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Chapter 6

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



113

C
h

a
PTER

 6

	 	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. 
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