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Introduction 

During evolution organisms have developed mechanisms for storage of 
energy to be used when food is scarce. A modern life style in the Western 
world during the 21st century is characterized by an almost unlimited food 
supply, a sedentary job and decreased physical activity. These factors pro-
mote weight gain and contribute to the obesity epidemic. The World Health 
Organization (WHO) estimated that there were 1.5 billion overweight adults 
in 2008, of which 200 million men and nearly 300 million women were ob-
ese [1]. Obesity is associated with several other conditions including cardi-
ovascular diseases, type 2 diabetes mellitus, and hypertension all of which 
increase the risk for premature death, and this associated morbidity also im-
pose a great economic burden on society [2,3,4]. 

The adipose tissue 
Adipose tissue used to be considered only as a more or less inert reservoir of 
triglycerides which subsequently can be broken down into free fatty acids 
and glycerol to provide fuel for metabolism. However, it has more recently 
been recognized to also constitute the largest endocrine organ in the body, 
with an important role in general metabolism [5,6,7]. Adipose tissue can 
traditionally be divided into white adipose tissue (WAT) and brown adipose 
tissue (BAT). From a functional and anatomical point of view, WAT can be 
further subdivided into subcutaneous and intra-abdominal WAT. Subcutane-
ous adipose tissue depots are located directly beneath the skin in the hypo-
dermis and are represented by inguinal and interscapular fat in the present 
studies, whereas intra-abdominal adipose tissue are found within the perito-
neal cavity and constitutes e.g. the perirenal, pancreatic, sternal, gonadal, 
and retroperitoneal fat [8]. Visceral adipose tissue is the part of the intra-
abdominal depots which is drained by the portal vein [9]. 

WAT is composed of adipocytes, with a size of ~50-200 µms depending 
on their triglyceride stores, and a stromal vascular fraction (SVF). The latter 
consists of e.g. resident macrophages, endothelial cells, fibroblasts, pre-
adipocytes, and various blood cells [10] (Figure 1.). The adipose tissue un-
dergoes constant remodeling due to maturation of pre-adipocytes, balance 
between triglyceride storage and lipolysis, and angiogenesis.   
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BAT is located in the interscapular region in rodents and is also found, 
though less abundantly, in the neck and upper-chest regions of humans 
[11,12,13,14]. BAT is more related to muscle tissue than to WAT [14] and 
contains smaller multivacuolar adipocytes compared to WAT. It is well vas-
cularized and contains abundant mitochondria. The main function of BAT is 
suggested to be thermogenesis, in which the adipocytes release heat [14,15].  

The endocrine function of adipose tissue is mediated through release of 
several metabolically active factors, referred to collectively as adipokines 
[16]. They consist of growth factors as well as cytokines, i.e. small proteins 
mediating signaling between cells. Several adipokines are released locally as 
well as systemically, thereby regulating or modulating many processes re-
lated to metabolism, energy storage, inflammation, immune function, and 
vascular homeostasis [17,18,19,20] (Table 1).  

In obesity, usually defined as a body mass index (BMI) >30, adipose tis-
sue expands by increasing the adipocyte cell mass, which can occur either by 
increased number (hyperplasia) and/or size (hypertrophy) of cells. However, 
the number of adipocytes is relatively constant during life and it is mainly 
the accumulation of triglycerides in the individual cells that enlarges the 
adipose tissue in an individual [21] (Figure 1.). Expansion of adipose tissue 
influences WAT microcirculation since adipose tissue growth per se creates 
hypoxia which stimulates angiogenesis [22].  

Obesity is strongly correlated with several other conditions including type 
2 diabetes, since the adipose tissue is a major contributor to the insulin resis-
tance present in this disease [2,3,4]. 

 
Figure 1. Schematic illustration of adipose tissue in the normal and obese state, 
including adipocytes, vascular network, and infiltrating immune cells. Normal adi-
pose tissue is enriched with the anti-inflammatory adipokine adiponectin, whereas 
adipose tissue in obesity is enriched with pro-inflammatory cytokines, e.g. resistin 
and IL-6. Illustration modified from the original by J. Hübinette. 
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Table 1. Source and function of some adipokines in rodents  

Adipokine Primary source Function 

Adiponectin Adipocytes Anti-inflammatory, insulin-sensitizer [7]
Resistin Adipocytes Promotes insulin resistance through release of TNF-  

and IL-6 from macrophages [23]
Leptin Adipocytes Appetite and metabolism control [6]
IL-6 Adipocytes, SVF Inflammation [24]
TNF-  Adipocytes, SVF Inflammation, antagonist of insulin signaling [5] 
MCP-1 Adipocytes, SVF Monocyte recruitment [25]
IL-6 = interleukin-6, TNF-  = tumor necrosis factor- , MCP-1 = monocyte chemotactic 
protein-1 SVF = stromal vascular fraction. 

The islets of Langerhans 
Insulin producing -cells are situated within the islets of Langerhans in the 
pancreas. Rodent islets are 100-400 µm in diameter and are scattered 
throughout the parenchyma. The vast majority of islet cells are -cells, 
which are mainly located in the islet core, whereas the islet mantle consists 
of other hormone-producing cells, such as -, -, and pancreatic polypep-
tide cells. Apart from the hormone-producing cells the islet also contains 
nerves, endothelial cells, fibroblasts, macrophages, and dendritic cells  [26].  

Insulin is released from the -cells in response to glucose and is the only 
hormone able to decrease plasma glucose levels. When released to the circu-
lation, insulin achieves this effect by increasing the glucose uptake in target 
cells in peripheral tissues and inhibiting hepatic glucose production.  

In order to register changes in plasma glucose concentrations and release 
insulin in appropriate quantities, the endocrine islets depend on a dense ca-
pillary network and high blood perfusion (Figure 2.). 

The islets constitute only 1-2% of the total pancreas, but receive a blood 
supply which corresponds to ~10% of the whole pancreatic blood perfusion 
[27,28]. Blood flow is controlled by metabolic and islet endothelium-derived 
substances such as glucose, endothelin-1, adenosine, and nitric oxide, as well 
as the autonomic nervous system [29,30]. Interestingly, the islet blood flow 
seems to be selectively increased early during the course of impaired glucose 
tolerance and overt type 2 diabetes [31]. 
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Figure 2. Confocal image of islet vascular network with two arteriols and a venole. 
Vessels are stained by intra-arterial injection of fluorescently labeled CD31 monoc-
lonal antibody in anesthetized mouse. Arrows indicate direction of blood flow. The 
original image is kindly provided by G. Christoffersson. 

Diabetes mellitus 
The inability to decrease elevated plasma glucose concentrations results in 
diabetes mellitus. Even though it is a heterogeneous disease, it is usually 
divided into two major forms. Type 1 diabetes is caused by a selective de-
struction of the insulin-producing -cells in the islets. This results in a com-
plete insulin deficiency requiring lifelong treatment with insulin. 
Type 2 diabetes constitutes 90% of all cases of diabetes in the Western world 
and is characterized by an inadequate insulin production due to a defective 

-cell function, often associated with peripheral insulin resistance. The -cell 
defect develops gradually with an initial compensation for the increased 
demand of insulin, which later fails due to glucotoxiticity caused by hyper-
glycemia, as well as lipotoxiticity and amyloid formation within the islet 
[32]. The insulin resistance is usually due to a post-receptor defect and can 
be associated with either hypo- or hyperinsulinemia. The hyperglycemia in 
type 2 diabetes is mainly caused by the insulin resistance, leading to im-
paired glucose uptake in skeletal muscle and fat [33], as well as a decreased 
suppression of the hepatic gluconeogenesis and glycogenolysis, which re-
sults in increased glucose output from the liver and elevated plasma glucose 
levels [34]. Both environmental factors and genomic regions have been iden-
tified as markers for increased risk for developing diabetes [35,36]. 

Type 2 diabetes in humans is also associated with several other conditions 
such as obesity, hypertension, and dyslipidemia [2]. When occurring togeth-
er this is often referred to as the metabolic syndrome [37]. However, the 
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existence of the metabolic syndrome is a matter of some debate [38] and is 
mostly used in human studies.  

Despite the fact that both types of diabetes can be treated, many of the pa-
tients eventually develop endothelial dysfunction probably due to prolonged 
hyperglycemia, which contributes to micro- and macrovascular complica-
tions [2,39,40]. The microvascular complications results in nephropathy, 
neuropathy, and retinopathy whereas macrovascular complications cause e.g. 
coronary arterial disease, peripheral arterial disease, and stroke. The severity 
of the complications correlates to how well plasma glucose levels can be 
normalized throughout the course of the disease [40]. 

The immune system and inflammation 
The immune system plays a profound role in both health and disease. It 
serves as a defense against pathogens, but can also become harmful for the 
host if unduly activated or if it leads to a chronic inflammation. The immune 
system contains of an innate and an adaptive branch. The former is rapidly 
initiated and the cellular components consist of phagocytic leukocytes, i.e. 
granulocytes and monocytes, which transmigrate from the blood to the in-
fected area to kill and phagocyte pathogens. Granulocytic neutrophils consti-
tute ~60% of all circulating leukocytes in human blood but only ~10% in 
mice [41]. Macrophages are the most efficient phagocytic cell of our im-
mune system and differentiate in tissue from transmigrated monocytes. Be-
sides the cellular components, the innate immune system includes several so-
called Pattern Recognition Receptors such as Toll-like receptors and the 
complement system which play important roles, but will not be discussed 
further in this thesis.  

The adaptive immune system consists mainly of T- and B-lymphocytes 
which adapt their responses towards specific antigens through interactions 
with antigen presenting cells, e.g. macrophages and dendritic cells. T-cells 
can further be functionally divided into helper (CD4+), killer (CD8+) and 
regulatory (CD4+CD25+Foxp3+) cells. The regulatory T-cells (Treg) consist of 
5-20% of all CD4+ T-cells [42] and their main function is to suppress the 
immune system in order to maintain homeostasis in the tissue [43].  

To initiate an acute inflammatory response, leukocytes migrate from the 
vessel lumen into the affected tissue. This occurs in series of events referred 
to as the leukocyte recruitment cascade (Figure 3.). In general, adhesion 
molecules such as E-selectin and P-selectin on endothelial cells in postcapil-
lary venules are upregulated by chemokines, which are released from the site 
of inflammation. Circulating, marginated leukocytes begin to roll along the 
vessel wall through interactions i.e. between the L-selectin and P-selectin 
glycoprotein ligand 1 and their ligands on endothelial cells. Integrin activa-
tion on leukocytes results in firm adhesion to immunoglobulins on the endo-
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thelium, allowing the leukocytes to crawl along the vessel wall to optimal 
sites for transmigration and enter the tissue [44,45,46].  

Phagocytes, such as macrophages and neutrophils, as well as T- and B-
cells, express chemokine receptors on their surface. The binding of chemo-
kines, which are chemotactic cytokines released from various cells, to these 
receptors induce cellular activation and locomotion of immune cells towards 
sites of inflammation. 

 
Figure 3. Schematic illustration of the leukocyte recruitment cascade. 

Inflammation in obesity and type 2 diabetes 
Obesity is associated with a low-grade, general inflammation in the body, 
especially manifest in WAT, which increases the risk for insulin resistance 
and type 2 diabetes [47]. Plasma concentrations of both pro-inflammatory 
cytokines and adipokines increase with obesity and are believed to contri-
bute to the low-grade inflammation (Figure 1). However, the origin of this 
systemic inflammation was uncertain until the 1990s when it was discovered 
that adipocytes express the inflammatory cytokine tumor necrosis factor-  
(TNF- ) and that the expression is increased in obese animal models [5]. 
During this century, Crook et al and Pickup et al demonstrated that type 2 
diabetes in humans could be an inflammatory condition as evidenced by 
increased inflammatory markers in plasma [48,49]. Since then, several stu-
dies have confirmed these data in humans [39,47,50,51,52].  

The present day view is that the inflammation in adipose tissue in obesity 
is due to a cross-talk between the innate and adaptive immune system. Adi-
pocytes along with macrophages are the main cells releasing pro-



 15

inflammatory mediators such as TNF-  and interleukin-6 (IL-6) but T-cells 
also release pro-inflammatory cytokines. The number of Treg on the other 
hand declines with obesity, which may prevent suppression of the local in-
flammation [42].  

Besides the low-grade inflammation in adipose tissue, there is also an in-
flammation process within the islets present in patients suffering from type 2 
diabetes. The inflammation seems to contribute, together with glucotoxiticity 
and amyloid formation, to -cell death and defect insulin secretion in these 
patients [53]. Further, increased blood flow is one sign of inflammation and 
has been found in islets of animal models of diabetes [31], which suggest 
that islet inflammation is present. 

Adipose tissue macrophage subtypes in obesity 
As mentioned above, macrophages infiltrating the adipose tissue during ob-
esity are important for the local inflammation [54,55]. Macrophages can be 
divided into different functional subtypes based on surface markers and phe-
notypic differences. In general, macrophages are either inflammatory ‘clas-
sically activated’ (M1 phenotype) or ‘alternatively activated’ resident (M2 
phenotype). Adipose tissue in lean animals or humans is enriched in resident 
macrophages to maintain normal tissue function by removing dead or dying 
cells and initiate angiogenesis, but also to attenuate inflammation and in-
crease insulin sensitivity via local release of the insulin-sensitizing cytokine 
IL-10 [56]. Further, it has recently been shown that resident macrophages 
release catecholamines to stimulate thermogenic gene expression and lipoly-
sis in BAT and WAT, respectively [57]. The ‘classically activated’ macro-
phages produce high levels of pro-inflammatory cytokines and are mostly 
absent in adipose tissue in lean persons, but are increased via recruitment 
during obesity. They promote inflammation and insulin resistance via the 
release of e.g. TNF-  and IL-1  [54,55]. The release of these cytokines acti-
vates intracellular inflammatory regulators, which stimulate pro-
inflammatory transcription factors, such as activator protein 1 (c-Jun/Fos) 
and NF- B. This results in a serine phosphorylation of the insulin receptor 
substrate, which impairs insulin actions [58]. 

The sympathetic nervous system 
The sympathetic nervous system represents part of the autonomic nervous 
system and regulates the fight-or-flight stress response together with the 
adrenal glands. During the stress response, catecholamine release increases 
heart rate and contractility, resulting in increased cardiac output. Norepi-
nephrine is the major neurotransmitter of the sympathetic nervous system 
and binds to both - and -adrenoceptors. The sympathetic nervous system is 
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an important regulator of energy expenditure, where the -adrenoceptors 
stimulate lipolysis, whereas the -adrenoceptors act inhibitory in this respect 
[59,60,61] (Table 2). The sympathetic nervous system is usually overactive in 
disorders such as obesity and hypertension [62]. WAT and the islets of Lan-
gerhans are richly innervated by sympathetic and parasympathetic nerves, as 
well as sensory nerves [63,64]. The high innervation of islets regulates hor-
mone secretion from the various endocrine cells [63].  

Both WAT and BAT in rats express primarily the 3-adrenoceptor sub-
type [65], a G-protein-coupled receptor, which mediates effects on energy 
metabolism and lipolysis [59,61]. Under normal conditions this receptor has 
higher affinity to norepinephrine than epinephrine and might be important in 
the adipose tissue blood flow regulation. The receptor is also expressed in 
the islet of Langerhans, primarily on the -cells, but also on vascular cells 
[66,67].  

The sympathetic nervous system has been long known to affect insulin 
secretion from the -cells, but also to modulate blood perfusion to islets 
[27,68,69]. Stimulation with the 3-adrenoceptor agonist CL-316243 in rats 
increased both islet blood flow and insulin secretion [70]. However, the ef-
fects of inhibition of 3-adrenoceptors using a specific antagonist such as 
SR59230A, has never been investigated [71,72]. 

 
Table 2. Adrenergic receptor subtypes and their effects during stimulation in islets 
and white adipose tissue (WAT) 
Receptor 
subtype -cells Islet blood flow WAT 

1  Insulin secretion [73]  Lipolysis [74]  

2  Insulin secretion [73] Islet blood flow [27]  Lipolysis [60] 

1  Lipolysis [60] 

2 Insulin secretion [75] Islet blood flow [76] Lipolysis [60] 

3 Insulin secretion [70] Islet blood flow [70] Lipolysis [59] 

Gender aspects of type 2 diabetes 
The correlation between increased WAT and type 2 diabetes critically de-
pends on the anatomic location of fat [77]. As mentioned above, WAT can 
be divided into visceral and subcutaneous adipose depots. Women usually 
accumulate subcutaneous adipose tissue in the gluteofemoral region, whe-
reas men accumulate visceral adipose tissue in the abdominal/visceral region 
[78]. The latter is associated with hypertension, type 2 diabetes, insulin resis-
tance and dyslipidemia [77]. The best way to reduce the risk to develop these 
conditions is by weight reduction. The prevalence of type 2 diabetes is in-
creased in postmenopausal compared to premenopausal women [79] and this 
is probably associated with low estrogens levels. The estrogen receptor is 
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expressed both in WAT and within the islets and might stimulate insulin 
secretion through uncertain mechanisms [80,81]. Estrogen display anti-
diabetic actions and estrogen replacement therapy seems to maintain -cell 
function intact and protect against visceral adipose tissue accumulation 
[81,82] although the mechanisms are not fully understood.  
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Aims 

Type 2 diabetes is characterized by simultaneously occurring insulin resis-
tance, often caused by a general, low-grade inflammation and an inherent -
cell defect. The overall aim of the studies included in this thesis was to eva-
luate the role of blood flow and inflammation in animal models of diabetes. 
  
More specifically, we aimed to 
 
 examine pancreatic islet and adipose tissue blood perfusion after acute 

and long-term inhibition of 3-adrenoceptors in control and type 2 di-
abetic rats.  
 

 evaluate if hyperglycemia in alloxan- and high-fat diet-treated mice in-
fluence leukocyte recruitment in models of acute inflammation. 
 

 investigate possible gender differences in mice on a high-fat diet with 
respect to obesity, hyperinsulinemia, systemic inflammation, and islet 
blood perfusion.  
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Methodology  

Animals (study I-IV) 
All animals had free access to water and pelleted food (Type R36, 
Lantmännen, Kimstad, Sweden). All experiments were approved by the 
Swedish Laboratory Animal Ethical Committee in Uppsala, Sweden. 

Rats (study I and II) 
Male Wistar-Furth (WF) and Goto-Kakizaki (GK) rats aged 3-4 months 
were used in study I and II. The GK rat is a nonobese substrain of Wistar rat 
origin with a concomitant insulin resistance and islet -cell defect, fulfilling 
both criteria of being a type 2 diabetes model [83,84]. The model was estab-
lished via repeated inbreeding of Wistar rats with impaired glucose tolerance 
[85]. The WF rat was used as control. The animals were purchased from 
Taconic (Ry, Denmark) except some GK rats in study II which were pur-
chased from Taconic (Germantown, NY, USA). 

Mice (study III and IV) 
In study III and IV C57BL/6 mice weighing 25-30 g, purchased from Scan-
bur B&K (Stockholm, Sweden) or Taconic (Ry, Denmark) were used.  

Alloxan-induced diabetes (study III) 
To induce marked hyperglycemia (>28 mmol/l) and hypoinsulinemia, mice 
were injected intravenously with alloxan (75 mg/kg body weight, Sigma-
aldrich, St. Louis, MO, USA) 3 days before the intravital microscopy expe-
riments or inoculation of bacteria. A differential blood count was performed 
to exclude that alloxan affected leukocyte subtype populations. 

High-fat diet (study III and IV) 
C57BL/6 mice were given high-fat diet (HFD; 60% kcal from fat, Research 
Diets, New Brunswick, USA) for 16 weeks (study III) or 14 weeks (study 
IV). Body weight and plasma glucose concentrations were registered week-
ly. 
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Blood measurements  
Plasma glucose measurements (study I-IV) 

Plasma glucose levels were measured in blood from the tip of the tail with 
test reagent strips (detection range 1.1 – 27.8 mmol/l; Freestyle, Abbott, 
Stockholm, Sweden) during diet intake (III and IV), before injection of mi-
crospheres (study I, II and IV), and before in vivo microscopy in the alloxan- 
and HFD-induced diabetes models (study III). Plasma glucose was also 
measured before and after anesthesia with isoflurane in the intravital micro-
scopy experiments (study III). 

Glucose tolerance test (study II, III and IV) 
To evaluate metabolic disturbances, glucose tolerance tests (GTT) were per-
formed in rats before and after the 2-week treatment with SR59230A (study 
II) and in mice >14 weeks after commencing control diet or HFD (study III 
and IV). Animals were weighted and plasma glucose levels were measured 
in blood from the tip of the tail using test reagent strips before injection of 
2 g/kg body weight D-glucose (300 mg/ml; Fresenius Kabi, Uppsala, Swe-
den) intraperitoneally (II and IV) or intravenously (study III). Plasma glu-
cose levels were then measured frequently after 10 (study III) or 15 (study II 
and IV), as well as 30, 60, and 120 min later.  

Serum concentration measurements (study I-IV) 
Serum insulin concentrations were measured in rats (study I and II) or in 
mice after >14 weeks on control or HFD (study III and IV) with insulin 
ELISA (Mercodia Rat Insulin ELISA, Uppsala, Sweden) according to manu-
facturer’s instructions. Serum concentrations of cholesterol and triglycerides 
(Architect c4000; Abbott Laboratories, Abbott Park, IL, USA), and inflam-
matory markers (Mouse Pro-inflammatory 7-Plex Assay Ultra-Sensitive Kit; 
Mesoscale, Gaithersburg, MD, USA) were measured in male and female 
mice on control diet or HFD (study IV). 

Blood flow measurements (study I, II and IV) 
Animals were anaesthetized by an intraperitonial injection of thiobutabarbit-
al sodium (rats, 120 mg/kg body weight; Inactin; Sigma-Aldrich) or by aver-
tin (mice, 2.5% [vol/vol] solution of 10 g 97% [vol/vol] 2,2,2-
tribromoethanol [Sigma-Aldrich] in 10 ml 2-methyl-2-butanol [Kemila, 
Stockholm, Sweden]) and placed on a servo-controlled heated operating 
table to maintain body temperature at ~38°C. Animals were tracheostomized 
to facilitate respiration and polyethylene catheters were inserted into the 
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ascending aorta via the right carotid artery and into the left femoral artery. 
The carotid catheter was connected to a pressure transducer (PDCR 75/1; 
Druck, Groby, U.K). In study I, SR59230A was administered intravenously 
10 min before blood flow measurements. To measure organ blood perfusion 
in the animals, a microsphere technique was used (Figure 4.). Briefly, ~1.5 x 
105 black non-radioactive microspheres (EZ-Trac; Triton microspheres, San 
Diego, CA, USA) with a diameter of 10 µm (for studies of islet, pancreatic, 
intestinal, renal and adrenal blood flow) or 15 µm (for studies of adipose 
tissue blood flow) were injected through the catheter with its tip in ascending 
aorta for 5 seconds. Starting 5 seconds before the microsphere injection, and 
continuing for a total of 60 seconds, an arterial blood sample was collected 
by free flow from the catheter in the femoral artery (~ 0.5 ml/min). The exact 
withdrawal rate was confirmed in each experiment by weighing the sample. 
Animals were killed and adrenal glands were removed, blotted and weighed. 
Samples (~40-100 mg) from the colon, duodenum, pancreas, and kidney 
were also taken from the animals injected with 10-µm microspheres. To 
study adipose tissue blood flow, 15-µm microspheres were used. Note that 
this size of microspheres is used for blood flow measurements in these tis-
sues, since smaller microspheres are shunted through adipose tissue micro-
vessels. Samples from intra-abdominal WAT consisted of the retroperitoneal 
fat, pancreatic fat, perirenal fat, epididymal fat, and fat from the posterior 
surface of the xiphoid process (sternal fat), whereas subcutaneous WAT 
were taken from the inguinal part of the abdominal wall and interscapular 
region on the back. BAT was sampled from the interscapular region.  

The number of microspheres in the samples above, including pancreatic 
islets, was visualized and counted by a freeze-thawing technique as pre-
viously described [86]. Organ blood flow values were calculated according 
to the formula below. 

 

Qorg is the organ blood flow (ml/min); Qref is the withdrawal rate of the refer-
ence sample (ml/min); Norg is the total number of microspheres present with-
in the organ, and Nref is the total number of microspheres present in the ref-
erence sample.  

The organ blood flow was expressed in ml/min x g tissue whereas the is-
let perfusion was expressed as µl/min x g pancreas or as µl/ min x islet mass. 
Blood flow values based on the microsphere content of the adrenal glands 
were used to confirm that the microspheres were adequately mixed in the 
circulation. A difference less than 10% for both sizes of microspheres in the 
blood flow values between the two glands within each animal was taken to 
indicate sufficient mixing.  
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Figure 4. Schematic picture of blood flow measurements using the microsphere 
technique. Microspheres are injected into ascending aorta. Simultaneously, an arteri-
al blood sample is collected from the femoral artery as a reference organ blood flow. 
Loss of fluid during the experimental period is supplemented with saline solution 
through the catheter in the femoral vein. 

Leukocyte recruitment in vivo (study III) 
Intravital microscopy was used to study the leukocyte recruitment in venules 
of the cremaster muscle in normoglycemic as well as alloxan- and HFD-
treated mice. The muscle was prepared as previously described [46,87] in 
mice anesthetized by spontaneous inhalation of isoflurane (Forene, Abbott) 
gas through a breathing mask. Briefly, the cremaster muscle was dissected 
free from other tissues, opened longitudinally with electric cautery and held 
flat on an objective glass by attaching five sutures in the corners of the tis-
sue, whereafter it was constantly superfused (1 ml/min) with pre-warmed 
bicarbonate buffered saline (pH 7.4) throughout the experiment. After a rest-
ing period of 30 min, a cremasteric venule with a diameter of ~25-35 µm 
was selected and a 5-minute period of blood flow was recorded through an 
intra vital microscope (Leica Microsystems DM5000B, Wetzlar, Germany) 
with a CCD camera (Hamamatsu Orca-R2, Hamamatsu City, Japan) con-
nected to a computer with Volocity 5.0 Acquisition software. After the first 
recording period of basal recruitment after surgical stimulation, 0.5 nmol/l of 
the chemokine macrophage inflammatory protein-2 (MIP-2, CXCL2; R&D 
Systems, UK) was added to the superfusate throughout the remainder of the 
experiment. MIP-2 is an IL-8 murine homologue which binds the CXCR2 
receptor and recruits mainly neutrophils [87]. Five-minute periods were rec-
orded before and at 30, 60, and 90 min after MIP-2 addition. The number of 
rolling leukocytes was counted during the 5-minute period and the total 
number of rolling leukocytes per min was calculated. The cell velocity of the 
first ten rolling cells during each observation period was calculated. Also, 
the number of adherent leukocytes (stationary for >30 sec) in a 100 µm long 
venule, as well as the number of emigrated cells in the field of view 
(200 µm x 300 µm, 0.06 mm2) were analyzed. 



 23

Bacterial clearance and phagocytosis (study III) 
In order to study bacterial clearance in alloxan-treated (plasma glucose 
>28 mmol/l) and control mice, luminescent bacteria were inoculated subcu-
taneously. Briefly, the fur on the back of the mice was removed using both 
shaver and application of depilator cream (Veet Reckitt Benckiser, Valora 
Trade Sweden) during spontaneous inhalation of isoflurane (Forene, Abbott) 
24 hours before the bacteria inoculation. Bioluminescent Staphylococcus 
aureus strain Xen29 (Caliper life scienses, Alameda, USA) was cultured in 
LB-medium containing 200 µg/ml Kanamycin overnight. On the following 
day, a subculture was made and incubated ~1 hour until bacteria reached 
exponential growth level measured by spectrophotometry (OD600 = 0.5 
~1.4x108 CFU/ml). The bacteria were washed and diluted in PBS supple-
mented with 10 mg/ml Cytodex Beads (Sigma Aldrich) used as a carrier. A 
total of 1 x106 bacteria in 100 µl PBS solution were inoculated subcutane-
ously in anesthetized alloxan-treated or control mice. Bacterial clearance 
was monitored in isoflurane anesthetized mice using a Xenogen bioimaging  
device (IVIS Spectrum, Caliper Life Sciences, Hopkinton, USA) at 0, 2, 5, 
12, and 24 hour and then every 24 hour for the next 14 days. Images were 
analysed and luminescence quantification was made using Living Image® 
3.1 software (Caliper).  

One part of the bacteria-infected mice was killed two days post-
inocculation for myeloperoxidase (MPO) measurements using MPO ELISA 
(Hycult biotec, Uden, Netherlands). The remaining animals were stained for 
macrophages in the infected areas using Alexa Fluor555-conjugared F4/80 
antibody. 

Phagocytosis was analyzed using LPS-coated fluorescent beads (Polys-
cience, Eppelheim, Germany) injected intraperitoneally in control or allox-
an-treated mice followed by isolation of recruited leukocytes via peritoneal 
lavage three hours later. Leukocytes were isolated using percoll gradient 
isolation as previously described [88]. Total populations of phagocytic leu-
kocytes as well as percentage of the population containing beads were de-
termined using flow cytometry (FACScalibur, BD Biosciences).  

Islet isolation and islet function (study I, II and IV) 
Islets were isolated by collagenase digestion as previous described [89]. 
Groups of 100-150 islets were cultured for two days (study II and IV) in 5 
ml of RPMI 1640 culture medium (Sigma-Aldrich) supplemented with 11 
mmol/l D-glucose, 2 mmol/l L-glutamine (Sigma-Aldrich), and 10% 
(vol/vol) fetal calf serum (Sigma-Aldrich) in 95% air/5% CO2 at 37 °C. Cul-
ture medium was changed after 24h. In order to study islet function, tripli-
cate groups of islets were incubated in 0.25 ml Krebs-Ringer bicarbonate 
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buffer supplemented with 2 mg/ml bovine serum albumin (fraction V; MP 
Biomedicals Inc., Aurora, OH, USA) and 1.7 or 16.7 mmol/l glucose [90]. 

Macrophage staining (study III-IV) 
Subsets of macrophages were stained in cryosections of gonadal adipose 
tissue (study IV) and in bacteria infected backs (study III). In adipose tissue, 
primary antibodies; rat anti-mouse F4/80 (1:200, eBioscience, San Diego, 
CA, USA) and Alexa Fluor488-conjugated rat anti-mouse MGL-1 (macro-
phage galactose-type C-type lectin-1/CD301, 1:200, AbD Serotec, Düssel-
dorf, Germany) were used, with NL577 goat anti-rat IgG (1:500, R&D Sys-
tems, Minneapolis, MN, USA) as secondary antibody. In the bacteria-
infected mice, an AlexaFlour555-conjugated F4/80 antibody was used. All 
slides were co-stained with Hoechst33342 (Invitrogen, Stockholm, Sweden). 
Images were captured using a Nikon confocal microscope (Nikon C-1 with 
Plan Apo VC 20x/0.75 objective) and analyzed using ImageJ. 

Gene expression (study I and IV) 
In study I, the 3-adrenoceptor expression from isolated total RNA in islets 
of WF and GK rats was performed using the RNeasy Mini Kit (Qiagen, Hil-
den, Germany). The RNA was converted to cDNA using a reverse-
transcription system with oligo (dT)15 primers (Promega SDS Biosiences, 
Falkenberg, Sweden). The LightCycler System (Roche Diagnostics, Mann-
heim, Germany) together with SYBR Green JumpStart Taq ReadyMix were 
used to amplify and analyze cDNA. The primer used and amplification pro-
gram are listed in study I. Glucose 6-phosphate dehydrogenase was used as 
housekeeping gene. The results were evaluated as threshold cycle values (CT 
values) defined as the amplification cycle number when the fluorescence 
exceeds a specific threshold value. The CT-values were used to calculate the 
amount of PCR product in comparison to the housekeeping gene. Relative 
mRNA expression was calculated and expressed as 2- Ct. 

In study IV, total RNA was extracted from frozen gonadal adipose tissue 
with Trizol (Invitrogen, Carlsbad, CA) and RNA concentrations were meas-
ured on a Nanodrop™ 2000c spectrophotometer (Thermo-Scientific, Wil-
mington, DE). cDNA was synthesized using 2 µg RNA from each sample 
using High Capacity cDNA kit (Applied Biosystems, Foster City, CA, 
USA). To measure Foxp3 and 18S mRNA, 2 µl of each cDNA sample were 
loaded in duplicate in TaqMan Gene Expression mastermix (Applied Biosys-
tems) together with a MGB probe targeting Foxp3 (Mm00475162_m1) or 
18S (hs99999901_s1; Applied Biosystems) on a MyIQ2 Real Time PCR 
System (Bio-Rad Laboratories, Sundbyberg, Sweden). According to the 
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comparative threshold method (Ct-method), Foxp3 mRNA levels were nor-
malized to 18S mRNA levels ( Ct). The average Ct value from female 
mice on control diet was used as the 100 % reference ( Ct) for Foxp3 
mRNA expression. The equation 2- Ct was applied to convert the logarith-
mic Ct values to linear values. 

Statistical analysis (study I-IV) 
All values are expressed as mean ± standard error of the mean (SEM). Stu-
dent’s unpaired t-test was used for the statistical analysis and Mann Whitney 
was applied when the normality test failed in study I. In study II-IV, one 
way ANOVA with Fischer’s LSD post hoc test was used. In study III, 
one-way repeated measurements of ANOVA with Dunnett’s as post hoc test 
was also used when comparing the same animal at different time points. 
Statistical significance was set to P < 0.05. All statistical analyses were car-
ried out using SigmaStat 3.5 (Systat Software, Richmond, VA, USA). 
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Study design 

Study I 
WF and GK rats were treated with saline or the 3-adrenoceptor inhibitor 
SR59230A 10 minutes before blood flow measurements. Islets were also 
isolated from WF and GK rats for gene expression analysis of the 

3-adrenoceptor within the islets.  

    
Figure 5. The experimental outline of study 1.  

Study II 
In study II, a glucose tolerance test (GTT) was performed before and after 
implantation of osmotic pumps in WF and GK rats. The pumps were filled 
with either saline or the 3-adrenoceptor inhibitor SR59230A. After two 
weeks, either blood flow or islet function (insulin release and insulin con-
tent) were studied.  

  
Figure 6. The experimental outline of study II. 
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Study III 
Mice were either given HFD for 16 weeks or treated with alloxan to induce 
hyperglycemia before leukocyte recruitment was studied. Separate alloxan-
treated and control mice were used for bacterial clearance and phagocytosis 
analysis.  

  
Figure 7. The experimental outline of study III. 

 

Study IV 
C57Bl/6 mice were fed control or HFD for 14 weeks before allocated in two 
different sets of groups. Blood flow measurements and serum parameters 
were measured in one set of groups, whereas adipose tissue inflammation 
and islet function were investigated in the other set. 

  
Figure 8. The experimental outline of study IV. 
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Results and Comments 

Study I 
We investigated if the high islet and WAT blood perfusion previously seen 
in GK rats, a type 2 diabetes model [31], are regulated by signaling through 
the 3-adrenoceptor. 

Mean body weight of the GK rats was significantly lower compared to 
age-matched control WF rats, whereas the retroperitoneal fat pad weight was 
higher, indicating an increased body fat content in these non-obese 
type 2 diabetic rats [91]. In the control WF rats, infusions of 3-adrenoceptor 
antagonist SR59230A affected neither subcutaneous nor intra-abdominal 
WAT blood flow suggesting that 3-adrenoceptors are not a main blood flow 
regulator under basal conditions. The augmented WAT blood flow observed 
in both depots in GK rats was reversed by the antagonist to levels similar to 
those seen in the WF rats (Figure 9.a-b).  

Blood flow to interscapular BAT, where the adrenergic system affects 
both lipolysis and thermogenesis [14], was similar in GK rats when com-
pared to that of WF rats under normal conditions. Surprisingly, there was a 
remarkable and more than nine-fold increase in blood flow after SR59230A 
administration in the GK rat. This is contradictory to previous findings 
where 3-adrenoceptor agonists were found to increase BAT blood flow 
[92]. The reasons for this discrepancy are unknown and further studies are 
required to resolve this matter. 

Both whole pancreatic and islet blood flow were increased in the GK rat 
compared to control rats. After administration of SR59230A, islet blood 
perfusion decreased to the same level as that seen in WF rats, whereas the 
whole pancreatic blood flow was unaffected (Figure 9.c-d). 

The serum insulin concentrations in SR59230A-treated GK rats were 
higher compared to control GK rats, indicating that the insulin release can be 
augmented already after an acute islet blood flow decrease or that the inhibi-
tion affected the insulin secretion per se. To investigate if the described find-
ings were caused by changes in receptor number, gene expression of the 

3-adrenoceptors was analyzed. However, no significant difference in 
mRNA expression levels of 3-adrenoceptors was seen in the islets from GK 
and WF rats. 

To conclude, our results indicate that 3-adrenoceptors participate in the 
specific regulation of WAT and islet blood flow in a type 2 diabetes model. 
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The significance of the 3-adrenoceptor-induced decrease in WAT blood 
flow seen in these experiments is, however, not fully understood. Neverthe-
less, administration of a 3-adrenoceptor antagonist might be of interest for 
normalization of the increased islet blood flow, which in turn might improve 
the endocrine function of the islets. 

 
Figure 9. Blood perfusion of subcutaneous WAT (a), intra-abdominal WAT (b), 
pancreas (c), and pancreatic islets (d) in control (white bars) or SR59230A-treated 
(black bars) WF and GK rats. Data are means ± SEM for 7-9 experiments in each 
group. *P < 0.05. Figure is based on results from study I. 

Study II 
To further study the effect of 3-adrenoceptors on islet and WAT blood flow, 
we examined the effect of continuous 2-week administration of the antagon-
ist SR59230A on blood perfusion. In this study, the type 2 diabetic GK rats 
showed increased mean body weight (~9%) and visceral retroperitoneal fat 
pad (~50%) as well as plasma glucose concentrations (~60%) compared to 
control WF rats.  
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The effect of 3-adrenoceptor inhibition on glucose tolerance in these an-
imals was investigated. However, this was not improved after the 2-week 
treatment period. Neither could differences in serum insulin concentrations 
between saline- or SR59230A-treated WF or GK rats be detected.  

The endocrine function of the islets from WF and GK rats was examined 
in vitro via glucose-stimulated insulin release after the 2-week in vivo treat-
ment period. Both WF-treated groups responded to high-glucose stimulation, 
whereas this effect was absent in saline-treated GK-rats. Interestingly, the 
insulin secretion was improved in the GK-rat after SR59230A treatment, 
indicating an improved islet function. However, the glucose-stimulated re-
sponse in isolated islets did not differ between rat strains or treatment 
groups.  

Unlike the results seen after acute administration of the 3-adrenoceptor 
antagonist, long-term inhibition had no effect on either subcutaneous or in-
tra-abdominal WAT. Also the pronounced increase in BAT blood flow seen 
after acute administration in study I was abolished after prolonged treatment. 

No differences in whole pancreatic blood flow were seen irrespective of 
treatment of rat strains (Figure 10.a). Despite this, islet blood flow was in-
creased in saline-treated GK rats compared to WF rats, but was revered with 
SR59230A-treatment during a 2-week period (Figure 10.b).  

In conclusion, prolonged treatment with the 3-adrenoceptor antagonist 
SR59230A decreased the augmented islet blood flow in the type 2 diabetes 
model without affecting glucose tolerance per se.  

 
Figure 10. Blood perfusion of pancreas (a) and pancreatic islets (b) in control (white 
bars) or SR59230A-treated (black bars) Wistar-Furth (WF) and Goto-Kakizaki (GK) 
rats after 2-week treatment. Data are means ± SEM for 7-10 experiments in each 
group. *P < 0.05 when compared to all other groups. Figure from study II. 

Study III 
In this study, we were interested in how hyperglycemia affects leukocyte 
recruitment in response to inflammatory stimuli. High-fat-fed and alloxan-
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treated mice were used as moderate and severe hyperglycemic models, re-
spectively. The 16 weeks of HFD increased the body weight with approx-
imately 30% compared to aged-matched control mice at the time for the 
leukocyte recruitment study. Further, the HFD impaired glucose tolerance 
and caused a moderate hyperglycemia (~11 mmol/l) and pronounced hyper-
insulinemia with serum insulin concentrations increased >30-fold compared 
to mice on control diet.  

Leukocyte recruitment under basal conditions in the cremaster muscle re-
vealed increased numbers of both adherent and emigrated cells to a similar 
extent in all hyperglycemic mice. This observation might reflect hypergly-
cemia-induced upregulation of adhesion molecules on endothelial cells 
and/or leukocytes. After administration of the inflammatory chemokine 
MIP-2, the numbers of adherent and emigrated leukocytes increased with 
time in all groups, but this was more pronounced in the alloxan-treated group 
(Figure 11.). Thus, in this group, an increased number of emigrated leuko-
cytes was found at all time points after MIP-2 addition compared to control 
mice. A trend towards this, however not significant (P = 0.061), was seen in 
the HFD mice after 90 min of MIP-2 addition. These results suggest that 
leukocytes in the diabetes models are more prone to migrate out into tissues 
after stimulation with MIP-2, which may reflect a more activated innate im-
mune system compared to that seen in normoglycemic mice. 

Recurrent infections are often observed in patients suffering from diabetes 
and are probably caused by disease-related complications such as peripheral 
neuropathy, impaired peripheral blood perfusion, and probably also a defec-
tive immune response [2,39,40,93,94]. We therefore wanted to investigate 
how our observations of an increased ability to recruit leukocytes during 
hyperglycemia would influence bacterial clearance of luminescent S. aureus 
inoculated subcutaneously. Despite the increased leukocyte recruitment seen 
in the cremaster model (Figure 11.), the alloxan-treated mice were unable to 
eliminate the bacterial infection to the same extent as the control mice 
(Figure 12.a-b). Interestingly, the alloxan-treated mice showed a more rapid 
and effective initial clearance during the first 7 days, but were unable to era-
dicate the infection after 14 days (Figure 12.c). Staining of the bacteria-
infected area confirmed the increased number of leukocytes seen in the re-
cruitment studies, and the MPO-content in this area seemed to be increased, 
however not significantly (P = 0.063).   

To investigate reasons for the defective bacterial clearance, the phagocyt-
ic ability of leukocytes were investigated by injecting LPS-coated fluores-
cent beads into the peritoneal cavity of mice. A 50% decrease of the number 
of phagocytizing cells was observed in the alloxan-treated mice compared to 
control mice.   

In summary, hyperglycemia increases leukocyte-endothelial cell interac-
tion and increases the number of emigrated cells in tissue. Despite this, the 
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leukocytes of hyperglycemic mice in this acute inflammatory model were less 
efficient in eradicating a bacterial infection due to impaired phagocytosis. 

 
Figure 11. Number of adherent (a) and emigrated (b) leukocytes in recruitment 
studies in the cremaster muscle of control (white bars), alloxan-treated (dark grey 
bars), HFD-fed (light grey bars), and acute glucose-infused mice (black bars) before 
(time 0) or after MIP-2 addition to the superfusate. Data are means ± SEM. *P <0.05 
compared to other groups at the same time point. †P<0.05 compared to time 0 with-
in the group. Figure from study III. 
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Figure 12. Bacterial clearance in control and alloxan-treated mice. a, clearance rate 
of bioluminescent Staphylococcus aureus in control (black line) or alloxan-treated 
(grey line) mice until 50% of the control mice were free from bacteria (dashed line). 
b, representative images of bioluminescent S. aureus-infected areas in control (upper 
panel) and alloxan-treated (lower panel) mice at different time points post inoccula-
tion. c, total bioluminescence in control (white boxes) and alloxan-treated (black 
boxes) mice over time. Dashed line represents average bioluminescent background. 
Figure from study III. 
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Study IV 
In this study, we investigated the outcome of HFD-treatment separately in 
male and female mice with respect to insulin levels, glucose tolerance, sys-
temic inflammation, and islet blood perfusion. Mice gained weight to the 
same extent after 14 weeks of HFD, irrespective of gender. Intra-abdominal 
adipose tissue depots and serum concentrations of triglycerides and choles-
terol were increased in both genders on HFD, indicating a diet-induced ef-
fect on both adipose tissue and circulating lipids. Notably, high-fat-fed male 
mice exhibited increased serum cholesterol concentrations compared to fe-
male mice on HFD. Furthermore, plasma glucose concentrations and serum 
insulin levels were augmented and glucose tolerance was impaired in male 
mice compared to female mice on HFD. Moreover, both islet fraction and 
mean islet diameter were increased in male mice on HFD compared to all 
other groups, indicating islet hypertrophy or hyperplasia.   

Blood flow was studied in whole pancreas and in the pancreatic islets. 
Neither gender nor diet affected total pancreatic blood flow. Islet blood flow 
per pancreas weight was increased in the high-fat-fed male mice, but when 
expressed as islet blood flow per islet weight in order to compensate for the 
increased islet mass in the high-fat-fed male mice, no differences could be 
detected.  

Besides increased insulin and circulating lipid concentrations, the in-
flammatory cytokines IL-6 and mKC were also increased in serum of high-
fat-fed male mice compared to all other groups (Figure 13.a-b). There was 
also a tendency towards decreased levels of the anti-inflammatory marker 
IL-10 in the high-fat-fed mice compared to control-fed animals.  

To summarize, these results showed that contrary to what was observed 
for male mice, female mice on HFD did not develop hyperinsulinemia, glu-
cose intolerance, and increased islet mass, despite similar weight gain.  

To investigate if high-fat-fed male mice had developed a -cell defect, 
glucose-stimulated insulin release and insulin content were measured in vitro 
in isolated islets. Islets from the different groups did respond to glucose and 
no significant differences could be detected. These results imply that despite 
hyperinsulinemia, the islets in the high-fat-fed male mice maintain an ability 
to adequately respond to increased glucose concentrations. 

The next step was to study the origin of the systemic inflammation. 
Therefore, gonadal WAT was analyzed for macrophage subtypes and anti-
inflammatory Treg. No differences in the number of resident macrophages 
(F4/80+MGL-1+) between the groups were seen. However, male mice on 
HFD had an increased number of inflammatory macrophages 
(F4/80+MGL-1-) compared to all other groups indicating that the origin of 
the inflammation, at least in part, derives from WAT (Figure 13c). Further, 
the inflammatory macrophages were situated in crown-like structures sur-
rounding adipocytes as previously found in obese adipose tissue [95]. Treg 
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function as anti-inflammatory regulators in adipose tissue of both mice and 
men and their number decreases with obesity [42,96]. To examine if gender 
affected the Treg population in mice on HFD, gene expression of Treg was 
measured. High-fat-fed female mice augmented the Treg expression 7-fold, 
whereas the expression in male mice on HFD remained unchanged (Figure 
13.d). 

In conclusion, female mice fed a HFD are protected against hyperinsuli-
nemia and islet hypertrophy or hyperplasia, which might be explained by 
less intra-abdominal and systemic inflammation and the maintenance of a 
non-inflammatory milieu in intra-abdominal adipose depots. 

 
Figure 13. Inflammatory markers in serum (a-b) after 14 weeks on control- or high-
fat diet (HFD). c, number of inflammatory (F4/80+MGL-1-, white) and resident 
(F4/80+MGL-1+, grey) macrophages in adipose tissue in mice on control- or HFD 
for 14 weeks. d, gene expression of Foxp3 (regulatory T-cell marker) in adipose 
tissue in control- or high-fat-fed mice. Data are means ± SEM. P < 0.05 compared 
with control (*), compared with female control (†) and compared with female on 
HFD (‡). Figure is based on results from study IV. 
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Discussion 

Animal models of type 2 diabetes are usually associated with -cell defects 
that are unmasked by a simultaneous peripheral insulin resistance. The de-
veloped insulin resistance may result in augmented pancreatic islet blood 
flow in order to compensate for the increased demand of insulin. The studies 
included in this thesis demonstrates that the increased islet blood flow during 
type 2 diabetes is at least in part regulated by the adrenergic nervous system 
via 3-adrenoceptors, without affecting the insulin secretion. Further, di-
abetes-induced hyperglycemia affects leukocytes in the circulation, and we 
found increased leukocyte recruitment during basal and inflammatory condi-
tions in diabetic mice. Despite this effect, bacterial clearance was defect in 
these mice due to impaired phagocytosis. Type 2 diabetes is frequently pre-
ceded by obesity and in the last paper included in this thesis, we aimed to 
investigate obesity-induced effects in male and female mice on HFD. We 
found a low-grade, systemic inflammation manifested in increased levels of 
circulation inflammatory agents in male but not in female mice. Obesity-
triggered inflammation is present in different organs, in particular the adi-
pose tissue, and the main mediator is pro-inflammatory macrophages, which 
increased manifold in numbers in the obese male mice. By contrast, and 
probably due to their ability to maintain their adipose tissue non-
inflammatory by increasing the Treg population, female mice were resistant 
to onset of obesity-induced inflammation and concomitant metabolic adapta-
tions compared to male mice. 

Of mice and men 
The physiology of mice and rats differs from that of man in several aspects 
and results from animal models cannot always be directly translated and 
applied to humans. This has partly been shown with regard to islet physiolo-
gy [97] and particularly fat cell biology [98]. However, mechanistic studies 
are difficult to perform on humans, whereby disease models in rodents pro-
vide important information to fill knowledge gaps.  

The GK rat used in study I and II is a well-known nonobese, animal mod-
el of type 2 diabetes with defect -cell function [83] including oxidative 
stress formation in the -cells [99], as well as peripheral insulin resistance 
[84]. GK rats also show adipose tissue inflammation with increased circulat-
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ing levels of TNF-  and IL-6, and a redistribution of adipocyte size with a 
decreased number of large adipocytes [100].  

In study III and IV, C57Bl/6 mice were used. This is a commonly used 
standard strain worldwide which increases their adipose tissue mass when 
fed a high calorie diet enriched in both carbohydrates and fat. 

Islet blood flow in relation to endocrine function 
-cells in islets of Langerhans have a great capacity to compensate for in-

creased demands for hormone secretion, as seen during e.g. pregnancy and 
weight increase. In line with this, animals subjected to a partial pancreatect-
omy (60%), with concomitant reduction of islet mass, are still able to main-
tain an adequate insulin production [101,102]. However, if this compensa-
tion fails, type 2 diabetes develops. Combined data from both human and 
animal studies suggest a sequence of processes consisting of four different 
stages of -cell failure [32]. Briefly, the first stage constitutes successful 
compensation to the increased demand, caused by e.g peripheral insulin re-
sistance, by increases in -cell mass with a maintained functional glucose-
stimulated insulin secretion. During the second stage, plasma glucose levels 
are increasing as a first sign of a -cell defect. Further, the glucose-
stimulated insulin secretion becomes inadequate, but the response to other 
insulin secretagogues, e.g. arginine, is still present. In the third stage, -cell 
hypertrophy continues, and now also the other factors which stimulate insu-
lin-release fail to increase insulin secretion. At the final stage, -cell mass 
decreases and lipid droplets, amyloid, and fibrosis form within the islet con-
tributing to -cell apoptosis [103]. The high-fat-fed male mice in study IV 
demonstrated an increased islet mass, but the islets maintained an intact glu-
cose-stimulated insulin release suggesting that the -cells are still functional 
and in the first stage of the -cell failure according to the scheme given 
above. 

 Pancreatic islets are among the most vascularized organs in the body. 
Their blood flow is regulated independently from that of the exocrine paren-
chyma by several mechanisms, including locally produced endothelial me-
diators and metabolic substances, as well as the autonomic nervous system. 
However, the ambient glucose concentration seems to be the most influential 
stimulus to balance islet blood perfusion to the metabolic needs of the islets 
[28,104]. 

 We have previously shown that animal models of type 2 diabetes initially 
have an increased islet blood flow compared to controls [31,105]. This 
hyperperfusion increases the pressure within the islet capillaries, as observed 
in the GK rat, which might be harmful to the endothelial cells [106]. GK rats 
are also known to decrease both their vessel density and islet blood perfusion 
with increasing age [107]. One mechanism that could explain this scenario is 
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that the increased metabolic demands caused by insulin resistance, stimu-
lates compensatory mechanisms in the pancreas, such as increased islet 
blood perfusion and increased -cell mass. This hyperperfusion accompanied 
by prolonged hyperglycemia and glucotoxiticity will with time damage en-
dothelium and -cells resulting in decreased vessel density [107] and -cell 
death.  

The microsphere technique used in this thesis is the only readily available 
method for measurements of total islet blood flow in native pancreas. The 
optimal size of the microspheres varies due to the capillary diameters in the 
organ of interest [68]. In order to adequately measure islet and WAT blood 
flow we had to use 10- and 15-µm microspheres, respectively, as discussed 
in detail previously [31]. Immediately after injection of the microspheres 
into the arterial blood stream, a blood sample is collected from the femoral 
artery, representing an artificial organ with known blood flow. By counting 
the microspheres in the organs, the blood flow can be calculated. The disad-
vantages with this method are that it only measures the blood perfusion at 
one given time and that it is difficult to perform repeated injections in the 
same animal. 

Autonomic innervation of islets and adipose tissue 
Innervation of both islets and adipose tissue is crucial for modulation of their 
function. The 3-adrenoceptor constitutes the cornerstone of the adrenergic 
nervous system in WAT and BAT, but is also a major player in the islets of 
Langerhans [65,66,67,108]. The receptor is situated on smooth muscle cells 
and -cells, and affects islet blood flow and insulin release [67,70,109,110]. 
The gene expression of the 3-adrenoceptors was similar in the islets of both 
WF and GK rats in study I, demonstrating that differences in the amount of 
receptors are unlikely to cause the decreased islet blood perfusion seen in the 
GK rat. Further, if the receptor affinity is changed during diabetes is not 
known, but the antagonist was given in a high concentration and therefore 
probably able to inhibit all receptors. However, the different blood flow res-
ponses seen after 3-adrenoceptor inhibition in the two strains, both in study 
I and II, can be explained by the location of the adrenoceptors. The islet 
blood flow is mainly regulated through the afferent arterioles, usually 1-3 in 
number, which enter the islet [111]. The distal portion of the arterioles pene-
trates into the islet core, and will therefore be included in islet isolations. 
These cells, i.e. smooth muscle and endothelial cells, can contribute to the 
measured gene expression in study I. The exact anatomical location of the 
expressed adrenoceptors cannot be deduced from these experiments. It 
should be noted that we in yet unpublished experiments have found reactivi-
ty to 3-adrenoceptor stimulation in isolated islet arterioles from WF rats 
suggesting their existence in these vessels. 
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Neither acute reduction (study I) of islet blood flow nor reduced blood 
flow levels for 2 weeks (study II) affected insulin secretion. Thus, possible 
effects on insulin secretion by blood flow reduction probably require pro-
longed times of 3-adrenoceptor inhibition. A very important finding in the 
present studies was that 3-adrenoceptor inhibition did not by itself interact 
and blunt insulin secretion, which is crucial for eventual therapeutic applica-
tions.  

WAT nerves help to control adipocyte function, and this regulation is 
more developed in visceral, intra-abdominal compared to subcutaneous adi-
pose tissue [108]. The 3-adrenoceptors are also important blood flow regu-
lators in adipose tissue in which differences in receptor distribution and sub-
types have been demonstrated [108,112,113]. 3-adrenoceptors also affect 
metabolism through stimulation of lipolysis, which improves insulin resis-
tance and decreases fat mass, which make them a target for anti-diabetic 
drugs [110,114]. Indeed, anti-diabetic effects have been seen in rats and 
mice [115].  However, increased lipolysis increases free fatty acid concentra-
tions in the circulation, which contributes to harmful triglyceride accumula-
tions in other organs [116]. Further, people suffering from obesity usually 
develop catecholamine resistance in their WAT with blunted lipolysis as a 
consequence [117,118,119,120,121], which contributes to adipose tissue 
storage. Together, these findings strongly limit the therapeutic anti-diabetic 
effects by 3-adrenoceptor agonists. 

Leukocytes and hyperglycemia 
Leukocytes play an important role in the defense against microorganisms 
and other foreign substances and the fact that patients suffering from di-
abetes have impaired resistance against infections is well-established [122]. 
Although the effects of hyperglycemia on leukocytes have been frequently 
studied, the mechanisms behind the observed impaired function are still not 
fully understood.      

We studied leukocyte-endothelial interactions in two hyperglycemic 
models, the alloxan-treated mice and the high-fat-fed mice. These models of 
diabetes differ both in the degree and duration of hyperglycemia, since the 
HFD creates moderately increased plasma glucose levels for a longer time 
period, then seen after alloxan, where the hyperglycemia is acute and more 
severe. Furthermore, the mice on HFD are hyperinsulinemic probably due to 
a concomitant insulin resistance, whereas the alloxan-treated animals are 
hypoinsulinemic.  

In these sets of experiments, it is important not to manipulate the numbers 
of circulating leukocytes with the alloxan-treatment and the differential 
count showed no differences in leukocytes between alloxan-treated or con-
trol mice blood.  
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Previous studies have shown conflicting results with regard to how 
hyperglycemia affects leukocyte recruitment. Both decreased [123] and in-
creased [124] number of leukocyte-endothelial cell interactions have been 
reported as well as increased levels of adhesion molecules on leukocytes 
[125]. One possible explanation for the variations in study outcome might be 
the magnitude as well as the length of hyperglycemia which might affect 
leukocytes function differently. Our findings are in line with those seen in a 
previous study in which the leukocyte-endothelial interactions were investi-
gated in the mesentery during ischemia-reperfusion injury in streptozotocin-
treated rats [124]. Ischemia-reperfusion increased both adhesion and emigra-
tion of leukocytes in the mesentery of streptozotocin-treated rats compared 
to control animals. However, another study demonstrated decreased leuko-
cyte-endothelial interactions in the internal spermatic fascia in alloxan-
treated rats [123]. An obvious discrepancy between the latter study and our 
findings is the time period of severe hyperglycemia. Our mice were alloxan-
treated 3-8 days prior experiment, whereas the alloxan-treated rats were 
hyperglycemic during 33 days, with an associated higher degree of protein 
glycosylation and metabolic changes. Therefore, it may be that the hypergly-
cemia increases the leukocyte-endothelial interaction initially, but with time 
the interactions may be blunted. The cremaster muscle is a well-established 
tissue for leukocyte recruitment studies, since it is a thin, transparent muscle. 
Leukocyte recruitment to adipose tissue would of course be interesting to 
study but the properties of adipose tissue per se make it difficult to visualize 
intravascular leukocytes. 

Even though leukocytes of alloxan-treated mice were present at the in-
flammatory site in our study, they were unable to eradicate a subcutaneous 
S. aureus infection. These data are in line with clinical findings, which show 
that patients suffering from diabetes show increased susceptibility to bacteri-
al infections [93,94,122]. An experimental study where S. aureus was in-
jected in the hindpaw of the non-obese diabetic (NOD) mouse of an au-
toimmune model of type 1 diabetes reported exacerbated bacterial clearance 
in the diabetic mice [126]. In contrast to our results, these authors found that 
the tissue inflammation was reduced with lower concentrations of chemo-
kines. The correlation of these results with our own is difficult to evaluate 
since NOD mice exhibits more profound immune defects. 

An interesting finding in our study was that the amount of luminescent 
bacteria initially decreased at a faster rate, but could not be totally eliminated 
with time in the alloxan-treated mice compared to controls. This might re-
flect the initial increase in emigrated leukocytes at the infection site observed 
in the leukocyte recruitment experiments. The disability to clear the infection 
by leukocytes from alloxan-treated mice was demonstrated to be due to de-
fect phagocytosis.  
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Adipose tissue inflammation 
Adipose tissue constitutes both a source of inflammatory mediators, in terms 
of cytokine and adipokine production, as well as a site of inflammation with 
increased macrophage recruitment [54,55]. The connection between obesity, 
inflammation and insulin resistance was discovered ~20 years ago [5,7]. This 
changed the view of adipose tissue from being an energy reservoir only to also 
constituting the largest endocrine organ in the body with an important function 
as a metabolic sensor. Lately, major focus of research has been on the accumu-
lation of macrophages in adipose tissue, which seems to constitute one link to 
local inflammation and the development of insulin resistance [54,55]. Normal-
ly, adipose tissue macrophages (ATMs) control several processes in the adi-
pose tissue including angiogenesis, removal of dead adipocytes, responses to 
hypoxia, as well as adipogenesis in lean and obese states [95,127].  

ATMs exhibit diverse phenotypic heterogeneity depending on their cur-
rent immune function, and they can be divided into M1/M2 phenotypes. 
Obesity causes a phenotype switch in the subsets of ATMs from the resident 
M2 to the inflammatory M1 macrophage, which causes an adipose tissue 
inflammation [128]. However, this classification of ATMs as M1 and M2 is 
a matter of controversy, since these subsets show considerable heterogeneity. 
It has recently been shown that ATMs have different activation states and 
phenotypes not consistent with this classification [129]. With this in mind, 
we chose to differentiate the macrophages in study IV according to their 
surface markers, and not after their M1/M2 phenotype. Thus, we used F4/80 
which is a marker expressed on all macrophages and MGL-1, which is ex-
pressed only on resident macrophages [130]. 

Adipose tissue in obesity not only changes their subsets of ATMs from 
the resident into a predominance of the inflammatory macrophage subtype 
via increased recruitment. The recruited inflammatory ATMs also cluster 
around dead adipocytes and form ‘crown-like’ structures [95]. These results 
are in line with our findings in high-fat-fed male mice were we observed 
increased number of F4/80+MGL1- macrophages in crown-like structures. 
The origin of the latter structures has been claimed to be due to the high 
turnover and remodeling of adipose tissue in obesity. This increases the 
number of dead adipocytes that per se recruits the inflammatory ATMs, in a 
similar way as neutrophils are recruited towards necrotic tissue [131]. How-
ever, despite similar weight gain, this phenomenon was absent in the high-
fat-fed female mice. 

Macrophage recruitment is both regulated and increased by lipolysis, 
which can be enhanced further by addition of 3-adrenoceptor agonists 
[57,132]. During lipolysis, recruited ATMs increase their lipid uptake [132]. 
It should be noted that GK rats express increased inflammatory markers in 
adipose tissue [100]. One can hypothesize that increased WAT blood flow 
seen in the GK rat may correlate to increased lipolysis and increased macro-
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phage recruitment. Macrophage content has been investigated in adipose 
tissue of GK rats and found to be normal [31], but specific subtypes of ma-
crophages have not been analyzed. A blunted lipolysis, induced by the 3-
adrenoceptor inhibitor SR59230A, might therefore decrease the macrophage 
recruitment to adipose tissue and prevent or modulate the inflammation.  

Macrophages are not the only immune cell present in adipose tissue and 
interplay between pro- and anti-inflammatory innate and adaptive immune 
cells is likely to regulate the local micro-environment. Lately, there has been 
a growing interest in Treg populations, since these cells have inflammation 
suppressing actions [43]. Treg are enriched in lean adipose tissue of both mice 
and men but decrease in number with obesity [42,96]. This could not be 
observed in the high-fat-fed male mice with systemic inflammation and 
hyperinsulinemia (study IV), probably due to the short time on HFD. Surpri-
singly, we found that the fraction of Treg was upregulated in female mice on 
HFD compared to lean female mice, which indicates an increased demand of 
anti-inflammatory mediators to counterbalance the pro-inflammatory actions 
of increased adipocytes. Since female mice on HFD did not increase the 
inflammatory macrophage population in WAT, developed systemic inflam-
mation or hyperinsulinemia despite similar weight gain, the maintenance of 
the non-inflammatory adipose tissue seems to be successful. 

Another intriguing finding was that the population of Treg was much lower 
in lean female mice compared to lean non-inflammatory male mice. Consi-
dering the increased IL-6 concentrations in serum of lean male mice com-
pared the lean female mice, we hypothesize that the enhanced inflammation 
in the former group is compensated for by the increased Treg in WAT. How-
ever, we found no differences in other serum cytokine concentrations and 
more data is required to understand the mechanisms. 

Worthy of note and important to keep in mind is that not all people suffer-
ing from obesity develop type 2 diabetes. In addition to obesity, there are 
other factors which make the disease manifest, such as heredity, ethnicity 
and environment [133]. Further, if the adipose tissue is situated in visceral or 
in subcutaneous, gluteofemoral regions is also important, since the former is 
more associated with hyperinsulinemia and insulin resistance [77,134]. The 
visceral and gluteofemoral subcutaneous adipocytes are phenotypically dif-
ferent and the latter have in several studies shown to be protective against 
cardiovascular and metabolic diseases. Further, this adipose tissue is asso-
ciated with beneficial adipokines but not pro-inflammatory cytokines [134].  

Anti-inflammatory therapies such as anti-TNF-  are used to treat many 
inflammatory diseases. There have been several attempts to use such anti-
inflammatory agents to alleviate adipose tissue inflammation. The results 
were impressive in obese rodent models of type 2 diabetes in which neutrali-
zation of TNF-  improved peripheral insulin-stimulated glucose uptake [5]. 
On the other hand, effects in human studies were lacking [135,136]. A re-
cently published paper investigated the prolonged effect of a TNF-  compet-
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itor in patients suffering from obesity and found improved plasma glucose 
concentrations and increased levels of the anti-inflammatory adipokine adi-
ponectin, whereas no effects on fasting insulin and insulin resistance could 
be detected [137]. Different study designs might explain these outcomes. In 
the first set of studies, the TNF-  inhibitor was given intravenously as a sin-
gle dose, and repeated administration might be necessary in order to obtain 
an effect. Moreover, there are also several other pro-inflammatory agents 
apart from TNF-  present in adipose tissue during obesity, which contribute 
to insulin resistance.           

Does gender matter? 
Human adipose tissue distribution differs between genders. Generally, wom-
en exhibit enriched subcutaneous adipose tissue, e.g. within the gluteofe-
moral region whereas the predominantly male visceral enrichment is asso-
ciated with increased risk of several diseases [134]. Another and potentially 
related observed gender difference in humans is the levels of circulating 
inflammatory markers, even though contradictory data exist [138,139,140].  

One possible explanation for these gender differences might be anti-
inflammatory effects of estrogen. Estrogen induces multiple effects on meta-
bolism in both humans and rodents and regulates body fat distribution, as well 
as promotes accumulation of subcutaneous adipose tissue [78]. In line with 
this, the prevalence of type 2 diabetes is increased in postmenopausal women 
with decreased estrogen levels compared to fertile women. In addition, viscer-
al adipose tissue accumulates in women during postmenopause when the le-
vels of estrogens are low [141,142], which might be caused by altered expres-
sion of sex hormone receptors within adipose tissue [143]. In humans as well 
as in animal models, females are protected against FFA-induced insulin resis-
tance [144,145]. Further, women who suffer from polycystic ovary syndrome 
with hyperandrogenaemia develop visceral accumulation of adipose tissue and 
insulin resistance which indicate a protective role of estrogen [82].  

Interestingly, the estrogen receptor is also present in the islets of Langer-
hans [146] and isolated islets from ovariectomized rats had impaired insulin 
release compared to control animals [147]. Further, stimulation of the estro-
gen receptor within the -cells in rodent models of type 2 diabetes reduced 
lipid synthesis and protected the -cells from failure [148], but the mechan-
isms are not fully understood.  

Taken together, these different studies demonstrate that estrogen has po-
tential anti-diabetic effects in both adipose tissue and pancreatic islets. The 
exact mechanisms behind these observations are still not fully understood. In 
agreement with this, our data (study IV) clearly demonstrated a reduced in-
flammatory response to obesity in female compared to male mice, which 
might be due to non-inflammatory actions of estrogen. 
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Conclusions 

This thesis concludes that: 

Augmented blood flow in both pancreatic islets and white adipose tissue in 
the GK rat can be reduced to similar levels as in control rats by inhibition of 

3-adrenoceptors. Serum insulin concentrations were not affected, demon-
strating intact -cell function even after reduced islet blood flow. 

Leukocyte recruitment is more effective in both alloxan- and diet-induced 
diabetic mice compared to control animals during basal conditions and after 
acute inflammation. Despite this effect, bacterial clearance is impaired in 
diabetes due to defect leukocyte phagocytosis.  

High-fat diet induces low-grade inflammation only in male mice, since fe-
male mice were resistant to recruitment of inflammatory macrophages into 
adipose tissue, to increased levels of circulating inflammatory chemokines, 
to hyperinsulinemia, and to islet hypertrophy. Instead, female mice increased 
the Treg population of WAT to preserve a non-inflammatory status.  
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Future perspectives 

We will further investigate the mechanisms of how the leukocytes from 
hyperglycemic mice kill bacteria. In particular, we would like to investigate 
formation of neutrophil extracellular traps (NETs), in response to S. aureus. 
Moreover, the production of reactive oxygen species, ROS, from these leu-
kocytes will be investigated. 

Since recently published data show that catecholamines are important in 
recruitment of macrophages to both brown and white adipose tissue, it would 
be interesting to investigate the subsets of macrophages in adipose tissue of 
the GK rat, before and after treatment with the 3-adrenoceptor antagonist. 
Also, the effects, both on islet blood flow and islet insulin secretion, of a 
chronic treatment with the 3-adrenoceptor antagonist would be interesting 
to examine. 
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Populärvetenskaplig sammanfattning 

Bakgrund 
Fetma ökar globalt i alla åldersgrupper på grund av livsstilsförändringar 
såsom ökat matintag och en mer stillasittande vardag. Vid fetma uppstår en 
låggradig inflammation i fettvävnaden som ökar risken för insulinresistens, 
dvs kroppens oförmåga att ta upp glukos i cellerna, och därmed risken för 
diabetes typ 2. 

Insulin är ett hormon som produceras av beta-cellerna belägna i de Lang-
erhanska öarna i bukspottkörteln. Dess främsta funktion är att stimulera glu-
kosupptag från blodet till kroppens celler. Diabetes typ 2, eller ”vuxendiabe-
tes”, karaktäriseras förutom av insulinresistens även av en beta-cellsdefekt. 
Insulinresistensen tvingar beta-cellerna att öka sin insulinproduktion, en 
situation som tillslut blir ohållbar, vilket leder till att blodsockernivåerna 
ökar i cirkulationen, så kallad hyperglykemi. Det sistnämnda påverkar i sin 
tur makro- och mikrocirkulationen i kroppen och ökar, via ej helt klarlagda 
mekanismer, risken för diabetesrelaterade komplikationer. Fetma, tillsam-
mans med insulinresistens, högt blodtryck, och diabetes typ 2 är alla tillstånd 
som ökar risken för förtidig död. 

Delarbete I och II 
Ett återkommande fynd inom forskningen är att tillstånd med ökade krav på 
insulinfrisättning, t ex insulinresistens och manifesterad diabetes typ 2, är 
associerade med en blodflödesökning i de Langerhanska öarna. Denna blod-
flödesökning samt efterföljande blodtrycksökning i ö-kapillärerna stressar 
cellerna som bekläder kärlen i öarna, endotelcellerna, vilket i sin tur kan leda 
till försämrad beta-cellsfunktion.  

Syftet med de två första studierna var att undersöka det adrenerga nervsy-
stemets roll, vilket reglerar psykisk och fysisk stress i kroppen, vid blodflö-
desreglering i normala (Wistar F) och diabetiska (GK) råttor. GK-råttan är 
en normalviktig modell för diabetes typ 2 med en ökad ö-genomblödning. 
För att undersöka det adrenerga nervsystemets effekt på ö-blodflödet admi-
nistrerades en beta3-receptorantagonist (SR59230A) akut eller konstant un-
der två veckor innan blodflödet mättes med mikrosfärteknik. Resultaten vi-
sade att denna antagonist minskade GK-råttornas ökade blodflöde i de Lang-
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erhanska öarna till samma nivå som i kontrolldjur både vid akut administre-
ring och efter en två-veckorsbehandling. Samma effekt syntes även i bukfett 
och subkutan fettvävnad vid akut tillförsel, medan denna effekt uteblev i de 
långtidsbehandlade djuren. Dessa resultat visar att det adrenerga nervsyste-
met har en betydande roll i blodflödesreglering i både Langerhanska öar och 
fettvävnad. 

Delarbete III 

I det tredje arbetet ville vi i två olika inflammationsmodeller undersöka hur 
måttligt förhöjda eller höga blodsockernivåer påverkar rekrytering av vita 
blodkroppar (leukocyter) från blod till vävnad samt deras funktion. För att 
studera detta behandlades möss med ett beta-cellsgift (alloxan) som dödar de 
insulinproducerande cellerna vilket ger en kraftig hyperglykemi. För att stu-
dera måttligt förhöjda blodglukosnivåer vilket motsvarar en diabetes typ 2-
modell, sattes möss på högfettsdiet under >14 veckor. Leukocytrekyteringen 
studerades i venolerna i en tunn muskel, först under basala förhållanden och 
sedan efter tillsats av inflammationsstimuli, en kemokin som attraherar leu-
kocyter (MIP-2, macrophage inflammatory protein-2).  

Samtidigt som det uppstår en låggradig inflammation i kroppen vid diabe-
tes typ 2 har dessa patienter ofta svårt att bekämpa bakterieinfektioner. För 
att studera förmågan att bekämpa en bakterieinfektion, injicerades lumine-
scerande Stafylococcus aureus-bakterier i kontroll- och alloxan-behandlade 
möss, för att sedan följa infektionen under 14 dagar.  

Våra resultat visade att andelen rekryterade leukocyter var förhöjda i båda 
våra hyperglykemiska modeller både basalt, samt efter tillsats av inflamma-
tionsstimuli (MIP-2) jämfört med i kontrollmöss. Trots att fler leukocyter 
därmed tog sig från blodet till inflammerad vävnad vid hyperglykemi, visade 
våra diabetiska möss en försämrad förmåga att bekämpa bakterieinfektionen. 
Detta orsakades av att leukocyterna i de hyperglykemiska mössen uppvisade 
en defekt förmåga att äta upp bakterierna (fagocytering). Slutsatsen från 
dessa försök var att både måttlig samt kraftig hyperglykemi ökar antalet 
rekryterade leukocyter till ett inflammationsområde, men att dessa leukocy-
ter har en defekt förmåga att bekämpa bakterieinfektioner via försämrad 
fagocytos. 

Delarbete IV 

Syftet med det sista arbetet var att undersöka effekten av kontroll- och hög-
fettsdiet mellan hon- och hanmöss med avseende på utvecklandet av fetma, 
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metabolt syndrom och diabetes typ 2. Efter 14 veckor på högfettsdiet utveck-
lade både hon- och hanmössen fetma i likartad utsträckning. Trots liknande 
viktuppgång hos båda könen utvecklade feta hanmöss högre blodsockernivå-
er, insulinnivåer och kolesterolkoncentrationer jämfört med de feta honmös-
sen. Dessutom hade de en sämre glukostolerans samt en ökning av en del 
inflammationsmarkörer jämfört med de feta honmössen, vilka inte visade 
några tecken på en ökad inflammation. De feta hanmössen påvisade även 
förstorade Langerhanska öar och ett ökat ö-blodflöde, vilket kan förklaras av 
en ökad metabol belastning i de insulinproducerande öarna. Trots detta fun-
gerade öarna normalt när insulininnehåll och insulinfrisättning undersöktes.  

För att hitta orsaken till varför honmössen var skyddade mot utvecklandet 
av inflammation och glukosintolerans i denna modell, undersöktes fettväv-
naden i både han- och honmöss med avseende på makrofager (en vit blod-
kropp med stor fagocyterande förmåga) och regulatoriska T-lymfocyter, en 
cell vars främsta funktion är att hämma inflammationssvaret i kroppen. Re-
sultaten visade att honmössen ökade populationen regulatoriska T-
lymfocyter i sin fettvävnad som svar på ökad kroppsvikt vid högfettsdiet, 
medan andelen inflammatoriska makrofager markant ökade i fettet hos de 
feta hanmössen.  
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