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Introduction 

Diabetes mellitus is a disease characterised by elevated blood glucose levels, 
increased urinary production, thirst and fatigue. The disease is ultimately 
caused by inability of the insulin-producing �-cells in the islets of Langer-
hans in the pancreas to produce sufficient insulin and can be fatal if left un-
treated [1]. Serious complications, such as cardiovascular disease, renal fail-
ure, retinal and neural damage may arise from long-term diabetes.  

There are two major types of the disease. In type 1, or insulin-dependent 
diabetes mellitus, the insulin-producing �-cells are destroyed by immune 
cells, which lead to a subsequent total insulin deficiency. The patients, who 
usually are young when the disease breaks out [2], are entirely dependent on 
exogenous insulin treatment for survival. Type 2 diabetes, or non-insulin-
dependent diabetes mellitus, is caused by a decreased �-cell sensitivity to 
insulin and insufficient insulin secretion, and has a strong connection to obe-
sity, lack of exercise and other environmental factors [3]. It usually has a 
slower course of events and is more common among overweight adults. 
Type 2 diabetes can often, at least initially, be treated with diet and exercise.  

Unfortunately, type 1 diabetes is increasing worldwide. In Sweden, the 
incidence between 1990 and 1999 was 30 per 100 000/year, which is the 
third highest in the world after Finland and Sardinia, and it increased by 
3.6% annually [4]. There is a clear genetic factor in the susceptibility of the 
disease, with a 20 to 40% concordance in monozygotic twins [5, 6], but dif-
ferent environmental factors, such as viruses [7], are also believed to be of 
importance.  

Years before the clinical onset of type 1 diabetes, signs of inflammation 
such as autoantibodies can be evident in individuals with a high genetic risk 
of diabetes [1]. Insulitis, i.e. infiltration of immune cells in the islets, is be-
lieved to be responsible for the selective destruction of the �-cells. The 
causes for this autoimmune process are not as yet clarified, but cytokines 
have been postulated to have an important role in disease development [8, 
9]. Much of the knowledge about type 1 and type 2 diabetes originates from 
studies in animal models, which are often used to investigate mechanisms 
for the pathogenesis and prevention of the disease.  
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The Multiple Low Dose Streptozotocin Model 
Streptozotocin (STZ) was originally isolated from fermentation broth from 
the bacterial strain Streptomyces achromogenes variant 128 in 1959 [10, 11]. 
It exhibited good antibacterial activity against both gram-positive and gram-
negative bacteria and was initially used as an antibiotic. However, the com-
pound was soon found to induce diabetes in rats and dogs [12] and was 
eventually also shown to be carcinogenic [13]. The diabetogenic properties 
led to its use as an animal model for human diabetes, by injecting mice or 
rats with a single dose of the substance, which results in a �-cell specific 
toxic effect, thus inducing hyperglycaemia. 

The multiple low dose streptozotocin (MLDSTZ) model for human type 1 
diabetes was first described in 1976 by Like and Rossini [14]. It was shown 
that by injecting mice with five daily low (40 mg/kg b.w.) doses of strepto-
zotocin, the mice developed a delayed hyperglycaemia and infiltration of 
immune cells into the pancreatic islets after 10-14 days, symptoms and signs 
that are also seen in human type 1 diabetes. It was subsequently demon-
strated that male mice had a much higher susceptibility to the diseases [15-
17], which seemed to correlate with testosterone levels.  

STZ is taken up into the cells by the glucose transporter GLUT2. It brings 
about �-cell death by alkylating the DNA, resulting in DNA fragmentation 
and excessive DNA repair leading to NAD depletion. STZ also generates 
reactive oxygen species and act as a nitric oxide (NO) donor, which may 
contribute to the DNA fragmentation [18]. 

There is a strong genetic component in the susceptibility to the disease, 
demonstrated by the fact that only certain strains of mice are susceptible to 
disease induction, primarily the CD-1 and C57BL/Ks mouse strains [19]. 
Both MHC and non-MHC genes appear to be of importance for disease de-
velopment [20, 21]. There is also a prominent immune component of the 
response. The MLDSTZ model is dependent on T cell signalling via CD28, 
as CD28-deficient mice have been demonstrated to be protected from 
MLDSTZ-induced diabetes [22]. Moreover, the depletion of T cells by the 
administration of an anti-Thy-1.2 antibody also protect against MLDSTZ 
[23], and T cell-deficient mice do not develop diabetes [24]. In a study by 
Kim and Steinberg, T cells from MLDSTZ diabetic mice could not transfer 
the disease to healthy recipients unless the recipients had been pre-treated 
with a single low dose of STZ, so this effect seems to be dependent on modi-
fications of STZ on the �-cell [24]. However, some �-cell aggression and 
also hyperglycaemia can be transferred by mononuclear spleen cells from 
MLDSTZ-treated mice [25-27]. There is also evidence supporting a critical 
role of macrophages in disease development. Silica treatment, which is spe-
cifically toxic to macrophages, has been demonstrated to prevent hypergly-
caemia and insulitis [23, 28].  
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TNF� 
The cytokine tumor necrosis factor alpha (TNF�) was first described in 1975 
as a cytotoxic agent [29], and was eventually also found to induce fever [30]. 
It has been shown in vitro that heat-induced apoptosis is mediated by TNF� 
through the p55 TNF� receptor [31].  

TNF� belongs to the TNF superfamily, which consists of at least 18 
members, with implications in numerous conditions such as rheumatoid 
arthritis, inflammation, septic shock, viral replication, tumorigenesis, trans-
plant rejection and diabetes [32, 33]. TNF� is secreted from macrophages, 
monocytes, neutrophilic granulocytes and Th1 cells [34] and it induces the 
expression of e.g. IL-1� and IL-6 [35, 36].  

Drugs counteracting TNF� activity, e.g. Etanercept and Infliximab, are 
used to treat autoimmune conditions such as rheumatoid arthritis, ankylosing 
spondylitis and Crohn’s disease [37-40]. The treatment often improves the 
quality of life and slows down the disease. Unfortunately, an increased sus-
ceptibility to infections, in the case of Infliximab especially tuberculosis, is a 
common side effect. However, trials to investigate the possibility of using 
TNF� inhibitors to treat other inflammatory diseases are ongoing. 

Expression of TNF� in pancreatic islets of non-obese diabetic (NOD) 
mice (another model of type 1 diabetes [41]) leads to a massive infiltration 
of immune cells (Th1, Th2 cells and B cells) into the pancreatic islet, but the 
insulitis does not progress to overt diabetes [42, 43]. Several attempts have 
been made to decrease diabetes development by regulating TNF�. The 
TNF� inhibitor troglitazone has been shown to inhibit diabetes development 
in both MLDSTZ-induced diabetes [44] and NOD diabetes [45]. Also, the 
transcriptional TNF� inhibitor MDL 201,449A decreases MLDSTZ-induced 
hyperglycaemia in mice [46]. NOD mice deficient in TNF� receptor are 
protected against disease [47] and administration of soluble TNF receptor 
decreases NOD diabetes [48]. It has also been observed that macrophages 
from diabetes prone BB rats secrete higher levels of TNF� than diabetes 
resistant or normal Wistar rats [49]. TNF� has also been shown in humans to 
inhibit the suppressive function of both naturally occurring CD4+CD25+ 
regulatory T cells and TGF-�1-induced CD4+CD25+ regulatory T cells. 
Treatment with Infliximab increased the FoxP3 expression and restored the 
suppressive function of the regulatory T cells [50].  

MDL 201,449A 
MDL 201,449A (9-�(1R, 3R)-trans-cyclopentan-3-ol� adenine), is an adeno-
sine analogue that function as a transcriptional inhibitor of TNF� by binding 
the adenosine A3 receptor. It thereby interrupts the endotoxin CD14 receptor 
signal transduction pathway, which blocks induction of TNF� [51, 52]. 
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MDL 201,449A has been shown to reduce mRNA levels of TNF� by nearly 
50% [53]. Administration of MDL 201,449A has in previous studies been 
shown to decrease MLDSTZ diabetes in mice [46]. Moreover, MDL 
201,449A reduces autoimmune disease and joint destruction experimentally 
induced by injection of staphylococcal enterotoxin B [54]. 

Th1/Th2 Cytokines  
T helper cells (Th cells) can be divided into different subsets, depending on 
the category of cytokines they produce. Th1 cells predominantly secrete 
IFN�, TNF� and IL-2, whereas Th2 cells mainly release IL-4, IL-5 and IL-
10. There are also Th3 cells, producing TGF-�, that act as regulators of ef-
fector T cells [55]. Th1 and Th2 cells are derived from naïve CD4+ (helper) 
T lymphocytes, which differentiate into an uncommitted cell type designated 
Th0 upon the contact with antigen-presenting cells (APC) under the appro-
priate co-stimulatory conditions. The cytokines present in the environment 
then influence the polarization of the Th0 cells into Th1 or Th2 cells. Th1 
cytokines induce IL-12 production from APCs, which induce the further 
polarization into Th1 cells, while IL-4 produced by mast cells and eosino-
phils induce polarization into Th2 cells. The Th1 and Th2 cells also cross-
regulate each other in that IL-10 release from Th2 cells down-regulate the 
polarisation into Th1 cells and IFN� release from Th1 cells inhibit Th2 po-
larization. There is also an autocrine regulation, whereas Th1 cells produce 
IFN�, which further stimulate the Th1 differentiation, and Th2 cells secrete 
IL-4, that induce a Th2 polarization [8, 56]. 

The different cell subsets have different effects on diseases. A preponder-
ance of Th1 cytokine secretion has been connected to development of auto-
immune diseases such as type 1 diabetes and EAE (experimental autoim-
mune encephalomyelitis), whilst a Th2 profile has been observed in e.g. 
helminthic infections, systemic lupus erythematosus and allergy. Adoptive 
transfer of Th1 polarized cells cause accelerated diabetes and EAE compared 
to transfer of Th2 polarized cells [57-60]. In autoimmune diabetes, it has 
been observed that a �-cell destructive insulitis is connected to a Th1 cyto-
kine profile, while a non-destructive insulitis and disease protection is asso-
ciated with Th2 cytokine secretion [61]. It has also been shown that suscep-
tibility to MLDSTZ in various mouse strains is linked to regulation of 
Th1/Th2 balance in the respective strain. C57BL/6 mice, in which MLDSTZ 
treatment induced a Th1 cytokine profile, are susceptible to disease, while 
the same treatment induced a Th2 response in diabetes-resistant BALB/c 
mice [62]. Various treatments that shift the cytokine profile in MLDSTZ 
from Th1 to Th2 has reduced diabetes incidence and decreased immune cell 
infiltration of the pancreatic islets [63-67]. It has been suggested that the 
higher diabetes incidence in female NOD mice could be a result of their 
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higher IFN� production, while male NOD mice, that have a lower diabetes 
incidence, have a higher production of IL-4 [68].  

However, there are studies indicating a greater complexity to the Th1/Th2 
paradigm. The manner of cytokine administration seems to be of great im-
portance to the effect it generates. Constitutive expression of IL-10 has been 
observed to result in a more severe diabetes in NOD mice and to induce im-
mune cell infiltration into the pancreas of healthy mice [69, 70], whereas a 
regulated T cell specific expression of IL-10 provides protection from the 
disease [71]. IFN� also has conflicting effects in different studies as a disrup-
tion of the IFN� signalling pathway by inactivating the gene for interferon 
regulatory factor-1 results in an increased susceptibility to MLDSTZ-
induced diabetes in mice.  

Macrophages 
One of the key cell types in development of autoimmune diabetes is believed 
to be the macrophages. These cells play an important role in the first line of 
defence against pathogens [72] and function as a link between innate and 
adaptive immunity. In insulitis development, macrophages are the first cells 
detected to infiltrate the islets, and depletion of macrophages can abort the 
following infiltration of T cells, NK-cells and B-cells [73, 74]. 

Macrophages are both antigen presenting cells and phagocytes, and exert 
effects e.g. by production of IL-12, TNF� and IFN� [75]. By secreting IL-
12, they regulate the Th1/Th2 cytokine balance towards a Th1-profile, and 
induce a �-cell-destructive insulitis. Macrophage depletion in NOD mice 
induces a shift towards Th2 cytokine production and prevents diabetes de-
velopment [76]. Furthermore, macrophage secretion of cytokines might pro-
voke free radical production from �-cells [77]. 

Depletion of macrophages has been shown to inhibit the development of 
autoimmunity in several animal models of diabetes. Administration of 
macrophage-toxic silica prevents insulitis and hyperglycaemia in NOD mice 
[78], BioBreeding (BB) rats [79] and MLDSTZ diabetic mice [23]. More-
over, macrophage depletion by administration of liposome-encapsulated 
dichloromethylene diphosphonate prevent diabetes in Kilham-virus induced 
autoimmunity in a diabetes-resistant strain of BB rats [80]. 

Regulatory T cells 
Regulatory T cells are a subtype of T cells that have an essential role in the 
immune system by suppressing the function of effector T cells. Some 
autoreactive T cells always escape the selection in the thymus, and regula-
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tory T cells suppress the activity of these cells, thereby preventing autoim-
munity [81].  

The regulatory T cells have received increasing attention since 1995, 
when Sakaguchi et al. demonstrated that depletion of CD4+ (helper) T cells 
expressing the IL-2 receptor protein CD25 induced a variety of autoimmune 
diseases in mice [82]. However, CD25 is also expressed on activated effector 
T cells, and therefore a more specific marker for T cells with a regulatory 
function was needed. In 2003 several groups simultaneously discovered that 
the Forkhead box protein 3 (FoxP3) could be used as such a marker [83-85]. 
FoxP3 is essential for the development and function of regulatory cells. A 
mutation in FoxP3 has been found to be the cause of the human IPEX (im-
munodysregulation, polyendocrinopathy, enteropathy, X linked) syndrome 
[86]. Correspondingly, the disruption of this transcription factor induces a 
fatal lymphoproliferative disorder in mice, creating the scurfy mouse strain 
[87].  

There are several populations of regulatory T cells. They can be produced 
as a functionally distinct population in the thymus, which often express 
FoxP3 and are referred to as the natural regulatory T cells [88]. There is also 
a large variety of regulatory T cells that can be induced in the periphery from 
naïve T cells, not all of which are expressing FoxP3 [89]. Research in this 
area is advancing very rapidly, and new knowledge about different subtypes 
of regulatory T cells is currently emerging month by month.  

A possible role for regulatory T cells in disease control has been sug-
gested in various conditions such as asthma, allergy [59] and type 1 diabetes 
[90]. However, these data are far from conclusive, and often suffer from the 
use of CD25 as a regulatory T cell marker. More recent studies using the 
FoxP3 marker have reported no difference in regulatory T cell populations 
between diabetic and healthy subjects [91]. Nevertheless, there are studies 
pointing to functional defects in CD4+CD25+ regulatory T cells in various 
human autoimmune diseases [92-94]. Also, siblings of diabetic patients car-
rying high-risk HLA alleles have decreased numbers of CD4+CD25+ T cells 
[95], so there is still hope that expansion of regulatory cells might be a way 
to ameliorate these diseases. 

 It has been shown that CD4+CD25+ T cells inhibit both Th1 and Th2 cy-
tokine production [96], but with a higher suppressive effect on Th1 cells 
[97]. Few studies has been conducted regarding the role of regulatory T cells 
in MLDSTZ, but Anastasi et al. has demonstrated that expression of a con-
stitutively active Notch3 domain enhances the generation of regulatory T 
cells and protects against MLDSTZ [98]. Several studies have been per-
formed in NOD mice and it has been shown that these mice have low levels 
of CD4+CD25+ T cells [99] and also that there is a functional impairment of 
the FoxP3-expressing CD4+CD25+ cells in NOD mice [100]. The mecha-
nism(s) by which the defective regulatory T cell action are mediated in NOD 
mice is still the subject of much research, but it has been proposed that a 
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failure of the NOD antigen-presenting cells to activate the regulatory T cells 
could be a contributing factor [101]. 

It has been proposed that regulatory T cells could be a means of inducing 
tolerance to allografts. If the regulatory T cells could be induced to accept 
the transplanted graft as self and suppress alloreactive T cell responses, addi-
tional immunosuppression might not be needed. There is much research 
being performed to investigate this possibility. Nanji et. al. has induced tol-
erance to islet allografts by blocking costimulation through CD40L and 
ICOS, which lead to increased levels of FoxP3-expressing CD4+CD25+ T 
cells [102]. Simultaneous transfer of regulatory T cells together with a heart 
or islet graft has been shown to prolong graft survival through the induction 
of tolerogenic CD4+CD25+ T cells in the recipient [103, 104]. It has also 
been demonstrated that tolerated heart allografts contain a large number of 
FoxP3- and CD25-expressing CD4+ T cells, and that these cells can confer 
tolerance to other grafts [105]. 

Islet Transplantation 
Even though insulin treatment in many cases provides a well-functioning 
treatment for type 1 diabetes, about 3 in 1000 patients have major problems 
controlling the disease, resulting in recurrent and unpredictable hypoglycae-
mic episodes often resulting in hospitalization [106]. This leads to a lower 
quality of life, an increased risk for complications and a shortened life ex-
pectancy. These patients would benefit greatly from transplantation of either 
pancreas or islets of Langerhans. Whole pancreas transplantations usually 
results in a sustained and durable function, but entail a complicated surgical 
procedure [107]. Transplantation of isolated islets of Langerhans is a simpler 
procedure, as the islets are injected into the portal vein with only local anaes-
thetic. In the years 1990 to 1998 only 8% of all allogeneic islet transplanta-
tions resulted in insulin-independence one year post transplantation [108]. In 
2000, however, Shapiro et al. published a new protocol for islet transplanta-
tion which showed dramatically improved results, with all seven patients still 
insulin-independent one year post-transplantation [109]. A follow-up study 
in 2005 reported that 10% of the patients transplanted according to this so-
called Edmonton protocol remained insulin-independent after five years 
[110], and about 80% of the patients had detectable C-peptide levels and 
much improved glycemic control [111]. This protocol was different from 
earlier protocols in three major aspects. Firstly, in that it involved a gluco-
corticoid-free immunosuppressive regime instead of the more aggressive 
regimes used earlier. Secondly, instead of transplanting islets simultaneously 
with a kidney, these transplantations were comprised of islets only, and the 
operation was consequently much smaller and the patients were in a better 
general condition before the transplant. Lastly, each recipient received islets 
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from at least two, and sometimes three, donors to compensate for the amount 
of islets lost after transplantation.  

Even though islet transplantation is becoming a more accepted treatment 
for unstable diabetes, the shortage of donors is limiting its use. There is 
much research regarding finding an alternate source of islets. A few clinical 
trials of xenotransplantation of porcine islets have been performed, but the 
immunological differences between humans and pigs demand strong anti-
suppressive therapy, and there are concerns that porcine endogenous retrovi-
ruses might cause disease in humans [112, 113]. As an alternative source of 
insulin-producing cells, embryonic or adult stem cell differentiated in culture 
might be used, but these studies are still at an experimental stage [112].  

The most difficult obstacle to overcome in the course of improving the re-
sults of clinical islet transplantation is graft rejection. The immunological 
barrier between donor and recipient cause the immune system of the recipi-
ent to launch an attack on the graft. This process is to a large extent depend-
ent on T cell derived cytokine production. During the allogeneic rejection of 
a graft, cytokine release leads to activation and recruitment of allogeneic T 
cells to the graft. IL-2 and IFN� are generally believed to be the principal 
cytokines involved in this process, in that IL-2 mediates T cell proliferation 
and both IL-2 and IFN� promote the T cell cytokine production towards a 
proinflammatory Th1 profile [114]. However, there is conflicting evidence 
regarding the role of these cytokines in allograft rejection as their presence is 
sometime needed for graft survival [115, 116]. Several other cytokines, e.g. 
TNF�, IL-1, IL-4, IL-5 and IL-6 has been observed to increase in connection 
with allogeneic graft rejection [117-120]. Studies with the objective to de-
crease the levels of cytokines by depletion or inhibition of cytokine-
producing Kupffer cells in islet transplantations to the liver [121] or treat-
ment with the anti-inflammatory enzyme activated protein C [122] has re-
duced the loss of functional islet mass post transplantation.  

Anesthesia and Wound Healing  
During islet transplantations to mice, the recipients are subjected to several 
procedures that in themselves may have effects on the immune system and 
the body in general. The mouse is anaesthetized, a wound is made, surgery is 
performed, and the wound has to heal.  

That anaesthesia has effects apart from the desired ones is well known. 
For example, Hindlycke and Jansson have observed that rat islet blood flow 
was affected differently by five different anaesthetic drugs [123]. Further-
more, Brown et al. have studied four anaesthetics; nembutal, pentothal, 
avertin (tribromoethanol) and ketamine/xylazine, and concluded that all of 
them increased the blood glucose levels in C56BL/6 mice [124]. Tribro-
moethanol has also been demonstrated to cause acute peritoneal inflamma-
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tion and necrosis in muscles and abdominal organs [125]. These and other 
adverse effects, such as hepatotoxicity and visceral adhesions, have actually 
caused recommendations to the effect of restricting the use of tribromoetha-
nol to acute terminal studies [126]. The increased intra-abdominal pressure 
caused by the intra-peritoneal injections employed when administering cer-
tain anaesthetics also increases the plasma concentrations of proinflamma-
tory cytokines, which could cause further damage [127]. Anaesthesia has 
also long been known to cause modifications of the immune response [128]. 
For example, thiopentone anaesthesia and surgery has been observed to 
cause a decrease in lymphocyte proliferation in response to mitogen stimula-
tion, with the depression being more pronounced if the surgical trauma is 
more extensive. However, five other anaesthetic drugs tested simultaneously 
did not affect the cellular function [129]. Cytokines, such as IL-6, IL-1�, IL-
4 and IFN� have been demonstrated to be increased in humans by different 
anaesthetics, whereas all the investigated drugs induced TNF� release [130, 
131]. On the other hand, tribromoethanol, ketamine/xylazine and urethane 
reduced basal TNF� mRNA levels, while splenic IL-1� mRNA expression 
was decreased by urethane and increased by ketamine/xylazine in rats [132]. 
The divergent results from these studies suggest that anaesthetics have dif-
ferent immune modulatory effects depending on the drug used and the cir-
cumstances under which it is used. 

Surgical trauma in itself cause a general suppression of immune re-
sponses, which normally is beneficial as it promotes wound healing and pre-
vents the formation of autoantibodies. However, it may also contribute to 
complications in the form of postoperative infections and spreading of ma-
lignant diseases [133]. The postoperative pain could also depress immune 
functions, and analgesia is known to counteract the surgery-induced immune 
suppression [134]. 

The healing of the wound induced by surgery triggers an inflammation at 
the injury site, with activation of macrophages and infiltration of neutrophils. 
These cell types secrete several cytokines, e.g. TNF�, IL-1� and epidermal 
and fibroblast growth factors [135]. This inflammation has previously been 
assumed to be of essential importance to the wound healing, but recently this 
view has been challenged by the observation that inflammation in some 
cases is deleterious to wound healing and causes increased scarring [136].  
There are several factors influencing the wound healing. Psychological 
stress, such as in hostile marital interactions, have been demonstrated to slow 
down wound healing and decrease cytokine (IL-6, IL-1� and TNF�) produc-
tion at the wound site, whilst increasing plasma concentrations of IL-6 and 
TNF� [137]. The cytokine TGF-� has been shown to have both positive and 
negative effects on wound healing. It is normally increased shortly after in-
jury, but constant overexpression proved to decrease the healing rate [138]. 
NO is induced during the inflammatory phase of wound repair, and seems to 
play a key role in this process by increasing angiogenesis, initiating inflam-
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mation, increasing the collagen content of the wound and affecting the func-
tion of several cell types involved in wound healing [139]. Moreover, NO is 
one of the factors that may be involved in the upregulation of the suppressor 
of cytokine signaling-3 that has been observed during the inflammatory 
phase of skin repair [140]. Furthermore, an important contribution of 
cyclooxygenase (COX)-1 and 2 and subsequent prostaglandin synthesis have 
been discussed, as both COX-1 and COX-2 are increased in connection to 
wound healing [141-143]. 

Metabolic Factors in Type 1 Diabetes 
Some of the characteristic features of both type 1 and type 2 diabetes is the 
presence of elevated concentrations of free fatty acids (FFA) and glucose in 
the blood of the patients [144]. Both FFA and glucose may induce �-cell 
toxicity if they are present in high concentrations [145]. Glucose has been 
shown to have DNA-damaging effects through the generation of reactive 
oxygen species (ROS) [146] and may in itself lead to �-cell apoptosis [147].   

There is a multitude of FFAs that exert pleiotropic effects on �-cells. 
Generally, acute exposure to FFA increases insulin release, while chronic 
exposure results in desensitization and a suppressed insulin response [148]. 
Although physiological levels of FFA are important for normal �-cell func-
tion, increased plasma concentrations of FFA have been observed in the 
development of MLDSTZ diabetes [149] and fatty acids have been observed 
to potentiate the �-cell toxic effects of IL-1� [150]. However, FFA and cyto-
kines do not induce �-cell apoptosis through the same mechanisms, as cyto-
kines (TNF� and IL-1�) activate NF-�B and induce endoplasmic reticulum 
(ER) stress through nitric oxide (NO) formation, whilst FFA (in this case 
oleate and palmitate) trigger ER stress independently of NO and NF-�B 
[151]. 

The elevated glucose and FFA concentrations in diabetes is in part an ef-
fect of the immune attack on the islets, but several studies indicate that ele-
vated glucose and/or free fatty acids in themselves may have effects on the 
immune system. Maedler et al. have shown that high glucose levels induce 
IL-1� production by human islets [152], and there is a correlation between 
poor glucose control and a higher susceptibility to infections in diabetic pa-
tients [153]. Also, culture of peripheral blood mononuclear cells at high glu-
cose leads to an increased TGF-� production that in turn decrease the pro-
duction of IL-2, IL-6 and IL-10 [154]. TNF� and IL-1 also have been dem-
onstrated to be increased by high glucose concentrations in rat serum [155], 
and glucose loading in rabbits led to a fourfold increase in TNF� plasma 
concentrations [156]. Culture of islets of Langerhans has shown that they are 
more sensitive to STZ-induced damage when pre-cultured in 11.1 mM glu-
cose than in 5.6 or 28 mM glucose [157]. Moreover, decreased glucose con-
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centrations can also have effects on the cytokine production, as IFN� gene 
expression is inhibited by glucose deprivation [158]. 

 Macronutrient intake has been shown to induce oxidative stress and pro-
inflammatory changes in plasma and peripheral blood mononuclear cells 
[159] and fatty acids have been demonstrated to have various effects on the 
immune system, acting as intra- and intercellular mediators [160]. The satu-
rated free fatty acid palmitate has been demonstrated to induce the produc-
tion of the transcription factor NF-�B and the cytokines IL-6 and TNF� in 
adipocytes [161], and of IL-6 in endothelial cells [162]. It also increases 
TNF� [163], and IL-6 expression in skeletal muscle [164]. 

Ethanol and Immunity 
Ethanol is widely used in experimental circumstances to dissolve substances 
before administration. Because of the problem of ethanol abuse in humans 
much research has been performed concerning the effects of ethanol on the 
immune system. The length of ethanol exposure has a great impact on the 
cytokine response. Studies of human monocytes revealed opposite cytokine 
effects by 5-7 days of ethanol treatment (“chronic”) and shorter time periods 
(“acute”). Furthermore, the co-stimulatory signals present and the activation 
state of the monocytes influences the result of ethanol exposure [165].  

Acute ethanol exposure inhibits the activation of proinflammatory cyto-
kines like IL-1� and TNF�, whilst it augments inhibitory cytokine produc-
tion such as IL-10 and TGF-� [166] in human monocytes. There are several 
possible ways that the decrease in cytokine response might be mediated. 
Toll-like receptors (TLR) could play an important part in determining the 
inflammatory response, including lowering the resistance to infections by 
decreasing cytokine production [167, 168]. A possible mechanism for this 
effect is that a reduction in TLR4 by acute ethanol has been demonstrated to 
decrease p38 and ERK1/2, thereby inhibiting TNF� and IL-6 production in 
macrophages [169, 170]. The phosphorylation of the regulatory protein I�B 
is also retarded by acute ethanol, which results in the inhibited activation of 
the transcription factor NF-�B, and reduced production of TNF� and IL-1� 
from monocytes, and augmentation of IL-10 [171, 172]. 

Chronic ethanol exposure results in a general immunosuppression as seen 
by decreased numbers of lymphocytes [173] that may be an effect of apop-
tosis [174], and reduced IL-17 and antibody production from T cells. Rat 
studies have demonstrated that ethanol suppresses chemokine activity in the 
lung, thereby decreasing neutrophil recruitment. This leads to an increased 
bacterial burden in response to Streptococcus Pneumonidae infection and a 
higher mortality. This phenomenon might explain the increased incidence of 
pneumonia in alcoholics [175]. However, the proinflammatory cytokine 
responses are enhanced by chronic alcohol exposure, with increased produc-
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ton of TNF�, IL-1 and IL-6 [165]. Chronic alcohol exposure also increases 
superoxide generation [176].  
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Aims 

The general aim of this thesis was to investigate how cytokine production is 
regulated in experimental type 1 diabetes and islet cell transplantation, and 
more specifically:   

 
1. To investigate how reduction of MLDSTZ-induced diabetes by MDL 

201,449A treatment influences cytokine secretion in vitro from spleen 
cells. 

 
2. To examine the influence of cell depletion by plastic adhesion in vitro on 

cell distribution and cytokine production from spleen cells of MLDSTZ-
treated mice.  

 
3. To study multiple “control” treatments in islet cell transplantation, to be 

able to distinguish effects on cytokine production and regulatory T cell 
activation by the operating procedures themselves versus reactions in-
duced by islet graft rejection. 

 
4. To analyse whether the diabetes-like environment (elevated concentra-

tions of glucose and free fatty acids) in itself also could affect cytokine 
production. 
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Materials and Methods 

The MLDSTZ Diabetes Model  
In this animal model of autoimmune diabetes, mice of susceptible strains (in 
our case C57BL/Ks) were injected intraperitoneally with 40 mg/kg body 
weight of streptozotocin (STZ; Sigma Chemicals, St Louis, MO, USA) or 
saline vehicle for five consecutive days. Blood glucose levels were measured 
in tail vein blood on days 0, 3, 7, 10 and 14 using a blood glucose meter 
(Medisense, London, UK). Blood glucose values above 11.1 mM were con-
sidered diabetic. The mice usually became hyperglycaemic between day 10 
and 14. Mice were weighed before the experiment (day 0) and on day 14, 
before killing the mice by cervical dislocation.  

In paper I, mice were given either daily s.c. injections of 100 mg/kg body 
weight (bw) MDL 201,449A (100 �l) or 100 �l of 0.5% sodium carboxy-
methylcellulose (SCMC) buffer during a 14-day period. Streptozotocin was 
administrated during the first 5 consecutive days, 30 minutes before MDL 
201,449A / SCMC buffer injections was given. MDL 201,449A was kindly 
provided and tested for transcriptional inhibition of TNF� mRNA and opti-
cal rotation by Dr. Ekkehard H. W. Böhme, Hoechst Marion Roussel Re-
search Institute, Hoechst Marion Roussel, Inc., Cincinnati, OH. MDL 
201,449A injections were continued throughout the experiment period, to 
give a total of 14 daily injections.  

Spleen Cell Isolation  
As the immune cells of the islets of Langerhans are very difficult to isolate 
in sufficient quantities for studying immune responses, we have instead cho-
sen to isolate immune cells from spleens, which can be assumed to reflect 
the general immune state in the mouse.  

Spleens were surgically removed from the mice and immediately placed 
on ice in Hanks’ balanced salt solution (SBL Vaccin, Stockholm, Sweden) 
with 50 U/ml benzylpenicillin and 0.05 mg/ml streptomycin (Roche Diag-
nostics Scandinavia, Bromma, Sweden). They were mechanically disrupted 
to release the spleen cells. The spleen capsule was removed and the cell sus-
pension centrifuged. The erythrocytes were lysed by suspending the cell 
pellet in 1–2 ml 0.19 M NH4Cl for 10 min at 4	C.  
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In paper I all samples were depleted of plastic-adherent cells as described 
below. In paper II we divided the cell suspensions into two equal fractions. 
One fraction of spleen cells was kept on ice in 15 ml Falcon tubes while the 
other fraction was incubated in tissue culture dishes at 37	C (air + 5% CO2) 
for 60 min to allow cells to adhere to the bottom. The non-adherent free-
floating cells were collected and both fractions were counted. In paper III 
and IV all cells populations were used without plastic adhesion. Cells at a 
density of 5 x 106 cells/ml were seeded in 3 ml RPMI 1640 (Sigma Chemi-
cals Co, St Louis, MO, USA) with 10% foetal calf serum (FCS) (Sigma), 2 
mM L-glutamine (Sigma), 100 U/ml benzylpenicillin and 0.1 mg/ml strep-
tomycin (Roche) in six-well free-floating culture plates. The remaining cells 
were in paper II lysed and frozen for analysis by RT-PCR. The cells were 
left overnight and then stimulated with concanavalin A (con A; 2 �g/ml; 
Sigma). In paper II, the cells that had adhered to the plastic were also main-
tained in culture for examination after 48 hrs.  

Islet Isolation 
Pancreatic islets were isolated by collagenase digestion [177] and islets were 
hand-picked with a braking pipette. The islets were cultured in 5 ml RPMI 
1640 (Sigma Chemicals Co, St Louis, MO, USA) with 10% foetal calf serum 
(FCS) (Sigma), 2 mM L-glutamine (Sigma), 100 U/ml benzylpenicillin and 
0.1 mg/ml streptomycin (Roche Diagnostics, Mannheim, Germany) for 5-7 
days before use. 

Islet Transplantation 
The mice were anaesthetized and 500 islets of Langerhans were transplanted 
under the left kidney capsule [178] of MHC-mismatched BALB/c or 
C57BL/6 mice to induce an allogeneic rejection of the graft. Other experi-
mental groups were comprised of syngeneic islet transplantation, i.e. 
BALB/c islets grafted to BALB/c mice, and sham-operated BALB/c mice. 
Sham-operated or transplanted mice were killed by cervical dislocation 3 
days after the operations, and grafts and spleens were removed. Untreated 
BALB/c or C57BL/6 mice were killed and the spleen cells isolated and used 
to get a baseline level of cytokine, FoxP3 and COX-2 production. 
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Figure 1. Islets are transplanted under the left kidney capsule of an anaesthetized 
NOD mouse. A glass bar is used to make a space under the kidney capsule. The 
islets are collected in a braking pipette and inserted into the space. Courtesy by Dr. 
A Börjesson. 

Cytokine ELISA 
Supernatant samples were analysed in duplicate for murine TNF�, IFN�, IL-
10 and IL-4 concentrations using DuoSet ELISA (R&D Systems, Minneapo-
lis, MN, USA) according to the manufacturers’ instructions. Absorbance 
values were read using a Labsystems integrated EIA Management System 
iEMS ELISA reader and analysed with DeltaSoft3 software (Dr E Bechtold 
and BioMetallics 
). 

mRNA Isolation and cDNA Synthesis 
To isolate RNA from spleen cells, we employed the “Spin Protocol for Isola-
tion of Total RNA from Animal Cells” in the RNeasy Mini Kit (or the 
RNeasy Plus Mini Kit in the case of the ethanol dose-response study of pa-
per IV) from Qiagen (Maryland, USA). DNase digestion (RNase-Free 
DNase Set, Qiagen) was used with the RNeasy Mini Kit to decrease DNA 
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contamination. 50 x 106 cells were lysed in Lysis buffer RLT/RLT Plus with 
1% �-mercaptoethanol added, and subsequently stored in -70ºC.  

Transplants were stored in RNAlater RNA Stabilization Reagent 
(Qiagen) immediately after isolation and frozen at -70ºC as soon as possible. 
RNA was isolated using the “Total RNA Isolation from Fibrous Tissues” 
protocol from the RNeasy Micro Kit (Qiagen) with DNase digestion.  

cDNA was synthesised from the RNA using the Reverse Transcription 
System from Promega Corporation (Madison, USA) or, in the etanol dose-
response study of paper IV, the QuantiTect Reverse Transcription Kit 
(Qiagen), according to the manufacturer’s instructions. 

Real-Time RT-PCR Assay 
RT-PCR was performed using the Lightcycler instrument and the FastStart 
DNA Master SYBR Green I Kit (Roche, Bromma, Sweden) in paper II. For 
FoxP3 and COX-2 analysis in papers III and IV the SYBR Green JumpStart 
Taq ReadyMix kit (Sigma) was used. Primers were purchased from and de-
signed by TIB Molbiol Syntheselabor (Berlin, Germany). The primers 
(Genebank accession number included) were: 

G6PDH: 5´-ATTGACCACTACCTGGGCAA-3´,  
5´-GAGATACACTTCAACACTTTGACCT-3´, #NM 008062,  
TNF�: 5´-GACCCTCACACTCAGATCATCTTC-3´,  
5´-CGCTGGCTCAGCCACTCC-3´, #NM 013693,  
IFN�: 5´-CATCAGCAACAACATAAGCGTCA-3´,  
5´-CGCTGGACCTGTGGGTT-3´, #XM 125899,  
IL-10: 5´-CATTCATGGCCTTGTAGACACC-3´,  
5´-CTTAATGCAGGACTTTAAGGGTTA-3´, #NM 010548,  
IL-4: 5´-ACAGGAGAAGGGACGCCAT-3´,  
5´-TGCAGCTTATCGATGAATCCAG-3´, #NM 021283 

RT-PCR reactions were performed at 5�M in a 10 �l volume, containing 
1 �l cDNA sample. The reaction was initiated by activating the polymerase 
by a 10 min pre-incubation at 95ºC. Amplification was performed by 40–45 
cycles of 15 s denaturation at 95ºC, 10 s annealing at 65–67ºC and 10 s an-
nealing at 72ºC. The program was concluded by a melting curve analysis 
with a temperature transition rate of 20ºC/s. 

G6PDH was used as an internal control and run in parallel to the cyto-
kines. Negative controls (reactions without cDNA or cDNA reactions with-
out mRNA) were included in each run. A difference by 1 in cycle threshold 
(CT) values signifies a doubling of the amount of RT-PCR product. To com-
pensate for this, the CT values are recalculated to allow for an exponential 
rate between the product and the housekeeping gene and expressed as 2-�CT 
[179].  
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Hybridization Probe Real-Time RT-PCR 
RT-PCR for detection of TNF�, IFN�, IL-10 and IL-4 mRNA expression in 
transplants and spleen cells in paper III were performed using the Lightcy-
cler instrument and the Lightcycler FastStart DNA Master Hybridization 
Probes Kit (Roche). Primers and hybridization probes were purchased from 
and designed by TIB Molbiol Syntheselabor (Berlin, Germany). The primers 
(GenBank accession number included) were: 

G6PDH: 5´-ATTGACCACTACCTGGGCAA-3´,  
5´-GAGATACACTTCAACACTTTGACCT-3´, #NM 008062,  
TNF�: 5´-GACCCTCACACTCAGATCATCTTC-3´,  
5´-CGCTGGCTCAGCCACTCC-3´, #NM 013693,  
IFN�: 5´-CATCAGCAACAACATAAGCGTCA-3´,  
5´-CGCTGGACCTGTGGGTT-3´, #XM 125899,  
IL-10: 5´-CATTCATGGCCTTGTAGACACC-3´,  
5´-CTTAATGCAGGACTTTAAGGGTTA-3´, #NM 010548,  
IL-4: 5´-ACAGGAGAAGGGACGCCAT-3´,  
5´-TGCAGCTTATCGATGAATCCAG-3´, #NM 021283. 

The hybridization probe sequences were:  
G6PDH: GTTGTCTCGATTCCAGATGGGTCC—FL,  
LC Red705-AGATCCTGTTGGCAAACCTCAGCA—PH, 
TNF�: CAAGCCTGTAGCCCACGTCGTA—FL,  
LC Red640-CAAACCACCAAGTGGAGGAGCAG—PH, 
IFN�: TTCAGCAACAGCAAGGCGAAAAA—FL,  
LC Red640-TGCATTCATGAGTATTGCCAAGTTTGAG—PH, 
IL-10: GAAGCTGAAGACCCTCAGGATGCG—FL,  
LC Red640-TGAGGCGCTGTCATCGATTTCTCC—PH, 
IL-4: GTGGTGTTCTTCGTTGCTGTGAGG—FL,  
LC Red640-CGTTTGGCACATCCATCTCCGT—PH. 

RT-PCR reactions were performed in a 10 �l volume containing 1 �l 
cDNA sample. The reaction was initiated by activating the polymerase by a 
10 min pre-incubation at 95ºC. Amplification was performed by 45 cycles of 
15 s denaturation at 95ºC, 10 s annealing at 65ºC and 10 s acquisition at 
72ºC.  

G6PDH was used as an internal control and analyzed together with the 
cytokines using dual colour detection. Colour compensation was performed 
using the Lightcycler Color Compensation Set (Roche). Negative controls 
(reactions without cDNA or cDNA reactions without mRNA) were included 
in each run. Cycle threshold (CT) values were calculated as previously de-
scribed [179]. 
 



 29

Extracellular Flow Cytometry 
Freshly isolated spleen cells, untreated or depleted of adherent cells, were 
treated with 2.4G2 antibody for 15 min to block Fc-receptor binding. Anti-
bodies for CD8-APC, CD4-FITC, CD19-FITC, CD3-PerCP, CD25-PE and 
GR1-PE were purchased from Pharmingen (Stockholm, Sweden) and F4/80-
FITC was purchased from Caltag Laboratories (Burlingame, CA, USA). 
Cells were incubated with antibodies for 30 minutes and analysed on FAC-
Scan (BD Biosciences, Mountain View, CA, USA) using CellQuest software 
(BD Biosciences). 

Intracellular Cytokine Flow Cytometry 
10% of the freshly isolated spleen cells were incubated in RPMI 1640 sup-
plemented with 1 �g/ml Brefeldin A (Sigma) for 5 hrs at 37	C (air + 5% 
CO2). The cells were fixed in 4% paraformaldehyde in PBS for 5 min. Per-
meabilisation was performed in PBS with 2% FCS, 0.1% BSA (Sigma) and 
0.1% Triton (Sigma). The cells were incubated with antibodies for 30 min at 
+4ºC in the dark. Antibodies used were TNF-FITC (MP6-XT22, Pharmin-
gen), IFN�-FITC (XMG1.2, Pharmingen) and IL-10-FITC (JES5-16E3, 
Pharmingen). Analysis was performed on a FACSCalibur flow cytometer 
(Becton-Dickinson) using the CellQuest software (Becton-Dickinson). 

Statistical Analysis 
Values were expressed as means � SEM. Statistical analyses were made 
using the Sigma Stat
 software. Values were compared using One Way 
Repeated Measurements ANOVA, unpaired or paired t-tests, or the Mann-
Whitney Rank Sum Test depending on the data. Probability values less than 
0.05 were considered as statistically significant. 
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Results and Discussion 

Paper I 
Administration of the TNF� inhibitor MDL 201,449A has in previous stud-
ies decreased hyperglycaemia and insulitis in MLDSTZ diabetic mice [46]. 
The present study was designed to investigate cytokine production during 
that process. 

The cytokine secretion from spleen cells isolated from MLDSTZ-treated 
mice displayed a retarded rate of increased TNF� accumulation compared to 
controls. This could be caused by the diabetic environment in the mice on 
day 14 when the spleen cells were removed, which might have rendered the 
spleen cells somewhat less responsive to con A stimulation compared to 
spleen cells from normoglycaemic mice. Contrary to what might have been 
expected, TNF� production in MDL 201,449A treated animals did not differ 
from vehicle treated mice. In interpreting these results, one has to bear in 
mind that the spleen cells after being isolated no longer are exposed to MDL 
201,449A. The lack of TNF� inhibition could be caused by a rebound phe-
nomenon when TNF� production no longer was suppressed by MDL 
201,449A. 

MLDSTZ treatment increased IFN� production compared to the control 
group. There was also a trend towards a higher IFN� secretion by cells from 
MDL 201,449A treated MLDSTZ mice compared to that from cells from 
vehicle treated MLDSTZ mice. Similarly to TNF� production, there seemed 
to be a compensatory increase in IFN� secretion when spleen cells were re-
moved from the MDL 201,449A suppression in the mice. We could not de-
tect any significant differences in spleen cell production of IL-10. Levels of 
IL-10 were very low and not detectable before 48 hrs of culture. In line with 
findings from other studies, these data point towards an increase in Th1 cy-
tokine production from spleen cells from MLDSTZ diabetic mice.  

In order to investigate if there indeed is a rebound effect after MDL 
201,449A administration, we cultured spleen cells from untreated mice in 
the presence or absence of the compound for 96 hours. Secretion of TNF�, 
IFN� and IL-10 was all suppressed in the presence of MDL 201,449A, but 
the production of all cytokines was increased upon discontinued administra-
tion. In the case of TNF�, it even exceeded the secretion from cells cultured 
in the absence of the compound. These data confirms that ceased administra-
tion of MDL 201,449A results in a rebound phenomenon. As the cytokine 
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production was resumed when the administration was disrupted, it is prob-
able that the compensatory reaction originated from a cellular response 
rather than a cytotoxic effect.  

To investigate if the effect of MDL 201,449A on IFN� and IL-10 was 
caused by changed TNF� concentrations in the media, we cultured cells in 
the presence of exogenous TNF�. As this did not affect IFN� and IL-10 pro-
duction, we speculate that MDL 201,449A also inhibits these, and possibly 
other cytokines as well.  

Paper II 
The standard protocol for spleen cell isolation includes a step of cell deple-
tion by plastic adherence. This procedure is assumed to deplete the macro-
phages in the cell cultures. Loh and Hudson demonstrated in 1979 that more 
than 50% of plastic adherent cells were macrophages as determined by non-
specific esterase staining, and more than 90% had a “typical macrophage 
morphology” [180]. However, macrophages are important mediators of auto-
immunity and have been shown to be of importance in diabetes develop-
ment. We therefore investigated how plastic adhesion influenced cytokine 
mRNA expression and secretion and how different cell types are affected by 
the procedure.  

In our study, we could only observe a decrease of 32% in the macrophage 
population following plastic adhesion, whereas about 60% of CD4+CD25+ 
regulatory T cells were depleted. Interestingly, this was only observed in 
cultures from MLDSTZ-treated mice. We therefore hypothesize that 
MDLSTZ treatment might induce a subpopulation of macrophages with 
adhesive properties.  

We noticed that the population of CD4+CD25+ regulatory T cells was 
higher in spleens from MLDSTZ-treated mice than in spleens from saline 
treated controls. This might reflect a mechanism to down-regulate the insu-
litis in the pancreas and the developing hyperglycaemia. There are not many 
studies on how MLDSTZ-induced diabetes influences the numbers of 
CD4+CD25+ regulatory T cells, but Anastasi et al. have demonstrated that 
MLDSTZ treatment of transgenic mice expressing a constitutively active 
Notch3 domain were protected from hyperglycaemia, and that the protection 
coincided with an increase in the number of CD4+CD25+ T cells compared 
to wild type mice [98]. However, the lack of vehicle alone controls in this 
study makes it difficult to deduce if there is an effect of the MLDSTZ treat-
ment only. However, it is possible that the CD4+CD25+ regulatory T cells 
are increased by MLDSTZ as an attempt to counteract the �-cell damage. 

Secretion of TNF�, IFN� and IL-10 was elevated after cell depletion in 
spleen cell cultures from MLDSTZ-treated mice. Possibly, this could be an 
effect of the reduction in CD4+CD25+ regulatory T cells, as these cells in-
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hibit the release of both Th1 and Th2 cytokines [96]. It could also be specu-
lated that the adherent cells represent a cell contingent with a low prolifera-
tive capacity regarding con A stimulated cytokine release. Both macro-
phages and CD4+CD25+ regulatory T cells have been reported to be rela-
tively unresponsive to con A stimulation [181, 182]. If so, depletion of these 
cells would increase the proportion of con A-responsive cells in the cultures.  

Spleen cells (both depleted of adherent cells and not) as well as plastic 
adherent cells from MLDSTZ-treated mice displayed an increased IFN� 
production compared to cells from control mice. This is in line with previous 
studies where MLDSTZ-induced hyperglycaemia coincided with an eleva-
tion of the IFN� production [63, 64]. However, no differences in IFN� 
mRNA expression were observed. Possibly, this indicates that in vitro pro-
duction of IFN� is mainly post-translationally regulated.  

Both protein secretion and mRNA expression of IL-10 were increased as 
a consequence of MLDSTZ treatment. This is somewhat surprising, as most 
other studies demonstrate a connection between MLDSTZ diabetes and a 
decrease in IL-10 production [62, 183], as well as a relation between disease 
protection and increased IL-10 production [64-66, 98, 184]. However, the 
increase in IL-10 might reflect an activity aiming to balance the Th1-driven 
mechanisms leading to �-cell loss and hyperglycaemia, when the cells were 
no longer subjected to the �-cell destructive environment in the mouse.  

Protein levels of IL-4 were not detectable by ELISA under these experi-
mental circumstances. As an alternative, detection by ELISPOT sometimes 
provides a more sensitive method [60]. Contrary to the other investigated 
cytokines, the IL-4 mRNA expression levels were decreased in cultures de-
pleted of adherent cells. This might be explained by a production of IL-4 by 
CD4+CD25+ T cells, as some studies have observed IL-4 production from 
these cells [98, 185]. If that is the case, a decreased number of IL-4-
producing cells after adhesion would indeed bring about the observed de-
crease. IL-4 mRNA expression was inhibited by MDLSTZ both in cultures 
with and without adherent cells. This correlates well with observations in 
other studies of a decreased IL-4 production in MLDSTZ-treated animals 
[62, 63, 183].  

To summarize, we have observed that plastic adhesion depletes 
CD4+CD25+ T cells to a larger extent than macrophages. However, the plas-
tic adhesion does not seem to influence the interpretation of the results of the 
MLDSTZ experiments. Plastic adhesion does influence cytokine production, 
but the effect of the MLDSTZ treatment surpasses this action. Altogether our 
data suggest that plastic adhesion may not be an optimal method to deplete 
macrophages from spleen cell cultures. Furthermore, our results support the 
view that CD4+CD25+ T cells inhibit both Th1 and Th2 cells.  
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Paper III 
When performing experimental transplantation studies, many groups use 
syngeneic transplantations or sham-operated animals as controls. However, 
these manipulations involve anaesthesia, surgery, the formation of a wound 
and subsequent wound healing, which all might have an effect on the im-
mune system. To investigate if this is the case, and whether cytokine produc-
tion and/or regulatory T cells are influenced by these procedures, we have 
performed allogeneic, syngeneic and sham transplantations and investigated 
the cytokine production, FoxP3 and COX-2 expression in spleen cells and, 
when possible, transplants from these as well as untreated mice.  

Isolating RNA from transplants did initially present us with some prob-
lems. The immunological barrier between C57BL/6 and BALB/c mice is 
very strong [186], and if the transplanted animals were left for longer than 
three days after the operations, some of them died, probably due to systemic 
effects when a strong rejection occurred. After this short time, the transplant 
had not been much infiltrated by connective tissue, and it was difficult to 
remove it without losing some of the islets. We therefore had to increase the 
size of the transplant to 500 islets in order to recover enough graft material 
to isolate RNA. Also, some degradation occurs during the time between 
extraction of the transplant and freezing the sample. This problem was 
solved by immediately submerging the transplant in RNAlater buffer, which 
preserves the RNA until isolation. We also changed isolation method and 
used the RNA Micro Kit for isolation, as this was better suited for small 
amounts of material. To increase the sensitivity of the RT-PCR, we success-
fully tried the Hybridization probes technique, in which a specific DNA 
probe binds to the gene in question.  

We observed an increase in cytokine production from spleen cells of 
sham-operated and syngeneically transplanted mice. We hypothesize that 
there might be a connection between these results and the low levels of 
FoxP3 mRNA expression in these experimental groups. As regulatory T 
cells decrease the production of both Th1 and Th2 cytokines [96] there could 
be an association between fewer regulatory T cells (as demonstrated by de-
creased FoxP3 mRNA expression) and increased cytokine production. This 
might be an effect of the anaesthesia and/or wound healing induced by the 
operation. We used tribromoethanol as anaesthetic agent, which has been 
shown to reduce TNF� mRNA expression in rat spleen cells [132]. It has 
also been observed to have other effects on the immune system, such as a 
dampening of the natural killer cell activity [187, 188]. Furthermore, an in-
flammation is induced by the wound healing after the operation, and the 
cytokine production triggered by this inflammation might influence the regu-
latory T cell activity and cytokine balance at the injury site [136]. This, in 
turn, could cause the increased COX-2 expression observed in the sham-
transplanted groups, as certain proinflammatory cytokines are known to in-
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duce COX-2 expression [179, 189, 190]. The cytokine response induced by 
allogeneic rejection might be strong enough to counteract the effect of anaes-
thesia and/or wound healing in allogeneically transplanted groups. After 48 
hrs of culture, the cytokine production in spleen cells from sham-operated 
and syngeneically transplanted mice was no longer elevated, indicating that 
the effect was induced in vivo and did not persist during culture in vitro.  

We observed quite different results in groups transplanted to BALB/c and 
C57BL/6 recipients. In many cases the cytokine production was the opposite 
in the two strains, which indicates a difference in regulation of cytokine pro-
duction, similarly to the difference in cytokine profile observed during 
Leishmania infections in these mouse strains [191-193]. FoxP3 and COX-2 
mRNA expressions also differ in BALB/c and C57BL/6 mice, indicating that 
the strains also vary in the regulation of regulatory T cell and COX-2.  

After 48 hrs of culture, spleen cells from the untreated group had in-
creased protein secretion and mRNA expression of cytokines as well as in-
creased FoxP3 and COX-2 mRNA expressions compared to the other ex-
perimental groups. This is the only group not subjected to surgery. There-
fore, we hypothesise that the surgery results in a general suppressive effect 
on the spleen cells, which interferes with the cells’ response to con A in the 
in vitro situation in all groups except the untreated controls. This finding is 
in line with the immunosuppression that has been observed in PHA-
stimulated human monocytes and lymphocytes after surgery [129]. 

To summarize the findings from this study, we have observed that so-
called control treatments such as sham operations and syngeneic transplanta-
tions influence cytokine production. We hypothesize that this effect is 
caused by the surgery and/or anaesthesia involved in these treatments, that 
may decrease the regulatory T cell population, thereby leading to increased 
cytokine expression. We therefore would like to emphasize the importance 
of using the appropriate control groups when performing transplantation 
studies. Another observation of the present study is that spleen cells from 
surgically manipulated mice exhibit a decreased responsive capacity to con 
A stimulation when cultured in vitro, compared to spleen cells from un-
treated animals. Also, there was a distinct difference in the cytokine response 
from the two mouse strains investigated in the study. The genetic back-
ground of both islet donor and recipient seem to be important in determining 
the magnitude and skewing of the cytokine production, and it is possible that 
the genetic background might influence the outcome of clinical islet trans-
plantations in humans in a similar way. 

Paper IV 
During type 1 diabetes, several changes in the immune system leading to the 
autoimmune destruction of the �-cells have been described. One of these 
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changes is a skewing of the cytokine production towards a proinflammatory 
profile [9]. However, it is not completely clarified whether this is the direct 
consequence of the autoimmune attack, or if the diabetic milieu, with in-
creased glucose and free fatty acid concentrations, could be contributing to 
this change. We have investigated this by culturing normal mouse spleen 
cells in varying concentrations of glucose and the saturated free fatty acid 
palmitate, and examined the supernatant secretion and mRNA expression of 
the cytokines TNF�, IFN� and IL-10.  

In our study, we observed that culture at high glucose concentrations lead 
to decreased TNF� and IFN� concentrations compared to culture in low 
glucose. Also, culture at normal glucose concentrations (11.1 mM) induced 
the highest levels of all the investigated cytokine production. This is the 
normal glucose concentration in the RPMI 1640 medium, which was devel-
oped for lymphocyte culture [194], and it is likely that the spleen cells would 
have the best proliferative conditions in response to con A stimulation at this 
glucose level. Furthermore, the secretion of TNF� and IFN� from spleen 
cells cultured at 28 mM decreased during culture, while IL-10 secretion at 
11.1 mM increased. This was even more evident at the IL-10 mRNA level, 
where all 96 h values exceeded the 0 h value. These data suggest that pro-
longed culture of spleen cells at high glucose might induce a slight shift to-
wards a production of Th2 cytokines. 

An elevation of free fatty acid levels have been observed to be part of the 
diabetic milieu [149, 195], and we wished to investigate if elevated FFA 
concentrations could influence cytokine production. We therefore studied if 
the addition of the saturated fatty acid palmitate into the media of cultured 
spleen cells had an effect on the production of TNF�, IFN� and IL-10. 
Palmitate did seem to inhibit cytokine production, but in the case of IFN� 
and IL-10 the control group that had been cultured with the addition of etha-
nol (which was used as a solvent for palmitate) also showed a suppression of 
cytokine secretion. The combined effect of palmitate and ethanol regarding 
IFN� and IL-10 makes it difficult to determine if the inhibition was caused 
by palmitate or if it mainly originated from the ethanol addition. It is not 
unlikely that ethanol could have effects on cytokine production, as acute 
alcohol treatment in vitro has been shown to down-regulate proinflammatory 
cytokines, while chronic alcohol use has the opposite effect [165, 176]. 
Palmitate has been observed to increase the expression of TNF� and IL-6 in 
skeletal muscle cells, adipocytes and endothelial cells [161-163], but as we 
have observed the opposite effect in our experimental setting, it seems prob-
able that palmitate might not have the same effect on spleen cells, or that this 
effect, if present, is overcome by the stronger suppression by the ethanol. 
However, this might explain why the suppressive action we noticed was 
more pronounced for IFN� and IL-10, as TNF� could have been slightly 
activated by the palmitate.  
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We also noticed that the suppression of cytokine production by ethanol 
and/or palmitate was abolished by culture in high (28 mM) concentrations of 
glucose for TNF� and IFN�, but not IL-10. In order to further investigate 
this, we performed a dose-response study of the effect of different concentra-
tions of ethanol on spleen cells cultured at 11.1 or 28 mM glucose. We ob-
served a similar effect on the cytokine production as in the experiments us-
ing palmitate. Ethanol suppressed the secretion of all three cytokines, but 
with the most pronounced effect on IFN� and IL-10, when cultured in nor-
moglycaemic conditions. The suppression, especially of IL-10, seemed to be 
dose-dependent. Similarly to the studies using palmitate, culture at high glu-
cose levels counteracted the suppression of TNF� and IFN� observed at 
normal glucose concentrations. There could be several explanations to this 
finding. Ethanol is known to have immunosuppressive properties mediated 
through various mechanisms, for example by down-regulating toll-like re-
ceptors (TLR) by limiting p38 and ERK1/2 activation, which in turn leads to 
suppression of cytokine (TNF�, IL-6, IL-10 and IL-12) responses [168, 
170]. There are changes in the expression of TLRs in the liver, kidney and 
brain of streptozotocin-induced diabetic rats [196], and p38 and ERK1/2 has 
been observed to be induced by high glucose in mesangial cells [197], indi-
cating that an effect on TLRs or p38 and ERK1/2 of high glucose could be 
involved in counteracting ethanol-induced immune suppression.  

Conclusively, our data suggest that high glucose levels could be a factor 
influencing the immune deviations during type 1 diabetes. It is also possible 
that palmitate could be of importance, but our experiments could not conclu-
sively determine that due to the practical difficulty of having to dissolve 
palmitate in ethanol for it to be in liquid form, and we have shown that etha-
nol in itself have a suppressive effect on cytokine secretion. This observation 
emphasizes the importance of using the proper control groups when employ-
ing substances dissolved in ethanol, to rule out possible confounding effects 
of the vehicle. Also, the cytokine inhibition by ethanol and/or palmitate was 
counteracted by culture in high glucose, although the mechanism underlying 
this effect needs to be further investigated. 
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Conclusions 

Paper I 
� The TNF� transcription inhibitor MDL 201,449A inhibits IFN� and IL-10 

as well as TNF�, and may not be an entirely specific TNF� inhibitor. 
� Discontinued administration of MDL 201, 449A leads to a rebound phe-

nomenon of increased cytokine levels. 

Paper II 
� Plastic adhesion depletes CD4+CD25+ regulatory T cells to a larger extent 

than macrophages. 
� CD4+CD25+ regulatory T cells may inhibit both Th1 and Th2 cells. 
� MLDSTZ treatment might increase the CD4+CD25+ regulatory T cell 

content in spleen cell populations. 

Paper III 
� Anaesthesia and/or surgery affect cytokine production, regulatory T cells 

and COX-2 expression. 
� Mouse strains differ in responsiveness to transplantations with regard to 

cytokines, regulatory T cells and COX-2. 
� Surgery may render spleen cells less responsive to con A stimulation in 

vitro. 

Paper IV 
� A diabetes-like environment in vitro, characterized by high glucose and 

free fatty acid levels, influences cytokine production in spleen cells. 
� Ethanol and/or palmitate suppress cytokine production at normal glucose 

concentrations (11.1 mM), but not at high glucose concentrations (28 
mM). 
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Svensk sammanfattning 

Målsättningen med avhandlingen har varit att studera hur cytokinutsöndring 
påverkas i experimentella modeller för typ 1 diabetes samt vid transplanta-
tion av Langerhanska öar.  

 
Delarbete 1: Thorvaldson L, Holstad M, Sandler S. Cytokine release by 
murine spleen cells following multiple low dose streptozotocin-induced 
diabetes and treatment with a TNF� transcriptional inhibitor. (Int Im-
munopharmacol. 3:1609-17 (2003).) 

I det första delarbetet undersökte vi om MDL 201,449A, en transkriptio-
nell inhibitor av TNF�, påverkar cytokinutsöndringen i odlade mjältceller. 
Tidigare försök har visat att administrering av MDL 201,449A motverkar 
diabetesutveckling hos möss behandlade med multipla låga doser av strepto-
zotocin (MLDSTZ). TNF�-utsöndringen i mjältceller från djur behandlade 
med MLDSTZ och MDL 201,449A var fördröjd jämfört med den från djur 
som inte fått MDL 201,449A, men IFN� och IL-10 sekretionen påverkades 
inte. Vi misstänkte att detta kunde bero på att mjältcellerna under odlingen 
inte längre exponerades för MDL 201,449A. Försök in vitro påvisade att 
MDL 201,449A som tillsatts under cellodlingen inhiberade samtliga de un-
dersökta cytokinerna, men vi noterade att nivåerna återgick till de normala 
eller steg över de normala då exponeringen avbröts. Vi drog därför slutsatsen 
att MDL 201,449A inte är en specifik TNF�-inhibitor, utan även inhiberar 
IFN� och IL-10. Vi observerade även att inhiberingen följs av en höjd cyto-
kinproduktion då cellerna inte längre är i kontakt med MDL 201,449A.  

 
Delarbete 2: Thorvaldson L, Johansson SE, Höglund P, Sandler S. Im-
pact of plastic adhesion in vitro on analysis of Th1 and Th2 cytokines 
and immune cell distribution from mice with multiple low-dose strepto-
zotocin-induced diabetes. (J Immunol Meth. 307:73-81 (2005).)  

Det andra delarbetet behandlade plastadhesion, en metod som traditionellt 
används för att reducera makrofaginnehåll i mjältcellskulturer. Vi ville un-
dersöka dels hur detta påverkar cytokinproduktionen från cellerna och dels 
vilka celltyper som verkligen påverkades av behandlingen, då det inte finns 
några moderna studier av detta. Våra försök visade att plastadhesionen bara 
tar bort ca 30% av makrofagerna, men däremot ca 60% av de regulatoriska 
T-cellerna, vilket i sin tur leder till ökad sekretion av TNF�, IFN� och IL-10 
och minskade mängder av IL-4. Slutsatsen av våra experiment är att plastad-
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hesion inte är en särskilt effektiv metod för att minska makrofaginnehållet i 
en cellkultur, eftersom även regulatoriska T-celler fastnar på plasten, och att 
detta till viss grad påverkar den resulterande cellkulturens egenskaper. 

 
Delarbete 3: Thorvaldson L och Sandler S. Factors influencing the regu-
lation of cytokine balance during islet transplantation in mice. (Insänt 
för publikation.) 

I det här delarbetet undersökte vi hur olika typer av transplantationer av 
Langerhanska öar påverkar cytokinproduktionen i mjältceller. Vi upptäckte 
att s.k. shamtransplantationer, d v s en operation utan insättning av öar, och 
syngena transplantationer (mellan genetiskt identiska djur) gav en tydlig 
effekt på cytokinproduktionen i mjältceller jämfört med celler från obehand-
lade djur. Vi såg en minskning av de regulatoriska T-cellerna och en ökad 
cytokinproduktion i dessa grupper. Detta kan bero på att operationen eller 
anestesin minskar de regulatoriska T-cellerna och att denna minskning ger 
utrymme för en ökad cytokinutsöndring. Vi noterade också att mjältceller 
från opererade djur svarar sämre på stimulering i odling än celler från obe-
handlade djur. Förmodligen har dessa celler förlorat en del av sin svarskapa-
citet och har därmed inte samma möjlighet att reagera på stimuleringen. Vi 
utförde transplantationer av öar både från BALB/c möss till C57BL/6 möss 
och i motsatt riktning och observerade olika cytokinsvar beroende på vilken 
stam som användes som mottagare. Samma behandling ger olika respons 
beroende på vilken genetisk bakgrund mottagaren har, vilket är en lärdom 
som kan vara intressant att föra över på den kliniska situationen.  

 
Delarbete 4: Thorvaldson L, Stålhammar S och Sandler S. Effects of a 
diabetes-like environment in vitro on cytokine production by mice 
splenocytes. (Manuskript.) 

Det sista delarbetet behandlar hur olika omgivningsfaktorer som karaktä-
riserar ett diabetestillstånd, såsom höjda nivåer av glukos och fria fettsyror (i 
det här fallet palmitat), påverkar cytokinproduktionen hos odlade mjältceller. 
Vid odling i olika koncentrationer av glukos noterade vi att cytokinproduk-
tionen var högst i celler odlade i 11.1 mM glukos och av detta drar vi slutsat-
sen att glukos kan påverka cytokinbalansen. Odling med palmitat motverkar 
cytokinutsöndring, men den effekten sågs också i kontrollgruppen som bara 
odlats i etanol (vilket användes för att lösa upp palmitatet) och således är det 
svårt att avgöra om cytokininhiberingen beror på palmitatet eller etanolen 
som den lösts i. Denna effekt motverkades dock av odling vid höga koncent-
rationer av glukos, då cytokinnivåerna normaliserades. Mekanismerna för 
denna effekt är inte känd och behöver undersökas vidare.   



 40 

Acknowledgements 

I would like to express my sincere gratitude to: 
 

My supervisor Professor Stellan Sandler, for always taking the time to an-
swer any questions I may have and for trusting me to work independently. 
Thanks to you I have grown both as a person and as a scientist during this 
time. 

 
My co-supervisors: Maria Holstad, MD, PhD, for introducing me to sci-

ence, and Professor Michael Welsh for helping with my work in your radio-
activity lab. 

 
My co-authors Petter Höglund and Sofia Johansson from KI for sharing 

your knowledge about FACS analysis. My student and co-author Stefan 
Stålhammar for company during the summers. 

 
The Head of the Department, Professor Arne Andersson for making the 

department a really nice place to work. 
 
All the senior scientists at the department, especially Carina Carlsson and 

Håkan Borg, for sharing ideas and helping me with useful comments during 
Journal Clubs and Brain Pubs. Post-docs Andreea Barbu and Monica 
Sandberg for good advice and nice discussions about lots of things. 

 
The technicians of the department, in particular Ing-Britt Hallgren and 

Astrid Nordin, without whom I would still be picking islets! You are truly 
the heart and soul of the department. 

 
Our administrators Agneta Sandler-Bäfwe, Karin Öberg and Marianne 

Ljungkvist for all the help and for all the nice litte chats. Göran Ståhl for 
keeping to department together in a very practical sense. 

 
The Sandler boys: Tobias Rydgren, Martin Blixt Ludvigsen and Andreas 

Börjesson, for making it fun to get to work, even if the quality of the jokes 
sometimes is dangerously low… ;-) I’m gonna miss you! Former PhD stu-
dents in our group Annika Carlsson and Eva Ludvigsen for help and support.  

 



 41

All the PhD students at the department for good collaborations when 
teaching, for helping each other and for having fun!  

 
Catta, my bestest friend, for being there for me when I need it the most 

and for discussions about everything from politics to just straight silliness. 
Lotta, for sharing the joys and troubles of being a PhD student. Ylva, for lots 
of nice wine dinners. Ulrika, for advice regarding the life in the real world 
(outside the university) and for being my personal shopper. Liv, for good 
training company. Ivana, for discussing immunology and for keeping the 
friendship alive over the distance. Maria, we really have to get better at find-
ing time to see each other! Alejandro, for nice lunch chats about science and 
life. Björn, it is so nice to have an old friend like you at work! I am really 
fortunate to have you all! Everybody in the Uppsala Tolkien Society for 
unlimited creativity and fun (and mead…)! My choir Dissonantia and our 
choirmaster Sara, for having a good time while growing as singers. Every-
body at Helenas Träningsverk, for making it such a joy to work out that I 
always leave the place with a smile on my lips.  

 
My family: Mamma, for always loving me and encouraging me to be my-

self. Lasse, my “bonusfather”, for unconditional support. My one and only 
brother Jon, for distracting me from science and other serious stuff and for 
being a friend as well as a brother. Mormor, for being the best granny possi-
ble. And of course Pappa, whom I know would have been so very proud to 
be here.  

 
And most importantly Karl-Einar, I really could not have done this with-

out you! You make me stronger and happier, and I will always love you!  
 



 42 

References 

1. Hellerström C, Kaj G, Dock A-M, et al. (2002) Diabetes - forskningen fram-
stegen framtiden. Vetenskapsrådet, Stockholm 

2. Pickup JC, Williams G (eds) (1991) Textbook of diabetes. Blackwell Scien-
tific Publications, Oxford 

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

4. The DIAMOND Project Group (2006) Incidence and trends of childhood Type 
1 diabetes worldwide 1990-1999. Diabet Med 23: 857-866 

5. Kaprio J, Tuomilehto J, Koskenvuo M, et al. (1992) Concordance for type 1 
(insulin-dependent) and type 2 (non-insulin-dependent) diabetes mellitus in a 
population-based cohort of twins in Finland. Diabetologia 35: 1060-1067 

6. Barnett AH, Eff C, Leslie RD, Pyke DA (1981) Diabetes in identical twins. A 
study of 200 pairs. Diabetologia 20: 87-93 

7. Jun HS, Yoon JW (2003) A new look at viruses in type 1 diabetes. Diabetes 
Metab Res Rev 19: 8-31 

8. Abbas AK, Murphy KM, Sher A (1996) Functional diversity of helper T lym-
phocytes. Nature 383: 787-793 

9. Rabinovitch A, Suarez-Pinzon WL (2003) Role of cytokines in the pathogene-
sis of autoimmune diabetes mellitus. Rev Endocr Metab Disord 4: 291-299 

10. Lewis C, Barbiers AR (1959) Streptozotocin, a new antibiotic. In vitro and in 
vivo evaluation. Antibiot Annu 7: 247-254 

11. Vavra JJ, Deboer C, Dietz A, et al. (1959) Streptozotocin, a new antibacterial 
antibiotic. Antibiot Annu 7: 230-235 

12. Rakieten N, Rakieten ML, Nadkarni MR (1963) Studies on the diabetogenic 
action of streptozotocin (NSC-37917). Cancer Chemother Rep 29: 91-98 

13. Rakieten N, Gordon BS, Beaty A, et al. (1971) Pancreatic islet cell tumors 
produced by the combined action of streptozotocin and nicotinamide. Proc Soc 
Exp Biol Med 137: 280-283 

14. Like AA, Rossini AA (1976) Streptozotocin-induced pancreatic insulitis: new 
model of diabetes mellitus. Science 193: 415-417 

15. Kuttler B, Schneider E (1982) Diabetes mellitus in mice induced by multiple 
subdiabetogenic doses of streptozotocin: age and sex dependence. Acta Biol 
Med Ger 41: 1199-1202 

16. Kromann H, Christy M, Lernmark A, et al. (1982) The low dose streptozoto-
cin murine model of type 1 (insulin-dependent) diabetes mellitus: studies in 
vivo and in vitro of the modulating effect of sex hormones. Diabetologia 22: 
194-198 

17. Rossini AA, Williams RM, Appel MC, Like AA (1978) Sex differences in the 
multiple-dose streptozotocin model of diabetes. Endocrinology 103: 1518-
1520 



 43

18. Szkudelski T (2001) The mechanism of alloxan and streptozotocin action in B 
cells of the rat pancreas. Physiological research / Academia Scientiarum Bo-
hemoslovaca 50: 537-546 

19. Rossini AA, Appel MC, Williams RM, Like AA (1977) Genetic influence of 
the streptozotocin-induced insulitis and hyperglycemia. Diabetes 26: 916-920 

20. Wolf J, Lilly F, Shin SI (1984) The influence of genetic background on the 
susceptibility of inbred mice to streptozotocin-induced diabetes. Diabetes 33: 
567-571 

21. Kiesel U, Falkenberg FW, Kolb H (1983) Genetic control of low-dose strepto-
zotocin-induced autoimmune diabetes in mice. J Immunol 130: 1719-1722 

22. Pechhold K, Patterson NB, Blum C, et al. (2001) Low dose streptozotocin-
induced diabetes in rat insulin promoter-mCD80-transgenic mice is T cell 
autoantigen-specific and CD28 dependent. J Immunol 166: 2531-2539 

23. Oschilewski M, Schwab E, Kiesel U, et al. (1986) Administration of silica or 
monoclonal antibody to Thy-1 prevents low-dose streptozotocin-induced dia-
betes in mice. Immunol Lett 12: 289-294 

24. Kim YT, Steinberg C (1984) Immunologic studies on the induction of diabetes 
in experimental animals. Cellular basis for the induction of diabetes by strep-
tozotocin. Diabetes 33: 771-777 

25. Arata M, Fabiano de Bruno L, Goncalvez Volpini WM, et al. (1994) Beta-cell 
function in mice injected with mononuclear splenocytes from multiple-dose 
streptozotocin diabetic mice. Proc Soc Exp Biol Med 206: 76-82 

26. Karabatas LM, Pastorale C, de Bruno LF, et al. (2005) Early manifestations in 
multiple-low-dose streptozotocin-induced diabetes in mice. Pancreas 30: 318-
324 

27. Buschard K, Rygaard J (1978) T-lymphocytes transfer streptozotocin induced 
diabetes mellitus in mice. Acta pathologica et microbiologica Scandinavica 
86C: 277-282 

28. Kolb-Bachofen V, Epstein S, Kiesel U, Kolb H (1988) Low-dose streptozocin-
induced diabetes in mice. Electron microscopy reveals single-cell insulitis be-
fore diabetes onset. Diabetes 37: 21-27 

29. Carswell EA, Old LJ, Kassel RL, et al. (1975) An endotoxin-induced serum 
factor that causes necrosis of tumors. Proc Natl Acad Sci U S A 72: 3666-
3670 

30. Dahlquist G (2002) Hög levnadsstandard kan ligga bakom ökningen av barn-
diabetes. Snabb längd- och viktökning riskfaktorer. Läkartidningen 99: 1046-
1050 

31. Katschinski DM, Robins HI, Schad M, et al. (1999) Role of tumor necrosis 
factor alpha in hyperthermia-induced apoptosis of human leukemia cells. Can-
cer Res 59: 3404-3410 

32. Aggarwal BB, Shishodia S, Ashikawa K, Bharti AC (2002) The role of TNF 
and its family members in inflammation and cancer: lessons from gene dele-
tion. Curr Drug Targets Inflamm Allergy 1: 327-341 

33. Gaur U, Aggarwal BB (2003) Regulation of proliferation, survival and apop-
tosis by members of the TNF superfamily. Biochem Pharmacol 66: 1403-1408 

34. Goetz FW, Planas JV, MacKenzie S (2004) Tumor necrosis factors. Dev 
Comp Immunol 28: 487-497 

35. Dinarello CA, Cannon JG, Wolff SM, et al. (1986) Tumor necrosis factor 
(cachectin) is an endogenous pyrogen and induces production of interleukin 1. 
J Exp Med 163: 1433-1450 



 44 

36. Fong Y, Tracey KJ, Moldawer LL, et al. (1989) Antibodies to cachectin/tumor 
necrosis factor reduce interleukin 1 beta and interleukin 6 appearance during 
lethal bacteremia. J Exp Med 170: 1627-1633 

37. Kooloos WM, de Jong DJ, Huizinga TW, Guchelaar HJ (2007) Potential role 
of pharmacogenetics in anti-TNF treatment of rheumatoid arthritis and Crohn's 
disease. Drug discovery today 12: 125-131 

38. McLeod C, Bagust A, Boland A, et al. (2007) Adalimumab, etanercept and 
infliximab for the treatment of ankylosing spondylitis: a systematic review and 
economic evaluation. Health technology assessment (Winchester, England) 
11: 1-158 

39. Spencer-Green G (2000) Etanercept (Enbrel): update on therapeutic use. An-
nals of the rheumatic diseases 59 Suppl 1: i46-49 

40. Toussirot E, Wendling D (2007) The use of TNF-alpha blocking agents in 
rheumatoid arthritis: an update. Expert opinion on pharmacotherapy 8: 2089-
2107 

41. Atkinson MA, Leiter EH (1999) The NOD mouse model of type 1 diabetes: as 
good as it gets? Nature medicine 5: 601-604 

42. Grewal IS, Grewal KD, Wong FS, et al. (1996) Local expression of transgene 
encoded TNF alpha in islets prevents autoimmune diabetes in nonobese dia-
betic (NOD) mice by preventing the development of auto-reactive islet-
specific T cells. J Exp Med 184: 1963-1974 

43. Picarella DE, Kratz A, Li CB, et al. (1993) Transgenic tumor necrosis factor 
(TNF)-alpha production in pancreatic islets leads to insulitis, not diabetes. Dis-
tinct patterns of inflammation in TNF-alpha and TNF-beta transgenic mice. J 
Immunol 150: 4136-4150 

44. Ogawa J, Takahashi S, Fujiwara T, et al. (1999) Troglitazone can prevent 
development of type 1 diabetes induced by multiple low-dose streptozotocin in 
mice. Life Sci 65: 1287-1296 

45. Beales PE, Liddi R, Giorgini AE, et al. (1998) Troglitazone prevents insulin 
dependent diabetes in the non-obese diabetic mouse. Eur J Pharmacol 357: 
221-225 

46. Holstad M, Sandler S (2001) A transcriptional inhibitor of TNF-alpha prevents 
diabetes induced by multiple low-dose streptozotocin injections in mice. J 
Autoimmun 16: 441-447 

47. Pakala SV, Chivetta M, Kelly CB, Katz JD (1999) In autoimmune diabetes the 
transition from benign to pernicious insulitis requires an islet cell response to 
tumor necrosis factor alpha. J Exp Med 189: 1053-1062 

48. Wang JL, Qian X, Chinookoswong N, et al. (2002) Polyethylene glycolated 
recombinant TNF receptor I improves insulitis and reduces incidence of spon-
taneous and cyclophosphamide-accelerated diabetes in nonobese diabetic 
mice. Endocrinology 143: 3490-3497 

49. Rothe H, Fehsel K, Kolb H (1990) Tumour necrosis factor alpha production is 
upregulated in diabetes prone BB rats. Diabetologia 33: 573-575 

50. Valencia X, Stephens G, Goldbach-Mansky R, et al. (2006) TNF downmodu-
lates the function of human CD4+CD25hi T-regulatory cells. Blood 108: 253-
261 

51. Bowlin TL, Borcherding DR, Edwards CK, 3rd, McWhinney CD (1997) 
Adenosine A3 receptor agonists inhibit murine macrophage tumor necrosis 
factor-alpha production in vitro and in vivo. Cell Mol Biol (Noisy-le-grand) 
43: 345-349 



 45

52. McWhinney CD, Dudley MW, Bowlin TL, et al. (1996) Activation of adeno-
sine A3 receptors on macrophages inhibits tumor necrosis factor-alpha. Eur J 
Pharmacol 310: 209-216 

53. Bradshaw M, Rutherford MS, Hoeper BJ, et al. (1995) Specific transcriptional 
inhibition of bone marrow-derived macrophage tumor necrosis factor-alpha 
gene expression and protein production using novel enantiomeric carbocyclic 
nucleoside analogues. J Pharmacol Exp Ther 273: 1506-1518 

54. Edwards CK, 3rd, Zhou T, Zhang J, et al. (1996) Inhibition of superantigen-
induced proinflammatory cytokine production and inflammatory arthritis in 
MRL-lpr/lpr mice by a transcriptional inhibitor of TNF-alpha. J Immunol 157: 
1758-1772 

55. Yong Z, Chang L, Mei YX, Yi L (2007) Role and mechanisms of 
CD4+CD25+ regulatory T cells in the induction and maintenance of transplan-
tation tolerance. Transplant immunology 17: 120-129 

56. Sia C (2005) Imbalance in Th cell polarization and its relevance in type 1 
diabetes mellitus. Rev Diabet Stud 2: 182-186 

57. Liblau RS, Singer SM, McDevitt HO (1995) Th1 and Th2 CD4+ T cells in the 
pathogenesis of organ-specific autoimmune diseases. Immunol Today 16: 34-
38 

58. Richaud-Patin Y, Alcocer-Varela J, Llorente L (1995) High levels of TH2 
cytokine gene expression in systemic lupus erythematosus. Rev Invest Clin 
47: 267-272 

59. Umetsu DT, Akbari O, Dekruyff RH (2003) Regulatory T cells control the 
development of allergic disease and asthma. J Allergy Clin Immunol 112: 480-
487 

60. Karlsson MG, Lawesson SS, Ludvigsson J (2000) Th1-like dominance in 
high-risk first-degree relatives of type I diabetic patients. Diabetologia 43: 
742-749 

61. Kolb H (1997) Benign versus destructive insulitis. Diabetes Metab Rev 13: 
139-146 

62. Muller A, Schott-Ohly P, Dohle C, Gleichmann H (2002) Differential regula-
tion of Th1-type and Th2-type cytokine profiles in pancreatic islets of 
C57BL/6 and BALB/c mice by multiple low doses of streptozotocin. Im-
munobiology 205: 35-50 

63. Herold KC, Vezys V, Sun Q, et al. (1996) Regulation of cytokine production 
during development of autoimmune diabetes induced with multiple low doses 
of streptozotocin. J Immunol 156: 3521-3527 

64. Mabley JG, Pacher P, Southan GJ, et al. (2002) Nicotine reduces the incidence 
of type I diabetes in mice. J Pharmacol Exp Ther 300: 876-881 

65. Maksimovic-Ivanic D, Trajkovic V, Miljkovic DJ, et al. (2002) Down-
regulation of multiple low dose streptozotocin-induced diabetes by mycophe-
nolate mofetil. Clin Exp Immunol 129: 214-223 

66. Sun W, Wang L, Zhang Z, et al. (2003) Intramuscular transfer of naked calci-
tonin gene-related peptide gene prevents autoimmune diabetes induced by 
multiple low-dose streptozotocin in C57BL mice. Eur J Immunol 33: 233-242 

67. Yang Z, Chen M, Fialkow LB, et al. (2003) The novel anti-inflammatory 
compound, lisofylline, prevents diabetes in multiple low-dose streptozotocin-
treated mice. Pancreas 26: e99-104 

68. Bao M, Yang Y, Jun HS, Yoon JW (2002) Molecular mechanisms for gender 
differences in susceptibility to T cell-mediated autoimmune diabetes in nono-
bese diabetic mice. J Immunol 168: 5369-5375 



 46 

69. Moritani M, Yoshimoto K, Tashiro F, et al. (1994) Transgenic expression of 
IL-10 in pancreatic islet A cells accelerates autoimmune insulitis and diabetes 
in non-obese diabetic mice. Int Immunol 6: 1927-1936 

70. Wogensen L, Huang X, Sarvetnick N (1993) Leukocyte extravasation into the 
pancreatic tissue in transgenic mice expressing interleukin 10 in the islets of 
Langerhans. J Exp Med 178: 175-185 

71. Pauza ME, Neal H, Hagenbaugh A, et al. (1999) T-cell production of an in-
ducible interleukin-10 transgene provides limited protection from autoimmune 
diabetes. Diabetes 48: 1948-1953 

72. Goldmann O, Rohde M, Chhatwal GS, Medina E (2004) Role of macrophages 
in host resistance to group A streptococci. Infect Immun 72: 2956-2963 

73. Hanenberg H, Kolb-Bachofen V, Kantwerk-Funke G, Kolb H (1989) Macro-
phage infiltration precedes and is a prerequisite for lymphocytic insulitis in 
pancreatic islets of pre-diabetic BB rats. Diabetologia 32: 126-134 

74. Lee KU, Kim MK, Amano K, et al. (1988) Preferential infiltration of macro-
phages during early stages of insulitis in diabetes-prone BB rats. Diabetes 37: 
1053-1058 

75. Xing Z (2000) Current understanding of macrophage type 1 cytokine re-
sponses during intracellular infections. Histol Histopathol 15: 199-205 

76. Jun HS, Yoon CS, Zbytnuik L, et al. (1999) The role of macrophages in T 
cell-mediated autoimmune diabetes in nonobese diabetic mice. J Exp Med 
189: 347-358 

77. Tabatabaie T, Vasquez-Weldon A, Moore DR, Kotake Y (2003) Free radicals 
and the pathogenesis of type 1 diabetes: beta-cell cytokine-mediated free radi-
cal generation via cyclooxygenase-2. Diabetes 52: 1994-1999 

78. Lee KU, Amano K, Yoon JW (1988) Evidence for initial involvement of 
macrophage in development of insulitis in NOD mice. Diabetes 37: 989-991 

79. Oschilewski U, Kiesel U, Kolb H (1985) Administration of silica prevents 
diabetes in BB-rats. Diabetes 34: 197-199 

80. Chung YH, Jun HS, Kang Y, et al. (1997) Role of macrophages and macro-
phage-derived cytokines in the pathogenesis of Kilham rat virus-induced auto-
immune diabetes in diabetes-resistant BioBreeding rats. J Immunol 159: 466-
471 

81. Rudensky A (2005) Foxp3 and dominant tolerance. Philosophical transactions 
of the Royal Society of London 360: 1645-1646 

82. Sakaguchi S, Sakaguchi N, Asano M, et al. (1995) Immunologic self-tolerance 
maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25). 
Breakdown of a single mechanism of self-tolerance causes various autoim-
mune diseases. J Immunol 155: 1151-1164 

83. Fontenot JD, Gavin MA, Rudensky AY (2003) Foxp3 programs the develop-
ment and function of CD4+CD25+ regulatory T cells. Nature immunology 4: 
330-336 

84. Hori S, Nomura T, Sakaguchi S (2003) Control of regulatory T cell develop-
ment by the transcription factor Foxp3. Science 299: 1057-1061 

85. Khattri R, Cox T, Yasayko SA, Ramsdell F (2003) An essential role for 
Scurfin in CD4+CD25+ T regulatory cells. Nature immunology 4: 337-342 

86. Wildin RS, Smyk-Pearson S, Filipovich AH (2002) Clinical and molecular 
features of the immunodysregulation, polyendocrinopathy, enteropathy, X 
linked (IPEX) syndrome. Journal of medical genetics 39: 537-545 

87. Brunkow ME, Jeffery EW, Hjerrild KA, et al. (2001) Disruption of a new 
forkhead/winged-helix protein, scurfin, results in the fatal lymphoproliferative 
disorder of the scurfy mouse. Nature genetics 27: 68-73 



 47

88. Rouse BT (2007) Regulatory T cells in health and disease. Journal of internal 
medicine 262: 78-95 

89. Shevach EM (2006) From vanilla to 28 flavors: multiple varieties of T regula-
tory cells. Immunity 25: 195-201 

90. Bach JF, Chatenoud L (2001) Tolerance to islet autoantigens in type 1 diabe-
tes. Annu Rev Immunol 19: 131-161 

91. Brusko T, Wasserfall C, McGrail K, et al. (2007) No alterations in the fre-
quency of FOXP3+ regulatory T-cells in type 1 diabetes. Diabetes 56: 604-612 

92. Lindley S, Dayan CM, Bishop A, et al. (2005) Defective suppressor function 
in CD4(+)CD25(+) T-cells from patients with type 1 diabetes. Diabetes 54: 
92-99 

93. Sugiyama H, Gyulai R, Toichi E, et al. (2005) Dysfunctional blood and target 
tissue CD4+CD25high regulatory T cells in psoriasis: mechanism underlying 
unrestrained pathogenic effector T cell proliferation. J Immunol 174: 164-173 

94. Viglietta V, Baecher-Allan C, Weiner HL, Hafler DA (2004) Loss of func-
tional suppression by CD4+CD25+ regulatory T cells in patients with multiple 
sclerosis. J Exp Med 199: 971-979 

95. Michalek J, Vrabelova Z, Hrotekova Z, et al. (2006) Immune regulatory T 
cells in siblings of children suffering from type 1 diabetes mellitus. Scand J 
Immunol 64: 531-535 

96. Bellinghausen I, Klostermann B, Knop J, Saloga J (2003) Human 
CD4+CD25+ T cells derived from the majority of atopic donors are able to 
suppress TH1 and TH2 cytokine production. J Allergy Clin Immunol 111: 
862-868 

97. Cosmi L, Liotta F, Angeli R, et al. (2004) Th2 cells are less susceptible than 
Th1 cells to the suppressive activity of CD25+ regulatory thymocytes because 
of their responsiveness to different cytokines. Blood 103: 3117-3121 

98. Anastasi E, Campese AF, Bellavia D, et al. (2003) Expression of activated 
Notch3 in transgenic mice enhances generation of T regulatory cells and pro-
tects against experimental autoimmune diabetes. J Immunol 171: 4504-4511 

99. McDevitt H, Munson S, Ettinger R, Wu A (2002) Multiple roles for tumor 
necrosis factor-alpha and lymphotoxin alpha/beta in immunity and autoimmu-
nity. Arthritis Res 4 Suppl 3: S141-152 

100. Pop SM, Wong CP, Culton DA, et al. (2005) Single cell analysis shows de-
creasing FoxP3 and TGFbeta1 coexpressing CD4+CD25+ regulatory T cells 
during autoimmune diabetes. J Exp Med 201: 1333-1346 

101. Alard P, Manirarora JN, Parnell SA, et al. (2006) Deficiency in NOD antigen-
presenting cell function may be responsible for suboptimal CD4+CD25+ T-
cell-mediated regulation and type 1 diabetes development in NOD mice. Dia-
betes 55: 2098-2105 

102. Nanji SA, Hancock WW, Luo B, et al. (2006) Costimulation blockade of both 
inducible costimulator and CD40 ligand induces dominant tolerance to islet al-
lografts and prevents spontaneous autoimmune diabetes in the NOD mouse. 
Diabetes 55: 27-33 

103. Ikemoto T, Tashiro S, Yasutomo K, et al. (2004) Donor-specific tolerance 
induced by simultaneous allogeneic islet transplantation with CD4+CD25+ T-
cells into hepatic parenchyma in mice. J Med Invest 51: 178-185 

104. Zheng SG, Meng L, Wang JH, et al. (2006) Transfer of regulatory T cells 
generated ex vivo modifies graft rejection through induction of tolerogenic 
CD4+CD25+ cells in the recipient. Int Immunol 18: 279-289 



 48 

105. Heslan JM, Beriou G, Le Luduec JB, et al. (2005) Accumulation of T cells 
with potent regulatory properties and restricted Vbeta7-TCR rearrangements 
in tolerated allografts. Transplantation 80: 1476-1484 

106. Vantyghem MC, Press M (2006) Management strategies for brittle diabetes. 
Ann Endocrinol (Paris) 67: 287-296 

107. Pavlakis M, Khwaja K (2006) Transplantation for type 1 diabetes: whole or-
gan pancreas and islet cells. Curr Diab Rep 6: 473-478 

108. Brendel M HB, Schulz A, Bretzel R (1999) International Islet Transplant Reg-
istry Newsletter #8. In. Third Medical Department, Center of Internal Medi-
cine, Justus-Liebig-University of Giessen, Germany, Giessen, pp 1-20 

109. Shapiro AM, Lakey JR, Ryan EA, et al. (2000) Islet transplantation in seven 
patients with type 1 diabetes mellitus using a glucocorticoid-free immunosup-
pressive regimen. N Engl J Med 343: 230-238 

110. Ryan EA, Paty BW, Senior PA, et al. (2005) Five-year follow-up after clinical 
islet transplantation. Diabetes 54: 2060-2069 

111. Witkowski P, Zakai SB, Rana A, et al. (2006) Pancreatic islet transplantation, 
what has been achieved since Edmonton break-through. Ann Transplant 11: 5-
13 

112. Calne R (2005) Cell transplantation for diabetes. Philosophical transactions of 
the Royal Society of London 360: 1769-1774 

113. Rood PP, Cooper DK (2006) Islet xenotransplantation: are we really ready for 
clinical trials? Am J Transplant 6: 1269-1274 

114. Benjamin LC, 3rd, Allan JS, Madsen JC (2002) Cytokines in immunity and 
allograft rejection. Crit Rev Immunol 22: 269-279 

115. Nicolls MR, Coulombe M, Diamond AS, et al. (2002) Interferon-gamma is not 
a universal requirement for islet allograft survival. Transplantation 74: 472-
477 

116. Dai Z, Konieczny BT, Baddoura FK, Lakkis FG (1998) Impaired alloantigen-
mediated T cell apoptosis and failure to induce long-term allograft survival in 
IL-2-deficient mice. J Immunol 161: 1659-1663 

117. Wu CJ, Lovett M, Wong-Lee J, et al. (1992) Cytokine gene expression in 
rejecting cardiac allografts. Transplantation 54: 326-332 

118. Dugre FJ, Gaudreau S, Belles-Isles M, et al. (2000) Cytokine and cytotoxic 
molecule gene expression determined in peripheral blood mononuclear cells in 
the diagnosis of acute renal rejection. Transplantation 70: 1074-1080 

119. Imagawa DK, Millis JM, Seu P, et al. (1991) The role of tumor necrosis factor 
in allograft rejection. III. Evidence that anti-TNF antibody therapy prolongs 
allograft survival in rats with acute rejection. Transplantation 51: 57-62 

120. Pascher A, Klupp J (2005) Biologics in the treatment of transplant rejection 
and ischemia/reperfusion injury: new applications for TNFalpha inhibitors? 
BioDrugs 19: 211-231 

121. Barshes NR, Wyllie S, Goss JA (2005) Inflammation-mediated dysfunction 
and apoptosis in pancreatic islet transplantation: implications for intrahepatic 
grafts. J Leukoc Biol 77: 587-597 

122. Contreras JL, Eckstein C, Smyth CA, et al. (2004) Activated protein C pre-
serves functional islet mass after intraportal transplantation: a novel link be-
tween endothelial cell activation, thrombosis, inflammation, and islet cell 
death. Diabetes 53: 2804-2814 

123. Hindlycke M, Jansson L (1992) Glucose tolerance and pancreatic islet blood 
flow in rats after intraperitoneal administration of different anesthetic drugs. 
Upsala journal of medical sciences 97: 27-35 



 49

124. Brown ET, Umino Y, Loi T, et al. (2005) Anesthesia can cause sustained 
hyperglycemia in C57/BL6J mice. Visual neuroscience 22: 615-618 

125. Zeller W, Meier G, Burki K, Panoussis B (1998) Adverse effects of tribro-
moethanol as used in the production of transgenic mice. Lab Anim 32: 407-
413 

126. Meyer RE, Fish RE (2005) A review of tribromoethanol anesthesia for pro-
duction of genetically engineered mice and rats. Lab animal 34: 47-52 

127. Rezende-Neto JB, Moore EE, Melo de Andrade MV, et al. (2002) Systemic 
inflammatory response secondary to abdominal compartment syndrome: stage 
for multiple organ failure. The Journal of trauma 53: 1121-1128 

128. Hunter JD (1999) Effects of anaesthesia on the human immune system. Hosp 
Med 60: 658-663 

129. Hole A (1984) Depression of monocytes and lymphocytes by stress-related 
humoral factors and anaesthetic-related drugs. Acta Anaesthesiol Scand 28: 
280-286 

130. Crozier TA, Muller JE, Quittkat D, et al. (1994) Effect of anaesthesia on the 
cytokine responses to abdominal surgery. British journal of anaesthesia 72: 
280-285 

131. Rossano F, Tufano R, Cipollaro de L'Ero G, et al. (1992) Anesthetic agents 
induce human mononuclear leucocytes to release cytokines. Immunopharma-
cology and immunotoxicology 14: 439-450 

132. Bette M, Schlimme S, Mutters R, et al. (2004) Influence of different anaesthet-
ics on pro-inflammatory cytokine expression in rat spleen. Lab Anim 38: 272-
279 

133. Salo M (1992) Effects of anaesthesia and surgery on the immune response. 
Acta Anaesthesiol Scand 36: 201-220 

134. Page GG (2005) Surgery-induced immunosuppression and postoperative pain 
management. AACN clinical issues 16: 302-309 

135. Singer AJ, Clark RA (1999) Cutaneous wound healing. N Engl J Med 341: 
738-746 

136. Eming SA, Krieg T, Davidson JM (2007) Inflammation in wound repair: mo-
lecular and cellular mechanisms. J Invest Dermatol 127: 514-525 

137. Kiecolt-Glaser JK, Loving TJ, Stowell JR, et al. (2005) Hostile marital inter-
actions, proinflammatory cytokine production, and wound healing. Archives 
of general psychiatry 62: 1377-1384 

138. Wang XJ, Han G, Owens P, et al. (2006) Role of TGF beta-mediated inflam-
mation in cutaneous wound healing. The journal of investigative dermatology 
Symposium proceedings / the Society for Investigative Dermatology, Inc 11: 
112-117 

139. Luo JD, Chen AF (2005) Nitric oxide: a newly discovered function on wound 
healing. Acta pharmacologica Sinica 26: 259-264 

140. Goren I, Linke A, Muller E, et al. (2006) The suppressor of cytokine signal-
ing-3 is upregulated in impaired skin repair: implications for keratinocyte pro-
liferation. J Invest Dermatol 126: 477-485 

141. Davidson JM, Breyer MD (2003) Inflammatory modulation and wound repair. 
J Invest Dermatol 120: xi-xii 

142. Futagami A, Ishizaki M, Fukuda Y, et al. (2002) Wound healing involves 
induction of cyclooxygenase-2 expression in rat skin. Lab Invest 82: 1503-
1513 

143. Kampfer H, Brautigam L, Geisslinger G, et al. (2003) Cyclooxygenase-1-
coupled prostaglandin biosynthesis constitutes an essential prerequisite for 
skin repair. J Invest Dermatol 120: 880-890 



 50 

144. Randle PJ (1998) Regulatory interactions between lipids and carbohydrates: 
the glucose fatty acid cycle after 35 years. Diabetes Metab Rev 14: 263-283 

145. Prentki M, Joly E, El-Assaad W, Roduit R (2002) Malonyl-CoA signaling, 
lipid partitioning, and glucolipotoxicity: role in beta-cell adaptation and failure 
in the etiology of diabetes. Diabetes 51 Suppl 3: S405-413 

146. Berstein LM, Vasilyev DA, Poroshina TE, Kovalenko IG (2006) Glucose-
induced effects and joker function of glucose: endocrine or genotoxic preva-
lence? Horm Metab Res 38: 650-655 

147. Donath MY, Halban PA (2004) Decreased beta-cell mass in diabetes: signifi-
cance, mechanisms and therapeutic implications. Diabetologia 47: 581-589 

148. Haber EP, Ximenes HM, Procopio J, et al. (2003) Pleiotropic effects of fatty 
acids on pancreatic beta-cells. Journal of cellular physiology 194: 1-12 

149. Pighin D, Karabatas L, Pastorale C, et al. (2005) Role of lipids in the early 
developmental stages of experimental immune diabetes induced by multiple 
low-dose streptozotocin. J Appl Physiol 98: 1064-1069 

150. Aarnes M, Schonberg S, Grill V (2002) Fatty acids potentiate interleukin-
1beta toxicity in the beta-cell line INS-1E. Biochemical and biophysical re-
search communications 296: 189-193 

151. Kharroubi I, Ladriere L, Cardozo AK, et al. (2004) Free fatty acids and cyto-
kines induce pancreatic beta-cell apoptosis by different mechanisms: role of 
nuclear factor-kappaB and endoplasmic reticulum stress. Endocrinology 145: 
5087-5096 

152. Maedler K, Sergeev P, Ris F, et al. (2002) Glucose-induced beta cell produc-
tion of IL-1beta contributes to glucotoxicity in human pancreatic islets. J Clin 
Invest 110: 851-860 

153. Rayfield EJ, Ault MJ, Keusch GT, et al. (1982) Infection and diabetes: the 
case for glucose control. Am J Med 72: 439-450 

154. Reinhold D, Ansorge S, Schleicher ED (1996) Elevated glucose levels stimu-
late transforming growth factor-beta 1 (TGF-beta 1), suppress interleukin IL-
2, IL-6 and IL-10 production and DNA synthesis in peripheral blood mononu-
clear cells. Horm Metab Res 28: 267-270 

155. Ling PR, Mueller C, Smith RJ, Bistrian BR (2003) Hyperglycemia induced by 
glucose infusion causes hepatic oxidative stress and systemic inflammation, 
but not STAT3 or MAP kinase activation in liver in rats. Metabolism 52: 868-
874 

156. Losser MR, Bernard C, Beaudeux JL, et al. (1997) Glucose modulates hemo-
dynamic, metabolic, and inflammatory responses to lipopolysaccharide in rab-
bits. J Appl Physiol 83: 1566-1574 

157. Eizirik DL, Strandell E, Sandler S (1988) Culture of mouse pancreatic islets in 
different glucose concentrations modifies B cell sensitivity to streptozotocin. 
Diabetologia 31: 168-174 

158. Cham CM, Gajewski TF (2005) Glucose availability regulates IFN-gamma 
production and p70S6 kinase activation in CD8+ effector T cells. J Immunol 
174: 4670-4677 

159. Ghanim H, Aljada A, Hofmeyer D, et al. (2004) Circulating mononuclear cells 
in the obese are in a proinflammatory state. Circulation 110: 1564-1571 

160. Pompeia C, Lopes LR, Miyasaka CK, et al. (2000) Effect of fatty acids on 
leukocyte function. Braz J Med Biol Res 33: 1255-1268 

161. Ajuwon KM, Spurlock ME (2005) Palmitate activates the NF-kappaB tran-
scription factor and induces IL-6 and TNFalpha expression in 3T3-L1 adipo-
cytes. J Nutr 135: 1841-1846 



 51

162. Staiger H, Staiger K, Stefan N, et al. (2004) Palmitate-induced interleukin-6 
expression in human coronary artery endothelial cells. Diabetes 53: 3209-3216 

163. Jove M, Planavila A, Sanchez RM, et al. (2006) Palmitate induces tumor ne-
crosis factor-alpha expression in C2C12 skeletal muscle cells by a mechanism 
involving protein kinase C and nuclear factor-kappaB activation. Endocrinol-
ogy 147: 552-561 

164. Weigert C, Brodbeck K, Staiger H, et al. (2004) Palmitate, but not unsaturated 
fatty acids, induces the expression of interleukin-6 in human myotubes 
through proteasome-dependent activation of nuclear factor-kappaB. J Biol 
Chem 279: 23942-23952 

165. Crews FT, Bechara R, Brown LA, et al. (2006) Cytokines and alcohol. Alco-
hol Clin Exp Res 30: 720-730 

166. Szabo G, Mandrekar P, Girouard L, Catalano D (1996) Regulation of human 
monocyte functions by acute ethanol treatment: decreased tumor necrosis fac-
tor-alpha, interleukin-1 beta and elevated interleukin-10, and transforming 
growth factor-beta production. Alcohol Clin Exp Res 20: 900-907 

167. Oak S, Mandrekar P, Catalano D, et al. (2006) TLR2- and TLR4-mediated 
signals determine attenuation or augmentation of inflammation by acute alco-
hol in monocytes. J Immunol 176: 7628-7635 

168. Pruett SB, Zheng Q, Fan R, et al. (2004) Ethanol suppresses cytokine re-
sponses induced through Toll-like receptors as well as innate resistance to Es-
cherichia coli in a mouse model for binge drinking. Alcohol 33: 147-155 

169. Goral J, Choudhry MA, Kovacs EJ (2004) Acute ethanol exposure inhibits 
macrophage IL-6 production: role of p38 and ERK1/2 MAPK. J Leukoc Biol 
75: 553-559 

170. Goral J, Kovacs EJ (2005) In vivo ethanol exposure down-regulates TLR2-, 
TLR4-, and TLR9-mediated macrophage inflammatory response by limiting 
p38 and ERK1/2 activation. J Immunol 174: 456-463 

171. Mandrekar P, Catalano D, Szabo G (1999) Inhibition of lipopolysaccharide-
mediated NFkappaB activation by ethanol in human monocytes. Int Immunol 
11: 1781-1790 

172. Mandrekar P, Catalano D, White B, Szabo G (2006) Moderate alcohol intake 
in humans attenuates monocyte inflammatory responses: inhibition of nuclear 
regulatory factor kappa B and induction of interleukin 10. Alcohol Clin Exp 
Res 30: 135-139 

173. Sibley D, Jerrells TR (2000) Alcohol consumption by C57BL/6 mice is asso-
ciated with depletion of lymphoid cells from the gut-associated lymphoid tis-
sues and altered resistance to oral infections with Salmonella typhimurium. J 
Infect Dis 182: 482-489 

174. Shao H, Zhou J, Ewald SJ (1995) Regulation of signal transduction and DNA 
fragmentation in thymocytes by ethanol. Cell Immunol 164: 11-19 

175. Nelson S, Kolls JK (2002) Alcohol, host defence and society. Nature reviews 
2: 205-209 

176. Nelson S, Bagby GJ, Bainton BG, Summer WR (1989) The effects of acute 
and chronic alcoholism on tumor necrosis factor and the inflammatory re-
sponse. J Infect Dis 160: 422-429 

177. Sandler S, Andersson A, Hellerstrom C (1987) Inhibitory effects of interleukin 
1 on insulin secretion, insulin biosynthesis, and oxidative metabolism of iso-
lated rat pancreatic islets. Endocrinology 121: 1424-1431 

178. Borjesson A, Andersson AK, Sandler S (2006) Survival of an islet allograft 
deficient in iNOS after implantation into diabetic NOD mice. Cell Transplant 
15: 769-775 



 52 

179. Andersson AK, Thorvaldson L, Carlsson C, Sandler S (2004) Cytokine-
induced PGE2 formation is reduced from iNOS deficient murine islets. Mol 
Cell Endocrinol 220: 21-29 

180. Loh L, Hudson JB (1979) Interaction of murine cytomegalovirus with sepa-
rated populations of spleen cells. Infect Immun 26: 853-860 

181. Thornton AM, Shevach EM (1998) CD4+CD25+ immunoregulatory T cells 
suppress polyclonal T cell activation in vitro by inhibiting interleukin 2 pro-
duction. J Exp Med 188: 287-296 

182. Takahashi T, Kuniyasu Y, Toda M, et al. (1998) Immunologic self-tolerance 
maintained by CD25+CD4+ naturally anergic and suppressive T cells: induc-
tion of autoimmune disease by breaking their anergic/suppressive state. Int 
Immunol 10: 1969-1980 

183. Furudoi S, Yoshii T, Komori T (2003) Balance of tumor necrosis factor alpha 
and interleukin-10 in a buccal infection in a streptozotocin-induced diabetic rat 
model. Cytokine 24: 143-149 

184. Zhang ZL, Shen SX, Lin B, et al. (2003) Intramuscular injection of inter-
leukin-10 plasmid DNA prevented autoimmune diabetes in mice. Acta phar-
macologica Sinica 24: 751-756 

185. Feili-Hariri M, Falkner DH, Morel PA (2002) Regulatory Th2 response in-
duced following adoptive transfer of dendritic cells in prediabetic NOD mice. 
Eur J Immunol 32: 2021-2030 

186. King A, Lau J, Nordin A, et al. (2003) The effect of capsule composition in 
the reversal of hyperglycemia in diabetic mice transplanted with microencap-
sulated allogeneic islets. Diabetes Technol Ther 5: 653-663 

187. Markovic SN, Murasko DM (1993) Anesthesia inhibits interferon-induced 
natural killer cell cytotoxicity via induction of CD8+ suppressor cells. Cell 
Immunol 151: 474-480 

188. McBride WT, Armstrong MA, McBride SJ (1996) Immunomodulation: an 
important concept in modern anaesthesia. Anaesthesia 51: 465-473 

189. Hughes FJ, Buttery LD, Hukkanen MV, et al. (1999) Cytokine-induced pros-
taglandin E2 synthesis and cyclooxygenase-2 activity are regulated both by a 
nitric oxide-dependent and -independent mechanism in rat osteoblasts in vitro. 
J Biol Chem 274: 1776-1782 

190. McDaniel ML, Kwon G, Hill JR, et al. (1996) Cytokines and nitric oxide in 
islet inflammation and diabetes. Proc Soc Exp Biol Med 211: 24-32 

191. Heinzel FP, Sadick MD, Holaday BJ, et al. (1989) Reciprocal expression of 
interferon gamma or interleukin 4 during the resolution or progression of mur-
ine leishmaniasis. Evidence for expansion of distinct helper T cell subsets. J 
Exp Med 169: 59-72 

192. Kelso A, Troutt AB, Maraskovsky E, et al. (1991) Heterogeneity in lym-
phokine profiles of CD4+ and CD8+ T cells and clones activated in vivo and 
in vitro. Immunol Rev 123: 85-114 

193. Morris L, Troutt AB, Handman E, Kelso A (1992) Changes in the precursor 
frequencies of IL-4 and IFN-gamma secreting CD4+ cells correlate with reso-
lution of lesions in murine cutaneous leishmaniasis. J Immunol 149: 2715-
2721 

194. Moore GE, Gerner RE, Franklin HA (1967) Culture of normal human leuko-
cytes. Jama 199: 519-524 

195. Kurtz DM, Tian L, Gower BA, et al. (2000) Transgenic studies of fatty acid 
oxidation gene expression in nonobese diabetic mice. J Lipid Res 41: 2063-
2070 



 53

196. Froy O, Hananel A, Chapnik N, Madar Z (2007) Differential effect of insulin 
treatment on decreased levels of beta-defensins and Toll-like receptors in dia-
betic rats. Mol Immunol 44: 796-802 

197. Dlugosz JA, Munk S, Kapor-Drezgic J, et al. (2000) Stretch-induced mesan-
gial cell ERK1/ERK2 activation is enhanced in high glucose by decreased 
dephosphorylation. Am J Physiol Renal Physiol 279: F688-697 

 
 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 277

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-8228

ACTA

UNIVERSITATIS

UPSALIENSIS

UPPSALA

2007


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	The Multiple Low Dose Streptozotocin Model
	TNFalpha
	MDL 201,449A
	Th1/Th2 Cytokines
	Macrophages
	Regulatory T cells
	Islet Transplantation
	Anesthesia and Wound Healing
	Metabolic Factors in Type 1 Diabetes
	Ethanol and Immunity

	Aims
	Materials and Methods
	The MLDSTZ Diabetes Model
	Spleen Cell Isolation
	Islet Isolation
	Islet Transplantation
	Cytokine ELISA
	mRNA Isolation and cDNA Synthesis
	Real-Time RT-PCR Assay
	Hybridization Probe Real-Time RT-PCR
	Extracellular Flow Cytometry
	Intracellular Cytokine Flow Cytometry
	Statistical Analysis

	Results and Discussion
	Paper I
	Paper II
	Paper III
	Paper IV

	Conclusions
	Svensk sammanfattning
	Acknowledgements
	References
	Acta Universitatis Upsaliensis

