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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. 
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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. 


