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1.1: ThE hPT axIs In PhysIoloGICal CondITIons

  The hypothalamus-pituitary-thyroid axis.

The hypothalamus-pituitary-thyroid (HPT) axis regulates the production of thyroid 
hormones (TH) by the thyroid gland. Thyroid hormones are important for many pro-
cesses in the body, from proper fetal brain development to regulating metabolism and 
basal metabolic rate during adult hood. Consequently, a shortage or overproduction 
of TH can lead to severe health issues. 

The paraventricular nucleus (PVN) of the hypothalamus contains hypophysiotropic 
neurons that secrete thyrotropin releasing hormone (TRH) into capillaries of the me-
dian eminence. TRH then travels via a portal blood system to the anterior pituitary 
where it stimulates the release of thyrotropin or thyroid stimulating hormone (TSH) by 
thyrotropic cells (1). TSH in turn stimulates the thyroid gland to produce and release 
TH into the circulation (2). TH inhibits the release of TRH from the PVN and TSH from 
the pituitary, thus forming a classical negative feedback loop (Fig 1).    
 

  Figure 1: schematic overview of the hPT axis. 

The pituitary is an endocrine gland that is located at the base of the brain. It consists 
of two lobes, the posterior lobe (neurohypofysis), which is directly connected to the 
hypothalamus via axons of the neurosecretory vasopressin and oxytocin neurons, 
and the anterior lobe (adenohypofysis), which is connected to the hypothalamus via 
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a portal blood system originating in the median eminence. In the anterior lobe, TRH 
stimulates the secretion of TSH by binding the TRH receptors on the thyrotrophic 
cells. TSH consists of two subunits; the common alpha subunit, which is shared by 
other adenohypofyseal hormones such as LH and FSH, and the beta subunit which 
is specific for TSH (2).
 
TSH binds to the TSH receptor (TSHR) on follicular thyrocytes in the thyroid gland 
where it stimulates the production and secretion of thyroid hormones. In thyrocytes, 
iodide molecules that are taken up from the blood are oxidized into iodine by the 
peroxidase system. Iodine molecules bind to tyrosine residues in a precursor mol-
ecule called thyroglobulin forming monoiodothyrosin (MIT) and diiodothyrosine (DIT). 
Coupling a MIT and a DIT forms triiodothyronine (T3, the active hormone), while cou-
pling two DIT’s gives thyroxine (T4, the prohormone). Thyroid hormones are secreted 
from the thyroid gland and released in the blood stream. In humans the ratio between 
T3 and T4 secretion by the thyroid is 1:4 while in rodents it is approximately 1:1 (3). T4 
has to be converted into T3 in the tissues in order to have biological activity. This is 
achieved via the removal of an iodine atom by deiodinases.
 
Deiodinases are a group of seleno enzymes that are very important for the activation 
and inactivation of TH. There are three types of deiodinases: type 1 (D1), type 2 (D2) 
and type 3 (D3) (4). Deiodinases remove iodine atoms from either the inner (phenolic) 
or outer (thyrosyl) ring of TH, leading to the formation of TH metabolites (Fig 2).
 
D1 is mainly expressed in the liver, kidney, thyroid and pituitary. D1 is able to deiodi-
nate both the inner and outer ring of TH. The preferred substrates of D1 are rT3, sul-
fated T3 and sulfated T4. This makes D1 the main deiodinase responsible for the clear-
ance of TH during hyperthyroid circumstances (5). D1 is positively regulated by T3.
 
D2 is regarded as the major TH activating enzyme, as it deiodinates the outer ring of 
T4 to produce T3 (6). Besides in brown adipose tissue, pituitary, placenta and skeletal 
muscle, D2 is highly expressed in the brain where it is regarded as the most important 
source of T3 for the central nervous system (7). D2 is negatively regulated by T3 via 
both pre- and post-transcriptional mechanisms (8). In the hypothalamus, D2 is mainly 
expressed in tanycytes, specialized cells in the wall of the third ventricle(9).
 
D3 is the main inactivating enzyme, as it deiodinates the inner ring of T3 and T4 to 
produce rT3 and T2. D3 is highly expressed in the placenta during fetal development, 
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thus protecting the fetus from an overexposure of T3 (10). In the adult stage, D3 is 
expressed in neurons in the brain, the liver and in parts of the innate immune system, 
although physiological levels are very low (11). 
 

  Figure 2: overview of the action of the three deiodinases. Conversion occurs from  

  thyroxine (T4) to tri-iodothyronine (T3) and reverse tri-iodothyronine (rT3), followed  

  by conversion to di-iodothyronine (T2). 

In order to enter the cell, TH has to be transported over the cell membrane. This is 
achieved by TH transporters. The monocarboxylate transporters MCT8 and MCT10 
are expressed throughout the body, including liver and brain(12). MCT8 is the most 
widely studied since it exclusively transports TH whereas MCT10 also transports 
other aromatic amino acids. While MCT8 predominantly transports T4, MCT10 has a 
strong preference for T3 (13). Both transporters take part in both influx and efflux of TH. 
The organic anion transporter OATP1c1 is mainly expressed in the brain, where it is 
thought to be important for TH homeostasis by facilitating T4 uptake by astrocytes (14). 

Intracellularly, T3 binds to thyroid hormone receptors (TR’s). TR’s are encoded by two 
genes, the TRα and the TRβ gene. Both give rise to several isoforms. TR’s bind to 
TH responsive elements that are present in thyroid hormone responsive genes and in 
that way regulate transcription (15). 
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Besides deiodination, there are several other ways in which thyroid hormones can 
be metabolized in peripheral tissues. Many of these processes take place in the liver. 
T3 and T4 can be conjungated to a sulphate group at the phenolic hydroxyl group, 
producing T3S and T4S. T3S has no affinity for the TR, while sulfated TH is prone 
to degradation by D1 (16;17). Sulfation is mediated by sulfotransferases, a family of 
enzymes that sulfate both endogenous and exogenous substances. In humans, sul-
fotransferases that have affinity for TH are Sult1A1, -1A2, - 1A3, -1B1, -1C1 and-1E1 
(18). In the rat, Sult1B1 and Sult1C1 are important for TH metabolism (19;20). In the 
mouse, Sults are less extensively characterized but based on structural similarities, 
Sult1A1, Sult2A1 and Sult1D1 are thought to be important for TH metabolism (21;22) 
(Table 1). 
       
    TH sulfotransferases in different species  
    
    human         Rat      Mouse
    Sult1A1    Sult1B1   Sult1A1**
    Sult1A2    Sult1C1*   Sult2A1**
    Sult1A3    Sult1D1**
    Sult1B1    Sult1B1
    Sult1C1    Sult6B1
    Sult1E1    

  Table 1: sulfotransferases that are known to sulfate thyroid hormones in human, rat  

  and mouse. *only in male rats, ** assumed to be important for Th sulfation in mouse  

  based on homology to human Th sulfotransferases. 

In addition to sulfation, TH can be glucuronidated by UDP-glucuronosyltransferases 
(UGTs) (23). T4, and to a lesser extent T3, are substrates of a variety of UGT iso-
enzymes, of which UGT1A1 and UGT1A7 are the most important in rat liver. 
Glucuronidation facilitates the excretion of TH via the bile and feces (24).  

Sulfotransferases and UDP-glucuronosyltransferases are downstream of the consti-
tutive androstane receptor (CAR), a nuclear receptor that is very important for endo- 
and exo-biotic sensing. 
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1.2 ThE hPT axIs In (PaTho)PhysIoloGICal CondITIons

The HPT axis is affected by a variety of illnesses as well as by fasting/reduced food 
intake. The aim of this adaptation is probably to save energy and counteract exces-
sive catabolism. Both adaptations will be discussed in this paragraph. 

1.2.1: nTIs

Illness results in profound changes in thyroid hormone metabolism called the ‘sick 
euthyroid syndrome’ or ‘nonthyroidal illness syndrome’ (NTIS). NTIS is characterized 
by decreased serum T3 and T4 concentrations, increased serum rT3 concentrations 
and unaltered or inappropriately low serum TSH, indicating profoundly altered nega-
tive feedback in the pituitary and hypothalamus (25). Illness also results in altered 
tissue thyroid hormone metabolism, often independently of serum TH levels (26). The 
ultimate effect of the observed changes in local TH metabolism on tissue function 
is currently unknown. The common view is that changes observed during the acute 
phase of illness are beneficial but might become deleterious during prolonged critical 
illness making the stage and severity of illness a major determinant of NTIS. 

NTIS is often studied in rodents by administering a sublethal dose of bacterial endo-
toxin or lipopolysaccharide (LPS). LPS is a component of gram negative bacteria and 
it elicits a strong inflammatory response that lasts approximately 24 hours (27). LPS 
binds to the toll like receptor 4 (TLR4), a pattern recognition receptor essential for the 
sensing of pathogens, and activation of this receptor leads to activation of a variety of 
intracellular inflammatory pathways (28).

  alterations in the central part of the hPT axis during nTIs.

Besides the unresponsiveness of TSH in the anterior pituitary to the decreased serum 
levels of T3 and T4, TRH secretion from the hypothalamic PVN is also altered during ill-
ness. Analysis of post mortem hypothalamic tissue of NTIS patients showed that TRH 
gene expression in the PVN is decreased, correlating positively with decreased pre-
mortem serum TSH levels (29). Thus, a decreased hypothalamic TRH drive probably 
contributes to persistently decreased serum TSH in patients with longstanding NTIS. 
The importance of decreased TRH and TSH on the development of low serum T3 and 
T4 concentrations is still a matter of debate. However, clinical studies have shown 
that combined treatment with TRH and growth hormone releasing peptide (GHRP) 
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improves the metabolic parameters in prolonged critically ill patients, while restoring 
the decreased TSH, T3 and T4 concentrations to a large extent (30). This suggests 
that reduced hypothalamic TRH contributes to low serum TH in prolonged critically 
ill patients. Moreover, interventions aiming to restore the central HPT axis may be  
favourable in terms of anabolic parameters. Large randomized clinical trials will be 
needed to show if treatment with hypothalamic releasing factors offers an advantage 
in terms of clinical outcome. 

Animal studies have given more insight in the central changes in TH metabolism 
in NTIS as the same decrease in TRH has been observed in a variety of NTIS an-
imal models [acute inflammation (31), chronic inflammation (32) and prolonged ill-
ness (33)]. Studies performed in mice and rats showed that acute illness results in 
increased expression of D2 in tanycytes (27;32;34;35). D2 is the major T3 produc-
ing enzyme and is a major player in local thyroid hormone metabolism in the brain. 
Increased expression should theoretically lead to increased availability of T3 in the 
hypothalamus, subsequently suppressing TRH secretion from neurons in the PVN 
(Fig 3). This is supported by the observation that when T3 signalling on TRH neurons 
is disturbed because of an absence of the TRβ, the LPS-induced TRH decrease is not 
present anymore (36). In addition, global D2 knock out mice do not show a suppres-
sion of TRH upon LPS stimulation (37). 

  Tanycytes.

Although D2 is expressed in astrocytes throughout the brain, expression of D2 in the 
hypothalamus is almost exclusively limited to tanycytes (9). Tanycytes are a special-
ized glial cell type that are located in the wall of the third ventricle, with the cell bodies 
facing the CSF, sending long processes extending into the median eminence and the 
hypothalamus. Hence their name “tanycytes” from the Greek word “tanus”, meaning 
elongated. The ideal position in the blood-CSF-brain barrier and the high expression 
of D2 makes these cells important for the regulation of TH bioavailability in the hypo-
thalamus. Tanycytes also highly express the TH transporters MCT8 and OATP1C1 
facilitating the uptake of T3 and T4 from the blood and CSF. 

The tanycyte population consists of several subtypes, defined by their location, func-
tion and expression of chemicals. The tanycytes lining the upper part of the third 
ventricle are α-tanycytes. α-1 tanycytes extent their processes into the dorsomedial 
and ventromedial nuclei of the hypothalamus, while α-2 tanycytes are located in the 
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vicinity of the arcuate nucleus and project towards it. Finally, β-1 and β-2 tanycytes 
are located in the floor of the third ventricle and median eminence and establish a link 
between the portal blood system and the CSF (38).
 
  Regulation of hypothalamic d2 during inflammation.
 
LPS rapidly increases D2 expression and activity in the hypothalamus (27;34). The 
increased expression of D2 in the hypothalamus has been shown to be independent 
of the fall in serum TH levels during acute inflammation, unlike the D2 increase in 
cerebral astrocytes that show a much more delayed response (39). In addition, the 
LPS- induced D2 increase cannot be attributed to changes in neuropeptide expres-
sion or a rise in corticosterone (40), two mechanisms important for regulation of D2 
during fasting.

The regulation of D2 during inflammation is incompletely understood. Possible regu-
lators of the Dio2 gene are the inflammatory pathways of JNK and NF-κB (Fig 3). 
These pathways are activated upon binding of LPS to the TLR4 and by other pro-
inflammatory cytokines such as IL-1β. TLR4 knockout mice injected with LPS show 
a blunted response to this inflammatory stimulus in macrophages and other immune 
cells, showing the importance of this receptor for LPS induced illness symptoms (41). 
The human and rodent Dio2 promoter have binding sites for JNK and NF-κB, and NF-
κB p65 is shown to be able to regulate the promoter in vitro (34;42;43). However, Iκ-
Bα mRNA expression, a marker of NF-κB signalling, is only observed 12 hours after 
LPS administration, when D2 expression already peaks, indicating that NF-κB is not 
important for the initial D2 increase (44). 

  JnK1.

The c-Jun N-terminal kinase 1 (JNK), also known as mitogen activated protein ki-
nase 8 (MAPK8), is activated by stimulation of the TLR4 by LPS and proinflammatory 
cytokines. Activated JNK phosphorylates members of the AP-1 transcription factor 
complex, which consists of dimers of the Jun and Fos protein families. The AP-1 
complex has shown to be involved in the regulation of D1 expression during inflam-
mation in a human liver cell line (HEPG2 cells) (45). Also, selective inhibition of JNK1 
in the central nervous system affects TRH expression in a diet induced obesity model 
in rats (46). We therefore consider it a likely candidate for the regulation of D2 during 
inflammation. 
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  NF-κB.

The NF-κB transcription factor family consists of two main groups. RelA (p65), RelB 
and c-rel contain a DNA binding domain and can thus actively influence transcription, 
while p50 and p52 are smaller proteins that do not contain a DNA binding domain 
and are not transcriptionally active unless they heterodimerize with Rel proteins (47). 
The formation of a variety of hetero- and homodimers with these 5 family members 
enhances the potential for differential transcriptional regulation. In unstimulated cells, 
NF-κB is bound to the inhibitory molecule Iκ-B. Activation of the NF-κB pathway via 
stimulation of the TLR4 triggers intracellular signalling events, leading to activation of 
IKK (Iκ-B kinase) which phosphorylates Iκ-B and thereby primes it for degradation by 
the proteasome. This releases NF-κB which is then free to translocate to the nucleus. 
In addition, free NF-κB can be phosphorylated by several kinases which enhances its 
transcriptional activation potential (48). 

 
  Figure 3: schematic overview of the hypothalamic regulation of d2 during    

	 	inflammation	by	NF-κB	and	JNK.	Represented	is	the	third	ventricle	(III),	and	the	

  periventricular area of the hypothalamus including the periventricular nucleus (PVn). 

  Peripheral changes during nTIs.

During the central alterations in the HPT axis, simultaneous changes occur in periph-
eral TH metabolism. These peripheral changes may occur independently of serum TH 
concentrations (26). D1 expression in the liver is decreased during acute inflammation 
induced by LPS (27). This is mediated by the combined action of the AP-1 (containing 
JNK) and NF-κB signalling pathways (45). A similar decrease in D1 is observed during 
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bacterial sepsis (49), but not in a mouse model of local chronic inflammation (50). In 
patients who had died from critical illness, D1 activity was very low, and correlated to 
this, T4S concentrations were increased (51). Accordingly, in a rabbit model for pro-
longed critical illness D1 activity was also decreased (52). 

Illness also influences D3 expression and activity, but the results from animal stud-
ies vary. While during acute and chronic inflammation and during sepsis liver D3 
decreases (50;53), D3 expression and activity are increased in rabbits with prolonged 
critical illness (52). Slightly increased D3 activity was also observed in the livers of 
severely ill patients (54). Although previously assumed otherwise, both D1 and D3 are 
not important for the inflammation induced alterations in serum TH concentrations, 
since D3 knock out mice that also exhibit low basal D1 activity show decreased serum 
TH concentrations during inflammation (49). 

Like the liver, white adipose tissue (WAT) is an organ that is sensitive to TH. WAT 
expresses both D2 and D3, which are differentially affected by acute inflammation. 
While D2 expression and activity in WAT are not altered upon LPS stimulation in mice, 
D3 expression and activity are downregulated by acute inflammation (55). During the 
acute phase response, alterations in gene expression of TR’s and co-activators are 
directed to limit the synthesis of triglycerides in order to shuttle free fatty acids to the 
liver (56). However, the functional role of altered thyroid hormone availability in WAT 
during the acute phase response is not known at this point. 

1.2.2: FasTInG

Suppression of the HPT axis in the case of caloric restriction is a clear adaptive re-
sponse to save energy and the changes observed resemble those observed during 
illness. Fasting results in reduced concentrations of serum T3 and T4 in combination 
with a decrease in hypothalamic TRH and pituitary TSH expression. Illness is often 
accompanied by a decrease in food intake and it is tempting to speculate that part of 
the NTIS specific changes are due to diminished food intake, although the mediators 
involved are likely to differ.
 
Thyroid hormone metabolism during caloric restriction has been extensively studied 
in experimental animal models. The decrease in serum TH concentrations can be 
partly explained by decreased thyroidal secretion due to decreased hypothalamic 
TRH and pituitary TSH secretion (57). The feedback setpoint in the hypothalamus is 
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changed during fasting (low serum TH and low TRH), but the mechanisms differ from 
those during inflammation. Although there is an increase of D2 expression in tany-
cytes during fasting, this is marginal compared to the robust increase during inflam-
mation (58). Moreover, the increase in D2 mRNA expression has been found to be not 
indicative for an increase in D2 enzyme activity during fasting (59). Besides a central 
downregulation of the HPT axis, changes in peripheral tissues are also thought to 
contribute to serum TH concentrations (6). 

  Changes in liver thyroid hormone metabolism during fasting.

During periods of fasting or caloric restriction, the expression and activity of type 
1 deiodinase in the liver decreases (60-63). Since D1 was traditionally seen as the 
major source of serum T3 (at least in humans where the thyroid mainly produces T4), 
a decrease in D1 activity was a plausible candidate for the decreased serum TH con-
centrations. However, changes in D1 occur later than the drop in TH in serum (62), 
and D1 knock out mice do not have an impaired response to fasting (59), indicating 
that the D1 decrease is secondary to the drop in serum T3 and T4. In contrast to the 
decreased D3 in the liver during illness, liver D3 is increased during fasting in mice, 
and this increase is dependent on the drop of leptin (64). Increased activity of D3 may 
contribute to the fasting induced clearance of T3 and T4 from plasma, although D3 
knock out mice show the same decreased serum TH concentrations in response to 
fasting as WT mice (59). 

In addition to the deiodinases, fasting results also in changes in sulfotransferases 
(Sults) and UDP-glucuronosyltransferases (UGTs) and their upstream activator CAR, 
which could in turn contribute to the clearance of T3. Involvement of these TH me-
tabolizing pathways, however, seems species specific. In the rat, fasting had no ef-
fect, or even decreased the activity of Sults and UGTs (19;65), while in mice it clearly 
increased these activities (21;22). Although the activity of Sults seem to decrease in 
human liver during illness (51), nothing is known about fasting induced changes in 
Sults and UGTs.  

The mechanisms involved in the regulation of TH inactivating pathways during fasting 
are unknown, as are the relative contributions of these pathways to the decrease in 
serum T3 and T4. 
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  Central regulation of peripheral thyroid hormone metabolism during fasting. 

Central downregulation of the HPT axis during fasting is mainly mediated by direct 
and indirect actions of the WAT-derived hormone leptin and neuropeptides on TRH 
neurons in the PVN. During fasting, leptin levels drop which leads to inhibition of TRH 
neurons via modulation of the NPY/AgRP and POMC/CART neuropeptide system in 
the arcuate nucleus of the hypothalamus (66-69). Interestingly, NPY and Melanocortin 
4 receptor (MC4R) double knock out mice did not show an increase in mRNA expres-
sion of hepatic Sults and UGTs upon fasting which indicates involvement of the central 
nervous system in the peripheral changes in TH metabolism (22). One possible way 
in which this could be regulated is via the autonomic nervous system which anatomi-
cally connects the hypothalamus with peripheral organs (70;71). Sympathetic input to 
the liver is conveyed via pre-autonomic neurons from the PVN and lateral hypothala-
mus (LH) which project directly or via the brain stem to the preganglionic neurons in 
the intermediolateral nucleus of the spinal cord. Parasympathetic (vagal) input to the 
liver travels from the hypothalamus via the dorsal motor nucleus of the vagus (DMV) 
in the brainstem. The autonomic nervous system is known to be involved in many 
processes in the liver that are under the control of the hypothalamus such as hepatic 
lipid metabolism (72;73) and glucose metabolism (74;75). During fasting the activity of 
the autonomic nervous system (ANS) changes, but what the influence of modulation 
of ANS activity is on hepatic thyroid hormone metabolism is not known at present. 

  other energy sensing mechanisms in peripheral tissues.

Besides altered autonomic input to the liver, fasting affects a variety of metabolic 
pathways and humoral factors. As described above, secretion of leptin from WAT is 
decreased. Glucose and insulin levels are low, and the concentrations of free fatty ac-
ids (FFA’s) in the blood rise (76). Fasting is also associated with increased adrenalin 
production by the adrenal glands (77). Changes in circulating factors are sensed by 
cells, where these inputs are integrated to lead to appropriate metabolic responses. 
Some important intracellular pathways that could play a role in the regulation of thy-
roid hormone metabolism during fasting are discussed below:  

Fatty acid sensing 
During fasting, the supply of glucose as the main fuel decreases. FFA’s are released 
from WAT and the liver to serve as an alternative fuel. FFA’s are ligands for the per-
oxisome proliferator activated receptor family (PPAR’s). These nuclear receptors are 
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very important for the transcriptional regulation of adipogenesis and metabolism (78) 
and the family consists of three subtypes (PPARα, PPARβ and PPARγ). PPARα is 
most abundantly expressed in liver and important for lipid metabolism. Interestingly, 
the fasting induced CAR increase in primary hepatocytes is dependent on PPARα 
signaling (79). 

The mTOR pathway
The name of the mammalian target of rapamycin (mTOR) is based on its inhibitor, ra-
pamycin. mTOR is important in many (patho)physiological conditions and coordinates 
a variety of mitogenic and metabolic pathways (80). mTOR is assembled with various 
other proteins, forming mTORC1 when assembled with raptor and mTORC2 when as-
sembled with rictor. Well-known is the rapamycin sensitive mTORC1. mTORC1 regu-
lates the synthesis of proteins that are essential for cell growth. In order to maintain 
this function, it is important that mTOR senses available energy to prevent energy 
demanding processes in the cell during fasting. Many energy sensing mechanisms 
converge on mTORC1, i.e. 5’-AMP protein kinase (AMPK) which is activated when 
ATP levels are low (81). Subsequently, AMPK phosphorylates the tuberous sclerosis 
complex (TSC), a protein which is able to indirectly inhibit mTOR (82). AMPK also 
phosphorylates and inactivates raptor, which is necessary for a stable mTORC1 com-
plex (83). 

In addition, mTORC1 responds to nutrient availability by sensing amino acids, with 
leucine being the most potent stimulator of mTORC1 (84). mTOR signaling is also in-
tertwined with leptin and insulin signaling since both leptin and insulin have the ability 
to activate mTOR (85). For example, mTOR mediates the effect of insulin and leptin 
on aquaporins in hepatocytes (86). Taken together, mTOR function is inhibited during 
shortage of energy and as such an important integrator of nutrient related signals. 
Therefore, mTOR is an interesting potential candidate involved in the regulation of 
thyroid hormone homeostasis. 

HIF1alpha
Hypoxia inducible factor 1α (HIF1α) is induced when oxygen levels are low (hypoxia). 
Under hypoxic conditions, HIF1α is known to upregulate D3 (87). HIF1α is positively 
regulated by mTOR. However, hypoxia itself can also negatively regulate mTOR activ-
ity. Whether HIF1α is upregulated during fasting, and involved in the regulation of D3 
during fasting remains to be explored. 
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  Figure 4: a schematic overview of humoral and molecular factors showing major   

  changes during fasting

1.3 ouTlInE oF ThE PREsEnT ThEsIs. 

  Part 1: Regulation of d2 in tanycytes during inflammation.

In this part of the thesis we aimed to get more insight in the regulation of hypothalamic 
D2 during inflammation. In chapter 2 we used both primary tanycyte cultures and a 
mouse model for acute inflammation to investigate the role of NF-κB p65 signaling 
in the LPS induced increase of D2 expression in tanycytes, both in vitro and in vivo. 
In chapter 3, we aimed to prove a causal role for NF-κB p65 in vivo, by administering 
LPS to mice that are deficient for NF-κB p65 in tanycytes/astrocytes. 

  Part 2: Regulation of peripheral d3 during fasting.

In chapter 4 we investigated the effects of different types of caloric restriction, i.e., 
fasting and 50% food restriction, on liver thyroid hormone metabolism. In chapter 5 
we investigated the role of the autonomic nervous system in the regulation of TH 
metabolism during fasting. In chapter 6 we used CAR knock out mice and rat primary 
hepatocytes to investigate the role of CAR and other nutrient sensing pathways in 
the fasting induced D3 regulation in the liver. In chapter 7 we aimed to unravel the 
underlying mechanisms of the D3 upregulation during fasting in white adipose tissue.  
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Chapter 2

NF-κB	signaling	is	essential	for	
the lipopolysaccharide-induced 
increase of type 2 deiodinase in 
tanycytes. 

E.M. de Vries 
J. Kwakkel
l. Eggels
a. Kalsbeek
P.	Barrett
E. Fliers
A.	Boelen
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ABstRAct	

The enzyme type 2 deiodinase (D2) is a major determinant of T3 production in the 
central nervous system. It is highly expressed in tanycytes, a specialized cell type 
lining the wall of the third ventricle. During acute inflammation, the expression of D2 in 
tanycytes is upregulated by a mechanism that is poorly understood at present but we 
hypothesized that JNK1 and RelA (p65 subunit of NF-κB) inflammatory signal trans-
duction pathways are involved. In a mouse model for acute inflammation we studied 
the effects of lipopolysaccharide (LPS) on mRNA expression of D2, JNK1 and RelA 
in the periventricular (PE) area and the arcuate nucleus-median eminence (ARC-ME) 
of the hypothalamus. We next investigated LPS-induced D2 expression in primary 
tanycyte cell cultures. In the PE, the expression of D2 was increased by LPS. In the 
ARC, but not in the PE, we found increased RelA mRNA expression. Likewise, LPS in-
creased D2 and RelA mRNA expression in primary tanycyte cell cultures while JNK1 
mRNA expression did not change. Phosphorylation of RelA and JNK1 was increased 
in tanycyte cell cultures 15-60 min after LPS stimulation, confirming activation of 
these pathways. Finally, inhibition of RelA with the chemical inhibitors sulfasalazine 
and JSH-23 in tanycyte cell cultures prevented the LPS induced D2 increase. We 
conclude that NF-κB signalling is essential for the upregulation of D2 in tanycytes 
during inflammation.
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InTRoduCTIon

Critically ill patients have altered regulation of the hypothalamus-pituitary-thyroid 
(HPT) axis, commonly known as the nonthyroidal illness syndrome (NTIS). Although 
often regarded as an adaptive mechanism, it may negatively influence disease out-
come in protracted critical illness. Recently it became clear that thyroid hormone me-
tabolism is differentially affected during NTIS, depending on the timing and tissue 
studied, making it a difficult and complex syndrome to interpret (26). 

NTIS is characterized by low serum thyroid hormone (TH) levels and a suppressed 
central component of the HPT axis, both in animal models and in humans (25;26;29). 
The main source of T3 in the central nervous system is type 2 deiodinase (D2) (7). 
D2 is expressed in glial cells, with very pronounced expression in tanycytes, a spe-
cialized cell type in the wall of the third ventricle (9;88). During acute inflammation, 
the expression of D2 in the hypothalamus is upregulated (27;34) which occurs inde-
pendently of the fall in thyroid hormone levels (39). Increased activity of D2 is hy-
pothesized to increase T3 availability in the hypothalamus which may then lead to 
a central suppression of the HPT axis via inhibition of TRH secretion from the PVN 
(27;40). Indeed, global D2 knock out mice do not exhibit suppression of TRH after 
LPS administration (37). The persistence of the central suppression of the HPT axis 
is dependent on TRβ2 signaling. (36). 

We hypothesized that inflammatory signal transduction pathways are involved in the 
regulation of D2 during illness. The inflammatory pathway component RelA (the p65 
subunit of NF-κB) was reported to increase D2 expression in vitro (89) and is able 
to bind to the Dio2 promoter region (42). Recently it has been shown that selec-
tive inhibition of the c-Jun-N-terminal kinase 1 (JNK1) pathway in the central nervous 
system affects TRH expression in a diet induced obesity model in rats (46). As JNK1 
has been involved in cytokine-induced alterations in liver type 1 deiodinase and TRα 
mRNA expression (45) it is tempting to speculate that JNK1 might also play a role in 
the LPS-induced alterations in central thyroid hormone metabolism by affecting TRH 
expression via D2. 

In the present study we use both an in vivo and an in vitro approach to determine 
the involvement of inflammatory signal transduction pathways in the regulation of D2 
during acute inflammation. To test our hypothesis we asked the following research 
questions; (1) Is the expression of several inflammatory markers increased in the 
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hypothalamus during acute inflammation in vivo? (2) Is the mRNA expression of D2 
and the mRNA expression and activation of the inflammatory pathways increased 
in tanycytes? (3) Can the inflammation-induced D2 response be inhibited by block-
ing the predefined inflammatory pathways with chemical inhibitors? To answer these 
questions we used 1) a mouse model for acute inflammation and 2) primary tanycyte 
cultures. 

MaTERIals and METhods

  animal experiment

Male and female wild type (129Sv/Ev) mice 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 200 μg 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, each time point had his own control 
and the experiment started at 9AM (27) 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. The hypothalamus (defined rostrally by the optic chiasm, cau-
dally by the mamillary bodies, laterally by the optic tract, and dorsally by the apex of 
the third ventricle) was isolated and stored immediately in liquid nitrogen. The tissue 
block containing the hypothalamus was used for dissection of the periventricular area 
(PE) and the arcuate nucleus / median eminence region (ARC-ME). The PE punch 
consisted of both paraventricular nuclei and the upper part of the ependymal lining 
of the third ventricle containing alpha tanycytes. This area was obtained by punch-
ing the hypothalamus with a hollow needle (diameter 1100 μm) based on anatomical 
landmarks (36).The PE samples may include (part of) the dorsomedial nucleus (DMN) 
which –like the PVN- contains TRH neurons. The same instrument was used to ob-
tain the ARC-ME samples. The study was approved by the University Victor Segalen 
Animal Care and Use Committee in Bordeaux, France (90).

  serum thyroid hormones

Serum T3 and T4 were measured with in-house RIA’s (91). All samples of one ex-
periment were measured within the same run (intra-assay variability T3: 3,6% and T4: 
6,6%). 
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  Primary tanycyte cell cultures

Brains (without the pituitary) were carefully isolated from 10 days old (p10) Wistar rat 
pups and washed in Dulbecco’s PBS (DBPS) (PAA laboratories GmbH, Pasching, 
Austria). Primary tanycyte cell cultures were prepared as described before (92). In 
brief, meninges were removed and the walls of the third ventricle were dissected and 
collected on ice in tanycyte culture medium (DMEM high glucose medium with 10% 
fetal calf serum (FCS) and 1% penicillin/streptomycin (PS) (all from PAA laborato-
ries)). Tissue was scraped through a 20 μM nylon mesh (Sefar, Heiden, Switzerland) 
and the dissociated cells were cultured in tanycyte culture medium. Medium was re-
freshed after 5 days and the cultures were maintained for up to three weeks refreshing 
the medium twice a week. For the mRNA expression studies, 1.5·105 tanycytes/well 
were grown in a 24 wells plate. After 24 hours cells were stimulated with LPS (1 μg/ml) 
or vehicle for 0 (baseline), 2, 6, 8 and 24 hours and harvested as described under the 
section RNA isolation and qPCR. The tanycyte cell cultures were checked for tanycyte 
expressed genes and for TSHβ to exclude contamination with pars tuburalis cells. 

For the chemical inhibition of NF-κB, sulfasalazine (Sigma, ST Louis, USA) and JSH-
23, an inhibitor of nuclear internalization (Calbiochem, Darmstadt, Germany) were 
used. After 24 hours cells were pre-incubated for 30 minutes with either 1% (v/v) or 
0.1% (v/v) dimethylsulfoxide (DMSO), 2mM sulfasalazine (dissolved in DMSO) or 50 
μM JSH-23 (dissolved in 10% DMSO). LPS or vehicle was added to the cells without 
washing and cells were harvested after 6 hours incubation. For the protein expres-
sion studies, 2.5·105 cells/well of primary tanycytes were grown to confluence in a 6 
well plate. For the immunocytochemistry, 2.5·105 cells/well of primary tanycytes were 
grown to confluence on coverslips in a 6 well plate. 

  Immunocytochemistry

Cells were washed with PBS and fixed in a 4% paraformaldehyde solution. After 
washing with PBS-triton (0.05 % v/v), cells were blocked with abdil (PBS with 1% w/v 
bovine serum albumin and 0.05 % v/v triton X-100) and incubated overnight with pri-
mary antibody (rabbit-anti-vimentin (#5741), Cell signaling technology, Danvers, MA, 
USA and rabbit-anti-GFAP (glial fibrillary acidic protein) (Z0334), DAKO, Glostrup, 
Denmark) in abdil (vimentin 1:200, GFAP 1:500) at 4 degrees. After incubation, cells 
were washed with PBS-triton and incubated for 1 hour with secondary antibody 
(AlexaFluor 594 goat-anti-rabbit, Invitrogen, Carlsbad, CA, USA), in abdil (1:1000) at 
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room temperature. Slides were embedded with vectashield containing DAPI (Vector 
laboratories, Burlingame, CA, USA) to stain the nuclei. 

  Ink/arf-/- cell cultures

For control experiments, Ink/Arf-/- glioma cell line of murine origin was kindly provided 
by E. Hol (NIN, KNAW, Amsterdam, the Netherlands). Ink/Arf-/- cells were cultured in 
DMEM/Ham’s F12 medium with 10% FCS and 1% P/S (all from PAA). 
For the mRNA expression study, 5·104 Ink/Arf-/- cells/well were grown in a 24 wells 
plate. After 24 hours, cells were stimulated with LPS (1 μg/ml) for 0 (baseline), 2, 6, 8 
and 24 hours and harvested as described below. For the protein expression studies, 
5·105cells/well of Ink/Arf-/- cells were grown to confluence in a 6 well plate.

  Transfection and siRna

To obtain knock down of target genes Stealth RNAi duplexes (Invitrogen, Carlsbad, 
CA, USA) were used. Three sequences per target gene were tested for efficiency (at 
least 80% knockdown on mRNA level) and the most efficient one was selected for 
further in vitro experiments (RelA: RSS358497). As a negative control LOGC Stealth 
RNAi duplex was used. 

For RNA isolation, 2·104 cells were reverse transfected with a final concentration of 
25 nM stealth siRNA duplex diluted in optimem reduced serum medium and 3 μl 
Hiperfect transfection Reagent (Qiagen, Hilden, Germany) per well. After 24 hours 
cells were stimulated with forskolin (50 μM), LPS (1 μg/ml )or vehicle for 6 hours and 
harvested as described below. 

  Rna isolation and qPCR

For RNA isolation, cells were washed with PBS and subsequently lysed in 125 μl lysis 
buffer from the Magna pure LC RNA Isolation kit-High performance (Roche Molecular 
biochemicals, Mannheim, Germany). RNA was isolated using the Magna Pure appara-
tus (Roche) and above described kit. RNA yield was determined using the Nano drop 
(Nanodrop, Wilmington, Delaware USA) and cDNA was synthesized with equal RNA 
input with the First strand cDNA synthesis kit for qPCR with oligo d(T) primers (Roche). 
Quantitative PCR was performed using the Lightcycler 480 and Lightcycler480SybrGreen 
I Master mix (Roche). The primers used are displayed in table 1. 
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Quantification was performed using the LinReg software. Samples that had a deviation 
of more than 5% of the mean efficiency value of the assay were excluded. Calculated 
values were normalized to the housekeeping gene values (Cyclophilin) whose expres-
sion was not significantly different among treatment groups. In the PE-punches we 
checked multiple housekeeping genes and chose Cyclophilin as the most stable one. 

          Gene        symbol            sequence                                                                 annealing 

                            temp

      Rat CyclophilineB   Ppib   Forward 5’-ATGTGGTCTTTGGGAAGGTG-3’   55

           Reverse 5’-GAAGGAATGGTTTGATGGGT-3

     Mouse Cyclophilin B     Forward 5’-GAGACTTCACCAGGGG-3’     55

          Reverse 5’- CTGTCTGTCTTGGTGCTCTCC-3’ 

     Rat D2      Dio2   Forward 5’-TCCTGGAGCGTTTCTCCTT-3’    55

          Reverse 5’- CATAAGCTACGTTGGCATTATTGT-3’

      Mouse D2       Forward 5’-GCTTCCTCCTAGATGCCTACAA-3’   60

          Reverse 5’- CCGAGGCATAATTGTTACCTG-3’ 

     Rat and mouse  RelA  Rela   Forward 5’- GACCTGGAGCAAGCCATTAG-3’   55

          Reverse 5’-ATCTTGAGCTCGGCAGTGTT-3’

     Rat and mouse JNK1    Mapk8   Forward 5’-TGCAAATCTTTGCCAAGTGA-3’    55

          Reverse 5’-AAAACTCGTTCCTGCAGTCC-3’ 

      Rat DARPP32       Ppp1r1b  Forward 5’-CAGCTCGACCCCCGACAGGT-3’   60

          Reverse 5’-TCGACTTTGGGTGGTGCCCCT-3’ 

     Rat Vimentin   Vim   Forward 5’-CGAGGAGGAGATGAGGGAGTTGCG-3’  55

          Reverse 5’-GGTCAAGACGTGCCAGAGAAGCA-3’ 

      Rat Nestin    Nes   Forward 5’-GAGCGCAGAGAAGCGCTGGAA-3’   55

          Reverse 5’-TCGTCCAGGTGTCTGCAACCG-3’ 

      Rat GPR50        Gpr50   Forward 5’-TTCCCACCCCATTCGGCTGC-3’   60

          Reverse 5’-GCCACGAGCATGTCTGCCACA-3’

      Rat TLR4    Tlr4    F orward 5’-ATGCCTCTCTTGCATCTGGC-3’    55

          Reverse 5’-ATTGTCTCAATTTCACACCTGGA-3’ 

          Rat TSHb     Tshb   Forward 5’-TCGTTCTCTTTTCCGTGCTT -3’    65

          Reverse 5’- CGGTATTTCCACCGTTCTGT -3’ 

  Table 1: description of the primers used for qPCR. Gene symbols, primer    

  sequences and annealing temperatures are shown. 

  



33

C
h

a
PTER

 2

Western blots

For the measurement of RelA and JNK1 protein activation, tanycyte cell cultures were 
stimulated with LPS (1 μg/ml) or vehicle and incubated for 30 or 60 minutes. For the 
validation of the RelA inhibitors, Ink/Arf-/-cells were stimulated with 50 μM JSH-23 or 
2 mM Sulfasalazine with or without LPS (1 μg/ml) for 60 minutes. After washing with 
ice cold PBS, cells were scraped and spun down at maximum speed in an eppen-
dorf centrifuge. For the activation experiment pellets were resuspended in 100 μl 2x 
protein loading buffer (2% (w/v) SDS (sodium dodecyl sulphate), 10% glycerol, 0.1M 
dithiotreitol (DTT), 48 mM Tris pH 6.8, bromophenol blue). For the inhibitor validation, 
nuclear extracts were prepared from 3 wells per sample. Pellets were resuspended in 
400 μl cytosolic lysis buffer (CEB)(10 mM HEPES pH 7.5; 1.5 mM MgCl2; 10mM KCl; 
1 mM DTT; protease inhibitor (Complete Mini-EDTA-free ,Roche); phosphatase inhibi-
tor (phospho/STOP, Roche)). Cells were fractionated with a potter homogenizer and 
homogenates were spun down for 5 minutes at 5000 rpm. Pellets (nuclear fraction) 
were washed with CEB and spun down again. Pellets were resuspended in nuclear 
extraction buffer (NEB)( 50 mM Tris-HCl, pH 7.2; 140 mM NaCl; 2 mM EDTA; 1% 
NP-40; protease inhibitor (Complete Mini-EDTA-free, Roche); phosphatase inhibitor 
(phospho/STOP, Roche) and incubated on ice for 30 minutes. Lysates were spun 
down for 10 minutes at maximum speed and the supernatant (nuclear fraction) was 
snap frozen and stored in -80°C. 

For the western blot 25 μg protein was loaded on a 10% SDS-PAGE gel. Gels were 
blotted on to Immobilon-P transfer membrane (Millipore, Bedford, MA, USA). Blots 
were blocked with 5% milk in TBS/T for 1 hour at room temperature (RT). The pri-
mary antibodies used were NF-κB p65 (#3034), phospho-NF-κB p65 (Ser536, 
#3033), phospho-SAPK/JNK1 (Thr183/Tyr185, #9251) (all Cell signalling technology, 
Danvers, MA, USA), Lamin A/C (SC-20681) and Actin I-19 (SC-1616, both from Santa 
Cruz biotechnology, Santa Cruz, CA, USA). Secondary antibodies were goat-anti-
rabbit-HRP and rabbit-anti-goat-HRP (DAKO, Glostrup, Denmark). Primary antibod-
ies were incubated for 1 hour at RT followed by an overnight incubation at 4°C in 5% 
milk in TBS/T in a concentration of 1:1000 (b-actin 1:3000). Blots were washed 3 
times 5 minutes with TBS/T and incubated with the appropriate secondary antibody 
for 1 hour at RT (1:10.000). After 3 times 5 min washes, blots were incubated with 
ECL Prime western blotting detection reagent (GE Healthcare, Little Chalfont, UK) 
and chemiluminiscence was visualized on the ImageQuant LAS4000 (GE Healthcare, 
Little Chalfont, UK). 
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  statistics 

Differences between LPS and control conditions were evaluated using two-way 
ANOVA with two grouping factors. 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 effect 
of LPS treatment. To correct for multiple testing the effect of treatment was consid-
ered significant when p-values were ≤0.016 for the in vivo and in vitro time course 
experiments. To test pair-wise comparisons ANOVA was followed by student’s 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. For the siRNA and chemical 
inhibitor experiments, basal differences in D2 mRNA levels were tested with student’s 
t-test. If significant, data was normalized to control values and a two-way ANOVA 
was performed on the relative data. All tests were performed using SPSS. (SPSS, 
Chicago, IL, USA).
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 REsulTs

 Effects of LPS administration on D2, RelA and JNK1 mRNA expression in vivo.

We measured the expression of D2, RelA and JNK1 mRNA in the ARC-ME and PE 
region of mice that received an LPS injection and were sacrificed after 4, 8 and 24 
hours. In the ARC-ME, LPS did not result in a significant upregulation of D2 mRNA 
compared to saline treated controls when tested with ANOVA. However, when the 4h 
time point was tested separately with a t-test, D2 expression in the LPS group was 
significantly higher (Fig 1A). In the PE region D2 mRNA was significantly increased 
4 and 8 hours after LPS (Fig 1B) compared to control mice. In addition, we found a 
significant effect of LPS treatment on RelA mRNA expression in the ARC-ME (Fig 1A) 
but not in the PE region (Fig 1B). JNK1 mRNA was not significantly increased after 
LPS injection in the ARC-ME or PE region (Fig 1A and 1B). Serum total T3 and T4 

concentrations started to decrease already 4 hours after LPS administration and were 
significantly lower after 24 hours (Fig 1C). 
 

  Figure 1: d2, Rela and JnK1 relative mRna expression in aRC-ME (a) and PE  

	 	(B)	region	of	the	hypothalamus	and	total	t3 and T4 levels in serum (C) of mice that   

  received lPs (closed circles) or saline (open circles) for 4, 8 or 24 hours. Mean   
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  values ± sEM (n=4/6) are shown. P values indicate differences between treatment  

  groups by nonparametric anoVa when not normally distributed or parametric   

  anoVa when normally distributed. symbols indicate differences between lPs and 

	 	control	groups	for	each	time	point	evaluated	by	Mann-Whitney	U-tests;	*	p≤0.05,	**	

	 	p≤0.01

 Primary cultures show tanycyte expressed genes.

We isolated and cultured primary tanycyte cell cultures from the brains of p10 rat 
pups. These cultures expressed genes that are known to be highly expressed in tany-
cytes, i.e., D2, vimentin, DARPP32, GPR50 and nestin as measured by qPCR (data 
not shown). The absence of contamination with pars tuburalis cells was confirmed by 
qPCR for TSHβ, no amplification of TSHβ was seen in comparison to pituitary cDNA. 
We also confirmed mRNA expression for the Toll like receptor 4 (TLR4), which is the 
receptor for LPS (data not shown). Cultured cells showed abundant vimentin immu-
nostaining (Fig 2A) while GFAP protein-expression was negative, confirming tanycyte 
identity (93;94) (Fig 2B). 
 

 

  Figure 2: Immunohistochemical characterization of a primary tanycyte culture   

	 	after	2	weeks	in	culture.	DAPI	(blue),	Vimentin	(Green)(A)	and	GFAP	(red)	(B).	20x		

  magnification

 The effects of LPS on D2, RelA and JNK1 expression in tanycyte cell cultures. 

Tanycyte cell cultures were stimulated with LPS and harvested at t=0, 2, 6, 8 and 24 
hours. D2 mRNA expression was significantly increased 6, 8 and 24 hours after LPS 
stimulation. RelA mRNA expression was increased already after 2 hours of LPS stim-
ulation and this effect sustained for 6, 8 and 24 hours. JNK1 mRNA expression was 
not affected by LPS (Fig 3). Next, we determined the activation of inflammatory signal 
transduction pathways after LPS stimulation in tanycyte cell cultures by evaluating 
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the phosphorylation of RelA and JNK1 proteins. Increased levels of pRelA and pJNK1 
were observed in these cultures 30 and 60 minutes after LPS stimulation (Fig 4). 

 

  Figure 3: d2, Rela and JnK1 relative mRna expression in tanycyte cell cultures that  

  were incubated for 2,6,8 or 24 hours with (closed circles) or without (open   

	 	circles)	LPs	(1	μg/ml).	Mean	values	±	sEM	(n=5/8)	are	shown.	P	values	indicated	are	

  differences between treatment groups by parametric anoVa when data was   

  normally distributed or by nonparametric anoVa when not normally distributed.  

  symbols indicate difference between lPs or control groups for each time point   

	 	evaluated	by	students	t-tests	or	Mann-Whitney	U-tests,	*	p≤0.05,	**	p≤0.01

 Inhibition of inflammatory pathways in tanycyte cell cultures with sulfasalazine or JSH-
23 blocks the LPS induced D2 increase. 

Primary tanycytes were stimulated with LPS after blocking the inflammatory pathway 
NF-κB by the chemical inhibitor sulfasalazine or JSH-23. Since both compounds are 
reported to inhibit nuclear translocation, the effectiveness of both compounds was 
assessed by western blot for NF-κB p65 on nuclear extracts of Ink/Arf-/- cells. LPS in-
creased nuclear localization of NF-κB p65 while both sulfasalazine and JSH-23 inhib-
ited this effect (Fig 5C). Sulfasalazine treatment resulted in 25% lower basal D2 mRNA 
expression (p=0.023, data not shown), while JSH-23 increased basal D2 mRNA by al-
most 300% (p≤0.001, data not shown). However, basal levels after JSH-23 treatment 
did not reach the levels of the control cells after LPS treatment, indicating no plateau 
was reached. Therefore D2 mRNA expression after LPS stimulation is shown relative 
to the control condition (DMSO control). While LPS significantly increased D2 mRNA 
expression in the control group, no increase was observed when NF-κB was inhibited 
by sulfasalazine (Fig 5A). When nuclear internalization was blocked with JSH-23, the 
LPS induced increase in de control condition was not present anymore (Fig 5B). As 
a control experiment, RelA signalling in Ink/Arf-/- cells was inhibited with siRNA’s and 
cells were stimulated with either LPS or forskolin to assess the effect on D2 mRNA 
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expression. Both LPS (2-fold) and forskolin (100- fold) significantly induced D2 mRNA 
expression, but only in the LPS stimulated group RelA knockdown prevented this ef-
fect. Knock down of RelA did not affect the forskolin induced D2 upregulation (data 
not shown). 

 

	 	Figure	4:	Protein	expression	in	tanycyte	cell	cultures	with	or	without	LPs	(1	μg/	

  ml) at several time points. Western blots were detected with anti-phospho-Rela,  

  anti-phospho-JnK1 and anti-actin antibodies.  
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  Figure 5: a) Relative d2 mRna expression in tanycyte cell cultures after 6 hours  

	 	incubation	with	(black	bars)	or	without	(white	bars)	LPs	(1	μg/ml),	in	a	1%	DMsO		

  control group and in tanycyte cell cultures that were treated for 30 minutes with   

	 	2mM	sulfasalazine.	B)	Relative	D2	mRNA	expression	in	tanycyte	cell	cultures	after		

	 	6h	incubation	with	(black	bars)	or	without	(white	bars)	LPs	in	a	0.1%	DMsO	control		

	 	group	and	in	tanycyte	cell	cultures	that	were	treated	for	30	minutes	with	50μM	JsH-

  23. Mean values ± sEM (n=4/6) are shown. P values indicated are differences

  between control and lPs groups by parametric anoVa. symbols indicate    

	 	difference	between	LPs	or	control	groups	evaluated	by	students	t-tests	*	p≤0.05,	**		

	 	p≤0.01	c)	Western	blot	for	RelA	and	lamin	on	nuclear	fractions	of	InkArf-/- cells that  

	 	are	treated	with	either	2mM	sulfasalazine	or	50	μM	JsH-23	with	or	without	LPs.	
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dIsCussIon

In this study we show that acute inflammation, induced by LPS, results in increased 
expression of inflammatory signal transduction pathways in specific regions of the 
hypothalamus of mice. The observed increase is associated with an increase in hy-
pothalamic D2 mRNA expression. Furthermore, we show for the first time that in a 
primary tanycyte cell culture D2 increases in response to LPS which is also associ-
ated with activation of inflammatory signal transduction pathways of NF-κB and JNK1. 
Finally, blocking RelA (the p65 subunit of NF-κB) activation and nuclear translocation 
inhibits the LPS induced D2 increase. 

Tanycytes are divided into four different subtypes by their anatomical location and 
functional properties (38). β-tanycytes line the floor of the third ventricle and act as 
a barrier between the cerebrospinal fluid (CSF) and the portal blood system in the 
median eminence (ME). On the other hand, α-tanycytes line the upper wall of the 
third ventricle and do not have a barrier function. We observed increased D2 mRNA 
expression in the PE region (containing primarily α-tanycytes) of the hypothalamus 4 
and 8 hours after LPS administration which is consistent with observations in other 
studies. In these studies both D2 mRNA and activity levels were increased in several 
models of illness (27;32;34;39;40;44;49). The observation that D2 expression in the 
PE region (α-tanycytes) is also highly sensitive to fasting and altered energy status 
(58) highlights the heterogenic character of the tanycyte population and is consistent 
with our findings that the inflammatory-induced increase of D2 mRNA expression is 
more robust in the PE region than the ARC-ME. The rise in D2 mRNA expression cor-
responded with a drop in total serum T3 and T4 concentrations. 

Since tanycytes are the key site of altered TH metabolism during illness, using a 
primary tanycyte culture to test our hypothesis has a clear advantage over the use 
of cortical astrocytes. The rise of D2 in cortical astrocytes is dependent on the fall of 
T4 during illness, while the increased D2 expression in the mediobasal hypothalamus 
precedes the fall in T4 levels (39) making it a more relevant cell type to study in this 
context. However, the absence of specific tanycyte markers makes it very difficult to 
selectively isolate or culture these cells. We found that the majority of the cells stained 
positive for vimentin, while only a very small proportion expressed GFAP, which has 
been reported to be characteristic of tanycytes (95). We also confirmed the presence 
of other genes that are expressed in tanycytes, such as nestin, GPR50 and DARPP32 
by qPCR (96;97). Contamination with pars tuburalis cells was ruled out by qPCR for 
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TSHβ. We cannot rule out, however, that our culture is somewhat heterogeneous and 
also contains additional cell types located in the vicinity of the wall of the third ventri-
cle. Isolation of tanycytes from mice pups is technically not feasible, and we therefore 
chose to use rat pups for this purpose. Since the available literature shows that the 
changes in TH metabolism during NTIS are conserved among several rodent spe-
cies, we do not expect that this will confound our conclusions. 

Over the years many attempts have been made in identifying the regulating factors of 
D2 during illness. The Dio2 promoter contains a NF-κB binding site and is responsive 
to NF-κB in vitro (42;44). In the study by Sanchez et al., TNF-α and CREB signalling 
were ruled out as the main initiator of D2 transcription during inflammation. To prove 
a causal relationship between RelA and enhanced D2 transcription, we blocked RelA 
using chemical inhibitors. Our attempts to transfect tanycyte cultures using electropo-
ration and lipid based transfection reagents were unsuccessful and therefore these 
cells were not amenable to siRNA knockdown studies. For the validation of the nu-
clear inhibitors and for a control experiment where LPS and forskolin were compared, 
we used the Ink/Arf-/- glioma cell line. 

Consistent with the effect of LPS in vivo, primary tanycyte cell cultures showed a 
marked increase of D2 mRNA expression 6 and 8 hours after LPS stimulation, which 
was even extended to 24 hours. There was a rapid induction of RelA mRNA already 
visible after 2 hours as well as a rapid activation of RelA and JNK1 protein 15, 30 and 
60 minutes after LPS stimulation. These observations are in contrast with those of 
Sanchez et al. (44), who found that the LPS-induced D2 increase in the PE region of 
the hypothalamus region precedes the activation of NF-κB signalling based on the 
kinetics of the observed alterations in D2 and Iκ-Bα mRNA expression. However, dif-
ferences in methods could play a role in these contrasting observations. Iκ-Bα is an 
inhibitory molecule that is under control of NF-κB. It is therefore a secondary marker 
for NF-κB activation, while in the present study we looked at activation of NF-κB itself. 
Although we think that the contribution of other cell populations in our tanycyte cell 
cultures is unlikely, we can not rule out any confounding effects of other cell types in 
the cultures while Sanchez et al. specifically looked at tanycytes in brain slices with 
in situ hybridization. Furthermore, based on the study of Sanchez et al and our own 
study one could assume that NF-κB not only plays a role in the induction of D2 but 
also in the maintenance of the signal, thus providing a mechanism ensuring sufficient 
D2 mRNA expression. 
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To further test the involvement of NF-κB in the response of D2 to LPS, we used the 
chemical inhibitors sulfasalazine and JSH-23 to block NF-κB signalling in tanycyte 
cell cultures. Sulfasalazine is known to inhibit nuclear translocation of RelA by pre-
venting degradation of Ik-Ba, the molecule that binds RelA and retains it in the cyto-
plasm (98). JSH-23 also prevents the translocation of RelA to the nucleus, but without 
affecting Ik-Ba degradation (99). Sulfasalazine treatment completely prevented the 
LPS induced increase of D2. In cortical astrocytes, it was shown earlier that sul-
fasalazine, as well as ERK and p38 inhibitors, are able to prevent the effect of LPS 
on D2. However, the relevance of this finding for the in vivo situation is not clear since 
D2 expression in the cortex is likely to be secondary to the fall in serum T4 after LPS 
administration (89). Besides sulfasalazine, pre-incubation of tanycytes with JSH-23 
also prevented the LPS induced D2 increase, indicating that NF-κB p65 is a regulator 
of D2 transcription during inflammation. This mechanism is clearly different from other 
stimuli known to regulate D2 expression such as forskolin since inhibition of RelA with 
siRNA’s in Ink/Arf-/- cells did affect the LPS induced D2 mRNA increase, but had no 
effect on the forskolin induced D2 expression. 

Interestingly, blocking the transcriptional actions of NF-κB p65 with JSH-23 increased 
the basal expression of D2. While the available literature on NF-κB signalling is ex-
tensive, only recently the complexity of the system is starting to be unravelled. There 
is evidence suggesting that NF-κB dimers are not only transcriptional activators, but 
can also function as repressors (100). RelA homodimers have been shown to be able 
to shuttle from and to the nucleus in resting cells, keeping their DNA binding capacity 
even in unstimulated cells (101;102). This indicates that besides a role in specifically 
upregulating D2 during inflammation, NF-κB might also regulate its expression in the 
basal state. It is also possible that cofactors used by NF-kB to activate the Dio2 gene 
become available for other transcription factors in favour of Dio2 activation in unstimu-
lated cells when NF-kB is inhibited. This possibility was shown to be relevant for the 
illness-induced decrease in liver D1 expression (103). 

In conclusion, the spatial and temporal activation of inflammatory pathways of JNK1 
and NF-κB as shown in this paper suggests an important role in the regulation of D2 
during inflammation and sheds new light on how the central component of the HPT 
axis might be downregulated during illness. 
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ABstRAct
 
A large proportion of ill patients have alterations in the HPT axis, characterized by low 
serum thyroid hormone (TH) concentrations and a suppressed central component of 
the HPT axis allowing for persistent low serum TSH. These changes are collectively 
known as the non-thyroidal illness syndrome (NTIS). 
In hypothalamic tanycytes, the expression of type 2 deiodinase is increased in sev-
eral animal models of inflammation. Since D2 is a major source of T³ in the brain, 
this response is thought to suppress TRH expression in the PVN via increased local 
bioavailability of T3. The inflammatory pathway component RelA (the p65 subunit of 
NF-κB) was reported to bind to the Dio2 promoter region and to increase D2 expres-
sion after LPS stimulation in vitro. 

We aimed to determine whether RelA is essential for the LPS-induced D2 increase 
in vivo by using a conditional RelA knock out mouse (RelAASTKO) that mainly shows 
recombination in the tanycyte layer. Dio2 and Trh mRNA expression were assessed 
by quantitative in situ hybridization in mice injected with LPS or saline after 8 or 24 
hours. In addition we measured pituitary Tshβ mRNA expression and serum T₃ and 
T₄ concentrations. 

RelAASTKO mice showed a blunted response to LPS in both Dio2 and Trh mRNA ex-
pression. However, the drop in pituitary Tshβ expression and in serum T₃ and T₄ con-
centrations was observed in both genotypes. In conclusion, RelA is essential for the 
LPS induced hypothalamic D2 increase and TRH decrease. The central changes in 
the HPT axis are, however, not required for the downregulation of Tshβ expression 
and serum TH concentrations. 
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InTRoduCTIon

The non-thyroidal illness syndrome (NTIS) is frequently observed during illness (104). 
NTIS is characterized by low serum thyroid hormone (TH) concentrations and a sup-
pressed central component of the hypothalamus-pituitary-thyroid (HPT) axis, both 
in animal models and in humans (25;26;29). Although often regarded as an adap-
tive mechanism during acute inflammation, it may negatively influence disease out-
come in protracted critical illness. Furthermore, local TH metabolism is differentially 
affected depending on the timing and tissue studied, making it a difficult and complex 
syndrome to interpret (26). 

The exact mechanism involved in the illness-induced suppression of the HPT axis is 
incompletely understood. Secretion of thyrotropin releasing hormone (TRH) from the 
paraventricular nucleus (PVN) is negatively regulated by triiodothyronine (T₃), thus 
forming a negative feedback loop. The main source of T₃ in the central nervous sys-
tem is type 2 deiodinase (D2), an enzyme that converts the prohormone thyroxine (T₄) 
from the cerebrospinal fluid and the circulation into the biologically active hormone 
T₃ (7). D2 is expressed in glial cells, with very pronounced expression in tanycytes, a 
specialized glial cell type in the wall of the third ventricle (9;88). During acute inflam-
mation, the expression of D2 in the hypothalamus is upregulated (27;34) indepen-
dently of the fall in TH concentrations (39). Increased activity of D2 is hypothesized 
to suppress TRH secretion from the PVN via local increase in T3 availability in the 
hypothalamus (27;40). 

The inflammatory pathway component RelA (the p65 subunit of NF-κB) was reported 
to increase D2 expression in vitro (89) and to be able to bind to the Dio2 promoter 
region (42). We recently showed that RelA is upregulated in vivo in the mediobasal 
hypothalamus of mice after administration of bacterial endotoxin (lipopolysaccharide, 
LPS), and that inhibition of RelA in a primary tanycyte culture prevents the LPS in-
duced increase of Dio2 mRNA expression (105). However, evidence for a causal role 
for RelA in the regulation of D2 during acute inflammation in vivo is still missing. 

In order to address this question we have employed astrocyte specific RelAASTKO 

mice that express a truncated and thus not functional form of RelA in tanycytes. This 
was achieved by crossing RelAflox mice with mice expressing a tamoxifen inducible 
CreERT2 transgene under a glutamate aspartate transporter (GLAST)-promoter. 
Acute inflammation was induced by LPS injection. Illness-induced hypothalamic 
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Dio2 and Trh expression was determined by in situ hybridization. In addition, pituitary 
Tshβ mRNA expression and serum TH were measured using qPCR and radioimmu-
noassay respectively. 

MaTERIals and METhods

  animals

Female mice (7-14 weeks of age) with a homozygous Cre/loxP-based deletion of 
relA alleles (RelAfl/fl;tg/+, designated as RelAASTKO) and floxed littermate controls (RelAfl/

fl;+/+, designated as WT) were used. Conditional RelAflox mice were a kind gift from 
dr Roland M. Schmid (Technical University Munich, Germany) (106). For ablation 
of RelA in tanycytes in RelAASTKO mice, a glutamate aspartate transporter (GLAST)-
driven and tamoxifen-inducible CreERT2 transgene was employed (107). Animals 
were backcrossed to a C57Bl/6 (B6) background for at least ten generations. A 
GLAST-CreERT2-YFP reporter mouse as described before by (108) was used to verify 
tamoxifen induced Cre expression in tanycytes. Deletion was induced as published 
previously (107;109). 

Acute illness was induced by an intraperitoneal (i.p.) injection of 10 μg LPS/g body 
weight (Lipopolysaccharide, E.coli O127:B8; Sigma, St. Louis, MO, U.S.A.) diluted in 
0,9% NaCl. Control mice received 0,9% NaCl. To control for diurnal variation each 
time point had his own control group and all experiments were done at the same time 
of day. Mice (8-10 mice per group) were killed by CO2 intoxication 8 or 24 hours (h) 
after LPS administration, respectively. Blood was taken by heart puncture, and serum 
was stored at -20°C. Brains were isolated, snap-frozen in dry ice-cooled 2-methyl bu-
tane and cut with a cryostate in 20 μm thick sections. Pituitaries were isolated, frozen 
on dry ice and stored at -80°C for RNA isolation.

Animals were kept under controlled conditions in a pathogen-free environment and 
provided with food and water ad libitum. All animal interventions were performed in 
accordance with the European Convention for Animal Care and Use of Laboratory 
Animals and were approved by the local ethics committee.
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  Genotyping

Approximately 2 mm of tail was incubated overnight at 55 °C in 300 μl PCR buffer (50 
mM KCl, 10 mM Tris-HCl pH 8.3, 2.5 mM MgCl2, 0.1 mg/ml gelatine, 0.45% v/v NP40, 
0.45% v/v Tween-20) containing 40 μg proteinase K (Merck, Darmstadt, Germany) 
while shaking. After incubation, samples were heated for 10 minutes at 95°C to inac-
tivate the proteinase K. Samples were spun down for 5 minutes and the supernatant 
was used for subsequent PCR reactions. 

PCR reactions to detect floxed (relAflox) and recombined (relAdel) relA alleles as well 
as the Cre recombinase transgene were performed using the following param-
eters and primers: 4 min 94°C, (45 sec 94°C, 30 sec 58°C , 45 sec 72°C) 35x, 5 
min 72°C. Primers: relAflox FW 5’-GAGCGCATGCCTAGCACCAG-3’, relAflox BW 
5’-GTGCACTGCATGCGTGCAG-3’; relAdel FW 5’-AGTGCACTGCATGCGTGCAG-3’, 
relAdel BW 5’-GTGCACTGCATGCGTGCAG-3’; Cre FW 5’-GCCTGCATTACCGGTCG 
ATGCAACGA-3’, Cre BW 5’-GTGGCAGATGGCGCGGCAACACCATT-3’, control 
(Cβ): FW 5’-CACTGATGTTCTGTGTGACA-3’, BW 5’-GAGGATCTGAGAAATGTGAC 
TCCAC-3’. PCR reactions were analysed on DNA agarose gel. 

  Confirmation of knock out

To confirm expression of recombined relA transcripts in the target area, the cir-
cumventricular area containing the tanycyte layer was punched in RNAlater buffer 
(Life technologies, Carlsbad, CA, USA) and RNA was isolated as described below. 
Expression of the wild type and recombined mRNA was confirmed by qPCR with 
the following primers: relA FW 5’- TGACCCCTGTCCTCTCACAT-3’ and relA BW 5’- 
GACACACCCTGGTTCAGGAG -3’. The qPCR resulted in the amplification of a 922 
bp PCR product for WT relA transcripts, and a 448 bp PCR product for recombined 
relA transcripts. 

  Immunohistochemistry

For visualizing YFP in tanycytes, perfusion fixed brains were cut on a vibratome. 
Sections were blocked as well as permeabilized with 10% normal goat serum in 
0.2% Triton X-100 containing PBS. Immunostaining was performed using a rabbit 
anti-green fluorescent protein (GFP) antibody (1:500; Molecular Probes, Darmstadt, 
Germany). Sections were then incubated with fluorescence-labeled secondary 



51

C
h

a
PTER

 3

antibodies (1:1000, Alexa Fluor 488; Invitrogen, Carlsbad, CA) and analyzed using an 
Olympus AX70 microscope.

  Riboprobe synthesis

A cDNA fragment of mouse Trh cDNA corresponding to nt 1251–1876 (GenBank ac-
cession number NM_009426.2) and a fragment of mouse Dio2 cDNA corresponding 
to nt 131–1045 (GenBank accession number AF096875) were generated by PCR and 
subcloned into the pGEM-T Easy Vector (Promega, Madison, WI).

Radiolabeled riboprobes for Dio2 and Trh were generated by performing the tran-
scription reaction in the presence of [35S]UTP (Hartmann Analytik, Braunschweig, 
Germany) as described before (14). 

  In situ hybridization

In situ hybridization was carried out as described before (110). Slides were fixed in 4% 
paraformaldehyde solution. After washes in PBS, slides were permeabilized in 0.4% 
triton-X-100 in PBS. Deacetylation was carried out by incubating the slides in 0.1 M 
triethanolamine pH 8 containing 0.25% (v/v) acetic anhydride for 10 minutes. Slides 
were washed in PBS, dehydrated in increasing ethanol concentrations and air-dried. 
Radiolabeled riboprobes were diluted to a final concentration of 1•104 cpm/μl (Trh) or 
5•104 cpm/μl (Dio2) in hybridization buffer (50% formamide, 10% dextran sulfate, 0.6 
M NaCl, 10 mM Tris/HCl pH 7.4, 1xDenhardt’s solution, 100 mg/ml sonicated salmon-
sperm DNA, 1 mM EDTA-di-Na and 10 mM DTT). TRH was diluted with 5% cold 
probe. After application of the hybridization mixture, slides were coverslipped and 
incubated overnight at 58°C. The next morning, slides were washed in 2x saline cit-
rate buffer (SSC) and coverslips were removed. Subsequently, slides were washed 
in 1x SSC and treated with RNase A (20 μg/ml) and RNase T1 (1U/ml) at 37°C for 30 
minutes. Successive washes followed at room temperature (RT) in 1x, 0.5x, and 0.2x 
SSC for 20 minutes each and in 0.2x SSC at 60°C for 1h. The sections were dehydrat-
ed and exposed to Biomax MR film (Kodak). Sections were exposed for 1 day (Trh) or 
3 days (Dio2). Integrated density of the signal in the PVN (for Trh) and the ARC-ME 
region (for Dio2) was determined using ImageJ software. A value per brain section 
was calculated by substracting the background signal and by dividing the outcome by 
the area of the calculated signal. 
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  Rna isolation and qPCR

Pituitary mRNA was isolated on the MagnaPure RNA isolation system using the LC 
mRNA tissue kit (Roche Molecular biochemicals, Mannheim, Germany). cDNA was 
synthesized with the First strand cDNA synthesis kit with oligo d(T) primers (Roche 
Molecular Biochemicals, Mannheim, Germany). Quantitative PCR was performed us-
ing the Lightcycler 480 and Lightcycler480SybrGreen I Master mix (Roche Molecular 
Biochemicals, Mannheim, Germany). Primers used for detection of Hprt, Dio2 and Tshβ 
are described elsewhere (27). Quantification was performed using the LinReg software. 
Samples that had a deviation of more than 5% of the mean efficiency value of the assay 
were excluded. Calculated values were normalized to the housekeeping gene values 
(Hprt) of which the expression was not significantly different among treatment groups. 

 	t₃	and	t₄	measurements

T₃ and T₄ serum concentrations were measured with an in house radioimmunoassay 
(RIA) (91). All samples of one experiment were measured within the same assay (in-
tra-assay variability T₃, 3.6% and T₄, 6.6%).

  In vitro dual luciferase assay

To test whether inhibition of RelA can have a direct effect on the Dio2 promoter we 
designed an in vitro dual luciferase approach. A H4 human glioma celline was ac-
quired from ATCC (Manassas, VA, USA) and grown in DMEM supplemented with 
10% fetal calf serum and 1% penicillin-streptomycin-fungizone (all from Lonza, Basel, 
Switserland). 5•104 per well were seeded in a 24-wells plate, and were transfected 
with 250 ng PGL3-hdio3-luc construct (kindly provided by B. Gereben, Hungarian 
Academy of Sciences, Budapest, Hungary) and 4 ng P3xflag-CMV-Renilla (kindly 
provided by M. Vooijs, Maastricht University, Maastricht, The Netherlands) using 
Jetprime transfection reagent and buffer according to the manufacturers guidelines 
(Polyplus transfection SA, Illkirch, France). After 24h, cells were stimulated with 1 μg/
ml LPS and for inhibition of NF-κB nuclear internalization co-treated with JSH-23 (50 
μM, dissolved in 10% DMSO) (Calbiochem, Darmstadt, Germany), or with DMSO 
alone. After 4 hours, cells were washed with PBS, and lysed with passive lysis buffer 
from the dual luciferase reporter assay kit (Promega, Fitchburg, WI, USA). A dual 
luciferase assay was performed according to the manufacturer’s instructions and the 
samples were analysed using a Glomax luminometer (Promega). 
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  statistics

Differences between conditions were evaluated per timepoint using two-way ANOVA 
with two grouping factors (treatment and genotype). To evaluate differences in re-
sponse to LPS, data was normalized to saline controls and a two-way ANOVA with 
two grouping factors (time and genotype) was performed. Normal distribution of the 
data was tested using the Shapiro-Wilk test on the residues of the ANOVA. p-values 
in the figures represent effect of LPS treatment (ptreat) or genotype (pgenotype). To 
test pair-wise comparisons ANOVA was followed by student’s t-test. Symbols in the 
figures represent the pair-wise p-values. All tests were performed using SPSS (SPSS, 
Chicago, IL, USA).
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REsulTs

Characterisation of the mouse model.

To confirm tamoxifen (Tam) induced Cre expression within periventricular tanycytes 
of GLAST-CreERT2 deleter mice we have crossed these mice with YFP reporter mice 
carrying a flox-stop cassette that becomes activated by Cre-mediated recombination 
(108). Application of Tam resulted in a pronounced expression of Cre recombinase in 
tanycytes, as detected by abundant expression of YFP protein in the wall of the third 
ventricle and median eminence of Glast-CreERT2-YFP reporter mice (Fig 1A). To test 
for efficient recombination of the relA locus in astrocytes and tanycytes of RelAASTKO 
mice, GLAST-CreERT2 mice were crossed with RelAflox mice and expression of recom-
bined relA transcripts was analyzed by PCR amplification. Truncated relA was found 
to be expressed in periventricular tissue samples comprising the wall of the third 
ventricle of RelAASTKO mice, but not in tissue samples derived from WT mice (Fig 1B), 
which showed solid expression levels for full length relA transcripts. Moreover, white 
blood cells of RelAASTKO mice did not show expression of truncated relA implicating 
that peripheral immune cells did not show Tam induced relA recombination (data not 
shown). 
 

  Figure 1: Immunofluorescent image of the tamoxifen induced CRE-yFP expression  

  in the tanycyte layer lining the hypothalamic third ventricle (a). analysis of relA pcr  

  products from the circumventricular area of WT and RelAASTKO	mice	(B).	the	922		 	

  bp product represents WT relA, the 448 bp band represents truncated relA.  
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Knock down of RelA in tanycytes prevents the LPS induced D2 increase in the   
 mediobasal hypothalamus and the TRH decrease in the PVN.

LPS administration resulted in a 2-fold increase in Dio2 mRNA expression after 8h 
in the mediobasal hypothalamus of WT mice compared to saline treated WT mice, 
but not in the mediobasal hypothalamus of RelAASTKO mice (Fig 2A) compared to sa-
line treated RelAASTKO mice (basal Dio2 levels however might be slightly elevated in 
RelAASTKO mice compared to WT). The response was less pronounced after 24h (Fig 
2B). As depicted in figure 2C, the relative increase of Dio2 in response to LPS was 
absent in mice lacking RelA. Trh expression in the PVN decreased 8h after LPS ad-
ministration in the WT mice but not in the RelAASTKO mice (Fig 2D) compared to saline 
treated mice, and no differences were observed after 24h (Fig 2E). Basal Trh expres-
sion was significantly lower in the RelAASTKO mice compared to WT mice. Summarized, 
the LPS-induced Trh decrease was absent in RelAASTKO mice (Fig 2F). 
 

  Figure 2: Expression of Dio2	mRNA	in	the	ARc-ME	area	after	8h	(A)	and	24h	(B)	of		

  lPs. Trh expression in the PVn after 8h (d) and 24h (E) of lPs measured as   

  integrated   density of the in situ hybridization signal. White bars represent saline  

	 	injected		mice,	black	bars	represent	LPs	injected	mice	(10	μg/	gram	BW).	In	the	

  right panels,  relative responses to lPs injection of WT (dotted bars) and RelAASTKO 

  (checked bars) mice is presented. The dotted line represents the saline treated 

  groups. Mean values ± sEM are depicted. P-values indicate the effect of lPs   

  injection (ptreat) and genotype (pgenotype) as evaluated by a two-way anoVa.   

  differences between treatment groups were analysed by student T-test * p≤0.05,		

  ** p≤0.01.	Differences	between	genotypes:		a	p≤0.05.	



56

Knock down of RelA in tanycytes does not affect Tshβ and Dio2 mRNA expression in 
the pituitary.
 
Pituitary Tshβ mRNA expression decreased 24h after LPS administration to a similar 
extent in both WT and RelAASTKO mice (Fig 3A-C). Pituitary Dio2 mRNA expression 
was increased 8h after LPS injection in the WT but not in the RelAASTKO mice and it 
significantly decreased 24h after LPS injection in both genotypes (Fig 3D-F). 
 

  Figure 3: Expression of Tshβ	mRNA	in	the	pituitary	after	8h	(A)	and	24h	(B)	of		 	

  lPs. Expression of Dio2 mRna in the pituitary after 8h (d) and 24h (E) of lPs.   

  White bars represent saline injected mice, black bars represent lPs injected mice  

	 	(10	μg/	gram	BW).	In	the	right	panels,	relative	responses	to	LPs	injection	of	Wt	

  (dotted bars) and RelAASTKO (checked bars) mice is presented. The dotted line   

  represents the saline treated groups. Mean values ± sEM are depicted. P-values  

  indicate the effect of lPs injection (ptreat) and genotype (pgenotype) as evaluated  

  by a two-way anoVa. differences between treatment groups were analysed by   

  student T-test   * p≤0.05,	**	p≤0.01.

Knock down of RelA in tanyctes does not affect the LPS induced decrease in serum 
T₃ and T₄. 

LPS injection had pronounced effects on serum TH concentrations. Serum T₄ de-
creased to a similar extent 8h and 24h after LPS injection in WT and RelAASTKO mice 
(Fig 4A-C). Serum T₃ decreased 24h after LPS administration and the observed de-
crease was similar in both genotypes (Fig 4D-F). 
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	 	Figure	4:	serum	t₄	and	t₃	concentrations	after	8h	(A/D)	and	24h	(B/E)	of	LPs.	White		

  bars represent saline injected mice, black bars represent lPs injected mice (10   

	 	μg/	gram	BW).	In	the	right	panels,	relative	responses	to	LPs	injection	of	Wt	(dotted		

  bars) and RelAASTKO (checked bars) mice is presented. The dotted line represents  

  the saline treated groups. Mean values ± sEM are depicted. P-values indicate the  

  effect of lPs injection (ptreat) and genotype (pgenotype) as evaluated by a two- 

  way anoVa. differences between treatment groups were analysed by student   

  T-test * p≤0.05,		**	p≤0.01.

The effect of RelA knockdown on basal Dio2 and Trh expression is not a direct effect 
on the Dio2 promoter.

Since we observed a slightly increased basal Dio2 expression and a decreased basal 
Trh expression in the RelAASTKO mice compared to WT mice, we wondered if inhibition 
of RelA function has a direct effect on the Dio2 promoter. We therefore tested the 
effect of the RelA inhibitor JSH-23 on promoter activity of a human Dio2 promoter 
construct transfected in human H4 glioma cells using a dual luciferase assay. LPS 
slightly increased Dio2 promoter activity after 4 hours, while JSH-23 decreased pro-
moter activity (Fig 5). This was, however, marginal compared to the 300 fold increase 
we observed after forskolin stimulation (data not shown). 
 



58

	 	Figure	5:	Luciferase/renilla	ratio’s	after	4h	incubation	of	H4	glioma	cells	with	LPs	(1		

	 	μg/ml)	and	JsH-23	(50	μM).	*	p≤0.05.	
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dIsCussIon

In the present study we showed the importance of the classical NF-κB pathway, and 
specifically RelA, in the inflammation-induced Dio2 expression in tanycytes. To this end, 
we employed a tamoxifen-inducible conditional knock out mouse that lacks RelA spe-
cifically in astrocytes and tanycytes. In these mice, Cre-mediated recombination in the 
periventricular target cell population is assured by activation of the glutamate aspartate 
transporter (GLAST)- promoter in tanycytes. In the inducible GLAST-CreERT2 transgene, 
the Cre-recombinase activity showed a high tamoxifen-responsiveness particularly in 
the wall of the third ventricle. In a GLAST- CreERT2 reporter strain, GLAST driven Cre 
expression has been recently described to be primarily present in the α-subset of tany-
cytes (111), lining the lower part of the ventricular zone adjacent to hypothalamic nu-
clei. Although we also observed some Cre-recombinase expression in β-subset lining 
the median eminence and infundibulum, we observed most pronounced expression 
in α-tanycytes. Crossing the GLAST- CreERT2 mice with RelAflox mice led to specific 
expression of truncated RelA in the ventricular walls, where the tanycytes are located. 

  Role in dio2 regulation

Acute inflammation induced by LPS administration is known to markedly increase 
Dio2 mRNA expression in the ARC-ME region of the hypothalamus of mice and rats 
(27;34). In mice lacking RelA in tanycytes, the response of Dio2 expression to LPS 
was blunted. RelA has been considered a likely candidate for the regulation of D2 
during inflammation since it is able to activate the Dio2 promoter in vitro (34;42). In ad-
dition, we recently showed that RelA regulates the LPS-induced Dio2 mRNA increase 
in a primary tanycyte cell culture (105). The present study shows that this is also the 
case during the acute phase response in vivo. The NF-κB protein family consists of 
several subunits (of which RelA acts as a transcriptional activator), that form hetero- 
and homodimers. In the cytoplasm, NF-κB is bound to Iκ-Bα, an inhibitory molecule. 
Upon activation of the signaling cascade, Iκ-Bα is phosphorylated by IKK (IκB ki-
nase), and NF-κB is released. NF-κB can then translocate to the nucleus and activate 
transcription of target genes (48). The expression of Iκ-Bα is also positively regulated 
by NF-κB and has been used as a marker of NF-κB transcriptional activity. A previous 
study showed that Iκ-Bα mRNA increased 12 hours after LPS administration second-
ary to the rise in Dio2 expression (44) suggesting that NF-κB is not primarily involved 
in the initiation of the Dio2 increase. Our studies, however, show a causal role of NF-
κB in the LPS-induced increase in Dio2 mRNA expression.
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  TRh in the PVn

LPS administration resulted in decreased Trh expression in the PVN in WT mice 
which is in agreement with previous studies of our group (36). In the RelAASTKO mice, 
no decrease in Trh expression was seen after LPS stimulation. However, also basal 
Trh expression was significantly reduced in the RelAASTKO mice. Since we observed 
simultaneous changes in Dio2 and Trh mRNA expression, a causal role of Dio2 in the 
LPS-induced Trh decrease is questionable in the very acute phase of the response 
although the LPS induced decrease was blunted in mice lacking RelA. It should be 
kept in mind that additional factors have been identified to be capable of mediating the 
illness induced TRH decrease, e.g., IL-1β and corticosterone (31;112). 

  Pituitary

Although RelAASTKO mice had lower basal Trh expression and did not display a drop 
in Trh expression after LPS administration, neither basal nor LPS-induced pituitary 
Tshβ mRNA differed significantly between RelAASTKO mice and WT mice. This remark-
able observation might be explained by the fact that Trh mRNA levels need not be 
indicative for the concentration of the TRH peptide that reaches the pituitary. TRH 
degrading enzyme (TRH-DE) also known as pyroglutamyl peptidase II, is known to 
be very important for the regulation of TRH concentrations in the extracellular fluid. 
TRH-DE, is present in tanycytes where it can enhance breakdown of TRH in the 
median eminence through connections of tanycyte endfeet with neuronal projections 
(113). During hypothyroid circumstances, T₃ and T₄ administration leads to TSH sup-
pression even before downregulation of TRH secretion from the PVN via rapid effects 
on TRH-DE expression in tanycytes. In the case of T₄, this requires D2 activity (114). 
Whether basal levels of TRH-DE are lower in RelAASTKO mice or TRH-DE is affected by 
acute inflammation, remains to be investigated. Interestingly, acute inflammation has 
been shown before to have simultaneous effects on hypothalamic and pituitary gene 
expression (27) which is in accordance with the present findings.

  serum	t₃	and	t₄

LPS decreased serum TH concentrations in both WT and RelAASTKO mice. The rela-
tively rapid decrease of T₄ cannot be explained by the observed down regulation of 
the central part of the HPT axis. LPS induces a variety of proinflammatory cytokines 
in multiple organs, including the thyroid gland (27). Cytokines have been shown to 
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inhibit iodide uptake, iodothyronine release and thyroid peroxidase gene expression 
in cultured human thyrocytes (115;116) and might therefore be responsible for the 
simultaneous decrease in serum T₄ observed in the present study. By contrast, the 
drop in T₃ after 24 hours could be due either to decreased stimulation of the thyroid 
gland by TSH, as 50% of serum T₃ is derived from the thyroid gland in rodents, or to 
increased peripheral clearance of TH by the liver and kidney. 

In conclusion, we show that RelA is essential in the LPS-induced upregulation of Dio2 
in tanycytes and that central changes in the HPT axis during acute inflammation are 
not the main determinant of decreased serum TH concentrations observed during 
acute illness. 
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ABstRAct

A variety of illnesses lead to profound changes in the hypothalamus-pituitary-thyroid 
(HPT) axis collectively known as the nonthyroidal illness syndrome (NTIS). NTIS is 
characterized by decreased T₃ and T₄ and inappropriately low TSH serum concentra-
tions, as well as altered hepatic thyroid hormone metabolism. Spontaneous caloric 
restriction often occurs during illness and may contribute to NTIS, but it is currently 
unknown to what extent. The role of diminished food intake is often studied using ex-
perimental fasting models, but partial food restriction might be a more physiologically 
relevant model. In this comparative study we characterized hepatic thyroid hormone 
metabolism in two models for caloric restriction: 36 hours (h) of complete fasting and 
21 days of 50% food restriction. 

Both fasting and food restriction decreased serum T₄, while after 36h fasting serum 
T₃ also decreased. Fasting decreased hepatic T₃ but not T₄ concentrations, while food 
restriction decreased both hepatic T₃ and T₄. Fasting and food restriction both induced 
an upregulation of liver D3 expression and activity, D1 was not affected. A differential 
effect was seen in Mct10 mRNA expression, which was upregulated in the fasted 
but not in food restricted rats. Other metabolic pathways of TH, such as sulfation 
and UDP-glucuronidation were also differentially affected. The changes in hepatic 
TH concentrations were reflected by the expression of T₃ responsive genes Fas and 
Spot14 only in the 36 hour fasted rats. 

In conclusion, limited food intake induced marked changes in hepatic thyroid hor-
mone metabolism which are likely to contribute to the changes observed during NTIS.
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InTRoduCTIon

Profound changes occur in the hypothalamus-pituitary-thyroid (HPT) axis during illness 
and starvation. The nonthyroidal illness syndrome (NTIS) is characterized by decreased 
serum T₃ and T₄ concentrations, and inappropriately low TSH concentrations (26). 
Cytokine release as part of the acute phase response is important for the development 
of NTIS (117). Spontaneous diminished food intake is known to be a part of a variety 
of illnesses, but has received only little attention as a potential mediator of the illness-
induced changes in thyroid hormone (TH) homeostasis, despite its sometimes profound 
impact. For example, in our earlier studies we found that the low serum T₃ during chronic 
inflammation is completely explained by the diminished food intake, indicating that this 
is an important factor in the pathogenesis of NTIS, especially in prolonged illness (32). 
Whether NTIS is an adaptive or maladaptive response is still a matter of debate. 

Fasting leads to a central downregulation of the HPT axis, characterized by increased 
type 2 deiodinase expression in hypothalamic tanycytes which leads to local increased 
bioavailability of T₃ which suppresses TRH expression in hypophysiotropic neurons 
of the paraventricular nucleus of the hypothalamus (34;37). In addition, the peripheral 
handling of thyroid hormones is also markedly altered during fasting (61;63). 

In the liver, an important site for TH metabolism, type 1 deiodinase (D1) and type 
3 deiodinase (D3) are expressed. Type 1 deiodinase is able to deiodinate both the 
inner and outer ring of TH, and is regarded as a TH activating enzyme but can also 
contribute to the clearance of TH by degrading sulphated T₃. D3 converts T₄ to rT3 and 
T₃ to T2 and it is thus the main inactivating enzyme. Besides deiodination, sulfation 
by sulfotransferases (Sults) and glucuronidation by UDP-glucuronosyltransferases 
(UGTs) enhance the metabolism of TH and its excretion via the bile and urine (17-
19;118). Upstream of Sults and UGTs is the constitutive androstane receptor (CAR). 
CAR target genes are the sulfotransferases Sult1b1 and Sult1c1 as well as the UDP-
glucuronosyltranferase UGT1a1, which are important for TH metabolism in the rat 
liver. Besides an enhanced metabolism of TH in peripheral tissues via altered deiodi-
nases, sequestration of TH in tissues is also suggested to play a role in the decreased 
serum TH concentrations. In order to enter the hepatocyte, TH has to be transported 
over the cell membrane. This is mediated via two transporters, MCT8 and MCT10. 

During fasting, the activity of hepatic D3 is increased (64) while the activity of D1 is 
decreased (62;119;120). Theoretically these changes would result in an enhanced 
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inactivation of TH and less conversion of T₄ to T₃. However, recent studies indicate 
that the fasting-induced changes in TH serum concentrations persist in D1 knock out 
(KO) mice and are only mildly affected in D3 KO mice (59). The precise role of Sults 
and UGTs during fasting and illness is unclear at present and seems to be species 
dependent, since increased hepatic expression of Sults and UGTs (21;22) in mice, 
and normal or decreased expression in rats (19;65) were reported. 

A recent study in a rabbit model for prolonged critical illness revealed that the hepatic 
increase in D3 and decrease in D1 could be reverted by parenteral feeding (121). By 
contrast, the central changes in Trh mRNA expression in the PVN were not affected 
by parenteral feeding, which is in line with earlier findings during chronic inflammation 
in mice showing that hypothalamic Dio3 and Trh expression in the hypothalamus are 
not primarily modulated by nutrient restriction (32). 

Effects of caloric restriction on TH metabolism are often studied in relative short term 
fasting models such as an overnight fast or a 24-48 hour fasting period. However, 
prolonged caloric deprivation might be a physiologically more relevant model, espe-
cially when prolonged critical illness is studied. To gain more insight in the effects of 
caloric restriction on TH homeostasis in the liver we compared two models. Hepatic 
TH metabolism was assessed in 36h fasted rats and in rats that received only 50% of 
their baseline caloric intake during 3 weeks. In both experiments, food restricted rats 
were compared to ad libitum fed rats. 

MaTERIal and METhods

  animal experiments

Male Wistar rats weighing 250-350 grams and at the age of 8-12 weeks (Charles 
River breeding Laboratories, Sulzfeld, Germany) were housed individually in a 12h 
light/12h dark cycle, lights on at 07:00. Standard laboratory chow (CRM (E) chow from 
Special Diet Services, Essex, UK) and water was provided ad libitum unless stated 
otherwise. All procedures were approved by the Animal Welfare Committee of the 
Academic Medical Center (AMC) of the University of Amsterdam. 

For the short term fasting experiment food was removed in the evening. After 36 
hours (two nights, one day) of food deprivation, rats (n=6 per group) were sacrificed 
at ±09:00 with an overdose of pentobarbital (120 mg/kg BW). Trunk blood samples 
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was collected, spun down and serum was stored at -20°C until analysis. The right liver 
lobe was dissected, snap frozen in liquid nitrogen and stored in -80°C until further 
use. For the food restriction experiment, 24h food intake was monitored for 4 days 
(baseline value). Subsequently rats received daily 50% of their individual baseline 
24h intake for 21 days at ±17:00. After 21 days, rats (n=6 per group) were sacrificed 
as described above at ±09:00. Both experiments had their own ad libitum (ad lib) fed 
control group. 

  deiodinase measurements

For deiodinase activity measurements samples were homogenized on ice in 10 vol-
umes of PE buffer (0.1 M sodium phosphate, 2 mM EDTA pH 7.2) using a polytron 
(Kinematica, Luzern, Switzerland). 20 mM DTT was added to the PE buffer (PED20) 
for D1 activity measurement and 50 mM for D3 (PED50). Homogenates were snap fro-
zen in aliquots and stored in -80°C until further use. Protein concentration was meas-
ured with the Bio-Rad protein assay using bovine serum albumin (BSA) as the stand-
ard following the manufacturer’s instructions (Bio-Rad Laboratories, Veenendaal, The 
Netherlands). 

d1: Liver D1 activity was measured by duplicate incubations of 75 μl 300 times di-
luted homogenate in PED20 (approximately between 5 μg and 15 μg of total protein) 
for 30 minutes at 37°C in a final volume of 0.15 ml with 0.1 μM rT3 with the addition 
of approximately 1·105 cpm [3’5’125I]rT3 in PE buffer. One sample of each group was 
incubated in the presence of 500 μM PTU in order to inhibit D1 activity representing a 
tissue blank. Reactions were stopped by the addition of 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 4.0) 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). The column was eluated with a 
linear gradient of acetonitrile (28% - 42% in 15 minutes in 0.02 M ammonium acetate 
(pH 4.0) at a flow of 1.2 ml/minute. The activity of rT3 and 3,3’diiodothyronine (T2) in 
the eluate was measured online using a Radiomatic 150 TR flow scintillation analyser 
(Perkin Elmer, Waltham, MA, USA). D1 activity can be calculated by subtracting the 
activity measured in the tissue blank from the activity measured without PTU. D1 ac-
tivity was expressed as pmol generated 3,3’T₂ per minute per mg protein. Intra-assay 
variation: 5.5%
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d3: D3 activity was measured with the same method as D1 with the following modi-
fications. Duplicate incubations of 75 μl of homogenate in PED50 (approximately be-
tween 0,5 and 1,5 mg of total protein) were incubated for 120 minutes at 37 degrees 
with the addition of 1 nM unlabelled T₃ and 2·105 cpm [3’125I]T3 in a final volume of 0.15 
ml PE buffer. One sample of each group was incubated in the presence of 500 nM 
unlabeled T₃ to inhibit D3 activity representing a tissue blank. The activity measured 
with 1 nM T₃ minus the incubation with 500 nM T₃ represents true D3 activity. D3 ac-
tivity was expressed as fmol generated 3,3’T₂ per minute per mg protein. Intra-assay 
variation: 5.5%

  Thyroid hormones

Serum T₃ and T₄ were measured with in-house RIA’s (91). All samples of one experi-
ment were measured within the same assay (intra-assay variation T₃: 3,6% and T₄: 
6,6%). 

  Thyroid hormones in tissue

Liver concentrations of T₃ and T₄ were measured with an LC-MS method as described 
before (122;123) with some modifications. Briefly, for the determinations of T₄ and T₃ 
in tissues 50 mg frozen tissue was added to a plastic 2 ml polypropylene (PP) tube 
containing 150 mg zirconia beads, 400 μl methanol and 40 μl 13C6-labeled internal 
standards(122). Samples were homogenized using a Magna Lyser (Roche Molecular 
Biochemicals, Mannheim, Germany) and transferred to 5 ml glass tubes. The plas-
tic tubes were rinsed with 500 μl methanol and this was added to the homogenate. 
Chloroform (1.8 ml) was then added in a volume double that of the amount of metha-
nol contained in the tissue homogenate. Samples were mixed on a Vortex for 15 
seconds. The extraction was carried out in two steps, interspaced with centrifugations 
for 10 min at 3000 rpm. In the second step a mixture of 0.9 ml chloroform-methanol 
(2:1) was added to the pellet. The final volume of extract was about 40 times the 
weight of the tissue plus the volume of the internal standard, as described by (124). 
The chloroform-methanol extracts were transferred to glass tubes for back-extraction 
of the iodothyronines into an aqueous phase with 0.05% CaCl2, using the following 
calculation: 

x   =   a  x      -  b  x      - c   1
4

4
5
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x= 0.05% CaCl2 (ml), a= final extract volume (ml), b= tissue weight (g), c= volume 
internal standard (ml). The value of 0.8 represents the estimated amount of water per 
gram tissue in ml/gram. Followed by a second extraction with pure upper phase (chlo-
roform: methanol:0.05% CaCl2 3:49:48).  The iodothyronines in the pooled aqueous 
phases were concentrated and further purified using a small Bio-Rad AG 1X2 resin 
column (bed volume 0.5 ml) in a Pasteur pipette, as described by (125) and eluated 
in a volume of 2 ml 70% acetic acid. Eluates were then evaporated to dryness and 
taken up in 200 μl 0.1 % NH4OH. The iodothyronines were measured on an Acquity 
UPLC- Xevo TQ-S tandem mass spectrometer system equipped with a Z-Spray ion 
source operated in positive electrospray ionization mode (Waters, Milford, MA, USA). 
All aspects of system operation and data acquisition were controlled using MassLynx 
version 4.1 software with automated data processing using the QuanLynx Application 
Manager (Waters, Milford, MA, USA).

Intra-assay variation <9%, total-assay variation <12 % for all metabolites. LOD T₃ 
0.20; T₄ 0.39 pg on column. LOQ T₃ 1.43; T₄ 1.32 pg on column. Recovery T₃ 83% and 
T₄ 77%. 

  Rna isolation and qPCR

RNA was isolated using the Magna Pure apparatus (Roche Molecular biochemi-
cals, Mannheim, Germany) and the Magna pure tissue III total RNA kit (Roche 
Molecular biochemicals, Mannheim, Germany). RNA yield was determined using 
the Nano drop (Nanodrop, Wilmington, Delaware USA) and cDNA was synthesized 
with equal RNA input with the First strand cDNA synthesis kit for qPCR with oligo 
d(T) primers (Roche Molecular Biochemicals, Mannheim, Germany). As a control 
for genomic DNA contamination we included a cDNA synthesis reaction without re-
verse transcriptase. Quantitative PCR was performed using the Lightcycler 480 and 
Lightcycler480SybrGreen I Master mix (Roche Molecular biochemicals, Mannheim, 
Germany). Quantification was performed using the LinReg software. PCR efficiency of 
each sample was calculated and samples that had a deviation of more than 5% of the 
mean efficiency value of the assay were excluded. We tested de T₃ responsive meta-
bolic genes Fatty acid synthase (Fas), Phosphoenolpyruvate carboxykinase (PEPCK) 
and Spot14 as a readout of metabolic status in the liver. Calculated values were nor-
malized by the housekeeping gene expression (Hprt, Cyclophilin and Tbp) which were 
selected to be stable among different groups. Published primer sequences were used 
for Hprt (32); Mct8, Mct10 (126); Other primer sequences are displayed in table 1. 
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  statistics

Differences between groups were evaluated using Student t-tests. To correct for mul-
tiple testing, we employed the Holm’s sequential Bonferonni method. All tests were 
performed using Graphpad prism 5 (Graphpad software, Inc. La Jolla, CA, USA).

     Cyclophilin   Forward 5’-GAGACTTCACCAGGGG-3’
       Reverse 5’- CTGTCTGTCTTGGTGCTCTCC-3’
        Tbp     Forward 5’- TTCGTGCCAGAAATGCTGAA -3’
       Reverse 5’- TGCACACCATTTTCCCAGAAC -3’
   Dio1     Forward 5’-GAAGTGCAACGTCTGGGATT -3’
       Reverse 5’-CTGCCG AAGTTCAACACCA-3’
   Dio3     Forward 5’-AGCGCAGCAAGAGTACTTCAG -3’
       Reverse 5’-CCATCGTGTCCAGAA CCAG -3’
         Car     Forward 5’-AGCAAGGCCCAGAGACGCCA-3’
       Reverse 5’-CCGGAGGCCTGAACTGCACAAA-3’
     Sult1b1    Forward 5’-TCCTCGCTGGAAATGTGGCCT -3’
       Reverse 5’-TGCCCTTCCCTCTTTTCCCACCA -3’
     Sult1c1    Forward 5’-CCACCCCTCAACTCAGGTCTGGA-3’
       Reverse 5’- AGGGTACCAGGGTCAGGCAGC-3’
     Ugt1a1    Forward 5’-TGGTGTGCCGGAGCTCATGTTCG-3’
       Reverse 5’-AGACAGCAGCATACTGGAGTCCC-3’
     Spot14    Forward 5’- ACGGGGCAGGTCCTGTAGGT-3’
       Reverse 5’-AGCCGCCTTTGCATCCACCTG-3’
   TRa1     Forward 5’- CATCTT TGAACTGGGCAAGT-3’
       Reverse 5’- CTGAGGCTTTAGACTTCCTGATC-3’
   TRa2     Forward 5’- CATCTTTGAACTGGGCAAGT-3’
       Reverse 5’- GACCCTGAACAACATGCATT-3’
   TRb1     Forward 5’- TGGGCGAGCTCTATATTCCA-3’
       Reverse 5’- ACAGGTGATGCAGCGATAGT-3’
   Fas     Forward 5’- CTTGGGTGCCGATTACAACC-3’
       Reverse 5’- GCCCTCCCGTACACTCACTC-3’
     Pepck    Forward 5’- TGCCCTCTCCCCTTAAAAAAG-3’
        Reverse 5’- CGCTTCCGAAGGAGATGATCT -3’

  Table 1: Primer sequences used for qPCR. 
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Effects of fasting and caloric restriction on body weight.

In the fasting experiment, 36h of fasting led to a 10.1 % body weight loss compared to 
the pre-fasting body weight. Ad lib fed control animals gained 4.9% body weight during 
the same period. Three weeks of a 50% caloric restriction led to a 17.1% body weight 
loss, compared to a 13.4% body weight gain in the ad lib fed control rats (Table 2). 
     
        										Pre	 	 	 						Post	 	 	 							%	
    ad lib          250.3 ± 2.2     262.7 ± 2.7   + 4.9 ± 0.3
    Fasting 36h          250.7 ± 2.7     225.3 ± 2.2   - 10.1 ± 0.3
  
    ad lib          358.3 ± 2.6     406.2 ± 3.7   + 13.4 ± 1.0
    Food restriction 21d      360.2 ± 1.4     298.5 ± 2.1   - 17.1 ± 0.3

	 		t	able	2:	Body	weight	in	grams	(g)	before	the	start	of	the	experiment	(pre)	and	after		

  the fasting period (post). Mean values ± sEM are shown. 

 Thyroid hormone concentrations in serum and liver.

Serum T₃ and T₄ both decreased after 36h of fasting compared to control rats (T₃: 
-36%, T₄: -26%), while only serum T₄ was decreased (-19%) after food restriction for 
3 weeks (Fig 1). Serum rT3 concentrations were not affected by fasting or food re-
striction (data not shown). Fasting resulted in decreased hepatic T₃ (-24%) but not T₄ 
concentrations, while both hepatic T₄ (-24%) and T₃ (-24%) were decreased in the food 
restricted rats compared to controls (Fig 1). Hepatic rT3 concentrations were below the 
detection limit of our assay. 

 Hepatic deiodinase activity and expression.

D3 activity and mRNA expression were significantly increased in both 36h fasted and 
food restricted rats compared to ad lib fed controls. While Dio1 mRNA expression 
decreased after 36h fasting, no significant decrease was observed in D1 activity. D1 
activity and expression were not affected by 3 weeks of food restriction (Fig 2). 
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	 	Figure	1:	serum	t₄	and	t₃	concentrations	(upper	panel)	and	hepatic	thyroid		 	 	

  hormone concentrations (lower panel) in the fasting (circles) and restriction 

  (squares) experiment. 

  open circles and squares represent ad lib fed control rats, closed circles the   

	 	36	hour	fasted	rats	and	closed	squares	the	rats	that	received	50%	of	their	baseline		

  food intake for 21 days. Mean values ± sEM are shown. symbols indicate    

  differences between fed vs fasted/restricted groups (* p≤0.05,	**	p≤0.01)	as	

  evaluated by students t-tests. 
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  Figure 2: d1 and d3 relative mRna expression (upper panel) and activity (lower   

  panel) in the fasting (circles) and restriction (squares) experiment. open circles   

  and squares represent ad lib fed control rats, closed circles the 36 hour fasted rats 

	 	and	closed	squares	the	rats	that	received	50%	of	their	baseline	food	intake	for	21	

  days. Mean values ± sEM are shown. symbols indicate differences between fed vs 

  fasted/restricted groups ( ** p≤0.01,	*** p≤0.001)	as	evaluated	by	students	t-tests.	
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 Expression of transporters and TR’s.

We observed an upregulation of hepatic Mct10 mRNA expression after 36h fasting 
compared to ad lib fed controls, but no changes after food restriction. Mct8 mRNA ex-
pression was not affected by fasting or food restriction. Likewise, no effects of fasting 
or food restriction were observed on the expression of the thyroid hormone receptors 
TRa1, TRa2 and TRb1 (Fig 3).

 Sult and Ugt mRNA expression.

A striking difference between the two feeding models was observed in Car mRNA 
expression. While hepatic Car mRNA expression increased in the 36h fasted rats, it 
did not change after food restriction. This was also reflected in the upregulation of the 
Car downstream target gene Ugt1a1, which was significantly higher in the 36h fasted 
rats but not in the food restricted rats. Sulfotransferases Sult1b1 and Sult1c1 were dif-
ferentially regulated. Sult1b1 decreased after 36h fasting but not after food restriction, 
while the opposite was observed for Sult1c1 (Fig 4). 

Metabolic status in liver.

Clear differences were observed in hepatic expression of the key T₃-regulated genes 
and metabolic enzymes Pepck and Fas. Pepck was increased after 36h fasting but 
not after food restriction. Fas was decreased after 36h fasting but not after food re-
striction. The thyroid hormone responsive gene Spot14 was downregulated after 36h 
fasting but was unaffected by food restriction (Fig 5).
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  Figure 3: Relative mRna expression of thyroid hormone transporters Mct8 and   

  Mct10 (upper panel) and the thyroid hormone receptors TRa1 TRa2 and TRb1 (lower  

  panel) in the fasting (circles) and restriction (squares) experiment. open circles 

  and squares represent ad lib fed control rats, closed circles the 36 hour fasted rats 

	 	and	closed	squares	the	rats	that	received	50%	of	their	baseline	food	intake	for	21	

  days. Mean values ± sEM are shown. symbols indicate differences between fed vs  

  fasted/restricted groups (*** p≤0.001)	as	evaluated	by	students	t-tests.
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  Figure 4: Relative mRna expression of genes involved in thyroid hormone    

  metabolism: Constitutive androstane receptor (Car),	sulfotransferase	1B1	(Sult1b1),  

  sulfotransferase 1C1 (Sult1c1) and udP-glucuronosyltransferase 1a1  (Ugt1a1) in the  

  fasting (circles) and restriction (squares) experiment. open circles  and squares   

  represent ad lib fed control rats, closed circles the 36 hour fasted rats   and    

								closed		squares	the	rats	that	received	50%	of	their	baseline	food	intake	for	21	days.		

        Mean  values ± sEM are shown. symbols indicate differences between fed  vs fasted/  

  restricted groups (* p≤0.05,	**	p≤0.01,	***	p≤0.001)	as	evaluated	by	students	t-tests.	

Sult1b1 Sult1b1

Sult1c1 Sult1c1
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  Figure 5: Relative mRna expression of the metabolic genes Phosphoenolpyruvate  

  carboxykinase (Pepck), Fatty acid synthase (Fas) and Spot14 in the fasting (circles) 

  and restriction (squares) experiment. open circles and squares represent ad lib 

  fed control rats, closed circles the 36 hour fasted rats and closed squares the 

	 	rats	that	received	50%	of	their	baseline	food	intake	for	21	days.	Mean	values	±	sEM	

  are shown. symbols indicate differences between fed vs fasted/restricted groups 

  (** p≤0.01,	***	p≤0.001)	as	evaluated	by	students	t-tests.	
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dIsCussIon

In the present study we compared the changes in hepatic thyroid hormone metabo-
lism in two caloric restriction models, i.e., 36 hour fasting or 50% caloric restriction for 
3 weeks. Since caloric restriction is a major part of illness, insight in the differences 
between these models is helpful in understanding the contribution of caloric restric-
tion to the pathogenesis of NTIS. 

Fasting for 36h led to a significant decrease in both serum T₃ and T₄ (36% and 26% re-
spectively), while food restriction only decreased serum T₄ by 19%. This may indicate 
that a rigorous 36 hour starvation period requires strict adaptations including a limita-
tion of energy expenditure, mediated by the low serum T₃ concentrations, while food 
restriction for a longer period may enable the organism to adapt to the new situation. 
Interestingly, the group of Carvalho did find significant effects on serum T₃ (-53%) and 
T₄ (-38%) in 25 day 40% food restricted male rats (119;120). Since feeding schedules 
from their study and the present study are more or less similar (21 days 50% restric-
tion versus 25 days 40% restriction), these differences are difficult to explain. The 
timing of feeding and sacrifice might be relevant. We gave access to the food at the 
beginning of the dark period and sacrificed the animals at the beginning of the light 
period, but it is unknown when this was done in the study by Araujo et al (119;120). In 
addition to serum TH concentrations, we measured hepatic TH concentrations after 
36h fasting and 50% food restriction. Hepatic T₃, but not T₄, decreased after 36h fast-
ing while both hepatic T₃ and T₄ decreased after three weeks of food restriction. This 
suggests a hypothyroid state of the liver after longtime diminished food intake. 

In order to explain the observed changes in liver TH concentrations we evaluated 
hepatic deiodinase, transporter and TR expression in both models. As observed be-
fore, D3 mRNA expression and activity were markedly increased after 36h fasting. 
A similar pattern was present after food re striction, although during food restriction 
the increase in mRNA expression and activity was lower compared with the fasting 
condition. We have observed a fasting induced increase in liver D3 activity before in 
mice after 24 and 48 hours of fasting and this was shown to be dependent on the drop 
in serum leptin (64). Since the decreased body weight in both our models is likely to 
represent a decrease in adiposity and thus in leptin secretion, this may explain the 
increased D3 activity in both models. 
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Dio1 mRNA expression was only decreased after 36 hours of fasting, but neither fast-
ing nor food restriction decreased D1 activity. The 36 hour fasting period is likely to 
be too short to observe decreases in D1 activity. Araujo et al observed a decrease in 
D1 activity after 25 days of 40% food restriction, but this might be due to the decrease 
in T₃ serum concentration, which was absent in our study. Although D1 was thought 
to be important for the fasting induced decrease in TH concentrations (61), it is more 
likely that D1 regulation is secondary to the drop in serum TH, since changes in D1 
occur later than the changes in T₃ and T₄ (62) and D1 knock out mice show no altered 
response to fasting (59). 

We observed a striking increase in Mct10 expression after 36 hour fasting, but not 
after food restriction. MCT10 has been shown to be an effective bidirectional aromatic 
amino acid transporter, which has an affinity for T₃ that exceeds that of MCT8 (127). 
Transfection of hMCT10 in cells enhances the intracellular degradation of T₃ by D3 
(13). Although the higher demand for aromatic amino acids during fasting could initi-
ate upregulation of MCT10, it is tempting to speculate that MCT10 also has a role in 
the decreased serum T₃ concentrations during 36h fasting by shuttling it into the liver, 
where it can be degraded by D3 to prevent a local hyperthyroid state. This concept is 
supported by the decreased hepatic T₃ concentrations we observed after 36h fasting. 
During three weeks of food restriction, liver Mct10 expression did not change while 
liver Dio3 expression increased. The combination of these changes might play a role 
in the decrease of hepatic T₃ in the absence of a decrease in serum T₃.

Interestingly, we found a differential regulation of Car mRNA expression between the 
two models. Car expression was induced after 36h fasting, while it was unchanged 
after three weeks 50% food restriction. The induction of Car was associated with 
an increased expression of Ugt1a1, which indicates a role for glucuronidation in the 
clearance of T₃ and T₄ from the circulation during fasting. Car has been shown before 
to be important for the fasting induced changes in serum thyroid hormone levels (21). 
Sulfotransferase expression did not increase and Sult1b1 was even lower after 36h 
of fasting which has been found before in rats (19;65). This indicates that increased 
sulfation does not play a major role in the decreased clearance of TH during fasting 
in rats. In the food restriction experiment, Sult1b1 decreased while Ugt1a1 increased 
slightly without a change in Car expression which points to possible involvement of 
other nuclear receptors such as PXR (128).
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The key metabolic T₃ regulated enzymes Spot14, FAS and PEPCK were differentially 
regulated in the two caloric restriction models. In the fasting model, metabolic require-
ments clearly overrule the regulation of PEPCK, since this gene is upregulated while 
Fas and Spot14 are downregulated. In the food restriction model, none of these genes 
were affected despite lower hepatic T₃ concentrations. Although the expression of TR’s 
did not change this effect might be explained by a decreased binding capacity of TR’s 
as has been observed in a hepatoma celline upon stimulation with cytokines (129).

In summary, food restriction results in a local decrease in TH concentrations in the 
liver which is not always reflected in the expression of three key T₃-regulated genes. 
The observed alterations are different from the changes observed in experimental in-
flammation models where food intake was also reduced. Acute inflammation, chronic 
inflammation and bacterial sepsis in rodents resulted in decreased activity of liver D1 
and D3 (27;49;50;53). However, in a rabbit model of prolonged critical illness, hepatic 
D3 was shown to increase and this was reversed when parenteral feeding was applied 
during the period of illness (52;121). The observed differences in D3 expression and 
activity may be due to differences in serum leptin concentrations. While prolonged 
critical illness decreases serum leptin levels, acute and chronic inflammation increase 
serum leptin via IL-1β (130). Critically ill patients showed a minor increase in liver D3 
activity, while sulfotransferase activity did not change (51;54). A role of diminished 
food intake cannot be excluded in this setting. Analysis of post mortem liver tissue of 
prolonged critically ill patients showed reduced TH concentrations compared to pa-
tients with acute death (131), which might be a result of decreased D1 and increased 
D3 activity. This would fit with our findings of reduced hepatic T₃ and T₄ concentrations 
after three weeks of caloric restriction. Liver TH transporter expression appeared to 
be differentially regulated during fasting/food restriction and illness: we observed a 
marked increase in liver Mct10 mRNA expression during fasting while in critically ill 
patients and in critically ill rabbits, the expression of Mct8 was increased and Mct10 
expression did not change (132). In the latter studies, it was difficult to discriminate 
between feeding related changes per se and inflammation related changes. It is likely 
that the observed decrease in serum T₃ during illness depends predominantly on di-
minished food intake as observed before (32) although it remains speculative whether 
liver D3 is involved. 

In critically ill patients, illness related nutrient restriction contributes to decreased thy-
roid hormone levels. In these patients, early parenteral nutrition appeared to have a 
negative effect on clinical outcome compared to late parenteral nutrition (133). Thus, 
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nutrient restriction in critical illness may be a beneficial adaptation. However, it is un-
known at present if the low TH concentrations in ICU patients with protracted critical 
illness represent a useful adaptation or rather a reflection of neuroendocrine failure. 
In the absence of large randomized clinical trials, there is no convincing evidence at 
present that treatment of these patients with thyroid hormone is beneficial in terms of 
clinical outcome. A number of small clinical trials showed that treatment with combi-
nations of the neuropeptides growth hormone releasing hormone, growth hormone 
releasing peptide 2 and TRH partially restores serum TH concentrations, while in 
addition some anabolic parameters improve in ICU patients with protracted critical 
illness (30;133;134). However, at this stage it is unknown if this approach improves in-
flammatory parameters and restores thyroid hormone metabolism at the tissue level. 

In conclusion, long term caloric restriction may overrule the inflammatory mediated 
decrease in liver D3 activity that is seen in several inflammation models and likely 
contributes to the illness induced changes in hepatic thyroid hormone metabolism 
observed during prolonged illness. However, both during fasting and caloric restric-
tion, the changes in hepatic thyroid hormone metabolism are not mediating the serum 
decreases in thyroid hormone (59;90;121;135).



83

C
h

a
PTER

 4

aCKnoWlEdGEMEnTs

We would like to thank the staff of the laboratory of Endocrinology for measuring 
serum thyroid hormones and L. Eggels for her expert technical assistance with the 
animal experiments. 





85

E.M. de Vries
l. Eggels
H.c.	van	Beeren
M.T. ackermans
a. Kalsbeek
E. Fliers
A.	Boelen

Endocrinology. 2014 dec; 155(12): 5033-41 

Chapter 5

Fasting induced changes in 
hepatic thyroid hormone 
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ABstRAct	

During fasting profound changes in the regulation of the hypothalamus-pituitary-thy-
roid (HPT) axis occur in order to save energy and limit catabolism. In this setting, 
serum T₃ and T₄ are decreased without an appropriate thyroid stimulating hormone 
(TSH) and thyrotropin releasing hormone (TRH) response reflecting central down-
regulation of the HPT axis. Hepatic thyroid hormone (TH) metabolism is also affected 
by fasting since type 3 deiodinase (D3) is increased which is mediated by serum 
leptin concentrations. A recent study showed that fasting-induced changes in liver 
TH sulfotransferases and UDP-glucuronosyltransferases depend on a functional mel-
anocortin system in the hypothalamus. However, the pathways connecting the hypo-
thalamus and the liver that mediate these changes are currently unknown. 
In the present study we investigated in rats whether the fasting-induced changes in 
hepatic TH metabolism are regulated by the autonomic nervous system. We selective-
ly cut either the sympathetic (Sx) or the parasympathetic (Px) input to the liver. Serum 
and liver TH concentrations, deiodinase expression and activity and sulfotransferase 
and UDP-glucuronosyltransferase expression were measured in rats that had been 
fasted for 36 hours or were fed ad libitum.

Fasting decreased serum T₃ and T₄ concentrations, while intrahepatic TH concentra-
tions remained unchanged. D3 expression and activity increased, as was the expres-
sion of CAR, Sult1b1 and UGT1a1, while liver D1 was unaffected. Neither sympa-
thetic nor parasympathetic denervation affected the fasting-induced alterations. We 
conclude that fasting-induced changes in liver TH metabolism are not regulated via 
the hepatic autonomic input in a major way and more likely reflect a direct effect of  
humoral factors on the hepatocyte. 
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InTRoduCTIon

During fasting profound changes occur in the regulation of the hypothalamus-pitui-
tary-thyroid (HPT) axis in order to adapt to the shortness of food and save energy 
(136). Besides a downregulation of the central part of the HPT axis, mediated by 
increased expression of type 2 deiodinase (D2) in the mediobasal hypothalamus and 
a decrease in thyrotropin releasing hormone (TRH) expression in the paraventricular 
nucleus of the hypothalamus (PVN) (58;137), peripheral thyroid hormone (TH) me-
tabolism is also affected by fasting (64). The combination of both peripheral and cen-
tral adaptations results in the fasting induced decrease in serum TH concentrations. 

Three major pathways are responsible for liver TH metabolism; deiodination, sulfation 
and glucuronidation. Deiodination involves the removal of iodine atoms from thyroid 
hormones by deiodinating enzymes. Type 1 (D1) and type 3 (D3) deiodinase are ex-
pressed in the liver although D3 activity in the adult liver is low. D3 is the main inac-
tivating enzyme, converting triidothyronine (T₃) into diidothyronine (T₂), and thyroxine 
(T₄) into reverse T₃ (rT₃), while D1 is involved in the production of T₃ out of T₄ and the 
clearance of rT₃. Sulfotransferases (Sults) and UDP-glucuronosyltransferases (UGTs) 
catalyse the addition of a sulphate or glucuronic acid group to T₄ and T₃, increasing 
the solubility of the molecule and thus enhancing clearance via the bile (17-19). In 
addition, sulfation facilitates the degradation of TH by D1 by increasing the substrate 
affinity (118). Sults and UGTs are downstream of the constitutive androstane receptor 
(CAR), which senses both endo- and xeno-biotics and is known to be involved in thy-
roid hormone metabolism (21;138). Liver D3, CAR and TH degrading Sults and UGTs 
are increased during fasting which might result in increased clearance of TH from the 
circulation (21;64;139). 

The mechanism of increased hepatic degradation of TH is currently unknown; we re-
cently showed that the fasting-induced drop in circulating leptin mediates the increase 
in liver D3 activity upon fasting (64). Leptin had already been identified as one of the 
key regulators of the central HPT axis since it can restore the fasting induced de-
crease of preproTRH in the PVN (140). However, it is unknown whether the increase 
in liver D3 is mediated centrally or peripherally via leptin receptors expressed on the 
hepatocyte (141). 

Many central effects of leptin are mediated via the arcuate nucleus (ARC) of the hy-
pothalamus, where distinct subpopulations of neurons are responsive to circulating 
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leptin concentrations. Neuropeptide Y (NPY) and Agouti related protein (AgRP) ex-
pressing neurons in the ARC are inhibited by leptin. Conversely, neurons expressing 
pro-opiomelanocortin (POMC) and cocaine and amphetamine regulated transcript 
(CART) are activated by leptin. Interestingly, in mice deficient in MC4R (receptor for 
POMC) and NPY, thus lacking a functional melanocortin system, the fasting induced 
changes in liver Sults, UGTs and CAR expression are prevented (22). 

The hypothalamus is anatomically connected with peripheral organs via the auto-
nomic nervous system (70;71). Sympathetic input to the liver is controlled via pre-
autonomic neurons in the PVN and lateral hypothalamus (LH) which project directly or 
via the brain stem to the preganglionic neurons in the intermediolateral nucleus of the 
spinal cord. Parasympathetic (vagal) input to the liver travels from the hypothalamus 
via the dorsal motor nucleus of the vagus (DMV) in the brainstem. The autonomic 
nervous system is known to be involved in many processes in the liver that are under 
the control of the hypothalamus, including hepatic lipid (72;73) and glucose metabo-
lism (74). Interestingly, the sympathetic input to the liver was shown to be important 
for the effect of fasting induced NPY released from the arcuate nucleus on hepatic 
lipid metabolism (17), indicating that sympathetic activity might be increased during 
fasting. 

In the present set of experiments, we tested the hypothesis that the hepatic auto-
nomic nervous input is one of the determinants of the fasting-induced changes in liver 
thyroid hormone metabolism. To this end, we determined the effect of selective he-
patic denervations of either its sympathetic or parasympathetic input on liver thyroid 
hormone metabolism in rats after 36 hours of starvation. 
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MaTERIals and METhods

  animals

Male Wistar rats weighing 250-280 grams (Charles River breeding Laboratories, 
Sulzfeld, Germany) were housed individually after surgery in a 12h light/dark cycle. 
Chow and water was provided ad libitum unless stated otherwise. All procedures 
were approved by the Animal welfare committee of the Academic Medical Center 
(AMC) of the University of Amsterdam. 

  surgery

After one week acclimatisation in the AMC animal facility, rats underwent either a 
sham, hepatic sympathetic (Sx) or hepatic parasympathetic (Px) denervation as de-
scribed earlier (142). For the Sx, the nerve bundles running along the hepatic artery 
proper were dissected as well as any connective tissue between the portal vein and 
the hepatic artery. The effectiveness of the sympathetic denervation was checked by 
measuring noradrenaline concentration in the liver using an in-house HPLC method 
(75). Only Sx animals that had a liver noradrenaline concentration of less than 20% of 
that of sham operated rats were included for further analysis. For the Px, the ventral 
vagal branch to the liver was transsected. The effectivity of the operation in this exper-
iment was not confirmed, but the method for selective hepatic parasympathectomy 
was previously validated using retrograde viral tracing (142) and shown to have an 
effectiveness of >90%. Sham operated animals underwent the same surgery except 
for the dissection of the nerves. All the procedures were carried out under anaesthe-
sia with ketamine/xylazine/atropine (1.4 ml mix/kg BW, 80 mg/kg ketamine, 8 mg/kg 
xylazine, 1 mg/kg Atropine) administered intraperitoneally. 

  Fasting experiment

After surgery the rats were allowed to recover to pre-surgery body weight for at least 
10 days. On day zero, food was removed from the cages just before lights off. In 
the early morning of day three, i.e., after two nights and one day (=36 hours) of food 
deprivation, rats were sacrificed with an overdose of pentobarbital (120 mg/kg BW). 
Trunk blood samples was collected, spun down and serum was stored at -20°C until 
analysis. The left lateral liver lobe was dissected, snap frozen in liquid nitrogen and 
stored in -80°C until further use. 
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  deiodinase activity

For deiodinase activity measurements samples were homogenized on ice in 10 vol-
umes of PE buffer (0.1 M sodium phosphate, 2 mM EDTA pH 7.2) using a polytron 
(Kinematica, Luzern, Switzerland). 20 mM dithiotreitol (DTT) was added to the PE 
buffer (PED20) for D1 activity measurement and 50 mM DTT (PED50) was added for 
D3. Homogenates were snap frozen in aliquots and stored in -80°C until further use. 
Protein concentration was measured with the Bio-Rad protein assay using bovine se-
rum albumin (BSA) as the standard following the manufacturer’s instructions (Bio-Rad 
Laboratories, Veenendaal, The Netherlands). 

d1: Liver D1 activity was measured by duplicate incubations of 75 μl 300 times diluted 
homogenate in PED20 for 30 minutes at 37°C in a final volume of 0.15 ml with 0.1 μM 
rT₃ with the addition of approximately 1·105 cmp [3’5’125I]rT₃ in PE buffer. One sample 
of each group was incubated in the presence of 500 μM PTU in order to inhibit D1 
activity representing a tissue blank. Reactions were stopped by the addition of 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 4.0), 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). 
The column was eluated with a linear gradient of acetonitrile (28% - 42% in 15 min-
utes in 0.02 M ammonium acetate (pH 4.0) at a flow of 1.2 ml/minute. The activity of 
rT₃ and 3,3’diiodothyronine (T₂) in the eluate was measured online using a Radiomatic 
150 TR flow scintillation analyser (Perkin Elmer, Waltham, MA, USA). D1 activity can 
be calculated by subtracting the activity measured in the tissue blank from the activ-
ity measured without PTU. D1 activity was expressed as pmol generated 3,3’T₂ per 
minute per mg protein. 

d3: D3 activity was measured with the same method as D1 with the following modi-
fications. Duplicate incubations of 75 μl of homogenate in PED50 were incubated for 
120 minutes at 37 degrees with the addition of 1 nM unlabelled T₃, 500 μM PTU and 
2·105 cpm [3’125I]T₃ in a final volume of 0.15 ml PED50 buffer. One sample of each 
group was incubated in the presence of 500 nM unlabeled T₃ to inhibit D3 activity rep-
resenting a tissue blank. The activity measured with 1 nM 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 protein. 
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  Thyroid hormones

Serum T₃ and T₄ concentrations were measured with in-house RIA’s (91). All samples 
of one experiment were measured within the same assay (intra-assay variability T₃: 
3,6% and T₄: 6,6%). 

  Thyroid hormones in tissue

Liver concentrations of T₃ and T₄ were measured with an LC- MS method as described 
before (122;123). A detailed description can be found in chapter 4.

  Rna isolation and qPCR

RNA was isolated using the Magna Pure apparatus (Roche Molecular biochemicals, 
Mannheim, Germany) and the Magna pure tissue III total RNA kit (Roche). RNA yield 
was determined using the Nano drop (Nanodrop, Wilmington, Delaware USA) and 
cDNA was synthesized with equal RNA input with the First strand cDNA synthesis kit 
for qPCR with oligo d(T) primers (Roche). As a control for genomic DNA contamination 
we included a cDNA synthesis reaction without reverse transcriptase. Quantitative 
PCR was performed using the Lightcycler 480 and Lightcycler480SybrGreen I Master 
mix (Roche). The primers used are displayed in table 1. 

Quantification was performed using the LinReg software. PCR efficiency of each 
sample was calculated and samples that had a deviation of more than 5% of the mean 
efficiency value of the assay were excluded. Calculated values were normalized by 
the housekeeping gene expression (Cyclophilin and TBP) which were selected to be 
stable among different groups. 

  statistics

Differences between groups were evaluated using two-way ANOVA with two group-
ing factors (surgery and fasting). 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 ef-
fects of surgery (ptreat) and fasting (pfasting). In order to correct for multiple testing, 
p-values were only considered significant when <0.01 in the case of mRNA studies 
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and <0.025 in the case of TH and deiodinase studies. To test pair-wise comparisons 
ANOVA was followed by student’s 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 of <0.025 were considered statistically significant to correct 
for the two performed t-tests. All tests were performed using SPSS (SPSS, Chicago, 
IL, USA).

    Gene     sequence                  annealing 
                               temp
     CyclophilineB   Forward 5’-GAG ACT TCA CCA GGG G-3’         55
       Reverse 5’- CTG TCT GTC TTG GTG CTC TCC-3’   
        TBP     Forward 5’- TTCGTGCCAGAAATGCTGAA -3’        55
       Reverse 5’- TGCACACCATTTTCCCAGAAC -3’ 
        D3     Forward 5’-AGC GCA GCA AGA GTA CTT CAG -3’       55
       Reverse 5’-CCA TCG TGT CCA GAA CCA G -3’ 
        D1     Forward 5’-GAA GTG CAA CGT CTG GGA TT -3’       55
       Reverse 5’-CTG CCG AAG TTC AAC ACC A-3’
        CAR     Forward 5’-AGCAAGGCCCAGAGACGCCA-3’        60
       Reverse 5’-CCGGAGGCCTGAACTGCACAAA-3’ 
        Sult1b1    Forward 5’-TCCTCGCTGGAAATGTGGCCT -3’        60
       Reverse 5’-TGCCCTTCCCTCTTTTCCCACCA -3’ 
        Sult1c1    Forward 5’-CCACCCCTCAACTCAGGTCTGGA-3’       65
       Reverse 5’- AGGGTACCAGGGTCAGGCAGC-3’ 
     UGT1a1    Forward 5’-TGGTGTGCCGGAGCTCATGTTCG-3’       60
       Reverse 5’-AGACAGCAGCATACTGGAGTCCC-3’ 
        Fas     Forward 5’- CTTGGGTGCCGATTACAACC-3’         65
       Reverse 5’-GCCCTCCCGTACACTCACTC-3’ 
   Spot14    Forward 5’-ACGGGGCAGGTCCTGTAGGT-3’          65
       Reverse 5’-AGCCGCCTTTGCATCCACCTG-3’ 
     MCT8     Forward 5’-CCGAAGGTGGCTTCGGCTGG-3’         65
       Reverse 5’-TGATCCGGCAGCCCAAACGG-3’ 
     MCT10    Forward 5’- GACCGCCTATGCCGTGTGGG-3’         65
       Reverse 5’- CGGCCGAAGAGAAGCCGTCC-3’ 

  Table 1: Primer sequences and annealing temperatures used for qPCR. 



94

REsulTs

The effect of fasting on hepatic noradrenaline content.

Hepatic noradrenaline content was measured in all rats from the Sx experiment. Sx 
denervation was considered successful when noradrenaline content was less than 
20% of that of the Sham group which was the case in more than 80% of the denervat-
ed rats. We also measured noradrenaline content in the sham/fed and sham/fasted 
rats and did not oberve a difference between the groups (42.4 ng/gram ±16.4 versus 
52.8 ng/gram ±16.6, data not shown). 

The effect of denervation and fasting on serum T₃ and T₄ concentrations.

Fasting resulted in a similar decrease of serum T₃ concentration in sham and Sx rats 
(Fig 1A). Serum T₄ concentrations also decreased after fasting in both sham and Sx 
rats, but basal T₄ concentrations were significantly lower in Sx rats compared to the 
sham operated group (Fig 1B). Parasympathetic denervation did not affect basal TH 
concentrations or the decrease in serum T₃ and T₄ after 36h starvation (Fig 1C/D). 

 

	 	Figure	1:	Plasma	concentrations	of	t₃	and	t₄	(nmol/L)	in	the	sx	(A/B)	and	Px	(c/D)		

  experiment. White bars represent serum concentrations in the fed state, black bars  

  the serum concentrations after a 36h fasting period. P-values indicate the effect of  

  fasting (pfasting) or the effect of denervation (ptreat) by parametric anoVa.   
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  symbols indicate differences between fed vs fasted groups (* p≤0.025,	**	p≤0.01)		

  or between sham and sx (a p≤0.025)	as	evaluated	by	students	t-tests	or	Mann-	 	

  Whitney u-tests. 

The effect of denervation and fasting on liver TH transporter and deiodinase expression. 

Liver MCT8 did not change after 36h fasting and was also not affected by sympathetic 
or parasympathetic denervation. Liver MCT10 increased after 36h fasting and this 
increase was not affected by sympathetic or parasympathetic denervation (data not 
shown). 

Liver D3 mRNA expression and activity increased after 36h fasting and this increase 
was not affected by sympathetic (Fig 2A/B) or parasympathetic denervation (Fig 
3A/B). Liver D1 mRNA expression and activity was not significantly affected by fast-
ing, sympathetic (Fig 2C/D) or parasympathetic denervation (Fig 3C/D). 

 

	 	Figure	2:	Relative	D3	mRNA	(A)	D3	activity	(B),	relative	D1	mRNA	(c)	and	D1	activity		

  (d) levels in the sx experiment. mRna expression data is normalized to fed    

  controls. White bars represent the fed state, black bars the values after 36h fasting.  

  P-values indicate the effect of fasting (pfasting) by parametric anoVa. symbols  

  indicate differences between fed vs fasted groups (* p≤0.025,	**	p≤0.01)		as		 	 	

  evaluated by students t-tests. 
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	 	Figure	3:	Relative	D3	mRNA	(A)	D3	activity	(B),	relative	D1	mRNA	(c)	and	D1	activity		

  (d) levels in the Px experiment. mRna expression data is normalized to fed    

  controls. White bars represent the fed state, black bars the values after 36h fasting.  

  P-values indicate the effect of fasting (pfasting) by parametric anoVa. symbols  

  indicate differences between fed vs fasted groups (* p≤0.025,	**	p≤0.01)		as		 	 	

  evaluated by students t-tests. 

The effect of denervation and fasting on liver CAR, Sult1b1 and UGT1a1 expression.

Liver CAR mRNA expression increased upon fasting and this increase was not affect-
ed by either Sx (Fig 4A) or Px (Fig 4B). The expression of Sult1b1, a CAR responsive 
gene, showed an overall significant increase after fasting in Sx rats (Fig 4C). There 
was no significant effect of either sympathetic or parasympathetic denervation on 
Sult1b1 expression (Fig 4C/D). 

UDP-glucuronosyltransferase UGT1a1 mRNA expression increased after 36h fast-
ing in the Sham, Sx and Px groups and denervation did not influence the observed 
increase (Fig 4E/F). In summary, sympathetic or parasympathetic denervation did 
not affect the fasting-induced changes in liver CAR, Sult1b1 and UGT1a1 mRNA 
expression. 
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  Figure 4: Relative mRna expression of CaR, uGT1a1 and sult1b1 in the sx (a/C/E)  

	 	and	Px	(B/D/F)	experiment.	mRNA	expression	data	is	normalized	to	fed	controls.		

  White bars represent the fed state, black bars the values after 36h fasting. P-values  

  indicate the effect of fasting (pfasting) by parametric anoVa. symbols indicate   

  differences between fed vs fasted groups (* p≤0.025,	**	p≤0.01)	as	evaluated	by			

  students t-tests.

The effect of denervation and fasting on liver metabolic status and TH concentrations.

Fasting status of the liver was confirmed by evaluating fatty acid synthase (Fas) and 
Spot14 mRNA expression. Fasting significantly decreased the expression of both 
genes (Spot14 by 90% and Fas by 75%, data not shown). Fasting did not have an 
effect on intrahepatic T₃ concentrations, and liver T₃ was also not affected by sympa-
thetic or parasympathetic denervation (Fig 5A/C). A small overall effect of fasting was 
found in liver T₄ concentrations of Sx rats (Fig 5B), but no differences between groups 
were observed. Liver T₄ was not different in fed and fasted Px rats (Fig 5D). 
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	 	Figure	5:	t₃	and	t₄	concentrations	in	liver	tissue	(pmol/gram	wet	weight)	in	the	sx		

	 	(A/B)	and	Px	(c/D)	experiments.	White	bars	represent	the	fed	state,	black	bars	the		

  values after 36h fasting. P-values indicate the effect of fasting (pfasting) by    

  parametric anoVa.
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dIsCussIon 

During fasting the body adapts to the restricted caloric intake via the secretion of 
hormones and by regulating the activity of the autonomic nervous system (ANS) (re-
viewed in (143)). Fasting is associated with a decrease in serum T₄ and T₃ which limits 
the use of energy by decreasing energy expenditure (136). The lowering of serum T₃ 
concentrations during fasting is partly regulated via peripheral mechanisms, includ-
ing increased degradation of T₃ by D3 and an increased clearance of T₃ mediated by 
sulfation and UDP-glucuronidation (59). Fasting also leads to prominent changes in 
the hypothalamus, such as increased expression of D2 which subsequently lowers 
TRH expression, contributing to the downregulation of the HPT axis (58;144). A re-
cent study in mice showed that neuropeptide Y (NPY) and the melanocortin receptor 
4 (MC4R), important hypothalamic signaling pathways, are necessary for the fasting 
induced increase in liver Sults and UGTs, suggesting the involvement of a central 
component in these peripheral adaptations. However, the anatomical substrate for 
this connection was beyond the scope of that study (22). The autonomic nervous sys-
tem (ANS) is an attractive candidate, as the fasting induced increase in VLDL secre-
tion by the liver is mediated via increased activity of sympathetic input to the liver and 
regulated via NPY in the hypothalamus (72). In addition, hepatic glucose metabolism 
and insulin sensitivity are determined by the ANS in addition to humoral factors (145). 
We therefore hypothesized that the autonomic nervous system plays a role in the 
fasting-induced effects on liver TH metabolism. To test our hypothesis we selectively 
cut either the sympathetic or parasympathetic nerve to the liver and studied hepatic 
thyroid hormone metabolism after 36 hours of starvation. 

Fasting for 36h resulted in significant decreases in serum T₃ and T₄, a marked increase 
in liver D3 mRNA expression and activity and increased liver CAR and UGT1a1 mRNA 
expression. Sympathetic denervation did not affect the fasting-induced alterations in 
serum T₃ and T₄, liver D3 expression and activity and CAR and UGT1a1 mRNA expres-
sion, although sympathetic denervation by itself was associated with slightly lower 
serum T₄ concentrations in the fed state. The latter is in accordance with an earlier 
study of our group although the mechanism is still unclear (75). This difference can-
not be explained by altered peripheral metabolism as hepatic D3 and D1 activity were 
similar in both groups. The similar response in Sult1b1 and UGT1a1 in denervated 
and sham-operated animals does not support a role for sulfotransferases and UDP-
glucuronosyltransferases either, although we only measured the mRNA expression of 
these enzymes. Nevertheless, the absence of an increase in Sult mRNA expression 
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is in concurrence with an earlier study that did not find any effects of fasting on sul-
fotransferase activity in the rat (19). 

Parasympathetic denervation of the liver did not affect the fasting induced changes 
in serum T₃ and T₄ concentrations and peripheral thyroid hormone metabolism. This 
is perhaps not surprising as the parasympathetic nervous system has been shown 
to be more important in the postprandial phase as exemplified by the observation of 
increased postprandial triglyceride secretion from the liver after selective denervation 
of the parasympathetic nerve (73). 

Neither fasting nor denervation altered the T₃ and T₄ tissue concentration in the liver. 
This indicates that the 3-fold increase in D3 activity is not sufficient to decrease liver 
T₃ and T₄ concentrations. This is in accordance with the finding of Galton et al., who 
found unchanged or even increased liver T₃ and T₄ concentrations within 16 – 36 
h fasted mice (59). To further explain the apparent discrepancy between high D3 
activity and normal hepatic TH concentrations we quantified the expression of TH 
transporters MCT8 and MCT10. MCT10 expression was increased upon fasting, while 
MCT8 expression was unchanged. MCT10 has been shown before to be a very ef-
ficient transporter of T₃ (13). It is thus tempting to speculate that the increased D3 
activity is needed to break down the T₃ that is shuttled into the liver during fasting. 

Our experimental set up (denervation – loss of function) is based on the assump-
tion that fasting changes sympathetic nervous activity. Niijima et al. described that 
glucose administration inhibits the SNS, while decreased blood glucose activates 
the SNS. However, it is also possible that 36h fasting does not activate but rather 
suppresses the sympathetic nervous system. Landberg and Young showed that no-
radrenaline turnover in the liver, a measure for sympathetic activity, decreased in 18-
48 hour fasted rats indicating a suppressed sympathetic nervous system (77). We did 
not find any differences in noradrenaline content in the livers of fasted versus fed rats. 
However, noradrenaline turnover and content are derivatives that might not be sen-
sitive enough to reflect true SNS activity. In addition, SNS output to various tissues 
differs; with fasting it selectively increases towards white adipose tissue to mobilize 
fat stores, but decreases towards BAT to conserve energy (146). 

We recently showed in mice that the fasting induced increase in liver D3 could be 
prevented by leptin administration during the fasting period (64), pointing to the fast-
ing-induced drop of plasma leptin concentrations as the main regulator of liver D3 
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activity/expression. It is however unknown whether this is a direct effect of leptin on 
the hepatocyte, or an indirect effect via leptin sensitive hypothalamic neurons that af-
fect the liver via the autonomic nervous system. Both leptin and MC4R receptors are 
expressed on hepatocytes (147;148) and the knockout mice used by Vella et al. lack 
NPY and MC4R globally. Our results strongly suggest that a direct effect of hormones 
on the hepatocyte is more likely. This is further supported by the observation that lep-
tin stimulation of primary embryonic chicken hepatocytes increases the expression of 
D1 while decreasing the expression of D3 (149). 

In conclusion, 36h fasting results in profound changes in liver TH metabolism; D3 
activity and TH degrading and UGTs increase, while D1 activity remains unchanged. 
These changes do not result in altered intrahepatic T₃ and T₄ concentrations, likely 
because of enhanced uptake of T₃ and T₄ by the liver. Sympathetic or parasympathetic 
denervation of the liver does not affect these fasting-induced alterations. We there-
fore conclude that the autonomic nervous input to the liver - although essential for 
the regulation of liver glucose and lipid metabolism in the fed and fasted state - is not 
essential for the fasting induced response of liver TH metabolism. 

aCKnoWlEdGEMEnTs

We would like to thank the staff of the laboratory of Endocrinology for measuring se-
rum thyroid hormones and liver noradrenaline concentrations. 





103

E.M. de Vries
H.c.	van	Beeren
a.C.W.a. van Wijk
M.a.W. Maas
M.T. ackermans
a. Kalsbeek
E. Fliers
A.	Boelen

Chapter 6

The role of CaR and mToR in the 
fasting induced increase of liver 
type 3 deiodinase in rodents.

C
h

a
PTER

 6





105

C
h

a
PTER

 6

ABstRAct

Profound changes occur in the hypothalamus-pituitary-thyroid (HPT) axis during fast-
ing ultimately leading to lower serum thyroid hormones (TH). 

It has been shown in rodent liver that enzymes involved in the clearance of TH such 
as type 3 (D3) deiodinase, sulfotransferases (Sults) and UDP- glucuronosyltranferas-
es (UGTs), are activated during fasting. The constitutive androstane receptor (CAR) 
might play a role in this activation as the upregulation of Sults and UGTs during fasting 
is CAR dependent and CAR-/- mice display a blunted serum T₄ and T₃ decrease dur-
ing fasting. However, the role of CAR in the fasting-induced D3 increase is unknown. 

The aim of the present study was to clarify the role of CAR and other potential media-
tors in the fasting-induced increase of liver D3. To this end we used CAR-/- mice and 
primary rat hepatocytes. In vivo, fasting increased UGT1a1, Sult1a1 and Sult1d1 and 
D1 mRNA expression which was partly dependent on CAR. D3 expression increased 
in WT but not in CAR-/- mice, however basal D3 expression was higher in CAR-/- mice. 
CAR was not involved in the fasting induced decrease of serum T₄ and T₃. In vitro, acti-
vation of CAR did not induce D3 in hepatocytes. Inhibiting mTOR induced D3 expres-
sion but not activity. PPARα activation induced only D3 activity but not expression. 

In conclusion, while CAR seems to be involved in the regulation of D3 under basal 
conditions and during fasting in vivo, activation of CAR in primary hepatocytes does 
not induce D3. However, both PPARα activation and mTOR inhibition are involved in 
the regulation of hepatic D3 in primary hepatocytes. 
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InTRoduCTIon

Fasting is known to have profound effects on the hypothalamus-pituitary-thyroid (HPT) 
axis, in order to save energy when nutrient supply is low. Fasting leads to decreased se-
rum triiodothyronine (T₃) and thyroxine (T₄) concentrations, while thyroid stimulating hor-
mone (TSH) secretion from the pituitary and thyrotropin releasing hormone (TRH) secre-
tion from the hypothalamus is low (136), pointing to an altered hypothalamic setpoint of 
the HPT axis. In addition to altered central regulation, peripheral metabolism of thyroid 
hormones (TH) is thought to contribute to the low serum TH concentrations (61-63). 

In the liver, several pathways are important for TH metabolism. Type 1 deiodinase 
(D1) is able to deiodinate both the outer and inner ring of TH. It is classically regarded 
as an important TH activating enzyme, but it also has a very high affinity for sulphated 
T₄ and can thus also contribute to the clearance of TH (118). Type 3 deiodinase (D3) is 
regarded as the main TH inactivating enzyme but its expression in liver is low under 
basal conditions. Sulfotransferases (Sults) and UDP-glucuronosyltranferases (UGTs) 
enhance clearance of T₃ and T₄ by increasing the affinity for D1 and by promoting 
the clearance of TH via the bile and urine (17-19). Upstream of Sults and UGTs is the 
constitutive androstane receptor (CAR), a receptor that is very important for endo and 
exobiotic sensing (150). 

During fasting, CAR is upregulated in both mice and rats (21;151;152). This leads to 
suppression of glucose production (153;154) and altered TH metabolism by activating 
Sults and UGTs (21). The synthetic CAR agonists phenobarbital and TCPOBOP are 
able to reduce T₄ levels in rats and mice (21;155), supposedly via an effect on hepatic 
TH metabolism. In addition, in CAR knock out mice, the decrease in serum TH con-
centrations upon fasting was reported to be less pronounced (21) .
 
Besides fasting induced changes in Sults and UGTs, changes in hepatic deiodinases 
have also been described. In the liver, the expression of D1 is decreased, and D3 is 
increased during fasting in rodents (62;64;119;120;151). This would theoretically lead 
to less activation and increased inactivation of TH. Very few studies described an 
involvement of CAR in the regulation of deiodinases; CAR activation was reported to 
increase D1 expression and activity after partial hepatectomy (156) whereas treat-
ment of mice with the CAR agonist TCPOBOP induced D1 as well (21). However, at 
this stage no data is available on a possible role of CAR in the regulation of D3. 
In the present study we aimed to investigate the role of CAR in the regulation of D3 
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during fasting. To this end we determined D3 mRNA and activity in the livers of WT and 
CAR-/- mice after 24 hours (h) of fasting. In addition, we studied the effect of the CAR 
agonist TCOPBOP, as well as alternative mediators involved in sensing feeding status 
(including peroxisome proliferator activated receptor alpha (PPARα) and the mam-
malian target of rapamycin (mTOR)) on D3 expression in a primary hepatocyte culture. 

MaTERIals and METhods

  Fasting experiment

Female CAR-/- mice and WT controls were purchased from Taconic (Hudson, NY, 
USA) and were used at 7-13 weeks of age. The mice were kept in 12h light/dark cycles 
in a temperature controlled room. After 2 weeks of acclimatization, food was taken 
away in the morning. The control groups had ad libitum access to food. After 24h, 6 
mice per group were anesthetized with isoflurane, blood was taken with a heart punc-
ture and mice were killed by cervical dislocation. Blood samples were spun down and 
serum was stored at -20°C. Liver was dissected, snap frozen in liquid nitrogen and 
stored at -80°C. All procedures were approved by the Animal Welfare Committee of 
the Academic Medical Center (AMC) of the University of Amsterdam. 

  Primary hepatocyte experiments

Male and female Wistar rats weighing 250-450 grams were used for primary hepato-
cyte isolation. The procedure was carried out under Temgesic (0.1 ml/100 gram BW, 
0.03 mg/ml) and isoflurane anesthesia. A heparin solution (0.2 ml, 5000 i.e./ml, LEO 
Pharma, Ballerup, Denmark) was injected in the vena cava caudalis. After 5 minutes 
a cannula was placed in the liver via the vena porta. The liver was perfused with Ca2+-
free solution (142mM NaCL, 6.7mM KCL, 3.36 mM Hepes, pH 7.4) at 37°C, with a flow 
rate of 30ml/min, followed by a deep incision in the vena cava caudalis and complete 
dissection of the liver. The perfusion with Ca2+-free solution was followed by perfusion 
with collagenase buffer (66.7mM NaCL, 6.7mM KCL, 4.8 mM CaCl2.2H2O, 67.1 mM, 
0.3% BSA, pH 7.6) with 0.05% collagenase from clostridium and 0.01% hyaluronidase 
type I-s (both from Sigma chemicals Co., St. Louis, M.O., USA) at a flow rate of 13ml/
min. All solutions were sterile filtered with a 0.22μm filter. After perfusion the liver was 
dissociated and cells were suspended in Williams E medium (Westburg, Leusden, 
The Netherlands) with 10% heat-shocked fetal bovine serum (FBS, Bodinco, Alkmaar, 
The Netherlands), 1% penicillin, streptomycin and Amphotericin B (PSF, Lonza, Basel, 
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Switserland) and 1% L-glutamine (Lonza, Basel, Switserland). Cells were washed 
three times by centrifugation at 460 rpm at 4˚C without brake. After isolation cells were 
plated on 6-wells Primaria plates (Corning Life Sciences,Tewksbury, MA, USA) in a 
concentration of 1·106/ well. Further experiments were started within 36h after isola-
tion. Cells were incubated during 8h, 16h or 24h with 200 nM Torin (Tocris Bioscience, 
Bristol, UK) dissolved in DMSO, 200 nM Rapamycine (LC labs, Woburn, MA, USA) 
dissolved in DMSO, 250 nM TCPOBOP (1,4-Bis-[2-(3,5-dichloropyridyloxy)]benzene, 
3,3′,5,5′-Tetrachloro-1,4-bis(pyridyloxy)benzene) (Sigma, St Louis, MO, USA), 1μM 
GW7647 (a PPARα agonist, Tocris Bioscience). Experiments were performed at least 
two to four times. For mRNA expression, cells were lysed in 250 μl lysisbuffer sup-
plied by the Magna Pure HP total RNA kit (Roche Molecular Biochemicals Mannheim, 
Germany), and 125 μl PBS. 

  Rna isolation and qPCR.

RNA was isolated using the Magna Pure apparatus (Roche Molecular biochemicals, 
Mannheim, Germany) and the Magna pure tissue III total RNA kit (for tissue) and 
the Magna Pure HP total RNA kit (for primary hepatocytes) (Roche Molecular bio-
chemicals, Mannheim, Germany). RNA yield was determined using the Nano drop 
(Nanodrop, Wilmington, Delaware USA) and cDNA was synthesized with equal RNA 
input with the First strand cDNA synthesis kit for qPCR with oligo d(T) primers (Roche 
Molecular biochemicals, Mannheim, Germany). As a control for genomic DNA con-
tamination we included a cDNA synthesis reaction without reverse transcriptase. 
Quantitative PCR was performed using the Lightcycler 480 and Sensifast-SYBR 
No-ROX mastermix (Bioline, Londen, UK). Quantification was performed using the 
LinReg software. PCR efficiency of each sample was calculated and samples that 
had a deviation of more than 5% of the mean efficiency value of the assay were ex-
cluded. Calculated values were normalized by the geometric mean of expression of 
four reference genes (Cyclophilin, EF1a1, HPRT and Ubiquitin). 

  d3 activity

For D3 activity measurements liver samples were homogenized on ice in 10 volumes 
of PED50 using a polytron (Kinematica, Luzern, Switzerland). Primary hepatocytes 
were washed, scraped in ice cold PBS, spun down, and the pellet was homogenized 
in PED50 (0.1 M sodium phosphate, 2 mM EDTA pH 7.2, 50 mM DTT). Homogenates 
were snap frozen in aliquots and stored in -80°C until further use. Protein concentration 
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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). D3 activity was measured as described before (151). 

  Thyroid hormones in serum

Serum T₃ and T₄ were measured with in-house RIA’s (91). All samples of one experi-
ment were measured within the same run (intra-assay variability T₃: 3,6% and T₄: 6,6%). 

  Thyroid hormones in tissue

Liver concentrations of T₃ and T₄ were measured as described before (151). 

  Gene      Primer sequences
   HPRT (hprt)    Forward 5’-GCAGTACAGCCCCAAAATGG-3’
        Reverse 5’-AACAAAGTCTGGCCTGTATCCAA-3’
   Ubiquitin (Ubc)   Forward 5’- AGCCCAGTGTTACCACCAAG-3’
        Reverse 5’- CTAAGACACCTCCCCCATCA-3’
   EF1a1 (Eef1a1)   Forward 5’-AGTCGCCTTGGACGTTCTT-3’
        Reverse 5’- ATTTGTAGATCAGGTGGCCG-3’
   D3 (Dio3)     Forward 5’- CTACGTCATCCAGAGTGGCA-3’
        Reverse 5’- CTGTTCATCATAGCGCTCCA -3’
   CAR (Nr1i3)    Forward 5’-CGCAGTCCATGCAGGGTTCCA-3’
        Reverse 5’- ACTCCGGGTCTGTCAGGGGA-3’
   D1 (Dio1)     Forward 5’- GAGCAGCCAGCTCTACGCGG-3’
        Reverse 5’- TGGGGAGCCTTCCTGCTGGT-3’
   Sult1a1 (Sult1a1)   Forward 5’- CTGAAAGAGACACCAGCCCCACG-3’
        Reverse 5’- CTCCTCAGGTAGAGAGCGCCCCA-3’
   Sult1d1 (Sult1d1)   Forward 5’- TGCTGAACAACATGCCGTCTCCT-3’
        Reverse 5’- TGCTGAACAACATGCCGTCTCCT-3’
   Ugt1a1 (Ugt1a1)   Forward 5’- GCCTTCAGAAAAAGCCCCTATCCCA-3’
        Reverse 5’- GCCCGAGTCTTTGGATGACCAAGC-3’
   MCT8 (Slc16a2)   Forward 5’-GGGGCCCTGTCAGGAGGCAA-3’
        Reverse 5’-TTTCCACAG TGGGCGTGGGC-3’
   MCT10 (Slc16a10)  Forward 5’-TGATTCCCCTGTGCAGCGCC-3’
        Reverse 5’- CCACGTCGTAGGTGCCCAGC-3’
  Table 1: Primer sequences, gene names and symbols used for qPCR. 
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sTaTIsTICs

Differences between groups in the in vivo experiment were evaluated using two-way 
ANOVA with two grouping factors (genotype and fasting). Normal distribution of the 
data was tested using the Shapiro-Wilk test on the residues of the ANOVA. If not nor-
mally distributed, data were ranked before performing ANOVA. P-values in the figures 
represent the significant effects of genotype (pgenotype) or the significant interaction 
term (pi). Differences between groups in the hepatocyte experiments were tested by 
student’s t-test or by one-way ANOVA. For pair-wise comparisons ANOVA was fol-
lowed by student’s 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 of <0.025 were considered statistically significant to correct for the two per-
formed t-tests. All tests were performed using SPSS (SPSS, Chicago, IL, USA).

 

  Figure 1: Relative mRna expression of constitutive androstane receptor (CaR),   

  udP- glucuronosyltranferases 1a1 (uGT1a1), sulfotransferase 1a1 (sult1a1) and   

  sulfotransferase 1d1 (sult1d1). ugt1a1, sult1a1 and sult1d1 expression was    

  normalized to fed controls. White bars represent ad libitum fed controls, black bars  

  represent 24h fasted mice. Mean values ± sEM are shown. P-values indicate   

  effects of genotype (pg) or the interaction effect between fasting and genotype  (pi)  

  as calculated by parametric two-way anoVa. symbols indicate  differences    

  between fed and fasted groups (* p≤0.025,	**	p≤0.001)	or	between	Wt	and	cAR	KO		

  groups (a p≤0.025,	b p≤0.001).	
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REsulTs

Induction of CAR, Sults and UGTs mRNA expression after 24h fasting.

In WT mice, fasting induced a significant and marked increase in hepatic CAR, Ugt1a1, 
Sult1a1 and Sult1d1 mRNA expression (Fig 1A-D). In CAR-/- mice, CAR mRNA expres-
sion was reduced by 96% and unresponsive to fasting (Fig 1A), while the Ugt1a1 and 
Sult1d1 responses were attenuated (Fig 1B/C) and the Sult1a1 response was absent 
(Fig 1D).

The effect of fasting on D3 expression and activity in CAR-/- mice.

Basal D3 mRNA expression was higher in CAR-/- mice than in WT mice but the fast-
ing-induced increase in D3 mRNA expression was absent in CAR-/- mice (Fig 2A). D3 
activity was not significantly affected by either 24h fasting or genotype although sta-
tistical analysis showed a significant interaction (Fig 2B) indicating that the response 
of D3 activity to fasting was affected in CAR-/- mice compared to WT mice. 

 

	 	Figure	2:	type	3	deiodinase	(D3)	relative	mRNA	expression	(A)	and	activity	(B)	and		

  in WT and CaR knock out mice. White bars represent ad libitum fed controls,   

  black bars represent 24h fasted mice. Mean values ± sEM are shown.     

  P-values indicate effects of genotype (pg) or the interaction effect between fasting  

  and genotype (pi) as calculated by parametric two-way anoVa. symbols indicate  

	 	differences	between	fed	and	fasted	groups	(*	p≤0.025)	or	between	Wt		and	cAR	KO		

	 	groups	(b	p≤0.001).	

The effect of fasting on D1, MCT8 and MCT10 expression in CAR-/- mice.

To investigate additional determinants of liver TH metabolism we measured the ef-
fect of fasting on type 1 deiodinase (D1) and thyroid hormone transporters MCT8 
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and MCT10 in CAR-/- and WT mice. Fasting increased D1 mRNA expression in WT 
mice, but not in CAR-/- mice (Fig 3A). Basal D1 expression was lower in CAR-/- mice 
compared to WT mice. Fasting decreased MCT8 mRNA expression in WT mice, but 
not in CAR-/- mice (Fig 3B). MCT10 mRNA expression increased after fasting in both 
WT and CAR-/- mice (Fig 3C). 

 
  Figure 3: Relative mRna expression of type 1 deiodinase (d1) and thyroid hormone  

  transporters MCT8 and MCT10. MCT8 and MCT10 expression was normalized to fed  

  controls. White bars represent ad libitum fed controls, black bars represent 24h  

  fasted mice. Mean values ± sEM are shown. P-values indicate effects of genotype  

  (pg) as calculated by parametric two-way anoVa. symbols indicate differences   

  between fed and fasted groups (* p≤0.025,	**	p≤0.001)	or	between	Wt	and	cAR	KO		

  groups (a p≤0.025,	b p≤0.001).

The effect of fasting on serum and liver TH concentrations in CAR-/- mice. 

Fasting decreased serum T₄ and T₃ concentrations to a similar extent in WT and CAR-

/- mice. The fasting-induced decrease in hepatic T₄ and T₃ concentrations did also not 
differ between WT and CAR-/- mice however, basal and fasting-induced hepatic T₃ 
concentrations were lower in CAR-/- mice (Fig 4A-D). 

The effect of CAR activation on D3 expression in primary hepatocytes.

To investigate whether CAR activation during fasting acts directly on D3, we stimu-
lated rat primary hepatocytes with TCPOBOP, a synthetic CAR agonist. TCPOBOP 
did not increase D3 mRNA expression after 16h or D3 activity after 24h compared to 
control hepatocytes (Fig 5A/B). 
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	 	Figure	4:	serum	t₄	(A)	and	t₃	(B)	concentrations	(nmol/L)	and	Hepatic	t₄	(c)	and	t₃		

  (d) concentrations (pmol/gram) in WT and CaR knock out mice. White bars    

  represent ad libitum fed controls, black bars represent 24h fasted mice. Mean   

  values ± sEM are shown. P-values indicate effects of genotype (pg) as calculated  

  by parametric two-way anoVa. symbols indicate differences between fed and   

  fasted groups (* p≤0.025,	**	p≤0.001)	as	evaluated	by	student’s	t-test.	

The effect mTOR inhibitors on D3 expression in rat primary hepatocytes.

Since CAR activation did not directly increase D3 mRNA and activity, we tested other 
cellular mediators involved in nutrient sensing that could contribute to the increase in 
hepatic D3 during fasting. Free fatty acids (FFA) in the blood rise during fasting and 
PPARα (peroxisome proliferator-activated receptor alpha) is a nuclear receptor, ex-
pressed in liver, that binds FFA’s (157). Incubation for 16h of primary hepatocytes with 
GW7647, a synthetic PPARα agonist, did not affect D3 mRNA expression (Fig 5C). 
However, incubation for 24h did increase D3 activity almost two-fold (1 observation)
(Fig 5D). Another pathway that is essential for nutrient sensing in cells, is the mTOR 
pathway (158), which is inhibited in the absence of nutrients, growth factors and feed-
ing related hormones.
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Incubation of primary hepatocytes with the mTOR inhibitors torin and rapamycin mim-
ics a fasting state in the cell. Incubation for 16h with torin and rapamycin lead to an in-
crease in D3 mRNA expression in rat primary hepatocytes (Fig 5C), however treatment 
for 24h with neither rapamycin nor torin significantly increased D3 activity (Fig 5D).

 

	 	Figure	5:	Relative	D3	mRNA	expression	(A/c)	and	D3	activity	(B/D)	in	primary		 	

	 	hepatocytes	stimulated	with	0,025%	DMsO	(control),	250	nM	tcPOBOP,	200			 	

	 	nM	torin,	200	nM	Rapamycin	or	1μM	GW7647	(PPARα	agonist).	mRNA	expression		

  is normalized to the control group. Mean values ± sEM of pooled relative data of  

	 	2-4	independent	experiments	are	shown	(1	experiment	for	D3	activity	PPARα).		 	

  P-values represents the effect of treatment as analysed by parametric one way   

  anoVa followed by Post-hoc testing (dunnet)(* p≤0.025,	**	p≤0.001).
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dIsCussIon

In the present study we describe a possible role for CAR and mTOR signaling in the 
upregulation of hepatic type 3 deiodinase (D3) during fasting using an in vivo and an 
in vitro approach. 

Twenty-four hours of fasting resulted in increased liver CAR, Ugt1a1, Sult1a1 and 
Sult1d1 mRNA expression in WT mice as described before (21;152;159). CAR is one 
of the nuclear receptors that is located upstream of Sults and UGTs (160;161) and 
we observed that CAR-/- mice displayed an attenuated, but not completely blunted 
increase of Ugt1a1 and Sult1d1 mRNA expression compared to WT mice. In contrast, 
the fasting induced expression of Sult1a1 was predominantly dependent on CAR as 
CAR-/- mice did not show a significant increase after 24h fasting. 

Liver D3 mRNA expression increased after 24h fasting in WT mice as observed be-
fore (64) but the increase in liver D3 activity did not reach statistical significance prob-
ably due to the relatively short fasting period of 24h. In CAR-/- mice we observed a 
blunted fasting induced increase in liver D3 mRNA expression compared to WT mice. 
In addition, liver D3 activity differed between CAR-/- and WT mice as a result of an 
interaction between genotype and fasting. Interestingly, basal D3 mRNA expression 
was higher in CAR-/- mice. CAR often forms heterodimers with the Retinoid X receptor 
(RXR) to regulate gene expression of cytochrome p450 enzymes (162). The RXR is 
also able to form heterodimers with the TH receptor beta (TRb). The absence of CAR 
could theoretically lead to more RXR/TR dimer formation and positive regulation of 
D3. In addition, CAR is also able to form dimers with the TR’s directly (163), which 
might also lead to enhanced D3 transcription in the absence of CAR (164). 

Surprisingly, we found increased D1 mRNA expression after 24h fasting. D1 expres-
sion is often found to be decreased during fasting (64;119;120), which is usually inter-
preted as a consequence of decreased serum T₃ levels as D1 is a T₃ responsive gene. 
However, downregulation of D1 activity only occurs after prolonged fasting periods 
such as 48h in mice (64) and 48-72h in rats (62). Alternatively, an upregulation of D1 
as observed in the present experiment can be viewed as an effective way to increase 
clearance of TH since the sulphated T₄ has increased affinity for D1 compared to T₄. 
Increased D1 expression has been observed before in response to CAR activation by 
administering the agonist TCPOBOP (21;156). 
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Thyroid hormone transporters are essential for the uptake into and release of thyroid 
hormones out of the cell. MCT8 has been described as a TH transporter with a high 
affinity for T₃. We observed a decrease in liver MCT8 expression after 24h of fasting 
which we did not observe before in rats after 36h fasting (151). This could be due to 
a species difference or a difference in the severity of fasting (24h in mice vs. 36h in 
rats is difficult to compare). MCT10 is a transporter that transports aromatic amino 
acids, but also has a very high affinity for T₃, even exceeding that of MCT8 (13;127). 
In the current experiment MCT10 expression increased after fasting, which might be 
induced by an increased demand for aromatic AA’s. As a byproduct, increased shut-
tling of T₃ into the liver could contribute to the lowering of the serum T₃ concentrations 
as we have observed before in rats. 

As expected, we observed a pronounced drop in both serum T₄ and T₃ levels after 24h 
of fasting. Interestingly, lacking CAR appeared to have no consequences for the fast-
ing induced drop in serum TH concentrations, even though it affects the expression of 
D3, D1, Sults and UGTs. A previous study by Maglich et al showed that the serum TH 
response to fasting was impaired but not completely absent in CAR-/- mice compared 
to WT mice (21). This suggests a discrepancy between two more or less identical ex-
periments but it should be noted that Maglich et al observed only a subtle difference in 
the fasting induced drop in serum TH concentrations in CAR-/- mice compared to WT 
mice. Overall, our data show that the changes in thyroid hormone metabolizing en-
zymes in the liver are not the main mediator of the fasting induced decrease in serum 
TH concentrations which is in agreement with the observations of Galton et al (59).
Both hepatic T₄ and T₃ decreased after fasting, pointing to enhanced metabolism and 
clearance by the liver. Hepatic T₃ concentrations were also slightly lower in the fed 
and fasted liver of CAR-/- mice, which is in agreement with the increased expression 
of liver D3. 

Since we found an effect of CAR deficiency on the fasting induced D3 increase and 
fasting usually increases CAR expression, we wanted to know whether CAR activa-
tion by itself is able to increase D3 expression. To this end, we cultured rat primary 
hepatocytes in the presence of a synthetic CAR agonist, TCPOBOP. Interestingly, we 
did not find a direct effect of CAR activation on D3 expression and activity. CAR is 
activated via direct ligand binding, or by indirect activation (165). TCOPBOP activates 
CAR directly by binding to the ligand binding domain (LBD) (166), while other com-
pounds are known to activate CAR by shuttling it into the nucleus without binding the 
LBD. Fasting activates CAR via increased CAR mRNA expression and by promoting 
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ligand independent CAR activity (152). It is very well possible that the way of CAR 
activation determines the activation of specific target genes which might explain why 
we did not find an effect on D3 expression and activity when CAR was activated by 
TCPOBOP via direct ligand binding. 

We therefore proceeded and further investigated alternative mechanisms that could 
be involved in the fasting-induced D3 upregulation. Peroxisome proliferator-activated 
receptor alpha (PPARα) is a nuclear receptor that is highly expressed in liver and is 
important for hepatic fatty acid sensing during fasting (157). Since Sults and UGTs 
expression can be activated by PPARα directly (167;168) and the fasting induced CAR 
activation is at least partly mediated via PPARα (79), we hypothesized that PPARα 
activation might also induce D3 expression. Stimulation of the primary hepatocytes 
with a PPARα agonist did not induce D3 expression, however it did induce D3 activity 
by 2-fold. 

During fasting, the intracellular rise in cyclic AMP via the AMPK pathway is very im-
portant for CAR activation (152). Besides CAR, increases in cAMP can inhibit the 
mTOR complex pointing to mTOR as another important energy sensing mechanism 
in the cell (83;158). By inhibiting mTOR with the synthetic mTOR inhibitors torin and 
rapamycin we aimed to mimic a starved state in the rat hepatocyte. We observed 
an upregulation of D3 mRNA expression after 16h of torin and rapamycin stimula-
tion, while D3 activity did not increase after 24h which is difficult to reconcile with in-
creased transcription. However, inhibition of mTOR is known to globally downregulate 
protein synthesis in vitro via inhibition of ribosomal biogenesis and translation(169). 
Since in vivo D3 activity is increased during fasting, additional factors besides mTOR 
are likely to play a role.

In conclusion, CAR plays a role in the fasting induced D3 increase in the liver, but its 
absence does not result in altered serum TH concentrations. CAR activation in rat 
primary hepatocytes does not directly increase D3 expression and activity. It is more 
likely that CAR activation is regulated via PPARα activation. mTOR inhibition strongly 
induced D3 expression but not activity, indicating that different factors control D3 
expression and D3 activity. With these findings we provide new mechanisms for D3 
regulation during fasting. 



118

aCKnoWlEdGEMEnTs

We would like to thank the staff of the laboratory of Endocrinology for measuring 
serum thyroid hormones and L. Eggels for her expert technical assistance with the 
animal experiments. 

We would also like to thank N. Zelcer and B. Bleijlevens and M.J. Tol from the 
Biochemistry department for providing us with the PPARα agonist and mTOR 
inhibitors. 



C
h

a
PTER

 6





121

Chapter 7

the	role	of	mtOR	and	HIF1α	in	
the regulation of type 3 deiodi-
nase in white adipose tissue

E.M. de Vries
M.J. Tol
E.	Belegri
a. Kalsbeek
E. Fliers
a.J. Verhoeven
A.	Boelen

C
h

a
PTER

 7





123

C
h

a
PTER

 7

ABstRAct

White adipose tissue (WAT) is an important target organ for thyroid hormones (TH). 
During fasting, lipid metabolism in WAT changes dramatically aimed at the release 
of free fatty acids as energy source. Although TH are known to regulate lipogenesis 
and lipolysis, and WAT expresses both type 2 deiodinase (D2) and type 3 deiodinase 
(D3), as well as the thyroid hormone transporter MCT8 and TH receptors TRβ1 and 
TRα1, not much is known about alterations in TH metabolism in WAT during fasting. 

We therefore aimed to study the fasting-induced changes in TH metabolism and their 
underlying mechanisms in vivo and in vitro. In the in vivo experiments, we compared 
D2, D3, TRβ1, TRα1, MCT8 and MCT10 mRNA expression in WAT from 48 hour 
fasted with ad libitum fed mice. D3 and MCT8 expression increased 5 and 4-fold, 
respectively, while D2, TRβ1, TRα1 and MCT10 mRNA expression did not change in 
the fasted group. In the in vitro experiments, we used 3T3-L1 adipocytes to investigate 
the mechanisms involved in the D3 upregulation. 

Treatment of the 3T3-L1 adipocytes with the mammalian target of rapamyin (mTOR) 
inhibitors torin and rapamycin induced D3 mRNA expression, while the AMPK activa-
tor AICAR had no effect. Next, we stimulated the cells with cobalt chloride (CoCl₂), 
a compound that mimics hypoxia and stabilises hypoxia inducible factor 1α (HIF1α). 
However, CoCl₂ did not induce D3 mRNA expression.
In conclusion, our results indicate that mTOR plays an important role in the upregula-
tion of D3 in WAT during fasting. 
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InTRoduCTIon

It has been known for many years that white adipose tissue (WAT) is responsive to 
thyroid hormones (TH). TH counterintuitively stimulates both fatty acid synthesis and 
oxidation (170), and is also important for adipocyte differentiation (171). In addition, 
T₃ stimulates UCP2 expression in WAT, thereby affecting basal metabolic rate (172).
 
Thyroid hormones are metabolized in various tissues by deiodinating enzymes. Type 
2 deiodinase (D2) is important for the conversion of the prohormone thyroxine (T₄) 
into the active hormone triidothyronine (T₃), while type 3 deiodinase (D3) is the main 
inactivating enzyme, converting T₄ in rT₃ and T₃ in T₂ (173). Both D2 and D3 are ex-
pressed in WAT, as well as the thyroid hormone receptors TRβ1 and TRα1 (174). The 
expression and activity of deiodinases is affected by many pathophysiological factors 
including illness and fasting, leading to tissue-specific changes in local thyroid hor-
mone metabolism (136). In the liver, fasting increases the expression and activity of 
D3, leading to decreased hepatic TH concentrations (64;151). However, no data are 
available on the effect of fasting on TH metabolism in WAT. 

We recently established a role for mTOR (mammalian target of rapamycin) in the 
fasting-induced D3 increase in the liver. The mTOR complex is among the most im-
portant energy sensing mechanisms in the cell and is inhibited in the absence of ATP, 
amino acids, growth factors and feeding related hormones such as leptin (80;84). 
Activation of AMPK (5’AMP activated kinase) by a high AMP/ATP ratio is one of the 
mechanisms by which mTOR is inhibited. Activated AMPK phosphorylates the TSC2 
complex which in turn inhibits mTOR (82). In addition, AMPK directly phosphorylates 
raptor, a protein that is necessary for a stable mTOR complex (83). The inhibition of 
mTOR induces an overall downregulation of protein synthesis to decrease energy 
demand. We hypothesized that mTOR inhibition plays a role in the fasting induced 
regulation of D3 in WAT. 

D3 is known to be positively regulated by HIF1α (hypoxia induced factor 1α) under 
hypoxic conditions (87). HIF1α is a protein that is regulated post-transcriptionally by 
proteasomal degradation. When oxygen is present, HIF1α is hydroxylated by a class 
of enzymes called PHD’s (prolyl hydroxylases) which makes it prone to proteasomal 
degradation. When oxygen is low, PHD’s do not hydroxylate HIF1α, resulting in its 
stabilization and translocation to the nucleus (175). Besides oxygen, 2-oxoglutarate 
(2-OG) is needed as a cofactor to provide electrons in the hydroxylation reaction 
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suggesting that the amount of 2-OG is also limiting for the activity of PDH’s. Glucagon 
and increased gluconeogenic flux are able to decrease 2-OG levels (176;177), we 
therefore hypothesize that during starvation, 2-OG levels are low which subsequently 
leads to stabilization of HIF1α and to the upregulation of D3 (Fig 1). 

In the present study we investigated the expression of the deiodinating enzymes D2 
and D3 as well as thyroid hormone receptor TRβ1, TRα1 and TRα2 in WAT of 48 hour 
fasted mice. Furthermore, we tested in 3T3-L1 adipocytes whether mTOR inhibition 
by torin and rapamycin induced D3 mRNA expression. Finally, we tested whether 
HIF1α is involved in D3 regulation during fasting by mimicking hypoxia with cobalt 
chloride (CoCL₂). CoCl₂ is thought to stabilize HIF1α via inhibition of the PHD’s (178) 
and it thus often used as a hypoxia mimetic both in vivo as in vitro. 

 

	 	Figure	1:	Under	normal	conditions,	HIF1α	is	hydroxylated	by	prolyl	hydroxylase			

  2 (Phd2) which makes it prone for proteasomal degradation. This process 

  requires  2-oxoglutarate (2-oG). hypothetically, during starvation, 2-oG levels   

	 	are	decreased		which	inhibits	PHD2	and	stabilises	HIF1α.	therefore,	during	

	 	starvation	HIF1α	could		bind	to	the	D3	promoter	and	enhance	transcription.	



126

MaTERIals and METhods

  animal experiment

Male B6129S6F1 mice (appr. 22 grams ) were used at the age of 12 weeks. The ani-
mals were kept under a 12/12 hour light/darkness cycle in a temperature controlled 
room (23°C). Water and food were available ad libitum before the experiment. During 
the experiment 6 mice per group were either starved for 48 hours (h), or received food 
and water ad lib. After 48h, blood was taken by cardiac puncture under isoflurane 
anesthesia and mice were killed by cervical dislocation. White adipose tissue was 
isolated and snap frozen in liquid nitrogen and stored until further analysis. 

  3T3-l1 cell culture and differentiation

3T3-L1 preadipocytes (ATCC: CL-173) were derived from ATCC. Cells were kept in 
Dulbecco’s modified Eagle’s medium (4.5g/L glucose) medium (Gibco, Life technolo-
gies) supplemented with 10% fetal calf serum (Invitrogen), penicillin (200 U/ml) and 
streptomycin (200 μg/ml) in a humidified incubator with 10% CO2. Adipocyte differen-
tiation was initiated 3 days post-confluence by exposing cells to 100 nM insulin, 1 μM 
dexamethasone and 0.5 mM 1-methyl-3-isobutylxanthine (DMI) for 48h, after which 
cells were switched to medium containing 100 nM insulin for 4 days. Thereafter, cells 
were kept in maintenance medium containing 10% FCS. Rosiglitazone (1 μM) was 
added during the first 4 days of differentiation. Media were replenished every other day, 
and experiments were routinely performed on day 8 after induction of differentiation.

  Cell experiments and chemicals

3T3-L1 adipocytes were cultured in HBSS (PAA Laboratories, GmBH, Pasching, 
Austria) for 6h in a 37°C incubator without CO₂ regulation and where compared to 
3T3-L1 adipocytes cultured in normal culture medium. For all other experiments, 3T3-
L1 adipocytes were cultured in a 37°C incubator with 5% CO2. Cells were treated dur-
ing 24 hours with 200 nM torin (Tocris Bioscience, Bristol, UK) dissolved in DMSO, 
200 nM rapamycine (LC labs, Woburn, MA, USA) dissolved in DMSO, 2 mM AICAR 
dissolved in PBS (AMPK activator)( Sigma, St Louis, MO, USA) or with 100 μM Cobalt 
Chloride (CoCl₂) dissolved in culture medium. For mRNA expression studies, cells 
were lysed in 250 μl lysis buffer supplied by the Magna Pure HP total RNA kit (Roche 
Molecular Biochemicals Mannheim, Germany), and 125 μl PBS.
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  Rna isolation, cdna synthesis and qPCR

RNA was isolated using the Magna Pure apparatus (Roche Molecular biochemicals, 
Mannheim, Germany) and the Magna pure tissue III total RNA kit (for WAT) and the HP 
total RNA isolation kit (for cells) (Roche). RNA yield was determined using the Nano 
drop (Nanodrop, Wilmington, Delaware USA) and cDNA was synthesized with equal 
RNA input with the Transcriptor First strand cDNA synthesis kit (WAT) or the AMV First 
strand cDNA kit (cells)(both from Roche). As a control for genomic DNA contamination, 
we included a cDNA synthesis reaction without reverse transcriptase. Quantitative 
PCR was performed using the Lightcycler 480 and Lightcycler480SybrGreen I Master 
mix (Roche). Quantification was performed using the LinReg software. PCR efficiency 
of each sample was calculated and samples that had a deviation of more than 5% of 
the mean efficiency value of the assay were excluded. Calculated values were nor-
malized by housekeeping gene expression (Ubiquitin, HPRT or EF1a1). Ubiquitin: Fw 
5’- AGCCCAGTGTTACCACCAAG-3’, Rv 5’- CTAAGACACCTCCCCCATCA-3’; HPRT: 
Fw 5’-GCAGTACAGCCCCAAAATGG-3’, Rv 5’-AACAAAGTCTGGCCTGTATCCAA-3’; 
EF1a1: Fw 5’-AGTCGCCTTGGACGTTCTT-3’, Rv 5’- ATTTGTAGATCAGGTGGCCG-3’; 
D3 Fw 5’- CTA CGT CAT CCA GAG TGG CA-3’, Rv 5’- CTGTTCATCATAGCGCTCCA-3’; 
Glut1: Fw 5’- TTCCTTGCCTGAGACCAGTT-3’, Rv 5’- CGAGGTCCTTCTCATGGTGT-3’. 

  statistics

Differences between groups were analysed with student’s t-test for the in vivo experi-
ments and with the Mann-Whitney U test for in vitro experiments. For the HBSS, torin 
and rapamycin experiments we used the pooled relative data of at least 2-3 separate 
experiments. When multiple groups were included in the analyses, we used non para-
metric one-way ANOVA followed by Mann Whitney U post hoc tests. Results were 
regarded statistically significant if p<0.05. All tests were performed using Graphpad 
software (Graphpad software Inc, La Jolla, CA, USA) or IBM SPSS statistics 20 
software.
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Thyroid hormone metabolism in WAT

Fasting for 48h increased D3 and MCT8 mRNA expression 5 and 4-fold respectively 
in WAT compared to ad lib fed mice (Fig 2). D2, TRβ1 and TRα1 and MCT10 mRNA 
expression were not affected by fasting (Fig 2). 
 

	 	Figure	2:	Relative	mRNA	expression	of	D3,	D2,	tRβ1,	tRα1,	Mct8	and	Mct10	in	

  WaT of ad libitum fed (white bars) and 48 hour fasted (black bars) mice. Expression 

  is shown relative to the fed control group. Mean values ± sEM are shown. symbols 

  indicate differences between fed and fasted groups (* p≤0.05,	**	p≤0.01	)	as			 	

	 	evaluated	by		student’s	t-test.	
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D3 mRNA expression in 3T3-L1 adipocytes

Culturing 3T3-L1 adipocytes in Hanks Balanced Salt solution (HBSS) for 6 hours in-
creased D3 and D2 mRNA expression by 2,5 and 5 fold respectively (Fig 3A/C). HBSS 
is deprived of all nutrients that are normally present in culture medium, and prolonged 
culturing of cells in HBSS affects cell viability. In order to refine the model we therefore 
tested mediators involved in nutrient sensing pathways like mTOR, which is inhibited 
when there is an absence of amino acids, growth factors and feeding-related hor-
mones (158). We treated 3T3-L1 adipocytes with mTOR inhibitors torin and rapamycin 
for 24h. Both mTOR inhibitors induced a 2 to 3-fold increase in D3 mRNA expression 
(Fig 3B), but no effects were observed on D2 mRNA expression (Fig 3E). Treatment 
with the AMPK-activator AICAR for 24h did not result in increased D3 mRNA expres-
sion, whereas a significant upregulation of D2 mRNA expression was seen (Fig 3C). 

 

  Figure 3: Relative mRna expression of d3 (upper panel) and d2 (lower panel) in   

  3T3-l1 adipocytes. a/d) 3T3-l1 adipocytes were cultured in Control medium or   

							Hanks		Balanced	salt	solution	(HBss)	for	6	hours.	B/E)	stimulation	of	3t3-L1			 	

  adipocytes with 200 nM torin and 200 nM rapamycine (Rapa). C/F) stimulation   

  of 3T3-l1 adipocytes with 2 mM aICaR. Expression is shown relative to the control  

  groups. Mean values ± sEM are shown. P-values represent the effect of treatment  

  as analyzed by non-parametric one-way anoVa. symbols indicate the differences  

  between groups as analyzed by Mann Whitney u test (** p≤0.01,	*** p≤0.001).	
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To investigate the role of HIF1α in the fasting induced upregulation of D3, we treated 
3T3-L1 adipocytes with cobalt chloride (CoCl₂), thereby chemically mimicking hypoxia 
which inhibits PHD activity and thus stabilizes HIF1α. Although CoCl₂ treatment in-
duced expression of the HIF1α target gene Glut1 (Fig 4A), no effect was seen on D3 
mRNA expression (Fig 4B). 

 

  

	 	Figure	4:	Relative	mRNA	expression	of	Glut1	(A)	and	D3	(B)	in	3t3-L1	adipocytes		

	 	after	stimulation	with	100	μM	of	cobalt	chloride	(cocl₂)	(black	bars),	compared		 	

  to control cells (white bars) after 8, 16 or 24 hours. Expression is shown relative  

  to the control groups. Mean values ± sEM are shown. P-values represent the effect  

  of treatment as analyzed by one-way anoVa. 
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dIsCussIon

In the present study we investigated deiodinase and TR expression in WAT during 
fasting, as well as potential molecular determinants of the observed changes using 
3T3-L1 adipocytes. 

Both D1 and D2 are expressed in WAT and the expression and activity of these en-
zymes are dependent on thyroid status (179). D3 expression is also observed in WAT, 
and expression was shown to decrease upon acute inflammation in mice (55), while 
D3 activity in human subcutaneous WAT was not altered after septic shock (174). 
Although illness is often associated with decreased nutrient intake, nothing is known 
about the effect of fasting on TH metabolism in WAT. 

48h of fasting did not result in altered D2, TRα1 and TRβ1 mRNA expression, but it 
significantly upregulated MCT8 and D3 mRNA expression. Theoretically the combi-
nation of the observed changes in D2 and D3 during fasting in WAT would lead to low-
er intracellular TH concentrations in the adipocyte. However, the observed increased 
expression of MCT8 may induce enhanced uptake of T₃ from the serum into the adi-
pocyte. The resulting intracellular TH concentrations in WAT during fasting may thus 
be unchanged or lower compared to the fed state. TH is reported to stimulate both 
lipogenesis and lipolysis (170), so although changes in TH metabolism in WAT during 
fasting are likely to affect lipid metabolism, the net effect of the observed changes 
on metabolic status is difficult to predict. Fatty acid synthase, a T₃ responsive gene, 
expression in WAT has been shown to decrease upon fasting (180). In addition, in a 
refeeding condition lipogenesis is stimulated via activation of ChREBP (carbohydrate-
response element-binding protein) (181), which is also responsive to TH. Thus, low 
intracellular TH concentrations and subsequent stimulation of lipolysis would be a 
likely scenario under fasting conditions. 

To investigate the mechanisms involved in the fasting induced D3 upregulation, we 
used 3T3-L1 adipocytes. Culturing 3T3-L1 adipocytes for 6h in HBSS, medium de-
prived of all amino acids and growth factors, strongly induced D3 and D2 mRNA 
expression. Since cells only survive these culture conditions for a short period, we 
aimed to mimic starvation by affecting specific intracellular pathways involved in nutri-
ent sensing. Amino acid, nutrient and growth hormone depletion act on a single and 
common mechanism in the cell: the mTOR complex. During fasting, mTOR is inhibited 
to downregulate energy demanding processes in the cell (169). Inhibition of mTOR 
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using torin and rapamycin thus mimics starvation. Indeed, both torin and rapamycin 
increased D3 mRNA expression in 3T3-L1 adipocytes. In contrast, mTOR inhibition 
had no effect on D2 mRNA expression, indicating that D2 in WAT is not affected dur-
ing starvation, which is in agreement with the results we obtained in vivo. Activation 
of 5’-AMP protein kinase (AMPK) as a result of low energy status (81) has been impli-
cated in the fasting induced inhibition of mTOR (82;83). To mimic this, we treated cells 
with AICAR, a synthetic AMPK activator. 

However, activation of AMPK in 3T3-L1 cells did not increase D3 mRNA expression, 
indicating AMPK activation is not crucial for the mTOR mediated increase in D3. In 
3T3-L1 cells, AICAR did induce D2 mRNA expression, but the mechanism of this is 
unclear. D2 is known to be regulated by cyclic AMP (cAMP) and protein kinase A 
(PKA) (182;183). Since AICAR is also described to increase cyclic AMP (cAMP) levels 
(184) and activates protein kinase A (185), it is possible that the induction of D2 follow-
ing AICAR treatment is mediated via these pathways. Interestingly, both mTOR inhibi-
tion and AMPK activation increased D3 expression in primary hepatocytes (chapter 
6), indicating that D3 could be regulated via differential mechanisms in liver and WAT. 
mTOR is also known to be responsive to the absence of leptin (84;86) which could be 
the main trigger for D3 activation in liver as the fasting induced upregulation of D3 in 
liver of mice has been shown to be reversed when leptin is administered during the 
fasting period (64). It remains to be determined which transcription factors mediate 
the effect of mTOR inhibition on D3 transcription.
 
D3 is known to be regulated by TH itself, but also by numerous other hormones such 
as estrogen, progesterone, growth hormone and glucocorticoids (186). Besides this, 
D3 is positively regulated by HIF1α under hypoxic conditions (87). Under normoxic 
conditions, prolyl hydroxylases (PHD’s) hydroxylate HIF1α, making it prone to proteo-
somal degradation. Low oxygen levels inhibit PHD activity thereby stabilizing HIF1α, 
enabling translocation to the nucleus and dimerization with HIF1β. Besides oxygen, 
2-oxoglutarate (2-OG) is an essential cofactor for PHD activity (187). Hypothetically, 
fasting might result in decreased 2-OG levels since glucagon (high during fasting) 
induces the formation of glutamate from 2-OG, thus depleting 2-OG levels (177). 
However, papers report contradictory results with regard to HIF1α and feeding status; 
increased expression has been observed in WAT of fasted seals and rats (188;189), 
but in WAT of obese subjects with metabolic syndrome HIF1α was also shown to be 
increased (190). To test the role of HIF1a in the regulation of D3 in 3T3-L1 adipocytes, 
we treated the cells with CoCl2, which chemically mimics hypoxia. We observed 
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increased expression of Glut1 (a HIF1α target gene) 8h after CoCl2, confirming the 
effectivity of the treatment. However, no increase was seen in D3 mRNA expression, 
arguing against a role for HIF1α in D3 regulation during fasting. 

In conclusion, D3 expression in WAT is responsive to prolonged fasting. This is likely 
to be mediated via inhibition of mTOR activity. 
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The aim of this thesis was to study the mechanisms involved in the regulation of deio-
dinases during illness and fasting. In the first part we focussed on the role of NF-κB 
in the regulation of type 2 deiodinase (D2) in tanycytes during inflammation and in the 
second part, we focussed on the regulation of type 3 deiodinase (D3) in the liver and 
white adipose tissue (WAT) during fasting. 

PaRT 1: InFlaMMaTIon

Central part of the HPT axis during inflammation

It has been known for many years already that illness is associated with changes 
in the hypothalamus-pituitary-thyroid (HPT) axis, the so called non-thyroidal illness 
syndrome (NTIS). NTIS is characterized by low serum T₃ and T₄ concentrations, and 
inappropriately low or unaltered thyroid stimulating hormone (TSH) concentrations 
(25). NTIS is often viewed as an adaptive response to illness in order to save energy, 
especially during the first part of the acute phase response (191). However, serum 
triiodothyronine (T₃) and thyroxine (T₄) concentrations are negatively associated with 
disease outcome parameters, including survival (192;193), indicating that treatment 
could be beneficial. 

The unaltered TSH concentrations in the face of low serum thyroid hormone (TH) 
concentrations raised questions about changes in the feedback mechanism in the hy-
pothalamus. In rats, a peripheral injection of bacterial endotoxin (lipopolysaccharide 
(LPS)) or central administration of the pro-inflammatory cytokine interleukin (IL)-1β 
resulted in decreased pro-thyrotropin releasing hormone (TRH) mRNA expression 
in the hypothalamic paraventricular nucleus (PVN) after 24 hours (31). Moreover, 
in post-mortem brain samples from deceased patients with NTIS, decreased TRH 
mRNA expression in the PVN was observed. This was positively correlated with the 
pre-mortem serum TSH concentrations (29). The mechanisms involved in the sup-
pressed TRH expression, however, remained unclear at the time. Adrenal steroids 
might play a role as glucocorticoids are able to decrease TRH expression (112) and 
LPS administration increases plasma corticosterone (CORT) levels (117). However, 
adrenalectomized rats that are clamped at morning baseline CORT levels are still 
able to suppress TRH and TSH expression 24 hours after LPS administration (194). 
Furthermore, the neural connections between the brainstem and TRH neurons in the 
PVN are not important for the LPS induced suppression of TRH (195). 
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The subsequent observation that LPS administration induced the expression and 
activity of type 2 deiodinase (D2) in the mediobasal hypothalamus of rats and mice 
(27;34) provided more insight. D2 is responsible for the local T₃ production in the cen-
tral nervous system and it was therefore hypothesized that the increased D2 activity 
leads to increased local bioavailability of T₃, thereby suppressing hypophysiotropic 
TRH neurons in the PVN. Proof of concept for this paracrine signalling pathway was 
provided by Freitas et al in 2010, showing by in vitro experiments that increased D2 
activity in astrocytes influences T₃ responsive gene expression in adjacent neurons 
(196). However, to date, increased T₃ concentrations in the hypothalamus due to in-
creased D2 activity during inflammation have not been demonstrated directly. 

Regulation of D2 in tanycytes during inflammation

The inflammation induced D2 upregulation in the hypothalamus was found to be inde-
pendent of the fall in serum TH concentrations, in contrast to D2 expression in other 
brain areas like the cortex and in the pituitary (39). Circulating CORT levels were also 
not important for the LPS induced D2 increase (15), although D2 can be regulated 
by glucocorticoids. In birds, TSHβ derived from the pars tuburalis (PT) is known to 
be important for the photoperiodic regulation of D2 in tanycytes (197). Interestingly, 
rats that received LPS showed a rapid activation of inflammatory pathways in the 
PT, as well as an increase in TSHβ expression. TSHβ is thought to affect D2 via the 
cylic AMP (cAMP/ cAMP responsive element binding protein (CREB)) system (197). 
However, LPS did not alter CREB phosphorylation within the time frame of the rise in 
D2 expression (44), indicating that either TSHβ does not mediate the D2 increase or 
that an alternative pathway might be involved.  

A role for inflammation was suggested as LPS administration results in a rapid in-
crease of pro-inflammatory cytokines including tumor necrosis factor alpha (TNF-α). 
Rats pre-treated with a TNF-α antagonist before LPS administration displayed a re-
duced increase of TNF-α in a specific subsets of tanycytes, the α-tanycytes (discussed 
below) (44). Tanycytes do express the TNF-α receptor (198) and TNF-α signals via the 
TNF-α receptor mainly by the nuclear factor κB (NF-κB) pathway (199), which high-
lights NF-κB of as a possible mediator of the inflammation induced changes in D2.

In vitro, the rat Dio2 promoter is responsive when co-expressed with a NF-κB p65 
(RelA) construct (34). Further studies showed that the NF-κB responsive sites could 
be specifically mapped on the human Dio2 promoter (42). In addition, NF-κB was able 
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to induce D2 expression in mesothelioma cells endogenously expressing D2 (42). In 
a primary culture of rat astrocytes and human glioma cells, LPS induced D2 mRNA 
expression via NF-κB and MAPK pathways (89). However, the significance of these 
findings with regard to NTIS are debatable, since the changes in D2 expression occur 
relatively late in astrocytes compared to tanycytes. In addition, the in vivo D2 increase 
in cerebral astrocytes was shown before to be dependent on the fall in TH concen-
trations, whereas the increase in D2 in tanycytes occurred more rapidly than that in 
cerebral astrocytes and is independent of serum TH (39). Nevertheless, based on the 
in vitro results mentioned, a causal role of NF-κB in the regulation of D2 seems likely. 

In resting cells, NF-κB is retained in the cytoplasm by nuclear factor of kappa light 
polypeptide gene enhancer in B-cells inhibitor alpha (Iκ-Bα). Upon activation, Iκ-Bα 
is rapidly degraded thereby releasing NF-κB. NF-κB then translocates to the nucleus 
and activates the transcription of Iκ-Bα in addition to other target genes (47). Sanchez 
et al used Iκ-Bα mRNA expression as a marker of NF-κB activation in vivo. However, 
the LPS induced Iκ-Bα mRNA expression in tanycytes was shown to be secondary to 
the rise in D2 mRNA expression (44).

We showed (chapter 2) that in the hypothalamic periventricular (PE) area (containing 
α-tanycytes) of LPS injected mice, D2 mRNA expression increased within 4 hours 
simultaneously with increased expression of NF-κB p65 (RelA) mRNA in the arcuate 
nucleus/median eminence (ARC-ME) area. This was in contrast to a previous study 
by Sanchez et al who stated that activation of NF-κB signalling in tanycytes occurred 
secondary to the rise in D2. This conclusion, however, was based on the determina-
tion of Iκ-Bα, a secondary marker of NF-κB activation. We therefore studied RelA 
phosphorylation which is a primary marker for NF-κB activation, upon LPS stimulation 
in a primary tanycytes culture.

The tanycyte cell population is divided in several subtypes with distinct functions and 
gene expression patterns (200). β-tanycytes are located in the median eminence 
(ME) and the infundibulum, projecting either onto the PT of the pituitary (β1-tanycytes) 
or terminating on portal capillaries in the ME (β2- tanycytes). The α-tanycytes line 
the walls of the third ventricle and are divided into α2-tanycytes that project to the 
arcuate nucleus and ventromedial nucleus, and α1-tanycytes that lay dorsal of the 
α2-tanycytes and project to the dorsomedial nucleus. We characterized our cultures 
by qPCR. The primary tanycyte cultures expressed both vimentin and nestin, mark-
ers expressed in all tanycyte subsets but also in other glial cell types and in neuronal 
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stem cells (111). Glial fibrillary acidic protein (GFAP) expression is restricted to dor-
sal α2-tanycytes (111) and the absence of GFAP expression in our tanycyte cultures 
thus confirms that our culture is likely to consist primarily of ventral α2-tanycytes and 
β-tanycytes. We also verified the expression of the toll like receptor 4 (TLR4), impor-
tant for the response to LPS. Since no additional and more specific tanycyte markers 
are known to date we were unable to further purify our tanycyte cultures further. 

We observed a rapid LPS-induced increase in D2 mRNA expression which is in line 
with the timeframe of the LPS-induced alterations in vivo (27;34). The D2 increase 
in primary tanycytes was accompanied by rapid activation of the NF-κB p65 subu-
nit RelA (within 30 minutes), as measured by the amount of phosphorylated RelA. 
Inhibiting RelA with sulfasalazine and JSH-23, both preventing the translocation of 
RelA to the nucleus via different mechanisms, completely blocked the LPS induced 
D2 increase. We therefore concluded that indeed, NF-κB is necessary for the LPS in-
duced D2 increase in tanycytes. Interestingly, recent studies showed that D2 expres-
sion is not only rapidly induced upon LPS in tanycytes, but also in the choroid plexus, 
leptomeninges and brain blood vessels. Moreover, the D2 increase in this tissues was 
associated with an increase in Iκ-Bα mRNA expression (201). 

Although we demonstrated a role for NF-κB p65 in D2 regulation in vitro, we aimed 
to prove a causal role for RelA in vivo as well. We therefore used a conditional and 
inducible knock out mouse for RelA in tanycytes (chapter 3). To this end, a RelA 
floxed mouse was crossed with a mouse expressing an inducible CreERT2 transgene 
under a glutamate-aspartate transporter (GLAST) (designated as RelAASTKO). In a 
GLAST-CreERT2-YFP reporter mouse, tamoxifen induced Cre expression was found to 
be especially pronounced in, but not exclusively restricted to, α-tanycytes. This has 
been described before in the same reporter mouse strain (111). We observed that the 
LPS-induced upregulation of D2 mRNA expression as determined by in situ hybridiza-
tion was completely blocked 8 hours after LPS administration in the RelAASTKO mice 
compared to their WT littermates. At the same timepoint we observed decreased 
TRH expression in the PVN of wild type (WT) mice upon LPS administration, but not 
in the RelAASTKO mice. Remarkably, basal TRH expression was significantly lower in 
the RelAASTKO mice, which might be due to the slightly higher basal D2 expression ob-
served in these mice. The simultaneous changes in D2 and TRH mRNA expression 8 
hours after LPS administration indicate that the early decrease in TRH is more likely 
attributable to a direct effect of pro-inflammatory cytokines or CORT on the TRH neu-
ron (31;112) than to a direct effect of D2. Interestingly, the LPS induced alterations in 
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pituitary TSHβ expression and serum TH concentrations were similar in both strains 
indicating that neither the D2 increase, nor the TRH decrease play a major role in the 
acute changes in the pituitary or the circulation. Together, these observations support 
the idea put forward earlier by our group that during the acute phase response simul-
taneous changes occur at all levels of the HPT axis (27). 
 

  Figure 1: schematic representation of the activation of d2 transcription in    

  tanycytes. lPs binds to the toll like receptor 4 (TlR4) and thereby activated    

	 	the	NF-κB	pathway.	IKK	phosphorylates	Iκ-Bα,	which	is	then	prone	to		 	 	 	

  proteasomal degradation. Rela is released, translocates to the nucleus and    

  activates d2 transcription.

In conclusion, we showed in chapter 2 & 3 that NF-κB plays an important role in 
the inflammation induced upregulation of D2 in tanycytes (Fig 1), more specifically in 
α-tanycytes. The causal role of D2 in lowering serum TH concentrations, however, is 
questionable and some questions are still not answered: 

1)  Does the increase in hypothalamic D2 indeed result in increased bioavailability of 
T₃ in the hypothalamus?
2)  Does this newly formed T₃ in the tanycytes reach the hypophysiotropic TRH neu-
rons in the PVN?
 
Since we have shown that the LPS induced hypothalamic increase in D2 and de-
crease in TRH expression are not essential for the initial lowering of serum TH con-
centrations, it would be of interest to establish in further studies the effects of pro-
inflammatory cytokines on the thyroid gland, as the production of TH by the thyroid is 
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sensitive to cytokines (115;116). Pax8-/- mice that do not have a thyroid gland and are 
dependent on exogenous TH administration, will provide an interesting opportunity 
to determine the role of the thyroid gland in the LPS induced decrease of serum TH 
levels. 

PaRT 2: FasTInG

Peripheral changes in TH metabolism during fasting

Like inflammation, fasting or decreased caloric intake is associated with profound 
alterations in the HPT axis. In humans, fasting and hypocaloric feeding leads to a 
decrease in T₃ serum concentrations and an increase in serum rT₃, while T₄ serum 
concentrations remain unchanged (63;202;203). The decrease in serum T₃ concentra-
tion is associated with decreases in both absolute serum TSH concentrations (204) 
and in TSH pulsatility (205). Impaired central feedback is involved since during fasting 
the decreased TSH secretion is insensitive to TRH infusions (206) and a decreased 
hypothalamic TRH secretion does not mediate the early fasting-induced decrease 
in TSH secretion (204). Later studies showed that the WAT derived hormone leptin 
plays a major role in the fasting induced alterations in the central part of the HPT axis 
in both humans and rodents (140;207). Besides central alterations in the HPT axis, 
peripheral handling of TH in tissues including liver, kidney and muscle is also altered 
during fasting, as impaired clearance of rT₃ (208), decreased peripheral production 
of T₃ (63) and decreased renal clearance of FT₄ and FT₃ (209) have been observed.

In the second part of this thesis we focussed on the mechanisms involved in fasting 
induced alterations in peripheral thyroid hormone metabolism, especially in liver and 
WAT. To this end we performed studies wherein the effects of fasting versus food 
restriction were evaluated on pathways involved in TH production and clearance in 
livers of rats (chapter 4). Next we studied the effect of selective (para)sympathetic 
denervation of the liver on fasting induced changes in hepatic thyroid hormone me-
tabolism (chapter 5). In addition, we focussed on the role of CAR and mTOR in the 
regulation of hepatic D3 (chapter 6). Finally, in chapter 7 we studied the effect of fast-
ing on TH metabolism in WAT and in 3T3-L1 adipocytes with a special focus on the 
role of mammalian target of rapamyin (mTOR) and hypoxia inducible factor 1 alpha 
(HIF1α) in these alterations. 
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Fasting induced changes in hepatic TH metabolism

The liver is an important site for TH conversion where we can distinguish three 
main pathways of TH metabolism: deiodination, sulphation and glucuronidation. 
Deiodination takes place in the liver by type 1 (D1) or type 3 (D3) deiodinase. D1 is the 
main TH converting enzyme expressed in liver and is thought to be important for the 
regulation of serum T₃ concentrations. However, D1 is also implicated in the clearance 
of TH since the preferred substrates of D1 are rT₃, sulfated T₃ and sulfated T₄. This 
identifies D1 as the main TH clearing enzyme during hyperthyroid circumstances (5). 
Deiodination of T₃ to T₂ and of T₄ to rT₃ by D3 is regarded as the main TH inactivating 
pathway. Besides deiodination, TH can be sulphated by sulfotransferases (Sults) and 
glucuronidated by UDP-glucuronosyltransferases (UGTs), which enhances metabo-
lism by D1 and increases excretion via de bile and urine. 

One of the first indications that alterations in TH metabolism in the liver might play 
a role in the fasting induced alterations in serum TH levels was the observation that 
fresh liver homogenates of fasted or hypothyroid rats showed reduced (almost by 
50%) conversion of T₄ into T₃ (61). Reduced conversion could be explained by de-
creased D1 activity as 48-72 hours fasting lowers both D1 expression and activity (62) 
in rat liver. However, the decrease in serum TH already occurs after 24 hours. D1 is a 
T₃ responsive gene making it more likely that the drop in D1 is a consequence of and 
not a cause for the decreased serum TH concentrations (62). Besides a decrease in 
D1 expression, changes are also observed in liver D3. Twenty-four hours of fasting 
induced D3 expression and activity in mice (64). Fasting also induced changes in 
Sults and UGTs expression, although the changes seem species specific. In the rat, 
fasting did not alter or even decreased the activity of Sults and UGTs (19;65), while 
fasting increased Sults and UGTs in mouse liver (21;22). Although the activity of Sults 
seems to decrease in human liver during illness (51), nothing is known about fasting 
induced changes in Sults and UGTs in humans. 

In chapter 4 we described the effects of either 36 hours of fasting or 3 weeks of 50% 
caloric restriction on TH metabolism in the liver of rats. Fasting resulted in decreased 
serum T₄ and T₃ concentrations, while food restriction only lowered serum T₄. Changes 
in serum TH concentrations do not necessarily reflect changes in TH concentrations 
in tissues as supported by the decrease in hepatic T₃ concentrations after 36h fast-
ing, and the decrease in both hepatic T₄ and T₃ concentrations after food restriction. 
The differential changes in serum TH and hepatic TH concentrations cannot be easily 
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explained by differences in deiodinase activity, since in both conditions D3 mRNA 
expression and activity were increased, while no effect was seen on D1 activity. 
Interestingly, we observed a differential regulation of MCT10 expression between 36h 
fasting and three weeks food restriction. MCT10 mRNA expression was increased 
after 36h of fasting, in contrast to three weeks food restriction. MCT10 is known to 
transport aromatic amino acids, and also has a very high specificity for T₃. Although 
the initial MCT10 increase might reflect an increased demand for aromatic amino 
acids by the liver, it is also possible that in this process also T₃ shuttling into the liver 
is enhanced. Transporter studies using radioactive T₃ and isolated perfused rat liver, 
however, showed that fasting decreased [125I]-T₃ transport into the intracellular liver 
compartment (65), which is contradictory to our findings. These differences could be 
explained, at least in part, by differences in experimental setup since we have meas-
ured mRNA expression of individual TH transporters in fresh frozen liver tissue, while 
de Jong et al (65) determined overall uptake of T₃ in isolated perfused liver.

 

  Figure 2: schematic representation of Th metabolism in the fed situation (a), after  

	 	36	hours	of	fasting	(B)	and	after	3	weeks	of	50%	food	restriction	(c).	Green		 	 	

  transporter  represent Th transporter MCT8, red transporter represents MCT10. 

We observed differential regulation of UGT1a1, as 36 hours of fasting increased 
UGT1a1 mRNA expression as well as its upstream regulator constitutive androstane 
receptor (CAR), while three weeks of food restriction did not. Glucuronidation of T₃ by 
UGT1a1 lead to enhanced clearance of T₃ by the bile and urine thus increased expres-
sion might contribute to the low serum and hepatic TH concentrations during fasting. 
However, three weeks food restriction also results in low hepatic T₃ concentrations 
while UGT1a1 did not increase. Sulfotransferase mRNA expression was not heavily 
affected by either fasting or food restriction. A small decrease in Sult1b1 was seen af-
ter 36 hours of fasting, while food restriction only influenced Sult1c1 expression. The 
downregulation after fasting of sulfotransferases in rats is in concurrence with earlier 
studies (19;65), although we have only measured mRNA expression and not enzyme 
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activity. Summarized, both sulfation and glucuronidation were differentially affected 
during fasting and food restriction, while hepatic T₃ was low in both conditions. The 
present study did not enable us to clearly discriminate the differential contribution of 
the distinct pathways to the lowering of serum and hepatic TH concentrations.

Central control of hepatic TH metabolism

TH metabolism in the liver has been described to be dependent on a functional mel-
anocortin system in the brain since mice that lack both neuropeptide Y (NPY) and the 
melanocortin receptor 4 (MC4R) showed a blunted response to fasting. The double KO 
mouse did not display altered TH metabolism in the liver after 24h fasting compared 
to WT mice and was unable to suppress serum TH levels (22), suggesting that the 
effect of leptin on serum TH levels are conveyed to the liver indirectly via the central 
melanocortin system. The hypothalamus is anatomically connected to the liver via the 
autonomic nervous system (ANS) (70;71). In addition, the ANS is important for the reg-
ulation of lipid metabolism and this is amongst others regulated via hypothalamic NPY 
and POMC (72;73). In chapter 5 we studied the role of the autonomic innervation of the 
liver in the regulation of hepatic TH metabolism during fasting. To this end we selec-
tively cut either the sympathetic or parasympathetic input to the liver. Thirty-six hours 
of fasting induced both D3 mRNA expression and activity as observed before (chapter 
4). D1 mRNA expression and activity was not affected by fasting probably due to the 
relatively short fasting period (for rats). We observed increased expression of CAR and 
UGT1a1. Strikingly, we observed no differences in thyroid hormone metabolism after 
fasting between the sham, sympathetically or parasympathetically denervated rats. 
From these studies we concluded that the central effects of fasting on hepatic thyroid 
hormone metabolism are not mediated via the autonomic input to the liver. 

A clear difference was observed between the experiments described in chapter 4 
and 5 regarding hepatic T₃ concentrations. While we observed a significant decrease 
in hepatic T₃ after fasting in chapter 4, we did not observe this in the experiments 
described in chapter 5. This could be due to the experimental conditions; denervated 
and sham operated rats underwent abdominal surgery which might have additional 
effects on TH metabolism.

During fasting, humoral factors such as adrenalin and free fatty acids rise, while insu-
lin and leptin drop. The drop in leptin was shown to be important for the upregulation 
of D3 since leptin administration to fasting mice prevented the rise in D3 expression 
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and activity (64). Since denervation did not affect the fasting induced D3 expression, 
a direct effect of leptin and other humoral factors on the hepatocyte is likely. We 
further investigated the possible mechanisms involved in D3 regulation in the liver in 
chapter 6.

Regulation of hepatic D3 expression during fasting

Sults and UGTs are downstream of the nuclear receptor CAR and CAR expression 
increases during fasting (21;79;151). Furthermore, mice lacking CAR did not show a 
fasting induced decrease in serum T₃ and T₄, probably because of the impaired regula-
tion of Sults and UGTs (21). CAR is supposed to be involved in regulation of D1 (156), 
but the role of CAR in D3 regulation is unknown. Chapter 6 focused on the role of CAR 
in the fasting induced alterations in liver TH metabolism (especially D3) using CAR-/- 

mice. We observed moderate differences in the fasting induced changes in liver Sult, 
UGT and D3 mRNA expression and activity between WT and CAR-/- mice. Serum 
TH levels, however, did not differ between WT and CAR-/- mice which is in contrast 
with the study of Maglich et al. We concluded that CAR mediates at least part of the 
fasting-induced D3 response and that the fasting induced alterations in hepatic TH 
metabolism are not a prerequisite for the fasting induced TH decrease in serum (59). 

 We studied the role of CAR in D3 regulation in vitro by using rat primary hepatocytes 
and the synthetic agonist TCPOBOP. Stimulation of CAR by TCPOBOP had no ef-
fects on both D3 mRNA expression and activity. CAR can be activated via direct 
ligand binding, or by indirect activation (165). TCOPBOP activates CAR directly by 
binding to the ligand binding domain (LBD) (166), while other compounds are known 
to activate CAR by shuttling it into the nucleus without binding the LBD. Fasting acti-
vates CAR via increased CAR mRNA expression and by promoting ligand independ-
ent CAR activity (152). It is very well possible that the way of CAR activation deter-
mines the activation of specific target genes, which might explain why we did not 
find effects on D3 expression and activity when CAR was activated by TCPOBOP 
via direct ligand binding. During fasting, free fatty acids (FFA’s) concentrations in the 
serum rise. The nuclear receptor peroxisome proliferator activated receptor alpha 
(PPARα) binds FFA’s and activation of PPARα affects hepatic lipid metabolism (157). 
Interestingly, we observed an increase in D3 activity when the cells were incubated 
with a PPARα agonist. PPARα is also known to be important for the fasting induced 
CAR activation (79), and it is tempting to speculate that a crosstalk between PPARα 
and CAR could play a role in the regulation of D3 during fasting. 
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 We next investigated other potential mediators of cellular nutrient sensing in the cell 
that could be involved and identified mTOR, a protein complex that integrates informa-
tion about available growth hormones, nutrients, hormones and stress factors (80) as 
a possible candidate. In the absence of nutrient related signals, mTOR is inhibited. 
We used inhibitors of the mTOR complex, i.e.,torin and rapamycin, to mimic a starved 
state in the cells. We observed an upregulation of D3 mRNA expression after 16 
hours of torin and rapamycin stimulation, while D3 activity did not increase after 24 
hours. This is difficult to reconcile with increased transcription. However, inhibition 
of mTOR is known to globally downregulate protein synthesis in vitro via inhibition of 
ribosomal biogenesis and translation (169). Since in vivo D3 activity is increased dur-
ing fasting, additional factors besides mTOR are thus likely to play a role.
 
An important limitation of in vitro research is the impossibility to mimic the complete 
micro-environment of an in vivo (fasted) hepatocyte, since fasting is associated with 
dramatic changes in hormones, glucose, FFA’s, amino acids, etcetera. In addition, a 
synergistic effect of a combination of factors might also occur. 

TH metabolism in WAT during fasting

WAT is an important metabolic organ; one of its main functions is the storage of tri-
glycerides through lipogenesis in times of food abundance, and the release of free 
fatty acids through lipolysis to supply energy during fasting. Besides its role in lipid 
metabolism, WAT also functions as an endocrine organ, with leptin and adiponectin 
among the released hormones. Counterintuitively, TH stimulates both lipolysis by en-
hancing catecholamine signaling (210) and lipogenesis by increasing the expression 
of key lipogenic enzymes (211). 

All three deiodinases (D1, D2 and D3) are expressed in WAT (55;179). Fasting has 
pronounced effects on deiodinases in liver and muscle, but not much is known about 
TH metabolism in WAT during fasting. We investigated the expression of deiodinases, 
TR’s and thyroid hormone transporters in WAT of mice after a prolonged starvation 
period (48 hours). We found a 4-5 fold upregulation of D3 and MCT8 expression, 
while no effects of fasting were observed on D2, TRα1 and TRβ1 expression. The in-
creased D3 expression is expected to lead to a decrease in intracellular T₃. However, 
the increased expression of MCT8 might abolish this by increased shuttling of T₃ into 
the adipocyte. As a net result, T₃ bioavailability in WAT might either be unchanged or 
decreased by fasting. 
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The effect of these changes remains speculative since hyperthyroidism has been 
shown to have paradoxal effects by stimulating both lipolysis and lipogenesis, thereby 
creating some sort of wasting cycle ultimately leading to weight loss. Hypothetically, a 
decrease of T₃ in WAT could save energy by preventing this energy wasting process. 
Besides a function in lipid metabolism, T₃ in WAT could also play a role in adiponec-
tin secretion although the exact role is unclear since both a positive effect of T₃ on 
adiponectin expression in retroperitoneal WAT (212) and a negative effect of T₃ on 
adiponectin secretion in inguinal WAT (213) have been described. 

Regulation of D3 in WAT: role of mTOR and HIF1α

In chapter 6 we established a role for mTOR in the regulation of D3 in the liver, and in 
chapter 7 we describe the effects of mTOR on D3 regulation in WAT using cultured 3T3-
L1 adipocytes. Stimulation of 3T3-L1 cells for 24 hours with the mTOR inhibitors torin and 
rapamycin induced D3 mRNA expression by 2-3 fold. mTOR can be inhibited by activa-
tion of 5’AMP-activated kinase (AMPK) due to low ATP. Interestingly, stimulation with 
AICAR, which is an AMPK activator, did not induce D3 indicating that other mechanisms 
are at play such as low amino acid availability or the absence of leptin (64). We were un-
able to measure D3 activity in cell homogenates of the 3T3-L1 adipocytes, since this was 
below the detection limit. However, live assays with labeled T₃ tracer might offer a future 
alternative (214). 

 D3 is positively regulated by HIF1α under hypoxic conditions (87). HIF1α is a protein 
that is regulated post transcriptionally by proteasomal degradation. When oxygen is 
available, HIF1α is hydroxylated by a class of enzymes called prolyl hydroxylases 
(PHD’s) marking it for proteasomal degradation. Under hypoxic conditions, PHD’s do 
not hydroxylate HIF1α resulting in its stabilization and translocation to the nucleus 
(175). Besides oxygen, 2-oxoglutarate (2-OG) is needed as a cofactor to provide elec-
trons in the hydroxylation reaction suggesting that the amount of 2-OG is also limiting 
for the activity of PDH’s. Hypothetically, fasting might result in decreased 2-OG levels 
since glucagon (high during fasting) induces the formation of glutamate from 2-OG, 
thus depleting 2-OG levels (177). Low 2-OG levels subsequently might lead to sta-
bilization of HIF1α, potentially contributing to the upregulation of D3. Little is known 
about the activity of HIF1α during fasting. Contradictory findings have been published 
stating that increased expression has been observed in WAT of fasted seals and 
rats (188;189), but in WAT of obese subjects (not fasted) with metabolic syndrome 
HIF1α was also shown to be increased (190). To make it more complicated, hypoxia 
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is known to inhibit mTOR, but mTOR inhibition is also described to inhibit HIF1α (215).
We chemically stabilized HIF1α with cobalt chloride (CoCl₂) and determined the effect 
on D3 mRNA expression. Stimulation of 3T3-L1 adipocytes with CoCl₂ did not induce 
D3 mRNA expression, it did, however, stimulate the expression of Glut1, a well-known 
HIF1α target gene. Although it is possible that HIF1α is activated via other fasting 
associated pathways thereby regulating D3, we could not find evidence for a role of 
HIF1α in the fasting induced D3 increase so far. 

Conclusions on the regulation of local TH metabolism during fasting

Taking together the results described in part 2, we conclude that:
-  Fasting affects TH metabolism in both liver and WAT.
-  These changes do not seem to be important for the drop in serum TH during   
  fasting. 
-  The fasting induced changes in hepatic TH metabolism are independent of the  
  autonomic nervous system input to the liver.
-  Activation of CAR, possibly via PPARα, contributes to the D3 increase in liver 
  during fasting. 
-  Inhibition of mTOR in vitro in hepatocytes and adipocytes induces D3 mRNA   
  expression. However, the functional role of increased D3 expression and its 
       down  stream effectors are unclear. 
-  There is no evidence at this stage for a role of HIF1α in the fasting induced D3  
  upregulation.

Of course many questions remain. While the enhanced metabolism of T₃ in liver and 
WAT does not contribute to low serum TH concentrations, it probably serves other 
metabolic effects within the organism, but these are largely unclear. Also, more re-
search is necessary to unravel the intracellular pathways leading to increased D3 
during fasting. 

Clinical relevance of the observed findings

NTIS occurs in a very large proportion of hospitalized patients. The need for treatment 
of NTIS is questionable, since there is no consensus whether the changes that occur 
during NTIS are adaptive or maladaptive. Recent studies have indicated that NTIS is 
associated with tissue specific changes that might be beneficial or not, according to 
the organ and phase of the illness. 



150

Only a small number of clinical studies have studied therapeutic strategies for NTIS. 
These studies were performed in very heterogeneous patient populations and were 
mostly underpowered and aimed at a variety of clinical endpoints. T₃ and T₄ replace-
ment therapies were shown to be merely ineffective or even harmful (216-218). A 
novel approach was reported when protracted critically ill patients were infused with 
combinations of TRH and growth hormone releasing peptide 2 (GHRP-2) for several 
days (30). Treatment with the combination of these two hypothalamic peptides led to a 
reduction of catabolic parameters and a partial restoration of serum TH and TSH con-
centrations (30). This was later confirmed in a rabbit model for critical illness, where 
TRH and GHRP-2 treatment also restored the decrease in hepatic D1 activity (52). 
At first sight, these studies are difficult to reconcile with the results of the studies pre-
sented in this thesis, since we found that preventing the hypothalamic TRH decrease 
in mice did not prevent the acute drop in serum TH concentrations. However, we stud-
ied central thyroid hormone metabolism in an acute NTIS model (max 24h) whereas 
the studies performed by the group of Dr. Van den Berghe were performed in pro-
longed critically ill patients and rabbits. Additional experiments wherein the RelAASTKO 
mice are treated with LPS for a longer time (36-48 hours) or are subjected to bacterial 
sepsis or chronic inflammation will shed more light on this issue. However, we can 
conclude from our acute experiments that possible intervention strategies in the first 
stage of illness should not be aimed at restoring D2 activity in the hypothalamus, but 
rather at the blunted TSH secretion from the pituitary. 

 Reduced caloric intake is seen as a physiological adaptation during illness and has 
received remarkably little attention as a possible mediator of changes in the HPT axis 
during illness. We have shown before that the changes in serum T₃ during a model for 
chronic inflammation in rats can be attributed completely to the reduced food intake in 
mice (32). A recent study investigated reduced food intake as a possible therapeutic 
target during illness by using a rabbit model for critical illness. Parenteral feeding 
restored the illness-induced changes in hepatic D3 and D1 activity but not the central 
changes in TRH expression in the PVN (121). However, early parenteral nutrition in 
clinically ill patients was shown to have a negative effect on clinical outcome (133). 
Knowledge about the tissue specific changes that occur during fasting and the under-
lying mechanisms could help to identify possible therapeutic targets. 
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suMMaRy

Pathophysiological circumstances such as illness and fasting affect  the hypothala-
mus-pituitary-thyroid (HPT) axis. The illness induced alterations, collectively  known 
as the non-thyroidal illness syndrome (NTIS) are characterized by decreased serum 
T₃ and T₄ concentrations, increased serum rT₃ concentrations and unaltered or inap-
propriately low serum TSH, indicating profoundly altered negative feedback in the 
pituitary and hypothalamus. Similar changes are observed during fasting. We recently 
showed that besides alterations in serum thyroid hormone (TH) concentrations, both 
illness and fasting are accompanied by tissue specific changes in deiodinases, which 
determine the availability of TH in tissues. 

In this thesis we have investigated the underlying mechanisms of the changes in type 
2 deiodinase (D2) in the hypothalamus during inflammation (chapter 2 and 3) and the 
changes in type 3 deiodinase (D3) in the liver and white adipose tissue during fasting 
(chapter 4,5,6,7). 

Central changes in thyroid hormone metabolism during inflammation. 

D2 is an important source for T₃ in the brain. It is highly expressed in tanycytes, spe-
cialized cells in the wall of the third ventricle. Tanycytes take up T₄ from the cerebro-
spinal fluid and the blood, which is converted into T₃ by D2. T₃ can then be transported 
out of the tanycytes to adjacent neurons, e.g., in the paraventricular nucleus (PVN) of 
the hypothalamus. 
Acute inflammation in mice, induced by the administration of lipopolysaccharide 
(LPS), results in a decrease in serum T₄ and T₃ concentrations but also in an increase 
in D2 expression in tanycytes. Theoretically, this leads to a local increase in T₃ bio-
availability, which may decrease TRH secretion from the PVN, and subsequently 
suppress the HPT axis. The mechanism involved in the inflammation induced D2 in-
crease is currently incompletely understood. Our experiments regarding this question 
are described in the first part of this thesis. 

LPS binds to the Toll Like receptor 4 (TLR4) which triggers activation of intracellu-
lar signaling pathways including NF-κB. Activation of this pathway leads to nuclear 
translocation of subunits of the NF-κB family and subsequent activation of transcrip-
tion. The D2 promoter is responsive to NF-κB and we hypothesized that NF-κB is 
important for the inflammation induced increase in D2. In order to investigate this we 
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performed in vitro and in vivo experiments. Tanycytes were isolated from brains of rat 
pups, cultured and stimulated with LPS. LPS stimulation resulted in an increase in D2 
expression, and activation of the NF-κB pathway. Inhibition of NF-κB with chemical 
inhibitors prevented the LPS induced D2 increase (chapter 2). 

After showing a causal role for NF-κB in vitro we proceeded with in vivo experiments 
using mice that lack the p65 subunit of NF-κB (RelA) in tanycytes (chapter 3). This 
mouse has been developed in Jena, Germany,  by Dr. Heike Heuer and Dr. Ronny 
Haenold. We assessed the reaction of the HPT axis to LPS administration in wild 
type (WT) and knock out (KO) mice. While D2 expression in tanycytes increased 
after LPS administration in WT mice, this effect was absent in KO mice. In addition, 
we observed a TRH decrease upon LPS administration in the WT mice but not in the 
KO mice. Surprisingly, the absence of RelA in tanycytes did not prevent the drop in 
pituitary TSHβ expression and serum T₄ and T₃ concentrations, as these decreased 
equally in WT and KO mice. Thus, although NF-κB in tanycytes is important for the 
increase in hypothalamic D2 expression after LPS administration, the changes in the 
pituitary and serum are not dependent on the D2 increase. It is therefore likely that 
due to the LPS-induced acute phase response, simultaneous changes occur at all 
levels of the HPT axis. We cannot exclude, however, that the observed decrease of 
serum TH levels in the chronic phase illness might be a result of prolonged suppres-
sion of the central part of the HPT axis. 

Alterations in peripheral TH metabolism during fasting. 

Decreased food intake has similar effects on the HPT axis: low serum T₄ and T₃ and a 
paradoxically low TSH secretion by the pituitary. The underlying mechanisms, how-
ever, are different from illness and probably partly dependent on changes in leptin and 
neuropeptides in de hypothalamus. 

During fasting, the expression and activity of deiodinases in tissues change; we and 
others have shown that fasting leads to an upregulation of type 3 deiodinase (D3), 
which is the main TH inactivating enzyme, in liver and white adipose tissue. In addi-
tion to the deiodinases, other enzymes expressed in liver play a role in TH metabolism 
as well. Sulfotransferases (Sults) and UDP-glucuronyltransferases (UGTs) catalyze 
addition reactions of sulphate and glucuronide groups to TH, which increase the wa-
ter solubility and enhances breakdown by deiodinases. The expression of these en-
zymes is also changed during fasting. 
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In chapter 4 we studied the expression of TH metabolizing enzymes either after 36 
hours of fasting or after 3 weeks of 50% food restriction. We observed an increase in 
liver D3 during fasting and food restriction, while the expression of Sults and UGTs 
appeared to be differentially regulated. Hepatic T₃ concentrations decreased under 
both conditions indicating a minor role for Sults and UGTs in TH metabolism in the 
liver during fasting.

In chapter 5 and 6 we described experiments aimed to unravel the underlying mech-
anisms of the fasting induced changes in hepatic TH metabolism. Earlier studies sug-
gested a role for hypothalamic neuropeptides in the fasting induced alterations in 
hepatic TH metabolism. The liver is anatomically connected to the brain by the auto-
nomic nervous system (ANS). We studied the role of the ANS in liver TH metabolism 
by selectively cutting either the sympathetic or parasympathetic input to the liver, 
followed by 36 hours of fasting. The response in TH metabolism to fasting was equal 
in the denervated and sham operated rats, indicating that the ANS input to the liver is 
not important for the changes in TH metabolism in the liver during fasting. 

In chapter 6 we explored alternative mechanisms involved in the upregulation of D3 
during fasting. Expression of Sults and UGTs is known to be regulated by the nuclear 
receptor CAR which is affected by fasting. CAR knock out mice were fasted for 24 
hours and TH metabolism in the liver was assessed. We observed that the absence 
of CAR only slightly affected the fasting induced hepatic D3 increase while the re-
sponse in serum TH did not differ between WT and KO mice. We therefore explored  
additional possible mechanisms for the regulation of D3. 

Fasting results in a drop in plasma glucose and insulin secretion from the pancreas 
and a rise in free fatty acids in the blood. A protein that is important for the sensing 
and integration of these signals is mTOR. The absence of food related signals during 
fasting causes mTOR inhibition. We hypothesized that this might lead to an upregula-
tion of D3. In primary hepatocytes, we inhibited mTOR with a chemical inhibitor and 
observed indeed that mTOR inhibition increases D3 expression in these cells (chap-
ter 6). We thus concluded that mTOR plays a role in the fasting induced D3 increase 
in the liver. 

White adipose tissue (WAT) is a key metabolic tissue during fasting. Free fatty acids 
are released from WAT to serve as alternative fuel for the body. T₃ is important in this 
process. In chapter 7 we described the effects of fasting on WAT of mice. We also 
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used adipocytes to investigate possible mechanisms involved. Long term fasting in 
mice (48h) resulted in an increase in D3 expression in WAT. Inhibiting mTOR signal-
ing in cultured 3T3-L1 adipocytes by a chemical inhibitor increased D3 expression 
indicating a role of mTOR. 

Another protein that is known to be involved in the regulation of D3, especially dur-
ing hypoxia, is HIF1α. Since there are similarities between hypoxia and fasting, we 
hypothesized HIF1α to be involved in the regulation of D3 during fasting. To test this, 
we stimulated the adipocytes with a chemical HIF1α stabilizer, however, we did not 
observe an increase in D3 expression. We therefore conclude that HIF1α does not 
play a role in the upregulation of D3 in adipocytes during fasting. 

In chapter 8 the results summarized above are discussed in the context of existing 
literature. 
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nEdERlandsE saMEnVaTTInG

Tijdens (patho)fysiologische omstandigheden verandert het setpoint van  de hy-
pothalamus-hypofyse-schildklier (HPT) as . Dit gebeurt bij ziekte of tijdens vasten. 
Bij ziekte noemen we dit het “non thyroidal illness syndrome” of NTIS. NTIS wordt 
gekarakteriseerd door lage triidodothronine- (T3) en thyroxine- (T4) concentraties in 
het bloed terwijl serum TSH en de TRH expressie in de hypothalamus niet stijgen. 
Deze veranderingen zien we ook tijdens vasten. Recent is aangetoond dat naast de 
veranderingen in schildklierhormoonwaarden in het bloed, er ook allerlei veranderin-
gen optreden in schildklierhormoonmetabolisme in weefsels; met name in de expres-
sie en activiteit van de dejodases, enzymen die T4 en T3 kunnen omzetten en daardoor 
mede de lokale weefselconcentraties van het schildklierhormoon bepalen. 

In dit proefschrift hebben we gekeken naar de veranderingen in type 2 dejodase in 
de hypothalamus tijdens ontsteking (hoofdstuk 2 en 3) en de veranderingen in type 
3 dejodase in de lever en wit vetweefsel (hoofdstuk 4, 5, 6 en 7) tijdens vasten met 
als doel de onderliggende mechanismen verantwoordelijk voor de veranderingen in 
de HPT-as te verklaren. 

Veranderingen in centraal schildklierhormoon metabolisme tijdens ontsteking.

Type 2 dejodase komt in de hypothalamus vooral tot expressie in tanycyten gelegen 
in de wand van de derde ventrikel. In de tanycyten wordt T4 door D2 omgezet naar T3, 
het actieve schildklierhormoon. T3 wordt vervolgens de tanycyten uit getransporteerd 
naar de omliggende neuronen van de hypothalamus. Hiermee is D2 dus een belan-
grijke bron van T3 voor de hypothalamus. 

Het was lang onbekend waarom gedurende NTIS de negatieve feedback van de 
HPT-as verstoord is. De ontwikkeling van proefdiermodellen heeft bijgedragen aan 
meer kennis over dit onderwerp. Wanneer aan ratten en muizen bacterieel endotox-
ine (lipopolysaccharide, LPS) wordt gegeven, ontstaat er een immuunrespons. Deze 
immuunrespons gaat samen met eenzelfde verstoring in de HPT-as als bij mensen 
met NTIS (lage T4 en T3 waarden, normaal/laag TSH). Het bleek bij zowel ratten als 
muizen dat in de hypothalamus en meer specifiek in de tanycyten, de hoeveelheid D2 
na LPS verhoogd was. Dit zou een stijging van de hoeveelheid T3 in de hypothalamus 
tot gevolg moeten hebben. De TRH neuronen in de hypothalamus “zien” vervolgens 
de lokale hoge T3 waarden, waardoor de TRH afgifte onderdrukt wordt. Dit leidt dan 



173

C
h

a
PTER

 9

tot de onderdrukking van de HPT as zoals we zien bij NTIS. Het bleef echter de vraag 
waarom de expressie van D2 omhoog gaat. Hierover gaat het eerste deel van dit 
proefschrift. 

LPS bindt aan een specifieke receptor op het celoppervlak, de Toll Like Receptor 4 
(TLR4). Binding van LPS aan de TLR4 leidt tot activatie van verschillende ontstek-
ings-routes in de cel, waaronder de NF-κB pathway. Activatie van deze route zorgt 
ervoor dat NF-κB actief wordt en naar de celkern gaat. Hier kan het fungeren als een 
transcriptiefactor die de expressie van genen beïnvloedt. Al eerder is onderzocht dat 
het D2 gen gevoelig is voor NF-κB. Daarom hebben we ons gericht op de rol van NF-
κB in de ontstekings- gemedieerde verhoging van D2 expressie in tanycyten. 

Om te onderzoeken of NF-κB inderdaad verantwoordelijk is voor de verhoging van 
D2 expressie tijdens ontsteking, hebben we zowel in vitro als in vivo experimenten 
gedaan. Uit de hersenen van ratten pups hebben we tanycyten geïsoleerd, deze in 
kweek gebracht en vervolgens gestimuleerd met LPS. We zagen dat na LPS stimu-
latie de expressie van D2 omhoog ging. Vervolgens hebben we de activatie van NF-
κB geremd met een chemische remmer. Het resultaat hiervan was dat de verhog-
ing van D2 na LPS stimulatie achterwege bleef (hoofdstuk 2). Hiermee hebben we 
aangetoond dat in tanycyten NF-κB belangrijk is voor de regulatie van D2 expressie 
tijdens ontsteking. 

De volgende stap was om aan te tonen of NF-κB een rol speelt bij de LPS-geïnduceerde 
D2 stijging in vivo, in het intacte dier. Hiervoor hebben we een muis gebruikt die geen 
NF-κB heeft in de tanycyten (hoofdstuk 3). Deze muis is ontwikkeld in Jena (Heike 
Heuer en Ronny Haenold). Door de muizen LPS toe te dienen, hebben we aange-
toond dat NF-κB essentieel is voor de reactie van D2 en TRH op de ontsteking: de 
D2 expressie in de tanycyten ging niet omhoog in de knockout muizen maar wel in de 
controle muizen. Ook was er geen daling van TRH in de hypothalamus te zien in de 
knockout muizen. Verrassend genoeg zagen we in zowel de controle als de knockout 
muizen wel een daling van de TSH afgifte en een daling van de T4 en T3 concentra-
ties in het bloed. Deze resultaten laten zien dat hoewel NF-κB ook in vivo belangrijk 
is voor de D2 verhoging tijdens ontsteking, en indirect ook voor de TRH verlaging, dit 
niet belangrijk is voor acute reactie van de hypofyse en de schildklier op ontsteking. 
Waarschijnlijk treden er als gevolg van de LPS toediening gelijktijdige veranderingen 
op in de gehele HPT-as. De snelle verlaging van schildkierhormoon in het bloed lijkt in 
eerste instantie een consequentie van een veranderd metabolisme van de schildklier. 
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We kunnen echter niet uitsluiten dat de chronische verlaging van serum schildklier-
hormoonconcentraties tijdens ziekte een gevolg is van de (langdurige) repressie van 
de HPT-as.

Veranderingen in perifeer schildklier hormoon metabolisme tijdens vasten. 

Verlaagde voedselinname heeft dezelfde uitwerking op de HPT-as als ziekte; verlag-
ing van T4 en T3 in het bloed, en een niet-passende TSH afgifte door de hypofyse. 
De onderliggende mechanismen zijn echter anders dan bij ziekte; mogelijk spelen 
hormonen geassocieerd met de energiebalans een belangrijke rol. 

Tijdens vasten vinden er veranderingen plaats in de activiteit van dejodases in or-
ganen en weefsels leidend tot veranderingen in lokale T3 concentraties. Er is onder 
andere een verhoging in type 3 dejodase (D3) in lever en wit vetweefsel aangetoond. 
Aangezien D3 belangrijk is voor de afbraak van T4 en T3, is lang aangenomen dat de 
verhoging van D3 bij zou kunnen bijdragen aan de verlaging van T4 en T3 in het bloed 
tijdens vasten. Naast de dejodases bevinden zich in de lever nog andere enzymen 
die betrokken zijn bij de afbraak en klaring van schildklierhormoon. De sulfotrans-
ferases en UDP-glucuronyltransferases katalyseren reacties waarbij een sulfaat of 
een glucuronide groep aan schildklierhormoon wordt gekoppeld. Hierdoor verandert 
de wateroplosbaarheid en de affiniteit voor dejodases waardoor ze sneller worden 
uitgescheiden of omgezet. De expressie van deze enzymen verandert tijdens vasten. 

In hoofdstuk 4 hebben we al deze aspecten van schildklierhormoonmetabolisme in 
de lever bestudeerd tijdens twee verschillende modellen: 36 uur vasten en 3 weken 
voedselrestrictie waarbij de ratten 50% van hun normale voedselinname kregen. 
Uit deze studie konden we concluderen dat in beide modellen de activiteit van D3 
in de lever verhoogd was, terwijl de expressie van de sulfotransferases en UDP-
glucuronyltransferases in de lever verschillend was gereguleerd. In beide modellen 
zagen we echter een verlaging van T3 concentraties in de lever. Het lijkt er dus op dat 
de veranderingen in sulfotransferases en UDP-glucuronyltransferases niet bepalend 
zijn voor de verlaging van T3 in de lever.  

In hoofdstuk 5 en 6  worden experimenten beschreven die gedaan zijn om meer 
inzicht te krijgen in de manier waarop schildklierhormoonmetabolisme gereguleerd 
wordt tijdens vasten. 
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Uit de literatuur is gebleken dat neuropeptides aanwezig in de hypothalamus belan-
grijk kunnen zijn voor de veranderingen in schildklierhormoonmetabolisme in de lever 
tijdens vasten. De lever is met de hersenen verbonden door het autonome zenuwstel-
sel (ANS). We hebben de rol van het ANS onderzocht in ratten door de zenuwbanen 
van de hersenen naar de lever selectief door te knippen, en de ratten vervolgens te 
vasten (hoofdstuk 5). De veranderingen in lever schildklierhormoonmetabolisme als 
gevolg van vasten waren niet verschillend in ratten die nog wel een intact ANS had-
den vergeleken met ratten die dat niet meer hadden. Hieruit concludeerden we dat 
de verbinding tussen de hersenen en de lever via het autonome zenuwstelsel niet 
belangrijk is voor de veranderingen in schildklierhormoonmetabolisme tijdens vasten 
in de lever. 

Welke signalen zijn dan wel verantwoordelijk voor de veranderingen in D3, sulfotrans-
ferases (Sult’s) en UDP-glucuronosyltransferases (Ugt’s) in de lever? Van Sult’s en 
Ugt’s weten we dat de expressie wordt gereguleerd door de receptor CAR. De expres-
sie van CAR verandert tijdens vasten, en dit zou dus een manier kunnen zijn waarop 
de verminderde voedselinname wordt “gezien” door de lever. Om dit te onderzoeken 
gebruikten we muizen die geen CAR eiwit tot expressie brengen, de CAR knockout 
muizen (hoofdstuk 6). De resultaten lieten zien dat dat de afwezigheid van CAR 
maar een marginaal effect had op de veranderingen in D3 expressie in de lever als 
we deze muizen lieten vasten. We zochten daarom verder naar een mogelijk ander 
mechanisme. Tijdens vasten verandert er veel in het lichaam. De hoeveelheid glu-
cose daalt, er is minder afgifte van insuline door de alvleesklier, de hoeveelheid vrije 
vetzuren stijgt om als alternatieve brandstof te dienen, en zo voorts. Al deze signalen 
moeten door de levercellen worden geïnterpreteerd en geïntegreerd, zodat de juiste 
processen worden aan en uitgezet. 

Een eiwit wat heel belangrijk is voor de integratie van al deze signalen is mTOR. 
Tijdens vasten komen er minder voedings-gerelateerde signalen binnen in de cel, en 
hierdoor wordt mTOR geremd. Dit gegeven heeft geleid tot onze hypothese dat rem-
ming van mTOR belangrijk zou kunnen zijn voor de stijging van de D3 expressie in 
de lever. In hoofdstuk 6 hebben we deze hypothese onderzocht door in gekweekte 
levercellen mTOR te remmen met een chemische remmer. We zagen vervolgens dat 
hierdoor de expressie van D3 omhoog ging net zoals bij vasten. Hieruit concluderen 
we dat de integratie van alle voedings-gerelateerde signalen door mTOR een belan-
grijke rol speelt bij de veranderingen in D3 expressie tijdens vasten. 
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Naast de lever, speelt ook wit vetweefsel een belangrijk rol tijdens vasten. Vanuit het 
vet worden tijdens vasten vrije vetzuren vrij gemaakt om te dienen als alternatieve 
brandstof voor ons lichaam. T3 is hiervoor erg belangrijk. In hoofdstuk 7 hebben we 
onderzocht of vasten ook leid tot veranderingen in D3 expressie in wit vet. We zagen 
dat alleen een lange periode van vasten (48 uur in muizen) leidt tot een verhoging 
van D3 expressie in vet. Om te onderzoeken wat hieraan ten grondslag ligt hebben 
we vetcellen in kweek gebracht en mTOR geremd met een chemische remmer. Net 
zoals in de levercel bracht dit een stijging van D3 expressie teweeg wat er op wijst dat 
mTOR ook in vet mogelijk betrokken is bij de regulatie van D3. 

Een ander eiwit wat bekend is betrokken te zijn bij D3 regulatie is HIF1α, dit eiwit 
speelt een belangrijke rol bij hypoxie. Aangezien er overeenkomsten zijn in de cel 
tussen hypoxie en vasten, was de hypothese dat HIF1α ook tijdens vasten D3 zou 
kunnen verhogen. Dit hebben we getest door met een chemische stabilisator HIF1α 
te activeren en het effect op D3 expressie te bestuderen. We hebben echter geen 
aanwijzingen gevonden dat HIF1α betrokken is bij de regulatie van D3 in vetcellen.

In hoofdstuk 8 zijn de resultaten tenslotte bediscussieerd in de context van de 
bestaande literatuur. 



177

C
h

a
PTER

 9

auThoR aFFIlIaTIons

Mariette T. ackermans
Department of Clinical Chemistry, Laboratory of Endocrinology, Academic Medical 
Center, University of Amsterdam, The Netherlands.

Perry	Barret
Rowett institute for Nutrition and Health, University of Aberdeen, United Kingdom.

Hermina	c.	van	Beeren
Department of Endocrinology and Metabolism, Academic Medical Center, University 
of Amsterdam, The Netherlands.

Evita	Belegri
Department of Endocrinology and Metabolism, Academic Medical Center, University 
of Amsterdam, The Netherlands.

Anita	Boelen
Department of Endocrinology and Metabolism, Academic Medical Center, University 
of Amsterdam, The Netherlands.

Pierre Chambon
Department of Functional Genomics, IGBMC, Collège de France, Illkirch,France.

leslie Eggels
Department of Endocrinology and Metabolism, Academic Medical Center, University 
of Amsterdam, The Netherlands.

Eric Fliers
Department of Endocrinology and Metabolism, Academic Medical Center, University 
of Amsterdam, The Netherlands.

Ronny haenold
Leibniz Institute for Age Research - Fritz Lipmann Institute (FLI), Jena, Germany.



178

heike heuer
Leibniz Institute for Age Research - Fritz Lipmann Institute (FLI), Jena, Germany. 
Leibniz Research Institute for Environmental Medicine, Düsseldorf, Germany.

sigrun horn
Leibniz Institute for Age Research - Fritz Lipmann Institute (FLI), Jena, Germany.

andries Kalsbeek
Department of Endocrinology and Metabolism, Academic Medical Center, University 
of Amsterdam, The Netherlands. 
Hypothalamic Integration Mechanisms, Netherlands Institute for Neuroscience, 
Amsterdam, The Netherlands. 

Joan Kwakkel
Department of Endocrinology and Metabolism, Academic Medical Center, University 
of Amsterdam, The Netherlands.

Marinus a.W. Maas
Department of Experimental Surgery, Academic Medical Center, University of 
Amsterdam, The Netherlands.

Frank W. Pfrieger
Institute of Cellular and Integrative Neurosciences, University of Strasbourg, France. 

Marc J. Tol
Department of Medical Biochemistry, Academic Medical Center, University of 
Amsterdam, The Netherlands.

arthur J. Verhoeven
Department of Medical Biochemistry, Academic Medical Center, University of 
Amsterdam, The Netherlands.

Falk Weih
Leibniz Institute for Age Research - Fritz Lipmann Institute (FLI), Jena, Germany.

albert C.W.a. van Wijk
Department of Experimental Surgery, Academic Medical Center, University of 
Amsterdam, The Netherlands.



179

C
h

a
PTER

 9

Phd PoRTFolIo

Name:     E.M. de Vries
PhD period:   2010-2014
Promotores:  Prof. E. Fliers and Prof. A. Kalsbeek

  1. Phd training

year Workload
(hours/ECTs)

General courses 
- Laboratory animal course
- Reference manager
- Pubmed Biomedical sciences
- Basic course Practical Biostatistics 
- Scientific writing
- Career development

2010
2011
2011
2011
2013
2013

3.9
0.1
0.1
1.1
1.5
0.8

specific courses 
-  Advanced Immunology

 
2012 2.9

seminars, workshops and master classes
- Weekly research meeting Endocrinology
- ACM annual phD symposium (2 days)
- ACM annual phD symposium (2 days)
- ACM annual phD symposium (2 days)

oral Presentations
- Annual symposium of the Dutch thyroid club
- Annual symposium of the Dutch thyroid club
- Annual symposium of the Dutch thyroid club
- Annual meeting Nederlandse vereniging voor 
 Endocrinologie

- American thyroid association annual meeting
- European thyroid association annual meeting
- European thyroid association annual meeting

2010-2014
2011
2012
2013

2011
2013
2014
2014 

2012
2013
2014

4
1
1
1

0.5
0.5
0.5
0.5 

0.5
0.5
0.5
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Poster Presentations:
- BSN meeting Cambridge
- BSN meeting Manchester
- Endocrine society meeting

(Inter)national conferences
- Annual symposium of the Dutch thyroid club
- Annual symposium of the Dutch thyroid club
- Annual symposium of the Dutch thyroid club
- Annual symposium of the Dutch thyroid club
- Annual meeting Nederlandse vereniging voor 

Endocrinologie
- American thyroid association annual meeting
- European thyroid association annual meeting
- European thyroid association annual meeting
- BSN meeting Cambridge
- BSN meeting Aberdeen
- BSN meeting Manchester

2011
2013
2014

2011
2012
2013
2014
2014
 
2012
2013
2014
2011
2012
2013

0.5
0.5
0.5

0.25
0.25
0.25
0.25
1 

1
1.25
1.25
0.5
0.5
0.5

other
- Organising committee ACM meeting

2013 0.5

 
  
  2. Teaching

lecturing
- Master course Endocrinology
- Master course Pathology, Neurogenetics and  
 Endocrinology

2012
2014

0.1
0.1

supervising 
- Internship student Neeltje van Wijk  (6 months)
- Internship student Amber Lakeman  (9 months)

2012
2013/2014

2
3
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  3. Parameters of Esteem

Grants
- Travel grant BSN 2013

awards and Prizes
- Poster prize at the Annual BSN meeting in Cambridge
- Poster prize at the Annual BSN meeting in Manchester

2011
2013
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ABOUt	tHE	AUtHOR

Emmely Marije de Vries was born 1 month to early on the 15th of March 1987 in Delft. 
She grew up in Naaldwijk and Bosch en Duin, where she finished her primary educa-
tion at “Oud Zandbergen”. She went to the Stedelijk Gymnasium in Utrecht, where 
she received her diploma in 2005, and not unimportant, met her boyfriend during 
Biology class, with whom she is together ever since. From the age of 6 till 25 years 
old, she has been an enthousiastic amateur ballet dancer. During a lecture of Prof. 
Gispen at the Stedelijk Gymnasium about the human memory, she got fascinated 
by the brain. This curiosity led to the decision to study Biomedical Sciences at the 
University of Utrecht, where she graduated in 2008. After this she proceeded with the 
master “Experimental and Clinical Neuroscience” at the same University. During her 
studies she was a member of the educational committee of the bachelor Biomedical 
sciences, and was a student member of the “Dier experimenten commissie” (DEC). 
As a part of her master studies, she worked as an internship student for 9 months in 
the group of Prof. Adan at the Rudolf Magnus institute in Utrecht, and for 6 months 
she moved to Scotland to do an internship in the group of Dr. P. Barrett at the Rowett 
institute for Nutrition and Health in Aberdeen. After obtaining her master’s degree 
cum laude she started in September 2010 with her PhD research in the group of 
Prof. Andries Kalsbeek and Prof. E. Fliers at the department of Endocrinology and 
Metabolism in the AMC Amsterdam studying thyroid hormone metabolism in tissues 
during inflammation and fasting. The results of this work are presented in this thesis. 
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danKWooRd

Het hebben van leuke collega’s maakt naar het werk gaan zoveel meer waard! Grappig 
genoeg vind ik het dankwoord bijna het moeilijkste stuk van dit proefschrift, want hoe 
breng je onder woorden hoeveel mensen voor je hebben betekend? Ik waag toch een 
poging..

Als eerste anita, co-promoter en meer! Na een niet helemaal succesvol eerste jaar 
heb je me opgenomen in jouw groep en ben ik full time schildklier AIO bij jou ge-
worden. Met als resultaat een proefschrift waar ik trots op ben! Met jou zesde zintuig 
voor dipjes, onrust en frustraties weet jij altijd precies hoe ik er aan toe ben. Even zit-
ten, prioriteiten stellen, lijstjes maken en een positieve draai aan de resultaten geven, 
vaak voelde ik me na een gesprek met jou weer klaar om er tegenaan te gaan. Maar 
ook voor alle positieve berichten kon ik altijd bij jou terecht. Ik ben blij dat ik nog een 
paar jaartjes als postdoc in het lab bij jou door mag, bedankt voor alles!

Mijn promotores, Prof. E. Fliers en Prof. a. Kalsbeek. Beste Eric, jou deur staat 
altijd open. Dat heb ik als zeer prettig ervaren. Jouw rust heeft zeker positief op mij 
afgestraald Dries, bedankt dat je me de kans hebt gegeven op de afdeling aan mijn 
promotietraject te beginnen. Je hebt me de tijd gegeven en dat heeft zeker invloed 
gehad op mijn beslissing.

Ik wil graag Prof.	dr.	t.J.	Visser,	Prof.	dr.	G.	van	den	Berghe,	Prof.	dr.	J.A.	Romijn,	
Prof. dr. a.J. Verhoeven, Prof. dr. T. van der Poll en dr. W.s. simonides hartelijk 
bedankten voor het plaatsnemen in mijn promotiecommissie en het doorlezen van 
het manuscript. Met een speciaal woord van dank voor Prof Romijn: Beste Hans, 
dankjewel voor de kans om nog 3 jaar in het AMC als postdoc onderzoek te mogen 
doen!

Lieve Paranimfen, Lieve Joan en anne. Ik ben blij en vereerd dat jullie mijn paran-
imfen willen zijn! Joan, jij bent een van de liefste mensen die ik ken. Ik kan denk ik 
wel zeggen dat jij voor een groot deel verantwoordelijk bent voor mijn lab-opvoeding. 
Toen je het lab verliet om bij inkoop te gaan werken was dat wel even een schok! 
Inmiddels zijn we redelijk gewend, en het is mooi om te zien hoe jij op je plek bent bij 
Inkoop. Als toch niets meer lukt kunnen we altijd nog samen een opruim en organi-
satie bedrijf beginnen ;). Anne, jij kwam met jou eigen nuchtere levenshouding ons 
lab binnen waaien, en was in record tijd ingeburgerd. Koffie drinken, naar congressen 
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gaan, deiodases meten; met jou is het altijd gezellig. Je werkt super hard, daar kan 
niets anders dan een prachtig proefschrift uit rollen. 

En dan, de pijlers van het lab! Lieve Marianne, dat jij eerder met pensioen zou gaan 
dan dat ik zou promoveren wist ik natuurlijk wel, maar toch kwam dat moment on-
verwacht. Je wordt gemist! Bedankt voor de gezelligheid en steun, en voor het hele 
servies dat je voor me bij elkaar gespaard hebt! Lieve Mieke, jij bent het jongste “oude 
wijf” (jouw woorden, niet de mijne)  dat ik ken! Als rechtgeaarde research analist heb 
ik veel van jou geleerd. Al was het maar de correcte samenstelling van de fosfaat 
buffer ;).  En dan olga, schatje! Je bent altijd een plezier om mee te werken en te 
kletsen, dankjewel voor al je hulp. Lieve unga, jij bent nog niet zo heel lang bij ons, 
maar het voelt al alsof het nooit anders geweest is. Je bent een aanwinst voor het lab!

susanne, via jou ben ik in het AMC binnen gekomen, en zonder jou had mijn pro-
ject er heel anders uit gezien. Bedankt voor de steun op het kritieke “ik-ben-1-jaar-
bezig-maar-het-lukt-voor-geen-meter-kan-ik-dat-stomme-virus-niet-het-raam-uit-
gooien”punt! 

leslie, ik kan jou niet genoeg bedanken voor al je hulp bij het dier werk de afgelopen 
jaren. Je weet dat het niet mijn favoriete experimenten zijn, maar gelukkig hoefde ik 
het niet alleen te doen!

Door de jaren heen heb ik heel wat kamergenootjes gehad. Wat is het fijn om lief 
en leed met elkaar te kunnen delen, al werd het soms wat al te gezellig. Charlene, 
Rianne, Eveline, Jacqueline, Jose, Merel, anne, hannah en Evita, jullie waren en 
zijn geweldige kamergenootjes! Ik hoop dat ik als postdoc nog even in de aio kamer 
mag blijven ☺

Alle stafleden en analisten van F2: an, andre, angeline, arja, Carla, Cecilia, david, 
dewi, Els, Ephraim, Erik, Fred, henk s, henk W, henny, Ivy, Jacquelien, Jose, 
li, luc, Mariette, Marja v.V., Marja n., Marjo, Ruud, shreyas, yasin, yvonne en 
alle oud-collega’s: bedankt voor de gezelligheid, de hulp met alle T3 en T4 metingen, 
en de praatjes her en der op het lab. 

Lieve collega’s van het NIN: Ewout,	 Yan,	 Zhi,	Anneloes en Remi, bedankt jullie 
belangstelling en alle steun! 
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Alle AIO’s van “boven” bedankt voor alle gezellige AIO lunches, waarbij we denk 
ik heel goed zijn geslaagd in het bij elkaar brengen van alle verschillende groepjes 
binnen de groep. Ik ben bang dat als ik alle namen ga noemen ik er ook weer veel 
vergeet, want onze groep blijft maar groeien! Het is altijd leuk om jullie bij “ons” op het 
lab te zien, en ik heb warme herinneringen aan ons gezamenlijke ski-weekend, nu al 
weer 3 jaar geleden! Dank aan alle andere collega’s van F5, met een speciaal woord 
van dank aan Birgit voor alle praktische hulp bij het afronden van mijn proefschrift. 

Aan alle studenten die in de loop der jaren in onze groep stage hebben gelopen ook 
een woord van dank! Evita (toen nog student, nu collega!), neeltje, heleen, arjen, 
david, amber en Kim: dank jullie wel voor de gezelligheid en voor jullie bijdragen aan 
het lab en mijn experimenten. 

Dank aan alle geweldige AMC collega’s die mij in de loop der jaren te hulp zijn ge-
schoten en met wie ik heb samengewerkt. Speciaal albert, adri en lindy van de 
experimentele chirurgie voor alle primaire hepatocyten en Marc en arthur van de 
biochemie voor het vele werk aan de adipocyten! 

Special thanks to my colleagues in Jena from group Heuer and group Weih with 
whom we have collaborated the last years on the RelA knock out experiments. heike, 
thanks for setting up this collaboration and for welcoming me in your lab. Ronny, 
thanks for all the breedings you’ve done and the fruitful discussions. sigrun, a lot of 
thanks for all the in situ’s that you’ve done for this project! sabine, thanks for the help 
with the mice. I’m sure it will result in a beautiful publication!

I would also like to take the opportunity to thank my fantastic colleagues from the 
Rowett Institute in Aberdeen. I have doubted for quite a while whether I wanted to 
move abroad for six months, but it has been one of the best choices I ever made and it 
was the foundation for my decision to start a PhD project. Perry, thanks for welcoming 
me in your lab and for teaching me the tanycyte isolation technique. Thanks to annika, 
Gisela, Tina, Imke, sylvia and all the others for making my stay unforgettable! 

Naast al mijn collega’s, ben ik ook gezegend met geweldige vrienden en familie.

Lieve Nerdies; Eljo, lianne, Ischa en Jacobine. Bedankt voor alle gezellige dagen, 
de liters thee en de gesprekken over de wetenschap en onze (wetenschappelijke) 
carrières. Best bijzonder dat ik nu als eerste mag gaan promoveren! Ik kijk uit naar de 
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volgende twee promoties en naar nog vele uitjes, lekkere hapjes en mooie feestjes. 
Lieve Margreet, dankjewel voor alles! lin, zo tof dat je de tekening voor op de cover 
voor me wilde maken, kus!! En aan alle vrienden die ik hier niet bij naam noem: 
bedankt voor de belangstelling in mijn werk, het zal vaak als abracadabra hebben 
geklonken!

Wat ben ik blij met mijn lieve familie! opa en	Oma’s,	ooms	en tantes, neefjes en 
nichtjes: jullie belangstelling in mijn onderzoek is altijd warm en oprecht geweest. 
Ook al ging het onderwerp jullie misschien wat te ver! Ik hoop dat er nog vele waarde-
volle momenten met jullie zullen volgen. 

Lieve Karin en Ton, mijn tweede ouders! Bedankt voor alle steun en hulp in de afgelo-
pen jaren en in het bijzonder ook in de maanden waarin ik en even mijn proefschrift af 
moest maken en we ook nog even gingen verhuizen. Ik voel me ook echt een beetje 
jullie kind. Lieve Rox en huib, ook aan jullie dank voor de hulp in die drukke tijden!

Brothers from another mother and father, Casimir en Vincent: bedankt voor de bel-
angstelling, steun en gezelligheid die ons gezin 1 maakt. En Martijn, mijn lieve bro-
ertje, ik ben zo trots op jou! Ik vind het geweldig dat je ook gaat promoveren. 

Lieve Zofia: bedankt voor je steun, trots, liefde en wijze woorden. Je trok me over de 
streep om een PhD te gaan doen, ik heb er geen moment spijt van gehad. 

Mijn allerliefste papa, bedankt voor je onvoorwaardelijke steun en liefde. Zonder jou 
was ik niet geweest wie ik nu ben. Ik hou heel veel van je. 

En dan mijn lieve mama, aan wie ik dit proefschrift opgedragen heb. Je bent de basis 
voor alles geweest. Hoe ouder ik word, hoe meer ik je mis.  

Lieve Bob, nerd van me, al zoveel jaren mag ik met jou mijn leven delen! Je maakt me 
heel gelukkig, ik kijk uit naar een toekomst samen met jou. Ik hou van je!


