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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.	
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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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REsulTs

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. 


