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Thyroid hormone (TH) has profound influence on metabolism that is closely linked to its effect on mitochondrial biogenesis and function. After a single injection of TH into mammals, physiological alterations (e.g. changes in oxygen consumption rates) are detectable after a lag period of ~ 48 hours. This characteristic lag period is somewhat surprising since non-genomic responses are already detectable within minutes, and first genomic responses within some hours after administration of TH. This review provides a model to explain the characteristic lag period: TH regulates a first series of TH target genes via classical activation of gene expression by binding to thyroid hormone response elements. Some directly regulated target genes serve as intermediate factors and subsequently regulate a second series of indirect TH target genes. Intermediate factors are transcription factors (such as NRF-1, NRF-2 and PPARγ) and transcriptional coactivators (such as PGC-1α and PGC-1β). In concert with several post-transcriptional modifications, these intermediate factors orchestrate the physiological response to thyroid hormone in vivo.

Introduction

Thyroid hormone (TH) is essential for normal development and health. Thyroid dysfunction causes a wide spectrum of clinical symptoms, depending on onset and severity of TH deficiency or TH excess. Cretinism is a well-known condition of congenital TH deficiency emphasising the requirement of TH for normal development in humans; although this disorder is rarely seen in developed countries. Thyroid dysfunction in normally developed children and adults is more common. The prevalence of hypothyroidism varies between 3 and 10%; it may reach up to 21% in elderly women [START_REF] Roberts | Hypothyroidism[END_REF]. Hyperthyroidism is not as common, less than 1% of individuals in a general population are affected [START_REF] Cooper | Hyperthyroidism[END_REF].

Overt hypothyroidism is associated with weight gain, cold intolerance, dry skin, and impaired mental processing. Clinical features of hyperthyroidism include weight loss, heat sensitivity, and warm moist skin, indicating profound metabolic changes. In hyperthyroid individuals, these changes include increases in oxygen consumption, metabolic rate, and temperature, which occur within 24 to 48 hours after the onset of hyperthyroidism or administration of TH to humans or animals [START_REF] Tata | The action of thyroid hormones at the cell level[END_REF]. Figure 1 displays rises of metabolic rates in hypothyroid rats after the injection of TH. It shows a characteristic 'lag period' of approximately 48 hours, after which TH-mediated metabolic changes can be detected.

### Figure 1 ###

The ability of TH to regulate energy utilization is closely linked to its effect on mitochondrial function. Mitochondria provide 90% of intracellular energy demand in the form of ATP, making mitochondria a target of TH [START_REF] Harper | Thyroid hormone effects on mitochondrial energetics[END_REF]. The complex mechanisms of TH action on mitochondria are still under investigation and it is important to keep an important aspect in mind: Mitochondrial DNA contains 37 genes, but approximately 1200 to 1500 gene-products can be found in a mitochondrion [START_REF] Dimauro | Mitochondrial respiratory-chain diseases[END_REF][START_REF] Schmidt | Mitochondrial protein import: from proteomics to functional mechanisms[END_REF]. Although the majority of these products are encoded in the nucleus, wellorchestrated intracellular mechanisms are essential to ensure mitochondrial function.

This article reviews the intracellular molecular basis of TH-mediated effects on mitochondrial function and biogenesis. Different signal molecules, hormone receptors, and regulating proteins as well as mechanisms underlying the characteristic lag period of TH-action will be discussed.

Signal molecules and local bioavailability

It has been assumed that T4 (L-thyroxine) is the major secretion product of the thyroid gland, which is subsequently converted into the biologically more potent T3 (triiodo-L-thyronine).

However, novel data create a more complex picture. A variety of alternative products of T4 play important roles in modulating TH effects: deiodinases convert T4 into rT3, which is biologically rather inactive, or T2 (diiodo-L-thyronine) which might directly target the mitochondrion. T4 and derivates thereof may also be sulphated or oxidative deaminated, causing further diverse metabolic changes. The discovery of thyronamines adds additional players on the scene. Chemically, thyronamines are decarboxylated TH derivatives, but their function largely opposes TH effects. It should also be kept in mind that the local intracellular bioavailability of different TH molecules is regulated by several TH transporters. These transporters exhibit different transport specificities for different TH molecules and show a heterogeneous tissue distribution pattern. These important aspects of TH metabolism and specificity have been recently reviewed in excellent and comprehensive review articles elsewhere [START_REF] Moreno | Metabolic effects of thyroid hormone derivatives[END_REF][START_REF] Friesema | Genetics and phenomics of thyroid hormone transport by MCT8[END_REF][START_REF] Piehl | Thyronamines--past, present, and future[END_REF]. In this article, we will use the rather global term 'thyroid hormone' (or TH) to describe intracellular changes after administration of T4 or T3 into hypothyroid animals and focus on the intracellular actions of TH.

Thyroid hormone receptors

-Nuclear receptors

Thyroid hormone receptors (TRs) belong to a large family of ligand-dependent transcription factors. This family includes nuclear hormone receptors for sex steroids, vitamins, xenobiotics, and orphan receptors with no identified ligand. TRs are encoded on two distinct genes (α-and β-gene). Alternative splicing and alternative translation give rise to at least a dozen functionally different TR proteins [START_REF] Cheng | Molecular aspects of thyroid hormone actions[END_REF]. The archetypical TR binds to thyroid hormone response elements (TREs) on the DNA, which classically consist of two half-sites for which the canonical sequence is 5'-AGGTCA-3'. Typically, TREs have been detected within ~ 1000 bp upstream of the transcriptional start site in TH-regulated gene promoters. However, sequences, orientation of TREs and spacer lengths between the half sites differ greatly between different TRE and TRE-like sequences. Furthermore, novel analyses of artificial TRE sequences challenge this classical TRE paradigm. In vitro assays revealed that consensus TREs confer high binding affinity but poor specificity for TR [START_REF] Phan | DNA recognition by thyroid hormone and retinoic acid receptors: 3,4,5 rule modified[END_REF].

Other studies revealed TR-binding to DNA sequences, which did not contain TRE consensus sequences. Recent ChIP-on-Chip assays failed to identify TRE or TRE-like sequences within TR-immunoprecipitated DNA [START_REF] Dong | Identification of thyroid hormone receptor binding sites and target genes using ChIPon-chip in developing mouse cerebellum[END_REF]. Chromatin immunoprecipitation assays did not distinguish between proteins directly bound to DNA from proteins indirectly bound as part of the chromatin complex. Underlying mechanisms remain to be elucidated.

-Mitochondrial receptors

An alternative translation product of the TRα gene (p43) has been primarily localised inside mitochondria. This protein is devoid of 2/3 of the N-terminal activation domain AF-1 but contains intact DNA binding, ligand binding and ligand-depending activation (AF-2) domains. p43 binds to several TRE-like sequences on the mitochondrial genome and stimulates transcription in the presence of TH in a ligand-dependent manner [START_REF] Casas | A variant form of the nuclear triiodothyronine receptor c-ErbAalpha1 plays a direct role in regulation of mitochondrial RNA synthesis[END_REF]. Overexpression of p43 in cell culture and in vivo increases mitochondrial transcription and protein synthesis [START_REF] Casas | A variant form of the nuclear triiodothyronine receptor c-ErbAalpha1 plays a direct role in regulation of mitochondrial RNA synthesis[END_REF][START_REF] Casas | Overexpression of the mitochondrial T3 receptor induces skeletal muscle atrophy during aging[END_REF]. Muscle-specific overexpression leads to a switch of muscle fibre composition, increased mitochondrial respiration and increased body temperature in transgenic mice. Thus the truncated primarily mitochondrial localised p43 version resembles properties of the full-length nuclear located TR. Long term overexpression leads to increased skeletal muscle atrophy during aging probably due to increased oxidative stress [START_REF] Casas | Overexpression of the mitochondrial T3 receptor induces skeletal muscle atrophy during aging[END_REF]. Several aspects of mitochondrial TRs need to be elucidated, including the exact import mechanisms of p43 and its ligand into the mitochondrion. Yet, there is an increasing amount of data indicating a localisation of TR, other nuclear transcription factors as well as transcriptional cofactors in mitochondria [START_REF] Leigh-Brown | Nuclear transcription factors in mammalian mitochondria[END_REF][START_REF] Psarra | Glucocorticoid receptors and other nuclear transcription factors in mitochondria and possible functions[END_REF][START_REF] Aquilano | Peroxisome proliferator-activated receptor gamma co-activator 1alpha (PGC-1alpha) and sirtuin 1 (SIRT1) reside in mitochondria: possible direct function in mitochondrial biogenesis[END_REF]. Thus, the mitochondrial as well as the nuclear genome appear to be regulated in a very similar manner in response to TH.

Coactivators and Corepressors

Upon TH administration, transcription rates of targeted genes are either increased or decreased. Underlying mechanisms of increased transcription rates have been well studied and involve coactivators: TRs are ligand-dependent transcription factors which modulate gene transcription depending on the presence or absence of T3 [START_REF] Cheng | Molecular aspects of thyroid hormone actions[END_REF]. The liganded transcription factor recruits a large coactivator complex. This complex possesses or recruits enzymatic activities which alters chromatin of target genes and generates an open structure for transcription. In the absence of T3, the unliganded TR undergoes conformational changes and recruits a corepressor complex. Again, this corepressor complex integrates several enzymatic activities which modify chromatin towards a closed structure, resulting in a transcriptional silent state. On the other hand, mechanisms of negatively TH-regulated genes in the presence of T3 are less clear [START_REF] Weitzel | To bind or not to bind -how to down-regulate target genes by liganded thyroid hormone receptor?[END_REF][START_REF] Santos | Negative regulation by nuclear receptors: a plethora of mechanisms[END_REF] but the balanced recruitment of corepressors might play an important role.

Limited data is available about the regulation of cofactors. Coactivators and corepressors bind to multiple transcription factors and are rather ubiquitously expressed throughout the organism. Only a few cofactors are known to be regulated by endocrine or metabolic stimuli, e.g. the PGC-1 family of coactivators or their inverse agonist RIP140 [START_REF] Hock | Transcriptional control of mitochondrial biogenesis and function[END_REF][START_REF] Park | RIP140 in thyroid hormonerepression and chromatin remodeling of Crabp1 gene during adipocyte differentiation[END_REF].

TH regulation of gene expression

Proteomics and transcriptomics studies indicated that approximately 8% of total liver proteins are regulated by TH in vivo [START_REF] Silvestri | A proteomics approach to identify protein expression changes in rat liver following administration of 3,5,3'-triiodo-L-thyronine[END_REF][START_REF] Feng | Thyroid hormone regulation of hepatic genes in vivo detected by complementary DNA microarray[END_REF][START_REF] Weitzel | Two thyroid hormone-mediated gene expression patterns in vivo identified by cDNA expression arrays in rat[END_REF][START_REF] Flores-Morales | Patterns of liver gene expression governed by TRbeta[END_REF][START_REF] Weitzel | Hepatic gene expression patterns in thyroid hormone-treated hypothyroid rats[END_REF][START_REF] Stahlberg | Exploring hepatic hormone actions using a compilation of gene expression profiles[END_REF][START_REF] Bungay | Microarray analysis of mitogenic effects of T3 on the rat liver[END_REF].

Considering the profound influence of TH on metabolism and the important role of the liver in energy homeostasis, these results are not surprising. Yet, similar results have been observed in other tissues in vivo (such as skeletal muscle) and in cell culture experiments [START_REF] Clement | In vivo regulation of human skeletal muscle gene expression by thyroid hormone[END_REF][START_REF] Helbing | Expression profiles of novel thyroid hormone-responsive genes and proteins in the tail of Xenopus laevis tadpoles undergoing precocious metamorphosis[END_REF][START_REF] Miller | Silencing of Wnt signaling and activation of multiple metabolic pathways in response to thyroid hormone-stimulated cell proliferation[END_REF][START_REF] Shih | Thyroid hormone receptor-dependent transcriptional regulation of fibrinogen and coagulation proteins[END_REF], thereby emphasising the importance of TH in systemic physiology. Differentially regulated genes are involved in a wide variety of cellular functions including translation, protein turnover, apoptosis, and metabolism. Mitochondrial proteins, encoded in the nucleus as well as in mitochondria, are among TH-target genes. All mentioned studies identified comparable number of regulated genes, but these are not always identical. However, it should be pointed out that early and late TH-mediated gene expression patterns (see below) have been conserved independent of the particular experimental setting.

Compared to the large number of differentially TH-regulated genes in vivo, only few genes have been proven to be directly regulated via TREs, and a growing number of target genes lack TREs [START_REF] Weitzel | Hepatic gene expression patterns in thyroid hormone-treated hypothyroid rats[END_REF]. Classically it has been assumed that functional TREs are located within ~ 1000 bp upstream of the transcriptional start site, but TREs have also been identified far upstream of this suggested region [START_REF] Chen | Thyroid hormone promotes cell invasion through activation of furin expression in human hepatoma cell lines[END_REF][START_REF] Wulf | T3mediated expression of PGC-1alpha via a far upstream located thyroid hormone response element[END_REF]. Our view on TRE or TRE-like sequences might be biased by our expectation to detect these sequences relatively close to the transcriptional start site. As a consequence other TREs might have been overlooked. Further experimental studies are needs to detect functional TREs in 'unexpected' regions and to elucidate TRE-independent mechanisms of TH-mediated gene expression.

Time courses of TH-regulated gene expression in vivo

After TH-injection into hypothyroid rats, two different expression patterns of genes have been observed. The first expression pattern ('early expression') is characterised by changes of mRNA levels within 6 h after the administration of TH, and the second pattern ('late expression') by unaffected mRNA concentrations within the first 24 h, but profound changes 48 h after TH-treatment [START_REF] Weitzel | Two thyroid hormone-mediated gene expression patterns in vivo identified by cDNA expression arrays in rat[END_REF][START_REF] Weitzel | Hepatic gene expression patterns in thyroid hormone-treated hypothyroid rats[END_REF]. These expression patterns have not only been found in liver but also in whole organisms (e.g. Xenopus laevis), different rodent tissues, and different cell models [START_REF] Helbing | Expression profiles of novel thyroid hormone-responsive genes and proteins in the tail of Xenopus laevis tadpoles undergoing precocious metamorphosis[END_REF][START_REF] Quignodon | A combined approach identifies a limited number of new thyroid hormone target genes in post-natal mouse cerebellum[END_REF][START_REF] Chattopadhyay | Differential expression profiles of antioxidant enzymes and glutathione redox status in hyperthyroid rats: a temporal analysis[END_REF][START_REF] Miller | Silencing of Wnt signaling and activation of multiple metabolic pathways in response to thyroid hormone-stimulated cell proliferation[END_REF][START_REF] Shih | Thyroid hormone receptor-dependent transcriptional regulation of fibrinogen and coagulation proteins[END_REF]).

A very interesting example of TH action in vivo is metamorphosis in Xenopus laevis. It is characterised by a non-functional thyroid gland in embryos, which gains function during larval development. Serum TH levels are detectable shortly after the formation of the functional gland and consequently trigger metamorphosis. Microarrays and subtractive hybridisation approaches confirmed early and late gene induction [START_REF] Denver | Thyroid hormone-dependent gene expression program for Xenopus neural development[END_REF][START_REF] Helbing | Expression profiles of novel thyroid hormone-responsive genes and proteins in the tail of Xenopus laevis tadpoles undergoing precocious metamorphosis[END_REF]. In pituitary GC cells and HepG2 cells (stably expressing functionally active TRs), both patterns have also been observed [START_REF] Miller | Silencing of Wnt signaling and activation of multiple metabolic pathways in response to thyroid hormone-stimulated cell proliferation[END_REF][START_REF] Shih | Thyroid hormone receptor-dependent transcriptional regulation of fibrinogen and coagulation proteins[END_REF]. 

Post-translational modification

An important cross-talk between genomic and non-genomic pathways of TH action may be mediated by post-translational modifications of TR.

The MAP kinase pathway is classically regulated by activation of cell surface G proteincoupled receptors, yet T3 and even more potently T4, are able to activate this pathway within 20 minutes without entering the cell [START_REF] Bergh | Integrin alphaVbeta3 contains a cell surface receptor site for thyroid hormone that is linked to activation of mitogen-activated protein kinase and induction of angiogenesis[END_REF]; summarised in [START_REF] Cheng | Molecular aspects of thyroid hormone actions[END_REF].

Apart from this non-genomic action TH additionally induces components of the MAP kinase pathway at the transcript level [START_REF] Weitzel | Two thyroid hormone-mediated gene expression patterns in vivo identified by cDNA expression arrays in rat[END_REF][START_REF] Weitzel | Hepatic gene expression patterns in thyroid hormone-treated hypothyroid rats[END_REF]. The other way round MAP kinases modulate the transcriptional activity of TR via phosphorylation. Davis and colleagues described phosphorylation of TRβ at Ser-142 within the DNA binding domain (DBD) [START_REF] Lin | Identification of the putative MAP kinase docking site in the thyroid hormone receptor-beta1 DNA-binding domain: functional consequences of mutations at the docking site[END_REF]. Interestingly, this particular serine residue is not conserved in TRα.

Thus, the functional consequences of phosphorylation of different TR isoforms remains controversial [START_REF] Chen | Mitogen-activated protein kinases potentiate thyroid hormone receptor transcriptional activity by stabilizing its protein[END_REF][START_REF] Mochizuki | De-phosphorylation of TRalpha-1 by p44/42 MAPK inhibition enhances T(3)-mediated GLUT5 gene expression in the intestinal cell line Caco-2 cells[END_REF]. Other modifications of TR also interfere with transcriptional activity. T3 triggers an increased ubiquitination of TRβ within the ligand-binding domain, causing proteasomal degradation [START_REF] Dace | Hormone binding induces rapid proteasome-mediated degradation of thyroid hormone receptors[END_REF]. Beside phosphorylation and ubiquitination, acetylation at three defined sites within the hinge domain of TRα has also been described and might interfere with DNA binding and transactivation [START_REF] Sanchez-Pacheco | Residues K128, 132, and 134 in the thyroid hormone receptor-alpha are essential for receptor acetylation and activity[END_REF]. Interestingly, differences in post-translational modification between alpha and beta isoform of TR are apparent: phosphorylation has only been characterised for TRα, whereas acetylation and ubiquitination have solely been described for TRβ. Post-translational modifications are not only important for TR, transcriptional coactivators and corepressors, which are essential for TR function, are modified in a similar manner [START_REF] Hock | Transcriptional control of mitochondrial biogenesis and function[END_REF]. Thus, the MAP kinase pathway and probably other signal transduction pathways appear to be integrated in TH-signalling in both, genomic and in non-genomic ways (Figure 2).

### Figure 2 ###

Different pathways of TH-regulated gene expression

The characteristic lag period of ~ 48 hours after which physiological alterations are detectable upon TH administration is somewhat surprising. Many genes regulated within 6 hours after administration of TH contain well characterised TREs. Examples are mGPDH/GPD2 [START_REF] Weitzel | Multiple promoters direct the tissue-specific expression of rat mitochondrial glycerol-3-phosphate dehydrogenase[END_REF], furin [START_REF] Chen | Thyroid hormone promotes cell invasion through activation of furin expression in human hepatoma cell lines[END_REF], PGC-1α [START_REF] Wulf | T3mediated expression of PGC-1alpha via a far upstream located thyroid hormone response element[END_REF] or BTEB1/Klf9 [START_REF] Denver | Identification of a thyroid hormone response element in the mouse Kruppel-like factor 9 gene to explain its postnatal expression in the brain[END_REF]. Hence, these target genes might be directly regulated via binding of TR to the regulatory elements within their gene promoter regions. In contrast, in numerous genes, which are induced late (> 24 h) after the administration of TH in hypothyroid rats, no TRE has been identified so far [START_REF] Weitzel | Hepatic gene expression patterns in thyroid hormone-treated hypothyroid rats[END_REF]. This raises the question whether these genes are regulated via an indirect mechanism or probably by an intermediate factor (Figure 3), providing a molecular explanation for the late expression pattern.

### Figure 3 ###

Transcription factors as intermediate factors of TH action

An intermediate factor of TH action might be a transcription factor. If so, this transcription factor needs to fulfil several prerequisites: (i) this factor need to be induced fast (early expression) and (ii) binding sites for this factor need to be detectable in promoter regions of late induced genes.

Ubiquitous transcription factors and nuclear receptors

Binding sites for transcription factors CREB, Sp1 and Yin Yang 1 (YY1) are frequently found in gene promoters of mitochondrial proteins showing a late expression pattern [START_REF] Franko | CREB-1alpha is recruited to and mediates upregulation of the cytochrome c promoter during enhanced mitochondrial biogenesis accompanying skeletal muscle differentiation[END_REF][START_REF] Scarpulla | Transcriptional paradigms in mammalian mitochondrial biogenesis and function[END_REF]. This makes them prime candidates for intermediate factors. However, none of this transcription factors is significantly regulated by T3 within 6 hours [START_REF] Weitzel | Hepatic gene expression patterns in thyroid hormone-treated hypothyroid rats[END_REF]. Similar results have been observed for other candidate transcription factors such as HNF-4α, Tfam and HCF. It should also be noted that almost 20 years ago conserved binding sites within mitochondrial proteins have been suggested to play a role in TH-mediated gene expression (e.g. OXBOX/REBOX and Mt motifs). However, the binding proteins to these sites are still unknown and no further development has been achieved in the last years [START_REF] Rebelo | In vivo methylation of mtDNA reveals the dynamics of protein-mtDNA interactions[END_REF].

Upon TH-administration, the nuclear receptor PPARγ is down-regulated 2-fold on transcript and protein levels within hours [START_REF] Weitzel | Hepatic gene expression patterns in thyroid hormone-treated hypothyroid rats[END_REF]. Since PPAR and TR proteins bind to similar DNA response elements a depletion of PPARγ might favour a binding of TR to these sites. Furthermore, PPAR and TR have the same preferred dimerisation partner (RXR) thus reduced PPAR might favour TR/RXR complexes.

Nuclear respiratory factors

Binding sites for the nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2) have been observed in numerous nuclear-encoded mitochondrial proteins and many of these sites have been proven to be critical for promoter activities [START_REF] Scarpulla | Transcriptional paradigms in mammalian mitochondrial biogenesis and function[END_REF]. The important role of NRF-1 in mitochondrial integrity and function has been shown by targeted gene disruption in mouse. Knock-out of NRF-1 is embryonic lethal associated with dramatically reduced number and function of mitochondria [START_REF] Huo | Mitochondrial DNA instability and peri-implantation lethality associated with targeted disruption of nuclear respiratory factor 1 in mice[END_REF]. NRF-1 is rapidly and robustly regulated by TH [START_REF] Venditti | Involvement of PGC-1, NRF-1, and NRF-2 in metabolic response by rat liver to hormonal and environmental signals[END_REF][START_REF] Weitzel | Two thyroid hormone-mediated gene expression patterns in vivo identified by cDNA expression arrays in rat[END_REF] and thus NRF-1 is clearly one of the factors which translate TH effects.

Very similar observations have been made with NRF-2 (also known as GA-binding protein, GABP). Again NRF-2 binding sites have been characterised in the promoter region of many nuclear-encoded mitochondrial genes, several (but not all) contain NRF-1 binding sites as well [START_REF] Scarpulla | Transcriptional paradigms in mammalian mitochondrial biogenesis and function[END_REF]. NRF-2 is a protein which is alternatively composed from a set of five different subunits (α, β1, β2, γ1 and γ2). DNA-bound NRF-2 is a heterotetramer which contains either two alpha and two beta or two alpha and two gamma subunits. The beta and gamma subunits appear to be generated from a common gene by alternative splicing containing trans-activation domains, whereas the unique alpha subunit contains the DNA binding domain [START_REF] Gugneja | Four structurally distinct, non-DNAbinding subunits of human nuclear respiratory factor 2 share a conserved transcriptional activation domain[END_REF]. There are conflicting data in the literature concerning the regulation of NRF-2 by thyroid hormone which might be ascribed to the regulation of the different subunits and to the investigation of different time points after administration of TH.

Whereas the beta subunit is only slightly regulated within 6 hours [START_REF] Weitzel | Two thyroid hormone-mediated gene expression patterns in vivo identified by cDNA expression arrays in rat[END_REF], the alpha subunit has been described to be positively and negatively regulated after 3 and 10 days, respectively [START_REF] Rodriguez-Pena | Thyroid hormone increases transcription of GA-binding protein/nuclear respiratory factor-2 alpha-subunit in rat liver[END_REF][START_REF] Venditti | Involvement of PGC-1, NRF-1, and NRF-2 in metabolic response by rat liver to hormonal and environmental signals[END_REF]. Knock-out of NRF-2α in mice leads to early embryonic lethality showing a very similar phenotype as NRF-1 knockouts [START_REF] Ristevski | The ETS transcription factor GABPalpha is essential for early embryogenesis[END_REF]). An alteration of the mitochondrial status has not been tested in those mice; however, mitochondrial marker genes are down-regulated in NRF-2α knockdown cells [START_REF] Ongwijitwat | Nuclear respiratory factor 2 senses changing cellular energy demands and its silencing down-regulates cytochrome oxidase and other target gene mRNAs[END_REF].

Taken together, these data show that NRF-1 (and possibly also NRF-2) translate TH effects in an indirect manner as these proteins meet three important requirements: (i) the protein is endogenously regulated by TH, (ii) this regulation occurs fast (within 6 hours, probably via a TRE), and (iii) functional binding sites have been characterised in late TH-induced genes.

Coactivators as intermediate factors of TH action

Transcriptional activity of target genes does not solely depend on the action of transcription factors but also on the activity of coactivators and corepressors. Thus an attractive approach to identify an intermediate factor is to investigate this group of proteins. Noteworthy, these factors do not bind directly to DNA and therefore a common DNA binding motif is not necessarily detectable. An attractive candidate for an intermediate factor is the PGC-1 family of coactivators.

PGC-1 family of coactivators

The first identified member of the PGC-1 family of coactivators is peroxisome proliferatoractivated receptor gamma coactivator 1 alpha (PGC-1α). PGC-1α has profound influence on adaptive thermogenesis in brown adipose tissue, hepatic gluconeogenesis and mitochondrial biogenesis thereby resembling effects of TH. Furthermore, PGC-1α coactivates a variety of nuclear receptors and nuclear respiratory factors, including the thyroid hormone receptor [START_REF] Puigserver | A cold-inducible coactivator of nuclear receptors linked to adaptive thermogenesis[END_REF][START_REF] Sadana | Regulation of carnitine palmitoyltransferase I (CPT-Ialpha) gene expression by the peroxisome proliferator activated receptor gamma coactivator (PGC-1) isoforms[END_REF][START_REF] Attia | Regulation of pyruvate dehydrogenase kinase 4 (PDK4) by thyroid hormone: role of the peroxisome proliferator-activated receptor gamma coactivator (PGC-1 alpha)[END_REF]. PGC-1α is rapidly and robustly induced by TH both on transcript (13-fold) and protein levels (3-fold) [START_REF] Irrcher | PPARgamma coactivator-1alpha expression during thyroid hormone-and contractile activity-induced mitochondrial adaptations[END_REF][START_REF] Weitzel | Hepatic gene expression patterns in thyroid hormone-treated hypothyroid rats[END_REF][START_REF] Venditti | Involvement of PGC-1, NRF-1, and NRF-2 in metabolic response by rat liver to hormonal and environmental signals[END_REF], this regulation is mediated by a TRE in the gene promoter [START_REF] Wulf | T3mediated expression of PGC-1alpha via a far upstream located thyroid hormone response element[END_REF]. Interestingly, PGC-1α has also been described to be located into the mitochondria; however, more experimental evidence is needed to clarify this issue [START_REF] Aquilano | Peroxisome proliferator-activated receptor gamma co-activator 1alpha (PGC-1alpha) and sirtuin 1 (SIRT1) reside in mitochondria: possible direct function in mitochondrial biogenesis[END_REF]. Surprisingly, PGC-1α knock-out mice have relative subtle alterations in mitochondrial biogenesis and architecture [START_REF] Ventura-Clapier | Transcriptional control of mitochondrial biogenesis: the central role of PGC-1alpha[END_REF][START_REF] Hock | Transcriptional control of mitochondrial biogenesis and function[END_REF] and knock-down in cell culture revealed no major defects in TH-mediated gene expression patterns [START_REF] Wulf | T3-mediated gene expression is independent of PGC-1alpha[END_REF]. Thus, compensatory mechanisms might be in place, possibly by other coactivators of the PGC-1 family.

A second family member is PGC-1β, considering sequence and functional activity it is very closely related to PGC-1α. PGC-1β activates mitochondrial biogenesis by binding to different transcription factors (including TR). However, there is an important difference between these two coactivators. PGC-1β has been shown to be rapidly and robustly induced by TH (6-fold) [START_REF] Weitzel | Hepatic gene expression patterns in thyroid hormone-treated hypothyroid rats[END_REF], suggesting a direct regulation via a TRE.

In contrast to PGC-1α and PGC-1β the third family member (PRC; PGC-1-related coactivator) is not significant regulated by TH [START_REF] Weitzel | Hepatic gene expression patterns in thyroid hormone-treated hypothyroid rats[END_REF].

Taken together, PGC-1α and PGC-1β (but not PRC) meet the important requirements to serve as intermediate factor: (i) PGC-1α/PGC-1β are endogenously regulated by TH in vivo, (ii) this regulation occurs rapidly via a TRE (at least confirmed for PGC-1α), and (iii) a functional interaction with transcription factors which are critical for mitochondrial biogenesis (e.g. TR, ERR and NRF) has been characterised.

Other coactivators and corepressors

TH alters other coactivators as well [START_REF] Sadow | Regulation of expression of thyroid hormone receptor isoforms and coactivators in liver and heart by thyroid hormone[END_REF]. The p160 coactivator SRC-1 is positively regulated by TH and its function is linked to TH metabolism. SRC-1 plays a role in thermogenesis probably via a coactivation of TR and other nuclear receptors [START_REF] Picard | SRC-1 and TIF2 control energy balance between white and brown adipose tissues[END_REF]. Furthermore, SRC-1 knock-out mice display features of thyroid hormone resistance, further emphasising a close connection between SRC-1 and TH [START_REF] Weiss | Mice deficient in the steroid receptor co-activator 1 (SRC-1) are resistant to thyroid hormone[END_REF]. However, it has not been evaluated if the TH mediated activation of this cofactor occurs early which is essential for an intermediate factor.

Relatively little is known about the regulation of corepressors. In contrast to the rather ubiquitously expressed corepressors NCoR and SMRT, the corepressor hairless is robustly and rapidly regulated by TH [START_REF] Ramos | Regulation of nuclear coactivator and corepressor expression in mouse cerebellum by thyroid hormone[END_REF]. However, since hairless is expressed in a tissue-specific manner (brain and skin) it is unlikely that this corepressor plays a major role in other TH target tissues [START_REF] Potter | The thyroid hormoneregulated corepressor hairless associates with histone deacetylases in neonatal rat brain[END_REF].

Another interesting candidate is the corepressor RIP140. RIP140 functions opposes PGC-1α coactivator and acts as a 'transcriptional brake' on mitochondrial biogenesis [START_REF] Hock | Transcriptional control of mitochondrial biogenesis and function[END_REF]. Whereas PGC-1α activates mitochondrial biogenesis, RIP140 reduces this activity. RIP140 binds to TR in a ligand-depending manner and may compete for binding with coactivators such as PGC-1α [START_REF] Wei | Receptor interacting protein 140 as a thyroid hormonedependent, negative co-regulator for the induction of cellular retinoic acid binding protein I gene[END_REF]. RIP140 may also play a role in nucleosome positioning, thereby modifying the access of TR to bind a TRE [START_REF] Park | RIP140 in thyroid hormonerepression and chromatin remodeling of Crabp1 gene during adipocyte differentiation[END_REF]. However, the induction kinetic of RIP140 has not been tested so far.

A transcriptional network to control TH-mediated regulation of mitochondrial biogenesis

Taken together, thyroid hormone has at least three different pathways of regulating gene expression of target genes contributing to mitochondrial biogenesis (Figure 3). First, TH binds to nuclear-localised TR and modulates nuclear gene expression via binding to a TRE. Second, TH has a direct effect on the mitochondrion via the binding of a mitochondrial-localised TR.

Thirdly, intermediate factors are synthesised (most likely via TREs) which subsequently enter the nucleus and regulate a second series of TH-target genes. As the synthesis of these intermediate proteins takes time, the indirectly regulated genes are expressed with a delay in response to TH in vivo. Consequently physiological alterations like increased oxygen consumption are also delayed (Figure 1). The transcription factors NRF-1, NRF-2 and PPARγ and the coactivators PGC-1α and PGC-1β meet the criteria to serve as intermediate factors.

These regulation mechanisms are additionally modulated by many non-genomic actions (e.g. post-translational modifications; Figure 2), the local bioavailability or a direct binding of TH (or a derivative thereof) to target structures. The specific composition and modulation of this network in adaptation to nutritive, endocrine and other environmental signals is an interesting research goal for the future.

Figure legends

Figure 1 Alteration of oxygen consumption rates after administration of a single dose of thyroid hormone to hypothyroid rats. Thyroid hormone was injected at time 0 and changes in basal metabolic rates were measured at the indicated times. 'eu': metabolic rate of untreated, euthyroid animals; 'hypo': metabolic rate of hypothyroid animals. Modified from [START_REF] Tata | The action of thyroid hormones at the cell level[END_REF]. 

  These in vitro results indicate intracellular mechanisms, because other important in vivo aspects of TH, such as changes in local bioavailability or indirect effects like TH-mediated alterations of the sympathetic nervous system, are excluded. Thus, expression profiles in different organs of rodents, in Xenopus laevis and different cell lines are very similar, indicating an evolutionary conserved principle of TH action.

Figure 2

 2 Figure 2Thyroid hormone receptors (TR) are encoded on two different genes and give rise to TRα and TRβ proteins. The two isoforms contain a common modular domain organisation with an activation domain 1 (AF-1) at the N-terminus, followed by the DNA binding domain(DBD) and the hinge domain. The ligand-binding domain (LBD) and the ligand-depending activation domain 2 (AF-2) are located at the C-terminus. TRα has been described to be posttranslationally modified by acetylation (Ac) within the hinge domain, whereas TRβ has been described to be phosphorylated (P) within the DBD and ubiquitinated (U) within the LBD.

Figure 3

 3 Figure 3 Thyroid hormones (THs) are transported via a set of TH transporters into the cell. Intracellular TH is modified by deiodination and possibly decarboxylation. Upon binding of TH to thyroid hormone receptors (TRs), the receptors enter the mitochondrion directly, causing an alteration of mitochondrial gene transcription. Alternatively, TRs enter the nucleus regulating a first set of TH target genes (early expression). Some of these target genes serve as intermediate factors and regulate a second series of TH target genes (late expression). This group of intermediate factors encompasses transcription factors (NRF-1, NRF-2, PPARγ) and transcriptional coactivators (PGC-1α, PGC-1β). As a consequence, oxygen consumption rates of mitochondria increase after a lag period of ~ 48 hours after the administration of TH in vivo.

  Figure 1
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