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1.1 Thyroid hormone metabolism

1.1.1 Hypothalamus-Pituitary-Thyroid-axis
Thyroid hormones (TH) are crucial for brain development and play an important 
role in energy homeostasis in adult life. Thyroid hormone production and secretion 
by the thyroid gland is regulated via the hypothalamus-pituitary-thyroid (HPT)-axis. 
Thyrotropin-releasing-hormone (TRH), synthesized in the paraventricular nucleus 
(PVN) of  the hypothalamus, stimulates the anterior pituitary gland to produce 
and secrete the glycoprotein thyroid-stimulating-hormone (TSH). TSH in turn 
stimulates the thyroid to produce and release thyroid hormone (1). 
In humans approximately 80% of  the amount of  TH produced by the thyroid is in 
the form of  the inactive prohormone thyroxine (T4), while 20% is the active form 
tri-iodothyronine (T3) (2). In rodents approximately 50% of  the released thyroid 
hormone is T4 and 50% is T3 (3). Peripherally T4 can be converted into T3 by the 
removal of  an iodide by deiodinating enzymes.  
The HPT-axis has a negative feedback mechanism, as hypothalamic TRH and 
pituitary TSH production are negatively regulated by T3 and T4 (1). Once released 
by the thyroid, thyroid hormones circulate through the body in the bloodstream 
bound to serum proteins. In humans thyroid hormones mainly bind to thyroxine-
binding-globulin (TBG) (4), in rodents the main thyroid hormone binding protein 
is transtherytin (TTR) (5). More than 99% of  serum thyroid hormone is bound, 
leaving approximately 1% of  serum thyroid hormone as free hormone available for 
uptake by target tissues. In humans the free T4-fraction is smaller than the free-T3 
fraction, as TBG has a higher affinity for T4 compared to T3 (4).
Thyroid hormone has to be transported into the cells to be able to exert its effects. 
Several thyroid hormone transporters have been described. Monocarboxylate 
transporter (MCT)-8 and MCT-10 are expressed in multiple tissues and facilitate 
both the efflux and the uptake of  T3 and T4, whereas the organic anion transporting 
polypeptide (OATP)-1C1 is mainly expressed in the brain and transports T4 
preferentially (6). Once transported into the cell, T3 binds to the thyroid hormone 
receptors in the nucleus and exerts its effect on cellular gene-transcription. The 
pro-hormone T4 does not have a direct effect on gene-transcription, but should be 
converted first to the active hormone T3 by deiodinases. Alternatively, T4 and T3 
can have direct non-genomic effects. 

1.1.2 Deiodinases
Deiodination of  TH in various tissues is mediated by the selenoenzyme family 
of  iodothyronine deiodinases, which consists of  three deiodinases (7). Both the 
inner (phenolic) ring and the outer (tyrosyl) ring of  T4 can be deiodinated by the 
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deiodinases, ultimately leading to the formation of  3,3’-di-iodothyronine (T2) 
(figure 1).

Deiodinase type 1 
Deiodinase type 1 (D1) is localized in the plasma membrane and expressed in liver, 
kidney, thyroid and pituitary. D1 is able to deiodinate both the inner- and the outer-
ring of  T4. For many years D1 expressed in liver was thought to be the major source 
of  plasma T3 by deiodination of  T4. Recent studies, however, suggest that liver D1 is 
more important for thyroid hormone clearance during hyperthyroid circumstances (8), 
as the preferred substrate of  D1 is not T4, but reverse T3 (rT3), sulfated T3 (T3S) and 
T4S. D1 expression is positively regulated by T3 via two thyroid hormone responsive 
elements (TRE) in the D1 promoter (9;10). Recent work has shown that liver D1 
can also be regulated by the constitutive active/androstane receptor (CAR), which is 
important in modulating hepatic energy metabolism (11).  

Deiodinase type 2
In contrast to D1, deiodinase type 2 (D2) is localized in the endoplasmic reticulum. 
D2 is expressed in many brain areas and is considered to play a major role in local T3 
production in the brain. D2 is also expressed in pituitary, brown adipose tissue, placenta 
and –although at remarkably low levels- in skeletal muscle (12). In contrast to D1, D2 
is involved in outer-ring deiodination exclusively. The preferred substrate for D2 is 
T4 and, although to a lesser extent, rT3. D2 is regulated by thyroid hormones both 
pre- and post-transcriptionally as T3 downregulates D2 mRNA expression (13), while 

Figure 1 Overview of  the deiodination of  thyroxine (T4) into tri-iodothyronine (T3), reverse 
tri-iodothyronine (rT3) and di-iodothyronine (T2).
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T4 as well as rT3 (the substrates of  D2) increase D2 ubiquitination and subsequently 
proteasomal degradation, resulting in decreased D2 activity. D2 protein half-life is 
very short due to this ubiquitination process (14). It has been postulated that muscle 
D2 significantly contributes to serum T3 in humans under euthyroid conditions (2), 
although this assumption has been challenged recently (15). Recent studies reported D2 
upregulation in skeletal muscle by bile acids via the G-protein coupled receptor TGR5, 
followed by an increase in mitochondrial activity (16), while agonists of  peroxisome-
proliferator activated receptor (PPAR)g, which is an important metabolic regulator, 
also increase D2 expression in skeletal muscle cells (17). Furthermore, Heemstra et al 
have shown that muscle D2 mRNA expression is modulated by fasting and by insulin 
plasma levels (18). Thus, it appears that muscle D2 is involved in energy metabolism.

Deiodinase type 3
Deiodinase type 3 (D3) is viewed as the thyroid hormone inactivating enzyme, as it 
can only catalyze the inner-ring deiodination of  T4 and T3. Like D1, D3 is present 
in the plasma membrane. D3 is highly expressed in placenta and plays an important 
role during embryonic development. D3 is also expressed in the brain but in adult, 
healthy tissues expression levels are very low (12). Recent studies have shown that 
D3 is expressed in activated infiltrating leukocytes during bacterial and chemical 
inflammation (19;20) and that lacking D3 impairs bacterial clearance capacity during 
infection (21). D3 induction has also been shown during hypoxia in post-mortem liver 
biopsies of  critically ill patients (22) and during myocardial infarction (23).

Deiodinase knock-out models (table 1)
Knock-out (KO)-models for all deiodinases have been generated. Schneider et al 
generated D1KO mice via targeted gene disruption. In these mice, serum T4 and 
rT3 levels are elevated, whereas serum T3 and TSH are normal. However, fecal 
iodothyronine excretion was increased and urinary iodide excretion was diminished in 
D1KO compared to WT. Furthermore, T3 administration to D1KO mice resulted in a 
greater degree of  hyperthyroidism compared to wildtype (WT). These results indicate 
that D1 may be essential for TH clearance, especially during hyperthyroidism, whereas 
it may be less important for maintenance of  normal serum T3 levels (8). 
Mice devoid of  D2 also have normal serum T3 levels, however, serum T4 and TSH 
are elevated, suggesting that D2 is relevant for normal pituitary thyroid hormone-TSH 
feedback (24).
D3KO mice are mildly hypothyroid in adult life. Early in life, however, they display 
severe hyperthyroidism resulting in increased perinatal mortality and –in survivors- a 
phenotype including marked growth retardation and subfertility (25). The abnormalities 
in the HPT-axis are probably due to a change in the HPT-axis set-point established 
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during fetal development, as D3 is absent in the placenta and the fetus is exposed to 
relatively high thyroid hormone levels (26).

1.1.3 Thyroid hormone action

Thyroid hormone receptors 
In target tissues T3 is bound by the thyroid hormone receptors. Thyroid hormone 
receptors (TRs) are members of  the nuclear receptor family that modulate gene-
transcription. Like all nuclear receptors, the protein structure of  the TRs consist 
of  different domains: the N-terminal activation function (AF)1 domain, the DNA 
binding domain, the hinge region and the C-terminal AF2 domain (28). Thyroid 
hormone receptors are encoded by two genes, the TRa and TRb gene. Due to 
alternative splicing and alternative promoter usage the TRa-gene may give rise to six 
isoforms: TRa1, TRa2, TRDa1 and TRDa2, p43 and p28 (29). The TRa1 isoform 
is a bonafide TR, which has a ligand binding domain, DNA binding domain and 
modulates gene-transcription. The TRa2 isoform, however, does not have a ligand 
binding domain and is not able to activate gene-transcription. The TRDa1 and 
TRDa2 isoforms are truncated at the N-terminus. Although the functions of  TRa2 
and the short isoforms TRDa1 and TRDa2 are unknown at present, they are able to 
inhibit TRa1 and TRb1 mediated transcriptional activation (30-32). The truncated 
isoforms p28 and p43 are implicated in regulating mitochondrial activity (33). 
The TRb gene encodes the TRb1 and TRb2 isoforms. In contrast to the TRa, 
TRb-isoforms arise only due to alternative promoter usage and therefore differ 
in the N-terminal region (34). In rats, two additional TRb isoforms have been 
reported (TRb3 and TRDb3), which are not present in humans and mice (35;36). 
TRb1, TRb2 and TRb3 all bind T3 and are able to modulate gene-transcription 
(29). The TRDb3 isoform binds T3, but does not have a DNA binding domain 
and modulates transcriptional activity of  bonafide TRs, depending on cell-type, 

Table 1. Characteristics of  deiodinase deficient mice compared to wild-type mice (NR not 
reported). (adapted from Gereben et al,  2008)

D1KO D2KO D3KO D1/D2KO
Serum T4 ↑ ↑ ↓ ↑
Serum T3 Normal Normal Normal or slightly ↓ Normal
Serum rT3 ↑ Normal NR ↑
TSH Normal ↑ Normal or slightly ↑ ↑
Systemic phenotype Euthyroid Euthyroid Hypothyroid Mild hypothyroid
Specific features Increased fecal excretion of  

iodothyronines
Mild cold intolerance, Hearing 

impairment
Central hypothyroidism No response to TRH/

TSH Growth retardation Neonatal brain 
thyrotoxicosis

Increased fecal excretion of  iodothyronines 
Impaired neurological function

Data extracted from (8;24-27)
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TRE, and amount of  protein (36). An overview of  all described TR-isoforms is 
presented in figure 2. Although both TRa and TRb isoforms are expressed in most 
tissues, TRs are differentially expressed in different tissues. While liver is thought to 
be predominantly regulated via TRb1, TRa1 is the abundant isoform in the heart 
and skeletal muscle. Furthermore, within the same organ, the expression pattern 
of  the TRs appears to be differential. For example, within the mouse and human 

Table 1. Characteristics of  deiodinase deficient mice compared to wild-type mice (NR not 
reported). (adapted from Gereben et al,  2008)

D1KO D2KO D3KO D1/D2KO
Serum T4 ↑ ↑ ↓ ↑
Serum T3 Normal Normal Normal or slightly ↓ Normal
Serum rT3 ↑ Normal NR ↑
TSH Normal ↑ Normal or slightly ↑ ↑
Systemic phenotype Euthyroid Euthyroid Hypothyroid Mild hypothyroid
Specific features Increased fecal excretion of  

iodothyronines
Mild cold intolerance, Hearing 

impairment
Central hypothyroidism No response to TRH/

TSH Growth retardation Neonatal brain 
thyrotoxicosis

Increased fecal excretion of  iodothyronines 
Impaired neurological function

Data extracted from (8;24-27)
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isoforms derived from the TRa (THRA) and TRb (THRB) gene (lower panel). (DN: dominant 
negative) (adapted from Basset et al, 2003).
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heart the TRa1 is present in the working myocardium, whereas TRb1 is located in 
the peripheral ventricular conduction system (37). In rat liver, all TRs are expressed 
around the central vein, but TRa-isoform expression extends further along the 
central-portal axis than TRb1 expression, which is only present very close to the 
central vein (38;39). Likewise, in the human hypothalamus TRa and TRb isoforms 
are present only in specific nuclei like the PVN, supraoptic nucleus (SON) and 
infundibular nucleus (IFN), being absent in the bed nucleus of  the stria terminalis 
(BST) and the suprachiasmatic nucleus (SCN) (40). The distinct localization of  
the TRs implies different and highly specialized functions, although TR-knockout 
studies have shown that some degree of  redundancy exists between the isoforms. 

Genomic actions of  thyroid hormone 
Thyroid hormone receptors can homodimerize or heterodimerize with the 
Retinoic-X-Receptor (RXR). These dimers bind to thyroid hormone responsive 
elements (TREs) present in the promoter of  thyroid hormone responsive genes. 
Both positive regulation (D1, phosphoenolpyruvate carboxykinase (PEPCK)) and 
negative regulation (TSH, TRH) via TREs have been described. Both liganded and 
unliganded receptors can bind to the TREs. Unliganded receptors antagonize the 
liganded receptors, a phenomenon known as the aporeceptor function. 
To activate gene-transcription upon T3 binding, co-activators like steroid receptor 
co-activator (SRC)-1 are recruited, which in turn recruit histon-acetylases (HATs) 
to acetylate the histon proteins in the chromatin and make the gene ready for 
transcription. The acetylation is reversed by histon-deacetylases (HDACs), which 
are recruited by co-repressors like nuclear co-repressor (NCoR)1, which are bound 
to unliganded TRs (28;41). At present, ligand-dependent negative regulation by 
TRs is incompletely understood. Until recently T3 mediated gene-repression was 
thought to be mediated via NCoR1 (42), but the co-activator binding site in the 
AF-2 activation domain of  the TRb appears to be required for active repression of  
the TSHb gene (43).

Table 2. Characteristics of  thyroid hormone receptor deficient mice compared to wild-type 
mice.

TRa0/0 TRa1-/- TRa2-/-

(TRa1 overexpr.)
TRb-/- TRb2-/- TRa0/0 + TRb-/-

Serum T4 ↓ ↓ ↓ ↑ ↑ ↑
Serum T3 Normal Normal ↓ ↑ ↑ ↑
TSH Normal Decreased Normal ↑ ↑ ↑↑
Systemic 
phenotype

Euthyroid Mild hypothyroid Mixed hypo/
hyper

Resistance to TH 
Mixed hypo/hyper

Resistance 
to TH

Resistance 
to TH

Data extracted from (49;50;52;58;59;65)
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Non genomic actions of  thyroid hormone
Not all actions of  thyroid hormone can be explained by ligand binding to 
nuclear TRs. Genomic actions usually have a latency of  hours to days and can 
be inhibited by transcriptional inhibitors. However, some thyroid hormone actions 
have a latency ranging from minutes to a few hours and are unresponsive to 
transcriptional inhibitors. Therefore, these actions of  thyroid hormone must be 
non-genomic. Examples of  non-genomic actions are regulation of  ion-channels 
(44), activation of  mitochondria (29;33;45) and activation of  cellular signaling 
pathways like phosphoinositide 3-kinases (PI3K) and mitogen-activated-protein-
kinases (MAPKs) (46). Activation of  signaling pathways ultimately result in a 
change in intracellular location and phosphorylation of  TRs, estrogen receptor 
(ER)a and signal transducers and activators of  transcription (STATs) (47). 
Moreover, overstimulation of  PI3K via non-genomic actions of  thyroid hormone 
has been implicated in the thyroid carcinogenesis observed in dominant negative 
TRb (TRbPV/PV) mutant mice (48). Recently, it has been reported that some 
non-genomic actions are mediated through binding of  T3 and T4 to the integrin 
receptor avb3 at the cellular membrane (46;47). Finally, T4 and rT3 (but not T3) are 
able to influence actin polymerization and subsequent laminin deposition on the 
cell surface in astrocytes, probably by binding to the DTRa1 isoform (47). 

Thyroid hormone receptor knock-out models (table 2)
To investigate the functions of  the TRs, TR-knock out mice have been generated. 
All TRb-deficient (TRb-/-) mice generated to date display deranged HPT-axis feedback 
with high levels of  T3, T4, TSH and TRH. Due to these high levels of  serum TH, TRb-/- 
mice display a hyperthyroid phenotype in tissues mainly expressing TRa1 such as the 
heart. In tissues mainly expressing TRb (liver) a hypothyroid phenotype is observed 
(49-53). TRa mutant mice display differential phenotypes, depending on the isoform 
that is deleted. Mice devoid of  all known TRa isoforms (TRa-/-) die shortly after 
weaning due to a markedly delayed development of  the intestine (54). Mice only missing 
both the TRa1 and TRa2, but not the delta isoforms (TRa0/0) survive, although bone 

maturation and growth are delayed (52;55;56). 
In addition, TRa0/0mice are cold intolerant 
and display a hypermetabolic phenotype (57). 
TRa1-/- mice have grossly the same phenotype 
as TRa0/0mice (58), while TRa2-/- mice have a 
complex phenotype as they overexpress TRa1 
due to the method of  disruption of  the TRa 
gene (59). Surprisingly, mice devoid of  all known 
thyroid hormone receptors (52;60) do not show 
a clearly hypothyroid phenotype, demonstrating 

Table 2. Characteristics of  thyroid hormone receptor deficient mice compared to wild-type 
mice.

TRa0/0 TRa1-/- TRa2-/-

(TRa1 overexpr.)
TRb-/- TRb2-/- TRa0/0 + TRb-/-

Serum T4 ↓ ↓ ↓ ↑ ↑ ↑
Serum T3 Normal Normal ↓ ↑ ↑ ↑
TSH Normal Decreased Normal ↑ ↑ ↑↑
Systemic 
phenotype

Euthyroid Mild hypothyroid Mixed hypo/
hyper

Resistance to TH 
Mixed hypo/hyper

Resistance 
to TH

Resistance 
to TH

Data extracted from (49;50;52;58;59;65)
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the aporeceptor function of  the TRs. Moreover, the importance of  the aporeceptor 
function of  the TRa1 has been shown by the lethality of  three TRa-knock-in mice, 
leading to a TRa1 with decreased or no binding to T3, but intact DNA-binding (61-
63). The most striking example of  the aporeceptor function of  TRa1 is the rescue 
of  Pax8-/- mice with an additional deletion of  the TRa gene. Pax8 is an essential 
transcription factor for the development of  the thyroid. Therefore, Pax8-/- mice are 
athyroid and have no endogenous production of  thyroid hormone. As a result, the 
Pax8-/- phenotype is lethal. Surprisingly, when the TRa gene is additionally deleted, 
Pax8-/- mice survive, demonstrating the important functions of  unliganded TRa1 (64).   

1.2 Thyroid hormone metabolism during illness

During illness thyroid hormone metabolism changes and this is collectively known 
as the non thyroidal illness syndrome (NTIS). The hallmarks of  NTIS are decreased 
serum thyroid hormone levels, while TSH and TRH expression do not increase 
indicating an abnormal feedback regulation. NTIS may be a useful adaptation of  
the body to illness to counteract the excessive catabolism observed during illness 
and therefore may be viewed as a part of  the acute phase response (66). However, 
especially during prolonged critical illness NTIS might be maladaptative (67). To 
date, the pathogenesis of  NTIS is incompletely understood. Although altered TH 
secretion, transport and clearance are known to contribute to NTIS (68), we will 
primarily focus on the role of  cytokines, TRs and deiodinases during NTIS in this 
introduction.

1.2.1 NTIS in humans
In humans NTIS is primarily characterized by a decrease in serum T3 and an increase 
in serum rT3, while only in severe illness serum T4 is decreased. TSH is low, normal 
or slightly elevated (68) while hypothalamic TRH expression is decreased (69).
Pro-inflammatory cytokines play an important role during NTIS. Serum cytokines 
are related to decreased serum T3 levels (70-72) and the administration of  interleukin 
(IL)-6 and tumor necrosis factor (TNF)a to healthy volunteers resulted in decreased 
serum T3 levels (73;74). The administration of  lipopolysaccharide (LPS, a bacterial 
endotoxin) in humans results in decreased T3, T4 and TSH, while serum rT3 is 
increased, and this cannot be blocked by the addition of  human recombinant IL-1 
receptor antagonist (75). 
Studies in post-mortem biopsies from ICU patients have shed more light on the 
changes in peripheral tissue deiodination during illness. During illness liver D1 
decreases, while liver D3 tends to increase. The changes in liver D1 are associated 
with the serum T3/rT3 ratio, which is a prognostic marker for survival in critically ill 
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patients (22;76). Muscle D2 expression is increased in post-mortem muscle biopsies 
of  prolonged critically ill patients (77). In patients with septic shock muscle D2 is 
decreased, while muscle D3 increased (78). 
TR expression is altered as well during illness, as in skeletal muscle of  patients with 
septic shock TRb1 mRNA decreases while TRa1 tends to decrease (78). In post-
mortem liver biopsies from ICU patients the TRa1/TRa2 ratio increases with age 
and the severity of  illness (79).

1.2.2 Animal models of  NTIS 

LPS administration in mice
The administration of  LPS is currently an established animal model of  acute NTIS. 
LPS injection results in serious discomfort, diarrhoea and hypothermia in the first 
12h after injection. However, after 24h mice recover and start eating again. After LPS 
injection serum T3 and T4 both decrease, accompanied by a decrease of  liver D1 
and D3 (19;72). Pro-inflammatory cytokines are released within 2h after injection. 
When the mice are injected with cytokines alone the observed changes are of  smaller 
magnitude and a combination of  cytokines does not show a synergistic effect (72), 
implicating that in addition to cytokines other illness-related factors are involved. 
In IL-6-/- mice however, the LPS induced decrease of  serum T3 and liver D1 is 
attenuated, again stressing the important role of  IL-6 in the changes observed in NTIS 
(80). Studies in other cytokine knock-out mice show that IL-12 and IL-18 play a role in 
the suppression of  the central part of  the HPT-axis during illness (81;82). The toll-like 
receptor (TLR)4/ myeloid differentiation factor (MyD)-88  pathway and Fc-receptor 
pathway are implicated as independent contributors to the pathogenesis of  NTIS after 
LPS administration, with mast cells as key regulators (83). Furthermore, both TRH and 
TSH administration attenuate the T4 decline after LPS administration (83) suggesting 
that stimulation of  the pituitary and thyroid during NTIS may partly restore the illness-
induced decrease of  serum T4 levels. Finally, liver TRa and TRb expression decrease 
after LPS administration in mice; TR mRNA decreases after 4-8h, whereas protein 
levels decrease after 16h (84).  

Turpentine induced sterile abscess in mice
Turpentine injection in the hindlimb of  mice is an NTIS model for chronic inflammation. 
It results in the formation of  a sterile abscess at the site of  injection and serious 
discomfort, fever, serum cytokine release and reduced food-intake during the first two 
days (85). Serum T3 and T4 decrease within 2 days after turpentine injection (80), 
while liver D1 expression is unaltered and liver D3 expression is decreased (19). Liver 
IL-1b mRNA only starts to increase 5 days after injection. At the site of  inflammation, 
cytokines are expressed more rapidly and the cytokine expression is associated with 
increased D3 expression in the infiltrating granulocytes (19). 
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Streptococcus pneumoniae infection in mice
S. pneumoniae infection is a model of  severe bacterial illness. Within 48h after inoculation 
of  the bacteria mice develop a severe bronchopneumonia and bacterial outgrowth 
is found in lungs, spleen and blood reflecting septicaemia. Although only serum 
T4 decreases significantly, bacterial outgrowth in the lung and spleen is negatively 
correlated to both serum T3 and T4 levels. Furthermore, liver D1 decreases, whereas 
liver D3 is unchanged 48h after S. pneumoniae infection (20). 

Burn-injured rabbits
An animal model of  prolonged critical illness was established by the group of  Dr. G. 
van den Berghe in Leuven in burn-injured parentally fed rabbits. After burn-injury, 
serum T3 decreases, whereas serum T4 tends to decrease. Eight days after burn-injury, 
liver D1 decreases, while liver D3 tends to increase, which is correlated to the T3/rT3 
ratio similar to critical illness in humans (86).

1.2.3 In vitro models of  NTIS
Because the mechanisms of  the observed alterations in vivo are largely unknown, 
several in vitro models have been developed. These models include primary cells or 
cell-lines to unravel the molecular effects of  pro-inflammatory cytokines on genes 
involved in thyroid hormone metabolism, trying to elucidate the role of  cytokines in 
the alterations observed in vivo. 

Deiodinase type 1 
The decrease of  liver D1 has been investigated in vitro in several studies. Both in primary 
cultures of  hepatocytes and in the hepatoma cell line HepG2, stimulation with pro-
inflammatory cytokines results in decreased D1 mRNA and activity. The observed D1 
decrease occurs at the transcriptional level, as stimulation with cytokines decreases D1 
promoter activity (87). Because the cytokine-induced decrease of  D1 was abolished 
using the Nuclear Factor (NF)kB inhibitor clarithromycin, Nagaya et al postulated that 
the decrease of  D1 is mediated via NFkB (88). In a very elegant study Yu and Koenig 
show that adding exogenous co-activator SRC-1, which is used for both TR-mediated 
transcription and the NFkB pathway, partially overcomes the inhibitory effect of  IL-1 
on the D1 promoter activity, indicating that the cytokine-induced decrease of  D1 is 
due to limiting amounts of  co-activators (89).  
Cytokine stimulation of  the rat thyrocyte cell-line FRTL-5 also results in decreased D1 
expression (90;91). Pekary et al show that this decrease is partly due to reduction of  
mRNA stability and partly to competitive inhibition of  D1 activity by the production 
of  ceramide and arachidonic acid (92) indicating that these cytokine-mediated effects 
are post-transcriptional.
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In re-aggregated cultures of  rat pituitaries, IL-1b stimulates D1 expression, while TNFa 
and IL-6 stimulation has no effect (93).  Stimulation of  the somato-mammotrophic 
GH3 cells with cytokines, alone or co-cultured with the folliculo stellate cells TtT/Gf, 
also has no effect on D1 activity (93). 
These studies suggest that cytokines markedly influence D1 expression However, the 
divergent results in pituitary cells after cytokine stimulation stress the difficulty of  
developing a proper in vitro model for the pituitary, being a heterogeneous organ which 
is also dependent on paracrine signalling and cell-cell interactions (94;95).

Deiodinase type 2 
The effects of  cytokines on muscle D2 activity have been studied in cultured human 
skeletal muscle cells. D2 can be upregulated in these cells by activating the cyclic 
adenosine monophosphate (cAMP) pathway by stimulation with forskolin. TNFa, but 
not IL-1 and IL-6, decrease forskolin stimulated D2 activity in muscle cells after 6 hours 
(96). Thyroidal D2 activity is decreased by TNFa, IL-6 and interferon (IFN)g (97). 
In re-aggregated cultures of  rat pituitaries, IL-1b  and TNFa stimulate D2 activity, 
whereas IL-6 does not have an effect (93).  Upregulation of  D2 is also observed 
after stimulation of  GH3 cells with IL-6 and TNFa but not with IL-1b stimulation. 
When GH3 cells were co-cultured with TtT/Gf  cells, cytokines had no effect D2 
activity (93). These in vitro studies indicate that D2 is differentially regulated by 
cytokines; in muscle and thyroid D2 activity decreases, whereas in pituitary cells D2 
activity increases or does not change upon cytokine-stimulation. 

Deiodinase type 3 
To date, no in vitro studies reporting direct involvement of  cytokines in D3 regulation 
have been published. However, inhibition of  the MAPKs extracellular signal-regulated 
kinases (ERKs) and p38, which are also activated by cytokines, abolishes transforming 
growth factor (TGF)-b induced D3 expression in primary human fibroblasts (98).

Thyroid hormone receptors
Only sparse in vitro work on the effects of  cytokines on TR expression has been 
performed. However, it has been shown that TR capacity is decreased in the human 
hepatoma cell line HepG2 after stimulation with TNFa, IL-1 and IL-6 (99). 
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1.3 The inflammatory response: Lipopolysaccharide, 
interleukin-1 and the cellular signaling pathways nuclear 
factor-kB and activator protein-1

The innate immunity is the rapid non-specific defense mechanism of  the host against 
invading micro-organisms resulting in an inflammatory response. Part of  the innate 
immune response is induced via specialized cell-surface receptors, known as Toll like 
receptors (TLRs) which recognize the invading micro-organism by specific features 
in the bacterial cell wall (such as lipopolysaccharides) and activate cellular signaling 
pathways like NFkB and AP-1 to activate cytokine production. The locally produced 
cytokines elicit a systemic acute phase response, characterized by the induction of  
fever, leukocytosis, release of  stress hormones and the production of  hepatic acute 
phase proteins.

Lipopolysaccharide 
Lipopolysaccharide is a part of  the outer membrane of  gram-negative bacteria. It acts 
as an endotoxin and elicits a strong inflammatory response. LPS binds to the LPS 
binding protein (LBP) in the blood stream. This complex is then subsequently bound 
by cluster of  differentiation (CD)14 and presented to the TLR4/MD-2 (lymphocyte 
antigen 96) complex on the cellular membrane. Intracellularly the signal is transduced 
via a variety of  adapter proteins, for example MyD-88 and MyD88-like adapter (Mal), 
thereby activating signaling pathways like NFkB and activator protein (AP)-1. Finally a 
variety of  cytokines are produced, such as TNFa, IL-1, IL-6 (100) (figure 3).

Interleukin-1
The term IL-1 is used to indicate two isoforms, IL-1a and IL-1b, which are the 
product of  two different genes, but act through the same cell surface receptor. IL-1 
signaling through the type 1 IL-1 receptor (IL-1RI) is very similar to LPS signaling. 
Upon binding of  IL-1, the IL-1RI associates with the adapter proteins MyD88 and 
Tollip. This complex associates with IL-1RI associated kinase (IRAK)-1 and IRAK-2 
and activates the signal transduction pathways like NFkB and AP-1 which elicits an 
inflammatory response (101) (figure 3). 

Nuclear Factor kB
The NFkB transcription factor family comprises NF-kB1 (p50 and its precursor 
p105), NFkB2 (p52 and its precursor p100), c-Rel, RelA (p65) and RelB proteins 
(102). Dimers of  these proteins act as transcription factors, which are activated during 
inflammation. The NFkB pathway is activated by LPS, cytokines or other inflammatory 
stimuli through phosphorylation of  Inhibitor of  NFkB (IkB) kinases (IKK) which 
in turn phosphorylate the inhibitory proteins IkB’s that are bound to the NFkB 
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transcription factors in the cytoplasm. Phosphorylated IkB’s are degraded by the 26S 
proteasome, leaving the NFkB transcription factor free to translocate to the nucleus 
and activate or repress gene-transcription. Different NFkB dimers have different 
functions; the homodimer of  p50 represses gene transcription whereas a p50/p65 
dimer activates gene transcription. In addition, the NFkB proteins themselves also can 
be phosphorylated and possibly acetylated to enhance the transcriptional activity (103).

Activator Protein-1
The AP-1 transcription factor is a protein-dimer, consisting of  two members of  the 
Fos, Jun, Maf  and ATP families. As each of  these families consists of  at least four 
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Figure 3. Simplified schematic overview of  TLR4 and IL-1R signaling pathways.
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family-members (Fos family: c-Fos, FosB, Fra-1, Fra-2; Jun family: c-Jun, JunB and 
JunD; Maf  family: c-Maf, MafB, MafA, MafG/F/K and Nrl; ATF family: ATF2, 
ATF3, B-ATF, JDP1 and JDP2), many forms of  AP-1 are possible. In response to 
LPS, cytokines or other inflammatory stimuli a number of  MAPKs (mostly c-Jun-N-
terminal-kinase (JNK) and p38) are activated. Activated MAPKs phosphorylate the 
nuclear AP-1 transcription factors, which modulate gene-transcription. Like the NFkB 
transcription factors, not all AP-1 dimers have the same function in gene-modulation, 
as some members of  the fos, jun, Maf  and ATF family do not have a transcriptional 
activation domain (104).

1.4 Outline of  the present thesis

The aim of  this thesis was to study the mechanisms and cellular signaling pathways 
involved in the changes observed in thyroid hormone metabolism during illness. To 
address this question we used both animal models (in vivo studies) and cell culture 
models (in vitro models). 

In vivo studies in mice:
We designed an animal experiment to evaluate the changes induced by LPS at all levels 
of  the HPT axis. LPS induced changes in hypothalamus, pituitary, thyroid, serum and 
liver are reported in chapter 2. 
Muscle D2 was recently suggested as an important contributor to serum T3 levels 
and it was postulated that low serum T3 levels observed during illness might result 
from decreased muscle D2 activity. To evaluate this hypothesis we assessed D2 muscle 
expression and D2 regulating factors in two animal models of  illness (S. pneumoniae 
infection and turpentine induced chronic inflammation) in chapter 3. 
In chapters 4 and 5 we used thyroid hormone receptor knock-out mice to study 
the role of  thyroid hormone receptors in the changes observed in peripheral thyroid 
hormone metabolism during illness.

In vitro studies:
In chapters 6 and 7 we used a human hepatoma cell-line (HepG2) to study the 
molecular pathways involved in the decrease of  TRa1, TRa2, TRb1 and D1 mRNA 
expression in the liver during inflammation. 
To study the mechanisms behind the changes in muscle D2 and D3 during illness, we 
used the myoblast cell-line C2C12 in chapter 8. 
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