
tttp

u Ottawa
L'Université canadienne

Canada's university



ttpt
FACULTE DES ETUDES SUPERIEURES 1==1 FACULTY OF GRADUATE AND

ETPOSTOCTORALES u Ottawa posdoctoral studies
L'Université canadienne

Canada's university

Tayze Tatiana Antunes
AUTEUR DE LA THESE / AUTHOR OF THESIS

Ph.D. (Biochemistry)
GRADE / DEGREE

Department of Biochemistry, Microbiology and ImmunologyfacïïlTOc1xé7dî:paW^

Signaling Pathways Employed by Thyroid Stimulating Hormone to Induce Interleukin-6 Release
From Human and 3T3-L1 Adipocytes

TITRE DE LA THESE / TITLE OF THESIS

Alexander Sorisky
DIRECTEUR (DIRECTRICE) DE LA THESE / THESIS SUPERVISOR

CO-DIRECTEUR (CO-DIRECTRICE) DE LA THESE / THESIS CO-SUPERVISOR

Dominic Sun-Kuen Ng (University
JohnéLiu of Toronto

Nongnuj Tanphaichitr ^M.T?iiX?_

Gary W. Slater
Le Doyen de la Faculté des études supérieures et postdoctorales / Dean of the Faculty of Graduate and Postdoctoral Studies



SIGNALING PATHWAYS EMPLOYED BY THYROID STIMULATING

HORMONE TO INDUCE INTERLEUKIN-6 RELEASE FROM HUMAN AND

3T3-L1 ADIPOCYTES

by

Tayze Tatiana Antunes

Thesis submitted to the Faculty of Graduate and Postdoctoral Studies

in partial fulfillment of the requirements for the Ph.D. degree in Biochemistry

Department of Biochemistry, Microbiology and Immunology

Faculty of Medicine

University of Ottawa

© Tayze T. Antunes, Ottawa, Ontario, Canada, 2009



?F? Library and Archives
Canada

Published Heritage
Branch

395 Wellington Street
OttawaONK1A0N4
Canada

Bibliothèque et
Archives Canada

Direction du
Patrimoine de l'édition

395, rue Wellington
Ottawa ON K1A 0N4
Canada

Your file Votre référence
ISBN: 978-0-494-65558-0
Our file Notre référence
ISBN: 978-0-494-65558-0

NOTICE: AVIS:

The author has granted a non-
exclusive license allowing Library and
Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

L'auteur a accordé une licence non exclusive
permettant à la Bibliothèque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par l'Internet, prêter,
distribuer et vendre des thèses partout dans le
monde, à des fins commerciales ou autres, sur
support microforme, papier, électronique et/ou
autres formats.

The author retains copyright
ownership and moral rights in this
thesis. Neither the thesis nor
substantial extracts from it may be
printed or otherwise reproduced
without the author's permission.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protège cette thèse. Ni
la thèse ni des extraits substantiels de celle-ci
ne doivent être imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting forms
may have been removed from this
thesis.

Conformément à la loi canadienne sur la
protection de la vie privée, quelques
formulaires secondaires ont été enlevés de
cette thèse.

While these forms may be included
in the document page count, their
removal does not represent any loss
of content from the thesis.

Bien que ces formulaires aient inclus dans
la pagination, il n'y aura aucun contenu
manquant.

1*1

Canada



ABSTRACT

Subclinical hypothyroidism, a condition characterized by elevated thyroid stimulating

hormone (TSH) levels, is a risk factor for cardiovascular disease (CVD). Adipose tissue

contributes significantly to the circulating levels of interieukin-6 (IL-6), an atherogenic and

pro-inflammatory cytokine. Adipose cells express TSH receptors and are responsive to TSH.

The overall hypothesis of my Ph.D. project is that TSH acts on adipose cells to stimulate the

release of IL-6.

In this thesis, I studied TSH-induced IL-6 release and the related signaling

mechanisms using the mouse 3T3-L1 adipose cell line. I also evaluated human primary

adipose cells, and examined the influence of stage of differentiation and fat depot

localization on the effect of TSH on IL-6 release.

I first showed that in 3T3-L1 cells, TSH induces IL-6 release from differentiated

adipocytes, but not from precursor cells (preadipocytes). Differentiated 3T3-L1 adipocytes

increased IL-6 release in response to TSH via activation of the cAMP-dependent protein

kinase (PKA) pathway. Following analysis of the TSH effect on 3T3-L1 adipose cell line, I

proceeded to examine the effect of TSH on human primary adipose cells.

For the abdominal subcutaneous depot, I found that preadipocytes did not release

IL-6 in response to TSH, but their differentiated adipocytes counterparts were TSH-

responsive. In contrast, for the omental depot, I showed that neither preadipocytes nor the

differentiated adipocytes increased IL-6 release in response to TSH.
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Signaling studies on the human abdominal subcutaneous differentiated adipocytes

revealed that TSH activates the nuclear factor kappa-B pathway to induce IL-6 release.

Furthermore, PKA activation by TSH does not result in increased NF-kB signaling.

To demonstrate that TSH could act in an extra-thyroidal fashion in vivo, I analyzed

serum IL-6 levels in thyroidectomized patients with a past history of thyroid cancer

undergoing recombinant human (rh)TSH administration. Injection with rhTSH increased IL-

6 serum levels, supporting the notion that TSH has extra-thyroidal actions in vivo.

In summary, this thesis demonstrates that TSH is capable of regulating inflammatory

responses on adipose cells and of elevating IL-6, a biomarker of inflammation, in the

circulation of thyroidectomized patients.

m



DEDICATION

I would like to dedicate this thesis to my husband, Rodrigo Trevizan Peretti. Thanks

for being so supportive and understanding in every single step of my study. Thanks for

listening to my presentations even though they did not make sense to you. Thanks for

reading my research proposals and still find a way to give me comments. Thanks for going

with me to the laboratory on weekends and being happy to read a book while I worked.

Certainly, this thesis could not have been done without you. . . Above all, thank you for

being a wonderful person that I am happy to share my life and dreams with, I love you!

IV



ACKNOWLEDGEMENTS

I would like to start this section by deeply thanking Dr. Alexander Sorisky. During

my entire study, there was not one day that I could not admire him. As a scientist, he is

brilliant but at the same time modest. As a professor, he is encouraging, stimulating and I

must say, patient. As a lab meeting member, he is critical but also a food enthusiest, a

characteristic that has always made lab meetings special. As a person, he is funny. Thank

you very much Dr. Sorisky for giving me the opportunity to work in your laboratory. I

definitely had fun during the process of learning about the adipose tissue field.

From all the people that were important during this thesis process, I definitely want

to say an endless thank you to Dr. AnneMarie Gagnon. AnneMarie is certainly one of the

best people I have met throughout my studies, life, and in Canada. She is the heart of Dr.

Sorisky' s laboratory and she a great scientist. Her passion for discoveries is contagious and

her dedication to the students in the laboratory is admiring. Thank you for having always

been sharing in my excitement over my accomplishments, for being an excellent teacher and

a fun company to travel with.

Also, I would like to thank the students in Dr. Sorisky' s laboratory. They all made

my time in the lab more enjoyable. I would like to especially thank Andrea Bell for starting

the TSH project on IL-6 release from adipocytes and Mellanie L. Langille for continuing

with the project. I would also like to thank Anne Landry for being a very competent

technician who provided the laboratory with excellent human cells and is a wonderful

friend.



My family's support was definitely fundamental for the success of my study. Despite

the distance, they were always there to cheer for me, to listen to my worries when

experiments were not going well and when courses or presentations were stressful. Thank

you for saying comforting words when they were needed. I would like to thank my dad,

Eloi, for being such a strong person who has shown us a lot can be accomplished in life, if

you try. I thank my sisters Fernanda and Lais for being so nice, funny, smart and

fashionable. I would like to especially thank my mom, Diane, who has been extremely

supportive. She would make endless phone calls just to make sure I was really fine. Thank

you mom for always telling me that life should be fun, even when things were hard.

I would like to finish this section thanking a special person that despite the fact

arrived at the end of my study, deserves a big thank you note as well. This person is Mateus,

my baby boy. He arrived in 2008, and since then my life has been better in many ways.

Being such a happy and wonderful baby has made the process of writing this thesis much

more enjoyable. I wish you all the best in life my forever little baby. I can not tell you how

much I love you.

Vl



TABLE OF CONTENTS PAGE

ABSTRACT ü

DEDICATION iv

ACKNOWLEDGEMENTS ?

TABLE OF CONTENTS vii

LIST OF ABBREVIATIONS xi

LISTOFFIGURES xiv

1.0 GENERAL INTRODUCTION 1

Subclinical hypothyroidism 1

Subclinical hypothyroidism and CVD: Meta-analysis studies 3

Subclinical hypothyroidism and novel CVD risk factors 4

TSH as an inducer or adipocyte inflammation : in vivo human studies 6

TSH: synthesis, function and structure 7

TSHR: structure and synthesis 8

TSH signaling in thyroid cells 10

TSHR-Ga5 coupling 10

TSHR-G (Xq coupling 14

TSHR-G(Xi, Ga¡2 and G(Xu coupling 15

TSH actions on extrathyroidal cells 15

An overview of adipose tissue 17

Adipose tissue as an endocrine tissue 19

Anatomical distribution ofadipose tissue 19

vii



Adipogenesis 22

Experimental models ofadipogenesis 24

TSH function and signaling in the adipose tissue 27

An overview of IL-6 28

Adipose tissue as a source of IL-6 29

IL-6 as a CVD risk factor 31

Transcriptional regulation of IL-6 synthesis 32

Transcriptional regulation ofIL-6 synthesis in preadipocytes and adipocytes 33

Hypothesis 34

Rationale 34

Objectives 34

References 36

2.0 MANUSCRIPT #1 52

Antunes, T.T., Gagnon, A., Bell, A., and Sorisky, A. (2005). Thyroid-Stimulating Hormone
Stimulates Interleukin-6 Release from 3T3-L1 Adipocytes through a cAMP-Protein Kinase
A Pathway. Obesity Research. 13, 2066-2071.

Statement of author contributions 52

Summary 52

Abstract 55

Introduction 57

Research methods and procedures 58

Results 60

Discussion 67

viii



Acknowledgements 69

References 70

3.0 MANUSCRIPT #2 73

Antunes, T.T., Gagnon, A., Chen, B., Pacini, F., Smith, T.J., and Sorisky, A. (2006).
Interleukin-6 release from human abdominal adipose cells is regulated by thyroid-
stimulating hormone: effect of adipocyte differentiation and anatomic depot. Am J Physiol
Endocrinol Metab. 290, El 1 40-El 144.

Statement of author contributions 73

Summary 74

Abstract 77

Introduction 78

Materials and methods 79

Results 83

Discussion 88

Acknowledgements 91

References 93

4.0 MANUSCRIPT #3 97

Antunes, T.T., Gagnon, A., Langille, M.L., and Sorisky, A. (2008). Thyroid Stimulating
Hormone Induces Interleukin-6 Release from Human Adipocytes Through Activation of the
NF-kB Pathway. Endocrinology. 149, 3062-3066.

Statement of author contributions 97

Summary 97

Abstract 100

Introduction 101

ix



Materials and methods 102

Results 108

Discussion 115

Acknowledgements 117

References 118

5.0 GENERAL DISCUSSION 120

Stage ofdifferentiation and basal IL-6 release 120

Stage ofdifferentiation and cellular responsiveness to TSH 122

The role ofcAMP/PKA on TSH-induced IL-6 release 124

NF-kB activation and IL-6 release in response to TSH 127

Requirement oftranscriptionfor TSH to stimulate IL-6protein release 130

TSH increases IL-6 levels in vivo 132

Proposed model ofthe signalingpathways employed by TSH to induce
IL-6 releasefrom adipose cells 133

References 136

6.0 CURRICULUM VITAE 142

?



LIST OF ABBREVIATIONS

AC: adenylyl cyclase
AP: activator protein
ATI: angiotensin II type 1
ATP: adenosine-5' -triphosphate
BcIlO: B cell chronic lymphocytic lymphoma 10
BMI: body mass index
C: catalytic
cAMP: cyclic adenosine monophosphate
C/EBP: CCAAT enhancer binding protein
CG: chorionic gonadotropin
CHO: Chinese hamster ovarian

CI: confidential interval

CREB: cAMP response element-binding
CRP: C-reactive protein
CS: calf serum

CVD: cardiovascular disease

DAG: diacylglycerol
DMEM: Dulbecco's modified Eagle's medium
DNA: deoxyribonucleic acid
ELISA: Enzyme-Linked Immunosorbent Assay
Epac: exchange protein directly activated by cAMP
FBS: fetal bovine serum

FFA: free fatty acids
FSH: follicle stimulating hormone
GDP: guanosine diphosphate
GPCR: G protein-coupled receptor
GTP: guanosine triphosphate
HSL: hormone-sensitive lipase

xi



131I: radioiodine
IkB: inhibitor of kB

IKK: IkB kinase

IOD: integrated optical density

IL-lß:interleukin-lß
IL-6: interleukin-6

IL-6 R: IL-6 receptor
IP3: inositol trisphosphate
KRH: Krebs Ringer Hepes
LH: luteinizing hormone
LPA: lysophosphatidic acid
LPS: lipopolysaccharide
L-T4: levothyroxine
MALTI : mucosa-associated lymphoid tissue lymphoma translocation gene 1
MAPK: mitogen-activated protein kinase
MCE: mitotic clonal expansion
MCP-I : monocyte chemoattractant protein- 1
MEFs: mouse embryonic fibroblasts

NF-kB: nuclear factor-kappa B
OR: odds ratio

PAI: plasminogen activator inhibitor
PCR: Polymerase chain reaction
PI3K: phosphatidylinositol 3-kinase
PIP2: phosphatidylinositol-4,5-bisphosphate
PKA: cAMP-dependent protein kinase
PKC: protein kinase C
PLC: phospholipase C
PPAR: peroxisome proliferator-activated receptor
Pref-1 : protein preadipocyte factor 1
R: regulatory
RBP-4: retinol binding protein-4

xii



Rh: recombinant human

RQ: relative quantification
S6K1 : ribosomal S6 kinase 1

siRNA: small interfering RNA
T3: triiodothyronine
T4: thyroxine
TG: triacylglycerol
TNF-oc: tumor necrosis factor

TSH: thyroid stimulating hormone
TSHR: thyroid stimulating hormone receptor



LIST OF FIGURES PAGE

1.0 GENERAL INTRODUCTION

Figure 1.1 TSHR predominantly couples with Ga5 in thyrocytes to induce cell
responses. .13

2.0 MANUSCRIPT #1

Figure 2.1 Time-course of TSH-induced IL-6 release from 3T3-L1 adipocytes 62

Figure 2.2 TSH-induced IL-6 release from 3T3-L1 adipocytes, but not
preadipocytes 63

Figure 2.3 TSH induces IL-6 release from 3T3-L1 adipocytes through a
cAMP-PKA signaling pathway 65

Figure 2.4 TSH increases IL-6 mRNA 66

3.0 MANUSCRIPT #2

Figure 3.1 Comparison of basal IL-6 release from human abdominal
subcutaneous and omental preadipocytes and differentiated adipocytes 84

Figure 3.2 Effect of TSH on IL-6 release from abdominal subcutaneous and omental
preadipocytes or differentiated adipocytes 85

Figure 3.3 TSH increases serum IL-6 levels in thyroidectomized patients 87

4.0 MANUSCRIPT #3

Figure 4.1 Dose-response of TSH on IL-6 release 109

Figure 4.2 Inhibitors of the NF-kB pathway blunt TSH-induced IL-6 secretion 110

Figure 4.3 TSH stimulates the IKKß/NF-?? pathway, independently of PKA 113

Figure 4.4 TSH stimulates IKKß phosphorylation and increases IL-6 mRNA in
TSHR overexpressing cells 114

XlV



5.0 GENERAL DISCUSSION

Figure 5.1 Proposed model of the signaling pathways employed by TSH to induce
IL-6 release from adipose cells 135

xv



1.0 GENERALINTRODUCTION

SUBCLINICAL HYPOTHYROIDISM

Subclinical hypothyroidism is a disorder characterized by a thyroid stimulating

hormone (TSH) serum level above the reference interval (0.45 to 4.5 mU/L) when thyroid

hormone serum levels of thyroxine (T4) and triiodothyronine (T3) are normal. TSH

production from thyrotrophs within the anterior pituitary increases to counteract the early

stage of mild thyroid gland failure (Biondi and Cooper, 2008). This leads to a compensated

state of normal thyroid hormone levels at the expense of an elevated TSH level. Patients are

often asymptomatic and consequently diagnosed solely through laboratory tests, thus the

term subclinical. Clinical symptoms will develop if patients progress to overt

hypothyroidism, when thyroid hormone production falls below normal despite the high TSH

levels.

Subclinical hypothyroidism is caused chiefly by chronic autoimmune thyroiditis,

also known as Hashimoto's thyroiditis. In this condition, factors such as viral or bacterial

infection, stress or genetic predisposition lead to lymphocyte infiltration of the thyroid

gland. This infiltration induces the release of cytokines that cause the thyroid cells to express

major histocompatibility complex molecules and therefore to initiate a self-immune attack to

the thyroid gland. Thyroid proteins that become immunogenic are thyroglobulin and thyroid

peroxidase (Arrigo et al., 2008; Wang and Baker, 2007).

The prevalence of subclinical hypothyroidism in the general population is in the

range of 4-10%; it increases with age, with a higher prevalence (20%) in women who are

over 60 years of age (Arrigo et al., 2008; Cooper, 2004). Despite being a common disorder,
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mass population screening is not formally recommended. Rather, it is encouraged to perform

serum TSH and free T4 testing only in high-risk patients, such as women older than 60

years, women planning a pregnancy or who are pregnant, and anyone with the following:

previous thyroid dysfunction, symptoms suggestive of thyroid gland malfunction, associated

autoimmune disease, a family history of thyroid disease (Arrigo et al, 2008; Cooper, 2004).

Treating or not treating subclinical hypothyroid patients with levothyroxine (L-T4) is

a subject of intense debate. Some subclinical hypothyroid patients spontaneously improve

their thyroid gland function over time with TSH levels re-entering the normal reference

interval (Diez et al., 2005), while others will have stable subclinical hypothyroidism and

never progress into hypothyroidism. On the other hand, a considerable proportion (5% per

year, see below) of patients eventually progress to thyroid gland failure and become

hypothyroid (Arrigo et al., 2008; Biondi and Cooper, 2008). Hence, it has been suggested by

some authors, that asymptomatic patients with TSH levels between 4.5 to 10 mU/L should

not be treated but instead undergo repeat TSH testing every 6 months, whereas those with

symptoms compatible with hypothyroidism should be treated to ameliorate the symptoms.

Many authorities agree that patients presenting with TSH levels under 1 0 mU/L but positive

for antithyroid antibodies and that patients with TSH levels above 10 mU/L should receive

L-T4 therapy, since up to 5% per year will become hypothyroid (Arrigo et al., 2008; Biondi

and Cooper, 2008; Surks et al., 2004).

An important observation attracting attention is that subclinical hypothyroid patients

may be at higher risk of developing cardiovascular disease (CVD). Such an association

could influence the debate on the treatment of subclinical hypothyroidism.

2



SUBCLINICAL HYPOTHYROIDISM AND CVD: META-ANALYSIS STUDIES

Meta-analysis studies have recently pointed out the potential risk of subclinical

hypothyroid patients to develop CVD. Rodondi et al (Rodondi et al., 2006) analyzed 14

cross-sectional, longitudinal and case-control studies from 1966 to 2004, and concluded that

subclinical hypothyroid patients were at increased risk of CVD (odds ratio (OR): 1 .65;

confidential interval (CI): 1.28-2.12) compared to euthyroid control patients. Analyzing

specific subgroups by type of research design revealed that only analysis from case-control

and cross-sectional (OR: 1.72; CI: 1.25-2.38), but not from longitudinal studies (OR: 1.42;

CI: 0.91-2.21), showed a clearly significant association between subclinical hypothyroidism

and CVD. Singh et al (Singh et al., 2008) pooled 6 studies published between 2000-2006

and concluded that the rate of CVD risk was higher in the group with subclinical

hypothyroidism in both cross-sectional (OR: 1.53; CI: 1.31-1.79) and follow-up (OR: 1.18;

CI: 1.02-1.38) studies.

To incorporate more recent studies, Rodondi and colleagues (Ochs et al., 2008) re-

examined the question by performing a meta-analysis of longitudinal studies only.

Examination of 10 follow-up studies, ranging from 2 to 20 years, revealed that a small effect

of subclinical hypothyroidism on CVD risk (OR: 1.2; CI: 0.97-1.49) and mortality (OR:

1.12; CI: 0.99-1.26) exists, although this did not quite reach statistical significance. Since

one of these studies (Gussekloo et al., 2004) had indicated that very elderly subclinical

hypothyroid patients were protected from CVD, Rodondi et al re-analysed their own data by

age, and found that subclinical hypothyroid patients <65 years (OR: 1.51, CI: 1.09-2.09), but

not older, were at increased CVD risk.

3



Razvi et al (Razvi et al., 2008) performed a new meta-analysis of 15 cross-sectional

and longitudinal studies examining the influence of age on CVD and subclinical

hypothyroidism. In agreement with the Rodondi group, Razvi et al reported that patients <65

years old are at increased risk of CVD (OR: 1.68; CI: 1.27-2.23) and mortality (OR: 1.37;

CI: 1.04-1.79) compared to euthyroid controls, whereas no statistically significant

association was observed in patients > 65 years old. Thus, age appears to be an important

factor to consider when analyzing the influence of subclinical hypothyroidism on CVD. It

has been postulated that older subjects might develop resistance to the vascular damage

caused by subclinical hypothyroidism; or that they may be protected by a slower metabolism

associated with subclinical hypothyroidism; (Ochs et al., 2008; Razvi et al., 2008).

SUBCLINICAL HYPOTHYROIDISM AND NOVEL CVD RISK FACTORS

Identifying the mechanisms by which subclinical hypothyroidism may cause CVD is

a subject of interest as it could assist with better patient selection for therapy. As evidenced

by some studies, well-established CVD risk factors, such as body mass index (BMI), blood

pressure, age and smoking, do not seem to account for this association (Hak et al., 2000;

Kvetny et al., 2004; Walsh et al., 2005), so alternate mechanisms should be considered.

Reports are now emerging in the literature concerning a link between subclinical

hypothyroidism and non-traditional biomarkers. Several studies (Christ-Crain et al.,

2003;Sengul et al, 2004; Taddei et al., 2006; Tuzcu et al., 2005), but not all (Hueston et al.,

2005), report that levels of interleukin-6 (IL-6), C-reactive protein (CRP) and homocysteine,

independent predictors of CVD (Danesh et al., 2008; Lobbes et al., 2006; Moat, 2008;

Ridker, 2003), are elevated in subclinical hypothyroid patients compared to euthyroid

4



controls. Additional factors suggestive of an inflammatory or atherogenic state, such as free

fatty acids (FFA), hyperinsulinemia, and retinol binding protein-4 (RBP-4), are also reported

to be higher in subclinical hypothyroid patients compared to healthy controls (Al Sayed et

al., 2006; Caraccio et al., 2005; Choi et al., 2008; Tuzcu et al., 2005).

Endothelial dysfunction, an early step in the progression of atherosclerosis and CVD

complication, is observed in subclinical hypothyroid patients. Acetylcholine-induced

vasodilatation is impaired in subclinical hypothyroid patients compared to euthyroid

subjects, a fact that is attributed to the lower nitric oxide content of endothelial cells in

subclinical hypothyroidism. L-T4 therapy of subclinical hypothyroid patients increased

nitric oxide availability, and improved the endothelium-dependent relaxation response to

acetylcholine (Taddei et al., 2003). Coronary flow reserve, an indicator of coronary

microvascular function, is lower in subclinical hypothyroid patients than in euthyroid

subjects (Baycan et al., 2007; Oflaz et al., 2007). Thickened carotid artery intima-media, a

sign of early atherosclerosis, is observed in subclinical hypothyroid patients compared to

euthyroid subjects. Restoration of euthyroidism with L-T4 substantially decreased intima-

media thickness to levels close to those observed in euthyroid patients (Monzani et al.,

2004).

All these data suggest that inflammation and early cardiovascular remodeling is

present in subclinical hypothyroidism and that these factors possibly underlie the increased

CVD risk associated with this condition.

5



TSH AS AN INDUCER OF ADIPOCYTE INFLAMMATION: IN VIVO HUMAN

STUDIES

The use of recombinant human (rh)TSH in clinical practice is an invaluable tool for

the treatment and monitoring of thyroid cancer. Prior to the development of rhTSH, patients

needed to undergo a prolonged withdrawal from L-T4 therapy in order to increase

endogenous TSH production (>30 mU/L) for proper thyroid cancer treatment and

monitoring. However, induction of hypothyroidism leads to discomfort and decreased

quality of life (Duntas and Cooper, 2008; Fugazzola, 2007). With the use of rhTSH, patients

do not need to suspend L-T4 administration and a decline in quality of life is thus avoided.

The established procedure for treatment of many thyroid cancers consists of total

thyroidectomy by surgery, followed by rhTSH administration to induce a high uptake of

radioiodine (131I) for the ablation of any residual thyroid tissue. L-T4 therapy is instituted to

provide thyroid hormone requirements, and to suppress endogenous TSH at or just below

the lower limit of its reference interval. For ongoing monitoring, to screen for any early

recurrence, patients undergo rhTSH administration (0.9 mg/ dose) on 2 consecutive days,
1-5 1

and blood is drawn for serum thyroglobulin and a whole body scan after I uptake is

performed. Since only thyroid cells can produce thyroglobulin and take up iodine in

response to TSH, these thyroidectomized patients are considered cured if thyroglobulin

serum levels remain low, and if there is no evidence of 131I uptake (Schlumberger et al.,

2007).

Several researchers are currently using the rhTSH protocol on thyroidectomized

patients as a new and promising paradigm to demonstrate the physiological role of TSH on

extrathyroidal targets in the setting of normal thyroid hormone levels. TSH as an

6



inflammatory and atherogenic mediator was reported in a study in which 24

thyroidectomized patients received rhTSH to screen for recurrence of thyroid cancer without

stopping L-T4 therapy. Administration of rhTSH in these patients impaired endothelial

function and increased oxidative stress, as well as serum levels of interieukin-6 (IL-6) and

tumor necrosis factor (TNF)-Ot (Dardano et al., 2006). A recent study, in which a short

period (4h) rhTSH infusion potentiated the effect of acetylcholine to stimulate endothelium-

dependent vasodilatation in both healthy and thyroidectomized patients, questioned the view

of TSH as an atherogenic hormone. It was pointed out that a very short duration (4h) versus

a long term rhTSH administration (2 injections over 2 days) might have different effects

(Napoli et al., 2008). More research is needed to answer this question.

TSH: SYNTHESIS, FUNCTION AND STRUCTURE

TSH is produced by the pituitary gland and is under the regulation of thyrotropin

releasing hormone from the hypothalamus. Upon secretion, TSH acts on its receptor, the

TSH receptor (TSHR), a member of the G protein-coupled receptor (GPCR) family, and

stimulates the thyroid gland to synthesize and release T4 and T3 to regulate body

metabolism. Circulating levels of T3 and T4 will signal, via negative feedback, to both the

hypothalamus and the pituitary, to produce the appropriate amount of thyrotropin releasing

hormone and TSH, respectively, to maintain a state of euthyroidism. Besides controlling

thyroid hormone synthesis and secretion, TSH is an important factor in the control of thyroid

cell proliferation and survival (Grossmann et al., 1997).

TSH is a 30 kDa glycoprotein that belongs to the glycoprotein hormone family,

together with the luteinizing hormone (LH), follicle stimulating hormone (FSH) and

7



chorionic gonadotropin (CG). Each of these hormones is a heterodimer comprised of two

noncovalent linked subunits consisting of a common a subunit and a unique ß subunit that

provides the specificity for binding to its own receptor. The a and ß subunit alone are not

functional and only the assembled a/ß heterodimer is able to induce physiological

responses. Stabilization between a/ß is conferred by a segment of the ß subunit termed the

seat-belt region that encircles the a subunit (Szkudlinski et al., 2002).

The human a subunit has 92 amino acid residues (14 kDa) with 30% of its molecular

weight attributed to the presence of two N-linked glycosylation chains, whereas the human

TSH ß subunit has 112 amino acid residues (16 kDa) with one N-linked glycosylation chain

that accounts for 15% of its mass (Hearn and Gomme, 2000). Glycosylation of both subunits

is essential for hormone stability, secretion, and induction of signal transduction (Thotakura

et al., 1992).

TSHR: STRUCTURE AND SYNTHESIS

TSH controls physiological responses via interaction with its receptor, the TSHR,

which is present in the plasma membrane of the target cells. The TSHR, together with the

FSH, LH and CG receptors, constitute the family of glycoprotein hormone receptors. Each

of these receptors is characterized by a large N-terminal extracellular region, a seven

transmembrane domain joined by three extracellular and three intracellular loops, and an

intracellular C-tail (Rapoport et al., 1998). A high degree of amino acid identity (-70%) is

seen among their transmembrane domains whereas a lower degree (~40%) exists among

their N-terminal extracelular region and their C-tails (Gudermann et al., 1992). The TSHR

has the unique feature of possessing extra amino acid residues (insertion of 8 and 50 amino
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acids between residues 38-45 and 317-366, respectively) in its extracellular region in

comparison with its receptor family members. The TSHR, composed of 764 amino acid

residues with over half of its total amino acid content (418) forming the extracellular

domain, has a predicted molecular weight of 100 kDa (Rapoport et al., 1998). The 9 leucine

repeats in the extracellular domain, which do not encompass the unique amino acid

insertions, make it adopt a horseshoe-shaped conformation, are highly involved in the

interaction with TSH (Davies et al., 2005).

The synthesis and structure of the TSHR is still not understood well. The receptor is

synthesized as a single polypeptide chain and transported to the plasma membrane surface.

In the membrane, some receptors, but not all, undergo a type of post-translational

maturation, whereby cleavage of the single chain occurs at two separate sites. These

cleavages result in the loss of a small part of the receptor (~ 5 kDa, named C peptide) and in

the formation of a TSHR containing two subunits, a (extracellular) and ß (transmembrane

and intracellular). After cleavage, the a and the ß subunit still remain held together by

disulfide bridges. The physiological significance of having a cleaved and an uncleaved

receptor at the cell membrane is still an enigma, since TSH binds and induces signal in both

forms (Chazenbalk et al., 1999; Chazenbalk et al., 1997; Rapoport et al., 1998). Further

post-translational maturation events include N-linked glycosylation, sulfation and

palmitoylation. These modifications have a significant effect on receptor folding, cell-

surface expression, and ligand binding (Kursawe and Paschke, 2007).
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TSH SIGNALING IN THYROID CELLS

TSHR-GoCs coupling

TSHR in the thyroid gland allows TSH to control proliferation, differentiation,

survival, iodine uptake, and T3/T4 production and release. For most of these actions, the

TSHR predominantly couples with the Gots subunit (Figure 1.1). Activated Ga5, after

exchanging guanosine diphosphate (GDP) for guanosine triphosphate (GTP), dissociates

from the Gßy subunits. Free Ga3 binds to adenylyl cyclase (AC) at the plasma membrane

and stimulates the production of cyclic adenosine monophosphate (cAMP). cAMP, in turn,

binds to cAMP-dependent protein kinase (PKA), a tetrameric protein composed of 2

regulatory (R) and 2 catalytic (C) subunits. The cAMP-bound to the R subunits of PKA

leads to the dissociation of the C subunits that, once free, phosphorylate target proteins

either in the cytoplasm or in the nucleus such as cAMP response element-binding (CREB)

(Rivas and Santisteban, 2003).

It was originally thought that all intracellular effects of cAMP were mediated solely

by PKA, since TSH-induced translocation of free catalytic subunit of PKA to the nucleus

and CREB phosphorylation could be mimicked with pharmacological activator of AC

(forskolin), activator OfGa5 (cholera toxin), cAMP analogs, or blocked by the PKA

inhibitor H89 (Dremier et al., 2002). However, a change in this concept was made upon the

discovery that in most cell types, including thyroid cells, some of the cAMP actions do not

involve PKA activation.

The discovery that cAMP binds to exchange protein directly activated by cAMP

(Epac) 1 and 2 opened up new possibilities to explain some of the cAMP-dependent but

PKA-independent actions (Figure 1.1). Epac proteins, once stimulated by cAMP, activate
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the small GTPase Rap by promoting the exchange of GDP for GTP (Kawasaki et al., 1998).

Epacl, but not Epac2, is highly expressed in thyroid cells and its expression is upregulated

by TSH treatment (Dremier et al., 2007), consistent with a physiological function.

Epac's role as a mediator of some of the cAMP signaling was suggested in a rat

thyroid cell line, based on the evidence that TSH-induced activation of Rap- 1 and its

downstream targets, B-Raf and p42/44 mitogen-activated protein kinase (MAPK), occurred

in a cAMP-dependent but a PKA-independent mechanism (Iacovelli et al., 2001). Epac's

function in thyroid cells was later demonstrated in a study in which transfection of a rat

thyroid cell line with a dominant-negative Epac mutant reduced Rapi activation by cAMP

and TSH-induced deoxyribonucleic acid (DNA) synthesis. Moreover, it was shown that

TSH requires cAMP to use both PKA and Epac signaling to induce proliferation (Hochbaum

et al., 2008).

In primary dog thyroid cells, use of a cAMP analog that is incapable of activating

PKA but a is potent activator of Epac showed that activation of Epac alone did not result in

DNA synthesis, cytoskeletal remodeling, T3 secretion or expression of genes important for

proper thyroid function and development (Dremier et al., 2007). The requirement for Epac

for TSH-induced responses in dog thyroid cells still needs to be addressed with specific

Epac inhibition.

TSH-stimulated Ga8 also leads to the activation of the phosphatidylinositol 3-kinase

(PBK) signaling in thyrocytes. In rat thyrocytes, TSH and cAMP elevating compounds

induce PDK activation and Akt phosphorylation. PBK activation was implicated to be

important for thyroid cell proliferation since wortmannin (inhibitor of PBK) blocked the

above mentioned agents to promote DNA synthesis (Cass et al., 1999). In another rat thyroid
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cell line, TSH-stimulated TSHR tyrosine phosphorylation led to the docking of the PDK

p85cc subunit with the TSHR and in increased POK activity. PBK activation by TSH

resulted in ribosomal S6 kinase 1 (S6K1) activation and thyroid cell proliferation. Since

these events were blocked by H89, it was postulated that GOs/cAMP/PKA is linked to the

activation of the PI3K pathway (Suh et al., 2003).
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Figure 1.1: TSHR predominantly couples with Gas in thyrocytes to induce cell
responses: Upon TSH binding to the TSHR, the receptor undergoes a conformational
change and activates Ga5 protein on the plasma membrane. Activated Gas exchanges
GDP for GTP and then binds to and stimulates AC to convert ATP into cAMP. cAMP
activates PKA mainly, but can also target Epac. To activate PKA, cAMP binds to the R
subunits of PKA, reduces the affinity of the R subunits to the C subunits, causing the
liberation of active C subunits. Free active C subunits either stay on the cytosol or enter
the nucleus to phosphorylate cytosolic and nuclear protein targets. To activate Epac in
thyroid cells, cAMP binds to Epac 1, which in turn allows Rapi to exchange GDP for
GTP. Activated Rapi -GTP leads to B-Raf, MEK and p42/44 MAPK phosphorylation.
p42/44 MAPK subsequently translocates to the nucleus and activates transcription factors
that will control thyroid cell functions.
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TSHR-Ga11 coupling

TSH-regulated thyroid function can also be achieved through activation of G(Xq

proteins (Rivas and Santisteban, 2003). TSHR coupling to Gotq is seen in humans and rats,

but not in dog thyroid cells (Allgeier et al., 1994; Raspe et al., 1992). TSH-induced

activation of Gotq, as in Ga8, promotes a GDP-GTP exchange and further dissociation from

the ß? subunits. Once free, G(Xq-GTP activates the enzyme phospholipase C (PLC) ß

isoform in the plasma membrane. Activated PLCß, in turn, cleaves phosphatidylinositol-4,5-

bisphosphate (PIP2) into two second messengers, diacylglycerol (DAG) and inositol

trisphosphate (IP3). DAG remains bound to the plasma membrane while IP3 diffuses into the

cytosol where it binds to its receptors on the endoplasmic reticulum to induce calcium

release. The main result of DAG formation and increased cytosolic calcium is activation of

protein kinase C (PKC).

A higher TSH concentration is needed to achieve Gotq activation compared to Ga5,

suggesting that TSHR has a lower sensitivity for the PKC pathway than for the PKA cascade

(Allgeier et al., 1994; Wang et al., 1994). This observation resulted in some uncertainty

about the precise physiological function of Gotq. However, a recent study using mice lacking

Gotq specifically in thyroid cells strongly supports the notion for the requirement of Gotq on

TSH actions. Thyroid-specific G(Xq knockout mice showed blunted response to TSH on the

induction of thyroid cell growth, T4 synthesis and secretion. Moreover, as these mice aged,

they developed high serum TSH concentrations concomitant with low serum T4,

characteristic of hypothyroidism (Kero et al., 2007).
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TSHR-G(Xi, GCCn and Gan coupling

TSHR, besides coupling to GOs and GOq, also couples with the other members of the

G protein subfamily Ga¡, G0C12 and G0C13 in human thyroid cells (Laugwitz et al., 1996).

Since most published studies focus on Ga5 and GOq, little information exists regarding

TSHR coupling with these other G proteins. Experiments showing that TSH blocking

antibody can inhibit TSH-induced ai activation on thyroid membranes, and that TSH-

induced increase in cAMP levels is potentiated by the Ga¡ inhibitor pertussis toxin together

indicate that TSHR couples not only to Ga5, but also to Ga¡ (Laugwitz et al., 1996). TSH-

induced p42/44 MAPK activation can be achieved upon TSHR-G0C13 coupling. In addition,

in thyroid carcinoma, but not in normal thyroid cells, Gan-induced signaling by TSH was

dependent on epidermal growth factor receptor transactivation (Buch et al., 2008).

Understanding the biological significance of the activation of a wide variety of G proteins as

well as tyrosine kinase receptors by TSH to mediate signaling will be an interesting and

complex task.

TSH ACTIONS ON EXTRATHYROIDAL CELLS

TSHR expression is not confined to the thyroid gland, but also occurs in adipose

cells (Michalek et al., 2009), bone marrow cells (Wang et al., 2003), osteoblasts and

osteoclasts progenitors (Abe et al., 2003), as well as in a variety of cells that belong to the

cardiovascular system, such as endothelial cells (Donnini et al., 2003), vascular smooth

muscle cells (Sellitti et al., 2000) and cardiomyocytes (Drvota et al., 1995).

A number of extra-thyroidal biological roles for TSH have thus been suggested. For

example, mice lacking TSHR show a high rate of bone remodeling and develop osteoporosis
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(Abe et al, 2003). The mechanism may be that TSH, through binding to TSHR on

osteoclasts, decreases TNF-oc secretion and, as a consequence, attenuates osteoclast

differentiation to avoid bone loss (Hase et al., 2006). Another group, on the other hand,

demonstrated that despite the fact that both osteoblasts and osteoclasts express TSHR

mRNA and protein, TSH neither activates cAMP, nor alters the expression of markers of

differentiation in these cells (Bassett et al., 2008). Studies on whether TSH affects bone

metabolism in vivo have also been performed. Mazziotti G et al reported that rhTSH

administration in thyroidectomized postmenopausal women, as seen by serum levels of

specific bone markers, causes decreased bone resorption and increased bone formation

(Mazziotti et al., 2005) while Martini G et al observed that rhTSH increases the serum level

of markers ofbone formation but not of markers of bone resorption in postmenopausal

women (Martini et al., 2008). Thus, a conclusive answer regarding the effect of TSH on

bone has yet to come. Surprisingly, in bone marrow cells, TNF-oc production is enhanced by

TSH (Wang et al., 2003). The opposite role of TSH on modulation of TNF-oc might be

explained by the capacity of TSHR to couple to different G proteins and activate varied

signaling pathways.

In aortic human endothelial cells, TSH and TSH stimulating antibody are capable of

increasing intracellular cAMP and modulate the expression of factors involved in

coagulation, vasorelaxation and vasoconstriction (Donnini et al., 2003). In vascular smooth

muscle cells as well as in cardiomyocytes, TSH increases cAMP production (Drvota et al.,

1995; Sellitti et al., 2000), but the physiological significance of this effect has not yet been

demonstrated.
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Several studies have documented the presence of TSHR in adipose cells from

different species (rat, mouse, guinea pig, and human) (Endo et al., 1995, Shimura et al.,

1997, Roselli-Rehfuss et al., 1992, Janson et al., 1998). In humans, TSHR is expressed in

both preadipocytes and adipocytes from the subcutaneous, visceral, and the orbital depot

(Bell et al., 2000; Crisp et al., 1997; Davies et al., 1977; Janson et al., 1998). TSH-induced

responses in the adipose tissue merits attention for several reasons. It has been well

established that dysfunctional adipose tissue, through release of a variety of molecules into

the circulation, can significantly contribute to systemic inflammation (Berg and Scherer,

2005). Since TSH modulates secretion of atherogenic/pro-inflammatory cytokines (Bell et

al., 2003; Dardano et al., 2006), inflamed adipose tissue caused by TSH could therefore be a

potential mechanism by which subclinical hypothyroid patients are at a higher risk for CVD.

AN OVERVIEW OF ADIPOSE TISSUE

There are two distinct types of adipose tissue: brown and white. These tissues not

only originate from distinct cell lineages but they also have very distinct functions (Seale et

al., 2009). In humans, brown adipose tissue, a tissue specialized in thermogenesis, is

abundantly present in newborns, but it decreases early in childhood and is found in lesser

amounts during adulthood (Virtanen et al., 2009; Wolf, 2009). White adipose tissue, on the

other hand, a tissue whose primary function is energy storage, is widely distributed

throughout the body and is present and remodeled throughout life (Rosen and MacDougald,

2006; Seale et al., 2009).

Morphologically and molecularly, adipocytes from brown adipose tissue are

characterized by the presence of multiple small lipid droplets distributed throughout the
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cytoplasm with numerous mitochondria containing uncoupling protein- 1, the protein that

leads to heat production instead of adenosine-5 '-triphosphate (ATP). The adipocytes from

white adipose tissue are distinguished by a large unilocular lipid droplet that occupies nearly

all of the cytoplasmic volume and a nucleus located in the periphery of the cell (Gesta et al.,

2007).

The focus of my thesis was on the effect of TSH on white adipocytes. White adipose

tissue has a heterogeneous cell composition containing, besides adipocytes (50-70%), a

stromal vascular fraction that consists of mesenchymal stem cells, preadipocytes (20-40%),

fibroblasts, macrophages (1-30%) and endothelial cells (1-10%) (Hauner, 2005). Adipocytes

are specialized in the storage of high amounts of circulating FFA in the form of

triacylglycerol (TG) during periods of energy surplus, and in the rapid release of FFA for

use in other tissues when there is an energy demand (Bays et al., 2008).

Release of FFA, termed lipolysis, by adipose tissue is a process that is highly

regulated by catecholamines (stimulation) and by insulin (suppression) (Yang and Smith,

2007). During times of energy need, such as exercise, stress or extended fasting,

catecholamines act on G protein-coupled ß-adrenergic receptors to increase cAMP levels

and activate PKA. PKA phosphorylates perilipin and hormone-sensitive lipase (HSL).

Perilipin is a unique coating protein in the adipocytes situated around the lipid droplet, that,

once phosphorylated, either undergoes a conformational change or leaves the lipid droplet

surface and moves to the cytoplasm. Subsequently, phosphorylated HSL accesses the lipid

core to hydrolyze TG to yield FFA and glycerol. In periods of energy surplus, insulin

inhibits TG breakdown by signaling through the insulin receptor to stimulate
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phosphodiesterase 3B and decrease cAMP levels and therefore its downstream effects on

perilipin and HSL (Jocken and Blaak, 2008).

Adipose tissue as an endocrine tissue

Traditionally, white adipose tissue has been known for its fundamental role in

maintaining energy homeostasis. However, in recent years, adipose tissue has emerged as an

endocrine tissue. Subsequent to the discovery of leptin as an adipose-derived protein with

endocrine functions (Zhang et al., 1994), a growing list ofbioactive proteins, as exemplified

by adiponectin, IL-6, TNF-a, RBP-4, monocyte chemoattractant protein- 1 (MCP-I) and

plasminogen activator inhibitor (PAI) 1 have been found to be produced and secreted by

adipose tissue. Proteins exclusively produced by the adipocytes, leptin and adiponectin, are

termed adipokines whereas the ones not exclusively produced by the adipocytes but also by

other cell types in the adipose tissue are termed cytokines or chemokines (Fantuzzi, 2005).

These bioactive proteins may act locally to influence preadipocyte growth, differentiation

and angiogenesis or may be released into the circulation to control metabolic functions on

different tissues. More importantly, adipose tissue-deregulated cytokine secretion initiates a

state of low-grade-inflammation believed to contribute to the development of a constellation

of diseases such as insulin resistance, type 2 diabetes, dyslipidemia, and CVD (Trayhurn and

Wood, 2004).

Anatomical distribution ofadipose tissue

White adipose tissue is not uniformly distributed throughout the body, it is situated in

specific locations in which it exerts distinct physiological and molecular functions. The
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adipose tissue located under the skin, which constitutes 80% of the adipose tissue mass, is

named subcutaneous. Subcutaneous adipose tissue is further subdivided into smaller depots

according to the anatomical location: abdominal and gluteofemoral depots (Arner, 1997).

The adipose tissue located deep in the abdominal cavity, surrounding the internal organs,

represents approximately 6-20% of total body fat and is named visceral (Lafontan and

Berlan, 2003). The visceral adipose tissue depot is composed of omental and mesenteric

depots. In addition to the subcutaneous and visceral depots, there is a distinct, although

small, adipose tissue existent in the orbital area defined as orbital adipose tissue depot

(Arner, 1997).

It is now clear that adipose cells from distinct anatomical locations behave

differently. For example, the ability of catecholamines to stimulate lipolysis has been shown

to be lower in the subcutaneous than in the visceral depot, whereas insulin-mediated

inhibition of lipolysis is shown to be higher in the subcutaneous compared to the visceral

depot (Lafontan and Berlan, 2003). In addition, adipose cells from distinct depots exert

different endocrine functions. Secretion of leptin is 3 times higher in the subcutaneous

compared to the omental depot. IL-6, adiponectin, PAI-I, MCP-I and interleukin-8 (IL-8)

secretion, on the other hand, is higher in the visceral compared to the subcutaneous depot

(Bruun et al., 2005; Yang and Smith, 2007).

It has been repeatedly shown that excessive adipose tissue accumulation in the visceral

depot plays a significant role in the appearance of health problems, particularly CVD and

type 2 diabetes (Pi-Sunyer, 2006). The visceral depot is unique, as it drains directly into the

portal vein. Thus, it had been believed that, with excess visceral adipose tissue

accumulation, elevated efflux of FFA into the liver would interfere with its normal function,
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leading to an impairment of insulin-mediated suppression of glucose production and

disturbed lipid metabolism via altered lipoprotein synthesis (Yang and Smith, 2007).

However, this view was put into question with a recent study showing that most of the FFA

that reaches the liver are derived from the systemic circulation and only a minimal

contribution (5-30%) exists from visceral depot lipolysis (Nielsen et al., 2004). It is now

suggested that not only increased FFA, but also the high levels of atherogenic/pro-

inflammatory proteins released by the visceral depot, such as IL-6, IL-8, PAI-I,

angiotensinogen, might explain the hepatic insulin resistance and altered circulating lipid

profile seen in patients with greater visceral fat content (Yang and Smith, 2007).

Proinflammatory proteins are able to negatively regulate insulin signaling by either inducing

serine phosphorylation of insulin receptor substrate- 1 or by promoting expression of

suppressor or cytokine signaling (Lagathu et al., 2003; Schenk et al., 2008).

Moreover, it is thus suggested that the contribution of subcutaneous depot to metabolic

complications merits attention (Jensen, 2006). The first compelling indication of the

importance of the subcutaneous adipose tissue on maintaining whole body homeostasis is

seen in individuals with lipodystrophy, a disease in which body fat, mainly the subcutaneous

adipose tissue, is severely diminished. In the absence of subcutaneous adipose tissue, FFA

will be stored in organs such as liver and muscle. As a consequence of the ectopic fat

deposition, lipotoxicity and malfunction of these organs, these patients develop insulin

resistance (Herranz et al., 2008). It is also believed that when healthy individuals start

consuming more energy than they expend, the expanding subcutaneous adipose tissue, once

it reaches its storage capacity limit, will send FFA to muscle and liver. Overaccumulation of
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FFA in ectopic tissue leads to insulin resistance and its related complications (Despres and

Lemieux, 2006).

Adipogenesis

The conversion of preadipocyte into adipocytes, a process by which preadipocytes

lose their fibroblastic morphology and acquire a spherical shape filled with lipid droplets, is

named adipogenesis (Farmer and Spiegelman, 2007; Spiegelman and Flier, 2001). The

amount of adipocytes, in humans, is established during the early years of life. Once

adulthood is reached, it is shown that either lean or obese subjects who have been obese

since childhood have their adipocyte number maintained constant, with a yearly turnover of

10%, due to a fine balance between preadipocyte proliferation, differentiation and cell death

(Spalding et al., 2008). It remains to be investigated whether this is true when weight gain

occurs during adulthood, or in those with insulin resistance versus insulin sensitivity.

Adipogenesis is a multi-step process initiated by the multipotent mesenchymal stem cells

that reside in the stromal fraction, specifically in the blood vessels that run throughout the

adipose tissue (Rodeheffer et al., 2008; Tang et al., 2008).

Recently, bone morphogenetic protein 4 has been implicated as the signal

responsible for mesenchymal stem cells to become committed to the preadipocytes lineage

(Bowers and Lane, 2007). Committed preadipocytes, which can be identified by the

presence of the unique protein preadipocyte factor 1 (pref-1) (Wang et al., 2006), will

proliferate until cell-cell contact is reached and become growth-arrested at confluence. This

temporary quiescent state appears to be a prerequisite for preadipocytes to undergo terminal

differentiation (Avram et al., 2007). Following growth arrest, and upon mitogenic and
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adipogenic inducers, preadipocytes synchronously re-enter the cell cycle and undergo one or

two rounds of cell division, an event known as mitotic clonal expansion (MCE) (Otto and

Lane, 2005). During MCE, cells express a cascade of transcription factors that act

cooperatively and sequentially to allow differentiation to progress. Major transcription

factors that play a role in adipogenesis are the CCAAT enhancer binding protein (C/EBP)

and peroxisome proliferator-activated receptor (PPAR) family members. Early regulators of

MCE are C/???d and C/EBPß. Their expression is induced in the first hours of induction of

differentiation and soon after they acquire the capacity to bind DNA and drive transcription

of other factors (Otto and Lane, 2005). Overexpression of C/???d and particularly C/EBPß

accelerates the conversion of preadipocytes to adipocytes (Yeh et al., 1995). The crucial role

of C/EBPß in the adipogenic program is evidenced by the fact that its disruption abrogates

both MCE and terminal differentiation (Tang et al., 2003a) and, conversely, forced

expression induces differentiation in fibroblasts that would otherwise not be committed to

adipogenesis (Yeh et al., 1995).

Once C/???d and ß acquire DN?-binding activity, they induce transcription of two

key transcription factors, C/EBPa and PPARy. As C/EBPa and PPARy both have anti-

mitotic effects, their activation results in the termination of MCE (Tang et al., 2003b).

Preadipocytes thus undergo a second and final growth-arrest stage to then terminally

differentiate. Terminal differentiation is maintained by C/EBPa and PPARy that,

together, coordinately activate a large group of genes responsible for the adipocyte

phenotype. Genes regulated by these proteins include those involved in insulin sensitivity

(insulin-dependent glucose transporter, adiponectin), fatty acid binding (fatty acid-binding
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protein), uptake (lipoprotein lipase, fatty acid transport protein) and storage (acyl coenzyme

A synthase) (Auwerx, 1999; Farmer, 2005).

Experimental models ofadipogenesis

The understanding of adipogenesis has long been a goal of researchers in adipose

tissue biology. Most of what has been learned from adipogenesis is derived from the 3T3-L1

and 3T3-F442A immortalized preadipocyte cell lines obtained from mouse embryo

fibroblasts (MacDougald and Mandrup, 2002). These lines were selected from disaggregated

3T3 Swiss embryos cells for their capacity to become spherical and accumulate lipid

droplets in the cytoplasm upon exposure to insulin or to high concentration of serum and,

conversely, to show decreased lipid accumulation in the presence of catecholamines (Green

and Kehinde, 1975; Green and Meuth, 1974). The proof that these lines faithfully represent

preadipocytes was obtained with in vivo implantation studies. Subcutaneous injection of

3T3-F442A preadipocytes into athymic mice differentiate into adipocytes and form fat pads

with characteristics comparable to those of the normal adipose tissue (Green and Kehinde,

1979; Mandrup et al., 1997). The implantation of 3T3-L1 preadipocytes into subcutaneous

adipose tissue also results in the development of normal fat pads, however, only if Wnt

signaling, a pathway that inhibits C/EBPa and PPARy expression, is suppressed (Ross et al.,

2000).

Both 3T3-L1 and 3T3-F442A cell lines are easily and quickly (-6-8 days)

differentiated in vitro. In culture, shortly after the preadipocytes become confluent and

growth arrested, they undergo differentiation when placed in medium supplemented with

fetal bovine serum and insulin (for both 3T3-L1 and 3T3-F442A cells), dexamethasone and

isobutylmethylxanthine (only for 3T3-L1 cells) (Otto and Lane, 2005). Insulin, by acting
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through the insulin growth factor- 1 receptor or the insulin receptor, induces activation of

pro-adipogenic transcription factors, such as CREB, and represses anti-adipogenic

transcription factors, such as those of the forkhead and GATA family (Rosen and

MacDougald, 2006). Dexamethasone, through binding to the glucocorticoid receptor,

represses the antiadipogenic protein pref-1 and induces C/???d synthesis (Smas et al.,

1999). Isobutylmethylxanthine increases cAMP by inhibiting phosphodiesterase activity,

which results in CREB activation and subsequently induction of C/EBPß expression (Zhang

et al., 2004).

Despite the fact that preadipose cell lines mimic preadipocyte differentiation in vivo,

several aspects must be taken into consideration when extrapolating data obtained from

preadipose cell lines to cultures of human primary preadipocytes. Preadipose cell lines have

an aneuploid rather than a diploid status with a limited life span (Ailhaud, 1982). Whereas

cell lines and human primary preadipocytes are both committed to the adipocyte lineage,

they represent distinct stages of development since preadipose cell lines are obtained during

the prenatal period whereas human primary preadipocytes are obtained at postnatal to adult

ages (Grégoire et al., 1998). MCE is a mandatory requirement for cell lines to undergo

adipogenesis whereas human primary preadipocytes differentiate directly in the absence of

MCE in culture. It is believed that human primary preadipocytes have already proceeded

through the requisite MCE in vivo and therefore represent a later stage of the adipocytic

program (Entenmann and Hauner, 1996). Importantly, studies on cell lines do not allow the

analysis of regional anatomic differences with respect to lipolytic and antilipolytic hormones

or profiles of cytokine secretion (Rosen et al., 2000).
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Primary culture of human preadipocytes is therefore often used to strengthen the

findings obtained with preadipose cell line and to obtain information on the behavior of the

anatomical sites of fat depots. Human primary preadipocytes are separated from the other

cells of the adipose tissue through a collagenase digestion, filtration and centrifugation

process (Hauner et al., 1989). Care must be taken to ensure that contamination of other cell

types is kept to a minimum. It has been reported that at the end of this process, the presence

of endothelial cells in the preadipocyte culture is minimal (Hauner et al., 1989). Still,

macrophages can be also present in the preadipocyte culture, the extent of which is

dependent on BMI (Curat et al, 2004).

Differentiation is accomplished with the use of the adipogenic cocktail described

above for 3T3-L1 cell line, with the addition of a PPARy agonist (Adams et al., 1997). The

cascade of events and the genes expressed during the differentiation process mirror those of

the preadipocyte cell lines except that, as mentioned above, human preadipocytes in culture

do not undergo MCE to terminally differentiate. Disadvantages also exist with the use of

primary human preadipocytes: access to adipose tissue for preadipocyte isolation is

dependent on surgical procedures; preadipocytes can only be passaged for a limited number

of times (~ 3), the differentiation process is time consuming (-14-18 days) and the degree of

differentiation is not uniform, varying according to donor characteristics, such as age

(Avram et al., 2007; Cartwright et al., 2007). Nonetheless, culture of human primary

preadipocytes represents an invaluable tool for the adipose tissue field.
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TSH FUNCTION AND SIGNALING IN THE ADIPOSE TISSUE

TSH action in adipose tissue can be traced back to studies in 1 964 that were

conducted by a Nobel Prize winner in Physiology or Medicine in the year of 1994; Martin

Rodbell. His studies revealed that catecholamines, as well as TSH, were able to induce

lipolysis in isolated rat fat cells (Rodbell, 1964). The lipolytic effect of TSH is also observed

in humans. Marcus et al showed that in newborns, TSH can act as a major lipolytic

hormone. With aging, TSH becomes a weaker inducer of lipolysis compared to

catecholamines (Marcus et al., 1988). TSH-induced lipolysis is mimicked with TSHR

stimulating antibody, whereas TSHR blocking antibody depressed the lipolytic effect,

suggesting that TSH mediates signaling through TSHR binding (Janson et al., 1995; Marcus

et al, 1988). Although TSH increases cAMP levels in fat cells, it is uncertain whether it is

the operative pathway for the induction of lipolysis (Janson et al., 1995).

Subsequent studies have further demonstrated that not only adipocytes, but also

preadipocytes, are TSH responsive. On primary culture of rat preadipocytes, TSH induces

proliferation, while inhibiting the differentiation into adipocytes (Haraguchi et al., 1999).

Conversely, TSH appears to have a different role on the earliest step of adipose development

since embryonic stem cells showed enhanced differentiation when TSH was added in the

culture medium either alone or in combination with adipogenic inducers (Lu and Lin, 2008).

TSH effects on human and 3T3-L1 preadipocytes has also been investigated by our

laboratory. Primary human preadipocytes isolated from either abdominal subcutaneous or

the orbital depot showed increased p70 S6 kinase activity in response to TSH. This effect

appears to depend on PI3K signaling, since wortmannin decreased TSH-induced p70 S6

kinase activation (Bell et al., 2000). In 3T3-L1 preadipocytes, similar to human primary
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cells, TSH-induced protein kinase B/p70 S6 kinase activation requires PI3K activation. As

in thyroid cells, TSH also acts as a survival factor in preadipocytes. TSH-inhibited apoptosis

in preadipocytes appears to be mediated by suppression of caspase-3 activation (Bell et al.,

2002).

TSH actions on adipose tissue include modulation of leptin, however with mixed

actions reported. For instance, TSH decreased leptin secretion from isolated rat adipocytes

while it increased secretion from tissue fragments obtained from the omental adipose depot

(Menendez et al., 2003; Shintani et al., 1999). A recent in vivo study has suggested that TSH

does not regulate leptin release since acute rhTSH administration into thyroidectomized

females did not have any effect on leptin blood levels (Cecoli et al., 2008).

Recently, our laboratory discovered that TSH increases the secretion of the

atherogenic/pro-inflammatory cytokine IL-6 from 3T3-L1 , 3T3-F442A as well as from

primary human abdominal subcutaneous differentiated adipocytes (Bell et al., 2003). As

explained below, IL-6 released from adipose tissue reaches the systemic circulation, and

high levels of circulating IL-6 are a strong predictor of CVD.

AN OVERVIEW OF IL-6

Human IL-6 is synthesized as a 212 amino acid protein, but the mature, secreted

form of the protein has 184 amino acids due to cleavage of the signal peptide (Wong et al.,

2003). Mouse IL-6, which is composed of 1 87 amino acids, has 42% amino acid identity

with the human sequence (Hammacher et al., 1994; Wong et al., 2003). IL-6 from both

species has a variable molecular mass ranging between 23 to 30 kDa as a result of
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differential post-translational modifications such as glycosylation and phosphorylation

(Keller et al., 1996; Santhanam et al., 1989).

IL-6 is released by a broad range of cells, such as osteoblasts, myocytes, thyrocytes,

monocytes, including those that compose the adipose tissue, such as preadipocytes,

adipocytes, endothelial cells and macrophages (Hoene and Weigert, 2008; Weetman et al.,

1990). IL-6 has a plethora of actions; it regulates haematopoiesis, immune response,

inflammation and metabolism (Hoene and Weigert, 2008).

The biological activities of IL-6 are initiated by binding to the IL-6 receptor (IL-6 R)

that is either present on the cell surface or circulating as a soluble form (Rose-John et al.,

2006). Since IL-6R does not possess any signal transduction capacity, signal into the cell is

dependent on recruitment of another receptor, the gpl30. After association with the IL-6/IL-

6R complex, gpl30 homodimerizes, recruits janus kinase proteins to tyrosine phosphorylate

gpl30 in the cytoplasmic tail, thereby providing docking sites for the association of

molecules able to initiate signal transduction (Heinrich et al., 2003). Due to the existence of

IL-6R in the circulation, IL-6 is capable of signaling in cells that lack membrane-bound IL-

6R but express gpl30 which, of note, is present in almost every cell in the body (Rose-John

et al., 2006).

ADIPOSE TISSUE AS A SOURCE OF IL-6

As mentioned above, cells of the adipose tissue release IL-6. Using different culture

systems, such as 3T3-L1, adipose tissue expiants, primary adipose cells from lean and obese

mouse, it was demonstrated that IL-6 release from cells of the stromal-vascular fraction
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accounts for most of the adipose tissue-derived IL-6, with a small contribution (-10%)

coming from the adipocytes (Fain et al., 2004; Fried et al., 1998; Harkins et al., 2004).

Adipose tissue overproduces IL-6 in conditions such as obesity, insulin resistance

and diabetes (Bastard et al., 2000; Bastard et al, 2002; Mohamed-Ali et al., 1997; Rotter et

al., 2003). In vitro studies have shown that insulin, catecholamines, as well as pro-

inflammatory factors, such as TNF-a, interleukin-lß (IL-I ß), lipopolysaccharide (LPS),

angiotensin II, and IL-6 itself induce adipose tissue IL-6 production (Flower et al., 2003;

Harkins et al., 2004; Hoene and Weigert, 2008; Skurk et al., 2004).

Interstitial IL-6 concentration in the adipose tissue is several times higher than that of

the systemic circulation, suggesting that IL-6 may have an autocrine and/or paracrine

mechanism of action in this tissue (Sopasakis et al., 2004). In vitro studies support the

notion that local IL-6 modulate adipose tissue metabolic function. Studies using either

differentiated adipocytes or adipose tissue expiants, showed that IL-6 inhibits the expression

of markers of terminal differentiation, impairs insulin signaling, decrease lipoprotein lipase

activity and increase lipolysis (Greenberg et al., 1992; Lagathu et al., 2003; Rotter et al.,

2003; Sopasakis et al., 2004; Trujillo et al., 2004). IL-6, by acting locally, may also alter

adipose tissue endocrine function. IL-6 treatment on adipose cells not only increases its own

secretion, but it also increases the release of pro-inflammatory proteins such as MCP-I and

PAI-I, and it decreases the release of adiponectin, an adipokine known to improve glucose

metabolism (Fasshauer et al., 2004; Fasshauer et al., 2003; Kralisch et al., 2005, Kralisch et

al., 2006; Lagathu et al, 2003).

Aside from its autocrine and paracrine actions, IL-6 from adipose tissue is able to exert

endocrine functions, since 10 to 35% of the circulating IL-6 is derived from the adipose
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tissue (Mohamed-Ali et al., 1997). Since clinical studies have repeatedly reported that

circulating IL-6 levels increase with weight gain, insulin resistance, type 2 diabetes and

CVD, it is postulated that IL-6 from the adipose tissue contributes to the low-grade

inflammation present in these conditions (Kern et al., 2001; Pi-Sunyer, 2006; Pradhan et al.,

2001). One possible target for adipose-tissue derived IL-6 to have pro-inflammatory action

is the liver. In vitro, IL-6 treatment inhibits insulin signaling and insulin-induced glycogen

storage in hepatocytes (Kanemaki et al., 1998; Senn et al., 2002). In support of this concept,

IL-6 treatment to humans and mice lead to increased plasma glucose levels (Klover et al.,

2003; Tsigos et al., 1997). Furthermore, IL-6 is the main mediator in the induction of the

acute phase proteins in the liver, such as CRP, serum amyloid A and fibrinogen (Gabay and

Kushner, 1999).

Another target of IL-6 is the endothelium, where it induces endothelial dysfunction

and vascular inflammation (Huber et al., 1999). Interestingly, all of the events mediated by

IL-6, such as insulin resistance, acute phase proteins and vascular inflammation, are events

reported to contribute to the development of CVD (Pi-Sunyer, 2006).

IL-6 AS A CVD RISK FACTOR

Several studies have demonstrated that IL-6 serum levels are high in subjects with

CVD (Biasucci et al., 1996; Miyao et al., 1993). The significance of IL-6 is demonstrated by

the fact that circulating IL-6 levels are elevated in healthy men and women at baseline who

have been documented to have a higher future risk of CVD events over time, and therefore

IL-6 is considered to be an independent risk factor for CVD (Danesh et al., 2008; Ridker et

al., 2000). The high IL-6 levels are likely to contribute to the increased CRP circulating

levels observed in patients with CVD, which is also a powerful predictor of CVD
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complications (Blake and Ridker, 2001). It is now recognized that IL-6 can directly

participate in the development of CVD. IL-6 has direct effects on the endothelium, and can

induce endothelial expression of chemoattractant proteins such as MCP-I and interleukin-8,

and promote the induction of adhesion molecules (Romano et al., 1997). Suggesting a direct

role in the vascular inflammatory process, IL-6 treatment in mouse models of atherosclerosis

led to increased plaque size (Huber et al., 1999). Moreover, vascular smooth muscle cells

proliferation and platelet activation, events that lead to CVD complications, are increased by

IL-6 (Ikeda et al., 1991; Oleksowicz et al., 1994).

Given the of role of IL-6 as an inflammatory mediator and its association with

diabetes, insulin resistance and CVD, a better understanding of IL-6 synthesis and its mode

of action would help to develop preventative or therapeutic approaches (Danesh et al.,

2008).

TRANSCRIPITIONAL REGULATION OF IL-6 SYNTHESIS

IL-6 synthesis has been reported to be under the control of different transcription

factors, namely nuclear factor-kappa B (NF-kB), activator protein (AP)-I, C/EBPß and

CREB (Hershko et al., 2002). The binding sites in the IL-6 promoter region for these

transcription factors are conserved among mouse, rat and human (Funakoshi et al., 1999).

Depending on the cell type and on the stimulus, activation of some of the transcription

factors to induce IL-6 synthesis will be more prominent than others. For example, in rat

cardiomyocytes, catecholamine-induced IL-6 secretion required both CREB and AP-I

activation, but not NF-kB and C/EBPß (Rohrbach et al., 2007). In human osteoblasts, TNF-

a induced NF-?? activation, but it inhibited C/EBPß activity, to induce IL-6 synthesis
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(Webb et al, 2002). Furthermore, in human enterocytes, IL-I ß, in concert with a cAMP

analog, needed all four transcription factors to induce IL-6 synthesis (Hershko et al., 2002).

Transcriptional regulation ofIL-6 synthesis in preadipocytes and adipocytes

Although the roles of the transcription factors involved in IL-6 secretion in

preadipocytes and adipocytes are not yet fully explored, recent studies revealed that NF-kB

appears to be the particularly important in this process. NF-kB is the collective name for a

family of transcription factors comprised of 5 proteins: p50 (NF-???), p52 (NF-KB2), p65

(ReIA), ReIB, and c-Rel (de Winther et al., 2005). Although all proteins can form different

complexes of either homo or heterodimers to bind to DNA, only p65, ReIB and c-Rel have

the capacity to initiate transcription (Gilmore, 2006). Thus, to be transcriptionally active,

one of these three proteins must be part of the NF-?? dimer. The most common active

complex is the p65-p50 heterodimer.

In unstimulated cells, NF-?? dimers are stabilized in the cytoplasm by a specific

family of inhibitory proteins, called inhibitor of kB (IkB) a, ß, or e, which hide the nuclear

localization signal of the dimers (Gilmore, 2006; Schmid and Birbach, 2008). In response to

stimuli, IkB is phosphorylated by its upstream kinase, the IkB kinase (IKK) complex,

rapidly ubiquitinated and degraded. Degradation of IkB liberates NF-?? to enter the nucleus

and activate transcription of a variety of genes, including IL-6 (Schmid and Birbach, 2008).

During 3T3-L1 adipocyte differentiation, the expression of NF-?? subunits and

activity are increased, suggesting that NF-?? might play an important role in cytokine

release in the late stages of differentiation (Berg et al., 2004). IL-6 release from

preadipocytes or adipocytes through NF-?? activation has been shown to occur with the
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classical NF-?? activators TNF-a, LPS and fatty acid (Berg et al, 2004; Chung et al, 2005;

Chung et al., 2006; Gonzales and Orlando, 2008). Apart from the classical NF-?? agonists,

GPCR are also able to activate NF-?? and induce inflammation (Ye, 2001). This concept

has just begun to be explored in adipose cells. Recently, it was reported that in human

differentiated adipocytes, angiotensin II activated the NF-?? signaling pathway to induce

IL-6 gene expression (Skurk et al., 2004).

HYPOTHESIS

I hypothesize that TSH increases the release of the atherogenic/pro-inflammatory

cytokine IL-6 from adipose cells.

RATIONALE

The rationale behind my hypothesis is the possibility that the high TSH levels

associated with subclinical hypothyroidism may act on adipose cells, leading to increased

IL-6 levels, and therefore placing subclinical hypothyroid patients at increased risk of

developing CVD.

OBJECTIVES

Objective 1: Investigate the signaling pathway by which TSH stimulates IL-6 release from

3T3-L1 cells.

Objective 2: Determine the effect of TSH on IL-6 release from human adipose cells as a

function of the stage of cell differentiation and the anatomic tissue depot.
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Objective 3: Investigate the signaling pathway by which TSH stimulates IL-6 release from

human abdominal subcutaneous differentiated adipocytes.

Objective 4: Analyze the effect of rhTSH administration in thyroidectomized patients on

serum IL-6 levels.
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Thyroid-Stimulating Hormone Stimulates Interleukin-6 Release from 3T3-L1 Adipocytes
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SUMMARY

The following manuscript entitled "Thyroid-Stimulating Hormone Stimulates

Interleukin-6 Release from 3T3-L1 Adipocytes through a cAMP-Protein Kinase A Pathway"

was published in Obesity Research [(2005) 13, 2066-2071]. Dr. Sorisky's laboratory had

previously shown that TSH increases IL-6 release from 3T3-L1, 3T3-F442A as well as from
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human abdominal differentiated adipocytes in vitro [Bell A et al. Arterioscler Thromb Vase

Biol(2003)23:e65-6].

The objective of manuscript #1 was therefore to further explore whether TSH effect

on IL-6 release was dependent on the stage of preadipocyte differentiation, and to identify

the signaling mechanisms utilized by TSH to induce IL-6 release. The 3T3-L1 cell line was

chosen for this study since, as mentioned in the General Introduction, it is a reliable model

for studying adipocyte biology, and can be easily grown and differentiated in culture.

TSH-induced cell responses in thyroid cells occurs mostly through activation of the

cAMP/PKA pathway. Furthermore, previous studies from our laboratory had shown that

TSH increases cAMP levels in the 3T3-L1 adipocytes [Bell A et al. Am J Physiol Cell

Physiol (2002) 283: C1056-64]. It was thus postulated in manuscript #1 that cAMP/PKA

activation was required for TSH to induce IL-6 secretion. To test the role of this pathway,

specific pharmacological activators and inhibitors were used. Forskolin directly activates

AC and H89 is an inhibitor of PKA. To investigate whether the alternative cAMP-dependent

target, Epac, is involved in IL-6 release, 8-pCPT-2'-0-Me-cAMP, a specific cAMP analog

for Epac, was used. To investigate whether TSH-induced IL-6 release was associated with

changes in gene expression, IL-6 mRNA was assessed by semiquantitative reverse

transcription polymerase chain reaction, and inhibition of gene transcription by actinomycin

D was performed.

Based on this study, a cAMP/PKA-dependent pathway for TSH to induce IL-6 gene

expression and release in 3T3-L1 differentiated adipocytes was proposed.
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ABSTRACT

ANTUNES, TAYZE T., ANNEMARIE GAGNON, ANDREA BELL, AND ALEXANDER

SORISKY.

Thyroid-stimulating hormone stimulates interleukin-6 release from 3T3-L1 adipocytes

through a cAMP-protein kinase pathway. Obes Res. 2005;13:2066-2071.

Objective: Thyroid-stimulating hormone (TSH) is a novel modulator of adipokine release

from human and mouse adipocytes. The aim of our study was to identify the signal

transduction pathways activated by TSH that stimulate interleukin (IL)-6 production.

Research Methods and Procedures: Mouse 3T3-L1 preadipocytes and differentiated

adipocyte cell cultures were studied. The effect of 0 to 1 µ? TSH on IL-6 protein release

into the medium over 0 to 24 hours was assessed. TSH signaling pathways responsible for

regulating IL-6 were studied through the use of 1 µ? forskolin, 100 µ? 8-pCPT-2'-0-Me-

cAMP, 10 µ? H89, 50 µ? PD98059, and 2 \x^Jm\ actinomycin D.

Results: TSH stimulated IL-6 release by 2.6-fold from 3T3-L1 adipocytes at concentrations

as low as 0.01 µ? but did not alter IL-6 production of corresponding preadipocytes.

Forskolin (elevates intracellular cAMP) stimulated IL-6 release from 3T3-L1 adipocytes {n

= 3,p< 0.005), and H89, an inhibitor of cAMP-dependent protein kinase A (PKA), reduced

TSH-stimulated IL-6 release by 66% (n = 3,p< 0.01), indicating a requirement for cAMP-

dependent PKA. Inhibition of the mitogen-activated protein kinase pathway with PD98059

did not affect TSH-stimulated IL-6 release. Activation of an alternate cAMP target, the

exchange protein of cAMP, with 8-pCPT-2'-0-Me-cAMP, had no effect on IL-6 release.

TSH raised the level of IL-6 mRNA, and blocked of transcription with actinomycin D

abrogated IL-6 protein release by TSH (n = 3, ? < 0.05).
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Discussion: TSH stimulates IL-6 release from differentiated 3T3-L1 adipocytes, but not

preadipocytes, by signaling through cAMP-PKA to activate IL-6 gene transcription.

Key words: adipocyte, thyroid-stimulating hormone, interIeukin-6, cAMP, protein

kinase A
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INTRODUCTION

The thyroid-stimulating hormone (TSH) receptor (TSHR), expressed in thyrocytes,

can also be detected in preadipocytes and adipocytes (Davies et al., 2002; Kershaw and

Flier, 2004; Prabhakar et al., 2003). TSH may act directly on extrathyroidal TSHR-bearing

adipose cells (Sorisky et al., 2000). Effects of TSH on lipolysis in neonatal adipocytes have

been reported (Janson et al., 1998), and more recently, changes in leptin secretion were

described (Menendez et al., 2003; Shintani et al, 1999). We have observed that TSH

stimulates the release of interleukin (IL)-6 from 3T3-L1, 3T3-F442A, and human

differentiated adipocytes (Bell et al., 2003). Adipose tissue is an important source of IL-6

production, given that over 30% of circulating IL-6 is released by it (Mohamed-Ali et al.,

1997). IL-6 either directly stimulates atheroma progression or indirectly promotes

atherogenesis by elevating hepatic production of C-reactive protein (Libby, 2002).

TSH levels are elevated in subclinical hypothyroidism. Although this elevation

serves to normalize thyroid hormone production in the failing thyroid gland, it has been

associated with increased cardiovascular risk in epidemiological studies (Franklyn et al.,

2005; Hak et al., 2000; Imaizumi et al., 2004; Kvetny et al., 2004). Traditional

cardiovascular disease risk factors do not clearly explain this association, but recent work

suggests that C-reactive protein levels may be high in subjects with subclinical

hypothyroidism (Christ-Crain et al., 2003; Tuzcu et al., 2005). It is possible that higher

levels of TSH may alter adipocyte adipokine production, such as that of IL-6, and this might

underlie the changes observed in C-reactive protein levels. To gain more insight into the

action of TSH, we have studied the signal transduction pathways that regulate IL-6

production, using mouse 3T3-L1 adipocytes. These immortalized cells undergo complete
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differentiation in a homogeneous fashion and are used widely as an experimental adipocyte

model system.

RESEARCH METHODS AND PROCEDURES

3T3-L1 Preadipocyte Studies and Adipocyte Differentiation

Murine 3T3-L1 preadipocytes were grown in Dulbecco's modified Eagle's medium

(DMEM) supplemented with 10% calf serum (CS), 100 U/ml penicillin, and 0.1 mg/ml

streptomycin (all from Invitrogen, Carlsbad, CA) in 35-mm dishes until confluent for 2

days. Preadipocytes were then either maintained in control medium (DMEM, 10% CS, and

antibiotics) or induced to differentiate for 8 days. Differentiation medium consisted of

DMEM supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 0.1 mg/ml

streptomycin, and 1 µ? of insulin for the first 4 days and with 0.25 µ? dexamethasone and

0.5 mM isobutylmethylxanthine for the first 2 days. Control and differentiation media were

replaced every 2 days over an 8-day period. For preadipocyte experiments, a 5 µ? TSH

dose was used in serum-free medium. Before stimulation with lower doses of TSH (ranging

from 0.001 to 1 µ?), adipocytes were placed overnight in DMEM supplemented with 1%

CS. Treatment with TSH, 100 µ? 8-pCPT-2'-0-Me-cAMP (Axxora, LLC, San Diego, CA;

vehicle, water), 1 µ? forskolin (Calbiochem, San Diego, CA; vehicle, 0.1 %> dimethyl

sulfoxide) was performed in DMEM supplemented with 1% CS. Where indicated,

adipocytes were pretreated for the specified times with 10 µ? H89, 50 µ? PD98059,

2 µg/ml actinomycin D (all from Calbiochem), or vehicle (final concentration, 0.1% to 0.4%o

dimethyl sulfoxide).
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Measurement ofIL-6 in the Medium and Protein Quantification

IL-6 was measured in cell culture medium by enzyme immunometric assay (Assay

Designs, Ann Arbor, MI), according to the manufacture's instruction. After treatment, cells

were lysed in Laemmli buffer (Laemmli, 1970), and protein concentration of the cell lysates

was quantified by Lowry reaction, using bovine serum albumin as standard.

Measurement ofIL-6 mRNA

After treatment of 3T3-L1 adipocytes with 0.1 µ? TSH (or vehicle) for 2 hours,

RNA was extracted by the acid guanidine thiocyanate-phenol/chloroform method, followed

by DNase I treatment (Ambion, Austin, TX). RNA integrity was evaluated on a 1% agarose-

formaldehyde gel. Total RNA (1 µg) was reversed transcribed (RT) with the Retroscript kit

(Ambion) using random decamers. Polymerase chain reaction (PCR) was performed in 50-

µ? reaction volume consisting of 5 µ? of RT reaction, 10 mM Tris-HCl (pH 8.3), 50 mM

KCl, 1.5 mM MgCl2, 0.2 mM of each dNTP (all from Ambion), 0.4 µ? mouse IL-6

primers, or 0.4 µ? 18S primers (Ambion; proprietary primers, sequences not disclosed), and

1 U of recombinant Taq DNA polymerase (Invitrogen). The amplification conditions were:

2 minutes at 94 0C for template denaturation; and 40 cycles (for IL-6) or 30 cycles (for 18S)

consisting of 30 seconds of 94 0C for denaturation, 30 seconds at 61 0C for annealing, 30

seconds at 72 0C for elongation; and 7-minute final elongation at 72 0C, in a GeneAmp

Gene System 2400 (Applied Biosystems, Foster City, CA). Another 1 U of Taq polymerase

was added to the IL-6 PCR samples at the 20th cycle. The PCR products were loaded on a

2% agarose gel stained with ethidium bromide (1 µg/ml), and bands were visualized under

UV light. Amplicon sizes were 414 base pairs for IL-6 and 495 base pairs for 18S.
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Statistical Analysis

Data were analyzed by Student's t test for paired values or ANOVA with Student-

Newman-Keuls post-test, as appropriate, using GraphPad Instat version 3.05 (GraphPad

Software Inc., San Diego, CA), with/? < 0.05 considered significant.

RESULTS

To advance our previous findings on IL-6 release by adipocytes (Bell et al., 2003),

we performed a time course study of cells treated with 0.01 µ? TSH (Figure 2.1). Basal

release of IL-6 increased significantly over the 24-hour period, reaching 84 ± 6 pg/mL per

milligram of protein (mean ± SE) at 4 hours and 167 ± 23 pg/mL per milligram of protein at

24 hours. IL-6 release was, therefore, expressed as fold increase over the respective

unstimulated time-matched samples. The peak response was 2.6-fold (n = 7,p< 0.05) and

occurred at the 4-hour time point (Figure 2.1). This time course is very reminiscent of the

response of IL-6 release from human differentiated adipocytes stimulated by isoproterenol,

in which the peak response occurred at 3 hours, persisted up to 12 hours, and then returned

to control values by 24 hours (Path et al., 2001). The effect of TSH over 4 hours at different

concentrations was evaluated for its effect on the release of IL-6 (Figure 2.2A). The lowest

concentration of TSH that stimulated IL-6 release (2 fold) was 0.01 µ?, with larger

responses observed at 0.1 and 1 µ? TSH (7.6- and 13.6-fold, respectively). It should be

noted that these TSH concentrations, although higher than physiological levels, are in the

approximate range of those used for thyrocytes in culture, a traditional TSH target cell

(Kimura et al., 2001). In contrast, IL-6 release from 3T3-L1 preadipocytes did not increase
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in response to TSH, even at a higher concentration of 5 µ?. In fact, a slight inhibition (9 ±

2%) was noted (Figure 2.2B).
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Figure 2.1: Time-course of TSH-induced IL-6 release from 3T3-L1 adipocytes. 3T3-L1
adipocytes were stimulated for up to 24 hours with or without 0.01 µ? TSH. Medium was
collected and IL-6 protein was measured as described. Results are expressed as the fold
increase ofbasal secretion for each time point, and represent the means ± SE of 3 to 7
independent experiments, each performed in duplicate. * denotes p<0.05 compared to
timed control.
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Figure 2.2: TSH-induced IL-6 release from 3T3-L1 adipocytes, but not preadipocytes.
A. 3T3-L1 adipocytes were stimulated for 4 hours with 0 to 1 µ? TSH. Medium was
collected and IL-6 protein was measured as described. Results are expressed as fold-change
of control and represent the means ± SE of 6 independent experiments, each performed in
duplicate. B. 3T3-L1 preadipocytes were stimulated for 4 hours with or without 5 µ? TSH.
Medium was collected and IL-6 protein was measured as described. Results are expressed
as fold change compared to control and represent the means ± SE of 3 independent
experiments, each performed in duplicate. * p<0.05, ** p<0.005 and *** p<0.001,
compared to control. 63



We have reported previously that as 3T3-L1 preadipocytes differentiate into

adipocytes, they acquire the capacity to elevate intracellular cAMP in response to TSH

(Bell et al., 2002). We, therefore, examined this signaling route with respect to TSH

regulation of IL-6 release. cAMP can exert its effects either through activation of

cAMP-dependent protein kinase A (PKA) or through an alternate target, the exchange

protein activated by cAMP (EPAC) (Kopperud et al., 2003). Forskolin, which increases

cAMP by directly activating adenylyl cyclase, increased IL-6 release by ~20-fold (n =

3,p< 0.005; Figure 2.3A). Direct and specific activation of EPAC with 100 µ? 8-

pCPT-2'-0-Me-cAMP (Rangarajan et al, 2003) had no effect on IL-6 release (n = 5;

Figure 2.3B), suggesting that PKA is the operative cAMP target. Indeed, inhibition of

PKA by 10 µ? H89 reduced the stimulatory effect of TSH on IL-6 release by 66% (n =

3, ? < 0.01; Figure 2.3C). The activation of p42/44 mitogen-activated protein kinase

(MAPK) by TSH in thyrocyte cell models is controversial (Kimura et al., 2001 ;

Vandeput et al., 2003). Pre-treatment of 3T3-L1 adipocytes with 50 µ? PD98059, an

inhibitor of the upstream regulatory kinase MEKl, did not alter TSH-stimulated IL-6

release (n = 3; Figure 2.3C). In the adipocyte cell model, p42/44 MAPK signaling is

apparently not involved in the induction of IL-6 by TSH.

TSH might regulate IL-6 protein release by altering transcription. Consistent with

this, actinomycin D (2 µg/ml) blocked IL-6 secretion completely (n = 3, ? < 0.05; Figure

2.4A). Direct measurement of IL-6 mRNA by RT-PCR did not detect a reliable signal under

basal conditions but did reveal an increase in IL-6 mRNA levels on TSH treatment (n = 4;

Figure 2.4B).
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Figure 2.3: TSH induces IL-6 release from 3T3-L1 adipocytes through a cAMP-PKA
signaling pathway. A and B. 3T3-L1 adipocytes were stimulated for 4 hours with or
without 1 µ? forskolin or 100 µ? 8-pCPT-2'-0-Me-cAMP. C. 3T3-L1 adipocytes were
pre-treated with 10 µ? H89 or 50 µ? PD98059 for 15 minutes, then stimulated with
0.01 µ? TSH for 4 hours. IL-6 protein in the medium was measured as described. Results
are expressed as pg/mL/mg of protein and represent the means ± SE of 3-5 independent
experiments, each performed in duplicate. * denotes p<0.005 compared to control; a,
pO.01 compared to control; and b, p<0.01 compared to TSH.
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performed as described. Results are representative of 4 independent experiments.



DISCUSSION

The role of TSH action on adipocytes has been under investigation for several

decades but is still elusive. Early experiments performed by Rodbell that established the

connection between G-protein-coupled receptors and cAMP signaling included studies on

TSH-stimulated adipocytes (Rodbell, 1964). TSH-provoked metabolic responses in

adipocytes that were described at that time included carbohydrate regulation and lipolysis.

Subsequent studies implicated TSH in lipolysis, but primarily in the neonatal period (Janson

et al., 1998). Others have reported that TSH either affects proliferation or survival of

preadipose cells (Bell et al., 2002; Haraguchi et al., 1999). Most recently, the ability of TSH

to modulate the production of adipokines has been described. Leptin production was

decreased by TSH in rat adipocytes but was stimulated by TSH in human adipose tissue

(Menendez et al., 2003; Shintani et al., 1999). We have reported that TSH increases the

release of IL-6 from differentiated human abdominal subcutaneous, mouse 3T3-L1, and

3T3-F442A adipocytes (Bell et al., 2003). Therefore, in contrast to leptin, the IL-6 response

to TSH is consistent across rodent and human adipocyte models.

We now begun to identify the signal transduction pathways activated by TSH that

are required for IL-6 production in 3T3-L1 adipocytes. This experimental model is an

established approach for adipocyte studies because the cells differentiate in a uniform and

reproducible fashion and are hormone-responsive (Ross et al., 2000). In particular, they

express IL-6 and TSHR (Bell et al, 2002; Fasshauer et al., 2003; Stephens et al., 1992). It

should be noted that our studies on 3T3-L1 adipocytes utilized TSH concentrations that

approximate those used on thyrocytes (Kimura et al., 2001), traditional TSH target cells.

The approach of our signaling studies is based on pharmacological activators and inhibitors
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that are well-characterized for these purposes (Vandeput et al., 2003), but inherent

limitations related to absolute specificity of these agents must always be noted with this

strategy.

Previously, we reported that TSH elevates cytosolic cAMP levels in differentiated

3T3-L1 adipocytes, but not in preadipocytes (Bell et al., 2002). The release of IL-6 by 3T3-

Ll preadipocytes treated with TSH did not increase, unlike what was observed for

differentiated adipocytes. Because TSHR protein is expressed at the preadipocyte stage, the

difference in the IL-6 response may be related to the absence of coupling of TSHR to

adenylyl cyclase in preadipocytes (Bell et al., 2002). Changes in adenylyl cyclase isoform

expression between preadipocytes and adipocytes that might influence TSHR signaling have

also been described (Serazin-Leroy et al., 2001). TSHR signaling in 3T3-L1 and human

preadipocytes is linked to activation of tyrosine kinases, PI3K, PKB/Akt, and p70 S6K (Bell

et al., 2002; Bell et al., 2000). Although 3T3-L1 preadipocytes may be a significant source

of IL-6, having been recently reported to release more IL-6 protein than adipocytes in

response to lipopolysaccharide (Harkins et al, 2004), our data suggest that any potential

TSH-dependent changes would be expected to act on adipocytes.

Consistent with the importance of cAMP-dependent signaling, direct activation of

adenylyl cyclase by forskolin potently increased IL-6 release. Potential downstream

effectors of cAMP include PKA and EPAC. An EPAC-specific cAMP analog failed to

influence basal IL-6 secretion, and TSH-stimulated IL-6 secretion was attenuated by H89.

Thus, it appears that cAMP-PKA activation represents an important signaling pathway for

IL-6 release from 3T3-L1 adipocytes. This finding is consistent with studies examining TSH

action in thyrocytes, which did not find a significant role of EPAC in mitogenesis (Dremier
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et al., 2000; Vanvooren et al., 2001). Activation of MAPK by TSH has been reported in

some, but not all, thyrocyte signaling studies related to proliferation (Kimura et al., 2001 ;

Vandeput et al, 2003). We did not observe any effect of p42/44 MAPK inhibition on IL-6

release by 3T3-L1 adipocytes.

TSH increased IL-6 mRNA, and actinomycin D blocked TSH-stimulated IL-6

release. These data are consistent with TSH acting at the transcriptional level to regulate IL-

6 secretion. Control at the mRNA level of IL-6 expression seems to be an important

phenomenon in adipocytes because it has also been observed in response to isoproterenol,

tumor necrosis factor-a, insulin and growth hormone (Fasshauer et al., 2003; Path et al.,

2001).

In summary, our data show that adipocytes release IL-6 in a TSH-responsive manner

through a cAMP-PKA pathway that acts at the transcriptional level. Understanding how

TSH acts to regulate adipokine production may provide new insights on the physiological

impact of thyroid function.
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SUMMARY

The following manuscript entitled "Interleukin-6 release from human abdominal

adipose cells is regulated by thyroid-stimulating hormone: effect of adipocyte differentiation

and anatomic depot" was published in the American Journal of Physiology - Endocrinology

and Metabolism [(2006) 290, El 140-E1 144]. In the previous chapter, manuscript #1, the

effect of TSH on IL-6 release was examined in the 3T3-L1 cell line. As mentioned in the

General Introduction, although the 3T3-L1 cell line represents a faithful cell model to study

adipocyte biology, there are limitations with this model. Studies using human primary

adipose cells are helpful to further strengthen the relevance of the findings, and also allow

for the comparison of differences that may exist between anatomic regional adipose tissue

sites.

Manuscript #2 thus attempts to analyze basal and TSH-induced IL-6 release

according to stages of differentiation (preadipocytes versus their differentiated adipocyte

counterparts), and according to the anatomical location (abdominal subcutaneous versus

omental) of human primary cells. Adipose tissue samples of abdominal subcutaneous and

omental adipose tissue were obtained from patients undergoing elective abdominal surgery

at The Ottawa Hospital (approved by the Research Ethics Board). This study was designed
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to obtain paired adipose tissue samples from each patient in order to reduce inter-patient

variability.

To determine if TSH increases IL-6 circulating levels in extrathyroidal targets in

vivo, IL-6 serum levels were measured in thyroidectomized patients prior to and following

rhTSH injections.

From this study, it was proposed that differences exist between basal and TSH-

stimulated IL-6 release according to the stage of differentiation and the adipose tissue depot

location. Furthermore, the in vivo study indicates that TSH can target extrathyroidal tissues

to modulate IL-6 serum levels.
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ABSTRACT

Adipose cells are extrathyroidal targets of thyroid-stimulating hormone (TSH). TSH

stimulates interleukin-6 (IL-6) release from adipocytes. We examined TSH responsiveness

as a function of stage of differentiation or adipose tissue depot in cultured adipose cells and

determined the effect of TSH on extrathyroidal IL-6 production in vivo. Stromal

preadipocytes, isolated from human abdominal subcutaneous or omental adipose tissue, and

their differentiated counterparts were studied. IL-6 protein concentration in the medium was

measured after TSH stimulation. Basal IL-6 release was greater for preadipocytes than

differentiated adipocytes, whether derived from subcutaneous or omental fat depots. A

depot-dependent effect (omental > subcutaneous) on basal IL-6 release was observed for

preadipocytes (1.6-fold, P< 0.05); a similar trend for differentiated adipocytes was not

significant (6.2-fold, P > 0.05). IL-6 responsiveness to TSH was observed upon

differentiation, but only for subcutaneous adipocytes (1 .9-fold over basal, P < 0.001). To

determine if TSH could stimulate IL-6 release from extrathyroidal tissues in vivo, we

measured serum IL-6 levels from five thyroidectomized patients who received recombinant

human (rh) TSH and found that levels increased by threefold on days 3 and 4 (P < 0.05)

after its administration. Our data demonstrate that stage of differentiation and fat depot

origin affect basal and TSH-stimulated IL-6 release from adipose cells in culture.

Furthermore, rhTSH elevates serum IL-6 response in thyroidectomized patients, indicating

an extrathyroidal site of TSH action.

Preadipocyte; adipose tissue; thyroid; adipokine; inflammation
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INTRODUCTION

It is now recognized that thyroid-stimulating hormone (TSH) does not exclusively

target the thyroid gland but also acts on a variety of other cells, including preadipocytes and

adipocytes (Davies et al., 2002; Davies et al., 2005). Adipose tissue, in addition to its

crucial role in lipogenesis and lipolysis, also influences metabolic and vascular health

through its secretion of cytokines (adipokines; see Ref. (Kershaw and Flier, 2004)). TSH-

mediated preadipocyte and/or adipocyte responses include proliferation, differentiation,

survival, lipolysis, and leptin secretion (Bell et al., 2002; Haraguchi et al., 1999; Janson et

al., 1998; Menendez et al., 2003; Shintani et al, 1999).

Interleukin-6 (IL-6) is a proinflammatory adipokine that is associated with an

elevated risk of cardiovascular disease (CVD) in longitudinal studies (Bennet et al., 2003;

Pradhan et al., 2002; Ridker et al., 2000; Volpato et al., 2001). It may act directly at the

vessel well or indirectly by stimulating hepatic production of C-reactive protein (CRP), a

novel CVD risk marker (Libby, 2002; Ridker, 2003). Because adipose tissue makes a

significant contribution to the level of IL-6 in the circulation (Mohamed-Ali et al., 1997), it

is important to identify the factors that influence IL-6 secretion from this tissue. We have

demonstrated that TSH stimulates IL-6 release from 3T3-L1, 3T3-F442A, and human

differentiated adipocytes in culture (Bell et al., 2003).

Elevated TSH secretion in subclinical hypothyroidism (mild thyroid gland failure)

serves to maintain normal thyroid hormone levels, and, interestingly, this thyroid disorder

has been associated with CVD (Crapo, 2005; Franklyn et al., 2005; Hak et al., 2000;

Imaizumi et al, 2004; Kvetny et al., 2004; Rodondi et al., 2005; Walsh et al, 2005).

Traditional CVD risk factors do not clearly account for the association, but recently CRP
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was found to be higher in patients with subclinical hypothyroidism (Christ-Crain et al.,

2003; Tuzcu et al, 2005). This clinical finding is consistent with our cellular studies linking

TSH to IL-6 production in adipocytes, given that IL-6 is a major regulator of CRP

production (Libby, 2002).

To broaden our knowledge of TSH action on IL-6 release from human adipose cells,

we have investigated the effects of stage of adipocyte differentiation and anatomical site of

adipose tissue depot on this process. Stromal preadipocytes and differentiated adipocytes

derived from paired samples of abdominal subcutaneous and omental fat depots were

studied. In addition, serum levels of IL-6 were measured in thyroidectomized patients

treated with rhTSH as a measure of extrathyroidal action of TSH in vivo.

MATERIALS AND METHODS

Isolation, culture, and differentiation ofhuman stromalpreadipocytes

Paired samples of abdominal subcutaneous and omental adipose tissue (~l-2g wet

weight) were obtained from five patients (4 female, 1 male) undergoing elective abdominal

surgery (3 total abdominal hysterectomies, 1 bowel resection, and 1 gastrojejunostomy) with

the approval of the Ottawa Hospital Research Ethics Committee (no. 1995023-01H). Their

age was 5 1 .4 (SD 7.3) yr, and body mass index was 26.6 (SD 3.7) Kg/m2. The hospital
record noted they were not acutely ill, were weight stable, and did not have diabetes, renal,

or infectious disease. Two had well-controlled hypertension, one of whom was also known

to have stable coronary artery disease, and were treated with candesartan,

hydrochlorothiazide, losartan, verapamil, and simvastatin. Of the four women, two were

postmenopausal, one of whom was treated with estrogen (transdermal) and
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medroxyprogesterone. Stromal preadipocytes were isolated from each depot, and processed

in parallel, as previously described (Artemenko et al., 2005). Blood vessels and fibrous

tissue were carefully removed from the adipose tissue, followed by collagenase (CLS type I;

200U/g of tissue) digestion. After centrifugation, size filtration and treatment with

erythrocyte lysis buffer, equal numbers of stromal preadipocytes from each depot for each

patient were subsequently seeded (the number varied between patients, averaging 7X10

cells/cm2) and grown in DMEM supplemented with 20% Fetal Bovine Serum (FBS) and
antibiotics (100 U/ml penicillin, 0.1 mg/ml streptomycin, and 50 U/ml nystatin) for a

maximum of three passages (Adams et al., 1997; Hutley et al., 2003). Stromal preadipocytes

were also sometimes cryopreserved before passaging and, once thawed, were grown in

DMEM supplemented with 10% FBS and antibiotics. This did not alter their ability to

differentiate into adipocytes (Ort et al., 2005).

For differentiation, the passaged preadipocytes from both depots were plated at a

density of 3 X 104 cells/cm2 in a 24-well plate in DMEM supplemented with 10% FBS and
antibiotics. The following day, cells were either induced to differentiate in DMEM

supplemented with 10% FBS, 0.85 µ????/? insulin, 100 |imol/l indomethacin, 0.5 ¡imol/l

dexamethasone, 0.25 mmol/1 isobutyl methylxanthine, and antibiotics or maintained in

control medium (DMEM with 10%) FBS and antibiotics). After the 14-day differentiation

period, both stromal preadipocytes and differentiated adipocytes from each of the two depots

were placed in DMEM supplemented with 1 % calf serum and treated with 1 (imol/l TSH

(Sigma) or vehicle (water) for 4 h. At the end of each experiment, medium was collected

and centrifuged (500 g for 5 min at 4°C) to eliminate cell debris. The supernatant was either
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kept at 40C and analyzed in the following day or frozen at -8O0C until assayed for IL-6

protein.

Measurement ofIL-6protein in conditioned medium

IL-6 protein was measured by enzyme immunometric assay (Assay Designs, Ann

Arbor, MI), according to the manufacturer's instructions. After the collection of the

medium, the adherent cells were lysed in Laemmli buffer (without bromphenol blue dye; see

Ref. (Laemmli, 1970), and protein concentration was determined by modified Lowry

method (Bio-Rad; Mississauga, ON, Canada), using Bovine Serum Albumin (BSA) as a

standard.

Measurement ofIL-6 levels in human serum

The study subjects (approved by the Institutional Review Board of University of

Pisa) included five men aged 43 (SD 2) yr who had undergone thyroidectomy and

radioablative iodine therapy for thyroid cancer. They have been described previously (Lado-

Abeal et al., 2003). None had evidence ofmetastatic disease and were otherwise healthy. As

part of ongoing routine follow-up care, and without discontinuation of thyroid hormone

therapy, they received two separate doses of rhTSH (0.9 mg im) administered 24 h apart on

days 0 and 1. Serum samples were obtained on days 0 (before the 1st dose), 1, 2, 3 and 4 and

were then frozen. IL-6 and TSH were measured in thawed samples by an ELISA kit (Alpco

Diagnostics, Windham, NH) and by chemiluminescence (Elecsys 2010; Roche Diagnostics,

Indianopolis, IN), respectively.
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Statistical analysis

Data were analyzed by ANOVA and the Newman-KeuPs test for multiple

comparisons (P < 0.05 considered significant).
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RESULTS

Basal IL-6 release was measured in medium obtained after 4 h incubation with the

cell cultures. To examine the effect of stage of differentiation and adipose tissue depot, we

compared basal IL-6 secretion from stromal preadipocytes and differentiated adipocytes

derived from either the abdominal subcutaneous or omental adipose tissue depots. As shown

in Figure 3.1, mean basal IL-6 release was 30-fold (P < 0.01) and 8-fold (P < 0.001) higher

from stromal preadipocytes vs. differentiated adipocytes from the subcutaneous and omental

depots, respectively. In the case of stromal preadipocytes, those from the omental depot

released 1 .6-fold more IL-6 (P < 0.05). Omental differentiated adipocytes also released more

IL-6 than subcutaneous differentiated adipocytes, but this difference did not reach

significance.

The response to treatment with 1 µ????/? TSH was assessed by comparing each

condition with its respective control, given the very different basal IL-6 values (Figure 3.1).

TSH increased IL-6 release by differentiated subcutaneous adipocytes by 90% over basal

(Figure 3.2). This approximately twofold stimulation is consistent with our previous study

on subcutaneous differentiated adipocytes (Bell et al., 2003). The responses of the

preadipocytes from either depot, as well as differentiated omental adipocytes, were ~ 35-

40% and did not reach significance. The omental preadipocytes did not become more TSH

responsive upon differentiation, in contrast to the differentiation of subcutaneous

preadipocytes.
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Figure 3.1: Comparison of basal IL-6 release from human abdominal subcutaneous
and omental preadipocytes and differentiated adipocytes. Isolated preadipocytes
from paired abdominal subcutaneous or omental adipose tissue from 5 patients were
either kept in control medium (preadipocytes, P) or induced to differentiate (adipocytes,
A) for 14 days. Basal IL-6 release over 4 h was measured as described. The effect of
stage of differentiation and anatomic depot was compared by 2-way ANOVA. Results
are expressed as means ± SE (n=5).
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Figure 3.2: Effect of TSH on IL-6 release from abdominal subcutaneous and omental
preadipocytes or differentiated adipocytes. Isolated preadipocytes from paired
abdominal subcutaneous or omental adipose tissue from 5 patients were either kept in
control medium (preadipocytes; P) or induced to differentiate (adipocytes; A) for 14 days.
Cultures were stimulated for 4 h with 1 |imol/l TSH or vehicle. IL-6 released in the
medium was measured as described. Results are expressed as fold ofbasal release (mean ±
SE, ? = 5). Two-way ANOVA was performed. *P <0.05 compared with subcutaneous and
omental preadipocytes, and P <0.01 compared to omental adipocytes.

85



To address the question of whether TSH could act on extrathyroidal tissue targets in

vivo and elicit an increase in serum levels of IL-6, we obtained serial blood samples for

measurement of TSH and IL-6 from five male patients who had previously undergone

surgical thyroidectomy followed by radioactive iodine ablation of any residual thyroid

tissue. They received rhTSH injections in preparation for routine radioactive iodine body

scans for thyroid cancer surveillance. rhTSH (0.9 mg) was administered on days 0 and 1;

values for serum TSH and IL-6 levels on days 0-4 are shown (Figure 3.3). The mean

baseline TSH was 0.63 + 0.05 (SE) mU/1 (n = 5), and rose as expected in response to rhTSH

administration. The mean baseline IL-6 value was 1 .7 + 0.9 (SE) pg/ml, with a range from

undetectable to 4.6 pg/ml. IL-6 levels began to increase by day 1, and by day 4 the mean

value reached 4.7 + 0.8 pg/ml. This approximately threefold response to IL-6 over the 4

days just failed to reach significance (P = 0.05).

Samples from one of the five patients, although also showing a clear response to

TSH, started from a much higher baseline IL-6 concentration for unknown reasons.

Reanalysis of the data without this patient results in a baseline IL-6 of 0.9 + 0.7 pg/ml,

reaching a value of 4.4 + 0.9 pg/ml on day 4, an approximately fivefold rise (P < 0.01).

To reduce the variation between all five subjects, the data were normalized by setting

the IL-6 value of the final time point, day 4, at 100% and comparing the earlier time points

as a percentage of the respective day 4 value for each patient. The rise in the serum IL-6

level was approximately threefold on days 3 and 4 (P < 0.05, ? = 5). Taken together, the

data indicate that rhTSH has raised serum IL-6 in these thyroidectomized patients by acting

on extrathyroidal tissue(s).
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Figure 3.3: TSH increases serum IL-6 levels in thyroidectomized patients. Patients
received 2 injections of rhTSH 24 h apart on days 0 and 1. Serum samples were collected
daily (baseline = day O) until day 4. A: serum TSH levels (mean ± SE). B: serum IL-6
levels for each patient. C: serum IL-6 levels expressed as a percentage of day 4 responses.
Repeated-measures ANOVA was performed. *P < 0.05 compared with baseline (n = 5).
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DISCUSSION

We previously demonstrated that mouse (3T3-L1, 3T3-F442A) and human

abdominal subcutaneous differentiated adipocytes secrete IL-6 in response to TSH (Bell et

al., 2003). We now report on basal and TSH-stimulated IL-6 release in human adipose cells

at different stages of differentiation (preadipocytes and differentiated adipocytes) and from

different anatomical locations (subcutaneous abdominal and omental adipose tissue depots).

Our data indicating that basal IL-6 release is higher from stromal preadipocytes vs.

differentiated adipocytes is consistent with several previous studies. The contribution of

isolated adipocytes to IL-6 secretion was found to be only 1 0% compared with that of

adipose tissue fragments (Fried et al., 1998). These authors therefore concluded that the

stromal-vascular cellular fraction in intact adipose tissue must be an important IL-6 source.

A subsequent study concurred, describing higher IL-6 secretion from stromal preadipocytes

vs. isolated adipocytes from adipose tissue obtained from lean control or leptin-deficient

obese ob/ob mice (Harkins et al., 2004). Differentiation of human subcutaneous

preadipocytes into adipocytes was also recently reported to markedly reduce IL-6 mRNA

expression, although there was a return to preadipocyte levels with prolonged culture time

(Wang et al., 2005).

However, the literature on IL-6 production from adipose tissue cellular fractions is

somewhat controversial. In a comparison of human isolated adipocytes with stromal cells,

an equivalent amount of IL-6 secretion was observed; in addition, a vaguely defined

undigested matrix component of adipose tissue was reported to be responsible for a large

part of the IL-6 produced by adipose tissue (Fain et al., 2004). On the other hand,

immunohistochemistry analysis of human breast adipose tissue did not detect any IL-6
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reactivity in preadipocytes (Path et al., 2001). The reason for this is unclear, but technical

limitations are a possibility, since earlier work demonstrated IL-6 mRNA expression in

stromal cells from breast adipose tissue, making it unlikely that breast preadipocytes are

unique compared with other preadipocytes (Crichton et al., 1996). Another study reported

that IL-6 secretion increased during differentiation of human subcutaneous preadipocytes

into adipocytes. However, the experimental design precluded a true assessment of IL-6

secretion from control preadipocytes, since their first measurement actually occurred after 6

days of differentiation treatment (Vicennati et al., 2002).

We found that stromal preadipocytes behaved in a depot-specific fashion, with

omental cells releasing more IL-6 under basal conditions than subcutaneous cells. A parallel

trend favoring the omental depot for the differentiated adipocytes was not significant. These

responses correspond to those of isolated adipocytes and adipose tissue fragments, which

also show this depot-related characteristic of IL-6 secretion (Fried et al., 1998). Another

study also detected the same depot-specific effect of IL-6 secretion from adipose tissue

samples; for isolated adipocytes, the trend was in the same direction, but not significant,

perhaps because of differences in collection times (Fain et al., 2004). Furthermore, we

provide novel data that stromal preadipocytes also exhibit this same depot-dependent

response. The molecular basis for this depot-dependent difference in IL-6 production is not

known. The previous two studies cited above used freshly isolated adipocytes, leaving open

the possibility that in vivo influences before tissue removal might still have been operating

during the relatively brief culture period for those cells. Because our data were derived from

cells that were maintained for 2 wk in control or differentiation medium beyond the time for
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the initial passages, it would seem that the depot-related difference of IL-6 release is based

on inherent attributes of the adipose cells themselves.

Adipogenesis resulted in the acquisition of IL-6 responsiveness to TSH for

subcutaneous, but not omental, differentiated adipocytes. In previous work, we did not

detect any consistent changes in TSH receptor (TSHR) protein expression upon human

adipocyte differentiation or between depots that would account for this result; larger studies

to more rigorously examine TSHR expression are warranted (Bell et al., 2000). However,

we have observed that, in the 3T3-L1 preadipocyte cell line model, adipogenesis is

associated with the ability of TSH to elevate intracellular cAMP levels (Bell et al., 2002).

Future work will need to address whether downstream differences in TSH signaling

molecules may be operative between depots and/or during human adipogenesis as well. It

should be noted that, although the release of IL-6 by abdominal subcutaneous differentiated

adipocytes is TSH responsive, the actual amount released under these culture conditions is

smaller than that released basally by stromal preadipocytes. Whether this will be the case for

other adipokines implicated in metabolic dysfunction, such as tumor necrosis factor-a, is an

open question. Finally, it should be noted that the number of patients in our study was small

and somewhat heterogeneous (e.g., age, sex, medical history). With a larger and more

homogeneous sample, more subtle regulatory aspects of IL-6 release may be revealed in the

future.

To investigate the possibility of nonthyroidal action of TSH in vivo, we used the

paradigm of rhTSH administration to patients who had been previously treated for thyroid

cancer with surgical thyroidectomy and ablative doses of radioactive iodine. The elevation

of serum IL-6 concentration in response to rhTSH injection complements and strengthens
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our experiments on culture adipose cells reported here and previously (Bell et al., 2003). The

design of the study, conducted in vivo, does not allow precise identification of adipose tissue

as the site of nonthyroidal IL-6 production. To answer that question, adipose tissue biopsy

and measurement of IL-6 expression before and after exposure to elevated TSH levels will

be required.

Others have recently used rhTSH administration in thyroidectomized patients to

explore extrathyroidal action of TSH. rhTSH treatment reduces serum vascular endothelial

growth factor levels in such patients (Sorvillo et al., 2003). In another study, short-term

elevation of serum TSH levels did not elevate serum testosterone (Lado-Abeal et al., 2003).

These studies, together with our findings, suggest that extrathyroidal action of TSH and its

regulation of pro-atherogenic adipokines will require careful investigation, since substantial

tissue selectivity of TSH responsiveness appears to exist.

In summary, we show here for the first time that differentiated adipocytes derived

from the abdominal subcutaneous, but not the omental, depot are TSH responsive in terms

of IL-6 release. We further report that IL-6 release in the circulation occurs in

thyroidectomized patients receiving rhTSH, indicating an extrathyroidal tissue(s) response

to TSH.

ACKNOWLEDGEMENTS

We thank the patients and surgeons of the Ottawa Hospital for valuable participation.

91



GRANTS

This work was supported, in part, by Grant T5307 from the Heart and Stroke

Foundation of Ontario (to A. Sorisky) and National Institutes of Health Grants EY-008976,

EY-1 1708, and DK-063121 (to T. J. Smith).

92



REFERENCES

Adams, M., Montague, CT., Prins, J.B., Holder, J.C., Smith, S.A., Sanders, L., Digby, J.E.,
Sewter, CP. , Lazar, M.A., Chatterjee, V.K., et al. (1997). Activators of peroxisome
proliferator-activated receptor gamma have depot-specific effects on human preadipocyte
differentiation. J Clin Invest 700, 3149-3153.

Artemenko, Y., Gagnon, A., Aubin, D., and Sorisky, A. (2005). Anti-adipogenic effect of
PDGF is reversed by PKC inhibition. J Cell Physiol 204, 646-653.

Bell, A., Gagnon, A., Dods, P., Papineau, D., Tiberi, M., and Sorisky, A. (2002). TSH
signaling and cell survival in 3T3-L1 preadipocytes. Am J Physiol Cell Physiol 283, Cl ?d?-
? 064.

Bell, A., Gagnon, A., Gründer, L., Parikh, S.J., Smith, T.J., and Sorisky, A. (2000).
Functional TSH receptor in human abdominal preadipocytes and orbital fibroblasts. Am J
Physiol Cell Physiol 279, C335-340.

Bell, A., Gagnon, A., and Sorisky, A. (2003). TSH stimulates IL-6 secretion from
adipocytes in culture. Arterioscler Thromb Vase Biol 23, e65-66.

Bennet, A.M., Prince, J.A., Fei, G.Z., Lyrenas, L., Huang, Y., Wiman, B., Frostegard, J., and
Faire, U. (2003). Interleukin-6 serum levels and genotypes influence the risk for myocardial
infarction. Atherosclerosis 171, 359-367.

Christ-Crain, M., Meier, C, Guglielmetti, M., Huber, P.R., Riesen, W., Staub, JJ., and
Muller, B. (2003). Elevated C-reactive protein and homocysteine values: cardiovascular risk
factors in hypothyroidism? A cross-sectional and a double-blind, placebo-controlled trial.
Atherosclerosis 166, 379-386.

Crapo, L.M. (2005). Subclinical hypothyroidism and cardiovascular disease. Arch Intern
Med 165, 2451-2452.

Crichton, M.B., Nichols, J.E., Zhao, Y., Bulun, S.E., and Simpson, E.R. (1996). Expression
of transcripts of interleukin-6 and related cytokines by human breast tumors, breast cancer
cells, and adipose stromal cells. MoI Cell Endocrinol 118, 215-220.

Davies, T., Marians, R., and Latif, R. (2002). The TSH receptor reveals itself. J Clin Invest
110, 161-164.

Davies, T.F., Ando, T., Lin, R.Y., Tomer, Y., and Latif, R. (2005). Thyrotropin receptor-
associated diseases: from adenomata to Graves disease. J Clin Invest 115, 1972-1983.

Fain, J.N., Madan, A.K., Hiler, M.L., Cheema, P., and Bahouth, S.W. (2004). Comparison
of the release of adipokines by adipose tissue, adipose tissue matrix, and adipocytes from
visceral and subcutaneous abdominal adipose tissues of obese humans. Endocrinology 145,
2273-2282.

93



Franklyn, J.A., Sheppard, M.C., and Maisonneuve, P. (2005). Thyroid function and
mortality in patients treated for hyperthyroidism. JAMA 294, 71-80.

Fried, S.K., Bunkin, D.A., and Greenberg, A.S. (1998). Omental and subcutaneous adipose
tissues of obese subjects release interieukin-6: depot difference and regulation by
glucocorticoid. J Clin Endocrinol Metab 83, 847-850.

Hak, A.E., Pols, H.A., Visser, T.J., Drexhage, H.A., Hofman, A., and Witteman, J.C. (2000).
Subclinical hypothyroidism is an independent risk factor for atherosclerosis and myocardial
infarction in elderly women: the Rotterdam Study. Ann Intern Med 132, 270-278.

Haraguchi, K., Shimura, H., Kawaguchi, A., Ikeda, M., Endo, T., and Onaya, T. (1999).
Effects of thyrotropin on the proliferation and differentiation of cultured rat preadipocytes.
Thyroid 9, 613-619.

Harkins, J.M., Moustaid-Moussa, N., Chung, Y.J., Penner, K.M., Pestka, JJ., North, CM.,
and Claycombe, K.J. (2004). Expression of interleukin-6 is greater in preadipocytes than in
adipocytes of 3T3-L1 cells and C57BL/6J and ob/ob mice. J Nutr 134, 2673-2677.

Hutley, L.J., Newell, F.M., Joyner, J.M., Suchting, S.J., Herington, A.C., Cameron, D.P.,
and Prins, J.B. (2003). Effects of rosiglitazone and linoleic acid on human preadipocyte
differentiation. Eur J Clin Invest 33, 574-581.

Imaizumi, M., Akahoshi, M., Ichimaru, S., Nakashima, E., Hida, A., Soda, M., Usa, T.,
Ashizawa, K., Yokoyama, N., Maeda, R., et al. (2004). Risk for ischemic heart disease and
all-cause mortality in subclinical hypothyroidism. J Clin Endocrinol Metab 89, 3365-3370.

Janson, A., Rawet, H., Perbeck, L., and Marcus, C. (1998). Presence of thyrotropin receptor
in infant adipocytes. Pediatr Res 43, 555-558.

Kershaw, E.E., and Flier, J. S. (2004). Adipose tissue as an endocrine organ. J Clin
Endocrinol Metab 89, 2548-2556.

Kvetny, J., Heldgaard, P.E., Bladbjerg, E.M., and Gram, J. (2004). Subclinical
hypothyroidism is associated with a low-grade inflammation, increased triglyceride levels
and predicts cardiovascular disease in males below 50 years. Clin Endocrinol (Oxf) 61, 232-
238.

Lado-Abeal, J., Molinaro, E., DeVaIk, E., Pacini, F., and Refetoff, S. (2003). The effect of
short-term treatment with recombinant human thyroid-stimulating hormones on Leydig cell
function in men. Thyroid 13, 649-652.

Laemmli, U.K. (1970). Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature 227, 680-685.

Libby, P. (2002). Inflammation in atherosclerosis. Nature 420, 868-874.

94



Menendez, C, Baldelli, R., Camina, J.P., Escudero, B., Peino, R., Dieguez, C, and
Casanueva, F.F. (2003). TSH stimulates leptin secretion by a direct effect on adipocytes. J
Endocrinol 176, 7-12.

Mohamed-Ali, V., Goodrick, S., Rawesh, A., Katz, D.R., Miles, J.M., Yudkin, J.S., Klein,
S., and Coppack, S.W. (1997). Subcutaneous adipose tissue releases interleukin-6, but not
tumor necrosis factor-alpha, in vivo. J Clin Endocrinol Metab 82, 4196-4200.

Ort, T., Arjona, A.A., MacDougall, J.R., Nelson, P.J., Rothenberg, M.E., Wu, F., Eisen, A.,
and Halvorsen, Y.D. (2005). Recombinant human FIZZ3/resistin stimulates lipolysis in
cultured human adipocytes, mouse adipose explants, and normal mice. Endocrinology 146,
2200-2209.

Path, G., Bornstein, S.R., Gurniak, M., Chrousos, G.P., Scherbaum, W.A., and Hauner, H.
(2001). Human breast adipocytes express interleukin-6 (IL-6) and its receptor system:
increased IL-6 production by beta-adrenergic activation and effects of IL-6 on adipocyte
function. J Clin Endocrinol Metab 86, 2281-2288.

Pradhan, A.D., Manson, J.E., Rossouw, J.E., Siscovick, D.S., Mouton, C.P., Rifai, N.,
Wallace, R.B., Jackson, R.D., Pettinger, M.B., and Ridker, P.M. (2002). Inflammatory
biomarkers, hormone replacement therapy, and incident coronary heart disease: prospective
analysis from the Women's Health Initiative observational study. JAMA 288, 980-987.

Ridker, P.M. (2003). Clinical application of C-reactive protein for cardiovascular disease
detection and prevention. Circulation 107, 363-369.

Ridker, P.M., Rifai, N., Stampfer, M.J., and Hennekens, CH. (2000). Plasma concentration
of interleukin-6 and the risk of future myocardial infarction among apparently healthy men.
Circulation 101, 1767-1772.

Rodondi, N., Newman, A.B., Vittinghoff, E., de Rekeneire, N., Satterfield, S., Harris, T.B.,
and Bauer, D.C. (2005). Subclinical hypothyroidism and the risk of heart failure, other
cardiovascular events, and death. Arch Intern Med 165, 2460-2466.

Shintani, M., Nishimura, H., Akamizu, T., Yonemitsu, S., Masuzaki, H., Ogawa, Y.,
Hosoda, K., Inoue, G., Yoshimasa, Y., and Nakao, K. (1999). Thyrotropin decreases leptin
production in rat adipocytes. Metabolism 48, 1570-1574.

Sorvillo, F., Mazziotti, G., Carbone, ?., Piscopo, M., Rotondi, M., Cioffi, M., Musto, P.,
Biondi, B., Iorio, S., Amato, G., et al. (2003). Recombinant human thyrotropin reduces
serum vascular endothelial growth factor levels in patients monitored for thyroid carcinoma
even in the absence of thyroid tissue. J Clin Endocrinol Metab 88, 4818-4822.

Tuzcu, A., Bahceci, M., Gokalp, D., Tuzun, Y., and Gunes, K. (2005). Subclinical
hypothyroidism may be associated with elevated high-sensitive c-reactive protein (low grade
inflammation) and fasting hyperinsulinemia. Endocr J 52, 89-94.

95



Vicennati, V., Vottero, ?., Friedman, C, and Papanicolaou, D.A. (2002). Hormonal
regulation of interieukin-6 production in human adipocytes. Int J Obes Relat Metab Disord
25,905-911.

Volpato, S., Guralnik, J.M., Ferrucci, L., Balfour, J., Chaves, P., Fried, L.P., and Harris,
T.B. (2001). Cardiovascular disease, interieukin-6, and risk of mortality in older women: the
women's health and aging study. Circulation 103, 947-953.

Walsh, J.P., Bremner, A.P., Bulsara, M.K., O'Leary, P., Leedman, P.J., Feddema, P., and
Michelangeli, V. (2005). Subclinical thyroid dysfunction as a risk factor for cardiovascular
disease. Arch Intern Med 165, 2467-2472.

Wang, B., Jenkins, J.R., and Trayhurn, P. (2005). Expression and secretion of inflammation-
related adipokines by human adipocytes differentiated in culture: integrated response to
TNF-alpha. Am J Physiol Endocrinol Metab 288, E73 1-740.

96



4.0 MANUSCRIPT #3

Thyroid Stimulating Hormone Induces Interleukin-6 Release from Human Adipocytes

Through Activation of the NF-?? Pathway

STATEMENT OF AUTHOR CONTRIBUTIONS

Tayze T. Antunes was the primary author and performed most of the experimental

work (-90%) for this manuscript. She also contributed to the experimental design, data

analysis, and manuscript preparation. Dr. AnneMarie Gagnon is a Research Associate in

Dr. Alexander Sorisky's laboratory. She supervised the experimental work and contributed

to the experimental design, data analysis and to the manuscript preparation. Melanie L.

Langille is currently a Master's Student under the supervision of Dr. Alexander Sorisky.

She performed the experimental analysis of the role of PKA as a potential upstream kinase

for the IKKß/ NF-?? pathway (Figure 4.3D). Dr. Alexander Sorisky is the Chronic

Disease Program Director and a Senior Scientist at the Ottawa Hospital Research Institute.

He is the supervisor of Tayze T. Antunes and contributed to the experimental design, data

analysis and preparation of manuscript.

SUMMARY

The following manuscript entitled "Thyroid Stimulating Hormone Induces

Interleukin-6 Release from Human Adipocytes Through Activation of the NF-?? Pathway"

was published in Endocrinology [(2008) 149, 3062-3066]. In manuscript #2, human primary

abdominal subcutaneous, but not omental, differentiated adipocytes released IL-6 in
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response to TSH. Numerous studies, as mentioned in the General Introduction, have shown

that the IKKß/NF-?? is an important pathway that regulates IL-6 synthesis in many cell

types, including adipocytes.

In manuscript #3, TSH-induced activation of the IKKß/NF-?? pathway and its

involvement in IL-6 release was investigated in human abdominal subcutaneous

differentiated adipocytes. TSH-induced IKKß activation, as assessed by its phosphorylation

on Seri 81 and ???a degradation was measured by immunoblotting. NF-kB translocation to

the nucleus upon TSH treatment was demonstrated using an ELISA-based assay that detects

p65 NF-?? subunit binding to coated NF-?? oligonucleotide sequences (TransAM NFkB

p65 Activation Assay; Active Motif). The requirement for IKKß/NF-?? on TSH-stimulated

IL-6 release was shown with the use of specific pharmacological inhibitors. The potential

involvement of PKA on TSH-induced IKKß-NF-?? activation was evaluated using H89. To

show the specific requirement for the presence of TSHR for the ability of TSH to stimulate

NF-?? signaling and IL-6 expression, Chinese hamster ovarian (CHO) control cells and

CHO cells expressing human TSHR were used.

Based on this study, it was concluded that activation of the IKKß/NF-?? signaling

pathway by TSH was required to induce IL-6 release from human abdominal subcutaneous

differentiated adipocytes.
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ABSTRACT

Our objective was to identify the signaling pathway activated by thyroid stimulating

hormone (TSH) that induces interleukin (IL)-6 secretion from human abdominal

subcutaneous differentiated adipocytes. Human abdominal subcutaneous preadipocytes in

culture were differentiated into adipocytes. IL-6 release stimulated by TSH was inhibited by

35% (P<0.05) with SN50, an inhibitor of nuclear factor kB (NF-??) nuclear translocation,

and by 60% (PO.01) with sc-514, an inhibitor of inhibitory kB kinase (IKK) ß.

Phosphorylation of ???ß increased upon TSH treatment (10.3-fold, P<0.01), and ???a

levels were reduced by 78% (PO.01). TSH activated NF-?? (23-fold, PO.001), a process

that was inhibited (60%, PO.01) by SN50. Inhibition of protein kinase A by H89 did not

affect TSH-stimulated ???ß phosphorylation or ???a degradation. TSH-mediated NF-??

activation and IL-6 induction also specifically occurred in Chinese hamster ovarian cells

expressing the human TSH receptor, resulting in a 5.9-fold (PO.001) increase in ???ß

phosphorylation and a 9.5-fold increase in IL-6 mRNA expression. Our data demonstrate

that the IKKß/NF-?? pathway is a novel TSH target that is required for TSH-induced IL-6

release from human adipocytes.

Key words: TSH, adipocyte, ???ß, NF-??, IL-6.
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INTRODUCTION

In addition to energy storage and release, adipose tissue releases a variety of

cytokines (adipokines) with wide-ranging physiological effects, including appetite, energy

expenditure, insulin sensitivity, and coagulation. Deregulation of adipokine production is

associated with pro-inflammatory, pro-atherogenic state. Adipose tissue constitutes a

significant source of circulating interleukin (IL)-6 (Mohamed-Ali et al., 1997). IL-6 has

been identified as an independent risk factor for cardiovascular disease. A recent systematic

review confirmed that serum IL-6 levels predict the development of cardiovascular disease

(CVD) with an adjusted relative risk between 1.1-3.1 (Lobbes et al., 2006). Studies

published subsequently continue to demonstrate IL-6 is a significant prognostic indicator of

CVD (Fisman et al., 2006; Lee et al., 2006; Stork et al., 2006). However, our understanding

of hormonal regulators of adipocyte production of IL-6 is incomplete.

In subclinical hypothyroidism, thyroid stimulating hormone (TSH) levels rise to

compensate for mild thyroid gland failure, and thereby maintain thyroid hormone levels in

the normal range. However, a higher risk for CVD appears to be independently associated

with subclinical hypothyroidism. A recent meta-analysis concluded that subclinical

hypothyroidism is associated with an elevated risk of CVD in observational studies (odds

ratio 1.65, 95% confidence interval 1.28-2.12), with a similar trend noted in prospective

studies (odds ratio 1.42, 95% confidence interval 0.91-2.21) (Rodondi et al, 2006).

Furthermore, acute administration of TSH to biochemically euthyroid patients (healthy

thyroid cancer patients on L-thyroxine treatment post thyroid gland excision and

radioablation) caused endothelial dysfunction and increased serum levels of C-reactive

protein, TNFa, several indices of oxidative stress, and notably, IL-6 (Antunes et al., 2006;
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Dardano et al., 2006). This extra-thyroidal effect of TSH is consistent with our studies

demonstrating the ability of TSH to stimulate IL-6 mRNA expression and release of IL-6

protein from 3T3-L1 and human abdominal subcutaneous differentiated adipocytes in

culture (Antunes et al., 2005; Antunes et al., 2006).

IL-6 transcription is positively regulated by nuclear factor-kappa B (NF-kB) in a

variety of cells, including adipocytes (Chung et al., 2006). NF-?? is retained in the

cytoplasm in an inactive form bound to inhibitory kB (IkB) protein. Upon appropriate

stimulation, IkB is phosphorylated by IkB kinase (IKK) ß, resulting in IkB degradation and

release of NF-??. Free active NF-?? translocates to the nucleus, binds to sequence-specific

DNA regions, and triggers a variety of transcriptional events and cell responses, including

initiation of inflammation (Shoelson et al., 2006).

In this report, we have investigated the novel possibility that TSH activates the

IKKß/NF-?? pathway in human abdominal subcutaneous differentiated adipocytes, and

whether this pathway is required for TSH-stimulated IL-6 release.

MATERIALS AND METHODS

Isolation, culture, and differentiation ofhuman stromalpreadipocytes

Human abdominal subcutaneous adipose tissue were obtained from 13 patients (10

female, 3 male), age 49 + 7 years (mean + SD), 28 + 6 body mass index (BMI; mean + SD)

undergoing elective abdominal surgery. Written consent was obtained for each patient and

the study was approved by The Ottawa Hospital Research Ethics Committee (1995023-

01H). The stromal preadipocytes were isolated as described (Antunes et al., 2006). Briefly,

blood vessels and fibrous tissue were carefully removed, followed by collagenase digestion
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(CLS type I; 600 U/g of tissue). Stromal preadipocytes were obtained following sequential

centrifugation, size filtration, and treatment with erythrocytes lysis buffer. Preadipocytes

were grown in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 20%

fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin, 0.1 mg/ml streptomycin, and

50 U/ml nystatin). Upon reaching 80-90% confluence, cells were either seeded for a

maximum of three passages or cryopreserved until needed. Preadipocytes were thawed and

grown in DMEM supplemented with 10% FBS in the presence of antibiotics.

Preadipocytes were seeded overnight at a density of 3 ? 1 04 cells/cm in DMEM
supplemented with 10% FBS and antibiotics, and placed in differentiation medium the next

day. Differentiation was induced with DMEM supplemented with 10% FBS, 0.85 (imol/l

insulin, 100 umol/1 indomethacin, 0.5 µp???/? dexamethasone, 0.25 mmol/1

isobutylmethylxanthine and antibiotics for 14 days. On day 14, differentiation medium was

removed, cells were thawed once in DMEM supplemented with 10% FBS and antibiotics,

maintained in this same medium for 2 more days, and cell stimulation studies occurred on

day 17. The extent of differentiation averaged 50%.

Chinese hamster ovarian (CHO) cell culture

CHO-JP02 (vector control) and CHO-JP2626 cells overexpressing the human TSH

receptor (TSHR) were kindly provided by Dr. J. E. Dumont, Erasme University Hospital,

Free University of Brussels, Brussels, Belgium (Van Sande et al., 2003). Cells were plated

and grown in Ham's F12 medium supplemented with 10% FBS, antibiotics, and 400 µg/ml

G418. Medium was changed every 2 days until cells were confluent.
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Quantification ofIL-6 release

Human abdominal subcutaneous differentiated adipocytes were placed in DMEM

supplemented with 1% calf serum and antibiotics. Cells were treated with 50 mU/ml TSH

(Calbiochem) or vehicle (H2O) for 4 hours. Where specified, adipocytes were pretreated

with 100 fimol/1 sc-514 (inhibitor of IKKß) or vehicle (0.1% dimethyl sulfoxide), or with

50 µ§/??1 SN50 (inhibitor ofNF-??) or vehicle (H2O) for the times indicated prior to TSH

stimulation. After treatment, medium was collected and centrifuged (500 ? g for 5 min at

4°C) to remove cell debris. The supernatants were collected and IL-6 protein was measured

by enzyme immunometric assay (Assay Designs, Ann Arbor, MI), following the

manufacturer's instruction. Cell monolayers were lysed, and protein concentration was

measured by the modified Lowry method (Bio-Rad; Mississauga, ON, Canada), using

bovine serum albumin as a standard. IL-6 released into the medium was normalized to total

cell lysate protein.

Cell stimulation and western blot analysis

Human abdominal subcutaneous differentiated adipocytes or confluent CHO cells

were placed in Krebs Ringer Hepes (KRH) buffer supplemented with 1 % calf serum, and

treated with 50 mU/ml TSH or vehicle for 30 minutes. Where indicated, cells were treated

with 20 µ????/l H89 or vehicle (0.1% DMSO) for 1 hour in DMEM with 1% calf serum and

antibiotics prior to addition of TSH. Following treatment, cells were lysed in Laemmli

buffer (Laemmli, 1970) supplemented with 5 mmol/1 EGTA, 5 mmol/1 NaPPi and 50 mol/1

NaF. Lysate protein concentration was determined as described above. Equal amounts of

solubilised protein (10-80 µg, depending on the experiment) were resolved by SDS-PAGE,
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followed by electrophoretic transfer to a nitrocellulose membrane. Non specific binding sites

were blocked, and the membrane was probed with either anti-phospho IKKa seri 80/IKKß

serl81 (1:500), anti-???a (1:500), anti-phospho CREB Ser 133 (1:1000; all from Cell

Signaling Technology), or anti-IKKß (clone 10AG2; 2 µg/ml; Upstate) followed by the

appropriate horseradish peroxidase-conjugated antibody. Immunoreactivity was detected by

enhanced chemiluminescence. Relative intensity of the bands was determined with

AlphaEaseFC Software and data expressed as integrated optical density (IOD) units.

Preparation ofnuclear extracts and measurement ofNF-?? DNA binding

Human abdominal subcutaneous differentiated adipocytes were placed in DMEM

supplemented with 1% calf serum and antibiotics. Cells were pretreated with 50 µg/ml SN50

or vehicle for 15 minutes, and treated with 50 mU/ml TSH or vehicle for 1 hour. Cells were

washed twice with ice-cold PBS containing phosphatase inhibitors (125 mmol/1 NaF, 250

mmol/1 ß-glycerophosphate, 250 mmol/1 phenylphosphate and 25 mmol/1 sodium

orthovanadate), and nuclear extracts were prepared according to the TransAM NFkB p65

Activation Assay (Active motif). Briefly, cells were lysed in 1 ml hypotonic buffer pH 7.5

(20 mmol/1 Hepes pH 7.5, 5 mmol/1 NaF, 10 umol/l Na2MoO4 and 0.1 mmol/1 EDTA). Cells

were scraped and allowed to swell for 15 minutes on ice. After the addition of 50 µ? of 10%

Nonidet P-40, the homogenates were centrifuged at 14,000 ? g for 1 minute at 40C.

Supernatants were discarded, and nuclear pellets were resuspended in 50 µ? of complete

lysis buffer and incubated for 30 minutes at 4°C with continuous mixing. Samples were

centrifuged at 14,000 ? g for 10 minutes at 4°C, and the supernatants were collected. NF-kB
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DNA binding was determined using the TransAM NFkB p65 Activation Assay (Active

Motif) using 1 \xg of the nuclear extracts.

Real Time PCR

Confluent CHO cells were placed in Ham's F12 medium supplemented with 1% calf

serum, and treated with 50 mU/ml TSH or vehicle for 2 hours. Following stimulation, RNA

was extracted with TRI Reagent, and treated with DNAse I, according to manufacturer's

instruction (Ambion). Total RNA (^g) was heat-denatured prior to addition of reverse

transcriptase (RT). Reverse transcription was performed with Retroscript Kit (Ambion).

Real time PCR was performed in 25 µ? reaction volume consisting of 5 µ? RT, 5 µ? primers,

900 nmol/1 IL-6 primers, and 10 µ? SYBR Green PCR Master Mix (ABS). IL-6 specific

primer pairs were forward: 5'TTGGGAAATTTGCCTACTGAA3', and reverse:

5'AGGCATGACTATTTTATCTGGA3'. 18S was used as an internal control. All samples

were run in triplicate and RT-minus control assays were performed for both IL-6 and 1 8S.

Amplification consisted of 1 cycle at 500C for 2 minutes, 1 cycle at 95°C for 10 minutes,

and 40 cycles at 95°C for 1 5 seconds (denaturation) followed by 1 minute at 600C

(annealing/extension) performed in an Applied Biosystem 7500-Real Time PCR System.

mRNA expression data are expressed as relative quantification (RQ).

Statistical analysis

Statistical analysis was performed with Student's t test for paired values or ANOVA

with Student-Newman-Keuls post-hoc test, as appropriate, for multiple means, using
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GraphPad Instai version 3.05 (GraphPad Software Inc., San Diego, CA), with p<0.05

considered significant.



RESULTS

We have previously shown that human abdominal subcutaneous differentiated

adipocytes in culture release IL-6 in response to TSH (Antunes et al, 2006). We have now

performed dose-response studies to characterize the TSH-dependent effect. Human

abdominal subcutaneous differentiated adipocytes were exposed to increasing

concentrations of TSH (from 0 to 50 mU/ml) and IL-6 release into the medium was

quantified. We observed a strong increase in IL-6 secretion (9.4 + 1.6-fold, n=2) with 5

mU/ml TSH (Figure 4.1). The dose-response observed here correlates with our previous

reported data on 3T3-L1 adipocytes (Antunes et al., 2005) and it also approximates the

doses employed for thyroid cell studies (Kimura et al., 2001).

We investigated whether activation of the IKKß/NF-?? pathway was required for

TSH-stimulated IL-6 release. Human abdominal subcutaneous differentiated adipocytes

were pretreated with 100 |imol/l sc-514, a selective inhibitor of IKKß, followed by TSH

treatment (Figure 4.2A). Sc-514 resulted in a 60% inhibition of TSH-induced IL-6 release

(132.2 + 9 pg/mL^g protein) versus 55 ± 14.7 pg/ml^g protein, P<0.01 ; n=3). To further

implicate the NF-kB pathway in TSH-induced IL-6 release, cells were pretreated with 50

µg/ml SN50, a peptide that blocks NF-?? nuclear translocation, followed by TSH treatment.

SN50 decreased TSH-induced IL-6 release by 35% (222 + 54 pg/ml^g protein versus 144 ±

31 pg/ml^g protein when SN50 was present, P<0.05; n=4) (Figure 4.2B). Thus, both

inhibitor studies indicate that NF-?? is a signaling target that is necessary for TSH to fully

induce IL-6 release.
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Figure 4.1: Dose-response of TSH on IL-6 release: Human abdominal subcutaneous
differentiated adipocytes were stimulated for 4 hours with 0 to 50 mU/ml TSH. IL-6 protein
in the medium was measured as described. Data are expressed as fold-change of control
and represent means ± range of 2 separate patient samples, each performed in duplicate.
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Figure 4.2: Inhibitors of the NF-kB pathway blunt TSH-induced IL-6 secretion. Cells
were pretreated with 100 µt???/l sc-514 or vehicle for 1 hour (A) or with 50 µ§/??1 SN50 or
vehicle for 15 minutes (B), then stimulated with 50 mU/ml TSH or vehicle for 4 hours. IL-
6 protein in the medium was measured as described. Data are expressed as mean ± SE of 3
(A) or 4 (B) separate patient samples, each performed in duplicate, a denotes PO.001
compared to control and to sc-514 or SN50, and PO.01 compared to sc-514-TSH, and
P<0.05 compared to SN50-TSH. b denotes PO.05 compared to control and to sc-514 (both
for A), and PO.01 compared to control and to SN50 (both for B).
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We investigated whether TSH could stimulate the phosphorylation of IKKß, the

reduction of ???a, and lead to NF-kB activation. TSH treatment substantially increased

IKKß phosphorylation (10.3-fold, PO.01; n=4) and reduce the levels of ???a (by 78%,

PO.01 ; n=3) (Figure 4.3A and B). We next determined ifNF-?? translocates to the nucleus

and is activated in response to TSH. Human abdominal subcutaneous differentiated

adipocytes were pretreated with 50 µg/ml SN50, and then stimulated with TSH. Nuclear

lysates were evaluated for specific binding of the activated p65 subunit ofNF-?? to DNA.

TSH increased NF-?? (p65 subunit) binding to DNA by 23-fold (PO.001 ; n=3). SN50

reduced TSH-induced NF-?? DNA binding by 60% (P<0.01, n=3) (Figure 4.3C). TSH-

stimulated IKKß phosphorylation was not dependent on protein kinase A (PKA).

Pretreatment with 20 µp???/l H89 did inhibit TSH-stimulated phosphorylation of CREB, a

known PKA-dependent event, but did not alter the IKKß response (Figure 4.3D). Similarly,

the TSH-induced ???a degradation was not affected by H89.

To further demonstrate our novel observation that TSH activates NF-??, we utilized

a well-known cell model for studying TSH actions, the CHO cell line stably transfected with

either human TSHR (JP2626) or with a control vector (JP02) (Van Sande et al., 2003). We

assessed whether the NF-?? pathway is activated by TSH by monitoring IKKß

phosphorylation. JP02 and JP2626 cells were both exposed to TSH. IKKß phosphorylation

increased by 5.9-fold in JP2626 cells specifically (PO.001, n=3), with no effect in JP02

cells (Figure 4.4A). To determine whether TSH could activate IL-6 expression in this model

system, the cells were treated with TSH and IL-6 induction was measured by real-time PCR.
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TSH increased IL-6 mRNA expression by 9.5-fold (n=2) in JP2626 cells, with no response

in the control JP02 cells (Figure 4.4B).



Figure 4.3: TSH stimulates the IKKß/NF-?? pathway, independently of PKA. A, B and
D. Human abdominal subcutaneous differentiated adipocytes were stimulated for 30 minutes
with 50 mU/ml TSH or vehicle. Where indicated, cells were pretreated with 20 µt???/l H89
or vehicle for 1 hour prior to TSH treatment. Equal amounts of solubilized protein were
separated by SDS-PAGE and immunoblotted with antibody against phospho-IKK (pIKK),
???ß, ???a, or phospho-CREB (pCREB). Representative immunoblots from a single
experiment are shown. Densitometrie data from 4 (A) or 3 (B and D) separate patient
samples are expressed as means ± SE: * P<0.05 compared to TSH alone, and ** PO.01
compared to control (A and B) or to control and H89 (D). IOD: integrated optical density. C.
Cells were pretreated with 50 µg/ml SN50 or vehicle for 15 minutes, then stimulated with 50
mU/ml TSH or vehicle for 1 hour. p65 nuclear translocation was measured as described.
Data are expressed as fold-change of control and represent means + SD of 3 separate
patients samples, a denotes PO.001 compared to control and to SN50 and PO.01 compared
to SN50-TSH. b denotes PO.01 compared to SN50 and PO.05 compared to control.
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Figure 4.4: TSH stimulates ???ß phosphorylation and increases IL-6 mRNA in
TSHR overexpressing cells. JP02 and JP2626 cells were stimulated with or without 50
mU/ml TSH for 30 minutes (A) or 2 hours (B). A. Equal amounts of solubilized protein
were separated by SDS-PAGE and immunoblotted with antibody against phospho-IKK
(pIKK). Blots were stripped and reprobed with antibody against ???ß. Representative
immunoblots from a single experiment are shown. Densitometrie data analyzing pIKK,
derived from 3 separate experiments, are expressed as means ± SE.* denotes p<0.001
compared to other conditions. IOD: integrated optical density. B. RNA was extracted, and
quantified by real time PCR. Data are expressed relative to 18S rRNA levels (RQ) and
represent the means ± range of 2 separated experiments.
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DISCUSSION

We have recently reported that TSH induces IL-6 release from human abdominal

subcutaneous differentiated adipocytes (Antunes et al., 2006). In the present study, we have

clarified the signaling mechanism of this TSH action by identifying an important role for

NF-kB in this process. Upon TSH stimulation, IKKß was phosphorylated, and there was an

increase in NF-?? nuclear activation. Either inhibiting the activity of IKKß or blocking the

translocation ofNF-?? to the nucleus reduced TSH-mediated IL-6 release.

The TSHR is a member of the G protein-coupled receptor (GPCR) family. In

thyrocyte -based models, TSHR has been found to stimulate two principal signaling

pathways (Davies et al., 2002). When coupled to Gs, TSHR leads to activation of adenylyl

cyclase and elevation of cAMP, and this route of signaling in thyrocytes has been linked to

thyroid hormone secretion. TSHR coupling to Gq triggers activation of PLC, and the

generation of inositol phosphates and diacylglycerol, and these events are required for

thyroid hormone synthesis (Van Sande et al., 2006).

However, the ability of TSHR to activate NF-?? has not been reported previously in

either adipocytes or thyrocytes. TSH has been shown to enhance the ability of TNFa to

activate NF-?? and upregulate IL-6 expression in rat thyroid follicular cells; this effect was

proposed to be due to the formation of a complex consisting of the PKA catalytic subunit

with IkB in the presence of TNFa (Cao et al., 2005). However, in that experimental system,

an independent effect of TSH on NF-?? on IL-6 expression was not described in the

absence of TNFa. Our data demonstrate that in human differentiated adipocytes, TSH alone

is sufficient to activate the NF-?? pathway and does not depend on PKA, based on the
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observations that H89 did inhibit CREB phosphorylation, but had no effect either on IKKß

phosphorylation or IkBoc degradation.

The residual release of IL-6 in response to TSH in the presence of SN50 or sc-514

might be because of incomplete pharmacological inhibition of IKKß/NF-?? pathway, or

might indicate the operation of other TSH signaling routes that regulate this event. Further

analysis of candidate TSH-stimulated signaling targets will be helpful to provide a more

comprehensive view of TSH action in this regard.

The classical cell-surface receptors that activate NF-kB and induce inflammation are

cytokine receptors, such as those for TNFa. Recently, the GPCRs have been also shown to

activate the NF-kB pathway in a variety of cell types (Ye, 2001). However, there is only a

single report ofNF-kB activation in adipocytes by a GPCR in the literature, specifically, the

angiotensin II type 1 (ATI) receptor. Angiotensin II was shown to act on the ATI receptor

to increase IL-6 and IL-8 release from human adipocytes, and this depended on NF-kB

activation (Skurk et al., 2004). Our data show that NF-kB signaling may be activated in

adipocytes by another GPCR, the TSHR. TSH-induced NF-kB activation was also

confirmed in CHO cells expressing human TSHR, an established cell model to explore

TSHR signaling (Van Sande et al, 2003; Van Sande et al., 2006). TSH treatment clearly

augmented IKKß phosphorylation and IL-6 mRNA expression in a TSHR-specific fashion.

As with the studies on angiotensin II noted above, we monitored NF-?? activity in

the differentiated adipocytes using an assay that traces p65 subunit nuclear translocation and

its activated state through its ability to bind DNA in a sequence-specific manner. Our studies

with SN50, which blocks p50 nuclear import, suggest that the p65-p50 dimer is the NF-kB

form regulated by TSH. The p50-p65 form is mainly regulated by IKKß (Karin, 2006), and
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this is consistent with our studies using sc-514. It is of course possible that other NF-kB

components are operative in human adipocytes (Berg et al., 2004).

In summary, we show that TSH modulates NF-kB signaling to induce IL-6 release in

human abdominal subcutaneous differentiated adipocytes. Low-grade inflammation induced

by adipocyte hypertrophy has been proposed to explain how either obesity or lipodystrophy

predisposes to metabolic and vascular dysfunction (Hotamisligil, 2006). Our results suggest

that TSH may also trigger a pro-inflammatory and pro-atherogenic adipocyte response.

Elevated IL-6 and TNFa serum levels, as well as impaired endothelial physiology, have

been observed in patients with exposed to high TSH levels (Antunes et al., 2006; Dardano et

al., 2006). Learning more about the mechanism by which TSH acts on adipocytes may

enlarge our understanding of inflammation and cardiovascular disease in subclinical

hypothyroidism.
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5.0 GENERAL DISCUSSION

Stage ofdifferentiation and basal IL-6 release

IL-6 is a protein broadly expressed in a variety of cell types. Besides having a wide

scope of action, it is well known for its important role in the mediation of inflammation

(Hoene and Weigert, 2008). IL-6 release from adipose cells is a subject that has gained

significant attention in the last decade, because obesity is a condition characterized by a

chronic low-grade inflammation with elevated systemic IL-6 levels (Trayhurn and Wood,

2004).

I investigated basal IL-6 release from adipose cells. My data show that preadipocytes

and adipocytes from 3T3-L1 mouse as well as from human abdominal subcutaneous and

omental depots are a source of IL-6. This finding is in agreement with previous studies

examining adipose cells. In 3T3-L1, primary mouse and human adipose cells, as well as

adipose cells derived from genetically obese mouse, IL-6 gene expression and protein

release are seen in both preadipocytes and adipocytes (Gonzales and Orlando, 2008; Harkins

et al., 2004; Hugo et al., 2006; Wang et al., 2005).

I also showed that in human adipose cells, basal IL-6 release decreases during the

differentiation process. Previous investigations from our laboratory also noted the same

pattern for the 3T3-L1 adipose cells (preadipocytes: 19.4 + 1.7 pg/ml^g protein versus

adipocytes: 6.2+1.1 pg/ml^g protein; data from Dr. Sorisky's former Ph.D student Andrea

Bell). Although I did not investigate IL-6 mRNA expression during differentiation, other

groups have also reported that a decrease in IL-6 mRNA and protein release occur during

the adipogenic process (Harkins et al., 2004; Hugo et al., 2006). In contrast, a study from
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Wang et al. on human subcutaneous adipose cells reported that although IL-6 mRNA levels

decreased at the beginning of differentiation, IL-6 mRNA returned back to preadipocyte

levels by the end of the differentiation period (Wang et al., 2005). Although the reason for

this discrepant result is unclear, it should be pointed out that Wang et al. did not measure IL-

6 protein release, only mRNA expression.

I observed that basal IL-6 release is greater from omental versus subcutaneous

abdominal preadipocytes. The same depot-related pattern, although not reaching statistical

significance, was seen for differentiated adipocytes. Fried et al showed that in massively

obese subjects (mean BMI of 52), adipose tissue expiants and isolated adipocytes from the

omental depot release more IL-6 release basally compared to the abdominal subcutaneous

depot (Fried et al., 1998). Fain et al, in a study of obese patients (mean BMI of 32), showed

that adipose tissue explants, but not isolated adipocytes, from the omental depot showed

higher basal IL-6 release compared to the subcutaneous depot (Fain et al., 2004). Since in

my studies adipose tissue samples were obtained from patients ranging in BMI from 23

(normal weight) to 33 (obese), it suggests that higher basal IL-6 release from the omental

depot is a consistent feature across the spectrum of adiposity. Omental adipose tissue is

noteworthy as it directly drains into the portal vein (Jensen, 2006). In fact, a recent in vivo

study, in which plasma IL-6 levels was 2-fold higher in the portal vein compared to the

peripheral circulation, supports the above-mentioned in vitro findings (Fontana et al., 2007).
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Stage ofdifferentiation and cellular responsiveness to TSH

I investigated IL-6 release upon TSH stimulation from adipose cells. My data

indicate that stage of differentiation is an important determinant of TSH responsiveness. The

preadipocyte models studied did not increase IL-6 release upon TSH treatment. The lack of

IL-6 release by TSH is not due to a generalized limitation of preadipocytes to external

stimuli, since other inflammatory triggers, such as LPS and fatty acids, have been shown to

stimulate IL-6 release from preadipocytes (Chung et al., 2005; Harkins et al., 2004).

Moreover, since both 3T3-L1 and human abdominal subcutaneous preadipocytes activate

the PI3K/Akt/p70S6K signaling pathway upon TSH treatment (Bell et al., 2002; Bell et al.,

2000), the lack of IL-6 release by TSH cannot be attributed to the unresponsiveness of

preadipose cells to TSH stimulation. This could suggest that activation of this specific

signaling route by TSH does not modulate IL-6 release from preadipocytes.

Once preadipocytes were differentiated, TSH-induced IL-6 release was seen for the

3T3-L1 and human abdominal subcutaneous, but not the omental adipocytes. The

responsiveness of the differentiated adipocytes to TSH can not be attributed to the presence

of the differentiation inducers, since differentiation medium was removed 2 (humans) and 3

days (3T3-L1) before TSH treatment occurred. For human differentiated adipocytes, the

difference in TSH responsiveness to IL-6 secretion could be on the basis of TSHR protein

expression. However, based on a small sample, TSHR protein expression appeared to be

equal in preadipocytes and differentiated adipocytes from both depots (Bell et al., 2000).

However, I did not directly measure TSHR protein expression in my samples. It would be

interesting in the future to correlate TSHR protein and mRNA expression with the effect of

TSH on IL-6 release as a function of BMI. With the small number of patients available to
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me for my study, such an analysis was not possible. In 3T3-L1 cells, TSHR mRNA

expression increases as preadipocytes differentiate (Haraguchi et al., 1996), but a direct

comparison of the receptor expression at the protein level during the differentiation process

has not yet been performed. Nonetheless, a functional TSHR is present in both

preadipocytes and differentiated adipocytes (Bell et al., 2002; Haraguchi et al., 1996).

There are different possibilities that could explain the difference between

subcutaneous versus omental differentiated adipocytes in response to TSH in terms of IL-6

release. First, it is possible that the type of G protein that couples with the TSHR in the

abdominal subcutaneous adipocytes to induce IL-6 release upon TSH stimulation is not the

same as in the omental adipocytes. Second, even if the adipocytes from both depots activate

the same G protein upon TSH stimulation, it is possible that activation of downstream

signaling components and/or transcription factors differ. Third, it is possible that the

refractoriness of the differentiated omental adipocytes to TSH is a specific event of the in

vitro model system used. To address this question, the effect of TSH on IL-6 release on

freshly isolated adipocytes (Fried and Moustaid-Moussa, 2001) from the abdominal

subcutaneous and from the omental depot would need to be tested and compared.

The amount of IL-6 released from the differentiated cells, even after TSH

stimulation, is lower than that of the unresponsive preadipocytes. However, it is possible

that, in vivo, the IL-6 released from TSH-stimulated adipocytes, could act in a paracrine

manner on neighbouring preadipocytes to trigger further inflammatory processes. Increased

IL-6 release from the adipose tissue could also reach the circulation and by affecting distal

tissues, may contribute to the development of CVD in subclinical hypothyroidism.
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The role ofcAMP/PKA on TSH-induced IL-6 release

In thyroid cells, most cellular responses regulated by TSH are accomplished through

activation of the Ga5 and the cAMP/PKA signaling pathway (Rivas and Santisteban, 2003).

In 3T3-L1 and human abdominal subcutaneous preadipocytes, TSHR activation is not

coupled with cAMP activation. However, as these cells differentiate, they acquire the ability

to increase cAMP levels upon TSH treatment [(BeIl et al, 2002) and Bell A, Ph.D thesis]. I

therefore postulated that cAMP/PKA was the route used by TSH to increase IL-6 secretion.

In 3T3-L1 cells, the first indication that activation of cAMP/PKA played a role in IL-6

release was that the AC activator, forskolin, increased IL-6 release by 20-fold. Fasshauer et

al. had previously suggested that the cAMP/PKA route was involved in IL-6 expression in

3T3-L1 adipocytes by observing that IL-6 mRNA was upregulated upon ß-adrenergic

stimulation, activation of GoCs subunit with cholera toxin, AC with forskolin, or PKA with a

cAMP analog (Fasshauer et al., 2003).

I evaluated the cAMP/PKA pathway in TSH-induced IL-6 release from 3T3-L1

adipocytes by using H89. H89 occupies the ATP binding site of the catalytic subunit of PKA

and inhibits its ability to phosphorylate substrates (Lochner and Moolman, 2006). H89

greatly inhibited TSH-induced IL-6 release. Taken together with the cAMP data mentioned

above, I suggest that TSH-induced AC activation, elevation of cAMP, and activation of

PKA plays a major role in the upregulation of IL-6 release in 3T3-L1 adipocytes. There are,

however, some caveats to be mentioned regarding interpretation of these data. H89, at the

concentration used, may also inhibit other kinases, some of which can directly participate in

the PKA pathway or be involved in other unrelated pathways (Lochner and Moolman,

2006). It is therefore possible that the inhibition seen by H89 on TSH-induced IL-6 release
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is due to other kinases/pathways rather than only cAMP/PKA. LaPensee et al reported that

H89 blocked insulin-mediated IL-6 mRNA and protein release in human preadipocytes by

inhibiting cyclic guanosine monophosphate-dependent protein kinase, rather than PKA.

Nonetheless, H89, at the same concentration, blocked forskolin-induced IL-6 release, thus

showing that it also effectively inhibits the cAMP/PKA pathway (Lapensee et al., 2008).

It has been suggested that, to validate the findings in which H89 indicates a role for

cAMP/PKA, other structurally unrelated inhibitors, such as protein kinase inhibitor peptide,

or cAMP antagonists should be tested as well (Lochner and Moolman, 2006; Murray, 2008).

Despite these limitations, H89 is still widely used by many leading researchers in the

cAMP/PKA field (Dremier et al., 2000; Giuliani et al., 2008; Siddappa et al., 2008).

The inhibition of TSH-induced IL-6 release in 3T3-L1 cells by H89 was not

complete. Two interpretations are possible. First, H89 concentration and/or the time of

incubation were not sufficient to completely block PKA activation. Second, TSH may act

through other pathways, unaffected by H89, that lead to IL-6 release. To investigate the true

contribution of PKA, studies using more stringent methodologies to eliminate PKA, such as

small interfering RNA (siRNA) could be performed. Once the degree of knockdown is

carefully addressed, the role of PKA in this process can be determined. If complete blockade

of PKA still does not fully abrogate IL-6 release by TSH, the involvement of alternative

pathways would be considered more likely. For example, TSH could use the IKKß-NF-??

as a parallel pathway to promote IL-6 release.

Downstream effectors of PKA that could lead to TSH-stimulated IL-6 production

and release by TSH from 3T3-L1 differentiated adipocytes were not addressed in this study.

Several possibilities exist. In the cytosol, PKA could participate in the crosstalk with several

125



signaling pathways, such as the IKKß-NF-??, PKC and the MAPK family (Gao et al., 2008,

Chio et al., 2004, Nika et al., 2004). In the nucleus, PKA could phosphorylate transcription

factors, such as the CREB family members (CREB, cAMP responsive element modulator

and activating transcription factor- 1). CREB protein, for example, needs to be

phosphorylated by PKA at serine 133 to recruit co-activators and therefore become

competent to induce gene expression (Sands and Palmer, 2008).

Elevation of cAMP by TSH treatment of thyroid cells activates Epac, as well as PKA

(Dremier et al., 2000; Hochbaum et al., 2008). Furthermore, Epac appears to be involved in

IL-6 release in some cell types. For example, in murine macrophages, Epac activation leads

to increased IL-6 gene expression (Tan et al., 2007). Epac is thus a candidate target by

which TSH may mediate IL-6 release. My data show that treatment with 8-pCPT-2'-0-Me-

cAMP, an Epac-specific cAMP analog (Enserink et al, 2002), in 3T3-L1 differentiated

adipocytes did not result in IL-6 release, suggesting that sole activation of this molecule is

not sufficient to trigger an increase in IL-6 release. Due to the unavailability of an Epac

inhibitor, the role of Epac on cell functions can only be tested by using dominant negative or

siRNA approaches (Hochbaum et al., 2008; Kwak et al., 2008). These are techniques that

could further be tested on adipose cells to investigate whether Epac is required for TSH-

induced IL-6 release.

In many cell types, Epac activation leads to p42/44 MAPK phosphorylation through

the Rap1/B-Raf protein kinase cascade (Dumaz and Marais, 2005). Alternatively, in human

embryonic kidney 293 cells, for example, serotonin-induced Gas activation leads to p42/44

MAPK phosphorylation without involving Epac (Norum et al., 2007). TSH activates p42/44

MAPK in some, but not all thyrocyte models (Buch et al., 2008; Correze et al., 2000;
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Dremier et al., 2000). In human differentiated adipocytes, p42/44 MAPK activation by fatty

acids is linked to IL-6 release (Brown et al., 2004; Chung et al., 2005). I thus tested whether

TSH-induced IL-6 release required p42/44 MAPK. In 3T3-L1 differentiated adipocytes, the

MEK-I inhibitor PD98059 indicated that either TSH does not activate p42/44 MAPK , or

that TSH does not require p42/44 MAPK to increase IL-6 release. Although the

concentration and the time of pre-incubation of PD98059 used in my studies are well known

to inhibit p42/p44 MAPK activation (Iacovelli et al., 2001; Panka et al., 2001), time course

and dose response studies on the inhibitory effect of PD98059 on TSH-induced IL-6 release

could be further explored. Furthermore, efforts to clearly demonstrate if TSH activates this

pathway in these cells may clarify the interpretation of the PD98059 studies.

NF-kB activation and IL-6 release in response to TSH

IL-6 synthesis is under the control of NF-kB in many cell types (Okamoto et al.,

2008). I thus examined whether TSH activates NF-kB to increase IL-6 release from human

abdominal subcutaneous differentiated adipocytes. The convergent point of various pro-

inflammatory agonists on NF-kB pathway is the activation of the IKK complex (Schmid and

Birbach, 2008). Although the IKK complex possesses 2 protein kinases, the ß subunit

(???ß) plays a more active role in pro-inflammatory processes (Hacker and Karin, 2006).

I observed that TSH treatment induced ???ß phosphorylation, indicative of activation

(Okamoto et al., 2008). Activated ???ß phosphorylates ???a on serine residues, an event

that marks ???a for ubiquitination and rapid proteasomal degradation (Schmid and Birbach,

2008). NF-kB, once free from ???a, moves from the cytosol to the nucleus and activates

transcription of pro-inflammatory genes (Hershko et al., 2002). My data reveal that TSH
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induced ???a degradation in the same time period (30 minutes) as ???ß phosphorylation.

Further, I showed that TSH induced NF-kB (p65 subunit) nuclear translocation and DNA

binding using an ELISA-based assay for the NF-?? p65 subunit. Due to limitations of

supply of primary preadipocytes I could not immunoprecipitate NF-?? bound to DNA upon

TSH stimulation and therefore I was unable to show that NF-?? interacts directly with the

IL-6 promoter region upon TSH treatment using the chromatin immunoprecipitation assay

technique. Recently, a study conducted in TSHR-expressing cells showed by a luciferase

reporter assay that the NF-?? promoter activity is enhanced by TSH (Voigt et al., 2007),

supporting the idea that TSH induces NF-?? binding to its promoter site and activation of

transcription.

To study whether IL-6 release by TSH involves the NF-?? pathway, specific

pharmacological inhibitors, sc-514 and SN50, were used. Sc-514 is a compound that

occupies reversibly the ATP binding site of ???ß and thereby inhibits it from

phosphorylating ???a. This results in a decrease in the amount of nuclear NF-?? and also in

a reduction of its transcriptional capacity (Kishore et al., 2003). SN-50 is a peptide that

possesses the nuclear localization sequence of the p50 subunit of the NF-??, and thereby

competes with and blocks the entrance of NF-?? to the nucleus. The data obtained with the

use of these inhibitors strongly implicate this pathway in TSH-induced IL-6 release.

However, complete inhibition of TSH-induced IL-6 release was not achieved with either

inhibitor. As for the other pharmacological inhibitors used in my study, the time chosen for

the pre-incubation period and/or the concentration used were selected based on the relevant

literature. Thus, it is possible that, as for the other pharmacological inhibitors, optimal pre-

incubation time and doses for SC-514 and SN50 need to be established in my cell model. It
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is also possible that TSH may activate alternative pathways to induce IL-6 release. The use

of dominant negative or siRNA approaches would help to clarify whether NF-kB is a unique

pathway used by TSH to induce IL-6 release.

The mechanism of NF-kB activation in thyroid cells by TSH seems to differ from

what I observed in adipocytes. Kikumori et al showed that in rat thyroid cells, TSH does not

activate NF-kB on its own, but can potentiate the NF-kB transactivation capacity in

combination with TNF-oc (Kikumori et al., 2001). Later, it was reported that TSH increases

the NF-kB transactivation ability by activating PKA to phosphorylate the NF-kB p65

subunit. PKA-induced p65 phosphorylation in thyroid cells by TSH occurs in a very peculiar

manner. Instead of the usual cAMP binding to the PKA-R subunit and displacement of

PKA-C subunit, TSH treatment promoted the binding of the PKA-C subunit to ???a/?50-

p65, thus forming a PKA-C/ ???a/?50-?65 complex, independent of cAMP elevation (Cao

et al., 2005).

Although my study indicates that in human abdominal subcutaneous differentiated

adipocytes, TSH does not require PKA to activate NF-kB (as shown by the lack of effect of

H89 on TSH-induced ???ß phosphorylation and ???a degradation), I did not test NF-kB

p65 subunit phosphorylation by TSH nor the involvement of PKA on this process. This

point could further be addressed by immunoblot analysis using antibodies that recognize

NF-kB p65 subunit phosphorylation by PKA (serine 276) (Perkins, 2007). Also, the

possibility that PKA is activated by TSH to induce IL-6 release without involving activation

of IKKß-NF-?? needs to be addressed in the future.

In my studies, upstream signaling proteins responsible for ???ß phosphorylation

were not investigated. Most studies have used TNF-a and LPS to investigate this event
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(Hacker and Karin, 2006). Recently, investigations on GPCR-stimulated upstream signaling

leading to IKK activation have been reported. It appears that the intermediates that link

GPCR to NF-kB activation can be numerous. In cardiomyocytes, angiotensin II, endothelin-

1 and phenylephrine-induced NF-kB activation through intracellular ROS elevation

(Hirotani et al., 2002). In Hela cells transfected with the B2-type bradykinin receptor,

bradykinin treatment resulted in NF-kB activation by coupling to Gocq and inducing

activation of PI3K (Xie et al., 2000). In human bronchial epithelial cells, lysophosphatidic

acid (LPA) induced IkB phosphorylation, NF-?? activation and IL-8 secretion by activating

the novel PKCo isoform (Cummings et al., 2004). In mouse embryonic fibroblasts (MEFs),

endothelin- 1 and LPA use the B cell chronic lymphocytic lymphoma 10 (BcIlO) and

mucosa-associated lymphoid tissue lymphoma translocation gene 1 (MALTI) adapter

proteins to bridge GPCR with the IKK complex (Wang et al., 2007; Wegener and

Krappmann, 2007). Interestingly, MEFs deficient in BcIlO showed, besides impaired ability

to activate IKK/NF-??, blunted release of IL-6 in response to LPA, suggesting that BcIlO-

MALTl could be upstream signaling proteins for IL-6 release by a GPCR agonist (Klemm

et al., 2007). It remains to be determined whether any of the above mentioned intermediates

for NF-?? activation by GPCR stimulation are used by TSH to promote IL-6 release in

human adipose cells.

Requirement oftranscription for TSH to stimulate IL-6protein release

The fact that TSH activates a transcription factor (i.e.NF-??) to induce IL-6 release

together with the existence of a 4-hour lag period between TSH treatment and IL-6 secretion

suggests that there is a need for gene transcription prior to protein release. This was
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investigated using the transcriptional inhibitor actinomycin D and semiquantitative reverse

transcription-PCR measurements in experiments using the 3T3-L1 adipocytes. Actinomycin

D, which binds to DNA and inhibits RNA synthesis (Sobell, 1985), potently blocked TSH-

induced IL-6 release. Further, I used semiquantitative reverse transcription-PCR to show

that TSH increases IL-6 mRNA expression in these cells.

Several studies in a variety of cells, including adipose cells, demonstrated a

requirement for transcription-dependent protein release. In 3T3-L1 and human adipose cells,

insulin, isoproterenol, and TNF-oc induced both IL-6 mRNA expression and protein release

(Gonzales and Orlando, 2008; Lapensee et al., 2008; Path et al., 2001). Alternatively, IL-6

protein release could depend on post-transcriptional events, such as mRNA stabilization,

increased translation or release from preformed pools of protein-containing vesicles

(Persson et al., 2004). In rat thyroid cells, IL-lß-induced increase in IL-6 release required

enhanced transcription and stabilization of IL-6 mRNA (Szabo-Fresnais et al., 2008). In a

human preadipose cell line, IL-6 release by insulin appears to involve multiple factors such

as increased gene transcription, augmented protein translation and recruitment of preformed

IL-6-containing vesicles (Lapensee et al., 2008). In adipocytes, the release of IL-6 from

preformed vesicles has yet to be investigated.

For 3T3-L1 adipocytes, I conclude that increased transcription is an important

mechanism by which TSH induces IL-6 release, since actinomycin D completely blocked

this action. In human abdominal subcutaneous differentiated adipocytes, the importance of

transcription for TSH to stimulate IL-6 release would require further investigation, such as

use of actinomycin D and reverse transcription-PCR.
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Through a time-course study on 3T3-L1 adipocytes, I showed that IL-6 release by

TSH occurs at 4 hours, and is absent at 24. A more complete time course would be needed

to determine the earliest time point that TSH can promote IL-6 release, and to more

precisely identify when the peak of IL-6 release by TSH occurs. The reason for the

unresponsiveness at 24h is unknown. It is possible that by 24h TSH has been degraded in the

culture medium, or that TSHR has been desensititized.

As was done for all studies on 3T3-L1 adipose cells, the data describing the IL-6

release by TSH in this experimental setting was normalized to the total protein cell content.

Cell protein content did not change throughout the time-course experiment (up to 24 hours),

or by the addition of pharmacological activators or inhibitors.

TSH increases IL-6 levels in vivo

I demonstrated, in collaboration with Drs. Pacini and Smith, that rhTSH increases

IL-6 serum levels in thyroidectomized patients. Our study is in agreement with the study

performed by Dardano et al, which also reported that TSH increased IL-6 levels, as well as

TNF-oc; there was also a doubling in CRP levels that did not reach significance (Dardano et

al., 2006). One advantage of this experimental model of rhTSH administration is that since

T4 levels are maintained in the normal reference range during rhTSH administration, the

outcomes of this study can be attributed solely to TSH effects. Furthermore, since patients

have no remaining thyroid gland, which can produce IL-6 upon TSH stimulation (Weetman

et al., 1990), the increase in circulating IL-6 levels in thyroidectomized patients by rhTSH

has to be from other tissues. Whether adipose tissue is among the extrathyroidal effects of

TSH on IL-6 circulating levels in vivo has yet to be determined. Subclinical hypothyroid
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patients have increased circulating IL-6 levels (Taddei et al., 2006), and it is possible that

the IL-6 is secreted from adipocytes in response to the elevated TSH levels. Increased IL-6

levels in subclinical hypothyroid patients may be (one of) the underlying reason that these

patients are at a higher risk of developing cardiovascular disease.

In summary, I show that adipose cell differentiation plays an important role for

secretion of IL-6 in response to TSH in the 3T3-L1 and human abdominal subcutaneous

depot. The differentiation status of adipose cells from the omental depot, on the other hand,

do not allow these cells to respond to TSH and secrete IL-6. In 3T3-L1, activation of PKA

plays a major role in TSH-induced IL-6 secretion. In human abdominal subcutaneous

differentiated adipocytes, the IKKß-NF-?? signaling pathway is critical for TSH-induced

IL-6 release. The observation that rhTSH increases IL-6 levels in thyroidectomized patients

raises the possibility that the extra-thyroidal action of TSH could be on abdominal

subcutaneous adipose cells.

My findings suggest that TSH may be an important regulator of IL-6 production

from adipose cells in vitro and can lead to elevated circulating IL-6 levels in vivo. This may

be of significance to CVD risk in subclinical hypothyroidism, given that IL-6 is an

established CVD risk factor.

Proposed model ofthe signalingpathways employed by TSH to induce IL-6 release

from adipose cells

Figure 5.1 depicts my proposed model of the signaling mechanisms activated by

TSH to induce IL-6 release from adipocytes. In 3T3-L1 differentiated adipocytes, I propose

that TSH, by binding to the TSHR, activates the Goes subunit and subsequently AC. AC
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promotes cAMP synthesis, an event that leads to PKA activation. At present, downstream

targets of PKA to activate IL-6 release are not known. Activated PKA could either

phosphorylate target proteins on the cytosol such as IKKß, or in the nucleus to regulate IL-6

gene transcription and protein release. The possibility that TSH uses parallels pathways,

such as IKKß-NF-??, to induce IL-6 release, could be further speculated.

In human abdominal subcutaneous differentiated adipocytes, the upstream steps that

result in IKKß activation upon TSH treatment are currently not known. As mentioned in the

General Introduction, TSHR activation by TSH can couple to a variety of G proteins in

thyroid cells. In human adipocytes, it remains to be determined which G protein(s) couple to

TSHR upon TSH stimulation to induce IL-6 release. Furthermore, I did not investigate the

steps that follow G protein activation to induced IKKß activation by TSH in adipocytes. As

mentioned in the General Discussion, activation of the NF-kB pathway by GPCR agonists

involves elevation of intracellular ROS, activation of PI3K or PKCo, or recruitment of the

BcllO-MALTl adaptor proteins. These are possible pathways that TSH could use in human

differentiated adipocytes to induce IL-6 release. Despite the fact that PKA is not the kinase

that leads to IKKß activation in human adipocytes, it is still possible that PKA activation by

TSH contributes to IL-6 release. This needs further investigations.

I thus propose that in human abdominal subcutaneous differentiated adipocytes TSH

induces IKKß activation, a process that leads to ???a degradation and release of NF-kB.

Free NF-kB moves to the nucleus where it binds to the promoter region of the IL-6 gene,

induces IL-6 transcription and promotes IL-6 release.
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Figure 5.1: Proposed model of the signaling pathways employed by TSH to induce IL-6
release from adipose cells: See text (page 129) for details.
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