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Abstract 

Background: Retinol Saturase (RetSat), an oxidoreductase, is expressed in 

metabolically active tissues and plays a role in adipocyte differentiation, hepatic glucose 

and lipid metabolism, macrophage function, vision, and ROS production. However, its 

function in the thyroid remains unexplored. 

Methods: RetSat expression in the mouse thyroid was examined under various 

physiological conditions, including normal diet, high-fat diet, hyperthyroidism, 

hypothyroidism, and iodide overload. To elucidate the functional significance of RetSat in 

the thyroid, a thyrocyte-specific RetSat knockout mouse model was generated and 

evaluated, and its effects were systematically studied under various experimental 

conditions. Serum samples were collected to quantify thyroid hormone levels by 

radioimmunoassay, TSH levels by Luminex immunoassay, and triglyceride and non-

esterified fatty acids (NEFA) levels by colorimetric enzymatic assay. Thyroid and liver 

tissues were obtained for comprehensive evaluation of thyroid morphology using H&E 

staining, analysis of gene expression patterns using real-time polymerase chain reaction, 

examination of protein expression profiles using immunoblotting and 

immunohistochemistry techniques, determination of Dio1 activity using the non-

radioactive Sandell-Kolthoff method, and quantification of triglyceride levels. 

Results: RetSat exhibited strong expression in the thyroid, with induction under 

hypothyroidism and reduction upon iodide overload. Thyrocyte-specific RetSat deletion 

resulted in elevated circulating TSH levels, alterations in thyroid morphology, and 

disruption of metabolic homeostasis, influenced by diet and gender. However, it did not 

significantly affect circulating thyroid hormone levels. 

Conclusion: This study unveils the previously unexplored function of RetSat in the 

thyroid and establishes its role as a novel regulator of thyroid function and metabolic 

homeostasis. 
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Zusammenfassung 

Hintergrund: Retinol Saturase (RetSat), ein Oxidoreduktase, wird in metabolisch aktiven 

Geweben exprimiert und spielt eine Rolle bei der Adipozytendifferenzierung, dem 

hepatischen Glukose- und Lipidstoffwechsel, der Makrophagenfunktion, Sehvorgang und 

der ROS-Produktion. Seine Funktion in der Schilddrüse ist jedoch noch unerforscht. 

Methoden: Die Expression von RetSat in der Mausschilddrüse wurde unter 

verschiedenen physiologischen Bedingungen untersucht, einschließlich normaler 

Ernährung, fettreicher Ernährung, Hyperthyreose, Hypothyreose und Iodüberladung. Um 

die funktionelle Bedeutung von RetSat in der Schilddrüse aufzuklären, wurde das 

Mausmodell mit schilddrüsenspezifischer RetSat-Deletion erzeugt und bewertet, und 

seine Auswirkungen wurden systematisch unter verschiedenen experimentellen 

Bedingungen untersucht. Serumproben wurden gesammelt, um die 

Schilddrüsenhormonspiegel mittels Radioimmunoassay, die TSH-Spiegel mittels 

Luminex Immunassay und die Triglycerid- und NEFA-Spiegel mittels farbmetrischem 

enzymatischem Reaktionen zu quantifizieren. Schilddrüsen- und Lebergewebe wurden 

zur umfassenden Bewertung der Schilddrüsenmorphologie mittels H&E-Färbung, zur 

Analyse der Genexpression mittels Echtzeit-Polymerase-Kettenreaktion, zur 

Untersuchung der Proteinexpression mittels Immunoblotting- und 

Immunohistochemiemethoden, zur Bestimmung der Dio1-Aktivität mittels der nicht-

radioaktiven Sandell-Kolthoff-Methode und zur Quantifizierung der Triglyceridspiegel 

gewonnen. 

Ergebnisse: RetSat zeigte eine starke Expression in der Schilddrüse, mit Induktion bei 

Hypothyreose und Reduktion bei Iodüberladung. Die schilddrüsenspezifische RetSat-

Deletion führte zu erhöhten zirkulierenden TSH-Spiegeln, Veränderungen der 

Schilddrüsenmorphologie und Störungen der metabolischen Homöostase, beeinflusst 

durch Ernährung und Geschlecht. Allerdings hatte sie keine signifikanten Auswirkungen 

auf die zirkulierenden Schilddrüsenhormonspiegel. 

Schlussfolgerung: Diese Studie enthüllt die bisher unerforschte Funktion von RetSat in 

der Schilddrüse und etabliert seine Rolle als neuartigen Regulator der 

Schilddrüsenfunktion und metabolischen Homöostase.
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1 Introduction 

1.1 Thyroid Gland  

The thyroid is an endocrine gland in the front of the neck, as shown in Figure 1, shaped 

like a butterfly and made up of two lobes of equal size. It is located just below the larynx, 

next to the Adam’s apple. The thyroid gland is made up of thyrocytes (also called thyroid 

epithelial cells or thyroid follicular cells) that synthesise and release thyroid hormones 

(TH), which are essential for normal growth, development and metabolism in the body. 

 

Figure 1: The position of the thyroid gland in the neck. The thyroid gland is a small gland 

located beside the trachea, below the larynx in the front part of the neck, and forms part of the 

endocrine system. Created with BioRender.com. 

The main function of the thyroid gland is to synthesise, store, and release TH, the two 

most important of which are triiodothyronine (3,5,3’-triiodo-l-thyronine, T3) and thyroxine 

(3,3’,5,5’-tetraiodo-l-thyronine, T4). The chemical structures of T3 and T4 are shown in 

Figure 2. These hormones regulate various aspects of the body, such as the basal 

metabolic rate, heart function, and digestive and nervous systems (1-7). TH also affect 

body temperature regulation, bone health, reproductive health, and emotional state, 

among others (8-13). 

 

Figure 2: Chemical structures of T4 and T3. T4 is composed of four iodine atoms attached to 

a tyrosine residue, and T3 has three iodine atoms attached to a tyrosine residue. Created with 

ChemDraw software.  
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The thyroid gland plays an important role in overall health. Abnormal thyroid function can 

lead to hyperthyroidism or hypothyroidism. Hyperthyroidism can cause a rapid metabolic 

rate, with symptoms including anxiety, weight loss, rapid heartbeat and neck swelling (14). 

Hypothyroidism causes a decrease in metabolism, with symptoms including fatigue, 

weight gain, dry skin and depressed mood (15). 

1.1.1 Histological Structure of the Thyroid Gland 

The thyroid follicle is considered to be the functional unit required for TH biosynthesis, 

consisting of a single layer of polarized follicular epithelial cells, known as thyrocytes, as 

shown in Figure 3, organized into a three-dimensional ovoid structure surrounding the 

follicular lumen. The follicle is filled with colloid, which contains thyroglobulin (TG), a very 

large glycoprotein (660 kDa) that is the precursor and storage form of TH (16). The 

follicles vary greatly in size, and the calcitonin-producing C-cells are located between the 

thyroid follicles (16). The exterior of the follicle is bounded by the basolateral plasma 

membrane of the thyrocytes and is in contact with a vast network of capillaries, as shown 

in Figure 3, where an intense exchange with blood takes place (17). 

Figure 3: Synthesis of thyroid hormones. Iodine is transported into thyroid cells through the 

sodium-iodine symporter (NIS) and subsequently enters the follicular lumen by the transporter 

pendrin (PDS) and the voltage-gated chlorine channel 5 (CIC-5). In the colloid, the iodide is rapidly 

oxidized by thyroid peroxidase (TPO) with hydrogen peroxide (H2O2) provided by dual oxidase 2 
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(DUOX2). Iodine is very reactive and iodinates the thyroglobulin (TG) at tyrosyl residues, which 

is then endocytosed into the follicular cells. The TG undergoes hydrolysis, resulting in the release 

of triiodothyronine (T3) and thyroxine (T4). These hormones are finally transported into the 

circulation through the monocarboxylate transporter 8 (MCT8). Figure taken from Szanto et al. 

(18). 

1.1.2 Synthesis of Thyroid Hormones (TH) 

The synthesis of TH occurs within the thyroid follicles and involves a series of specific 

biochemical reactions that are closely related to the histology of the thyroid tissue. 

TH synthesis involves the uptake of iodide, its incorporation into TG, and the coupling of 

iodinated tyrosine residues to form mainly T4 and along with some  T3. The biosynthesis 

and metabolism of TH requires the involvement of several minerals and trace elements 

such as iodide, selenium and iron (19). TH contain iodine atom as an essential component, 

and the transmembrane Na+ gradients mediated by the sodium-iodide symporter (NIS) 

facilitate iodide transport to thyrocytes (20, 21). Iodide transport is also stimulated by 

thyroid stimulating hormone (TSH) (22, 23). TSH stimulates cyclic adenosine 

monophosphate (cAMP) synthesis by binding to the TSH receptor (TSHR), a member of 

the class A G-protein-coupled receptors (GPCRs) located on the basolateral plasma 

membrane of thyrocytes (24-29). TSH stimulates NIS activity and regulates Nis mRNA 

levels through the cAMP pathway (21). 

TG plays a crucial role in iodine metabolism, serving as a scaffold for TH biosynthesis 

and for iodide storage in the thyroid, which is essential for maintaining thyroid 

homeostasis (30, 31). TG is a high molecular weight glycoprotein homodimer with two 

subunits of 330 kDa, primarily located in the follicular lumen. The expression of Tg mRNA 

is regulated by TSH through the stimulation of thyroid adenylate cyclase (32), which plays 

an important role in GPCR signaling through the generation of the soluble second 

messenger cAMP (29). Upon TSH-induced stimulation of exocytosis, newly synthesized 

non-iodinated TG is secreted into the follicular lumen (33). Thyroid peroxidase (TPO), a 

transmembrane protein present in the apical plasma membrane, catalyzes the iodination 

of some amino acid residues of TG (31). 

TPO is a critical enzyme in TH synthesis, as it catalyzes the oxidative coupling of 

iodotyrosine residues to produce T4 and T3 iodothyronine. TPO gene expression is 

primarily restricted to the thyroid gland and is regulated by at least three transcription 



 Introduction        6 

 

 

factors, including paired box gene 8 (PAX8), NK2 homeobox 1 (NKX2-1), and forkhead 

box E1 (FOXE1), along with the p300 coactivator (34, 35). TSH stimulates TPO gene 

expression via the cAMP pathway, and it also increases TPO levels in the apical plasma 

membrane by stimulating cytokinesis (36). However, TSH does not appear to play a direct 

role in regulating protein peroxidase activity. Interestingly, the oxidized form of iodide, 

generated by TPO catalysis, negatively regulates TPO mRNA levels (37, 38). Similar to 

other heme peroxidases, TPO requires oxidation by H2O2 to catalyze substrate oxidation. 

The enzyme responsible for H2O2 production in TH synthesis is the calcium-dependent 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, also known as dual 

oxidase 2 (DUOX2) (18). H2O2 initiates the oxidation of TPO, which subsequently oxidizes 

iodide ions to enable their binding to tyrosyl residues of TG. This leads to the formation 

of iodothyronine T4 and T3 in the TG molecule via the oxidation and coupling of hormonal 

iodotyrosines (39).   

Transporter proteins located in the basolateral plasma membrane of thyrocytes play a 

critical role in regulating the cellular uptake and efflux of TH (17). Several transporter 

proteins from different protein families are involved in facilitating these processes (40). 

Among these, SLC16A2 monocarboxylate transporter 8 (MCT8) has been characterized 

as the most important and specific transporter responsible for TH transport (40, 41). 

Studies in mice have shown that MCT8 deficiency results in increased thyroid hormone 

levels in the thyroid gland and decreased serum levels of T4 (42, 43). Mutations in MCT8 

cause severe psychomotor retardation associated with a severe syndrome called Allen-

Herndon-Dudley syndrome, as reported in several studies (44-47). Research has 

demonstrated that short-term iodide overload can lead to a significant reduction in thyroid 

MCT8 expression in rats, which explains the acute decrease in serum T4 caused by 

iodide overload (48). 

Overall, the synthesis and transport of TH depend on the complex regulation of multiple 

enzymatic steps and regulators to maintain thyroid function and physiological regulation. 

1.1.3 TH Serum Transport Proteins 

More than 99% of circulating TH is bound to three types of serum proteins (thyroxine-

binding globulin (TBG), transthyretin (TTR), and human serum albumin) and transported 

to target tissues (49, 50). Of these proteins, TBG is responsible for binding approximately 
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75% of serum T4, while TTR and human serum albumin (HSA) bind approximately 20% 

and 5% of T4, respectively (49). They act as a buffering system to maintain a stable 

concentration of extrathyroidal TH and to facilitate the even distribution of TH throughout 

various tissues (51). 

TBG is synthesized in the liver. The TBG molecule has a single iodothyronine binding site 

with a slightly higher affinity for T4 than for T3 (49). Although TBG carries most of the TH, 

its concentration in serum is much lower than that of TTR and HSA (52). 

TTR is synthesized mainly by the liver and the choroid plexus, which are the major 

sources of TTR in serum and cerebrospinal fluid, respectively (53). In humans, 90% of 

serum TTR is secreted by the liver (54). Alternatively, retinol binds to retinol binding 

protein 4 (RBP4), which forms a complex with TTR, and can be secreted in hepatocytes 

(54). TTR is involved in the systemic circulation of TH and retinol (53).  

HSA is the most abundant circulating protein synthesized by the liver, but compared to 

TBG, HSA has a much lower affinity for T4 and T3 (49, 51). Drastic changes in HSA 

concentration do not have a noticeable effect on TH levels (51). 

1.1.4 TH Function 

1.1.4.1 Role of the Thyroid Gland in Normal Growth 

The thyroid gland plays a pivotal role in facilitating normal growth and development, 

particularly during infancy and childhood, through the secretion of TH, which regulate 

metabolism and control cellular growth and differentiation (55, 56). These hormones are 

essential for the optimal functioning of all body cells, and play a critical role in regulating 

protein synthesis, which is vital for cellular growth and division (57-59). TH is especially 

crucial for the normal development of the central nervous system as well as the growth 

and maturation of bones and muscles during childhood (60, 61). Hypothyroidism resulting 

from an insufficiency of TH during this time may lead to growth retardation and 

developmental delays (62). Furthermore, the thyroid gland is also involved in maintaining 

healthy body weight and regulating body temperature, as well as affecting the functioning 

of the cardiovascular, gastrointestinal, and other body systems (2, 63, 64). 
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1.1.4.2 Effects of TH on Thermogenesis 

TH have a major influence on the modulation of thermogenesis in the human body. 

Through their actions on various tissues and cell types, such as skeletal muscle, heart, 

liver, and adipose tissue, they promote energy metabolism and heat production (65). One 

of the important mechanisms of thermogenesis is via the action of TH on brown adipose 

tissue (BAT), where they stimulate the expression of proteins, such as uncoupling protein 

1 (UCP1), that dissipate energy of the mitochondrial respiratory chain in the form of heat 

instead of synthesizing adenosine triphosphate (ATP) (66, 67).  

1.1.4.3 Role of TH in Lipid Metabolism 

TH exert a complex control over lipid metabolism by regulating lipogenesis, lipolysis, and 

lipid transport processes in the body (68, 69). Individuals diagnosed with hypothyroidism 

display altered lipid profiles, characterized by elevated levels of low-density lipoprotein 

(LDL), triglycerides, and apolipoprotein B (70). In addition to dyslipidemia, low levels of 

free thyroxine (fT4) also increase the risk of nonalcoholic fatty liver disease (NAFLD) (71). 

TH can increase lipolysis in adipose tissue, leading to increased circulating free fatty acids, 

which are then taken up by the liver and oxidized to produce energy as well as synthesize 

and secrete ketone bodies (69, 72). In addition, TH can also stimulate the expression of 

genes involved in de novo lipogenesis, resulting in increased production of triglycerides 

and other lipids in the liver (68, 69). 

TH is also essential in regulating the expression of key enzymes involved in cholesterol 

metabolism, such as β-hydroxy-β-methylglutaryl-CoA (HMG-CoA) reductase, which is 

responsible for the rate-limiting step in cholesterol synthesis (73). TH can increase the 

expression of HMG-CoA reductase and other enzymes involved in cholesterol 

biosynthesis, leading to increased hepatic cholesterol production (73). 

Moreover, TH can also influence the expression and activity of several other important 

enzymes involved in hepatic lipid metabolism, including lipoprotein lipase, acyl-CoA 

synthase, and carnitine palmitoyltransferase 1 (74, 75). These enzymes are critical for 

facilitating lipid uptake, transport, and metabolism/oxidation in the liver. 

1.1.4.4 Effect of TH on Cardiac Function 

TH has an important role in the modulation of cardiac function, and the heart is the primary 
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target organ for its physiological effects (3). Thyroid dysfunction can significantly impact 

cardiovascular health. Hypothyroidism can lead to decreased heart rate and cardiac 

output, while hyperthyroidism can cause an increased heart rate, arrhythmias, 

hypertrophied hearts and increased cardiac output, which can put significant stress on 

the heart (63, 76). TH is pivotal in regulating the growth and development of cardiac 

muscle, promoting the growth of cardiomyocytes, increasing the number of blood vessels 

in the heart, and improving the function of heart valves (77).  

1.1.5 Hypothalamic-Pituitary-Thyroid Axis 

TH production is regulated by the hypothalamic-pituitary-thyroid (HPT) axis, which has 

several key components. The hypothalamus secretes thyrotropin-releasing hormone 

(TRH), which stimulates the pituitary gland to synthesize and secrete TSH (78) (Figure 

4). TSH then acts on the thyroid gland to stimulate the biosynthesis and secretion of TH, 

primarily T4, and a lesser amount of biologically active T3 (78) (Figure 4). T4 and T3 are 

released into the bloodstream and exert specific actions on target organs, as illustrated 

in Figure 4. To maintain physiological levels of the main hormones of the HPT axis, T4 

and T3 control the secretion of TRH and TSH through a negative feedback mechanism 

(79). Primary thyroid failure can result in decreased levels of circulating TH, leading to 

increased secretion of TRH and TSH, while excess circulating TH has the opposite effect 

(80). The HPT axis is also modulated by other neural, humoral and local factors that 

determine changes in its physiological function (81). The collective actions of the 

hypothalamus, pituitary, and thyroid constitute the HPT axis, which adjusts TH levels in 

accordance with the body’s physiological needs.  
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Figure 4: Hypothalamic-Pituitary-Thyroid Axis. Thyrotropin-releasing hormone (TRH) is 

produced and secreted by the hypothalamus, which prompts the release of thyroid-stimulating 

hormone (TSH) by the pituitary gland. TSH binds to membrane receptors on thyroid follicular cells, 

causing the synthesis and secretion of thyroid hormones such as thyroxine (T4) and 

triiodothyronine (T3). A negative feedback loop is established when the concentrations of T4 and 

T3 in the blood increase, resulting in the inhibition of the pituitary response to TRH and a decrease 

in TSH secretion. Thyroid hormones enter target cells through specific transmembrane 

transporters. T4 is converted to T3 by iodothyronine deiodinase 1 and 2 (Dio1, Dio2). Once inside 

the nucleus, T3 binds to thyroid hormone receptors and forms homodimers or heterodimers with 

Retinoid-X receptor (RXR) or others on the thyroid hormone response elements (TREs) to 

activate the transcription of target genes. Created with BioRender.com. 

TH is central to several physiological processes, including nervous system development, 

energy metabolism, linear growth, thermogenesis, fluid balance and cardiovascular 

function. TH modifies gene expression through the action of nuclear TH receptors (TRs). 

T3 is the preferred ligand for TR, while T4 has a much higher serum concentration than 

T3 and is locally converted to T3 by TH-activating enzymes - mainly iodothyronine 
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deiodinase 1 (Dio1) and  iodothyronine deiodinase 2 (Dio2) (80, 82). In addition, T4 can 

be converted to reverse triiodothyronine (rT3) by  iodothyronine deiodinase 3 (Dio3) and 

Dio1, which reduces its affinity for TR (80, 83).  

1.2 Retinol Saturase (RetSat) 

1.2.1 Discovery of RetSat 

Moise et al. identified a family of vertebrate enzymes with significant similarity and a 

putative phytoene desaturase domain to plant carotenoid isomerase (CRTISO) (84) and 

some cyanobacteria (85), but not in mice (86). The CRTISO-related mouse enzyme is a 

retinol saturase that saturates the 13-14 double bond of all-trans-retinol to produce all-

trans-13,14-dihydroretinol (Figure 5), hence the name retinol saturase,  abbreviated 

RetSat (86). 

 
 

Figure 5: RetSat-catalyzed reaction that converts all-trans-retinol to all-trans-13,14-

dihydroretinol. The NAD(P)H- or FADH-dependent oxidoreductase RetSat catalyzes the 13-14 

double bond of all-trans-retinol to form all-trans-13,14-dihydroretinol. Created with ChemDraw 

software.  

1.2.2 Protein Structure of RetSat 

The homologs of humans and rodents have a high degree of similarity, sharing 90% of 

their protein sequence and having the same genic organization with 11 exons and 

identical exon-intron boundaries (86, 87). The mouse protein, which consists of 609 
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amino acids, is predicted to be about 67 kDa in size and includes a signal peptide at its 

N-terminus (amino acids 1-18) that directs the protein to the endoplasmic reticulum (ER). 

It also contains a dinucleotide-binding domain (amino acids 73-118), which is a common 

feature among oxidoreductases (87, 88). This domain acts as a binding site for either 

flavin adenine dinucleotide (FAD) or nicotinamide adenine dinucleotide (NAD)/NADP  

cofactors. RetSat, the enzyme in question, uses all-trans-retinol as its substrate and is 

likely to saturate the retinol double bond by transferring a hydride ion from the reduced 

cofactor NAD(P)H or FADH2 along with a proton, as suggested by the presence of the 

dinucleotide-binding motif (87). 

1.2.3 RetSat Catalyzed Enzymatic Reactions 

Murine RetSat catalyzes the conversion of all-trans-retinol to all-trans-13,14-

dihydroretinol (86, 89, 90). In contrast, the zebrafish RetSat saturates either the 7-8 or 

the 13-14 double bonds of the retinol side chain (91). Toomey et al. reported that the 

RetSat of zebra finch exhibited the ability to catalyze the conversion of 10’-apo-β-

carotene-3,10’-diol (galloxanthin) to 11’,12’-dihydro-10’-apo-β-carotene-3,10’-diol 

(dihydrogalloxanthin), thereby indicating a functional role of RetSat in avian vision (86, 

92). This finding extends previous knowledge that RetSat is capable of saturating not only 

the double bond of the polyene chain of all-trans-retinol, but also the polyene chain of 

galloxanthin. 

1.2.4 Expression of RetSat 

Although RetSat mRNA was cloned from the retina and retinal pigment endothelium, it 

has been detected in numerous tissues, primary cells, and cultured cell lines. In mice, the 

expression of both mRNA and protein were most prominent in the liver and kidney, 

followed by BAT and white adipose tissue (WAT) (86, 87, 89, 93-95). According to the 

mRNA expression profiles provided by BioGPS (96, 97) and the Human Protein Atlas (98) 

(www.proteinatlas.org), RetSat is also highly expressed in the thyroid gland, which is 

shown in Figure 6A. RETSAT protein localizes predominantly to hormone-synthesizing 

follicular thyrocytes surrounding the TG colloid in immunohistochemical staining of 

healthy human thyroids (Figure 6B). 

  

http://www.proteinatlas.org/
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Figure 6: Expression of RetSat in human tissues and thyroid sections. A) Tissue distribution 

of RetSat mRNA expression from https://gtexportal.org/home/gene/RETSAT. The red arrow 

highlights RetSat expression in the thyroid, one of the highest among the organs with strong 

expression. B) RETSAT immunohistochemistry in sections of thyroid glands from human 

individuals, downloaded from the Human Protein Atlas, available from http://www.proteinatlas.org 

(98).  

1.2.5 Transcriptional Regulation of RetSat 

RetSat is regulated by nuclear peroxisome proliferator-activated receptor α (PPARα) in 

liver and PPARγ in adipose tissue via a PPAR response element in intron 1 of both murine 

and human genes (87, 89, 95, 99). RetSat is also induced by fasting in a PPARα-

A 

B 

https://gtexportal.org/home/gene/RETSAT
http://www.proteinatlas.org/
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dependent manner and was alternatively named PPARα-regulated and starvation-

induced gene (Ppsig) (95). Additionally, RetSat is transactivated by forkhead box O1 

(FOXO1) in mouse liver, a transcription factor that regulates gluconeogenesis (100). 

1.2.6 Role of RetSat in Adipocyte Differentiation and its Impact on Adipose Tissue 

Physiology 

RetSat expression has been detected in preadipocytes, and both RetSat mRNA and 

protein levels are upregulated during adipocyte differentiation (89). Treatment with the 

thiazolidinedione pioglitazone resulted in increased RetSat mRNA expression, while 

knockdown of PPARγ caused a noticeable decrease in RetSat mRNA levels in adipocytes 

(87, 89). Depletion of RetSat in 3T3-L1 preadipocytes impaired adipocyte differentiation, 

and even the addition of all-trans-13,14-dihydroretinol did not rescue the effects of RetSat 

deficiency (89, 101). Interestingly, overexpression of RetSat did not result in detectable 

amounts of all-trans-13,14-dihydroretinol even after incubation with retinol, suggesting 

that RetSat promotes adipocyte differentiation independently of dihydroretinol formation 

(89). Moreover, RetSat overexpression was found to increase the activity of PPARγ, and 

supplementation with the PPARγ agonist pioglitazone overcame the differentiation 

defects caused by RetSat knockdown. These findings suggest that RetSat is required for 

adipogenic differentiation and may promote it by activating PPARγ. 

RetSat is highly expressed in white adipose tissue and has been found to be decreased 

in expression in diabetic ob/ob mice and in human obesity (89). In obese individuals, the 

macrophage content in adipose tissue is significantly increased, whereas in lean subjects 

it is only around 5-10% (102). The downregulation of RetSat expression has been 

observed when adipocytes and macrophages are cultured together, which suggests a 

relationship between RetSat expression and the impact of inflammatory cells on 

adipocytes in vivo (89). However, the impact of RetSat expression on adiposity is not 

clear, as whole-body knockout of RetSat in mice has been found to increase adipose 

tissue (103). It is unclear why this in vivo finding differs from in vitro observations. The 

accumulation of triglycerides and development of adiposity occurs only when an 

individual’s energy equation is out of balance, not as a consequence of adipocyte 

differentiation (104). RetSat deficiency in other cell types may affect the energy equation, 

taking into account that the mouse model used in the Moise et al. study was a whole body 

RetSat knockout model (87).  
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Further characterizing confirmed that mice lacking RetSat exhibited an increase in body 

weight gain on normal chow or when fed a high-fat diet (HFD), but food intake and energy 

expenditure remained unchanged (87). In addition, locomotor activity was increased, 

which indicates that energy efficiency may have been altered (87, 103). RetSat 

expression is also high in BAT, but its function in BAT is still unclear. One study showed 

that RetSat protein expression in BAT can be induced when mice are exposed to cold 

temperatures (105), but whether RetSat is related to thermogenesis requires further 

investigation. 

1.2.7 Role of RetSat in Liver Metabolism 

RetSat global deficiency did not induce variation in hepatic triglycerides, cholesterol, 

phospholipids or NEFA levels and did not affect hepatic and serum retinol or hepatic 

retinyl ester in the mixed genetic background (129sv/C57BL6) mouse (87, 103). However, 

it induced an increase in hepatic triglycerides under normal chow or HFD conditions after 

the mouse was backcrossed to C57BL/6N, but the whole-body and liver-specific insulin 

sensitivity were not impaired (94). 

Nevertheless, in the mouse model with acute liver-specific knockdown of RetSat, no 

significant changes were observed when fed a normal chow diet. However, when 

subjected to HFD challenge, the mice exhibited lower levels of liver and serum 

triglycerides, serum NEFA, and glucose levels (87, 94). Furthermore, blood glucose and 

insulin levels also decreased, while glucose tolerance increased and insulin sensitivity 

did not change (94). From a mechanistic perspective, this was linked to reduced mRNA, 

protein, and target gene expression of carbohydrate response element binding protein 

(ChREBP) (87). The essential role of RetSat in glucose-induced ChREBP activity and its 

nuclear accumulation in primary mouse hepatocytes indicates that RetSat acts as an 

upstream regulator of the glucose-sensing transcription factor ChREBP (87). Notably, 

RetSat’s regulation of ChREBP is independent of dihydroretinol formation (94). In 

humans, RetSat expression correlates with obesity, hepatic steatosis and ChREBP target 

gene expression in liver (87, 94). Overall, the involvement of RetSat extends to hepatic 

glucose and lipid metabolism. 
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1.2.8 Role of RetSat in Macrophage Function and Autoimmunity 

The expression and regulation of RetSat mRNA in mouse thymus were reported. The 

results showed that under the induction of dexamethasone, the apoptosis-phagocytosis 

process of thymocytes led to an increase in the expression of RetSat (106). Then the 

researchers observed impaired long-term phagocytosis of apoptotic cells by peritoneal 

and bone marrow-derived macrophages in mice with RetSat deletion (87). This effect was 

rescued by administration of the recombinant bridging molecule milk fat globule-EGF 

factor 8, which was expressed at lower levels in RetSat-deficient macrophages (107). 

Furthermore, female RetSat knockout mice were more susceptible to developing mild 

systemic lupus erythematosus-like autoimmunity as they aged (87). These mice 

displayed increased spleen weight, delayed clearance of apoptotic cells, and deposition 

of immune complexes in organs such as the kidney (87, 107). The authors concluded that 

the function of RetSat in macrophages was likely unrelated to dihydroretinol production 

based on their analysis of the effects of all-trans-13,14-dihydroretinol on macrophage 

gene expression and phagocytosis (87). 

1.2.9 Role of RetSat in Oxidative Stress Sensitivity 

Nagaoka-Yasuda et al. found that RetSat can modulate the NIH/3T3 cells’ response to 

oxidative stress, and the expression of si-RetSat significantly enhanced the viability of 

primary fibroblasts exposed to tert-butylhydroperoxide (TBHP) (108). Another study later 

found that as the dose of the oxidative stress inducer TBHP increased, cell survival in the 

RetSat knockdown group was significantly higher than in the control group, and the 

addition of all-trans-13,14-dihydroretinol did not alter the results, indicating that RetSat 

modulates the cellular response to oxidative stress independently of retinol saturation 

(109). Overexpression or knockdown of RetSat in NIH/3T3 cells leads to an increase or 

decrease, respectively, in TBHP-induced reactive oxygen species (ROS) production 

(109). Liver thiobarbituric acid reactive substances (TBARS), a byproduct of lipid 

peroxidation, are decreased in RetSat knockout normal chow and HFD mice (109). In 

summary, RetSat has been shown to modulate peroxide sensitivity and ROS production 

in cells and mouse liver, and its mechanism remains to be further studied (87).  

Through evolutionary genomic comparisons, the researchers identified RetSat as a 

convergent gene that contributes to mammalian adaptation to hypoxia on the Tibetan 
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Plateau (110). The amino acid substitution at position 247 of RetSat (Q247R), from 

glutamine (Q) to arginine (R), was found to result in higher enzymatic activity in HEK293T 

cells (110). Mice carrying the Q247R mutation show a significant increase in heart mass, 

pulmonary artery diameter and pulmonary stroke volume compared to wt mice (110). In 

addition, mice with the Q247R mutation show significantly longer survival times under 

acute hypoxia conditions, indicating their increased resistance to hypoxia-induced stress 

compared to the wt littermates (110). 

However, suppression of RetSat expression had no effect on UV- or paraquat-induced 

cell death (108). This implies that RetSat deficiency only provides protection against 

specific types of oxidative stress, suggesting that RetSat may have an undiscovered 

function in maintaining oxidative balance. 

1.2.10 Role of RetSat in Ferroptosis 

Ferroptosis, a recently discovered form of cell death, is characterized by a reduction in 

antioxidant capacity and the accumulation of lipid ROS in cells, resulting in oxidative cell 

death (111). Dubreuil et al. identified RetSat as one of the cytoprotective genes under 

H2O2 treatment by genome-wide CRISPR/Cas9 and shRNA screening in K562 chronic 

myelogenous leukemia cells (112). Subsequently, RetSat was found to be specifically 

required for H2O2-driven, iron-dependent cell death in HAP1 cells, a human leukemic cell 

line (113). A recent study indicated that both knockdown and knockout RetSat in cells 

showed significant resistance to ferroptosis induced by ferroptosis inducers (114). The 

study provided evidence that the pro-ferroptosis activity of RetSat functioned 

independently of the conventional ferroptosis mechanism, as RetSat knockout had no 

significant effect on the expression of established key ferroptosis-related factors such as 

acyl-CoA synthetase long chain family member 4 (ACSL4), glutathione peroxidase 4 

(GPX4), and solute carrier family 7 member 11 (SLC7A11) in cells (114). They postulated 

that the regulation of ferroptosis by RetSat may be due to its capacity to attenuate the 

free radical scavenging properties of retinoids and inhibit the retinoic acid receptor (RAR) 

signaling pathway (114). 

1.2.11 Role of RetSat in Cancer 

The reduction of RetSat expression by zinc finger protein X-linked (Zfx) deletion in stem 
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cells and its role in retinoid homeostasis may imply a correlation with cell proliferation and 

tumor development (87, 115). Indeed, compared to normal control tissues in rats, RetSat, 

also known as Rat Mammary Tumor 7 (Rmt7), exhibits decreased transcription levels in 

breast cancer and proliferative bladder tissue (87). Furthermore, RetSat mutations have 

been identified in rare undifferentiated pleomorphic sarcoma (116) and malignant 

melanoma (117), and its expression is positively associated with tumor immune infiltration 

(87, 118). Recent studies have shown a correlation between high RetSat expression in 

pancreatic ductal adenocarcinoma patients and poor survival outcomes (119). RetSat is 

believed to be a novel replication fork protein that is upregulated by hypoxia-inducible 

factor 1-alpha (HIF-1α) under hypoxic conditions, which avoids replication fork restarting 

and fork damage to prevent cell apoptosis, thus conferring chemoresistance to the 

pancreatic ductal adenocarcinoma (PDAC) cells against the chemotherapeutic drug 

gemcitabine (119). These findings link expression or mutation of RetSat with 

tumorigenesis. However, it remains unclear whether loss of RetSat function can induce 

carcinogenesis, and further investigation is needed to address this question.  

1.3 Aims of This Study 

TH is important regulators of food intake, energy expenditure, glucose and lipid 

metabolism, and cardiovascular function (1, 120). Thyrocytes produce large amounts of 

extracellular H2O2 in a NADPH-dependent manner and oxidize iodide and iodinate TG 

during the synthesis of TH in the follicular cavity formed by thyrocytes (17). The major TH 

is T4, while the more active T3 is produced mainly by local T4 deiodination in the target 

tissues (83). Recent studies have shown an association between adiposity and serum 

TSH and T3 in individuals with normal thyroid function, suggesting that obesity may 

potentially affect HPT axis function (121, 122). Even within the physiological range, 

alterations in thyroid function may lead to exacerbation of metabolic complications and 

the development of thyroid disease. In vitro and in vivo studies present evidence 

supporting the potential therapeutic benefits of activating T3-dependent pathways in 

metabolic syndrome, NAFLD, and the treatment of hepatocellular carcinoma (HCC) (123).  

Whole-body knockout of RetSat in mice results in increased adiposity, increased body 

weight under HFD conditions, increased hepatic triglyceride levels, and decreased 

hepatic ROS levels (103, 109). However, there is still a lack of tissue-specific knockout 
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models that could help us to understand the functions of RetSat. Although strong 

expression of RetSat has been observed in the thyroid (https://gtexportal.org/home/, 

phs000424.vN.pN), its functional relevance in this organ has not yet been demonstrated. 

However, RetSat may play an important role in the thyroid based on the following three 

factors: First, RetSat is highly expressed in the thyroid; moreover, peroxide sensitivity and 

H2O2 production have been shown to be associated with RetSat (108, 109); additionally, 

mice with global RetSat deletion exhibit enhanced locomotor activity (109), possibly due 

to alteration of the TH axis. Therefore, it is hypothesized that RetSat plays an important 

role in the thyroid gland. To substantiate the aforementioned hypothesis, the following 

research objectives were formulated: 

 

Objective 1: To investigate the regulation of RetSat in the mouse thyroid 

Objective 2: To establish a mouse model of thyrocyte-specific deficiency of RetSat 

Objective 3: To investigate whether RetSat-specific deletion in the thyroid gland of mice 

affects basal energy homeostasis in a metabolically challenged state 

Objective 4: To investigate whether RetSat-specific deletion in the thyroid gland of mice 

affects oxidative stress in mice with iodide overload. 

 

The above objectives will enable us to further investigate the role of RetSat in the thyroid 

gland and provide new therapeutic strategies for the treatment of hormonal dysfunction 

and metabolic diseases. 
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2 Materials 

2.1 Chemicals and Reagents 

The chemicals and reagents used are listed in Table 1. 

Table 1: Chemicals and reagents 

Substance Supplier 

(NH4)4Ce(SO4)4 Sigma Aldrich (USA) 

0.9% saline solution B. Braun Melsungen AG (DE) 

2-mercaptoethanol Sigma Aldrich (USA) 

5x PCR master mix “ready-to-load” Bio & Sell (DE) 

Acetic acid (CH3COOH) Carl Roth GmbH & Co. KG (DE) 

Acetone ((CH3)2CO) Sigma Aldrich (USA) 

Acrylamide solution 30% AppliChem GmbH (DE) 

Ammonium persulfate (APS) Sigma Aldrich (USA) 

Bovine serum albumin fatty acid free (BSA) Sigma Aldrich (USA) 

Bromophenol blue Sigma Aldrich (USA) 

Chloroform (CHCl3) Merck KGaA (DE) 

Sodium citrate Carl Roth GmbH & Co. KG (DE) 

D-(+)-glucose Sigma Aldrich (USA) 

Dibromotyrosine Tokyo Chemical Industry (JP) 

dNTP Mix Thermo Fisher Scientific Inc. (USA) 

DPX mountant for histology Sigma Aldrich (USA) 

Dithiothreitol (DTT) Sigma Aldrich (USA) 

Entellan Sigma Aldrich (USA) 

Eosin Y Merck KGaA (DE) 
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Ethanol (EtOH, C2H5OH) Merck KGaA (DE) 

Ethylenediaminetetraacetic acid (EDTA) Sigma Aldrich (USA) 

Formaldehyde solution 4%, buffered Merck KGaA (DE) 

Glycine Carl Roth GmbH & Co. KG (DE) 

Hematoxylin Carl Roth GmbH & Co. KG (DE) 

HEPES Thermo Fisher Scientific Inc. (USA) 

Hydrogen peroxide (H2O2) 30% Merck KGaA (DE) 

Insulin solution human Sigma Aldrich (USA) 

Isoflurane (Forene) AbbVie Inc. (USA) 

Isopropanol Merck KGaA (DE) 

Ketamine 100 mg/ml CP-Pharma Handelsgesellschaft mbH (DE) 

Potassium hydroxide (KOH) Sigma Aldrich (USA) 

Proteinase K Sigma Aldrich (USA) 

Magnesium chloride (MgCl2) Sigma Aldrich (USA) 

Methanol (CH3OH) Sigma Aldrich (USA) 

Methimazole (MMI) Sigma Aldrich (USA) 

Milk powder Carl Roth GmbH & Co. KG (DE) 

M-MLV reaction buffer (5x) Promega Corporation (USA) 

M-MLV reverse transcriptase Promega Corporation (USA) 

Molecular weight marker ProSieve color 

protein marker 
Lonza (CH) 

NADPH tetrasodium salt Carl Roth GmbH & Co. KG (DE) 

Neo-Clear  Merck KGaA (DE) 

Neomount Merck KGaA (DE) 

No ROX SYBR MasterMix blue dTTP Eurogentec (BE) 
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Non-reducing lane marker sample buffer (5x) Thermo Fisher Scientific Inc. (USA) 

Paraffin type 6 & 9  Thermo Fisher Scientific Inc. (USA) 

Phosphate-buffered saline (PBS) (pH 7.2; 

without CaCl2 and MgCl2) 
Thermo Fisher Scientific Inc. (USA) 

PhosSTOP phosphatase inhibitor cocktail 

tablets 
F. Hoffmann-La Roche AG (CH) 

Pierce ECL western blotting substrate Thermo Fisher Scientific Inc. (USA) 

Ponceau S Cayman Chemical Company (USA) 

Propylthiouracil Sigma Aldrich (USA) 

Protease Inhibitor Cocktail Tablets (complete, 

EDTA-free) 
F. Hoffmann-La Roche AG (CH) 

Protein A sepharose CL-4B GE Healthcare Bio-Sciences AB (SE) 

Qiazol lysis reagent Quiagen GmbH (DE) 

Random hexamer primer Thermo Fisher Scientific Inc. (USA) 

RNase A Thermo Fisher Scientific Inc. (USA) 

RNase-free water Thermo Fisher Scientific Inc. (USA) 

Roti-ImmunoBlock Carl Roth GmbH & Co. KG (DE) 

Reverse-T3 (rT3) Cayman Chemical (USA) 

Saccharine Sigma Aldrich (USA) 

Sodium arsenite (NaAsO2) Sigma Aldrich (USA) 

Sodium chloride (NaCl) Merck KGaA (DE) 

Sodium dodecyl sulfate (SDS) Carl Roth GmbH & Co. KG (DE) 

Sodium hydroxide solution (NaOH) Sigma Aldrich (USA) 

sodium iodide (NaI) VWR International (USA) 

Sodium Perchlorate Monohydrate 

(NaClO4.H2O) 
Sigma Aldrich (USA) 
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Sodium pyruvate Sigma Aldrich (USA) 

Sulfuric acid (H2SO4) Sigma Aldrich (USA) 

Sybrgreen PCR Mastermix Eurogentec (BE) 

Tetramethylethylenediamine (TEMED) Sigma Aldrich (USA) 

Tris hydrochloride (Tris-HCl) Carl Roth GmbH & Co. KG (DE) 

Tris(hydroxymethyl)-aminomethane (Tris base) Merck KGaA (DE) 

Triton X-100 Carl Roth GmbH & Co. KG (DE) 

Trizol reagent Thermo Fisher Scientific Inc. (USA) 

Tween 20 Merck KGaA (DE) 

Ultrapure distilled water DNase/RNase Free Thermo Fisher Scientific Inc. (USA) 

Xylene Sigma Aldrich (USA) 

2.2 Kits 

The kits used are listed in Table 2. 

Table 2: Kits 

Kit Supplier 

NEFA-HR (2) Kit FUJIFILM Wako Chemicals Europe GmbH (DE) 

peqGOLD Total RNA Kit VWR International (USA) 

DAB substrate kit K3466 Dako Denmark A/S (DK) 

MPTMAG-49K TSH kit Merck, Millipore (DE) 

NEBNext Ultra II RNA Library Prep Kit New England Biolabs (USA) 

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Inc. (USA) 

RNA Clean & Concentrator Kit Zymo Research (USA) 

Rneasy Mini Kit Qiagen GmbH (DE) 

SuperSignal Chemiluminescent Substrate Thermo Fisher Scientific Inc. (USA) 
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Total T3 RIA Kit RIA-4534 DRG Diagnostics GmbH (DE) 

Total T4 RIA Kit RIA-4533 DRG Diagnostics GmbH (DE) 

Triglycerides FS DiaSys Diagnostic Systems GmbH (DE) 

Vectastain ABC Kit, Rabbit IgG, PK-4001 Vector Laboratories, Inc. (USA) 

2.3 Buffers and Solutions 

All buffers and solutions were prepared in double distilled water (ddH2O) unless declared 

otherwise and are listed in Table 3. 

Table 3: Buffers and solutions 

Buffer/Solution Purpose Composition 

APS solution Preparation of gels for SDS-PAGE 10% (m/v) APS in ddH2O 

Blocking solution 
Blocking of membrane after 

Western blot 

4% (m/v) Milk powder in 1:1 

TBS/TBST buffer 

Citrate buffer (pH 6/9) 
Buffer for immunohistochemical 

staining 

0.1 M Sodium citrate in 

ddH2O 

Electrophoresis buffer 

(pH 8.3-8.8) 
Buffer for SDS-PAGE 

16.7 mM Tris base 

8.3 mM Tris-HCl 

192 mM Glycine 

0.1% (m/v) SDS 

Loading buffer 
Buffer for sample to load on gel for 

SDS-PAGE 

87.5% (m/v) 5x Pierce lane 

marker non-reducing sample 

buffer 

12.5% (m/v) 2-

Mercaptoethanol 

Loading buffer 

non-denaturing 

(pH 6.8)  

Buffer for sample to load on gel for 

non-denaturing gel 

1.25 mM Tris base 

27.4 mM Glycerol 

15 µM Bromophenol blue 

Protein homogenization 

buffer (pH 7.4) 
Buffer for protein extraction 

250 mM Sucrose, 

20 mM HEPES 

1 mM EDTA in ddH2O 
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Protein lysis buffer Lysis buffer for protein extraction 

2 mM EDTA (pH 8.0) 

150 mM NaCl 

50 mM NaF 

50 mM Tris-HCl (pH 7.2) 

0.5% (m/v) Sodium 

deoxycholate 

1% (v/v) IGEPAL CA-630 

0.1% (v/v) SDS 

1 Protease inhibitor cocktail 

tablet (complete, EDTA-free) 

per 50 ml buffer 

SDS solution Compound of gel for SDS-PAGE 10% SDS 

Stripping buffer 

To remove already bound 

antibodies on membranes in 

Western blot analysis 

6 M Guanidine hydrochloride 

0.3% (v/v) TritonX-100 

20 mM Tris-HCl (pH 7.5) 

0.1 M 2-Mercaptoethanol 

Tailcut buffer (pH 8.5) 
Isolation of DNA from mouse tail 

biopsies 

0.1 M Tris base 

0.2 M NaCl  

5 mM EDTA 

0.2% (w/v) SDS 

TE buffer (pH 7.5) 
Isolation of DNA from mouse tail 

biopsies 

10 mM Tris  base 

1 mM EDTA 

Tris-buffered saline 

(TBS) buffer 

Washing buffer for PVDF 

membranes; antibody dilution 

40.1 mM Tris base 

159.9 mM Tris-HCl 

137 mM NaCl 

Tris-buffered saline 

buffer with tween 

(TBST) 

Washing buffer for PVDF 

membranes; antibody dilution 

40.1 mM Tris base 

159.9 mM Tris-HCl 

137 mM NaCl  

0.1% (v/v) Tween 20 

Transfer buffer (pH 8.1-

8.5) 
Buffer for Western blot transfer 

25 mM Tris base 

192 mM Glycine 

20% (v/v) Methanol 
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0.05% (v/v) SDS 

Tris-HCl buffer 0.5 M 

(pH 6.8) 

Buffer for stacking gel for SDS-

PAGE 

15.3 mM Tris base 

485 mM Tris-HCl 

Tris-HCl buffer 1.5 M 

(pH 8.8) 

Buffer for separation gel for SDS-

PAGE 

0.3 M Tris base 

1.2 M Tris-HCl 

2.4 Antibodies 

Western blot analysis used the antibodies listed in Table 4.  

Table 4: Antibodies for Western blot analysis 

Antibody Species Product ID Supplier Dilution 

Alpha-Tubulin Rabbit 2144s Cell Signaling Technology, Inc. (USA) 1:1000  

Gapdh Rabbit 14C10 Cell Signaling Technology, Inc. (USA) 
1:1000-
1:5000 

I-thyroglobulin  Rabbit 
Self-generated 
(124) 

provided by Dr. Carrie Ris-Stalpers 
(University of Amsterdam) and Dr. Xavier 
De Deken (Université libre de Bruxelles) 

1:1000 

RetSat Rabbit HPA046513 Sigma Aldrich (USA) 1:1000 

Thyroglobulin Rabbit A0251 Dako Denmark A/S (DK) 1:10000 

Mouse Goat 31430 Thermo Fisher Scientific Inc. (USA) 1:1000 

Rabbit Goat 31460 Thermo Fisher Scientific Inc. (USA) 1:1000 

 

Immunohistochemical staining was performed using the antibodies listed in Table 5. 

Table 5: Antibodies for immunohistochemical staining analysis 

Antibody Species Product ID Supplier Dilution 

RetSat Rabbit Self-generated (89) Dr. Michael Schupp 1:100 

Rabbit Goat P0448 Dako Denmark A/S (DK) 1:500 

2.5 Oligonucleotides  

The primers used for quantitative real-time polymerase chain reaction (qPCR) were 
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designed using Primer Premier software (125) and the online tool Primer-BLAST (126). 

The primers were produced by Thermo Fisher Scientific Inc. (Waltham, USA). The 

sequences of primers (from 5’ to 3’) used in this study are listed in Table 6 and Table 7. 

Table 6: Primers for qPCR 

Gene Primer direction Sequences 

36B4 
forward TCATCCAGCAGGTGTTTGACA 

reverse GGCACCGAGGCAACAGTT 

Acc1 
forward GGTGAAGCTGGACCTAGAAGAGAA 

reverse AAAGGCCAAACCATCCTGTAAGC 

Cre 
forward GCTTGCATGATCTCCGGTAT 

reverse ATACCTGGCCTGGTCTGGA 

Dio1 
forward AAGTGCAACATCTGGGATTTC 

reverse AGAAATGAAGGTCAGGTGCAA 

Duox1 
forward GTCTGGCTTCCAGGACAAGG 

reverse CATGTTGTTTCGGGCACAGT 

Fasn 
forward CACCAATACAGATGGCAGCA 

reverse CCAGCTGGCTGATACAGAGA 

Gpx2 
forward CTCAATGAGCTGCAATGTCG 

reverse GCTGTTCAGGATCTCCTCGT 

Nis 
forward AAGTGACCGGGTTGGACATC 

reverse ATCAGGTTGATCCGGGAATG 

Nqo1 
forward TTCAACCCCATCATTTCCAG 

reverse GCTCAGGCGTCCTTCCTTAT 

Ppia 
forward TCAACCCCACCGTGTTCTTC 

reverse CCAGTGCTCAGAGCTCGAAA 

RatSat exon 1-2 
forward CGACAAGGAGGCTAGGAAGA 

reverse ATCACCACTGCATCCAGCTT 
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RatSat exon 2-3 
forward GCGGCTGTTGTCATACCTTT 

reverse CCAAGATAAAACGGCCAATG 

RatSat exon 8-9 
forward CCCATCAAGCAAGGATCCAA 

reverse ATGGGTACCAGCGCAGTCA 

Spot14 
forward GAGGTGACGCGGAAATACCA 

reverse TGTCCAGGTCTCGGGTTGAT 

Tbg 
forward AAGAGGGACACATGGAATGG 

reverse ATTCAACCCATCCTTTCTGC 

Tg 
forward TGTGGCCAGCATACACCTTC 

reverse TGGCGGAGACATGATACCAC 

Tpo 
forward CAGCGGTACACACCTTGTGG 

reverse AGGGTTCACAGTGGGGTTGT 

Ttr 
forward CGTACTGGAAGACACTTGGCATT 

reverse GAGTCGTTGGCTGTGAAAACC 

Xbp 1 total 
forward TGAAAAACAGAGTAGCAGCGCAGA 

reverse CCCAAGCGTGTTCTTAACTC 

Xbp1 spliced 
forward GCTGAGTCCGCAGCAGGT 

reverse CAGGGTCCAACTTGTCCAGAAT 

Xbp1 unspliced 
forward CAGACTATGTGCACCTCTGC 

reverse CAGGGTCCAACTTGTCCAGAAT 

 

Table 7: Primers for genotyping 

Cre 
forward AGGTGTAGAGAAGGCACTTAGC 

reverse CTAATCGCCATCTTCCAGCAGG 

olMR7338/7339 
forward CTAGGCCACAGAATTGAAAGATCT 

reverse GTAGGTGGAAATTCTAGCATCATCC 

RetSat 
forward CTCCTTTTCTGAGGCTGGTG 

reverse AAGGCAGACCTTTCTTTTAAGG 
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2.6 Equipment 

Table 8 lists all of the equipment used in this study. 

Table 8: Equipment 

Equipment Supplier 

Analytical balance  Sartorius AG (DE) 

AU480 chemistry analyzer Beckman Coulter (DE) 

Biofuge 13-R centrifuge Heraeus (DE) 

Biofuge universal 32-R centrifuge Heraeus (DE) 

Bruker minispec liver mice analyzer (LF50) Bruker Optics, Inc. (USA) 

CFX connect real-time PCR detection system Bio-Rad Laboratories (USA) 

Chemidoc imaging system Bio-Rad Laboratories (USA) 

ContourXT glucose meter Bayer Vital GmbH (DE) 

Equipment for polyacrylamide gels Bio-Rad Laboratories (USA) 

Equipment for Western blot Bio-Rad Laboratories (USA) 

FreeStyle precision neo Abbott Laboratories (USA) 

GammaMaster 1277 LKB Wallac (FIN) 

Heating plate MR 2002 Heidolph Instruments GmbH & Co. KG (DE) 

Luminex 200 system Luminex Corporation (USA) 

TSE LabMaster Indirect Calorimetry System TSE Systems (DE) 

Microm EC-350 tissue embedding Center Thermo Fisher Scientific Inc. (USA) 

Microscope Keyence BZ-9000 Keyence (DE) 

Mikrotom Leica 1130 Leica Biosystems Nussloch GmbH (DE) 

MiniSpin plus benchtop centrifuge Eppendorf AG (DE) 

NanoDrop ND-1000 spectrophotometer PEQLAB Biotechnologie GmbH (DE) 

RNA ScreenTape System Agilent Technologies Inc. (USA) 

NovaSeq 6000 system Illumina Inc. (USA) 

PTC-200 peltier thermal cycler Bio-Rad Laboratories (USA) 
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Restrainer rotating tail injector RTI Braintree Scientific, Inc. (USA) 

Rotamax 120 shaker Heidolph Instruments GmbH & Co. KG (DE) 

Thermomixer comfort Eppendorf AG (DE) 

Thermo Microm HM 325 Rotary Microtome Thermo Fisher Scientific Inc. (CN) 

Vortex genie 2 Scientific Industries, Inc. (USA) 

xMark microplate spectrophotometer Bio-Rad Laboratories (USA) 

Zeiss Axioscope 2mot plus Carl Zeiss (DE) 
 

2.7 Software 

All the software used to obtain, analyze, process, and present data is listed in Table 9. 

Table 9: Software 

Software Purpose Supplier 

CFX Manager, software 

Version 3.1 
qPCR signal detection Bio-Rad Laboratories (USA) 

EndNote X9, software 

version 9.3.3 
References management Clarivate Analytics (USA) 

GraphPad PRISM 9, 

software version 9.3.0 

Scientific graphing and 

statistical analysis 
GraphPad Software Inc. (USA) 

ImageJ, software version 

1.53k 

Protein signal quantification 

for Western blot analysis 

National Institutes of Health 

(USA) 

Image Lab, software 

version 6.1.0 

Protein signal detection for 

Western blot 
Bio-Rad Laboratories (USA) 

Keyence BZ-X analyzer 

software 

Modification of microscope 

images 
Keyence (DE) 

Microplate Manager 6, 

software version 6.2 

Measurement of colorimetric 

signals 
Bio-Rad Laboratories (USA) 

MS Office 2019 
Data processing and 

presentation 
Microsoft Corporation (USA) 
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ND-1000, software 

version 3.8.1 
RNA quantification 

Thermo Fisher Scientific Inc. 

(USA) 

Primer-BLAST Design tool for primers 
https://www.ncbi.nlm.nih.gov/tools

/primer-blast/ 

R-Studio  Analyzing RNA-Seq data https://www.r-studio.com 

R-Project Analyzing RNA-Seq data www.r-project.org 
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3 Methods 

3.1 Animal Experiments 

3.1.1 Breeding and Housing  

Male and female RetSat flox mice and TPO-Cre mice were housed in the Research 

Institute for Experimental Medicine (FEM, Charité, Berlin). RetSat flox mice were 

generated in our laboratory by Steffi Heidenreich (127). TPO-Cre mice were used in 

cooperation with Dr. Eva Katrin Wirth (Department of Endocrinology and Metabolic 

Diseases, Charité, Berlin) and provided by Dr. Shioko Kimura (128). All mice were 

maintained at 23°C with a 12 h light/dark cycle (light: 6 am to 6 pm). Food and water were 

provided ad libitum.  

Mice were transferred to the animal facility of the Max Rubner Center (MRC) for 

Cardiovascular Metabolic Renal Research (Charité, Berlin) before the start of the 

experiments. All experiments were performed under the license numbers G0130/17, 

T0283/19 and T-CH_0014_21 in accordance with the German Regulations for the 

Protection of Laboratory Animals (GV-SOLAS). 

3.1.2 Generation of Mice with Thyrocyte-specific Knockout of RetSat 

To generate inducible thyrocyte-specific RetSat knockout mice, RetSatflox/flox mice were 

crossed with TPO-Cre mice for three generations. The offspring carry either wild-type (wt) 

or floxed RetSat alleles, and RetSatflox/flox homozygous mice with or without Cre 

recombinase are used for experiments. 

3.1.3 Genotyping  

3.1.3.1 Isolation of Genomic DNA 

Genomic DNA was extracted from mouse ear/tail biopsies using Proteinase K solution 

(0.6 mg/ml) in 100 μl Tailcut Buffer and digested overnight at 55°C. To inactivate 

Proteinase K, samples were incubated at 95°C for 10 min followed by -20°C for 10 min. 

After a 1:5 dilution of the samples with TE buffer (containing 1.3 µg/ml RNase A), the 

sample was used directly for the genotyping PCR. 
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3.1.3.2 Polymerase Chain Reaction (PCR) 

The standard PCR approach (Table 10) was used for all genotyping with the specific 

primers. The primers used are listed in Table 7. To activate the hot start polymerase, PCR 

samples were incubated in a thermal cycler at 95°C for 2 min. Then, this was followed by 

35 cycles, each consisting of 15 sec at 95°C, 30 sec at an annealing temperature of 60°C 

and 1 min at 72°C. The PCR samples were then incubated at 72°C for 5 min and cooled 

to 4°C as shown in Table 11. 

Table 10: PCR reaction system for genotyping 

Components Volume 

5x PCR master mix 4 μl 

10 μM forward primer 0.8 μl 

10 μM reverse primer 0.8 μl 

DNA template 1 μl 

ddH2O 13.4 μl 

total volume 20 μl 

 

Table 11: Standard PCR process for genotyping 

Step No. Temperature  Time 

1 95°C 2 min 

2 95°C 15 sec 

3 60°C 30 sec 

4 72°C 1 min 

step 2 - 4, x35 cycles 

5 72°C 5 min 

6 4°C ∞ 

 

For genotyping heterozygous RetSat mice with conditional alleles, primers were used 

whose PCR fragments extended the wt RetSat locus by 123 base pair (bp). The extension 

is due to the presence of loxP (34 bp), the flippase recognition target (Frt) site (34 bp) 

and the insertion of an additional 55 bp (127). Agarose gel electrophoresis can separate 



 Methods        34 

 

 

DNA fragments by length and is therefore used to identify mouse genotypes. 10 μl PCR 

products were loaded onto a 1% agarose gel, run at 130 volts for 30 min in 1% TAE buffer 

and photographed using Bio-Rad’s ChemiDoc imaging system. This led to the emergence 

of three potential band distribution patterns: a 416 bp PCR fragment indicating the 

presence of the wt RetSat locus; a 539 bp PCR fragment indicating the presence of a 

homozygous loxP fragment; and in the case of heterozygosity, two PCR fragments were 

detected (Figure 7A). Mice carrying the Cre recombinase fragment exhibited discernible 

bands, while mice lacking the fragment exhibited no observable bands (Figure 7B). 

 

Figure 7: PCR-genotyping of the RetSat allele and the Cre transgene. (A) flox/flox = 

homozygous (539 bp), flox/wt = heterozygous, wt/wt= wild-type (416 bp), (B) Cre(+) (412 bp), 

internal positive control olMR7338/7339 (324bp). The sequences of primer pairs used in this study 

are listed in Table 7. 

3.1.4 Intraperitoneal Glucose Tolerance Test (ipGTT) 

Mice were fasted for 16 h and each mouse was injected intraperitoneally with a glucose 

solution at 0.5 g/kg. After glucose injection, blood was collected from the tail vein for 

glucose measurement at 0 min, 15 min, 30 min, 60 min, 120 min and 180 min using the 

ContourXT glucose meter. 

3.1.5 Intraperitoneal Insulin Tolerance Test (ipITT) 

Mice were fasted for 6 h in the morning and each mouse was injected with an insulin 

solution at 0.75 U/kg. After insulin injection, blood was collected from the tail vein for 

glucose measurement at 0 min, 15 min, 30 min, 60 min, and 120 min with the ContourXT 

glucose meter. 

3.1.6 Nuclear Magnetic Resonance (NMR) Analysis 

The Bruker Minispec Live Mice Analyzer LF50 analyzer was used, which is based on 
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NMR technology, and the data of fat, free body fluid and lean tissue values of each mouse 

were obtained after scanning. 

3.1.7 Indirect Calorimetry  

TSE LabMaster Indirect Calorimetry System was used to measure the metabolism 

parameters, with each mouse being placed in a single cage with sufficient water and food. 

The metabolic data were collected for 48 h, such as food and water intake, activity, 

volume of O2 and CO2, energy expenditure and respiratory exchange ratio (RER). 

3.1.8 Mouse Sacrifice  

Mice were placed in a vial of isoflurane for 1 min, then the blood and organs were 

collected after confirming that the mice were deeply anesthetized. The whole blood was 

collected from the heart using a 1 ml needle-tipped syringe. The blood was then incubated 

at room temperature for 1 h, followed by centrifugation at 3000 rpm, 4°C for 15 min. The 

resulting serum was transferred to tubes intended for the mouse phenotyping platform, 

and all samples were immediately stored at -80°C. 

3.1.9 Animal Experiment Cohorts 

3.1.9.1 Normal Chow Mouse Cohort  

Mice were bred with RetSatflox/flox and RetSatflox/wt/TPO-Cre(+), genotyped, and 

RetSatflox/flox/TPO-Cre(-) and RetSatflox/flox/TPO-Cre(+) littermate female and male mice 

were fed normal chow (ssniff R/M-H, V1534-300, Soest, Germany). All mice were 

anesthetized with isoflurane and sacrificed at 3, 6 and 15 months. 3-, 6- and 15-month 

mouse cohorts were performed under the license numbers T0283/19 (approval date 

31.10.2019), G0130/17 (approval date 24.10.2018) and T-CH_0014_21 (approval date 

25.02.2021), respectively, in accordance with GV-SOLAS guidelines. No further 

experiments were performed in the 3-month- and 15-month-old mouse groups, and the 

experimental procedure for the 6-month-old mouse group is shown in Figure 8. 
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Figure 8: Procedure for normal chow 6-month-old mouse cohort.  Female (n=14,19) and 

male (n=11,9) mice were weighed weekly starting at 10 weeks of age. Their body composition 

was measured by NMR at 10 and 17 weeks of age and metabolic parameters were measured by 

the TSE LabMaster Indirect Calorimetry System at 17 weeks of age. Blood and tissue samples 

were collected when the animals were sacrificed at the end of the experiment. 

3.1.9.2 HFD Mouse Cohort 

The procedure for the HFD mouse cohort is shown in Figure 9. RetSatflox/flox/TPO-Cre(-) 

and RetSatflox/flox/TPO-Cre+ littermate male mice were fed a 60% kcal high-fat/high-

sucrose diet (HFD, D12492, Research Diets) for 12 weeks and the blood glucose was 

measured monthly. Body composition was assessed before and after the HFD diet. After 

12 weeks of HFD, ipGTT and ipITT were performed, and then the mice were placed in 

cages of the TSE labmaster indirect calorimetry system to collect data on energy 

expenditure, calorimetry, food/water intake, and so on (Figure 9). All experiments were 

performed under the license number G0130/17, which was approved on 24.10.2018. 

 

Figure 9: Procedure for the high-fat diet (HFD) mouse cohort. Male mice (n=9,11) were used 

and administered the experimental manipulations and testing procedures as indicated below the 

timeline. 

3.1.9.3 Hyperthyroidism Mouse Cohort 

RetSatflox/flox/TPO-Cre(-) and RetSatflox/flox/TPO-Cre(+) littermate male mice aged 10-12 

weeks were injected intraperitoneally (0.5 µg/g body weight) twice weekly for a total of 6 

injections (Figure 10). All experiments were performed under license number G0130/17, 

approved on 24.11.2020. 
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Figure 10: Procedure for the hyperthyroidism mouse cohort. Male mice (n=10,10) were used 

and administered the experimental manipulations and testing procedures as indicated below the 

timeline. 

3.1.9.4 Hypothyroidism Mouse Cohort 

RetSatflox/flox/TPO-Cre(-) and RetSatflox/flox/TPO-Cre+ littermate male mice of 10-12 weeks 

old were fed water containing 0.1% methimazole (MMI), 1% perchlorate and 0.3% 

saccharin for 3 weeks (Figure 11). All experiments were performed under license number 

G0130/17, approved on 24.11.2020. 

 

Figure 11: Procedure for the hypothyroidism mouse cohort. Male mice (n=11,9) were used 

and administered the experimental manipulations and testing procedures as indicated below the 

timeline. 

3.1.9.5 High Iodide Cohort 

RetSatflox/flox/TPO-Cre(-) and RetSatflox/flox/TPO-Cre(+) littermate male mice aged 14-16 

weeks were given water containing 0.05% sodium iodide (NaI) for 1 week, then the mice 

were sacrificed under anesthesia (Figure 12). All experiments were performed under 

license number G0130/17, approved on 28.2.2022. 

 

Figure 12: Procedure for the high Iodide mouse cohort. Mice (n=9,10) were used and 

administered the experimental manipulations and testing procedures as indicated below the 

timeline. 
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3.2 Gene Expression Analysis 

3.2.1 RNA Isolation from Thyroid Gland  

The thyroid gland was completely homogenized by a homogenizer in 350 µl lysis buffer. 

RNA was then isolated according to the manufacturer’s instructions for the VWR peqGold 

Total RNA Kit. The homogenized liquid was transferred to the filter of the supplied RNA 

homogenization column and centrifuged at 13000 rpm for 2 min. A volume of 70% ethanol 

equivalent to the volume of the filtrate was added, thoroughly mixed, and then transferred 

to the RNA mini-column filter. After centrifugation at 10000 rpm for 1 min, the filter was 

washed by adding 500 µl of RNA Wash Buffer I and this was followed by centrifugation 

at 10000 rpm for 30 sec. Subsequently, 500 µl of 80% EtOH was added and centrifuged 

at 10000 rpm for 1 min, then this step was repeated once. The filter was then dried by 

centrifugation at 13000 rpm for 2 min, and 30 µl of RNase-free water was added to elute 

the RNA into a new tube by centrifugation at 13000 rpm for 2 min. The concentration of 

the RNA samples was measured using a NanoDrop ND-1000 spectrometer and the 

samples were stored at -80°C. 

3.2.2 RNA Sequencing 

RNA sequencing library preparation, sequencing and data processing were performed at 

the BIH Core Facility Genomics, Charité, Berlin. A total of 5 thyroid samples from each 

genotype (Cre(-) and Cre(+)) were used for RNA sequencing. To remove residual DNA, 

samples were treated with the RNA Clean & Concentrator Kit. RNA integrity was 

assessed using the RNA ScreenTape System, and the NEBNext Ultra II RNA Library 

Prep Kit and Module was used for poly(A) mRNA magnetic isolation. Sequencing was 

performed on a NovaSeq 6000 system using a paired-end approach, and analysis was 

performed using R-Studio in conjunction with R-Project. The publicly available DESeq2 

package was used with the default parameters to process the mapped counts from 

FeatureCounts. 

3.2.3 Complementary DNA (cDNA) Synthesis  

For cDNA synthesis, 500 ng of RNA was diluted to a final volume of 13 µl with RNase-

/DNase-free water and mixed with 2 µl of random hexamer primer. After incubation at 

70°C for 5 min and cooling to 4°C, 10 μl of the mixture (Table 12) was added to each 
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sample for cDNA synthesis using reverse transcriptase at 37°C for 60 min, and the cDNA 

samples were stored at -20°C. 

Table 12: Standard PCR procedure for cDNA synthesis 

Components Volume 

5x M-MLV Reaction Buffer 5 μl 

10 mM dNTPs 1.25 μl 

200 U/µl M-MLV Reverse Transcriptase  1 μl 

RNase-/DNase-free water 2.75 μl 

total volume 10 μl 

3.2.4 qPCR 

Quantification of transcripts by qPCR. 5 μl of each sample was transferred to a new tube 

and mixed with water to a total volume of 220 μl, then diluted 1:10 three times, and the 

samples obtained were used for the standard curve (100%, 10%, 1% and 0.1%).  

Primers were designed using the Primer BLAST tool. The reaction system is shown in 

Table 13. qPCRs were conducted using Sybrgreen PCR MasterMix (Eurogentec, 

Belgium) on a Bio-Rad CFX96 and a Bio-Rad CFX384 instrument (Table 14). Evaluation 

of the qPCR results was performed using the standard curve method. In this study, mRNA 

expression levels were normalized to either the housekeeping gene Ppia or 36B4. 

Table 13: Components for qPCR reactions 

Components Volume 

2x Fast Start Universal SYBR Green 2.5 μl 

5 μM forward primer 0.1 μl 

5 μM reverse primer 0.1 μl 

cDNA template 2 μl 

ddH2O 0.3 μl 

 

 



 Methods        40 

 

 

Table 14: Standard qPCR procedure 

Steps Temperature Time Cycles 

Initial Denaturation 95°C 3 min 1 

Denaturation 95°C 15 sec 40 

Annealing, Extension 60°C 30 sec 40 

Melt curve 
70°C  5 sec 

1 
95°C 5 sec 

 

3.3 Protein Analysis 

3.3.1 Isolation of Thyroid Protein Samples 

Thyroid gland or liver was homogenized in 100 μl of homogenization buffer or lysis buffer 

using a VWR Cordless Pestle Motor, followed by sonication for 10 sec using a sonicator. 

The samples were then stored at -20°C for further analysis. 

3.3.2 Determination of Protein Concentration 

Protein concentration was determined according to protocol of the Pierce BCA Protein 

Assay Kit (Thermo Scientific, Rockford, USA). 

3.3.3 Western Blot Analysis  

Based on the measured protein concentration, 15 μg of protein was extracted and mixed 

with 20 μl of homogenization buffer or lysis buffer. Then, 5 μl of 5x loading buffer 

containing 12.5% β-mercaptoethanol (β-ME) and 87.5% loading buffer was added to the 

protein sample. The samples were heated at 95°C for 5 min as protein samples for 

Western blotting. SDS-PAGE gels formulated for protein separation by molecular weight, 

and the separating gel and stacking gel preparation methods are shown in Table 15.  

Protein samples and markers (ProSieve® Color Protein Marker) were added to the wells 

of the SDS-PAGE gel and proteins were separated in a Bio-Rad gel electrophoresis 

chamber using electrophoresis buffer (Table 3). Voltage was set at 80 volts for the 

stacking gel and 120 volts for the separating gel, and the electrophoresis program was 

started on the Bio-Rad electrophoresis instrument. 
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Table 15: Components for SDS-PAGE gels 

Reagent 10% Separating gel Stacking gel 

ddH2O 4.1 ml 3.05 ml 

1.5 M Tris-HCl (pH 8.8)  2.5 ml - 

0.5 M Tris-HCl (pH 6.8) - 1.25 ml 

10% SDS  100 µl 50 µl 

30% acrylamide  3.3 ml 0.65 ml 

10% APS  75 µl 50 µl 

TEMED 7.5 µl 6 µl 

 

In Western blotting, the electrophoretically separated proteins were transferred to a 

membrane by SDS-PAGE and detected by chemiluminescence. Proteins were 

transferred to a polyvinylidene fluoride (PVDF) membrane using a Bio-Rad wet blotting 

chamber in a specially prepared cooled transfer buffer (Table 3). The PVDF membrane 

was first activated in methanol for 1 min and the stacking gel was removed from the SDS 

gel. All components of the transfer were then assembled according to the sandwich 

principle: anode-sponge-filter, paper-membrane-gel-filter, paper-sponge-cathode. The 

proteins were transferred to the PVDF membrane at 80 volts for 2 h or 29 volts overnight. 

After transfer blotting, the membrane was incubated in blocking solution for 90 min at 

room temperature with gentle shaking. The primary antibody was diluted with blocking 

solution according to its dilution (Table 4) and incubated with the membrane for 90 min at 

room temperature or overnight at 4°C. Unbound antibodies were removed by washing 

three times for 10 min at room temperature with TBST buffer. Peroxidase-conjugated 

secondary antibody (Table 4) was then incubated in blocking buffer for 1 h at room 

temperature. After washing three times with TBST for 10 min each at room temperature, 

protein bands were detected using a Thermo Scientific ECL Western blotting substrate 

solution according to the manufacturer’s instructions. Imaging was performed using x-ray 

film after an adequate exposure time of 30 sec to 2 h or using the ChemiDoc imaging 

system from Bio-Rad. Densitometry was performed using ImageJ (129). 
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3.4 Histology Analysis 

3.4.1 Thyroid Paraffin Embedding and Sectioning 

(1). Materials: Fresh thyroids were fixed in 4% formaldehyde for more than 24 h and then 

placed in an embedding cassette. 

(2). Dehydration: The dehydration box was placed in the following solutions for 

dehydration (Table 16). 

Table 16: Tissue dehydration 

Components Temperature  Time 

70% EtOH 60°C 15 min 

96% EtOH 60°C 15 min 

100% EtOH 60°C 15 min 

Acetone 60°C 15 min 

Paraffin 6 65°C 15 min 

Paraffin 9 65°C 30 min 

Paraffin 9 65°C 20 min 

 

(3). Embedding: The wax-soaked tissue was embedded in an embedding machine. 

Before the wax solidified, the tissue was removed from the dehydration box and placed 

in the embedding frame according to the requirements of the embedding surface.  Freeze 

at -20°C. When the wax has set, remove the wax block from the mounting frame and trim 

the wax block. 

(4). Cut: Place the trimmed paraffin block on a paraffin microtome and cut 5 μm thick 

sections. The sections were floated on the 40°C warm water of the slicer to flatten the 

tissue, and the tissue was collected with a glass slide and placed in a 60°C oven to bake 

the sections. After the water has dried and the wax has been baked, it was removed and 

stored at room temperature. 

3.4.2 Hematoxylin-Eosin (H&E) Staining 

H&E staining is a staining technique that combines hematoxylin and eosin dyes, where 
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hematoxylin is a basic dye and eosin is an acidic dye. The hematoxylin staining solution 

can stain basophilic structures such as the nucleus in a blue-violet color, and eosin can 

stain basophilic structures such as the cytoplasm, making the morphology of the entire 

cellular organization clearly visible.  

The samples were deparaffinized, hydrated, stained with hematoxylin and eosin and 

dehydrated according to the steps in Table 17, then mounted on slides and carefully 

covered with coverslips. 

Table 17: H&E staining procedure 

Components Time 

Neo-Clear 10 min  

Neo-Clear 10 min  

Neo-Clear 10 min  

100% EtOH 10 min  

96% EtOH 2 min 

80% EtOH 2 min 

70% EtOH 2 min 

tap H2O  2 min 

Hematoxylin 5 min 

flowing tap H2O 1 sec 

tap H2O 5 min 

Eosin  5 min 

under tap H2O 5 min 

EtOH 2 sec 

80% EtOH 2 sec 

96% EtOH 2 sec 

100% EtOH 30 sec 

Neo-Clear 5 min  

 



 Methods        44 

 

 

3.4.3 Peroxidase Staining of Paraffin Sections 

Immunohistochemical staining of paraffin sections using the biotin-streptavidin-

peroxidase method was performed with the Dako Cytomation system according to the 

manufacturer’s instructions. 

Briefly, the paraffin was removed with xylene and the sections were rinsed in a 

descending alcohol series: 2x 5 min xylene, 2x 2 min 100% EtOH, 2x 2 min 96% EtOH, 

1x 2 min 70% EtOH, 1x 2 min 40% EtOH, and 2x 5 min ddH2O. This was followed by 

heat-induced antigen retrieval to remove aldehyde cross-links that would interfere with 

epitope antibody recognition by boiling the sections in pre-warmed citrate buffer for 2x 5 

min. 

To block endogenous peroxidase, the paraffin sections were incubated in 3% H2O2 for 10 

min followed by washing in 1x PBS for 2x 5 min. Non-specific binding sites were blocked 

with blocking serum for 30 min at room temperature. During this time, the sections were 

stored in a humid chamber and covered with foil to prevent individual sections from drying 

out. Primary antibodies (Table 5) were diluted in the blocking serum. Incubation was 

performed overnight at 4°C in a humidity chamber. The sections were then washed three 

times with PBST for 5 min and incubated with the biotinylated secondary antibody for 30 

min at room temperature. A further washing step (as above) followed before the paraffin 

sections were incubated with the streptavidin-HRP complex for 30-60 min at room 

temperature. After further washing (as above), the signal was visualized using DAB 

chromogen. The DAB chromogen was diluted 1:50 in DAB buffer just before use and the 

sections were developed with the diluted DAB chromogen. 

The DAB chromogen was incubated for 3 min at room temperature. Staining was 

observed under the microscope and stopped by transferring the sections to 1x PBS. 

Tissue sections were then washed in 1x PBS for 2x 5 min. The stained sections were 

dehydrated through a graded series of alcohols (in reverse order as described above) 

and mounted in entellane.  

3.5 Thyroid Function Analysis 

3.5.1 Thyroid Follicle Analysis 

To determine the epithelial extension, which is the height of the thyroid epithelium, as well 
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as the whole follicle, thyrocyte area and colloid-containing area, micrographs of Cre(+) 

and Cre(-) paraffin sections of the thyroid were analyzed using ImageJ software. The 

inner and outer circles of the follicles were marked as shown in Figure 13A, the structure 

of the thyroid follicle is shown in Figure 13B, the epithelial extension and thyrocyte area 

were calculated according to published procedures (130) as shown in Figure 13C.  

 
 

Figure 13: Schematic diagram of thyroid morphology analysis. A) The ImageJ software was 

used to process sections of the thyroid gland stained with hematoxylin and eosin, B) the inner 

and outer rings of each follicle were marked, and C) the epithelial extension and thyrocyte area 

were calculated using these formulas. 
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3.5.2 TH Measurement 

Serum concentrations of total T4 and T3 were measured using radioimmunoassay kits 

(Total T3 RIA Kit RIA-4534 and Total T4 RIA Kit RIA-4533) from DRG Diagnostics GmbH 

(DE). The assays were performed following the manufacturer’s instructions and 

previously described methods (131).  

3.5.3 TSH Measurement 

Serum TSH concentrations were determined using the Milliplex Map Mouse Pituitary 

Magnetic Bead Kit (MPTMAG-49K; EMD Millipore Corporation, MA, USA) on a Luminex 

200 system (Luminex Corporation, ATX, USA) according to the manufacturer’s 

instructions. The lowest detectable concentration was 1.9 pg/ml and the inter-assay 

variation was < 20% in this assay. 

3.5.4 Dio1 Activity Measurement 

Dio1 activity assays were performed as described in the literature (132). Liver samples 

were homogenized in 300 μl homogenization buffer followed by sonication for 10 sec 

using a sonicator. After centrifugation, the pellet was collected and the protein 

concentration was determined by BCA assay. 60 µg of liver samples were added to PCR 

tubes in quadruplicate with or without the addition of propylthiouracil (PTU). Reactions 

were started by adding 50 µl of MasterMix to obtain the desired final concentration of 

phosphate buffer (100 mM, 1 mM EDTA, pH 6.8), along with dithiothreitol (DTT, 40 mM) 

as cofactor and rT3 (10 µM) as substrate. After incubation for 2 h at 37°C with constant 

shaking, the reaction was stopped by centrifugation at 4°C. The reaction mixture was 

centrifuged, 75 µl of the supernatant was applied to a Dowex W50-X2 packed microtiter 

column, and the released iodide was eluted by adding 100 µl of 10% acetic acid (132). 

12.5 µl of the eluted sample was mixed with 37.5 µl of 10% acetic acid, it was added to a 

microtiter plate, and the reaction was initiated by the addition of cerium solution (25 mM 

(NH4)4Ce(SO4)4 and 0.5 M H2SO4) and arsenite solution (25 mM NaAsO2, 0.8 M NaCl 

and 0.5 M H2SO4), which was measured in a Sandell-Kolthoff reaction after further dilution 

(132, 133). Changes in absorbance (OD, at 416 nm) were determined at the start of the 

reaction and after 20 min, and absolute activity was estimated by interpolation from 

individually measured iodide standard curves (132).  
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3.6 Lipid Metabolism Detection 

3.6.1 Quantitative Analysis of Non-Esterified Fatty Acids 

Quantitative determination of NEFA levels in mouse serum was carried out with the 

enzymatic colorimetric technique using the NEFA (HR2) kit. NEFA was converted to 

acetyl-CoA by acyl-CoA synthase and then oxidized to 2,3-trans-enoyl-CoA and 

hydrogen peroxide by acyl-CoA oxidase. The enzymatic action of the peroxidase 

produced a blue/violet product which could be measured using a photometer. In a flat-

bottomed 96-well plate, 5 µl of each standard and sample were added in duplicate and 

mix with 150 µl of Reagent R1. The plate was incubated at 37°C for 10 min. Then, 75 µl 

of Reagent R2 was added to each well and incubated for an additional 10 min at 37°C. 

After incubation, the samples and standard curves were measured using a photometer at 

a wavelength of 546 nm and calculate the sample concentrations accordingly.  

3.6.2 Quantitative Analysis of Triglycerides 

Quantitative determination of triglycerides in mouse serum and liver was carried out with 

a colorimetric enzymatic method using the DiaSys Triglyceride FS kit. 600 µl KOH was 

added to a weighed 50 mg of liver and incubated at 60°C for 5-6 h or until the tissue was 

completely digested. 500 µl of digested sample was added to 540 µl of 1 M MgCl2 and 

mixed well. After incubation on ice for 10 min, the mixture was centrifuged at maximum 

speed for 30 min, and the supernatant was used as a sample for detection.  

The activity of glycerol-3-phosphate oxidase produces a product that can be quantified 

photometrically. Therefore, 200 µl of the supplied reagents were added to 5 µl of 

standards and samples in a flat-bottomed 96-well plate and incubated at 37°C for 10 min 

before measuring the absorbance at a wavelength of 500 nm using a photometer. 

According to the standard curve obtained, the absorbance was correlated with the 

triglyceride concentration and used to calculate the concentration of the samples.   

3.7 Statistical Analysis 

The statistical tests used in this study are described in the figure legends. Data from 

animal experiments were presented as means and the standard error of the mean (SEM) 

was calculated. The animal experiments were neither randomized nor blinded to the 
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experimental conditions. For the analysis of single measurements from two independent 

groups, either Student’s t-test or the Mann-Whitney test was employed. In the case of 

repeated measurements from two groups, a two-way analysis of variance (ANOVA) with  

Šídák multiple comparison test was utilized. In situations involving single measurements 

from three groups, a one-way ANOVA with Dunnett’s multiple comparisons test was used. 

The Chi-squared test was used to evaluate differences in birth rates between mice of 

different genotypes. The Bonferroni correction was applied to the proteomics and RNA 

sequencing analyses to minimize the false discovery rate. The Grubb’s test was used to 

identify outliers in the data. All statistical analyses were performed using GraphPad Prism 

software. 
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4 Results 

4.1 RetSat Shows High Expression in the Thyroid and is Regulated by 

Hypothyroidism and Iodide Overload in Mice 

Tissue expression analysis revealed distinct patterns for RetSat and TPO in C57BL/6J 

mice. Tpo mRNA showed robust expression specifically in the thyroid, while being barely 

detectable in the liver and spleen (Ct > 35 cycles) (Figure 14A). Conversely, the liver 

demonstrated the highest levels of RetSat expression, whereas the spleen exhibited 

minimal expression. Notably, RetSat mRNA expression in the thyroid was 20% of its 

expression in the liver (Figure 14A). Furthermore, protein expression levels of RetSat in 

both the liver and thyroid paralleled their respective mRNA levels (Figure 14B). As is the 

case in humans (Figure 6B), immunostaining confirmed that RetSat protein was localized 

to thyrocytes in mice (Figure 14C). Notably, there was a gender-based disparity in thyroid 

RetSat mRNA expression, with male mice exhibiting higher levels compared to female 

mice of the same age (Figure 14D). To investigate the regulation of thyroid RetSat mRNA, 

male mice were subjected to various interventions to induce hyperthyroidism or 

hypothyroidism. Specifically, they were either repeatedly injected with T4 or treated with 

0.1% MMI and 1% perchlorate in their drinking water. Upon comparison with untreated 

euthyroid mice of similar age, the expected TSH-dependent regulation pattern in the 

expression of Tpo and Nis was observed (Figure 14E). Conversely, thyroid expression of 

RetSat remained unchanged in hyperthyroid mice but showed a significant increase in 

hypothyroid mice (Figure 14E). Administration of iodide in drinking water leads to an 

increase in TSH levels and a decrease in serum T4 in mice (134), while a 7-day 

supplementation experiment with 0.05% NaI showed reduced RetSat expression levels 

in the thyroid (Figure 14F). NFE2-related transcription factor 2 (Nrf2) knockout did not 

affect RetSat expression or the iodide-induced downregulation of RetSat in another 

cohort of wt mice (Figure 14G). It is important to note that this model of iodide overload 

inhibits TG iodination, known as the Wolff-Chaikoff effect  (135).  

Taken together, these findings underscore the strong expression of RetSat in the mouse 

thyroid, with sex differences in expression levels. RetSat expression is induced by 

hypothyroidism and reduced by iodide overload, suggesting a functional role for RetSat 

in thyroid physiology. 
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Figure 14: RetSat is highly expressed in the thyroid and regulated by hypothyroidism and 

iodide overload in mice. A) mRNA expression of thyrocyte-specific Tpo and of RetSat in liver, 

spleen, and thyroid was analyzed in male mice (n=4) by qPCR. B) Protein expression of RetSat 

was determined in male mice by immunoblotting. GAPDH served as loading control. C) RetSat 

protein was stained by immunohistochemistry in sections of murine thyroid gland, showing 

predominantly thyrocyte localization. D) Thyroid RetSat mRNA expression in 3-month-old male 

and female mice (n=11,9). E) Thyroid expression of indicated genes in eu-, hyper- and 

hypothyroid male mice (n=11,10,11) was analyzed by qPCR. F) Male mice (n=12,8) were 

supplemented with or without 0.05% sodium iodide in drinking water for 1 week and Nis and 

RetSat mRNA expression in the thyroid was determined by qPCR. G) Male wild-type (wt) or Nrf2 

knockout (ko) mice (n=3,4,4,5) were supplemented with vehicle or iodide for 1 week and RetSat 

mRNA expression in the thyroid was determined by RNA sequencing. Data are presented as 

individual data points and mean±SEM, analyzed using a Student’s t-test (D, F(RetSat)), one-way 

ANOVA (E)  and Mann-Whitney test (F(Nis)), *P<0.05. 
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4.2 Establishment of Mouse Model with Thyrocyte-specific Deletion of 

RetSat 

To investigate the role of RetSat in the thyroid, experiments were conducted in mice with 

targeted deletion of the RetSat gene specifically in thyrocytes. A previously generated 

mouse model with a floxed RetSat allele, encompassing exons 2 and 3 from a KOMP 

CSD (Retsattm1a (KOMP) Wtsi, ID: 27845), was utilized in conjunction with flippase-

expressing mice for recombination to the floxed allele. The resulting mice were then 

backcrossed to C57BL/6J mice over six generations (127). Previous studies have 

demonstrated that deletion of specific amino acids within this motif leads to a lack of 

enzyme activity (89). 

The mice carrying the floxed RetSat allele were bred with mice expressing Cre 

recombinase under the control of the human TPO promoter (128). Deletion of exons 2 

and 3 is predicted to cause a frameshift and premature stop codon, resulting in a 

truncated protein (Figure 15A). Genotyping confirmed the presence of the wt and floxed 

RetSat alleles, establishing flox/flox homozygous mice for subsequent experiments 

(Figure 15B). Cre expression was specifically detected in the thyroid of Cre(+) mice 

expressing Cre recombinase (Figure 15C). The recombinant alleles lacked the 

dinucleotide binding motifs encoded by exons 2 and 3, which are crucial for the 

NADH/NADPH or FADH cofactors. Using qPCR primers to amplify the excised 

transcribed region, an approximately 70% reduction in RetSat mRNA expression was 

observed in female mice, regardless of whether the amplified exon regions were deleted 

by recombination or not (Figure 15D and Figure 14G), suggesting that the truncated 

transcript is unstable. Knockout efficiency was comparable in female (Figure 15D) and 

male (Figure 15E) mice. The analysis of RetSat protein expression was conducted 

through Western blotting (Figure 15F), densitometry (Figure 15G), and employing 

antibodies targeting the C-terminal epitope of the protein (89).  The expression levels of 

RetSat protein in the thyroid glands of Cre(+) mice showed an approximately 80% 

reduction compared to Cre(-) mice (Figure 15F/G). This observation was further validated 

through immunohistochemistry results, as depicted in Figure 15H. These findings confirm 

the specific deletion of RetSat in thyrocytes in the established genetic mouse model. 

 



 Results        52 

 

 

 

Figure 15: Generation and validation of thyrocyte-specific RetSat deletion in 

mice.Schematic view of the knockout strategy with the RetSat gene locus on top and the RetSat 
tm1a(KOMP)Wtsi construct used for homologous recombination shown below. After recombination and 

flippase (Flp)-mediated excision of the neo cassette, mice with floxed RetSat alleles were crossed 

with TPO-Cre expressing mice to induce thyrocyte-specific deletion of RetSat, lacking exons that 

encode a cofactor binding domain essential for its activity. B) Genotyping of wt- and floxed RetSat 

alleles yielding the expected amplification products depicted in A). Expression of C) Cre, D) 

RetSat mRNA amplifying parts of deleted (exons 2 and 3) and (exons 1 and 2) or undeleted 

(exons 8 and 9) regions of the transcript in female mouse thyroid (n=9,9). E) Expression of RetSat 

mRNA in male mouse thyroid (n=12,10). F) Protein in total thyroid of three-month-old Cre(-) and 

(+) female mice was determined by immunoblotting. TUBA served as loading control for the 

densitometric analysis of RetSat protein shown in G). H) RetSat immunohistochemistry of thyroid 

sections from Cre(-) and (+) mice. Data are presented as individual data points and mean±SEM, 

analyzed using a Student’s t-test, *P<0.05. 
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In the present investigation, a breeding experiment was conducted using two different 

genotypes of mice, denoted as RetSatflox/flox/TPO-Cre(-) and RetSatflox/wt/TPO-Cre(+). 

These genotypes were crossed to produce offspring with four different genotypes:  

RetSatflox/flox/TPO-Cre(-), RetSatflox/flox/TPO-Cre(+), RetSatflox/wt/TPO-Cre(-), and 

RetSatflox/wt/TPO-Cre(+). 

Subsequent to genetic identification, a quantitative assessment of the population size for 

each genotype was performed. The birth rates for each genotype, along with the 

corresponding sample sizes, are presented in Table 18. The obtained data were 

subjected to analysis utilizing the Chi-squared test statistics. The results showed a 

decreasing trend in the birth rate of mice within the RetSatflox/flox/TPO-Cre(+) group 

compared to the RetSatflox/flox/TPO-Cre(-) group. Conversely, no striking difference was 

observed between the RetSatflox/wt/TPO-Cre(-) and RetSatflox/wt/TPO-Cre(+) groups. 

However, subsequent statistical analysis did not reveal a statistically significant difference. 

These results indicate that the effect of the thyrocyte-specific RetSat knockout on the birth 

rate of mice in this particular study did not reach a level of statistical significance. 

Table 18: Chi-squared test analysis for genotype-phenotype correlations 

genotyping  (1034 animals) Observed no. (%) Expected no. (%) 

RetSatflox/flox/TPO-Cre(-) 283 (27%) 258.5 (25%) 

RetSatflox/flox/TPO-Cre(+) 239 (23%) 258.5 (25%) 

RetSatflox/wt/TPO-Cre(-) 257 (25%) 258.5 (25%) 

RetSatflox/wt/TPO-Cre(+) 255 (25%) 258.5 (25%) 

Chi-squared test χ2=3.849 P=0.2782 

 

4.3 Thyrocyte-specific Deletion of RetSat Increases TSH and Reduces 

Weight Gain in Female Mice 

To investigate the role of RetSat in the thyroid, male and female mice were separated 

and divided into three age groups (3 months, 6 months and 15 months) and fed the normal 

diet. Female mice with thyrocyte-specific deletion of RetSat showed normal thyroid 

morphology in H&E staining, as shown in Figure 16A. Serum T3 and T4 levels were not 

different between the two groups, but interestingly, serum TSH levels were higher in 
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female Cre(+) mice than in Cre(-) mice, as shown in Figure 16B. 

As shown in Figure 16C, all mice gained weight with age, but it is worth noting that 15-

month-old female Cre(+) mice were lighter and gained weight more slowly than the control 

group. Body composition analysis revealed that Cre(+) mice had less fat mass than Cre(-) 

mice, but there was no significant difference in lean mass and free fluid, as shown in 

Figure 16D. 

In the fed state, the blood glucose levels of the two groups of mice showed no significant 

difference, but Cre(+) mice had lower blood glucose levels than the control group, as 

shown in Figure 16E. 

Heart weight was measured and divided by body weight, as heart weight is sensitive to 

TH levels (3), and no difference was observed between the two groups, as shown in 

Figure 16F. Interestingly, female Cre(+) mice were more active and consumed more food 

during the dark period than Cre(-) mice, as shown in Figure 16G/H. Energy expenditure 

in the Cre(+) group showed a slight increase during the day and at night, although the 

change was not statistically significant (Figure 16I). Surprisingly, the majority of observed 

metabolic changes indicated an increase in TH action in Cre(+) females, in contrast to 

unchanged circulating levels of T3 and T4. These results suggest that RetSat plays a role 

in regulating the HPT axis, mouse body composition, activity and food intake levels in 

female mice, with potential implications for metabolic disorders and thyroid function. 
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Figure 16: Deletion of RetSat in the thyroid of female mice increases TSH and reduces 

weight gain. A) Thyroids of 3-month-old mice of the indicated genotypes were stained by 

hematoxylin and eosin (H&E). B) Circulating thyroid hormone and thyroid-stimulating hormone 

(TSH) concentrations of mice (n=13,11) described in A). C) Body weight and body weight gain of 

mice (n=9,10) with the indicated genotypes. D) Body composition of 15-month-old Cre(+) and 

Cre(-) mice (n=9,10). E) Blood glucose levels of 6-month-old Cre(+) and Cre(-) mice (n=8,10). F) 

Relative heart weight of 6-month-old mice (n=14,19). G) Locomotor activity, H) food intake and I) 

energy expenditure during the light and dark phase of 6-month-old mice (n=10,12). Data are 

presented as single data points and mean±SEM, analyzed using a Student’s t-test (B, D, E, F, G, 

H, I) or two-way ANOVA (C), *P<0.05.  
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4.4 Thyrocyte-specific Deletion of RetSat does not Affect HPT Axis or 

Weight Gain in Male Mice 

Given the established sex-specific responses of mice to alterations in the HPT axis (136), 

separate analyses were performed for female and male mice in the Cre(-) and Cre(+) 

groups. Male mice were divided into three groups according to age (3 months, 6 months 

and 15 months) and fed a normal diet like the female mice. Serum hormone and TSH 

levels showed no significant differences between Cre(+) and Cre(-) mice, as shown in 

Figure 17A. Although male mice gained weight with age, RetSat had no effect on body 

weight or body composition, as shown in Figure 17B/C, respectively. In addition, there 

were no significant differences in fed and fasting blood glucose levels between the two 

groups (Figure 17D). The male mice, similarly to the female mice, did not show any 

changes in heart weight (Figure 17E). However, it is worth noting that the male Cre(+) 

mice showed less activity than the Cre(-) mice, especially during the dark period (Figure 

17F). The food intake results showed no difference between light and dark (Figure 17G). 

Consequently, following thyrocyte-specific depletion of RetSat, sex-specific differences in 

thyroid homeostasis and metabolic phenotypes were observed, rendering female mice 

more susceptible to functional impairment. 
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Figure 17: Deletion of RetSat in thyroids of male mice does not affect TSH or weight gain. 

A) Circulating thyroid hormone and thyroid-stimulated hormone (TSH) concentrations of 3-month-

old male mice (n=12,10). B) Body weights and body weight gain in mice (n=9,11). with the 

indicated genotypes. C) Body composition of 15-month-old Cre(+) and Cre(-) mice  (n=9,11). D) 

Blood glucose levels of 6-month-old Cre(+) and Cre(-) mice  (n=11,9). E) Relative heart weight of 

6-month-old mice  (n=11,9). F) Locomotor activity and G) food intake during the light and dark 

phase of 6-month-old mice (n=10,9). Data are presented as individual data points and mean±SEM, 

analyzed using a Student’s t-test (A, C, D, E, F, G) or two-way ANOVA (B), *P<0.05.  

4.5 Thyrocyte-specific Deletion of RetSat Leads to Increased TSH, 

Weight Gain and Altered Thyroid Morphology on HFD Challenge 

Diet-induced obesity is on the rise around the world. Imbalances between energy intake, 

storage and expenditure play a critical role in diet-induced obesity. TH is a key regulator 

of energy metabolism, which regulates glucose and lipid metabolism. In contrast to female 

C57BL/6J mice, their male counterparts show a rapid increase in body weight and fat 
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mass when subjected to an HFD (137). To investigate the influence of metabolic 

challenge on RetSat thyrocyte-specific knockout mice, male mice were fed an HFD for 12 

weeks. In spite of the weekly weight gain observed during the experimental period, the 

deletion of RetSat had no discernible impact on overall body weight, as depicted in Figure 

18A. Following the dietary challenge, it was observed that male mice in the Cre(+) group 

exhibited a tendency towards higher serum T3 levels in comparison to their Cre(-) 

counterparts. However, no significant disparity in T4 levels was observed between the 

two groups. Figure 18B clearly shows that the Cre(+) mice had significantly higher TSH 

levels than the Cre(-) mice. As shown in Figure 18C, body composition analysis revealed 

that Cre(-) and Cre(+) mice exhibited similar proportions of lean body mass, body fluid 

mass, and fat mass. In addition, Figure 18D shows that Cre(+) mice had heavier hearts 

than Cre(-) mice. Additionally, it was observed that Cre(+) mice displayed greater activity 

during the dark period, as presented in Figure 18E. However, both groups of mice 

consumed similar amounts of food during both the light and dark periods, as evidenced 

by the data shown in Figure 18F. Taken together, male mice exhibited elevated TSH 

concentrations, increased body weight gain, and increased heart weight specifically in 

response to the additional stressor of the HFD on the HPT axis. 

 

Figure 18: Deletion of RetSat in the thyroid of male mice increases TSH and weight gain 

upon high-fat diet feeding. A) Male mice of the indicated genotypes were fed a high-fat diet for 

12 weeks, starting at 8 weeks of age, and body weight and weight gain were determined (n=9,11). 

B) Circulating thyroid hormone and thyroid-stimulated hormone (TSH) concentrations of mice (n 
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=9,11) after HFD feeding. C) Body composition of mice fed HFD. D) Relative heart weight of HFD-

fed mice (n=9,11). E) Locomotor activity (n=9,11) and F) food intake (n=7,9) during the light and 

dark phase of HFD-fed mice. Data are presented as individual data points and mean±SEM, 

analyzed using a two-way ANOVA (A), Student’s t-test (B (T4 and TSH), C, D,E, F) or Mann-

Whitney test (B (T3)), *P<0.05. 
 

Morphological changes in the thyroid gland are a reliable indicator of HPT axis 

dysfunction (138). Previous literature has shown that elevated TSH levels increase both 

the size and number of follicular cells (139). To investigate morphological changes in the 

thyroid gland, the glands were removed and subjected to H&E staining. The changes 

were observed under a light microscope and analyzed using ImageJ software (Figure 

19A). Fat dispersion within the thyroid gland was observed in both genotypes, which may 

be due to the consumption of the HFD. TSH is the main trophic factor of the thyroid gland 

through its TSHR (25, 26). Compared to the thyroid gland of Cre(-) mice, the follicular 

epithelial cells of Cre(+) mice showed significant hypertrophy, with an increase in follicular 

lumen size, area and the thickness of follicular epithelial cells (Figure 19B/C/E); the 

distribution of areas containing colloids (Figure 19D) was not affected. These 

morphological changes suggest a higher level of thyrocyte activity in Cre(+) mice than in 

Cre(-) mice, which is consistent with the increased TSH levels in Cre(+) mice. 
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Figure 19: Deletion of RetSat in the thyroid of male mice alters thyroid morphology. A) Male 

mice (n=5,6) of the indicated genotypes were fed a high-fat diet for 12 weeks, starting at 8 weeks 

of age, and the thyroid gland morphology was analyzed. B) Whole follicle, C) Thyrocyte area, D) 

Colloid-containing area distribution, and E) epithelial extension in Cre(-) and Cre(+) mice. Data 

are presented as individual data points and mean±SEM, analyzed using a Student’s t-test, 

*P<0.05. 

 

To investigate the transcriptional consequences of RetSat deletion in HFD-fed mice, 

thyroid gene expression was profiled by RNA sequencing (RNAseq). The analysis 

revealed that apart from reduced RetSat mRNA levels, only a few transcripts showed 

significant changes (false discovery rate (FDR) 5%). Among these transcripts, Pcdhgc4 

(a protocadherin), Gtf2a1 (a transcription factor subunit), and Spdef (a transcription factor) 

showed more than 1.5-fold regulation (Figure 20A). These genes are not pseudogenes, 

but their specific functions in the thyroid have not been reported. To further explore 



 Results        61 

 

 

potential subtle regulations, the expression of canonical RAR target genes was visualized 

using a heat map (Figure 20B), which included Cyp26a1, Cyp26b1, Lrat, Rarb, Rbp1, Smad3, 

and Stra6 (140-144). These target genes are known to be induced by all-trans retinoic acid 

(atRA), but there was no evidence of altered atRA responses in the thyroids of Cre(+) 

mice. Since RetSat is known to be an ER-associated protein (86, 89), the researchers 

investigated whether its deletion could induce ER stress in the thyroids of HFD-fed mice. 

However, analysis showed that there was no increase in the ratio of spliced (s) to 

unspliced (u) X-box binding protein 1 (Xbp1) transcripts (Figure 20C). This ratio serves 

as a highly sensitive marker of the unfolded protein response (UPR) in the ER, but no 

signs of dysregulated atRA signaling or ER stress were observed in HFD-fed mice due to 

RetSat deletion in the thyroid. In conclusion, deletion of RetSat in the thyroid of HFD-fed 

mice had limited transcriptional effects and did not appear to cause major dysregulation 

of atRA signaling or induce ER stress. 

 

Figure 20: Deletion of RetSat in the thyroid of high-fat diet fed male mice has no major 

transcriptional effects. A) Significantly (FDR 5%) upregulated (green dots) and downregulated 

(red dots) genes in thyroids of Cre(+) mice (n=5,5). B) Expression heatmap of known RAR target 

genes in thyroids of Cre(-) and Cre(+) mice (n=5,5). C) Expression of RetSat and 

total/spliced/unspliced (t/s/u) Xbp1 in thyroids of indicated mice (n=9,10). Data are presented as 

individual data points and mean±SEM, analyzed using a Student’s t-test, *P<0.05. 

 

To investigate whether RetSat deficiency has an effect on blood glucose levels under an 

HFD, this study measured blood glucose levels in mice before feeding and after 16 h of 

fasting. The results showed no significant difference in blood glucose levels between male 

Cre(+) and Cre(-) mice before feeding and in the fasting state, as shown in Figure 21A. 

To investigate the effect of RetSat deficiency in the thyroid on glucose and insulin 
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tolerance, the ipGTT and ipITT were performed. After glucose injection, there was no 

significant change in blood glucose levels and no difference in the area under the curve 

between the two groups of mice, as shown in Figure 21B/C. RetSat deletion in the thyroid 

also caused no change in blood glucose levels compared to the insulin injected control 

group, as shown in Figure 21D/E. The findings indicate that deficiency of RetSat in the 

thyroid does not lead to a noteworthy impact on glucose and insulin tolerance in these 

mice. 

 

Figure 21: Deletion of RetSat in thyroids of male mice has no effect on blood glucose, 

glucose tolerance and insulin response in mice fed a high-fat diet. A) Male mice (n=9,11) of 

the indicated genotypes were fed a high-fat diet (HFD, 60% kcal fat) for 12 weeks, starting at 8 

weeks of age, and ad libitum and fasted blood glucose were determined. B) Glucose tolerance, 

C) insulin responses, and D) and E) the corresponding area under the curve (AUC) calculations 

of HFD-fed mice (n=9,11). Data are presented as individual data points and mean±SEM, analyzed 

using a Student’s t-test (A, C, E) or two-way ANOVA (B, D). 

 

To further investigate the effects of RetSat-specific deletion in the thyroid under HFD 

conditions, this study examined lipid metabolism in mice. First, the expression of relevant 

genes in the liver was examined. Dio1 catalyzes the deiodination of T4, T3, and rT3 and 

can activate and inactivate TH; its expression and activity are important for studying the 

effects of TH on the liver (145). As shown in Figure 22A/B, the specific absence of RetSat 
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in the thyroid gland had no significant effect on the expression and activity of Dio1 in the 

liver. In addition, the de novo lipogenesis and TH target genes acetyl-CoA carboxylase 1 

(Acc1), fatty acid synthase (Fasn), TH binding proteins Ttr and Tbg, and TH target gene 

TH-responsive spot 14 (Spot14) were downregulated in male Cre(+) mice. This suggests 

that RetSat in the thyroid plays an important role in hepatic gene regulation. 

Triglycerides are the major storage form of lipids and are broken down into NEFA and 

glycerol during energy demands and transported to muscle and other tissue cells for 

energy production. Triglycerides play an important role in lipid metabolism. Liver and 

serum triglyceride levels were examined (Figure 22C and D), and there were no 

significant differences between Cre(-)/+ mice. Serum levels of NEFA were reduced in 

Cre(+) mice compared to Cre(-) mice, as depicted in Figure 22E. 

 

Figure 22: Deletion of RetSat in thyroids of male mice fed a high-fat diet affects lipid 

metabolism. Male mice  (n=9,11) of the indicated genotypes were fed a high-fat diet (HFD, 60% 

kcal/fat) for 12 weeks, starting at 8 weeks of age, and A) hepatic gene expression was analyzed 

by qPCR. B) Dio1 activity in livers of Cre(-) and Cre(+) mice. C) Liver triglycerides in mice of the 

indicated genotypes. D) Serum triglycerides and E) NEFA in Cre(-) and Cre(+) mice. Data are 

presented as individual data points and mean±SEM, analyzed using a Student’s t-test, *P<0.05. 
 

In conclusion, the results of the study showed that under HFD conditions, Cre(+) mice 

had increased thyrocyte activity compared to Cre(-) mice, as evidenced by elevated TSH 
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levels and hypertrophy of follicular epithelial cells. However, despite the thyroid RetSat 

deficiency, there was no significant effect on body weight, glucose metabolism and insulin 

tolerance in the mice. Thus, the results suggest that thyroid RetSat deficiency primarily 

affects thyroid morphology and local tissues when mice are challenged with HFD. 

4.6 Thyrocyte-specific Deletion of RetSat Shows Higher TG Levels, 

Reduced Iodination of Low TG, and Signs of UPR Due to Iodide 

Overload 

The literature suggests that RetSat is associated with ER stress (87) and that iodide 

overload can induce increased ROS levels in mice (134). Our collaborators Dr. Panos G. 

Ziros and Dr. Gerasimos P. Sykiotis found that iodide overload led to a decrease in the 

expression of RetSat and that this was independent of Nrf2 (Figure 14G). To investigate 

whether Retsat deficiency affects the consequences of iodide overload in the thyroid, the 

same iodide overload mouse model was applied to 15-week-old Cre(-)/(+) mice by giving 

them water containing 0.05% NaI for one week.  

There was no significant difference in serum T3, T4, TSH levels between the Cre(-) and 

Cre(+) groups (Figure 23A). Both the iodination and folding processes of TG are mediated 

by oxidative reactions (134). The results showed that TG protein levels were significantly 

higher in the thyroid of the Cre(+) group compared to the Cre(-) group, but iodinated TG 

was significantly reduced (Figure 23B/C). Interestingly, iodide overload leads to a 

decrease in both TG levels and TG iodination (134) as a phenomenon of the Wolff-

Chaikoff effect (135). This suggests that RetSat is not essential for the decreased TG 

iodination observed during iodide overload. Studies in the literature have shown that 

iodide excess activates the XBP1-mediated unfolded protein response primarily in the 

mouse thyroid and thyroid-like organs, and that activation of UPR by thyrocytes is an 

adaptive mechanism of resistance to ER stress (146). In the iodide overload state, the 

antioxidant genes NAD(P)H quinone dehydrogenase 1 (Nqo1) and glutathione 

peroxidase 2 (Gpx2) are highly expressed and help thyrocytes maintain internal 

homeostasis by ameliorating oxidative damage (134). Dual oxidases (DUOX1 and 

DUOX2) are the specific member of the NADPH oxidase family responsible for the 

production of H2O2 necessary for TH synthesis (147, 148). As shown in Figure 23D, 

RetSat-specific deletion in the thyroid resulted in a decrease in RetSat mRNA expression, 
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no significant change in Tg and Gpx2 expression, a downward trend in Nqo1 and Duox1 

expression, and no change in total Xbp1 expression in the iodide overload state, but an 

increase in Xbp1 splicing was observed in the thyroid. Under ER stress, unspliced Xbp1 

mRNA is converted to the mature form encoding spliced Xbp1(149). The results reveal 

that RetSat deficiency in thyrocytes protects the thyroid from oxidation caused by iodide 

overload. 

 

Figure 23: Deletion of RetSat in the thyroid of male mice reduces low TG iodination by 

iodide overload but shows signs of the unfolded protein stress response. Mice were 

supplemented with 0.05% sodium iodide in drinking water for 1 week and A) thyroid hormones 

and thyroid-stimulated hormone (TSH) concentrations were analyzed (n=9,10). B) Total and 

iodinated thyroglobulin (TG) protein were analyzed by immunoblotting. GAPDH served as loading 

control. C) Densitometric analysis of total and iodinated TG protein levels (n=7,7). D) Thyroid 

gene expression in mice (n=8,9) of the indicated genotype. Data are presented as individual data 

points and mean±SEM, analyzed using a Student’s t-test, *P<0.05. 
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5 Discussion 

5.1 Expression and Location of RetSat in the Thyroid 

Since the expression of RetSat in the mouse thyroid has not been reported, this study 

investigated the function of RetSat in the thyroid using C57BL/6J mice. The results 

showed that in wt mice, RetSat expression in the thyroid reached approximately 20% of 

the expression level in the liver (Figure 14A/B), and the liver was the organ with the 

highest expression of RetSat in mice. To further investigate the expression of RetSat in 

the mouse thyroid and the effects of hyperthyroidism and hypothyroidism on its 

expression, relevant experiments were performed in this study. The results showed that 

the expression level of RetSat in the thyroid gland did not change significantly in the 

hyperthyroidism model, but was significantly upregulated in the hypothyroidism model 

(Figure 14E). In addition, iodide is very important for the synthesis of TH. The research 

partner from the University Hospital of Lausanne (134) supplemented the drinking water 

with 0.05% NaI, carried out a 7-day experiment in wt mice, and found that the expression 

level of RetSat in the thyroid gland was downregulated (Figure 14G), which was 

consistent with the findings of this study (Figure 14F). Iodide overload in this model 

suppresses iodination of TG, and increases thyroidal oxidative stress (134).  

Known RetSat transcriptional regulators such as FOXO1 and certain PPAR isoforms are 

expressed in thyrocytes (150-152); however, to fully understand their role in the observed 

dynamics, further experimental investigation is warranted. Notably, the influence of sex 

hormones on RetSat regulation remains unexplored, and its impact on gene expression 

requires detailed examination. In hypothyroid mice, it is plausible that the upregulation of 

thyroid RetSat is controlled by TSH regulation. However, in hyperthyroid mice, the 

expected decrease in expression of TSH responsive genes (e.g., Tpo and Nis) is 

observed, but this pattern is not reflected in the case of RetSat. Therefore, alternative 

regulatory mechanisms may be at play in hyperthyroid conditions, and further research is 

needed to fully understand them. 

5.2 Evaluation of the Mouse Model 

Similar to the liver-specific depletion of RetSat described above (94), the thyrocyte-

specific knockout mouse model used in this study provides a more precise assessment 
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of RetSat functions in the thyroid, avoiding potential confounding influences from other 

organs seen in a global RetSat knockout model . The Cre-loxP system is a technology 

based on the interaction of the DNA recombinase Cre and the loxP sequence, which 

allows the selective knockout of target genes in specific tissues or cell types while 

preserving gene function in other areas (153). Models such as TPO-Cre, Pax8-Cre (154) 

and Nkx2.1-Cre (155) are widely used to achieve gene-specific deletion in the thyroid. 

However, Pax8 and Nkx2.1 are expressed in multiple organs, and the Pax8-Cre 

transgenic mouse model exhibits severe hypothyroidism (156). The thyroid gland is 

primarily composed of thyrocytes that express TPO, which is thyrocyte specific and 

present in approximately 92% of normal adult thyrocytes (128). The Tpo gene promoter 

was an ideal candidate for driving Cre expression in this study because it ensures that 

the recombinase enzyme is active only in thyrocytes, and RetSat is primarily localized to 

thyrocytes in the thyroid. 

As expected, Cre expression was only detected in the thyroid in Cre(+) mice and resulted 

in an approximate 70% reduction in RetSat mRNA and protein expression (Figure 15C-

G). This reduction was observed regardless of whether qPCR primer pairs were used to 

amplify the excised transcribed region (Figure 15D) or the remaining exons, indicating an 

impact on mRNA processing and/or stability. Notably, RetSat expression remained 

unaffected in other tissues, such as the liver (e.g. liver) (Figure 22A). Taken together, 

these findings confirm the successful thyrocyte-specific deletion of RetSat in this genetic 

mouse model. This is the first establishment of this mouse model, and its development 

holds significant importance in gaining profound insights into the functionality of RetSat 

within the thyroid. 

5.3 Effect of Thyrocyte-specific Deletion of RetSat on Mouse Embryo 

Development 

The birth rate of mice reflects various factors such as gene expression, physiological 

status, and environmental conditions. By studying changes in mouse birth rates, we can 

gain knowledge about the function of specific genes and their role in embryonic 

development. 

In RetSatflox/wt heterozygous mice, both Cre(+) and Cre(-) mice followed the Mendelian 

inheritance laws. However, in RetSatflox/flox pure homozygotes, slightly higher than 
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expected birth rates in Cre(-) mice and slightly lower than expected birth rates in Cre(+) 

mice were observed. Although these observations are not statistically significant, due to 

the large sample size of 1034 individuals, they suggest that RetSat in the thyroid gland 

may play a role in embryonic development. RetSat deficiency may lead to abnormalities 

in the embryo at critical developmental stages, ultimately affecting birth rates (Table 18). 

This is the first report on the birth rate of mice deficient in RetSat.  

Further studies are required to fully understand the precise the role of thyroid RetSat 

during embryogenesis. Nevertheless, these observations provide valuable clues for 

investigating the function of RetSat in embryonic development. These findings will guide 

future research and enhance our understanding of the significance of RetSat in the thyroid 

gland and embryonic development. 

5.4 Sex-specific Effects of RetSat on the Thyroid Gland in Mice 

Sex differences in thyroid disease prevalence have been reported in both mice and 

humans (136, 157, 158), with females having a higher susceptibility to thyroid disease 

than males. In hyper- or hypothyroidism, TH has significant effects on body weight, food 

and water intake, body temperature and heart rate in both male and female mice (136). 

Specifically, female mice showed a significant increase in activity  in the open field test in 

the hyperthyroid state, while male mice showed no significant change (136). Furthermore, 

Dio2 transcript levels in brown fat BAT were upregulated in male mice and downregulated 

in female mice in the hyperthyroid state, and this sex-specific change was evident with 

altered thyroid status (136). 

With respect to the observed sex differences, it was hypothesized that since RetSat 

expression is higher in the thyroid of male mice (Figure 14D), its thyrocyte-specific loss 

would be more consequential in males than in females. To investigate the differential 

effects of thyrocyte-specific deletion of RetSat in male and female mice, I conducted a 

study to examine the performance of male and female mice following the absence of the 

RetSat gene under normal dietary conditions (Figure 16 and Figure 17). The results 

revealed that RetSat knockout decreases locomotor activity in male mice under normal 

dietary conditions. In contrast, in female mice, RetSat knockout resulted in altered TSH 

levels, fasting serum levels, body fat content and diet, suggesting that specific deletion of 

RetSat in the thyroid has a more significant effect in female mice. 
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The literature suggests that the HPT axis responds differently in male and female rats 

under fasting conditions, and that adult males have a stronger HPT axis response to 

starvation (159). Female rats exhibit greater resistance to reduced HPT axis activity after 

two weeks of food restriction compared to males, while even with a food intake reduction 

of less than 20% in males, there is a reduction in TRH and serum concentrations of TSH 

and leptin (160). However, in females with a 30% reduction in food intake, no significant 

changes in TRH expression and TSH levels are observed, even with a similar leptin 

concentration as in males (160). The HPT axis is activated in male rats and mice in the 

presence of energy excess due to HFD, but few studies have examined both male and 

female rodents (160-162). In HFD experiments with saturated and monounsaturated fatty 

acids for 40 consecutive days after weaning, male rats showed a twofold increase in 

serum leptin concentrations and a decrease in the T4/T3 ratio, whereas female rats 

showed a threefold increase in leptin concentrations, but no change in the T4/T3 ratio 

(160, 163). Although female mice and humans are more susceptible to thyroid disease, 

in this study, female mice did not exhibit significant weight gain under the HFD conditions, 

as indicated by the data. Therefore, male mice were employed as the subjects for this 

research. 

The mechanisms by which deletion of the RetSat gene in the thyroid gland leads to 

phenotypic sex differences in mice are currently unclear. Metabolism is sexually 

dimorphic and therefore the phenotypic changes caused by gene deletion may be 

influenced by a number of complex causes (158). In the thyroid, sex differences due to 

gene deletion may be related to estrogen, which increases serum TBG and total T4 

concentrations (136, 164, 165). 

5.5 Effects of Thyrocyte-specific Deletion of RetSat might be 

Compensated 

TH is essential for maintaining normal metabolism and physiological functions. When 

thyroid function is disrupted, the body initiates compensatory mechanisms to maintain 

normal physiological functions as well as possible. 

In 2022, Liu et al. made an interesting discovery regarding Xb130 (also known as actin 

filament-associated protein 1-like 2 (AFAP1L2)) in mice. They found that Xb130 knockout 

resulted in growth retardation at 2 weeks, but normal growth was fully restored by 14 
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weeks (166). Interestingly, no discernible phenotypic differences were observed in adult 

mice (167). Serum TH levels increase rapidly after birth in normal mice, but are initially 

low in Xb130-deficient mice (166). Xb130-deficient mice also have higher serum TSH 

levels compared to controls (166). However, by week 12, TH and TSH levels are nearly 

normalized in Xb130-deficient mice (166). This activation of compensatory mechanisms 

in thyroid tissue underscores the critical role of these pathways. 

In this study, only adult mice were chosen as research subjects. Cre-mediated 

recombination was initiated at approximately embryonic day 14.5, coinciding with the 

onset of TPO expression during thyroid organogenesis (128). The study did not 

investigate the deletion of RetSat in juvenile mice. However, this does not eliminate the 

possibility of compensatory mechanisms restoring normal TH levels after inducing 

metabolic disturbances. 

Specific knockout of RetSat in the thyroid resulted in elevated serum TSH in females on 

a normal diet (Figure 16B) and in males on an HFD (Figure 18B), while serum T3 and T4 

levels did not change significantly. This suggests that RetSat is required to maintain 

adequate TSH sensitivity and to synthesize and secrete TH. The observed TSH and TH 

configuration is commonly called subclinical hypothyroidism, whereby increased TSH 

levels are required to maintain normal circulating TH concentrations, often preceding the 

appearance of reduced blood TH in patients (168). Thus, it is very likely that TSH is 

increased to maintain TH concentrations within the physiological range as a 

compensatory response to the loss of thyroid RetSat. This would also be consistent with 

the notion that since RetSat is not a thyrocyte-specific protein with specialized functions 

like TPO or TG, its expression in the thyrocytes, which are present in many cell types and 

tissues, is not essential for its response to TSH and for the synthesis and secretion of TH. 

It is possible that RetSat plays a role in the fine-tuning of the TSH response and the 

synthesis and secretion of TH by thyrocytes. TSH increases the size of the follicular cells 

(hypertrophy), and it increases the number of follicular cells (hyperplasia) (169, 170). 

Thyroid morphology also confirmed that thyrocytes enlarged in response to stimulation 

by higher levels of TSH after RetSat knockout (Figure 19). 

In conclusion, RetSat knockout is likely to induce compensatory responses to maintain 

physiological TH levels. 
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5.6 Thyrocyte-specific Deletion of RetSat Shows Minimal 

Transcriptional Effects in the Thyroid  

Deletion of RetSat resulted in minimal transcriptional consequences in the thyroid gland 

(Figure 20A), which is in contrast to the significant transcriptional changes that were 

observed in other cell types and tissues upon RetSat depletion (89, 94). Both the 

substrate (all-trans-retinol) and the product (all-trans-13,14-dihydroretinol) of RetSat can 

be stored as esters or further oxidized to the corresponding aldehydes or acids (171). 

atRA mediates its effects via the ligand-activated transcription factor RAR, which 

heterodimerizes with retinoid X receptors (RXR) (171). According to the latest research 

findings by Bi et al., the RNA-seq data demonstrates that deficiency of RetSat significantly 

activates the RAR signaling pathway in A549, HT1080, and H1299 cells (114). However, 

thyrocyte-specific deletion of RetSat did not result in increased expression of canonical 

RAR target genes in male HFD mice, as shown in Figure 20B. The possibility of reduced 

dihydroretinol generation, which could potentially lead to enhanced thyroid atRA 

synthesis and RAR activation, is unlikely to be involved. It has not been fully understood 

the exact mechanism by which thyroid RetSat deficiency affects TH homeostasis. 

5.7 Thyrocyte-specific Deletion of RetSat Affects Metabolism in Normal 

Chow Female Mice  

5.7.1 Thyrocyte-specific Deletion of RetSat Affects Lipid Metabolism in Normal 

Chow Female Mice  

The hormones of the thyroid gland exert a significant influence on various metabolic 

processes in the body (68). Their most prominent and widely recognized roles are the 

enhancement of basal energy expenditure and their effects on protein, carbohydrate and 

lipid metabolism (68). The regulation of lipid homeostasis is a complex process requiring 

coordinated modulation between multiple target tissues (172). TH maintains lipid balance 

by influencing gene expression in target organs such as the liver and adipose tissue (172). 

TH affects the synthesis, mobilization and degradation of lipids, with degradation being 

more effected than synthesis (68). In the female normal chow mouse cohort, Cre(+) mice 

gained weight more slowly than Cre(-) mice, and had a lower fat content, lower fasting 

blood glucose levels and a higher food intake during the dark phase (Figure 16). These 

observations suggest that RetSat deletion in the thyroid affects lipid metabolism in mice. 
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Paradoxically, these results suggest an augmented TH bioactivity, which is challenging 

to reconcile with the concurrent rise in TSH levels and the presence of subclinical 

hypothyroidism.  

Research suggests an association between TSH and abnormalities in lipid metabolism 

(158, 173). TSH is capable of promoting lipolysis (174-176) through activation of TSHR 

(176). The observed reduction in TSH-induced fat breakdown upon TSHR knockout in 

mice further substantiates this mechanism (177). In mice with thyrocyte-specific knockout 

of RetSat, there was a relative decrease in body weight and fat content among the Cre(+) 

group of female mice on a normal diet (Figure 16), which may be attributed to elevated 

serum TSH levels. However, the actions of TSH independent of the thyroid gland are still 

incompletely understood and remain a mystery.  

The production of TH is subject to a complex regulation involving both positive and 

negative feedback mechanisms. Within this feedback loop, the synthesis and release of 

TRH plays a critical role. The elevated serum TSH levels observed in Cre(+) female mice 

suggest a potential increase in TRH levels. In a previous study, overexpression of 

diencephalic TRH (dTrh) in mice resulted in increased food and water intake, but 

significantly decreased body weight compared to the control group, as well as increased 

blood pressure, heart rate, and locomotor activity, independent of TH levels (178). In this 

same study, acute and subacute TRH overexpression was found to increase sympathetic 

tone, leading to cardiovascular and weight regulation abnormalities (178). Notably, the 

phenotypes observed in the TRH-overexpressing mice mirrored those found in female 

Cre(+) mice, suggesting a potential link between TRH levels and these findings, which 

requires further experimental validation.  

5.7.2 Thyrocyte-specific Deletion of RetSat Reduces Fasting Blood Glucose in 

Female Mice on Normal Chow  

It is well known that there is a strong association between obesity and an increased risk 

of diabetes (179); however, the correlation between weight and blood glucose in the 

normal weight range is not clear (180).   

Ruhla et al. found that TSH has no association with fasting blood glucose based on a 

study of 1333 euthyroid volunteers (173). However, several studies showed that serum 
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TSH was positively associated with hyperglycemia in euthyroid individuals (181). TSH 

stimulates hepatic glucose production in vivo and in vitro (181). Another study found that 

in mice, TSHR knockout mice had reduced fasting glucose levels (182). Based on the 

above studies, the reduction in fasting blood glucose caused by deletion of RetSat in the 

thyroid gland of female mice was unlikely due to elevated TSH (Figure 16E). 

The study found that TSH can stimulate the secretion of leptin (183), which has profound 

glucose-lowering and anti-lipogenic effects (184). Although leptin levels in mice were not 

measured in this study, the reduction in fasting blood glucose in female mice in the Cre(+) 

group may be due in part to an increase in leptin secretion induced by TSH (Figure 16E).  

5.7.3 Thyrocyte-specific Deletion of RetSat Increases Locomotor Activity in Female 

Mice on Normal Chow  

It is common knowledge that there is a significant correlation between locomotor activity 

level and body weight. Compared to Cre(-) female mice, Cre(+) female mice showed an 

increase in locomotor activity in the dark phase and a tendency towards reduced body 

weight, as shown in Figure 16 C/G. However, in 129sv/C57BL6 mice with RetSat 

deficiency under either a low-fat diet or HFD conditions, the weight gain in females and 

males is similar to that of the wt littermates (103). After backcrossing to a C57BL/6N strain, 

male RetSat deletion mice gain body weight on normal chow and HFD (109). This 

discrepancy could potentially be due to several factors, including thyrocyte-specific 

knockout effects, differences in mouse strains, and sex-specific responses. 

The relationship between TSH and daily activity levels has been explored to a limited 

extent in the literature. Recent studies have found a negative association between TSH 

levels and lying down time in elderly individuals with normal thyroid function, particularly 

in women (185). Another study conducted in young men reported that short-term high-

intensity exercise resulted in increased TSH and T4 levels, along with decreased T3 

levels (186). However, these results were not fully confirmed in another study, where TSH 

and free triiodothyronine (fT3) levels were lower than pre-exercise levels after 24 h of rest 

following exercise in young male athletes (187). In addition, there was no significant 

correlation between TSH and changes in free thyroxine (fT4)/T4 levels (187). Although 

exercise can impact TSH levels, it remains unclear whether TSH levels have an effect on 

exercise activity in the presence of normal thyroid function. 
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A number of studies have shown that an increase in TRH levels leads to an increase in 

locomotor activity (178, 188, 189), with a dose-dependent relationship being observed 

(190, 191). In addition, the literature suggests that the effects of TRH on locomotor activity 

are mediated through the mesencephalic dopaminergic system (192-194). In the context 

of this study, the increased locomotor activity observed in Cre(+) mice may be related to 

the elevated TRH levels, which requires further experimental validation. 

5.7.4 Thyrocyte-specific Deletion of RetSat Increases Food Intake in Female Mice 

on Normal Chow  

Energy homeostasis, which involves the regulation of energy intake and expenditure, is 

critical for maintaining a stable weight and body composition. Normally, the body 

compensates for increased energy requirements due to exercise by increasing energy 

intake (195). However, an energy imbalance occurs when the body is unable to maintain 

a balance between energy intake and energy expenditure. The mechanisms underlying 

this compensation process are complex (196). 

In this study, female Cre(+) mice showed increased nocturnal locomotor activity 

compared to controls (Figure 16G). Cre(+) mice had a higher food intake, which was likely 

due to the maintenance of stable body weight and body composition (Figure 16H). 

Although there was no significant difference in energy metabolism, Cre(+) mice had a 

slightly higher level of energy expenditure  (Figure 16I), which may have contributed to 

their slower body weight gain compared to Cre(-) mice (Figure 16C). 

A literature review found that food intake was greatly reduced after intracerebroventricular 

injection of TSH in rats (197). TSH can stimulate the secretion of leptin (183), thereby 

suppressing food intake (198). Therefore, the increased food intake of Cre(+) mice could 

not be explained by elevated TSH levels.  

5.8 Thyrocyte-specific Deletion of RetSat Affects Metabolism in HFD 

Male Mice  

5.8.1 Thyrocyte-specific Deletion of RetSat Affects Lipid Metabolism in HFD Male 

Mice 

Obesity is mainly due to an imbalance between energy intake and energy expenditure. 
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TH plays an important role in regulating lipid, cholesterol and glucose metabolism in the 

liver (199). Therefore, analyzing the concentrations of circulating TH is often required in 

the search for the cause of obesity (200, 201). TH and TSH independently regulate the 

quality and function of adipose tissue, and in obese states, serum TSH levels are usually 

slightly elevated or above  the reference range (200).  

In animal models, a diet high in fat and simple carbohydrates significantly increased T3 

and TSH levels (200, 202). Additionally, leptin receptors were significantly downregulated, 

leading to the development of leptin resistance (200). Although centrally acting leptin 

stimulates the HPT axis, elevated levels of leptin do not decrease appetite or increase 

energy expenditure (200).  

In HFD male Cre(+) mice, as shown in Figure 18, food intake was not lower than in Cre(-) 

mice, and this did not lead to weight loss, despite an increase in locomotor activity, and 

energy expenditure was not increased. Deletion of RetSat in the thyroid did not result in 

significant changes in glucose metabolism and insulin sensitivity, as shown in Figure 21. 

The data are consistent with previous reports, in that RetSat-deficient mice have no 

alterations in glucose homeostasis under normal chow conditions，as well as insulin 

sensitivity under normal chow and HFD conditions (103, 109). HFD male Cre(+) mice 

exhibited a faster rate of weight gain than the Cre(-) group (Figure 18A), which is 

inconsistent with data from the normal chow female group (Figure 16C). Previous studies 

have shown that mice with whole body deletion of RetSat in the 129sv/C57BL6 genetic 

background showed no significant change in body weight on HFD compared to control 

mice; however, they showed an increase in fat mass (103). Male mice with RetSat 

depletion gain body weight when backcrossed to a C57BL/6N strain (109), which may be 

related to gender as well as diet. 

Previous studies showed that TH induces expression of lipogenesis genes such as 

Spot14, Fasn, Acc1, and regulates hepatic NEFA uptake and TAG assembly (69, 199, 

203, 204). However, as shown in Figure 22A, these genes were downregulated in the 

male HFD mice with RetSat deletion, indicating that they were not induced by T3. The 

liver obtains fatty acids from 3 major sources, i.e., uptake of NEFA from the blood, uptake 

of celiac residue, and de novo lipogenesis. Studies have shown that exogenous NEFA 

uptake is the largest single source of fatty acids in stored hepatic triacylglycerol (205). 

Serum NEFA levels were reduced (Figure 22E), while triglycerides remained unchanged 
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(Figure 22C), suggesting hepatic uptake of NEFA was increased. Lipolysis is the 

metabolic pathway by which triglycerides are hydrolyzed to glycerol and free fatty acids 

(206). The decrease in free fatty acid levels indicates that lipolysis is reduced. 

Paradoxically, TSH stimulates lipolysis in cultured adipocytes in vitro and increases 

serum free fatty acid levels in vivo (174), contradicting the above findings. 

The hepatic secretion of three serum proteins, namely TTR, HSA, and TBG, orchestrates 

the systemic distribution of TH from its site of synthesis in the thyroid gland to various 

target tissues via the bloodstream (207, 208), thereby regulating the balance between 

free and total TH levels (209). TBG serves as the primary carrier for the majority of TH, 

followed by TTR due to its greater binding affinity for TH (54). TH has been observed to 

induce an upregulation of hepatic Dio1 mRNA expression and a downregulation of Tbg 

mRNA expression in mouse models (210). No significant changes in Ttr mRNA levels 

were observed in the livers of hypothyroid or hyperthyroid rats (211), but they were 

reduced in the brains of T4-treated mice (76). According to the results in Figure 22A, there 

was a slight upward trend in Dio1 gene expression in the liver and a significant decrease 

in Ttr gene expression in the thyrocyte-specific deletion of RetSat, as well as a slight 

decrease in Tbg gene expression. Although not all of these differences were statistically 

significant, it is hypothesized, however, that this phenomenon is due to a slight increase 

in serum TH (Figure 18). The regulation of TH concentration in the liver is not only 

dependent on the uptake of circulating TH, but is also locally activated and inactivated by 

iodothyronine deiodinases (209). Dio1 is involved in the activation of T4 to T3 and 

inactivation of TH, and is regulated by T3 (132, 209). The slightly increased hepatic Dio1 

activity increases the likelihood of the hypothesis being true (Figure 22B). But in this study, 

the decreased expression of the lipogenesis gene was not caused by T3, and thus does 

not support the above hypothesis. 

The process of lipogenesis and lipid metabolism entails intricate and multifaceted 

mechanisms. The mechanism of the changes in lipid metabolism caused by the specific 

deletion of RetSat in the thyroid gland under HFD needs further study. 

5.8.2 Thyrocyte-specific Deletion of RetSat Affects Heart Weight in HFD Male Mice  

There is a close relationship between the thyroid and the heart, with physicians noticing 

the effects of increased TH secretion on cardiovascular function more than 200 years ago 
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(3). Hyperthyroidism can cause tachycardia, while hypothyroidism can cause bradycardia. 

Hyperthyroidism increases total protein synthesis in cardiomyocytes, leading to increased 

heart weight and mild cardiac hypertrophy, which in turn increases the contractile state of 

the heart. Although the male HFD Cre(+) mice in this study were subclinically hypothyroid 

when considering their TSH and TH concentrations in the circulation, they had increased 

heart weights compared to Cre(-) mice. The current data cannot explain this finding and 

further research is needed to resolve this issue. 

5.9 Retsat May be Involved in the Homeostasis of Oxidative Stress in 

Thyroid 

The thyroid gland typically generates significant amounts of H2O2，which plays a critical 

role in oxidizing iodine to iodide, facilitating the iodination process of TG, and contributing 

to the synthesis of TH (212). These hormones are essentially iodinated derivatives of 

specific tyrosines found in TG (212). Negative feedback regulation of the HPT axis is the 

primary mechanism for maintaining stable serum TH levels. Iodide is actively transported 

into thyrocytes via the NIS on the basolateral membrane, then iodide is transported into 

the lumen by pendrin and is rapidly oxidized by TPO and H2O2, resulting in the covalent 

binding of iodide to tyrosyl residues of TG and the formation of monoiodotyrosine (MIT) 

and diiodotyrosine (DIT) in the TG molecule (213).  

RetSat is a potent regulator of the cellular response to oxidative stress and ROS 

generation, and RetSat deficiency reduces ROS and lipid peroxide formation (109). PTU 

and MMI inhibit the TPO-H2O2 reaction and inhibit the action of NADPH oxidase, but not 

TPO itself (214-216). MMI degrades H2O2 in the cell-free system and interferes with 

thyroid H2O2 production (216). Perchlorate inhibits thyroid iodide uptake and 

subsequently reduces TH production. Perchlorate is a potent competitive inhibitor of the 

NIS (217) and has been found to inhibit iodide overload induced strong mitochondrial 

superoxide production (218). In the model of hypothyroidism caused by MMI and 

perchlorate, the increased expression of RetSat may be due to compensatory 

upregulation (Figure 14E). Therefore, in the hypothyroid models, the thyroid gland may 

maintain the levels of H2O2 and promote TH synthesis by regulating the expression of 

RetSat. 

Decades ago, it was reported that high doses of iodide have an inhibitory effect on thyroid 
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function (219), a phenomenon known as the Wolff-Chaikoff effect (220, 221). After a 

period of time, NIS expression decreases, resulting in a decrease in intracellular iodide 

levels and a return to near normal levels of TH production (222, 223). Iodide exposure 

increases oxidative stress in the thyroid and also increases ROS levels in cell culture (134, 

221, 224).  

RetSat imparts sensitivity to peroxide stress (87), and iodide overload in mice triggers 

oxidative stress in thyrocytes, which subsequently results in the downregulation of RetSat 

expression (Figure 14F). Previous studies have found that reduced RetSat expression 

increases cellular resistance to hydrogen peroxide, and RetSat mediates H2O2-induced 

cell death (108, 112). Similarly, the levels of lipid peroxidation products were reduced in 

the livers of RetSat knockout mice fed normal or HFD (109). Therefore, this 

downregulation is believed to serve a protective role, protecting the cells from the 

detrimental effects of oxidative stress. Interestingly, an excess of iodide leads to a 

decrease in total TG levels, particularly in terms of TG iodination, so as to prevent 

excessive TH synthesis (134, 225). In contrast to Nrf2 knockout, a key transcription factor 

to drive gene expression of the antioxidative defense in the thyroid, which resulted in 

decreased total TG protein levels and increased iodination levels (134), RetSat deficiency 

resulted in increased total TG levels and decreased iodination levels (Figure 23). This 

observation suggests that RetSat deletion in the thyroid may ameliorate oxidative stress 

in the thyroid under conditions of iodide excess. In the thyroid gland, NRF2 stimulates the 

transcription and protein synthesis of molecules with antioxidant and cytoprotective 

properties, including NQO1, GPX2 (226). GPX typically catalyzes the reduction of H2O2 

or organic hydrogen peroxide to water or corresponding alcohols using glutathione as the 

reducing agent (227). When exposed to excessive levels of iodide, these antioxidant 

enzyme systems are further induced in response to the elevated levels of reactive oxygen 

species (212). RetSat deficiency had minimal impact on the expression of iodide-

inducible genes (Duox1, Nqo1, and Gpx2), as depicted in Figure 22D. Under ER stress, 

unspliced Xbp1 mRNA is converted to the mature form encoding spliced Xbp1 to reduce 

ER stress (149). Additionally, iodide excess in Cre(+) mice resulted in increased Xbp1 

transcript splicing (Figure 22D), indicating heightened ER stress (228). This suggests that 

RetSat may be involved in antioxidant responses during iodide overload. 

In summary, the expression of RetSat was decreased in the hypothyroid model in which 
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H2O2 was suppressed by perchlorate and MMI, and the expression was increased in the 

oxidative stress model caused by iodide excess, indicating that RetSat was involved in 

the homeostasis of thyroid oxidative stress. 
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6 Conclusions 

RetSat is an oxidoreductase that has been implicated in the generation of dihydroretinol 

and which mediates cellular sensitivity to peroxide stress (87). This enzyme is expressed 

at higher levels in metabolically active tissues such as adipose tissue and liver (87). In 

adipocytes, RetSat promotes cell differentiation, but is downregulated under conditions 

of obesity (87). In the liver, the absence of RetSat alters hepatic lipid content and 

composition (87). However, the function of RetSat in other tissues has not been 

investigated yet. 

RetSat’s high expression in the human thyroid was reported (Figure 6). Consequently, 

the function of RetSat in the thyroid, an unexplored area, was investigated. The 

expression of RetSat in mouse thyroid tissue was initially examined. Notably, RetSat 

exhibited strong expression in the thyroid (Figure 14A), with gender differences observed 

between male and female mice (Figure 14D). Its levels were increased by inducing 

hypothyroidism (Figure 14E) and decreased by iodide overload in the mouse thyroid 

(Figure 14F). These findings offer novel insights into the regulation of RetSat expression 

in the thyroid. 

To further investigate the function of RetSat in the thyroid, a mouse model with thyrocyte-

specific deletion of RetSat was established (Figure 15). Utilizing this model, the 

phenotypic changes in male and female mice with thyrocyte-specific RetSat deficiency 

under normal diet conditions were observed. It was observed that the deficiency of RetSat 

in thyrocytes increased circulating TSH levels specifically in female mice (Figure 16), 

while this effect was not observed in male mice (Figure 17). The disruption of metabolic 

homeostasis due to thyrocyte-specific RetSat deficiency displayed a gender-dependent 

pattern. Although no significant impact was observed on circulating TH levels, various 

metabolic abnormalities were associated with this condition. Female Cre(+) mice 

exhibited reduced weight gain during the active dark phase, decreased fasting blood 

glucose levels, increased physical activity, and elevated food intake (Figure 16), which 

poses a challenge to reconcile with elevated TSH levels and subclinical hypothyroidism. 

TH exert a significant influence on energy metabolism and their close association with 

obesity has been extensively studied. RetSat expression is known to be inhibited in the 

context of obesity. Therefore, the present study was designed to investigate the effects 
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of thyrocyte-specific RetSat deficiency in mice challenged with HFD. Male mice with 

thyrocyte-specific RetSat deficiency have exhibited elevated TSH levels when subjected 

to HFD (Figure 18B), and have larger follicle and thyrocyte areas (Figure 19). However, 

despite elevated TSH levels and subclinical hypothyroidism, the HFD-fed male Cre(+) 

mice experienced an increase in body weight (Figure 18A) and relative heart weight 

(Figure 18D), which is a sensitive indicator of TH action. Notably, the expression of 

specific TH genes encoding lipogenesis and TH-binding proteins was reduced in the liver  

(Figure 22A), indicating tissue-specific alterations in TH homeostasis. Interestingly, the 

activity of hepatic Dio1 (Figure 22B), which is responsible for local TH activation and/or 

inactivation, remained unaltered, adding complexity to the observed changes. While there 

were no changes in liver and serum triglyceride levels, circulating NEFA derived from 

adipose tissue were decreased (Figure 22). As a result, only male mice exposed to the 

HFD as an additional stressor exhibited elevated TSH concentrations, weight gain, and 

increased heart weight - phenomena that were absent in male mice on a normal diet. 

Previous studies have shown that RetSat plays a role in mediating the sensitivity of 

various cell types to oxidative stress (87, 93, 108, 109, 114). In thyroid gland, TPO uses 

H2O2 to catalyze the organic iodination of inorganic iodide, a critical step in the synthesis 

of TH (229). Given that high iodide intake increases oxidative stress in the thyroid, this 

study aimed to investigate the effects of RetSat deficiency in mice using a high iodide 

challenge. It was observed that iodide overload resulted in the downregulation of RetSat 

mRNA expression in the thyroid (Figure 14F), and this downregulation may synergistically 

interact with another phenomenon, the Wolff-Chaikoff effect, which acts to protect the 

thyroid. Interestingly, no significant differences in TH and TSH levels were observed 

between Cre(-) and Cre(+) mice. Notably, studies have shown that thyroid lipid 

peroxidation induced by potassium iodate (KIO3) is significantly lower compared to other 

tissues (230), indicating the adaptive capacity of the thyroid to maintain high iodide 

concentrations (229). However, in Cre(+) mice, there was a further decrease in thyroid 

iodinated glycerolipid content, and iodide overload led to increased Xbp1 transcript 

splicing, indicating increased ER stress. These results suggest the involvement of RetSat 

in organelle antioxidant responses during iodide overload. 

There are still many limitations in this study. The exact mechanism by which the loss of 

thyroid RetSat affects TH homeostasis remains to be elucidated. Known transcriptional 
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regulators of RetSat, such as FOXO1 and certain PPAR subtypes, require further 

experiments to determine whether they are involved in the regulation of RetSat in the 

thyroid. Thyrocyte-specific deletion of RetSat does not lead to increased expression of 

typical RAR target genes, suggesting that they are unlikely to be involved in reducing 

dihydroretinoid production. Further studies on the enzymatic activity of RetSat and 

alternative substrates are needed to investigate the mechanisms behind the observed 

phenotypes. Given the role of RetSat in oxidative physiology, and the differences in its 

expression in mouse models of iodide overload and hypothyroidism (both associated with 

oxidative stress), analysis of oxidized proteins (via Oxyblot) and oxidized lipids (via IHC 

for 4-HNE) will help to explain the role of RetSat in important antioxidant defense 

mechanisms in thyrocytes. 

Regulation of RetSat by sex hormone factors has not been described. Due to the 

differences in RetSat expression between male and female mice and the different 

phenotypes after specific deletion in the thyroid, the investigation of the regulation of 

RetSat by sex hormones could provide valuable insights. 

It is worth noting that in this model, RetSat is knocked out at about two weeks of 

embryonic age in mice, and the knockout mice have a lower birth rate compared to wt 

mice, although without statistical significance, and thus the study of RetSat-deficient mice 

at a young age or even during the embryonic period is warranted. 

In spite of these limitations, this study provides the first comprehensive in vivo analysis of 

the regulation and function of RetSat in the thyroid gland. The establishment of a novel 

mouse model with thyrocyte-specific RetSat deficiency and the findings of this study will 

contribute to a deeper understanding of the tissue-specific functions of RetSat and its 

potential relevance in thyroid diseases. 
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