabolic syndrome. Lancet. 2005;365(9468):1415-28.

Kershaw EE, Flier JS. Adipose tissue as an endocrine organ. J Clin Endocrinol Metab. 2004;89(6):2548-56.
Rondinone CM. Adipocyte-derived hormones, cytokines, and mediators. Endocrine. 2006;29(1):81-90.

Zhang LJ, Guerrero-Juarez CF, Hata T, Bapat SP, Ramos R, Plikus MV, et al. Innate immunity. Dermal adipocytes
protect against invasive Staphylococcus aureus skin infection. Science. 2015;347(6217):67-71.

Xiao L, Yang X, Lin Y, Li S, Jiang J, Qian S, et al. Large adipocytes function as antigen presenting cells to activate
CD4+ T cells via up-regulating MHCII in obesity. Int J Obes (Lond). 2015.

Deng T, Lyon CJ, Minze LJ, Lin J, Zou J, Liu JZ, et al. Class Il major histocompatibility complex plays an essential
role in obesity-induced adipose inflammation. Cell Metab. 2013;17(3):411-22.

Bjorndal B, Burri L, Staalesen V, Skorve J, Berge RK. Different adipose depots: their role in the development of
metabolic syndrome and mitochondrial response to hypolipidemic agents. J Obes. 2011;2011:490650.

Tran TT, Yamamoto Y, Gesta S, Kahn CR. Beneficial effects of subcutaneous fat transplantation on metabolism.
Cell Metab. 2008;7(5):410-20.

Bigornia SJ, Farb MG, Mott MM, Hess DT, Carmine B, Fiscale A, et al. Relation of depot-specific adipose
inflammation to insulin resistance in human obesity. Nutr Diabetes. 2012;2:e30.

Riordan NH, Ichim TE, Min WP, Wang H, Solano F, Lara F, et al. Non-expanded adipose stromal vascular
fraction cell therapy for multiple sclerosis. J Transl Med. 2009;7:29.

Berry R, Jeffery E, Rodeheffer MS. Weighing in on adipocyte precursors. Cell Metab. 2014;19(1):8-20.

Wang QA, Tao C, Gupta RK, Scherer PE. Tracking adipogenesis during white adipose tissue development,
expansion and regeneration. Nat Med. 2013;19(10):1338-44.

Faust IM, Johnson PR, Stern JS, Hirsch J. Diet-induced adipocyte number increase in adult rats: a new model
of obesity. Am J Physiol. 1978;235(3):E279-86.

Spalding KL, Arner E, Westermark PO, Bernard S, Buchholz BA, Bergmann O, et al. Dynamics of fat cell turnover
in humans. Nature. 2008;453(7196):783-7.

Salans LB, Horton ES, Sims EA. Experimental obesity in man: cellular character of the adipose tissue. J Clin
Invest. 1971;50(5):1005-11.

Tchoukalova YD, Votruba SB, Tchkonia T, Giorgadze N, Kirkland JL, Jensen MD. Regional differences in cellular
mechanisms of adipose tissue gain with overfeeding. Proc Natl Acad Sci U S A. 2010;107(42):18226-31.
Hirsch J, Batchelor B. Adipose tissue cellularity in human obesity. Clinics in endocrinology and metabolism.
1976;5(2):299-311. Epub 1976/07/01.

Boden G. Obesity, insulin resistance and free fatty acids. Curr Opin Endocrinol Diabetes Obes. 2011;18(2):139-
43.

Harwood HJ, Jr. The adipocyte as an endocrine organ in the regulation of metabolic homeostasis.
Neuropharmacology. 2012;63(1):57-75.

Mariman EC, Wang P. Adipocyte extracellular matrix composition, dynamics and role in obesity. Cell Mol Life
Sci. 2010;67(8):1277-92.

17



18

Chapter 1

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

Wernstedt Asterholm |, Tao C, Morley TS, Wang QA, Delgado-Lopez F, Wang ZV, et al. Adipocyte inflammation
is essential for healthy adipose tissue expansion and remodeling. Cell Metab. 2014;20(1):103-18.

Hosogai N, Fukuhara A, Oshima K, Miyata Y, Tanaka S, Segawa K, et al. Adipose tissue hypoxia in obesity and
its impact on adipocytokine dysregulation. Diabetes. 2007;56(4):901-11.

Trayhurn P. Hypoxia and adipose tissue function and dysfunction in obesity. Physiol Rev. 2013;93(1):1-21.
Goossens GH, Bizzarri A, Venteclef N, Essers Y, Cleutjens JP, Konings E, et al. Increased adipose tissue oxygen

tension in obese compared with lean men is accompanied by insulin resistance, impaired adipose tissue
capillarization, and inflammation. Circulation. 2011;124(1):67-76. Epub 2011/06/15.

Sun K, Kusminski CM, Scherer PE. Adipose tissue remodeling and obesity. J Clin Invest. 2011;121(6):2094-101.
Epub 2011/06/03.

Kalupahana NS, Moustaid-Moussa N, Claycombe KJ. Immunity as a link between obesity and insulin resistance.
Mol Aspects Med. 2012;33(1):26-34.

Hotamisligil GS, Arner P, Caro JF, Atkinson RL, Spiegelman BM. Increased adipose tissue expression of tumor
necrosis factor-alpha in human obesity and insulin resistance. J Clin Invest. 1995;95(5):2409-15.

Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte chemoattractant protein-1 (MCP-1): an overview. J
Interferon Cytokine Res. 2009;29(6):313-26.

Aderem A, Underhill DM. Mechanisms of phagocytosis in macrophages. Annu Rev Immunol. 1999;17:593-
623.

Cinti S, Mitchell G, Barbatelli G, Murano |, Ceresi E, Faloia E, et al. Adipocyte death defines macrophage
localization and function in adipose tissue of obese mice and humans. J Lipid Res. 2005;46(11):2347-55.
Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: time for reassessment.
F1000Prime Rep. 2014;6:13.

Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat Rev Immunol.
2008;8(12):958-69.

Trottier MD, Naaz A, Li Y, Fraker PJ. Enhancement of hematopoiesis and lymphopoiesis in diet-induced obese
mice. Proc Natl Acad Sci U S A. 2012;109(20):7622-9.

Nieman DC, Henson DA, Nehlsen-Cannarella SL, Ekkens M, Utter AC, Butterworth DE, et al. Influence of
obesity on immune function. J Am Diet Assoc. 1999;99(3):294-9.

Devaraj S, Jialal I. Alpha tocopherol supplementation decreases serum C-reactive protein and monocyte
interleukin-6 levels in normal volunteers and type 2 diabetic patients. Free Radic Biol Med. 2000;29(8):790-2.
Dandona P, Aljada A, Bandyopadhyay A. Inflammation: the link between insulin resistance, obesity and
diabetes. Trends Immunol. 2004;25(1):4-7.

Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW, Jr. Obesity is associated with
macrophage accumulation in adipose tissue. J Clin Invest. 2003;112(12):1796-808.

Apovian CM, Bigornia S, Mott M, Meyers MR, Ulloor J, Gagua M, et al. Adipose macrophage infiltration is
associated with insulin resistance and vascular endothelial dysfunction in obese subjects. Arterioscler Thromb
Vasc Biol. 2008;28(9):1654-9.

Amano SU, Cohen JL, Vangala P, Tencerova M, Nicoloro SM, Yawe JC, et al. Local proliferation of macrophages
contributes to obesity-associated adipose tissue inflammation. Cell Metab. 2014;19(1):162-71.

Lumeng CN, Deyoung SM, Bodzin JL, Saltiel AR. Increased inflammatory properties of adipose tissue
macrophages recruited during diet-induced obesity. Diabetes. 2007;56(1):16-23.

Gutcher |, Becher B. APC-derived cytokines and T cell polarization in autoimmune inflammation. J Clin Invest.
2007;117(5):1119-27.

Wan YY. Multi-tasking of helper T cells. Immunology. 2010;130(2):166-71.

van der Weerd K, Dik WA, Schrijver B, Schweitzer DH, Langerak AW, Drexhage HA, et al. Morbidly obese
human subjects have increased peripheral blood CD4+ T cells with skewing toward a Treg- and Th2-dominated
phenotype. Diabetes. 2012;61(2):401-8.

Winer S, Paltser G, Chan Y, Tsui H, Engleman E, Winer D, et al. Obesity predisposes to Th17 bias. Eur J Immunol.
2009;39(9):2629-35.

Viardot A, Heilbronn LK, Samocha-Bonet D, Mackay F, Campbell LV, Samaras K. Obesity is associated with



General Introduction

53.

54.

55.

56.

57.

58.

59.

60.
61.
62.
63.

64.

65.

66.

67.

68.

69.

70.
71.
72.

73.

74.
75.

76.

77.

activated and insulin resistant immune cells. Diabetes Metab Res Rev. 2012;28(5):447-54.

Ip BC, Hogan AE, Nikolajczyk BS. Lymphocyte roles in metabolic dysfunction: of men and mice. Trends
Endocrinol Metab. 2015;26(2):91-100.

Wu H, Ghosh S, Perrard XD, Feng L, Garcia GE, Perrard JL, et al. T-cell accumulation and regulated on activation,
normal T cell expressed and secreted upregulation in adipose tissue in obesity. Circulation. 2007;115(8):1029-
38.

Duffaut C, Galitzky J, Lafontan M, Bouloumie A. Unexpected trafficking of immune cells within the adipose
tissue during the onset of obesity. Biochem Biophys Res Commun. 2009;384(4):482-5.

Winer S, Chan Y, Paltser G, Truong D, Tsui H, Bahrami J, et al. Normalization of obesity-associated insulin
resistance through immunotherapy. Nat Med. 2009;15(8):921-9.

Nishimura S, Manabe |, Nagasaki M, Eto K, Yamashita H, Ohsugi M, et al. CD8+ effector T cells contribute to
macrophage recruitment and adipose tissue inflammation in obesity. Nat Med. 2009;15(8):914-20.

Kintscher U, Hartge M, Hess K, Foryst-Ludwig A, Clemenz M, Wabitsch M, et al. 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. 2008;28(7):1304-10.

Rausch ME, Weisberg S, Vardhana P, Tortoriello DV. Obesity in C57BL/6J mice is characterized by adipose
tissue hypoxia and cytotoxic T-cell infiltration. Int J Obes (Lond). 2008;32(3):451-63.

LeBien TW, Tedder TF. B lymphocytes: how they develop and function. Blood. 2008;112(5):1570-80.
Daeron M. Fc receptor biology. Annu Rev Immunol. 1997;15:203-34.
Takai T. Roles of Fc receptors in autoimmunity. Nat Rev Immunol. 2002;2(8):580-92.

Nimmerjahn F, Ravetch JV. Fcgamma receptors as regulators of immune responses. Nat Rev Immunol.
2008;8(1):34-47.
Dunkelberger JR, Song WC. Complement and its role in innate and adaptive immune responses. Cell Res.
2010;20(1):34-50.

Bruhns P. Properties of mouse and human IgG receptors and their contribution to disease models. Blood.
2012;119(24):5640-9.

Jagannathan-Bogdan M, McDonnell ME, Shin H, Rehman Q, Hasturk H, Apovian CM, et al. Elevated
proinflammatory cytokine production by a skewed T cell compartment requires monocytes and promotes
inflammation in type 2 diabetes. J Immunol. 2011;186(2):1162-72.

DeFuria J, Belkina AC, Jagannathan-Bogdan M, Snyder-Cappione J, Carr JD, Nersesova YR, et al. B cells promote
inflammation in obesity and type 2 diabetes through regulation of T-cell function and an inflammatory
cytokine profile. Proc Natl Acad Sci U S A. 2013;110(13):5133-8.

Bassols J, Prats-Puig A, Gispert-Sauch M, Crehuet-Almirall M, Carreras-Badosa G, Diaz-Roldan F, et al.
Increased serum 1gG and IgA in overweight children relate to a less favourable metabolic phenotype. Pediatr
Obes. 2014;9(3):232-8.

Winer DA, Winer S, Shen L, Wadia PP, Yantha J, Paltser G, et al. B cells promote insulin resistance through
modulation of T cells and production of pathogenic IgG antibodies. Nat Med. 2011;17(5):610-7.

Mallat Z. The B-side story in insulin resistance. Nat Med. 2011;17(5):539-40.
Sonksen P, Sonksen J. Insulin: understanding its action in health and disease. Br J Anaesth. 2000;85(1):69-79.

Meyer C, Woerle HJ, Dostou JM, Welle SL, Gerich JE. Abnormal renal, hepatic, and muscle glucose metabolism
following glucose ingestion in type 2 diabetes. Am J Physiol Endocrinol Metab. 2004;287(6):E1049-56.

Makki K, Froguel P, Wolowczuk |. Adipose tissue in obesity-related inflammation and insulin resistance: cells,
cytokines, and chemokines. ISRN Inflamm. 2013;2013:139239.

Shoelson SE, Lee J, Goldfine AB. Inflammation and insulin resistance. J Clin Invest. 2006;116(7):1793-801.

Guilherme A, Virbasius JV, Puri V, Czech MP. Adipocyte dysfunctions linking obesity to insulin resistance and
type 2 diabetes. Nat Rev Mol Cell Biol. 2008;9(5):367-77.

Hirosumi J, Tuncman G, Chang L, Gorgun CZ, Uysal KT, Maeda K, et al. A central role for JNK in obesity and
insulin resistance. Nature. 2002;420(6913):333-6.

Aguirre V, Uchida T, Yenush L, Davis R, White MF. The c-Jun NH(2)-terminal kinase promotes insulin

19



20

Chapter 1

78.

79.

80.

81.
82.

83.

84.

resistance during association with insulin receptor substrate-1 and phosphorylation of Ser(307). J Biol Chem.
2000;275(12):9047-54.

Solinas G, Vilcu C, Neels JG, Bandyopadhyay GK, Luo JL, Naugler W, et al. JNK1 in hematopoietically derived
cells contributes to diet-induced inflammation and insulin resistance without affecting obesity. Cell Metab.
2007;6(5):386-97.

Yuan M, Konstantopoulos N, Lee J, Hansen L, Li ZW, Karin M, et al. Reversal of obesity- and diet-induced insulin
resistance with salicylates or targeted disruption of Ikkbeta. Science. 2001;293(5535):1673-7.

Hundal RS, Petersen KF, Mayerson AB, Randhawa PS, Inzucchi S, Shoelson SE, et al. Mechanism by which high-
dose aspirin improves glucose metabolism in type 2 diabetes. J Clin Invest. 2002;109(10):1321-6.

Unger RH. Lipotoxic diseases. Annu Rev Med. 2002;53:319-36.

Lee JY, Sohn KH, Rhee SH, Hwang D. Saturated fatty acids, but not unsaturated fatty acids, induce the
expression of cyclooxygenase-2 mediated through Toll-like receptor 4. J Biol Chem. 2001;276(20):16683-9.
Senn JJ. Toll-like receptor-2 is essential for the development of palmitate-induced insulin resistance in
myotubes. J Biol Chem. 2006;281(37):26865-75.

Rocha DM, Caldas AP, Oliveira LL, Bressan J, Hermsdorff HH. Saturated fatty acids trigger TLR4-mediated
inflammatory response. Atherosclerosis. 2016;244:211-5. Epub 2015/12/22.



