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ABSTRACT

The immunosuppressive agents (IAs) rapamycin, spdan A and tacrolimus, as well as
glucocorticoids are used to prevent rejection ahsplanted organs and to treat autoimmune
disorders. Despite their desired action on the imensystem, these agents have serious long-
term metabolic side-effects, including dyslipidensiad new onset diabetes mellitus after
transplantation.

The overall aim is to study the effects of IAs amrtan adipose tissue glucose and lipid
metabolism, and to increase our understanding ehithlecular mechanisms underlying the
development of insulin resistance during immunoseggve therapy.

In Paper | andll, it was shown that rapamycin and the calcineurimhbitors, cyclosporin A
and tacrolimus, at therapeutic concentrations,ehadncentration-dependent inhibitory effect
on basal and insulin-stimulated glucose uptake immdn subcutaneous and omental
adipocytes. Rapamycin inhibited mammalian targeapaimycin complex (MTORC) 1 and 2
assembly and phosphorylation of protein kinase BB)Pat Ser473 and of the PKB substrate
AS160, and this leads to impaired insulin signgllffaper 1). On the other hand, cyclosporin
A and tacrolimus had no effects on expression arsphorylation of insulin signalling
proteins (insulin receptor substrate 1 and 2, PKB160), as well as the glucose transport
proteins, GLUT4 and GLUT1Paper Il). Instead, removal of GLUT4 from the cell surface
was observed, probably mediated through increasédogtosis, as shown in L6 muscle-
derived cells. These studies suggest a differewhar@sm for cyclosporin A and tacrolimus,
in comparison to rapamycin, with respect to impaintrof glucose uptake in adipocytes.

In Paper Ill, all three 1As increased isoproterenol-stimulatgzblysis and enhanced
phosphorylation of one of the main lipases involwedipolysis, hormone-sensitive lipase.
The agents also inhibited lipid storage, and tamned and rapamycin down-regulated gene
expression of lipogenic genes in adipose tissukthhée IAs increased interleukin-6 (IL-6),
but not tumor necrosis factar(TNF-a) or adiponectin, gene expression and secretion.

In Paper 1V, we proposed that FKBP5 is a novel gene regulatedlexamethasone, a
synthetic glucocorticoid, in both subcutaneous ameéntal adipose tissue. FKBP5 expression
in subcutaneous adipose tissue is correlated witltal and biochemical markers of insulin
resistance and adiposity. In addition, the FKBP&egaroduct was more abundant in omental
than in subcutaneous adipose tissue.

In conclusion, adverse effects of immunosuppressiugs on human adipose tissue glucose
and lipid metabolism can contribute to the develeptrof insulin resistance, type 2 diabetes
and dyslipidemia in patients on immunosuppressinegapy. The cellular mechanisms that
are described in this thesis should be further aaepl in order to mitigate the metabolic
perturbations caused by current immunosuppressigeapies. The findings in this thesis
could potentially also provide novel pharmacolofgmma&chanisms for type 2 diabetes as well
as other forms of diabetes.

Keywords: Cyclosporin A, tacrolimus, rapamycin, glucocortts) new onset diabetes after
transplantation, adipocytes, insulin signallingjagise uptake, lipolysis, lipogenesis
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Introduction

INTRODUCTION

Insulin resistance and diabetes

The term diabetes mellitus describes a metabolsorder of multiple aetiology
characterised by chronic hyperglycaemia, and rieguftom defects in insulin secretion,
insulin action, or both (1). Diabetes mellitus lassified on the basis of the pathogenic
process that results on hyperglycemia or on theusistances present at the time of
diagnosis. There are four main types of diabeteBituse type 1, type 2, gestational
diabetes and secondary diabetes. Typically typeabetes results from autoimmune
destruction of insulin-producinf-cells in the pancreas and type 2 diabetes fromlims
resistance combined with insulin deficiency. Gestetl diabetes is formally defined as
glucose intolerance with onset or first recognitaduring pregnancy. The last group, so
called secondary diabetes, includes genetic defdcfscell function; diseases of the
exocrine pancreas, such as pancreatitis or cystiosis; other endocrinopathies (e.g.,
acromegaly); and pancreatic dysfunction and/orlingasistance caused by drugs.

Type 2 diabetes

Type 2 diabetes is the most common form of diabatekis caused by a combination of
genetic and environmental factors (2). Currentlyowa 200 million people have type 2
diabetes, and the prediction is that by 2030 aB60tmillion people worldwide will have
type 2 diabetes (3). The high prevalence of diabeted its complications has vast
socioeconomic consequences. The development of2ypabetes is usually preceded by
impaired insulin sensitivity in skeletal muscle,ipbe tissue and liver, a metabolic
condition called insulin resistance and commonlivedr by a sedentary lifestyle and
obesity (2). As a consequence tfeells in the pancreas produce more insulin to
overcome the insulin resistance in peripheral @ssueventuallyB-cells fail to produce
enough insulin to overcome insulin resistance, itgpdto hyperglycaemia and
development of type 2 diabetes.

Several factors have been proposed to contributestdin resistance, including increased
circulating non-esterified fatty acids, inflammatarytokines (e.g. tumor necrosis factor
a, TNF-o and interleukin-6, IL-6), adipokines (e.g. resistand defects in mitochondrial
lipid oxidation (2). On the other hand, tifiecell dysfunction has been attributed to
glucose toxicity, lipotoxicity and islet amyloid plesits. Moreover, genome-wide
association studies have provided support that tger&ctors are also important in
predisposing some individuals to type 2 diabeted iasulin resistance (4), including
polymorphisms of calpain 10 and peroxisome prddifer-activated receptar (PPARy)

(5).



Introduction

Drug-induced diabetes

It is well known that medications may cause unwarsiele-effects, although designed to
relieve symptoms and improve quality of life. There several drugs that may induce
diabetes (secondary diabetes) and these includeaticoids, other immunosuppressive
agents (lIAs), diuretics}-blockers and antipsychotic agents (6). This carcdnesed by
impaired insulin secretion from the pancre@tcells or by insulin resistance in peripheral
tissues and liver, or, most commonly, by both. Bngncases, the underlying mechanisms
are not fully understood and warrant further iniggdgton. 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 develgradually, they can eventually be
disabling or even life-threatening (7). Generallg diabetic long-term complications are
divided into micro- (diabetic nephropathy, neurtyat and retinopathy) and

macrovascular complications (coronary artery diseaeeripheral arterial disease and
stroke) (8). The cardiovascular mortality in typeliabetic patients is more than double
compared with age-matched subjects, being the negase of death in people with
diabetes.

Diabetic nephropathy is the most common cause dfstege renal disease (ESRD) in
many countries. It accounts for approx 45 to 50%axes of ESRD in the United States
and approximately 25% of cases with ESRD in Swed#abetic nephropathy is the
aetiology of ESRD in approximately 25% of kidnegrtsplant recipients transplanted in
the United States and in Sweden the proportionngesvhat lower (9-11).

Diabetes presents particular challenges both inptigetransplant evaluation and after
transplantation (12). These challenges are relatede high incidence of cardiovascular
disease among patients with diabetes, and an sexeask of bacterial and fungal
infections compared with transplant recipients with diabetes. In addition, glycemic
control is often more difficult after transplantati This is because immunosuppressive
regimens used after transplantation have detrirhaitacts on both pancreatig-cell
function and peripheral insulin action as discussedetail in this thesis. Therefore, 1As
makes it difficult to achieve target glucose levalsd prevent the recurrence of the
diabetic lesions in the transplanted kidney.

Combined kidney-pancreas transplantation is anbksit@d treatment for selected
patients with type 1 diabetes and ESRD (13). Pttiahere the potential benefit of a
combined transplant outweighs the increased maybafithe surgical procedure and the
use of lifelong immunosuppression are also considlelCombined kidney-pancreas
transplantation, if successful, improves both patsirvival and quality of life.
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A few patients with type 1 diabetes not controlleg exogenous insulin therapy and
without substantial renal disease may be consideasdcandidates for pancreas
transplantation alone (14). An alternative to salijan pancreas transplantation is
transplantation of pancreatic islets. In 200900 individuals have received allogenic
isolated pancreatic islets witk40 centers world-wide actively engaged in further
developing this therapy (15). All these modes dangplantation currently require
treatment with life-long immunosuppressive therapy.

Immunosuppressive drugs and adverse metabolic effects

In the early/mid-1980s, the discovery and introductof modern IAs into clinical
practice was a major breakthrough to prevent agat @llograft rejection, resulting in an
improved long-term patient and graft survival afselid organ transplantation (16). A
commonly used basic immunosuppressive protocol asegher immunosuppressive load
in the early post-transplant phase, commonly aire@lcin inhibitor (cyclosporin A or
tacrolimus), glucocorticoids and an antiprolifevati agent (e.g. azathioprine or
mycophenolate mofetil). During the subsequent neaiamce phase, lower levels of a
calcineurin inhibitor or a inhibitor of the mamnsali target of rapamycin (mMTOR) is
combined with the lowest dose possible of glucacoids and/or one of the anti-
proliferative agentsindividualized immunosuppressive protocols aim timbine the
most effective drug combination to balance the askejection against long-term adverse
drug effects. However, even with these individuadizprotocols, long-term outcome of
solid organ transplantation is hampered by the Idpweent of metabolic perturbations,
like diabetes, dyslipidemia and hypertension (1)-I%ken together these metabolic
complications are associated with an increasedafigkon-fatal and fatal cardiovascular
events, and other adverse outcomes including iofegt malignancies, reduced patient
and graft survival (18, 20).

New-onset diabetes after transplantation (NODAT)

Diabetes as a long-term complication after kidmaygplantation was first identified in
1964 by Starzkt al. (21). Since then, it has become clear that nevetodisbetes after
transplantation (NODAT) is a common metabolic caogilon, with reported incidence
rates up to 50% during the first year after traasfation (19, 22). Most patients develop
NODAT within the first 6 months after transplantaij although the cumulative incidence
continues to increase also after this period (17).

Similar to type 2 diabetes, both decreased insskaretion and increased insulin
resistance seem to be principal pathogenic compemémNODAT (23, 24). Accordingly,
adoption of current American Diabetes Associati@gdostic criteria for type 2 diabetes
was recommended for the diagnosis of NODAT (25).

11
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In addition to other risk factors (Table 1), immsuoppressive therapy and obesity are
reported to be modifiable risk factors for the depenent of NODAT. Montoriet al
reported that 74% of the variability of the inciderof NODAT could be explained by the
iImmunosuppressive therapy (19). This may be duéhéofact that different 1As can
produce different metabolic perturbations (Table 2)

Table 1. Non-modifiable and modifiable risk factors for newset diabetes (NODAT).

Non-modifiable risk factors Modifiable risk factors
- Age > 40 years - Obesity

- Ethnicity - Metabolic syndrome
- Family history of diabetes - Immunosuppression
- Genetic susceptibility glucocorticoids

- HLA mismatches cyclosporin A

- Deceased donor tacrolimus

- Acute rejection history rapamycin

- Male donor - Hyperlipidemia

- Polycystic kidney - Pre-transplant IGT

- Hepatitis C and cytomegalovirus infection

HLA, human leukocyte antigen; IGT, impaired gluctslerance. Adapted from (26).

The association between glucocorticoid therapy #ed development of diabetes was
established in the 1960s (21). The diabetogeniecefbf glucocorticoids is dose-

dependent and includes reduction in insulin symshasd insulin sensitivity, increased
hepatic gluconeogenesis and central obesity (24le 2). The introduction of more

active lAs, including the calcineurin inhibitors agsporin A and tacrolimus, made it
possible to lower corticosteroid doses and thereblyce the incidence of NODAT (31).
Unfortunately, cyclosporin A and tacrolimus areoatBabetogenic, probably due to both
reduced insulin secretion from the pancreas ancimag insulin sensitivity in peripheral

tissues (32-39) (Table 2). Moreover, treatment witle newer IA rapamycin also

increases the risk for NODAT, in a similar mann&d,(41) (Table 2).

12
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Table 2. Drug-induced new onset diabetes (NODAT): potem&hogenic mechanisms.

Immunosuppressive drug Pathogenic mechanisms

Glucocorticoids | Peripheral insulin sensitivity (27)
| Insulin synthesis and secretion (28)
1 Hepatic gluconeogenesis (29)
1 Central obesity (30)

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

Tacrolimus | Peripheral insulin sensitivity (37, 38)
| B-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 comation of immunosuppressive therapy
with reported incidence rates of 20% to 80%, dutimg first year after transplantation
(18, 42, 43). Clinical studies have shown that impsuppressive therapy, and most
markedly rapamycin, may increase serum levels acyiglycerol (TAG), total
cholesterol, low-density lipoprotein (LDL) and vdow-density lipoprotein (VLDL)
cholesterol, free-fatty acids (FFA) and apolipopnotB, in a dose-dependent manner (44-
47).

Although immunosuppressive therapy has been styoagsociated with NODAT and
dyslipidemia, its effects on glucose and lipid relesm in human adipose tissue have
not been studied in details previously.

Adipose tissue

Adipose tissue is mainly divided into two subtypehjte and brown fat (48). White fat is
widely distributed and represents the primary sftépid storage. Brown fat is relatively
scarce and is specialized in thermogenesis, digsgpheat to maintain body temperature.
We will focus on white adipose tissue, since itmsst relevant to the context of this
thesis. White adipose tissue is mostly composemtigdfocytes, surrounded by connective
tissue that is highly vascularised and innervaltealso contains macrophages, fibroblasts
and adipocyte precursor cells.

13
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Storage of triglycerides

The classical view of the white adipose tissuehiat tit stores and delivers energy
substrate, under the control of several regulatacyors, such as insulin, catecholamines
and the autonomic nervous system (49). The endoggssin adipocytes are determined
mainly by a balance between fatty acid storage/s(s and release of FFA from TAG via
lipolysis (Figure 1). Approximately 90% of the lgs in the adipocyte is composed of
TAG (50).

In the fed state, the concurrent increase in insgliucose and lipid levels in blood drives
the storage of TAG in adipocytes (49). TAG synthesiquires glycerol-3 phosphate and
acyl-CoA as substrates (Figure 1). Glycerol-3 phasp is derived via glycolysis from
glucose and via glyceroneogenesis from sources dffae glucose and glycerol, like
lactate (51). Acyl-CoA is derived from uptake of A~From the circulation and re-
utilization of FFA released from the adipocyte. Huyl-CoA is then attached to glycerol,
via esterification or so-called re-esterificatidsl). FFA from circulation is provided by
hydrolysis of TAG in VLDL particles and chylomicrsrcatalysed by lipoprotein lipase
(LPL) at the luminal surface of capillary endothélcells (52). The hydrolysed FFA are
taken up by adipocytes via specific fatty acid $r@orters (CD36 and fatty-acid-binding
protein, FABP). The intracellular FFA is then corted to acyl-CoA (53). In humans’
adipocytes the endogenous synthesis of acyl-Comn fglucose (known as de novo
lipogenesis) seems to be of minor importance (54).

There are two major pathways for TAG synthesis. Bhgerol phosphate pathway
includes the acylation of glycerol-3-phosphateotigh a step-wise addition of acyl
groups, catalysed by distinct enzymes (glyceroh8gphate acyltransferase; 1-
acylglycerol-3-phosphate acyltransferase; lipir{SB). The second pathway generates the
acylation of diacylglycerol from monoacylglyceroy Imonoacylglycerol acyltransferase
(MGAT) (56). These 2 pathways share the final stegonverting diacylglycerol into
TAG, which is catalysed by diacylglycerol acyltréarase (DGAT).

Conversely, in the fasting state or when energyeedjure is increased for example
during exercise, adipose tissue provides energyhyolysis of TAG into glycerol and
FFA, a process known as lipolysis (Figure 1) (4@atecholamines (e.g. epinephrine)
stimulate lipolysis through the activation @tadrenergic receptors, which activates
adenylate cyclase, increasing cCAMP production.s& in CAMP activates protein kinase
A (PKA), which leads to activation of the lipaselipmse triacylglycerol lipase (ATGL),
hormone-sensitive lipase (HSL) and monoacylglycépalse (57-59). This process leads
to the breakdown of TAG into FFA and glycerol. bidéion to lipases other proteins, like
perilipin, are important for lipolysis (58). Pepin is a lipid-droplet coating protein that
acts as a barrier to lipases, thereby maintainilogvaate of basal lipolysis.

14
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Insulin is a powerful anti-lipolytic hormone in adise tissue. Insulin inhibits lipolysis by
activation of phosphodiesterase 3B, which degrad®slP, thus reducing PKA and
subsequently HSL activity (Figure 1) (60). Additadn circulation factors, such as,
glucocorticoids, TNFe, IL-6 and adiponectin, can also regulate lipolyBisturbances in
the pathways regulating the storage and releaseafyy by adipose tissue may lead to a
reduced capacity of adipocytes to keep lipids ftbmcirculation and other tissues. Fatty
acids may become elevated in the circulation an® T™ay accumulate in pancreas, liver,
muscle and heart (61). This so-called ectopic fpogition may seriously affect the
function of these organs and contribute to the qmethesis of obesity-related conditions
such as insulin resistance, diabetes and cardiolastiseases.

Lipoprotein

Glucose

;etyI-CoA <€ Glucose \I i
.@ nsulin
Malonyl-CoA ‘//- Lactate

Acyl-CoA Glycerol-3-phosphate

Lipid droplet

Iipin

MGL

ATGL HSL Catecholamines

TAG —> DG —> MG

Glycerol

FFA

FFA

Glycerol

Re-esterification

FFA

Figure 1 - Overview of the lipid storage and lipolysis in paltytes. Adapted from (50,
55). Free-fatty acids (FFA); Lipoprotein lipase [P fatty acid binding protein 4
(FABP4/aP2); acyl-CoA synthase (ACS); acetyl-CoAboaylase (ACC); Fatty acid
synthase (FAS); diacylglycerol (DAG); diacylglycéraacyltransferase (DGAT);
triacylglycerol (TAG); diacylglycerol (DG); monoalkyycerol (MG); adipose

triacylglycerol lipase (ATGL); hormone-sensitivpdise (HSL); monoacylglycerol lipase
(MGL); p adrenergic receptop(AR); adenylate cyclase (AC); protein kinase A (BKA
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Adipose tissue as an endocrine organ

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

Adipose tissue distribution and metabolic disease

The main white adipose tissue depots are locatedusaneously and intra abdominally,

respectively (48). Subcutaneous adipose tissuecigtéd beneath the skin and can be
divided into deep and superficial adipose tissugral abdominal adipose tissue is
composed of the retroperitoneal and the viscerglotjewhich is located inside the

peritoneal cavity, and includes the omental anchteeenteric fat.

Central obesity, in particular visceral obesity,s Haeen associated with a cluster of
metabolic alterations, which include insulin resmmnste, components of the metabolic
syndrome and increased risk of cardiovascular des€@3-65). The physiological basis
for these associations may be the anatomical mtaif the visceral depot in relation to
other organs and differences in function and respoto regulating signals. Unlike
subcutaneous adipose tissue, visceral fat tissdeaieed into the portal vein, which has
direct contact with the liver (66). Therefore, nc affect hepatic glucose and lipid
metabolism directly. Genetic susceptibility comlin&ith environmental factors have
major influence on adipose tissue distribution (63¢veral endocrine hormones, like
growth hormone, sex steroids and cortisol, playdamental roles in regulating body fat
distribution (67).

Body mass index (BMI) is the most commonly useeindf body composition in clinical
practice (68). In adults, a BMI between 18.5 and 24)/nf corresponds to normal, BMI
between 25.0 and 29.9 kgfno overweight, and BMI 0£30.0 kg/nf is defined as
obesity. As described above, the common complioatiof obesity, such as insulin
resistance, type 2 diabetes and cardiovasculaasbseare more closely related to the
distribution of body fat than to the absolute antoah adiposity (63-65). As simple
measures, the waist-hip ratio and sagittal abddndiizeneter, are often used and reflect
the degree of abdominal obesity. Other methods sgess fat distribution include
bioelectrical impedance analysis (69), computedogmaphy and magnetic resonance
imaging (68). These last two imaging methods hawe ddvantage of being able to
distinguish subcutaneous adipose tissue from \at@adipose tissue, but they are also
more expensive and technically complex.

16
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Obesity is associated with a chronic inflammataegponse characterised by abnormal
adipokine and cytokine production, and the actoratof pro-inflammatory signalling
pathways (70). However, the precise physiologivanés leading to the initiation of the
inflammatory response and its potential metabatinsequences are not yet completely
understood. It is believed that during expansiomdipose tissue, adipocyte hypertrophy
and hyperplasia may lead to cell hypoxia and attiieof cellular stress pathways (71).
This may cause adipose tissue inflammation andaseleof cytokines and other pro-
inflammatory signals. Cytokines, such as TdBnd IL-6 produced by adipose tissue, can
also promote inflammation and insulin resistance.a®part of the chronic inflammatory
process, locally secreted chemokines attract dtanmmatory macrophages, which in
turn also release cytokines and further activageitflammatory program in adipocytes
(72).

Insulin action in adipose tissue

Insulin is a pleiotropic hormone which has diveas@bolic and anti-catabolic functions
in adipose tissue (73). This includes stimulatibglacose uptake, inhibition of lipolysis
and stimulation of de novo fatty acid synthesisdipocytes. Insulin also stimulates gene
expression of several adipokines and transcripfectors, which are important for
adipose tissue growth and differentiation, inclgd8REBP1c and PPAR74, 75).

The major insulin signalling (phosphoinositide 3&se (PI3K) dependent) is
schematically depicted in Figure 2. Insulin sigimgilis initiated by the binding of insulin
to the extracellulan-subunit of the insulin receptor (IR) on the cellface, resulting in
the autophosphorylation of a number of residueghéntransmembrangsubunits (76).
The active tyrosine kinase phosphorylates inswdreptor substrate (IRS) proteins. The
IRS proteins function as docking proteins for otlggnalling proteins containing Src
homology 2 domains. IRS1 and IRS2 are best charsete and are the main docking
proteins for the binding of the p85 regulatory subwf PI3K, which leads to the
activation of the catalytic subunit p110 (77). Pl3#ediates many of the intracellular
effects of insulin, including threonine phosphotigda of PKB and its activation (73).
Serine phosphorylation of PKB by the mTOR complexm@@TORC2) (78) is also
necessary for the full activation of PKB. MoreoveKB activates AS160 (PKB substrate
of 160 kDa) that quickly increases glucose transpgrincreasing the rate of glucose
transporter (GLUT) 4-vesicle exocytosis and sliglitécreases the rate of internalization
(79). GLUT1 is another glucose transporter presenadipose tissue. GLUTL1 is less
abundant than GLUT4 and it has been proposed tasaat constitutive transport protein
(80). In the basal state, GLUT4 continuously reegdbetween the plasma membrane and
intracellular compartment, with only about 3-10% tbe total GLUT4 protein pool
localized at the cell surface (81). However, ipesse to insulin stimulation, up to ~50%
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of GLUT4 is rapidly (within 5-10 min) translocated the cell surface, thus increasing
transmembrane glucose transport.

Activation of the described PI3K/PKB pathway is dight to mediate many of the
metabolic effects of insulin. Besides glucose tpans it inhibits lipolysis and it promotes
MTOR signalling and expression of adipokines aaddcription factors. In addition to the
PI3K pathway, there are however alternative patlswaius, activation of the CAP-Chbl-
TC10 signalling pathway has been suggested to playimportant role for insulin-

stimulated GLUT4 translocation and glucose uptak®).(Moreover, insulin can also
stimulate the mitogen-activated protein kinase (MAP cascade initiating a

transcriptional programme that is involved in cliyproliferation and differentiation.
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Figure 2 —Overview of the insulin signalling pathway. Adagteom (73).

Insulin receptor (IR); insulin receptor substrate21(IRS1, IRS2), phosphoinositide 3-
kinase (PI3K), phosphatidylinositol (4,5)-biphosgha(PIP2), phosphatidylinositol

(3,4,5)-triphosphate (PIP3), phosphoinositide-depenkinase 1 (PDK1), protein kinase
B (PKB), PKB substrate of 160 kDa (AS160) and ghetransporter 4 (GLUT4).
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Glucocorticoids

Glucocorticoids are steroid hormones produced énatirenal cortex under the control of
the hypothalamic-pituitary-adrenal axis (82). Theim glucocorticoid in humans is
cortisol. The name glucocorticoid (glucose + cortesteroid) is derived from the role in
the regulation of the metabolism of glucose, sysithen the adrenal cortex and steroidal
structure. Various synthetic glucocorticoids araikmle, e.g. prednisone, prednisolone
and dexamethasone (83). These are used to treasdscaused by an overactive immune
system, such as inflammatory diseases and autoimndiseases or to prevent organ
rejection after transplantation.

Glucocorticoids induce their anti-inflammatory amdmunosuppressive effects mainly
through regulation of gene transcription (84) (FeygB, pathway A). Glucocorticoids
diffuse passively into the cells through the plasmembrane due to their lipophilic
structure and form a complex with the glucocorticaeceptor. The glucocorticoid
receptor is a multi-protein complex containing eotbrs; heat-shock proteins (Hsp, such
as Hsp70 and Hsp90) and immunophilins (such as B4 kKK506-binding protein,
FKBP51) (85). Upon glucocorticoid binding the comwplranslocates to its site of action
in the nucleus. It suppresses the transcriptianfeifmmatory and immune genes (e.g. IL-
2) and induces transcription of anti-inflammatogngs (e.g. annexin 1) (84).

IL2

Glucocorticoid T-cell receptor IL-2- receptor
| (]
/ J/ Rapa
mTOR

Tacrolimus | Cyclosporin A

Glucocorticoid B

8 FKBP \ / cyclophilin * FKBP

calcineurin
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\ genes ; ; ! !ILZtranscnpﬂon ,}

\Figure 3 - Pathways for inhibition of the immune system bynumosuppressive drugs
(84, 86). (A) Glucocorticoids; (B) calcineurin ifitiors cyclosporin A and tacrolimus;
and (C) mTOR inhibitor rapamycin. Glucocorticoidceptor (GR); FK506-binding
protein (FKBP); interleukin-2 (IL-2); mammalian ¢gat of rapamycin (mTOR).

19



Introduction

It is well known that glucocorticoids also produegny serious side-effects that limit
their use, including high blood glucose levels,tcdobesity, depression and anxiety (27,
30), but the metabolic side-effects are the onest mebevant to the context of this thesis.

Cortisol, is a powerful insulin-antagonistic horneo29) that regulates a variety of
important metabolic functions and may promote tkegetbpment of insulin resistance,
hyperglycaemia and features of the metabolic syndr{82). Cortisol opposes the effects
of insulin, including impaired insulin-dependenugbse uptake in peripheral tissues,
enhanced gluconeogenesis in liver and impairedimsecretion from pancreatfcells
(28, 29). The effects of glucocorticoids is exerfgdi in clinical syndromes of excess
(Cushing’s syndrome) or during prolonged corticastetherapy (87, 88). Cortisol excess
is characterised by central obesity and other comapis of the metabolic syndrome, such
as glucose intolerance and hypertension. Centrdih in particular visceral adiposity,
is associated with insulin resistance, cardiovascdisease and the metabolic syndrome,
as previously reported (64). Consequently, it isntérest to further explore the response
of adipose tissue to cortisol.

Glucocorticoids cause sex- and depot-specific edgul of processes and/or gene
expression. For example, glucocorticoids stimulatBpose tissue lipoprotein lipase
production and activity, predominantly in viscefal tissue, particularly in men (89, 90),
possibly contributing to central obesity. In costraglucocorticoids in subcutaneous
adipose tissue stimulate lipolysis, particularlywomen (91), resulting in reduced lipid
storage and increased release of fatty acids toitbelation. This may partly explain the
excess of visceral obesity observed in conditionth velevated levels of cortisol.
Furthermore, the capacity of glucocorticoids to ammlucose uptake appears to be more
prominent in the visceral compared to the subcutasdat depot (92). Accordingly,
dexamethasone has been demonstrated to down eegulatal signalling proteins in the
visceral fat depot, e.g. IRS1 and PKB (92, 93). Heev, the molecular mechanisms for
the underlying differential regulation of subcutane and visceral adipose tissue by
glucocorticoids are still unknown.

Recently, key metabolic pathways regulated by desthasone treatment were identified
by microarray analysis in human subcutaneous arehtahadipose tissue from severely
obese individuals (94) and in human skeletal mus(®®). In these studies,

dexamethasone increases gene networks that proocasb®hydrate and amino acid
catabolism and lipid deposition, while genes relate inflammatory pathways were
suppressed. ldentification of biomarkers and newarmlacological targets would be
valuable in the prevention and treatment of gluchooid-induced metabolic

dysregulation and could potentially also be ofvatee for other metabolic conditions.
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The calcineurin inhibitors, cyclosporin A and tacrolimus

The introduction of calcineurin inhibitors has sfgrantly improved the outcome of
transplantation and autoimmune diseases (96). titiad to the expected beneficial
action on the immune system, calcineurin inhibitars associated with long-term side-
effects. These include dose-dependent renal andtibejoxicity and metabolic effects
important for the patient’'s long-term outcome. @ggorin A and tacrolimus are the
calcineurin inhibitors currently used in the clinic

Cyclosporin A is a lipid-soluble cyclizindecapeptide produced bYolypocladium
inflatum, a fungus first isolated in 1970, from a soil sampbddlected in Norway (97).
Since its clinical introduction in 1983, cyclospork has become the first line treatment
for prevention of rejection of transplanted orgamsl for certain autoimmune diseases.
Tacrolimus (also known as FK506) is a lipid-solubilacrocyclic lactone, first isolated in
1987, from the soil funguStreptomyces tsukubaensis, in the Tsukuba region of northern
Japan.

Cyclosporin A and tacrolimus mediate its immunoseppive actions by blocking the
expression of the IL-2 gene in activated T-lymphesya growth factor critical for T-cell
proliferation (98) (Figure 3, pathway B). Althoughey are structurally related, upon
entering the T-cell cytoplasm they bind distinctracellular receptors referred to as
immunophilins; cyclophilin for cyclosporin A and BR6-binding protein (FKBP) for
tacrolimus (99). The drug-immunophilin complexesdito and inhibit the activity of
calcineurin, a calcium dependent serine/threonimesphatase required for early T-cell
activation (99, 100). Furthermore, by preventing e thcalcineurin-mediated
dephosphorylation of the transcription nuclear dacof activated T-cells (NFAT),
cyclosporin A and tacrolimus block the translocatad the NFAT from the cytoplasm to
the nucleus (100). NFAT is involved in the trangtian activation of genes for cytokines
such as IL-2. In all parameters of T-cell inhibitjdacrolimus appears to be 10-100 fold
more active than cyclosporin A. Moreover, tacrolang more potent and the clinical
therapeutic plasma concentration is lower thanciaiosporin 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 dakzineurin inhibitors

inhibit insulin production and secretion from theells of the islets of Langerhans in a
dose dependent manner (35, 36, 103). This effeaeiated through cell death, impaired
insulin production, and/or diminished insulin sdime. Clinical studies have mainly
confirmed these pre-clinical results (23, 104, 16%)wever, a recent study with healthy
human volunteers treated during 5 h with clinicayevant doses of cyclosporin A and

21



Introduction

tacrolimus, reported that both drugs acutely ineedainsulin sensitivity, while the first
phase and pulsatile insulin secretion remained fectd (106). These contradictory
results may be explained by the fact, that a yourage healthier population were
exposed short-term to the effect of calcineurinibirs, whereas previous studies
usually include longer exposures and older poputati The divergent results also
highlight the complexity of these drugs and sugdbat their diabetogenicity may be
time, dose and situation dependent.

Furthermore, studies in both human and mice/rodbatie indicated that calcineurin

inhibitors are associated with reduced insulin gty in peripheral tissues, as well as,

impaired endothelial function (23, 32-34). In humarthe simultaneous use of

glucocorticoids has made it difficult to define thenderlying mechanism of the

calcineurin inhibitors in insulin resistance, singkeicocorticoids per se, are associated
with increased insulin resistance (107). Direceet of cyclosporin A and tacrolimus on

human adipocytes have never been studied previamlysuch results are now reported
in the present thesis.

The calcineurin inhibitors, cyclosporin A and tdorus, also increase serum levels of
cholesterol, TAG, LDL and VLDL, in a dose-dependemanner (44-47). In addition,
cyclosporin A and tacrolimus increase LDL oxidatiand fatty acid content in LDL
(108). Although, calcineurin inhibitor therapy hbeen associated with reduced LPL
(109) and hepatic triglyceride lipase (110) acyviittle is known about the effects of
calcineurin inhibitors on adipocyte lipid metabolind on adipose tissue expression of
genes involved in regulation of lipid metabolism.

Several randomised clinical trials and meta-analysave suggested that tacrolimus has a
more diabetogenic profile than cyclosporin A (9614113), although in other reports the
differences between the two agents were not saamfi (114, 115). In contrast,
cyclosporin A has been associated with greater radveffects on the patient’s lipid
profile (44, 108, 111).

The mTOR inhibitor rapamycin

Rapamycin (also known as sirolimus) is a lipophitiacrocyclic lactone, produced by the
bacteriumStreptomyces hygroscopicus, which was isolated in 1970 on the Easter Island
Rapa Nui, and from here the name rapamycin is derived (IR&pamycin was developed
initially as an antifungal agent, but was abandohedause of its immunosuppressive
effect. In the early 1990s rapamycin-related redeaenewed the clinical interest, and in
1997 rapamycin was approved as an IA in kidneyspkmtation. For the time being the
role of rapamycin in transplant immunosuppressiemains undecided (117). The
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prevailing belief is that the calcineurin inhibisor mycophenolate mofetil and
glucocorticoids should be standard therapy in rdrahsplantation both in terms of
tolerability and outcomes. In addition, rapamycispthys a wide range of organ and
tissue toxicity owing to the critical role of it$tes of action (the mTOR) in the signal
transduction pathways of numerous cytokines, grdadttors, hormones and nutrients.

Rapamycin is structurally similar to tacrolimus, dant binds the same FKBP
immunophilin species (Figure 3, pathway C) (118)wdver, the resulting complex does
not affect calcineurin activity, and therefore ded not block the calcineurin-dependent
activation of cytokine genes (118). Instead, rapamyenders the T-cells unresponsive to
IL-2. The molecular target of the rapamycin-FKBAngex in T-cells is mTOR. mTOR
the S phase of the cell cycle, and thus its supmesnhibits T-cells proliferation (119).
The therapeutic concentration in plasma for rapamigclO to 26 nM (120).

MTOR signalling

MTOR is a conserved serine-threonine kinase thatas protein synthesis, cell survival
and proliferation (121). mTOR is a large proteinBq2kDa) that belongs to the
phosphatidylinositol kinase-related kinase famityglas detected in nearly all eukaryotic
organisms and cell types (122). mTOR forms two piajly and functionally distinct
multi-protein complexes, the mTOR complex 1 (mMTOR@Ad 2 (MTORC2). Several
components of MTORC1 and mTORC2 have been ideshtifiRaptor is a unique
component of mMTORC1, while rictor and stress-atéigtanap kinase-interacting protein 1
(Sinl) are unique components of MTORC2. mTOR sliggis regulated by growth
factors, insulin, nutrients (e.g. amino-acids)ess$; 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. Adaptesit (122).

Insulin receptor (IR); insulin receptor substratentl 2 (IRS1, IRS2), phosphoinositide 3-
kinase (PI3K), phosphatidylinositol (4,5)-biphosgha(PIP2), phosphatidylinositol
(3,4,5)-triphosphate (PIP3), phosphoinositide-depen kinase 1 (PDK1), protein kinase
B (PKB), PKB substrate of 160 kDa (AS160), gluctsasporter 4 (GLUT4) tuberous
sclerosis proteins 1 and 2 (TSC1, TSC2), mammadieget of rapamycin complex 1 and
2 (MTORC1, mTORC2), serum- and glucocorticoid-iretlgrotein kinase 1 (SGK1),
protein kinase Gi (PKCo), p70 ribosomal S6 kinase (p70S6K), 4E bindingtgins 1
(4B-BP1), 5-AMP-activated protein kinase (AMPK)tress-activated map kinase-
interacting protein 1 (Sinl).

The mTOR pathway responds to growth factors thrahghPI3K-PKB pathway. mTOR
and PI3K signalling are connected through the wieisclerosis proteins (TSC) 1 and 2.
TSC1 and TSC2 compose a heterodimer that negatiretiylates mTORC1 (123).
Nutrients, especially amino acids, also activateORTC1 and 2 independently of the
TSC1/2 complex (124), but the exact mechanism is yet identified. In addition
MTORC1 mediates protein synthesis, and consequestlyires higher level of cellular
energy. mMTORCL1 detects the cellular energy leva fay the 5’-AMP-activated protein
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kinase (AMPK) (125). Upon activation, mTORC1 redesa protein synthesis and
transcription of many genes involved in glucose lgnd metabolism by activation of p70
ribosomal S6 kinase (p70S6K) and 4E binding pretdin{126). The phosphorylation of
p70S6K and 4E binding proteins 1 are standard maddenTORCL1 activity.

A crucial element of mMTORCL1 signalling is its initdsy feedback loop on insulin-
induced glucose uptake through inhibitory phosplatign of IRS1 on multiple serine
residues (127). Phosphorylation of IRS1 on sergmdues interferes with PI3K/PKB
pathway, inhibiting insulin action on glucose umal28). mMTORCL1 is also thought to
modulate protein synthesis through stimulation &adscription of ribosomal RNA and
ribosomal biogenesis (129) and to play a role irtoamondrial biosynthesis and
autophagy (130).

On the other hand, mTORC2 regulates cell proliteratind survival, metabolism and
actin organization (122). mTORC2 promote serinesphorylation of PKB, which is
required for its maximal activation (78). Often, @RC2 activation is determined by
measuring the serine phosphorylation of PKB.

Rapamycin is known to be an mTORCL1 inhibitor (1349wever, it has been proposed,
that prolonged rapamycin treatment of 3T3-L1 adypes and other cell types, can also
disrupt the mTORC2 complex and thereby decreaseesphosphorylation of PKB (132).

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

MTORCL1 is essential for differentiation and maiaigce of adipocytes by regulating
transcription factors critical for the early commént of embryonic stem cells to
adipogenic progenitors (133). It also regulates tthascription of factors for terminal
differentiation, including the master regulatorsAR® and SREBP1 (134, 135). In
addition, mTORC1 activates lipin 1 (136). Lipinslinvolved in diacylglycerol synthesis
and also a coactivator of transcription factorsolmgd in lipid metabolism, including
PPARy and SREBP1.

Effects of rapamycin on glucose and lipid metabolism

The diabetogenic effect of rapamycin is well-docated. Clinical studies have
demonstrated that treatment with rapamycin alonénorombination with calcineurin
inhibitors (137, 138) is associated with insulirsisgance, higher incidence of NODAT
and dyslipidemia.

However, the observedn vitro effects of rapamycin on glucose metabolism are
conflicting and its mechanisms of actions have yeit been clarified. In fact, soma
vitro studies have shown that rapamycin relieves the RCD repression of IRS-
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1/P13K/PKB signalling, leading to enhanced ins@imulated glucose uptake in different
cell types, including in L6 cells, 3T3-L1 cells addferentiated human adipocytes (128,
139, 140). In contrast, other studies have sugddbi&t long-term treatment of 3T3-L1
adipocytes (141, 142) and L6 cells (143) with rapam reduce their insulin dependent
glucose uptake capacity. The reason for the difiege between these studies is not clear
but different cell lines, drug concentrations andgperimental conditions may partially
explain the differences found.

Rapamycin increases serum levels of total, LDL ¥h®L cholesterol, TAG, and FFA
(46, 47). Consistent with its effects in humanspalt rapamycin treatment in rats causes
hyperlipidemia and inhibits adipogenesis (144, 14%)addition, these studies show that
MTOR inhibition with rapamycin impairs lipid deptisn in adipose tissue by inhibiting
the PPAR activation and expression of downstream targetegenvolved in lipid
storage. In addition to effects on lipogenic patysyan vitro studies have also shown that
rapamycin stimulates lipolysis via ATGL expressid46) and phosphorylation of HSL
(247) in 3T3-L1 cells.

Since rapamycin can affect the activity of both iR and mTORC2, several studies
have been performed to determine which of the cergd that is involved in the effects
of rapamycin on the dysregulation of lipid metaboli Mice lacking the mTORC1
substrate, p70S6K, as well as mice with adipose#p&nockout of raptor, an mTORC1
essential component, are lean and are preventeah ficet-induced obesity and
dyslipidemia (146, 148-150). On the other hand,emigth fat cell ablation of rictor, a
MTORC2 essential component, have normal adiposeetimass, are unable to suppress
lipolysis in response to insulin, and have elevatedulating FFA and glycerol (151).
Thus both mTORC1 and mTORC2 in fat cells seemsate lan important role in whole-
body energy homeostasis and inhibition with rapamgan disrupt lipid homeostasis.

Although the effects of mTOR inhibition with rapaony on adipocyte lipid metabolism

have been investigated before, particularly in ndsl@ndin vitro in 3T3-L1 cells, to our
knowledge, the effects of rapamycin on human adifgschave not been studied so far.
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AIMS

The overall aim was to study the effects of immupgsessive agents on human adipose
tissue glucose and lipid metabolism. These studmdd contribute to increase our
understanding of the molecular mechanism for théabwdic adverse effects of such
drugs.

The specific aims were to:

Investigate the direct effects of the mTOR inhibitapamycin on glucose uptake in
human subcutaneous and omental adipocytes, antataaterise its interaction with the
insulin signalling pathwayRaper 1).

Investigate the effects of the calcineurin inhikstocyclosporin A and tacrolimus, on
glucose uptake in human adipocytes and their impadhsulin action and on the glucose
transport machineryPaper I1).

Explore the effects of rapamycin, cyclosporin A @acrolimus on lipolysis, lipid storage
and expression of genes involved in lipid metaloolis human subcutaneous and omental
adipocytes and adipose tisstayger 111).

Study the effects of dexamethasone on gene expressi human subcutaneous and

omental adipose tissues, aiming to identify novethanisms explaining glucocorticoid-
induced insulin resistanc@dper 1V).
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METHODS

Detailed description of material and methods iggiin each individual paper.

Subjects and samples

Subjects were recruited via advertisement or beébeetive abdominal surgery, mainly
kidney donation. Subjects with diabetes, endocdiserders and cancer or other major
illnesses, as well as ongoing medication with systeglucocorticoids and immune-
modulating therapies were excluded from the studfeghropometric measurements
including body composition assessed by bioimpedavere obtained in all subjects (69).
Subjects were fasted overnight (>10 h) and vendasdbsamples were collected for
analysis of glucose, insulin and lipids by routmethods at the Department of Clinical
Chemistry, Sahlgrenska University Hospital. A maletailed description of adipose
tissue donors is found iRapers I-1V. The studies were approved by the Regional Ethics
Review Board in Gothenburg. All participants gakeit written informed consent. Due
to limited amount of tissue, not all experimentsravperformed in the adipose sample
from each subject. The clinical characteristicadipose tissue donors and samples used
in Papers1-1V are shown in Table 3.

Table 3 —Clinical characteristics of adipose tissue doraord samples iRapers|-I1V.

Paper | Paper 11 Paper |11 Paper |V
Male/Female (n) 25M/39F 19M/25F 26M/34F 10M/15F
Age (years) 23-72 23-70 18-72 28-60
BMI (kg/m 9 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 Glucose uptake Lipolysis Glucose uptake
Insulin signalling Insulin signalling Lipid storage
Lipolytic proteins
Omental Glucose uptake  Glucose uptake - Glucose uptake

Adipose tissue

Subcutaneous  IRS1/2 (PCR) - Lipogenic genesGene expression
and proteins (Microarray and
(PCR, WB) PCR) and WB

Omental - - Lipogenic genes Gene expression
and proteins (Microarray and
(PCR, WB) PCR) and WB

CsA, cyclosporin A; FK, tacrolimus; Rap, rapamydiCR, real-time polymerase chain reaction;
WB, western blot
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Subcutaneous adipose tissue biopsies were obthineeéedle aspiration from the lower
part of the abdomen after local dermal anaesthesth lidocaine. Alternatively,
subcutaneous and omental biopsies were obtainadgdefective abdominal surgery,
after induction of general anaesthesia. Biopsieseewransferred to the laboratory for
immediate processing and biopsies obtained frorgesyrwere cut into smaller pieces
(approximately 1-2 mf).

Adipocyte isolation and fat cell size

Adipocytes were isolated from adipose tissuapgr I-1V) according to methods
previously reported (152). Briefly, adipose tissuas digested with collagenase type Il
(from Clostridium histolyticum) in Hank’s medium supplemented with 6 mM glucets,
BSA, 0.15uM adenosine, pH 7.4, in a gently shaking water-l=tl37°C for 60 min.
Isolated adipocytes were filtered through a 280 nylon mesh and were washed four
times and suspended in Hank’s medium. The firstisnedllected from the isolated
adipocytes contains the stromal vascular fractiand was used for culture and
differentiation of the pre-adipocyteBdper I1).

The average cell diameter was measured in subcutared omental adipocytes isolated
from all subjectsRaper I-1V), as previously reported (153) and is describdeaer |.

Adipocyte and adipose tissue incubation

In Paper | andll, isolated subcutaneous and omental adipocytes prerencubated for
short- (15 min and/or 3h) or long-term (20 h) waltiher rapamycin (0.001-10M),
cyclosporin A (0.001-1uM) or tacrolimus (0.001-1M) to study effects on glucose
uptake and on relevant proteins of the insulin &ligrg pathway. For short-term
incubations, adipocytes were diluted to a lipoofitc% in Hank's medium (4% bovine
serum albumin, 0.1mM adenosine and pH 7.4) without glucose, while lfmrg-term
incubations adipocytes were placed in polystyrelaské containing DMEM (6 mM
glucose, 10% foetal bovine serum, 1% penicilligtomycin) at 37°C, 5% CQwith
gentle rotation (~30 rpm) in a culture chamber.

In Paper Ill, subcutaneous adipocytes were incubated with trowi rapamycin (0.01
uM), cyclosporin A (0.1uM) or tacrolimus (0.1uM) in a gently shaking water bath at
37°C for 2 h, to study the effects of the IAs golysis and lipid storage. In addition, to
study the effects of the IAs on lipolytic proteirmjbcutaneous adipocytes were pre-
incubated for 15 minutes, with or without rapamy@r01uM), cyclosporin A (0.1uM)

29



Methods

or tacrolimus (0.1uM) in a shaking water-bath at 37°C, before isopestel (1uM) was
added for an additional 60 min.

Abdominal subcutaneous and omental adipose tisagimcubated in DMEM (6 mM
glucose, 10% foetal bovine serum and 1% penicitreptomycin) with or without
rapamycin (0.0uM, Paper | and Il1), cyclosporin A (0.1uM, Paper I11) or tacrolimus
(0.1 uM, Paper I11) for 20 h and dexamethasone (0.003-3 [Plslyer V) for 24 h at 37°C
and 5% CQ@. Adipose tissue was thereafter snap-frozen foregexpression studies
(Paper 1, 111 and 1V) and protein Paper 11l and IV) analysis, or treated with collagenase
for adipocyte isolation and glucose uptake studisper 1V). Incubation medium was
used to measure adiponectin and IL-6 released anntedium Paper I11). Simplified
schematic figure on adipose tissue and adipocyepke experiments is shown in Figure

S.
Short-term
@@ Long-term Glucose uptake
Western blot (insulin signalling proteins)
i @ : +/- rapamycin
24 +/- cyclosporin A Lipolvsi
Adipocyte +/- tacrolimus Ipolysis
X isolation Lipid storage
_SC Western blot (lipolytic proteins )
adipose tissue I5
&g—\ Long-term
= Real-time PCR

+/- rapamycin . ) ]
+/- cyclosporin A —> Western blot (lipogenic proteins)
+/- tacrolimus L6, Adiponectin (medium)

SC and OM
adipose tissue

Gene expression (microarray and real-time PCR)
+/- dexamethasone —> Western blot (FKBP5)
Glucose uptake (isolated adipocytes)

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

Glucose uptake assay

Glucose uptake in subcutaneous and omental adg®ayhs assessed according to a
previously reported technique (154) and is desdribdaper I. Briefly, following short-
term incubation (15 min) at 37°C with either rapamy cyclosporin A or tacrolimus
(Paper 1-11) in glucose-free medium, adipocytes were incub&tec further 15 min with

or without human insulin (6 nM). Then D-[tJ€] glucose was added and the incubation
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continued for another 45 min. The cells were thepasated from the medium by
centrifugation through silicone oil and the cels@siated radioactivity was determined by
scintillation counting. Under these experimentahditbons, glucose uptake is mainly
determined by the rate of transmembrane glucosspmat (155) and calculated according
to the following formula: cellular clearance of mad glucose = (cell-associated
radioactivityx volume)/(radioactivity of mediurm cell numberx time) (154).

After long-term incubation (20 h) with either rapgsm, cyclosporin A or tacrolimus
(Paper | and 11) in a glucose containing medium, the cells wershea and diluted in a
glucose-free medium and glucose uptake was assemsedescribed above. After
incubation of adipose tissue with or without dexdmasone Raper 1V), adipocytes were
isolated and glucose uptake was performed as teskcabove.

Protein extraction and immunoblotting

After the indicated pre-incubation$gper I-111), adipocytes were stimulated with or
without a maximal insulin concentration (6 nM) fam additional 15 min. Thereafter, the
cells were lysed in ice-cold buffer at 4°C durindy 2nd the insoluble substances were
sedimented through centrifugation. The protein eonbf adipocytes lysate was measured
with the bicinchoninic acid protein assay kit atated at -80°C.

To obtain adipose tissue lysatéper 111 and IV), adipose tissue was homogenized in
lysis buffer using a Tissue Lyser. Thereafter thetqrol continues as previously
described for adipocyte lysates.

Immunoblotting Paper 1-1V) was performed as described Haper |. Briefly, equal
amount of protein from each sample were loadedaiygerylamide gels and proteins
were separated according to their electrophoretibiiity using SDS-PAGE. The proteins
were then transferred to a nitrocellulose membrand detection of the proteins of
interest was done with the respective primary aulids, followed by the corresponding
secondary antibody linked to horseradish peroxidAs¢éection of the proteins was made
with a chemiluminescence reagent and visualizeagu§hemidoc XRS detection system
or on high performance chemiluminescence film.

For mTOR and IRS1 immunoprecipitatioPaper 1), the primary antibodies were coupled
with protein G-coupled Dynabeads, as suggestetidoynanufacturer. Thereafter, 0.5 mg
of cell lysates were incubated overnight at 4°Chwiitug of antibody coupled with G-
coupled Dynabeads. Samples were subjected to SOE=Rd continued, as previously
reported, for immunoblotting.
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Gene expression

RNA from subcutaneous and omental adipose tisBapef I, 111 and 1V) was extracted
according to the manufacturer’s instructions usihg Qiagen Lipid Tissue Kit. The
extracted RNA was quantified at 260 nm in a sp@ttobtometerand cDNA was
synthesized with the Applied Biosystems High CajyadDNA Reverse Transcriptase Kkit.

Microarray

Microarrays provide a powerful research tool fotedination of thousands of genes
(transcripts) in a single experiment. It allowswakzation of which genes are expressed
in a particular tissue under a particular set afditbons, and that can be used to test, as
well as, generate new hypothesis.

Microarray analysis was performed as describdegper 1V. Briefly, we used the Human
Exon 1.0 ST Array from Affymetrix that allows mooitng of over 28,000 gene
transcripts in the human genome. For gene expressialysis of human adipose tissues
that was incubated either with or without dexamsbim@ Paper V), total RNA was
extracted, amplified and used to generate senarestDNA synthesis. The sense-strand
cDNA was fragmented and biotin-labelled before dikation with the microarray. After
scanning, the microarray results were analysed vAthay Studio Microanalysis
Software. To compare the effects of dexamethasoestntent on subcutaneous and
omental adipose tissue the statistical generahtineodel was used.

Real-time PCR

Real-time polymerase chain reaction (real-time P@R)one of the most sensitive
techniques to verify DNA microarray results andttier explore the expression of genes
of interest. Real-time PCR was performed as desdribPaper I, |1l andIV.

We used the ABI Prism 7900 HT Sequencing Detec8gstem that takes advantage of
the 5’ nuclease activity of Tag DNA polymerase emgrate a fluorescent signal during
the thermal cycling of the PCR. The measured flsmeace reflects the amount of
amplified product in each cycle. The cycle numbewhich enough amplified product
accumulates to yield a detectable fluorescent §igaacalled the threshold cycle. To
adjust for differences between the samples notechilry the incubation, for example
dilutions and pipetting errors, the data needsetmdrmalized. Therefore, it is crucial the
use of a reference (housekeeping) gene. The naatialh was performed with the
housekeeping gene 18S rRNA. Raper | and I1I, quotient of the expression for each
gene was normalized to control, and calculatedratasive fold change.

In Paper 1V, a standard curve for each primer-probe set ofgubadipose tissue cDNA
was used. Therefore, the relative concentratiortheftarget 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 previousorggd technique (156) and as
described inPaper Ill. In brief, the isolated adipocytes were incubakegith or without
rapamycin (0.01uM), cyclosporin A (0.1uM) and tacrolimus (0.1uM) and with or
without isoproterenol (0.01 anduM) and insulin (0-10QU/ml) in a shaking water bath
at 37°C for 2 h. The medium was then separated tr@madipocytes, and the glycerol
concentration on the medium was measured by coétricnabsorbance in a kinetic
enzymatic analyser and used for estimations oétfexts of the 1As on the lipolysis.

“C-glucose and“C-palmitate incorporation into TAG were used to mega adipocyte
lipid storage Paper Il1). Briefly, isolated adipocytes were incubated with without
rapamycin (0.01u1M), cyclosporin A (0.1uM) or tacrolimus (0.1uM) in a gentle shaking
water bath at 37°C for 2 h. FC-glucose incorporation, the medium was supplendente
with or without insulin (100QU/ml) and D-[U*C] glucose (0.26 mCi/L, 0.86M). For
“C-palmitate incorporation, the medium was supplaewith [1**C] palmitic acid
(2.0 uCi/ml) and sodium-palmitate/BSA-mix (0.12 mM sodiymalmitate, 40% BSA).
Adipocytes were then separated from medium, and tiiglyceride associated
radioactivity was measured by scintillation cougtiafter lipid extraction according to
Dole and Meinertz method (157).

GLUT4 trafficking in L6 cells

The L6 cell line was originally isolated in 196&1n primary cultures of rat thigh muscle
(158). L6 cell exhibits many of the skeletal muscharacteristics sedn vivo, like the
ability to differentiate into myotubes, expressesaV proteins typical of skeletal muscle,
including GLUT4 glucose transporter, respond tallimsand glucose uptake. FPaper I,
we used L6 cells that express the GLUT4 proteirnwsitc-myc epitope inserted into the
first ectodomain. One advantage of the L6-GLUT4rogls is that this cell line provides
a gquantitative colorimetric assay to measure theadyc availability of the myc-epitope
to the extracellular milieu, without the need tormpeabilize or fractionate the cells.
Differentiation into myotubes is not necessary tasure glucose uptake or GLUT4myc
translocation.

L6-GLUT4myc cells were cultured in MEM-supplemented with 10% FCS, at 37°C, 5%
CO.. At confluence 2 days after seeding, L6-GLUT4mytlscwere used to study the
effects of either cyclosporin A (0dM) or tacrolimus (0.1uM) on glucose uptake, cell
surface GLUT4myc and GLUT4myc internalization amtieenalization, as described in
Paper 11. Cellular transport of 2-deoxy-glucose was measaecording to a previously
described technique (159). The amount of cell serf&LUT4myc and GLUT4myc
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internalization and externalization was determibgdan antibody-coupled colorimetric

absorbance assay, as previously described (16@).d&ka for the kinetics of GLUT4

endocytosis traffic were fitted by nonlinear regies for a single exponential association
(161).

Statistical analyses

Results are given as mean = standard error of #snr(SEM) unless otherwise stated.
Comparisons between treated and untreated celtsssure were performed within the
same individuals to minimize the effects of confdng variables. A p-value <0.05 was
considered statistically significant. All variablegere testedfor normality using the
Shapiro-Wilk test. The Student’'s pairdetest was applied to compare means of
continuous and normally distributed variables; othge, the Wilcoxon test was used.
Bivariate correlations were performed with Peargpispearman correlation coefficients,
as appropriate, and statistically significgqot@.05) variables were log-transformed (if not
normally distributed) and subjected to multivariatealysis via step-wise linear regression
analysis. Statistical analysis was performed usieg SPSS package version 18 (SPSS
Inc. Chicago, IL).
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SUMMARY OF RESULTS

Details of the results can be foundHapers|-IV.

Paper |

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

Short- and long-term incubation of human subcutasesnd omental adipocytes with a
therapeutic concentration of rapamycin (0M), reduced basal and insulin stimulated
glucose uptake by 20-30%, when compared to untteatgls. This effect was
concentration dependent (1 nM-¥), with a maximal reduction of glucose uptake by
40%. In addition, the degree by which rapamyciniiitéd insulin-stimulated glucose
uptake, correlated positively with body fat masd #me subcutaneous fat cell diameter,
and negatively with the serum levels of HDL chatest Thus, the inhibition of glucose
uptake by rapamycin was more pronounced in adipscfriom lean patients (lower fat
mass) with smaller adipocytes, and higher serumlsent HDL-cholesterol.

Rapamycin inhibited mTORC1 and mTORC2 complex ab$emand also inhibited
insulin-stimulated PKB Ser473 phosphorylation, ahORC2 substrate. Short- and long-
term incubation with rapamycin had no effect on $3R protein levels, but as expected,
reduced the insulin-stimulated phosphorylation (~8) of p70S6K, an mTORC1
substrate. Rapamycin did not change the amouriR®1 lor its tyrosine phosphorylation
in subcutaneous adipocytes, but reduced phosphiorylaf IRS1 on several serine
residues (307, 616 and 636), compared with unidezd@ocytes.

Rapamycin incubation induced a time-depended dserealRS2 protein levels (up to
~35% reduction after 20 h incubation) in adipocyi®bereas IRS2 mRNA levels were
increased by ~50% in adipose tissue. In additiapamycin incubation reduced insulin-
stimulated phosphorylation of IR by up to 50% af2érh incubation, but had no effects
on IR, PKB, GLUT4/1 and p85-PI3K protein levels.
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Paper I

Cyclosporin A and tacrolimus reduce glucose uptakén human subcutaneous and
omental adipocytes without effecting expression oactivation of insulin signalling

proteins. Cyclosporin A and tacrolimus remove GLUT4from the cell surface via an
increased rate constant of endocytosis in L6 cells.

Short- and long-term incubation with either cyclasp A or tacrolimus reduced both
basal and insulin stimulated glucose uptake in st@aneous and omental adipocytes. The
inhibitory effect was concentration-dependent (M3 huM), by up to 40%, and occurred
at therapeutic concentrations used as immunosuppectherapy.

Incubation of adipocytes with tacrolimus reducedot®sphorylation by ~30%. However,
the proteins levels and phosphorylation of releviasulin signalling proteins (IRS1,
IRS2, PKB, AS160, GLUT4/1, mTOR and p70S6K) wasfiawed by both cyclosporin
A and tacrolimus. In addition, cyclosporin A andrt@imus, reduced by 60% the amount
of insulin-stimulated GLUT4 at the adipocyte sugfabut had no effect on basal amounts
of GLUT4 at the cell surface.

The effects of cyclosporin A and tacrolimus on gl uptake and amount of GLUT4 at
the cell surface were also investigated in L6 célgclosporin A and tacrolimus inhibited
insulin-stimulated glucose uptake and the amour@ldfT4myc at the cell surface in L6
cells. No effects of the agents were detected salbénon-stimulated) conditions. In
addition, cyclosporin A and tacrolimus increased itsulin-stimulated GLUT4myc rate
for endocytosis by 30 and 47%, respectively. Thiggests an increased rate of GLUT4
internalization, which may reduce the exposure tg GLUT4 at the cell surface
membrane, and contribute to the reduction in gleagsake.

Paper lli

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

All three IAs, rapamycin, cyclosporin A and tacmolis, increased isoprenaline-induced
lipolysis by 20-35%, and isoprenaline-stimulate@ghorylation of HSL Ser563, one of
the main lipases involved in lipolysis. In additioapamycin increased basal lipolysis by
~20% in subcutaneous adipocytes, and reduced betle gnd protein expression of
perilipin. Perilipin is a lipid droplet coating @ein that serves important functions in the
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regulation of basaland hormonally stimulated lipolysisRapamycin reversed the
antilipolytic effect of insulin, whereas no effeotgere observed for cyclosporin A or
tacrolimus.

Furthermore, the IAs reduced lipid storage by 2®3%hereas the insulin-stimulated

lipogenesis was down regulated by ~10%. Rapamyailuaged the expression levels of
genes involved on fatty acid uptake and storageBff¥aP2 and SREBP1, respectively)
in subcutaneous adipose tissue. In contrast, the gerpression of LPL was increased by
rapamycin in both depots. It was also observed thatolimus inhibited the gene

expression of genes involved in the uptake andspam of fatty acids (CD36 and

FABP4/aP2, respectively) in both subcutaneous andntal adipose tissue. No effects
were observed with cyclosporin A in any of the s#ddipogenic genes.

The gene expression of IL-6, an adipokine knowhdwe pro-inflammatory effects, was
increased in subcutaneous and omental adiposes tikati was incubated with all three
IAs, although only significant for the subcutanealepot. An increase in IL-6 was also
observed in the incubation media from the subculasi@dipose tissue, upon incubation
with rapamycin. On the other hand, no changes wigserved on the expression of either
TNF-a or adiponectin upon exposition of adipose tissuiné three IAs.

Table 3 shows a summary of the effects of the |1Ahaman adipocytes/adipose tissue
glucose and lipid metabolisrRdper I-111).

Table 3. Summary of IA effects on human adipocytes/adigsseie. FronPaper 1-111.
Rapamycin Cyclosporin A Tacrolimus

Glucose uptake ! ! !
IR-phosphorylation ! — !
IRS1 Ser phosphorylation ! nd nd
IRS2 protein ! — o
PKB Ser473 phosphorylation ! > >
GLUT4 endocytosis nd 1 0
Lipolysis 1 1 1
Lipid storage ! ! )
Lipogenic genes ! — !

IL6 gene expression/production 1 1 1

|, decreased}, increaseds—, no change; nd, not done
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Paper IV

Dexamethasone increased the expression of FKBP5 hsiman subcutaneous and
omental adipose tissue and the expression of FKBR&as correlated with clinical and
biochemical markers of insulin resistance.

DNA microarray analysis showed that dexamethasdna supra-physiological and a
maximally effective concentration (3uM) suppressed genes related to
immune/inflammatory responses. The two genes wii @greatest increase in gene
expression after dexamethasone incubation were BK&mI cannabinoid receptor 1
(CNR1). In contrast, rapamycin decreased FKBP5 gsipeession in both adipose tissue
depots. Moreover, dexamethasone increased the FKBR® and its protein (FKBP51)
expression in a dose-dependent manner in bothefadtd. Basal FKBP51 protein levels
were 10-fold higher in omental than in subcutaneadgose tissue. FKBP5 gene
expression in subcutaneous depot positively cdgelavith serum insulin, homeostasis
model assessment-insulin resistance (HOMA-IR) amatgtaneous adipocyte diameter.
This suggests that its gene expression in subcowsnedipose tissue may be increased in
states of insulin resistance. In addition, the foldhnge in gene expression exerted by
dexamethasone was negatively correlated with HbAM|, HOMA-IR and serum
insulin, but only in subcutaneous adipose tissue.

In this study only serine-rich and transmembranmala containing 1 (SERTM1) gene
displayed a different response to dexamethasoribeirntwo fat depots. SERTM1 gene
expression was clearly down-regulated in omentapasaé tissue, but unchanged in
subcutaneous adipose tissue. The leptin and me¢plimlase inhibitor 4 (TIMP4) genes,
encoding for secreted factors, were also up-regdlaly incubation with dexamethasone
in both subcutaneous and omental adipose tissue.

In addition, dexamethasone reduced basal and mstihulated glucose uptake in

subcutaneous and omental adipocytes, but omenf@des had a greater sensitivity to
the metabolic effects of dexamethasone.
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DISCUSSION

Immunosuppressive agents have remarkably improved duccess rate of organ

transplantation. Besides the expected increasef@ction susceptibility, development of

other adverse effects has become evident followong-term use of these drugs. These
undesired effects include diabetes, dyslipidemiagrdiovascular diseases and
malignancies, and have an adverse effect on patiertiidity and mortality. Thus, studies

on the underlying mechanisms by which these drifgstaglucose and lipid metabolism,

are warranted in order to develop pharmacologigapr@aches for treatment and

prevention that mitigate these unwanted side-effect

Adipose tissue is a well recognized endocrine orpah participates actively in energy
regulation, through a network of endocrine, paracriand autocrine signals (62).
Importantly, dysregulation of adipose tissue meliabo may lead to a cluster of
metabolic alterations that may affect total bodycgkse and lipid metabolism and insulin
sensitivity.

Effects of rapamycin, cyclosporin A and tacrolimus on
glucose uptake

Similar to type 2 diabetes, new onset diabetes (NDDresults from an imbalance
between insulin sensitivity and insulin secreti@f,(24). It is well established by bath
vitro and clinical studies that IAs impair pancreaficell proliferation and insulin
production in a dose dependent manner (35, 361@3), The potential impact of the IAs
on insulin sensitivity is less clearly defined. 8eal clinical studies have indicated that
treatment with IAs can reduce insulin sensitivityperipheral tissues (23, 32, 33, 137,
162), but the underlying mechanism(s) are not known

In Paper | and Il we show, for the first time, that rapamycin, cygorin A and
tacrolimus, within the range of the clinical thesapic concentrations, impair both basal
and insulin stimulated glucose uptake in human staneous and omental adipocytes.
The inhibitory effects of the 1As on glucose uptakeilld be detected already after a short-
term incubation time (75 min) and at concentratiemsn lower than those recommended
during immunosuppressive therapy.

Results from randomized clinical trials and metatgses demonstrate a higher incidence

of NODAT in patients treated with tacrolimus tharthacyclosporin A (96, 111-113), but
these findings has not been confirmed by other4,(115). In ouiin vitro model Paper |
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and 1), rapamycin, cyclosporin A and tacrolimus had Emdose-response effects on
glucose uptake, with a maximal inhibition of ~40&subcutaneous adipocytes.

It is thought that visceral adiposity is more melatally active than subcutaneous fat and
more strongly associated with adverse metabolic fiscluding insulin resistance (63,
64). However, in ouin vitro model we did not find any differences in the IAtets on
glucose uptake between subcutaneous and omentgbocgtks. Interestingly,
subcutaneous adipocytes from lean subjects andaibrmal lipid pattern (higher HDL-
cholesterol levels) may be more sensitive to thabitory effects of rapamycin on
glucose uptakeRaper 1). On the other hand, adipocytes from obese indal&l are
usually larger (hypertrophic) and characterisedrdyuced insulin sensitivity already at
baseline (163). This may mask a worsening of gleecgaake by rapamycin incubation.

Newly all transplanted patients need to take atleae of the 1As for the rest of their life,
and the long-term effects may take place over @ Ipariod of time. Therefore, we
investigated whether a longer incubation time (20nth the IAs could have a more
pronounced inhibitory effect on adipocyte glucosgakle. The degree of inhibition of
insulin-stimulated glucose uptake after short- dadg-term incubation with either
rapamycin, cyclosporin A or tacrolimuBgper | andll) appear to be similar. However,
we can not directly translate our findings fromdeterm incubation (20 h) in am vitro
model, to long-term clinical use for several years.

Adipose tissue only accounts for ~10% of the imsgtimulated whole body glucose
uptake, whereas skeletal muscle and liver are thgmsites for insulin-stimulated
glucose uptakél64). A reduction in the relatively small glucose uptdikeadipose tissue
is unlikely to lead to a marked whole body insulsistance during immunosuppressive
therapyin vivo. However, there is strong evidence that dysfunctbthe adipose tissue
plays a crucial role in the development of insulasistance (165). In line with this, a
mouse with adipose tissue-selective depletion olJGA promotes impaired glucose
intolerance, apparently due to secondary insubrstance in muscle and liver (166). This
suggests that besides contributing to whole-bodgage uptake, adipose tissue can also
regulate glucose metabolism in other-insulin serssitissues. In addition, impaired
insulin signalling in adipose tissue, including wedd IRS1 expression, impaired PKB
activity and reduced GLUT4 expression, is deteatedormoglycemic individuals with
genetic predisposition to type 2 diabetes (167)er&tore, impaired insulin action in
adipose tissue could represent an early stagedefionle body glucose intolerance (165).
In addition, all three IAs reduced L6 muscle-dediveells insulin-stimulated glucose
uptake. This suggests that these agents may nptashlice glucose uptake in adipocytes,
but also in other insulin-sensitive cells such asde cells.
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Effects of rapamycin, cyclosporin A and tacrolimus on insulin
signalling

In our study Paper |), we show that rapamycin reduces mTOR-raptor (@rapts of
MTORC1), mTOR-rictor and mTOR-Sinl1 (components @GTQRC2) interactions. This
suggests that rapamycin inhibits both mMTORC1 andORT2 complex formation in
human adipocytes. Rapamycin is known to be an mTOR@ibitor. Sarbassoet al
(132) has previously demonstrated that in seveedl tgpes, including 3T3-L1 cells,
prolonged rapamycin treatment also inhibits mTOR@2plex formation. MTORC2
assembly is necessary for the serine phosphomlatfoPKB (78). An impairment of
MTORC2 could therefore contribute to the decred®3k& serine phosphorylation and
down-regulation of AS160 phosphorylation observed adipocytes incubated with
rapamycin. Phosphorylation of AS160 is required@uUT4 translocation to the plasma
membrane and subsequent glucose uptake (79).

Several studies have shown that activation of tHEOR pathway is implicated in
development of insulin resistance and type 2 defh€128, 168). These studies have
demonstrated that the mTOR-p70S6K pathway directtyeases phosphorylation of
IRS1 at several serine residues and thus inhitstéunction, promotes its degradation,
and, possibly, inhibits insulin signalling (127n tontrast, more recent studies have
demonstrated that adipocytes from obese patiertts type 2 diabetes have attenuated
MTOR signalling (169). In fact, multi-site serinégsphorylation of IRS1, has been
shown to modulate both negative and positive feeklisagnals (170). Surprisingly, in
Paper |, reduction of phosphorylation of several IRS1 reeniesidues by rapamycin did
not alter the insulin-stimulated tyrosine phosplatign of IRS1 or its association with
the p85 subunit of PI3K. Interestingly, a previaisdy has demonstrated that long-term
treatment with rapamycin reduces insulin-stimulalB&1 tyrosine phosphorylation in
circulating mononuclear cells, and that this renuncis correlated to the increase in the
patient’s insulin resistance (171).

In addition, rapamycin reduced IRS2 protein expogstevels. IRS2 together with IRS1,
are the most important IRS proteins in the regotatof glucose uptake (77). IRS2
knockout mice did not only show insulin resistarmfemuscle, fat and liver, but also
manifest diabetes as a resulfetell failure (172).

MTOR inhibition with rapamycin has often shown degant findings, but in oun vitro
model, mTOR inhibition with rapamycin resulted imhibition of glucose uptake and
impaired insulin signalling. These effects may cimite to insulin resistance during
therapy with rapamycin.
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In Paper 11, we show that although phosphorylation of IR wdshited by tacrolimus, the
expression and phosphorylation of insulin signgliproteins (IRS1, IRS2, p85-PI3K and
PKB) was unaffected by both cyclosporin A and thoros, as was mTOR and p70S6K.
In addition, we demonstrate that cyclosporin A gatolimus reduced insulin-stimulated
levels of the glucose transporter GLUT4 at thempasnembrane but they did not change
total protein levels of GLUT4 or GLUTL1. These raswduggest that the inhibitory effect
of cyclosporin A and tacrolimus on cell surface GldJand glucose uptake are not
mediated thought effects on insulin signalling phos. Other alternatives to PKB
signalling also need to be considered in futureliskl For example, the atypical PKC
isoforms, PKQ@ and PKC, increase GLUT4-dependent glucose uptake whenadet by
PI3K (173). Conversely, overexpression of dominaegative forms of these PKC
isoforms inhibits insulin-stimulated glucose traotpand translocation of the GLUT4 to
the plasma membrane (174).

The intracellular trafficking that regulates theamt of GLUT4 at the cell surface is a
dynamic complex itinerary that involves differentess (175). The translocation of
GLUT4 to the plasma membrane, a process calledy&sss, is initiated by the release of
GLUT4 storage vesicles from intracellular retentaowd GLUT4 translocation to the cell
surface (which likely involves transport of GLUT#kage vesicles along cytoskeleton
structures). Subsequent tethering, docking andfusi GLUT4 storage vesicles at the
plasma membrane are also required for an effici@t)T4 surface delivery. Finally,

GLUT4 is internalized from the plasma membraneufbtoa process called endocytosis.

In Paper 1, we used L6 muscle derived cells to determineethaecytic and endocytic
rates of the GLUT4 transporter (160). We show, tloe first time, that in L6 cells,
cyclosporin A and tacrolimus inhibit insulin-stinatéd glucose uptake and affect GLUT4
trafficking by increasing the insulin-stimulatedtea@or endocytosis. In contrast to the
effects on human adipocytes, cyclosporin A andolanus did not affect non-stimulated
glucose uptake and GLUTA4 trafficking in muscle selh both muscle and adipose cells
GLUT4 internalization occurs through both clathdependent and clathrin-independent
endocytosis, but different mechanisms may operatauscle and adipocyte cells (175).
In addition, internalization is also distinctly rdgted in the two cell types, since insulin
reduces the rate of endocytosis in adipocytes (bié)not in muscle (177) cells.

A key question is how cyclosporin A and tacrolimaiger intracellular trafficking of
GLUT4? Additional studies, evaluating the effecta @rotein expression or co-
localization experiments with other proteins invavin GLUT4 trafficking (e.g. clathrin
and transferrin) are necessary to confirm thataspmbrin A and tacrolimus can affect the
GLUT4 endocytosis rate.
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Given the fact that IR tyrosine phosphorylation waeduced by tacrolimus, alternative
possibilities not involving the PI3K-PKB-AS160 patay should also be considered. For
example, IR directly phosphorylates Muncl18c (178) aignals through TCH0(179)
which are required for normal insulin-stimulated &I4 uptake. Inhibition of IR tyrosine
phosphorylation by tacrolimus may impair activatmnthese pathways and contribute to
the reduced glucose uptake and this should beciunestigated.

The results inPaper | and |l suggest that pharmacological concentrations ofatfige
MTOR rapamycin and the calcineurin inhibitors, oggorin A and tacrolimus, have
similar inhibitory effects on glucose uptake in larmadipocytes, but through effects on
different signalling mechanisms (Figure 6). In ¢ast to rapamycin, cyclosporin A and
tacrolimus seem to reduce cellular glucose uptakimowt affecting expression or
activation of insulin signalling and seemingly mcieasing the rate for endocytosis, as
demonstrated in L6 cells.

. . Insulin Glucose ®
. Growth factors Uptake

@
E cm GLUT4N§\\\
exocytosis | | endocytosis
@/

Cyclosporin A
Tacrolimus

1‘ activation
T inhibition

Autophagy

|p7OSGK|| 4E-BP1 I | PKB 8473 ” SGK1 | | PKCa |

Ribosome biogenesis Protein Synthesis Cell proliferation  Actin organization
Transcription Transcription & survival
Metabolism

Figure 6 — Schematic overview of sites of action for rapamyayclosporin A and
tacrolimus interference with insulin action. Insulreceptor (IR); insulin receptor
substrate 1, 2 (IRS1,2), phosphoinositide 3-kind&8K), phosphoinositide-dependent
kinase 1 (PDK1), protein kinase B (PKB), PKB sudistrof 160 kDa (AS160), glucose
transporter 4 (GLUT4) tuberous sclerosis protein? {TSC1, 2), mammalian target of
rapamycin complex 1, 2 (mTORC1, 2), serum- andatodicoid-induced protein kinase
1 (SGK1), protein kinase @ (PKC), p70 ribosomal S6 kinase (p70S6K), 4E higdi
proteins 1 (4B-BP1).
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Effects of rapamycin, cyclosporin A and tacrolimus on lipid
metabolism

In Paper Ill, we show that rapamycin, cyclosporin A and taonob increase
isoproterenol-stimulated lipolysis in human subnetaus adipocytes and that rapamycin
also increase basal lipolysis. The mechanism uyiderithese effects on lipolysis is not
known, but our results show that the three I1Aseased phosphorylation of HSL on
Ser552, one of the major sites controlling HSL\aiti(180). Solimanet al (147), also
demonstrated that rapamycin increases lipolysis @masphorylation of HSL, without
affecting cellular cAMP levels, or PKA phosphorytet. Besides PKA, HSL
phosphorylation on Ser552 is also regulated byagga synthase kinase-4 (181). Other
protein kinases (e.g. extracellular signal-regulatenase and AMPK) have also been
shown to regulate HSL enzyme activity by phosphairgh of other serine sites. Thus
assessment of activation of other regulators of K@ be important in further work
evaluating the effects of IAs on lipolysis.

In addition, rapamycin also reduced perilipin gesned protein expression. Isolated
adipocytes of perilipin null mice exhibit elevatedsal lipolysis because of the loss of the
protective function of perilipin (58). Thereforedueed perilipin protein levels may
contribute to increase basal lipolysis during rapeim incubation. Notably, rapamycin
impaired the antilipolytic effect of insulin, whileyclosporin A and tacrolimus did not
(Paper 11). PKB is critical for the ability of insulin to &éwate phosphodiesterase 3B, and
thereby its antilipolytic effect (182). Thus, thehibitory effect of rapamycin on PKB
serine phosphorylatiorPéper I) could also have contributed to this finding.

In Paper IIl we also show that rapamycin, cyclosporin A anddi@mus reduce the
synthesis of TAG from fatty acids (esterificatioand glucose (lipogenesis). The
inhibition on glucose uptake by rapamyciRager 1) and by cyclosporin A and tacrolimus
(Paper 11) could also contribute to the reduced lipogenesis.

Surprisingly inPaper 111, we show that LPL gene expression was increasedgamycin

in both subcutaneous and omental adipose tissuemdrliated hydrolysis of circulating
lipoprotein-TAG provides the adipocytes with fa#tgids (52). Thus increased LPL gene
expression by rapamycin would contribute to adiptissue clearance of circulating
lipoprotein-TAG. Previous studies have shown thapamycin reduces LPL gene
expression and activity in the retroperitoneal ad@tissue of rats (144, 145) and LPL
activity in human plasma (183). When considerirgy¢bnflicting results between our and
previous studies regarding LPL expression in agifgssue, it should be emphasized that
activity, rather than gene expression, is mostvegleto measure, and this has been not
measured so far.
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We also observed an inhibition of the expressiomnaf PPAR target genes, the CD36
and FABP4/aP2 in adipose tissue incubated witholmous. PPAR is a “master
regulator” of adipogenesis and adipocyte lipid raetsm (184). In addition, it has been
implicated in playing an important role in obesiglated metabolic diseases such as
hyperlipidemia, insulin resistance, and coronangrgr disease. A co-ordinated down-
regulation of CD36 and PPARby tacrolimus has been shown in a human THP-1
macrophage model (185). Therefore it is importamtfurther investigate effects of
tacrolimus on PPARIn human adipose tissue in future studies.

Recent studies have demonstrated that mTORC1 plagstive role in lipid synthesis by
promoting activation of SREBP1, a fundamental tcaipsion factor involved in insulin
mediated fatty acid synthesis (186). The SREBPleggives rise to two proteins,
SREBP1la and SREBP1c, by alternative splicing. Téwestription potency of SREBPla
is higher than that of SREBP1c, but SREBP1c is dbminant isoform involved in
insulin-mediated fatty acid synthesis.Paper Ill, we show that rapamycin, during non-
stimulated conditions, inhibits SREBP1 gene expoasfoth isoforms), as well as it co-
activator lipin 1 (186) in subcutaneous adipossugs In contrast, FAS gene expression
was not changed by rapamycin, indicating that SREBRCctivity was not affected.
Consequently, the effects of rapamycin on SREBRih SREBP1c in human adipose
tissue should be further investigated and espgdiadlulin-stimulated conditions should
be evaluated.

In addition to effects on lipid storage, treatmehtsubcutaneous and omental adipose
tissue with either rapamycin, cyclosporin A or tdienus Paper 111), lead to an increase
in IL-6 gene expression and secretion. IL-6 israutating cytokine that is involved in
different cellular processes and has both pro4imfteatory and anti-inflammatory
properties (62). Adipose tissue IL-6 expression aimdulating IL-6 concentrations are
positively correlated with obesity, dyslipidemiaypaired glucose tolerance and insulin
resistance (187). In addition, high levels of ILr6the circulation are associated with
reduced adipose tissue glucose uptake (188) ameaised lipolysis (189). Thus, we can
not exclude that reduction of glucose uptake anwation of lipolysis after incubation
with the IAs, could be an indirect effect of seerktlL-6 in the incubation media.

In Paper I, Il andlIll, incubation with either rapamycin, cyclosporin A tacrolimus
reduced both basal and insulin stimulated glucgdake in human adipocytes, enhanced
lipolysis stimulation and impaired lipid storagertpaly via down-regulation of lipogenic
genes in adipose tissue. Hence, these findingsamalyibute to higher circulating levels
of glucose, glycerol and FFA production, and a oeduplasma lipid clearance, promoting
insulin resistance in skeletal muscle, liver andgpeaticp-cells (61). Plasma FFA are
recognized as one of the major substrates for leegaDL production (190). Therefore,
simultaneous increase in FFA delivery and reduc&®dlV catabolism by adipocytes

45



Discussion

during immunosuppressive therapy can contributim¢oeased hepatic VLDL secretion.

This can provide one explanation for the incregdadma VLDL levels observed during

Immunosuppressive therapy (44, 46). Fatty acid fhw muscle can also increase the
intramuscular levels of lipid metabolites, suchaagl CoA and diacylglycerol (191) and

contribute to insulin resistance in skeletal muggl@lefects in insulin signalling (192).

Effects of dexamethasone on adipose tissue gene expression

Endogenous glucocorticoid excess (e.g. Cushing®sdreyne) or during prolonged
corticosteroid therapy, induces hyperglycemia, linsuvesistance, central obesity and
other components of the metabolic syndrome inclydigslipidemia and hypertension
(82, 193). Central obesity, in particular viscesbEsity, is associated with increased risk
of cardiovascular diseases (194). It also conteibwd the development of the components
of the metabolic syndrome and inflammation, as wasglactivation of the immune system.
Thus, identification of genes regulated by glucticords in adipose tissue, that may be
associated with insulin resistance and activatibtihe inflammatory/immune system, are
of interest and may indicate novel biomarkers ftipase tissue insulin resistance induced
by glucocorticoids.

In Paper 1V, we identified an expected down-regulation of esgron of genes related to

immune/inflammatory responses in both subcutaneand omental adipose tissue

incubated with dexamethasone, according to micayaanalysis. The genes with the

greatest increase in gene expression after dexaswih incubation were CNR1 and

FKBP5. CNR1 is mostly expressed in central nenaystem, but it is also found in other

peripheral tissues, including adipose tissue (18&cently, it has been suggested that
CNR1 modulation alters cytokine production (e.gpadectin) in human omental adipose

tissue (196). CNR1 has not previously been idadifias a gene regulated by

glucocorticoids in adipose tissue and our finditigs warrant further investigations.

FKBPS5 is a member of the family of immunophilinghwpeptidyl cis-trans isomerase
activity (197). The protein encoded by this gerteBP51 was firstly shown to mediate T-
cell inhibition by forming a complex with tacrolimuand rapamycin (198, 199).
Subsequently, the protein was shown to be involaethe modulation of glucocorticoid
receptor function, by forming a complex with thethshock proteins Hsp70/Hsp90 (200).
It is well established that FKBP5 reduces glucacordl sensitivity and several studies
have presented data supporting the induction of PKBY glucocorticoids (85, 201). To
the best of our knowledge, this is the first studgorting that FKBP5 gene and protein
levels are regulated by dexamethasone in both hwsuboutaneous and omental adipose
tissue. In contrast, rapamycin reduced FKBP5 gepeession Paper IV). This suggests
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that the dexamethasone-mediated increase in FKE®& g@xpression is not a general
effect related to immunosuppressive therapy.

A recent discovery suggests that FKBP5 has funstiextending beyond its role in
glucocorticoid receptor signalling. It was showattRKBP51 acts as a scaffolding protein
for PKB and to its phosphatase, PH domain leuactesepeat protein phosphatase, and it
promotes dephosphorylation of PKB (202). This hagemptially important implications
for PKB activity and down-stream effects.

Interestingly, basal FKBP5 gene expression in siamaous adipose tissue was correlated
positively with HOMA-IR, subcutaneous adipocyte rdeter and serum insulin. This
suggests that FKBP5 gene expression is increassthies of insulin resistance. Some
studies have shown a correlation between plasniegsaloconcentration and components
of the metabolic syndrome and insulin resistanedc(tated as HOMA-IR) (203, 204),
although this has not been found by others (208).addition, obesity and insulin
resistance are associated with increase expressibnadipose tissue 11-beta
hydroxysteroid dehydrogenase type 1, that conweaistive cortisone into active cortisol
locally (206). Thus we can not exclude the possjbihat the observed high basal levels
of FKBP5 in subcutaneous adipose tissue in indafgldisplaying insulin resistance may
be due to increased circulating and/or tissue $ewdl cortisol in these individuals.
Unfortunately plasma cortisol levels and other paters of glucocorticoid metabolism
were not measured in the blood samples from thgstshinPaper V.

Therefore, FKBP5 gene expression seems to be atedelwith insulin resistance and
adiposity and is altered by dexamethasone and napamrlhese findings suggest that
FKBP5 can be one important link between the insuksistance and the immune
modulation caused by these drugs and awaits fucth@irmation.

In an attempt to identify potential links betweeengs induced by dexamethasone and
secreted factors, we also identified leptin and PMLeptin appear to be regulated by
dexamethasone in both subcutaneous and omentabsadifissue, as reported by
microarray studies (94). However, plasma leptirelevincrease with adiposity (207),
thus, it may not be an optimal biomarker to stutfgas of glucocorticoids. TIMP4 is a
metalloproteinase inhibitor and it is up-regulatedhuman cardiovascular disorders,
suggesting its use as a marker for vascular inflatian (208). TIMP4 has not previously
been identified as a gene regulated by glucocad$cm adipose tissue, and our findings
may warrant further investigations on its potentidlity as a biomarker.

Previous studies have demonstrated sex- and dppoifis differences in sensitivity and
responsiveness to glucocorticoid effects. Our grdwgs previously reported that
glucocorticoids reduce the glucose uptake capacitymental but not in subcutaneous
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human adipocytes (92). In parallel, a down-regaiatf the cellular levels of the insulin
signalling proteins IRS1 and PKB were demonstratecdbmental adipocytes. Thus,
identification of genes differentially regulated bgxamethasone may help to identify
mechanisms by which glucocorticoids contribute épat differences in adipose tissue
function. Surprisingly, in our studyPéper 1V) only one gene, SERTML1, was differently
regulated by dexamethasone at supra-physiologaatentrations in the two fat depots.
SERTM1 displayed a clear change only in the omeatdipose tissue. However,
SRETM1 is a gene with unknown function, thus furteeidies are needed to determine
whether this gene can contribute to the depot miffees in sensitivity and responsiveness
to glucocorticoid effects.

The primary advantages of vitro studies are that they give rapid readouts, aegively
inexpensive and permit simplification, so that agfic mechanism in tissues or cells can
be tested. But, even though we have used humansalissue in our studies, we need to
be cautions when extrapolating vitro results to thein vivo situation. Nonetheless,
impairment of glucose uptake and dysregulated ygisland lipid storage in adipocytes
may be mechanisms underlying impaired glucose @md metabolism observed in
patients treated with immunosuppressive agents. ddreurbations found in adipose
tissue, may also have an impact in other insulivsisi@e tissue such as skeletal muscle
and liver. Firstly, similar mechanisms could beevant in those tissues and, secondly,
dysregulated adipose metabolism can lead to alteret-tissue signalling, i.e. via
adipokines that in turn affect metabolism in ottigsues.

We have elucidated effects of immunosuppressivatagen human adipose metabolism
and we propose links to inflammatory mechanismguie 7 gives an overview of the
demonstrated drug effects and the hypotheticataot®ns between pathways.

—

Inhibition of glucose uptake
Stimulation of lipolysis

Inhibition of lipid storage

| Rapamycin Inhibition of lipogenic genes
| Cyclosporin A Modulation of IL-6 production . _
Insulin resistance
| Tacrolimus N H ? — Dlgb.etes.
\ Dyslipidemia
\ Modified immune/
| Dexamethasone \

inflammatory response

N [

\ | Effects on FKBP5 expression
dexamethasone 1
rapamycin |

e

Figure 7 —Hypothetically schematic overview of effects gbaanycin, cyclosporin A and
tacrolimus and dexamethasone on adipose tissudatista.
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CONCLUDING REMARKS

Taken together, our results suggest that therapetmincentrations of rapamycin,
cyclosporin A and tacrolimus impair glucose uptak@uman subcutaneous and omental
adipocytes, via partly different mechanisms. THeat$ of rapamycin on glucose uptake
may be explained by the decreased mTORC1 and mTGR&2mbly and by alterations
in the insulin signalling pathway. Tacrolimus anatlosporin A, on the other hand, seem
to reduce cellular glucose uptake without affectexpression or activity of insulin
signalling components. Instead, cyclosporin A aactdlimus may enhance the rate of
endocytosis of the glucose transporter GLUT4, tleasling to a redistribution from the
surface to the interior of the cell. In additioapamycin, cyclosporin A and tacrolimus
enhance lipolysis in adipocytes and they inhilpiidlistorage and the expression of related
genes. This may contribute to dyslipidemia and &sasulin resistance found in patients
on immunosuppressive therapy.

Furthermore, we show that dexamethasone influegeeg expression similarly in the
two studied fat depots, i.e. subcutaneous and @heipose tissue. FKBP5 was
identified as being strongly regulated by dexanstha, in both subcutaneous and
omental adipose tissue. In addition, its expresajgoears to be correlated with markers
of insulin resistance and adiposity. FKBP5 may bemachanism involved in
glucocorticoid-induced insulin resistance and iuldopotentially also provide a link
between regulation of nutrient metabolism and imentesponse.

It should be acknowledged that the molecular mesha associated with the
development of insulin resistance and dyslipideduang immunosuppressive therapy
need to be explored in more detail, and tissuegrothan adipose should also be
addressed. Importantly, the clinical relevance loé fpresent findings needs to be
demonstrated in controlled trials in patients &dawith immunosuppressive agents.

In conclusion, adverse effects of immunosuppresaigents on human adipose tissue
glucose and lipid metabolism may contribute to deeelopment of insulin resistance,
diabetes and dyslipidemia in patients receivinghsdougs. The cellular mechanisms
described in this thesis may provide novel pharroggoal approaches for prevention and
treatment of metabolic disorders associated wittmimosuppressive therapy. Such
mechanisms could potentially also be of relevancditure treatments for type 2 as well
as other forms of diabetes.
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