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Introduction

1 Introduction

1.1 Obesity

Obesity represents a steadily increasing heal#athio our society and is a major
cause of morbidity and mortality. Over the last years, the percentage of overweight
adults in the United States has increased frono88% (Fig. 1) (1). This increment in the
prevalence of overweight and obesity, a trend foumidonly in adults but also in children,
has been observed in many other countries of thddw@-4). According to latest
projections of the World Health Organisation (WHD® billion adults are overweight and
at least 400 million are obese worldwide. These lmens1 will presumably rise to 2.3
billion overweight and 700 million obese individsalntil the year 2015 (5).

The underlying cause of excessive weight gain ee®minuous imbalance between
energy intake on one hand, and energy expenditurethe other (6). Enhanced
susceptibility to obesity is not only attributalbbegenetic variation but also to a number of
other factors including a global shift in diet comsgiion towards higher amounts of fat and
carbohydrates and lower amounts of vitamins, miaeamd other micronutrients (7).
Furthermore, decreased physical activity and at sfofvards a sedentary lifestyle

contribute to the obesity epidemic (8, 9).

[[INoData []<10% [[]10%-14% []15%-19% [l 20%-24% [l =25%

Fig. 1: Prevalence of overweight in the United Stas from 1991-2001.
Since 1991, the percentage of overweight adultsibas from 45 to 58%. Of those overweight in 2088%

were men and 44% were women. Mokdad et al, 2003 (1)
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The most common measure for defining overweight alnesity is the body mass
index (BMI) which is assessed by the ratio of bagyght in kilogramm (W) and height in
meters (H) multiplied by itself (W/l (10). Individuals with a BMI of 25 to 29.9 kgfm
are defined as overweight while obesity is charamd by a BMI of 30 kg/thor higher
(5). Obesity predisposes to a variety of differdiseases. It represents an independent risk
factor for myocardial infarction, stroke, type Z2Zabletes mellitus, and certain types of
cancer (11-13). Adiposity, which is the fractiontofal body mass comprised of neutral
lipid stored in adipose tissue, is closely coredatvith important physiological parameters
such as blood pressure, systemic insulin sengitiserum triglyceride and leptin
concentrations (14-16). Several obesity-relatecbrdesrs including insulin resistance,
glucose intolerance, dyslipidemia, hypertensiom, eoronary artery disease are positively
correlated with adiposity (15, 17). It has beenvaidhat visceral fat accumulation is more
closely linked to obesity-associated pathologiemntbverall adiposity (18). Changes in
adipose tissue mass are associated with chandke endocrine and metabolic functions
of adipose tissue that connect increased adiptzsiiterations in systemic physiology. For
example, the concentration of circulating leptine tmost prominent adipocyte-derived
hormone, positively correlates with increased aclyp® volume and number (19). Leptin
functions as an important regulator of energy iatakd storage, insulin sensitivity, and
metabolic rate (20-22). In contrast, adiposity iegatively correlated with plasma
concentrations of adiponectin, an adipocyte-detiviedulin-sensitizing hormone that
decreases hepatic gluconeogenesis and increasksXigation in muscle (23-25).

Visceral fat accumulation belongs to a group ok ffiactors including high blood
pressure, high blood glucose, high levels of taglydes and low levels of high density
lipoproteins which are subsumed under the term Ilnodita syndrome (26). These
conditions predispose for cardiovascular diseaséD)Cand type 2 diabetes mellitus
(T2DM) (27-29).
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1.2 Diabetes Mellitus

Since one of the major consequences of excessighirgain is the development of
insulin resistance, it is not surprising that aoréase in number of overweight and obese
individuals within a population (Fig. 1) is accompad by a rise in the occurence of
diabetes (Fig. 2). Diabetes mellitus is a chromease and the sixth leading cause of death
in the United States. In 2007, a total of 23.6 inmllUS citizens, representing 8% of the
population, suffered from diabetes. Health carés;aghether assigned to diabetes directly
or indirectly, were estimated at 174 billion USD the year 2007 (30). According to the
WHO 180 million people worldwide suffer from diabstand these numbers are predicted
to more than double by 2030. In 2005, 1.1 milliczople died from diabetes all over the
world and an increase by more than 50% is projefctethe next 10 years (31, 32).

[INoData []<4% []4%-6% [ 7%-8% W 9%-10% [l >10%

Fig. 2: Prevalence of diabetes in the United Statésom 1991-2001.

The prevalence of people diagnosed with diabetmgased to 7.9% in 2001 from 4.9% in 1990, an asxe

of 61%. In 2001, 3.4% of US adults (2.9% men, 38&men) were both obese and had diabetes, an iecreas
of 1.4% compared to 1991. Mokdad et al, 2003 (1).

In principal, there are two idiopathic forms of logies known as type 1 and 2. Type
1 diabetes mellitus (T1DM), also termed juvenilakdites or insulin-dependent diabetes
(IDDM), is characterized by the loss of insulin-gucing -cells in the Langerhans islets
of the pancreas as a result of autoimmune react{®d8s T1DM can be treated and
contained by an insulin replacement therapy anthdienanagement (34).

Type 2 diabetes mellitus, formerly known as adukei diabetes, is the non-
insulin-dependent (NIDDM) form of diabetes and acus for 90-95% of all diagnosed
cases of diabetes (30). This disease develops whemic overnutrition colludes with

genetic susceptibility to cause insulin resistaacd a relative insulin deficiency of non-

-3-
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autoimmune etiology (35, 36). When resistance &rttetabolic effect of insulin occurs,
the pancreas is able to compensate with expans$ipicell mass and hypersecretion of the
hormone (37). It is assumed that the ultimate dtiswis nutrient surplus in the blood,
predominantly glucose and free fatty acids (FFAB-48). However, prolonged
overproduction of insulin leads to progressive datmn of B-cell function associated with
apoptosis-driven loss @cell mass leading to subsequent progression ypea2 diabetic
state (41-43). T2DM is characterized by severe fglpeemia and altered lipid
homeostasis (44-46).

Treatment strategies for T2DM include oral agentghs as sulfonylureas,
biguanides and thiazolidinediones (TZD) which imge insulin secretion, insulin action
and augment overall insulin sensitivity, respedyivg47-50). Interestingly, anti-
inflammatory drugs like salicylates can also imgrowmsulin sensitivity (51, 52). In
addition, lifestyle changes especially increaseetr@ge and dietary adjustments including
caloric restriction ameloriate T2DM morbidity (534). In the long-term, diabetes is
associated with complications such as atherosatgrosetinopathy, nephropathy,
neuropathy and impaired wound healing which all as® significant economical

consequences (55-60).

1.2.1 Systemic and Molecular Effects of Insulin Signaling

Insulin has most potent anabolic effects and presithe synthesis and storage of
carbohydrates, lipids and proteins, while inhilgtitheir degradation and release into the
circulation (44). It controls energy homeostasisbmulating glucose uptake in peripheral
tissues and suppressing the release of storeds lifidm adipose tissue (61-64).
Furthermore, it increases glycolysis and inhibitssgneogenesis in the liver (65-67).

The pleiotropic effects of insulin are mediated lipding of the hormone to its
membrane-bound receptor (68). The insulin recgp®rbelongs to the family of receptor
tyrosine kinases and comprises four subunits o€lwtwo regulatory-subunits inhibit the
two catalyticp-subunits. Upon binding of insulin, tlkesubunits undergo a conformational
change that leads to derepression offtfselbunits which subsequently transphosphorylate
(69). This facilitates interaction with the phospmosine binding (PTB) domains of
downstream signaling components (70-73) which leeato the plasma membrane by
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interaction of their N-terminal Pleckstrin homolofBH) domain with lipid-bound inositol
phosphates (74, 75).

There are at least nine known intracellular substraf the insulin receptor. Four of
these belong to the insulin receptor substrate )(ia®ily (76-78). Others include Grb2-
associated binding protein 1, (380 Casitas B-lineage lymphoma (Cbl), adapter protein
with a pleckstrin homology and a Src homology 2 don{APS) and isoforms of Shc (79-
81). These molecules serve as docking platforms Ska-homology (SH)-2 domain-
containing proteins such as the regulatory subahithe phosphatidylinositol-3 kinase
(PI3K) and the growth factor receptor binding phot€Grb)-2. Subsequent signal
transduction results in the activation of the Pl1aKd the Ras/Raf Mitogen-activated
protein (MAP)-kinase pathways (82-85).

Insulin

Glucose

Glut4 plasma membrane

Glucose
p70$6lb Transport
Glgt4
et Proteln
= i _____ Synthesis

@ ®~©/

/ ! \/ ATP/Nutrients
Apopt03|s «— @ . .

/l\

Gene Transcription/  Glycogen/Fatty Acid Lipolysis  Gene Transcription/
Growth Synthesis Apoptosis

— direct --indirect - translocation — activation — inhibition

Fig. 3: Insulin signal transduction pathway.

Binding of insulin to the insulin receptor resultsreceptor trans-phosphorylation and activaticadieg to
the recruitment and subsequent phosphorylatiomsiilin receptor substrates. This enables the hindfn
SH-2 domain containing proteins, which ultimatedads to the activation of downstream signaling\ways
such as the PI3K or the Ras/Raf MAPK signaling wath (Abbreviations: Akt: Proteinkinase B, APS:

-5-
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adapter protein with a pleckstrin homology and an I®omology 2 domain, CAP: cbl-associated protein,
ERK: extracellular signal-regulated kinase, FOX©@rkhead transcription factor , Glut4: glucose tpaorter

4, Grb2: growth factor receptor binding proteinGsk3: glycogen synthase kinase 3, IR: insulin remep
IRS: insulin receptor substrate, mMTOR: mammalianget of rapamycin, p70S6K: p70 S6 kinase, PI3K:
phosphatidylinositol-3 kinase, PIP: phosphatidyiitml phosphate, Pdk: phosphoinositide-dependerasd,
PKA: Proteinkinase A, PKC: Proteinkinase C, SOS1 ebsevenless, Raf: v-raf-leukemia viral oncogene,

Ras: rat sarcoma)

Activation of the Ras/Raf MAP-kinase pathway le&adscellular proliferation and
differentiation while no significant effect on thmetabolic actions of insulin has been
observed (86, 87). In contrast, insulin-inducedkP#gtivation mediates the vast majority
of metabolic effects of the hormone including glgen, protein and lipid synthesis,
inhibition of apoptosis and stimulation of glucasansport. Most of these processes are
mediated through activation of Protein kinase B/AB-91). However, a PI3K-
independent pathway for the regulation of glucoaagport has also been identified (92).
In this pathway, the insulin receptor directly wgts the adaptor protein APS and the Cbl-
cbl associated protein (93) complex. Tyrosine-phosgated Cbl then recruits the Crkll-
C3G complex to lipid rafts, leading to downstreantivation of TC10 and ultimately

resulting in translocation of glucose transpor@kt(T) 4 to the plasma membrane (94-98)
(Fig. 3).

1.3 Obesity, Inflammation and Insulin Resistance

The nutritional or metabolic state of an organigclosely linked to its immune
system in a delicate balance. Malnutrition impamsune processes thereby rendering an
organism more susceptible to infectious diseasBs 100). This arises from a reduced
metabolic support under conditions of infectionidgmwhich the immune system is highly
dependent on the mobilization of nutrients and Bupfith energy to eliminate pathogens
(101). In contrast, overnutrition i.e. obesity ssaciated with chronic, low-grade activation
of the immune system and increased susceptiboitipnlammatory diseases (102). This
can lead to insulin resistance when inflammatomways interfere with insulin signaling
cascades (103).

The first evidence for the importance of inflammgiteignaling in obesity-induced

insulin resistance was the observation that theirffammatory cytokine tumor necrosis

-6-
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factor (TNF)a is elevated in adipose tissue of obese mice anthhs and is capable of
inducing insulin resistancen vitro (104-106). TNFe acts via the TNF receptor and
activates intracellular protein kinases e.g. thehitor of nuclear factor (NFB kinases
(IKKs) and c-jun N-terminal kinases (JNKs) (107,8)L0Subsequently, these kinases
mediate inhibitory phosphorylation events on seri8807) residues of IRS molecules
(109, 110). S307 phosphorylation of IRS reduces lgosine phosphorylation of IRS in
response to insulin and its ability to associatéhwie insulin receptor, thus inhibiting
downstream signaling and insulin action (111, 11@)ibition or inactivation of IKK or
JNK in mice has been shown to protect from obdsityiced insulin resistance (51, 52,
113-115). Aside from TNFe; a variety of other inflammation-associated fastoicluding
interleukin (IL) 6, IL-1, IL-8, c-reactive protei(CRP), monocyte chemoattractant protein
1 (MCP-1, also called CCL2), vascular cell adhesimolecules (VCAMS) and matrix
metalloproteinases (MMPs) are upregulated in thiposeé tissue and/or circulation of
obese mice and humans and have been linked totylaesl insulin resistance (93, 116-
121).

In addition to these factors, the obesity-assodiaterease in circulating free fatty
acids (FFAs) has been shown to interfere with inssignaling in target tissues via
activation of IKK, JNK and protein kinase C (PKC)2@-127). This interference is
mediated via at least two mechanisms. On one Hafdls induce inflammatory signaling
cascades by activation of toll-like receptors (TLRELRs belong to a family of pattern-
recognition receptors that play a crucial role ativeating the pro-inflammatory response
after contact with microbial pathogens (128). Thestbcharacterized member of this
receptor family is TLR4 which recognizes lipopolgsharides (LPS), components of the
bacterial cell wall. Signal transduction after amit with LPS is mediated through
intracellular binding of myeloid differentiationdtor 88 (MyD88) to the Toll/IL-1 receptor
(TIR) domain of the receptor and subsequent activadf the NkB pathway. This leads
to expression of pro-inflammatory cytokines andrnosbkines and other effectors of the
innate immune response (129).

Besides LPS, whose lipid component is sufficient mbediate TLR signaling,
saturated fatty acids have the full potential tonpote TLR4 activatiomn vitro (130, 131).
Disruption of TLR4 in mice has been demonstratepaxially protect these animals from
obesity-induced insulin resistance and substaptrafiuce the negative effect of systemic
lipid infusion on glucose metabolism and musclailimsaction (132). In addition to TLR

signaling, FFA activate inflammatory serine kinabgsntermediates of their intracellular

-7-
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processing pathways suchpasxidation in the mitochondria, storage to triglside depots
and conversion into ceramides (133-136).

Another important aspect of obesity-induced insudisistance is the development of
endoplasmatic reticulum (ER) stress. Under norroatltions, the ER is the site of protein
folding and assembly by chaperones (137). Howesbesity generates conditions of
glucose or nutrient deprivation, inundation withtyaacids or increased expression of
secretory proteins that elevate the demand on hée&ding to accumulation of unfolded

or misfolded proteins.

FFA LPS TNF Insulin Cytokines

N Lo
\m I!E TLRs, IL1R % CR

plasma membrane

cytoplasm
N
AN
B N
H N
v N
N
FA \‘
intermediates  _
v
// I
// !
7 I
e \ \4
7 - -
7 I insulin
’ action

x
GED (GG &5 | inflammatory markers and mediators
nucleus

— direct —-indirect - translocation — activation — inhibition

Fig. 4: Potential mechanisms for the inhibition ofinsulin signal transduction in obesity.

Obesity increases circulating inflammatory cytokinad free fatty acid concentration. This leads to
activation of cell surface receptors which thenuicel serine kinases like c-jun N-terminal kinaseK)IN
inhibitor of NFkB kinase (IKK) komplex and protekinase ¢ (PKC) isoforms. These kinases then mediate
inhibitory serine (S307) phosphorylation eventsrmsulin receptor substrates (IRS) thereby blockirsylin
action. Additionally, transcription factors nuclefactor kB (NFkB), activator protein (AP) 1 and s
transducer and activator of transcription (Statjvate inflammatory gene expression thereby enmanci
production and secretion of inflammatory markersl amediators. Furthermore, endoplasmatic reticulum

(ER) stress and intermediates of fatty acid metaboimay activate stress kinases. (Abbreviations: CR
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cytokine receptor, FFA: free fatty acid, FA: fattyid, IL1R: interleukin-1 receptor, IR: insulin egtor, IRS:
insulin receptor substrate, LPS: lipopolysaccharifleR: toll-like receptor, TNF: tumor necrosis fact
TNFR: TNF receptor)

This in turn triggers the unfolded protein resporfsd’R) which enhances the
transcription of genes involved in assembly, fadgdimodification and degradation of
proteins to normalize ER function (138). It hasrbsaggested that failure of this adaptive
response leads to activation of various cell deffibctors such as Bax, Bak and caspases
(139-141). Nevertheless, the UPR not only affe@segtranscription and pro-apoptotic
factors but also activates stress kinases like 3K expression of pro-inflammatory
cytokines via the IKK/NkB axis which ultimately induces insulin resistarité2-144). A
recent study demonstrated that the genetic dismptf x-box protein (XBP) 1, a
transcription factor that mediates expression of &Rperones, leads to increased ER
stress, activation of JNK and induction of insul@sistance via serine-phosphorylation of
IRS in diet-induced obese mice (138). Furthermtyegtment of diet-induced obese mice
with orally active chemical chaperones reversesdheffects on ER stress and JNK and
improves tissue insulin sensitivity (145). Thesedihgs underline the importance of ER

stress and inflammatory signals in the developrménbesity-induced insulin resistance.

1.4 Macrophages

In general, macrophages belong to the mononucleagqryte system which also
includes monocytes and their lineage-committed ypsErs (146). The first step of
macrophage development takes place in the boneomanhere myeloid progenitors
differentiate into monocytes. Monocytes in turnegnthe circulation and give rise to
tissue-resident macrophage populations throughbet dody (147). Recruitment of
monocytes to peripheral tissues and differentialia macrophages is enhanced by pro-
inflammatory, metabolic and immune stimuli (148)adfophages are classically defined
to belong to the innate immune system and, dulkdio tibiquitous distribution, represent a
first line of defense against invading pathogend9)1 Their main functions are the
maintenance of tissue homeostasis and initiation tleg inflammatory response.
Furthermore, macrophages harbor pronounced chetitogaxdd phagocytotic abilities and

contribute to tissue remodeling and repair (150acMphage dysfunction is associated
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with a variety of diabetes-associated diseases saghatherosclerosis, retinopathy,

nephropathy, neuropathy and impaired wound he#libg, 152).

1.4.1 The Role of Macrophages in Obesity-induced InsulifResistance

In obesity, the adipose tissue is an importantaitat of the inflammatory response
since it not only serves as a storage depot foesxcalories, but is also capable of
secreting fatty acids, hormones, cytokines and chkémes which then act in both
endocrine and paracrine fashion (153). Althougmdinly consists of adipocytes, the
adipose tissue also contains preadipocytes, enddtoells and immune cells which all
reside in the stromal vascular fraction. During agion of the adipose tissue in obesity,
local hypoxia occurs due to hypoperfusion with bla@ssels. This microhypoxia induces
activation of JNK and NEB signaling cascades and increases inflammatorye gen
expression, leading to secretion of chemokines aftinately, adipocyte death (154).
Chemokines that are released into the circulatimmng these events attract macrophages
which then surround dead adipocytes for removatedf debris and tissue remodeling
(155). In addition, these macrophages secretenfl@mmatory cytokines and chemokines
thereby inducing insulin resistance in adjacentpecites and recruiting more
macrophages from the vascularity to the fat tigd56).

Accumulation of macrophages in adipose tissue isimportant hallmark of
adiposity, a condition in which these cells repng% of the total adipose cell content in
contrast to only 10% in lean counterparts (157).ndMonal disruption of pro-
inflammatory kinases JNK1 and IKspecifically in myeloid cells protected mice from
diet-induced insulin resistance, decreased thanmfiatory tone and blocked accumulation
of macrophages in adipose tissue in different neodélobesity (114, 158). Interestingly,
although JNK1 and IKK remained intact in all organs despite immune celtseffect on
adiposity was observed in these studies. Furthexpmamventional disruption of MCP-1,
which is an important chemoattractant for immunkscer its receptor CCR2, prevented
the accumulation of macrophages in adipose tis$u@ese mice and improved overall
insulin sensitivity (159, 160). These studies dieandicate that systemic inflammation
alone can affect insulin sensitivity and that theesity-associated inflammatory state is
mainly mediated through the myeloid compartmenthefimmune system and infiltration

of immune cells into adipose tissue.
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1.4.2 Adipose Tissue Macrophage Heterogeneity

Macrophages can be divided into at least two suljggoM1 and M2 (161). M1-
cells are defined as "classically activated" mabeges, which are induced by interferon
(IFN) y and LPS. These macrophages secrete pro-inflamynaytokines (e.g. TNFe, IL-

6, IL-12) and produce high levels of nitric oxidé@) via inducible nitric oxide synthase
(INOS) expression (162). In addition, they showr@ased reactivity to fatty acids and
LPS. M2-cells or "alternatively activated" macrogha are induced by IL-4 or IL-13 and
display a more anti-inflammatory phenotype sinaytproduce high levels of IL-10 and
IL-1 decoy receptor and only secrete low levelspob-inflammatory cytokines. M2
macrophages are generally involved in tissue repadrremodeling (163).

Recently, it has been demonstrated that macrophagading the adipose tissue of
obese animals exhibit a different polarization carep to the cells identified in the
adipose tissue of lean animals. Freshly recruitedrophages are positive for surface
markers F4/80, CD11b and CD11c and have a prondupce-inflammatory profile
showing high reactivity to LPS and FFA allocatirigeiin to the M1 subgroup (164). In
contrast, resident adipose tissue macrophagesaim dmimals also express F4/80 and
CD11b surface markers, but lack CD11c expressimost completely. These cells exhibit
an M2/anti-inflammatory profile showing reduced egsion of IL-6, INOS and CCR2
(165). Notably, the obesity-induced switch in thdipase tissue macrophage activation
state is not dependent on the conversion of resid@nmacrophages to an M1 phenotype
but arises from a localized recruitment of inflantomg macrophage subtypes out of the
circulation (166). An important mediator of M1 to2Mpolarization of macrophages is the
nuclear receptor peroxisome proliferator-activaezeptor (PPARY which acts as a lipid
sensor (167) and whose conditional disruption irelmig cells has been shown to impair
alternative activation of macrophages and predespofor obesity-induced insulin
resistance and glucose intolerance (168). Actimatdb PPAR in macrophages e.g. by
treatment with TZDs polarizes towards an M2 phepetythus also providing an
explanation for the beneficial effect of these coommds on insulin sensitivity in humans
(169). Recently, the importance of M1 vs. M2 mabiagpes in obesity-induced insulin
resistance has been demonstrated by Patsourisadledgues. In this study, ablation of
CD11c-positive cells in obese, insulin resistantceniead to a drastic decrease in
inflammatory marker expression and normalized inssgnsitivity to that of lean controls
(170).
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According to these findings, it is clear that aated macrophages infiltrate the
adipose tissue in obesity. However, another imporgaestion asks which signals lead to
activation of macrophages in this context. Obepityvides an extracellular environment
that is enriched with lipids, pro-inflammatory clioes, chemokines and even gut-derived
bacterial compounds which can activate macrophad@4). Among the receptors
activated by these signals, TLRs are the most sintety investigated family. Disruption of
TLR2 or TLR4 or both prevent the activation of arffimation in macrophages by FFA
(172, 173). In addition to FFA, cytokines derivedni expanding adipose tissue, ER stress
and also microhypoxia, whose central mediator higooducible factor (HIF) was shown
to be crucial for the regulation of macrophage fiomc(174), can activate inflammatory
pathways in these cell types.

1.5 Macrophages and Insulin

Until now, only few studies have been performedhtgestigate the effect of insulin
itself on macrophage activation and function. Primanonocytes and macrophages
express insulin receptors as they were used ty stisdlin binding affinities and receptor
turnover in the 1970s (175-177). The functionabfythe insulin receptor on monocytes
was demonstrated first when insulin was shown talutede Fc receptor expression on
these cells (178). Furthermore, insulin augmente thacteriocidal properties of
macrophages again§lalmonella typhimuriumand enhances their chemotactic activity
towards pancreatif-cell isletsin vitro (179, 180). Approximately 10 years later, Costa-
Rosa and colleagues further investigated insukffsct on macrophage key functions.
They demonstrated that insulin does not affect oaliration, at least in response to
thioglycolate and Bacille Calmette-Guérin (BCG), t bwsignificantly enhances
phagocytosis, kO, production and glucose metabolism in macrophab@s)(

More recent studies demonstrated that insulin isdUENFee mMRNA and protein
expression in an ERK-dependent manner and pronseiesval in a human monocytic
cell-line (182, 183). Moreover, the same cell-limghen exposed to LPS followed by
insulin treatment, shows enhanced secretion of &N#ad IL-13 compared to LPS alone
(184). The role of insulin in cell survival was @lslemonstrated in primary murine

macrophages. Treatment with insulin increased praivels of anti-apoptotic B-cell
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lymphoma (Bcl) 2 and induced XBP-1 and 78 kDa ghecoesponse protein (GRP78),
which are both involved in the UPR (185).

The concept of insulin's role in macrophage sutvwas further supported when
Han et al. demonstrated that in a mouse modelhafrasclerosis, transplantation of bone
marrow from insulin receptor-deficient animals in@olow density lipoprotein (LDL)
receptor-deficient background, leads to advancesiorie formation (186). This was
ascribed to increased ER stress and apoptosis-defiRient macrophages due to elevated
scavenger receptor A (SRA) expression and enhangadke of oxidized LDL.
Interestingly, our lab demonstrated in a similardgt that myeloid cell-autonomous IR-
deficiency decreases formation of atherosclerdaqyees in mice (187). Here, IR-deficient
primary macrophages displayed unaltered uptakee#fidk of cholesterol. Furthermore,
IR-deficient macrophages exhibited decreased esjmesand secretion of IL-6 after
stimulation with LPS indicating a reduced inflamorgtresponse in these cells.

Taken together, insulin exerts a variety of effemtsmacrophage function including
survival, phagocytosis, migration and inflammatargne expression. However, until
today, the role of macrophage insulin receptor aigg in obesity-induced insulin

resistance remains elusive.

1.6 Obijectives

To study the role of insulin signal transductionnmacrophages in obesity-induced
insulin resistance, mice with a conditional disraptof the insulin receptor specifically in
myeloid cells were generated. The aim of this stwadg to physiologically characterize
these animals under normal chow and high fat theaddition, we sought to study glucose
metabolism in insulin target tissues by euglycemiperinsulinemic clamp analysis. Also,
the impact of myeloid cell insulin receptor defitdy on obesity-associated inflammation,
both locally and systemically, was to be investgat-urthermore, we wanted to analyze
the action of insulin in primary macrophages inefl-autonomous fashion in relation to

migration/chemotaxis, apoptosis and inflammation.
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2 Materials and Methods

2.1 Chemicals

Size markers for agarose gel electrophoresis (Gemer DNA Ladder Mix) and for
SDS-PAGE (Prestained Protein Ladder Mix) were ofatéifrom MBI Fermentas, St.
Leon-Rot, Germany. RedTag DNA Polymerase and 1@dTRq buffer were purchased

from Sigma-Aldrich, Seelze, Germany.

Chemical

Supplier

g-aminocaproic acid
2-Deoxy-D-[1**C]-Glucose
Acetone

Acrylamide

Agarose (Ultra Pure)
Amyloglucosidase

Aprotinin

Benzamidine
B-Mercaptoethanold-ME)
Bovine serum albumin (BSA)
BSA essentially fatty acid free
Bradford reagent
Bromphenol blue

Calcein

Chloroform

D-[3-*H]-Glucose

Sigma-Aldrich, Seelze, Germany
Amersham, Freiburg, Germany
KMF Laborchemie, Lohmar, Germany
Roth, Karlsruhe, Germany
Invitrogen, Karlsruhe, Germany
Roche, Mannheim, Germany
Sigma-Aldrich, Seelze, Germany
Sigma-Aldrich, Seelze, Germany
AppliChem, Darmstadt, Germany
Sigma-Aldrich, Seelzer@any
Sigma-Aldrich, SeelGermany
Bio-Rad, Miinchen, Germany
Merck, Darmstadt, Germany
Invitrogen, Karlsruhe, Germany
Merck, Darmstadt, Germany

Amersham, Freiburg, Germany

Desoxy-Ribonucleotid-Triphosphates (ANTPs) Amershamiburg, Germany

Dextran sulfate
Dimethylsulfoxide (DMSO)
Dithiothreitol (DTT)

Enhanced Chemiluminscence (ECL) Kit

Ethanol, absolute

Ethidium bromide

Ethylendiamine tetraacetate (EDTA)

AppliChem, Darmstadt, Germany
Merck, Darmstadt, Germany
Boehringer, Mannheim, Germany
Perbio ScieBosn, Germany
AppliChem, Darmstadt, Germany
Sigma-Aldrich, Seelze, Germany

AppliChem, Dalads Germany
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Fetal Calf Serum (FCS) Gibco BRL, Eggenstein, Gegma
Gelatine Sigma-Aldrich, Seelze, Germany
Glacial acetic acid Roth, Karlsruhe, Germany
Glucose DeltaSelect, Pfullingen, Germany
Glycerol Serva, Heidelberg, Germany
Hydrochloric acid (37 %) KMF Laborchemie, Lohmaem@any
Insulin Novo Nordisk, Bagsveerd, Denmark
Isopropanol Roth, Karlsruhe, Germany
Laddermaf™ DNA Labeling Kit Cambrex Bio Science, Verviers,lgiem
Leptin Sigma-Aldrich, Seelze, Germany
Lipopolysaccharide (LPS) Sigma-Aldrich, Seelze, rGany
MCP-1 Sigma-Aldrich, Seelze, Germany
Methanol Roth, Karlsruhe, Germany
Non-essential amino acids Gibco BRL, Eggensteimnaay
Palmitate Sigma-Aldrich, Seelze, Germany
Penicillin/Streptomycin Solution Gibco BRL, Eggegist Germany
Phenol-Chloroform-Isoamyl alcohol AppliChem, Daradt{ Germany
Phenylmethylsulfonylfluoride (PMSF) Sigma-AldricBeelze, Germany
Phosphate buffered saline (PBS) Gibco BRL, Eggans&ermany
Potassium hydroxide Merck, Darmstadt, Germany
Proteinase K Roche, Mannheim, Germany
RPMI 1640 Gibco BRL, Eggenstein, Germany
Salmon sperm DNA Sigma-Aldrich, Seelze, Germany
Sodium acetate AppliChem, Darmstadt, Germany
Sodium chloride AppliChem, Darmstadt, Germany
Sodium dodecyl sulfate AppliChem, Darmstadt, Genynan
Sodium hydroxide AppliChem, Darmstadt, Germany
Sodium fluoride Merck, Darmstadt, Germany
Sodium orthovanadate Sigma-Aldrich, Seelze, Germany
Sodium pyruvate Gibco BRL, Eggenstein, Germany
Sucrose AppliChem, Darmstadt, Germany
Tetramethylethylenediamine Sigma-Aldrich, Seelzetrriany
Thioglycollate Sigma-Aldrich, Seelze, Germany
Tramadolehydrochloride Grinenthal GmbH, Stolbergrr@ny
Avertin Sigma-Aldrich, Seelze, Germany
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Trishydroxymethylaminomethane AppliChem, Darmst&#rmany
Triton X-100 Applichem, Darmstadt, Germany
Tween 20 Applichem, Darmstadt, Germany
Western Blocking Reagent Roche, Mannheim, Germany

Table 1: Chemicals

2.2 Molecular Biology

Standard methods of molecular biology were perfaraecording to Sambrook and

Russell (188), unless stated otherwise.

2.2.1 Isolation of Genomic DNA

Mouse tail biopsies were incubated 2-3 hours (Hysis buffer (100 mM Tris-HCI
(pH 8.5), 5 mM EDTA, 0.2% (w/v) SDS, 0.2 M NaCl, ®Qug/ml proteinase K) in a
thermomixer (Eppendorf, Hamburg, Germany) at 56P@ritoneal macrophages were
incubated in lysis buffer at 56°C overnight. Préaifpon was performed by addition of one
equivalent of isopropanol. After centrifugation amdingle washing step with 70% (v/v)
ethanol, the DNA pellet was dried at room tempesat(RT) for 30 minutes and
resuspended in double distilled water (dOH

For Southern blot analysis, 100 mg of murine tisseee digested in lysis buffer
containing 1 g/ml of proteinase K overnight in &riomixer at 56°C. Samples were
centrifuged to discard debris and an equal volumghenol-chloroform-isoamyl alcohol
mixture ((v/iviv) 25:24:1, saturated with 100 mM dr{pH 8.0)) was added to the
supernatant. Following centrifugation, the aguephase was transferred to a fresh vial
and mixed with an equivalent of chloroform. Afteantrifugation, DNA was precipitated
from the supernatant as described above and reslegpen TE buffer (10 mM Tris-HCI
(pH 8), 1 mM EDTA) containing 50 pg/ml RNasel.
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2.2.2 Southern Blot Analysis

10 pg of phenol-chloroform-extracted DNA were digésovernight at 37°C, with
50 U of Ncol restriction enzyme (MBI Fermentas Gml#i. Leon-Rot, Germany), and
separated electrophoretically on a 0.8% (w/v) aggrgel at 60 V. The DNA was
subsequently transferred to a Hyb8AdN+ nylon membrane (Amersham, Braunschweig,
Germany) by an alkaline capillary transfer (189y amosslinked to the membrane by
baking at 80°C for 20 min. A probe was PCR-ampglifiesing customized primers (Table
2) and labelled with3P]-dCTP using the Ladderm2h DNA Labeling Kit (TaKaRa;
Cambrex Bio Science, Verviers, Belgium). Membrawese equilibrated in 2 x SSC and
then prehybridized at 65°C for 4 h in hybridizatisolution (1 M NaCl, 1% (w/v) SDS,
10% (w/v) dextran sulfate, 50 mM Tris-HCI (pH 7.250 pg/ml sonicated salmon sperm
DNA). The radioactively labelled probe was thenedido the prehybridization solution.
Hybridization of the probe to its corresponding s&tce on the nylon membrane was
performed overnight at 68°C in a rotating cylindemspecifically bound probe was
removed by washing the membrane initially with 3&C / 0.1 % (w/v) SDS, followed by
1 x SSC/0.1% (w/v) SDS, if necessary. All wasiwese performed at 68°C under gentle
shaking for 10-20 min. After each wash, the membraras monitored with a Geiger
counter and the washes were stopped when radiggcteached 50 to 200 cps. The
membrane was then sealed in a plastic bag and expgosX-ray film (Kodak XAR-5 or
BioMAX MS; Eastman Kodak) at -80°C. Films were dieyed in an automatic developer
(Agfa, Koln, Germany).

Probe Primer Sequence (5'-3) Orientation
IR Ncol5’ CCATGGGTCCATAACCTATC sense
IR Ncol3’ AGTGATGAGATGGCTCATTAG antisense

Table 2: Oligonucleotides used to amplify the soutirn blot probe
All primer sequences are displayed in 5’-3’ ord@rimer orientation is designated “sense” when dding

with transcriptional direction. All primers werenghased from Eurogentec, Cologne, Germany.
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2.2.3 Quantification of Nucleic Acids

Nucleic acid concentration was assessed by megsiiménsample absorption at 260
nm with a NanoDroP ND-1000 UV-Vis Spectrophotometer (Peglab, Erlanggarmany).
An optical density of 1 corresponds to approximate# pg/ml of double-stranded DNA,
40 pg/ml of RNA and 33 pg/ml of ssDNA. The 260/286 absorbance ratio was used as
a measure of purity for nucleic acid samples. Aoraf ~1,8 was accepted as pure DNA
and a ratio of ~2,0 as pure RNA.

2.2.4 Polymerase Chain Reaction (PCR)

The PCR method (190, 191) was used to genotype imidde presence of floxed
alleles or transgenes with customized primersdigteTable 2. Reactions were performed
in a Thermocycler iCycler PCR machine (Bio-Rad, Mlien, Germany) or in a Peltier
Thermal Cycler PTC-200 (MJ Research, Waltham, USAI. amplifications were
performed in a total reaction volume of 25 pl, @ming a minimum of 50 ng template
DNA, 25 pmol of each primer, 25 uM dNTP Mix, 10 xdRraq reaction buffer and 1 unit
of RedTag DNA Polymerase. Standard PCR programgedtawith 4 minutes (192)
denaturation at 95°C, followed by 30 cycles comgjsiof denaturation at 95°C for 45
seconds (sec), annealing at oligonucleotide-spet@fperatures for 30 sec and elongation
at 72°C for 30 sec and a final elongation step2aC7for 7 min. PCR-amplified DNA
fragments were applied to 1% - 2% (w/v) agarose @gelx TAE, 0.5 mg/ml ethidium

bromide) and electrophoresed at 120 V.

Primer Sequence (5'-3) Tannealing [°C] Orientation
LysMCre5’ CTC TAG TCAGCC AGC AGC TG 59 sense
LysMCre3’ ATG TTT AGC TGG CCC AAATGT 59 antisense

IR5’ GAT GTG CAC CCC ATGTCT G 58 sense
IR3’ CTG AAT AGC TGA GAC CAC AG 58 antisense
IR4 GGG TAG GAA ACA GGATGG 58 sense

Table 3: Oligonucleotides used for genotyping
All primer sequences are displayed in 5’-3’ ordeftimer orientation is designated “sense” when dding

with transcriptional direction. All primers werenghased from Eurogentec, Cologne, Germany.
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2.2.5 RNA Extraction, RT-PCR and Quantitative Realtime PCR

Total RNA from murine cells and tissues was exgdaising the Qiagen RNeasy
Kit (Qiagen, Hilden, Germany). 1 pug of each RNA pénwas reversely transcribed using
the Eurogentec RT Kit (Eurogentec, Cologne, Germamcording to manufacturer’s
instructions. The cDNA was subsequently amplifi@ing an ABI Prism 7900HT Fast
Real-time PCR System (Applied Biosystems, Fostgyr, CISA).

Probe Catalogue N°

Adiponectin MmO00456425 m1
Bax MmO00432050_m1
Bcl-2 MmO00477631_m1
CCI2 MmO00441242_m1
CCI3 MmO00441258_m1
F4/80 Mm00802530_m1
Gusb MmO00446953 _m1
Hprtl MmO00446968 m1
IL-6 MmO00446190_m1
Insr MmO00439693 m1l
Leptin MmO00434759_m1
Mac-2 MmO00802901_m1
TNF-o MmO00443258 m1l

Table 4: Tagman Gene Expression Assays

All assays were purchased from Applied Biosystdraster City, USA.

Relative expression of Adiponectin, CCI-2, CCI-&/80, Leptin, Mac-1, Mac-2 and TNF-
a MRNA was determined using standard curves basedlute adipose tissue cDNA.
Samples were adjusted for total cDNA content by cGtanidase beta (Gusb) and
hypoxanthine guanine phosphoribosyl transferaset{Hp mMRNA guantitative Realtime
PCR. Calculations were performed by a comparativethod (2*“°"). In brief, the
amplification plot is the plot of fluorescence wessPCR number. The threshold cycle

value (Ct) is the fractional PCR cycle number atchtthe fluorescent signal reached the
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detection threshold. Therefore, the input cDNA copynber and Ct are inversely related.
Data were analyzed with the Sequence Detector By&3®S) software version 2.1 (ABI)
and Ct value was automatically converted to foldnge RQ value ((RQ) = #4°"). The
RQ values from each gene were then used to contphargene expression across all

groups.

2.2.6 Protein Extraction

Cell pellets or snap-frozen tissues were disruptelysis buffer (50 mM HEPES
(pH 7.4), 1% (v/v) Triton X-100, 0.1 M sodium flude, 10 mM EDTA, 50 mM sodium
chloride, 10 mM sodium orthovanadate, 0,1% (w/v)SSL0 pg/ml aprotinin, 2 mM
benzamidine, 2 mM phenylmethylsulfonyl fluoride (BM)) by resuspension and gentle
vortexing or by usage of a polytron homogenizer AIKVerke, Staufen, Germany),
respectively. Particulate matter was removed bytrifagation for 1 h at 4°C. The
supernatant was transferred to a fresh vial antejoreaoncentration was determined using
a Bradford assay. Protein extracts were dilutef tog/ml with lysis buffer and 4 x SDS
sample buffer (125 mM Tris-HCI (pH 6.8), 5% (w/MpS, 43.5% (w/v) glycerol, 100 mM
DTT, and 0.02% (v/v) bromophenol blue), incubate®%°C over 5 min and stored at -
80°C.

2.2.7 SAPK/JINK Kinase Assay

A c-Jun fusion protein linked to agarose beads (§8RK Kinase assay #9810;
Cell Signaling, Danvers, MA, USA) was used to mdivn SAPK/IJNK enzyme from liver
and skeletal muscle protein extracts. Immunopre&tipn was performed by overnight
incubation at 4°C. After two washes with lysis leufand kinase buffer, 200 uM ATP was
supplemented to the precipitate. The phosphorylagaction was carried out at 30°C and
stopped after 30 min by addition of 4 x SDS santyitfer. Detection of phospho-c-Jun by
western blot analysis was used to measure SAPKitgcti
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2.2.8 Western Blot Analysis

Frozen protein extracts were thawed at 95°C forify then separated on 10-15%
(v/v) SDS polyacrylamide gels (193) and blotted co®VDF membranes (Bio-Rad,
Minchen, Germany). Membranes were then incubatéd ¥ (v/v) blocking reagent
(Roche, Mannheim, Germany) for 1 h at RT. Subseiygorimary antibodies (Table 5)
diluted in 0.5% (v/v) blocking solution were applievernight at 4°C. PVDF membranes
were then washed four times for 5 min with 1 x T®81 (v/v) Tween. After 1 h
incubation at RT with the respective secondarybadlies, membranes were washed 4
times for 10 min with 1 x TBS/0.01 (v/v) Tween,sed in 1 x TBS, incubated for 1 min in
Pierce ECL Western Blotting Substrate (Perbio SmerBonn, Germany), sealed in a
plastic bag and exposed to chemiluminescence filsmefsham, Braunschweig,

Germany). Films were developed in an automatic ldgee.

Antibody Catalogue N° Distributor Dilution
Actin A5441 Sigma Aldrich, Seelze, Germany 1:10000
Akt 9272 Cell Signaling, Danvers, MA, USA 1:1000
p-Akt (Ser473) 9271 Cell Signaling, Danvers, MA,AJS 1:1000
p-c-jun (Ser63) 9810 (101) Cell Signaling, Danvédg,, USA 1:1000
IRB (C-19) sc-711 Santa Cruz, Heidelberg, Germany 1:200
SAPK/INK 9252 Cell Signaling, Danvers, MA, USA 1000

Table 5: Primary antibodies used for western blot aalysis
All respective secondary antibodies were purchdsma Sigma Aldrich, Seelze, Germany, and used in a
1:1000 dilution.

2.2.9 Gelatin Zymography

Cell culture supernatants were purified from loweslecular weight proteins (<50
kDa) by centrifugation through MicrocBnYM-50 Centrifugal Filter Units (# 42415,
Millipore, Billerica, MA, USA) for 10 minutes at RTAfter determination of the protein
concentration by a Bradford assay, 10 ug totalgmotvere diluted with 4xSDS sample
buffer (100 mM Tris, 10% (v/v) glycerol, 0.5% (w/\§DS, 0.05% (w/v) bromophenol
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blue) and separated on a 10% (v/v) SDS polyacrgamngel (containing 0.1 mg/ml (w/v)
gelatine) at 20 mA with 1xSDS running buffer (3 ¢d/v) Tris base, 14.4 g/l (w/v)
glycine, 1 g/l (w/v) SDS, pH 8.3 . Subsequentlye tel was soaked in 2.5% (v/v) Triton
X-100 for 1h at RT. After three fast washing stepth ddHO, the gel was transferred to
MMP activation buffer (50 mM Tris-HCI, 5 mM Cag£IlpH 8) and incubated at 37°C
overnight in a humidified chamber to carry out thgestion reaction. Following three 5
min washes with dd}D, the gel was stained with 2.5 g/l (w/v) Coomassiliant-blue R-
250 for 1 h at RT. Levels of gelatinolytic activityere revealed by destaining with 40%
(v/v) methanol until the bands appeared clearlgntthe gel was wrapped in plastic foll

and scanned on a Canon Canoscan 8800F.

2.2.10ELISA

Mouse insulin (Mouse/Rat Insulin ELISA; Crystal @meDowners Grove, IL,
USA), leptin (ACTIVE® Murine Leptin ELISA; Diagnostics Systems Laborasy
Webster, TX, USA), TNF: (Quantikine Mouse TNF-alpha/TNFSF1A ELISA; R&D
Systems, Wiesbaden, Germany), IL-6 (Quantikine Molis6 ELISA; R&D Systems,
Wiesbaden, Germany), adiponectin (Quantikine Madiponectin/Acrp30 ELISA; R&D
Systems, Wiesbaden, Germany) and MMP-9 (QuantikMoese MMP-9 (total) ELISA,
R&D Systems, Wiesbaden, Germany) concentratioremrs or cell culture supernatant
was determined using mouse standards according aoufacturer's guidelines and
measured on a Precision Microplate Reader (Emaxeddtar Devices GmbH, Minchen,

Germany).
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2.3 Cell Culture and Tissue Analysis

2.3.1 Preparation of L-cell Conditioned Medium

L929 fibroblasts were seeded on 175 cm? tissuaureuliiasks in 50 ml DMEM
(supplemented with 10% (v/v) heat inactivated FQ%y (v/v) glutamine, 1% (v/v)
penicillin-streptomycin). After confluency was réad, 50 ml fresh medium was added to
the flasks and cells were incubated without furthedium exchange for 14 days at 37°C
and 5% CGQ. At the end of the incubation period, medium frdifferent flask was pooled,
sterile-filtered through a 0.22 um membrane angualied to 50 ml Falcon tubes. L-cell
conditioned medium (LCM) was stored at -80°C umsié.

2.3.2 Preparation of Palmitic Acid Media

Preparation of 20% BSAEssentially fatty acid free bovine serum albun20%
(wiv) BSA, # A6003, Sigma-Aldrich, Seelze, Germamygs layered on top of PBS and

allowed to percolate overnight at 4°C without st After sterile filtering into aliquots,

fatty acid free BSA was stored at 4°C until theerkpent.

Preparation of 20 mM palmitic acidPalmitic acid solution was prepared freshly
before each experiment. 15 ml NaOH (0,01 N) werenveal to 70°C. Subsequently, 84
mg palmitic acid (# P5585, Sigma-Aldrich, Seelzern@any) were added and incubated
for 20-30 min at 70°C. During the incubation peri@®-100 ul aliquots of 1 N NaOH

were added and the mixture was vortexed severabktumtil the solution cleared.

Preparation of palmitic acid mediun€omplexing was performed immediately

after palmitic acid was dissolved completely. 05020 mM palmitic acid solution were

added to 1.65 ml prewarmed (37°) 20% fatty acie BBSA by vortexing at lowest speed
without introducing any bubbles. Complexes were eadtmmediately to 17.85 ml of
prewarmed (37°C) RPMI 1640 (supplemented 1% (Viwjagnine and 1% (v/v) penicillin-

streptomycin). Palmitic acid medium (500 uM plaméicid, 250 uM BSA) was then filter
sterilized through a 0.22 pum membrane and stordfdGfor up to one week.
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2.3.3 Differentiation of Murine Bone Marrow to Macrophages

Bone marrow cells were plated at a concentratioi-8f1(f cells/ml in RPMI
1640 (Invitrogen GmbH, Karlsruhe, Germany; suppletee¢ with 10% (v/v) heat
inactivated FCS, 1% (v/v) glutamine, 1% (v/v) pdficstreptomycin and 10% (v/v)
LCM) on 15 cm bacterial petridishes. After 6-8 daysdium was renewed followed by
further incubation until day 10. Adherent cells weremoved from the plates with
TrypLE™ Express (Gibco BRL, Eggenstein, Germanynted and seeded for further
experiments in RPMI 1640 with LCM. Preceding ak texperiments, cells were washed

two times with sterile PBS and, if stimulated witilsulin, serum-starved for 16-20 h.

2.3.4 Culture of Primary Murine Macrophages

Cells were plated at a density of 1¥41@1 on tissue culture dishes (Greiner Bio-One
GmbH, Frickenhausen, Germany) in RPMI 1640 (supplaed with 10% (v/v) heat
inactivated FCS, 1% (v/v) glutamine, 1% (v/v) pdhicstreptomycin) and were allowed
to adhere overnight at 37°C, 5% ¢énd 95% humidity. On the next day, adherent cells
were washed once with PBS followed by further iratidn in RPMI 1640. Preceding all
the experiments, cells were washed two times wighile PBS and, if stimulated with

insulin, serum-starved for 16-20 h.

2.3.5 Detection of Apoptotic Cells by TUNEL Assay

For assessment of apoptosis in primary macrophdgef)eadEnd™ Fluorometric
TUNEL system (# G3250, Promega Corporation, Madidsth, USA) was used. The
protocol for adherent cells was carried out acewydo the manufacturer's instructions.
Initially, cells were grown directly on glass cov&ips in 6-well tissue culture dishes.
After a 24 h stimulation period, cells were fixedy bncubation in 4% (w/v)
paraformaldehyde (PFA) for 20 min at 4°C. After twashing steps with PBS, cells were
permeabilized with 0.2% (v/v) Triton X-100 in PB®&rf5 min at RT. Following two
additional washing steps with PBS, equilibrationffémuwas added to the slides and
incubated for 10 min at RT. After removal of edwiition buffer, incorporation of
fluorescein-12-dUTP by rTdT enzyme was carriedail@7°C in the dark for 60 min. The
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reaction was stopped by addition of 2x SSC and #itee washing steps with PBS, slides
were mounted with Vectashield DAPI medium (# H-1208@ctor Laboratories Inc,
Burlingame, CA, USA) and analyzed under a fluoraseemicroscope. Quantification of
DAPI- and FITC-positive cells was performed usingiaVision 4.2 (Carl Zeiss
Microlmaging GmbH, Oberkochen, Germany).

2.3.6 Boyden Chamber Analysis

General designin a Boyden Chamber, two compartments are sephiayea

porous membrane through which cells can migratg. ). Chemotactic gradients can be
set up by placing different concentrations of tiafive chemoattractant in the upper and
lower chambers. The use of this chamber requinasthe cells under test have to move in
three dimensions and are able to squeeze throwgpdfres (5-10 um diameters) of the
particular filter. The Boyden chamber is reprothleiand the chemokinetic, chemotactic

response easy to quantify.

upper compartment
(containing cells) & motile cells

membrane

lower compartment
(containing chemoattractant)

Fig. 5: Experimental design of the Boyden Chamber Aalysis.

Two isolated compartments are seperated by a parmmsbrane (pore size dependent on cell type). The
lower compartment contains medium substituted @&itthemoattractant (e.g. MCP-1). The medium in the
upper compartment is the same as in the lower cimpat but lacks the chemoattractant. Motile catis
placed into the upper compartment and migrate agdarrow) the concentration gradient into the lowe

compartment.

Experimental setupA ChemoTX Chemotaxis System ( Neuro Probe Inc.,

Gaithersburg, MD, USA) comprised of a 96-well inn@ate coated with a partially
hydrophobic polycarbon filter (pore size 5 um; uppempartment) and a base plate

(lower compartment). The cell suspension can baddalirectly onto the membrane.
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Preparation of cellsThe chemotaxis assay was carried out with bonaawar

derived macrophages of control and*T¥' mice. Macrophages were lifted from the
culture dish by gentlecraping. After two washing steps with PBS, ce#se icubated in 2
ml of PBS (supplemented with 3uM Calcein, MolecuRrobes/Invitrogen Corp.,
Karlsruhe, Germany) for 20 min at 37°C. Followingotadditional washing steps with
PBS, cells were resuspended in incubation buffétMR1640 supplemented with 10%
(v/v) heat inactivated FCS, 1% (v/v) glutamine) arell number was adjusted to 5X10
cells/ml.

Assay procedure and analysiBhe chemoattractant was dissolved in incubation

buffer and added to the lower compartments in terdd concentration. Incubation buffer
without chemoattractant was used as a negativeaqnandom migration). 29 ul of the

cell suspension were loaded onto the membrane lsrdataxis was carried out at 37°C in
a humidified chamber. After a migration period @01min, the inner plate was removed
and cells on the upper surface of the filter weetached with a rubber scraper. Green
fluorescence of adherent cells on the lower surfea® detected with a Cytofluor analyser
(Filter: excitation 485 nm, emission 530 nm; Globdedical Instrumentation Inc.,

Ramsey, MN, USA). Data was collected in triplicai@sthree independent exeriments.

2.3.7 Histological Analysis and Immunohistochemistry

White adipose tissue of diet-induced obese Coatndl IR™® mice was dissected,
fixed overnight in 4% (w/v) PFA and then embeddedparaffin sections. Subsequently, 7
um thin sections were deparaffinized and staingtl Wwematoxylin and eosin (H&E) for
general histology or with Mac-2/Galectin-3 antibod#CL8942AP; Cedarlane
Laboratories Ltd, Burlington, ON, Canada) for dé&tat of adipose tissue macrophages.
Immunohistochemistry was performed as previouslycdbed (155). Quantification of
adipocyte size and Mac-2-positive area was perfdrosng AxioVision 4.2 (Carl Zeiss
Microlmaging GmbH, Oberkochen, Germany).
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2.4 Mouse Experiments

General animal handling was performed as desciiyetiogan (194) and Silver
(195).

2.4.1 Animals

Mice were housed in a virus-free facility at 22-245n a 12 h light/ 12 h dark cycle
with the light on at 6 a.m. and were either fedoanmal chow diet (NCD; Teklad Global
Rodent 2018; Harlan Winkelmann GmbH, Borchen, Gegpaontaining 53.5% (w/v)
carbohydrates, 18.5% (w/v) protein and 5.5% (wat)dr a high fat diet (HFD; C1057;
Altromin GmbH, Lage, Germany) containing 32.7% (Wkarbohydrates, 20% (w/v)
protein, and 35.5% (w/v) fat (55.2% of caloriesnfrdat). All animals had access to water
ad libitum Food was only withdrawn if required for an expeeint. At the end of the study
period, animals were sacrificed by €@nesthesia or cervical dislocation. All animal
procedures and euthanasia were reviewed by theaheme committee of the University
of Cologne, approved by local government autharifigezirksregierung Koln) and were

in accordance with National Institutes of Healthdglines.

2.4.2 IR*™® mice

To disrupt the insulin receptor allele specifigalin myeloid cells, mice
homozygous for the loxP-flanked insulin receptdelal (IR'"°%) (196) were bred with
mice homozygous for the LysMCre transgene (197sM@re+/-IRflox/wt mice were
further crossed with I®‘"* mice to achieve homozygosity for the loxP-flankadtle.
Breeding colonies were maintained by matind“#* (30) mice and LysMCre +/-
IR"MX mice (IR™®). All metabolic experiments were carried out witale mice

backcrossed for at least 10 generations onto a OsaAgackground.
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2.4.3 Body Weight and Blood Glucose Levels

Body weight and blood glucose levels were mondoreekly and at 20 weeks of
age, respectively. Blood glucose values were deteanfrom whole venous blood using
an automatic glucose monitor (GlucoMeiGlycO; A. Menarini Diagnostics, Neuss,

Germany).

2.4.4 Glucose and Insulin Tolerance Test

Glucose tolerance tests (GTT) were performed amals that had been fasted
overnight for 16 hours. Insulin tolerance testsT{IWere performed on random fed mice.
Animals were injected with either 2 g/kg body weighglucose or 0.75 U/kg body weight
of human regular insulin into the peritoneal cavi@lucose levels were determined in
blood collected from the tail tip immediately befoand 15, 30 and 60 minutes after the

injection, with an additional value determined aft20 minutes for the GTT.

2.4.5 Isolation of Adipocytes and Stromal Vascular Fracton

Animals were sacrificed and subcutaneous and epithti fat pads were removed
under sterile conditions. Adipocytes were isolabgdcollagenase (1 mg/ml) digestion for
45 min at 37°C in DMEM/Ham’s F-12 1:1 (DMEM/F12) rdaining 0.1% (w/v) BSA.
Digested tissues were filtered through sterile i nylon mesh and centrifuged at 250 x
g for 5 min. The floating fraction consisting ofrpusolated adipocytes was then removed
and washed three more times before proceedingferiements. The pellet, representing
the stromal vascular fraction containing preadipesymacrophages and other cell types,
was resuspended in erythrocyte lysis buffer comgisif 154 mM NHCI, 10 mM KHCGQ,
and 0.1 mM EDTA for 10 min.
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2.4.6 Isolation of Primary Peritoneal Macrophages

8-20 week old IR™® mice or control mice were injected intreaperitdiyeaith 2
ml thioglycollate medium (4% in PBS (w/v)) to indua sterile peritonitis. On daypbst
injection, the animals were sacrificed by £@nesthesia and cells were collected by
peritoneal lavage with sterile PBS. Following cduagation, cells were resuspended in
erythrocyte lysis buffer for 3 min at RT. After oadditional wash with PBS, cells were
resuspended in RPMI 1640 (supplemented with 1089 (\@at inactivated FCS, 1% (v/v)
glutamine, 1% (v/v) penicillin-streptomycin) andvdi cells were counted in 4% (w/v)
trypan blue. Cell numbers were adjusted to $4h0 and stored on ice for further

experiments.

2.4.7 Isolation of Murine Bone Marrow

8-20 week old mice were sacrificed by C&hesthesia, rinsed in 70% (v/v) ethanol
and femurs and tibias were dissected. After remoWall muscle tissue, bones were cut at
the ends and bone marrow was flushed with a 26 &dlean sterile, ice-cold PBS. After
dispersion and resuspension with the same neeglle,were spinned down at 1.200 rpm
for 5 min at 4°C. Cells were resuspended in ergyte lysis buffer and incubated for 3
min at RT. After one additional wash with PBS, seNere resuspended in RPMI 1640
(supplemented with 10% (v/v) heat inactivated FQ$%y (v/v) glutamine, 1% (v/v)
penicillin-streptomycin and 10% (v/v) LCM) and liveells were counted in 4% (w/v)
trypan blue. Cell numbers were adjusted to $4h0 and stored on ice for further

experiments.

2.4.8 Glucose Transport

For the determination of glucose transport, isoladipocytes from the fat depots
were stimulated with 0.1, 1, 10 and 100 nM ins@itin30 min then incubated for 30 min
with 3 pM U-*C-glucose. Immediately after incubation, adipocytese fixed with osmic
acid, incubated for 48 hours at 37°C and radiodgtiwas quantified after the cells had
been decolorized (198).
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2.4.9 Hyperinsulinemic-euglycemic Clamp Studies

Catheter Implantation: At the age of 16-20 weekalenmice were anesthetized by
intraperitoneal injection of avertin and adequatyhe anesthesia was ensured by the loss
of pedal reflexes. A Micro-Renathane catheter (MB5; Braintree Scientific Inc., MA,
USA) was inserted into the right internal jugul&in; advanced to the level of the superior
vena cava, and secured in its position in the pnakipart of the vein with 4-0 silk; the
distal part of the vein was occluded with 4-0 siltter irrigation with physiological saline
solution, the catheter was filled with heparin $ioln and sealed at its distal end. The
catheter was subcutaneously tunneled, thereby Mgrma subcutaneous loop, and
exteriorized at the back of the neck. Cutaneousimts were closed with a 3-0 silk suture
and the free end of the catheter was attachedetsuture in the neck as to permit the
retrieval of the catheter on the day of the expentmMice were intraperitoneally injected
with 1 ml of saline containing 15ug/g body weiglitt@amadolhydrochloride and placed
on a heating pad in order to facilitate recovery.

Clamp Experiment: Only mice that had regained astl®0% of their preoperative
body weight after 6 days of recovery were includedhe experimental groups. After
starvation for 15 hours, awake animals were planegstrainers for the duration of the
clamp experiment. After a D-[3H]Glucose (Amersham Biosciences, UK) tracer sofutio
bolus infusion (5 pnCi), the tracer was infused cardusly (0.05 pCi/min) for the duration
of the experiment. At the end of the 40-minute basaiod, a blood sample (50 pl) was
collected for determination of the basal paramet&cs minimize blood loss, red blood
cells were collected by centrifugation and reintusdter being resuspended in saline.
Insulin (human regular insulin; NovoNordisc Pharegtcals, Inc., NJ, USA) solution
containing 0.1% (w/v) BSA (Sigma-Aldrich, Germamyps infused at a fixed rate (4
pnU/g/min) following a bolus infusion (40 pU/g). BId glucose levels were determined
every 10 minutes (B-Glucose Analyzer; Hemocue A®e&en) and physiological blood
glucose levels (between 120 and 150 mg/dl) werentaiaied by adjusting a 20% glucose
infusion (DeltaSelect, Germany). Approximately 60nmtes before steady state was
achieved, a bolus of 2-Deoxy-D-{4€]Glucose (10 pCi, Amersham) was infused. Steady
state was ascertained when glucose measuremergscaestant for at least 30 min at a
fixed glucose infusion rate and was achieved withd® to 130 min. During the clamp
experiment, blood samples (5 pl) were collectedrdfte infusion of the 2-Deoxy-D-[1-
4C]Glucose at the time points 0, 5, 15, 25, 35 ntin antil reaching the steady state.

During the steady state, blood samples (50 ul)tfer measurement of steady state
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parameters were collected. At the end of the ewpari, mice were killed by cervical
dislocation, and brain, liver, WAT and skeletal wlegissue were dissected and stored at -
20°C.

Assays: Plasma [3]Glucose radioactivity of basal and steady statepes was
determined directly after deproteinization with 03Ba(OH), and 0.3 M ZnS@and also
after removal of'H,O by evaporation, using a liquid scintillation céem(Beckmann,
Germany). Plasma Deoxy-ff€] Glucose radioactivity was directly measured fie t
liquid scintillation counter. Tissue lysates wereogqessed through lon exchange
chromatography columns (Poly-PfepPrefilled Chromatography Columns, RGX8
formate resin, 200-400 mesh dry; Bio Rad LaboragmrCA, USA) to separate 2-Deoxy-
D-[1-*C]Glucose (2DG) from 2-Deoxy-D-[}'C]Glucose-6-Phosphate (2DG6P).

Calculations: Glucose turnover rate (rrg'xmin™) was calculated as the rate of
tracer infusion (dpm/min) divided by the plasma cglse-specific activity (dpm/mg)
corrected for body weight. HGP (mkg*xmin™) was calculated as the difference between
the rate of glucose appearance and glucose infuaien In vivo glucose uptake for each
tissue (nmotg'xmin™®) was calculated based on the accumulation of 2D@6Rfhe
respective tissue and the disappearance rate of f&i®G plasma as described previously
(199).
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2.5 Computer Analysis

2.5.1 Densitometrical Analysis

Protein expression was assessed by western ldbtsesmand bands were measured
in intensity per mrh using the Quantity One Software (Bio-Rad, Minch@ermany).
After background subtraction, each sample was niaretato an internal loading control.
Average protein expression of control mice wasteel00% and compared to protein

expression of knockout animals unless stated otkerw

2.5.2 Statistical Methods

Data sets were analyzed for statistical signifteamising a two-tailed unpaired

student’s t test. Alp values below 0.05 were considered significant.
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3 Results

3.1 Myeloid Cell-specific Disruption of the Insulin Re@ptor

The lysozyme M gene is expressed specifically Its a# the myeloid lineage (200).
Crossing mice carrying a loxP-flanked allele witicencontaining a targeted insertion of
thecre cDNA into the endogenous lysozyme M locus has lsbemvn to promote efficient
disruption of loxP-flanked alleles in these celpag (201). Clausen et al. reported a
deletion-efficiency of 83-98% in mature macrophagesd of 100% in granulocytes.

To disrupt the insulin receptor allele specificalty myeloid cells (IR™®), mice
homozygous for the loxP-flanked insulin receptdelal IR""*) and heterozygous for a
Cre recombinase under the control of the lysozymepiMmotor (LysMCre) were
generated.

To analyze recombination of the loxP-flanked fouetton of the insulin receptor
allele, bone marrow of control mice and*' mice was first isolated and differentiated
in vitro into macrophages. Southern blot analysis was pa&d with genomic DNA from
the resulting cell population. As shown in Fig.ti&nsgenic expression of the Cre cDNA
under the control of the lysozyme M promotor leac trecombination efficiency of ~90%

in these cells.
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Fig. 6: Southern blot analysis of the insulin recejor allele in macrophages.

(a) Southern blot analysis of genomic DNA isolated froome marrow-derived macrophages (BMDM) from
control mice and 1K™ mice (b) Densitometrical quantification of the deleted vershe floxed allele band
in macrophages of F® mice. (flox = loxP-flanked allele band (2.5 ki) = deleted allele band (5 kb); All

data are presented as mean £ SEM; *#(,001; n = 3 vs. 3)
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Furthermore, bone marrow-derived macrophages weatyzed for expression of
insulin receptor mRNA by realtime PCR. As depicted-ig. 7, expression of the insulin

receptor mRNA was reduced by ~80% in cells from™# mice compared to control
mice.
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Fig. 7: Insulin receptor mRNA expression in macroplages.

Insulin receptor mRNA expression was assessed lytigative realtime PCR in bone marrow-derived

macrophages from control and*[®' mice; Hprtl was used as endogenous control; (&h ére presented
as mean + SEM; *** p< 0,001; n =4 vs 4)

To exclude the possibility that the residual mRN#&ression detected by realtime
PCR analysis might lead to significant amounts rulin receptor protein expression,
western blot analysis was performed. Analysis ofitpeeally-elicitid macrophages
demonstrated the complete absence of the insutepter protein on these cells (Fig. 8).
However, as depicted in Fig. 9, protein expressibthe insulin receptor was robust and
unchanged in insulin target tissues of T€' mice compared to control mice.

Peritoneal Macrophages

IR-B |

AKt | s S S

Control JRAmyel

Fig. 8: Insulin receptor protein expression in macophages.

Western blot analysis of insulin receptprsubunit (IRB) and protein kinase B/Akt (loading control)
expression in peritoneal macrophages of controéraind IR™® mice.
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Fig. 9: Insulin receptor protein expression in insiin target tissues is unchanged in IR™® mice.
Western blot analysis of insulin receptprsubunit (IRB) and protein kinase B/Akt (loading control)
expression. Proteins were extracted from brainsthdiger, pancreas, white adipose tissue (WAT) and

skeletal muscle (SM) of control mice and*T#' mice.

In summary, conditional gene targeting using tls®fyme M promotor to drive Cre
expression leads to efficient and specific deptetibthe insulin receptor in peritoneal and
bone marrow-derived macrophages without affectirggatmolically relevant tissues, such

as brain, liver and skeletal muscle.

3.2 The Effect of Myeloid Cell-restricted Insulin Recepor

Deficiency on Diet-induced Obesity

To investigate the impact of myeloid cell-restrect@sulin receptor deficiency on
diet-induced obesity, control mice and* ' mice were fed either a normal chow (NCD)
or were exposed to a high fat diet (HFD) for 12 keedJnder NCD both groups exhibited
indistinguishable growth curves reaching approxetyaBO g body weight after 16 weeks
(Fig. 10a). When exposed to a HFD control mice ™ mice significantly gained
weight over animals exposed to NCD. However, batimal groups gained weight to a

similar extent with an average maximum of 45 graftweeks of age (Fig. 10b).
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Fig. 10: IR*™® mice exhibit normal weight gain upon normal chow &t and high fat feeding.
(a) Body weight curves of control mice and*®' mice exposed to normal chow diet (NCD). Weightngai
was monitored from the age of 4 to 16 weeks. Body weight curves of control mice and*®' mice
exposed to HFD. Weight gain was monitored fromabe of 4 to 16 weeks. From week 6 onwards, exposure

to HFD led to a significantly higher average weigbimpared to NCD. (All data are presented as mean +
SEM; NCD n = 15 vs 14; HFD n = 30 vs 30)

In accordance, epididymal fat pad mass was drdigticecreased upon high fat
feeding, but unchanged between groups (Fig. 11ln)in&rease of circulating leptin is
positively correlated with obesity thereby reprdésen an important indicator for the

degree of adiposity. Accordingly, serum leptin camtcations were significantly increased
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after 12 weeks of HFD in control mice and*#' mice compared to lean animals (Fig.
11b) while no difference was observed between getiotypes.
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Fig. 11: IR*™® mice show normal high fat diet-induced increase irepididymal fat pad mass and
circulating leptin concentration.

(a) Epididymal fat pad mass in control mice and™ mice. Animals were dissected after 16 weeks on
either NCD or HFD and adipose tissue weight wassoneal.(b) Serum leptin concentrations in control mice
and IR™® mice were determined by ELISA. Serum was isolatier 16 weeks of age on either NCD or
HFD. (NCD n =11 vs 10; HFD n = 10 vs 10; All dat® presented as mean + SEM)

Taken together, these results indicate that myedeitirestricted insulin resistance

does not affect the development of obesity upoh fagjfeeding.

3.3 The Effect of Myeloid Cell-restricted Insulin Recefor
Deficiency on Obesity-induced Insulin Resistance

Severe obesity is strongly associated with hypegglya and hyperinsulinemia.
These two parameters represent important indickoreduced insulin sensitivity or even
insulin resistance. To investigate the effect ofefoid cell-autonomous insulin signaling
on obesity-induced insulin resistance, glucose budiem of IR™® mice was analyzed.
Fasted blood glucose levels and insulin levels waatermined as a first measure of
glucose homeostasis in these animals (Fig. 12aDb)NCD, both genotypes displayed
average fasted blood glucose concentration of ~gfinand average fasted serum insulin
concentration of ~2 pg/ml after 16 weeks of agap8singly, IR"™® mice on HFD had
significantly reduced fasted blood glucose compaoecbntrol mice although both groups

clearly developed hyperglycemia. Consistently, ddstserum insulin levels were
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significantly reduced in obese 4®® mice compared to control mice while no difference
was observed under NCD.
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Fig. 12: Diet-induced obese IR™® mice exhibit significantly reduced fasted blood gicose and insulin
levels.

Fasted blood glucose concentrat{ah and fasted insulin concentrati¢im) of 16 week old control mice and

IR*™ mice fed either NCD or HFD. (All data are preseins mean + SEM; NCD n = 11 vs 10; HFD n =
10 vs 10; **p< 0.01)

After 16 weeks on either NCD or HFD, control micedalR*™® mice were
challenged in a glucose tolerance test (GTT, F&an).1While lean mice (NCD) of both
groups responded identically to an exogenous giicbsllenge, IR™® mice fed a high
fat diet performed significantly better than cohtnosice. Also, during insulin tolerance
testing (ITT, Fig. 13b), diet-induced obese*T¥' mice displayed significantly higher
insulin sensitivity than their littermate controls.
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Fig. 13: Obese IR™ mice exhibit increased glucose tolerance and insulsensitivity.

(a) GTT analysis was performed with 16 week old cdnrize and IR™® mice fed either NCD or HFD for
16 weeks. (NCD n =6 vs 7; HFD n = 20 vs 2®). ITT analysis was performed with 16 week old cohtro
mice and IR™® mice fed either NCD or HFD. (All data are presen#&s mean + SEM; NCD n = 6 vs 5;
HFD n = 14 vs 13; *px 0.05; ***p < 0.001 HFD conrol versus HFD /%)

To further elucidate which insulin target tissues eesponsible for the enhanced
glucose metabolism in diet-induced obesé™®& mice, euglycemic-hyperinsulinemic
clamp analyses were performed. Hepatic glucoseugtmh (HGP) was assessed in
control mice and IR™® mice after 12 weeks on HFD. Although no differengas
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observed in insulin's ability to suppress HGP, basal i.e. non-suppressed glucose

production was significantly reduced in livers dlese IR™® mice (Fig. 14).
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Fig. 14: Obese IR™® mice exhibit decreased hepatic glucose production.
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Hepatic glucose production (HGP) in 16 week old HiED control mice and #2¥® mice was determined

before (basal) and during (steady-state) euglycéwpperinsulinemic clamp analysis. (All data aregareed

as mean + SEM; n = 10 vs 13; §0.05)

Since WAT, skeletal muscle and brain represent mi@gmet tissues for insulin-

stimulated carbohydrate uptake, glucose disposalwas determined in these organs. As

depicted in Fig. 15, glucose uptake during the plamas drastically enhanced in skeletal

muscle of obese Y®" mice compared to obese control mice. In contigstake into the

WAT and brain was, at least under clamp conditionsaltered between the two

genotypes.
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Fig. 15: Obese IR™® mice show enhanced insulin-stimulated glucose disgal in skeletal muscle.

Steady-state insulin-stimulated glucose uptake (282) was determined in euglycemic-hyperinsulireemi
clamp analysis. GUR was measured in WAT, skeletasale (SM) and brain of obese control mice and
IR*™® mice after 16 weeks of HFD. (All data are presermte mean + SEM; n = 10 vs 13;%.05)

Responsiveness of the adipose tissue to the matadftects of insulin is crucial for
maintenance of energy homeostasis. Its role inlévelopment of T2DM, especially in the
context of immune cell/adipocyte crosstalk, is ehttal importance to the concept of
obesity-induced insulin resistance. Therefore, #swmandatory to further investigate
adipocyte-autonomous insulin signaling in*TE' mice. To this end, adipocytes of control
mice and IR™® mice were isolated and stimulated with differeasebs of insulirin vitro.
Although no difference in glucose uptake could bsewved after stimulation with 1, 10
and 100 nm insulin adipocytes of 4R® mice took up significantly more glucose
compared to control mice when stimulated with acemtration of 0,1 nm insulin (Fig. 16).

These data indicate that myeloid cell-restrictesuiim receptor deficiency, despite
enhancing glucose uptake in skeletal muscle, atgwaves insulin action in adipocytes by

shifting the dose response curve without alteriregrhaximal response.
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Fig. 16: Low dose insulin-stimulated glucose uptakis enhanced in adipocytes of obese 1R mice.

Freshly isolated adipocytes of control mice and™®& mice were stimulated with 0, 0.1, 1, 10 and 100 nm
insulinin vitro and glucose uptake rate (202) was determined.d@H are presented as mean + SEM; n =5
vs 5; *p< 0.05)

In conclusion, myeloid cell-specific disruptiontbi insulin receptor protects against
obesity-induced insulin resistance by reducing bdsgpatic glucose production and
facilitating insulin-stimulated glucose disposakieletal muscle and adipose tissue.
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3.4 The Effect of Myeloid Cell-restricted Insulin Recepor
Deficiency on Obesity-induced Inflammation

Obesity is associated with a local and systemie Iis inflammatory markers
originating from activated immune cells infiltragithe white adipose tissue. This increase
of cytokines activates pro-inflammatory pathwaysnsulin target tissues leading to the
induction of JNK and N&B signaling which can either directly or indirectiock insulin
signaling components. To analyze the pro-inflammyateffect of high fat feeding in
IR*™® mice, serum cytokine concentrations were deterthids shown in Fig. 17, HFD
induced an increase in the concentration of citowda TNF-« and reduced that of
adiponectin in control mice. This response to Hgihfeeding could not be observed in
IR*™® mice. TNFe concentration in blood serum of obese®M®' mice remained
unchanged compared to lean animals. Similarly, adiptin concentration was unaltered

between IR™® mice on NCD compared to HFD.
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Fig. 17: The obesity-associated change of serum TNFand adiponectin concentration is abolished in
IRA™® mice.

Serum concentration of TNé&{a) and adiponectitib) was measured by ELISA in control mice and"®
mice fed either NCD or HFD for 16 weeks. (All data presented as mean = SEM; NCD n =12 vs 13; HFD
n =20 vs 20; *p< 0.05)

As previously described, the chronic low-gradeanfmatory state encountered in
obese subjects leads to insulin resistance inimgatget tissues at least partially due to
increased JNK activity. To directly measure thevation state of this signaling pathway,
anin vitro assay for the determination of JNK activity wasf@ened. Liver and skeletal
muscle protein extracts from obese control mice HRUI™® mice were analyzed and

significantly lower JNK activity was detected inesétal muscle of the latter (Fig. 18). This
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indicates that despite unaltered obesity iA™& mice, the systemic, obesity-associated

proinflammatory tone is reduced.
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Fig. 18: Obese IR™® mice show reduced JNK activity in skeletal muscle.

Protein extracts from skeletal muscle (SM) andrlieé HFD-fed control mice and M® mice were
analyzed for JNK activity. Western blots showinge tim vitro phosphorylation of c-jun(a) were
densitometrically quantifie¢b). Total INK levels from the initial lysate (JNK i) were used as a loading

control. (All data are presented as mean + SEMgrvs 6; *p< 0.05)

Local increase of inflammatory cytokine and chemekexpression in adipose tissue
is a hallmark of obesity. Therefore, mMRNA levelstloé pro-inflammatory cytokine TNF-
a, the chemokines CCL2 and CCL3 and adiponectin wetermined in WAT samples of
control mice and IK™® mice (Fig. 19). As expected, high fat feeding Higantly
increased inflammatory gene expression in WAT aoftiad mice. In contrast, exposure to
HFD failed to induce TNR: and CCL3 gene expression in“f®® mice to the extent
observed in the controls. Also, adiponectin mRNAression was significantly elevated in
obese IR™® mice compared to control mice. CCL2 mRNA levelsavelightly decreased

but the difference did not reach significance.
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Fig. 19: Obesity-induced change of adipokine generession is blunted in IR™¢ mice.

WAT samples of control mice and 1®® mice fed either NCD or HFD were analyzed by quatitie
realtime PCR. Relative mRNA levels of TNEF-CCL2, CCL3 and adiponectin were measured in 16kwe
old mice. Hprtl mRNA was used as endogenous corfktlldata are presented as mean + SEM; n = 8,vs 8
*n < 0.05)

In conclusion, myeloid cell-autonomous insulin sésnce diminishes the typical,
obesity-associated rise in circulating inflammatorgrkers and activation of inflammatory
protein kinase JNK in peripheral organs. Furtheemar local and systemic increase in
adiponectin mRNA and protein levels, respectivelsts observed.

45-



Results

3.5 The Effect of Myeloid Cell-restricted Insulin Recefpor
Deficiency on Adipose Tissue Inflammation and

Macrophage Accumulation

Since macrophages have been shown to contributefisamtly to the enhanced
inflammatory profile of the expanding adipose tessunder obesity, gene expression of a
macrophage-specific marker (F4/80) was determinethis tissue. As expected, obesity
led to a substantial increase in F4/80 mRNA exjpoasg-ig. 20a) in white adipose tissue
of diet-induced obese control mice compared to E@mals. However, while lean mice
from both genotypes showed the same expression t#vE4/80 mMRNA, the obesity-
induced increase of this marker was sigificantlynipéd in HFD-fed IR™® mice.
Nevertheless, the cell-autonomous expression o08(F4/as unchanged between bone
marrow-derived macrophages of both genotypes, ewrittt the basal level nor after

stimulation with palmitic acid (Fig. 20b).
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Fig. 20: Reduced macrophage surface marker expressi in adipose tissue of obese ** mice.

F4/80 mRNA expression was assessed by quantitataléme PCR analysis ia) WAT of NCD and HFD
fed control mice and H2Y® mice and(b) untreated (basal) or palmitic acid (P, 500 puMijnstated bone
marrow-derived macrophages from control mice an™®&mice. Hprtl mRNA was used as endogenous

control (All data are presented as mean + SEM; VW5 vs 5; BMDM n = 4 vs 4; *g 0.05)

Moreover, white adipose tissue was analyzed miomsally for changes in
morphology. As depicted in Fig. 21, when stainedhvwiematoxylin and eosin (H&E)
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adipose tissue morphology was indistinguishablevéen obese control mice and*{&¥'

mice.
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Fig. 21: Adipose tissue morphology of IR™® mice and control mice exposed to HFD.
H&E staining of paraffin sections from WAT of 16 ale old obese control mice and ' mice.
(Magnification: 100-fold)

Mean Adipocyte Size [pm?]

Additionally, adipocyte size was analyzed in whatlipose tissue sections of HFD-
fed control mice and ¥Y®" mice. As shown in Fig. 22a, the mean cell sizehed
approximately 10000 umz2 in both genotypes. In @olditadipocyte size occurence curves
displayed Gauss distribution without revealing asgnificant difference between the
genotypes investigated (Fig. 22b).
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Fig. 22: Quantification of adipocyte size and sizdistribution.

Mean adipocyte sizé) and cell size distributiofb) in WAT was quantified in adipose tissue sectiaasnf

control mice and IK™® mice. (All data are presented as mean + SEM; rvs 9)
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Upon weight gain, macrophages infiltrate the expanadipose tissue and form
crown-like structures (CLS) arround dead adipocjpesemoval of cell debris and tissue
remodeling. Mac-2, a 30-35 kDa galactose-bindiragein, is specifically expressed on the
surface of macrophages upon activation (203). tieoto detect activated macrophages in
adipose tissue, immunohistochemical analysis withaatibody directed against Mac-2
was performed. In line with the observed reductmin macrophage marker mRNA
expression, microscopical analysis revealed a dieatly reduced number of CLS in
adipose tissue sections of obesé™® mice compared to control mice (Fig. 23, upper
panel). Likewise, quantification of total CLS arger section revealed a significant

reduction in IR™® mice (Fig. 23, lower panel).
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Fig. 23: Obese adipose tissue of {2® mice shows decreased formation of crown-like struares.

Paraffin sections from WAT of 16 week old obese tmmn mice and IR™® mice were
immunohistochemically stained with Mac-2 antibodypger panel, magnification 100-fold) and the arka o
Mac-2 positive crown-like structures (CLS) was diféged (lower panel). Red arrows indicate CLS. (A#ta

are presented as mean = SEM; n = 9 vs & p05)

-48-



Results

The adipose tissue consists of two main fracti@agpocytes and stromal vascular
cells. To precisely attribute the previously obgerveduction of TNFrt mMRNA expression
to one of these compartments, white adipose tisobese control mice and 4R mice
was separated into these two fractions. Quantdatealtime PCR analysis of leptin
MRNA, which is exclusively expressed in adipocytess taken as a quality control for the
separation process. Stromal vascular cells expieggeroximately 90% less leptin mRNA
compared to adipocytes (Fig. 24). Expression leskiaacrophage surface markers F4/80,
Mac-2 and CD11c mRNA were 2-fold to 4-fold increéhga stromal vascular cells of
control mice compared to adipocytes. Concomitatth waduced CLS formation (Fig. 23),
expression of Mac-2 as well as F4/80 mRNA was figantly reduced in the stromal
vascular fraction of IK™® mice compared to control mice. However, CD11c eggion
was unchanged between“® mice and control mice. Furthermore, TNFMRNA
expression was 5-fold elevated in stromal vasceddls compared to adipocytes isolated
from control mice. Nevertheless, the stromal vamcaells of IR™® mice expressed

significantly lower TNFe. mMRNA than those of control mice (Fig. 24).
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Fig. 24: Reduced TNFe expression in adipose tissue-derived stromal vaden cells of IR*™* mice.

WAT of control mice and 1K™ mice was seperated into adipocytes (Adi) and sttamscular cells (167).
Relative mRNA expression of F4/80, Mac-2, CD11c dmtF-o was determined by quantitative realtime
PCR. To estimate fractionation efficiency, LeptiRIWA expression was determined in both fractionsitHp
MRNA was used as endogenous control. (All datgpersented as mean + SEM; n = 6 vs 58.05; **p <
0.01; **p <0.001)
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Taken together, these data demonstrate that mye&digestricted insulin resistance
reduces the inflammatory infiltration of adiposgstie by macrophages, which is generally
associated with high fat feeding and obesity. Tdismted macrophage accumulation in
turn leads to reduced expression of TWRRNA in the stromal vascular compartment of

the obese adipose tissue of T mice.

-50-



Results

3.6 Cell-Autonomous Effects of Insulin Receptor Deficiacy on
Macrophages

The reason for the observed reduction of adipassi¢i macrophage content and
inflammatory gene expression in obeseé™® mice could arise from (I) enhanced
susceptibility to apoptosis, (ll) impaired inflamiogy response of insulin receptor-
deficient macrophages or (lll) reduced invasiveacay of these cells.

3.6.1 The Effect of Insulin on Macrophage Apoptosis

To investigate the first hypothesis, bone marrowwveel macrophages from control
and IR"™® mice were stimulated with insulin, palmitic acid loth and the number of
apoptotic cells was analyzed for DNA fragmentatignTUNEL assay. As depicted in Fig.
25, approximately 10% of control and TRmacrophages showed DNA fragmentation
under basal conditions. Strikingly, exposure tallimssignificantly reduced the number of
TUNEL positive cells in control but not in IR-defemt macrophages. Furthermore,
stimulation with palmitic acid drastically enhancagoptosis in control and IR-deficient
macrophages to approximately 45%. Moreover, cosatimn with insulin significantly
reduced the number of apoptotic control macroph&ye$0%. This anti-apoptotic effect
of insulin could not be observed in"fRnacrophages.
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Fig. 25: Enhanced apoptosis in insulin receptor-défient macrophages.

Bone marrow-derived macrophages were stimulated wwgulin (50 ng/ml), palmitic acid (P, 500 uM) or
both for 24 h in serum-free medium and the numbberWNEL-positive (155) cells was determined. DAPI
staining of nuclei (blue) was performed for totalllcnumber. (Fluorescence microscopy: upper panel;
guantification: lower panel; All data are preserdisdnean + SEM; n = 4 vs 4; ¥0.05; *p < 0.01; **p <
0.001)

To further investigate the enhanced palmitic anmiiced apoptosis in insulin
receptor-deficient macrophages, quantitative mea&ltiPCR analysis of pro- and anti-
apoptotic gene expression was performed. Stimulatioh palmitic acid induced a 3-fold
increase in MRNA expression of Bcl2-associated ofgin (Bax) after 8 h compared to the
basal level. However, stimulation with insulin didt alter Bax mRNA levels. Also, no
difference could be observed between control anddfitient macrophages under any
condition analyzed (Fig. 26a).
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In contrast, Bcl-2 mMRNA expression was stronglyuastl after exposure of bone
marrow-derived macrophages to palmititc acid comgpao the basal level (Fig. 26b). The
addition of insulin significantly increased the exgsion of Bcl-2 in control macrophages.
However, this effect was not observed in IR-defitimacrophages. Under the influence of
palmitic acid, insulin also induced an increaseBd-2 expression of control cells.

Nevertheless, this induction was not significam¢a8 h of stimulation.
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Fig. 26: Insulin enhances expression of Bcl-2 mRNi#y bone marrow-derived macrophages.

Bone marrow-derived macrophages from control (wisiddumns) or IR™® mice (black columns) were
stimulated with insulin (Ins, 50 ng/ml), palmiticid (P, 500 uM) or both for 8 h in serum-free mexdiand
expression of (a) Bax, (b) Bcl-2, (c) XBP-1 and(d) Chop mRNA was analysed by quantitative realtime
PCR. Hprtl and Gusb mRNA were used as endogenaiioto (All data are presented as mean + SEM; n =
4 vs 4; *p< 0.05; ***p < 0.001)

In addition, the expression of ER stress-inducetegavas determined in control and
IR-deficient macrophages. Stimulation with palmitacid significantly induced the
expression of XBP-1 and Chop mRNA while no differercould be observed between

-53-



Results

genotypes (Fig. 26c¢, d). Although insulin displayedsignificant effect on the expression
of the two genes, macrophages of"T€' mice exhibited a tendency towards reduced XBP-
1 expression after exposure to palmitic acid amldiced Chop expression after combined

insulin and palmitic acid stimulation, when comuhte control cells.

3.6.2 The Effect of Insulin on Pro-inflammatory Gene Expression

To investigate the second hypothesis, namely thmsulin regulates pro-
inflammatory gene expression, bone marrow-deriveacrophages from control and
IR*™® mice were again stimulated with insulin, palmiicid or both. Induction of pro-
inflammatory gene expression was analyzed by quaging realtime PCR after a
stimulation period of 8 h. While mRNA levels of TNFand IL-6 were unchanged in non-
stimulated cells, exposure to insulin increased dkpression of both genes 2-fold in
control macrophages. However, insulin failed toarmde TNFe and IL-6 gene expression
in macrophages derived from bone marrow of™ mice (Fig. 27a). After stimulation
with palmitic acid, macrophages of both genotypiepldyed a marked increase of TNF-
and IL-6 mRNA expression compared to untreatedsc@fig. 27b). Furthermore, a
combination of palmitic acid and insulin slightlgcreased the expression of TNFRA
control macrophages. In contrast, palmitic acidicet IL-6 mMRNA expression was
slightly reduced by insulin in these cells. Howeveither the insulin-induced increase of
TNF-alpha nor the decrease of IL-6 mMRNA levels uriged load could be observed in

macrophages derived from1®* mice.
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Fig. 27: Insulin augments pro-inflammatory gene exgession in macrophages.

Bone marrow-derived macrophages from control migeite columns) or IR™® mice (black columns) were
stimulated with(a) insulin (Ins, 50 ng/ml)(b) palmitic acid (P, 500 uM) or both for 8 h and eegsion of
TNF-o and IL-6 mRNA was analyzed by quantitative readtiPCR. Hprtl and Gusb mRNA was used as
endogenous control. (All data are presented as B&HM; n = 4 vs 4; **p< 0.01)

To directly assess pro-inflammatory cytokine prddhrc in control and insulin
receptor-deficient macrophages, TMknd IL-6 ELISA was performed with supernatants
of these cells. As depicted in Fig. 28a, macropbagecontrol mice released significantly
more TNFe protein in response to insulin in the absence tbkro stimuli. Also, in
macrophages of Y mice, stimulation with insulin tended to resultdnhanced TNFe-
production but this increase was not significargobl stimulation with palmitic acid, TNF-
a release was further increased compared to inddbmwever, no difference was observed
between genotypes or after costimulation with panaicid and insulin. The release of IL-
6 was not affected in macrophages ofM§' mice compared to controls under any
condition analysed (Fig. 28b).
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Fig. 28: Insulin enhances secretion of TNFein macrophages.

Bone marrow-derived macrophages of control arftf"ffimice were stimulated with insulin (Ins, 50 ng/ml),
palmitic acid (P, 500 uM) or both for 24 h in serir@e medium and secretion ) TNF-o and(b) IL-6
was determined by ELISA. (All data are presentethaan = SEM; n = 4 vs 4; **g 0.01)

3.6.3 The Effect of Insulin on Macrophage Migration

An important factor for macrophage migration isitlability to express and secrete
matrix metalloproteinases (MMPs) which then helplégrade extracellular matrix (ECM)
proteins to allow trans-ECM migration. It has rdterbeen demonstrated that insulin
regulates the activity of MMP-9, a member of theetylV collagenase subgroup, in a
human monocytic cell line. To investigate the dffetinsulin on MMPs in our model,
peritoneal macrophages from control and"I®' mice were analyzed for expression of
MMP-9 mRNA after stimulation with palmitic acid the presence of serum. As shown in
Fig. 29a, MMP-9 mRNA levels were already signifitgnreduced in untreated
macrophages of M®® mice compared to controls. This difference wasneweore
pronounced after stimulation with palmitic acid wd®&IMP-9 mRNA was increased 2.5-
fold in control macrophages while insulin recepdeficient macrophages could enhance
MMP-9 expession only 0.5-fold. To directly test @fect of insulin on MMP-9 activity in
primary murine macrophages, gelatinase zymograpsyperformed. Stimulation of bone
marrow-derived macrophages of control mice withulimsinduced MMP-9 activity in the
cell culture supernatant (Fig. 29). However, thmsulin-mediated increase of MMP-9

gelatinolytic activity could not be observed in supatant of IR-deficient macrophages.
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Fig. 29: Insulin receptor deficiency impairs matrix metalloproteinase 9 expression in macrophages.

(a) Peritoneal macrophages of control (white columars) IRY™ mice (black columns) were treated with
palmitic acid or left untreated (basal) for 4 h axgbression of MMP-9 mRNA was analysed by quamiitat
realtime PCR. Hprtl was used as endogenous cofifol.Cell culture supernatants from 24 h untreated
(basal) or insulin-stimulated (50 pg/ml) bone marderived macrophages of control andT&' mice (IR")
were analyzed by gelatinase zymography. A repraseatzymogram of three independent experiments is
shown (M = protein marker lane; pro-MMP-9 proteires= 105 kDa; All data are presented as mean +;SEM

**p <0.01)

Boyden chamber analysis, where two compartmentssaparated by a porous
membrane, provides a proper tool for accurate ohetetion of chemotactic behaviour
(204). Motile cells are placed into the upper cortmpant, while the test substance-
containing fluid is filled into the lower one. Tarectly address the migratory potential of
insulin receptor-deficient macrophages, Boyden di&nexperiments were employed. As
depicted in Fig. 30, non-directed (basal) chemataras indistinguishable between control
and insulin receptor-deficient macrophages. Howewdren directed against 25 and 6
ng/ml of the potent chemoattractant MCP-1, contrells showed increased migration
towards the lower compartment. Chemotaxis was mdided with 1.5 ng/ml of MCP-1.
Strikingly, insulin receptor-deficient macrophaghd not increase their migration activity

when exposed to MCP-1.
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Fig. 30: Insulin receptor-deficient macrophages she impaired chemotactic abbilities.
Bone marrow-derived macrophages of control antf™®&mice were tested for their chemotactic abilities.
Chemotaxis against buffer (basal) and differentceatrations of MCP-1 was determined. (All data are

presented as mean + SEM; n =3 vs 3; ®0.01)

These data indicate that insulin mediates potefaicesf on three macrophage key
functions. Firstly, it was demonstrated that thenfmne promotes macrophage survival
under the cytotoxic influence of palmitic acid aethances expression of Bcl-2. Secondly,
insulin was able to increase basal transcriptioMF-o and IL-6 whereas a combination
of insulin and palmitic acid augmented the expassof TNFea while it reduced
expression of IL-6. However, secretion of TNR&nd IL-6 by macrophages of 18" mice
was not affected although insulin could signifitanihcrease TNFe release in control
macrophages. Finally, insulin was able to enhangwaession and secretion of active
MMP-9 by control but not IR-deficient macrophagadditionally, the chemotactic ability
of insulin receptor-deficient macrophages toward3hML, as assessed by Boyden chamber
analysis, was drastically impaired.Taken togethegcrophage-autonomous insulin action

provides an important signal in controlling metabdlisturbances associated with obesity.
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4 Discussion

Over the past several years the interplay betwegmmatory pathways and insulin
action has attracted increasing interest. Intemfgze with certain cytokine-induced
signaling pathways and a reduction in obesity-ieducinflammation have been
demonstrated to provide a potential avenue inribetrnent of systemic insulin resistance
and impaired glucose metabolism (113, 115). Althotlge relative contribution and the
interaction of cytokine-stimulated JNK and ®B-activation has not been fully elucidated
and may exhibit differential, tissue-specific etieat is evident that inhibiting cytokine-
evoked NKkB activation in myeloid cells prevents obesity-asated insulin resistance
(114, 115, 205). However, little attention has bgesen to the effects of insulin itself on
macrophage function particularly in the contexttlué obesity-induced pro-inflammatory
state.

In this study, conditional disruption of the insulieceptor was employed to analyze
the effect of myeloid cell-autonomous insulin remice on the development of obesity-

induced insulin resistance.

4.1 Recombination Efficiency of the LysMCre Transgene

Inactivation of insulin receptor signaling has beehieved through use of the Cre-
loxP system. The site-specific DNA recombinase (Cagises reombination) is a 38 kDa
protein of the bacteriophage P1 that recognizesifspe84 bp palindromic sequences,
termedloxP (locus_d crossing (X over in_A) sites (206). Depending on the orientation of
the loxP sites the Cre recombinase mediates thexgion, excision or translocation of the
DNA sequence that is flanked by the two loxP segesr{207). DNA sequences flanked
by directly repeating loxP sites are excised agailar molecule, leaving a single loxP
sequence at the site of recombination (208). Guesggenic mouse strains are generated
either by conventional random transgenics, targetsekrtion into a gene (knock-in) or by
generating bacterial artificial chromosome (BAGrsgenic mice (209, 210). Regardless
of the strategy, the promotor which drives Cre espion determines onset and cell type-
specificity of the Cre-mediated recombination. Bgssing mice carrying a loxP-flanked
mutation of the gene of interest with mice expmgdhe Cre recombinase restricted to
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specific tissues, a conditional mouse mutant isegerd that lacks the target gene only in
cells in which Cre is expressed.

Expression of the Cre recombinase under controthef lysozyme M promotor
(LysMCre) has already successfully been used inemaos studies to conditionally delete
loxP-flanked genome regions specifically in myelaeélls (114, 211). Hence, this
approach was used in the current study to dishgirisulin receptor allele in these cells.
Ablation efficiency was verified in peritoneal abdne marrow-derived macrophages on
genomic DNA, mRNA and protein level. The residud%dl of loxP-flanked alleles
detected in bone marrow-derived macrophages SffRmice can be attributed to
contamination with either immune cells of the lymjhlineage or fibroblasts from the
isolation process. Also, the mice generated inghigly are heterozygous for the LysMCre
allele which could reduce the full Cre-mediated orabination potential (201).
Transcription of the insulin receptor mRNA in bom&arrow-derived macrophages was
also not completely abolished as demonstrated laptgative realtime PCR. These cells
still expressed 15% of insulin receptor mMRNA detddn control macrophages. However,
western blot analysis of protein lysates from pestal macrophages demonstated a
complete absence of immunodetectable insulin receptotein in cells derived from
IR*™® mice. The discrepancy observed in DNA/MRNA verpustein expression can
attributed to two reasons. Firstly, southern bloalgsis and quantitative realtime PCR
provide more sensitive detection methods comparedestern blot analysis. Secondly,
vitro differentiation of macrophages from bone marroveules in a homogenous
population of resting macrophages whereas the yhalgte-elicited peritoneal cell
population is heterogenous, consisting mainly dlammatory, activated macrophages.
Since lysozyme is strongly induced in activated moplsages (212), it seems likely that
lysozyme M promotor-driven Cre expression is alsha;ced in these cells and thus
deletion efficiency is increased. Given that ohesésults in recruitment of activated
macrophages to adipose tissue - although not Hiraddressed in the present study - it
appears very likely that deletion efficiency in shecells is also high. The analysis of
insulin receptor protein expression in variousussof IR™ mice revealed no difference
compared to control mice although resident macrget@an be found in almost all tissues
throughout the body. Isolation and purification thiese macrophage populations and
subsequent analysis by southern blot or quantgatealtime PCR would provide a
superior approach to further investigate the redoailon efficiency in tissue resident

macrophages.

-60-



Discussion

However, here it has been shown that the LysMGnestgene provides an adequate
tool to mediate specific and efficient disruptioh tbe insulin receptor in resting and

inflammatory macrophages.

4.2 Myeloid Cell-specific Disruption of the Insulin Reeptor
protects against Obesity-induced Insulin Resistance

In this study, the commonly employed model of higihfeeding was used to analyze
the effect of myeloid cell-restricted insulin reaisce on obesity-induced insulin resistance.
In control animals, the exposure to a high fat &t2% calories from fat) lead to severe
obesity accompanied by a marked increase in ctiogldeptin, insulin and glucose
concentrations compared to lean animals. Moreaarirol mice exhibited a pronounced
impairment of glucose metabolism and insulin actradicated by increased blood glucose
levels and reduced responsiveness to insulin dugingose tolerance test and insulin
tolerance test, respectively. Myeloid cell-resetttinsulin receptor deficiency did not
affect obesity. This was not entirely surprisingcg myeloid cell-specific disruption of
genes that are fundamentally involved in the regueof macrophage function e.g. 18K
and JNK1, either by using the Cre-loxP system arebmarrow transplantation techniques,
did not modulate adiposity (114, 158). Until novimanges in body weight after myeloid
cell-specific gene deletion were reported only off®8). In this study, transplantion of
PPARy-deficient bone marrow cells into lethally irradidtwildtype mice lead to increased
weight gain upon high fat feeding.

However, although adiposity was unchanged“™®& mice showed a striking
protection from obesity-induced hyperglycemia angbdrinsulinemia, two parameters
commonly used to define insulin resistance. Funtlmee, these mice performed
considerably better in glucose and insulin toleeatasts. As demonstrated by euglycemic-
hyperinsulinemic clamp analysis, this arises fronthaced insulin-stimulated glucose
uptake into skeletal muscle and reduced basal iceghicose production. Although
glucose uptake into adipose tissue was unalterethglwclamp conditions, isolated
adipocytes of obese 1R animals displayed enhanced insulin-stimulated agacuptake
in vitro. These cells showed higher sensitivity to insuleflected by a shift of the dose
response curve without altering the maximal respordotably, glucose uptake into

adipocytes of IR™® mice was markedly increased in response to lowerathan high
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doses insulin. These experiments explain why gklagstake was unaltered in adipose
tissue of IR™® mice during clamp conditions, an experimental eitu which high
concentrations of insulin are applied. These d#&arky demonstrate that myeloid cell-
autonomous insulin resistance protects againsti¢teterious effect of obesity on glucose
metabolism in main insulin target tissues. Thisassistent with previous observations that
mice with hepatic inactivation of IKKretained insulin responsivness in the liver wherea
myeloid cell-restricted disruption of IKKresulted in protection against obesity-induced
insulin resistance in liver, skeletal muscle andoask tissue (114). Together with the
results of the current study, these findings umderthe crucial role of myeloid cells in the

control of systemic insulin action under obesity.

4.3 Myeloid Cell-specific Disruption of the Insulin Reeptor
modulates the Obesity-associated Pro-inflammatory dne

Aside from improved glucose metabolism and inssénsitivity, obese 12 mice
showed decreased concentration of TdNEAd increased concentration of adiponectin in
the circulation when compared to control mice. dmtng TNFe activates pro-
inflammatory kinases like JNK in insulin targetsu®s leading to S307 phosphorylation of
IRS molecules thereby inhibiting insulin action 8L1In contrast, adiponectin has been
shown to improve glucose metabolism through adgtwabf adenosine monophosphate-
activated kinase (AMPK) and inhibition of hepatici@pneogenesis (213). The observed
alteration in concentation of these two proteiny ip@nefit and augment insulin sensitivity
in IR“™® mice upon obesity.

In line with reduced circulating TNE; the analysis of JNK in skeletal muscle
revealed a dramatic reduction of kinase activitythis tissue. This could potentially
explain the enhanced glucose disposal i.e. inssdinsitivity of skeletal muscle, since
increased local JNK activity was demonstrated topbsitively correlated with muscle
insulin resistance (214). However, the questionaiemwhy JNK activity in the liver of
IR*™® mice is only slightly decreased although hepaticase production is reduced in
this tissue. A possible explanation could be thmmune cells residing in the liver,
maintain local pro-inflammatory signaling (169). tdbly, hepatic glucose production is
reduced only in the fasted state while remainingltened between control and 4fR®

animals after stimulation with insulin. Hence, aweild speculate that increased inhibition
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of hepatic glucose production i.e. gluconeogeniesizsbese IR™® mice is a result of the
action of adiponectin rather than enhanced hepasaolin sensitivity. Assessment of
AMPK activity, as well as expression of gluconedgegenes and inflammatory mediators
in liver of IR*™® mice should help to further define the exact canfsdecreased basal
hepatic glucose production. Moreover, adiponecta heen shown to form higher-order
complexes that are differentially distributed irmne obese and insulin resistant subjects
(215). Therefore, determining the abundancy ofedéft adiponectin complexes in the

circulation of obese If#Y® mice would be of interest to analyze.

4.4 Myeloid Cell-specific Disruption of the Insulin Reeptor
blunts the Inflammatory Infiltration of Adipose Tis sue by
Macrophages

In the past several years, the inflammatory irdilon of adipose tissue by
macrophages and a subsequent increase of pro-m##ony gene expression has become
a central paradigm in obesity-induced insulin tasise (156, 157). Taking the augmented
glucose metabolism of MRY®" mice into consideration, analysis of adipose #ssu
inflammation and macrophages infiltration represdrdn interesting approach to further
characterize these mice. Diet-induced obes&fiRmice showed a dramatic reduction of
pro-inflammatory gene expression in adipose tisadecated by reduced TN&-MRNA
levels. Increased TNF-alpha expression in adipissed has been demonstrated to be an
important feature of obesity and insulin resistantehumans and rodents (104, 105).
Furthermore, neutralization of TNF-alpha in rodentaised a significant increase in
peripheral glucose metabolism and insulin actid®{1This suggests that the reduction in
TNF-o alone, both locally and systemically, reduces s$lgstemic inflammatory tone,
thereby exerting a beneficial effect on glucoseamelism and insulin sensitivity in fiRY®
mice.

A considerable amount of TNé&4s expressed by adipocytes. In obesity, however,
macrophages are the predominant source of thikiogq156). Accordingly, we could
show that the observed reduction of TMFMRNA expression in I€Y® mice is
attributable solely to a reduction in the stromadaular compartment of the adipose tissue,
which is the site of macrophage accumulation, whal@ression was unchanged in

adipocytes. Along with diminished TNdk-expression we observed a striking reduction of
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macrophage markers, both on mRNA (F4/80, Mac-2)@otein level (Mac-2). However,
expression of CD11c, a surface marker which hasntgcbeen shown to be specific for
pro-inflammatory M1 macrophages (165), was unchdnigestromal vascular cells of
IR*™® mice. Nonetheless, since CD1lc is known to be esged not only by
macrophages but also by dendritic cells (216),i&NA expression determined in our
model could be derived predominantly from theselscepotentially masking any
alterations specifically in macrophages.

Chemokines are potent endogenous chemoattractants miacrophages and
monocytes. Increased expression of CCL2 (protei@PM) has been associated with
obesity and insulin resistance and its productisn enhanced during euglycemic
hyperinsulinemia in insulin resistant patients (1297, 218). It has been postulated that
adipose tissue derived MCP-1 contributes to ine@@asacrophage infiltration in obesity
(160). In this study, adipose tissue expressioB©@E2 was increased by 300% upon high
fat feeding. However, with an increase of 2500%antrol animals, CCL3 (protein: MIP-
1la) was induced unequally stronger than CCL2. Funtioee, the increase of CCL3 but not
of CCL2 gene expression was significantly abolisivedvhite adipose tissue of obese
IR*™® mice. This indicates that in our model, local aj@sin CCL3 rather than CCL2
expression are responsible for the reduced infitinaof adipose tissue by macrophages.
So far, the increase of MCP-1 but not MI®-4derum concentration has been associated
with obesity (119). Interestingly, it has been shothat the adipose tissue does not
contribute to this systemic increase and adipossué-derived MCP-1 only acts in a
paracrine fashion (219). Additionally, obese sutgexxhibit significantly elevated serum
but not adipose tissue-interstitial MCP-1 conceitrs, when compared to lean subjects
(220). Taken this into account, an intriguing qiestieft to address would be whether
local and systemic MCP-1 and MIR-are differentially regulated in fR¥® mice.

Taken together, the protection from obesity-assediansulin resistance due to
impaired insulin action in myeloid cells occurs omo levels. The obesity-induced
inflammatory infiltration of macrophages into whadipose tissue is dramatically reduced
in IR*™® mice. This results in reduced local expression gegdumably release of TNF-
into the bloodstream, subsequently blunting thesitp@ssociated rise in circulating
inflammatory markers. As a result, the systemic &hdonic low-grade inflammation
typically found in obese individuals is abrogat@X), thereby preventing the occurrence

of obesity-induced insulin resistance.

-64-



Discussion

4.5 The Effect of Metabolic Stress on Macrophages

In this study, we sought to expose primary murireemphages to stimuli which are
adequately comparable to the environment encouhterebesity. Special interest was
given to hyperlipidemia, here represented by timg lchain saturated fatty acid palmitate,
as lipids have been demonstrated to exhibit stnmoglulatory effects on macrophage
function (132, 158, 222, 223). The applied amouhtpalmitic acid (500 uM) is
comparable to physiological concentrations of faityds observed in obese humans and
rodents (224, 225). Also, the applied glucose cotmagon of 200 mg/dl simulates
hyperglycemic conditions adequately (226). In thespnt study, we demonstrate that a
cell-autonomous insulin receptor deficiency affentacrophages in terms of survival

under metabolic stress conditions, inflammatoryegexpression and chemotaxis.

4.5.1 Insulin as a Survival Signal for Macrophages

By subjecting primary murine macrophages to theiouar metabolic stimuli
previously mentioned, it became evident that matagp survival upon fatty acid load is
highly dependent on insulin signaling. Insulin e#ntly inhibited palmitic acid-induced
apoptosis in control macrophages as assessed by fidg#nentation (TUNEL) assay.
Furthermore, basal apoptosis was significantly kedc after exposure to insulin. As
expected, the beneficial effect of insulin on matmge survival was abolished in
macrophages from ¥® mice. In line with increasing DNA fragmentatioralmitic acid
significantly reduced the expression of anti-aptpt®cl-2 and increased that of pro-
apoptotic Bax. Treatment with insulin significangyphanced Bcl-2 expression in control
macrophages under basal conditions while after ipalmacid load, only a tendency
towards elevated expression of this gene was obdemaken together, these data suggest
that the pro-survival effect of insulin is depentdeather on enhanced anti-apoptotic than
reduced pro-apoptotic gene expression.

Additionally, a trend towards higher UPR-relatedi@expression, represented here
by XBP-1 and Chop, was observed in control macrgebaThese results are in line with
previous observations that insulin, as an indu¢elabal protein synthesis, increases ER

stress, thereby activating several members of tAR (e.g. GRP78, XBP-1) ultimately
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protecting against cell death (185). In the stugyvisra et al., the observed anti-apoptotic
effect of insulin was mediated by enhanced expoessiof Bcl-2 and
phosphorylation/inhibition of forkhead transcriptiofactor family member FOXOL.
Recently, the relevance of these findings has leelerlined further by Senokuchi et al.
(227), who found that insulin receptor-deficient amphages exhibited increased
susceptibility to cholesterol-induced cell deatheTcells could be rescued from apoptosis
by either adenoviral introduction of a constitutivactive Akt or genetic disruption of
FOXO1, thereby restoring the insulin/PI3K-dependsiginaling pathways. Notably, in
contrast to the design of our study, all experirmemere performed in the presence of
serum, raising the question whether the effect®miesl are genuinely insulin-dependent
or mediated by the interplay of insulin with otrssrum-derived factors. Thus, our study
demonstrates for the first time that insulin alaa® promote macrophage survival in a
lipocytotoxic environment, which is potentially demlent on enhanced anti-apoptotic gene
expression.

However, the balance between pro- and anti-apaptBtl-2 protein family
members localized to the mitochondrial outer meménalays a central role in the control
of apoptosis. Pro-apoptotic proteins such as Bak Bak, either directly or indirectly,
induce the release of proteins from the space le#tvilee inner and outer mitochondrial
membranes (228, 229). This process of mitochonadudr membrane permeabilization
(MOMP) is likely to be achieved by formation of mlerane-spanning pores through
which cytochromec and other soluble proteins are released into yhesol (230, 231).
Anti-apoptotic proteins such as Bcl-2 and Bclprevent this release, presumably by
blocking pore formation (232). Furthermore, metabplocessing of saturated fatty acids
leads to generation of reactive intermediategea&ctive oxygen species (ROS). Apoptosis
induced by these intermediates is characterizechdiivation of caspases and DNA-
laddering (233). Therefore, analysis of ROS accatmn, caspase activation and cellular
localization of Bcl-2 family members would vyield rtber insights into the exact

mechanisms underlying insulin's anti-apoptotic &fen macrophages.
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4.5.2 Pro-inflammatory Effects of Insulin in Macrophages

In the current study, we demonstrate that insudis! otent effects on inflammatory
gene expression in primary murine macrophages. Wdcshow that stimulation with
insulin enhances transcription of TNFand IL-6 in bone marrow macrophages derived
from control mice while this effect was abolished macrophages from fiRvel mice.
Furthermore, exposure to palmitic acid drasticakacerbated pro-inflammatory gene
expression. Costimulation with palmitic acid andsulin slightly but significantly
increased the expression of TR control macrophages compared to insulin regepto
deficient cells. Conversely, under lipid load, ilxs@xerted inhibitory effects on IL-6 gene
expression in control macrophages. In contraststdranscriptional effect, insulin could
not modulate the secretion of TNFand IL-6 under lipid load. However, in the abseate
any other stimuli, exposure to insulin inducedgnsicant increase of NF-a but not IL-6
production in control macrophages. These variafferes of insulin in combination with
other pro-inflammatory stimuli on macrophages hia@en reported previously and seem to
be transient. For example, pretreatment with LABV@d by exposure to insulin lead to
increased release of TNFin a human macrophages cell line (234). On théraoyn when
macrophages were primed with insulin followed byosmaguent treatment with LPS,
activation of NkB signaling was significantly reduced (235). Hoer\vt was previously
described that insulin directly induces transcoptiand release of TNé&-in THP-1
monocytes (182). In terms of mMRNA expression, ttisilld be confirmed in murine
macrophages and further extended to conditionsypéttipidemia by the present study.
Unexpectedly, this pro-inflammatory effect was omlgrtially conveyed to secretional
level. Interestingly, it was recently demonstrabgdiwasaki et al. that insulin exerts short
term anti-inflammatory but long term pro-inflammatceffects in hepatocytes (236). In
this study, a combined TNé-and insulin treatment resulted in reduceckBHelependent
transcription after 6 h but lead to a drastic ecbkament after 36-72 h. This long-term
effect is in line with previous results obtained onr group, where insulin receptor-
deficient macrophages, when compared to contrds,ceécreted significantly less IL-6
after a 72 h stimulation period with LPS (187). thermore, compared to a short-term
response, prolongued exposure to insulin and grasmmatory stimuli far better matches
the conditions encountered in obesity.

A considerable number of inflammatory genes areesged through activation of
NFkB signaling pathways. It has been reported fitadsphorylation and proteasomal
degradation of inhibitors of NFKkB«B) is dependent on the activity of Akt/protein lksea
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B and that insulin receptor-deficient macrophagedsilet increased iBe protein levels
(227, 237). Although Akt is classically involved processes like survival, proliferation,
metabolism and glucose uptake especially in theexorof insulin signaling, it may also
contribute to inflammatory response pathways. Heihég plausible that insulin modulates
pro-inflammatory signaling events throught the PRIk axis. Additionally, the
expression of IL-6 in macrophages is mostly regaatthrough activation of
CCAAT/enhancer binding protein (C/EBB)also known as nuclear factor IL-6 (NF-IL6)
(238). C/EBB is differentially regulated through several cedlukinases including PKC,
PKA, Akt and GSKB (239-241). Also, insulin has been demonstratediriectly activate
C/EBB3 in a PI3K-dependent manner (242). Despite its tfoncas an activator of pro-
inflammatory gene expression, C/HBPan also negatively interfere with NB-mediated
transcription by blocking phosphorylation of p65182. Therefore, one could argue that
the observed opposing trend of insulin-regulated® IMRNA expression with or without
palmitic acid arises from differential activity Q/EBF3. Nevertheless, further analysis of
inflammatory cascade activation either by insuloma or in combination with classic pro-

inflammmatory mediators is required to shed lightloese processes.

4.5.3 The Effects of Insulin on Macrophage Migration

The ability to migrate towards loci of inflammatiois a central feature of
macrophage behaviour. In obesity, chronic inflamomain fat induces the local release of
chemokines thereby attracting monocytes from theutation to enter the tissue which
subsequently differentiate into macrophages (168).1Proteases like plasminogen (PIg)
and matrix metalloproteinases (MMPSs) regulate leyt® recruitment in inflammation by
promoting extracellular matrix (ECM) degradatiod42 245). It was recently reported that
matrix metalloproteinase 9 (MMP-9) is necessaryptovide macrophage trans-ECM
migration in inflammation and development of infiaation-associated diseases (246).
Interestingly, insulin is able to regulate MMP-9lamolytic activity in a MAPKinase-
dependent manner and thereby promotes migratidii&¥1 monocytes (247, 248). In the
current study we could show that insulin enhanc#dPvD gelatinolytic activity also in
primary murine macrophages. Furthermore, it was atestnated that insulin receptor-
deficient macrophages exhibit reduced MMP-9 ger@ession in the presence of serum

as well as after stimulation with palmitic acid.ig mplicates a macrophage-autonomous
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impairment in ECM-remodeling and migration. Alsdtea preincubation with insulin,
chemotaxis of macrophages from*1&' mice towards MCP-1 was significantly blunted
compared to controls. These experiments provideeaplanation for the reduced
macrophage accumulation observed in adipose tisbdéet-induced obese fi2*® mice.
However,in vivo evidence for reduced gelatinolytic activity in pase tissue or reduced
circulating matrix metalloproteinase levels in*f®' mice is necessary to underline this
argument.

Notably, siRNA-mediated knockdown of Cap, which isvolved in PI3K-
independent insulin-stimulated glucose uptake,deadimpaired motility of RAW264.7
cells in vitro. Furthermore, bone marrow-specific deletion of Gapults in reduced
obesity-induced macrophage accumulation in adipiesae of mice (249). In combination
with the current study, this underlines the cruc@eé for insulin in the obesity-induced
infiltration of adipose tissue by macrophages.iguingly, these results imply a pivotal
role for insulin-mediated glucose uptake in macegm@s. The dependency of macrophages
on hexoses as an energy source in the pro-inflaorgnaind microhypoxic environment
encountered in obesity has been proposed befode 2bD-252). Hypoxia inducible factor
(HIF) 1, the central regulator of the hypoxic resp®, and insulin share common target
genes (253). Regulation of these genes is cruoiashift ATP production from the
respiratory chain to anaerobic glycolysis therelaintaining energy supply (254). Thus,
the observed phenotype may originate from a funadémhenergy problem encountered in
insulin receptor-deficient macrophages. Furthetysmaof hexose metabolism in response
to insulin, especially under conditions of hypoxkgperlipidemia and hyperglycemia,
would provide valuable insight into macrophage fiorc under obesity-associated stress

conditions.
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4.6 Conclusions

Here, we highlight the importance of macrophagesarasitiating cell type in the
HFD-induced, pro-inflammatory insulin resistanceceae. The findings of the present
study reveal an unexpected and pivotal role fanlinssignal transduction in the control of
innate immune cell behaviour in obesity-induced ulims resistance. Our study
demonstrates for the first time vivo that insulin, despite its positive effects on gise
metabolism in target tissues such as liver, sketetscle and adipose tissue, can develop a
deleterious role in cell types that are not cladbicinvolved in metabolic signaling
processes. Simulation of the obesity-associatadelipia by administration of saturated
fatty acids to macrophages demonstrates that liptaxicity can eradicate large numbers
of these cellsn vitro. According to our results, high insulin levetsight promote the
protective signal to maintain macrophage populationa pro-apoptotic environmeint
vivo. Thereby these cells can perpetuate their dewagtdiehaviour by initiating
inflammatory response mechanisms that ultimatetjyde insulin resistance. In addition,
the beneficial effect of hyperinsulinemia on matrage functions such as pro-
inflammatory gene expression and tissue infiltratould further contribute to the harmful
role of these cells in obesity-induced insulin sesmnce. An intriguing question for future
experiments is, whether myeloid cells from typei@bdtic patients are resistant to insulin
action. Further exploration of the interaction betw metabolic signals and macrophage
function offers a promising target for novel intemtions in obesity-associated insulin
resistance and type 2 diabetes mellitus. Additignakveral other diabetes-associated and
macrophage-related diseases such as retinopatplgrapathy, neuropathy and impaired

wound healing represent interesting subjects fahéu investigation.
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S5 Summary

A major component of obesity-related insulin resise is the establishment of a
chronic inflammatory state with invasion of whitdigose tissue by mononuclear cells.
This results in release of pro-inflammatory cyt@sn which in turn leads to insulin
resistance in target tissues such as skeletal sl liver. To determine the role of
insulin action in macrophages and monocytes inigbassociated insulin resistance, we
have conditionally inactivated the insulin recep(tiR) gene in myeloid cells of mice
(IR*™* mice). While these animals exhibit unaltered ghecmetabolism on a normal diet,
they are protected from the development of obessseciated insulin resistance upon high
fat feeding. Euglycemic-hyperinsulinemic clamp stégddemonstrate that this results from
decreased basal hepatic glucose production andifromased insulin-stimulated glucose
disposal in skeletal muscle. Furthermore’™ mice exhibit decreased concentration of
circulating tumor necrosis factor (TNF) and reduced c-jun N-terminal kinase (JNK)
activity in skeletal muscle, reflecting a drasgcluction of the chronic and systemic low-
grade inflammatory state associated with obesihys Brises from reduced inflammatory
recruitment of macrophages to white adipose tis@afl-autonomously, insulin receptor-
deficient macrophages are prone to lipid-inducedpsgsis and exhibit reduced pro-
inflammatory gene transcription. Additionally, tikeesells show a pronounced impairment
of lipid-induced matrix metalloproteinase (MMP) 2peession and decreased motility in
response to macrophage chemoattractant protein {MCPhese data indicate that insulin
action in myeloid cells plays an unexpected, @ltiole in the regulation of macrophage
invasion into white adipose tissue and the devetoygnof obesity-associated insulin

resistance.
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6 Zusammenfassung

Ein wichtiges Merkmal der Adipositas-assoziierteaulinresistenz ist die Etablierung
einer niedriggradigen aber chronischen Entzindungh iKoérper. Dieser
Entzindungsprozess wird von einer Infiltration desissen Fettgewebes durch
Makrophagen begleitet. Das Resultat dieser Infitira ist die lokale Ausschittung
proinflammatorischer Zytokine, die dann in die BR&in gelangen und eine
Insulinresistenz in wichtigen Zielorganen der Imswirkung, u.a. Skelettmuskulatur und
Leber, verursachen. Um die Rolle der Insulinwirkung Makrophagen und Monozyten
im Zusammenhang mit der Adipositas-assoziiertenlim®sistenz zu untersuchen, haben
wir das Insulinrezeptor (IR) Gen in myeloiden Zelon Mausen konditional inaktiviert
(IR®™®) Wahrend diese Tiere unter Einfluss von Normaldéinen unverénderten
Glukosemetabolismus aufweisen, sind sie vor dermesrenden Konsequenzen einer
fettreichen Diat auf die Insulinsensitivitat gesiztiiDies ist auf eine verminderte basale,
hepatische Glukoseproduktion und eine erhdhte Jlimgtimulierte Glukoseaufnahme der
Skelettmuskulatur zurtickzufiihren, was durch eughikéhe, hyperinsulindmische Clamp
Analyse demonstriert wurde. Darliberhinaus zeigeipoaed IR™® Mause reduzierte
Tumor Nekrose Faktor (TNF) Konzentrationen im Blut und verminderte Aktivitigr c-
jun N-terminalen Kinase (JNK) im Skelettmuskel, weise drastische Reduktion der
Adipositas-assoziierten, chronischen Entzindindeké&ért. Dies resultiert aus einer
verminderten inflammatorischen Rekrutierung von kgkagen in das weisse
Fettgewebe. Auf zellautonomer Ebene bewirkt dasldfetdes Insulinrezeptors in
Makrophagen eine erhdhte Anfalligkeit fir lipidirmerte Apoptose und eine reduzierte
proinflammatorische Gentranskription. Zusatzlichigea diese Zellen eine deutliche
Beeintrachtigung der lipidinduzierten Expressiom \Matrix Metalloproteinase (MMP) 9
und eine verminderte Motilitat in Reaktion auf Maghagen Chemoattractant Protein
(MCP) 1. Diese Daten belegen, dass Insulin einsceetdende und kritische Rolle in der
Regulation der Infiltration von Makrophagen in dagisse Fettgewebe und der

Entwicklung einer Adipositas-assoziierten Insulgiséenz spielen.
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