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ABSTRACT 
The immunosuppressive agents (IAs) rapamycin, cyclosporin A and tacrolimus, as well as 
glucocorticoids are used to prevent rejection of transplanted organs and to treat autoimmune 
disorders. Despite their desired action on the immune system, these agents have serious long-
term metabolic side-effects, including dyslipidemia and new onset diabetes mellitus after 
transplantation.  
The overall aim is to study the effects of IAs on human adipose tissue glucose and lipid 
metabolism, and to increase our understanding of the molecular mechanisms underlying the 
development of insulin resistance during immunosuppressive therapy.  
 
In Paper I and II, it was shown that rapamycin and the calcineurin inhibitors, cyclosporin A 
and tacrolimus, at therapeutic concentrations, had a concentration-dependent inhibitory effect 
on basal and insulin-stimulated glucose uptake in human subcutaneous and omental 
adipocytes. Rapamycin inhibited mammalian target of rapamycin complex (mTORC) 1 and 2 
assembly and phosphorylation of protein kinase B (PKB) at Ser473 and of the PKB substrate 
AS160, and this leads to impaired insulin signalling (Paper I). On the other hand, cyclosporin 
A and tacrolimus had no effects on expression or phosphorylation of insulin signalling 
proteins (insulin receptor substrate 1 and 2, PKB, AS160), as well as the glucose transport 
proteins, GLUT4 and GLUT1 (Paper II). Instead, removal of GLUT4 from the cell surface 
was observed, probably mediated through increased endocytosis, as shown in L6 muscle-
derived cells. These studies suggest a different mechanism for cyclosporin A and tacrolimus, 
in comparison to rapamycin, with respect to impairment of glucose uptake in adipocytes. 
In Paper III, all three IAs increased isoproterenol-stimulated lipolysis and enhanced 
phosphorylation of one of the main lipases involved in lipolysis, hormone-sensitive lipase. 
The agents also inhibited lipid storage, and tacrolimus and rapamycin down-regulated gene 
expression of lipogenic genes in adipose tissue. All three IAs increased interleukin-6 (IL-6), 
but not tumor necrosis factor α (TNF-α) or adiponectin, gene expression and secretion.  
In Paper IV, we proposed that FKBP5 is a novel gene regulated by dexamethasone, a 
synthetic glucocorticoid, in both subcutaneous and omental adipose tissue. FKBP5 expression 
in subcutaneous adipose tissue is correlated with clinical and biochemical markers of insulin 
resistance and adiposity. In addition, the FKBP5 gene product was more abundant in omental 
than in subcutaneous adipose tissue.  
 
In conclusion, adverse effects of immunosuppressive drugs on human adipose tissue glucose 
and lipid metabolism can contribute to the development of insulin resistance, type 2 diabetes 
and dyslipidemia in patients on immunosuppressive therapy. The cellular mechanisms that 
are described in this thesis should be further explored in order to mitigate the metabolic 
perturbations caused by current immunosuppressive therapies. The findings in this thesis 
could potentially also provide novel pharmacological mechanisms for type 2 diabetes as well 
as other forms of diabetes. 
 
Keywords: Cyclosporin A, tacrolimus, rapamycin, glucocorticoids, new onset diabetes after 
transplantation, adipocytes, insulin signalling, glucose uptake, lipolysis, lipogenesis 
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INTRODUCTION 
 

Insulin resistance and diabetes 

The term diabetes mellitus describes a metabolic disorder of multiple aetiology 
characterised by chronic hyperglycaemia, and resulting from defects in insulin secretion, 
insulin action, or both (1). Diabetes mellitus is classified on the basis of the pathogenic 
process that results on hyperglycemia or on the circumstances present at the time of 
diagnosis. There are four main types of diabetes mellitus: type 1, type 2, gestational 
diabetes and secondary diabetes. Typically type 1 diabetes results from autoimmune 
destruction of insulin-producing β-cells in the pancreas and type 2 diabetes from insulin 
resistance combined with insulin deficiency. Gestational diabetes is formally defined as 
glucose intolerance with onset or first recognition during pregnancy. The last group, so 
called secondary diabetes, includes genetic defects of β-cell function; diseases of the 
exocrine pancreas, such as pancreatitis or cystic fibrosis; other endocrinopathies (e.g., 
acromegaly); and pancreatic dysfunction and/or insulin resistance caused by drugs.  
 

Type 2 diabetes 

Type 2 diabetes is the most common form of diabetes and is caused by a combination of 
genetic and environmental factors (2). Currently, about 200 million people have type 2 
diabetes, and the prediction is that by 2030 about 400 million people worldwide will have 
type 2 diabetes (3). The high prevalence of diabetes and its complications has vast 
socioeconomic consequences. The development of type 2 diabetes is usually preceded by 
impaired insulin sensitivity in skeletal muscle, adipose tissue and liver, a metabolic 
condition called insulin resistance and commonly driven by a sedentary lifestyle and 
obesity (2). As a consequence the β-cells in the pancreas produce more insulin to 
overcome the insulin resistance in peripheral tissues. Eventually β-cells fail to produce 
enough insulin to overcome insulin resistance, leading to hyperglycaemia and 
development of type 2 diabetes. 
 
Several factors have been proposed to contribute to insulin resistance, including increased 
circulating non-esterified fatty acids, inflammatory cytokines (e.g. tumor necrosis factor 
α, TNF-α and interleukin-6, IL-6), adipokines (e.g. resistin) and defects in mitochondrial 
lipid oxidation (2). On the other hand, the β-cell dysfunction has been attributed to 
glucose toxicity, lipotoxicity and islet amyloid deposits. Moreover, genome-wide 
association studies have provided support that genetic factors are also important in 
predisposing some individuals to type 2 diabetes and insulin resistance (4), including 
polymorphisms of calpain 10 and peroxisome proliferator-activated receptor γ (PPARγ) 
(5). 
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Drug-induced diabetes 

It is well known that medications may cause unwanted side-effects, although designed to 
relieve symptoms and improve quality of life. There are several drugs that may induce 
diabetes (secondary diabetes) and these include glucocorticoids, other immunosuppressive 
agents (IAs), diuretics, β-blockers and antipsychotic agents (6). This can be caused by 
impaired insulin secretion from the pancreatic β-cells or by insulin resistance in peripheral 
tissues and liver, or, most commonly, by both. In many cases, the underlying mechanisms 
are not fully understood and warrant further investigation. The focus will be on IAs since 
this is most relevant in the context of this thesis. 
 

Complications of diabetes 

Although, diabetic long-term complications develop gradually, they can eventually be 
disabling or even life-threatening (7). Generally the diabetic long-term complications are 
divided into micro- (diabetic nephropathy, neuropathy and retinopathy) and 
macrovascular complications (coronary artery disease, peripheral arterial disease and 
stroke) (8). The cardiovascular mortality in type 2 diabetic patients is more than double 
compared with age-matched subjects, being the major cause of death in people with 
diabetes. 
 
Diabetic nephropathy is the most common cause of end-stage renal disease (ESRD) in 
many countries. It accounts for approx 45 to 50% of cases of ESRD in the United States 
and approximately 25% of cases with ESRD in Sweden. Diabetic nephropathy is the 
aetiology of ESRD in approximately 25% of kidney transplant recipients transplanted in 
the United States and in Sweden the proportion is somewhat lower (9-11). 
 
Diabetes presents particular challenges both in the pre-transplant evaluation and after 
transplantation (12). These challenges are related to the high incidence of cardiovascular 
disease among patients with diabetes, and an increased risk of bacterial and fungal 
infections compared with transplant recipients without diabetes. In addition, glycemic 
control is often more difficult after transplantation. This is because immunosuppressive 
regimens used after transplantation have detrimental effects on both pancreatic β-cell 
function and peripheral insulin action as discussed in detail in this thesis. Therefore, IAs 
makes it difficult to achieve target glucose levels and prevent the recurrence of the 
diabetic lesions in the transplanted kidney.  
 
Combined kidney-pancreas transplantation is an established treatment for selected 
patients with type 1 diabetes and ESRD (13). Patients where the potential benefit of a 
combined transplant outweighs the increased morbidity of the surgical procedure and the 
use of lifelong immunosuppression are also considered. Combined kidney-pancreas 
transplantation, if successful, improves both patient survival and quality of life.  
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A few patients with type 1 diabetes not controlled by exogenous insulin therapy and 
without substantial renal disease may be considered as candidates for pancreas 
transplantation alone (14). An alternative to solid organ pancreas transplantation is 
transplantation of pancreatic islets. In 2009 ∼400 individuals have received allogenic 
isolated pancreatic islets with ∼40 centers world-wide actively engaged in further 
developing this therapy (15). All these modes of transplantation currently require 
treatment with life-long immunosuppressive therapy. 
 

Immunosuppressive drugs and adverse metabolic effects 

In the early/mid-1980s, the discovery and introduction of modern IAs into clinical 
practice was a major breakthrough to prevent and treat allograft rejection, resulting in an 
improved long-term patient and graft survival after solid organ transplantation (16). A 
commonly used basic immunosuppressive protocol uses a higher immunosuppressive load 
in the early post-transplant phase, commonly a calcineurin inhibitor (cyclosporin A or 
tacrolimus), glucocorticoids and an antiproliferative agent (e.g. azathioprine or 
mycophenolate mofetil). During the subsequent maintenance phase, lower levels of a 
calcineurin inhibitor or a inhibitor of the mammalian target of rapamycin (mTOR) is 
combined with the lowest dose possible of glucocorticoids and/or one of the anti-
proliferative agents. Individualized immunosuppressive protocols aim to combine the 
most effective drug combination to balance the risk of rejection against long-term adverse 
drug effects. However, even with these individualized protocols, long-term outcome of 
solid organ transplantation is hampered by the development of metabolic perturbations, 
like diabetes, dyslipidemia and hypertension (17-19). Taken together these metabolic 
complications are associated with an increased risk of non-fatal and fatal cardiovascular 
events, and other adverse outcomes including infections, malignancies, reduced patient 
and graft survival (18, 20). 
 

New-onset diabetes after transplantation (NODAT)  

Diabetes as a long-term complication after kidney transplantation was first identified in 
1964 by Starzl et al. (21). Since then, it has become clear that new onset diabetes after 
transplantation (NODAT) is a common metabolic complication, with reported incidence 
rates up to 50% during the first year after transplantation (19, 22). Most patients develop 
NODAT within the first 6 months after transplantation, although the cumulative incidence 
continues to increase also after this period (17). 
 
Similar to type 2 diabetes, both decreased insulin secretion and increased insulin 
resistance seem to be principal pathogenic components of NODAT (23, 24). Accordingly, 
adoption of current American Diabetes Association diagnostic criteria for type 2 diabetes 
was recommended for the diagnosis of NODAT (25).  
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In addition to other risk factors (Table 1), immunosuppressive therapy and obesity are 
reported to be modifiable risk factors for the development of NODAT. Montori et al 
reported that 74% of the variability of the incidence of NODAT could be explained by the 
immunosuppressive therapy (19). This may be due to the fact that different IAs can 
produce different metabolic perturbations (Table 2). 
 
 
Table 1. Non-modifiable and modifiable risk factors for new onset diabetes (NODAT). 

Non-modifiable risk factors Modifiable risk factors 
- Age > 40 years 
- Ethnicity 
- Family history of diabetes  
- Genetic susceptibility  
- HLA mismatches 
- Deceased donor 
- Acute rejection history 
- Male donor 
- Polycystic kidney  
 

- Obesity 
- Metabolic syndrome 
- Immunosuppression  
      glucocorticoids  
      cyclosporin A 
      tacrolimus 
      rapamycin 
- Hyperlipidemia 
- Pre-transplant IGT 
- Hepatitis C and cytomegalovirus infection  

HLA, human leukocyte antigen; IGT, impaired glucose tolerance. Adapted from (26). 
 
 
The association between glucocorticoid therapy and the development of diabetes was 
established in the 1960s (21). The diabetogenic effect of glucocorticoids is dose-
dependent and includes reduction in insulin synthesis and insulin sensitivity, increased 
hepatic gluconeogenesis and central obesity (27-30) (Table 2). The introduction of more 
active IAs, including the calcineurin inhibitors cyclosporin A and tacrolimus, made it 
possible to lower corticosteroid doses and thereby reduce the incidence of NODAT (31). 
Unfortunately, cyclosporin A and tacrolimus are also diabetogenic, probably due to both 
reduced insulin secretion from the pancreas and impaired insulin sensitivity in peripheral 
tissues (32-39) (Table 2). Moreover, treatment with the newer IA rapamycin also 
increases the risk for NODAT, in a similar manner (40, 41) (Table 2). 
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Table 2. Drug-induced new onset diabetes (NODAT): potential pathogenic mechanisms. 

Immunosuppressive drug Pathogenic mechanisms 
Glucocorticoids ↓ Peripheral insulin sensitivity (27)  

↓ Insulin synthesis and secretion (28) 
↑ Hepatic gluconeogenesis (29) 
↑ Central obesity (30) 

Cyclosporin A ↓ Peripheral insulin sensitivity (32-34) 
↓ β-cell mass (35) 
↓ Insulin synthesis and secretion (CsA<FK) (36) 

Tacrolimus ↓ Peripheral insulin sensitivity (37, 38) 
↓ β-cell mass (35) 
↓ Insulin synthesis and secretion (FK>CsA) (36) 

Rapamycin ↓ Peripheral insulin sensitivity (40) 
↓ Insulin synthesis and secretion (41) 

CsA, cyclosporin A; FK, tacrolimus 
 
 

Dyslipidemia  

Dyslipidemia is a well-recognized metabolic complication of immunosuppressive therapy 
with reported incidence rates of 20% to 80%, during the first year after transplantation 
(18, 42, 43). Clinical studies have shown that immunosuppressive therapy, and most 
markedly rapamycin, may increase serum levels of triacylglycerol (TAG), total 
cholesterol, low-density lipoprotein (LDL) and very-low-density lipoprotein (VLDL) 
cholesterol, free-fatty acids (FFA) and apolipoprotein B, in a dose-dependent manner (44-
47).  
 
Although immunosuppressive therapy has been strongly associated with NODAT and 
dyslipidemia, its effects on glucose and lipid metabolism in human adipose tissue have 
not been studied in details previously.  
 

Adipose tissue  

Adipose tissue is mainly divided into two subtypes, white and brown fat (48). White fat is 
widely distributed and represents the primary site of lipid storage. Brown fat is relatively 
scarce and is specialized in thermogenesis, dissipating heat to maintain body temperature. 
We will focus on white adipose tissue, since it is most relevant to the context of this 
thesis. White adipose tissue is mostly composed of adipocytes, surrounded by connective 
tissue that is highly vascularised and innervated. It also contains macrophages, fibroblasts 
and adipocyte precursor cells.  
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Storage of triglycerides 

The classical view of the white adipose tissue is that it stores and delivers energy 
substrate, under the control of several regulatory factors, such as insulin, catecholamines 
and the autonomic nervous system (49). The energy stores in adipocytes are determined 
mainly by a balance between fatty acid storage as TAG and release of FFA from TAG via 
lipolysis (Figure 1). Approximately 90% of the lipids in the adipocyte is composed of 
TAG (50). 
 
In the fed state, the concurrent increase in insulin, glucose and lipid levels in blood drives 
the storage of TAG in adipocytes (49). TAG synthesis requires glycerol-3 phosphate and 
acyl-CoA as substrates (Figure 1). Glycerol-3 phosphate is derived via glycolysis from 
glucose and via glyceroneogenesis from sources other than glucose and glycerol, like 
lactate (51). Acyl-CoA is derived from uptake of FFA from the circulation and re-
utilization of FFA released from the adipocyte. The acyl-CoA is then attached to glycerol, 
via esterification or so-called re-esterification (51). FFA from circulation is provided by 
hydrolysis of TAG in VLDL particles and chylomicrons catalysed by lipoprotein lipase 
(LPL) at the luminal surface of capillary endothelial cells (52). The hydrolysed FFA are 
taken up by adipocytes via specific fatty acid transporters (CD36 and fatty-acid-binding 
protein, FABP). The intracellular FFA is then converted to acyl-CoA (53). In humans’ 
adipocytes the endogenous synthesis of acyl-CoA from glucose (known as de novo 
lipogenesis) seems to be of minor importance (54). 
 
There are two major pathways for TAG synthesis. The glycerol phosphate pathway 
includes the acylation of glycerol-3-phosphate, through a step-wise addition of acyl 
groups, catalysed by distinct enzymes (glycerol-3-phosphate acyltransferase; 1-
acylglycerol-3-phosphate acyltransferase; lipin 1) (55). The second pathway generates the 
acylation of diacylglycerol from monoacylglycerol by monoacylglycerol acyltransferase 
(MGAT) (56). These 2 pathways share the final step in converting diacylglycerol into 
TAG, which is catalysed by diacylglycerol acyltransferase (DGAT). 
 
Conversely, in the fasting state or when energy expenditure is increased for example 
during exercise, adipose tissue provides energy via hydrolysis of TAG into glycerol and 
FFA, a process known as lipolysis (Figure 1) (49). Catecholamines (e.g. epinephrine) 
stimulate lipolysis through the activation of β-adrenergic receptors, which activates 
adenylate cyclase, increasing cAMP production. A rise in cAMP activates protein kinase 
A (PKA), which leads to activation of the lipases adipose triacylglycerol lipase (ATGL), 
hormone-sensitive lipase (HSL) and monoacylglycerol lipase (57-59). This process leads 
to the breakdown of TAG into FFA and glycerol. In addition to lipases other proteins, like 
perilipin, are important for lipolysis (58). Perilipin is a lipid-droplet coating protein that 
acts as a barrier to lipases, thereby maintaining a low rate of basal lipolysis. 
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Insulin is a powerful anti-lipolytic hormone in adipose tissue. Insulin inhibits lipolysis by 
activation of phosphodiesterase 3B, which degrades cAMP, thus reducing PKA and 
subsequently HSL activity (Figure 1) (60). Additional, circulation factors, such as, 
glucocorticoids, TNF-α, IL-6 and adiponectin, can also regulate lipolysis. Disturbances in 
the pathways regulating the storage and release of energy by adipose tissue may lead to a 
reduced capacity of adipocytes to keep lipids from the circulation and other tissues. Fatty 
acids may become elevated in the circulation and TAG may accumulate in pancreas, liver, 
muscle and heart (61). This so-called ectopic fat deposition may seriously affect the 
function of these organs and contribute to the pathogenesis of obesity-related conditions 
such as insulin resistance, diabetes and cardiovascular diseases.  
 

 
 
Figure 1 - Overview of the lipid storage and lipolysis in adipocytes. Adapted from (50, 
55). Free-fatty acids (FFA); Lipoprotein lipase (LPL); fatty acid binding protein 4 
(FABP4/aP2); acyl-CoA synthase (ACS); acetyl-CoA carboxylase (ACC); Fatty acid 
synthase (FAS); diacylglycerol (DAG); diacylglycerol acyltransferase (DGAT); 
triacylglycerol (TAG); diacylglycerol (DG); monoacylglycerol (MG); adipose 
triacylglycerol lipase (ATGL); hormone-sensitive lipase (HSL); monoacylglycerol lipase 
(MGL); β adrenergic receptor (β-AR); adenylate cyclase (AC); protein kinase A (PKA).    
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Adipose tissue as an endocrine organ 

In addition to its role as storage for TAG, adipose tissue is also well known to secrete a 
variety of bioactive peptides, collectively called adipokines (62). Adipokines act at both 
locally (autocrine/paracrine) and systemically (endocrine) levels and may profoundly 
influence glucose and lipid metabolism. Increased levels of IL-6 and TNF-α, have been 
proposed to contribute to insulin resistance and dyslipidemia, while adiponectin is an 
insulin sensitising adipokine (62). 
 

Adipose tissue distribution and metabolic disease 

The main white adipose tissue depots are located subcutaneously and intra abdominally, 
respectively (48). Subcutaneous adipose tissue is located beneath the skin and can be 
divided into deep and superficial adipose tissue. Intra abdominal adipose tissue is 
composed of the retroperitoneal and the visceral depot, which is located inside the 
peritoneal cavity, and includes the omental and the mesenteric fat. 
 
Central obesity, in particular visceral obesity, has been associated with a cluster of 
metabolic alterations, which include insulin resistance, components of the metabolic 
syndrome and increased risk of cardiovascular disease (63-65). The physiological basis 
for these associations may be the anatomical location of the visceral depot in relation to 
other organs and differences in function and response to regulating signals. Unlike 
subcutaneous adipose tissue, visceral fat tissue is drained into the portal vein, which has 
direct contact with the liver (66). Therefore, it can affect hepatic glucose and lipid 
metabolism directly. Genetic susceptibility combined with environmental factors have 
major influence on adipose tissue distribution (67). Several endocrine hormones, like 
growth hormone, sex steroids and cortisol, play fundamental roles in regulating body fat 
distribution (67).  
 
Body mass index (BMI) is the most commonly used index of body composition in clinical 
practice (68). In adults, a BMI between 18.5 and 24.9 kg/m2 corresponds to normal, BMI 
between 25.0 and 29.9 kg/m2 to overweight, and BMI of ≥30.0 kg/m2 is defined as 
obesity. As described above, the common complications of obesity, such as insulin 
resistance, type 2 diabetes and cardiovascular disease, are more closely related to the 
distribution of body fat than to the absolute amount of adiposity (63-65). As simple 
measures, the waist-hip ratio and sagittal abdominal diameter, are often used and reflect 
the degree of abdominal obesity. Other methods to assess fat distribution include 
bioelectrical impedance analysis (69), computed tomography and magnetic resonance 
imaging (68). These last two imaging methods have the advantage of being able to 
distinguish subcutaneous adipose tissue from visceral adipose tissue, but they are also 
more expensive and technically complex. 
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Obesity is associated with a chronic inflammatory response characterised by abnormal 
adipokine and cytokine production, and the activation of pro-inflammatory signalling 
pathways (70). However, the precise physiological events leading to the initiation of the 
inflammatory response and its potential metabolic consequences are not yet completely 
understood. It is believed that during expansion of adipose tissue, adipocyte hypertrophy 
and hyperplasia may lead to cell hypoxia and activation of cellular stress pathways (71). 
This may cause adipose tissue inflammation and release of cytokines and other pro-
inflammatory signals. Cytokines, such as TNF-α and IL-6 produced by adipose tissue, can 
also promote inflammation and insulin resistance. As a part of the chronic inflammatory 
process, locally secreted chemokines attract pro-inflammatory macrophages, which in 
turn also release cytokines and further activate the inflammatory program in adipocytes 
(72). 
 

Insulin action in adipose tissue 

Insulin is a pleiotropic hormone which has diverse anabolic and anti-catabolic functions 
in adipose tissue (73). This includes stimulation of glucose uptake, inhibition of lipolysis 
and stimulation of de novo fatty acid synthesis in adipocytes. Insulin also stimulates gene 
expression of several adipokines and transcription factors, which are important for 
adipose tissue growth and differentiation, including SREBP1c and PPARγ (74, 75).  
 
The major insulin signalling (phosphoinositide 3-kinase (PI3K) dependent) is 
schematically depicted in Figure 2. Insulin signalling is initiated by the binding of insulin 
to the extracellular α-subunit of the insulin receptor (IR) on the cell surface, resulting in 
the autophosphorylation of a number of residues in the transmembrane β-subunits (76). 
The active tyrosine kinase phosphorylates insulin receptor substrate (IRS) proteins. The 
IRS proteins function as docking proteins for other signalling proteins containing Src 
homology 2 domains. IRS1 and IRS2 are best characterised, and are the main docking 
proteins for the binding of the p85 regulatory subunit of PI3K, which leads to the 
activation of the catalytic subunit p110 (77). PI3K mediates many of the intracellular 
effects of insulin, including threonine phosphorylation of PKB and its activation (73). 
Serine phosphorylation of PKB by the mTOR complex 2 (mTORC2) (78) is also 
necessary for the full activation of PKB. Moreover, PKB activates AS160 (PKB substrate 
of 160 kDa) that quickly increases glucose transport by increasing the rate of glucose 
transporter (GLUT) 4-vesicle exocytosis and slightly decreases the rate of internalization 
(79). GLUT1 is another glucose transporter present in adipose tissue. GLUT1 is less 
abundant than GLUT4 and it has been proposed to act as a constitutive transport protein 
(80). In the basal state, GLUT4 continuously recycles between the plasma membrane and 
intracellular compartment, with only about 3-10% of the total GLUT4 protein pool 
localized at the cell surface (81). However, in response to insulin stimulation, up to ~50% 
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of GLUT4 is rapidly (within 5-10 min) translocated to the cell surface, thus increasing 
transmembrane glucose transport. 
 
Activation of the described PI3K/PKB pathway is thought to mediate many of the 
metabolic effects of insulin. Besides glucose transport, it inhibits lipolysis and it promotes 
mTOR signalling and expression of adipokines and transcription factors. In addition to the 
PI3K pathway, there are however alternative pathways. Thus, activation of the CAP-Cbl-
TC10 signalling pathway has been suggested to play an important role for insulin-
stimulated GLUT4 translocation and glucose uptake (73). Moreover, insulin can also 
stimulate the mitogen-activated protein kinase (MAPK) cascade initiating a 
transcriptional programme that is involved in cellular proliferation and differentiation.   
 

 
  

Figure 2 – Overview of the insulin signalling pathway. Adapted from (73).  
Insulin receptor (IR); insulin receptor substrate 1, 2 (IRS1, IRS2), phosphoinositide 3-
kinase (PI3K), phosphatidylinositol (4,5)-biphosphate (PIP2), phosphatidylinositol 
(3,4,5)-triphosphate (PIP3), phosphoinositide-dependent kinase 1 (PDK1), protein kinase 
B (PKB), PKB substrate of 160 kDa (AS160) and glucose transporter 4 (GLUT4).  
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Glucocorticoids 

Glucocorticoids are steroid hormones produced in the adrenal cortex under the control of 
the hypothalamic-pituitary-adrenal axis (82). The main glucocorticoid in humans is 
cortisol. The name glucocorticoid (glucose + cortex + steroid) is derived from the role in 
the regulation of the metabolism of glucose, synthesis in the adrenal cortex and steroidal 
structure. Various synthetic glucocorticoids are available, e.g. prednisone, prednisolone 
and dexamethasone (83). These are used to treat diseases caused by an overactive immune 
system, such as inflammatory diseases and autoimmune diseases or to prevent organ 
rejection after transplantation. 
 
Glucocorticoids induce their anti-inflammatory and immunosuppressive effects mainly 
through regulation of gene transcription (84) (Figure 3, pathway A). Glucocorticoids 
diffuse passively into the cells through the plasma membrane due to their lipophilic 
structure and form a complex with the glucocorticoid receptor. The glucocorticoid 
receptor is a multi-protein complex containing co-factors; heat-shock proteins (Hsp, such 
as Hsp70 and Hsp90) and immunophilins (such as 51 kDa FK506-binding protein, 
FKBP51) (85). Upon glucocorticoid binding the complex translocates to its site of action 
in the nucleus. It suppresses the transcription of inflammatory and immune genes (e.g. IL-
2) and induces transcription of anti-inflammatory genes (e.g. annexin 1) (84). 
 

 
 Figure 3 – Pathways for inhibition of the immune system by immunosuppressive drugs 
(84, 86). (A) Glucocorticoids; (B) calcineurin inhibitors cyclosporin A and tacrolimus; 
and (C) mTOR inhibitor rapamycin. Glucocorticoid receptor (GR); FK506-binding 
protein (FKBP); interleukin-2 (IL-2); mammalian target of rapamycin (mTOR).  
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It is well known that glucocorticoids also produce many serious side-effects that limit 
their use, including high blood glucose levels, central obesity, depression and anxiety (27, 
30), but the metabolic side-effects are the ones most relevant to the context of this thesis.  
 
Cortisol, is a powerful insulin-antagonistic hormone (29) that regulates a variety of 
important metabolic functions and may promote the development of insulin resistance, 
hyperglycaemia and features of the metabolic syndrome (82). Cortisol opposes the effects 
of insulin, including impaired insulin-dependent glucose uptake in peripheral tissues, 
enhanced gluconeogenesis in liver and impaired insulin secretion from pancreatic β-cells 
(28, 29). The effects of glucocorticoids is exemplified in clinical syndromes of excess 
(Cushing’s syndrome) or during prolonged corticosteroid therapy (87, 88). Cortisol excess 
is characterised by central obesity and other components of the metabolic syndrome, such 
as glucose intolerance and hypertension. Central obesity, in particular visceral adiposity, 
is associated with insulin resistance, cardiovascular disease and the metabolic syndrome, 
as previously reported (64). Consequently, it is of interest to further explore the response 
of adipose tissue to cortisol. 
 
Glucocorticoids cause sex- and depot-specific regulation of processes and/or gene 
expression. For example, glucocorticoids stimulate adipose tissue lipoprotein lipase 
production and activity, predominantly in visceral fat tissue, particularly in men (89, 90), 
possibly contributing to central obesity. In contrast, glucocorticoids in subcutaneous 
adipose tissue stimulate lipolysis, particularly in women (91), resulting in reduced lipid 
storage and increased release of fatty acids to the circulation. This may partly explain the 
excess of visceral obesity observed in conditions with elevated levels of cortisol. 
Furthermore, the capacity of glucocorticoids to impair glucose uptake appears to be more 
prominent in the visceral compared to the subcutaneous fat depot (92). Accordingly, 
dexamethasone has been demonstrated to down regulate critical signalling proteins in the 
visceral fat depot, e.g. IRS1 and PKB (92, 93). However, the molecular mechanisms for 
the underlying differential regulation of subcutaneous and visceral adipose tissue by 
glucocorticoids are still unknown. 
 
Recently, key metabolic pathways regulated by dexamethasone treatment were identified 
by microarray analysis in human subcutaneous and omental adipose tissue from severely 
obese individuals (94) and in human skeletal muscle (95). In these studies, 
dexamethasone increases gene networks that promote carbohydrate and amino acid 
catabolism and lipid deposition, while genes related to inflammatory pathways were 
suppressed. Identification of biomarkers and new pharmacological targets would be 
valuable in the prevention and treatment of glucocorticoid-induced metabolic 
dysregulation and could potentially also be of relevance for other metabolic conditions. 
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The calcineurin inhibitors, cyclosporin A and tacrolimus 

The introduction of calcineurin inhibitors has significantly improved the outcome of 
transplantation and autoimmune diseases (96). In addition to the expected beneficial 
action on the immune system, calcineurin inhibitors are associated with long-term side-
effects. These include dose-dependent renal and hepatic toxicity and metabolic effects 
important for the patient’s long-term outcome. Cyclosporin A and tacrolimus are the 
calcineurin inhibitors currently used in the clinic. 
 

Cyclosporin A is a lipid-soluble cyclic undecapeptide produced by Tolypocladium 
inflatum, a fungus first isolated in 1970, from a soil sample collected in Norway (97). 
Since its clinical introduction in 1983, cyclosporin A has become the first line treatment 
for prevention of rejection of transplanted organs and for certain autoimmune diseases. 
Tacrolimus (also known as FK506) is a lipid-soluble macrocyclic lactone, first isolated in 
1987, from the soil fungus Streptomyces tsukubaensis, in the Tsukuba region of northern 
Japan.  
 
Cyclosporin A and tacrolimus mediate its immunosuppressive actions by blocking the 
expression of the IL-2 gene in activated T-lymphocytes, a growth factor critical for T-cell 
proliferation (98) (Figure 3, pathway B). Although they are structurally related, upon 
entering the T-cell cytoplasm they bind distinct intracellular receptors referred to as 
immunophilins; cyclophilin for cyclosporin A and FK506-binding protein (FKBP) for 
tacrolimus (99). The drug-immunophilin complexes bind to and inhibit the activity of 
calcineurin, a calcium dependent serine/threonine phosphatase required for early T-cell 
activation (99, 100). Furthermore, by preventing the calcineurin-mediated 
dephosphorylation of the transcription nuclear factor of activated T-cells (NFAT), 
cyclosporin A and tacrolimus block the translocation of the NFAT from the cytoplasm to 
the nucleus (100). NFAT is involved in the transcription activation of genes for cytokines 
such as IL-2. In all parameters of T-cell inhibition, tacrolimus appears to be 10-100 fold 
more active than cyclosporin A. Moreover, tacrolimus is more potent and the clinical 
therapeutic plasma concentration is lower than for cyclosporin A, 6-20 nM and 40-120 
nM, respectively (101, 102). 

 

Effects of calcineurin inhibitors on glucose and lipid metabolism 

Both in vitro and biopsy studies in man and animals indicate that calcineurin inhibitors 
inhibit insulin production and secretion from the β-cells of the islets of Langerhans in a 
dose dependent manner (35, 36, 103). This effect is mediated through cell death, impaired 
insulin production, and/or diminished insulin secretion. Clinical studies have mainly 
confirmed these pre-clinical results (23, 104, 105). However, a recent study with healthy 
human volunteers treated during 5 h with clinically relevant doses of cyclosporin A and 
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tacrolimus, reported that both drugs acutely increased insulin sensitivity, while the first 
phase and pulsatile insulin secretion remained unaffected (106). These contradictory 
results may be explained by the fact, that a younger and healthier population were 
exposed short-term to the effect of calcineurin inhibitors, whereas previous studies 
usually include longer exposures and older populations. The divergent results also 
highlight the complexity of these drugs and suggest that their diabetogenicity may be 
time, dose and situation dependent. 
 
Furthermore, studies in both human and mice/rodents have indicated that calcineurin 
inhibitors are associated with reduced insulin sensitivity in peripheral tissues, as well as, 
impaired endothelial function (23, 32-34). In humans, the simultaneous use of 
glucocorticoids has made it difficult to define the underlying mechanism of the 
calcineurin inhibitors in insulin resistance, since glucocorticoids per se, are associated 
with increased insulin resistance (107). Direct effects of cyclosporin A and tacrolimus on 
human adipocytes have never been studied previously and such results are now reported 
in the present thesis. 
 
The calcineurin inhibitors, cyclosporin A and tacrolimus, also increase serum levels of 
cholesterol, TAG, LDL and VLDL, in a dose-dependent manner (44-47). In addition, 
cyclosporin A and tacrolimus increase LDL oxidation and fatty acid content in LDL 
(108). Although, calcineurin inhibitor therapy has been associated with reduced LPL 
(109) and hepatic triglyceride lipase (110) activity, little is known about the effects of 
calcineurin inhibitors on adipocyte lipid metabolism and on adipose tissue expression of 
genes involved in regulation of lipid metabolism. 
 
Several randomised clinical trials and meta-analyses, have suggested that tacrolimus has a 
more diabetogenic profile than cyclosporin A (96, 111-113), although in other reports the 
differences between the two agents were not significant (114, 115). In contrast, 
cyclosporin A has been associated with greater adverse effects on the patient’s lipid 
profile (44, 108, 111). 
 

The mTOR inhibitor rapamycin 

Rapamycin (also known as sirolimus) is a lipophilic macrocyclic lactone, produced by the 
bacterium Streptomyces hygroscopicus, which was isolated in 1970 on the Easter Island 
Rapa Nui, and from here the name rapamycin is derived (116). Rapamycin was developed 
initially as an antifungal agent, but was abandoned because of its immunosuppressive 
effect. In the early 1990s rapamycin-related research renewed the clinical interest, and in 
1997 rapamycin was approved as an IA in kidney transplantation. For the time being the 
role of rapamycin in transplant immunosuppression remains undecided (117). The 
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prevailing belief is that the calcineurin inhibitors, mycophenolate mofetil and 
glucocorticoids should be standard therapy in renal transplantation both in terms of 
tolerability and outcomes. In addition, rapamycin displays a wide range of organ and 
tissue toxicity owing to the critical role of its site of action (the mTOR) in the signal 
transduction pathways of numerous cytokines, growth factors, hormones and nutrients. 
 
Rapamycin is structurally similar to tacrolimus, and it binds the same FKBP 
immunophilin species (Figure 3, pathway C) (118). However, the resulting complex does 
not affect calcineurin activity, and therefore it does not block the calcineurin-dependent 
activation of cytokine genes (118). Instead, rapamycin renders the T-cells unresponsive to 
IL-2. The molecular target of the rapamycin-FKBP complex in T-cells is mTOR. mTOR 
controls proteins that regulate mRNA translation initiation and progression from the G1 to 
the S phase of the cell cycle, and thus its suppression inhibits T-cells proliferation (119). 
The therapeutic concentration in plasma for rapamycin is 10 to 26 nM (120). 
 

mTOR signalling 

mTOR is a conserved serine-threonine kinase that controls protein synthesis, cell survival 
and proliferation (121). mTOR is a large protein (289 kDa) that belongs to the 
phosphatidylinositol kinase-related kinase family and is detected in nearly all eukaryotic 
organisms and cell types (122). mTOR forms two physically and functionally distinct 
multi-protein complexes, the mTOR complex 1 (mTORC1) and 2 (mTORC2). Several 
components of mTORC1 and mTORC2 have been identified. Raptor is a unique 
component of mTORC1, while rictor and stress-activated map kinase-interacting protein 1 
(Sin1) are unique components of mTORC2. mTOR signalling is regulated by growth 
factors, insulin, nutrients (e.g. amino-acids), stress, oxygen and energy status. The mTOR 
signalling pathway is shown in Figure 4.  
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Figure 4 – Overview of the mTOR signalling pathway. Adapted from (122). 
Insulin receptor (IR); insulin receptor substrate 1 and 2 (IRS1, IRS2), phosphoinositide 3-
kinase (PI3K), phosphatidylinositol (4,5)-biphosphate (PIP2), phosphatidylinositol 
(3,4,5)-triphosphate (PIP3), phosphoinositide-dependent kinase 1 (PDK1), protein kinase 
B (PKB), PKB substrate of 160 kDa (AS160), glucose transporter 4 (GLUT4) tuberous 
sclerosis proteins 1 and 2 (TSC1, TSC2), mammalian target of rapamycin complex 1 and 
2 (mTORC1, mTORC2), serum- and glucocorticoid-induced protein kinase 1 (SGK1), 
protein kinase C α (PKCα), p70 ribosomal S6 kinase (p70S6K), 4E binding proteins 1 
(4B-BP1), 5’-AMP-activated protein kinase (AMPK), stress-activated map kinase-
interacting protein 1 (Sin1). 
 
 
The mTOR pathway responds to growth factors through the PI3K-PKB pathway. mTOR 
and PI3K signalling are connected through the tuberous sclerosis proteins (TSC) 1 and 2. 
TSC1 and TSC2 compose a heterodimer that negatively regulates mTORC1 (123). 
Nutrients, especially amino acids, also activate mTORC1 and 2 independently of the 
TSC1/2 complex (124), but the exact mechanism is not yet identified. In addition 
mTORC1 mediates protein synthesis, and consequently requires higher level of cellular 
energy. mTORC1 detects the cellular energy level ratio by the 5’-AMP-activated protein 
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kinase (AMPK) (125). Upon activation, mTORC1 regulates protein synthesis and 
transcription of many genes involved in glucose and lipid metabolism by activation of p70 
ribosomal S6 kinase (p70S6K) and 4E binding proteins 1 (126). The phosphorylation of 
p70S6K and 4E binding proteins 1 are standard markers of mTORC1 activity. 
 
A crucial element of mTORC1 signalling is its inhibitory feedback loop on insulin-
induced glucose uptake through inhibitory phosphorylation of IRS1 on multiple serine 
residues (127). Phosphorylation of IRS1 on serine residues interferes with PI3K/PKB 
pathway, inhibiting insulin action on glucose uptake (128). mTORC1 is also thought to 
modulate protein synthesis through stimulation and transcription of ribosomal RNA and 
ribosomal biogenesis (129) and to play a role in mitochondrial biosynthesis and 
autophagy (130). 
 
On the other hand, mTORC2 regulates cell proliferation and survival, metabolism and 
actin organization (122). mTORC2 promote serine phosphorylation of PKB, which is 
required for its maximal activation (78). Often, mTORC2 activation is determined by 
measuring the serine phosphorylation of PKB.  
 
Rapamycin is known to be an mTORC1 inhibitor (131). However, it has been proposed, 
that prolonged rapamycin treatment of 3T3-L1 adipocytes and other cell types, can also 
disrupt the mTORC2 complex and thereby decrease serine phosphorylation of PKB (132). 
 

Effects of mTOR signalling in adipose tissue: adipogenesis and lipid storage  

mTORC1 is essential for differentiation and maintenance of adipocytes by regulating 
transcription factors critical for the early commitment of embryonic stem cells to 
adipogenic progenitors (133). It also regulates the transcription of factors for terminal 
differentiation, including the master regulators PPARγ and SREBP1 (134, 135). In 
addition, mTORC1 activates lipin 1 (136). Lipin 1 is involved in diacylglycerol synthesis 
and also a coactivator of transcription factors involved in lipid metabolism, including 
PPARγ and SREBP1.  
 

Effects of rapamycin on glucose and lipid metabolism  

The diabetogenic effect of rapamycin is well-documented. Clinical studies have 
demonstrated that treatment with rapamycin alone or in combination with calcineurin 
inhibitors (137, 138) is associated with insulin resistance, higher incidence of NODAT 
and dyslipidemia. 
 
However, the observed in vitro effects of rapamycin on glucose metabolism are 
conflicting and its mechanisms of actions have not yet been clarified. In fact, some in 
vitro studies have shown that rapamycin relieves the mTORC1 repression of IRS-
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1/PI3K/PKB signalling, leading to enhanced insulin stimulated glucose uptake in different 
cell types, including in L6 cells, 3T3-L1 cells and differentiated human adipocytes (128, 
139, 140). In contrast, other studies have suggested that long-term treatment of 3T3-L1 
adipocytes (141, 142) and L6 cells (143) with rapamycin reduce their insulin dependent 
glucose uptake capacity. The reason for the differences between these studies is not clear 
but different cell lines, drug concentrations and/or experimental conditions may partially 
explain the differences found. 
 
Rapamycin increases serum levels of total, LDL and VLDL cholesterol, TAG, and FFA 
(46, 47). Consistent with its effects in humans, chronic rapamycin treatment in rats causes 
hyperlipidemia and inhibits adipogenesis (144, 145). In addition, these studies show that 
mTOR inhibition with rapamycin impairs lipid deposition in adipose tissue by inhibiting 
the PPARγ activation and expression of downstream target genes involved in lipid 
storage. In addition to effects on lipogenic pathways, in vitro studies have also shown that 
rapamycin stimulates lipolysis via ATGL expression (146) and phosphorylation of HSL 
(147) in 3T3-L1 cells.  
 
Since rapamycin can affect the activity of both mTORC1 and mTORC2, several studies 
have been performed to determine which of the complexes that is involved in the effects 
of rapamycin on the dysregulation of lipid metabolism. Mice lacking the mTORC1 
substrate, p70S6K, as well as mice with adipose-specific knockout of raptor, an mTORC1 
essential component, are lean and are prevented from diet-induced obesity and 
dyslipidemia (146, 148-150). On the other hand, mice with fat cell ablation of rictor, a 
mTORC2 essential component, have normal adipose tissue mass, are unable to suppress 
lipolysis in response to insulin, and have elevated circulating FFA and glycerol (151). 
Thus both mTORC1 and mTORC2 in fat cells seems to have an important role in whole-
body energy homeostasis and inhibition with rapamycin can disrupt lipid homeostasis. 
 
Although the effects of mTOR inhibition with rapamycin on adipocyte lipid metabolism 
have been investigated before, particularly in rodents and in vitro in 3T3-L1 cells, to our 
knowledge, the effects of rapamycin on human adipocytes have not been studied so far.  
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AIMS 
 
The overall aim was to study the effects of immunosuppressive agents on human adipose 
tissue glucose and lipid metabolism. These studies could contribute to increase our 
understanding of the molecular mechanism for the metabolic adverse effects of such 
drugs.  
  
The specific aims were to: 
 
Investigate the direct effects of the mTOR inhibitor rapamycin on glucose uptake in 
human subcutaneous and omental adipocytes, and to characterise its interaction with the 
insulin signalling pathway (Paper I). 
 
Investigate the effects of the calcineurin inhibitors, cyclosporin A and tacrolimus, on 
glucose uptake in human adipocytes and their impact on insulin action and on the glucose 
transport machinery (Paper II). 
 
Explore the effects of rapamycin, cyclosporin A and tacrolimus on lipolysis, lipid storage 
and expression of genes involved in lipid metabolism in human subcutaneous and omental 
adipocytes and adipose tissue (Paper III). 
 
Study the effects of dexamethasone on gene expression in human subcutaneous and 
omental adipose tissues, aiming to identify novel mechanisms explaining glucocorticoid-
induced insulin resistance (Paper IV). 
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METHODS 
 
Detailed description of material and methods is given in each individual paper.  
 

Subjects and samples 

Subjects were recruited via advertisement or before elective abdominal surgery, mainly 
kidney donation. Subjects with diabetes, endocrine disorders and cancer or other major 
illnesses, as well as ongoing medication with systemic glucocorticoids and immune-
modulating therapies were excluded from the studies. Anthropometric measurements 
including body composition assessed by bioimpedance were obtained in all subjects (69). 
Subjects were fasted overnight (>10 h) and venous blood samples were collected for 
analysis of glucose, insulin and lipids by routine methods at the Department of Clinical 
Chemistry, Sahlgrenska University Hospital. A more detailed description of adipose 
tissue donors is found in Papers I-IV. The studies were approved by the Regional Ethics 
Review Board in Gothenburg. All participants gave their written informed consent. Due 
to limited amount of tissue, not all experiments were performed in the adipose sample 
from each subject. The clinical characteristics of adipose tissue donors and samples used 
in Papers I-IV are shown in Table 3. 
 
Table 3 – Clinical characteristics of adipose tissue donors and samples in Papers I-IV.  
 Paper I Paper II Paper III Paper IV 
Male/Female (n)  25M/39F 19M/25F 26M/34F 10M/15F 
Age (years) 23-72 23-70 18-72 28-60 
BMI (kg/m 2) 21-37 20-36 21-36 21-31 
Fat mass (%) 14-45 18-49 14-49 13-39 
Incubations Rapamycin CsA/FK CsA/FK/Rap Dexamethasone 
     
Adipocytes      
    Subcutaneous Glucose uptake 

Insulin signalling  
Glucose uptake 
Insulin signalling  

Lipolysis  
Lipid storage 
Lipolytic proteins  

Glucose uptake 

    Omental  Glucose uptake Glucose uptake - Glucose uptake 
     
Adipose tissue     
    Subcutaneous IRS1/2 (PCR) - Lipogenic genes 

and proteins 
(PCR, WB) 

Gene expression 
(Microarray and 
PCR) and WB 

    Omental - - Lipogenic genes 
and proteins 
(PCR, WB) 

Gene expression 
(Microarray and 
PCR) and WB 

CsA, cyclosporin A; FK, tacrolimus; Rap, rapamycin; PCR, real-time polymerase chain reaction; 
WB, western blot 
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Subcutaneous adipose tissue biopsies were obtained by needle aspiration from the lower 
part of the abdomen after local dermal anaesthesia with lidocaine. Alternatively, 
subcutaneous and omental biopsies were obtained during elective abdominal surgery, 
after induction of general anaesthesia. Biopsies were transferred to the laboratory for 
immediate processing and biopsies obtained from surgery were cut into smaller pieces 
(approximately 1-2 mm3). 
 

Adipocyte isolation and fat cell size 

Adipocytes were isolated from adipose tissue (Paper I-IV) according to methods 
previously reported (152). Briefly, adipose tissue was digested with collagenase type II 
(from Clostridium histolyticum) in Hank’s medium supplemented with 6 mM glucose, 4% 
BSA, 0.15 µM adenosine, pH 7.4, in a gently shaking water-bath at 37ºC for 60 min. 
Isolated adipocytes were filtered through a 250 µm nylon mesh and were washed four 
times and suspended in Hank’s medium. The first media collected from the isolated 
adipocytes contains the stromal vascular fraction, and was used for culture and 
differentiation of the pre-adipocytes (Paper II).  
 
The average cell diameter was measured in subcutaneous and omental adipocytes isolated 
from all subjects (Paper I-IV), as previously reported (153) and is described in Paper I. 
 

Adipocyte and adipose tissue incubation 

In Paper I and II, isolated subcutaneous and omental adipocytes were pre-incubated for 
short- (15 min and/or 3h) or long-term (20 h) with either rapamycin (0.001–10 µM), 
cyclosporin A (0.001–1 µM) or tacrolimus (0.001–1 µM) to study effects on glucose 
uptake and on relevant proteins of the insulin signalling pathway. For short-term 
incubations, adipocytes were diluted to a lipocrit of 5% in Hank’s medium (4% bovine 
serum albumin, 0.15 µM adenosine and pH 7.4) without glucose, while for long-term 
incubations adipocytes were placed in polystyrene flasks containing DMEM (6 mM 
glucose, 10% foetal bovine serum, 1% penicillin-streptomycin) at 37ºC, 5% CO2 with 
gentle rotation (~30 rpm) in a culture chamber.  
 
In Paper III, subcutaneous adipocytes were incubated with or without rapamycin (0.01 
µM), cyclosporin A (0.1 µM) or tacrolimus (0.1 µM) in a gently shaking water bath at 
37ºC for 2 h, to study the effects of the IAs on lipolysis and lipid storage. In addition, to 
study the effects of the IAs on lipolytic proteins, subcutaneous adipocytes were pre-
incubated for 15 minutes, with or without rapamycin (0.01 µM), cyclosporin A (0.1 µM) 
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or tacrolimus (0.1 µM) in a shaking water-bath at 37ºC, before isoproterenol (1 µM) was 
added for an additional 60 min.   
 
Abdominal subcutaneous and omental adipose tissue was incubated in DMEM (6 mM 
glucose, 10% foetal bovine serum and 1% penicillin-streptomycin) with or without 
rapamycin (0.01 µM, Paper I and III), cyclosporin A (0.1 µM, Paper III) or tacrolimus 
(0.1 µM, Paper III) for 20 h and dexamethasone (0.003-3 µM, Paper IV) for 24 h at 37ºC 
and 5% CO2. Adipose tissue was thereafter snap-frozen for gene expression studies 
(Paper I, III and IV) and protein (Paper III and IV) analysis, or treated with collagenase 
for adipocyte isolation and glucose uptake studies (Paper IV). Incubation medium was 
used to measure adiponectin and IL-6 released in the medium (Paper III). Simplified 
schematic figure on adipose tissue and adipocytes sample experiments is shown in Figure 
5. 

 
 
Figure 5 – Simplified schematic figure on adipose tissue and adipocytes sample 
experiments. SC, subcutaneous; OM, omental; Short-term incubation: 15 min - 3 h; Long-
term incubation: 20 h - 24 h. 
 

Glucose uptake assay 

Glucose uptake in subcutaneous and omental adipocytes was assessed according to a 
previously reported technique (154) and is described in Paper I. Briefly, following short-
term incubation (15 min) at 37ºC with either rapamycin, cyclosporin A or tacrolimus 
(Paper I-II) in glucose-free medium, adipocytes were incubated for a further 15 min with 
or without human insulin (6 nM). Then D-[U-14C] glucose was added and the incubation 
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continued for another 45 min. The cells were then separated from the medium by 
centrifugation through silicone oil and the cell-associated radioactivity was determined by 
scintillation counting. Under these experimental conditions, glucose uptake is mainly 
determined by the rate of transmembrane glucose transport (155) and calculated according 
to the following formula: cellular clearance of medium glucose = (cell-associated 

radioactivity × volume)/(radioactivity of medium × cell number × time) (154). 
 
After long-term incubation (20 h) with either rapamycin, cyclosporin A or tacrolimus 
(Paper I and II) in a glucose containing medium, the cells were washed and diluted in a 
glucose-free medium and glucose uptake was assessed as described above. After 
incubation of adipose tissue with or without dexamethasone (Paper IV), adipocytes were 
isolated and glucose uptake was performed as described above.  
 

Protein extraction and immunoblotting 

After the indicated pre-incubations (Paper I-III), adipocytes were stimulated with or 
without a maximal insulin concentration (6 nM) for an additional 15 min. Thereafter, the 
cells were lysed in ice-cold buffer at 4ºC during 2 h and the insoluble substances were 
sedimented through centrifugation. The protein content of adipocytes lysate was measured 
with the bicinchoninic acid protein assay kit and stored at -80ºC. 
 
To obtain adipose tissue lysates (Paper III and IV), adipose tissue was homogenized in 
lysis buffer using a Tissue Lyser. Thereafter the protocol continues as previously 
described for adipocyte lysates. 
 
Immunoblotting (Paper I-IV) was performed as described in Paper I. Briefly, equal 
amount of protein from each sample were loaded in polyacrylamide gels and proteins 
were separated according to their electrophoretic mobility using SDS-PAGE. The proteins 
were then transferred to a nitrocellulose membrane and detection of the proteins of 
interest was done with the respective primary antibodies, followed by the corresponding 
secondary antibody linked to horseradish peroxidase. Detection of the proteins was made 
with a chemiluminescence reagent and visualized using Chemidoc XRS detection system 
or on high performance chemiluminescence film.  
For mTOR and IRS1 immunoprecipitation (Paper I), the primary antibodies were coupled 
with protein G-coupled Dynabeads, as suggested by the manufacturer. Thereafter, 0.5 mg 
of cell lysates were incubated overnight at 4ºC with 1 µg of antibody coupled with G-
coupled Dynabeads. Samples were subjected to SDS-PAGE and continued, as previously 
reported, for immunoblotting. 
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Gene expression 

RNA from subcutaneous and omental adipose tissue (Paper I, III and IV) was extracted 
according to the manufacturer’s instructions using the Qiagen Lipid Tissue Kit. The 
extracted RNA was quantified at 260 nm in a spectrophotometer and cDNA was 
synthesized with the Applied Biosystems High Capacity cDNA Reverse Transcriptase kit. 
 

Microarray 

Microarrays provide a powerful research tool for determination of thousands of genes 
(transcripts) in a single experiment. It allows visualization of which genes are expressed 
in a particular tissue under a particular set of conditions, and that can be used to test, as 
well as, generate new hypothesis. 
Microarray analysis was performed as described in Paper IV. Briefly, we used the Human 
Exon 1.0 ST Array from Affymetrix that allows monitoring of over 28,000 gene 
transcripts in the human genome. For gene expression analysis of human adipose tissues 
that was incubated either with or without dexamethasone (Paper IV), total RNA was 
extracted, amplified and used to generate sense-strand cDNA synthesis. The sense-strand 
cDNA was fragmented and biotin-labelled before hybridization with the microarray. After 
scanning, the microarray results were analysed with Array Studio Microanalysis 
Software. To compare the effects of dexamethasone treatment on subcutaneous and 
omental adipose tissue the statistical general linear model was used. 

 

Real-time PCR  

Real-time polymerase chain reaction (real-time PCR) is one of the most sensitive 
techniques to verify DNA microarray results and further explore the expression of genes 
of interest. Real-time PCR was performed as described in Paper I, III and IV.  
We used the ABI Prism 7900 HT Sequencing Detection System that takes advantage of 
the 5’ nuclease activity of Taq DNA polymerase to generate a fluorescent signal during 
the thermal cycling of the PCR. The measured fluorescence reflects the amount of 
amplified product in each cycle. The cycle number at which enough amplified product 
accumulates to yield a detectable fluorescent signal, is called the threshold cycle. To 
adjust for differences between the samples not caused by the incubation, for example 
dilutions and pipetting errors, the data needs to be normalized. Therefore, it is crucial the 
use of a reference (housekeeping) gene. The normalization was performed with the 
housekeeping gene 18S rRNA. In Paper I and III, quotient of the expression for each 
gene was normalized to control, and calculated as a relative fold change.  
In Paper IV, a standard curve for each primer-probe set of pooled adipose tissue cDNA 
was used. Therefore, the relative concentrations of the target gene and the housekeeping 
gene were calculated from the standard curve. 
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Lipolysis and lipid storage 

Lipolysis was performed according to a previous reported technique (156) and as 
described in Paper III. In brief, the isolated adipocytes were incubated with or without 
rapamycin (0.01 µM), cyclosporin A (0.1 µM) and tacrolimus (0.1 µM) and with or 
without isoproterenol (0.01 and 1 µM) and insulin (0-100 µU/ml) in a shaking water bath 
at 37ºC for 2 h. The medium was then separated from the adipocytes, and the glycerol 
concentration on the medium was measured by colorimetric absorbance in a kinetic 
enzymatic analyser and used for estimations of the effects of the IAs on the lipolysis.  
 
14C-glucose and 14C-palmitate incorporation into TAG were used to measure adipocyte 
lipid storage (Paper III). Briefly, isolated adipocytes were incubated with or without 
rapamycin (0.01 µM), cyclosporin A (0.1 µM) or tacrolimus (0.1 µM) in a gentle shaking 
water bath at 37ºC for 2 h. For 14C-glucose incorporation, the medium was supplemented 
with or without insulin (1000 µU/ml) and D-[U-14C] glucose (0.26 mCi/L, 0.86 µM). For 
14C-palmitate incorporation, the medium was supplemented with [1-14C] palmitic acid 
(1.0 µCi/ml) and sodium-palmitate/BSA-mix (0.12 mM sodium palmitate, 40% BSA). 
Adipocytes were then separated from medium, and the triglyceride associated 
radioactivity was measured by scintillation counting after lipid extraction according to 
Dole and Meinertz method (157). 
 

GLUT4 trafficking in L6 cells 

The L6 cell line was originally isolated in 1968 from primary cultures of rat thigh muscle 
(158). L6 cell exhibits many of the skeletal muscle characteristics seen in vivo, like the 
ability to differentiate into myotubes, express several proteins typical of skeletal muscle, 
including GLUT4 glucose transporter, respond to insulin and glucose uptake. In Paper II, 
we used L6 cells that express the GLUT4 protein with a c-myc epitope inserted into the 
first ectodomain. One advantage of the L6-GLUT4myc cells is that this cell line provides 
a quantitative colorimetric assay to measure the dynamic availability of the myc-epitope 
to the extracellular milieu, without the need to permeabilize or fractionate the cells. 
Differentiation into myotubes is not necessary to measure glucose uptake or GLUT4myc 
translocation.  
 
L6-GLUT4myc cells were cultured in MEM-α supplemented with 10% FCS, at 37ºC, 5% 
CO2. At confluence 2 days after seeding, L6-GLUT4myc cells were used to study the 
effects of either cyclosporin A (0.1 µM) or tacrolimus (0.1 µM) on glucose uptake, cell 
surface GLUT4myc and GLUT4myc internalization and externalization, as described in 
Paper II. Cellular transport of 2-deoxy-glucose was measured according to a previously 
described technique (159). The amount of cell surface GLUT4myc and GLUT4myc 
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internalization and externalization was determined by an antibody-coupled colorimetric 
absorbance assay, as previously described (160). The data for the kinetics of GLUT4 
endocytosis traffic were fitted by nonlinear regression for a single exponential association 
(161). 
 

Statistical analyses  

Results are given as mean ± standard error of the mean (SEM) unless otherwise stated.  
Comparisons between treated and untreated cells or tissue were performed within the 
same individuals to minimize the effects of confounding variables. A p-value <0.05 was 
considered statistically significant. All variables were tested for normality using the 
Shapiro-Wilk test. The Student’s paired t-test was applied to compare means of 
continuous and normally distributed variables; otherwise, the Wilcoxon test was used. 
Bivariate correlations were performed with Pearson or Spearman correlation coefficients, 
as appropriate, and statistically significant (p<0.05) variables were log-transformed (if not 
normally distributed) and subjected to multivariate analysis via step-wise linear regression 
analysis. Statistical analysis was performed using the SPSS package version 18 (SPSS 
Inc. Chicago, IL). 
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SUMMARY OF RESULTS 
 
Details of the results can be found in Papers I-IV. 
 

Paper I 

Rapamycin impairs glucose uptake and alters mTOR and insulin signalling in 
human subcutaneous and omental adipocytes 

 

Short- and long-term incubation of human subcutaneous and omental adipocytes with a 
therapeutic concentration of rapamycin (0.01 µM), reduced basal and insulin stimulated 
glucose uptake by 20-30%, when compared to untreated cells. This effect was 
concentration dependent (1 nM-10 µM), with a maximal reduction of glucose uptake by 
40%. In addition, the degree by which rapamycin inhibited insulin-stimulated glucose 
uptake, correlated positively with body fat mass and the subcutaneous fat cell diameter, 
and negatively with the serum levels of HDL cholesterol. Thus, the inhibition of glucose 
uptake by rapamycin was more pronounced in adipocytes from lean patients (lower fat 
mass) with smaller adipocytes, and higher serum levels of HDL-cholesterol. 
 
Rapamycin inhibited mTORC1 and mTORC2 complex assembly and also inhibited 
insulin-stimulated PKB Ser473 phosphorylation, an mTORC2 substrate. Short- and long-
term incubation with rapamycin had no effect on p70S6K protein levels, but as expected, 
reduced the insulin-stimulated phosphorylation (~80 %) of p70S6K, an mTORC1 
substrate. Rapamycin did not change the amount of IRS1 or its tyrosine phosphorylation 
in subcutaneous adipocytes, but reduced phosphorylation of IRS1 on several serine 
residues (307, 616 and 636), compared with untreated adipocytes. 
 
Rapamycin incubation induced a time-depended decrease in IRS2 protein levels (up to 
~35% reduction after 20 h incubation) in adipocytes, whereas IRS2 mRNA levels were 
increased by ~50% in adipose tissue. In addition, rapamycin incubation reduced insulin-
stimulated phosphorylation of IR by up to 50% after 20 h incubation, but had no effects 
on IR, PKB, GLUT4/1 and p85-PI3K protein levels. 
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Paper II 

Cyclosporin A and tacrolimus reduce glucose uptake in human subcutaneous and 
omental adipocytes without effecting expression or activation of insulin signalling 
proteins. Cyclosporin A and tacrolimus remove GLUT4 from the cell surface via an 
increased rate constant of endocytosis in L6 cells. 

 

Short- and long-term incubation with either cyclosporin A or tacrolimus reduced both 
basal and insulin stimulated glucose uptake in subcutaneous and omental adipocytes. The 
inhibitory effect was concentration-dependent (10 nM-1 µM), by up to 40%, and occurred 
at therapeutic concentrations used as immunosuppressive therapy. 
 
Incubation of adipocytes with tacrolimus reduced IR phosphorylation by ~30%. However, 
the proteins levels and phosphorylation of relevant insulin signalling proteins (IRS1, 
IRS2, PKB, AS160, GLUT4/1, mTOR and p70S6K) was unaffected by both cyclosporin 
A and tacrolimus. In addition, cyclosporin A and tacrolimus, reduced by 60% the amount 
of insulin-stimulated GLUT4 at the adipocyte surface, but had no effect on basal amounts 
of GLUT4 at the cell surface. 
 
The effects of cyclosporin A and tacrolimus on glucose uptake and amount of GLUT4 at 
the cell surface were also investigated in L6 cells. Cyclosporin A and tacrolimus inhibited 
insulin-stimulated glucose uptake and the amount of GLUT4myc at the cell surface in L6 
cells. No effects of the agents were detected in basal (non-stimulated) conditions. In 
addition, cyclosporin A and tacrolimus increased the insulin-stimulated GLUT4myc rate 
for endocytosis by 30 and 47%, respectively. This suggests an increased rate of GLUT4 
internalization, which may reduce the exposure of the GLUT4 at the cell surface 
membrane, and contribute to the reduction in glucose uptake. 
 

Paper III 

Rapamycin, cyclosporin A and tacrolimus enhance lipolysis and inhibit lipid storage 
in human subcutaneous adipocytes. Tacrolimus and rapamycin altered the 
expression of lipogenic genes in human subcutaneous and omental adipose tissue. 

 

All three IAs, rapamycin, cyclosporin A and tacrolimus, increased isoprenaline-induced 
lipolysis by 20-35%, and isoprenaline-stimulated phosphorylation of HSL Ser563, one of 
the main lipases involved in lipolysis. In addition, rapamycin increased basal lipolysis by 
~20% in subcutaneous adipocytes, and reduced both gene and protein expression of 
perilipin. Perilipin is a lipid droplet coating protein that serves important functions in the 
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regulation of basal and hormonally stimulated lipolysis. Rapamycin reversed the 
antilipolytic effect of insulin, whereas no effects were observed for cyclosporin A or 
tacrolimus.   
 
Furthermore, the IAs reduced lipid storage by 20-35%, whereas the insulin-stimulated 
lipogenesis was down regulated by ~10%. Rapamycin reduced the expression levels of 
genes involved on fatty acid uptake and storage (FABP4/aP2 and SREBP1, respectively) 
in subcutaneous adipose tissue. In contrast, the gene expression of LPL was increased by 
rapamycin in both depots. It was also observed that tacrolimus inhibited the gene 
expression of genes involved in the uptake and transport of fatty acids (CD36 and 
FABP4/aP2, respectively) in both subcutaneous and omental adipose tissue. No effects 
were observed with cyclosporin A in any of the studied lipogenic genes. 
 
The gene expression of IL-6, an adipokine known to have pro-inflammatory effects, was 
increased in subcutaneous and omental adipose tissue that was incubated with all three 
IAs, although only significant for the subcutaneous depot. An increase in IL-6 was also 
observed in the incubation media from the subcutaneous adipose tissue, upon incubation 
with rapamycin. On the other hand, no changes were observed on the expression of either 
TNF-α or adiponectin upon exposition of adipose tissue to the three IAs. 
 
Table 3 shows a summary of the effects of the IA on human adipocytes/adipose tissue 
glucose and lipid metabolism (Paper I-III). 
 
 
Table 3. Summary of IA effects on human adipocytes/adipose tissue. From Paper I-III. 
 Rapamycin Cyclosporin A Tacrolimus 
Glucose uptake ↓ ↓ ↓ 
IR-phosphorylation ↓ ↔ ↓ 
IRS1 Ser phosphorylation ↓ nd nd 
IRS2 protein ↓ ↔ ↔ 
PKB Ser473 phosphorylation ↓ ↔ ↔ 
GLUT4 endocytosis nd ↑ ↑ 
Lipolysis ↑ ↑ ↑ 
Lipid storage ↓ ↓ ↓ 
Lipogenic genes ↓ ↔ ↓ 
IL6 gene expression/production ↑ ↑ ↑ 
↓, decreased; ↑, increased; ↔, no change; nd, not done 
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Paper IV 

Dexamethasone increased the expression of FKBP5 is human subcutaneous and 
omental adipose tissue and the expression of FKBP5 was correlated with clinical and 
biochemical markers of insulin resistance. 
 
DNA microarray analysis showed that dexamethasone at a supra-physiological and a 
maximally effective concentration (3 µM) suppressed genes related to 
immune/inflammatory responses. The two genes with the greatest increase in gene 
expression after dexamethasone incubation were FKBP5 and cannabinoid receptor 1 
(CNR1). In contrast, rapamycin decreased FKBP5 gene expression in both adipose tissue 
depots. Moreover, dexamethasone increased the FKBP5 gene and its protein (FKBP51) 
expression in a dose-dependent manner in both fat depots. Basal FKBP51 protein levels 
were 10-fold higher in omental than in subcutaneous adipose tissue. FKBP5 gene 
expression in subcutaneous depot positively correlated with serum insulin, homeostasis 
model assessment-insulin resistance (HOMA-IR) and subcutaneous adipocyte diameter. 
This suggests that its gene expression in subcutaneous adipose tissue may be increased in 
states of insulin resistance. In addition, the fold change in gene expression exerted by 
dexamethasone was negatively correlated with HbA1c, BMI, HOMA-IR and serum 
insulin, but only in subcutaneous adipose tissue. 
 
In this study only serine-rich and transmembrane domain containing 1 (SERTM1) gene 
displayed a different response to dexamethasone in the two fat depots. SERTM1 gene 
expression was clearly down-regulated in omental adipose tissue, but unchanged in 
subcutaneous adipose tissue. The leptin and metallopeptidase inhibitor 4 (TIMP4) genes, 
encoding for secreted factors, were also up-regulated by incubation with dexamethasone 
in both subcutaneous and omental adipose tissue. 
 
In addition, dexamethasone reduced basal and insulin-stimulated glucose uptake in 
subcutaneous and omental adipocytes, but omental adipocytes had a greater sensitivity to 
the metabolic effects of dexamethasone. 
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DISCUSSION 
 
Immunosuppressive agents have remarkably improved the success rate of organ 
transplantation. Besides the expected increase in infection susceptibility, development of 
other adverse effects has become evident following long-term use of these drugs. These 
undesired effects include diabetes, dyslipidemia, cardiovascular diseases and 
malignancies, and have an adverse effect on patient morbidity and mortality. Thus, studies 
on the underlying mechanisms by which these drugs affect glucose and lipid metabolism, 
are warranted in order to develop pharmacological approaches for treatment and 
prevention that mitigate these unwanted side-effects. 
 
Adipose tissue is a well recognized endocrine organ that participates actively in energy 
regulation, through a network of endocrine, paracrine and autocrine signals (62). 
Importantly, dysregulation of adipose tissue metabolism may lead to a cluster of 
metabolic alterations that may affect total body glucose and lipid metabolism and insulin 
sensitivity. 
 

Effects of rapamycin, cyclosporin A and tacrolimus on 
glucose uptake 

Similar to type 2 diabetes, new onset diabetes (NODAT) results from an imbalance 
between insulin sensitivity and insulin secretion (23, 24). It is well established by both in 
vitro and clinical studies that IAs impair pancreatic β-cell proliferation and insulin 
production in a dose dependent manner (35, 36, 41, 103). The potential impact of the IAs 
on insulin sensitivity is less clearly defined. Several clinical studies have indicated that 
treatment with IAs can reduce insulin sensitivity in peripheral tissues (23, 32, 33, 137, 
162), but the underlying mechanism(s) are not known. 
 
In Paper I and II we show, for the first time, that rapamycin, cyclosporin A and 
tacrolimus, within the range of the clinical therapeutic concentrations, impair both basal 
and insulin stimulated glucose uptake in human subcutaneous and omental adipocytes. 
The inhibitory effects of the IAs on glucose uptake could be detected already after a short-
term incubation time (75 min) and at concentrations even lower than those recommended 
during immunosuppressive therapy. 
 
Results from randomized clinical trials and meta-analyses demonstrate a higher incidence 
of NODAT in patients treated with tacrolimus than with cyclosporin A (96, 111-113), but 
these findings has not been confirmed by others (114, 115). In our in vitro model (Paper I 
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and II), rapamycin, cyclosporin A and tacrolimus had similar dose-response effects on 
glucose uptake, with a maximal inhibition of ~40% in subcutaneous adipocytes. 
 
It is thought that visceral adiposity is more metabolically active than subcutaneous fat and 
more strongly associated with adverse metabolic risk, including insulin resistance (63, 
64). However, in our in vitro model we did not find any differences in the IAs effects on 
glucose uptake between subcutaneous and omental adipocytes. Interestingly, 
subcutaneous adipocytes from lean subjects and with a normal lipid pattern (higher HDL-
cholesterol levels) may be more sensitive to the inhibitory effects of rapamycin on 
glucose uptake (Paper I). On the other hand, adipocytes from obese individuals are 
usually larger (hypertrophic) and characterised by reduced insulin sensitivity already at 
baseline (163). This may mask a worsening of glucose uptake by rapamycin incubation. 
 
Newly all transplanted patients need to take at least one of the IAs for the rest of their life, 
and the long-term effects may take place over a long period of time. Therefore, we 
investigated whether a longer incubation time (20 h) with the IAs could have a more 
pronounced inhibitory effect on adipocyte glucose uptake. The degree of inhibition of 
insulin-stimulated glucose uptake after short- and long-term incubation with either 
rapamycin, cyclosporin A or tacrolimus (Paper I and II) appear to be similar. However, 
we can not directly translate our findings from long-term incubation (20 h) in an in vitro 
model, to long-term clinical use for several years. 
 
Adipose tissue only accounts for ~10% of the insulin-stimulated whole body glucose 
uptake, whereas skeletal muscle and liver are the major sites for insulin-stimulated 
glucose uptake (164). A reduction in the relatively small glucose uptake by adipose tissue 
is unlikely to lead to a marked whole body insulin resistance during immunosuppressive 
therapy in vivo. However, there is strong evidence that dysfunction of the adipose tissue 
plays a crucial role in the development of insulin resistance (165). In line with this, a 
mouse with adipose tissue-selective depletion of GLUT4 promotes impaired glucose 
intolerance, apparently due to secondary insulin resistance in muscle and liver (166). This 
suggests that besides contributing to whole-body glucose uptake, adipose tissue can also 
regulate glucose metabolism in other-insulin sensitive tissues. In addition, impaired 
insulin signalling in adipose tissue, including reduced IRS1 expression, impaired PKB 
activity and reduced GLUT4 expression, is detected in normoglycemic individuals with 
genetic predisposition to type 2 diabetes (167). Therefore, impaired insulin action in 
adipose tissue could represent an early stage before whole body glucose intolerance (165). 
In addition, all three IAs reduced L6 muscle-derived cells insulin-stimulated glucose 
uptake. This suggests that these agents may not only reduce glucose uptake in adipocytes, 
but also in other insulin-sensitive cells such as muscle cells.  
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Effects of rapamycin, cyclosporin A and tacrolimus on insulin 
signalling 

In our study (Paper I), we show that rapamycin reduces mTOR-raptor (components of 
mTORC1), mTOR-rictor and mTOR-Sin1 (components of mTORC2) interactions. This 
suggests that rapamycin inhibits both mTORC1 and mTORC2 complex formation in 
human adipocytes. Rapamycin is known to be an mTORC1 inhibitor. Sarbassov et al 
(132) has previously demonstrated that in several cell types, including 3T3-L1 cells, 
prolonged rapamycin treatment also inhibits mTORC2 complex formation. mTORC2 
assembly is necessary for the serine phosphorylation of PKB (78). An impairment of 
mTORC2 could therefore contribute to the decreased PKB serine phosphorylation and 
down-regulation of AS160 phosphorylation observed in adipocytes incubated with 
rapamycin. Phosphorylation of AS160 is required for GLUT4 translocation to the plasma 
membrane and subsequent glucose uptake (79).  
 
Several studies have shown that activation of the mTOR pathway is implicated in 
development of insulin resistance and type 2 diabetes (128, 168). These studies have 
demonstrated that the mTOR-p70S6K pathway directly increases phosphorylation of 
IRS1 at several serine residues and thus inhibits its function, promotes its degradation, 
and, possibly, inhibits insulin signalling (127). In contrast, more recent studies have 
demonstrated that adipocytes from obese patients with type 2 diabetes have attenuated 
mTOR signalling (169). In fact, multi-site serine phosphorylation of IRS1, has been 
shown to modulate both negative and positive feedback signals (170). Surprisingly, in 
Paper I, reduction of phosphorylation of several IRS1 serine residues by rapamycin did 
not alter the insulin-stimulated tyrosine phosphorylation of IRS1 or its association with 
the p85 subunit of PI3K. Interestingly, a previous study has demonstrated that long-term 
treatment with rapamycin reduces insulin-stimulated IRS1 tyrosine phosphorylation in 
circulating mononuclear cells, and that this reduction is correlated to the increase in the 
patient’s insulin resistance (171). 
 
In addition, rapamycin reduced IRS2 protein expression levels. IRS2 together with IRS1, 
are the most important IRS proteins in the regulation of glucose uptake (77). IRS2 
knockout mice did not only show insulin resistance of muscle, fat and liver, but also 
manifest diabetes as a result of β-cell failure (172). 
 
mTOR inhibition with rapamycin has often shown discrepant findings, but in our in vitro 
model, mTOR inhibition with rapamycin resulted in inhibition of glucose uptake and 
impaired insulin signalling. These effects may contribute to insulin resistance during 
therapy with rapamycin. 
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In Paper II, we show that although phosphorylation of IR was inhibited by tacrolimus, the 
expression and phosphorylation of insulin signalling proteins (IRS1, IRS2, p85-PI3K and 
PKB) was unaffected by both cyclosporin A and tacrolimus, as was mTOR and p70S6K. 
In addition, we demonstrate that cyclosporin A and tacrolimus reduced insulin-stimulated 
levels of the glucose transporter GLUT4 at the plasma membrane but they did not change 
total protein levels of GLUT4 or GLUT1. These results suggest that the inhibitory effect 
of cyclosporin A and tacrolimus on cell surface GLUT4 and glucose uptake are not 
mediated thought effects on insulin signalling proteins. Other alternatives to PKB 
signalling also need to be considered in future studies. For example, the atypical PKC 
isoforms, PKCλ and PKCζ, increase GLUT4-dependent glucose uptake when activated by 
PI3K (173). Conversely, overexpression of dominant-negative forms of these PKC 
isoforms inhibits insulin-stimulated glucose transport and translocation of the GLUT4 to 
the plasma membrane (174). 
 
The intracellular trafficking that regulates the amount of GLUT4 at the cell surface is a 
dynamic complex itinerary that involves different steps (175). The translocation of 
GLUT4 to the plasma membrane, a process called exocytosis, is initiated by the release of 
GLUT4 storage vesicles from intracellular retention and GLUT4 translocation to the cell 
surface (which likely involves transport of GLUT4 storage vesicles along cytoskeleton 
structures). Subsequent tethering, docking and fusion of GLUT4 storage vesicles at the 
plasma membrane are also required for an efficient GLUT4 surface delivery. Finally, 
GLUT4 is internalized from the plasma membrane through a process called endocytosis.   
 
In Paper II, we used L6 muscle derived cells to determine the exocytic and endocytic 
rates of the GLUT4 transporter (160). We show, for the first time, that in L6 cells, 
cyclosporin A and tacrolimus inhibit insulin-stimulated glucose uptake and affect GLUT4 
trafficking by increasing the insulin-stimulated rate for endocytosis. In contrast to the 
effects on human adipocytes, cyclosporin A and tacrolimus did not affect non-stimulated 
glucose uptake and GLUT4 trafficking in muscle cells. In both muscle and adipose cells 
GLUT4 internalization occurs through both clathrin-dependent and clathrin-independent 
endocytosis, but different mechanisms may operate in muscle and adipocyte cells (175). 
In addition, internalization is also distinctly regulated in the two cell types, since insulin 
reduces the rate of endocytosis in adipocytes (176), but not in muscle (177) cells. 
 
A key question is how cyclosporin A and tacrolimus alter intracellular trafficking of 
GLUT4? Additional studies, evaluating the effects on protein expression or co-
localization experiments with other proteins involved in GLUT4 trafficking (e.g. clathrin 
and transferrin) are necessary to confirm that cyclosporin A and tacrolimus can affect the 
GLUT4 endocytosis rate. 
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Given the fact that IR tyrosine phosphorylation was reduced by tacrolimus, alternative 
possibilities not involving the PI3K-PKB-AS160 pathway should also be considered. For 
example, IR directly phosphorylates Munc18c (178) and signals through TC10α (179) 
which are required for normal insulin-stimulated GLUT4 uptake. Inhibition of IR tyrosine 
phosphorylation by tacrolimus may impair activation of these pathways and contribute to 
the reduced glucose uptake and this should be further investigated.  
 
The results in Paper I and II suggest that pharmacological concentrations of the anti-
mTOR rapamycin and the calcineurin inhibitors, cyclosporin A and tacrolimus, have 
similar inhibitory effects on glucose uptake in human adipocytes, but through effects on 
different signalling mechanisms (Figure 6). In contrast to rapamycin, cyclosporin A and 
tacrolimus seem to reduce cellular glucose uptake without affecting expression or 
activation of insulin signalling and seemingly by increasing the rate for endocytosis, as 
demonstrated in L6 cells. 
 

 
Figure 6 – Schematic overview of sites of action for rapamycin, cyclosporin A and 
tacrolimus interference with insulin action. Insulin receptor (IR); insulin receptor 
substrate 1, 2 (IRS1,2), phosphoinositide 3-kinase (PI3K), phosphoinositide-dependent 
kinase 1 (PDK1), protein kinase B (PKB), PKB substrate of 160 kDa (AS160), glucose 
transporter 4 (GLUT4) tuberous sclerosis proteins 1, 2 (TSC1, 2), mammalian target of 
rapamycin complex 1, 2 (mTORC1, 2), serum- and glucocorticoid-induced protein kinase 
1 (SGK1), protein kinase C α (PKC),  p70 ribosomal S6 kinase (p70S6K), 4E binding 
proteins 1 (4B-BP1).  
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Effects of rapamycin, cyclosporin A and tacrolimus on lipid 
metabolism 

In Paper III, we show that rapamycin, cyclosporin A and tacrolimus increase 
isoproterenol-stimulated lipolysis in human subcutaneous adipocytes and that rapamycin 
also increase basal lipolysis. The mechanism underlying these effects on lipolysis is not 
known, but our results show that the three IAs increased phosphorylation of HSL on 
Ser552, one of the major sites controlling HSL activity (180). Soliman et al (147), also 
demonstrated that rapamycin increases lipolysis and phosphorylation of HSL, without 
affecting cellular cAMP levels, or PKA phosphorylation. Besides PKA, HSL 
phosphorylation on Ser552 is also regulated by glycogen synthase kinase-4 (181). Other 
protein kinases (e.g. extracellular signal-regulated kinase and AMPK) have also been 
shown to regulate HSL enzyme activity by phosphorylation of other serine sites. Thus 
assessment of activation of other regulators of HSL will be important in further work 
evaluating the effects of IAs on lipolysis. 
 
In addition, rapamycin also reduced perilipin gene and protein expression. Isolated 
adipocytes of perilipin null mice exhibit elevated basal lipolysis because of the loss of the 
protective function of perilipin (58). Therefore reduced perilipin protein levels may 
contribute to increase basal lipolysis during rapamycin incubation. Notably, rapamycin 
impaired the antilipolytic effect of insulin, while cyclosporin A and tacrolimus did not 
(Paper III). PKB is critical for the ability of insulin to activate phosphodiesterase 3B, and 
thereby its antilipolytic effect (182). Thus, the inhibitory effect of rapamycin on PKB 
serine phosphorylation (Paper I) could also have contributed to this finding. 
 
In Paper III we also show that rapamycin, cyclosporin A and tacrolimus reduce the 
synthesis of TAG from fatty acids (esterification) and glucose (lipogenesis). The 
inhibition on glucose uptake by rapamycin (Paper I) and by cyclosporin A and tacrolimus 
(Paper II) could also contribute to the reduced lipogenesis. 
 
Surprisingly in Paper III, we show that LPL gene expression was increased by rapamycin 
in both subcutaneous and omental adipose tissue. LPL mediated hydrolysis of circulating 
lipoprotein-TAG provides the adipocytes with fatty acids (52). Thus increased LPL gene 
expression by rapamycin would contribute to adipose tissue clearance of circulating 
lipoprotein-TAG. Previous studies have shown that rapamycin reduces LPL gene 
expression and activity in the retroperitoneal adipose tissue of rats (144, 145) and LPL 
activity in human plasma (183). When considering the conflicting results between our and 
previous studies regarding LPL expression in adipose tissue, it should be emphasized that 
activity, rather than gene expression, is most relevant to measure, and this has been not 
measured so far. 



Discussion 

45 
 

We also observed an inhibition of the expression of two PPARγ target genes, the CD36 
and FABP4/aP2 in adipose tissue incubated with tacrolimus. PPARγ is a “master 
regulator” of adipogenesis and adipocyte lipid metabolism (184). In addition, it has been 
implicated in playing an important role in obesity-related metabolic diseases such as 
hyperlipidemia, insulin resistance, and coronary artery disease. A co-ordinated down-
regulation of CD36 and PPARγ by tacrolimus has been shown in a human THP-1 
macrophage model (185). Therefore it is important to further investigate effects of 
tacrolimus on PPARγ in human adipose tissue in future studies. 
 
Recent studies have demonstrated that mTORC1 plays an active role in lipid synthesis by 
promoting activation of SREBP1, a fundamental transcription factor involved in insulin 
mediated fatty acid synthesis (186). The SREBP1 gene gives rise to two proteins, 
SREBP1a and SREBP1c, by alternative splicing. The transcription potency of SREBP1a 
is higher than that of SREBP1c, but SREBP1c is the dominant isoform involved in 
insulin-mediated fatty acid synthesis. In Paper III, we show that rapamycin, during non-
stimulated conditions, inhibits SREBP1 gene expression (both isoforms), as well as it co-
activator lipin 1 (186) in subcutaneous adipose tissue. In contrast, FAS gene expression 
was not changed by rapamycin, indicating that SREBP1c activity was not affected. 
Consequently, the effects of rapamycin on SREBP1a and SREBP1c in human adipose 
tissue should be further investigated and especially insulin-stimulated conditions should 
be evaluated. 
 
In addition to effects on lipid storage, treatment of subcutaneous and omental adipose 
tissue with either rapamycin, cyclosporin A or tacrolimus (Paper III), lead to an increase 
in IL-6 gene expression and secretion. IL-6 is a circulating cytokine that is involved in 
different cellular processes and has both pro-inflammatory and anti-inflammatory 
properties (62). Adipose tissue IL-6 expression and circulating IL-6 concentrations are 
positively correlated with obesity, dyslipidemia, impaired glucose tolerance and insulin 
resistance (187). In addition, high levels of IL-6 in the circulation are associated with 
reduced adipose tissue glucose uptake (188) and increased lipolysis (189). Thus, we can 
not exclude that reduction of glucose uptake or stimulation of lipolysis after incubation 
with the IAs, could be an indirect effect of secreted IL-6 in the incubation media. 
 
In Paper I, II and III, incubation with either rapamycin, cyclosporin A or tacrolimus 
reduced both basal and insulin stimulated glucose uptake in human adipocytes, enhanced 
lipolysis stimulation and impaired lipid storage partially via down-regulation of lipogenic 
genes in adipose tissue. Hence, these findings may contribute to higher circulating levels 
of glucose, glycerol and FFA production, and a reduced plasma lipid clearance, promoting 
insulin resistance in skeletal muscle, liver and pancreatic β-cells (61). Plasma FFA are 
recognized as one of the major substrates for hepatic VLDL production (190). Therefore, 
simultaneous increase in FFA delivery and reduced VLDL catabolism by adipocytes 
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during immunosuppressive therapy can contribute to increased hepatic VLDL secretion. 
This can provide one explanation for the increased plasma VLDL levels observed during 
immunosuppressive therapy (44, 46). Fatty acid flux into muscle can also increase the 
intramuscular levels of lipid metabolites, such as acyl CoA and diacylglycerol (191) and 
contribute to insulin resistance in skeletal muscle by defects in insulin signalling (192). 
 

Effects of dexamethasone on adipose tissue gene expression 

Endogenous glucocorticoid excess (e.g. Cushing’s syndrome) or during prolonged 
corticosteroid therapy, induces hyperglycemia, insulin resistance, central obesity and 
other components of the metabolic syndrome including dyslipidemia and hypertension 
(82, 193). Central obesity, in particular visceral obesity, is associated with increased risk 
of cardiovascular diseases (194). It also contributes to the development of the components 
of the metabolic syndrome and inflammation, as well as activation of the immune system. 
Thus, identification of genes regulated by glucocorticoids in adipose tissue, that may be 
associated with insulin resistance and activation of the inflammatory/immune system, are 
of interest and may indicate novel biomarkers for adipose tissue insulin resistance induced 
by glucocorticoids. 
 
In Paper IV, we identified an expected down-regulation of expression of genes related to 
immune/inflammatory responses in both subcutaneous and omental adipose tissue 
incubated with dexamethasone, according to microarray analysis. The genes with the 
greatest increase in gene expression after dexamethasone incubation were CNR1 and 
FKBP5. CNR1 is mostly expressed in central nervous system, but it is also found in other 
peripheral tissues, including adipose tissue (195). Recently, it has been suggested that 
CNR1 modulation alters cytokine production (e.g. adiponectin) in human omental adipose 
tissue (196). CNR1 has not previously been identified as a gene regulated by 
glucocorticoids in adipose tissue and our findings thus warrant further investigations. 
 
 FKBP5 is a member of the family of immunophilins with peptidyl cis-trans isomerase 
activity (197). The protein encoded by this gene, FKBP51 was firstly shown to mediate T-
cell inhibition by forming a complex with tacrolimus and rapamycin (198, 199). 
Subsequently, the protein was shown to be involved in the modulation of glucocorticoid 
receptor function, by forming a complex with the heat shock proteins Hsp70/Hsp90 (200). 
It is well established that FKBP5 reduces glucocorticoid sensitivity and several studies 
have presented data supporting the induction of FKBP5 by glucocorticoids (85, 201). To 
the best of our knowledge, this is the first study reporting that FKBP5 gene and protein 
levels are regulated by dexamethasone in both human subcutaneous and omental adipose 
tissue. In contrast, rapamycin reduced FKBP5 gene expression (Paper IV). This suggests 
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that the dexamethasone-mediated increase in FKBP5 gene expression is not a general 
effect related to immunosuppressive therapy. 
 
A recent discovery suggests that FKBP5 has functions extending beyond its role in 
glucocorticoid receptor signalling. It was shown that FKBP51 acts as a scaffolding protein 
for PKB and to its phosphatase, PH domain leucine-rich repeat protein phosphatase, and it 
promotes dephosphorylation of PKB (202). This has potentially important implications 
for PKB activity and down-stream effects. 
 
Interestingly, basal FKBP5 gene expression in subcutaneous adipose tissue was correlated 
positively with HOMA-IR, subcutaneous adipocyte diameter and serum insulin. This 
suggests that FKBP5 gene expression is increased in states of insulin resistance. Some 
studies have shown a correlation between plasma cortisol concentration and components 
of the metabolic syndrome and insulin resistance (calculated as HOMA-IR) (203, 204), 
although this has not been found by others (205). In addition, obesity and insulin 
resistance are associated with increase expression of adipose tissue 11-beta 
hydroxysteroid dehydrogenase type 1, that converts inactive cortisone into active cortisol 
locally (206). Thus we can not exclude the possibility that the observed high basal levels 
of FKBP5 in subcutaneous adipose tissue in individuals displaying insulin resistance may 
be due to increased circulating and/or tissue levels of cortisol in these individuals. 
Unfortunately plasma cortisol levels and other parameters of glucocorticoid metabolism 
were not measured in the blood samples from the subjects in Paper IV.  
 
Therefore, FKBP5 gene expression seems to be correlated with insulin resistance and 
adiposity and is altered by dexamethasone and rapamycin. These findings suggest that 
FKBP5 can be one important link between the insulin resistance and the immune 
modulation caused by these drugs and awaits further confirmation.  
 
In an attempt to identify potential links between genes induced by dexamethasone and 
secreted factors, we also identified leptin and TIMP4. Leptin appear to be regulated by 
dexamethasone in both subcutaneous and omental adipose tissue, as reported by 
microarray studies (94). However, plasma leptin levels increase with adiposity (207), 
thus, it may not be an optimal biomarker to study effects of glucocorticoids. TIMP4 is a 
metalloproteinase inhibitor and it is up-regulated in human cardiovascular disorders, 
suggesting its use as a marker for vascular inflammation (208). TIMP4 has not previously 
been identified as a gene regulated by glucocorticoids in adipose tissue, and our findings 
may warrant further investigations on its potential utility as a biomarker. 
 
Previous studies have demonstrated sex- and depot-specific differences in sensitivity and 
responsiveness to glucocorticoid effects. Our group has previously reported that 
glucocorticoids reduce the glucose uptake capacity in omental but not in subcutaneous 
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human adipocytes (92). In parallel, a down-regulation of the cellular levels of the insulin 
signalling proteins IRS1 and PKB were demonstrated in omental adipocytes. Thus, 
identification of genes differentially regulated by dexamethasone may help to identify 
mechanisms by which glucocorticoids contribute to depot differences in adipose tissue 
function. Surprisingly, in our study (Paper IV) only one gene, SERTM1, was differently 
regulated by dexamethasone at supra-physiological concentrations in the two fat depots. 
SERTM1 displayed a clear change only in the omental adipose tissue. However, 
SRETM1 is a gene with unknown function, thus further studies are needed to determine 
whether this gene can contribute to the depot differences in sensitivity and responsiveness 
to glucocorticoid effects. 
 
The primary advantages of in vitro studies are that they give rapid readouts, are relatively 
inexpensive and permit simplification, so that a specific mechanism in tissues or cells can 
be tested. But, even though we have used human adipose tissue in our studies, we need to 
be cautions when extrapolating in vitro results to the in vivo situation. Nonetheless, 
impairment of glucose uptake and dysregulated lipolysis and lipid storage in adipocytes 
may be mechanisms underlying impaired glucose and lipid metabolism observed in 
patients treated with immunosuppressive agents. The perturbations found in adipose 
tissue, may also have an impact in other insulin sensitive tissue such as skeletal muscle 
and liver. Firstly, similar mechanisms could be relevant in those tissues and, secondly, 
dysregulated adipose metabolism can lead to altered inter-tissue signalling, i.e. via 
adipokines that in turn affect metabolism in other tissues. 
 
We have elucidated effects of immunosuppressive agents on human adipose metabolism 
and we propose links to inflammatory mechanisms. Figure 7 gives an overview of the 
demonstrated drug effects and the hypothetical interactions between pathways. 

  
Figure 7 – Hypothetically schematic overview of effects of rapamycin, cyclosporin A and 
tacrolimus and dexamethasone on adipose tissue metabolism. 
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CONCLUDING REMARKS  
 
Taken together, our results suggest that therapeutic concentrations of rapamycin, 
cyclosporin A and tacrolimus impair glucose uptake in human subcutaneous and omental 
adipocytes, via partly different mechanisms. The effects of rapamycin on glucose uptake 
may be explained by the decreased mTORC1 and mTORC2 assembly and by alterations 
in the insulin signalling pathway. Tacrolimus and cyclosporin A, on the other hand, seem 
to reduce cellular glucose uptake without affecting expression or activity of insulin 
signalling components. Instead, cyclosporin A and tacrolimus may enhance the rate of 
endocytosis of the glucose transporter GLUT4, thus leading to a redistribution from the 
surface to the interior of the cell. In addition, rapamycin, cyclosporin A and tacrolimus 
enhance lipolysis in adipocytes and they inhibit lipid storage and the expression of related 
genes. This may contribute to dyslipidemia and also to insulin resistance found in patients 
on immunosuppressive therapy.  
 
Furthermore, we show that dexamethasone influences gene expression similarly in the 
two studied fat depots, i.e. subcutaneous and omental adipose tissue. FKBP5 was 
identified as being strongly regulated by dexamethasone, in both subcutaneous and 
omental adipose tissue. In addition, its expression appears to be correlated with markers 
of insulin resistance and adiposity. FKBP5 may be a mechanism involved in 
glucocorticoid-induced insulin resistance and it could potentially also provide a link 
between regulation of nutrient metabolism and immune response.  
 
It should be acknowledged that the molecular mechanisms associated with the 
development of insulin resistance and dyslipidemia during immunosuppressive therapy 
need to be explored in more detail, and tissues other than adipose should also be 
addressed. Importantly, the clinical relevance of the present findings needs to be 
demonstrated in controlled trials in patients treated with immunosuppressive agents. 
 
In conclusion, adverse effects of immunosuppressive agents on human adipose tissue 
glucose and lipid metabolism may contribute to the development of insulin resistance, 
diabetes and dyslipidemia in patients receiving such drugs. The cellular mechanisms 
described in this thesis may provide novel pharmacological approaches for prevention and 
treatment of metabolic disorders associated with immunosuppressive therapy. Such 
mechanisms could potentially also be of relevance for future treatments for type 2 as well 
as other forms of diabetes. 
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