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Abstract 
 

Thyroid hormones (TH) are important regulators of body temperature and energy metabolism in both 

rodents and humans. Therefore, medical conditions such as hyper- and hypothyroidism can induce 

changes in body temperature and disrupt energy metabolism. Consequently, maintaining optimal 

levels of circulating TH is essential for proper tissue and organ functioning. Over the past decade, there 

has been growing interest in understanding the brain actions of THs and their respective nuclear 

receptors, TRα1 and TRβ, in the coordination of body temperature regulation and homeostasis. 

However, the exact contributions of the individual TR isoforms to the central and peripheral control of 

body temperature remain poorly understood. In mice, mutations in TRs may lead to defects in 

facultative thermogenesis but also whole-body temperature regulation. Interestingly, while TRα1+m 

mutants have a lower body temperature phenotype at room temperature due to excessive tail heat 

loss, TRβ knockout (KO) animals do not show any differences in body temperature. Whether the 

impaired body temperature phenotype observed in TRα1+m mice is solely the result of peripheral TRα1 

actions, or whether defective central TRα1 signaling contributes to an altered body temperature set-

point were addressed in this study. Additionally, this study investigated the underlying mechanisms at 

which TH-induced brown fat thermogenesis is differentially regulated in rats and mice as systemic TH 

treatment induces brown fat thermogenesis in rats but not in mice. First, by using radiotelemetry in 

freely moving mice at different ambient temperatures, including oral 3,3’,5-triiodothyronine (T3) 

treatment, the contributions of mutant TRα1 and a TRβ KO to whole-body temperature regulation were 

dissected. Second, the effects of a dominant-negative TRα1 on body temperature after adeno-

associated virus mediated expression in the hypothalamus, a region known to be involved in 

thermoregulation, were investigated. Lastly, to resolve the species-dependent effect of TH on brown 

fat thermogenesis in rats and mice, primary brown adipocytes were cultured and treated with T3, 

followed by thermogenic TH target gene expression analysis. However, T3 treatment of primary brown 

adipocytes did not induce changes in thermogenic marker gene expression, indicating that the effects 

of TH in brown fat are rather indirect. Interestingly, the in vivo experiments could show that TRβ 

signaling only plays a minor role in whole-body temperature regulation, whereas TRα1+m mutants had 

lower body temperature at 22°C and partially also at 30°C, despite reversed tail heat loss. Only oral T3 

treatment fully rescued the defective body temperature phenotype of TRα1+m mice, implying that 

TRα1 signaling is involved in the regulation of the central temperature set-point. Additionally, the 

expression of hypothalamic dominant-negative TRα1 lowered body temperature at 22°C and 30°C. In 

conclusion, the results of this study suggest that hypothalamic TRα1 signaling is a central key player in 

the regulation of whole-body temperature homeostasis. Further research is required to identify the 

exact hypothalamic regions and neuroanatomical substrates that facilitate central TRα1 signaling.  
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Zusammenfassung  
 

Schilddrüsenhormone sind wichtige Regulatoren der Körpertemperatur und des Energiestoffwechsels 

sowohl bei Nagetieren als auch beim Menschen. Daher können Krankheiten wie Hyper- und 

Hypothyreose zu Veränderungen der Körpertemperatur führen und den Energiestoffwechsel stören. 

Folglich ist die Aufrechterhaltung optimaler Schilddrüsenhormonspiegel für eine ordnungsgemäße 

Gewebe- und Organfunktion unerlässlich. In den letzten zehn Jahren ist das Interesse am Verständnis 

der Wirkung der Schilddrüsenhormone und ihrer jeweiligen nuklearen Rezeptoren, TRα1 und TRβ, im 

Gehirn bei der Koordinierung der Regulierung und Homöostase der Körpertemperatur gewachsen. Die 

genauen Beiträge der einzelnen Schilddrüsenhormonrezeptorisoformen zur zentralen und peripheren 

Kontrolle der Körpertemperatur sind jedoch nach wie vor nur unzureichend bekannt. Bei Mäusen 

können Schilddrüsenhormonrezeptormutationen zu Defekten in der fakultativen Thermogenese, aber 

auch in der Körpertemperaturregulation führen. Interessanterweise zeigen TRα1+m-Mutanten einen 

niedrigeren Körpertemperaturphänotypen bei Raumtemperatur aufgrund eines übermäßigen 

Wärmeverlusts über den Schwanz, während TRβ-Knockout (KO) Tiere keine Unterschiede in der 

Körpertemperatur aufweisen. In dieser Studie wurde untersucht, ob der bei TRα1+m-Mäusen 

beobachtete beeinträchtigte Körpertemperaturphänotyp ausschließlich auf periphere TRα1-Aktionen 

zurückzuführen ist, oder ob eine defekte zentrale TRα1-Signalgebung zu einem veränderten Sollwert 

der Körpertemperatur beiträgt. Da eine systemische Schilddrüsenhormonbehandlung die 

Thermogenese des braunen Fetts bei Ratten, nicht aber bei Mäusen induziert, wurden darüber hinaus 

in dieser Studie die zugrundeliegenden Mechanismen, durch die die Schilddrüsenhormon-induzierte 

Thermogenese des braunen Fetts bei Ratten und Mäusen unterschiedlich reguliert wird, untersucht. 

Zuerst wurden mit Hilfe von Radiotelemetrie bei frei beweglichen Mäusen bei verschiedenen 

Umgebungstemperaturen, einschließlich oraler 3,3',5-Triiodthyronin (T3) -Behandlung, die Beiträge 

von mutiertem TRα1 und einem TRβ-KO zur Regulierung der Körpertemperatur untersucht. 

Anschließend wurden die Auswirkungen der Adeno-assoziierten Virus-vermittelten Expression von 

dominant-negativem TRα1 auf die Körpertemperatur im Hypothalamus, einer Region, die 

bekanntermaßen an der Thermoregulation beteiligt ist, untersucht. Um schließlich die 

speziesabhängige Wirkung von Schilddrüsenhormonen auf die Thermogenese des braunen 

Fettgewebes bei Ratten und Mäusen zu klären, wurden primäre braune Adipozyten kultiviert und mit 

T3 behandelt, gefolgt von einer Analyse der thermogenen Schilddrüsenhormonzielgenexpression. Die 

Behandlung von primären braunen Adipozyten mit T3 führte jedoch nicht zu Veränderungen in der 

Expression thermogener Markergene, was darauf hindeutet, dass die Wirkung von 

Schilddrüsenhormonen im braunen Fett eher indirekt ist. Interessanterweise konnten die In-vivo-

Experimente zeigen, dass die TRβ-Signalübertragung nur eine untergeordnete Rolle bei der Regulierung 
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der Körpertemperatur spielt, während TRα1+m-Mutanten, trotz aufgehobenem Wärmeverlust am 

Schwanz, eine niedrigere Körpertemperatur bei 22°C und teilweise auch bei 30°C aufwiesen. Nur eine 

orale T3-Behandlung rettete den defekten Körpertemperaturphänotypen der TRα1+m-Mäuse 

vollständig, was darauf hindeutet, dass die TRα1-Signalübertragung an der Regulierung des zentralen 

Temperatursollwerts beteiligt ist. Zusätzlich senkte die Expression von hypothalamischem dominant-

negativem TRα1 die Körpertemperatur bei 22°C und 30°C. Die Ergebnisse dieser Studie deuten darauf 

hin, dass der hypothalamische TRα1-Signalweg eine zentrale Rolle bei der Regulierung der Homöostase 

der Körpertemperatur spielt. Weitere Forschung ist erforderlich, um die genauen hypothalamischen 

Regionen und die neuroanatomischen Substrate zu identifizieren, die die zentrale TRα1-

Signalübertragung ermöglichen. 
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1 Introduction  
 

Body temperature regulation is a highly complex and energy consuming process that takes place in 

homeotherms like rodents and humans. A stable core body temperature regardless of changes in 

ambient temperature is crucial for vital enzymatic activity (Peterson et al., 2007) and thus normal organ 

and tissue functioning. Most importantly, to achieve and maintain a constant body temperature, 

thermoregulatory processes like heat dissipation and heat production through thermogenesis need to 

be balanced at all times (Speakman and Król, 2010).       

 There are many important tools for body temperature regulation in humans, e.g., 

vasoconstriction to conserve heat and vasodilatation and sweating to get rid of excess heat. In rodents, 

vasoconstriction and vasodilation are also important regulators of body temperature, especially with 

regard to their ability to lose heat via their tails, as rodents are incapable of regulating their body 

temperature via sweating (Kennedy et al., 1984; Škop et al., 2020b). Other measures aimed at 

maintaining a constant body temperature may involve behavioral adjustments like reducing physical 

activity in high-temperature environments or seeking warmth through close contact in colder 

environments (Mota-Rojas et al., 2021).  

 

1.1 Thermogenesis  

In rodents and humans, multiple heat-producing processes contribute to thermogenesis, namely: basal 

metabolism, post-prandial and diet-induced thermogenesis, physical activity-induced thermogenesis, 

and facultative thermogenesis (Fristoe et al., 2015; Ricquier, 2006). Heat production through basal 

metabolism in particular is termed obligatory thermogenesis (Ricquier, 2006).   

 In the following chapter, the current knowledge about obligatory and facultative 

thermogenesis will be discussed.  

 

1.1.1 Obligatory and facultative thermogenesis  

Obligatory thermogenesis is the byproduct of cellular metabolic processes and takes place, among 

others, in homeotherms like rodents and humans. Subsequently, obligatory thermogenesis and 

therefore heat production in homeotherms greatly relies on oxygen consumption and cellular 

respiration to ensure sufficient heat production and the maintenance of constant body temperature 

(Fristoe et al., 2015; Ricquier, 2006; Soares and Müller, 2018). Consequently, homeothermic animals 

have a higher metabolic rate compared to poikilothermic animals that do not rely on thermal 

homeostasis (Van Der Meer, 2021).         
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 The term thermoneutrality refers to the ambient temperature at which obligatory 

thermogenesis and thus the basal metabolic rate alone can sustain and defend body temperature 

without the need for additional thermoregulatory mechanisms (Fischer et al., 2019; Gordon, 2012). In 

mice and rats, the thermoneutral range is between 28 - 30 °C (Škop et al., 2020a). However, for humans, 

the thermoneutral temperature is 22 - 23°C due to the use of clothing or shelter (Pallubinsky et al., 

2019). Below thermoneutral temperatures, rodents and humans have developed tightly regulated 

mechanisms to defend their body temperature (Fristoe et al., 2015; Škop et al., 2020b). In rodents, e.g., 

fur and also tail vasoconstriction limit heat loss at cooler temperatures to conserve heat (Mota-Rojas 

et al., 2021; Škop et al., 2020b). Additionally, sudden and rapid temperature drops activate heat 

generating processes which are summarized by the term facultative thermogenesis (Ricquier, 2006; 

Van Marken Lichtenbelt and Schrauwen, 2011).       

 Rodents and humans possess two forms of heat generating processes to adapt to colder 

ambient temperatures: shivering and non-shivering thermogenesis (NST). The extra heat production 

via shivering thermogenesis and/or NST during facultative or adaptive thermogenesis requires 

increased metabolic activity and energy expenditure (Blondin and Haman, 2018; Cannon and 

Nedergaard, 2004; Haman and Blondin, 2017; Silva, 2006). First, in response to sudden cold exposure, 

the body starts to shiver. Shivering is the most immediate thermogenic reaction to a rapid drop in 

temperature and is initiated by involuntary movements of skeletal muscles, e.g., gastrocnemius or 

soleus muscle (Blondin and Haman, 2018; Haman and Blondin, 2017). Second, in cases of prolonged 

cold exposure where shivering alone cannot cover the heat production demands of the body (Silva, 

2006), heat production occurs through NST (Blondin and Haman, 2018). Importantly, the peripheral 

responses to cold, like shivering and NST, are regulated by the sympathetic central nervous system 

(SNS) (Nakamura and Morrison, 2011). 

 

1.1.2 Adipose tissue thermogenesis  

Brown adipose tissue (BAT) is a metabolically highly active tissue in rodents and also in humans that 

produces heat during NST (Bartelt and Heeren, 2014; Cannon and Nedergaard, 2004; Cheng et al., 

2021).             

 The biggest BAT depot in rodents can be found in the interscapular neck region in close 

proximity to the aorta. Consequently, locally warmed blood can circulate through the body as one 

measure among others to defend body temperature in case of prolonged cold exposure (Thoonen et 

al., 2016). In turn, BAT depots are highly innervated by the SNS and well vascularized (Cannon and 

Nedergaard, 2004). In humans, vital BAT depots in newborns and infants mediate rapid heat production 

in response to cold as their skeletal muscle is not yet sufficiently developed to defend their body 
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temperature via shivering thermogenesis. The largest BAT depots in newborns and infants can be found 

in the interscapular neck region, around the kidneys, the adrenal glands, and smaller depots can be 

found, e.g., along the spine (Lidell, 2018). Also in some adult humans, BAT can be found as small fat 

pads in the neck region, near the kidneys, and near the adrenal glands (Cypess et al., 2009; Gaspar et 

al., 2021; Lee et al., 2011; Virtanen et al., 2009).       

 The activation of brown fat thermogenesis requires the release of norepinephrine (NE) by the 

SNS innervating BAT. As the main central regulator of body temperature homeostasis and 

thermogenesis, the brain releases NE in response to cold exposure to directly trigger BAT 

thermogenesis (Figure 1). In rats and mice, SNS signaling in BAT is mainly mediated by the β3-

adrenergic receptor (ADRB3) isoform (Collins et al., 2014; Grujic et al., 1997; Zhao et al., 1997). In turn, 

the body’s response to prolonged cold exposure in rodents is predominantly facilitated by the 

uncoupling protein 1 (UCP1) initiating NST (Ikeda and Yamada, 2020; Jacobsson et al., 1985; Kozak et 

al., 1988). Upon NE-binding, -adrenergic receptors induce second messenger signaling cascades, 

leading to the transcriptional upregulation of the gene Ucp1. UCP1 is a transmembrane protein located 

at the inner mitochondrial membrane of brown adipocytes (Jacobsson et al., 1985; Kozak et al., 1988) 

and harbors six -helical domains with a single substrate binding site, a proton binding site, and several 

hydrophobic residues (Kozak et al., 1988; Ricquier, 2017; Ricquier et al., 1991). In order to activate 

UCP1, β-adrenergic receptors mediate the increase of intracellular cyclic adenosine monophosphate 

(cAMP) concentration and therefore the stimulation of protein kinase A (PKA) activity (Wicksteed and 

Dickson, 2017; Zhao et al., 1997). Examples of downstream targets of PKA are the cAMP-response-

element-binding protein (CREB) and the hormone-sensitive lipases (HSL), which provide free fatty acids 

(FFA) after breaking down triacylglycerol (Divakaruni et al., 2012; Fedorenko et al., 2012), ultimately 

leading to the activation of UCP1 (Figure 1).        

 On the molecular level, the energy currency in the body is adenosine triphosphate (ATP) that 

is generated during oxidative respiration (Dunn and Grider, 2023; Smeitink et al., 2001; Vercellino and 

Sazanov, 2022). Consequently, the release of energy during the hydrolysis of ATP to adenosine 

diphosphate and phosphate (ADP+P) serves important cell functions in every tissue and organ (de Meis 

et al., 1997; Nelson and Cox, 2001). During BAT thermogenesis, ATP production is uncoupled by UCP1. 

In detail, upon the activation by FFAs, UCP1 facilitates the uncoupling of oxidative phosphorylation 

from ATP production during mitochondrial respiration by dissipating the proton gradient from the 

electron transport chain (Demine et al., 2019; Silva, 2006). The necessary increase in oxidation of 

substrates consequently releases more energy in the form of heat giving BAT its thermogenic features 

(Ikeda and Yamada, 2020). BAT possesses high amounts of mitochondria and thus provides an exclusive 

environment for heat production via controlled uncoupling of the oxidative ADP phosphorylation via 

UCP1. Hence, UCP1 protein content is most abundantly found in the mitochondria of brown adipocytes, 
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but cold exposure may also trigger Ucp1 expression in white adipocytes (Bartesaghi et al., 2015; Sepa-

Kishi et al., 2019).          

 White adipose tissue (WAT) stores energy as large triglyceride-containing lipid droplets inside 

of white adipocytes. Two major WAT depots in rodents are epididymal (eWAT), which can be found in 

the central cavity, and subcutaneous inguinal WAT (iWAT). White adipocytes and thus, WAT, likewise 

harbor energy storing properties in humans. The two main white fat depots in humans are visceral and 

subcutaneous fat (Börgeson et al., 2022). Similar to BAT, also WAT is innervated by the SNS and 

vascularized (Bartness et al., 2014; Rayner, 2001). 

 

Figure 1: Molecular pathways in BAT thermogenesis in response to prolonged cold exposure in mice. 
Upon SNS signaling into BAT, norepinephrine (NE) binds to β3-adrenoreceptors (ADRB3), which in turn 
will lead to increased intracellular cyclic adenosine monophosphate (cAMP) levels due to the 
activation of adenylyl cyclase (AC). cAMP stimulates protein kinase A (PKA), which subsequently 
activates the hormone-sensitive lipase (HSL) and will lead to the breakdown of free fatty acids (FFA). 
FFAs can activate uncoupling protein 1 (UCP1) that is located at the inner mitochondrial membrane, 
ultimately leading to NST. The schematic molecular overview of brown fat thermogenesis was 
adapted from Sentis et al., 2021.  

 

 Interestingly, cold exposure and SNS signaling can trigger lipolysis in WAT which leads to the 

release of FFAs that can potentially active UCP1 (Bartelt et al., 2011; Khedoe et al., 2015). More 

importantly, UCP1 protein can also be found in WAT of rodents and humans, albeit in smaller quantities 

compared to BAT (Bartesaghi et al., 2015; Martínez-Sánchez et al., 2017a; Sepa-Kishi et al., 2019). 

Furthermore, cold exposure and other cues can trigger the occurrence of cells that harbor higher 

amounts of mitochondria compared to white adipocytes within WAT depots. These cells are called 
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beige cells and may acquire thermogenic potential during a process called browning (Fisher et al., 2012; 

Ishibashi and Seale, 2010; Petrovic et al., 2010). The thermogenic feature of beige cells, namely the 

ability to contribute to NST, is of great interest in obesity research due to their origin in WAT depots 

and their ability to burn excess calories (Bartelt and Heeren, 2014; Petrovic et al., 2010). Browning 

within WAT can be triggered by cold and -adrenergic agonists (Cannon and Nedergaard, 2004). 

However, another trigger of browning in WAT is hormones, such as thyroid hormone (Johann et al., 

2019; Silva, 2003, 2001, 1995).  
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1.2 Thyroid hormones  

Thyroid hormones (TH) are crucial players in whole-body homeostasis, controlling, e.g., growth, 

thermogenesis, and metabolism in mammals, such as rodents and humans. Target tissues of TH are, 

e.g., the liver, heart, muscle tissue, and also BAT (Anyetei-Anum et al., 2018).  

 

1.2.1 Thyroid hormone regulation and action 

The release of TH by the thyroid gland is tightly regulated by the hypothalamus-pituitary-thyroid (HPT) 

axis (Duntas, 2016). Additionally, the release of TH is highly self-regulated via a negative feedback circuit 

(Gothe et al., 1999; Shupnik et al., 1989; Yen, 2001). Upon signaling from the hypothalamus via the 

thyrotropin-releasing hormone (TRH), the pituitary releases the thyroid-stimulating hormone (TSH). 

TSH in turn binds to the thyrotropin receptor of thyroid follicular cells of the thyroid gland initiating the 

releases of thyroxine (T4) and small amounts of the physiologically more active 3,3’,5-triiodothyronine 

(T3) into the bloodstream (Shupnik et al., 1989, 1985; Yen, 2001; Figure 2).  

 

Figure 2: Hypothalamus-pituitary-thyroid (HPT) axis. The release of thyroxine (T4) and 3,3’,5-
triiodothyronine (T3) by the thyroid gland is tightly regulated by the HPT-axis. The hypothalamus 
releases thyrotropin-releasing hormone (TRH), which in turn initiates the release of thyroid-
stimulating hormone (TSH) from the pituitary. Finally, TSH induces the release of T3 and T4 from the 
thyroid gland. TH demands in the periphery are regulated via a negative feedback circuit. 
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T4 and T3 enter the cell via TH transporters, such as the monocarboxylate transporter  

(MCT) 8, MCT10, the organic anion transporting polypeptide (OAPT) 1C1, and the solute carrier family 

10 member 1 (SLC10A1) (Groeneweg et al., 2020). TH target tissues express iodothyronine deiodinases 

(DIO) which regulate the intracellular availability of TH (Bianco and Da Conceição, 2018; Bianco and 

Kim, 2006; Sabatino et al., 2021). DIO1 and DIO2 mediate the intracellular conversion of the 

prohormone T4 to T3 by outer ring deiodination in a tissue-specific manner. DIO1 is most abundantly 

found in the liver, whereas DIO2 mediates TH actions in, e.g., BAT, skeletal muscle, and the 

hypothalamus (Sabatino et al., 2021). In turn, DIO3 inactivates T3 to reverse T3 (rT3) restricting the 

tissue-specific demands of TH (Bianco and Da Conceição, 2018; Hernandez and Stohn, 2018).  

 Upon entry into the cell, T3 also enters the nucleus to bind to thyroid hormone receptors (TRs). 

Two main types of nuclear receptors, which are expressed by two different genes, can be found 

throughout the body: TRα1 and TRβ1/2 (Ortiga-Carvalho et al., 2014). TR1 is most abundantly located, 

e.g., in the heart mediating heart rate changes via ionotropic effects, in the muscle increasing energy 

metabolism, and in the hypothalamus regulating body temperature (Anyetei-Anum et al., 2018; Zekri 

et al., 2022a). By contrast, TR isoforms are most abundantly found in the liver mediating important 

metabolic liver processes and play a role in TSH regulation, as well as during the embryonic 

development of hearing and color vision (Anyetei-Anum et al., 2018; Ng et al., 2001; Zekri et al., 2022a). 

Brown and white adipocytes accommodate both, TR1 and TR isoforms (Anyetei-Anum et al., 2018; 

Hernández and Obregón, 1996; Zekri et al., 2022a). TR is thought to mediate the direct actions of TH 

in BAT in response to a cold trigger (Ribeiro et al., 2010, 2001; Villicev et al., 2007), whereas TR1 is 

crucial for the overall adrenergic responsiveness of BAT needed for the induction of NST (Ribeiro et al., 

2010; Sjögren et al., 2007). However, the exact contributions of both receptor isoforms to adaptive 

BAT thermogenesis and whole-body thermogenesis are yet to be fully elucidated (Sentis et al., 2021). 

 Nuclear TRs act as ligand-dependent transcription factors inducing or repressing target gene 

expression via canonical pathways, thus mediating the actions of TH signaling. Furthermore, TRs can 

bind to TH response elements (TREs) that unfold their action by forming heterodimers with, e.g., 

retinoid x receptors (RXRs) (Paquette et al., 2014; Yen, 2001). Ultimately, target gene transcription is 

initiated upon the recruitment of coactivator complexes and histone acetyl transferases (Koenig, 1998; 

Shabtai et al., 2021; Sinha and Saiz, 2014). Additionally, TRs can also act on gene transcription in the 

unliganded state as aporeceptors (Brent et al., 1989). Unliganded aporeceptors can interact with 

corepressors, e.g., the nuclear receptor corepressor (NCoR) or the silencing mediator of retinoic acid 

and thyroid hormone receptor (SMRT) to repress or also induce target gene transcription (Astapova et 

al., 2008; Saponaro et al., 2020). Recent studies suggest that TH aporeceptors play a physiological role 

and may mediate developmental actions in the absence of TH (Bernal and Morte, 2013). However, 

most TR actions are still poorly understood, as studies suggest that also non-canonical cellular 
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pathways may be initiated by T3 signaling (Flamant et al., 2017).    

 Most importantly, balanced levels of circulating TH are crucial for normal tissue and organ 

functioning in rodents, but also in humans. In the case of hyperthyroidism, excess circulating TH levels 

implicate a faster metabolism and hyperthermia, ultimately leading to weight loss (De Leo et al., 2016; 

Sulman et al., 1975). In turn, too little circulating TH, as in hypothyroidism, results in a slower metabolic 

rate and subsequent weight gain (Chaker et al., 2022). The consequent changes of the metabolic rate 

during clinical hypo- or hyperthyroidism can most likely be attributed to the effects of TH in 

metabolically highly active muscle tissue, but also in the liver (Lahesmaa et al., 2014; Sawicka-Gutaj et 

al., 2022; Sinha et al., 2018).  

 

1.2.2 Thyroid hormones in thermogenesis  

Thyroid hormones act in various tissues and organs of rodents and humans to exert, e.g., metabolic 

and thermoregulatory functions (Figure 3).        

 

Figure 3: Thyroid hormones (TH) act in various tissues and organs of rodents. The nuclear thyroid 
hormone receptors (TRα1 and TRβ isoforms) can be found (i) in the brain, to regulate whole-body 
temperature regulation and thermogenesis; (ii) in the muscle, to increase energy metabolism; (iii) in 
white adipose tissue (WAT), to improve thermogenic potential by increasing Ucp1 expression; (iv) in 
brown adipose tissue (BAT) to induce thermogenesis via UCP1; and (v) in epithelial cells, where THs 
influence vasoconstriction and vasodilatation in the tail of mice. The schematic overview of thyroid 
hormone target organs and tissues was adapted from Sentis et al., 2021. 
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Following the effects of TH imbalances on whole-body thermoregulation, studies on 

thyroidectomized rats have long established an important role for TH in brown fat thermogenesis 

(Figure 3) and thus adequate BAT function (Triandafillou et al., 1982). On the molecular level, TH elicits 

two crucial effects in BAT: the activation of Ucp1 transcription and the enhancement of BAT sensitivity 

to NE. The latter is particularly noteworthy, as NE boosts DIO2 activity (Silva and Larsen, 1983), leading 

to the increased conversion of intracellular T4 to T3 in BAT (Figure 4). Upon NE-stimulation, elevated 

DIO2 activity results in a 3- to even 4-fold increase of intracellular T3 concentration (Silva and Larsen, 

1983). In turn, high intracellular T3 levels lead to nuclear TR saturation and the rapid induction of Ucp1 

expression via TREs that can be found in the 5’-flanking region of Ucp1 (Rabelo et al., 1995). 

 

Figure 4: Thyroid hormone in brown fat thermogenesis. In synergism with SNS signaling, thyroid 
hormones (thyroxine, T4) can enter the cell via thyroid hormone transporters (THT). Upon conversion 
of T4 to physiological more active triiodothyronine (T3) by the iodothyronine deiodinase 2 (DIO2), T3 
can initiate Ucp1 expression during brown fat thermogenesis. The schematic molecular overview of 
brown fat thermogenesis was adapted from Sentis et al., 2021. 

 

Furthermore, observations about UCP1 protein content in BAT mitochondria of euthyroid rats 

compared to hypothyroid rats housed at thermoneutrality revealed that UCP1 protein content is 

significantly reduced in the latter when TH is not available. Interestingly, Ucp1 expression in rats cannot 

be upregulated in absence of TH when exposed to cold, which ultimately leads to an impaired 

thermogenic response (Bianco and Silva, 1988, 1987; Rehnmark et al., 1992). Thus, TH actively 

contributes to the thermogenic potential of brown fat by inducing thermogenic target gene expression 

during cold exposure (Figure 4).        

 Besides the direct effects of TH on Ucp1 expression during NST, -adrenergic receptors that 
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mediate NE-signaling in BAT are also indirect targets of TH signaling (Bahouth, 1991). In absence of 

sympathetic stimulation, TH does not trigger Ucp1 upregulation in BAT (Bianco and Silva, 1988). In turn, 

NE-induced thermal responsiveness depends likewise on the availability of TH in BAT (Zekri et al., 

2022b). Although the importance of the indirect influence of TH on -adrenergic receptor expression 

has been suggested, the degree at which -adrenergic receptors can be seen as a sensitive target of 

TH-SNS crosstalk and interaction remains enigmatic (Alvarez-Crespo et al., 2016; Guilherme et al., 2020; 

Johann et al., 2019; López et al., 2013, 2010; Silva and Bianco, 2008). Eventually, the synergistic 

interplay of TH signaling, -adrenergic signaling, and the expression of Ucp1 and following activation 

of UCP1 via FFAs is required for proper BAT functioning and therefore NST (Ribeiro et al., 2001; 

Schweizer et al., 2018; Silva and Larsen, 1983; Yau and Yen, 2020).     

 Interestingly, systemic TH treatment in rats at room temperature promotes BAT thermogenesis 

(Abelenda and Puerta, 1992; Rial-Pensado et al., 2022), whereas hyperthyroidism in mice leads to shut-

down of BAT thermogenesis that is also accompanied by a downregulation of Adrb3 expression (Johann 

et al., 2019). However, the molecular mechanisms that mediate these contradictory findings are yet to 

be identified. 

 

1.2.3 Thyroid hormone receptors and their role in thermoregulation  

Due to the important role of THs in whole-body temperature homeostasis and brown fat 

thermogenesis, mutations in TRs may lead to defects in thermoregulation, e.g., during cold exposure.

 Studies in TRβ knockout (KO) mice revealed that their body temperature phenotype is normal 

at 22°C ambient temperature (Forrest et al., 1996; Forrest and Vennström, 2000). Opposite to that, 

TRα1+m mutants and TRα1 KO mice display a significantly reduced body temperature when housed at 

room temperature and fail to sufficiently defend their body temperature during cold exposure (Marrif 

et al., 2005; Tinnikov et al., 2002). Additional studies aiming at investigating the underlying causes of 

the lower body temperature phenotype in TRα1+m mice found that defective TRα1 signaling leads to 

excessive heat loss via the tail due to defective vasoconstriction. To compensate for the excessive heat 

loss via the tail, BAT of TRα1+m mutants is highly active (Warner et al., 2013). Furthermore, TRα1+m 

mice harbor a mutant TRα1 with a 10-fold reduced binding affinity to T3, rendering organs and tissues 

where TRα1 is most abundant hypothyroid. However, by treating the TRα1+m mice with sufficient 

concentrations of TH, the defective TRα1 can be reactivated (Tinnikov et al., 2002; Warner et al., 2013). 

 Whether the defective body temperature phenotype of TRα1+m mice is exclusively provoked 

by peripheral TRα1 actions or whether defective central TRα1 signaling leads to changes in the centrally 

regulated body temperature set-point is, however, yet to be investigated. 
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1.2.4 Central effects of thyroid hormones 

In addition to the direct effects on peripheral organs like the liver and BAT, THs also elicit direct central 

actions, thereby mediating peripheral effects such as thermogenesis and metabolic changes (Klieverik 

et al., 2009; Warner and Mittag, 2012; Zhang and Bi, 2015; Zhang et al., 2018).   

 The hypothalamus was identified as the central key player in body temperature regulation and 

homeostasis in rodents and humans, influencing peripheral thermogenesis (Contreras et al., 2017, 

2016; Hameed et al., 2017; López et al., 2016; Warner and Mittag, 2012). Already in the late 1990s, the 

altered-body temperature set-point hypothesis was proposed, suggesting that the central body 

temperature set-point is modulated and adjusted by centrally acting TH (Nedergaard et al., 1997). 

 A decade later, it was shown that the intracerebroventricular (ICV) administration of T3 triggers 

BAT thermogenesis by decreasing the levels of hypothalamic adenosine monophosphate-activated 

protein kinase (AMPK) in the ventromedial hypothalamus (VMH), subsequently inducing increased SNS 

signaling to BAT (López et al., 2010). Furthermore, thermogenic markers, such as Ucp1 gene expression 

and Dio2 gene expression are upregulated in brown fat in response to central T3 administration. 

Consequently, centrally acting T3 leads to an enhanced thermogenic capacity of BAT (Alvarez-Crespo 

et al., 2016; López et al., 2016, 2013, 2010; Martínez-Sánchez et al., 2017b). These findings highlight 

the important role of centrally acting TH in the broader context of activating thermogenesis and brown 

fat thermogenesis in particular. However, recent findings suggest a more complicated interplay of 

centrally acting T3 and the diverse peripheral actions of TH in different tissues and organs (Sentis et al., 

2021). Despite elevated body temperature upon systemic hyperthyroidism, NE turnover rates imply a 

reduced adrenergic responsiveness of BAT in hyperthyroid mice at thermoneutrality (Johann et al., 

2019).           

 Furthermore, whether the hypothalamic effects of TH on body temperature regulation are 

mediated via TRα1 or TRβ action remains mostly unknown. 
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1.3 Aims of this study  

Due to the incomplete understanding of the individual contributions of TRα1 and TRβ action to body 

temperature regulation, this thesis aims at dissecting the peripheral and central contributions of TRα1 

and TRβ signaling to body temperature homeostasis in mice (Figure 5A+B). While TRα1+m mutants 

have a lower body temperature phenotype at room temperature due to excessive tail heat loss (Warner 

et al., 2013), TRβ KO animals do not show any differences in body temperature when compared to 

wildtype controls (Forrest and Vennström, 2000). Whether the impaired body temperature phenotype 

observed in TRα1+m mice is solely the result of peripheral TRα1 actions, or whether defective central 

TRα1 signaling contributes to, e.g., an altered body temperature set-point, will be addressed in this 

study.            

 Additionally, the underlying mechanisms at which TH-induced brown fat thermogenesis are 

differentially regulated in rats and mice are still vastly unknown. Systemic TH treatment induces brown 

fat thermogenesis in rats (Rial-Pensado et al., 2022) but fails to recruit BAT in mice at room 

temperature, which is accompanied by a downregulation of Adrb3 (Johann et al., 2019; Lombardi et 

al., 2015). Interestingly, no mechanism that promotes the species-specific differences in BAT 

recruitment following systemic hyperthyroidism in rats and mice has been described yet (Figure 5C).  
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Figure 5: Aims of the study. A) Is the heat loss defect in TRα1+m mice the main driver of lower body 
temperature or is there a central contribution of TRα1 signaling to body temperature regulation? B) Is 
the expression of dominant-negative TRα1 in the hypothalamus of wildtype mice sufficient to alter the 
body temperature phenotype and thus the central body temperature set-point? C) Is Adrb3 expression 
differentially regulated in vivo and in vitro in response to thyroid hormone treatment in rats and mice?   

 

By first using TRα1+m mutants, TRβ KO mice, and wildtype mice expressing dominant-negative TRα1 in 

the hypothalamus to investigate TR-dependent thermoregulation in vivo, and second by using cultured 

murine primary brown and white adipocytes in vitro, I will address following questions in this thesis: 

1. Is TRα1 the main receptor isoform for body temperature regulation or does TRβ contribute to 

body temperature homeostasis? 

2. Is the heat loss defect in TRα1+m mice the main driver of the lower body temperature or is 

there also a central contribution of TRα1 signaling to body temperature regulation (Figure 5A)? 

3. Does the reactivation of the mutated TRα1 at thermoneutrality in TRα1+m mice alter the body 

temperature phenotype compared to controls by recruiting BAT?  

4. Is the expression of dominant-negative TRα1 in the hypothalamus of wildtype mice sufficient 

to alter the basal metabolic rate and the body temperature phenotype and thus the central 

body temperature set-point (Figure 5B)?  

5. Is Adrb3 expression differentially regulated in vivo and in vitro in response to TH treatment in 

rats and mice (Figure 5C)?  
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2 Material and Methods 

 

The following chapter lists all materials (see section 2.1) and methods (see section 2.2) used in this 

study. 

 

2.1 Material  

2.1.1 Chemicals, drugs, and reagents used in this study 

Table 1 lists all commercially available chemicals, drugs, and reagents that were used in this study to 

conduct the experiments.  

 

Table 1: List of chemicals, drugs, and reagents  

Chemicals/reagents  Company 

0.05 % Trypsin-EDTA (1x) Thermo Fisher Scientific Inc., Germany  

2-Amino-2-(hydroxymethyl)propane-1,3-diol 
(Tris) 

Carl Roth GmbH + Co. KG, Germany 

2-Propanol Carl Roth GmbH + Co. KG, Germany 

3,3',5-Triiodo-L-Thyronine sodium salt  

(T3; T6397) 
Sigma Aldrich Chemie GmbH, Germany  

3-isobutyl-1-methylxanthine (IBMX) Sigma Aldrich Chemie GmbH, Germany  

Ammonium peroxodisulfate (APS) Carl Roth GmbH + Co. KG, Germany 

Bepanthen eye oinment  Bayer, Germany  

Bicinchoninic acid reagent (BCA) Sigma Aldrich Chemie GmbH, Germany  

Bovine serum albumin (BSA; A7030 & A7906) Sigma Aldrich Chemie GmbH, Germany  

Bromophenol blue  Sigma Aldrich Chemie GmbH, Germany  

Carprofen (Rimadyl® Vnr462986) Pfizer Inc., USA 

Chloroform Sigma Aldrich Chemie GmbH, Germany  

CL 316,243 (β3-adrenergic receptor agonist) Sigma Aldrich Chemie GmbH, Germany  

Collagenase type II Worthington Biochemical Corp, USA 

Copper(II) sulfate (CuSO4; 4 %) Merck KGaA, Germany 

D(+)-Saccharose (C12H22O11) Carl Roth GmbH + Co. KG, Germany 

D-Biotin Sigma Aldrich Chemie GmbH, Germany  

Dexamethasone Sigma Aldrich Chemie GmbH, Germany  

Diethyl ether  Carl Roth GmbH + Co. KG, Germany 
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Chemicals/reagents  Company 

Dimethyl sulfoxide (DMSO) AppliChem GmbH, Germany  

Disodium phosphate (Na2HPO4) Carl Roth GmbH + Co. KG, Germany 

Dispase II Roche Diagnostics GmbH, Germany 

D-Panthotenic acid hemicalcium salt Sigma Aldrich Chemie GmbH, Germany  

Dulbecco's phosphate buffered saline  
(DPBS (1x), sterile) 

Thermo Fisher Scientific Inc., Germany  

Erythrocyte lysis buffer QIAGEN GmbH, Germany 

Ethanol (denaturated) Carl Roth GmbH + Co. KG, Germany 

Ethanol 99 % (extra pure)  Th. Geyer GmbH, Germany  

Ethylene glycol Th. Geyer GmbH, Germany  

Ethylenediaminetetraacetic acid (EDTA) AppliChem GmbH, Germany  

Fetal bovine serum (FBS; F7524) Sigma Aldrich Chemie GmbH, Germany  

GibcoTM Dulbecco’s modified eagle medium 
(DMEM/F-12, without glutamine) 

Thermo Fisher Scientific Inc., Germany  

Glycerol Sigma Aldrich Chemie GmbH, Germany  

Glycine (G8898) Sigma Aldrich Chemie GmbH, Germany  

Hydrochloric acid (HCl; 37 %) Carl Roth GmbH + Co. KG, Germany 

Indomethacin Sigma Aldrich Chemie GmbH, Germany  

Insulin Novo Nordisk, Denmark 

Isoflurane  Zoetis Inc., USA 

Isopropanol 99 % (17024) Th. Geyer GmbH, Germany  

L-Glutamine Life Technologies, USA 

Methanol Carl Roth GmbH + Co. KG, Germany 

Mineral oil SERVA Electrophoresis GmbH, Germany 

Monosodium phosphate (NaH2PO4)  Carl Roth GmbH + Co. KG, Germany 

Nonidet P40 Honeywell Fluka, USA 

Normal donkey serum (END9010-10) BIOZOL Diagnostics, Germany 

Page RulerTM Plus Prestained protein ladder Thermo Fisher Scientific Inc., Germany  

Penicillin-Streptomycin (10000 U/mL; 
15140122) 

Thermo Fisher Scientific Inc., Germany  

Perfluoroalkoxy alkanes (PFA in PBS; 4 %) Thermo Fisher Scientific Inc., Germany  

Phenylmethylsulfonyl fluoride (PMSF) Sigma Aldrich Chemie GmbH, Germany  

Potassium chloride (KCl)  Carl Roth GmbH + Co. KG, Germany 

Potassium dihydrogen phosphate (KH2PO4) Carl Roth GmbH + Co. KG, Germany 

Powdered milk Carl Roth GmbH + Co. KG, Germany 

ProLong Diamond Antifade Mountant with DAPI 
(P36971) 

Life Technologies, USA 

Protease inhibitors (5892970001) Roche Diagnostics GmbH, Germany 
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Chemicals/reagents  Company 

QIAzol QIAGEN GmbH, Germany  

RestoreTM stripping buffer Thermo Fisher Scientific Inc., Germany  

RNase ZAPTM  Th. Geyer GmbH, Germany  

Rosiglitazone Cayman Chemical, USA 

Sodium chloride (NaCl; 0.9 % sterile) Carl Roth GmbH + Co. KG, Germany 

Sodium deoxycholate (C24H39NaO4) AppliChem GmbH, Germany  

Sodium fluoride (NaF) Sigma Aldrich Chemie GmbH, Germany  

Sodium hydrogen carbonate (Na2HPO4) Carl Roth GmbH + Co. KG, Germany 

Sodium hydroxide (NaOH)  Carl Roth GmbH + Co. KG, Germany 

Sodium lauryl sulfate (SDS) Sigma Aldrich Chemie GmbH, Germany  

Sodium orthovanadate (Na3VO4) Sigma Aldrich Chemie GmbH, Germany  

ß-Mercapthoethanol Sigma Aldrich Chemie GmbH, Germany  

Standard chow diet (1314) Altromin, Germany 

Tetramethylethylenediamine (TEMED) Carl Roth GmbH + Co. KG, Germany 

TritonTMX-100  Th. Geyer GmbH, Germany  

Tween® 20 Sigma Aldrich Chemie GmbH, Germany  

Vaseline  
Balea; dm-Drogeriemarkt GmbH + Co. KG, 
Germany  

Xylocain (10 mg/mL)  AstraZeneca, UK  

 

 

2.1.2 Consumables, devices, and equipment used in this study  

The following table (Table 2) lists all commercially available consumables, devices, and additional 

equipment that were used in this study to conduct the experiments.  

 

Table 2: List of consumables, devices, and equipment  

Devices/consumables Company  

96-PCR plate Sarstedt AG & Co., Germany  

Absorbable suture (V396H Coated Vicryl) Ethicon, Germany  

Adhesive clear PCR seal sheets  BiozymScientific GmbH, Germany  

Alcohol pads  Braun, Germany  

Aluminium foil  Th. Geyer GmbH, Germany  

Anaesthesia Unit 410  High Precision Instruments, Univentor, Malta  

Benchtop centrifuge (MC6 centrifuge) Sarstedt AG & Co., Germany  
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Devices/consumables Company  

Bright field microscope (Axiovert 40 CFL) Carl Zeiss AG, Germany  

Cell scraper (sterile) Sarstedt AG & Co., Germany  

Cell strainer (70 µm) Corning Incorporate – Life Sciences, USA 

Centrifuge (5430, 5430 R, and multifuge 3 S-R) Eppendorf AG, Germany  

Ceramic beads (1.4 mm, 325 g)  VWR International, Germany  

ChemiDocTM Touch Imaging System BioRad Laboratories, Germany 

Climate chamber MKKL1200  Flohr Instruments, Netherlands  

Cotton swaps  Nobamed, Germany  

Cover glasses Th. Geyer GmbH, Germany  

Cryostat  Leica Biosystems, Germany  

DMI6000B Fluorescence microscope  Leica Biosystems, Germany  

Dräger Isoflurane Vapor® 19.3 Drägerwerk AG & Co. KGaA, Germany 

Dremel® 200 Multitool System Dremel, USA 

DVOMAX 1030  Heidolph Instruments, Germany  

ECGenie Clinic System Mouse Specifics Inc., USA 

Eppendorf tubes (5 mL)  Eppendorf AG, Germany  

ER-4000 receiver plates PhilipsRespironics, USA 

Falcon tubes (15 mL, 50 mL) Sarstedt AG & Co., Germany  

Filter tips (10 μL, 100 μL, 1000 μL; 701114210, 
70760212, 70762211) 

Sarstedt AG & Co., Germany  

Filtropur S 0.2 (Syringe filters 0.2 μm)  Sarstedt AG & Co., Germany  

FisherbrandTM Homogenizer Bead Mill 24 Fisher Scientific GmbH, Germany  

Fluorescence microscope (AxioVision) Carl Zeiss AG, Germany 

G2-E-Mitter PhilipsRespironics, USA 

Gel Chamber BioRad Laboratories, Germany 

Glass capillaries (1.14 mm; 504949) World Precision Instruments, USA 

Heating pad (Thermolux)  Witte + Sutor GmbH, Germany  

Hood 
Waldner Laboreinrichtungen GmbH & Co. KG, 
Germany  

Incubator (HERA Cell)  Heraeus, Germany 

INCU-LINE ILS6 VWR International, Germany  

Inject®-FLuerSolo Braun, Germany  

Magnetic stirrer (Rct basic) IKA®-Werke GmbH & Co. KG, Germany  

Micro tube 1.5 mL SafeSeal  Sarstedt AG & Co., Germany  

Micro tube 2 mL SafeSeal  Sarstedt AG & Co., Germany  

Microscope slides Thermo Fisher Scientific Inc., Germany  

NanoDropTM One C Thermo Fisher Scientific Inc., Germany  
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Devices/consumables Company  

Nanoliter 2020 injector World Precision Instruments, USA 

Parafilm  American National Con., USA  

Permanent suture (EH7823H) Ethicon, Germany  

pH-meter (PB-11) 
Sartorius Lab Instruments GmbH & Co. KG, 
Germany  

Pipetboy (Pipetus red dot) 
Hirschmann Laborgeräte GmbH & Co. KG, 
Germany  

Pipettes (Research Plus and Multipette) Eppendorf AG, Germany 

PluriStrainer (300 µm) pluriSelect, Germany 

PV-1 Grantbio  Grant Instruments Ltd, UK  

QuantStudio Applied Biosystems real-time PCR 
system 

Thermo Fisher Scientific Inc., Germany  

Rectal thermometer probe (BAT-12)  Physitemp Inc., USA  

Sample concentrator Biostep GmbH, Germany 

SavantTM SpeedVacTM Concentrator SPD111V Savant Group, USA 

Scale (ACCULAB) 
Sartorius Lab Instruments GmbH & Co. KG, 
Germany  

SPECTROstar Nano Microplate Reader BMG Labtech, Germany  

Stereotaxic Apparatus (963205A, 957) Kopf®, USA 

Sterile bench (HERA Safe 2020) Heraeus, Germany  

T335 and T540 infrared cameras  FLIR Systems Termisk Systemteknik, Sweden  

TC dish 100, standard Sarstedt AG & Co., Germany  

TC plate, 6 well, standard F  Sarstedt AG & Co., Germany  

Thermocycler (PTC-200) Biozym Scientific GmbH, Germany  

Thermomixer (5436) Eppendorf AG, Germany  

Titramax100  Heidolph Instruments, Germany  

Transfer membranes Immobilion®-PVDF 
(IPVH00010) 

Merck KGaA, Germany 

TSE PhenoMaster TSE Systems, Germany  

VMS-C4  VWR International, Germany  

Water bath (OLS 200) Grant Instruments Ltd, UK 

Western Blot apparatus BioRad Laboratories, Germany  

Western Blotting filter paper  Thermo Fisher Scientific Inc., Germany  
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2.1.3 Commercially available kits  

Table 3 lists all commercially available kits and the respective catalogue numbers that were used in this 

study. 

 

Table 3: List of commercially available kits  

Kits Company Catalogue # 

cAMP assy kit Cytiva, USA RPN225 

ClarityTM Max Western ECL 
Substrate 

BioRad Laboratories, Germany 1705062 

Free fatty acid assay kit Abcam, UK ab65341 

Free T4 ELISA DRG Instruments GmbH, Germany  EIA-3775 

Glycogen assay kit  Sigma Aldrich Chemie GmbH, Germany  MAK016 

GoTaq® qPCR Mastermix Promega GmbH, Germany  M7112 

RevertAid First Strand cDNA 
Synthesis kit 

Thermo Fisher Scientific Inc., Germany K1621 

RNaesyMini kits QIAGEN GmbH, Germany 
74106, 74704, 
74804  

TGX Stain Free FastCast 
acrylamide kit 

BioRad Laboratories, Germany 
1610183, 
1610185 

Total T3 ELISA  NovaTec Immundiagnostica GmbH, Germany  DNOV053  

Total T4 ELISA  DRG Instruments GmbH, Germany  EIA-1781  

 

 

2.1.4 Buffer recipes used in this study 

Table 4 lists all buffers and their respective compositions and concentrations that were used in this 

study to conduct the experiments.  

 

Table 4: List of buffers and recipes  

Buffer  Concentration Substances  

Cryo-protection solution (CPS;  
pH = 7.4, for 250 mL)  

75 mL  

75 mL  

19 mL  

81 mL  

Ethylene glycol 

Glycerol 

NaH2PO4 (0.1 M)  

Na2HPO4 (0.1 M) 
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Buffer  Concentration Substances  

Lysis buffer  

50 mM  

150 mM  

1 % v/v  

0.25 % w/v  

1 mM  

1 Tablet  

1 mM  

1 mM  

1 mM  

Tris-HCl (pH 7.4)  

NaCl  

Nonidet P40  

C24H39NaO4  

Ethylenediaminetetraacetic acid (EDTA)  

Protease inhibitor  

PMSF  

Na3VO4  

NaF  

Phosphate buffered saline 
(PBS, 10x) pH = 7.4  

27 mM  

17.6 mM  

188.8 mM  

1370 mM  

KCl  

KH2PO4  

Na2HPO4   

NaCl  

Resolving gel: for 1 Gel with 
TGX Stain-FreeTM FastCastTM 
Acrylamide Kit (Table 3) 

1 part  

1 part  

0.5 %  

0.08 %  

Resolver 1  

Resolver 2  

Ammonium peroxodisulfate (APS; 10 %)  

Tetramethylethylenediamine (TEMED)  

Running buffer  

0.25 M  

1.92 M  

1 % (w/v)  

Tris  

Glycin  

Sodium lauryl sulfate (SDS)  

Sample buffer (4x Lämmli 
Buffer)  

50 % (v/v)  

10 % (w/v)  

312.5 mM  

1 spatula  

Before use: 1 part 
for 4 parts of buffer 

Glycerol  

SDS  

Tris-HCl (pH 6.8)  

Bromphenol blue  

β-Mercaptoethanol 

Stacking gel: for 1 Gel with 
TGX Stain-FreeTM FastCastTM 
Acrylamide Kit (Table 3) 

1 part  

1 part  

0.5 %  

0.15 %  

Stacker 1  

Stacker 2  

APS (10 %)  

TEMED  

TBS (Tris-buffered saline, 10x,  
pH 7.4)  

100 mM  

1.5 M  

Tris-HCl  

NaCl  

TBS-T (TBS-Tween20, 1x)  

1 part  

9 parts  

0.1 %  

TBS (10x)  

Distilled water  

Tween-20  

Transfer buffer  

0.025 M  

0.192 M  

20 %  

Tris  

Glycine  

Methanol  
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2.1.5 Analysis software  

The following table (Table 5) lists all software and their respective analysis purpose that were used in 

this study to conduct the experiments.  

 

Table 5: List of software used in this study  

Software name Purpose Company  

CorVita  
ECG signal preprocessing 
and analysis 

Mouse Specifics Inc., USA 

FLIR Tools Infrared picture analysis 
FLIR Systems Termisk 
Systemteknik, Sweden  

GraphPad PRISM 9 Statistical analysis  GraphPad Software Inc., USA 

ImageLabTM Software Western Blot analysis 
BioRad Laboratories, 
Germany 

MARS Datenanalyse-Software Microplate reader software BMG Labtech, Germany  

MATLAB® R2018a 
Analysis of physiological 
mouse data  

The MathWorks Inc., USA 

Microsoft Office Excel 
Data preprocessing and 
statistical analysis  

Microsoft, USA 

QuatStudioTM Design & Analysis 
v1.5.1 

qPCR analysis 
Thermo Fisher Scientific Inc., 
Germany 

TSE PhenoMaster Software 
V6.5.3 

Recording and analysis of 
indirect calorimetry 
parameters 

TSE Systems, Germany 

Vital View 4.200.2 
Telemetry recording 
software  

PhilipsRespironics, USA 
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2.2 Methods  

2.2.1 In vivo experiments  

2.2.1.1 Animal husbandry  

Male TRα1+m mutant mice (Tinnikov et al., 2002), TRβ KO mice (Forrest et al., 1996), and control 

animals on a C57Bl/6NCr background were obtained from in-house breeding from Gemeinsame 

Tierhaltung, University of Lübeck, Germany. Additional male wildtype C57Bl/6NCr animals for 

hypothalamic viral vector injections were purchased from Charles River Laboratories (CharlesRiver, 

Germany). Before any interventions, all mice were 3-6 months old, single-housed at 22 ± 1°C ambient 

temperature, exposed to a constant 12 h light-/dark cycle, and fed ad libitum with chow food and water. 

All animal experiments were performed according to EU guideline regulations (210/63/EU) and 

approved by the MEKUN (Ministerium für Energiewende, Klimaschutz, Umwelt und Natur) Schleswig-

Holstein (Germany).         

 After sacrifice, tissues and organs of interest were collected, snap-frozen, and stored at -80°C 

for further analysis. Blood was collected from the aorta and allowed to clot on ice for 20 min. 

Subsequent centrifugation of the blood at 4°C and 2000 rfc for 10 min was repeated twice before the 

supernatant was transferred into fresh tubes and stored at -20°C until further use.  

 

2.2.1.2 Radiotelemetry transmitter implantation   

Body temperature, heart rate, and activity of freely moving mice were recorded with the help of 

implanted radiotelemetry transmitters and radiotelemetry receiver plates (Table 2).   

 The surgical procedure was previously described and adjusted for all following experiments 

(Dore et al., 2023b; Herrmann et al., 2020). First, mice were placed on a heating pad (Table 2) and body 

temperature was controlled via a rectal probe during all surgeries. Anesthesia was induced using 4 % 

isoflurane (Table 1) at a 400 mL/min flow rate which was reduced to 2 % isoflurane at 200 mL/min for 

the duration of surgery. Before the start of the telemetry transmitter implantation surgeries, pain 

medication was administered s.c. (5 mg/kg Carprofen (Table 1) in 1x sterile NaCl (Table 1)) and eye 

ointment (Table 1) was applied to avoid drying of the eyes. Physiological parameters, such as body 

temperature, regular heart rate, and reflexes were constantly monitored. The toe-pinch reflex was used 

to check the anesthesia depth.          

 The surgical procedure itself started by making a vertical incision into the skin at the lower rips 

level, followed by separation of the connective tissue from the superincumbent skin to reveal the 

cavity. A second incision was made following the linea alba to avoid excessive bleeding. A sterilized 

radiotelemetry transmitter was implanted into the abdominal cavity and the cavity was closed using 
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absorbable sutures (Table 2). Electrodes for continuous heart rate recordings were placed near the 

right shoulder (negative electrode) and close to the lower left costal arch (positive electrode) to create 

a diagonal plane embedding the heart. Both electrodes were fixated with non-absorbable sutures 

(Table 2). The outer skin incisions were closed with absorbable suture and all mice were allowed to 

wake up in their cages. For the next three days, water-soaked food in petri dishes was placed into the 

cages and pain medication (5 mg/kg Carprofen (Table 1) in 1x sterile NaCl (Table 1)) was administered 

s.c. for two more days after surgery. After a recovery period of a minimum of seven days, baseline 

measurements of core body temperature, heart rate, and activity were recorded.  

 

2.2.1.3 Induction of systemic hyperthyroidism: oral T3 treatment  

Wildtype control animals, TRβ KO animals, and TRα1+m mutant mice were treated with 0.5 mg/L T3 

(Table 1) in 0.01 % bovine serum albumin (BSA; Table 1) in tap water for 12 days to induce systemic 

hyperthyroidism (Dore et al., 2023b; Johann et al., 2019). All water bottles were freshly prepared in the 

morning and replaced every day.  

 

2.2.1.4 Adeno-associated viral vector (AAV) delivery  

Wildtype C57Bl/6NCr animals were used to perform stereotaxic injections of adeno-associated viral 

vectors (AAV1/2) carrying dominant-negative TRα1 (TRα1R384C-IRES-mCherry, 2.81*1012 GC/mL) or 

green fluorescence protein (GFP, 2.17*1012 GC/mL) that were commercially purchased from 

VectorBuilder (VectorBuilder GmbH, Germany). Both vectors were cytomegalovirus (CMV) immediate-

early promoter-driven and thus promoted the expression of dominant-negative TRα1 and control GFP 

in cells close to the injection site (Bäck et al., 2019).       

 The surgical procedure started by anesthetizing the animals using 4 % isoflurane (Table 1) at a 

400 mL/min flow rate to induce anesthesia. Subsequently, the isoflurane flow rate was reduced to 2 % 

(Table 1) at 200 mL/min for the duration of the surgery. Mice were placed on a temperature-controlled 

heating pad (Table 2) and mounted into a stereotaxic frame (Table 2). The ear bars of the stereotaxic 

frame were adjusted to position the head horizontally and to prevent any lateral movement of the head 

during surgery. Next, the teeth of the mouse were mounted into the tooth bar and nose and tooth bar 

were individually adjusted according to the size of the mouse. To avoid head size variance, only mice 

aged three months and older were considered for stereotaxic AAV delivery, as the brain size had 

matured at that age. The toe-pinch reflex was checked regularly during the procedure and drying of 

the eyes was prevented by applying eye ointment (Table 1). Pain medication was administered s.c.  

(5 mg/kg Carprofen (Table 1) in 1x sterile NaCl (Table 1)) and the skin of the head was cleansed with 
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sterile alcohol-soaked pads (Table 2) before any invasive procedure.     

 To start the invasive procedure, the skin of the head was carefully lifted, and a 1 cm incision 

was cut vertically into the skin to expose the skull. The meninges was removed and the skull was treated 

with xylocaine (Table 1). Afterwards, the coordinates of bregma and lambda were determined before 

drilling a small hole (Table 2) at the desired site of injection. The viral vectors were administered 

bilaterally and relative to bregma (250 nL per side; injection rate: 4 nL/s) into the hypothalamus at the 

coordinates anterior-posterior -0.1 mm, lateral-medial ±0.2 mm, and dorsal-ventral -5.5 mm via an 

automatic injector (Table 2). All coordinates were determined according to a mouse brain atlas (Paxinos 

and Franklin, 2019). To avoid spreading of the virus to other parts of the brain, the needle attached to 

the injector was kept in place for eight minutes before retraction. The outer skin incisions were closed 

with absorbable suture and mice were allowed to wake up in their cages. Water-soaked food in petri 

dishes was provided for three days. Pain medication (5 mg/kg Carprofen (Table 1) in 1x sterile NaCl 

(Table 1)) was administered s.c. for two days following surgery. All mice were allowed to recover for 

two weeks to allow for the expression of dominant-negative TRα1 and control-GFP.  

 

2.2.1.5 Infrared thermography   

Infrared pictures were taken of freely moving animals using T335 and T540 infrared cameras by FLIR 

Systems Termisk Systemteknik, Sweden (Table 2) followed by data analysis using the software FLIR Tools 

(Table 5). The day before experiment, vaseline (Table 1) was applied and brushed into the fur between 

the shoulder blades to reveal the skin above the BAT (Oelkrug and Mittag, 2021). Before taking the 

infrared pictures, animals were allowed to wake up in their cages for one minute. Infrared pictures of 

tail and BAT were taken in random order and the duration of image acquisition did not exceed two 

minutes. All pictures were daily taken at the same time in the morning and during the inactive phase 

of the animals.  

 

2.2.1.6 Indirect calorimetry  

To assess any changes in metabolic parameters and the metabolic rate upon the delivery of dominant-

negative TRα1 compared to control virus into the hypothalamus, oxygen (VO2) and carbon dioxide 

(VCO2) exchange of these mice were measured. The assessment was performed via indirect calorimetry 

using an open respirometry climate chamber (Table 2). Mice were trained and accustomed to the 

temperature-controlled climate chamber before measurements for three days. Food intake, water 

intake, and activity of freely moving animals were measured at 20-minute intervals.   
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Metabolic parameters, such as daily energy expenditure (kJ/day) of a 24 h interval at 22°C 

ambient baseline temperature, were calculated using the respiratory quotient  

𝑅𝑄 =
𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑖𝑜𝑥𝑖𝑑𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
, 

the metabolic rate 𝑉𝑂2 and the caloric equivalents given by (Heldmaier, 1975) 

ℎ𝑒𝑎𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝐻𝑃) = (4.44 + 1.43 ⋅ 𝑅𝑄) ⋅ 𝑉𝑂2  

with [𝐻𝑃] = mW and [𝑉𝑂2] = mL 𝑂2/h. 

Furthermore, the resting metabolic rate (RMR) was calculated considering only values from the 

inactive phase of the mice at room temperature (1 h interval without movement and consistently low 

oxygen consumption). Respectively, the basal metabolic rate (BMR) at thermoneutrality (30°C) was 

calculated considering only values of the lowest mean oxygen consumption (1 h interval without 

movement). To measure the BMR, animals were fasted for 6 h during data acquisition. Subsequent data 

analysis was performed using Microsoft Office Excel (Table 5) and TSE PhenoMaster Software V6.5.3 

(Table 5). 

 

2.2.1.7 Electrocardiogram  

Electrocardiograms (ECG) of awake and freely moving mice were recorded using ECGenie Clinic System, 

Mouse Specifics Inc., USA (Table 2). Mice were trained and accustomed to the electrode towers for  

10 min prior to the experiment. The recording was started as soon as the mice stopped extensive 

exploring inside the electrode tower.  An average of 190 heart beats was recorded for each animal. ECG 

data was preprocessed and analyzed using ECGenie CorVita Software (Table 5).  

 

2.2.2 In vitro experiments  

As part of an international collaboration with the University of Southern Denmark (SDU), Denmark 

(collaborator: Prof. Jan-Wilhelm Kornfeld) and the University of Santiago de Compostela, Spain 

(collaborator: Prof. Miguel Lopez), primary cell culture experiments were conducted in the laboratories 

of Prof. Jan-Wilhelm Kornfeld. Parts of the in vitro experiments were conducted under my supervision 

by Berenike Soehl, M.Sc., as part of her master’s studies (study program: Molecular Life Science) at the 

University of Lübeck, Germany.  
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2.2.2.1 Primary mouse and rat preadipocyte isolation  

Preadipocytes from mice, aged 32-66 days, or rats, aged 10 days, were used for all primary cell culture 

experiments (Engelhard et al., 2022; Galmozzi et al., 2021). iWAT and interscapular BAT (iBAT) depots 

were immediately removed following sacrifice. The fat depots were dissected, minced, and transferred 

into pre-warmed serum-free media (Table 1). Serum-free media, supplemented with biotin (33 mM), 

D-panthotenate (17 mM), glutamine (1 %) and Penicillin-Streptomycin (1 %), was used for all further 

steps during cell isolation and for all following in vitro experiments (Table 1). To increase the number 

of isolated cells, the fat depots of at least two mice or rats were pooled before enzymatic digestion 

(BSA (34 mg/mL), collagenase II (2 mg/mL), and dispase II (1.5 mg/mL; only for iBAT; Table 1)). Next, 

the minced tissue was incubated in a horizontal shaker at 37°C for 45-60 min. All following steps were 

performed under sterile conditions.        

 After digestion, preadipocytes in solution were filtrated (sterilized mesh, 300 µm; Table 2) and 

centrifuged two times (room temperature, 5 min, 300 g) to separate the stromal vascular fraction (SVF) 

from adult cells. The cell pellet was resuspended in pre-warmed media containing 10 % fetal bovine 

serum (FBS; Table 1) to inactivate enzymes. The resuspension was centrifuged at 500 g two times (room 

temperature, 5 min) and the supernatant was discarded. The cell pellet was resuspended in erythrocyte 

lysis buffer (Table 1) and incubated at room temperature for 1 min to lyse all remaining erythrocytes. 

After the erythrocyte lysis buffer incubation, pre-warmed media containing 20 % FBS (Table 1) was 

added and the cell suspension was centrifuged at 300 g (5 min, room temperature). Finally, the cell 

pellet was resuspended in pre-warmed media (20 % FBS (Table 1)) and filtered through a 70 µm cell 

strainer (Table 2), followed by seeding into a 10 cm petri dish (Table 2). The freshly isolated primary 

cells were incubated at 37°C, 5 % CO2, and 101.3 kPa (Table 2)  for the entire duration of the experiment.  

 

2.2.2.2 Differentiation of preadipocytes to mature adipocytes 

The isolated preadipocytes in culture were checked daily for confluency and viability using light 

microscopy (Table 2). Preadipocytes were washed with pre-warmed 1x phosphate buffered saline (PBS; 

Table 1) every other day to remove debris and dead cells before adding new pre-warmed media 

containing 20 % FBS (Table 1). Once the adherently growing cultures had reached 80 % confluency, 

differentiation from preadipocytes to mature brown or white adipocytes was induced. Differentiation 

progression was confirmed by light microscopy (Table 2). Differently supplemented media were added 

to the cultures for six days to ensure differentiation (Table 6).      

 At day four of differentiation, the primary cells were passaged into 6-well plates (Table 2; see 

section 3.3.2 for detailed experimental layout information). For that, a trypsin/ 

ethylenediaminetetraacetic acid (EDTA)-solution (Table 1) was added and the cells were incubated at 
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37°C for 5 min. The detachment of the cells was confirmed using light microscopy (Table 2). To stop the 

enzymatic trypsin reaction, differentiation media (D4-media, Table 6) was added. Starting on day four 

after induction of differentiation, iBAT cells were T3-starved (D4-media, Table 6). On day six after 

induction of differentiation, accumulation of lipid droplets was confirmed via light microscopy  

(Table 2) and subsequent treatment of the mature adipocytes with T3 and CL 316243 was initiated (see 

section 3.3.2 for detailed experimental layout information). After exactly 24 h of treatment, the cells 

were harvested and stored at -80°C until further processing.  

 

Table 6: Differentiation media  

Day after induction of differentiation Added supplements  

D0-media 

Serum-free media 

10 % FBS 

Rosiglitazone (1 µM) 

Insulin (850 nM) 

Dexamethasone (1 µM) 

3-isobutyl-1-methylxanthine (IBMX; 250 µM) 

Indomethacin (125 µM) 

T3 (1 nM) - only iBAT cells  

D2-media   

Serum-free media 

10 % FBS 

Rosiglitazone (1 µM) 

Insulin (850 nM) – only for iBAT cells  

T3 (1 nM) – only iBAT cells 

D4-media (T3 starvation of iBAT)  

Serum-free media 

10 % FBS 

Rosiglitazone (1 µM) 

Insulin (850 nM) – only for iBAT cells  

D6-media   

Serum-free media 

10 % FBS 

Rosiglitazone (1 µM) 

Insulin (850 nM) – only for iBAT cells  

 

 

2.2.3 Molecular methods  

2.2.3.1 Immunofluorescence staining  

Brains of animals were collected and fixed in 4 % perfluoroalkoxy alkanes solution (PFA; Table 1) 

overnight at 4°C followed by the incubation in 30 % w/v sucrose (Table 1) in 1x PBS (Table 4) for 48 h at 



 

- 28 - 

room temperature. After fixation, brains were stored at -80°C until further processing with the cryostat 

(Table 2). Fixed free-floating cryostat coronal sections (40 µm) of the area of interest were stored in 

cryo protection solution (Table 4) and used for immunofluorescence staining. All following reagents 

were diluted in 1x PBS. First, all sections were blocked with 5 % normal donkey serum (Table 1) in  

0.3 % Triton-X 100 (Table 1). Sections of animals that received dominant-negative TRα1 were incubated 

with primary anti-mCherry antibody (1:1000; Table 7) and control sections were incubated with 

primary anti-GFP antibody (1:1000; Table 7) overnight at 4°C. Next, sections of transgenic dominant-

negative TRα1 animals were incubated in Alexa Fluor 594TM (1:800) labelled secondary antibody  

(Table 7) and sections of control animals were incubated in Alexa Fluor 488TM (1:800) labelled 

secondary antibody (Table 7), respectively. The stained sections were finally mounted on object slides 

using ProLong Diamond Antifade Mountant with 4’,6-diamidino-2-phenylindole (DAPI; Table 1). If only 

weak or no hypothalamic staining (mCherry or GFP) was found, animals were excluded from analysis.  

 

Table 7: List of immunofluorescence antibodies  

Purpose  Antibody Company 

Primary antibodies  

Anti-GFP antibody (ab290) Abcam, UK  

Anti-mCherry antibody 
(AB0040) 

OriGene, Germany 

Secondary antibodies 

Alexa Fluor 488TM (A-21206) 
Invitrogen, Thermo Fisher 
Scientific Inc., Germany 

Alexa Fluor 594TM (A-11058) 
Invitrogen, Thermo Fisher 
Scientific Inc., Germany 

 

 

2.2.3.2 RNA isolation, cDNA synthesis, and qPCR   

Tissue samples, organs, or cells for ribonucleic acid (RNA) isolation were immediately snap-frozen after 

harvesting and stored at -80°C until further processing. Liver, kidneys, and gastrocnemius muscle tissue 

were ground before RNA isolation. Cells were harvested, spun down at 4°C, and resuspended in 250 µL 

QIAzol (Table 1) before stored at -80°C. RNA isolation was performed using QIAGEN RNeasy mini kits  

(Table 3) following manufacturer’s instructions (muscle: RNeasy fibrous tissue mini kit; eWAT, iWAT, 

iBAT: RNeasy lipid tissue mini kit; liver, kidney, cells: RNeasy mini kit). RNA concentration was 

determined using Nanodrop (Table 2).        

 Subsequent complementary deoxyribonucleic acid (cDNA) synthesis was conducted using 

RevertAid first strand cDNA synthesis kit (Table 3). The synthesized cDNA was diluted in nuclease-free 

water to achieve a final concentration of 5 ng per quantitative polymerase chain reaction (qPCR). 
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Subsequent qPCR measurements were performed using GoTaq Master Mix (Table 3) and the 

QuantStudio Applied Biosystems real-time PCR system (Table 2). Details of the two-step qPCR protocol 

with 40 cycles can be found in Table 8. After the PCR reaction, a melting curve was measured to ensure 

primer specificity. Additionally, standard curves were determined to correct for primer efficiency (E) 

using the slope (Pfaffl et al., 2004) 

𝐸 = 10
−

1

slope(𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑢𝑟𝑣𝑒). 

 Housekeeping genes for qPCR analysis were selected according to NormFinder for each tissue 

(Andersen et al., 2004) and can be found in Table 9. Due to low RNA yield from harvested cells, only 

one housekeeping gene was selected for qPCRs performed on cell material (for iWAT and iBAT: Hprt 

(hypoxanthine-guanine phosphoribosyltransferase)). All primer sequences can be found in Table 10 and 

Table 11. qPCR data were analyzed using the ∆∆𝐶𝑡 (𝑐𝑦𝑐𝑙𝑒 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑)-method (Livak and Schmittgen, 

2001) and QuatStudioTM Design & Analysis software (Table 5):  

∆𝐶𝑡 = 𝑚𝑒𝑎𝑛 𝐶𝑡𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 − 𝑚𝑒𝑎𝑛 𝐶𝑡ℎ𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔 𝑔𝑒𝑛𝑒. 

 

Table 8: Two-step qPCR protocol 

Step Temperature (°C) Time (min) # of replications 

Hold stage 
50 2 1 

95 10 1 

PCR replication 
95 0.15 

40 
60 1 

Melt curve stage 

95 0.15 1 

60 0.30 1 

95 0.15 1 
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Table 9: List of analyzed murine tissues and their respective housekeeping genes 

Tissue  Housekeeping genes  

eWAT Rplp0, Hprt (3.1 and 3.2) 

Gastrocnemius muscle  Hprt, Ppia (3.2)  

Hypothalamus Cyclophilin, Hprt (3.1) 

iBAT Rplp0 (3.1); Hprt (3.2 and 3.3.1) 

iWAT Cyclophilin, Hprt (3.1); Cyclophilin, Rplp0 (3.2) 

Liver Gapdh (3.1); Gapdh, Hprt (3.2)  

Soleus muscle Hprt, Ppia (3.2) 

 

 

 

Table 10: List of primer sequences used for mouse organs and tissues, and brown and white 

adipocytes isolated from mice 

Gene Abbreviation  Sequences 5’ → 3’ (forward and reverse)  

ATPase sarcoplasmic/endoplasmic 
reticulum Ca2+ transporting 1 

Atp2a1 
TGTTTGTCCTATTTCGGGGTG 

AATCCGCACAAGCAGGTCTTC 

ATPase sarcoplasmic/endoplasmic 
reticulum Ca2+ transporting 2 

Atp2a2 
TCCGCTACCTCATCTCATCC 

CAGGTCTGGAGGATTGAACC 

CD5 molecule like Cd5l 
GATCGTGTTTTTCAGAGTCTCCA 

TGCAGTCAACCCCTTGAATAAG 

Cell death-inducing DNA 
fragmentation factor alpha subunit-
like effector A 

Cidea 
TGACATTCATGGGATTGCAGA 

GGCCAGTTGTGATGACTAAGA 

Fatty acid synthase Fasn 
GGAGGTGGTGATAGCCGGTAT 

TGGGTAATCCATAGAGCCCAG 

Fibroblast growth factor 21  Fgf21  
CTGCTGGGGGTCTACCAAG 

CTGCGCCTACCACTGTTCC  

Glyceraldehyde-3-phosphate 
dehydrogenase  

Gapdh 
AGGTCGGTGTGAACGGATTTG 

TGTAGACCATGTAGTTGAGGTCA 

Glycerol kinase Gk 
CTGTGGACTCACTCAGTTCACC 

TGAGTGGAATTCCACAGTCG 

Glycerol-3-phosphate  
dehydrogenase 2 

Gpd2 
GAAGGGGACTATTCTTGTGGGT 

GGATGTCAAATTCGGGTGTGT 

Glycogen synthase 1 Gys 
CGACATGCTCATATTTGGGTCT 

GCCTGCCATTCATGGAATTGG 

Hypocretin (orexin)  Hcrt  
ATCTTCTATCCTTGTCCTGATCC 

AGTCACACCACCAGAGAATCG 
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Gene Abbreviation Sequences 5’ → 3’ (forward and reverse) 

Hypoxanthine-guanine 
phosphoribosyltransferase 

Hprt 
GCAGTACAGCCCCAAAATGG 

AACAAAGTCTGGCCTGTATCCAA 

Iodothyronine deiodinase type I Dio1 
GCTGAAGCGGCTTGTGATATT 

GTTGTCAGGGGCGAATCGG 

Iodothyronine deiodinase type II  Dio2 
CCTGCCAGTCTTTTTCTCCA 

ACACTGGAATTGGGAGCATC 

Iodothyronine deiodinase type III  Dio3 
CACGGCCTTCATGCTCTGG 

CGGTTGTCGTCTGATACGCA 

Krueppel-like factor 9  Klf9 
TTATTGCACGCTGGTCACTATC 

CTCATCGGGACTCTCCAGAC 

Lipoprotein lipase  Lpl 
GGTTGCGCGTAGAGAGGATG 

CTCACGCTCTGACATGCCTTC 

Myosin heavy chain 1 Myh1 
CTCTTCCCGCTTTGGTAAGTT 

CAGGAGCATTTCGATTAGATCCG 

Myosin heavy chain 4 Myh4 
CTTTGCTTACGTCAGTCAAGGT 

AGCGCCTGTGAGCTTGTAAA 

Myostatin Mstn 
CCCAGGACCAGGAGAAGATGGGC 

TCGACCGTGAGGGGGTAGCG 

Neuropeptide Y Npy 
AAAATGGGTCCGGTCTTGTG 

GGTAGACAATGCAACGATGGC 

Peptidylprolyl isomerase A Ppia 
GAGCTGTTTGCAGACAAAGTTC 

CCCTGGCACATGAATCCTGG 

Peptidylprolyl isomerase D  
(Cyclophilin D)  

Cyclophilin   
TCACAACAGTTCCGACTCCTC  

ACCTCTACATTTTCAAGCGTCC  

Peroxisome proliferator-activated 
receptor gamma 

Pparg 
TCGCTGATGCACTGCCTATG 

GAGAGGTCCACAGAGCTGATT 

Peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha 

Ppargc1a 
TTGTCAGGCTGGAGTGTACC 

CACCATGGTCGTATCAGAGG 

Phosphoenolpyruvate  
carboxykinase 1 

Pck1 
ATCTTTGGTGGCCGTAGACCT 

GCCAGTGGGCCAGGTATTT 

Poopiomelanocortin Pomc 
TCATGACCTCCGAGAAGAGC 

GCCTTGGAATGAGAAGACC 

PR domain containing 16  

 
Prdm16 

CCCCACATTCCGCTGTGAT 

CTCGCAATCCTTGCACTCA 

Ribosomal protein lateral stalk 
subunit P0 

Rplp0  
TCGGGTCCTAGACCAGTGTTC  

AGATTCGGGATATGCTGTTGGC  

Ryanodine receptor 1 Ryr1 
CAGTTTTTGCGGACGGATGAT 

CACCGGCCTCCACAGTATTG 

Sarcolipin  Sln  
GAGGTGGAGAGACTGAGGTCCTTGG 

GAAGCTCGGGGCACACAGCAG 
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Gene Abbreviation  Sequences 5’ → 3’ (forward and reverse)  

ß-adrenergic receptor 1 Adra1a 
CTCATCGTGGTGGGTAACGTG 

ACACACAGCACATCTACCGAA 

ß-adrenergic receptor 2 Adrb2 
GGGAACGACAGCGACTTCTT 

GCCAGGAGCATAACCGACAT  

ß-adrenergic receptor 3 Adrb3 
AGAAACGGCTCTCTGGCTTTG 

TGGTTATGGTCTGTAGTCTCGG 

Thyroid hormone receptor beta 1 Thrb 
ACACCTTATCCAGGCCACTT  

GTGGTACCCTGTGGCTTTGT 

Thyroid hormone responsive gene  
spot14  

Thrsp 
AAGGTGGCTGGCAACGAAA  

GGGTCAGGTGGGTAAGGATG  

Uncoupling protein 1 Ucp1 
ACTCAGGATTGGCCTCTACG 

CCACACCTCCAGTCATTAAGC 

Uncoupling protein 3 Ucp3 
GAGATGGTGACCTACGACATCA  

GCGTTCATGTATCGGGTCTTTA  

 

 

 

Table 11: List of primer sequences used for rat tissues, and adipocytes isolated from rats 

Gene Abbreviation  Sequences 5’ → 3’ (forward and reverse)  

Hypoxanthine-guanine 

phosphoribosyltransferase 
Hprt 

GCAGTACAGCCCCAAAATGG 

AACAAAGTCTGGCCTGTATCCAA 

Iodothyronine deiodinase type II  Dio2 
CCTGCCAGTCTTTTTCTCCA 

ACACTGGAATTGGGAGCATC 

Ribosomal protein lateral stalk 
subunit P0 

Rplp0  TCGGGTCCTAGACCAGTGTTC  

AGATTCGGGATATGCTGTTGGC  

ß-adrenergic receptor 1 Adra1a 
CTACAACGACCCCAAGTGCT 

ACGTAGAAGGAGACGACGGA 

ß-adrenergic receptor 3 Adrb3 
AGAAACGGCTCTCTGGCTTTG 

TGGTTATGGTCTGTAGTCTCGG 

Uncoupling protein 1 Ucp1 
CAATGACCATGTACACCAAGGA 

GATCCGAGTCGCAGAAAAGAA 

 

 

2.2.3.3 T3/T4 ELISA 

Total T3 (tT3; free T3 and protein-bound T3) and total T4 (tT4; free T4 and protein-bound T4) serum 

concentrations were determined using commercially available enzyme-linked immunoabsorbent 

assays (ELISA) following manufacturer’s instructions (Table 3). For analysis, mean values of absorbance 
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of the standards were plotted against concentration. The measured intensity of the samples was 

inversely proportional to the amount of tT3 or tT4 in the sample, respectively. By drawing a best-fit 

curve through the plotted standard values (four parameter logistics), sample data was interpolated on 

the standard curve to obtain the corresponding concentration values of the samples.  

 

2.2.3.4 Glycogen assay 

Glycogen concentration in the gastrocnemius and lower limb soleus muscle, as well as in the liver was 

determined according to manufacturer’s instructions using a commercially available glycogen assay kit 

(Table 3). For analysis, mean values of absorbance of the standards were plotted against concentration. 

Linear regression analysis was used for interpolation of the sample data on the standard curve, 

followed by normalization to tissue weight.  

 

2.2.3.5 Free fatty acid (FFA) assay  

FFA concentration in iBAT tissue was determined according to manufacturer’s instructions using a 

commercially available FFA assay kit (Table 3). For analysis, mean values of absorbance of the standards 

were plotted against concentration. By drawing a best-fit curve through the plotted standard values 

(four parameter logistics), sample data was interpolated on the standard curve to obtain the 

corresponding concentration values of the samples, followed by normalization to tissue weight.  

 

2.2.3.6 Cyclic adenosine monophosphate (cAMP) assay 

cAMP concentration in iBAT tissue was determined according to manufacturer’s instructions using a 

commercially available cAMP assay kit (Table 3). The standard curve was generated plotting the 

percentage 

𝐵

𝐵0

=
(𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑂𝐷 − 𝑁𝑆𝐵 𝑂𝐷)

(𝑧𝑒𝑟𝑜 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑂𝐷 − 𝑁𝑆𝐵 𝑂𝐷)
⋅ 100 

with 𝑂𝐷 = optical density and 𝑁𝑆𝐵 = non − specific binding as a function of the logarithmic cAMP 

concentration. Finally, sample data was interpolated on the standard curve to obtain the corresponding 

concentration values of the samples, followed by normalization to tissue weight. 
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2.2.3.7 Western Blot 

For protein quantification, 5-10 mg of the tissue of interest was snap-frozen and homogenized in lysis 

buffer (Table 4) with protease inhibitors (Table 1). Protein quantification was performed using a 

bicinchoninic acid solution (BCA) assay (Table 1). Subsequent SDS-gel (TGX stain free FastCast 

acrylamide gels; 12 %) electrophoresis was performed (Table 3) using 15-20 µg of protein. Afterwards, 

proteins were transferred to a polyvinylidene difluoride (PVDF) membrane for 1 h at 100 V (Table 2). 

To minimize the unspecific binding to proteins, the PVDF membranes (Table 2) were blocked in 5 % 

milk (Table 1) in tris-buffered saline-Tween20 (TBS-T (Table 4)). After blocking, the PVDF membranes 

were incubated with primary antibodies (anti-UCP1, anti-SERCA2 (sarco/endoplasmic reticulum-type 

calcium transport ATPase 2), anti-OXPHOS (mitochondrial oxidative phosphorylation system); Table 12) 

overnight at 4°C. The next day, the membranes were washed five times in TBS-T before incubation 

with the secondary antibodies (Table 12) for 1 h at room temperature. Chemiluminescence was 

induced using Clarity Max Western ECL (enhanced chemiluminescence) Substrate (Table 3) and 

recorded with ChemiDocTM Touch Imaging System, BioRad Laboratories, Germany (Table 2). After 

detection, blots were stripped with Restore PLUS Western Blot stripping buffer (Table 1) for 20 min at 

room temperature for reprobing purposes. Eventually, band intensities were quantified using 

ImageLabTM Software (Table 5) and single band intensities were normalized to total protein content.   

 

Table 12: List of western blot antibodies  

Purpose  Antibody Company 

Primary antibody 

Mouse-anti-OXPHOS (45-8099) 
Invitrogen, Thermo Fisher 
Scientific, Germany  

Rabbit-anti-SERCA2 (4388) 
Cell Signaling Technology, Inc., 
USA 

Rabbit-anti-UCP1 (Jastroch, 2012) 

Secondary antibody 

Goat-anti-mouse polyclonal 
HRP-conjugated antibody 
(P0447) 

DAKO, Denmark 

Goat-anti-rabbit polyclonal 
HRP-conjugated antibody 
(P0448) 

DAKO, Denmark 
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2.2.4 Statistics and software 

All physiological and molecular data were preprocessed using MATLAB (R2018a, MathWorks Inc., USA) 

or Excel (2021, Version: 2308; Microsoft Corporation, USA). Subsequent statistical analysis of the data 

was performed using GraphPad Prism 8 (GraphPad, USA). Information on statistical tests can be found 

in Supplementary Table 1. Post hoc test information can be found in the respective figures, defined as 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001, and 

$p<0.05. Data are reported as mean ±SEM (standard error of the mean). Overview and representative 

figures were designed using Biorender.com.  
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3 Results  

 

The following sections report the data and data analysis of all performed in vivo (see section 3.1 and 

section 3.2) and in vitro (see section 3.3) experiments.  

 

3.1 The role of TRβ and TRα1 in thermoregulation  

The different contributions of TRβ and TRα1 signaling to body temperature regulation and homeostasis 

remain enigmatic. Interestingly, TRα1+m mice have a lower core body temperature at room 

temperature (Warner et al., 2013), while TRβ KO animals do not show any body temperature alterations 

at 22°C in comparison to wildtype animals (Forrest and Vennström, 2000). Whether the body 

temperature phenotype in TRα1+m mice is a peripheral defect or whether defective central TRα1 

signaling contributes to a lower body temperature phenotype is currently unknown.  

 

3.1.1 Experimental design: What are the contributions of a TRβ KO or mutated TRα1 to whole-body 

thermoregulation? 

To dissect the contributions of TRβ and TRα1 signaling to body temperature regulation at different 

ambient temperatures, radiotelemetry transmitters were implanted into the abdominal cavity of 

wildtype mice, TRβ KO mice, and TRα1+m mutants to continuously record body temperature in a touch-

free experimental set-up. All animals were subsequently treated with T3 (0.5 mg/L) via the drinking 

water for 12 days to reactivate the mutant TRα1.       

 To test whether thermoneutral housing conditions would reverse tail heat loss and thus the 

defective body temperature of TRa1+m mice that occurs at room temperature (Warner et al., 2013), 

mice were housed at 30°C (Figure 6). Furthermore, at room temperature, mice are constantly exposed 

to a mild cold challenge that requires sympathetic signaling and BAT action. In contrast, humans 

developed protection against minor cold challenges by wearing clothes and therefore lowered their 

thermoneutral comfort zone to room temperature (Ganeshan and Chawla, 2017). Thus, to create 

translational relevance, mice were also placed at 30°C ambient temperature for the duration of T3 

treatment to study the contributions of TRβ and TRα1 signaling to body temperature regulation and 

homeostasis during systemic hyperthyroidism. Infrared pictures were taken at the end of each baseline 

recording and during T3 treatment. At the end of the experiment, animals were sacrificed and organs 

and tissues (liver, heart, kidney, hypothalamus, iBAT, iWAT, and eWAT), as well as serum, were harvested 

for further molecular analysis. 
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Figure 6: Experimental in vivo study design to investigate the effects of mutant TRα1 and a TRβ KO in 
mice on body temperature regulation and homeostasis in comparison to wildtype (wt) animals. The 
overview figure was adapted from Sentis et al., 2023 in press.  

 

3.1.2 Body temperature phenotypes of wildtype animals, TRβ KO, and TRα1+m mutants 

At the beginning of the experiment, wildtype controls, TRβ KO mice, and TRα1+m mutants were housed 

at 22°C to record body temperature baseline profiles. At 22°C ambient temperature, TRα1+m mice 

displayed significantly lower body temperature by 1.5°C compared to wildtype controls, whereas TRβ 

KO displayed normal body temperature (Figure 7A). When housed at thermoneutrality, to circumvent 

the excessive tail heat loss of TRα1+m mutants (Warner et al., 2013), body temperature of TRα1+m 

mice remained lower by 1.2°C, but exclusively restricted to the inactive light phase (Figure 7B). The 

reactivation of the mutated TRα1 by oral T3 treatment normalized the defective body temperature 

phenotype of TRα1+m mutants (Figure 7C), suggesting that the central control of body temperature 

regulation might be impaired in TRα1+m mutants. Thermoneutral housing conditions or T3 treatment 

did not lead to any changes in body temperature of TRβ KO animals compared to wildtype controls 

(Figure 7B+C).  
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Figure 7: Body temperature profiles of wildtype (wt) animals, TRβ KO animals, and TRα1+m mutants 
at different ambient temperatures. Gray areas indicate nighttime. A) Body temperature profiles at 
22°C ambient temperature (wt, n=9; TRα1+m, n=7; TRβ KO, n= 12). B) Body temperature profiles at 
30°C ambient temperature (wt, n=9; TRα1+m, n=7; TRβ KO, n= 12). C) Body temperature profiles at 
30°C ambient temperature during the last 3 days of oral T3 treatment (0.5 mg/L) (wt, n=4; TRα1+m, 
n=7; TRβ KO, n= 4). Data are reported as ±SEM. 2-way ANOVA, post hoc: Dunnett’s multiple 
comparison. *p<0.05, **p<0.01, ***p<0.001. Information on statistical tests and post hoc tests can be 
found in Supplementary Table 1. Parts of the data have been submitted to a peer-reviewed journal 
due to priority reasons (Sentis et al., 2023 in press). 

 

A touch-free experimental paradigm to continuously record body temperature was chosen to 

exclude any anxiety-induced thermogenic responses of TRα1+m mutants to touch, handling, and 

experimental interventions (Venero et al., 2005). Upon entry into the animal facility, body temperature 

of TRα1+m mice immediately started to increase (Figure 8A) and was further elevated after saline 

injection in both TRα1+m mutants and TRβ KO animals (Figure 8B).  

 

Figure 8: Anxiety induced thermogenesis of TRα1+m mutants. A) 90 min body temperature profile of 
wildtype (wt) animals (n=5), TRβ KO animals (n=3), and TRα1+m mutants (n=8) at 22°C. Entry into the 
animal facility and exact time point of saline injections (i.p.) are marked in the figure by arrows. B) 
Mean body temperature (30 min) of wildtype animals (n=5), TRβ KO animals (n=3), and TRα1+m 
mutants (n=8) before and after saline injection (i.p.). Data are reported as ±SEM. 2-way ANOVA, post 
hoc: Šídák's multiple comparison. *p<0.05, ***p<0.001. Information on statistical tests and post hoc 
tests can be found in Supplementary Table 1. Parts of the data have been submitted to a peer-
reviewed journal due to priority reasons (Sentis et al., 2023 in press). 
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As expected, tail temperature of TRα1+m mice was significantly increased by 1°C compared to 

wildtype control animals (Figure 9A) at 22°C (Warner et al., 2013). However, at thermoneutrality, tail 

heat loss of TRα1+m mutants could be reversed (Figure 9B+C). Upon T3 treatment, tail temperature of 

wildtype and TRα1+m mice significantly increased by the end of T3 treatment (Figure 9C), whereas BAT 

temperature of TRα1+m mutants decreased by the end of T3 treatment (Figure 9D). In contrast, tail 

and BAT temperature of TRβ KO animals were unchanged after T3 treatment (Figure 9C+D).  

 

Figure 9: Tail and BAT temperature at different ambient temperatures. A) Tail temperature at 22°C 
ambient temperature of wildtype (wt) animals (n=6), TRβ KO animals (n=4), and TRα1+m mutants 
(n=6). B) Exemplarily: Infrared thermography pictures at 30°C. C) Tail temperature at 30°C and on the 
last day of oral T3 treatment (0.5 mg/L) (wt, n=4; TRα1+m, n=7; TRβ KO, n= 4). D) BAT temperature at 
30°C and on the last day of oral T3 treatment (0.5 mg/L) (wt, n=4; TRα1+m, n=7; TRβ KO, n= 4). Data 
are reported as ±SEM. For A: Unpaired Student’s t-test. For C+D: 2-way ANOVA, post hoc: Bonferroni's 
multiple comparison. *p<0.05, ***p<0.001, ****p<0.0001, ###p<0.001. Information on statistical 
tests and post hoc tests can be found in Supplementary Table 1. Parts of the data have been submitted 
to a peer-reviewed journal due to priority reasons (Sentis et al., 2023 in press).  

 

Food intake of control animals and TRα1+m mice gradually increased with prolonged T3 

treatment at 30°C but remained unaltered in TRβ KO mice (Figure 10A+B). The water intake remained 

unchanged during T3 treatment for all genotypes (Figure 10C+D). Despite the higher food intake of TRβ 

KO animals at the beginning of T3 treatment, the body weight increase of TRβ KO mice at the end of 

T3 treatment did not differ in comparison to wildtype controls (Figure 10E). Although TRα1+m mutants 

did not consume more food compared to wildtype animals, the body weight increase at the end of T3 

treatment was higher compared to controls, albeit not reaching significance (p=0.07; Figure 10E+F). 
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Figure 10: Food and water intake during oral T3 treatment (0.5 mg/L) at 30°C ambient temperature of 
wildtype (wt) animals (n=6), TRβ KO animals (n=5), and TRα1+m mutants (n=7). A) Food intake (g). B) 
Normalized food intake. C) T3 solution intake (mL). D) Normalized T3 solution intake. E) Single animal 
body weight increase (g): comparison of start of T3 treatment vs. the last day of T3 treatment. F) 
Body weight increase in % on the last day of oral T3 treatment. Data are reported as ±SEM. For A-D: -
2-way ANOVA, post hoc: Dunnett’s multiple comparison. For F: Unpaired Student´s t-test. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001, #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001. Information 
on statistical tests and post hoc tests can be found in Supplementary Table 1. Parts of the data have 
been submitted to a peer-reviewed journal due to priority reasons (Sentis et al., 2023 in press). 

 

Taken together, housing temperatures at thermoneutrality and additional T3 treatment only 

led to negligible body temperature changes in TRβ KO mice in comparison to control animals, whereas 

TRα1+m mutant mice still displayed a lower core body temperature phenotype even at 30°C, 

suggesting a central resetting. 
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3.1.3 Molecular phenotyping of wildtype animals, TRβ KO animals, and TRα1+m mutants  

In addition to the physiological mouse data during T3 treatment, subsequent qPCR analysis was 

performed to detect molecular changes on the expression level after T3 treatment at 30°C of TRα1+m 

mutants and TRβ KO animals. Genes of interest in fat tissue were thermoregulatory genes and TH-

responsive genes (Lee et al., 2022; Pilkington et al., 2021).      

 In iBAT, TH-responsive and thermoregulatory genes such as Ucp1, Dio2, and Adrb3 were 

upregulated in TRβ KO mice, whereas Ucp1 and Dio2 expression were downregulated and Adrb3 and 

Pargc1a (peroxisome proliferator-activated receptor gamma coactivator 1-alpha)  expression were 

increased in TRα1+m mice (Figure 11A). eWAT and iWAT expression was unaltered upon oral T3 

treatment in both TRβ KO animals and TRα1+m mice (Figure 11B+C).     

 As the hypothalamus is greatly involved in thermoregulation (Gans et al., 2021; Laperrousaz et 

al., 2017; Werneck De Castro et al., 2015), expression analyses of direct and indirect TH target genes in 

hypothalami of TRβ KO and TRα1+m mice were performed. Lpl (lipoprotein lipase), Dio2, and Adrb2 

(ß2-adrenergic receptor) gene expression were increased in TRβ KO animals, whereas Klf9 (krueppel-

like factor 9) and Dio3 (iodothyronine deiodinase type III) expression were significantly decreased in 

TRα1+m mutants after T3 treatment (Figure 11D). However, the satiety and hunger regulating genes 

(Timper and Brüning, 2017) Npy (neuropeptide Y) and Pomc (poopiomelanocortin) did not respond to 

T3 treatment with altered expression pattern in the hypothalamus of TRβ KO and TRα1+m mice. 

Interestingly, Hcrt encoding the hypocretin neuropeptide precursor protein was downregulated in TRβ 

KO mice after T3 treatment (Figure 11D).        

 As expected from previously published work on TRβ KO animals (Lopez-Alcantara et al., 2023), 

expression of TH target genes such as Dio2, Thrsp (thyroid hormone responsive gene spot14), and Cd5l 

(CD5 molecule like) were non-responsive to T3 treatment in the liver of TRβ KO animals (Figure 11E). 

However, metabolism-related genes, such as Gk (glycerol kinase), Pck1 (Phosphoenolpyruvate 

carboxykinase 1), Gys (glycogen synthase 1), and Fasn (fatty acid synthase) were upregulated upon T3 

treatment in TRβ KO animals. The expression of the same set of genes was unaltered in TRα1+m mice 

after T3 treatment (Figure 11E).  
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Figure 11: qPCR analysis of fat tissues, hypothalami, and liver in wildtype (wt) controls (n=6), TRβ KO 
animals (n=5), and TRα1+m mutants (n=7) after oral T3 treatment (0.5 mg/L). A) Normalized mRNA 
expression in iBAT. B) Normalized mRNA expression in eWAT. C) Normalized mRNA expression in iWAT. 
D) Normalized mRNA expression in the hypothalamus. E) Normalized mRNA expression in the liver. 
Data are reported as ±SEM. Unpaired Student´s t-test. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001, #p<0.05, ##p<0.01. Information on statistical tests and post hoc tests can be found in 
Supplementary Table 1. Parts of the data have been submitted to a peer-reviewed journal due to 
priority reasons (Sentis et al., 2023 in press). 
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To investigate molecular changes on the protein level in TRα1+m mutants and TRβ KO animals 

upon T3 treatment at 30°C, Western Blot analysis of iBAT was performed. The Western Blot membranes 

were stained for UCP1 (Jastroch, 2012) and the five OXPHOS complexes and were normalized to a 

calibrator sample and whole protein content (Figure 12A).      

 However, neither Ucp1 upregulation in TRβ KO mice nor Ucp1 downregulation in TRα1+m 

mutants led to any changes in UCP1 protein content after T3 treatment (Figure 12B). Although relative 

UCP1 protein content was unchanged in TRα1+m mutants and TRβ KO animals after T3 treatment 

(Figure 12B), differences in relative protein content of the respiratory chain complexes that build the 

electron transport chain (I-IV) at the inner mitochondrial membrane (Xu et al., 2020) could be detected 

(Figure 12C). The relative protein content of the OXPHOS-complexes I, II, and IV was significantly 

increased in TRβ KO animals. In contrast, the protein content of complex I was increased in TRα1+m 

animals, whereas protein content of complex III was significantly decreased. Despite higher complex V 

(ATP synthase) protein content in TRα1+m mice, values did not reach significance (p=0.09). 

 

Figure 12: Western Blot analysis of iBAT of wildtype (wt) controls (n=5), TRα1+m mutants (n=7), and 
TRβ KO animals (n=6) after T3 treatment (0.5 mg/L). A) Western Blots stained for UCP1 and the five 
OXPHOS complexes. B) Protein quantification of UCP1. C) Protein quantification of the five OXPHOS 
complexes. Data are reported as ±SEM. Unpaired Student´s t-test. ***p<0.001, ****p<0.0001, 
#p<0.05, ##p<0.01. Information on statistical tests and post hoc tests can be found in Supplementary 
Table 1.  
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In addition to the mRNA expression data, glycogen content in the liver was increased following 

T3 treatment in TRβ KO mice but not in TRα1+m mutants (Figure 13). 

 

Figure 13: Glycogen content in the liver of wildtype (wt) animals (n=4), TRβ KO animals (n=5), and 
TRα1+m mutants (n=7) after T3 treatment (0.5 mg/L). Data are reported as ±SEM. Unpaired Student´s 
t-test. **p<0.01. Information on statistical tests and post hoc tests can be found in Supplementary 
Table 1.  

 

Taken together, the molecular data on the regulation of TH-responsive genes in various tissues 

and organs suggest that prolonged T3 treatment in TRβ KO animals and TRα1+m mutants influences 

TH target gene expression. 
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3.2 The role of hypothalamic TRα1 in thermoregulation  

Given that the defective body temperature phenotype of TRα1+m mice could only partially be rescued 

at 30°C, a role for central TRα1 signaling in the regulation of the body temperature set-point is 

hypothesized.  

 

3.2.1 Experimental design: Does TRα1 in the hypothalamus regulate core body temperature?  

To further investigate the role of TRα1 signaling in the brain on temperature regulation, AAV vectors 

carrying either dominant-negative TRα1 or a control vector were injected into the hypothalamus of 

wildtype mice, as this region is a known regulator of body temperature homeostasis (Contreras et al., 

2017, 2016; Warner and Mittag, 2012). This aimed at locally inhibiting TRα1 signaling in cells of the 

hypothalamus. Simultaneously, radiotelemetry transmitters were implanted into the abdominal cavity 

to continuously record body temperature (Figure 14). Mice were given a recovery period of two weeks 

to ensure sufficient expression of dominant-negative TRα1 or control GFP. Next, mice were transferred 

into an open respiratory system to measure oxygen consumption and carbon dioxide exchange rates, 

as well as energy expenditure at different ambient temperatures (Figure 14). Infrared pictures of BAT 

and tails were taken at 22°C before and after the indirect calorimetry measurements.   

 Before sacrifice, the ECG of freely moving animals was recorded. At the end of the experiment, 

animals were sacrificed and organs and tissues (liver, heart, kidney, gastrocnemius muscle, soleus 

muscle, iBAT, iWAT, and eWAT), as well as serum, were harvested for further molecular analysis.  

 

Figure 14: Experimental in vivo study design to investigate the temperature-dependent effects of 
defective TRα1 in the hypothalamus on body temperature regulation and energy metabolism. The 
overview figure was adapted from Sentis et al., 2023 in press. 
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3.2.2 Hypothalamic dominant-negative TRα1 promotes slower body weight gain  

To demonstrate that dominant-negative TRα1 or control GFP was expressed in the hypothalamic target 

region, brain sections were stained for either mCherry or GFP. Strong expression of mCherry 

(TRα1R384C construct) and GFP (control construct) could be detected in regions near the 3rd ventricle 

and close to the paraventricular nucleus (PVN) of the hypothalamus (Figure 15A). Only animals with 

validated expression of mCherry (n=5) and GFP (n=8) were included for further analysis of physiological 

and molecular data.          

 Given that the dominant-negative TRα1 expression was also detected near the PVN, an area 

involved in regulating the HPT axis (Kondo et al., 2021), total serum T3 and T4 levels, as well as fT4 

levels were determined. However, neither T3, nor T4, or fT4 serum levels were changed in comparison 

to control animals, suggesting that the HPT axis was not influenced by the expression of dominant-

negative TRα1 in the hypothalamus (Figure 15B).  

 

Figure 15: Proof of concept: Expression of dominant-negative TRα1 and control GFP in the 
hypothalamic target region. A) Exemplary immunofluorescence staining of brains sections of animals 
that received dominant-negative TRα1 (TRa1R384C construct) or control virus (control construct with 
GFP). B) Determination of total T3 (TRα1DomNeg, n=5; control, n=8), total T4 (TRα1DomNeg, n=5; 
control, n=8), and free T4 (TRα1DomNeg, n=4; control, n=5) serum levels. Unpaired Student´s t-test. 
Information on statistical tests and post hoc tests can be found in Supplementary Table 1. Parts of the 
data have been submitted to a peer-reviewed journal due to priority reasons (Sentis et al., 2023 in 
press). 

 

Body weight gain, food intake, and water intake, as well as body temperature of all animals, 

were monitored until the end of the experiment. Starting one week after the stereotaxic delivery of 

the AAV vectors, animals who received dominant-negative TRα1 stopped gaining weight and failed to 

increase their post-surgery weight until the end of the experiment (Figure 16A). In comparison, control 

animals gradually increased their weight by 2.2 g (1-week post-surgery vs. 6-weeks post-surgery) until 

the end of the experiment. Additionally, dominant-negative TRα1 expressing animals reduced their 
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mean food intake by 0.6 g/day on average compared to control animals (Figure 16B+C),  

which, however, did not reach significance. Water intake was not different between the two groups  

(Figure 16B+C).  

 

Figure 16: Body weight gain and food and water intake after AAV-delivery of mutant TRα1 or control 
AAV (TRα1DomNeg, n=5; control, n=8). A) Increasing body weight (g) after stereotaxic surgery. B) 
Food and water intake (g). C) Normalized food and water intake. Data are reported as ±SEM. For A: 2-
way ANOVA, post hoc: Bonferroni's multiple comparison. For B+C: Unpaired Student´s t-test. *p<0.05, 
**p<0.01, ***p<0.001. Information on statistical tests and post hoc tests can be found in 
Supplementary Table 1. Parts of the data have been submitted to a peer-reviewed journal due to 
priority reasons (Sentis et al., 2023 in press). 

 

To investigate the slower body weight gain of dominant-negative hypothalamic TRα1 

expressing mice in further detail, all animals were placed into an indirect calorimetry system to assess 

possible changes in energy expenditure and the RQ.  At 22°C ambient temperature, the RQ profile over 

two days did not display any obvious alterations (Figure 17A) and no differences in the RQ during the 

inactive phase compared to the active phase could be detected (Figure 17B). Although dominant-

negative TRα1 expressing animals had a significantly lower RMR compared to controls (Figure 17C), 

the RMR, however, correlated with increasing body weight in both mutant TRα1 expressing animals 

and controls (Figure 17D). Additionally, oxygen consumption during the day and during the night was 

unchanged in both groups (Figure 17E+F). The analysis of covariance (ANCOVA) of the energy 

expenditure during the day (Figure 17G) and during the night (Figure 17H) revealed that oxygen 

consumption and thus energy expenditure in kJ are also body weight dependent in both, dominant-

negative TRα1 expressing animals and controls. Therefore, all animals, independent of group 

affiliation, had appropriate energy expenditure with regard to their body weight (Figure 17G+H). In line 

with unaltered oxygen consumption, mean energy expenditure during the day and night was also 

unaltered in both groups (Figure 17I).        

 To determine the BMR at rest of dominant-negative TRα1 expressing animals and controls, all 
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animals were placed at 30°C. Oxygen consumption gradually decreased at 30°C until reaching a plateau 

(Figure 17J), but no differences in oxygen consumption between the two groups could be detected 

(Figure 17K). After a recovery period of 24h, animals were exposed to a cold challenge at 10°C to test 

for defects in facultative thermogenesis by determining the RMR during cold exposure. At 10°C, oxygen 

consumption gradually increased until reaching a plateau (Figure 17L). However, also during cold 

exposure, no differences in the RMR between the two groups could be detected (Figure 17M).  



 

- 49 - 

 

Figure 17: Indirect calorimetry of animals that received dominant-negative TRα1 or control GFP 
(TRα1DomNeg, n=5; control, n=8). Gray areas indicate nighttime. A) Respiratory quotient (RQ) over 2 
days. B) Mean RQ over 2 days. C) Resting metabolic rate (RMR). D) RMR plotted against body weight.  
E) Oxygen consumption over 2 days. F) Mean oxygen consumption during the day and during the 
night. G) Energy expenditure (EE) during the day plotted against body weight. H) EE during the night 
plotted against body weight. I) Mean EE during the day and during the night. J) Oxygen consumption 
at 30°C. K) Mean oxygen consumption at 30°C. L) Oxygen consumption at 10°C. M) Mean oxygen 
consumption at 10°C. Data are reported as ±SEM. For B+C+F+I+K+M: Unpaired Student’s t-test. For 
D+G+H: Simple linear regression. For J+L: 2-way ANOVA, post hoc: Šídák's multiple comparison. 
*p<0.05. Data were analyzed with the help of Dr. Rebecca Oelkrug. Information on statistical tests and 
post hoc tests can be found in Supplementary Table 1. Parts of the data have been submitted to a 
peer-reviewed journal due to priority reasons (Sentis et al., 2023 in press). 
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 Taken together, the indirect calorimetry data revealed only minor changes and decreases in 

energy metabolism that are likely caused by the reduced body weight of the mice expressing the 

dominant-negative TRα1 in the hypothalamus.  

 

3.2.3 Hypothalamic dominant-negative TRα1 lowers core body temperature  

To investigate whether body temperature regulation was affected by the mutant TRα1 in the 

hypothalamus, animals were placed at different environmental temperatures to continuously record 

body temperature via implanted radiotelemetry transmitters.      

 At 22°C, the body temperature of animals expressing dominant-negative TRα1 in the 

hypothalamus was significantly lower during the active and inactive phases compared to GFP-

expressing controls (Figure 18A). Locomotor activity did also not differ between the two groups at 

22°C, except on the first day which can be attributed to the new environment in the climate chamber 

(Figure 18B). When placing the animals at thermoneutrality (30°C), the body temperature of animals 

expressing mutant TRα1 still remained significantly lower compared to the control animals  

(Figure 18C). Although, body temperature of dominant-negative TRα1 expressing animals was reduced 

by 0.6°C at 10°C ambient temperature (Figure 18C), values, however, did not reach significance (p=0.1). 

Interestingly, normalized BAT temperature was significantly increased upon expression of dominant-

negative TRα1 in the hypothalamus, whereas tail temperature remained unchanged at 22°C (Figure 

18D+E).  
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Figure 18: Body temperature phenotype of mice expressing dominant-negative TRα1 in the 
hypothalamus (n=5) and control animals (n=8). Grey areas indicate nighttime. A) Body temperature 
profile at 22°C. B) Locomotor activity at 22°C. C) Mean body temperature at different ambient 
temperatures. D) Exemplarily: Infrared thermography pictures at 22°C. E) Absolute and normalized 
BAT and tail temperature. Data are reported as ±SEM. For A+B: 2-way ANOVA, post hoc: Šídák's 
multiple comparison. For C+E: Unpaired Student’s t-test. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. Information on statistical tests and post hoc tests can be found in Supplementary  
Table 1. Parts of the data have been submitted to a peer-reviewed journal due to priority reasons 
(Sentis et al., 2023 in press). 

 

In summary, the expression of dominant-negative TRα1 in the hypothalamus could lower body 

temperature at 22°C and 30°C suggesting that central TRα1 signaling is important for body temperature 

regulation.  

 

3.2.4 Molecular phenotype of animals expressing dominant-negative TRα1 in the hypothalamus  

Subsequent qPCR analysis was performed to detect molecular changes in the expression level of TH 

target genes upon expression of mutant TRα1 in the hypothalamus. In contrast to the higher relative 

BAT temperature of dominant-negative TRα1 expressing animals, gene expression analysis of 

thermogenically active iBAT did not reveal any changes in thermogenic marker expression of Ucp1, 

Dio2, Adrb3, Prdm16 (PR domain containing 16), and Ppargc1a (Figure 19A). Additionally, thermogenic 

marker expression in eWAT and iWAT was also unaltered (Figure 19B+C). Gene expression analysis in 

the liver did also not reveal any major changes in fat metabolism upon the expression of mutant TRα1 

in the hypothalamus. Only the expression of Pck1 encoding the phosphoenolpyruvate carboxykinase 



 

- 52 - 

was increased in the liver of dominant-negative TRα1 expressing animals, whereas the expression of 

Fasn (fatty acid synthase) was decreased (Figure 19D).     

 Interestingly, gene expression analysis of the skeletal soleus lower limb muscle (more slow-

twitch fibers) revealed significant upregulation of Gpd2 (glycerol-3-phosphate dehydrogenase 2), 

Atp2a1 (ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 1), Atp2a2  

(ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 2), and Mstn encoding Myostatin, a 

protein that slows muscle growth in skeletal muscle, upon expression of dominant-negative TRα1 

(Figure 19E). However, gene expression of the same set of genes in the skeletal gastrocnemius limb 

muscle (more fast-twitch fibers) remained unaffected (Figure 19E). 
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Figure 19: Molecular phenotyping of dominant-negative TRα1 expressing mice (n=5) and control 
animals (n=8). A) Normalized mRNA expression in iBAT. B) Normalized mRNA expression in eWAT. C) 
Normalized mRNA expression in iWAT. D) Normalized mRNA expression in the liver. E) Normalized 
mRNA expression in gastrocnemius muscle. F) Normalized mRNA expression in soleus muscle. Data 
are reported as ±SEM. Unpaired Student’s t-test. *p<0.05, **p<0.01. Information on statistical tests 
and post hoc tests can be found in Supplementary Table 1. Parts of the data have been submitted to a 
peer-reviewed journal due to priority reasons (Sentis et al., 2023 in press). 
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In addition to the molecular data, the expression of dominant-negative TRα1 in the 

hypothalamus did not lead to any changes in FFA content or cAMP content in iBAT  

(Figure 20A+B), which is in line with no changes in thermogenic marker expression in fat tissue  

(Figure 19A-C). To gain further insight into glucose metabolism in dominant-negative TRα1 expressing 

animals, glycogen content in the liver, soleus muscle, and gastrocnemius muscle was determined, as 

glycogen is mostly stored in the liver and skeletal muscle (Jensen et al., 2011; Nicolaisen et al., 2020;  

Soon and Torbenson, 2023). Despite higher glycogen content in the liver in mutant TRα1 expressing 

animals (Figure 20C), values did not reach significance (p=0.06). Glycogen content in the soleus and 

gastrocnemius muscle was unchanged (Figure 20D+E), which is in line with no changes in gene 

expression upon expression of mutant TRα1 in the gastrocnemius muscle (Figure 19E). 

 

Figure 20: Free fatty acid (FFA), cyclic adenosine monophosphate (cAMP), and glycogen content in 
iBAT, liver, soleus muscle, and gastrocnemius muscle of animals expressing dominant-negative TRα1 in 
the hypothalamus (n=5) and control animals (n=8). A) FFA content in iBAT. B) cAMP content in iBAT.  
C) Glycogen content in the liver. D) Glycogen content in the soleus muscle. E) Glycogen content in the 
gastrocnemius muscle. Data are reported as ±SEM. Unpaired Student’s t-test. Information on 
statistical tests and post hoc tests can be found in Supplementary Table 1. Parts of the data have been 
submitted to a peer-reviewed journal due to priority reasons (Sentis et al., 2023 in press). 

 

Subsequently, Western Blot analysis in the soleus muscle of SERCA2 and the OXPHOS 

complexes were performed (Figure 21A). However, both SERCA2 and OXPHOS protein content were 

unaltered in comparison to control animals (Figure 21B+C).  
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Figure 21: Western Blot analysis of soleus muscle of animals expressing dominant-negative TRα1 in 
the hypothalamus (n=5) and control animals (n=8). A) Western Blot stained for SERCA2 and OXPHOS. 
B) Protein quantification of SERCA2. C) Protein quantification of the five OXPHOS complexes. Data are 
reported as ±SEM. Unpaired Student’s t-test. Information on statistical tests and post hoc tests can be 
found in Supplementary Table 1. Parts of the data have been submitted to a peer-reviewed journal 
due to priority reasons (Sentis et al., 2023 in press). 

 

Due to the involvement of TRα1 in heart rate regulation via the hypothalamus (Dore et al., 

2023b; Mittag, 2010; Mittag et al., 2013), cardiac parameters such as heart rate, heart rate variability, 

heart weight, and ECG complexes were measured by non-invasive ECG. However, all cardiac 

parameters were unaltered in animals expressing dominant-negative TRα1 in the hypothalamus in 

comparison to control animals (Figure 22A-E).  
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Figure 22: ECG parameters recorded from freely-moving mice and heart weight of animals expressing 
dominant-negative TRα1 in the hypothalamus (n=5) and control animals (n=8). A) Heart rate. B) Heart 
rate variability (HRV). C) R amplitude. D) Heart weight (mg). E) ECG complexes (RR, PQ, PR, QRS, QT, 
ST, QTC) and root mean square of successive differences between normal heartbeats (rMSSD). Data 
are reported as ±SEM. Unpaired Student’s t-test. Information on statistical tests and post hoc tests can 
be found in Supplementary Table 1. Parts of the data have been submitted to a peer-reviewed journal 
due to priority reasons (Sentis et al., 2023 in press). 

 

In summary, the expression of hypothalamic dominant-negative TRα1 promoted slower body 

weight gain and lowered body temperature of these animals at 22°C and 30°C ambient temperature, 

despite unchanged EE and oxygen consumption. On the molecular level, the expression of dominant-

negative TRα1 in the hypothalamus did not lead to changes in thermogenic marker expression in fat 

tissue but influenced the expression of metabolic genes in the skeletal soleus muscle. Interestingly, 

these findings could not be confirmed on the protein level. 
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3.3 Rats vs. mice – Differences in β3-adrenergic receptor expression in adipose tissue 

Systemic hyperthyroidism in mice leads to gradual weight gain accompanied by a shutdown of BAT and 

a downregulation of β3-adrenergic receptor expression (Johann et al., 2019). On the contrary, systemic 

hyperthyroidism in rats activates BAT and triggers thermogenesis (Abelenda and Puerta, 1992; Rial-

Pensado et al., 2022). On the molecular level, it remains unclear whether β3-adrenergic receptor 

expression in rats and mice in response to TH is differentially regulated.  

 

3.3.1 In vivo: Adrb3 expression is increased upon T4 treatment in rats  

To investigate the underlying mechanism at which β3-adrenergic receptor expression in iBAT of rats 

and mice is regulated, iBAT samples from rats (received from Prof. Miguel Lopez, University of Santiago 

de Compostela, Spain) that were orally treated with T4 for 14 days at room temperature were used for 

Western Blot analysis. Subsequent gene expression analysis was performed and compared to published 

mouse data (Capelli et al., 2021; Johann et al., 2019).       

 However, UCP1 protein content did not increase upon T4 treatment in rats, which is in line with 

data from T4-treated mice (Johann et al., 2019; Figure 23A+B). T4 treatment in rats led to a significant 

increase in complex V (ATP synthase) protein content of the oxidative phosphorylation complexes 

(Figure 23C). Interestingly and in contrast to mice treated with T4 (Johann et al., 2019), qPCR analysis 

of iBAT of the T4-treated rats revealed a significant upregulation of Adrb3, with no changes in Ucp1 and 

Dio2 expression (Figure 23D). Additionally, infrared thermography detected that iBAT of T4-treated rats 

was highly activated in response to T4 treatment (Rial-Pensado et al., 2022), whereas iBAT temperature 

of T4-treated mice was reduced compared to controls (Johann et al., 2019).    
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Figure 23: Western Blot analysis and gene expression analysis of iBAT of T4-treated rats (n=8) vs. 
control animals (n=8). A) Western Blot stained for UCP1 and OXPHOS. B) Protein quantification of 
UCP1. C) Protein quantification of the five OXPHOS complexes. D) Normalized mRNA expression in 
iBAT. Data are reported as ±SEM. Unpaired Student’s t-test. *p<0.05, **p<0.01. Information on 
statistical tests and post hoc tests can be found in Supplementary Table 1.  

 

Taken together, in vivo β3-adrenergic receptor expression in iBAT seems so be differentially 

regulated in mice and rats in response to T4 treatment, which may contribute to the activation of iBAT 

in rats in response to TH treatment and a shutdown of iBAT in mice. 

 

3.3.2 Experimental design: Is Adrb3 expression in brown and white adipocytes dependent on thyroid 

hormone concentration?  

To further investigate the TH dependent expression of TH target genes and particularly the regulation 

of β3-adrenergic receptor expression in iBAT and iWAT of rats and mice, preadipocytes from rats and 

mice were isolated and cultured (Figure 24).       

 After reaching confluency, the differentiation of preadipocytes to mature brown or white 

adipocytes was initiated (Figure 24). As TH is a crucial driver of differentiation of brown adipocytes 

(Obregon, 2008), primary iBAT cells were T3-starved for two days starting on day four after the 

induction of differentiation until the beginning of the experiment to exclude confounding effects of T3 

media supplementation. Cells were treated for 24 h with different concentrations of T3 (1 nM, 10 nM, 

50 nM) in the presence of 100 µM CL 316243 (b-Cl), a β3-adrenergic receptor agonist. Subsequently, 
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cells were harvested and the supernatant and cells for RNA isolation were stored at -80°C until further 

analysis.  

 

Figure 24: Experimental in vitro study design to investigate thermogenic marker expression changes in 
differentiated mature brown and white adipocytes isolated from either rats or mice upon CL 316243 
(b-CL) treatment (100 µM) in the presence of high and low concentrations (1 nM, 10 nM, 50 nM) of 
T3.   

 

3.3.3 In vitro: Thyroid hormone treatment of primary rat and mouse adipocytes does not lead to 

changes in Adrb3 expression  

Based on the in vivo findings, primary cell culture experiments were conducted to investigate the 

differences of Adrb3 expression in rats and mice upon TH treatment in vitro. First, primary 

preadipocytes isolated from mice and rats were differentiated according to existing differentiation 

protocols (Engelhard et al., 2022; Galmozzi et al., 2021) for preadipocytes (Figure 25).  

 

Figure 25: Exemplarily: Differentiation of isolated mouse preadipocytes to mature brown adipocytes. 
Differentiation took place over six days in the presence of differentiation media. Information on the 
differentiation protocol can be found in section 2.2.2.2. Microscope pictures were taken by Berenike 
Soehl, M.Sc. 
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Due to the adaption of the differentiation protocol of mouse preadipocytes for rat 

preadipocytes, the differentiation process was documented and verified via light microscopy  

(Figure 26). Mature mouse adipocytes, as well as mature adipocytes isolated from rats accumulated 

lipid droplets (Himms-Hagen et al., 2000; Shinde et al., 2021) upon induction of differentiation. Once 

the differentiation process was concluded and the accumulation of lipid droplets was confirmed, 

experimental interventions were performed. 

 

Figure 26: Differentiation of mouse and rat preadipocytes to mature adipocytes isolated from iBAT 
and iWAT depots. Differentiation took place over six days in the presence of differentiation media. 
Information on the differentiation protocol can be found in section 2.2.2.2. Microscope pictures were 
taken by Berenike Soehl, M.Sc. 

  

Following differentiation, matured primary brown and white adipocytes were treated with 

different doses of T3 (1 nM, 10 nM, 50 nM) in the presence and absence of b-CL (100 µM). Subsequent 

gene expression analysis was performed to detect differences in Adrb3 expression and in other 

thermogenic markers. In contrast to the in vivo data, the expression of Adrb3 did not respond to 

increasing T3 treatment concentrations in matured primary brown rat adipocytes (Figure 27A). 

However, the additional presence of b-CL led to an overall significant effect when comparing no b-CL 

treatment to b-CL treatment (p=0.0036). Gene expression of Adra1a was non-responsive to T3 

treatment and b-CL treatment (Figure 27B). Other thermogenic markers, such as Dio2, responded to 

increasing T3 treatment concentrations as a dose-effect (p=0.03) could be observed (Figure 27C). 

However, Ucp1 expression, a classical thermogenic marker, did not respond to increasing T3 treatment 

concentrations (Figure 27D); only additional b-CL treatment led to an overall significant effect when 

comparing no b-CL treatment to b-CL treatment (p=0.0019). 
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Figure 27: Matured primary rat brown adipocytes treated with increasing concentrations of T3 (1 nM, 
10 nM, 50 nM) in the presence or absence of b-CL (100 µM) A) Normalized mRNA expression of Adrb3. 
B) Normalized mRNA expression of Adra1a. C) Normalized mRNA expression of Dio2. D) Normalized 
mRNA expression of Ucp1. Data are reported as ±SEM. 2-way ANOVA, post hoc: Tukey's multiple 
comparison. ##p<0.01, $p<0.05. Information on statistical tests and post hoc tests can be found in 
Supplementary Table 1. Parts of the experiments were performed by Berenike Soehl, M.Sc.  

 

As TH is also a crucial driver of browning of white adipocytes (Johann et al., 2019; Petrovic et 

al., 2010; Weiner et al., 2016), gene expression analysis in matured primary rat white adipocytes was 

performed for the same set of genes as in brown adipocytes. Similar to brown adipocytes, Adrb3 

expression in differentiated white adipocytes from rats did not respond to increasing T3 treatment 

concentrations (Figure 28A). However, Adrb3 expression was significantly reduced in the presence of 

b-CL for all doses, accompanied by an additional dose effect (p<0.0001). In line with data from brown 

adipocytes, Adra1a expression did not respond to T3 treatment or additional b-CL treatment (Figure 

28B). Thermogenic marker expression of Dio2 and Ucp1 did not respond to T3 treatment, but 

additional b-CL treatment led to an overall effect when comparing no b-CL treatment vs. b-CL 

treatment (Dio2: p=0.16; Ucp1: p=0.12) in these genes (Figure 28C+D).   



 

- 62 - 

 

Figure 28: Matured primary rat white adipocytes treated with increasing concentrations of T3 (1 nM, 
10 nM, 50 nM) in the presence or absence of b-CL (100 µM) A) Normalized mRNA expression of Adrb3. 
B) Normalized mRNA expression of Adra1a. C) Normalized mRNA expression of Dio2. D) Normalized 
mRNA expression of Ucp1. Data are reported as ±SEM. 2-way ANOVA, post hoc: Tukey's multiple 
comparison. *p<0.05, **p<0.01, #p<0.05, #p<0.0001. Information on statistical tests and post hoc 
tests can be found in Supplementary Table 1. Parts of the experiments were performed by Berenike 
Soehl, M.Sc. 

 

To be able to compare the expression data from adipocytes isolated from rats with primary fat 

cells isolated from mice, expression analysis in matured mouse adipocytes after T3 and b-CL treatment 

was performed. Therefore, the same set of genes as in rat adipocytes was analyzed. Despite a reduction 

of Adrb3 expression with increasing T3 treatment concentrations (Figure 29A), values did not reach 

significance (control vs. 50 nM T3: p=0.08). However, the presence of b-CL significantly reduced the 

expression of Adrb3 which was accompanied by an overall effect when comparing no b-CL treatment 

vs. b-CL treatment (p<0.0001). In contrast to gene expression data from rat adipocytes, overall Adra1a 

expression was altered in response to b-CL treatment (p=0.03; Figure 29B). Thermogenic marker 

expression of Dio2 and Ucp1 was overall increased in response to b-CL (Dio2: p=0.0003;  

Ucp1: p<0.0001), but T3 treatment alone did not induce Dio2 and Ucp1 gene expression  

(Figure 29C+D).   
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Figure 29: Matured primary mouse brown adipocytes treated with increasing concentrations of T3  
(1 nM, 10 nM, 50 nM) in the presence or absence of b-CL (100 µM) A) Normalized mRNA expression of 
Adrb3. B) Normalized mRNA expression of Adra1a. C) Normalized mRNA expression of Dio2. D) 
Normalized mRNA expression of Ucp1. Data are reported as ±SEM. 2-way ANOVA, post hoc: Tukey's 
multiple comparison. *p<0.05, ***p<0.001, #p<0.05, ###p<0.001, ####p<0.0001. Information on 
statistical tests and post hoc tests can be found in Supplementary Table 1. Parts of the experiments 
were performed by Berenike Soehl, M.Sc. 

 

To conclude the primary cell culture experiments, gene expression analysis was also performed 

in matured white adipocytes isolated from mice. In line with data from rat white adipocytes, Adrb3 

expression did not respond to T3 treatment (Figure 30A), but the expression was significantly reduced 

after b-CL treatment accompanied by an overall effect when comparing no b-CL treatment vs. b-CL 

treatment (p<0.0001). Similar to Adra1a expression in rat white adipocytes, Adra1a did not respond 

to T3 or b-CL treatment in white mouse adipocytes (Figure 30B). The thermogenic marker Dio2 

responded to increasing T3 treatment concentrations (p=0.28), but no effect on Dio2 expression upon 

b-CL treatment could be observed (Figure 30C). However, Ucp1 expression, as a classical thermogenic 

marker, did not respond to increasing T3 treatment concentrations (Figure 30D) and additional b-CL 

treatment led to an overall significant effect when comparing no b-CL treatment to b-CL treatment 

(p=0.003). 
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Figure 30: Matured primary mouse white adipocytes treated with increasing concentrations of T3  
(1 nM, 10 nM, 50 nM) in the presence or absence of b-CL (100 µM) A) Normalized mRNA expression of 
Adrb3. B) Normalized mRNA expression of Adra1a. C) Normalized mRNA expression of Dio2. D) 
Normalized mRNA expression of Ucp1. Data are reported as ±SEM. 2-way ANOVA, post hoc: Tukey's 
multiple comparison. *p<0.05, **p<0.01, ##p<0.01, ###p<0.001, $p<0.05. Information on statistical 
tests and post hoc tests can be found in Supplementary Table 1. Parts of the experiments were 
performed by Berenike Soehl, M.Sc. 

 

Taken together, despite a significantly increased expression of Adrb3 in rats treated with T4, 

Adrb3 gene expression in matured brown adipocytes isolated from rats did not respond to T3 treatment 

in vitro. Interestingly, Adrb3 gene expression of matured brown adipocytes isolated from mice did also 

not respond to increasing T3 treatment concentrations. Adrb3 expression in white mouse and rat 

adipocytes did also not respond to T3 treatment.      

 In conclusion, the direct effects of TH on Adrb3 expression are negligible and only the 

simultaneous treatment of TH and b-CL mimicking SNS signaling provokes changes in Adrb3 expression 

in vitro. 
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4 Discussion 
 

Despite extensive research on TH and TR action in the brain and peripheral target organs and tissues, 

the individual contributions of TRα1 and TRβ signaling to body temperature homeostasis and 

regulation are not entirely understood (Sentis et al., 2021). This thesis aimed at investigating and 

understanding the role of peripheral TRα1 and TRβ and hypothalamic TRα1 in body temperature 

regulation, with special interest in brown fat thermogenesis.      

 For this, TRα1+m mutants and TRβ KO mice were housed at room temperature, as well as 

thermoneutrality where BAT innervation is minimized (Cui et al., 2016). Numerous studies that employ 

rodent models to investigate the fundamental mechanisms of body temperature control typically use 

room temperature as an experimental housing condition (Fischer et al., 2019; Škop et al., 2020a). Unlike 

humans, mice constantly face a mild cold challenge at room temperature, which leads to permanent 

SNS signaling and BAT activation (Škop et al., 2020a). Consequently, recent research suggests that 

employing thermoneutral housing conditions (30°C) during experiments may have greater translational 

relevance (Fischer et al., 2019; Ganeshan and Chawla, 2017). Subsequently, all animals were treated 

with T3 via the drinking water at 30°C to study the effects and consequences of systemic 

hyperthyroidism at thermoneutrality in mouse models with either a mutant TRα1 or TRβ KO (Dore et 

al., 2023b, 2023a). Touch-free body temperature profiles were acquired with the help of implanted 

radiotelemetry transmitters to reduce anxiety-induced hyperthermia in TRα1+m mice (Venero et al., 

2005). Finally, to investigate the contributions of hypothalamic TRα1 in the control of the central body 

temperature set-point, AAVs carrying dominant-negative TRα1 were delivered into the hypothalamus. 

Especially, the preoptic area (POA) of the hypothalamus is known to be greatly involved in whole-body 

temperature regulation (Contreras et al., 2017, 2016), rendering the hypothalamus an interesting 

target to test the thermoregulatory consequences of defective TRα1 action in the brain.

 Furthermore, previous in vivo studies could show that systemic hyperthyroidism in rats leads 

to BAT activation (Abelenda and Puerta, 1992; Rial-Pensado et al., 2022), whereas TH treatment in mice 

leads to reduced BAT activity and a downregulation of β3-adrenergic receptor expression (Johann et 

al., 2019). Thus, this work also aimed at dissecting the underlying TH-dependent in vitro mechanisms 

at which Adrb3 expression is regulated in mice compared to rats. For that, primary matured brown and 

white adipocytes isolated from rats and mice, were treated with T3 and the β3-agonist, b-CL, to dissect 

the differences in TH-induced thermogenic marker expression in rats and mice. 
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4.1 The role of TRβ in body temperature regulation  

Previous studies on TR action in peripheral organs suggest that TRβ mediates the direct action of THs 

in brown fat leading to an increased thermogenic potential of BAT by inducing thermogenesis-relevant 

target gene expression (Ribeiro et al., 2010, 2001; Villicev et al., 2007). Although the TRβ KO mice used 

in this study have significantly increased T3 and T4 serum levels at 22°C (Dore et al., 2023a; Forrest et 

al., 1996; Table 13), the endogenous hyperthyroidism of these animals did not elevate body 

temperature at 22°C (Forrest et al., 1996; Forrest and Vennström, 2000). This could be attributed to 

either the comparatively mild hyperthyroidism with a 1.6-fold increase of circulating TH levels in this 

TRβ KO strain (Dore et al., 2023a; Johann et al., 2019), or due to a compensatory adaptation considering 

that the TR KO is already established during embryonal development (Forrest et al., 1996). In 

comparison, a 2-fold increase in circulating T3 levels only results in a minor elevation of body 

temperature in wildtype animals (Herrmann et al., 2020). Due to the findings on body temperature 

during hyperthyroidism in wildtype mice, the endogenous mild hyperthyroidism of TRβ KO mice (Table 

13) might not be sufficient to elevate their body temperature at 22°C in comparison to control animals. 

 

Table 13: Total T3 (tT3) and T4 (tT4) serum levels of TRβ KO and TRα1+m animals at different ambient 
temperatures (22°C or 30°C) and treated with T3 (0.5 mg/L) for 12 days at 30°C. The table was 
adapted from Sentis et al., 2023 in press.  

            

 The tissue-specific TRβ actions in BAT to induce thermogenesis are interestingly independent 

of whole-body temperature homeostasis, as a global TRβ KO did not lead to an altered body 

temperature phenotype at 22°C or 30°C (Dore et al., 2023a; Forrest and Vennström, 2000; Johann et 

al., 2019). Furthermore, it was recently shown that serum T3 and T4 levels of TRβ KO animals at 

thermoneutral housing conditions are in a normal range and thus significantly lower in comparison to 

serum TH levels of TRβ KO mice housed at 22°C (Dore et al., 2023a; Lopez-Alcantara et al., 2023; Table 

13). Most importantly, the normalized TH serum levels in TRβ KO mice at 30°C allow to study the 

consequences of defective TRβ signaling in absence of the confounding endogenous hyperthyroidism 

that occurs in TRβ KO animals housed at room temperature. Therefore, it is no surprise that body 
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temperature of TRβ KO animals was not higher in comparison to wildtype animals at 30°C. 

 In response to oral T3 treatment at 30°C, the body temperature phenotype of TRβ KO mice was 

comparable to the body temperature phenotype of T3-treated wildtype animals. Interestingly, after 

oral T3 treatment, TRβ KO animals had significantly higher T3 and T4 serum levels in comparison to 

controls (Dore et al., 2023a), despite no differences in daily T3 solution intake. This difference might be 

due to a defective suppression of the HPT-axis in TRβ KO animals. The used T3 treatment dosage to 

induce systemic hyperthyroidism led to an overall 6-8-fold increase of T3 serum levels  

(Dore et al., 2023a) and very little circulating T4 levels in TRβ KO animals (Table 13). Due to the 

involvement of TRβ signaling in the regulation of the HPT-axis (Costa-e-Sousa and Hollenberg, 2012; 

Ortiga-Carvalho et al., 2014, 2005), the negative feedback mechanism is impaired in TRβ KO mice, likely 

leading to a continuous release of T4 and T3 by the thyroid gland which further elevates T3 and T4 

serum levels during TH treatment. In comparison, the endogenous production of TH in wildtypes is 

entirely abolished by the oral T3 treatment (Dore et al., 2023a; Johann et al., 2019).   

 Although impaired TRβ signaling did not lead to body temperature phenotype alterations, tail 

temperature of  TRβ KO mice did not increase in response to oral T3 treatment in comparison to 

wildtype controls. Therefore, heat stress triggered by T3 treatment induced heat dissipation 

mechanisms in wildtype mice but not in TRβ KO animals, implying a partial resistance to TH in the 

context of heat dissipation mechanisms. A previous study postulated that the direct actions of T3 in 

BAT are predominantly mediated by TRβ signaling (Ribeiro et al., 2010, 2001). However, T3 treatment 

induced thermogenic marker expression in BAT at 30°C in TRβ KO mice despite the absence of TRβ 

signaling, proposing a compensatory role for TRα1 signaling in BAT by inducing the expression of TH 

target genes. Although Ucp1 expression was induced by T3 treatment in TRβ KO mice, UCP1 protein 

content was not elevated in BAT. This can partially be explained by the thermoneutral housing 

conditions as BAT is naturally denervated and inactivated at 30°C (Cui et al., 2016). Only the synergistic 

interplay of SNS signaling, T3 signaling, and Ucp1 expression can activate BAT thermogenesis in 

response to cold (Abelenda and Puerta, 1992; Nedergaard et al., 1997; Yau and Yen, 2020). 

Furthermore, previous studies showed that cold exposure rapidly increases Ucp1 mRNA, but only 

prolonged cold exposure leads to an increase of UCP1 protein content (Nedergaard and Cannon, 2013). 

Therefore, the sole increase of Ucp1 mRNA does not automatically translate to UCP1 activity and thus 

the thermogenic capacity of brown fat (Li and Fromme, 2022; Nedergaard and Cannon, 2013). 

 In summary, this current study implies that the impact of TRβ signaling on whole-body 

temperature homeostasis appears to be restricted to minor defects in heat dissipation. Furthermore, 

the thermoregulatory phenotype of TRβ KO mice is primarily influenced by the degree of their 

endogenous hyperthyroidism. Lastly, the induction of thermogenesis related TH target genes in BAT of 

TRβ KO animals upon T3 treatment demonstrates a role for TRα1 signaling in body temperature control. 
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4.2 The role of TRβ in energy homeostasis  

Studies utilizing the TRβ-specific agonist GC-1 propose a pivotal role for TRβ signaling in energy 

expenditure and the regulation of energy homeostasis (Chiellini et al., 1998; Saponaro et al., 2020; 

Villicev et al., 2007).         

 Interestingly, food intake of TRβ KO animals housed at 30°C was significantly increased 

compared to wildtype controls but T3 treatment did not lead to a further increase in food intake. As 

the whole-body TRβ KO is already present during embryonic development, TRβ KO animals grew up 

under hyperthyroid conditions that resulted in increased energy expenditure and higher food intake to 

accommodate the higher energy demands (Forrest et al., 1996; Oppenheimer and Schwartz, 1980). 

Despite normalized serum T3 and T4 levels in TRβ KO mice at 30°C (Dore et al., 2023a; Lopez-Alcantara 

et al., 2023; Table 13), food intake remained higher, suggesting that the food intake set-point is not 

immediately adjusted in response to changes in ambient temperature and resulting changes in TH 

serum levels. More than 40 years ago, it was already shown that rats treated with T3, immediately 

increase energy expenditure but not food intake (Mariash et al., 1980; Oppenheimer and Schwartz, 

1980), suggesting that the food effect is a secondary adaptation. This is also supported by the slow 

increase of food intake of wildtype animals in response to T3 treatment in this current study. 

Furthermore, the involvement of central TRβ signaling in metabolism and energy homeostasis has 

recently been proposed in a study that selectively knocked-down TRβ in the VMH (Hameed et al., 

2017). The VMH is greatly involved in energy homeostasis and satiety and expresses TRβ as the 

predominant isoform (Cook et al., 1992). Upon knockdown of TRβ signaling in the VMH, mice 

significantly gain weight and become obese, due to reduced energy expenditure (Hameed et al., 2017). 

 Additionally, the great involvement of TRβ signaling in metabolism has long been proposed 

with regard to the actions of TH in the liver (Lopez-Alcantara et al., 2023; Piantanida et al., 2020; Sinha 

et al., 2018; Weiss et al., 1998). Due to the lack of functioning TRβ signaling in TRβ KO animals, the T3 

treatment cannot induce target gene expression in tissues predominantly expressing TRβ, such as the 

liver. As expected, and in line with previous studies, TH target genes in the liver such as Dio1 and Thrsp 

are significantly downregulated (Lopez-Alcantara et al., 2023). Additionally, glycogen content in the 

liver is increased in TRβ KO mice as a result of local hypothyroidism (Lopez-Alcantara et al., 2023; 

Rehman et al., 2023).          

 In summary, the endogenous hyperthyroidism of TRβ KO at 22°C led to increased food intake 

to accommodate the higher energy demands triggered by the higher TH serum levels that even 

persisted at 30°C despite normalized TH serum levels. These findings underline the important role of 

TRβ signaling in whole-body energy homeostasis.  
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4.3 The role of TRα1 in body temperature regulation  

TRα1 signaling has long been proposed to promote energy expenditure in skeletal muscle and to 

regulate heat dissipation in mice via the tail (Mullur et al., 2014; Nicolaisen et al., 2020; Warner et al., 

2013). As for the latter, a previous publication showed that mice heterozygous for a R384C mutation 

in TRα1 (Tinnikov et al., 2002) have significantly lower body temperature at 22°C, accompanied by 

increased BAT activity (Warner et al., 2013). These TRα1+m mutants suffer from defective 

vasoconstriction in their tails, while BAT is highly active to compensate for the tail heat loss  

(Warner et al., 2013). Vascular contractility and thus heat dissipation via the tail in mice is greatly 

dependent on functioning TRα1, emphasizing the role of TRα1 in whole-body thermoregulation and 

temperature homeostasis.          

 However, the excess heat loss via the tail of TRα1+m mice should be reversed at thermoneutral 

housing conditions, as no heat dissipation or heat conserving mechanisms are needed at 30°C (Fischer 

et al., 2019). When placing the TRα1+m mice at thermoneutrality, heat loss via the tail was indeed 

reversed, and the lower core body temperature phenotype could partially be rescued. Surprisingly, 

during the inactive light phase of mice, TRα1+m mutants still had a significantly lower body 

temperature phenotype at 30°C compared to wildtype controls, suggesting that also the TRα1-

dependent central control of body temperature is relevant for whole-body temperature homeostasis 

in these animals. During the inactive phase, only little additional heat from locomotor activity 

contributes to thermogenesis in the resting TRα1+m mutants. This implies a potential metabolic defect 

in the resting skeletal muscle, a tissue recognized for its elevated expression of TRα1 in mice 

(Nicolaisen et al., 2020; Yen, 2001).         

 Interestingly, upon oral T3 treatment that led to 6-fold increase of circulating T3 levels  

(Dore et al., 2023b; Table 13), body temperature in TRα1+m mutants could be fully rescued due to the 

reactivation of the mutant TRα1 (Tinnikov et al., 2002). However, T3 treatment surprisingly lowered 

BAT temperature in TRα1 animals, which was accompanied by decreased protein content of OXPHOS 

complex III, suggesting that the central response to a lower body temperature was indeed impaired in 

TRα1 animals. In turn, tail temperature increased upon T3 treatment, which is in line with a tail 

temperature increase in wildtype controls, indicating that the reactivation of TRα1 signaling stopped 

uncontrolled tail heat dissipation (Warner et al., 2013).       

 On the molecular level, T3 treatment in TRα1+m animals led to a decrease in Ucp1 and Dio2 

expression and an increase in Adrb3 expression in BAT at 30°C. A decreased expression of 

thermogenesis-related TH-responsive genes in TRα1+m mice indicates that intact TRβ signaling in BAT 

may temperature-dependently downregulate target gene expression. The opposite is observable in 

TRβ KO mice, suggesting that intact TRα1 signaling induces TH target gene expression independent of 

ambient temperature. Furthermore, thermogenic marker expression in iWAT of TRα1+m animals was 
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not induced upon T3 treatment, which is in line with a previous study that showed that browning of 

iWAT is dependent on the TRβ isoform (Johann et al., 2019). In contrast to findings in TRβ KO animals  

(Feng et al., 2000; Lopez-Alcantara et al., 2023; Piantanida et al., 2020; Sinha et al., 2018), TH target 

gene expression in the liver of TRα1+m animals did not differ in comparison to wildtype animals upon 

T3 treatment (Vujovic et al., 2009).         

 In conclusion, the defective body temperature phenotype of TRα1+m mutants could only 

partially be restored at 30°C, indicating that the central temperature set-point is shifted as BAT 

temperature is lowered in TRα1+m mice. Only oral T3 treatment at 30°C and thus the reactivation of 

mutant TRα1 could fully normalize the defective body temperature phenotype of TRα1+m mice. This 

demonstrates that intact TRα1 signaling is highly required for body temperature regulation and 

temperature homeostasis. Although the mutant TRα1 is already present during development in the 

TRα1+m mice, the acute reactivation of TRα1 and subsequent normalization of body temperature 

implies that no permanent thermoregulatory developmental defect persists in these animals, which, 

however, was recently observed for cardiovascular function (Dore et al., 2023b; Nappi et al., 2022).  
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4.4 The role of hypothalamic TRα1 in body temperature regulation  

The hypothalamus is a central key regulator of energy uptake and expenditure, thus whole-body energy 

homeostasis (Hameed et al., 2017; López et al., 2016). The most important regulator of appetite, food 

intake, and energy expenditure in the hypothalamus is the arcuate nucleus (ARC) (Timper and Brüning, 

2017). However, also other hypothalamic nuclei, like the lateral hypothalamus (LH) or the VMH, have 

been proven to play a critical role in the central regulation of appetite and satiety (Rossi, 2023; Timper 

and Brüning, 2017, 2017). Besides that, the hypothalamus also participates in the regulation of body 

temperature and body temperature homeostasis (Contreras et al., 2017, 2016; Sentis et al., 2021; 

Warner and Mittag, 2012). Furthermore, studies from López et al. proposed a role for centrally acting 

TH in the regulation of BAT thermogenesis and energy metabolism (López et al., 2010). However, the 

exact contributions of the different TR isoforms in the hypothalamus to TH-dependently regulate body 

temperature homeostasis remain unknown. Due to the observed defective body temperature 

phenotype of TRα1+m mutants at room temperature (Warner et al., 2013) and 30°C, which can only 

be rescued upon the reactivation of the mutant TRα1, this study aimed at testing whether central TRα1 

signaling mediates fine-tuning of the central body temperature set-point as in anapyrexia  

(Cannon and Nedergaard, 2010).        

 To investigate the contributions of hypothalamic TRα1 signaling to the control of whole-body 

temperature homeostasis, AAVs carrying CMV-driven dominant-negative TRα1 were delivered into the 

hypothalamus to impair TRα1 signaling.  Strong expression of mCherry was confirmed via fluorescence 

microscopy. A thorough analysis of the injection site revealed that the POA and the anterior 

hypothalamic area (AHA) of the hypothalamus were the main area of dominant-negative TRα1 

expression (Table 14), suggesting that most phenotypical alterations in transgenic mice are due to 

defective TRα1 signaling in the POA and AHA (Paxinos and Franklin, 2019). Due to strong expression of 

mCherry close to the PVN, an area that greatly influences the HPT-axis (Duntas, 2016; Kondo et al., 

2021) and that also induces thermogenesis in BAT (Mota et al., 2023; Zhang and Bi, 2015), serum T3 

and T4 levels were determined in transgenic mice revealing that hypothalamic mutant TRα1 did not 

influence the HPT-axis. Thus, any phenotypical alterations in transgenic dominant-negative expressing 

TRα1 mice are not due to imbalances of the HPT-axis.  
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Table 14: Hypothalamic areas with no (O), weak (+), or strong (++) expression of mCherry upon 
injection of CMV-driven TRα1R384C-mCherry. The table was adapted from Sentis et al., 2023 in press. 

 

 

Interestingly, the expression of hypothalamic dominant-negative TRα1 indeed led to alterations 

of the body temperature phenotype. The expression of mutant TRα1 in the hypothalamus significantly 

lowered body temperature at 22°C and at thermoneutrality. However, during cold exposure, reduced 

body temperature values of dominant-negative TRα1 did not reach significance. Consequently, during 

cold exposure, other thermoregulatory mechanisms in thermogenic tissues might be activated such as 

muscle tissue or BAT thermogenesis to counteract the cold stress. Additionally, the skeletal soleus 

muscle seems to be activated at room temperature as seen in the upregulation of Atp2a2 and Gpd2. 

Furthermore, the expression of hypothalamic dominant-negative TRα1 led to higher BAT temperatures 

at room temperature as compared to controls. It is known that impaired TRα1 signaling can regulate 

downstream BAT thermogenesis (López et al., 2010), however, whether hypothalamic dominant-

negative TRα1 drives BAT action in the transgenic animals or whether additional peripheral 

mechanisms contribute to BAT thermogenesis remains unknown.     

 Interestingly, the findings of this current study contrast with a recent study showing that 

neuronal mutant TRα1 and a simultaneous neuronal TRβ KO do not cause a reduced body temperature 

phenotype (Rial-Pensado et al., 2023). However, considering the elevated anxiety levels in TRα1+m 

mice (Venero et al., 2005; Wallis et al., 2008), even minor disruptions such as opening the cage induce 

immediate stress-induced hyperthermia. Therefore, it is plausible that the rectal probing used to 

measure body temperature in the neuronal mutant TRα1 and neuronal TRβ KO mice (Rial-Pensado et 

al., 2023) might not have accurately captured baseline reductions in body temperature.
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 Furthermore, the same study found that neuronal TRα1 mutants with a simultaneous neuronal 

TRβ KO have lower energy expenditure on chow diet and are prone to diet-induced obesity  

(Rial-Pensado et al., 2023). However, the expression of hypothalamic dominant-negative TRα1 did not 

lead to changes in energy expenditure in the transgenic animals, despite their inability to gain weight 

due to a yet undiscovered mechanism. Although food intake of dominant-negative TRα1 expressing 

animals was indeed lower, albeit not significant, the observation period of the experimental time frame 

was not sufficient to detect minor statistically significant changes in food intake. However, already small 

changes in food intake may induce changes in the lean mass or the fat mass and thus body weight, 

which may also be accompanied by minor and non-significant changes in energy expenditure  

(Tschöp et al., 2012). Additionally, the expression of mutant TRα1 in the hypothalamus was also 

confirmed in regions near the ARC that controls food intake (Timper and Brüning, 2017) and even 

myostatin expression in brown fat (Steculorum et al., 2016), which was, however, found to be altered 

in the soleus muscle of mutant TRα1 expressing animals.     

 Several differences exist between the study that utilized neuronal TRα1 mutants with a 

simultaneous neuronal TRβ KO (Rial-Pensado et al., 2023) and the hypothalamic mutant TRα1 approach 

used in this present study that may explain the confounding results: Firstly, the neuronal mutant TRα1 

and TRβ KO impacts the entire brain, potentially influencing metabolic rate through other regions like 

the brainstem (Roh et al., 2016). Secondly, the previous study on neuronal mutant TRα1 and TRβ KO 

(Rial-Pensado et al., 2023) investigated the actions of both receptor isoforms in the brain on energy 

homeostasis and thermogenesis simultaneously. Consequently, the specific TRα1 and TRβ actions in 

the brain cannot be distinguished. Thus, changes in energy expenditure can be attributed to the TRβ 

knockout, as TRβ is known to greatly influence energy expenditure via actions in the VMH (Hameed et 

al., 2017). Lastly, and most importantly, the neuronal model utilized a Cre3tg/+ mouse model (Banares 

et al., 2005) and thus a Cre/loxP approach to introduce the mutant TRα1 and TRβ KO in neurons of the 

central but also peripheral nervous system already during early embryonic development, whereas in 

this current study, mutant TRα1 was expressed in the adult hypothalamus.    

 However, the expression of hypothalamic dominant-negative TRα1 in this study is not 

restricted to neurons only. The expression of dominant-negative TRα1 exclusively in the hypothalamus 

allows a more distinct assessment of the hypothalamic regions that control body temperature 

homeostasis. Nevertheless, the approach to express mutant TRα1 under a CMV promoter does not 

allow conclusion to be made about distinct cellular populations that TRα1-dependently influence 

thermogenesis. In detail, the used AAV serotypes, AAV1 and AAV2, delivering dominant-negative TRα1 

into the hypothalamus target neuronal cell types, as well as astrocytes, and oligodendrocytes 

(Hadaczek et al., 2016; Haery et al., 2019; Wang et al., 2019). Likewise, the CMV promoter drives highly 

specific expression in neurons, but also in astrocytes (Bäck et al., 2019; Yaguchi et al., 2013). Thus, any 
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body temperature phenotype alterations upon the expression of hypothalamic dominant-negative 

TRα1 likely result from actions of multiple TRα1 expressing cell types in different hypothalamic areas 

(Alkemade et al., 2005; Sreenivasan et al., 2023). One cell type that could be affected by defective TRα1 

signaling are GABAergic neurons in the POA which were recently identified as thermoresponsive in 

response to ambient thermal challenges (Zhao et al., 2017). Finally, to narrow down regions and cell 

types that TRα1 dependently regulate body temperature and the central body temperature set-point, 

further experiments are required targeting, e.g., the POA or lateral hypothalamus exclusively.  

 In summary, impaired TRα1 in the hypothalamus induces a lower body temperature phenotype 

as in anapyrexia, which is accompanied by slower body weight gain (Dittner et al., 2019; Johann et al., 

2019). However, during acute cold exposure, other unknown peripheral and/or central 

thermoregulatory mechanisms seem to be at play defending a normal body temperature.  
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4.5 Differences in Adrb3 expression in primary rat and mouse adipocytes after 

thyroid hormone treatment  

Hypothyroidism is associated with weight gain and a slower metabolic rate in humans, but also in rats 

(Chaker et al., 2022; Herwig et al., 2014). Interestingly, the opposite findings were made in thyroid 

disease mouse models. Despite reduced energy expenditure and reduced daily activity, hypothyroid 

mice develop a leaner body weight phenotype compared to euthyroid controls (Kaspari et al., 2020; 

Niedowicz et al., 2021). However, the underlying mechanisms and species-specific differences at which 

TH exert their peripheral actions in, e.g., BAT and skeletal muscle to boost metabolism are not entirely 

understood and remain enigmatic.        

 Interestingly, also in hyperthyroid conditions, phenotypical differences in rats and mice can be 

observed. While prolonged T4 treatment in rats actives BAT thermogenesis and leads to slower body 

weight gain compared to euthyroid controls at room temperature (López et al., 2010; Rial-Pensado et 

al., 2022), systemic hyperthyroidism in mice leads to weight gain and lower BAT temperature 

compared to controls (Dittner et al., 2019; Johann et al., 2019; Lombardi et al., 2015). The lower BAT 

temperature in mice in response to T4 treatment suggests that brown fat thermogenesis is shut down 

in response to excess TH. In addition to the lower BAT temperature, mice treated with T3 or T4 had 

lower Adrb3 expression in iBAT (Johann et al., 2019), whereas this current study shows that rats treated 

with T4 had higher Adrb3 expression levels in iBAT in response to systemic hyperthyroidism. However, 

the exact mechanisms that contribute to the phenotypical in vivo difference between mice and rats 

during hyperthyroidism remain incompletely understood. Due to the translational relevance of animal 

disease models, a greater understanding of disease phenotypes in rodents is anticipated (Vandamme, 

2014). To further investigate the local TH effects on brown fat activation in rats and mice, cultured 

primary adult adipocytes were treated for 24 h with T3 and/or b-CL, a β3-adrenergic agonist (Ghorbani 

et al., 1997). This experimental design allowed the investigation of the direct actions of T3 in brown 

adipocytes, as cell cultures are denervated and therefore not influenced by SNS signaling. 

 Interestingly, T3 treatment alone did not lead to changes in Adrb3 expression in matured rat 

and mouse brown adipocytes in vitro, whereas additional b-Cl treatment significantly downregulated 

Adrb3 expression (Table 15A). Other thermogenic markers such as Ucp1 and Dio2 expression did also 

not respond to T3 treatment (Table 15A). These data suggest that TH alone does not mediate the  

in vivo Adrb3 expression differences in rats and mice and that additional indirect mechanism are at play 

to induce BAT thermogenesis in rats (Rial-Pensado et al., 2022) and to shut down brown fat 

thermogenesis in mice following systemic hyperthyroidism (Johann et al., 2019). Despite the crucial 

role of TH during the differentiation of preadipocytes to brown adipocytes (Obregon, 2008), the actions 

of TH on target gene regulation in vitro in mature brown adipocytes may require additional 

thermogenic key players.  
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Table 15: Summary of gene expression changes of Adrb3, Adra1a, Dio2, and Ucp1 in cultured mature 
brown and white adipocytes (isolated from rats and mice) in response to 24 h T3 and/or b-CL 
treatment.  

 

 

 An example of additional metabolic key players that can enhance the response of BAT to TH 

signaling are bile acids that have been identified as signaling molecules (Bonde et al., 2014; Gupta et 

al., 2001; Qiao et al., 2003). A previous publication could show that bile acids indirectly enhance DIO2 

activity, which in turn may mediate the conversion of intracellular T4 to T3. The metabolic effect of bile 

acids in brown fat are dependent on DIO2 action and induce BAT thermogenesis and increase energy 

expenditure when directly administered to BAT of mice (Watanabe et al., 2006). Furthermore, the 

treatment of brown adipocytes and myocytes with bile acids leads to increased DIO2 activity and 

oxygen consumption (Watanabe et al., 2006), suggesting that TH-dependent BAT thermogenesis may 

also be influenced and fine-tuned by bile acids (Bonde et al., 2014). Whether differences in bile acid 

signaling in rats and mice may contribute to differences in the thermogenic response of rats in mice 

during systemic hyperthyroidism remains to be investigated in future experiments.   

 In addition to bile acids, also well-known peptide hormones like the fibroblast growth  

factor 21 (FGF21; Angelin et al., 2012) may play a role in the fine-tuning of TH-induced brown fat 

thermogenesis in rats and mice. A publication that investigated the interplay of TH and FGF21 serum 

levels and its effects on liver metabolism and BAT could show that TH regulates FGF21 expression in 

liver and adipose tissue (Domouzoglou et al., 2014). However, FGF21 administration also influences TH 

serum levels in hypothyroid mice, suggesting that TH and FGF21 both influence the availability and 

tissue-specific actions of each other (Angelin et al., 2012; Domouzoglou et al., 2014). Conclusively, the 

in vivo effects of TH on target gene expression in BAT are likely accompanied and mediated by other 

mechanisms that could include bile acid signaling and the regulation of TH by FGF21 that could not be 

investigated by the in vitro experiments of this current study. Thus, future experiments aiming at 

dissecting the direct effects of TH in mature rat and mouse brown adipocytes on, e.g., Adrb3 target 

gene expression should also include investigating the effects of additional TH regulators.  

 Additionally, and in line with other studies, T3 treatment and simultaneous b-CL treatment led 

to the induction of thermogenic marker expression (Table 15B) in mature white adipocytes isolated 
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and cultured from rats and mice (Klaus et al., 2001; Liu et al., 2022; Martínez-Sánchez et al., 2017a; 

Volke and Krause, 2021; Weiner et al., 2016). In line with literature, these data implies that SNS 

signaling is required for browning of white adipocytes and thus an increase of the thermogenic 

potential of white fat cells (Collins et al., 2014).        

 In summary, the direct effects of TH on Adrb3 expression in vitro differ from Adrb3 expression 

patterns in vivo in response to systemic hyperthyroidism, indicating that additional mechanisms are at 

play governing and influencing the in vivo effects and consequences of TH treatment in BAT in rats and 

in mice. Although a recent study proposed that the paradoxical lean phenotype of hypothyroid mice 

compared to hypothyroid rats is the results of skeletal muscle mediated adaptive thermogenesis 

(Kaspari et al., 2020), the different phenotypes of hyperthyroid rats and mice are likely due to 

differences in brown fat activation (Johann et al., 2019; Rial-Pensado et al., 2022). 
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5 Conclusion and Outlook  
 

Taken together the results of this thesis demonstrate the importance of TH signaling in thermogenesis 

and whole-body temperature homeostasis in mice (Figure 31A). Furthermore, this study showed for 

the first time that hypothalamic TRα1 signaling regulates body temperature by lowering the body 

temperature set-point emphasizing that the interplay between centrally (Figure 31B) and peripherally 

(Figure 31C) acting TH is of great importance for body temperature homeostasis. This topic has not 

been thoroughly explored before, making the presented study a significant and valuable contribution 

to the current research in this field.         

  

Figure 31: The role of TRα1 signaling in whole-body temperature regulation. A) TRα1+m mutants only 
partially normalize their defective body temperature phenotype at 30°C during the active phase, while 
heat loss via the tail is normalized. These data suggest that their body temperature set-point is lower 
due to defective TRα1 signaling. B) Hypothalamic mutant TRα1 lowers the body temperature set-
point. C) The actions of TH on BAT thermogenesis and Adrb3 expression in rats and mice are likely 
indirect as TH treatment in in vitro does not up- or downregulate Adrb3 expression.  

           

 However, the precise mechanisms at which TRα1 regulates whole-body temperature 

homeostasis are not entirely resolved by this study as hypothalamic TRα1 action did not induce BAT 

thermogenesis or heat dissipation via the tail. Furthermore, the exact mechanisms at which the 

interplay of centrally and peripherally acting TH is mediated remains enigmatic (Cannon and 
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Nedergaard, 2010; Sentis et al., 2021; Zhang et al., 2018) as defects in central TH signaling seemingly 

lead to a lowering of the body temperature set-point, whereas the in vitro experiments of this study 

could show that the effects of TH on Adrb3 expression in brown fat are likely indirect. Further studies 

targeting specific hypothalamic nuclei that control whole-body thermoregulation are required to 

understand the different actions of TH signaling in different neuronal subpopulations of the 

hypothalamus.           

 To date, the consequences of central and particularly hypothalamic TH signaling on whole-body 

temperature regulation are still poorly understood and require further research to dissect the 

underlying cause and origin of symptoms that manifest in clinical hypo- or hyperthyroidism (Cannon 

and Nedergaard, 2010). Nevertheless, by demonstrating that impaired central TRα1 action can lead to 

a reduced body temperature phenotype in mice, this study suggests a novel pathway through which 

hypothalamic control influences the regulation of whole-body temperature. This pathway may be of 

relevance to clinical disorders in humans such as hyperthyroidism, mental illnesses, and conditions like 

multiple sclerosis, where altered temperature sensations manifest as a symptom (Christogianni et al., 

2022, 2018; Epstein et al., 1997; Lõhmus, 2018; Marcocci and Cetani, 2018; Sulman et al., 1975).  
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Appendix 
 

Statistical analysis  

Physiological data and expression data from section 3.1, 3.2, and 3.3 were analyzed using 2-way ANOVA 

and unpaired student’s t-tests (Supplementary Table 1). The used post-hoc tests can also be found in 

Supplementary Table 1, whereas post hoc test results can be found in the respective figures.  

 

Supplementary Table 1: Statistical tests and the respective p values. Post hoc test results can be found 
in the respective figures. Parts of the data have been submitted to a peer-reviewed journal due to 
priority reasons (Sentis et al., 2023 in press). 

Figure  Genotype Statistical test  
 

Figure 
7A 

TRα1+m&TRβ KO vs. wt 2-way ANOVA, post hoc: Dunnett’s multiple 
comparison 

 Interaction  Genotype Time 

F (22, 253) = 
2.113 
P=0.0032 

F (2, 23) = 
7.397 
P=0.0033 

F (11, 253) = 
37.41 
P<0.0001 

Figure 
7B 

TRα1+m&TRβ KO vs. wt 2-way ANOVA, post hoc: Dunnett’s multiple 
comparison 

 Interaction  Genotype Time 

F (22, 253) = 
5.254 
P<0.0001 

F (2, 23) = 
2.171 
P=0.1368 

F (11, 253) = 
76.00 
P<0.0001 

Figure 
7C 

TRα1+m&TRβ KO vs. wt 2-way ANOVA, post hoc: Dunnett’s multiple 
comparison 

 Interaction  Genotype Time 

F (22, 121) = 
1.477 
P=0.0947 

F (2, 11) = 
0.7020 
P=0.5165 

F (11, 121) = 
27.53 
P<0.0001 

Figure 
8B 

TRα1+m&TRβ KO vs. wt 2-way ANOVA, post hoc: Šídák's multiple comparison 
 

 Interaction  Genotype Time 

F (2, 13) = 1.297 
P=0.3064 
 

F (2, 13) = 
2.330 
P=0.1365 

F (1, 13) = 
29.06 
P=0.0001 

Figure 
9A 

TRα1+m&TRβ KO vs. wt Unpaired Student´s t-test  
 

TRβ KO vs. wt Df  t  P value  

8.00 2.622 0.030538 

TRα1+m vs. wt  Df  t  P value  

10.00 2.482 0.032444 
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Figure  Genotype Statistical test  
 

Figure 
9C 

TRα1+m&TRβ KO vs. wt 2-way ANOVA, post hoc: Bonferroni's multiple 
comparison 

 Interaction  Genotype Time 

F (2, 12) = 16.87 
P=0.0003 

F (2, 12) = 
5.101 
P=0.0249 

F (1, 12) = 
47.04 
P<0.0001 

Figure 
9D 

TRα1+m&TRβ KO vs. wt 2-way ANOVA, post hoc: Bonferroni's multiple 
comparison 

 Interaction  Genotype Time 

F (2, 12) = 
0.5740 
P=0.5780 

F (2, 12) = 
2.091 
P=0.1663 

F (1, 12) = 
8.072 
P=0.0149 

Figure 
10A 

TRα1+m&TRβ KO vs. wt 2-way ANOVA, post hoc: Dunnett’s multiple 
comparison 
 

 Interaction  Genotype Time 

F (20, 150) = 
2.636 
P=0.0005 

F (2, 15) = 
29.79 
P<0.0001 

F (10, 150) = 
10.51 
P<0.0001 

Figure 
10B 

TRα1+m&TRβ KO vs. wt 2-way ANOVA, post hoc: Dunnett’s multiple 
comparison 
 

 Interaction  Genotype Time 

F (20, 143) = 
3.077 
<0.0001 

F (2, 15) = 
27.03 
<0.0001 

F (10, 143) = 
10.51 
<0.0001 

Figure 
10C 

TRα1+m&TRβ KO vs. wt 2-way ANOVA, post hoc: Dunnett’s multiple 
comparison 
 

 Interaction  Genotype Time 

F (20, 150) = 
1.117 
P=0.3383 

F (2, 15) = 
0.05501 
P=0.9467 

F (10, 150) = 
2.827 
P=0.0030 

Figure 
10D 

TRα1+m&TRβ KO vs. wt 2-way ANOVA, post hoc: Dunnett’s multiple 
comparison 
 

 Interaction  Genotype Time 

F (20, 150) = 
1.247 
P=0.2248 

F (2, 15) = 
1.768 
P=0.2044 

F (10, 150) = 
3.184 
P=0.0010 

Figure 
10F 

TRα1+m&TRβ KO vs. wt Unpaired Student´s t-test  
 

TRβ KO vs. wt Df  t  P value  

4.00 0.7754 0.4814 

TRα1+m vs. wt  Df  t  P value  

5.00 2.273 0.0721 
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Figure  Genotype Statistical test  
 

Figure 
11A 

TRα1+m&TRβ KO vs. wt Unpaired Student´s t-test  
 

TRβ KO vs. wt  Gene  Df  t  P value  

Ucp1 8.00 2.104 0.068492 

Dio2 8.00 2.716 0.026419 

Adra1a 8.00 0.2892 0.779770 

Adrb2 8.00 0.3963 0.702278 

Adrb3 8.00 7.113 0.000101 

Cidea 8.00 1.287 0.234136 

Prdm16 8.00 1.503 0.171237 

Ppargc1a 8.00 6.563 0.000176 

TRα1+m vs. wt  Gene  Df  t  P value  

Ucp1 10.00 2.104 0.023545 

Dio2 10.00 2.716 0.007512 

Adra1a 10.00 0.2892 0.668576 

Adrb2 10.00 0.3963 0.730414 

Adrb3 10.00 7.113 0.001240 

Prdm16 10.00 1.503 0.385226 

Cidea 10.00 1.287 0.704883 

Ppargc1a 10.00 6.563 0.049747 

Figure 
11B 

TRα1+m&TRβ KO vs. wt Unpaired Student´s t-test  
 

TRβ KO vs. wt  

 

 

 
 

Gene  Df  t  P value  

Ucp1 9.00 1.054 
 

0.319176 

Dio2 9.00 1.239 0.246788 
 

Adra1a 9.00 1.481 0.172647 
 

Adrb2 8.00 1.109 0.299563 

Adrb3 9.00 1.823 0.101608 

Cidea 9.00 1.271 0.235720 
 

Prdm16 8.00 3.807 0.005188 

Ppargc1a 9.00 1.057 0.318168 

TRα1+m vs. wt  Gene  Df  t  P value  

Ucp1 11.00 1.676 0.121979 

Dio2 11.00 1.411 
 

0.185909 

Adra1a 11.00 1.620 
 

0.133479 

Adrb2 10.00 0.1276 
 

0.900996 

Adrb3 11.00 0.8495 0.413729 

Prdm16 10.00 1.524 0.158406 

Cidea 10.00 0.1842 0.857500 

Ppargc1a 11.00 0.1405 0.890818 

Figure 
11C 

TRα1+m&TRβ KO vs. wt Unpaired Student´s t-test  
 

TRβ KO vs. wt  Gene  Df  t  P value  

Ucp1 9.00 1.767 
 

0.111065 

Dio2 9.00 0.9806 0.352421 
 

Adra1a 9.00 1.129 0.287940 
 

Adrb2 9.00 0.6527 0.530243 

Adrb3 9.00 0.7866 0.451705 
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Figure 
11C 

TRα1+m&TRβ KO vs. wt Unpaired Student´s t-test  
 

TRβ KO vs. wt  Gene  Df  t  P value  

Cidea 9.00 2.252 0.050842 
 

Prdm16 9.00 0.1915 0.852362 

Ppargc1a 9.00 2.027 0.073291 

TRα1+m vs. wt  Gene  Df  t  P value  

Ucp1 11.00 0.2730 0.789889 

Dio2 11.00 1.203 
 

0.254144 

Adra1a 11.00 1.114 
 

0.289040 

Adrb2 11.00 2.090 
 

0.060596 

Adrb3 11.00 2.614 0.024103 

Prdm16 11.00 0.4957 0.629872 

Cidea 11.00 1.068 0.308335 

Ppargc1a 11.00 0.9009 0.386949 

Figure 
11D 

TRα1+m&TRβ KO vs. wt Unpaired Student´s t-test  
 

TRβ KO vs. wt  Gene  Df  t  P value  

Pomc 9.00 0.9331 
 

0.375130 

Npy 9.00 2.097 0.065451 
 

Lpl 9.00 2.585 0.029440 
 

Dio3 9.00 2.078 0.067487 

Dio2 9.00 2.753 0.022360 

Adrb2 9.00 4.663 0.001180 
 

Hcrt 9.00 2.382 0.041070 

Klf9 9.00 1.980 0.079062 

TRα1+m vs. wt  Gene  Df  t  P value  

Pomc 9.00 0.3313 0.746626 

Npy 9.00 1.572 
 

0.144311 

Lpl 9.00 0.8844 
 

0.395409 

Dio3 9.00 2.205 
 

0.049621 

Dio2 9.00 1.185 0.260939 

Adrb2 9.00 0.4233 0.680242 

Hcrt 9.00 0.1004 0.921827 

Klf9 9.00 3.048 0.011088 

Figure 
11E 

TRα1+m&TRβ KO vs. wt Unpaired Student´s t-test  
 

TRβ KO vs. wt  
 

Gene  Df  t  P value  

Gk 9.00 10.18 
 

0.000003 

Pck1 9.00 4.540 0.001406 
 

Dio1 9.00 10.55 0.000002 
 

Gys 9.00 5.403 0.000431 

Thrb 9.00 11.77 <0.000001 

Fasn 9.00 2.443 0.037186 
 

Thrsp 9.00 2.489 0.034488 

Cd5l 9.00 2.851 0.019051 

 



 

CVI 

Figure  Genotype Statistical test  
 

Figure 
11E 

TRα1+m&TRβ KO vs. wt Unpaired Student´s t-test  
 

TRα1+m vs. wt  Gene  Df  t  P value  

Gk 9.00 0.1340 0.895847 

Pck1 9.00 1.101 
 

0.294393 

Dio1 9.00 0.4149 
 

0.686224 

Gys 9.00 0.7233 
 

0.484606 

Thrb 9.00 0.5880 0.568408 

Fasn 9.00 1.249 0.237523 

Thrsp 9.00 0.4021 0.695341 

Cd5l 9.00 0.3024 0.768017 

Figure 
12B 

TRα1+m&TRβ KO vs. wt Unpaired Student´s t-test  
 

 UCP1 TRβ KO vs. wt Df  t  P value  

9.00 1.313 0.2217 

UCP1 TRα1+m vs. wt Df  t  P value  

10.00 0.2805 0.7848 

Figure 
12C 

TRα1+m&TRβ KO vs. wt Unpaired Student´s t-test  
 

 OXPHOS Complexes TRβ KO vs. 
wt 

Df  t  P value  

V 9.00 1.794 0.106351 

III 9.00 1.299 0.226302 

IV 9.00 3.975 0.003228 

II 9.00 3.703 0.004898 

I 9.00 6.981 0.000065 

OXPHOS Complexes TRα1+m vs. 
wt 

Df  t  P value  

V 10.00 1.821 0.098567 

III 10.00 3.262 0.008547 

IV 10.00 0.7560 0.467062 

II 10.00 0.3429 0.738791 

I 10.00 2.668 0.023587 

Figure 
13 

TRα1+m&TRβ KO vs. wt Unpaired Student´s t-test  
 

 TRβ KO vs. wt Df  t  P value  

7.00 4.857 0.0018 

TRα1+m vs. wt Df  t  P value  

9.00 0.8573 0.4135 

Figure 
15B 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

T3  Df  t  P value  

10.00 1.512 0.1616 

T4  Df  t  P value  

11.00 1.492 0.1638 

fT4  Df  t  P value  

7.00 2.177 0.0660 
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Figure 
16A 

DomNegTRα1 vs. cntrl 2-way ANOVA, post hoc: Bonferroni's multiple 
comparison 

 Interaction  Genotype Time 

F (7, 77) = 7.077 
P<0.0001 

F (1, 11) = 
11.94 
P=0.0054 

F (7, 77) = 
5.031 
P<0.0001 

Figure 
16B 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

Food Intake  Df  t  P value  

11.00 0.9028 0.385954 

Water Intake   Df  t  P value  

11.00 1.182 0.262124 

Figure 
16C 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

Food Intake  Df  t  P value  

11.00 1.958 0.076098 

Water Intake  Df  t  P value  

11.00 0.009531 0.992566 

Figure 
17B 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

RQ Day  Df  t  P value  

11.00 0.8573 0.409544 

RQ Night  Df  t  P value  

11.00 0.4147 0.686342 

Figure 
17C 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Df  t  P value  

11.00 2.630 0.0234 

Figure 
17D 

DomNegTRα1 vs. cntrl  Simple linear regression  
 

 Slope  Y-intercept  

2.614 -15.13 

Figure 
17F 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

Oxygen Consumption Day  Df  t  P value  

11.00 1.837 0.093296 

Oxygen Consumption Night Df  t  P value  

10.00 1.649 0.127472 

Figure 
17G 

DomNegTRα1 vs. cntrl  Simple linear regression  
 

 Slope  Y-intercept  

0.5632 1.998 

Figure 
17H 

DomNegTRα1 vs. cntrl  Simple linear regression  

 Slope  Y-intercept  

0.6791 2.849 
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Figure 
17I 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

EE Day Df  t  P value  

11.00 1.899 0.084092 

EE Night Df  t  P value  

11.00 1.548 0.149906 

Figure 
17J 

DomNegTRα1 vs. cntrl 2-way ANOVA, post hoc: Šídák's multiple comparison 
 

 Interaction  Genotype Time 

F (21, 231) = 
1.845 
P=0.0157 

F (1, 11) = 
3.905 
P=0.0738 

F (4.758, 52.34) 
= 32.86 
P<0.0001 

Figure 
17K 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Df  t  P value  

11.00 0.9611 0.3572 

Figure 
17L 

DomNegTRα1 vs. cntrl 2-way ANOVA, post hoc: Šídák's multiple comparison 
 

 Interaction  Genotype Time 

F (25, 275) = 
0.9333 
P=0.5590 

F (1, 11) = 
0.02224 
P=0.8842 

F (6.138, 67.52) 
= 24.64 
P<0.0001 

Figure 
17M 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Df  t  P value  

11.00 0.05459 0.9574 

Figure 
18A 

DomNegTRα1 vs. cntrl 2-way ANOVA, post hoc: Šídák's multiple comparison 
 

 Interaction  Genotype Time 

F (11, 121) = 
2.374 
P=0.0108 

F (1, 11) = 
16.10 
P=0.0020 

F (11, 121) = 
13.70 
P<0.0001 

Figure 
18B 

DomNegTRα1 vs. cntrl 2-way ANOVA, post hoc: Šídák's multiple comparison 
 

 Interaction  Genotype Time 

F (11, 121) = 
1.706 
P=0.0797 

F (1, 11) = 
8.275 
P=0.0151 

F (11, 121) = 
22.54 
P<0.0001 

Figure 
18C 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

22°C Df  t  P value  

11.00 3.410 0.005821 

30°C Df  t  P value  

11.00 4.215 0.001448 

10°C Df  t  P value  

11.00 1.651 0.126991 
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Figure 
18E 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

BAT Abs.  Df  t  P value  

11.00 1.800 0.099352 

Tail Abs.  Df  t  P value  

11.00 0.6863 0.506712 

Figure 
18E 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

BAT Norm.  Df  t  P value  

11.00 3.738 0.003276 

Tail Norm. Df  t  P value  

11.00 1.253 0.236287 

Figure 
19A 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Gene  Df  t  P value  

Ucp1 11.00 0.6704 0.516419 

Dio2 11.00 0.6423 0.533817 

Adra1a 11.00 0.1259 0.902048 

Adrb2 11.00 0.9813 0.347535 

Adrb3 11.00 0.5938 0.564679 

Cidea 11.00 1.974 0.073974 

Prdm16 11.00 0.8486 0.414212 

Ppargc1a 11.00 1.842 0.092629 

Pparg 11.00 0.9758 0.350128 

Figure 
19B 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Gene  Df  t  P value  

Adrb3 11.00 0.04867 0.962051 

Cidea 11.00 1.072 0.306790 

Prdm16 11.00 1.195 0.257113 

Fasn 11.00 0.4322 0.673941 

Figure 
19C 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Gene  Df  t  P value  

Ucp1 11.00 1.093 0.297775 

Dio2 11.00 0.5284 0.607702 

Adrb3 11.00 0.6257 0.544255 

Cidea 11.00 0.5953 0.563713 

Prdm16 11.00 1.720 0.113364 

Fasn 11.00 0.2136 0.834798 

Figure 
19D 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Gene  Df  t  P value  

Gk 11.00 1.559 0.147201 

Pck1 11.00 2.306 0.041615 

Dio1 11.00 2.034 0.066821 

Gys 11.00 0.6826 0.508986 

Thrb 11.00 0.4240 0.679724 

Fasn 11.00 2.332 0.039700 
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Figure 
19D 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Gene  Df  t  P value  

Thrsp 11.00 0.1945 0.849313 

Cd5l 11.00 0.06960 0.945758 

Fgf21 11.00 0.3616 0.724489 

Figure 
19E 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Gene  Df  t  P value  

Myh1 11.00 1.206 0.252962 

Myh4 11.00 2.181 0.051749 

Gpd2 11.00 2.808 0.017041 

Atp2a1 11.00 3.819 0.002849 

Atp2a2 11.00 2.204 0.049753 

Ucp3 11.00 0.7991 0.441151 

Ryr1 11.00 1.089 0.299401 

Sln 11.00 0.3321 0.746022 

Mstn 11.00 2.537 0.027629 

Figure 
19F 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Gene  Df  t  P value  

Myh1 11.00 0.6656 0.519370 

Myh4 11.00 0.7218 0.485501 

Gpd2 11.00 1.069 0.308043 

Atp2a1 11.00 0.4788 0.641465 

Atp2a2 11.00 1.132 0.281751 

Ucp3 11.00 0.4079 0.691207 

Ryr1 11.00 0.9762 0.349944 

Sln 11.00 0.7500 0.469010 

Mstn 11.00 0.09354 0.927156 

Figure 
20A 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Df  t  P value  

11.00 0.3956 0.7 

Figure 
20B 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Df  t  P value  

11.00 0.5377 0.6015 

Figure 
20C 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Df  t  P value  

11.00 2.019 0.0685 

Figure 
20D 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Df  t  P value  

11.00 0.8989 0.3898 
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Figure 
20E 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Df  t  P value  

11.00 0.3012 0.7689 

Figure 
21B 

DomNegTRα1 vs. cntrl Unpaired Student´s t-test  
 

 SERCA2 Df  t  P value  

11.00 0.1333 0.8964 

Figure 
21C 

DomNegTRα1 vs. cntrl Unpaired Student´s t-test  
 

 OXPHOS Complexes Df  t  P value  

V 11.00 0.6189 0.548559 

III 11.00 0.5527 0.591521 

IV 11.00 0.5947 0.564074 

II 11.00 0.5359 0.602676 

I 11.00 1.244 0.239516 

Figure 
22A 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

HR  Df  t  P value  

11.00 0.9353 0.3697 

Figure 
22B 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

HRV  Df  t  P value  

11.00 0.1163 0.9095 

Figure 
22C 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

R Df  t  P value  

11.00 2.020 0.0685 

Figure 
22D 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

Heart Weight  Df  t  P value  

11.00 0.6130 0.5524 

Figure 
22E 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Complex 
name 

Df  t  P value  

RR 11.000 1.020 0.329433 

PQ 11.000 1.998 0.071015 

PR 11.000 1.956 0.076287 

QRS 11.000 0.6589 0.523534 

QT 11.000 1.13 0.282380 

ST 11.000 1.178 0.263513 

QTC 11.000 0.8869 0.394131 

rMSSD 11.000 0.8956 0.389633 

Figure 
23B 

T4-treated rats vs. control Unpaired Student´s t-test  
 

 UCP1 Df  t  P value  

14.00 1.361 0.1951 
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Figure 
23C 

T4-treated rats vs. control Unpaired Student´s t-test  
 

 OXPHOS Complexes Df  t  P value  

V 14.00 3.515 0.003431 

III 14.00 0.6298 0.538991 

IV 14.00 1.348 0.199028 

II 14.00 1.117 0.282848 

I 14.00 0.9928 0.337637 

Figure 
23D 

DomNegTRα1 vs. cntrl  Unpaired Student´s t-test  
 

 Gene Df  t  P value  

Ucp1 14.00 0.9014 0.382600 

Adrb3 14.00 2.166 0.048065 

Dio2 14.00 1.486 0.159420 

Figure 
27A 

Primary rat iBAT cells   2-way ANOVA, post hoc: Tukey's multiple 
comparison 

Gene Adrb3 Interaction  b-CL treatment T3 treatment 

F (3, 31) = 
0.5143 
P=0.6755 

F (1, 31) = 
9.927 
P=0.0036 

F (3, 31) = 
0.9767 
P=0.4163 

Figure 
27B 

Primary rat iBAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Adra1a Interaction  b-CL treatment T3 treatment 

F (3, 29) = 
0.3815 
P=0.7671 

F (1, 29) = 
0.4615 
P=0.5023 

F (3, 29) = 
0.4054 
P=0.7503 

Figure 
27C 

Primary rat iBAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Dio2 Interaction  b-CL treatment T3 treatment 

F (3, 27) = 
0.2643 
P=0.8505 

F (1, 27) = 
0.9578 
P=0.3364 

F (3, 27) = 
3.456 
P=0.0302 

Figure 
27D 

Primary rat iBAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Ucp1 Interaction  b-CL treatment T3 treatment 

F (3, 28) = 
0.4092 
P=0.7476 

F (1, 28) = 
11.73 
P=0.0019 

F (3, 28) = 
2.631 
P=0.0696 

Figure 
28A 

Primary rat iWAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Adrb3 Interaction  b-CL treatment T3 treatment 

F (3, 24) = 
0.2076 
P=0.8901 

F (1, 24) = 
60.70 
P<0.0001 

F (3, 24) = 
0.2266 
P=0.8770 

Figure 
28B 

Primary rat iWAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Adra1a Interaction  b-CL treatment T3 treatment 

F (3, 24) = 
0,9274 
P=0.4426 

F (1, 24) = 
0.07571 
P=0.7856 

F (3, 24) = 
0.2059 
P=0.8913 
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Figure 
28C 

Primary rat iWAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Dio2 Interaction  b-CL treatment T3 treatment 

F (3, 24) = 1.378 
P=0.2734 

F (1, 24) = 
6.707 
P=0.0161 

F (3, 24) = 
2.683 
P=0.0694 

Figure 
28D 

Primary rat iWAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Ucp1 Interaction  b-CL treatment T3 treatment 

F (3, 24) = 1.337 
P=0.2858 

F (1, 24) = 
7.401 
P=0.0119 

F (3, 24) = 
2.878 
P=0.0570 

Figure 
29A 

Primary mouse iBAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Adrb3 Interaction  b-CL treatment T3 treatment 

F (3, 24) = 2.339 
P=0.0988 

F (1, 24) = 
76.09 
P<0.0001 

F (3, 24) = 
2.103 
P=0.1264 

Figure 
29B 

Primary mouse iBAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Adra1a Interaction  b-CL treatment T3 treatment 

F (3, 24) = 
0.05244 
P=0.9838 

F (1, 24) = 
5.112 
P=0.0331 

F (3, 24) = 
0.3491 
P=0.7901 

Figure 
29C 

Primary mouse iBAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Dio2 Interaction  b-CL treatment T3 treatment 

F (3, 24) = 1.120 
P=0.3604 

F (1, 24) = 
18.41 
P=0.0003 

F (3, 24) = 
0.7720 
P=0.5210 

Figure 
29D 

Primary mouse iBAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Ucp1 Interaction  b-CL treatment T3 treatment 

F (3, 24) = 
0.3640 
P=0.7795 

F (1, 24) = 
117.8 
P<0.0001 

F (3, 24) = 
1.122 
P=0.3600 

Figure 
30A 

Primary mouse iWAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Adrb3 Interaction  b-CL treatment T3 treatment 

F (3, 24) = 
0.9464 
P=0.4338 

F (1, 24) = 
45.44 
P<0.0001 

F (3, 24) = 
1.025 
P=0.3991 

Figure 
30B 

Primary mouse iWAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Adra1a Interaction  b-CL treatment T3 treatment 

F (3, 24) = 
0.5178 
P=0.6740 

F (1, 24) = 
4.076 
P=0.0548 

F (3, 24) = 
0.08770 
P=0.9661 
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Figure 
30C 

Primary mouse iWAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Dio2 Interaction  b-CL treatment T3 treatment 

F (3, 23) = 
0.07064 
P=0.9751 

F (1, 23) = 
1.004 
P=0.3268 

F (3, 23) = 
3.623 
P=0.0282 

Figure 
30D 

Primary mouse iWAT cells   2-way ANOVA, post hoc: Tukey's multiple comparison 

Gene Ucp1 Interaction  b-CL treatment T3 treatment 

F (3, 24) = 1.046 
P=0.3904 

F (1, 24) = 
10.56 
P=0.0034 

F (3, 24) = 
2.152 
P=0.1201 

Abbreviations in Supplementary Table 1: TRα1 = Thyroid hormone receptor α1; TRβ KO = Thyroid 
hormone receptor β knockout; wt = Wildtype; ANOVA = Analysis of variance; Df = Degrees of freedom; 
DomNegTRα1 = Dominant-negative TRα1; cntrl = Control; RQ = Respiratory quotient; EE = Energy 
expenditure; BAT Abs. = Absolute brown adipose tissue temperature; BAT Norm. = Normalized brown 
adipose tissue temperature; Tail Abs. = Absolute tail temperature; Tail Norm. = Normalized tail 
temperature; HR = Heart rate; HRV = Heart rate variability; R = R Amplitude; iBAT = Interscapular brown 
adipose tissue; iWAT = Interscapular white adipose tissue.  
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