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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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Figure 2 Schematic structure of  the nuclear receptor family (upper panel) and overview of  TR 
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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Abstract

During illness, major changes in thyroid hormone metabolism and regulation occur, 
collectively known as the nonthyroidal illness syndrome (NTIS) and characterised 
by decreased serum T3 and T4 without an increase of  serum TSH. Whether 
alterations in the central part of  the hypothalamus-pituitary-thyroid (HPT)-axis 
precede changes in peripheral thyroid hormone metabolism instead of  vice versa, or 
occur simultaneously is presently unknown. Therefore we studied the time course 
of  changes in thyroid hormone metabolism in HPT-axis of  mice during acute 
illness induced by bacterial endotoxin (LPS). 
LPS rapidly induced IL-1b mRNA expression in hypothalamus, pituitary, thyroid 
and liver. This was followed by almost simultaneous changes in pituitary (decreased 
expression of  TRb2, TSHb, and D1 mRNA’s), thyroid (decreased TSH-R mRNA) 
and liver (decreased TRb1 and D1 mRNA). In the hypothalamus D2 mRNA 
expression was strongly increased whereas preproTRH mRNA expression did not 
change after LPS. Serum T3 and T4 fall only after 24 hrs.
Our results suggest almost simultaneous involvement of  the whole HPT-axis in the 
down-regulation of  thyroid hormone metabolism during acute illness.  
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Introduction

During illness, profound changes in thyroid hormone metabolism and regulation 
occur, collectively known as the nonthyroidal illness syndrome (NTIS) or “sick 
euthyroid syndrome” (SES). These changes include decreased serum T3 and T4 
levels and increased serum rT3 levels. Despite low serum thyroid hormone levels, 
serum TSH does not increase and can actually be decreased. Several mechanisms 
are involved in the alterations in thyroid hormone metabolism: decreased TRH 
expression in the hypothalamus, decreased thyroid hormone release by the thyroid 
gland, decreased transport of  thyroid hormones across the plasma membrane, and 
a decrease in extrathyroidal (peripheral) conversion of  T4 into T3 by 5’-deiodinase 
(D1), notably in the liver (Wiersinga 2000).
It has been hypothesized that during the acute phase of  illness, changes in thyroid 
hormone metabolism are predominantly caused by peripheral adaptations while 
anterior pituitary function is still unaltered. In prolonged critical illness however, 
down-regulation of  the central part of  the hypothalamus-pituitary-thyroid-axis 
(HPT-axis) plays an important role (Van den Berghe). TSH secretion by the anterior 
pituitary decreases probably as a result of  diminished hypothalamic stimulation as 
evident from decreased TRH gene expression in the paraventricular nucleus (PVN) 
of  deceased patients with documented nonthyroidal illness (Fliers et al. 1997). In 
addition, the combined administration of  TRH and GHRP-2 (growth hormone 
releasing factor-2) enhances pulsatile TSH secretion dramatically in intensive care 
patients under restoration of  plasma T4 and T3 levels, in keeping with an important 
role for the hypothalamus in the central down-regulation of  the HPT axis in 
prolonged illness (Van den et al. Berghe). 
Few animal experimental data are available of  the effects of  acute illness on the 
central part of  the HPT-axis. Intraperitoneal administration of  bacterial endotoxin 
(LPS) resulted in decreased serum T3 and T4 levels after 24 h and inappropriately 
normal or low proTRH mRNA content in the paraventricular nucleus (PVN) of  
rats (Kakucska et al. 1994). Recently, we showed that LPS administration in mice 
results in a rapid decrease of  type 2 deiodinase (D2) activity in the pituitary (Boelen 
et al. 2004) indicating an early response of  the pituitary during acute illness. 
Whether alterations of  the central part of  the HPT-axis precede changes in 
peripheral thyroid hormone metabolism instead of  vice versa, or occur simultaneously, 
is presently unknown. Therefore we studied the time course of  changes in thyroid 
hormone metabolism, characterized by mRNA expression of  thyroid hormone 
related genes in the hypothalamus, pituitary, thyroid and liver of  mice during acute 
illness induced by LPS administration.
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Materials and methods

Animals
Female, random cycling Balb/c mice (Harlan Spaque Dawley, Horst, The 
Netherlands) were used at 6-12 wk of  age. The mice were kept in 12-h light/
dark cycles, in a temperature-controlled room (22°C) and received food and water 
ad libitum. One week before the experiments the mice were housed in groups 
according to the experimental set-up. The study was approved by the local animal 
welfare committee. We performed two experiments. 

Experiment 1: Acute illness was induced by an intraperitoneal injection of  150 mg 
LPS (Endotoxin; Lipopolysaccharide (LPS), E.coli 127:B8, Sigma Chemical Co., St. 
Louis, MO) diluted in 0.5 ml sterile 0.9% NaCl. Control mice received 0.5 ml sterile 
0.9% NaCl. At different timepoints after LPS injection (t=0, 4, 8 and 24 hours) 4 
- 5 mice were anaesthetised with isoflurane and euthanised. The liver, pituitary and 
hypothalamus were obtained. 

Experiment 2: In this experiment, LPS was administered as described above and 
mice were killed at t=0, 1, 2, 3, 4 and 6 hours (n=5). The liver, thyroid (2 in each 
group), pituitary and hypothalamus were obtained. In both experiments, blood was 
taken by cardiac punction and serum was stored at -20°C until analysed. All tissues 
were stored immediately in liquid nitrogen. 

Thyroid hormones
Serum T3 and T4 were measured with in-house RIA’s (Wiersinga & Chopra 1982). 
To prevent inter-assay variation, all samples of  one experiment were measured 
within the same assay.  

RNA isolation and Real Time-PCR
mRNA was isolated from the hypothalamus, pituitary, thyroid and 10 mg liver 
tissue of  mice using the Magna Pure apparatus and the Magna Pure LC mRNA 
isolation kit II (tissue) (Roche Biochemicals, Mannheim, Germany) according to the 
manufacturer’s protocol and cDNA synthesis was performed with the 1st Strand 
cDNA synthesis kit for RT-PCR (AMV) (Roche Molecular Biochemicals, Mannheim, 
Germany). Published primer pairs were used to amplify HPRT (hypoxanthine 
phosphoribosyl transferase, a housekeeping gene) (Sweet et al. 2001) and IL-1b 
(Bouaboula et al. 1992). We designed primer pairs for D1, D2, D3, TRb1, TRb2, 
TSHb, and preproTRH (D1 forward: CATTCTACTCCCTCTACCA and reverse: 
GCATCTTCCCGACATTT, D2 forward: GATGCTCCCAATTCC AGTGT 
and reverse: AGTGAAAGGTGGTCAGGTGG, D3 forward: CTACGTCATC 
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CAGAGTGGCA and reverse: CTGTTCATCATAGCGCTCCA, TRb1 forward: 
CACCTGGATCCTGACGATGT and reverse: ACAGGTGATGCAGCGATAGT, 
TRb2 forward: GTGAATCAGCCTTATACCTG and reverse: 
ACAGGTGATGCAGCGATAGT, TSHb forward: TCAACACCACCATCTG 
TGCT and reverse: TTGCCACACTTGCAGCTTAC, preproTRH forward: 
TCGTGCTAACTGGTATCCCC and reverse: CCCAAATCTCCCCTCTCTTC). 
Real Time PCR was performed for the quantitative estimation of  the above mentioned 
mRNAs. Standards for the different mRNA’s were prepared from RNA of  murine 
liver or lung. For each mRNA assayed, a standard curve was generated using ten fold 
serial dilutions of  this target standard PCR product and the same primers used to 
amplify the cDNA. For each gene the standard protocol was optimised by varying 
MgCl2 concentrations. PCR reactions were set up with cDNA, MgCl2 (25 mM), 
SybrGreenI (Roche Molecular Biochemicals, Mannheim, Germany), forward and 
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Figure 1.  Relative expression of  IL-1b mRNA in hypothalamus, pituitary, thyroid and liver 
of  mice after administration of  LPS (·-·) or saline (o-o). Mean values ± SEM are depicted; 
p-values indicate differences between groups by ANOVA. Statistical difference between groups 
at a single timepoint is indicated by symbols: *, p<0.05 and **, p<0.01.
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reverse primer and H20. The reactions were then cycled in the LightCycler (Roche 
Molecular Biochemicals, Mannheim, Germany) with the following parameters: 
pre-denaturation for one cycle at 95°C for 10-30 s, amplification for 35- 45 cycles 
(temperature transition of  20 °C/s), which consists of  denaturation 0-5 s at 95 
°C, annealing at various temperatures for 10 s and elongation for 15 s at 72 °C 
(annealing temperature D1: 52°C, D2: 55°C, D3: 62°C, TRb1: 54°C, TRb2: 55°C, 
TSHb: 55°C, preproTRH: 55°C, IL-1b: 60°C, and HPRT: 54°C). Fluorescence 
reading was taken at 72 °C, melting curve analysis with continuous fluorescence 
reading.  The LightCycler software generated a standard curve (measurements taken 
during the exponential phase of  the amplification) which enabled the amount of  
each gene in each test sample to be determined. All results were corrected as to their 
mRNA content using HPRT mRNA.

Liver 5’-deiodinase activity
Liver D1 activity was determined as described before (Peeters et al. 2003). Briefly, 
mouse liver samples were homogenised on ice in 10 volumes of  PE buffer [0,1M 
phosphate and 2 mM EDTA (pH 7.2)] using a Polytron (Kinematica AG, Lucerne, 
Switzerland). Homogenates were snap frozen in aliquots and stored at -80°C until 
further analysis. Protein concentration was measured with the Bio-Rad protein assay 
using BSA as the standard following the manufacturer’s instructions. D1 activity was 
measured by duplicate incubations of  homogenates (10 mg protein) for 30 min at 
37°C with 0.1 mM [3’,5’-125I] rT3 (100,000 cpm) in a final volume of  0.1 ml PED10 
buffer (PE + 10 mM DTT). Reactions were stopped by addition of  0.1 ml 5% (wt/
vol) BSA in water on ice. The protein-bound iodothyronines were precipitated by 
addition of  0.5 ml ice-cold 10% (wt/vol) trichloroacetic acid in water. Following 
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centrifugation, 125I- was isolated from the supernatant by chromatography on 
Sephadex LH-20 minicolumns.

Figure 3. Relative expression of  TSHb, TRb1, TRb2, D1 and D2 mRNA in the pituitary 
of  mice after administration of  LPS (·-·) or saline (o-o).  Mean values ± SEM are depicted; 
p-values indicate differences between groups by ANOVA. Statistical difference between groups 
at a single timepoint is indicated by symbols: *, p<0.05 and **, p<0.01
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Statistics
Data are presented as the mean ± SEM. Variation between LPS-treated and saline-
treated mice were evaluated by analysis of  variance (two-way ANOVA) with two 
grouping factors (time and treatment). Post-hoc analysis (Tukey test) was performed 
in order to make multiple comparisons between the groups (Hochberg & Tamhane 
1987). If  the data were abnormal distributed or variances between groups were 
unequal, we first ranked the data, then performed an ANOVA (Hora 1984) and 
used a Tukey test for the Post Hoc analyses (all analysed in SPSS 11.5.1, (SPSS 
Inc. Chigaco, IL)). The differences in serum T3 and T4 at 24 hours and in pituitary 
D2 mRNA expression at 4 hours were analysed by the Student t-test or by the 
Mann Whitney U test where appropriate. P-values less than 0.05 were considered 
as statistically significant.

Results

Hypothalamus
LPS administration resulted in strongly elevated IL-1b mRNA expression in the 
hypothalamus reaching a maximum after 3 hours (fig. 1). Hypothalamic preproTRH 
mRNA expression did not change compared to control mice 1-24 hours after LPS 
administration. Hypothalamic TRb1 mRNA expression was also not influenced by 
LPS administration. TRb2 mRNA expression could hardly be detected (data not 
shown). By contrast, LPS administration induced a significant 3-fold increase in D2 
mRNA expression (maximal at 6 –8 h) (fig 2). Hypothalamic D3 mRNA expression 
was low and not different between LPS-treated and control mice (data not shown).

Figure 4. Relative expression of  TSH receptor and D1 mRNA expression in the thyroid of  
mice after administration of  LPS (·-·) or saline (o-o).  Mean values ± SEM are depicted; 
p-values indicate differences between groups by ANOVA. Statistical difference between groups 
at a single timepoint is indicated by symbols: *, p<0.05 and **, p<0.01
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Figure 5. Relative expression of  liver TRb1 and D1 mRNA, liver D1 activity and serum T3 
and T4 levels in mice after administration of  LPS (·-·) or saline (o-o). Mean values ± SEM 
are depicted; p-values indicate differences between groups by ANOVA. Statistical difference 
between groups at a single timepoint is indicated by symbols: *, p<0.05 and **, p<0.01. 
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Pituitary
In the pituitary, LPS induced high IL-1b mRNA expression, maximal at 1h after 
administration (fig. 1). LPS resulted also in a significant decrease in TSHb, TRb2 and 
D1 mRNA expression within 24 hours, with lowest mRNA expression at 4 hours 
after LPS administration. D2 mRNA expression and TRb1 mRNA expression 
tended to decrease after LPS administration compared to control mice but this 
difference was not statistically different (fig. 3). However, pituitary D2 mRNA 
expression at 4 hours was significant lower in LPS treated animals compared to 
controls. 

Thyroid
Thyroidal IL-1b mRNA expression was induced shortly after LPS administration 
(maximal expression at 1h) (fig. 1). LPS resulted in a significant decrease of  thyroidal 
TSH-R mRNA expression; a reduction in D1 mRNA expression did not reach a 
statistically significant difference (fig. 4). TRb1 mRNA expression was not different 
between LPS-treated and control mice (data not shown). 

Figure 6.  Model of  the timecourse of  central and peripheral thyroid hormone metabolism 
during acute illness in mice induced by LPS administration. LPS rapidly induces IL-1b mRNA 
expression in all organs of  the HPT-axis (see fig. 1) which is followed by almost simultaneous 
involvement of  hypothalamus, pituitary, thyroid and liver in the down-regulation of  thyroid 
hormone metabolism during illness.
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Liver and circulation
LPS administration resulted in strongly elevated IL-1b mRNA expression in the 
liver, which was maximal at 1h and remained elevated until 6 hours (fig. 1). LPS 
decreased liver TRb1 and D1 mRNA expression within 8 hours after administration. 
Liver D1 activity was also significantly decreased after LPS administration, which is 
in agreement with mRNA expression. The decrease of  TRb1 mRNA preceded the 
decrease of  D1 mRNA expression, which was in turn followed by decreased serum 
T3 and T4 levels after 24 hours (see fig 5). 

Discussion 

The aim of  the present study was to evaluate the time course of  changes in central 
and peripheral thyroid hormone metabolism during acute illness. To this end we 
injected mice with LPS, which is a very potent activator of  the immune system 
and induces several proinflammatory cytokines via the Toll–like receptor-4 (Lohrer 
et al. 2000). These cytokines are produced by a variety of  cells in many organs. 
We have measured IL-1b mRNA expression in the HPT-axis as a representative 
of  the inflammatory response and observed a strong induction in hypothalamus, 
pituitary, thyroid and liver. IL-1b mRNA expression peaked very rapidly (within 1h) 
in the pituitary, thyroid and liver while hypothalamic IL-1b mRNA expression was 
maximal at 3-4 hours after LPS administration.  
Hypothalamic D2 mRNA expression increased following the rise in IL-1b mRNA, 
reaching peak values at 6-8 hours after LPS. This did however not result in a change 
of  preproTRH mRNA which – by the presumed rise in local T3 generation via 
enhanced D2 activity – indicates altered thyroid hormone feedback. The reason 
why we could not detect TRb2 mRNA in the hypothalamus can be that TRb2 
is present only in specific highly localized areas of  the hypothalamus (Cook et al. 
1992; Lechan et al. 1994). Since in the present experiment we isolated RNA from 
the complete hypothalamus, it is very possible that this lead to a dilution of  the 
specific signal. 
The time course of  events in the various organs suggests that LPS induces changes 
almost simultaneously in the central (hypothalamus and pituitary) and peripheral 
(thyroid and liver) part of  the HPT-axis. In particular, the early changes in the 
pituitary gland cannot be explained from prior changes in the hypothalamus. One 
may argue that the changes in the thyroid gland may be to some extent secondary 
to a fall in pituitary TSH release. This however seems unlikely since downregulation 
of  the TSH-R has been described as a result of  higher ambient TSH concentrations 
(Shimura et al. 1997) whereas we observed down regulation in thyroidal TSH-R 
mRNA expression associated with low TSHb mRNA expression. Our results 
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are consequently best interpreted as independent effects of  LPS on the various 
components of  the HPT-axis during the early stages of  induced illness. In more 
advanced stages down-regulation at the hypothalamic level may enhance down-
regulation at the pituitary level, which then may further contribute to decreased 
secretion of  thyroid hormones by the thyroid. 
Some of  the alterations in the HPT-axis we observed have been described previously. 
The decrease of  pituitary D1 and D2  mRNA expression (only after 4 hrs) confirms 
our recent observations (Boelen et al. 2004). The decrease in liver D1 mRNA 
expression, which precedes the decrease in serum thyroid hormones, has also been 
described previously by us (Boelen et al. 1995). Unaltered hypothalamic preproTRH 
mRNA expression in rats after LPS administration is reported by Kakucska et al. 
(Kakucska et al. 1994), and the increase in hypothalamic D2 expression we find is 
consistent with a recent observation of  an increase in D2 activity in the mediobasal 
hypothalamus (MBH) of  the rat during acute LPS-induced illness (Fekete et al. 2003). 
Recently, Diano et al. showed that three days fasting also induced an increase in D2 
mRNA expression in the hypothalamus of  rats possible resulting from decreased 
plasma leptin or elevated glucocorticoids levels (Diano et al. 1998). The effect of  
food deprivation as a result of  illness can be excluded in our study because D2 
mRNA expression starts to rise shortly after LPS administration. At that moment, 
the effect of  food deprivation on thyroid hormone metabolism is negligible (Boelen 
et al. 1995). 
Data on changes in the human hypothalamus during critical illness are sparse. 
Arem et al. reported a decreased T3/T4 ratio in post-mortem human hypothalamus 
of  patients who died after protracted illness as compared with patients who died 
acutely, suggesting decreased deiodination of  T4 in human illness (Arem et al. 1993). 
However, D2 activity was not assessed in their study. Furthermore, decreased 
deiodination is hard to reconcile with decreased TRH mRNA expression in the 
PVN of  patients with critical illness as reported in our earlier studies (Fliers et al. 
1997), or with true unaltered hypothalamic TRH expression in the present study. 
At least two factors should be taken into account interpreting these findings. First, 
LPS-induced increased D2 expression in the mediobasal hypothalamus as reported 
by Fekete et al in the rat (Fekete et al. 2003) and replicated by the present study in 
the mouse probably represents a more acute disease model than the patients studied 
by Arem et al. and Fliers et al. (Arem et al. 1993; Fliers et al. 1997). Second, only a 
small proportion of  hypothalamic TRH expressing neurons is involved in HPT 
axis feedback regulation (Segerson et al. 1987). This may therefore obscure effects 
of  LPS that are restricted to selected hypothalamic nuclei such as the PVN when 
studying hypothalamic tissue blocks, probably explaining unaltered hypothalamic 
TRH mRNA expression as found in the present study. 
Our results suggest simultaneous involvement of  the hypothalamus, pituitary, 
thyroid and liver in the down-regulation of  thyroid hormone metabolism during 
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acute illness. It is logical to assume a general mechanism inducing these changes 
in various organs since the changes are viewed as part of  the acute phase response 
during illness. Cytokines have been implicated in the pathogenesis of  altered thyroid 
hormone metabolism during illness (Boelen et al. 1996). It has been hypothesized 
recently that limiting amounts of  SRC-1, a coactivator for both NF-kB and 
TRb1, might be responsible for decreased liver D1 mRNA expression because 
of  competition between cytokine-induced NF-kB and the TRb1/D1 complex for 
SRC-1 (Yu & Koenig 2000). A similar mechanism could also play a role in the 
pituitary, because the simultaneous decrease of  pituitary TRb2 and TSHb mRNAs 
we observe suggests a shortage of  a common factor needed for the expression of  
both TRb2 and TSHb. One candidate could be the pituitary specific transcription 
factor Pit-1, which is necessary for the expression of  both genes (Shupnik 2000). 
The early decrease in liver TRb1 mRNA expression, which occurs prior to and 
probably contributes to the decrease of  liver D1 mRNA might be caused by other 
mechanisms, for instance the recently described participation of  the ubiquitine 
proteasome in TR degradation (Englebienne et al. 2003). 
Our results, presented schematically in figure 6, suggest involvement of  the 
hypothalamus, pituitary, thyroid and peripheral tissues (liver) in the down-regulation 
of  thyroid hormone metabolism during acute illness. Although the mechanisms 
remain to be established, competition for limiting amounts of  nuclear factors 
involved in both immune response and thyroid hormone metabolism seems an 
attractive possibility to explain at least partly of  the central and peripheral changes 
in this condition. 
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Abstract 

We have previously shown that skeletal muscle deiodinase type 2 (D2) mRNA is 
upregulated in an animal model of  acute illness. Human studies on the expression of  
muscle D2 during illness however report conflicting data. Therefore, we evaluated 
the expression of  skeletal muscle D2 and D2-regulating factors in two mouse 
models of  illness that differ in timing and severity of  illness: 1) Turpentine induced 
inflammation 2) S.pneumoniae infection. During turpentine induced inflammation, 
D2 mRNA and activity increased compared to pair-fed controls, most prominently 
at day 1 en 2, whereas after S. pneumoniae infection D2 mRNA decreased. We 
evaluated the association of  D2 expression with serum thyroid hormones, (de-)
ubiquitinating enzymes USP33 and WSB-1, cytokine expression and activation 
of  inflammatory pathways and cAMP pathway. During chronic inflammation the 
increased muscle D2 expression is associated with the activation of  the cAMP 
pathway. The normalization of  D2 five days after turpentine injection coincides 
with increased WSB-1 and TNFa expression. Muscle IL-1b expression correlated 
with decreased D2 mRNA expression after S.pneumoniae infection. In conclusion, 
muscle D2 expression is differentially regulated during illness, probably related to 
differences in the inflammatory response and type of  pathology. D2 mRNA and 
activity increases in skeletal muscle during the acute phase of  chronic inflammation 
compared to pair-fed controls probably due to activation of  the cAMP pathway. 
In contrast, muscle D2 mRNA decreases 48h after a severe bacterial infection, 
which is associated with local IL-1b mRNA expression and might also be due to 
diminished food-intake. 
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Introduction

During illness, central and peripheral thyroid hormone metabolism changes profoundly. 
This is known as non thyroidal illness syndrome (NTIS). NTIS is characterized by 
decreased serum tri-iodothyronine (T3) levels, while thyroid stimulating hormone 
(TSH) remains unchanged or even decreases. Furthermore, the expression of  
deiodinating enzymes changes in various tissues (Wiersinga 2005). Deiodinase type 
2 (D2) is one of  the three known deiodinases. It converts the prohormone T4 into 
the active hormone T3 by outer ring deiodination.  D2 is expressed in brain, pituitary, 
skeletal muscle, brown adipose tissue and placenta and is present as an active dimer in 
the endoplasmic reticulum (Kohrle 2000; Bianco & Kim 2006).
Recently it has been shown that skeletal muscle D2 is involved in the peripheral 
production of  T3 under normal circumstances (Maia et al. 2005), which makes D2 
a possible factor contributing to the low serum T3 levels during illness. A study of  
Rodriguez-Perez et al indeed reports decreased muscle D2 mRNA and activity in 
septic patients (Rodriguez-Perez et al. 2008). In contrast, D2 mRNA and activity were 
upregulated in muscles of  intensive care unit (ICU) -patients compared to healthy 
controls (Mebis et al. 2007), in line with our previous finding that muscle D2 mRNA is 
increased after LPS administration in mice (Kwakkel et al. 2008). 
D2 expression is known to be influenced by thyroid hormone levels. T3 downregulates 
D2 mRNA expression (Burmeister et al. 1997), and T4 and rT3 (the substrates of  
D2) increase D2 ubiquitination and subsequently proteasomal degradation, resulting 
in decreased D2 activity. The ubiquitin ligase adaptor WD repeat and SOCS Box-
containing 1 (WSB-1) is involved in the ubiquitination process of  D2, whereas ubiquitin 
specific peptidase 33 (USP33) is a de-ubiquitinating enzyme (Sagar et al. 2007). 
cAMP activation stimulates D2 expression on mRNA and activity level. D2 mRNA 
is upregulated via the CREB responsive element present in the D2 promoter and 
cAMP inhibits WSB-1 mediated ubiquitination of  D2 (Dentice et al. 2007; Bartha et 
al. 2000). Proinflammatory cytokines are also capable of  affecting D2; Hosoi et al 
showed that Tumor Necrosis Factor (TNF)a  reduced the forskolin-induced increase 
of   D2 mRNA and activity in skeletal muscle cells (Hosoi et al. 1999). Proinflammatory 
cytokines exert their actions via specific signal transduction pathways, such as Nuclear 
Factor (NF)kB , Extracellular-signal Related Kinase (ERK)1/2 and activator protein 
(AP)-1. NFkB and AP-1 sites have been characterized in the D2 promoter (Zeold et al. 
2006; Gereben & Salvatore 2005), suggesting that activation of  these pathways results 
in changes in D2 expression. 
The aim of  the present study was to evaluate the association between D2 expression 
and D2 regulating factors during illness. To this end we used two animal models that 
differ in acute phase response, timing and severity of  illness. 1) Turpentine induced 
abscess in the hindlimb, a model of  local chronic inflammation. 2) Streptococcus pneumoniae 
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infection, a lethal model that results in severe pneumoniae and sepsis.  Muscle D2 
expression and D2 regulatory factors were evaluated in both models.

Materials & Methods

Animal experiments
Female C57Bl6 mice (Harlan Spraque-Dawley, Horst, The Netherlands) were used 
at 6-12 weeks of  age. The mice were kept in 12h light/dark cycles in a temperature 
controlled room. 
A week before the experiment the animals were housed in groups according to the 
experimental setup. 

Turpentine injection: Local chronic inflammation was induced by s.c. injection 
of  100 ml steam-distilled turpentine in each hindlimb. Control mice received 100 ml 
saline in each hindlimb and were pair-fed, because the decreased food-intake 1 and 
2 days after turpentine injection affects thyroid hormone metabolism. The pair fed 
control mice (5 mice per cage) received 5 g/cage at day 1, 5 g/cage at day 2, 8 g/
cage at day 3, 12 g/cage at day 4 and 16 g/cage at day 5. Normal food-intake is 
approximately 20 g/cage. The mean decrease in weight was 9.3% (turpentine) and 
9.4% (pair-fed controls) at day 1, 12.4% (turpentine) and 12.7% (pair-fed controls) 
at day 2; 2.3% (turpentine) and 8.6% (pair-fed controls) at day 5. At days 0, 1, 2 and 
5 four to five mice per group were anaesthetized with isoflurane. Blood was taken by 
cardiac puncture and the mice were subsequently killed by cervical dislocation. Serum 
was stored at -20ºC until analysis. Turpentine injection resulted in a sterile abscess, 
infiltrating cells at the site of  injection and a decrease in serum thyroid hormone levels 
as described before (Boelen et al. 2006a). Because the abscess and infiltrating cells in 
the hind-limb muscle tissue might influence the results, forelimb-muscle tissue was 
used for D2 analysis in this study. Muscle tissue was obtained and immediately stored 
in liquid nitrogen.  

S. Pneumoniae infection: Acute pneumonia was induced as described before (Boelen 
et al. 2008b). Briefly, S. pneumoniae serotype 3 (American Type Culture Collection, 
Manassas, VA) were grown in Todd-Hewitt broth (Difco, Detroit, MI) at 37°C, 
harvested at mid-logarithmic phase, and washed twice in sterile saline. Bacteria were 
then resuspended in sterile saline at a concentration of  5x104 Colony forming units 
(CFU)/50 ml. Mice (n=6) were lightly anesthetized by inhalation of  isoflurane, and 50 
ml containing 5x104 CFU was inoculated intranasally (i.n.). Control mice received 50 
ml sterile saline i.n.. The amount of  S. pneumoniae bacteria inoculated was determined 
by plating serial dilutions of  the inoculum onto sheep-blood agar plates and incubated 
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at 37°C and 5% CO2.  CFU’s were counted after 16h. Serum was stored at -20ºC until 
analysis. Hind-limb muscle tissue was obtained after 48h and immediately stored in 
liquid nitrogen. Both studies were approved by the local animal welfare committee. 

Thyroid hormone levels
Serum T3 and T4 were measured with in-house RIAs (Wiersinga & Chopra 1982). To 
prevent inter-assay variation (T3: 6.2% and T4: 7.3%), all samples of  one experiment 
were measured within the same assay (intra-assay variability T3: 3.6% and T4: 6.6%).

RNA isolation and RT-PCR
Muscle mRNA was isolated on the Magna Pure (Roche Molecular Biochemicals, 
Mannheim, Germany) using the Magna Pure LC mRNA tissue kit and appr. 
25 mg of  tissue. The protocol and buffers supplied with the kit were followed. 
cDNAsynthesis was performed using the First Strand cDNA Synthesis Kit for 
RT-PCR with oligo d(T) primers (Roche Molecular Biochemicals, Mannheim, 
Germany). Real Time PCR was performed using the Lightcycler (Roche Molecular 
Biochemicals, Mannheim, Germany). Lightcycler FastStart DNA MasterPlus SYBR 
Green I kit (Roche Molecular Biochemicals, Mannheim, Germany) was used, 
adding 50ng primers each (Biolegio, Nijmegen, The Netherlands). Primer pairs for 
hypoxanthine phosphoribosyl transferase (HPRT),  IL-1b, TNFa and D2 and D3 
were previously described (Sweet et al. 2001; Bouaboula et al. 1992; Kwakkel et al. 
2008) (Boelen et al. 2004). We designed primer pairs for WSB-1 and USP33 (WSB-
1-forward: 5’- GCC AGC CTT GCT GAT GAT A - 3’, WSB-1-Reverse:  5’- CCC 
AGC AGC TAA AAC ACT GC - 3’ , USP33-forward: 5’- CTT TTC GAG GTT 
ATT CTC AGC AG - 3’, USP33-Reverse:  5’- GGC TCT TCC TCC ATT TCC 
AT - 3’). Primers were intron-spanning or genomic DNA contamination was tested 
using a cDNA synthesis reaction without the addition of  Reverse Transcriptase. 
PCR programs were as follows: denaturation 10 min 95°C, 40-45 cycles of  0-10 sec 
95°C, 10 sec annealing temperature, 15-20 sec 72°C. Annealing temperatures were: 
54°C for HPRT, 55°C for D2, 62° for TNFa and D3, WSB-1 and USP33 and 60°C 
for IL-1b. For quantification a standard curve was generated of  a sequence-specific 
PCR-product ranging from 0.01 fg/ml until 100 fg/ml (measurements taken during 
the exponential phase of  the amplification). Samples were corrected for their mRNA 
content using HPRT as a housekeeping gene. Samples were individually checked 
for their PCR-efficiency (Ramakers et al. 2003). The median of  the efficiency was 
calculated for each assay, samples that differed more than 0.05 of  the efficiency 
median value were not taken into account. Aberrant PCR-efficiencies occurred 
randomly and therefore did not bias the results. 
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Deiodinase activity
Muscle Deiodinase type 2 activity was measured as previously described (Mebis 
et al. 2007). Samples were homogenized on ice in 10 volumes of  PED50 buffer 
(0.1M sodium phosphate, 2 mM EDTA and 50 mM DTT pH 7.2) using a Polytron 
(Kinematica, Luzern, Switzerland). Homogenates were used immediately. Protein 
concentration was measured with the Bio-Rad protein assay using bovine serum 
albumin (BSA) as the standard following the manufacturer’s instructions (Bio-Rad 
Laboratories, Veenendaal, The Netherlands). D2 activity was measured in duplicate, 
using 75 ml (≈150mg protein) homogenate incubated 4 hours at 37ºC in a final 
volume of  0.15ml with 1 nM T4 or 500 nM T4 with the addition of  approximately 
2*105cpm [3`5`-125I]T4  in PE/0.5% BSA. Reactions were stopped by adding 0.15 
ml ice-cold ethanol. After centrifugation, 0.125 ml of  the supernatant was added 
to 0.125 ml 0.02 M ammonium acetate (pH 4), and 0.1 ml of  the mixture was 
applied to 4.6 x 250 mm Symmetry C18 column connected to a Waters HPLC 
system (Model 600E pump, Model 717 WISP autosampler, Waters, Etten-Leur, The 
Netherlands). Mobile phase A: 0.02M ammonium acetate (pH4.0), mobile phase B: 
acetonitril. The column was eluted with a linear gradient (28-42% B in 15 min) at a 
flow of  1.2 ml/min. The activity of  T4 and T3 in the eluate was measured on-line 
using a Radiomatic Flow-one/Beta scintillation detector (Packard, Meriden, CT, 
USA). Incubation with 500 nM T4 saturates D2, therefore D2 activity measured 
with the incubation with 1nM T4 minus the incubation with 500 nM T4 represents 
true D2 activity. D2 activity was expressed as fmol generated T3 per minute per 
gram muscle tissue. 
D3 : Muscle D3 activity was measured the same way as muscle D2 activity, with 
the following adaptations:  Incubation for 4 hours at 37 ºC with 1 nM T3 or 500 
nM T3 with the addition of  approximately 2*105cpm [3`5`-125I]T3  in PE. For each 
group, we included one 500 nM T3 incubation. Incubation with 500 nM T3 saturates 
D3, therefore D3 activity measured with the incubation with 1nM T3 minus the 
incubation with 500 nM T3 represents true D3 activity. D3 activity was expressed as 
fmol generated 3,3’T2 per minute per mg tissue. 

Western Blotting
Homogenates prepared for deiodinase measurement were immediately 1:1 mixed 
with freshly prepared protein dilution buffer (250 mM sucrose, 10% glycerol, 2mM 
PMSF, 4 mM Na3VO4, 40 mM NaF, 2x Complete protease inhibitor cocktail (Roche 
Molecular Biochemicals, Mannheim, Germany). Protein content was measured and 
25 mg was loaded on a 10% SDS-PAGE gel. Gels were blotted on Immobilon-P 
transfer membrane (Millipore, Bedford, MA, USA). Blots were blocked with 
3% casein in TBS/T, for 1h at room temperature (RT). Primary antibodies were 
phospho-NFkB p65 (Ser536) (#3033), phospho-p44/p42 MAP kinase (Thr202/
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Tyr204) (#9101), phospho-c-jun (Ser63)(#9261) and phospho-CREB (Ser133) 
(#9191), goat-anti-rabbit-HRP (#7074) (Cell Signaling Technology,  Danvers, MA, 
USA). Primary antibodies were incubated for 1h at RT followed by an overnight 
incubation at 4ºC. Blots were washed 3 times 5 min with TBS/T. Following 1h 
incubation at RT with secundary antibody goat-anti-rabbit-HRP, blots were 
washed again and detected with Lumi-Lightplus chemiluminescent substrate (Roche 
Molecular Biochemicals). The emitted light was visualized and quantified on the 
Lumi-Imager (Roche Molecular Biochemicals). All antibodies were diluted 1:1000 
in blocking buffer, except phospho-CREB, which is diluted 1:2000.

Statistics 
Normal distribution of  the data was tested using the Shapiro-Wilk test. Statistical 
significance between turpentine and control treatment were evaluated using 
two-way ANOVA with two grouping factors (time and treatment). When not 
normally distributed, data were ranked before performing ANOVA. P-values 
in the figures represent the significant effect of  the treatment. To test pair-wise 
comparisons ANOVA was followed by students t-test when data was normally 
distributed or Mann-Whitney U tests when not normally distributed. Symbols in the 
figures represent the pair-wise P-values. P-values < 0.05 were considered statistically 
significant. Spearman rank correlation tests were performed to test correlations. All 
tests were performed using SPSS. (SPSS, Chicago, IL, USA)

Results

Muscle Deiodinase type 2 expression
Turpentine injection resulted in increased expression of  muscle D2 mRNA and 
activity (P<0.01), compared to saline treated pair-fed controls, most prominent at 
day 1 and 2 after injection (fig1A). In saline treated pair-fed controls, D2 mRNA 
and activity decreased probably due to decreased food-intake. D2 activity in control 
groups was in some cases below detection limit. In contrast, muscle D2 mRNA 
decreased in muscle-tissue 48h after S.pneumoniae infection, compared to saline 
treated controls (P<0.01) (fig1B). Muscle D2 activity was around the detection 
limit (2 above and 4 below the detection limit in each group) in muscle tissue of  
S.pneumoniae infected and control mice.  

Serum thyroid hormone levels
Serum T4 and rT3 levels decreased (P<0.01) 1, 2 and 5 days after turpentine injection, 
whereas serum T3 did not change compared to pair-fed saline treated controls 
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(fig2A). Muscle D2 mRNA expression did not correlate to serum T3. Serum rT3 
was associated with muscle D2 activity (r = -0.504, P<0.01), while serum T4 was not. 
After S.pneumoniae infection serum T4 decreased (P<0.01). Serum T3 and rT3 did 
not change (fig2B). Serum T3 was not related to muscle D2 mRNA expression. 
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Figure 1. A) Muscle D2 mRNA and activity expression 1, 2 and 5 days after Turpentine (●) 
or saline (□) injection, B) Muscle D2 mRNA expression 48h after S.pneumoniae infection (black 
bars) or saline-treated (white bars) controls. Mean values ± SEM (n=4/6) are shown. P values 
indicate differences between groups by non parametric ANOVA. Symbols indicate differences 
evaluated by Mann-Whitney U-tests; * P≤0.05, ** P≤0.01.

Figure 2. Serum T4, T3 and rT3 levels A) 1, 2 and 5 days after Turpentine (●) or saline (□) 
injection, B) 48h after S. pneumoniae infection (black bars) or saline-treated (white bars) controls. 
Mean values ± SEM (n=4/6) are shown. P values indicate differences between groups by 
non parametric ANOVA. Symbols indicate differences evaluated by Mann-Whitney U-test; ** 
P≤0.01.
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Muscle WSB-1 and USP33 mRNA expression
Ubiquitination promoting enzyme WSB-1 and de-ubiquitination enzyme USP33 
mRNA expression were evaluated. Muscle WSB-1 mRNA increased significantly 
5 days after turpentine injection (P<0.05), whereas USP33 mRNA did not change 
significantly (fig3A). WSB-1 and USP33 mRNA levels were not related to muscle 
D2 activity during turpentine induced inflammation. After S.pneumoniae infection 
muscle WSB-1 mRNA did not change whereas USP33 mRNA decreased compared 
to saline treated controls (fig3B). 

Figure 3. Muscle WSB-1 and 
USP33 mRNA expression 
A) 1, 2 and 5 days after 
Turpentine (●) or saline 
(□) injection, B) 48h after 
S.pneumoniae infection (black 
bars) or saline-treated (white 
bars) controls. Mean values 
± SEM (n=4/6) are shown. 
P values indicate differences 
between groups by non 
parametric ANOVA. Symbols 
indicate differences evaluated 
by Mann-Whitney U-test; * 
P≤0.05, ** P≤0.01.

Muscle cytokine expression
Muscle TNFa mRNA increased day 5 after turpentine injection compared to 
saline treated, pair-fed controls whereas muscle IL-1b did not (fig4A). Muscle 
IL-1b or TNFa cytokine expression is not related to D2 mRNA expression. After 
S. pneumoniae infection muscle IL-1b mRNA increased (P<0.01) (fig4B) and was 
negatively correlated to D2 mRNA expression (r = -0.691, P<0.05). Muscle TNFa 
mRNA expression did not change significantly after S.pneumoniae infection and was 
not correlated to muscle D2 mRNA expression. 

Activation of  signalling pathways
Phosphorylated NFkB, c-jun, ERK1/2 and CREB were evaluated in muscle tissue 
by Western Blotting. After turpentine injection CREB was highly phosphorylated 
at day 1 and 2 (fig 5A) while NFkB (p65) and ERK1/2 did not differ compared 
to saline treated pair-fed controls. The phosphorylation of  CREB coincides with 
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the observed increase in D2 expression after turpentine injection. No difference 
was observed in phosphorylation of  CREB, NFkB or ERK1/2 after S. pneumoniae 
infection compared to saline treated controls (fig5B). Phosphorylated c-jun was not 
detectable in muscle tissue (data not shown). 

Muscle Deiodinase type 3 expression
Turpentine injection resulted in increased expression of  muscle D3 mRNA and 
activity (P<0.05), compared to saline treated pair-fed controls, most prominent 
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A Figure 4. Muscle IL-1b and 
TNFa mRNA expression 
A) 1, 2 and 5 days after 
Turpentine (●) or saline 
(□) injection, B) 48h after 
S.pneumoniae infection (black 
bars) or saline-treated (white 
bars) controls. Mean values 
± SEM (n=4/6) are shown. 
P values indicate differences 
between groups by non 
parametric ANOVA. Symbols 
indicate differences evaluated 
by Mann-Whitney U-test; ** 
P≤0.01.

A

B

Figure 5.  Representative western blot of  phosphorylated CREB expression of  A) 1, 2 and 
5 days after turpentine or saline injection. B) 48h after S.pneumoniae infection or saline-treated 
controls. 
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at day 1 and 2 after injection (fig6A). D3 activity in control groups was in most 
cases below detection limit. After S.pneumoniae infection muscle D3 mRNA did not 
change. Muscle D3 activity was below the detection limit in the saline controls, 
whereas 3 samples were positive after S.pneumoniae infection. However, the observed 
difference was not significantly different (P=0.056).  

Discussion

We studied the association between muscle D2 expression and D2 regulating 
factors in two different animal models of  illness: turpentine-induced abscess in the 
hindlimb and S.pneumoniae infection. The animal models used differ in timing of  
the acute phase response and severity of  illness. After turpentine injection in the 
hindlimb, an abscess is formed in the first two days, causing serious discomfort, fever 
and decreased food-intake. Serum IL-6 and IL-1 are high during this early phase, 
whereas serum TNFa does not play a role. Five days after turpentine serum IL-1 
and IL-6 decrease, temperature and food-intake return to normal and mice recover, 
although liver IL-1b mRNA increases which is characteristic for the development 
of  a systemic acute phase response (Boelen et al. 1996; Boelen et al. 2005; Elhija et 
al. 2006; Leon 2002). 
In contrast to turpentine induced inflammation, S.pneumoniae infection is lethal 
(Knapp et al. 2004). S.pneumoniae infection results in severe bronchopneumonia within 
24 hours and 48 hours after inoculation mice become septic (Boelen et al. 2008a). 
Serum IL-1 and IL-6 increase rapidly after infection, whereas TNFa is produced 
at a later stage (Bergeron et al. 1998). The difference in cytokine expression, acute 

Figure 6. A) Muscle D3 
mRNA and activity expression 
1, 2 and 5 days after Turpentine 
(●) or saline (□) injection, 
B) Muscle D3 mRNA and 
activity expression 48h after 
S.pneumoniae infection (black 
bars) or saline-treated (white 
bars) controls. Mean values 
± SEM (n=4/6) are shown. 
P values indicate differences 
between groups by non 
parametric ANOVA. Symbols 
indicate differences evaluated 
by Mann-Whitney U-tests; * 
P≤0.05, ** P≤0.01.
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phase response and severity of  illness between these two animal models suggests 
differential regulation of  D2 expression. During turpentine induced inflammation, 
D2 mRNA and activity increased compared to pair-fed controls, most prominently 
at day 1 en 2, whereas after S. pneumoniae infection D2 mRNA decreased. The D2 
increase compared to pair-fed controls during turpentine induced inflammation is 
in line with increased D2 expression recently observed in skeletal muscle of  ICU 
patients and in LPS treated mice (Mebis et al. 2007; Kwakkel et al. 2008), while 
decreased muscle D2 mRNA expression after S.pneumoniae infection corresponds 
with previously reported D2 decrease in muscle tissue of  septic patients (Rodriguez-
Perez et al. 2008). Although is might be possible that the observed differences in 
D2 expression during illness in our animal-models result from the different muscle 
origins, this seems unlikely because the D2 increase observed previously after LPS 
administration (Kwakkel et al. 2008) is similar in both muscle types (J. Kwakkel, 
unpublished observation). D2 mRNA and activity is regulated by thyroid hormones; 
D2 mRNA and activity increases during hypothyroidism, while hyperthyroidism 
results in decreased D2 mRNA expression and activity, due to transcriptional (T3) 
and translational (T4 and rT3) regulation. Thyroid hormone metabolism during 
illness however, differs from normal regulation (Wiersinga 2005). In both our 
animal models, no correlation between serum T3 and T4 levels and muscle D2 
expression was observed. This is reminiscent to the T4-independent D2 activity 
increase in the mediobasal hypothalamus induced by LPS administration (Fekete et 
al. 2005). Factors involved in (de-)ubiquitination of  D2 in our study did not correlate 
with D2 activity, although the observed increase in WSB1 mRNA 5 days after 
turpentine coincides with a normalisation of  D2 activity. Inflammatory cytokines 
have profound effects on peripheral and central thyroid hormone metabolism 
(Boelen et al. 2006b). We studied muscle IL-1b and TNFa mRNA expression and 
the activation of  three inflammatory pathways in muscle tissue. After turpentine 
injection IL-1b and TNFa mRNA expression tended to increase after 5 days, which 
is in accordance with the declining muscle D2 expression 5 days after turpentine 
injection as TNFa decreases muscle D2 mRNA expression in vitro (Hosoi et al. 
1999). Furthermore, we observed increased IL-1b mRNA expression in muscle 
tissue of  S.pneumoniae infected mice, which was inversely correlated to D2 mRNA 
expression. However, the observed alterations in D2 expression appeared not to be 
mediated via activation of  the inflammatory pathways NFkB, ERK1/2 or AP-1.
The decreased D2 expression after S.pneumoniae infection might also be due to 
diminished food-intake, as D2 expression decreases after fasting in healthy humans 
(Heemstra et al. 2009).  In addition, D2 mRNA expression also decreased in the 
pair-fed controls of  the turpentine experiment. 
cAMP activation is a potent stimulator of  D2, both pre- and posttranscriptional 
(Hosoi et al. 1999; Bartha et al. 2000; Dentice et al. 2007). We evaluated phosphorylated 
CREB expression in muscle tissue as a marker for cAMP activation. CREB was 
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highly phosphorylated in muscle tissue within 48 hours after turpentine injection, 
which coincides with the marked increase of  D2 expression compared to pair-fed 
controls, suggesting a dominant role of  the cAMP pathway in the observed D2 
increase. 
Increased D2 activity theoretically results in increased T3 production, which is not 
reflected in increased serum T3 concentrations, suggesting that D2 contribution to 
systemic T3 levels is quantitatively limited. To evaluate the physiological implications 
of  the observed D2 alterations during illness, muscle D3 expression was evaluated. 
After S. pneumoniae infection, D3 mRNA did not change, while D3 activity tended 
to increase, however the activity measured was very low. In contrast, muscle D3 
mRNA and activity increased after turpentine injection compared to pair-fed 
controls. The increase of  muscle D3 during illness has previously been reported 
(Rodriguez-Perez et al. 2008). 
During turpentine induced inflammation the increase in muscle D2 and D3 
compared to pair-fed controls coincides with the increased body temperature and 
decreased food-intake observed during this phase of  inflammation (Leon 2002). 
Cooper et al showed increased b-adrenergic dependent oxygen-consumption in the 
first 36 hours after turpentine injection (Cooper & Rothwell 1991). Sympathetic 
stimulation of  cultured human skeletal muscle cells results in activation of  the 
cAMP pathway and in upregulation of  D2 in muscle cells (Hosoi et al. 1999), 
subsequently followed by increased mitochondrial activity and thus increased 
oxygen-consumption (Watanabe et al. 2006). 
Because both the measured D2 and D3 activity are very low, a local effect in the 
skeletal muscle seems more likely than an effect on serum thyroid hormone levels. The 
simultaneous upregulation of  D2 and D3 theoretically only leads to the formation 
of  3-3’-T2, which might be able to activate the mitochondrial enzyme cytochrome 
c oxidase (Goglia et al. 1994) (Lanni et al. 1994) thereby also increasing oxygen 
consumption. A shortage of  3,3`-T2 might result in mitochondrial dysfunction, 
which is thought to play a role in the pathogenesis of  sepsis (Fredriksson et al. 2006; 
Zang et al. 2007). Adding exogenous cytochrome c oxidase improves cardiomyocyte 
mitochondrial function in an animal model of  sepsis (Levy & Deutschman 2007). 
These speculations need further investigation in order to consider the role of  D2 
and D3 in muscle tissue as a regulator of  muscle mitochondrial activity during 
illness. 
In conclusion; muscle D2 expression is differentially regulated during illness, 
probably related to differences in the inflammatory response and type of  pathology. 
D2 mRNA and activity increase in skeletal muscle during the acute phase of  
chronic inflammation compared to pair-fed controls probably due to activation of  
the cAMP pathway. In contrast, muscle D2 mRNA decreases 48h after a severe 
bacterial infection, which is associated with local IL-1b mRNA expression and 
might also be due to diminished food-intake. The observed alterations in muscle 
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D2 and D3 might result in changes in local 3,3’-T2 concentrations and thereby 
affecting mitochondrial activity.
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Abstract 

Downregulation of  liver deiodinase type 1 (D1) is supposed to be one of  the 
mechanisms behind the decrease in serum T3 observed during the nonthyroidal illness 
syndrome (NTIS). Liver D1 mRNA expression is positively regulated by T3, mainly via 
the thyroid hormone receptor (TR)-b1. One might thus expect that lacking the TRb 
gene would result in diminished downregulation of  liver D1 expression and a smaller 
decrease of  serum T3 during illness. In this study, we used TRb-/- mice to evaluate 
the role of  TRb in Lipopolysaccharide (LPS, bacterial endotoxin) induced changes 
in thyroid hormone metabolism. Our results show that the LPS-induced serum T3 
and T4 and liver D1 decrease take place despite the absence of  TRb. Furthermore, 
we observed basal differences of  liver D1 mRNA and activity between TRb-/- and 
WT mice and TRb-/- males and females which did not result in differences in serum 
T3. Serum T3 decreased rapidly after LPS, followed later on by decreased liver D1, 
indicating that the contribution of  liver D1 during NTIS may be limited with respect to 
decreased serum T3 levels. Muscle deiodinase type 2 (D2) mRNA did not compensate 
for the low basal liver D1 observed in TRb-/- mice and increased in response to LPS in 
TRb-/- and WT mice. Other (TRb-independent) mechanisms like decreased thyroidal 
secretion and decreased binding to thyroid hormone binding proteins probably play a 
role in the early decrease of  serum T3 observed in this study. 
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Introduction

Lipopolysaccharide (LPS, a bacterial endotoxin) administration is a well-established 
animal model for The NonThyroidal Illness Syndrome (NTIS) (Boelen et al. 1995) 
via induction of  an acute phase inflammatory response (Palsson-McDermott & 
O’Neill 2004). This inflammatory response is accompanied by a decrease of  liver 
type 1 Deiodinase (D1) mRNA and activity and a decrease of  serum T3 and T4, 
all characteristic for NTIS (Boelen et al. 2004). Using this animal model, we have 
previously reported that liver TRb1 mRNA decreased rapidly after LPS (Boelen et al. 
2004), which was followed by a decrease of  liver TRb1 protein expression (Beigneux 
et al. 2003). In addition, in vitro studies in a hepatoma cell-line have shown that the 
proinflammatory cytokine IL-1b induces a decrease of  TRb1 mRNA, which is 
mediated via the Nuclear Factor (NF)kB inflammatory pathway.  IL-1b also results 
in decreased D1 mRNA expression in vitro (Yu & Koenig 2000; Jakobs et al. 2002), 
which is mediated via the NFkB and Activator Protein (AP)-1 inflammatory pathways 
simultaneously, suggesting different regulatory mechanisms (Kwakkel et al. 2006). A 
possible mechanism thought to be responsible for the observed D1 mRNA decrease 
is competition for limiting amounts of  Steroid Receptor Coactivator (SRC)-1(Yu & 
Koenig 2000). The downregulation of  liver D1 mRNA is supposed to be one of  
the mechanisms behind the LPS-induced decrease in serum T3 (Yu & Koenig 2006). 
D1 mRNA expression is positively regulated by T3 via the TRs which activates gene 
transcription by binding to two Thyroid Hormone Responsive Elements (TREs) in 
the promoter region of  the human D1 gene (Jakobs et al. 1997;Toyoda et al. 1995). 
Although no TREs have been identified in the promoter region of  the mouse D1 
gene, liver D1 in mice is up regulated by T3 administration and down regulated in 
hypothyroidism (Amma et al. 2001). In liver, D1 is mainly regulated via the TRb1. In 
the absence of  TRb, liver D1 mRNA expression is decreased, although TRa1 partly 
takes over the T3-mediated D1 mRNA expression (Macchia et al. 2001;Amma et al. 
2001). It is however unknown whether lacking the TRb gene results in diminished 
downregulation of  liver D1 mRNA expression and activity induced by LPS. In this 
study, we used TRb-/- mice to evaluate the role of  TRb in LPS-induced changes in 
thyroid hormone metabolism. 

Materials & Methods

Animal experiments
Male and female TRb-/- and wildtype (WT) (129Sv/Ev) mice were used at 6-12 weeks of  
age. TRb-/- were generated as previously described (Gauthier et al. 1999). Homozygous 
TRb-/- mice were derived from heterozygous mothers to prevent intra uterine effects of  
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the homozygous genotype. WT and TRb-/- mice were crossed and bred separately. The 
mice were kept in 12h light/dark cycles in a temperature controlled room. Acute illness 
was induced by an intraperitoneal (i.p.) injection of  200 mg LPS (Lipopolysaccharide, 
E.coli O127:B8; Sigma, St. Louis, MO, USA) diluted in 0.5 ml saline. Control mice 
received 0.5 ml saline. Due to diurnal variations (Zandieh et al. 2002) each time point 
had his own control and the experiment started at 9AM. At time points 0, 4, 8 and 
24 hours after LPS or saline administration injection 2 female and 4 male mice per 
group (2 female and 2-4 male per group for t=24) were anaesthetized by i.p. injection 
of   100 mg/kg ketamine (Virbac) and 2 mg/kg xylazine (Bayer) and killed by cervical 
dislocation. Blood was taken by cardiac puncture and serum was stored at -20ºC until 
analyzed. Liver and hindlimb-muscle tissue were obtained and immediately stored in 
liquid nitrogen.  The study was approved by the University Victor Segalen Animal Care 
and Use Committee. 

Thyroid hormone levels
Serum T3 and T4 were measured with in-house RIAs (Wiersinga & Chopra 1982). To 
prevent inter-assay variation (T3: 6.2% and T4: 7.3%), all samples of  one experiment 
were measured within the same assay (intra-assay variability T3: 3.6% and T4: 6.6%).

RNA isolation and RT-PCR
Liver and muscle mRNA was isolated on the Magna Pure (Roche Molecular 
Biochemicals, Mannheim, Germany) using the Magna Pure LC mRNA tissue kit and 
appr. 10 mg of  tissue. The protocol and buffers supplied with the corresponding kit 
were followed. cDNAsynthesis was performed using the First Strand cDNA Synthesis 
Kit for RT-PCR with oligo d(T) primers (Roche Molecular Biochemicals, Mannheim, 
Germany). Real Time PCR was performed using the Lightcycler (Roche Molecular 
Biochemicals, Mannheim, Germany). For liver PCR’s Lightcycler DNA Master 
SYBR Green I kit (Roche Molecular Biochemicals, Mannheim, Germany) was used, 
adding 3mM MgCl2 and 50ng primers (Biolegio, Nijmegen, The Netherlands) each. 
For muscle PCR’s Lightcycler FastStart DNA MasterPlus SYBR Green I kit (Roche 
Molecular Biochemicals, Mannheim, Germany) was used, adding 50ng primers each 
(Biolegio, Nijmegen, The Netherlands). Primer pairs for hypoxanthine phosphoribosyl 
transferase (HPRT), TRa1, D1 and IL-1b were previously described (Sweet et al. 2001)
(Bakker 2001)(Boelen et al. 2004)(Bouaboula et al. 1992). We designed primer pairs 
for D2 (D2-forward: 5’- GCT TCC TCC TAG ATG CCT ACA A - 3’, D2-Reverse:  
5’- CCG AGG CAT AAT TGT TAC CTG - 3’). Primers were intron-spanning or 
genomic DNA contamination was tested using a cDNA synthesis reaction without 
the addition of  Reverse Transcriptase. PCR programs were as follows: denaturation 
30 sec 95°C, 40-45 cycles of  0-10 sec 95°C, 10 sec annealing temperature, 15-20 sec 
72°C. For PCRs using FastStart, denaturation time was extended to 10 min. Annealing 
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temperatures were: 54°C for HPRT, 64°C for TRa1, 52°C for D1, 55°C for D2 and 
60°C for IL-1b. For quantification a standard curve was generated of  a sequence-
specific PCR-product ranging from 0.01 fg/ml until 100 fg/ml (measurements taken 
during the exponential phase of  the amplification). Samples were corrected for their 
mRNA content using HPRT as a housekeeping gene. Samples were individually 
checked for their PCR-efficiency (Ramakers et al. 2003). The median of  the efficiency 
was calculated for each assay, samples that differed more than 0.05 of  the efficiency 
median value were not taken into account (0% for liver TRa1, 2.5% for liver IL-1b and 
muscle D2 and 4% for liver D1). Aberrant PCR-efficiencies occurred randomly and 
therefore did not bias the results. 

Deiodinase activity
D1 :  Deiodinase type 1 activity was analysed as previously described (Peeters et al. 

2003). Samples were homogenized on ice in 10 volumes of  PED10 buffer (0.1M 
sodium phosphate, 2 mM EDTA and 10 mM DTT pH 7.2) using a Polytron 
(Kinematica, Luzern, Switzerland). Homogenates were snap frozen and stored at 
-80°C until use. Protein concentration was measured with the Bio-Rad protein assay 
using bovine serum albumin (BSA) as the standard following the manufacturer’s 
instructions (Bio-Rad Laboratories, Veenendaal, The Netherlands). Liver D1 
activity was measured in duplicate, using 50 ml homogenate incubated in a final 
volume of  0.1ml with 0.1 mM rT3 with the addition of  approximately 1*105cpm 
[3`5`-125I]rT3  in PED10. Reactions were stopped by adding 0.1ml of  5% BSA 
on ice. The protein-bound iodothyronines were precipitated by the addition of  
10% (w/v) trichloroacetic acid. After centrifugation, 125I- was separated from the 
supernatant by chromatography on Sephadex LH-20 columns with a bed volume 
of  0.25ml, equilibrated and eluted with 0.1M HCl. Released 125I was counted 
using the  Packard Cobra Auto-Gamma Counting System (Canberra Packard, 
Zürich, Switzerland) in the eluate. D1 activity was expressed as 125I pmol released 
per minute per mg liver protein. 

D2: Muscle Deiodinase type 2 activity was measured as previously described (Mebis 
et al. 2007). Samples were homogenized on ice in 10 volumes of  PED50 buffer 
(0.1M sodium phosphate, 2 mM EDTA and 25 mM DTT pH 7.2) using a Polytron 
(Kinematica, Luzern, Switzerland). Homogenates were used immediately. Protein 
concentration was measured with the Bio-Rad protein assay using bovine serum 
albumin (BSA) as the standard following the manufacturer’s instructions (Bio-
Rad Laboratories, Veenendaal, The Netherlands). D2 activity was measured in 
duplicate, using 50 ml (≈100mg protein) homogenate incubated 4 hours at 37ºC 
in a final volume of  0.1ml with 1 nM T4 with the addition of  approximately 
1*105cpm [3`5`-125I]T4  in PED25. Reactions were stopped by adding 0.1 ml 
ice-cold methanol. After centrifugation, 0.1 ml of  the supernatant was added 
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to 0.1 ml 0.02 M ammonium acetate (pH 4), and 0.1 ml of  the mixture was 
applied to 4.6 x 250 mm Symmetry C18 column connected to an Alliance HPLC 
system (Waters, Etten-Leur, The Netherlands). The column was eluted with a 
linear gradient of  acetonitrile (28-42% in 15 min) in 0.02 M ammonium acetate 
(pH 4.0) at a flow of  1.2 ml/min. The activity of  T4 and T3 in the eluate was 
measured on-line using a Radiomatic Z-500 flow scintillation detector (Packard, 
Meriden, CT, USA). D2 activity was expressed as fmol generated T3 per minute 
per gram muscle tissue. 

Statistics 
Normal distribution of  the data was tested using the Shapiro-Wilk test. Statistical 
significance between treatments and genotypes were evaluated using two-way ANOVA 
with two grouping factors (time and treatment) (time and genotype) (SPSS, Chicago, 
IL, USA). P-values in the figures represent the significant effect of  treatment or 
genotype. To test pair-wise comparisons ANOVA was followed by students t-test 
(Excel Microsoft, Redmond, WA, USA) when data was normally distributed or Mann-
Whitney U tests (SPSS, Chicago, IL, USA) when not normally distributed. Symbols in 
the figures represent the pair-wise P-values. P-values < 0.05 were considered statistically 
significant.

Results

Basal levels of  thyroid hormones, deiodinases and TRa 1mRNA (Table 1)
For the analysis of  the basal values t=0h and t=24h saline groups were pooled. Basal 
serum T3 and T4 levels were significantly higher in TRb-/- mice compared to WT. Sex-

Table 1. Basal laboratory values of  Tb and WT mice. 
wildtype TRb-/-

♀ ♂ ♀ ♂
Serum T3 (nmol/L) 1.55 ± 0.34 1.34 ± 0.14 2.53 ± 0.24 a 2.68 ± 0.21 b

Serum T4 (nmol/L) 67 ± 6 57 ± 4 133 ± 14 a 151 ± 16 b

Liver D1 mRNA (a.u.) 2.48 ± 0.17 2.14 ± 0.52 0.98 ± 0.08 b,c 0.09 ± 0.03 b

Liver D1 activity
(pmol/min/mg protein) 5.34 ± 0.5 5.0 ± 0.6 2.5 ± 0.3 a,c 0.1 ± 0.02 b

Muscle D2 mRNA (a.u.) 0.091 ± 0.028 0.145 ± 0.058 0.216 ± 0.064 0.163 ± 0.120
Liver TRa1 mRNA (a.u) 0.75 ± 0.06 c 0.39 ± 0.04 0.52 ± 0.00 a 0.38 ± 0.05
Mean values ± SEM are given. Significances were evaluated by Students-t-test or Mann Whitney 
U test when appropriate. a p≤ 0.05 and b p≤ 0.01 TRb-/- compared to wildtype, c p≤ 0.01 
females compared to males



71

Lacking TRb gene does not influence alterations

Chapter

4

differences were not observed between male and female mice. Liver D1 mRNA and 
activity was significantly lower in TRb-/- mice compared to WT. The lower expression 
of  D1 mRNA was more pronounced in male TRb-/- mice than in female TRb-/- mice, 
while no sex-difference was observed in WT mice. In WT mice liver TRa1 mRNA 
expression was higher in females than in males, whereas this difference was absent 
in the TRb-/-, resulting in a significant difference between female TRb-/- compared 
to WT mice. Basal muscle D2 mRNA levels were not significantly different between 
TRb-/- and WT mice, furthermore, no sex-difference was observed. Muscle D2 activity 
was not detectable. 

Effects of  LPS administration on serum thyroid hormone levels 
LPS treated WT mice were compared to saline treated WT mice. As expected, serum 
T3 and T4 significantly decreased after LPS administration (T3; P< 0.05 and T4; P 
<0.01). LPS administration in TRb-/- mice also resulted in decreased serum T3 and 
T4 compared to saline treated TRb-/- mice (T3; P< 0.01 and T4; P<0.05). Serum T3 
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Figure 1. Relative values of  serum T3 and T4 after 0, 4, 8 and 24 hours in A) saline (■) and LPS 
(●) treated WT mice, B) saline (□) and LPS (○) treated TRb-/- mice and C) LPS treated WT 
(●) and TRb-/- (○) mice. Mean values ± SEM (n=4/6) are shown. P values indicate differences 
between groups by ANOVA. Significances of  separate time-points were evaluated by students 
t-tests, * P≤0.05, ** P≤0.01.
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significantly decreased 4 (only TRb-/- ) 8 and 24h after LPS, whereas T4 decreased 
significantly after 8h. No significant difference was observed in the relative serum T3 
and T4 decrease after LPS between TRb-/- and WT mice. Results are shown in figure 1. 

Effects of  LPS administration on liver D1, TRa1 and IL-1b expression 
No significant difference was observed in liver IL-1b mRNA expression after LPS 
between the WT and TRb-/- mice, indicating a similar inflammatory response after 
LPS administration (data not shown). Liver D1 mRNA expression decreased in WT 

Figure 2. Relative values of  liver D1 mRNA, liver D1 activity and liver TRa1 mRNA expression 
after 0, 4, 8 and 24 hours in A) saline (■) and LPS (●) treated WT mice, B) saline (□) and LPS 
(○) treated TRb-/- mice and C) LPS treated WT (●) and TRb-/- (○) mice. Mean values ± SEM 
(n=4/6) are shown. P values indicate differences between groups by ANOVA. Significances of  
separate time-points were evaluated by students t-tests for TRa1 and Mann-Whitney U tests 
for D1, * P≤0.05, ** P≤0.01.
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and TRb-/- mice 8 and 24 hours after LPS administration (P< 0.01). Liver D1 activity 
decreased significantly 24h after LPS administration in WT mice compared to saline 
treated controls. Liver D1 activity in TRb-/- mice decreased 8h but not 24h after LPS 
which is not in agreement with the observed decrease in mRNA levels. The discrepancy 
between WT and TRb-/- mice at 24h is caused by the large variation in D1 activity 
levels in TRb-/- mice which results in an abnormal distribution. Median values were not 
different (t=24; TRb-/- mice: 77% of  basal value and WT mice: 67% of  basal value). 
The overall decrease in liver D1 mRNA expression and activity was not significantly 
different between TRb-/- and WT mice.   
 Liver TRa1 mRNA was significantly decreased in the LPS treated WT and TRb-/- 
mice after 4, 8 and 24h (P <0.01). Relative liver TRa1 mRNA returned to normal 
levels after 8 and 24h of  LPS treatment in TRb-/- mice while WT mice TRa1 mRNA 
levels were still decreased (P<0.01). Results are shown in figure 2. 

Effects of  LPS administration on muscle D2 expression 
LPS administration in WT and TRb-/- mice resulted in increased muscle D2 mRNA 
expression compared to saline treated WT and TRb-/- mice (P< 0.01). In WT mice 
D2 mRNA significantly increased after 4, 8 and 24 hours after LPS. In TRb-/-  mice 

Figure 3. Relative values of  muscle D2 mRNA expression after 0, 4, 8 and 24 hours of  LPS 
treatment in A) saline (■) and LPS (●) treated WT mice, B) saline (□) and LPS (○) treated 
TRb-/- mice and C) LPS treated WT (●) and TRb-/- (○) mice. Mean values ± SEM (n=4/6) 
are shown. P values indicate differences between groups by ANOVA. Significances of  separate 
time-points were evaluated by Mann-Whitney U tests, * P≤0.05, ** P≤0.01.

D2 mRNA significantly increased 24h after LPS. The relative increase of  muscle D2 
mRNA was more pronounced in WT mice compared to TRb-/- mice (P<0.01). Results 
are shown in figure 3. Muscle D2 activity was not detectable.
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Discussion 

In this study we aimed to investigate whether the TRb gene is involved in altered 
thyroid hormone metabolism during illness. To this end we studied TRb-/- and WT 
mice in an established animal model of  NTIS. TRb-/- mice have a disturbed pituitary 
and hypothalamic feedback mechanism, which results in high serum T3 and T4 levels, 
without decreased Thyroid Stimulating Hormone (TSH) and Thyrotropin Releasing 
Hormone (TRH) levels (Forrest et al. 1996; Gauthier et al. 1999; Nikrodhanond et al. 
2006). Furthermore, it has been shown that these mice have low basal liver D1 mRNA 
expression and D1 activity (Macchia et al. 2001;Amma et al. 2001). The elevated basal 
serum T3 and T4 levels and low liver D1 mRNA expression and activity in TRb-/- mice 
observed in our experiments are in line with these findings. 
Despite differences in basal levels, LPS administration resulted in similar relative 
decreases in serum T3 and T4 and liver D1 decrease in TRb-/- and WT mice. WT and 
TRb-/- mice had similar liver IL-1b mRNA levels, indicating that the inflammatory 
response to LPS might be the same in TRb-/- and WT mice. Part of  the illness-induced 
alterations might be due to diminished food-intake, as it is known that prolonged 
fasting influences both peripheral and central thyroid hormone metabolism (Boelen 
et al. 2006). However we study a model of  acute illness which takes place within 24 
hours. LPS-experiments using pair-fed control mice have shown that although T3 and 
T4 decrease after reduced food intake, T3 and T4 serum levels were significantly lower 
after LPS.  Furthermore it was shown that liver D1 mRNA was not or only marginally 
affected after 24 hours of  starvation (Boelen et al. 1996). Therefore we conclude that 
the acute alterations shown in this study can not be attributed to decreased food-intake 
due to LPS administration.
No difference in time-course of  the relative serum T3 and T4 decrease after LPS could 
be observed between TRb-/- and WT mice. We concluded that the absence of  TRb had 
no effect on the illness-induced serum T3 and T4 decrease. Because TRb1 regulates 
D1 gene expression (Amma et al. 2001;Macchia et al. 2001), which is thought to be 
responsible for the decrease of  serum T3 during illness (Yu & Koenig 2006),  liver D1 
mRNA expression and activity were evaluated. LPS administration resulted in a similar 
overall decrease of  relative liver D1 mRNA expression and activity in both genotypes. 
However, LPS administration resulted in decreased D1 activity levels after 24h in WT 
while we did not observed this in TRb-/- mice. This is caused by biological variation in 
D1 levels in TRb-/- mice. In addition, LPS also induced a more pronounced decrease 
in D1 activity levels in TRb-/- mice compared to saline treated controls at 8h. Absolute 
D1 activity levels were low in TRb-/- mice and despite the fact that the relative decrease 
was not different we can not exclude that the effect of  LPS on D1 activity might be 
also related to the absolute amount of  D1 present.  
From these observations we concluded that the decrease of  liver D1 mRNA and 
activity observed during illness is not mediated via the TRb1. Although we cannot 
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exclude the possibility that the TRb-mediated declines in the WT are mimicked by 
compensatory mechanisms in the TRb knock-out mice.
Additionally, liver TRa1 mRNA expression was evaluated because TRa1 might 
compensate for the lack of  TRb1 in D1 regulation (Macchia et al. 2001;Amma et al. 
2001). However, in TRb-/- mice TRa1 seemed to return to normal levels more quickly 
after LPS, while D1 mRNA remained low although we cannot exclude that TRa1 
protein levels were still low 24h after LPS. Recently it has been shown that D1 is not 
essential as a determinant of  serum T3 during euthyroidism in mice (Schneider et al. 
2006). We observed a significant difference in liver D1 between TRb-/- and WT mice 
and between TRb-/- males and females, which was not reflected in serum T3 levels, 
supporting the observation made by Schneider et al. 
Muscle D2 has been proposed to play a significant role in regulating serum T3 (Maia 
et al. 2005).  Therefore, we evaluated whether muscle D2 might be responsible for 
the serum T3 decrease during NTIS as was previously suggested (Peeters et al. 2005). 
However, LPS administration did not result in a D2 mRNA decrease, on the contrary, 
D2 mRNA increased in response to LPS in WT and TRb-/- mice. D2 activity could 
not be detected. Our results were confirmed in a recent study by Mebis et al, who 
describe an increase in muscle D2 mRNA and activity in muscle tissue of  ICU patients 
(Mebis et al. 2007). The muscle D2 mRNA increase was more pronounced in WT mice, 
indicating that the increase in response to LPS might by partly mediated by TRb.
The question remains whether a decrease of  liver D1 is responsible for the observed 
decrease of  serum T3.  The rapid decrease in serum T3, followed later on by decreased 
liver D1, suggests that other mechanisms play a role. It is known that 50% of  the 
serum T3 in rodents is derived from the thyroid and 50% from peripheral conversion 
(Chanoine et al. 1993). We previously observed early effects on thyroidal gene expression 
in LPS treated mice (Boelen et al. 2004) but this could only partly be responsible for 
the rapid serum T3 decrease observed in this study because the half-life of  serum T3 
is 10 hours. Effects of  LPS on thyroid hormone binding proteins might also influence 
serum T3 levels shortly after LPS. It is known in humans that during the acute phase 
response serum levels of  thyroid hormone binding proteins quickly decrease; thereby 
also decreasing serum total thyroid hormone levels (Wiersinga 2005;Afandi et al. 
2000). However, it is known that 24h after LPS fT3 decreases, so the thyroid hormone 
binding protein effect can only account for the early T3 decrease (Boelen et al. 1995). 
Interestingly, we observed that the low basal liver D1 mRNA expression and enzyme 
activity was more pronounced in male TRb-/- mice than in female TRb-/- mice, while 
no sex-difference was observed in WT mice. Although sex differences in liver D1 
mRNA and activity have been described in rats (Harris et al. 1979;Miyashita et al. 1995) 
and mice (Riese et al. 2006), we only observed a sex-difference in TRb-/- mice and 
not in WT mice. Furthermore, no discrepancy was observed between D1 mRNA 
expression and D1 enzyme activity as previously described by Riese et al (Riese et al. 
2006), which could be due to the different genetic background of  the mice. The sex 
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difference observed in the TRb-/- mice might be the result of  other transcription 
factors involved in the regulation of  the D1 gene via the TRE when the TRb is absent. 
The estrogen receptor (ER) seems a logical candidate for mediating sex-differences. 
The ER and TR share a common half  site in the consensus DNA binding sequence. 
Furthermore, it has been reported for several genes that the ER and TR influence each 
other’s transcriptional activity, both inhibitory and stimulatory (Vasudevan et al. 2002). 
This regulatory mechanism might be impaired when the TR is absent, which is clearly 
evident from the disturbed lordosis behaviour of  female TRb-/- mice (Dellovade et al. 
2000). In addition, it has been shown for the human growth-hormone promoter, that 
when the TR is absent, the ER can activate gene-transcription by binding to the TRE 
(Graupner et al. 1991). It might be possible that when the TRb is absent, the ER binds 
the TRE and regulates D1 mRNA expression in female TRb-/- mice. 
From this study we can conclude that the illness-induced serum T3 and T4 and liver 
D1 decrease take place despite the absence of  TRb. Furthermore, the observed basal 
differences of  liver D1 mRNA and activity did not result in differences in serum 
T3. Serum T3 decreased rapidly after LPS, followed later on by decreased liver D1, 
indicating that the contribution of  liver D1 during NTIS may be limited with respect 
to decreased serum T3 levels. It could be that the decrease of  liver D1 might only 
be involved in the serum T3 decrease 24h after LPS. Muscle D2 mRNA did not 
compensate for the low basal liver D1 observed in TRb-/- and increased in response to 
LPS. Therefore muscle D2 cannot be responsible for the observed serum T3 decrease 
during NTIS. In this mouse model it is most likely that decreased thyroidal secretion 
and the decreased binding of  thyroid hormone to thyroid hormone binding proteins 
are involved in the early decrease of  T3 and T4 after LPS, whereas the liver D1 decrease 
and downregulation of  the HPT-axis might be involved later in time.
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Abstract  

Acute inflammation is characterized by low serum T3 and T4 levels accompanied by 
changes in liver type 1 deiodinase (D1), liver type 3 deiodinase (D3) , muscle type 
2 deiodinase (D2) and muscle D3 expression. It is unknown at present whether 
thyroid hormone receptor a (TRα) plays a role in altered peripheral thyroid hormone 
metabolism during acute illness in vivo. We induced acute illness in TRa-deficient 
(TRa0/0) mice by administration of  a sublethal dose of  LPS. 
 Compared to wildtype, TRa-deficient mice have lower basal serum T4 and lower 
liver D1 activity and muscle D3 mRNA expression, whereas liver D3 activity is 
higher. These changes are gender specific. 
The inflammatory response to LPS was similar in WT and TRa-deficient mice. The 
decrease in serum thyroid hormones and liver D1 was attenuated in TRa-deficient 
mice, whereas the LPS induced fall in liver D3 mRNA was more pronounced in 
TRa-deficient mice. Muscle D2 mRNA increased similarly in both strains, whereas 
muscle D3 mRNA decreased less pronounced in TRa-deficient mice. 
We conclude that alterations in peripheral thyroid hormone metabolism induced by 
LPS administration are partly regulated via TRα.
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Introduction 

The inflammatory response is associated with profound changes in thyroid hormone 
metabolism, collectively known as the non-thyroidal illness syndrome (NTIS) (1). 
The administration of  a sublethal dose of  bacterial endotoxin (Lipopolysaccharide, 
LPS) is an established mouse-model of  NTIS, as it results in decreased serum 
thyroid hormone levels, decreased liver deiodinase type 1 (D1) and increased 
muscle D2 expression, similar to human NTIS (2-4). LPS administration results in 
the production of  proinflammatory cytokines via activation of  nuclear factor (NF)
kB and activator protein (AP)-1 (5). Proinflammatory cytokines like interleukin 
(IL)-1b, IL-6 and tumor necrosis factor (TNF)a, are involved in the observed 
changes during NTIS (6-8). Wolf  et al have shown that T3 binding capacity in 
hepatoma cells is decreased by proinflammatory cytokines (9), which suggests 
decreased liver thyroid hormone receptor (TR) expression. Indeed, we and others 
showed decreased liver TRa1, TRa2 and TRb1 mRNA and protein after LPS 
administration in mice, and also after IL-1b stimulation in human hepatoma cells 
(8;10;11). Feingold et al observed reduced TRa and TRb mRNA expression in heart 
upon LPS administration in mice (12). In skeletal muscle of  patients with septic 
shock TRb1, but not TRa1 mRNA was reported to be decreased (13). 
Recently we studied the role of  TRb on peripheral thyroid hormone metabolism 
during illness and found its role in the peripheral changes during NTIS to be limited, 
despite cytokine induced changes in TRb expression (3). In human hepatoma cells 
the IL-1b-induced decrease of  TRa mRNA is mediated via simultaneous induction 
of  the inflammatory pathways NFkB and AP-1, very similar to the in vitro observed 
IL-1b-induced D1 decrease (11;8). TRa is able to take over the TRb-governed 
T3-mediated D1 mRNA expression partly (14;15) and it has been shown that 40% 
of  the T3 regulated genes in the liver were independent of  TRb1, indicating a more 
prominent role for TRa (16). Due to alternative splicing and alternative promoter 
usage the TRa-gene may give rise to four isoforms: TRa1, TRa2, TRDa1 
and TRDa2. It is unknown at present whether the TRa plays a role in altered 
peripheral thyroid hormone metabolism during acute illness in vivo. Therefore we 
evaluated the role of  TRa in peripheral thyroid hormone metabolism during acute 
illness in mice. To this end we induced acute illness in TRa-deficient (TRa0/0) 
mice by administration of  a sublethal dose of  LPS. TRa0/0  mice do not express 
TRa1, TRa2, TRDa1 and TRDa2 isoforms (14;17). Peripheral thyroid hormone 
metabolism was evalutated by measuring serum thyroid hormone levels, liver and 
muscle deiodinase mRNA expression and activity. Because the results obtained in 
the TRa0/0 mice indicated a possible role for TRb in liver D3 mRNA regulation 
during illness, we also evaluated D3 mRNA expression in TRb-/- mice (18) after 
LPS administration. 
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Materials & Methods

Animal experiments
Male and female TRa0/0 and wildtype (WT) (129Sv/Ev) mice were used at 6-12 
weeks of  age. TRa0/0 were generated as previously described (14;17). WT and 
TRa0/0mice were crossed and bred separately. The mice were kept in 12h light/
dark cycles in a temperature controlled room. Acute illness was induced by an 
intraperitoneal (i.p.) injection of  200 mg LPS (Lipopolysaccharide, E.coli O127:B8; 
Sigma, St. Louis, MO, USA) diluted in 0.5 ml saline. Control mice received 0.5 ml 
saline. Due to diurnal variations (19), each time point had his own control and 
the experiment started at 9AM. At time points 0, 4, 8 and 24h after LPS or saline 
administration, 3 female and 3 male mice per group were anaesthetized by i.p. 
injection of   100 mg/kg ketamine (Virbac) and 2 mg/kg xylazine (Bayer) and killed 
by cervical dislocation. Blood was taken by cardiac puncture and serum was stored 
at -20ºC until analyzed. Liver, forelimb muscle (M. triceps brachii ) and hindlimb 
muscle (including M. gastronemicus, M. soleus and M. biceps femoris) tissue were obtained 
and immediately stored in liquid nitrogen. The study was approved by the University 
Victor Segalen Animal Care and Use Committee in Bordeaux, France. The liver 
RNA used for the D3 mRNA measurement in TRb-/- and WT mice was taken from 
a previously published experiment (3).  

Thyroid hormone levels and charcoal T3 uptake assay
Serum T3 and T4 were measured with in-house RIAs (20). All samples of  one 
experiment were measured within the same assay (intra-assay variability T3: 3.6% 
and T4: 6.6%). To estimate the free fraction of  serum thyroid hormones, serum 
T3 uptake was measured using a charcoal T3 uptake assay, previously described 
by Zavacki et al (21). Briefly, 10 μl mouse serum was incubated with 0.5 ml PBS 
containing 125I-T3 (approximately 20000 cpm) with a specific activity of  3390 μCi/
mg (NEN Life Science Products, Boston, MA) for 45 min at room temperature to 
allow equilibration. Samples were transferred to ice-water and incubated for 15 min. 
Subsequently 0.5 ml of  ice-cold 0.00078125% activated charcoal in PBS (Sigma-
Aldrich, St Louis, MO) was added, samples were vortexed briefly and incubated on 
ice for an additional 15 min. Samples were centrifuged for 15 min at 2500 rpm at 4 ºC 
and the charcoal-containing pellets were counted. The assay was optimized to bind 
approximately 30% of  the tracer to charcoal in sera from control mice and samples 
were assayed in triplicate for each mouse. All samples were analysed in the same 
assay to avoid inter-assay variation; the intra-assay variation was 5%. An estimate 
of  the free thyroid hormone levels (free T3 and free T4 index) was calculated by 
multiplying the total thyroid hormone concentration by the normalized T3 charcoal 
uptake. 
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RNA isolation and RT-PCR 
Liver and muscle mRNA was isolated on the Magna Pure (Roche Molecular 
Biochemicals, Mannheim, Germany) using the Magna Pure LC mRNA tissue kit 
and appr. 25 mg of  tissue. The protocol and buffers supplied with the kit were 
followed. cDNAsynthesis was performed using the First Strand cDNA Synthesis 
Kit for RT-PCR with oligo d(T) primers (Roche Molecular Biochemicals, 
Mannheim, Germany). Real Time PCR was performed using the Lightcycler480 
(Roche Molecular Biochemicals, Mannheim, Germany) and the Lightcycler 480 Sybr 
Green I Master kit (Roche Molecular Biochemicals, Mannheim, Germany). Primer 
pairs and PCR conditions for hypoxanthine phosphoribosyl transferase (HPRT, 
housekeeping-gene muscle) (22), D1, D3, TRb1 (2), D2 (3), TRa1 (23), Uncoupling 
Protein (UCP)-1 (24) and Interleukin (IL)-1b (25) were previously described. We 
designed primers for Ubiquitin C (UbC, housekeeping-gene liver) (UbC-F: 5’-AGC 
CCA GTG TTA CCA CCA AG-3’, UbC-R: 5’-CTA AGA CAC CTC CCC CAT 
CA-3’, annealing-temperature 55°C) Primers were intron-spanning or alternatively, 
genomic DNA contamination was tested using a cDNA synthesis reaction without 
the addition of  Reverse Transcriptase. For quantification a standard curve was 
generated of  a sequence-specific PCR-product ranging from 0.01 fg/ml until 100 
fg/ml (measurements taken during the exponential phase of  the amplification). 
Samples were corrected for their mRNA content using HPRT (muscle) or UbC 
(liver) as a housekeeping gene. Liver UbC did not change during treatment, but both 
fore- and hindlimb muscle HPRT changed significantly upon LPS administration. 
Therefore, ubiquitin C was tested as an alternative housekeeping gene for muscle 
mRNA expression. However, ubiquitin C followed the same expression pattern as 
HPRT, changing significantly upon LPS. Both HPRT and UbC have been reported 
to be stable during inflammation and during different physiological states (26). We 
therefore assume that the observed changes in both HPRT and UbC represent 
changes in mRNA content of  the sample.

Samples were individually checked for their PCR-efficiency using the LinReg 
software (27). The median of  the efficiency was calculated for each assay, samples 
that differed more than 0.05 of  the efficiency median value were not taken into 
account. Aberrant PCR-efficiencies occurred randomly and therefore did not bias 
the results. 
Almind et al reported that brown adipocytes might be interspersed between muscle 
bundles (28); we therefore excluded muscle samples that had a combination of   
high UCP-1 and extremely high (≥10 fold compared to mean of  the group)  D2 
expression. 
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Deiodinase activity
Deiodinase activity was measured as previously described (3;29). Samples were 
homogenized on ice in 10 volumes of  PE buffer (0.1M sodium phosphate, 2 mM 
EDTA pH 7.2) using a Polytron (Kinematica, Luzern, Switzerland). 20 mM DTT 
was added to the PE buffer for D1 activity measurement and 50 mM for D2 and 
D3. Homogenates were snap frozen and stored at -80°C until use for D1 and D3, 
for D2 homogenates were used immediately. Protein concentration was measured 
with the Bio-Rad protein assay using bovine serum albumin (BSA) as the standard 
following the manufacturer’s instructions (Bio-Rad Laboratories, Veenendaal, The 
Netherlands). 
D1: Liver D1 activity was measured in duplicate, using 50 ml 100-500 times diluted 

homogenate incubated in a final volume of  0.1ml with 0.1 mM rT3 with the 
addition of  approximately 1*105cpm [3`5`-125I]rT3  in PED10. Reactions were 
stopped by adding 0.1ml of  5% BSA on ice. The protein-bound iodothyronines 
were precipitated by the addition of  10% (w/v) trichloroacetic acid. After 
centrifugation, 125I- was separated from the supernatant by chromatography 
on Sephadex LH-20 columns with a bed volume of  0.25ml, equilibrated and 
eluted with 0.1M HCl. Released 125I was counted using the  Packard Cobra 
Auto-Gamma Counting System (Canberra Packard, Zürich, Switzerland) in the 
eluate. D1 activity was expressed as 125I pmol released per minute per mg liver 
protein. 

D2: Muscle D2 activity was measured in duplicate, using 75 ml homogenate 
incubated 4 hours at 37ºC in a final volume of  0.15ml with 1 nM T4 or 500 nM 
T4 with the addition of  approximately 2*105cpm [3`5`-125I]T4  in PE/0.5% 
BSA. Reactions were stopped by adding 0.15 ml ice-cold ethanol. After 
centrifugation, 0.125 ml of  the supernatant was added to 0.125 ml 0.02 M 
ammonium acetate (pH 4) and 0.1 ml of  the mixture was applied to 4.6 x 250 
mm Symmetry C18 column connected to a Waters HPLC system (Model 600E 
pump, Model 717 WISP autosampler, Waters, Etten-Leur, The Netherlands). 
Mobile phase A: 0.02M ammonium acetate (pH4.0), mobile phase B: acetonitril. 
The column was eluted with a linear gradient (28-42% B in 15 min) at a flow 
of  1.2 ml/min. The activity of  T4 and T3 in the eluate was measured on-line 
with a Radiomatic Flow-one/Beta scintillation detector (Packard, Meriden, CT, 
USA) using UltimaGold as scintillationfluid (Perkin Elmer, Groningen, The 
Netherlands). Incubation with 500 nM T4 saturates D2, therefore D2 activity 
measured with the incubation with 1nM T4 minus the incubation with 500 nM 
T4 represents true D2 activity. D2 activity was expressed as fmol generated 
T3 per minute per gram muscle tissue. The detection limit for D2 activity in 
muscle was 0.08 fmol/min/mg and was calculated using the mean+3*SD of  
the % generated T3 of  the 500 nM T4 incubations. 
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D3: Muscle and liver D3 activities were measured the same way as muscle D2 
activity, with the following adaptations:  Incubation 2 hours at 37ºC for liver 
and 4 hours at 37 ºC for muscle with 1 nM T3 or 500 nM T3 with the addition 
of  approximately 2*105cpm [3`5`-125I]T3  in PE. For each group, we included 
one 500 nM T3 incubation. As incubation with 500 nM T3 saturates D3, the 
activity measured with the incubation with 1nM T3 minus the incubation with 
500 nM T3 represents true D3 activity. D3 activity was expressed as fmol 
generated 3,3’T2 per minute per mg tissue. The detection limit for D3 activity 
in liver was 0.15 fmol/min/mg protein and 0.07 fmol/min/mg for muscle and 
was calculated using the mean+3*SD of  the % generated T2 of  the 500 nM T3 
incubations. 

Statistics 
Differences between LPS and saline or between TRa0/0 and WT mice were evaluated 
using two-way ANOVA with two grouping factors (time and treatment or time and 
genotype). Normal distribution of  the data was tested using the Shapiro-Wilk test 
on the residues of  the ANOVA. If  not normally distributed, data were ranked 
before performing ANOVA. P-values in the figures represent the significant effect 
of  the treatment or genotype (P) or the significant effect of  the treatment in time 
or genotype in time (Pi = Pinteraction). To test pair-wise comparisons ANOVA was 
followed by students t-test if  data was normally distributed, or by Mann-Whitney 
U tests if  not normally distributed. Symbols in the figures represent the pair-wise 
P-values. P-values ≤ 0.05 were considered statistically significant. Spearman rank 
correlation tests were performed to test correlations. Samples below detection limit 
were assigned a value half  the detection limit to be able to perform statistics. All 
tests were performed using SPSS. (SPSS, Chicago, IL, USA)

Results

Basal differences between TRa0/0 and WT.
For the analysis of  basal differences, t=0h groups were analyzed (n=3). We studied 
male and female mice of  each genotype; results are presented in Table 1. As groups 
consisted of  three mice only, all non-significant parameters were subsequently 
tested for genotype differences using ANOVA on saline treatment. 
Serum: Basal serum Total T4 (TT4) levels and fT4 index were significantly lower 
in TRa0/0 males compared to WT males (P<0.05), whereas no differences were 
observed in serum TT4 levels and fT4 index between TRa0/0 and WT females. 
Serum Total T3 levels and fT3 index did not differ between TRa0/0 and WT mice. 
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Liver: Liver D1 activity was not significantly different between TRa0/0 and WT 

mice at t=0, however liver D1 activity after saline treatment was significantly lower 
in TRa0/0 mice compared to WT mice (P<0.01).
No difference was observed in D1 mRNA expression between TRa0/0 and WT 

mice. Liver TRb1 mRNA did not differ between TRa0/0 and WT mice or between 
males and females. D3 mRNA expression was higher in TRa0/0 compared to WT 
mice (P<0.05). In TRa0/0 and WT mice D3 mRNA was significantly lower in males 
compared to females (P<0.01).  Liver D3 activity was not detectable in male mice. 
D3 activity was higher in female TRa0/0 compared to female WT mice upon saline 
treatment (P<0.01).
Forelimb Muscle: In contrast to liver D3, muscle D3 mRNA was significantly 
lower in TRa0/0 compared to WT mice. The decrease was more pronounced in 
female TRa0/0 mice, resulting in a significant gender difference in the TRa0/0 mice. 
Basal D2 and TRa1 (only WT) mRNA expression did not differ between male and 
female and TRa0/0 and WT mice. 

Table 1. Basal values of  WT (129Sv/Ev) and TRa0/0 male and female mice. 
Males Females P-value ANOVA

Wildtype TRa0/0 Wildtype TRa0/0 genoype sex
Serum TT4 (nmol/L) 60 ± 6 a 35 ± 2 a 58 ± 6 53 ± 6 P<0.05 NS
Serum fT4 index 58 ± 7 a 35 ± 2 a 60± 4 56 ± 7 P<0.05 NS
Serum TT3 (nmol/L) 1.24 ± 0.08 1.10 ± 0.08 1.26 ± 0.09 1.27 ± 0.15 NS NS
Serum fT3 index 1.23 ± 0.16 1.08 ± 0.07 1.30 ± 0.05 1.33 ± 0.16 NS NS
Liver D1 act  (pmol/min/mg) 13.2 ± 3.0 6.9 ± 0.4 11.8 ± 4.6 5.4 ± 3.1 NS NS
Liver D1 mRNA (a.u.) 0.53 ± 0.28 0.19 ± 0.07 0.30 ± 0.11 0.21 ± 0.02 NS NS
Liver D3 act (fmol/min/mg) nd nd 0.27 ± 0.08 0.45 ± 0.11 NS nd
Liver D3 mRNA (a.u.) 0.014 ± 0.005) a,c 0.104 ± 0.032 a,c 0.280 ± 0.044 a,c 0.743 ± 0.11 a,c P<0.05 P<0.01
Liver TRb1 mRNA (a.u.) 1.55 ± 0.88 0.88 ± 0.17 1.46 ± 0.05 0.95 ± 0.22 NS NS
Muscle forelimb D2 mRNA (a.u.) 0.028 ± 0.020 0.126 ± 0.042 0.180 ± 0.064 0.171 ± 0.107 NS NS
Muscle forelimb D3 mRNA (a.u.) 0.8 ± 0.3 0.20 ± 0.01 1.24 ± 0.34 a 0.05 ± 0.03 a P<0.01 NS
Muscle forelimb TRa1 mRNA (a.u.) 9.4 ± 4.7 nd 30.3 ± 9.3 nd nd NS
Muscle forelimb TRa2 mRNA (a.u.) 5.6 ± 2.4 nd 7.3 ± 1.9 nd nd NS
Muscle hindlimb D2 mRNA (a.u.) 0.02 ± 0.01 0.02 ± 0.001 0.18 ± 0.13 0.15± 0.11 NS NS
Muscle hindlimb D3 mRNA (a.u.) 0.46 ± 0.30 0.25 ± 0.12 0.92 ± 0.12 b 0.11 ± 0.03 b P<0.01 NS
Muscle hindlimb TRa1 mRNA (a.u.) 1.16± 0.90 nd 0.53±0.20 nd nd NS
Muscle hindlimb TRa2 mRNA (a.u.) 73.1± 41.3 nd 26.3 (n=1) nd nd NS
For statistiscal analysis mice from t=0 were used (n=3 for each gender)
Mean ± SEM are shown, NS=not significant, nd=not determined.
a p≤ 0.05 and b p≤ 0.01 TRa0/0 compared to wildtype, determined by t-test 
c p≤ 0.01 females compared to males, determined by t-test 
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Hindlimb Muscle: Basal D3 mRNA expression was lower in female TRa0/0 mice 
compared to female WT mice. No difference was observed in D2 and TRa1 (only 
WT) mRNA expression between male and female and TRa0/0 and WT mice. 
If  a significant difference between basal values of  males and females, or TRa0/0 and 
WT mice was observed, data were related to t=0 (100%) to analyse the response to 
LPS.

LPS-induced decrease of  serum thyroid hormone levels is attenuated in 
TRa0/0 mice
The fT4 index decreased significantly in both genotypes (P<0.01 for both) but less 
pronounced in the TRa0/0 mice (P<0.01, TRa0/0 compared to WT mice). The fT3 
index significantly decreased upon LPS administration in WT mice (P<0.01), but 
not in TRa0/0 mice (figure 1). 
Likewise, total T4 and T3 levels decreased after LPS stimulation in both genotypes 
(TT4 and TT3 P<0.01), although the decrease in TT4 was less pronounced in the 
TRa0/0 mice (P<0.01, TRa0/0 compared to WT mice) (data not shown).

Table 1. Basal values of  WT (129Sv/Ev) and TRa0/0 male and female mice. 
Males Females P-value ANOVA

Wildtype TRa0/0 Wildtype TRa0/0 genoype sex
Serum TT4 (nmol/L) 60 ± 6 a 35 ± 2 a 58 ± 6 53 ± 6 P<0.05 NS
Serum fT4 index 58 ± 7 a 35 ± 2 a 60± 4 56 ± 7 P<0.05 NS
Serum TT3 (nmol/L) 1.24 ± 0.08 1.10 ± 0.08 1.26 ± 0.09 1.27 ± 0.15 NS NS
Serum fT3 index 1.23 ± 0.16 1.08 ± 0.07 1.30 ± 0.05 1.33 ± 0.16 NS NS
Liver D1 act  (pmol/min/mg) 13.2 ± 3.0 6.9 ± 0.4 11.8 ± 4.6 5.4 ± 3.1 NS NS
Liver D1 mRNA (a.u.) 0.53 ± 0.28 0.19 ± 0.07 0.30 ± 0.11 0.21 ± 0.02 NS NS
Liver D3 act (fmol/min/mg) nd nd 0.27 ± 0.08 0.45 ± 0.11 NS nd
Liver D3 mRNA (a.u.) 0.014 ± 0.005) a,c 0.104 ± 0.032 a,c 0.280 ± 0.044 a,c 0.743 ± 0.11 a,c P<0.05 P<0.01
Liver TRb1 mRNA (a.u.) 1.55 ± 0.88 0.88 ± 0.17 1.46 ± 0.05 0.95 ± 0.22 NS NS
Muscle forelimb D2 mRNA (a.u.) 0.028 ± 0.020 0.126 ± 0.042 0.180 ± 0.064 0.171 ± 0.107 NS NS
Muscle forelimb D3 mRNA (a.u.) 0.8 ± 0.3 0.20 ± 0.01 1.24 ± 0.34 a 0.05 ± 0.03 a P<0.01 NS
Muscle forelimb TRa1 mRNA (a.u.) 9.4 ± 4.7 nd 30.3 ± 9.3 nd nd NS
Muscle forelimb TRa2 mRNA (a.u.) 5.6 ± 2.4 nd 7.3 ± 1.9 nd nd NS
Muscle hindlimb D2 mRNA (a.u.) 0.02 ± 0.01 0.02 ± 0.001 0.18 ± 0.13 0.15± 0.11 NS NS
Muscle hindlimb D3 mRNA (a.u.) 0.46 ± 0.30 0.25 ± 0.12 0.92 ± 0.12 b 0.11 ± 0.03 b P<0.01 NS
Muscle hindlimb TRa1 mRNA (a.u.) 1.16± 0.90 nd 0.53±0.20 nd nd NS
Muscle hindlimb TRa2 mRNA (a.u.) 73.1± 41.3 nd 26.3 (n=1) nd nd NS
For statistiscal analysis mice from t=0 were used (n=3 for each gender)
Mean ± SEM are shown, NS=not significant, nd=not determined.
a p≤ 0.05 and b p≤ 0.01 TRa0/0 compared to wildtype, determined by t-test 
c p≤ 0.01 females compared to males, determined by t-test 
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LPS-induced decrease of  liver D1 is attenuated, but liver D3 decrease is 
enhanced in TRa0/0 mice
IL-1b mRNA expression increased in both genotypes after LPS administration 
compared to saline controls (P<0.01, data not shown).  No significant difference was 
observed between TRa0/0 and WT mice (figure 2A). Liver D1 activity and mRNA 
expression decreased after LPS in both genotypes (P<0.01), although less pronounced 
in TRa0/0 compared to WT mice (P=0.01 for mRNA, P<0.05 for activity) (figure 3). 
LPS administration decreased liver D3 mRNA expression in both genotypes (P<0.01), 
albeit to a larger extent in TRa0/0 than in WT mice (P<0.01). D3 activity could only be 
detected in female mice (n=3). In female TRa0/0 and WT mice, D3 activity decreased 
after LPS administration (P<0.01 for TRa0/0, P<0.05 for WT), but the D3 activities 
showed no difference between female TRa0/0 and WT after LPS (figure 4). 
TRb1 mRNA expression decreased after LPS in both genotypes (P<0.01 for TRa0/0 
and P<0.05 for WT). No significant difference in TRb1 mRNA was observed 
between TRa0/0 and WT mice (data not shown). 

Figure 1. Serum fT4 index (upper panel) and serum fT3 index (lower panel) 0, 4, 8 and 24 hours 
in TRa0/0 (left panel) and WT  (middle panel) mice after LPS and saline injection (○ = TRa0/0-
LPS, □ = TRa0/0- saline ● = WT-LPS, ■ = WT-saline). The right panel represents the response 
to LPS of  both genotypes compared to t=0 (100%) (○ = TRa0/0-LPS, ● = WT-LPS). Mean 
values ± SEM (n=6) are shown. P values indicate differences between treatment or genotype by 
ANOVA. Symbols indicate differences at separate time points (* P<0.05, ** P<0.01).
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Figure 2. Relative IL-1b mRNA expression compared to t=0 (100%) after 0, 4, 8 and 24 hours 
LPS administration in liver (A), forelimb muscle (B) and hindlimb muscle (C) in TRa0/0 and 
WT mice (○ = TRa0/0-LPS, ● =  WT-LPS,  ). Mean values ± SEM (n=6) are shown. P values 
indicate differences between genotypes by ANOVA. 

Figure 3. Liver D1 mRNA (relative expression, upper panel) and activity (lower panel) 0, 
4, 8 and 24 hours in TRa0/0 (left panel) and WT (middle panel) mice after LPS and saline 
injection (○ = TRa0/0-LPS,  □ = TRa0/0-saline ● =  WT-LPS,  ■ = WT-saline). The right panel 
represents the response to LPS of  both genotypes compared to t=0 (100%) (○ = TRa0/0-LPS, 
● = WT-LPS). Mean values ± SEM (n=6) are shown. P values indicate differences between 
treatment or genotype by ANOVA. Symbols indicate differences at separate time points (* 
P<0.05, ** P<0.01).
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LPS-induced decrease of  liver D3 mRNA is abolished in TRa-/- mice.
Because the results indicated a role for TRb in liver D3 mRNA regulation, we 
measured D3 mRNA expression in TRb-/- and WT mice after LPS administration. 
D3 mRNA expression was lower in male mice compared to female mice in both 
genotypes (P<0.05) (data not shown). LPS administration decreased liver D3 mRNA 
expression in WT mice (P<0.01), but not in TRb-/- mice, resulting in a significant 
difference between TRb-/- mice compared to WT mice after LPS administration 
(P<0.05) (figure 5). 

LPS-induced decrease of  muscle D3 is attenuated, while muscle D2 increase 
is unchanged in TRa0/0 mice.
Forelimb muscle: Two samples (from different groups) were excluded from 
analysis due to a combination of  extremely high D2 and UCP-1 mRNA expression, 
indicating a possible contamination of  the muscle tissue with BAT tissue. IL-1b 
mRNA increased similarly after LPS administration in both genotypes (P<0.01) 
(figure 2B). D2 mRNA increased after LPS administration in both TRa0/0 and WT 

Figure 4. Liver D3 mRNA (relative expression, upper panel) and activity (lower panel) 0, 4, 
8 and 24 hours in TRa0/0 (left panel) and WT (middle panel) mice (D3 activity only in female 
mice) after LPS and saline injection (○ = TRa0/0 LPS,  □ = TRa0/0, saline ● =  WT LPS,  ■ = 
WT saline). ). The right panel represents the response to LPS of  both genotypes compared to 
t=0 (100%) (○ = TRa0/0-LPS, ● = WT-LPS). Mean values ± SEM (n=6) are shown. P values 
indicate differences between treatment or genotype by ANOVA. Symbols indicate differences 
at separate time points (* P<0.05, ** P<0.01).
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Figure 5. Relative expression of  liver D3 mRNA 0, 4, 8 and 24 hours in TRb-/- (left panel) and 
WT (middle panel) mice after LPS and saline injection (○ = TRb-/--LPS, □ = TRb-/--saline ● 
= WT-LPS, ■ = WT-saline). The right panel represents the response to LPS of  both genotypes 
compared to t=0 (100%) (○ = TRb-/--LPS, ● = WT-LPS). Mean values ± SEM (n=4/6) are 
shown. P values indicate differences between treatment or genotype by ANOVA. Symbols 
indicate differences at separate time points (* P<0.05).

mice, but only significantly in WT mice (Pi<0.01). No difference was observed 
between genotypes. D3 mRNA decreased after LPS administration in WT, but not 
in TRa0/0 mice (P<0.01); the LPS induced decrease in D3 mRNA differed between 
in WT and TRa0/0mice (P=0.051) (figure 6A).  TRa1 and TRa2 mRNA decreased 
after LPS in WT mice (P<0.01) (figure 7A). TRb1 mRNA expression was around 
the detection limit in both genotypes. 

Hindlimb muscle: One sample was excluded from analysis due to a combination 
of  extremely high D2 and UCP-1 mRNA expression, indicating a possible 
contamination of  the muscle tissue with BAT tissue. IL-1b mRNA increased 
similarly after LPS administration in both genotypes (P<0.01) (figure 2C). D2 
mRNA increased after LPS administration in TRa0/0 and WT mice (P=0.01 for 
TRa0/0, P<0.01 for WT). No difference was observed between TRa0/0 and WT 

mice.  D3 mRNA tended to decrease upon LPS administration in WT (P=0.053), 
but not in TRa0/0mice, resulting in a significant difference in D3 mRNA expression 
after LPS between TRa0/0 and WT mice (P<0.05) (figure 6B). In both genotypes 
TRb1 mRNA expression was around the detection limit (data not shown). In 
contrast to forelimb muscle TRa1 and TRa2 mRNA did not change after LPS in 
WT mice (figure 7B).
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Figure 6. Relative expression of   forelimb (A) and hindlimb (B) muscle D2 and D3 mRNA 
0, 4, 8 and 24 hours in TRa0/0 (left panel) and WT (middle panel) mice after LPS and saline 
injection (○ = TRa0/0 LPS,  □ = TRa0/0, saline ● =  WT LPS,  ■ = WT saline). The right panel 
represents the response to LPS of  both genotypes compared to t=0 (100%) (○ = TRa0/0-LPS, 
● = WT-LPS). Mean values ± SEM (n=6) are shown. P values indicate differences between 
treatment or genotype by ANOVA. Symbols indicate differences at separate time points (* 
P<0.05, ** P<0.01).
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Discussion

We evaluated the role of  TRa in peripheral thyroid hormone metabolism during 
acute illness in mice. As TRa mutant mice are euthyroid but hypermetabolic 
(24;30;31), TRa is thought to be predominantly involved in the metabolic effects 
of  thyroid hormone, while TRb is thought to be the key-regulator in balancing the 
hypothalamic-pituitary-thyroid axis and keeping the euthyroid state (32;18;33). We 
have shown recently that lacking the TRb gene does not have any effect on peripheral 
thyroid hormone metabolism during illness (3). Surprisingly however, lacking the 
TRα appears to attenuate the illness-induced decrease of  serum thyroid hormones 
and liver D1 mRNA and activity significantly. In addition, the LPS-induced decrease 
of  liver D3 is enhanced while the decrease of  muscle D3 is attenuated in TRα 0/0 
mice compared to WT. To exclude the effects of  the diurnal rhythms in relation to 
the LPS induced effects, we related the changes to t=0 as it has been shown that 
diurnal rhythms are affected during illness (34-36).

Baseline comparison between TRa 0/0 and WT mice 
Before evaluating illness-induced alterations, we measured basal differences in males 
and females from both strains. Our results are complicated by the observed gender 
differences. It has been reported that serum T4 is lower and muscle D2 is higher 
in male TRa0/0 compared to male WT mice (17;30). These results are confirmed 
in our study, as we observed decreased T4 and a trend towards higher muscle D2 
mRNA expression in male TRa0/0 compared to male WT mice. However, we did 
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Figure 7. Relative expression 
of  forelimb (A) and hindlimb 
(B) muscle TRa1 and TRa2 
mRNA 0, 4, 8 and 24 hours 
in WT mice after LPS or 
saline injection ● =  WT-LPS,  
■ = WT-saline). Mean values 
± SEM (n=6) are shown. P 
value indicates a difference 
between treatments by 
ANOVA. Symbols indicate 
differences at separate time 
points (** P<0.01).
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not observe differences in serum T4 and muscle D2 in female mice. The change in 
serum T4 and muscle D2 in male TRa0/0 mice might be connected, as T4 is able 
to decrease D2 mRNA as observed in TaT1 cells (37). In addition, we found that 
liver D1 activity was lower in TRα0/0 mice compared to WT. However, we did not 
observe a difference in T3, TRb1 (the main regulators of  D1 mRNA expression) 
or D1 mRNA expression, which suggests a posttranscriptional difference between 
both strains. We also observed a striking gender difference in liver D3 mRNA and 
activity between males and females in TRa0/0, TRb-/-and WT mice. D3 mRNA and 
activity was significantly lower in male mice compared to female mice in all strains. 
This difference in liver D3 expression between female and male is impressive, 
ranging from 3-10 fold. Although gender differences have been described for D1 
expression in mice (38), nothing is known so far about gender differences and D3 
expression.
Liver D3 mRNA and activity was higher in TRα0/0 compared to WT mice, which 
might be due to a more sensitive TRb receptor. In contrast, muscle D3 mRNA 
expression was significantly lower in TRa0/0 mice indicating that liver D3 and 
muscle D3 are differentially regulated.

The role of  TRa in the illness-induced decrease of  serum thyroid hormones 
The illness-induced decrease of  serum thyroid hormone levels is less pronounced 
in TRa0/0 compared to WT mice. Thyroid hormone secretion by the thyroid is 
decreased during inflammation (39). However, the involvement of  TRa in altered 
thyroidal secretion during illness seems unlikely, since thyroidal TRa1 and TRa2 

Figure 8. Overview of  the 
role of  TRs in peripheral 
changes in thyroid hormone 
metabolism after LPS 
administration.
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mRNA expression is unchanged after LPS in mice (1 to 6h after LPS, personal 
observation). 
Alternatively, TRa might be involved in the activation of  the alternative thyroid 
hormone clearance pathways during illness (glucuronidation, sulfation and 
etherlinked cleavage) (40). Activation of  these pathways should theoretically result 
in decreased serum concentrations of  thyroid hormone. The role of  TRa in this 
respect has never been investigated and cannot be excluded at this stage. The major 
thyroid hormone metabolizing pathway in mammals is deiodination. D1 knock-out 
mice have increased fecal excretion of  iodothyronines (41) which might indicate 
that decreased liver D1 not only influences serum thyroid hormone levels via 
deiodination, but also result in increased fecal excretion of  TH during illness. In 
TRa0/0 mice liver D1 mRNA and activity decrease less pronounced after LPS than 
in WT, which might lead to less fecal excretion of  thyroid hormones.  

The role of  TRa in illness-induced alterations in deiodinase expression in 
TH target tissues
Although liver D1 is thought to be a predominantly TRβ regulated gene (14;15), we 
observed a significant effect of  the absence of  TRα on liver D1 expression during 
illness. IL-1b has been shown to decrease D1 and the TRa isoforms in a liver 
cell line via the NFkB and AP-1 pathways simultaneously, whereas the cytokine 
induced TRb1 decrease was mediated by the NFkB pathway selectively (8;11). This 
suggested that the TRb1 decrease is not solely involved in the D1 decrease which 
is now confirmed by our present in vivo results. Although we cannot discriminate 
between the effects of  the several TRα isoforms in this respect we showed that the 
observed difference in LPS-induced D1 expression between TRa0/0 mice and WT 
was not due to a difference in TRb1 expression because the LPS-induced decrease 
of  TRb1 mRNA was similar in TRa0/0 and WT mice. During the recovery phase 
(24h after LPS administration) D1 mRNA expression increases compared to 8h 
after LPS administration in both genotypes, and this increase in D1 mRNA was 
more pronounced in TRa0/0 mice. We postulate that during recovery ‘normal’ 
positive TRb regulation takes over. The enhanced increase of  D1 mRNA in TRa0/0 
mice 24h after LPS is probably due to the enhanced TRb signalling in TRa0/0(14). 
The increase in D1 activity is not as pronounced; this is probably due to the time it 
takes to translate mRNA expression into protein.
In contrast to liver D1, the decrease of  liver D3 activity is enhanced in TRa0/0 
compared to WT. It has been shown that TRb signalling is more sensitive in 
TRa0/0 mice probably due to the lack of  the inhibitory isoforms TRa2, TRDa1 
and TRDa2 (14). This might indicate that the TRb is involved in the observed liver 
D3 decrease during illness. To address this question we analysed liver D3 mRNA 
expression after LPS injection in TRb-/- mice and indeed the LPS induced decrease 
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of  liver D3 mRNA was abolished in TRb-/- mice compared to WT. We have 
reported previously that the decrease in serum T3 and T4 is similar in TRb-/- mice 
compared to WT mice (3). From these studies we concluded that the LPS induced 
D3 decrease in liver is mediated via TRb and does not contribute to the decrease of  
serum TH levels after LPS administration. LPS administration resulted in increased 
expression of  D2 mRNA in hind- and forelimb muscle tissue of  TRa0/0  and WT 
mice . Increased D2 expression has been previously observed in humans and mice 
(4;3). In this study we show that increased muscle D2 after LPS administration is 
not mediated via the TRa. We were unable to measure D2 and D3 activity, because 
of  the very low expression levels, although we used the sensitive HPLC technique. 
It might be that D2 mRNA does not represent actual D2 activity, as it is well known 
that D2 can be post-translationally modified (42). However,  Mebis et al., Grozovsky 
et al., and our group have shown before that if  D2 activity is detectable in muscle 
homogenates under specific conditions, the levels correlate well with D2 mRNA 
expression (4;43;44). Muscle D3 mRNA expression tended to decrease upon LPS 
administration. However, both in fore- and hindlimb muscle tissue the decrease of  
D3 mRNA after LPS was significantly less pronounced in TRa0/0 mice compared 
to WT mice. So in contrast to D3 expression in liver, the LPS induced decrease of  
D3 mRNA in muscle tissue seems to be regulated via the TRa or by the serum  
thyroid hormone levels. The regulation of  muscle D3 via TRa is supported by the 
lower basal muscle D3 levels in TRa0/0 mice but at variance with the observation 
that TRa expression decreases only in the forelimb tissue, while the effects on 
D3 are in both fore- and hindlimb muscle. The observed tendency of  decreased 
D3 mRNA is in contrast to studies performed in humans. Rodriguez-Perez et 
al reported increased muscle D3 activity in biopsies of  septic patients (13). The 
discrepancy might be due to species-differences or a to a difference between the 
severity or duration of  critical illness, since mice recover within 24 hours after LPS 
injection. In forelimb muscle we observed a decrease of  TRa1 and TRa2 mRNA 
in WT mice after LPS, however, in hindlimb muscle of  WT mice no difference 
was observed. This might be due to the composition and/or origin of  the muscle 
tissue as hindlimb muscle tissue consists of  a mixture of  muscle types, whereas the 
forelimb muscle tissue is more homogeneous. 

In summary: our results do not fully clarify the role of  deiodinases and TRs in 
LPS-induced changes in thyroid hormone metabolism. We have summarized the 
role of  TRs in the peripheral changes in thyroid hormone metabolism during illness 
in figure 8. Our studies in TR- knock-out mice led us to conclude that:  1) Changes 
in deiodinase expression during illness are T3-independent as the time-course of  the 
changes in peripheral deiodinase expression induced by LPS sometimes precedes 
the changes in serum T3 levels. 2)  Our experiments in TR knock-out mice clearly 
show that TRs are involved. The question remains how TRs are involved if  the 
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regulation is partly T3-independent. One possibility might be that inflammation 
results in a different phosphorylation state of  the TRs resulting in gene-repression 
occurring independently of  T3 , as it is known that TRs can be phosphorylated 
(45;46). TRa0/0 mice lack TRa1, TRa2 as well as the delta isoforms of  TRa. In 
the current setup we cannot distinguish between the effects of  these isoforms. 
3) The decrease in liver D3 does not contribute to changes in serum TH levels 
during illness, because in TRb-/- mice the D3 decrease is absent without a change 
in LPS-induced TH decrease. 4) Decreased liver D1 probably does not contribute 
to decreased serum TH levels as the decrease of  serum T3 is followed by decreased 
liver D1 in the TRb-/- experiment. Furthermore, the observed basal differences 
of  liver D1 mRNA and activity between TRb-/- and WT mice did not result in 
differences in basal serum T3.
We hypothesize that the changes in serum TH levels after LPS administration 
are partly mediated via TRa and are most likely due to either decreased thyroidal 
secretion or increased TH clearance. However, the exact mechanism remains to 
be elucidated. Another contributing factor are cytokines and the activation of  the 
inflammatory signalling pathways, as demonstrated earlier in vitro in liver cells (8;11). 
The peripheral changes observed in deiodinase expression probably result in either 
decreased or increased local availability of  T3, which might subsequently lead to 
changes in metabolic activity.
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Abstract

One of  the hallmarks of  the sick euthyroid syndrome or the nonthyroidal illness 
syndrome is a decrease of  serum T3, caused mainly by a decrease in liver D1 mRNA 
and activity. Proinflammatory cytokines like IL-1b are likely involved in this disease, 
but are also known to inhibit TRb1 gene expression, which is of  interest as the D1 
promoter contains TRE’s. The aim of  the present study was to evaluate whether the 
IL-1b induced decrease of  D1 and TRb1 mRNA is mediated by the same cytokine 
signalling pathways in a human hepatoma cell-line (HepG2). We observed a down 
regulation of  both D1 and TRb1 mRNA after 4 hours of  incubating the cells 
with IL-1b. Sulfasalazine was used to inhibit the NFkB pathway and SP600125, a 
chemical inhibitor of  the c-Jun N-terminal kinase, was used as an inhibitor of  the 
AP-1 pathway. AP-1 inhibition did not affect the decrease of  D1 and TRb1 mRNA, 
but TRb1 mRNA decrease was completely abolished after inhibiting NFkB while 
D1 mRNA was unaffected. Only simultaneous inhibition of  both the NFkB and 
AP-1 pathway abolished D1 mRNA decrease. We conclude that IL-1b stimulation 
of  HepG2 cells results in a marked decrease of  D1 and TRb1 mRNA. The decrease 
of  TRb1 mRNA is exclusively mediated by the NFkB pathway, while the decrease 
of  D1 mRNA requires inhibition of  both the AP-1 and the NFkB pathway.
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Introduction

The nonthyroidal illness syndrome (NTIS) (also known as the euthyroid sick 
syndrome) is characterized by a decrease in serum T3 without an increase in serum 
TSH. Proinflammatory cytokines are involved in the characteristic decrease of  
liver 5’-deiodinase type 1 (D1) mRNA expression and activity during illness, which 
contributes to the diminished serum T3 levels. (Boelen et al. 1995; Boelen et al. 
1996; Wiersinga 2000; Jakobs et al. 2002). D1 mRNA expression in liver is positively 
regulated by T3, primarily by binding of  the liganded Thyroid Hormone Receptor 
(TR)b1 to TRE’s in the promoter region of  the D1 gene (Amma et al. 2001) (Jakobs 
et al. 1997). The induction of  proinflammatory cytokines by bacterial endotoxin 
(Lipopolysaccharide (LPS)) in mice not only results in a decreased D1 mRNA 
expression and activity in liver, but also in a decrease of  TRb1 mRNA and protein 
in liver (Boelen et al. 2004; Beigneux et al. 2003). The pathways mediating these 
changes are incompletely understood. 
In vitro studies have shown that IL-1b, IFNg and IL-6 decrease D1 promoter 
activity in the Hepatocellular Carcinoma cell-line (HepG2), IL-1b being the most 
potent (Jakobs et al. 2002). Nagaya et al showed that addition of  the antibiotic 
Clarithromycin inhibits the IL-1b induced decrease of  D1 mRNA in HepG2 cells 
and claimed the involvement of  the NFkB pathway (Nagaya et al. 2000). However, 
Clarithromycin turns out to be an inhibitor of  both the NFkB and AP-1 signaling 
pathways (Kikuchi et al. 2002) and the influence of  the AP-1 pathway on the D1 
mRNA decrease was not evaluated. The transcription factors NFkB and AP-1 are 
important mediators of  cytokine production, but it is unclear how these signaling 
pathways interact in mediating the D1 and TRb1 mRNA decrease. 
The NFkB pathway is activated by LPS or cytokines through phosphorylation of  
IkB Kinases (IKK) which in turn phosphorylate the inhibitory proteins IkB’s that 
are bound to the NFkB transcription factors in the cytoplasm. Phosphorylated 
IkB’s are degraded by the 26S proteasome, leaving the NFkB transcription factors 
free to activate gene-transcription in the nucleus. A specific NFkB inhibitor is 
Sulfasalazine. It inhibits IKK and therefore inhibits the activation of  the NFkB 
pathway (Weber et al. 2000). 
SP600125 is a compound which specifically inhibits c-Jun N-terminal kinase (JNK), 
which is involved in the AP-1 pathway. In response to LPS or cytokine stimulation 
JNK is activated by phosphorylation and phosphorylates the AP-1 transcription 
factors fos and jun, which upon phosphorylation activate gene-transcription. 
SP600125 is known to inhibit LPS induced TNFa production in vivo and to 
decrease cytokine mRNA expression in human monocytes after LPS stimulation in 
vitro (Bennett et al. 2001). 
The aim of  our study was to evaluate the role of  NFkB and AP-1 activation in the 
cytokine induced decrease of  D1 and TRb1 mRNA. We used IL-1b stimulation 
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of  HepG2 cells in order to study the cytokine induced decrease of  D1 in vitro. We 
first show that IL-1b stimulation of  HepG2 cells not only results in D1 mRNA 
decrease, but also induces a decrease of  TRb1 mRNA. By using the specific AP-1 
inhibitor SP600125 and the specific NFkB inhibitor Sulfazalazine separately and 
simultaneously, we specify the influence of  NFkB en AP-1.

Materials and Methods

Cell cultures
The human hepatoma cell line, HepG2 (ATCC, Rockville, USA) was cultured in 
EMEM, supplemented with 10 U/ml of  penicillin, streptomycin, fungizone and 
5% Fetal Calf  Serum (all from Cambrex, East Rutherford, USA). For the RNA-
expression studies, 5*104 cells per well were grown for 24 hours in a 24-wells plate. 
For protein expression studies 3*106 cells were grown in a 75cm2 culture-flask for 4 
days. Cells were stimulated with 10 ng/ml IL-1b (Sigma, St. Louis, USA) dissolved in 
phosphate-buffered saline with 0.5% (w/v) BSA (PBS/BSA). PBS/BSA was added 
in the same amount in the negative control. For the inhibition of  AP-1, SP600125 
(Calbiochem, Darmstadt, Germany) dissolved in dimethyl sulfoxide (DMSO) 
(Sigma, St. Louis, USA) was used in concentrations of  10 mM, 20 mM and 50 mM. 
DMSO was added in control stimulations reaching concentrations of  0.1%, 0.2% 
and 0.5% (v/v). Sulfasalazine (Sigma, St. Louis, USA) was used as a NFkB inhibitor. 
Sulfasalazine was dissolved in DMSO and added in the concentrations 2 and 3 
mM . As a control DMSO was added in concentrations of  0.8% and 1.2% (v/v). 
Cells were pre-incubated for 30 min with SP600125, Sulfasalazine or with both 
SP600125 and Sulfasalazine. At re-incubation, IL-1b was added without washing 
the cells. Experiments for mRNA analysis were done in duplicate; a representative 
experiment is shown in the figures. 

RNA isolation and RT-PCR
For RNA isolation cells were washed with PBS and subsequently lysed in 200 ml 
lysis buffer from the Magna Pure LC RNA Isolation kit-High Performance (Roche 
Molecular Biochemicals, Mannheim, Germany). The RNA was isolated on the 
Magna Pure (Roche Molecular Biochemicals, Mannheim, Germany) using the 
protocol and buffers supplied with the Magna Pure LC RNA Isolation kit-High 
Performance. Total RNA amounts were measured using the Nanodrop (Nanodrop, 
Wilmington, Delaware USA).
cDNAsynthesis was performed using the First Strand cDNA Synthesis Kit 
for RT-PCR with oligo d(T) primers and equal RNA-input (Roche Molecular 
Biochemicals, Mannheim, Germany). Real Time PCR was performed using the 
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Lightcycler (Roche Molecular Biochemicals, Mannheim, Germany). For all PCR’s 
Lightcycler DNA Master SYBR Green I kit (Roche Molecular Biochemicals, 
Mannheim, Germany) was used, adding 3mM MgCl2 and 50ng primers (Biolegio, 
Nijmegen, The Netherlands) each. We designed primer pairs for D1 (forward: 
5’-AGC CAC GAC AAC TGG ATA CC-3’, reverse: 5’-ACT CCC AAA TGT 
TGC ACC TC-3’), primers for HPRT and TRb1 were previously described (Liu 
et al. 2003; Silva et al. 2002). PCR programs were as follows: denaturation 30 sec 
95°C, 40-45 cycles of  0-5 sec 95°C, 10 sec annealing temperature, 15-20 sec 72°C. 
Annealing temperatures were: 60°C for HPRT, 57°C for D1 and 56°C for TRb1. For 
quantification a standard curve was generated of  a sequence-specific PCR-product 
ranging from 0.01 fg/ml until 100 fg/ml. Samples were corrected for their RNA 
content using HPRT as a housekeeping gene. Samples were individually checked 
for their PCR-efficiency (Ramakers et al. 2003). The median of  the efficiency was 
calculated for each assay, samples that had a greater difference than 0.05 of  the 
efficiency median value, were not taken into account.  

Protein isolation and Western blotting
Protein was isolated by washing and scraping the cells in ice-cold PBS. After 
centrifugation for 5 min at 500g, the cell pellet was lysed in 250 ml of  2x SDS 
sample buffer (2% (w/v) SDS, 10% (v/v) glycerol, 100mM DTT, 60mM Tris pH 
6.8, broomphenolblue). The samples were boiled for 5 min. 5 ml of  each sample 
was loaded on a 10% SDS/PAGE gel (Bio-Rad, Hercules, USA). For quantification 
of  D1 and TRb1 protein in whole cell extract (WCE) the pellet was dissolved in Sol 
A (20 mM Tricine pH 7.6, 2 mM CaCl2, 1 mM MgCl2, 5%(v/v) glycerol, 0.25 M 
Sucrose and protease inhibitor cocktail (Roche, Mannheim, Germany)).  For TRb1 
protein nuclei and WCE were isolated using a glass-teflon homogenizer. Nuclei 
were dissolved in SolB (20 mM Tris pH 7.6, 1 mM EDTA, 50 mM NaCl, 5%(v/v) 
glycerol, 0.25 M Sucrose and protease inhibitor cocktail (Roche, Mannheim, 
Germany)). Protein content was measured and 10 mg (WCE) or 5 mg (nuclear 
extract) was loaded on a 10% SDS-PAGE gel. Gels were blotted on Immobilon-P 
Transfer Membrane membrane (Millipore, Bedford, USA).  Blots were blocked 
with 2% (w/v) non-fat milk in Tris-buffered saline (TBS)-Tween (TRb1 in 1% 
(w/v) casein in TBS-Tween, D1 in 3% (w/v) casein in PBS-0.01%Tween) for 1 
hour at RT. Primary antibody’s used for protein detection were: anti-b-Actin (I-19) 
(Santa Cruz Biotechnology Inc., Santa Cruz, USA), anti-phospho-JNK (9251) 
and anti-phospho-IkBa (9246) (Cell Signalling Technology, Beverly, USA), anti-
D1(Leonard et al. 2001) and anti-TRb1(#319) (Zandieh et al. 2002). All antibody’s 
were 1:1000 diluted, except for anti-b-Actin (1:2000) anti D1 (1:50) and anti-TRb1 
(1:500). Incubation with the primary antibody was performed for 1 hour at RT, then 
overnight at 4°C. Blots were washed 4 times 2 min with TBS-Tween (PBS-Tween 
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for D1). As secondary antibody goat-anti-mouse-Horse-Radish-Peroxidase (HRP) 
(phospho-IkBa), goat-anti-rabbit-HRP (phospho-JNK, TRb1, D1) or rabbit-anti-
goat-HRP (b-actin) (DAKO Cytomation, Glostrup, Denmark) was used, 1:2000 
diluted (1:20.000 for b-actin, D1 and TRb1), incubation for 1 hour at RT. After 
incubation the blots were washed with TBS-Tween (PBS-Tween for D1) 4 times 2 
min. Subsequently Lumi-LightPlus chemiluminescent substrate was added (Roche 
Molecular Biochemicals, Mannheim, Germany). The emitted light was visualized 
and quantified on the Lumi-Imager (Roche Molecular Biochemicals, Mannheim, 
Germany). Samples were corrected for their protein content using b-actin or by 
loading equal amounts of  protein.

Statistics 
Non-parametric Mann-Whitney U tests (SPSS, Chicago, USA) were performed to 
test statistical significance between groups. For time-course experiments statistical 
significance was tested by two-way ANOVA (Excel Microsoft, Redmond, USA)

Results

D1 and TRb1 mRNA decrease after IL-1b stimulation
A time-course experiment was performed to study the IL-1b induced decrease of  D1 
and TRb1 mRNA. HepG2 cells were incubated with 10 ng/ml IL-1b. After 0, 2, 4 
and 6 hours of  IL-1b stimulation RNA was isolated and D1 and TRb1 mRNA were 
measured. Both D1 and TRb1 mRNA significantly decreased after IL-1b stimulation 
(P<0.01). This difference was significant after 4 and 6 hours as compared to controls 
(Fig. 1A).  No difference in time-course of  the IL-1b induced decrease of  D1 and 
TRb1 mRNA was observed. The IL-1b induced decrease of  D1 mRNA resulted in 
decreased D1 protein levels at 24 hours after IL-1b. TRb1 protein levels however 
did not change after IL-1b, neither in the WCE after 4, 8, 12, 16, 24 or 48h of  IL-1b 
nor in the nuclear extract after 16, 24 and 48h of  IL-1b (Fig 1B).

The AP-1 pathway has no influence on the decrease of  D1 and TRb1 mRNA
To investigate the influence of  the AP-1 signalling pathway on the IL-1b induced D1 
and TRb1 mRNA decrease, SP600125, a specific AP-1 inhibitor was used. HepG2 
cells were 30 minutes pre-incubated with 10, 20 and 50 mM SP600125 before IL-1b 
was added. Microscopically no changes in cell morphology were seen after incubation 
with SP600125. Protein analysis showed that 50 mM SP600125 indeed inhibited the 
phosphorylation of  JNK and c-jun, which are markers for AP-1 activation (Fig. 2A). 
After 4 hours of  IL-1b stimulation RNA was isolated and D1 and TRb1 mRNA was 
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measured. No difference was observed between the control stimulations with the 
vehicle DMSO and the stimulations with SP600125 (Fig. 2B). 

The NFkB pathway only influences the IL-1b induced TRb1 mRNA 
decrease 
The IKK inhibitor Sulfasalazine was used to inhibit the NFkB pathway in order to 
see whether the IL-1b mediated decrease of  D1 and TRb1 mRNA was influenced 
by NFkB. 30 minutes before IL-1b stimulation, HepG2 cells were incubated with 
2 and 3 mM Sulfasalazine. Protein analysis showed that after pre-incubation with 
3mM Sulfasalazine, IL-1b stimulation did not result in phosphorylation of  IkBa 
in the Sulfasalazine treated cells compared to the vehicle DMSO control (Fig. 3A), 
which shows that the NFkB pathway is indeed inhibited.  After 4 hours of  IL-1b 
stimulation RNA was isolated. mRNA analysis showed that the TRb1 mRNA 
decrease was abolished by 2 and 3 mM Sulfasalazine compared to the vehicle DMSO 
control (P=0.047 and P=0.009).  The decrease of  D1 mRNA was unaffected by 
Sulfasalazine treatment (Fig 3B). Because of  the toxic effects of  Sulfasalazine, which 
could be seen microscopically in changed cell morphology, we evaluated whether 
Sulfasalazine alone affected the TRb1 and D1 mRNA expression. However, adding 
3 mM Sulfasalazine did not significantly change the mRNA expression of  TRb1 
and D1 (data not shown).
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Figure 1. A) D1 and TRb1 mRNA expression in HepG2 cells after 0, 2, 4 and 6 hours in 
controls (○) and after IL-1b (●). Mean values ± SEM (n=6) are shown. P values indicate 
differences between groups by ANOVA. Significances of  separate time-points were evaluated 
by Mann-Whitney U tests, **  P≤0.01, B) D1 and TRb1 protein expression in WCE of  HepG2 
cells after 24 hours after IL-1b compared to controls.
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Simultaneous inhibition of  the AP-1 and NFkB pathways abolishes the 
decrease of  both TRb1 and D1 mRNA 
To inhibit the AP-1 and NFkB pathways simultaneously, HepG2 cells were 30 
minutes pre-incubated with 50 mM SP600125 and 3 mM Sulfasalazine. Cells were 
subsequently stimulated with IL-1b for 4 hours. RNA was isolated and D1 and 
TRb1 mRNA was measured. The IL-1b induced decrease of  TRb1 and D1 mRNA 
was abolished by inhibition of  both the NFkB and AP-1 pathway, as is shown in 
figure 4A and 4B (P=0.004 for D1 and TRb1). 
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Figure 2. A) Protein expression in HepG2 cells after 0, 15, 30, 45 and 60 minutes IL-1b 
stimulation, after 30 minutes pre-incubation with either 50 mM SP600125+DMSO (right panel) 
or vehicle DMSO (left panel). Western blots were detected with anti-phospo-JNK (upper 
panel), anti- phospho-c-jun (middle panel) and anti-b-actin (lower panel) antibodies. B) Relative 
expression of  D1 and TRb1 mRNA in HepG2 cells. Medium control (black bar), 4 hours IL-1b 
stimulation (white bar), 4 hours IL-1b stimulation with 30 minutes pre-incubation of  20 or 
50 mM SP600125 (dotted bars) or vehicle DMSO (grey bars). Mean values ± SEM (n=4) are 
shown. Significances were evaluated by Mann-Whitney U tests, * P≤0.05.



109

NFkB and AP-1 involvement in D1 and TRb1 mRNA decrease after IL-1b

Chapter

6

B

 

A

phospho -IκBα  

β−actin  

Il-1β  (min)  15 30 60 120 
1.2% DMSO  

15 30 60 120 
3 mM Sulfasalazine  

0 

0.0

0.1

0.2

0.3

0.4

0.5

10 ng/ml IL-1β
Sulfasalazine (mM)

DMSO (%)

-
-
-

+
-

0.8

+
2

0.8

+
-

1.2

+
3

1.2

***

+
-
-

TR
β 1

 m
RN

A
(re

lat
ive

 ex
pr

es
sio

n) *

0.00

0.25

0.50

0.75

1.00

10 ng/ml IL-1β
Sulfasalazine (mM)

DMSO (%)

-
-
-

+
-

0.8

+
2

0.8

+
-

1.2

+
3

1.2

+
-
-

*

D
1 

m
RN

A
(re

lat
ive

 ex
pr

es
sio

n)

Figure 3. A) Protein expression in HepG2 cells after 0, 15, 30, 60 and 120 minutes IL-1b 
stimulation, after 30 minutes pre-incubation with either 3 mM Sulfasalazine + DMSO (right 
panel) or vehicle DMSO (left panel). Western blots were detected with anti-phospo-IkBa 
(upper panel) and anti-b-actin (lower panel) antibodies. B) Relative expression of  D1 and TRb1 
mRNA in HepG2 cells. Medium control (black bar), 4 hours IL-1b stimulation (white bar), 4 
hours  IL-1b stimulation with 30 minutes pre-incubation with 2 or 3 mM Sulfasalazine (dotted 
bars) or vehicle DMSO (grey bars). Mean values ± SEM (n=6) are shown. Significances were 
evaluated by Mann-Whitney U tests, * P≤0.05, ** P≤0.01.
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Figure 4. Relative expression of  D1 and TRb1 mRNA in HepG2 cells. Medium control (black 
bar), 4 hours IL-1b stimulation (white bar), 4 hours IL-1b stimulation with 30 minutes pre-
incubation of  3 mM Sulfasalazine and 50 mM SP600125 (dotted bar) or vehicle DMSO (grey 
bar). Mean values ± SEM (n=6) are shown. Significances were evaluated by Mann-Whitney U 
tests, ** P≤0.01.
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Figure 5. A) Schematic overview of  the possible mechanisms behind the IL-1b-mediated 
decrease of  TRb1 mRNA expression: Repressed gene transcription based on the presence 
of  three possible NFkB binding-sites in the TRb1 promoter, and NFkB mediated increase 
of  TRb1 mRNA degradation. B) Schematic overview of  the possible mechanisms behind 
the IL-1b-mediated decrease of  D1 mRNA expression: Competition for limiting amounts of  
coactivators of  gene-transcription.
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Discussion

The aim of  our study was to evaluate the role of  NFkB and AP-1 activation in the 
IL-1b-induced decrease of  liver D1 and TRb1 mRNA, which occurs in liver of  
mice after LPS administration, an animal model of  (acute) NTIS. IL-1b stimulation 
of  HepG2 cells resulted in a D1 and TRb1 mRNA decrease, which is in agreement 
with our in vivo results (Boelen et al. 2004). The D1 mRNA decrease resulted in a 
decrease of  D1 protein levels after 24h of  IL-1b stimulation, which is in agreement 
with the study of  Jakobs et al. The TRb1 mRNA decrease however did not result in 
a decrease of  TRb1 protein levels in contrast to the in vivo studies by Beigneux et al. 
This could be explained by differences between the in vitro and in vivo experimental 
setting: adding IL-1b to the cell culture once might be completely different from 
the complex cascade of  reactions caused by LPS administration in mice. Probably 
other posttranslational events, induced by LPS or other cytokines are necessary to 
decrease the amount of  TRb1 protein. We specified the influence of  NFkB en AP-1 
activation by using the specific AP-1 inhibitor SP600125 and the specific NFkB 
inhibitor Sulfasalazine separately and simultaneously. Sulfasalazine prevented IkBa 
phosphorylation and SP600125 prevented JNK phosphorylation, demonstrating 
that the inhibitors worked effectively.
Inhibition of  the AP-1 pathway by SP600125 did not change the TRb1 mRNA 
decrease, but inhibition of  NFkB by Sulfasalazine prevented the IL-1b-induced 
TRb1 mRNA decrease. This effect could not be due to the toxic effect of  
Sulfasalazine on the cells, because incubation with Sulfasalazine alone did not 
change the TRb1 mRNA expression. It is not clear whether the TRb1 mRNA 
decrease is due to an NFkB-mediated decrease in transcriptional activation of  
the TRb1 promoter or an NFkB-mediated specific increase in TRb1 mRNA 
degradation. A transcription element search system (TESS) analysis showed that 
there are 3 possible NFkB binding sites present in the TRb1 promoter (Schug & 
and Overton GC 1998). It is possible that these sites are responsible for NFkB-
mediated transcriptional repression of  the TRb1 gene. mRNA degradation during 
inflammation has been reported of  Connexin32, Retinoid X Receptor(RXR)b and 
RXRg  (Theodorakis & De Maio 1999) (Beigneux et al. 2000). Increased Connexin 
32 mRNA degradation during inflammation was due to increased deadenylation 
of  the poly(A) tail whereas the increased RXRb and RXRg mRNA degradation 
was proven by observing a decrease in mRNA expression without a change in 
promoter activity. A combination of  altered promoter activity and increased RNA 
degradation is also a possibility. Beigneux et al have shown that a marked decrease 
of  RXRa mRNA during inflammation could not be the result of  the mild decrease 
of  RXRa promoter activity, indicating a combination of  mechanisms (Beigneux et 
al. 2000). A schematic overview of  these mechanisms is shown in figure 5A. It can 
be hypothesized that reduced levels of  TRb1 mRNA and subsequently reduced 
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levels of  TRb1 protein are responsible for the decrease of  TRb1-mediated D1 
gene transcription. However, because of  the rapid decrease of  both TRb1 and 
D1 mRNA at the same time it seems unlikely that reduced TRb1 protein levels are 
responsible for the early D1 mRNA decrease. This is underlined by our finding 
that TRb1 protein levels of  HepG2 cells after IL-1b stimulation are not reduced 
compared to controls.
D1 mRNA decreases just as fast as TRb1 after IL-1b stimulation of  HepG2 cells. 
However, our experiments showed that the mechanism behind the D1 mRNA 
decrease is different from the TRb1 mRNA decrease. Inhibition of  the NFkB 
pathway or the AP-1 pathway did not prevent the IL-1b-induced decrease of  D1 
mRNA. Simultaneous inhibition of  NFkB and AP-1 however prevented the effect 
of  IL-1b on D1 mRNA expression, which is in agreement with the Clarithromycin 
experiments of  Nagaya et al. Both the NFkB and AP-1 pathways use common factors, 
like coactivators, in order to activate transcription of  cytokine-regulated genes. 
Some of  these factors also play a role in TRb1-mediated D1 gene transcription, like 
the coactivators Steroid Receptor Coactivator (SRC)-1 and CREB-binding protein 
(CBP).  Yu et al showed that the IL-1b-induced decrease of  D1 gene transcription in 
rat hepatocytes can be partially overcome by adding exogenous SRC-1. The authors 
therefore hypothesized that limiting amounts of  coactivators could play a role in 
the cytokine-induced decrease of  D1 mRNA (Yu & Koenig 2000). This hypothesis 
is supported by the study of  Jakobs et al, who showed that the cytokine-induced 
decrease of  D1 mRNA in HepG2 cells was due to a decrease of  transcriptional 
activation of  the D1 promoter, which could be caused by a shortage of  coactivators 
(Jakobs et al. 2002). Our results are in line with these studies because the IL-1b-
induced decrease of  D1 was not related to one specific inflammatory pathway and 
thus probably caused by a shortage of  common factors used by both inflammatory 
pathways and TRb1-mediated D1 gene transcription, like SRC-1. A schematic 
overview of  this mechanism is shown in figure 5B.
In summary: The IL-1b-induced D1 and TRb1 mRNA decrease in HepG2 cells are 
regulated by different mechanisms. The IL-1b-induced decrease of  TRb1 mRNA 
is regulated by NFkB, but the exact mechanism remains unknown. Possibilities 
are an NFkB related increase of  TRb1 mRNA degradation or a decreased 
transcriptional activation of  the TRb1 gene. A possible mechanism involved in 
the D1 mRNA decrease might be competition for limiting amounts of  common 
factors involved in transcriptional activation of  NFkB, AP-1 and TRb1-mediated 
D1 gene-transcription. 
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Abstract

One of  the main characteristics of  the nonthyroidall illness syndrome (NTIS) is a 
decrease of  serum T3, partly caused by a decrease in liver deiodinase type 1 (D1) 
mRNA and activity. Proinflammatory cytokines have been associated with NTIS 
in view of  their capability to decrease D1 and Thyroid hormone Receptor (TR)b1 
mRNA expression in hepatoma cells. Proinflammatory cytokine induction leads 
to activation of  the inflammatory pathways Nuclear Factor (NF)kB and Activator 
Protein (AP)-1. The proinflammatory cytokine interleukin (IL)-1b decreases 
TRb1 mRNA in an NFkB dependent way. The aim of  this study was to unravel 
the effects of  IL-1b on endogenous TR-a gene expression in an animal model 
and in a liver cell line. The TRa gene product is alternatively spliced in TRa1 and 
TRa2, TRa2 is capable of  inhibiting TRa1 induced gene-transcription. We showed 
that both TRa1 and TRa2 mRNA decreased after LPS administration in liver of  
mice, but also after IL-1b stimulation of  hepatoma cells (HepG2). By using the 
NFkB inhibitor Sulfasalazine and the AP-1 inhibitor SP600125, it became clear that 
the IL-1b induced decrease TRa mRNA expression in HepG2 cells can only be 
abolished by simultaneous inhibition of  NFkB and AP-1. The IL-1b induced TRa1 
and TRa2 mRNA decrease in HepG2 cells is the result of  decreased TRa-gene-
promoter activity, as evident from Actinomycin D experiments. Cycloheximide 
experiments showed that the decreased promoter activity is independent of  de novo 
protein synthesis and therefore most likely due to posttranslational modifications 
such as phosphorylation or sub cellular re-localization. 
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Introduction

Increased serum levels of  proinflammatory cytokines have been associated with 
the Non Thyroidal Illness Syndrome (NTIS) (Boelen et al. 1993), which is a state 
of  altered thyroid hormone regulation and metabolism during illness. NTIS is, 
among others characterized by low serum T3 levels and decreased liver deiodinase 
type 1 (D1) activity (Peeters et al. 2003) (Wiersinga 2005). It has been shown that 
proinflammatory cytokines are capable of  decreasing liver D1 mRNA expression 
and activity (Yu & Koenig 2000) (Jakobs et al. 2002), via the activation of  NFkB and 
AP-1 (Kwakkel et al. 2006).  Liver D1 is involved in the peripheral conversion of  
T4 into T3 and decreased activity of  liver D1 therefore contributes to low serum T3 
levels. The TRb1, one of  the thyroid hormone receptors through which T3 exerts 
its actions in the liver,  is also downregulated in an animal model of  NTIS. This 
suggests that impaired T3-action is not only due to the low serum T3 levels, but 
also because of  lower TR expression in tissues (Boelen et al. 2004b), which could 
result in the downregulation of   TRb1 target genes as was described by Beigneux et 
al (Beigneux et al. 2003). Furthermore, it has been shown that T3 binding capacity 
in hepatoma cells is decreased by proinflammatory cytokines, IL-1b being the most 
potent (Wolf et al. 1994). Recently we have demonstrated that adding IL-1b to the 
human hepatoma cell line HepG2 also results in a decrease of  TRb1 mRNA. By 
using specific inhibitors of  the IL-1b signal transduction pathways NF-kB and AP-1, 
the IL-1b induced TRb1 mRNA decrease in HepG2-cells appeared to be mediated 
via NFkB (Kwakkel et al. 2006). Another important TR through which T3 exerts 
its actions is the TRa1. Although it is commonly thought that thyroid hormone 
action in the liver is mainly dependent on TRb1, recent papers showed that TRa1 
also plays an important role in T3 action in the liver. Amma et al have shown that 
30% of  liver D1 mRNA expression is dependent on TRa1 (Amma et al. 2001). 
Furthermore, using a cDNA microarray, it has been shown that 40% of  the T3 
regulated genes in the liver were independent of  TRb1, indicating a more prominent 
role for TRa1 (Flores-Morales et al. 2002). This is supported by the observation that 
the zonal expression patterns of  TRa1 and TRb1 in liver are different (Zandieh et 
al. 2003). The TRa-gene gives rise to two major isoforms which share the same 
promoter due to alternative splicing: TRa1 and TRa2. The TRa1 isoform is a 
bonafide TR, which has a ligand binding domain and a 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. It has been shown 
that TRa2 has a weak inhibitory effect on the other TR isoforms (Koenig et al. 
1989) (Liu et al. 1995) (Yen 2001). Recent experiments with knock-out mice have 
shown that absence of  both TRa’s or TRa2 alone results in a higher T3 sensitivity 
and it has been hypothesized that this is due to the inhibitory effect of  TRa2 that 
is missing in these knock-out mice. In the case of  the TRa2-/- upregulation of  
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TRa1 could be an alternative explanation (Macchia et al. 2001) (Salto et al. 2001). 
Nevertheless, changed tissue responsiveness to T3 due to a difference in TRa1 and 
TRa2 expression might be an important regulating mechanism during NTIS.   
The aim of  the present study is firstly, to evaluate TRa1 and TRa2 mRNA 
expression in livers of  mice who received a sublethal dose of  bacterial endotoxin 
(Lipopolysaccharide, LPS). LPS activates NFkB and AP-1 and results in a rapid 
IL-1b, IL-6, IL-12 and IFNg response in the liver (Palsson-McDermott & O'Neill 
2004) (Boelen et al. 2004a). Secondly, we studied the effects of  one specific 
proinflammatory cytokine (IL-1b) on the endogenous expression of  TRa1 and 
TRa2 mRNA in a liver cell line and investigated the pathways and mechanisms 
involved. To this end we used specific inhibitors of  NFkB and AP-1 and inhibitors 
of  promoter activity and protein synthesis. 

Materials and Methods

Animal experiment
Female Balb/c mice (Sprague-Dawley, Harlan, Horst, The Netherlands) were used 
at 6-12 weeks of  age. The mice were kept in 12h light/dark cycles in a temperature 
controlled room. 
Acute illness was induced by an intraperitoneal (i.p.) injection of  150 mg LPS 
(endotoxin, E.coli 127:B8; Sigma, St. Louis, MO, USA) diluted in 0.5 ml saline. 
Control mice received 0.5 ml saline. Due to diurnal variations of  TRa mRNA 
(Zandieh et al. 2004), each time point needs his own control and the experiment 
started at 9AM. At time points 0, 1, 2, 3, 4, 6 and 24 hours after LPS or saline 
administration injection 5 mice per group (3 mice per group at 24 hours after LPS) 
were anaesthetized with isoflurane and killed by cervical dislocation. The liver was 
obtained and immediately stored in liquid nitrogen. The study was approved by the 
local animal welfare committee. 

Cell cultures
The human hepatoma cell line, HepG2 (ATCC, Rockville, MD,USA) was cultured 
in EMEM, supplemented with 10 U/ml of  penicillin, streptomycin, fungizone 
and 5% Fetal Calf  Serum (all from Cambrex, East Rutherford, NJ, USA). For the 
ActinomycinD, Sulfasalazine, SP600125 and Cycloheximide experiments 10% Fetal 
Calf  Serum was used. For the RNA-expression time-course experiments, 5*104 

cells per well were grown for 24 hours in a 24-wells plate. For the ActinomycinD, 
Sulfasalazine, SP600125 and Cycloheximide experiments, 1*105 cells per well were 
grown for 24 hours in a 24-wells plate. Cells were stimulated with 10 ng/ml IL-1b 
(Sigma, St. Louis, MO, USA) dissolved in phosphate-buffered saline with 0.5% 
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(w/v) BSA (PBS/BSA). PBS/BSA was added in the same amount in the negative 
control. For the inhibition of  AP-1, 50 mM SP600125 (Calbiochem, Darmstadt, 
Germany) was used. SP600125 is a specific inhibitor of  the c-jun N terminal kinase, 
which is an activator of  the AP-1 pathway (Bennett et al. 2001). Sulfasalazine (Sigma, 
St. Louis, MO, USA) was used as an NFkB inhibitor, which inhibits the NFkB 
inhibitory protein kinase (IKK), needed for NFkB activation (Weber et al. 2000) 
and added in the concentration of   3 mM. To inhibit protein synthesis 10 mg/ml 
Cycloheximide, was added. Actinomycin D was added to inhibit promoter activity 
at a concentration of  5 mg/ml. All inhibitors were dissolved in DMSO (Sigma, 
St. Louis, MO, USA). Final DMSO vehicle concentrations were used as controls, 
1.2% (Sulfasalazine control), 0.5% (SP600125 and ActinomycinD controls), 0.01% 
(Cycloheximide control).We have previously shown that 3 mM Sulfasalazine inhibits 
phosphorylation of  IkBa and 50 mM SP600125 inhibits c-jun N terminal kinase 
phosphorylation and therefore these concentrations were used in our experiments 
(Kwakkel et al. 2006). Cells were pre-incubated for 30 min with Actinomycin D, 
Cycloheximide, SP600125, Sulfasalazine or with both SP600125 and Sulfasalazine. 
At re-incubation, IL-1b was added without washing the cells.

RNA isolation and RT-PCR
Liver mRNA was isolated using the Magna Pure LC mRNA tissue kit, using 10 
mg of  liver tissue. HepG2 cells were washed with PBS and subsequently lysed in 
200 ml lysis buffer from the Magna Pure LC RNA Isolation kit-High Performance 
(Roche Molecular Biochemicals, Mannheim, Germany). Liver mRNA and HepG2 
RNA were isolated on the Magna Pure (Roche Molecular Biochemicals, Mannheim, 
Germany) using the protocol and buffers supplied with the corresponding kit. RNA 
amounts were measured using the Nanodrop (Nanodrop, Wilmington, Delaware 
USA) to be able to perform cDNA synthesis with equal RNA-input for the 
HepG2 experiments. cDNAsynthesis was performed using the First Strand cDNA 
Synthesis Kit for RT-PCR with oligo d(T) primers (Roche Molecular Biochemicals, 
Mannheim, Germany). Real Time PCR was performed using the Lightcycler (Roche 
Molecular Biochemicals, Mannheim, Germany). For all PCR’s Lightcycler DNA 
Master SYBR Green I kit (Roche Molecular Biochemicals, Mannheim, Germany) 
was used, adding 3mM MgCl2 (2mM for TRa2) and 50ng (100 ng for TRa2) 
primers (Biolegio, Nijmegen, The Netherlands) each. Primer pairs for TRa1, TRa2, 
mouse hypoxanthine phosphoribosyl transferase (HPRT) and human HPRT were 
previously described (Bakker 2001; Sweet et al. 2001; Liu et al. 2003). PCR programs 
were as follows: denaturation 30 sec 95°C, 40-45 cycles of  0-5 sec 95°C, 10 sec 
annealing temperature, 15-20 sec 72°C. Annealing temperatures were: 54°C for 
mHPRT, 60°C for hHPRT, 64°C for TRa1 and 66°C for TRa2. For quantification 
a standard curve was generated of  a sequence-specific PCR-product ranging from 
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0.01 fg/ml until 100 fg/ml. Samples were corrected for their mRNA content using 
HPRT as a housekeeping gene. Samples were individually checked for their PCR-
efficiency (Ramakers et al. 2003). The median of  the efficiency was calculated for 
each assay, samples that had a greater difference than 0.05 of  the efficiency median 
value, were not taken into account (0-5%).  

Preparation of  liver nuclear extracts and western blotting
Liver tissue was homogenized using a glas-teflon homogenizer in 4Vol cytosolic 
lysis buffer (CLB: 10 mM HEPES pH 7.5, 1.5 mM MgCl2, 10 mM KCl, 1 mM 
phenylmethylsulfonylfluoride (PMSF), 2 mM Na3VO4, 2 mM NaF, 1 mM 
dithiothreitol (DTT), protease inhibitor cocktail (Roche Molecular Biochemicals). 
After a centrifugation step (5 min, 5000 rpm, 4ºC), the nuclear pellet was washed with 
CLB and lysed with 0.8 ml nuclear lysis buffer (NLB: 50 mM Tris-HCl, pH 7.2, 140 
mM NaCl, 2 mM EDTA, 1% NonIdet P-40, 1 mM phenylmethylsulfonylfluoride 
(PMSF), 2 mM Na3VO4, 2 mM NaF, protease inhibitor cocktail (Roche Molecular 
Biochemicals). Following incubation of  15-30 on ice, nuclear extracts were 
centrifuged (10 min, 13000 rpm, 4ºC), SN was used as nuclear extract. Protein 
content was measured and 50 mg was loaded on a 10% SDS-PAGE gel. Gels 
were blotted on Immobilon-P transfer membrane (Millipore, Bedford, MA, 
USA). Blots were blocked with 5% casein in PBS/0.01% Tween, for 1h at room 
temperature (RT). Primary antibodies (PA1-211 (TRa1) and PA1-216 (TRa2) 
(Affinity Bioreagents, Golden, CO, USA) diluted in blocking buffer 1:200 and 1:50 
respectively) were incubated for 1h at RT followed by an overnight incubation at 
4ºC. Blots were washed 3 times 5 min with PBS/T. Following 1h incubation at RT 
with secondary antibody goat-anti-rabbit-HRP (1:10000 diluted in blocking buffer 
(DAKO Cytomatin, Glostrup, Denmark)),  blots were washed again and detected 
with Lumi-Lightplus chemiluminescent substrate (Roche Molecular Biochemicals). 
The emitted light was visualized and quantified on the Lumi-Imager (Roche 
Molecular Biochemicals). 

Statistics 
Non-parametric Mann-Whitney U tests (SPSS, Chicago, IL, USA) were performed 
to test statistical significance between groups. For time-course experiments statistical 
significance was tested by two-way ANOVA (Excel Microsoft, Redmond, WA, USA)
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Results

Liver TRa mRNA and protein expression decreases after cytokine induction
In vivo: LPS administration in mice resulted in decreased TRa1 mRNA levels within 
2 hours which remained significantly lower than controls during the time-course of  
the experiment (ANOVA P<0.01). TRa2 mRNA levels however decreased slower 
and only resulted in a significant decrease at 6h after LPS administration (P<0.05). 
The observed mRNA decrease resulted in decreased Tra1 and Tra2 protein levels 
24 hours after LPS administration (figure 1A). 

Figure 1. A) Relative expression of  liver TRa1 and TRa2 mRNA after 0, 1, 2, 3, 4 and 6 
hours in saline (○) and  LPS treated mice (●). Mean values ± SEM (n=5) are shown. Protein 
expression of  liver TRa1 (46 kD) and TRa2 (58 kD) in nuclear extracts of  control mice and 
mice 24h after LPS treatment (n=3). B) Relative expression of  TRa1 and TRa2 mRNA after 0, 
2, 4 and 6 hours in controls (○) and  IL-1b treated HepG2 cells (●). Mean values ± SEM (n=6) 
are shown. P values indicate differences between groups by ANOVA. Significances of  separate 
time-points were evaluated by Mann-Whitney U tests, * P≤0.05, ** P≤0.01.
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In vitro: The effect of  IL-1b on endogenously expressed TRa1 and TRa2 mRNA 
in HepG2 cells resembles the effect of  LPS on TRa mRNA expression in mice. 
TRa1 mRNA was significantly decreased after 4 and 6 hours of  IL-1b (ANOVA 
P<0.01). TRa2 mRNA was only significantly lower compared to controls after 6h 
of  IL-1b stimulation (P<0.05) (figure 1B). 

Involvement of  NFkB and AP-1 in IL-1b-induced TRa mRNA decrease in 
HepG2 cells
NFkB: Inhibition of  the NFkB pathway by Sulfasalazine had no effect on the IL-1b 
induced mRNA decrease of  TRa1 and TRa2. Basal levels of  TRa1 mRNA were 
decreased by Sulfasalazine alone, but adding IL-1b to Sulfasalazine treated cells still 
resulted in a significant decrease of  TRa1 mRNA expression (P<0.05) (figure 2A). 

AP-1: Inhibition of  the AP-1 pathway by SP600125 did not have an effect on the 
IL-1b induced TRa1 and TRa2 mRNA decrease. SP600125 treatment significantly 
increased the basal levels of  the TRa2 mRNA. Adding IL-1b to SP600125 treated 
cells however still resulted in a significant decrease of  TRa2 mRNA levels (P<0.01) 
(figure 2B).

NFkB and AP-1: Inhibition of  both NFkB and AP-1 pathways simultaneously 
abolished the Il-1b induced TRa1 and TRa2 mRNA decrease (figure 2C).
For all experiments DMSO alone was added as a vehicle-control; this did not result 
in significant changes in TRa1 or TRa2 mRNA (data not shown). 

Mechanism of  IL-1b-induced TRa mRNA decrease in HepG2 cells
To evaluate whether the TRa1 and TRa2 mRNA decrease was the result of  
increased mRNA degradation or decreased TRa-promoter activity, pre-incubations 
with Actinomycin D, an inhibitor of  promoter activation, were performed. The 
IL-1b induced TRa1 and TRa2 mRNA decrease was abolished by pre-treating 
cells with 5 mg/ml Actinomycin D (figure 3A), suggesting that the TRa1 and TRa2 
mRNA decrease is the result of  decreased promoter activity. After incubation with 
Actinomycin D alone, TRa1 mRNA decrease was more severe than the TRa2 
mRNA decrease compared to the control. This indicates that TRa1 mRNA 
degrades faster than TRa2 mRNA. 
To see whether the TRa1 and TRa2 mRNA decrease was a direct or indirect 
effect of  IL-1b, control and IL-1b treated cells were pre-treated with 10 mg/
ml Cycloheximide, an inhibitor of  protein synthesis. After pre-treatment with 
Cycloheximide, IL-1b stimulation still induced a decrease of  TRa1 and TRa2 
mRNA compared to controls (figure 3B), indicating that the TRa1 and TRa2 
mRNA decrease is induced by IL-1b independently of  de novo protein-synthesis. 
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Figure 2. Relative expression of  TRa1 and TRa2 mRNA in HepG2 cells after 6 hours 
incubation with medium and 10 ng/ml IL-1b with or without 30 min pre-treatment with A) 
3 mM Sulfasalazine (Sulfa). B) 50 mM SP600125 (SP). C) 3 mM Sulfasalazine and 50 mM 
SP600125 simultaneous (Sulfa+SP). Mean values ± SEM (n=6) are shown. P values indicate 
differences between groups evaluated by Mann-Whitney U tests, * P≤0.05, ** P≤0.01.
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Discussion

Proinflammatory cytokines have differential effects on thyroid hormone metabolism 
(Wiersinga 2005) and are negatively related to serum T3 levels in NTIS patients 
(Boelen et al. 1993) (Boelen et al. 1995). In an animal model of  NTIS, decreased 
serum thyroid hormone levels were preceded by decreased TRb1 mRNA levels 
(Boelen et al. 2004b), indicating altered T3 responsiveness in the liver. In this study 
we showed that besides TRb1, liver TRa mRNA also decreased, TRa1 faster 
compared to TRa2 mRNA, resulting in lower TRa1 and TRa2 protein levels 24h 
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Figure 3. Relative expression of  TRa1 and TRa2 mRNA in HepG2 cells after 4 hours 
incubation with medium and 10 ng/ml IL-1b with or without 30 min pre-incubation with A) 5 
mg/ml Actinomycin D (ActD). B) 10 mg/ml Cycloheximide (Chx). Mean values ± SEM (n=6) 
are shown. P values indicate differences between groups evaluated by Mann-Whitney U tests, 
** P≤0.01
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after LPS administration. The difference in time-course of  the mRNA decrease 
might be of  physiological relevance. NTIS is thought to be an adaptive mechanism 
to downregulate thyroid hormone action during illness. Besides decreasing serum 
T3 levels this is also accomplished by decreasing the expression of  the functional 
receptor TRa1. The fact that TRa2 is slightly later downregulated might result in 
a further downregulation of  TRa1 signalling due to the inhibitory properties of  
TRa2 on TR-mediated transcription. Our results are in agreement with a study of  
Beigneux et al (Beigneux et al. 2003). 
Our study is the first that tries to get insight into the pathways and mechanisms 
involved in the LPS induced TRa mRNA decrease in mouse livers. To this end 
we have used a human hepatoma cell-line (HepG2) which has endogenous TRa 
mRNA expression and stimulated these cells with IL-1b. We preferred to use a 
cell-line expressing endogenous TRa1 and TRa2 mRNA, because we wanted 
to compare the in vivo and in vitro effects of  cytokines on TRa gene expression. 
Transfection of  the TRa gene does not give an adequate impression of  the cellular 
situation because of  the overexpression of  one specific gene.  Comparable with the 
in vivo situation after LPS administration, IL-1b stimulation of  HepG2 cells resulted 
in a rapid decrease of  TRa1 mRNA expression, whereas TRa2 mRNA expression 
decreased more slowly. The IL-1b induced decrease of  TRa1 and TRa2 in HepG2 
cells was attenuated compared to the LPS induced changes in vivo. This is probably 
because LPS administration induces a number of  cytokines (Boelen et al. 2004a) and 
therefore has more effect than IL-1b alone. Studies from Jakobs et al have shown 
that IL-1b is the most potent cytokine to induce decreased D1 mRNA expression 
in HepG2 cells in vitro, therefore we used this cytokine to perform our in vitro 
studies (Jakobs et al. 2002). Actinomycin D experiments showed that the observed 
difference in time-course of  the TRa1 and TRa2 mRNA decrease is probably due 
to a difference in mRNA stability rather than a change in splicing-direction. The 
difference in mRNA stability has been previously published (Lazar 1990).
In contrast to the IL-1b induced TRb1 mRNA decrease, the IL-1b induced TRa 
mRNA decrease is not solely mediated via the NFkB pathway. Only simultaneous 
inhibition of  NFkB and AP-1 abolished the TRa1 and TRa2 mRNA decrease in 
HepG2 cells, which is comparable with the IL-1b induced D1 mRNA decrease in 
HepG2 cells (Kwakkel et al. 2006). 
An interesting observation however, was that basal TRa1 mRNA levels were 
decreased by the NFkB inhibitor Sulfasalazine whereas the TRa2 mRNA levels 
were increased by the AP-1 inhibitor SP600125. This suggests that NFkB and AP-1 
might play a role in basal TRa1 and TRa2 mRNA expression respectively, possibly 
via influencing TRa splicing. Besides mediating the inflammatory response, both the 
AP-1 and NFkB pathway are known to be involved in development, cell proliferation 
and apoptosis (Nishina et al. 2004) (Raivich & Behrens 2006) (McDonald et al. 2006) 
(Baldwin 2001). Thyroid hormone is also involved in these physiological processes 
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(O’Shea & Williams 2002) (Su et al. 1999). It might be that AP-1 and NFkB are 
regulators of  thyroid hormone action during development, cell proliferation and 
apoptosis by influencing TRa1 and TRa2 expression.  
Inhibiting promoter activity with Actinomycin D abolished the IL-1b induced 
TRa1 and TRa2 mRNA decrease. From this experiment it can be concluded that 
the TRa mRNA decrease is not due to an increase in mRNA degradation, but to 
decreased TRa-gene promoter activity. Incubation with Cycloheximide, a protein 
synthesis inhibitor, showed that the IL-1b effect on the TRa promoter is a direct 
effect, independent of  de novo protein synthesis. Posttranslational modifications such 
as phosphorylation or sub-cellular re-localization of  proteins, thereby interfering 
with the TRa promoter, might play a role in the inhibitory effect of  IL-1b on TRa 
mRNA expression. 
The TRa promoter is very GC-rich and has several binding sites for Specificity 
protein (Sp)1, a ubiquitous transcriptional activator which binds a GC-rich sequence 
(Ishida et al. 1993). During activation of  NFkB and AP-1 by cytokines, multiple 
phosphorylation events take place (Palsson-McDermott & O'Neill 2004) (O'Neill 
2000). Although no direct relationship between NFkB and AP-1 activation and 
Sp1 activity has been shown, it is known that posttranslational modifications such 
as phosphorylation are important regulatory mechanisms of  Sp-1 transcriptional 
activity (Chu & Ferro 2005) and thus possibly influence TRa promoter activity. 
Other binding sites for transcription factors on the TRa promoter have been 
described,  such as Early-growth-response (Egr)-1 site (also known as Krox-24) 
(Laudet et al. 1993). Interestingly, Egr-1 is, like Sp1, a transcription factor that also 
binds a GC-rich sequence and is known to translocate to the nucleus within one 
hour upon LPS stimulation in Kupffer cells (Kishore et al. 2002) and in osteoblasts 
after IL-1b stimulation (Granet & Miossec 2004) and thereby possibly interfering 
with transcriptional activity of  GC-rich promoters like TRa. Sp1 mediated gene-
activation can be downregulated by Egr-1 by displacing Sp1 from the promoter, 
as shown by transfection studies in HepG2 cells (Thottassery et al. 1999). Thus, 
besides the possible direct inhibitory effect on Sp1 by phosphorylation resulting 
in decreased TRa promoter activity, the Egr-1 translocation and interference with 
Sp1 transcriptional activation might be another potential mechanism for the IL-1b-
induced decrease of  TRa promoter activity.  
In contrast to the IL-1b mediated TRa decrease, the IL-1b induced decrease of  
TRb1 mRNA is regulated via NFkB alone.  Transcriptional Element Search System 
(TESS) analysis showed that the TRb1 promoter, unlike the TRa promoter, does 
not have an Egr-1 binding site, suggesting different regulatory mechanisms of  both 
TR promoters during inflammation (Schug & Overton 1998).
TRa mRNA decreased promoter activity might also be due to competition for 
limiting amounts of  coactivators like Steroid Receptor Coactivator (SRC)-1 and 
CREB Binding Protein (CBP). These coactivators are also used by NFkB and 
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AP-1. This mechanism might be operative in the IL-1 induced decrease of  D1 
hepatocytes. Adding exogenous SRC-1 partially abolished the cytokine induced D1 
mRNA decrease in vitro (Yu & Koenig 2000). Recently this has been confirmed 
in vivo (Yu & Koenig 2006). Our study showed that the IL-1b induced effects on 
TRa mRNA expression were mediated via the same pathways as the IL-1b induced 
D1 mRNA decrease, namely via NFkB and AP-1, indicating that this non-specific 
mechanism might be involved in both the IL-1b induced D1 and TRa mRNA 
decrease. 
In conclusion, our experiments indicate that IL-1b decreases TRa1 and TRa2 
mRNA both in vivo and in vitro.  In vitro, the IL-1b induced TRa1 and TRa2 
mRNA decrease in HepG2 cells is the result of  decreased TRa promoter activity. 
This decreased promoter activity is independent of  de novo protein synthesis and 
therefore most likely due to posttranslational modifications such as phosphorylation 
or translocation of  proteins within the cell, which can only be abolished by 
simultaneous inhibition of  the inflammatory pathways NFkB and AP-1.
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Abstract 

In both human and animal studies, differential regulation of  muscle deiodinase 
expression during illness has been reported. As deiodinase expression is a 
determinant of  local T3 or 3,3’-T2 bioavailability, ultimately affecting metabolic 
state of  the muscle tissue, the observed changes in deiodinase expression during 
illness are physiologically relevant. Using the mouse myoblast cell line C2C12 we 
aimed to establish an in vitro model to unravel the cellular pathways underlying 
differential regulation of  deiodinase expression during illness. Activation of  the 
cAMP pathway in myoblasts resulted in an early increase of  D2 mRNA which was 
followed by D3 mRNA induction. Myotubes, which are differentiated myoblasts, 
stimulated with a cAMP activator also showed increased D2 mRNA expression, 
but D3 mRNA expression was decreased. Surprisingly, stimulation of  myoblasts 
and myotubes with inflammatory mediators, which are abundantly present during 
illness, did not result in any change in D2 or D3 mRNA expression. 
In conclusion: Activation of  the cAMP pathway in myoblasts results in increased 
D2 mRNA expression and a tendency towards increased D3 mRNA as observed 
in vivo during chronic inflammation. However, the results obtained with our in 
vitro model do not support a role for inflammatory signalling pathways in altered 
deiodinase expression observed during illness.
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Introduction 

The thyroid predominantly releases the prohormone thyroxine (T4), which can 
be metabolised by deiodinating enzymes via the inner- or outerring deiodination. 
Deiodinase Type 2 (D2) converts T4 into the active hormone triiodothyronine (T3) 
by outer ring deiodination.  D2 is present as an active dimer in the endoplasmic 
reticulum and is expressed in brain, pituitary, skeletal muscle, brown adipose tissue 
and placenta (1;2). Deiodinase type 3 (D3) is localized in the plasma-membrane 
and is considered as the main thyroid hormone inactivating enzyme as it converts 
T4 into the inactive metabolite rT3 and T3 into T2 by inner-ring deiodination. 
D3 is expressed in brain, placenta and plays an important role during embryonic 
development. With the exception of  the brain, D3 expression levels are very low in 
healthy mature tissues (3). Thyroid hormone metabolism in muscle tissue has been 
given a lot of  attention in recent years. Muscle D2 has been proposed to contribute 
to serum T3 levels (4), to regulate mitochondrial activity (5) and to be involved in 
metabolic processes (6). 
During illness, thyroid hormone metabolism changes; this is known as the non 
thyroidal illness syndrome (NTIS) and is reflected by alterations in serum thyroid 
hormone levels and deiodinase expression (7-9). During illness D2 mRNA and 
activity are upregulated in muscles of  intensive care unit (ICU) -patients compared 
to healthy controls (10). In contrast, a study of  Rodriguez-Perez et al reported 
decreased muscle D2 and increased muscle D3 expression in septic patients (11). 
Differential regulation of  muscle D2 and muscle D3 has also been observed 
in different animal models of  illness. After administration of  a bacterial toxin 
(Lipopolysaccharide, LPS) as a model for acute inflammation, muscle D2 increases, 
whereas muscle D3 decreases (12) (J. Kwakkel, submitted for publication). During 
chronic inflammation (turpentine model, (13)) D2 and D3 increase simultaneously. 
Finally, a severe bacterial infection with S.pneumoniae results in decreased D2 
expression while D3 remains unchanged (14). Thus, muscle deiodinase expression 
during illness changes in a differential way according to the type of  illness and type 
of  deiodinase studied.  
During inflammation, proinflammatory cytokines such as Interleukin (IL)-1, IL-6 
and Tumor Necrosis Factor (TNF)-a are released.  Proinflammatory cytokines 
exert their actions via Nuclear Factor (NF)kB , Extracellular-signal Related 
Kinase (ERK)1/2 and activator protein (AP)-1 signal transduction pathways. 
NFkB and AP-1 response elements have been characterized in the D2 promoter 
(15;16) suggesting that activation of  these pathways might result in changes in D2 
expression. 
Not much is known about the mechanism of  D3 induction during inflammation 
(13;17), although D3 can be stimulated via the ERK1/2 and p38 signalling pathway 
by 12-O-tetradecanoyl phorbol 13-acetate (TPA), basic fibroblast growth factor 



134

Chapter 8

(bFGF) and transforming growth factor (TGF)-b1 (18;19).  Furthermore, hypoxia 
has been associated with D3 upregulation probably via the activation of  hypoxia 
inducible factor (HIF)-1a (20). 
During chronic inflammation, activation of  the cAMP pathway was associated with 
an increase of  muscle D2 mRNA and activity (14). D2 mRNA might be upregulated 
via the CREB responsive element present in the D2 promoter (21). 
However, it is presently unclear which regulatory mechanism is responsible for the 
changes in muscle D2 and D3 expression observed during illness. Therefore, the 
aim of  this study is to develop an in vitro model using the murine myoblast cell line 
C2C12 to unravel the cellular signalling pathways responsible for the alterations in 
muscle D2 and D3 during illness.
As C2C12 cells are able to differentiate into myotubes, resembling ‘adult’ muscle 
tissue, studies in both myoblasts and myotubes were performed. Myoblasts and 
myotubes were stimulated with Il-1b, LPS, forskolin (FSK) or “cytokine-mix”. 
We used the human monocyte celline THP-1 as a source to harvest cytokines 
(“cytokine-mix”) upon LPS stimulation.

Materials & Methods

Cell cultures
The mouse myoblast cell line C2C12 (Sigma, St. Louis, MO, USA) was cultured 
in growth medium (DMEM with 4.5 g/L glucose and L-glutamine, supplemented 
with 10 U/ml of  penicillin, streptomycin, fungizone and 5% heat-inactivated 
Fetal Bovine Serum (all from Lonza, Basel, Switzerland)). To differentiate C2C12 
myoblasts to myotubes, cells were incubated for 5 days with 2% heat-inactivated 
horse serum (GIBCO) in  DMEM with 4.5 g/L glucose and L-glutamine, 
supplemented with 10 U/ml of  penicillin, streptomycin, fungizone. Differentiation 
medium was refreshed daily (22;23). 
For RNA isolation experiments 1*105 C2C12 myoblasts per well were grown for 24 
hours.  For differentiation, 1*106 myoblasts were grown until confluent in a 6-well 
plate; subsequently differentiation medium was added for 5 days to form myotubes 
followed by growth medium for 24h before experimental treatment. 
For D2 activity experiments myoblasts were grown in 75 cm2 flasks until 80-90% 
confluence.
Cells were stimulated with 10 ng/ml rhIL-1b, 10 ng/ml LPS (E.Coli O127:B8) or 
50mM Forskolin (FSK) (all from Sigma, St. Louis, MO, USA). FSK was dissolved in 
DMSO, which may influence gene expression; therefore DMSO was added to the 
control cells in the FSK experiments. 
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Cytokine-mix
Human monocyte celline THP-1 was grown in RPMI with 10% FBS, 1% PSF, 
10 mM HEPES, 1 mM sodium pyruvate, 2.5 g/L glucose, 0.05 mM b-mercapto-
ethanol to a concentration of  approximately 5*105 cells/ml. LPS was added to a 
final concentration of  200 ng/ml. After 24h, cells were centrifuged (7min, 500rpm) 
and supernatant was collected and frozen at -80. Control medium was also frozen. 
The supernatant was assayed for IL-6, TNFa, IL-12, IFNg and IL-5 and contained 
613 pg/ml IL-6 and 773 pg/ml TNFa. No IL-12, IFNg and IL-5 could be detected. 
THP-1 supernatant is used in several experiments and referred to as cytokine-mix. 

RNA isolation and RT-PCR
For RNA isolation cells were washed with PBS and subsequently lysed in 250 ml 
lysis buffer from the Magna Pure LC RNA Isolation kit-High Performance (Roche 
Molecular Biochemicals, Mannheim, Germany) using the Magna Pure (Roche 
Molecular Biochemicals, Mannheim, Germany) and the protocol and buffers 
supplied with the corresponding kit. RNA amounts were measured using the 
Nanodrop (Nanodrop, Wilmington, Delaware USA) to be able to perform cDNA 
synthesis with equal RNA-input. cDNAsynthesis was performed using the First 
Strand cDNA Synthesis Kit for RT-PCR with oligo d(T) primers (Roche Molecular 
Biochemicals, Mannheim, Germany). Real Time PCR was performed using the 
Lightcycler480 and Lightcycler480SybrGreen I Master mix (Roche Molecular 
Biochemicals, Mannheim, Germany). Primer pairs for mouse hypoxanthine 
phosphoribosyl transferase (HPRT), D2, D3 and IL-6 have been  previously 
described  (12;24-26). 
Quantification was performed using the LinReg software (27). The mean of  the 
efficiency was calculated for each assay, samples that had a greater difference than 
0.05 of  the efficiency mean value, were not taken into account (0-5%).  

Deiodinase activity
Deiodinase activity was measured as previously described (14) with some 
modifications. Cells were washed in PBS and centrifuged for 7 min at 500 rpm, 
4 C. Pellets were taken up in 250 ml PED50 buffer (0.1M sodium phosphate, 2 
mM EDTA pH 7.2, 50 mM DTT). Samples were shortly homogenized using a 
Polytron (Kinematica, Luzern, Switzerland) and used immediately. D2 activity was 
measured in duplicate, using 75 ml (appr. 70 mg protein) homogenate incubated 
3 hours at 37ºC in a final volume of  0.15ml with 1 nM T4 or 1 mM T4 with the 
addition of  approximately 1*105cpm [3`5`-125I]T4  and 500 nM T3 to inhibit D3 
activity in PE/0.5% BSA. Incubation with 1 mM T4 saturates D2, therefore D2 
activity measured with the incubation with 1nM T4 minus the incubation with 1 
mM T4 represents true D2 activity. D2 activity was expressed as fmol generated 
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T3 per minute per mg protein. D3 activity was measured in duplicate, using 75 ml 
homogenate (appr. 70 mg protein) incubated 3 hours at 37ºC in a final volume of  
0.15ml with 1 nM T3 or 1 mM T3 with the addition of  approximately 1*105cpm 
[3`5`-125I]T3  in PE. Incubation with 1 mM T3 saturates D3, therefore D3 activity 
measured with the incubation with 1nM T3 minus the incubation with 1 mM T3 
represents true D3 activity. D3 activity was expressed as fmol generated T2 per 
minute per mg protein. 

Western Blotting
Proteins were isolated when cells were 80-90% confluent. PBS was added and 
the cells were scraped. After centrifugation (7 minutes, 500 rpm, brake 4), 500 µl 
protein buffer (50 mM NaPhosphate, 1 mM EDTA, 125 mM sucrose, 5% glycerol, 
1 mM PMSF, 1x complete, 2 mM Na3VO4 en 20 mM NaF) was added to pellet. 
Protein content was measured and 1.2 mg was loaded on a 10% SDS-PAGE gel. 
Gels were blotted on Immobilon-P transfer membrane (Millipore, Bedford, MA, 
USA). Blots were blocked with 3% casein in TBS/T, for 1h at room temperature 
(RT). Primary antibodies were anti-Desmin 1:200 diluted (E-20, sc-34201) and anti-
Actin 1:5000 diluted (I-19, sc 1616) (both from Santa Cruz Technology). Primary 
antibodies were incubated for 1h at RT followed by an overnight incubation at 4ºC. 
Blots were washed 3 times 5 min with TBS/T. Secondary antibodies were incubated 
for 1h incubation at RT (goat-anti-rabbit-HRP goat-anti-rabbit-HRP 1:1000 
diluted (#7074, Cell Signaling Technology) for Desmin and rabbit-anit-goat-HRP 
1:20.000 diluted (P0449 DAKO) for Actin), subsequently blots were washed again 
and detected with Lumi-Lightplus chemiluminescent substrate (Roche Molecular 
Biochemicals). The emitted light was visualized and quantified on the Lumi-Imager 
(Roche Molecular Biochemicals). 

Statistics 
Normal distribution of  the data was tested using the Shapiro-Wilk test. For time-
course experiments statistical significance between treatments was evaluated 
using two-way ANOVA with two grouping factors (time and treatment). P-values 
in the figures represent the significant effect of  the treatment. To test pair-wise 
comparisons students t-test or Mann-Whitney U tests was performed. Symbols 
in the figures represent the pair-wise P-values. P-values < 0.05 were considered 
statistically significant. ANOVA and Mann-Whitney U tests were performed using 
SPSS (SPSS, Chicago, IL, USA) and students t-tests were performed in Excel 
(Microsoft).
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Results

Inflammatory stimulation of  myoblasts 
Unstimulated myoblasts express D2 mRNA and low levels of  D3 mRNA. 
Stimulation of  the myoblasts with LPS, IL-1b or cytokine-mix induced an 
inflammatory response reflected by induction of  IL-6 mRNA expression (P<0.01, 
fig 1). However, stimulation of  the myoblasts with LPS or IL-1b for 3 and 6h did 
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Figure 1. Relative IL-6 mRNA expression in muscle C2C12 myoblasts A) after 6h of  control, 
IL-1b and LPS stimulation; B) after 6h of  control and cytokine-mix (C-mix) for 6 hours. Mean 
values ± SEM (n=6) are shown. ** P<0.01 by Mann-Whitney U test.

not result in alterations in basal D2 and D3 mRNA expression (fig 2A).  Stimulation 
with cytokine-mix for 6 hours did not change D2 mRNA expression either (fig2B), 
while D3 mRNA could not be detected. No D2 or D3 activity could be detected 
in unstimulated myoblasts or after 2h or 24h of  stimulation with IL-1b (data not 
shown). 
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Figure 2. A) Relative D2 and D3 mRNA expression in muscle C2C12 myoblasts after 6h 
of  control, IL-1b and LPS stimulation; B) Relative D2 mRNA expression in muscle C2C12 
myoblasts after 6h of  control and cytokine-mix (C-mix) for 6 hours. Mean values ± SEM (n=6) 
are shown.
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Activation of  cAMP pathway in myoblasts.
Stimulation with the cAMP activator Forskolin (FSK) increased D2 mRNA 
expression from 2 until at least 8h after stimulation (P<0.01). D3 mRNA started 
to increase after 8h of  FSK stimulation (fig3).  After 16h of  FSK stimulation D2 
did not change and D3 was undetectable in control and FSK treated cells (data not 
shown). No D2 or D3 activity could be detected in controls or after 2h or 24h of  
stimulation with FSK using approximately 70 mg of  protein (data not shown). 

Inflammatory stimulation and activation of  cAMP pathway in myotubes.
After 5-7 days of  differentiation the majority of  myoblasts were differentiated into 
myotubes (fig4). However, no changes in desmin protein expression (a marker for 
differentiation) was observed (data not shown). Because IL-1b was most potent in 
upregulation of  IL-6 mRNA in myoblasts, myotubes were stimulated with IL-1b for 
6h which resulted in increased IL-6 mRNA expression (P<0.01) (data not shown). 
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Figure 3.  Relative D2 and D3 mRNA expression in muscle C2C12 myoblasts after 0, 2, 4, 6 
and 8h of  control (□) and Forskolin (●) stimulation.  Mean values ± SEM (n=3/4) are shown. P 
values indicate significant difference between treatments by ANOVA, * P<0.05 and ** P<0.01 
by Students t-test.

Figure 4. Morphological characterization of  C2C12 differentiation. Phasecontrast microscopy 
of  myotube formation of  C2C12 cells grown in differentiation medium: A) Numerous small, 
undifferentiated myoblasts 2 days after differentiation. B) After 4 days of  differentiation many 
cells have fused, resulting in decreased cell number and slightly enlarged cytoplasm of  myotubes. 
C) After 7 days of  differentiation no clear difference was observed compared to 4 days.
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D2 or D3 mRNA expression did not change (fig 5A) upon IL-1β stimulation. 
However, D2 mRNA increased (P=0.06) and D3 mRNA decreased (P<0.05) after 
6h of  FSK stimulation (fig5B). 

Discussion

In both human and animal studies, differential regulation of  muscle deiodinase 
expression has been reported (10;11;14) (J. Kwakkel, in press Endocrinology). The 
differences in regulation of  muscle deiodinases probably results in differences in 
local T3 or 3,3’-T2 availability which might ultimately lead to a different metabolic 
state of  the muscle tissue making the observed changes in deiodinase expression 
during illness physiologically relevant. Using the mouse myoblast cell line C2C12 we 
aimed to establish an in vitro model to unravel the cellular pathways that lead to these 
different thyroid hormone metabolizing states during illness.  In agreement with 
our animal studies (12;14) (J.Kwakkel, submitted for publication) and in vitro studies 
from other groups (6) basal muscle D2 and D3 activity could not be detected. 
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Figure 5. Relative D2 and D3 mRNA expression in muscle C2C12 myotubes after 5 days 
differentiation medium followed by 24h of  growth medium A) after 6h of  control and IL-1b 
stimulation; B) after 6h of  control and FSK stimulation.  Mean values ± SEM (n=6) are shown, 
* P<0.05 by Students t-test.
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Furthermore, D3 mRNA expression was very low and in some experiments 
undetectable. We found a difference in the response to FSK stimulation between 
myoblasts and myotubes, but at this moment it is unclear whether this is due to a 
non-optimal differentiation protocol or due to the differences in cellular properties 
between the myoblasts and myotubes. Differentiation of  C2C12 myoblasts by 
using a low concentration (horse) serum is a commonly used protocol (28). We 
differentiated C2C12 myoblasts using 2% horse serum and differentiation could 
be microscopically confirmed. However, the differentiation marker desmin was 
not upregulated in the myotubes, indicating that the differentiation might not be 
optimal. The differentiation might be optimized by replacing the horse serum with 
the serum substitute Ultroser G, which leads to a higher maturation grade of  the 
myotubes (28;29).
During chronic inflammation simultaneous upregulation of  muscle D2 and D3 
coincided with muscular activation of  the cAMP pathway (14). Activation of  the 
cAMP pathway by Forskolin (FSK) in C2C12 myoblasts resulted in a rapid increase 
of  D2 mRNA, which is in agreement with studies in human cultured skeletal 
muscle cells and the observed in vivo increase (6;14;30). D3 mRNA however only 
tended to increase after 8h of  FSK stimulation, which might indicate that it is a 
secondary effect to the D2 mRNA increase. After differentiation into myotubes, 
FSK stimulation resulted in an increase of  D2 mRNA and a decrease of  D3 mRNA. 
The upregulation of  D2 with the simultaneous downregulation of  D3 is similar to 
the effects of  LPS administration on muscle deiodinase expression. However, no 
phosphorylated CREB could be detected in muscle tissue, 4, 8 and 24 h after LPS 
administration (J. Kwakkel, unpublished data). 
Cytokines and activation of  the inflammatory pathways have been implicated 
in upregulation of  D2 during illness in the hypothalamus and pituitary (31;32). 
Therefore, we stimulated myoblasts and myotubes with IL-1b, LPS or a mix of  
cytokines, as it is known that cytokines can have a synergistic effect (33). Surprisingly, 
stimulation of  myoblasts and myotubes with inflammatory mediators did not result 
in any changes in D2 or D3 mRNA expression, while IL-6 mRNA was upregulated, 
indicating that the inflammatory stimuli did elicit an inflammatory response. From 
these experiments we concluded that activation of  the inflammatory pathways 
alone does not lead to changes in D2 and D3 mRNA expression as observed during 
illness, implicating the involvement of  other factors. 
A possible mechanism might be via the Peroxisome-Proliferator Activated Receptor 
(PPAR)g, as it is known that stimulation of  primary murine myotubes with 
Pioglitazone (an exogenous PPARg-ligand) results in increased D2 and decreased 
D3 activity simultaneously (6) as observed after LPS administration in mice. 
Endogenous ligands for the PPARg are nitrated-free fatty acids (FFA’s) (34), which 
are made by the addition of  a nitric oxide group to FFA’s. Nitric oxide is formed 
via the upregulation of  inducible Nitric Oxide Synthase (iNOS), which is present in 
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muscle after LPS injection (35). Although it is known that PPARg decreases in liver 
after LPS (36), in kidney PPARg mRNA does not change after LPS administration 
(37) and it is currently unknown whether PPARg expression in muscle is affected 
during inflammation. 
Other factors that might play a role in regulation of  deiodinases in vivo are 1) 
thyroid hormone levels (2;38;39) and 2) illness induced reduced food intake 
(14;40). However, no consistent correlation between serum thyroid hormones 
and deiodinase expression was found in vivo (14).  Furthermore, evaluating serum 
thyroid hormone levels and fasting is difficult to translate into an in vitro setting, 
since serum thyroid hormones and its binding proteins are present in the culture 
medium. Moreover, starvation of  cells is done by removing the serum from the 
medium, which does not represent the in vivo situation during starvation.  
In conclusion: We observed increased D2 mRNA expression and a tendency 
towards increased D3 mRNA after activation of  the cAMP pathway in myoblasts, 
which resembles the alterations during chronic inflammation. However, using 
myotubes different deiodinase mRNA expression levels were observed, i.e., 
increased D2 and decreased D3. Although myotubes are the preferable cell type, 
a deleterious effect of  the artificial differentiation protocol cannot be excluded at 
this moment. In contrast to what was expected, the results obtained with our in 
vitro model do not support a role for the inflammatory signalling pathways in the 
changes in deiodinase expression observed during illness, but partly support the 
role of  cAMP in this respect. 
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9 General discussion

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 by 
using both in vivo and in vitro models. Although altered TH secretion, transport and 
clearance are known to contribute to NTIS (1), in this thesis we have focused on the 
role of  cytokines, TRs and deiodinases during NTIS.

9.1 Hypothalamus
In animal models of  NTIS, the observed changes in hypothalamic thyroid hormone 
metabolism are remarkably similar. D2 expression increased (chapter 2) (2-4), 
specifically in the tanycytes lining the third ventricle (5;7), while D3 expression 
decreased in the periventricular area (PE) after LPS administration (4) and during 
turpentine induced chronic inflammation (2). The change in D3 expression 
was not observed when the hypothalamus was processed entirely in critically ill 
rabbits (7). As proposed by Lechan (8) and Fliers (9), the local upregulation of  
D2 and downregulation of  D3 during illness probably results in increased local T3 
production, which subsequently leads to decreased TRH expression in the PE as 
observed during illness in animals and in humans (2-5;7;10). At variance with this 
hypothesis, hypothalamic T3 content was unchanged in critically ill rabbits despite 
increased D2 mRNA expression (7), but this might be due to the fact that changes in 
D2 and TRH expression occur in discrete hypothalamic areas including the PE and 
PVN, whereas the whole hypothalamus was processed for measuring T3 contents 
in the study reported by Mebis et al. 
Hypothalamic TR mRNA expression did not change during illness (chapter 2) (7), 
but specific TR expression in the tanycytes or PE has not been evaluated during 
illness to date. As the increase of  D2 and the decrease of  D3 were more pronounced 
and the decrease of  TRH was less pronounced in TRb-/- mice (4), the TRb appears 
to play a regulatory role in these changes. 
The proposed mechanism of  TRH suppression during illness is reminiscent of  
the TRH-suppression during fasting. Inhibition of  fasting-induced D2 activity 
in the ARC blunts the fasting-induced TRH mRNA decline (11). In contrast to 
the fasting-induced upregulation of  D2 which is related to the interplay between 
decreased serum leptin and increased serum corticosterone (12), the mechanism 
behind the hypothalamic D2 increase during illness is unclear at the moment. It 
has been reported that the hypothalamic D2 upregulation after LPS is independent 
of  the decreased serum TH levels in rats (13). D2 might be upregulated during 
inflammation via activation of  the NFkB pathway, as the D2 promoter contains 
NFkB responsive elements (5;14). However, as evident from longitudinal studies, 
hypothalamic D2 activation precedes hypothalamic NFkB upregulation, arguing 
against this notion (E. Sanchez et al., abstract Endocrine Society, 2007). 
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9.2 Pituitary
One of  the hallmarks of  NTIS is the unresponsiveness of  the pituitary to the low 
serum thyroid hormone levels, which means that the regular feedback mechanism 
of  the HPT axis is disturbed during illness (1). 
Indeed, during illness, decreased TSHb mRNA or decreased serum TSH levels are 
observed in all studied animal models of  NTIS (chapter 2) (2;4;7;15) (S.pneumoniae 
model: J. Kwakkel, unpublished data).
Both D1 and D2 are expressed in the anterior pituitary. The negative feedback of  
thyroid hormone on pituitary TSH has been proposed to be regulated via local 
D2-mediated conversion of  T4 into T3, which is subsequently bound by the TRs, 
resulting in repression of  the TSHb gene (16).
The crucial role of  pituitary D2 in TSH regulation is supported by the disturbed 
thyroid hormone-TSH feedback mechanism is D2- knockout mice (17). It is 
tempting to speculate that the observed downregulation of  TSHb during illness 
might be similar to the hypothalamic TRH repression during illness, resulting from 
increased D2 expression. However, in contrast to hypothalamic D2, pituitary D2 

Figure 1. Proposed model for illness-induced changes in thyroid hormone metabolism in the 
hypothalamic periventricular region. The 3rd ventricle (III) is shown in the middle, with on the 
left side the basal situation and on the right side the situation during inflammation: During 
inflammation D2 activity increases in the tanycytes lining the 3rd ventricle wall, while D3 activity 
decreases, presumably resulting in increased local T3 concentrations, which ultimately lead to 
repression of  the TRH gene in the PVN via TRb.
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expression varies during illness, depending on genetic background or type of  illness 
(chapter 2) (4;5;15;18;19). Experiments in cytokine knock-out mice have shown that 
both the increase and decrease of  D2 during illness is cytokine-independent (18;19).
In addition, we observed decreased TSHb mRNA expression after LPS 
administration in mice despite decreased D2 expression (chapter 2) (S. pneumoniae: J. 
Kwakkel, unpublished results). These observations exclude D2 as a contributor to 
altered TSH expression during illness, which is supported by a study of  Wassen et al, 
who reported that the cytokine-induced TSH decrease was independent of  nuclear 
T3 binding in a primary culture of  anterior pituitary cells (20).
A possible mechanism of  decreased pituitary TSH expression might be decreased 
pituitary TR expression during illness as we have reported in chapter 2. This is 
consistent with the less pronounced TSHb decrease in TRb-/- mice (4). However, 
more studies on TR expression and the mechanism of  ligand-independent gene 
activation are needed. Alternatively, in vivo TSH suppression during illness might 
also be the result of  decreased TRH release, as TRH is a strong regulator of  TSH 
both on pre- and posttranscriptional level (21) and TRH mRNA expression is 
reduced in the PVN during illness (2-4;7;10). Alternatively, hypothalamic increase 
of  D2 during illness might result in extra T3-release in the portal capillary system 
which might exert direct effects of  TSH expression (22). 
Pituitary D2 expression after LPS administration in rats increases, whereas in 
T4-clamped LPS-treated rats D2 expression decreases, indicating that the inhibitory 
effect of  LPS on pituitary D2 expression is overridden by the stimulatory effect of  
the decreased serum TH levels after LPS administration (13). 
The LPS-induced decrease of  D1 is solely dependent on pro-inflammatory cytokines, 
as pituitary D1 decrease was abolished in mice devoid of  IL-12, IL-18 and the 
IFNgR (18;19), but not in TRb-/- mice (4). However, the function of  pituitary D1, 
and the possible contribution of  D1 to TSHb expression remains to be elucidated. 

9.3 Thyroid 
Thyroidal TSH-R and D1 mRNA expression appeared to decrease after LPS 
administration in mice, while thyroidal TRa1, TRa2 and TRb1 mRNA expression 
did not change (chapters 2 and 5). Decreased thyroidal release of  131I during 
pneumococcal infection was observed in mice and rats. However, although 131I 
uptake was decreased in rats during pneumococcal infection, in mice no difference 
was observed (23). These effects might be due to decreased stimulation of  the 
thyroid by TSH, as serum TSH and thyroidal TSHR levels decrease during illness. 
However, our results in chapter 2 showed that acute alterations occur simultaneously 
in pituitary and thyroid indicating that other mechanism play a role in the early 
effects on the thyroid. This is supported by a study of  De Jongh et al, who observed 
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reduced thyroid weight in chronically ill patients (>3 months), but not in a group of  
ICU patients with acute or subacute disease (24). 
The effects of  pro-inflammatory cytokines (IL-1, IL-6 and TNFa) on thyrocytes 
have been studied extensively in vitro and are reported to decrease Tg synthesis 
(25;26), D1 (27;28), D2 (29) and TPO (30)expression, 125I incorporation (31) and 
T3 release (31). It has been shown that altered mRNA stability and competitive 
inhibitors contribute to decreased thyroidal D1 activity during illness (32). It is 
however unknown which signal transduction pathways are involved. Based on 
these in vitro studies, we conclude that the early decrease of  TH secretion might 
be primarily cytokine mediated. Surprisingly, in chapter 5 we observed that the 
decrease of  serum TH was attenuated in TRa0/0 mice, suggesting involvement 
of  TRa in the illness-induced alterations in either TH secretion or TH clearance. 
However, as thyroidal TRa1 and TRa2 mRNA expression did not change upon 
LPS administration and no aberrant thyroidal histological phenotype has been 
reported for TRa0/0 mice, the involvement of  TRa in TH secretion seems unlikely. 

9.4 Liver
The liver is an important organ during illness, as it orchestrates the production of  
acute phase proteins (APPs). Liver is also an important target organ for TH as TH 
influences liver glucose and lipid metabolism and mitochondrial activity. In liver 
TRb1, TRa1 and TRa2 isoforms are abundantly expressed, and it is reported that 
approximately 60% of  liver T3-regulated genes are TRb-dependent (33). D1 and 
D3 are both expressed in liver, although D3 is expressed at very low levels during 
normal circumstances. As D1 is a T3-regulated gene (34;35), we evaluated not only 
deiodinase expression, but also liver TR expression during illness. 

D1: During illness, liver D1 expression decreases and it is generally thought that 
the D1-decrease contributes significantly to the low serum T3 levels observed 
during illness. Indeed, in chapter 2 we observed decreased liver D1 expression after 
LPS administration, followed by decreased serum T3 levels (chapter 2). Liver D1 
regulation is assumed to be primarily driven via the TRb (36;37), but to our surprise 
we observed that during illness the downregulation of  D1 is partly mediated via 
TRa, not via TRb (chapters 4 and 5).   
These in vivo results are supported by our in vitro studies in HepG2 cells described in 
chapter 6 and 7. The IL-1b-induced decrease of  TRb mRNA was mediated by the 
NFkB pathway solely, while the IL-1b-induced decrease of  D1 and TRa mRNA 
was abolished by simultaneous inhibition of  NFkB and AP-1. The cytokine-
induced D1 decrease is due to inhibition of  D1-promoter activity (38), which we 
now assume to be partly mediated via TRa.  
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As the D1-gene is activated via a TR/RXR heterodimer, decreased D1 expression 
might also be due to decreased nuclear RXRa protein. Nuclear RXR protein 
decreases after LPS administration, due to rapid nuclear export via JNK-
phosphorylation and subsequent proteasomal degradation (39-41). However, since 
the IL-1b-induced decrease of  D1 mRNA was not prevented by inhibition of  JNK 
alone as demonstrated in chapter 6, we postulate that decreased RXR expression 
is not predominantly involved in the D1 mRNA decrease observed during illness. 
Another mechanism has been proposed by Yu et al, who have shown both in vivo 
and in vitro that adding exogenous co-activator SRC-1 attenuated the illness-induced 
liver D1 decrease (42;43). These studies indicate that competition for limiting 
amounts of  SRC-1, which is a shared coactivator for both TR and inflammatory 
signaling pathways, is one of  the mechanisms involved in the illness-induced 
D1 decrease. Moreover, restoration of  liver D1 expression by exogenous SRC-1 
prevented the development of  NTIS after LPS administration, pointing to liver D1 
as a sole contributor to decreased serum T3 levels after LPS administration (43). 
In contrast, in the burn-injury rabbit model of  prolonged illness the D1 decrease 
might be mediated via decreased T3 levels, as liver D1 is associated with serum T3 
levels and infusion of  T4 and T3 abolishes the liver D1 decrease (44). The role of  
T3 in the illness induced D1 decrease remains controversial, as we have observed 
LPS-induced liver D1 decrease to be preceded by serum T3 decrease (chapter 2) and 
the opposite as shown in chapter 4. 

D3: Increased liver D3 expression has also been postulated as a possible contributor 
to decreased serum T3 levels during prolonged critical illness in humans (44;45). 
The D3 increase is proposed to be due to tissue hypoxia (45), mediated via the 
transcription factor hypoxia inducible factor (HIF)-1a (46). 
Surprisingly however, we observed decreased liver D3 expression after LPS 
administration and during turpentine-induced chronic inflammation (47). In chapter 
5 we reported that the LPS induced liver D3 decrease was abolished in TRb-/- mice 
and aggravated in TRa0/0 mice. Because TRa0/0 mice have more sensitive TRb 
signaling (37), our results indicate that the LPS-induced D3 decrease is mediated via 
TRb. More importantly, serum TH levels were not different between TRb-/- and 
WT mice, suggesting that decreased liver D3 does not contribute to changes in 
serum TH hormone levels after LPS administration. This is supported by a recent 
study in D3KO mice, wherein we reported a similar decrease of  serum TH levels in 
S. pneumoniae infected D3KO mice compared to WT mice (48). 

TRs: Liver TRa1, TRa2 and TRb1 mRNA mRNA decreased rapidly upon LPS 
administration (chapters 2 and 7) (49), followed by decreased nuclear TR protein 
expression 16h after LPS administration (49). In chapter 7 we reported that 
the IL-1b-induced decrease of  TRa1 and TRa2 is a direct effect of  decreased 
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promoter activity. The exact mechanism remains unknown, but might involve 
phosphorylation-dependent repression of  the TRa promoter. In contrast to TRa, 
the IL-1b-induced decrease of  TRb1 is mediated via the NFkB pathway solely 
and is partly due to decreased promoter activity and decreased mRNA stability 
(J. Kwakkel,unpublished data). In silico analysis (50) revealed the presence of  three 

Figure 2. Schematic representation of  the proposed mechanisms behind altered liver D1 and 
acute phase protein (APP) mRNA expression during acute illness.
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NFkB responsive elements in the TRb-promoter, which might be involved in the 
NFkB dependent repression of  the TRb gene. 

9.5 Skeletal muscle
As it had been reported that skeletal muscle D2 is involved in the peripheral 
production of  T3 under normal circumstances (51), we evaluated in chapter 3 and 
4 whether decreased muscle D2 expression contributes to the low serum T3 levels 
observed during illness. In contrast to our hypothesis, we observed increased muscle 
D2 expression after LPS administration and during turpentine induced chronic 
inflammation (chapters 3 and 4). The illness-induced increase of  muscle D2 is in 
line with increased D2 expression observed in skeletal muscle of  ICU patients (52) 
and suggests that muscle D2 might be more important in local T3 generation rather 
than contributing to serum T3 levels. 
During S.pneumoniae infection however, muscle D2 expression decreased, which 
corresponds with previously reported D2 decrease in muscle tissue of  septic 
patients (53). We cannot exclude the effect of  fasting in decreased D2 expression 
during illness, as D2 expression decreased after fasting in healthy humans (54). 
In addition, D2 mRNA expression also decreased in the pair-fed controls of  the 
chronically inflamed mice (chapter 3). 
We also evaluated muscle D3 expression in different animal models of  illness. 
After LPS administration D3 expression decreased (chapter 5), whereas during 
S.pneumoniae infection D3 expression was unchanged (chapter 3). Unexpectedly, 
during turpentine induced chronic inflammation D3 expression increased 
simultaneous with D2 expression (chapter 3). Although increased D3 expression 
had been previously reported (53), the simultaneous increase of  D2 and D3 in the 
same tissue had not been reported before. The differential regulation of  muscle D2 
and D3 expression theoretically will have a different outcome with regard to local 
T3 and T2 concentrations as depicted schematically in figure 3. Both T3 and T2 are 
known to be regulators of  metabolic state (55;56). We hypothesize that differential 
regulation of  deiodinase expression during illness might be relevant for regulating 
changes in muscle metabolic state during different stages of  disease. 

We conclude that changes in muscle deiodinase expression are dependent on type 
and severity of  illness and are likely regulated via different mechanisms. In chapter 
3 we associated D2 expression in muscle during illness with known D2-regulating 
factors. We found no overall association with serum thyroid hormone levels or 
D2-ubiquitinating factors. However, activation of  the cAMP pathway coincided with 
the simultaneous induction of  D2 and D3 in muscle tissue of  chronically inflamed 
mice, which has been confirmed by in vitro experiments as described in chapter 8. 
We did not observe a consistent association with proinflammatory cytokines or 
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the activation of  inflammatory pathways (chapter 3). This is supported by our in 
vitro observation that stimulation of  myoblasts and myotubes with inflammatory 
mediators like cytokines or LPS did not alter D2 or D3 expression (chapter 8). 

The LPS-induced decrease of  muscle D3 was less pronounced in TRa0/0 mice, 
indicating involvement of  TRa or serum thyroid hormone levels, which decrease to 
a lesser extent in TRa0/0 after LPS administration. The regulation of  muscle D3 via 
TRa is supported by lower basal muscle D3 levels in TRa0/0 mice but at variance 
with the observation that TRa expression decreased only in the forelimb tissue upon 
LPS administration, while the effects on D3 are in both fore- and hindlimb muscle 
(chapter 5). In contrast, the LPS-induced increase of  D2 was more pronounced in 
TRb-/- mice (chapter 4), suggesting that TRb partly suppresses D2 induction during 
illness. However, we observed no differences in the TRa0/0 mice (chapter 5), which 
have a more sensitive nuclear TRb signalling (37). This phenomenon might be due to 
the either the low expression level of  TRb in muscle tissue or a non-genomic action 
of  TRb; alternatively, it might a secondary effect to the deletion of  the TRb gene. 

Figure 3. Schematic representation 
of  the alterations in muscle deiodinase 
expression in acute inflammation (LPS 
administration, upper panel), chronic 
inflammation (turpentine induced 
abscess, middle panel) and severe bacterial 
infection (S.pneumoniae infection, lower 
panel). On the left side the observed 
alterations in deiodinase expression, on 
the right side the theoretical net result on 
local T3 and T2 concentrations. 
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9.6 Concluding remarks
In this thesis we aimed to gain insight in the molecular changes in thyroid hormone 
metabolism during illness, focussing on TRs and deiodinases. We showed that 
these changes largely depend on type and severity of  illness. The illness-induced 
changes in the hypothalamus were similar in all animal models of  illness studied, 
whereas changes in pituitary and peripheral tissues appeared to differ between 
various experimental animal models. Furthermore, the acute changes occurred 
simultaneously in a variety of  organs and therefore appear to be independent of  
each other. 
Cytokines and the activation of  the inflammatory pathways play an important 
role in the illness-induced changes observed in liver. From our studies in mice 
devoid of  TRs we conclude that the changes in the central part of  the HPT-axis 
are predominantly mediated via TRb, whereas the peripheral changes in serum, 
liver and muscle appear to be partly dependent on TRa, with the exception of  the 
illness-induced liver D3 decrease, which is regulated via TRb (figure 4). Ending up 
with a variety of  mechanisms that might be involved in altered TH metabolism, the 
question remains how serum thyroid hormone levels decrease during illness.
As mice devoid of  deiodinases display no differences in basal serum T3 levels, the 
contribution of  illness-induced changes in deiodinase expression to serum TH 
levels is presently unclear. 
Decreased release of  TH from the thyroid and/or increased TH-clearance might be 
more important than altered deiodinase activities in the rapid decrease in serum TH 
levels during illness and needs to be studied further in the future.
Although the contribution of  the thyroid gland in serum T3 production differs 
between humans and rodents (20% in humans versus 50% in rodents), suggestive 
of  a more prominent role for the deiodinases in humans compared to rodents, our 
results obtained in experimental models are largely in agreement with the limited 
amount of  results obtained in human tissues.   
The role of  thyroid hormone transporters during illness has not been taken into 
account in this thesis. Thyroid hormone transport is an important factor in thyroid 
hormone metabolism and is known to be reduced by serum-factors of  NTIS 
patients in vitro in hepatocytes (57). In critically ill rabbits, liver MCT8 and muscle 
MCT10 expression are upregulated presumably as a compensatory mechanism 
for the low serum TH levels (58). However, in a study in post-mortem tissue of  
ICU patients no correlation between serum TH levels and liver and muscle MCT8 
expression was observed (59). The role of  thyroid hormone transporters and the 
effect on the tissue TH levels in our animal models of  illness remains to be studied. 
We propose that the changes in deiodinase expression in TH target tissues contribute 
to changes in local tissue concentrations of  TH and its derivatives, which are known 
regulators of  tissue metabolic state. 



156

Chapter 9

During illness energy demands change dramatically, since activating the immune 
system costs energy while food-intake is usually decreased. The finding that TRa, 
an important metabolic regulator, is involved in the peripheral changes of  NTIS 
supports the notion that NTIS mediates a change in tissue metabolic state in 
response to illness.  However, more research is needed to 1) gain further insight 
into liver and muscle metabolic state during different stages and types of  illness, 2) 
determine to what extent the deiodinases contribute to the changes in metabolic 
state and 3) establish whether these changes are adaptive or maladaptive, as it has 
been proposed that during the acute stage of  illness NTIS is an adaptive response 
to support the immune response, while during protracted chronic illness NTIS is 
probably maladaptive as the body is being kept alive artificially (60).  

Figure 4. Overview of  the 
role of  TRs in peripheral 
changes in thyroid hormone 
metabolism during illness.
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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 pituitary thyroid stimulating hormone (TSH) 
and hypothalamic thyrotropin releasing hormone (TRH) expression do not 
increase indicating altered feedback regulation. In this thesis we aimed 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 studies). 

Chapter 1 provides an introduction to the hypothalamus-pituitary-thyroid (HPT)-
axis. In this thesis we primarily focus on the role of  the deiodinating enzymes and 
thyroid hormone receptors (TR) during NTIS; therefore the deiodinases and the 
structure and function of  the TRs are summarized. The characteristics of  NTIS in 
humans and animal models of  NTIS are discussed. Furthermore, as we investigate 
the involvement of  the inflammatory pathways during NTIS, a simplified overview 
of  the activation of  the inflammatory pathways is given.  

In chapter 2 we designed an animal model to evaluate the changes of  the HPT-
axis observed during illness. Administration of  bacterial endotoxin (LPS) induced 
changes in hypothalamus, pituitary, thyroid, serum and liver. We observed a rapid 
simultaneous increase of  the pro-inflammatory cytokine IL-1b in all compartments 
of  the HPT-axis, which was followed by changes in genes involved in thyroid 
hormone metabolism. We concluded that illness induced simultaneous changes in 
thyroid hormone metabolism at every level of  the HPT-axis.

In Chapter 3 we evaluated D2 muscle expression and D2 regulating factors in two 
animal models of  illness (S.pneumoniae infection and turpentine induced chronic 
inflammation), as it was postulated that decreased muscle D2 expression might 
contribute to the low serum T3 levels observed during illness. In addition we 
measured muscle D3 expression. We observed that D2 expression was differentially 
regulated during illness, probably related to differences in the inflammatory 
response and type of  pathology.  During chronic inflammation muscle D2 and D3 
expression both increased while after S. pneumoniae infection D2 decreased and D3 
did not change. The increase of  D2 and D3 during chronic inflammation coincided 
with the activation of  the cAMP pathway. The decrease of  D2 mRNA after severe 
bacterial infection was associated with local IL-1b mRNA expression and might 
also be due to diminished food-intake. Thus, muscle deiodinase expression is 
differentially regulated during illness, depending on severity and type of  illness. 
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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. Our results in chapter 4 show that the LPS-
induced decrease in serum T3 and T4 and liver D1 takes place despite the absence 
of  TRb. Moreover, serum T3 decreased rapidly after LPS, followed later on by 
decreased liver D1, indicating that the contribution of  liver D1 during NTIS may 
be limited with respect to decreasing serum T3 levels. 
In contrast, the decrease in serum thyroid hormones and liver D1 was attenuated 
in TRa-deficient mice, whereas the LPS induced fall in liver D3 mRNA was more 
pronounced in TRa-deficient mice (chapter 5). Muscle D2 mRNA increased 
similarly, whereas muscle D3 mRNA decreased less pronounced in TRa-deficient 

mice. From these studies we concluded that the alterations in peripheral thyroid 
hormone metabolism induced by LPS administration are partly regulated via TRα.

To study the illness-induced decreases of  liver TRa, TRb1 and D1 mRNA expression 
in detail, we used an in vitro model (human hepatoma cells) in chapters 6 and 7. 
We stimulated human hepatoma (HepG2) cells with the pro-inflammatory cytokine 
IL-1b. TRa1, TRa2, TRb1 and D1 mRNA decreased after 4-6 hours of  IL-1b 
stimulation, similar to liver mRNA expression after LPS administration in mice. To 
determine the involvement of  specific inflammatory pathways, we used inhibitors 
of  the NFkB pathway and AP-1 pathway. From these studies we concluded that the 
decrease of  TRb1 mRNA is exclusively mediated by the NFkB pathway, while the 
decrease of  TRa1 and TRa2 and D1 mRNA requires inhibition of  both the AP-1 
and the NFkB pathway. Furthermore, using an inhibitor of  promoter activity and 
an inhibitor of  protein synthesis we observed that the IL-1b-induced decrease of  
TRa1 and TRa2 mRNA was independent of  protein synthesis and due to reduced 
promoter activity. 

To study the mechanisms behind the changes in muscle D2 and D3 during illness, 
we used the myoblast cell-line C2C12 in chapter 8. We stimulated C2C12 myoblasts 
and myotubes, which are differentiated myoblasts, with IL-1b, LPS, a mixture of  
cytokines or an activator of  the cAMP pathway. We observed that activation of  the 
cAMP pathway in myoblasts resulted in an early increase of  D2 mRNA, which was 
followed by D3 mRNA induction, as observed in vivo during chronic inflammation. 
Surprisingly, stimulation of  myoblasts and myotubes with inflammatory mediators, 
which are abundantly present during illness, did not result in any change in D2 or 
D3 mRNA expression, indicating that the inflammatory signalling pathways do not 
play a prominent role in altered deiodinase expression observed during illness.

In the general discussion, Chapter 9, our results are put in a broader perspective. 
For each compartment of  the HPT-axis the changes during illness are summarized 
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and possible mechanisms are discussed. In the concluding remarks the role of  the 
deiodinases and TRs in the decrease of  serum thyroid hormones during illness are 
discussed and suggestions for future research are given.
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Tijdens ziekte verandert het schildklierhormoon metabolisme, leidend tot het 
‘laag T3 syndroom’. Het ‘ laag T3 syndroom’ wordt gekenmerkt door verlaagde 
schildklierhormoon spiegels in het bloed, terwijl de TSH afgifte door de hypofyse en 
de TRH expressie in de hypothalamus niet stijgen. Dit is niet in overeenstemming met 
negatieve terugkoppeling van serum T4 en T3 op TRH en TSH productie en afgifte, 
en wijst op een veranderde regulatie van de hypothalamus-hypofyse-schildklier 
(HPT) as tijdens ziekte. In dit proefschrift onderzoeken we de mechanismen 
en cellulaire signaleringscascades die de veranderingen in schildklierhormoon 
metabolisme tijdens ziekte kunnen verklaren. Om dit te kunnen doen hebben we 
ziektemodellen in de muis (in vivo) and celkweek-modellen (in vitro) gebruikt. 

Hoofdstuk 1 begint met een inleiding over de HPT-as. Omdat we ons in dit 
proefschrift richten op de rol van de dejoderende enzymen en schildklierhormoon 
receptoren bij het laag T3 syndroom, worden deze uitgebreid ingeleid. Daarna 
bespreken we de karakteristieken van het ‘ laag T3 syndroom’ bij mensen en in de 
bestaande diermodellen. Daarnaast wordt de activatie van cellulaire cascades tijdens 
ontsteking besproken. 

In hoofdstuk 2 hebben we een diermodel gebruikt om de veranderingen in de 
HPT-as tijdens ziekte in kaart te brengen. Toediening van bacterieel endotoxine 
(lipopolysaccharide, LPS) resulteerde in karakteristieke veranderingen in de 
schildklierhormoon spiegels in het bloed. Daarnaast zagen we een snelle gelijktijdige 
verhoging van het proinflammatoire cytokine IL-1b in alle niveau’s van de HPT-as 
(namelijk in hypothalamus, hypofyse, schildklier en lever) , dit werd gevolgd door 
veranderingen in genen die coderen voor dejodases schildklierhormoonreceptoren. 
De conclusie uit deze studie was dat veranderingen in de regulatie van de HPT-as 
tijdens ziekte gelijktijdig plaatsvinden op alle niveau’s. 

Omdat in de literatuur wordt gesproken over een mogelijke rol van dejodase type 
2 (D2) in spierweefsel in het ontstaan van het laag T3 syndroom, hebben we in 
hoofdstuk 3 gekeken naar de expressie van D2 in de spier en naar de factoren die D2 
reguleren. We hebben dit gedaan in twee verschillende diermodellen (S.pneumoniae 
infectie en terpentijn geïnduceerde chronische ontsteking in de muis). Daarnaast 
hebben we ook naar type 3 dejodase (D3) expressie in de spier gekeken. Tijdens 
chronische ontsteking stegen zowel D2 als D3 in het spierweefsel, maar tijdens een 
bacteriële infectie daalde D2 terwijl D3 niet veranderde. 
Gelijktijdig met de stijging van D2 en D3 tijdens chronische ontsteking zagen 
we ook activatie van de cAMP cascade in het spierweefsel. De daling van D2 na 
bacteriële infectie konden we associëren met een stijging van IL-1b. Daarnaast kon 
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de daling deels verklaard worden door verminderde voedselopname tijdens ziekte. 
Wij concludeerden dat dejodase expressie in de spier tijdens ziekte verschillend 
gereguleerd wordt, afhankelijk van het ziektebeeld en de ernst van de ziekte. 

In de hoofdstukken 4 en 5 hebben we gebruik gemaakt van genetisch gemodificeerde 
muizen die geen schildklierhormoon receptoren (TR) tot expressie brengen. Deze 
muizen hebben we gebruikt om de rol van de TR tijdens het ‘laag T3 syndroom’ 
te bestuderen, toegespitst op het perifere schildklierhormoon metabolisme. In 
hoofdstuk 4 zagen we dat de LPS-geinduceerde daling van serum T3 en T4 en 
lever D1 hetzelfde was in muizen die geen TRb hebben (TRbKO) vergeleken met 
controle muizen. Daarnaast zagen we dat de daling in serum T3 vooraf  ging aan de 
lever D1 daling, wat erop wijst dat de bijdrage van lever D1 aan de daling van serum 
T3 waarschijnlijk klein is. 
Verrassend was dat de ziekte geïnduceerde daling in serum T4 en lever D1 in muizen 
zonder de TRa (TRaKO) minder uitgesproken was, terwijl de daling in lever D3 
sterker was in TRaKO muizen ten opzichte van controle muizen (hoofstuk 5). In 
de spier was de daling van D3 juist minder sterk in TRaKO dan in controle muizen, 
maar de stijging van D2 was in beide stammen gelijk . Uit deze studie blijkt dat de 
perifere veranderingen in schildklierhormoonmetabolisme tijdens ziekte gedeeltelijk 
worden gemedieerd via de TRa. 

Om de daling in TRα, TRβ1 en D1 mRNA in meer detail te bestuderen hebben 
we gebruikt gemaakt van een humane levercellijn (HepG2 cellijn). De resultaten 
worden beschreven in de hoofdstukken 6 en 7. We hebben HepG2 cellen 
gestimuleerd met IL-1b en zagen dat TRa1, TRa2, TRb1 en D1 mRNA net als in 
vivo daalde na 4-6 uur stimulatie. We gebruikten specifieke remmers om de rol van 
de ontstekingscascades NFkB en AP-1 te bestuderen. De resultaten lieten zien dat 
activatie van NFkB nodig is om de daling van TRb1 mRNA te induceren terwijl 
zowel NFkB als AP-1 geactiveerd moeten worden om de daling in TRa1, TRa2 
en D1 te bewerkstelligen. Daarnaast bleek dat de verlaging van TRa1 en TRa2 
mRNA expressie na IL-1b-stimulatie wordt veroorzaakt door een verlaging van de 
promoteractiviteit van het TRα gen. 

Om de mechanismes verantwoordelijk voor de veranderingen in spier D2 en 
D3 tijdens ziekte te begrijpen hebben we tot slot de myoblast cellijn C2C12 
gebruikt. Dit wordt beschreven in hoofdstuk 8. C2C12 myoblasten en myotubes 
(gedifferentieerde myoblasten) werden gestimuleerd met IL-1β, LPS, een mengsel 
van cytokines en een cAMP activator. Activatie van cAMP in myoblasten leidde tot 
een stijging van D2 en later ook D3, heel goed overeenkomend met het chronische 
ontstekingsmodel bij muizen. Verrassend genoeg zagen we geen veranderingen 
in dejodases na stimulatie met IL-1β, LPS of  een cytokine-mengsel. De conclusie 
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was dat de ontstekingscascades geen belangrijke rol spelen in veranderde dejodase 
expressie in de spier tijdens ziekte. 

In hoofdstuk 9, bediscussiëren we de resultaten in de context van de bestaande 
literatuur. Voor elk onderdeel van de HPT-as zijn de veranderingen samengevat en 
worden mogelijk verantwoordelijke mechanismes besproken. Tenslotte wordt de 
rol van de dejodases en TR’s tijdens het ‘laag T3 syndroom’ besproken en worden 
suggesties voor verder onderzoek gedaan. 
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Een proefschrift kan natuurlijk niet tot stand komen zonder de hulp van velen. 
Dat kan je terugzien in de auteurs en acknowledgements van de hoofdstukken. 
Maar gezelligheid, plezier, inspiratie en ontspanning laten zich niet vangen in 
auteurschappen en acknowlegdements en zijn ook erg belangrijk bij het maken van 
een proefschrift. Daarom dit dankwoord. 

Allereerst mijn co-promoter Dr. A. Boelen: Lieve Anita, ik kan wel een hele 
pagina, of  eigenlijk een heel boek vullen met een dankwoord voor jou, aangezien 
jij de grote motivator bent achter dit proefschrift. Maar ik hou het kort en krachtig: 
Bedankt voor alles! Je bent een fantastische baas en een fantastisch mens. Ik hoop 
dat we nog heel heel lang mogen samenwerken. 

Mijn promotores Prof. W.M. Wiersinga en Prof. E. Fliers: Wilmar en Eric, 
als een echte ‘overgangs-AIO’ heb ik 2 promotores; Het is een voorrecht! Jullie 
zijn grootheden op jullie eigen terrein in de Endocrinologie. Bedankt voor de kans 
die jullie me gegeven hebben om als HLO-er mijn promotie te beginnen en te 
eindigen op jullie afdeling. Ik ben er trots op om te werken op een afdeling die 
zo’n mooie combinatie is van klinisch en basaal onderzoek. Bedankt voor jullie 
inspiratie, wijsheid en ondersteuning, maar ook voor vrijheid die jullie mij (en Anita) 
daarin gegund hebben. 

Graag wil ik Prof. dr. G. van den Berghe, Prof. dr. C.J.F. van Noorden, Prof. 
dr. T. van der Poll, Prof. dr. J. A. Romijn, Dr. A.S.P. van Trotsenburg en  Prof. 
dr. ir. T.J. Visser bedanken voor het plaatsnemen in de promotiecommissie en 
het kritisch doorlezen van het manuscript. Prof. Visser wil ik, samen met Ellen 
Kaptein tevens bedanken voor de hulp bij het opzetten van de dejodase assay. 

Mijn lieve paramimfen Mieke en Marianne (M&M): Kamergenoten en mijn 
labmoeders vanaf  de eerste dag. Bedankt voor jullie luisterend oor, bemoedigende 
adviezen en hulp bij alles! Wie anders dan jullie konden mijn paramimfen zijn? Ik 
ben blij dat jullie toegestemd hebben.

Clementine: Lieve maffe Tien, ik wil je in je favoriete lettertype bedanken 
voor al die keren dat je me hebt laten schateren van het lachen, wat zal ik 
je aanwezigheid op het lab over een jaartje gaan missen!!!!! Wie zal dan ons 
creatieve brein zijn en al die T-shirts, posters e.d. ontwerpen (en trouwfoto’s 
maken)??? Bedankt voor alles!!!! 
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Olga: Lieve Olg, je bent nog niet zo heel lang bij ons, maar hebt al zeker je eigen 
plekje verworven, op het lab en in ons hart! Daarnaast wil ik je bedanken voor al je 
pipetteerwerk.

Lieve Mariëtte, bedankt voor je prettige gezelschap en voor je HPLC-expertise 
die nu ook aangewend wordt voor schildklieronderzoek. De positieve dejodase 
metingen die we in de spier hebben gezien zou ik niet durven vertrouwen als jij ons 
niet had gecoacht met het opzetten van de assay. 

Erik Endert, bedankt dat je me al die jaren geleden in een ingewikkelde constructie 
hebt aangenomen en dat je me daarna de vrijheid hebt gegeven om te promoveren. 

An, Andre, Angeline, Arja, Carla, Cecilia, David, Els, Fred, Henk, Henny, 
Ivy, José, Lithuania, Madelon, Marja v. V., Marja N., Marjo, Menno, Ruud, 
Siene, Yvette en ook alle oud-endo-collega’s : Lieve allemaal, ik kan bij ieder van 
jullie eigenlijk wel een apart verhaal typen, maar ik hou het algemeen, want anders 
wordt het wel een heel lang dankwoord: Bedankt voor jullie behulpzaamheid, 
belangstelling en gezelligheid in de koffiekamer, op labuitjes, als ik weer eens bij 
jullie kwam printen, iets van het lab wilde lenen, schoon glaswerk of  water kwam 
pakken, een computerstoring had, printercartridges nodig had, op het RA-lab wilde 
werken….. of  gewoon een babbeltje wilde maken. Ik vind het erg leuk om als 
medewerker van de researchgroep bij jullie te horen! Ik wil speciaal bedanken Els 
voor alle T4, T3 en rT3 bepalingen die hier in het proefschrift staan en Yvette voor 
het PCR-werk dat ze verzet heeft toen ik moest schrijven. 

Anneke, Anke, Dries, Susanne, José, Eveline, Rianne, Leslie en Charlene: Het 
laatste jaar zijn jullie bij ons gekomen en zijn ‘wij’ nu dus een flinke onderzoeksgroep. 
Ik ben blij met jullie komst! Qua gezelligheid en expertise: Er is dus toch nog iets 
anders op de wereld dan de schildklier (dat wisten we stiekem wel hoor). 

Birgit, Marlies, Martine, Maarten,Peter en alle andere collega’s  van F5 en 
het NIN: Bedankt voor jullie hulp bij allerhande zaken en commentaar op onze 
studies bij de wekelijkse research meeting. 

Xander en Lars: Jullie kwamen afzonderlijk bij ons op het lab, maar toch lijken 
jullie namen met elkaar verbonden. Ik weet dat het lastig moet zijn geweest met al 
die vrouwen op het lab, maar jullie hebben je goed staande gehouden. Bedankt voor 
jullie prettige gezelschap op het lab en op congres.

Daphne en Iris: AIO’s uit het verleden, maar gelukkig zie ik jullie nog steeds! 
Bedankt voor jullie gezelligheid, op het lab, op congres en nu nog bij onze etentjes.
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Dear Olivier, chapters 4 and 5 could not have been written without you. Thank you 
for sharing your TRb-/- and TRa0/0 mice with us. I would also like to thank you 
for your kind hospitality when we visited you in Bordeaux and for performing the 
LPS-experiments with Anita and me. 

Joost en Marieke: Onze dierexperimentele helden, bedankt voor jullie hulp en 
expertise bij het doen van de dierexperimenten in het AMC.

Roebi, Larissa, Sanne en Ellis mijn ‘eigen’ studenten .Ik wil jullie allemaal bedanken 
voor jullie harde werken en inzet, maar ook voor jullie prettige aanwezigheid! Roebi: 
iedere keer als ik protease remmers gebruik denk ik aan jou!! Larissa: Jammer dat 
je niet langer bij ons was, in korte tijd heb je zoveel geleerd. Sanne: Jouw TaT1 
cellen hebben het net niet in het boekje gered, maar aan je inzet heeft het zeker niet 
gelegen. Ellis: De proeven in hoofdstuk 8 zijn allemaal door jou gedaan, en nog 
zoveel meer… wat kan jij hard werken zeg.

Remco, Truus, Janine, Saskia, Cindy, Suzanne, Henrike, Liesbeth, Carrie, 
Ans, Michiel, Bita, Hooman, Gianfranco, Julia, Sjoerd en Gijs : Na de ‘grote 
verhuizing’ kwamen jullie bij ons. Straks gaan jullie ons ook weer verlaten. Ondanks 
dat het best soms lastig was, vond ik toch ook erg gezellig dat jullie er waren en heb 
ik ook veel van jullie geleerd. Ik hoop dat ik nog eens mag komen ‘buurten’. 

Alle (voormalige) LIO-ers van het RIVM wil ik bedanken voor mijn gezellige en 
leerzame tijd daar. Een speciaal bedankje voor Marion en Lia voor de gezelligheid 
op de RSV-kamer en voor Adam en Ankje: jullie hebben mij het enthousiasme 
voor onderzoek (en PCR) bijgebracht tijdens mijn stage, ik denk nog vaak aan jullie 
terug nu ik zelf  studenten begeleid. 

Lieve familie en vrienden, jullie hebben mij het laatste jaar niet zoveel gezien, en 
als jullie me dan zagen was ik altijd in licht gestresste staat…. maar daar gaat nu 
hopelijk verandering in komen. Bedankt voor alle belangstelling, steun en vooral 
ontspanning die jullie me gegeven hebben. 

Ik wil speciaal mijn ouders bedanken, voor de helft postuum: 
Lieve papa en mama: bedankt voor alles wat jullie me hebben bijgebracht en 
hebben meegegeven. De nieuwsgierigheid en vasthoudendheid die me tot een 
onderzoeker maken zijn zeker van jullie afkomstig. Dit boekje is niet voor niets ook 
aan jullie opgedragen! 

En als laatste natuurlijk Han en Yvon, mijn gezin! Bedankt dat jullie me zo gelukkig 
maken!
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Biografie

Gerritdina Jacoba (Joan) Kwakkel werd op 3 april 1975 geboren in Wilsum, 
Overijssel. Zij groeide op in IJsselmuiden, waar zij het basisonderwijs volgde bij 
de Rehoboth School. In 1993 behaalde zij haar VWO-diploma aan het Johannes 
Calvijn Lyceum te Kampen en startte zij de Hogere Laboratorium Opleiding aan 
de Hogeschool van Utrecht. Na stages op het microbiologisch laboratorium van 
Ziekenhuis Hilversum en bij de Chlamydia-onderzoeksgroep van het Laboratorium 
voor Infectieziekteonderzoek (LIO)  van het Rijksinstituut voor Volksgezondheid 
en Mileu (RIVM) behaalde zij in 1997 haar diploma in de afstudeerrichting 
Medische Microbiologie. Ze startte haar loopbaan bij de Koninklijke Nederlandse 
vereniging ter bestrijding van de Tuberculose (KNCV) en werd gedurende 2 jaar 
gestationeerd bij het RIVM, op het Laboratorium voor Infectieziekten en Screening, 
afdeling Mycobacterien, waar zij de DNA-fingerprinting van circulerende stammen 
Mycobacterium Tuberculosis uitvoerde. In de daaropvolgende 2 jaar maakte zij als 
research-analiste deel uit van de onderzoeksgroep Respiratoir Syncytieel Virus (RSV)  
van het LIO op het RIVM en participeerde in het onderzoek naar de (modulatie 
van de) immuunrespons na RSV-infectie. In 2000 werd zij hiervoor gedurende 
3 maanden uitgezonden naar de RSV-onderzoeksgroep van St. Mary’s Hospital, 
Imperial College in Londen. Vanaf  2001 is zij werkzaam als research-analiste bij 
het Laboratorium voor Experimentele Endocrinologie voor Volwassenen van het 
Academisch Medisch Centrum te Amsterdam. Hier heeft zij promotie-onderzoek 
verricht naar de effecten van ziekte op schildklierhormoon-metabolisme. Op 18 
februari 2008 is zij in het huwelijk getreden met Han Crielaard, samen kregen zij in 
2007 dochter Yvon Marika en wonen in Loenen aan de Vecht, Utrecht. 





Stellingen 
 

Behorende bij het proefschrift 
Understanding the non-thyroidal illness syndrome from in vivo and in 

vitro studies. 
 
 

1) De schildklierhormoonreceptor TRα speelt een belangrijke 
rol bij de veranderingen in schildklierhormoon metabolisme 
tijdens ziekte (dit proefschrift). 

2) Bij muizen komt de verandering in serum 
schildklierhormoonconcentraties tijdens ziekte mogelijk tot 
stand door een veranderde afgifte van T4 en T3 door de 
schildklier en door een niet-dejodase-gemedieerde klaring van 
schildklierhormoon (dit proefschrift). 

3) Het inactiveren van het TRβ-gen heeft bij mannelijke muizen 
een veel groter effect op de lever D1 expressie dan bij 
vrouwelijke muizen (dit proefschrift). 

4) De veranderingen in deiodinase subtype expressies in de spier 
tijdens ziekte verschillen per ziektebeeld (dit proefschrift). 

5) Een tekortkoming in de rapportage van (medisch) 
wetenschappelijke gegevens is dat minder spannende 
resultaten of negatieve uitkomsten moeizaam of geheel niet 
gepubliceerd worden.  

6) ‘Sexy’ technieken zoals ChIP zijn vaak wispelturig en 
onbetrouwbaar; pas als ze vaker gebruikt worden en 
geoptimaliseerd zijn wordt hun betrouwbaarheid groter, maar 
dit verlaagt tevens drastisch het ‘sexy-gehalte’.  

7) Niet-coderend DNA is een betere term dan junk-DNA, 
omdat deze laatste term impliceert dat niet-coderend DNA 
eigenlijk rommel is.  

8) Het ervaren van zwangerschap, bevalling en het geven van 
borstvoeding verhogen het respect voor hormonen significant 
(n=1).  

9) Personen die veelvuldig managementtermen gebruiken zoals 
‘helikopter view’ en ‘Jip en Janneke taal’, zouden baat hebben 
bij de wetenschap dat dit bij andere mensen een langdurige 
‘PIEP’ in hun hoofd teweeg kan brengen. 

10) Lachen is gezond, vooral lachen om jezelf ☺. 
 

 
Joan Kwakkel, 16 december 2009 




