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Abstract  

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

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

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

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

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

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

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

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

Results

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

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

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

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

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

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

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

Wildtype TRa0/0 Wildtype TRa0/0 genoype sex
Serum TT4 (nmol/L) 60 ± 6 a 35 ± 2 a 58 ± 6 53 ± 6 P<0.05 NS
Serum fT4 index 58 ± 7 a 35 ± 2 a 60± 4 56 ± 7 P<0.05 NS
Serum TT3 (nmol/L) 1.24 ± 0.08 1.10 ± 0.08 1.26 ± 0.09 1.27 ± 0.15 NS NS
Serum fT3 index 1.23 ± 0.16 1.08 ± 0.07 1.30 ± 0.05 1.33 ± 0.16 NS NS
Liver D1 act  (pmol/min/mg) 13.2 ± 3.0 6.9 ± 0.4 11.8 ± 4.6 5.4 ± 3.1 NS NS
Liver D1 mRNA (a.u.) 0.53 ± 0.28 0.19 ± 0.07 0.30 ± 0.11 0.21 ± 0.02 NS NS
Liver D3 act (fmol/min/mg) nd nd 0.27 ± 0.08 0.45 ± 0.11 NS nd
Liver D3 mRNA (a.u.) 0.014 ± 0.005) a,c 0.104 ± 0.032 a,c 0.280 ± 0.044 a,c 0.743 ± 0.11 a,c P<0.05 P<0.01
Liver TRb1 mRNA (a.u.) 1.55 ± 0.88 0.88 ± 0.17 1.46 ± 0.05 0.95 ± 0.22 NS NS
Muscle forelimb D2 mRNA (a.u.) 0.028 ± 0.020 0.126 ± 0.042 0.180 ± 0.064 0.171 ± 0.107 NS NS
Muscle forelimb D3 mRNA (a.u.) 0.8 ± 0.3 0.20 ± 0.01 1.24 ± 0.34 a 0.05 ± 0.03 a P<0.01 NS
Muscle forelimb TRa1 mRNA (a.u.) 9.4 ± 4.7 nd 30.3 ± 9.3 nd nd NS
Muscle forelimb TRa2 mRNA (a.u.) 5.6 ± 2.4 nd 7.3 ± 1.9 nd nd NS
Muscle hindlimb D2 mRNA (a.u.) 0.02 ± 0.01 0.02 ± 0.001 0.18 ± 0.13 0.15± 0.11 NS NS
Muscle hindlimb D3 mRNA (a.u.) 0.46 ± 0.30 0.25 ± 0.12 0.92 ± 0.12 b 0.11 ± 0.03 b P<0.01 NS
Muscle hindlimb TRa1 mRNA (a.u.) 1.16± 0.90 nd 0.53±0.20 nd nd NS
Muscle hindlimb TRa2 mRNA (a.u.) 73.1± 41.3 nd 26.3 (n=1) nd nd NS
For statistiscal analysis mice from t=0 were used (n=3 for each gender)
Mean ± SEM are shown, NS=not significant, nd=not determined.
a p≤ 0.05 and b p≤ 0.01 TRa0/0 compared to wildtype, determined by t-test 
c p≤ 0.01 females compared to males, determined by t-test 



88

Chapter 5

LPS-induced decrease of  liver D1 is attenuated, but liver D3 decrease is 
enhanced in TRa0/0 mice
IL-1b mRNA expression increased in both genotypes after LPS administration 
compared to saline controls (P<0.01, data not shown).  No significant difference was 
observed between TRa0/0 and WT mice (figure 2A). Liver D1 activity and mRNA 
expression decreased after LPS in both genotypes (P<0.01), although less pronounced 
in TRa0/0 compared to WT mice (P=0.01 for mRNA, P<0.05 for activity) (figure 3). 
LPS administration decreased liver D3 mRNA expression in both genotypes (P<0.01), 
albeit to a larger extent in TRa0/0 than in WT mice (P<0.01). D3 activity could only be 
detected in female mice (n=3). In female TRa0/0 and WT mice, D3 activity decreased 
after LPS administration (P<0.01 for TRa0/0, P<0.05 for WT), but the D3 activities 
showed no difference between female TRa0/0 and WT after LPS (figure 4). 
TRb1 mRNA expression decreased after LPS in both genotypes (P<0.01 for TRa0/0 
and P<0.05 for WT). No significant difference in TRb1 mRNA was observed 
between TRa0/0 and WT mice (data not shown). 

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



89

Acute illness in TRa-deficient mice

Chapter

5

0 4 8 12 16 20 24
0

1000

2000

3000

4000

NS

time (h)

liv
er

 IL
-1
β  

m
RN

A
 (%

)

0 4 8 12 16 20 24
0

1000

2000

3000

4000

5000

6000

NS

time (h)
FL

 m
us

cl
e 

IL
-1
β  

m
RN

A
 (%

)

A B

0 4 8 12 16 20 24
0

1000

2000

3000

4000

5000

6000

NS

time (h)

H
L 

m
us

cl
e 

IL
-1
β  

m
RN

A
 (%

)

C

Figure 2. Relative IL-1b mRNA expression compared to t=0 (100%) after 0, 4, 8 and 24 hours 
LPS administration in liver (A), forelimb muscle (B) and hindlimb muscle (C) in TRa0/0 and 
WT mice (○ = TRa0/0-LPS, ● =  WT-LPS,  ). Mean values ± SEM (n=6) are shown. P values 
indicate differences between genotypes by ANOVA. 

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

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

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

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

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

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

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

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

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

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

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

In summary: our results do not fully clarify the role of  deiodinases and TRs in 
LPS-induced changes in thyroid hormone metabolism. We have summarized the 
role of  TRs in the peripheral changes in thyroid hormone metabolism during illness 
in figure 8. Our studies in TR- knock-out mice led us to conclude that:  1) Changes 
in deiodinase expression during illness are T3-independent as the time-course of  the 
changes in peripheral deiodinase expression induced by LPS sometimes precedes 
the changes in serum T3 levels. 2)  Our experiments in TR knock-out mice clearly 
show that TRs are involved. The question remains how TRs are involved if  the 



97

Acute illness in TRa-deficient mice

Chapter

5

regulation is partly T3-independent. One possibility might be that inflammation 
results in a different phosphorylation state of  the TRs resulting in gene-repression 
occurring independently of  T3 , as it is known that TRs can be phosphorylated 
(45;46). TRa0/0 mice lack TRa1, TRa2 as well as the delta isoforms of  TRa. In 
the current setup we cannot distinguish between the effects of  these isoforms. 
3) The decrease in liver D3 does not contribute to changes in serum TH levels 
during illness, because in TRb-/- mice the D3 decrease is absent without a change 
in LPS-induced TH decrease. 4) Decreased liver D1 probably does not contribute 
to decreased serum TH levels as the decrease of  serum T3 is followed by decreased 
liver D1 in the TRb-/- experiment. Furthermore, the observed basal differences 
of  liver D1 mRNA and activity between TRb-/- and WT mice did not result in 
differences in basal serum T3.
We hypothesize that the changes in serum TH levels after LPS administration 
are partly mediated via TRa and are most likely due to either decreased thyroidal 
secretion or increased TH clearance. However, the exact mechanism remains to 
be elucidated. Another contributing factor are cytokines and the activation of  the 
inflammatory signalling pathways, as demonstrated earlier in vitro in liver cells (8;11). 
The peripheral changes observed in deiodinase expression probably result in either 
decreased or increased local availability of  T3, which might subsequently lead to 
changes in metabolic activity.
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