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SUMMARY 

The thyroid as the largest endocrine gland mainly produces and secretes the thyroid 

hormones (TH): 3,3’,5-triiodo-L-thyronine (T3) and its pro-hormone L-thyroxine (T4). 

Thyrotropin (TSH) produced in and secreted from the pituitary gland stimulates thyroidal 

TH production and secretion. In turn, TH repress TSH production exerting a sensitive 

negative feedback control. Besides the impact on growth, normal development, bone 

marrow structure, the cardiovascular system, body weight and thermogenesis, TH play a 

vivid role in many metabolic regulatory mechanisms in almost all tissues. Thyroid diseases 

are relatively prevalent and cause, due to the resulting TH imbalances, a broad spectrum 

of effects. Many of them manifest in pathologically increased or decreased TH levels 

defined as hyperthyroidism or hypothyroidism, respectively. Metabolic complexes 

regulated by TH include carbohydrate as well as cholesterol homeostasis. TH also 

influence primary and secondary hemostasis. Routinely, determination of the thyroid 

state is based on the assessment of the classical markers TSH and free T4. However, this 

practice has several drawbacks: For instance, subclinical cases of hyper- and 

hypothyroidism might not be detected, resulting in detrimental health consequences. 

Moreover, elucidation of the pleiotropic effects of TH on multiple molecular pathways is 

mostly based on cell culture, tissue and rodent models. Analysis of animal biofluids like 

serum and urine using metabolomics approaches demonstrated the extensive impact of 

TH on other body compartments. In contrast, proteome profiling has not been exploited 

for the comprehensive characterization of the general metabolic effects of TH. In humans, 

analysis of biofluids was performed only in a targeted approach by analyzing specific 

proteins. Plasma as a large and diverse compartment of the human proteome provides a 

great opportunity to identify novel protein markers of thyroid function as well as to 

characterize metabolic effects of TH in humans. 

Therefore, a study of experimental thyrotoxicosis was performed with 16 male volunteers 

treated with 0.25 mg/d levothyroxine (L-T4) for 8 weeks to induce a hyperthyroid state. 

Plasma samples were collected before the L-T4 application started, two times during the 

treatment and additionally two times after withdrawal. Proteome analysis revealed 

remarkable alterations including increased levels of two known proteins known to 
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correlate with TH levels, namely sex hormone-binding globulin (SHBG) and cystatin C 

(CYTC). The correlation with free T4 levels revealed 76 out of 437 detected proteins with 

a Pearson correlation coefficient of r ≥ |0.9|. One prominent signature included 10 

coagulation cascade proteins exhibiting significantly increased plasma levels during 

thyrotoxicosis, thereby revealing a trend towards a hypercoagulative state in 

hyperthyroidism. Among these were the pro-coagulation factor XIII subunit B (F13B), II 

(F2), XI (F11) and IX (F9). Exemplarily, routine ELISAs were performed for F9 and F13 

yielding the same pattern as the proteomics derived data, thus confirming the proteomics 

results. To overcome the statistical drawbacks of the Pearson correlation analysis, 

additionally a mixed-effect linear regression model using serum free T4 concentrations as 

exposure and protein abundances as outcome while controlling for age, BMI, and batch 

was implemented. Application of this model resulted in the detection of 63 proteins with 

significant associations to free T4 levels. Besides the already mentioned augmented 

coagulation, a significant drop in the amounts of three apolipoproteins (ApoD, ApoB-100 

and ApoC3) was observed. Furthermore, an increased abundance of proteins assigned to 

the complement system was detected, namely of several complement factors and 

complement components as well as mannose-binding protein C (MBL) and mannan-

binding lectin serine protease 2 (MASP-2). 

Inspired by the data of the experimentally induced thyrotoxicosis model, a similar study 

was designed for studying mid-term hypothyroidism, including 15 patients - mostly 

women. However, due to the different age, BMI and medical history the group displayed 

a much more pronounced variability. Thus, the established markers SHBG and CYTC 

revealed no clear trend in level. Additionally, only minor alterations were detected in the 

metabolome analysis. Thus, the chances of detecting promising alterations in the 

proteome compaosition were very low and the full scale proteome profiling was not 

performed. Since coagulation proteins comprised one distinct signature in the study of 

induced thyrotoxicosis, F9 was measured by ELISA. The results revealed decreased F9 

levels during the hypothyroid state.  

Experimental studies in humans were complemented by corresponding analyses in 

murine models. Mice represent a well-established model for disease research allowing 

the study of underlying pathomechanisms and the efficacy of administered drugs as well 

as development of new therapies. In the special context of TH-induced changes in 
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metabolism, several murine studies have assessed alterations in hepatic gene expression 

patterns. In the current work, plasma samples of two murine studies including male 

C57BL/6 wild type mice were analyzed to elucidate the impact of thyroid dysfunction on 

the plasma proteome. The first study was similarly designed as the human model of 

experimentally induced thyrotoxicosis and assigned the animals to three groups: a control 

group, a T4 treatment group, and a T4 recovery group, whereupon the latter first received 

T4 followed by a subsequent TH normalization period. A high proportion of plasma 

proteins exhibited significantly different protein levels during T4 application (n = 120), 

where 90 of these also showed a corresponding reverse trend after T4 withdrawal (T4 

recovery vs. T4), thereby displaying transient alterations. The molecular pattern of 

hyperthyroidism in the murine model indicated, as in the human study, a pronounced 

decrease in apolipoproteins. However, in clear contrast to the human data, the levels of 

proteins related to the coagulation cascade and complement system were also transiently 

decreased in mice, while being increased in humans. 

The second murine analysis focused on the impact of hyper- and hypothyroidism caused 

by T3 or T4 treatment and MMI/KClO4 application, respectively. In general, compared to 

the first murine study less clear alterations of protein levels were detected. Proteins 

related to the complement system revealed fewer changes in the T3 group and only 

marginal changes after T4 induction. Unexpectedly, the MMI/KClO4-induced 

hypothyroidism caused a reduction of the levels of several proteins assigned to the 

complement system, although different components and factors were affected. Only four 

proteins exhibited a significant inverse trend in hyper- and hypothyroidism, namely the 

apolipoproteins A2 and C1, major urinary protein 6 and buturylcholine esterase. 

Generally, rodent studies partially provided a divergent picture of TH action as compared 

to human studies. However, in spite of inconsistent results in studies regarding the effects 

of TH that are possibly due to species-specific differences, an important role of TH on 

several metabolic and other pathways, e.g. in the process of blood coagulation and 

apolipoprotein regulation, is evident. The results from both murine and human studies 

presented here provide novel insights into changes in the plasma proteome in the context 

of thyroid diseases which might contribute to a better understanding of TH action on 

metabolism and other pathways. 
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1 INTRODUCTION 

Thyroid hormone action 

The thyroid is the largest endocrine gland and plays a fundamental role in regulating 

numerous metabolic processes throughout the whole body and in virtually all tissues. 

Coordination of normal development and growth rate as well as metabolic activities and 

the cardiovascular system are strongly affected by the thyroid. The thyroid hormones (TH) 

L-thyroxine (T4) and 3,3’,5-triiodo-L-thyronine (T3) as the main secretion products of the 

thyroid mediate all these functions (Figure 1). Production, release and transport of TH 

constitute a finely tuned system which needs tight regulation to maintain physiological 

reference ranges. 

 

A        B 

 

Figure 1 Chemical structure of TH; A) T4: L-thyroxine; B) T3: 3,3’,5-triiodo-L-thyronine 

 

Several dysfunctions are caused and manifested by hormonal imbalances. Resulting 

disorders can affect both the structure and function of the gland. Due to the broad 

spectrum of thyroid hormone effects thyroid diseases are amongst the most prevalent 

medical conditions. Worldwide, the most common cause of thyroid disorders is iodine 

deficiency which manifests as goiter and clinical hypothyroidism. In iodine-replete areas 

autoimmune diseases affecting the thyroid are also more common. The prevalence of 
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spontaneous hypothyroidism is 1-2 %, more common in older women and overall ten 

times more likely in women than in men. The prevalence for hyperthyroidism is 0.5-2 % 

in women [1]. Thyroid cancer is rare but at the same time the most common malignant 

endocrine tumor [2]. 

The gland itself is located at the front of the neck 

and is structurally butterfly shaped. The thyroid is 

made up of two main specific cell types, follicular 

and para-follicular cells. The former are 

responsible for producing TH. The thyroid gland is 

controlled through a feedback system involving 

the hypothalamus and the pituitary. The resulting 

regulatory circuit is called hypothalamus-

pituitary-thyroid (HPT) – axis and refers to the 

close interaction between the three 

tissues/organs (Figure 2) [3]. The hypothalamus 

produces thyrotropin releasing hormone (TRH), a 

tripeptide binding to receptors in thyrotroph cells 

in the pituitary. Subsequently, TRH causes 

production and secretion of thyrotropin also 

called thyroid stimulating hormone (TSH). By 

binding to its receptor on follicular thyrocytes, 

TSH represents primary regulator of thyroid 

hormone production and secretion. The blood 

concentrations of the TH L-thyroxine (T4) and 

3,3’,5-triiodo-L-thyronine (T3) are predominantly controlled by a negative feedback 

system, where increased levels of circulating TH suppress the release of both TSH and 

TRH. Most of the circulating T4 in blood is bound to transport proteins, mainly serum 

albumin, transthyretin and thyroid hormone-binding globulin [4]. Only a very small 

fraction (0.03 % of T4) is unbound [4] and hence biological active [5]. Production of TH is 

based on the tyrosine-rich precursor protein thyroglobulin which is produced by the 

follicular thyrocytes and released into the so-called colloid by exocytosis. Iodine is 

transported into the cell via a Na+/I—symporter and shuttled across the apical membrane 

Hypothalamus 

TRH 

Anterior pituitary 

TSH 

Thyroid gland 

TSH + 

TRH + 

T4 + T3 

Peripheral tissues 

T3 - 

T3 - 

T4 T3 

rT3 

Dio1/2 

Dio1/3 

Figure 2 Overview of the hypotha-
lamus-pituitary-thyroid (HPT) - axis 
and the systematic regulation of 
thyroid hormones (TH). After uptake 
of T4/T3 by target cells, T4 undergo 
deiodination by one of the deiodinases 
Dio1-3 resulting in active hormone T3 
or inactive reverse T3 (rT3). 
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into the colloid. Here, iodine is oxidized by thyroid peroxidase, and catalyzed by the same 

enzyme, covalently bound to the phenol rings of tyrosyl groups of the thyroglobulin. 

Adjacent tyrosine residues are enzymatically linked resulting in monoiodinated (MIT) and 

diiodinated (DIT) residues. Thyroglobulin re-enters the follicular cell by endocytosis 

initiated by binding of TSH to the TSH receptor on the basolateral membrane of the cells. 

The internalized thyroglobulin undergoes proteolytic digestion [6]. Generated T3 (MIT + 

DIT) and T4 (DIT + DIT) cross the follicular cell membrane and are released into the blood 

stream [5]. Thyroid hormones enter target cells via specific TH transporters [7]. Most of 

T3 which represents the active form of the hormone is produced by deiodination in the 

outer ring of T4. This reaction is catalyzed by both type I and type II deiodinases (DIO1 and 

DIO2). Deiodination occurring in the inner ring of T4 results in reverse T3 (rT3) which lacks 

known thyroid hormone receptor-mediated biological activity and therefore leads to 

inactivation of the hormone [8]. 

Currently, it is assumed that TH action is primarily exerted via nuclear thyroid hormone 

receptors (TR) [9]. The genes THRA and THRB encode different isoforms of the receptor. 

TRα1, TRβ1 and TRβ2 can bind T3[10]. Although THRA and THRB are generally widely 

expressed [11], they are differentially expressed in tissues and organs. The major isoform 

in brain, bone and heart is TRα1 whereas the beta-form is more abundant in liver, kidney 

and thyroid. Most actions of TH are initiated by binding of T3 to the nuclear T3 receptor 

which are bound to thyroid hormone response elements (TREs) in the promotor regions 

of TH target genes. TR can bind to TREs as homodimers, but more frequently as 

heterodimers with the retinoid X receptor (RXR) [12]. Besides, heterodimers with PPARα 

or liver X receptors (LXR) are also possible [12]. 

Binding of T3 results in modified interaction of TR with associated proteins, namely co-

repressors and co-activators, and subsequently in altered target gene expression. By cell- 

and organ-specific TH uptake and activation as well as TH receptor synthesis, TH can 

induce tissue and cell specific responses. In doing so, T3 as the major ligand of nuclear TH 

receptors is metabolically most relevant. 

T3 directly and indirectly influences the regulation of cholesterol synthesis and efflux. It 

induces 3-hydroxy-3-methyl-glutaryl coenzyme A reductase, thereby promoting 

cholesterol synthesis. Additionally, expression of the genes encoding low density 

lipoprotein (LDL) receptor and ApoA1 are strongly induced by T3, leading to increased 
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LDL-levels and consequently cholesterol uptake in periphery tissues and the liver [13]. The 

LDL receptor gene is also positively regulated by the transcription factor SREBP-2 which 

itself is a direct target of TH [14]. Degradation of cholesterol is achieved via transcriptional 

induction of the gene CYP7A1 encoding cholesterol 7α-hydroxylase. This enzyme catalyzes 

the first and rate-determining step in the production of bile acid from cholesterol [15]. 

The gene encoding the key regulator for reverse cholesterol transport namely cholesteryl 

ester transfer protein also respond to changes in TH levels [16]. 

Besides lipid metabolism also carbohydrate metabolism is affected through TH. Effects of 

thyroid hormones on liver, white adipose tissue and skeletal muscle influence the plasma 

glucose level [17]. T3 stimulates gluconeogenesis by increasing the expression of 

phosphoenolpyruvate carboxykinase PCK1 [18] and glucose-6-phosphatase G6PC [19], 

two enzymes mediating rate-limiting steps in this pathway. Furthermore, TH can 

upregulate hepatic glucose production [20]. 

Additionally to the primary effect of T3 via transcriptional regulation, non-genomic effects 

of TH also play a role [21]. Thyroid hormones can interact with membrane integrin 

receptors and cytosolic TH receptors, resulting in the initiation of phosphorylation 

cascades [7]. 

A fine-tuned hormonal balance of T4 and T3 supports the maintenance of metabolic and 

physiological functions. In a broad range of diseases, TH levels are pathologically increased 

or decreased which results in a dysfunctional state. Thyroid diseases show diverse 

manifestations leading to functional impairments in hormonal balances. Depending on 

the systemic impact, hyper-and hypothyroidism are distinguished. Almost one-third of the 

world’s population live in areas where the daily iodine intake is < 50 µg resulting in goiter, 

and in more extreme cases congenital hypothyroidism [1]. In contrast, thyroidal 

autoimmune diseases represent the predominant form in iodine-replete areas [1].  

The physiological state associated with a normal functioning of the thyroid is referred to 

euthyroidism while hyperthyroidism is defined as a condition characterized by excessive 

production of TH by the thyroid. Patients suffering from hyperthyroidism present with 

increased endogenous levels of free T3 and T4 levels and a highly suppressed TSH level. 

In turn, thyrotoxicosis is defined by excessive thyroid hormone levels, regardless of the 

origin of the TH. The term thyrotoxicosis therefore includes hyperthyroidism.  
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The most frequent cause for hyperthyroidism in iodine-replete regions is Graves’ disease. 

This condition is characterized by the presence of circulating autoantibodies directed 

against the TSH receptor, resulting in a constitutive stimulation by TSH, leading to 

increased synthesis of T4 and T3. Patients also demonstrate hypertrophy and hyperplasia 

of thyroid follicular cells causing an enlarged thyroid referred as goiter [22]. Hyperthyroid 

patients exhibit an increased basal metabolic rate, often accompanied by weight loss [22]. 

Already in 1930, reduced total cholesterol levels in serum were described for 

hyperthyroidism. In addition, hyperthyroid women were reported to exhibit lower HDL-

cholesterol and ApoAI levels as compared to healthy controls [23]. Hyperthyroidism is also 

known to induce hepatic gluconeogenesis and glycogenolysis. The alanine transport into 

hepatocytes is increased during treatment with T4, resulting in an increased conversion 

of the amino acid to glucose [24]. For the PCK1 mRNA an increase of 3.5fold was 

demonstrated in thyrotoxic compared to normal rats, indicating that hyperthyroidism is 

associated with increased glucose production due to increased gluconeogenesis [9]. 

Thyroid dysfunctions also affect the heart and cardiovascular system. T3 regulates several 

genes of cardiac myocytes including those encoding sarcoplasmic reticulum Ca2+ ATPase 

(SERCA2), phospholamban and the myosin heavy chains α and β, thereby influencing 

cardiac contractile function [25–27]. Additionally, T3 is involved in the regulation of 

multiple plasma-membrane located transporters like Na+/K+ ATPase, thus modulating 

electrochemical characteristics of the myocardium [26]. In hyperthyroidism, cardiac 

contractility is enhanced which coincides with an increase in the blood volume, finally 

resulting in an augmented cardiac output [25,28]. Furthermore, tachycardia is frequently 

manifested clinically in patients with hyperthyroidism. 

Besides the strong influences on the lipid and carbohydrate metabolism as well as heart 

and cardiovascular system, the impact of thyroid hormones on primary and secondary 

hemostasis leading to several coagulative dysfunctions is also of importance. An influence 

of hyperthyroidism on the levels of proteins involved in coagulation has already been 

described in the literature. One of the first reports was published 1987 by Orwoll et al. 

[29] describing connections between thyroid dysfunctions and abnormalities in 

hemostasis and coagulation. In hyperthyroid patients, increased activities of coagulation 

factor FVIII and levels of von Willebrand factor (VWF) were measured which normalized 

after treatment [30]. Furthermore, Erem et al. detected increased levels of fibrinogen, 



 INTRODUCTION 
 

6 
 

VWF, coagulation factor IX and plasminogen activator inhibitor (PAI-1) in hyperthyroid 

patients indicating an pro-coagulative state [31]. Van Zaane et al. analyzed healthy 

volunteers treated with levothyroxine to induce hyperthyroidism [32]. Determination of 

multiple coagulation variables revealed increased levels of fibrinogen, VWF, coagulation 

factors VIII, IX, and X, as well as a pronounced increase of PAI-1 upon levothyroxine 

administration. All these findings suggested a shift in the hemostatic balance towards a 

hypercoagulable and hypofibrinolytic state. Additionally, altered clot structure is 

discussed to refer to an increased thrombotic risk in hyperthyroidism [33]. 

Hypothyroidism is a common disorder characterized by an underactive thyroid with 

insufficient production of TH. Primary hypothyroidism is caused by an inadequate function 

of the thyroid itself, mostly due to iodine deficiency. This causes elevated TSH levels 

combined with diminished T3 and T4. Thyroid autoimmune diseases represent the 

dominating cause for hypothyroidism. Importantly, Hashimoto’s thyroiditis is 

characterized by migration of T lymphocytes in the thyroid contributing to the 

autoimmune process and destruction of the gland [34]. Besides, autoantibodies against 

specific thyroid antigens contribute to the disease progress. Autoantibodies against 

thyroid peroxidase and thyroglobulin are found in almost all patients with Hashimoto’s 

disease [35]. The role of antibodies against the thyroid hormone receptor have been 

already mentioned in the context of Grave’s disease, but the possibility of blocking the 

receptor activation instead of stimulating the receptor function should not be 

underestimated. Even with no or mild clinical symptoms, the condition should not be left 

untreated. Hypothyroid patients often gain weight owing to the reduced metabolic rate.  

The disorder is also accompanied with hypercholesterolemia due to decreased LDL 

receptor expression in the liver resulting in impaired cholesterol uptake [25]. Lipid levels 

found in plasma are dependent on the metabolism of very-low density lipoprotein (VLDL) 

apolipoprotein B as a precursor of LDL [36]. Since cholesterol turnover and excretion is 

disturbed, increased ApoB levels can be observed. 

As already described for hyperthyroidism, carbohydrate metabolism is also effected when 

inadequate TH release und distribution occur. In hypothyroidism the decreased 

availability of T3 leads to decreased glucose utilization by peripheral tissues [9]. Clinical 

manifestations according to the cardiovascular system are opposite to the signs in 

hyperthyroidism displayed as bradycardia, mild hypertension, cold intolerance and 
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fatigue. Due to decreased levels of thyroid hormones reduced SERCA2 activity can be 

observed leading to impaired calcium cycling and left ventricular diastolic dysfunction 

[26,37].  

Like hyperthyroidism, condition of abnormally low TH levels has influence on the 

hemostasis in patients. Acquired von Willebrand syndrome is frequently observed in 

hypothyroidism characterized by reduced activity of coagulation factor VIII and von 

Willebrand antigen levels leading to a tendency of bleeding [38,39]. Egeberg as well as 

Simone et al. reported significant protein activity reductions in coagulation factors VIII, IX 

and XI [40,41]. In contrast, mild hypothyroidism is reported to be associated with 

hypercoagulative tendencies [42]. Subclinical and overt hypothyroidism can be also 

distinguished according the pattern of fibrinolytic activity. Low levels of plasminogen 

activator inhibitor (PAI-1) and high D-Dimer levels indicate elevated fibrinolytic activity in 

an overt disease state while high and low concentrations of PAI-1 and D-Dimers 

respectively suggest reduced fibrinolytic activity in subclinical conditions [43]. 

Animal models in research 

Mice share many organ systems with humans, among these the endocrine system 

including the thyroid. Considering all research topics annually 115 million animals are used 

worldwide for experiments or to supply biomedical industry [44]. Therefore, it is 

important to emphasize the advantages when using animals in research. One point is the 

biological similarity of mice and men mirrored by 99 % of shared genome sequences 

between both species [45]. It is thus not surprising that many diseases affect both animals 

and humans. Further advantages address experimental procedures. By controlling diet, 

temperature and lighting, unwanted disturbance variables were kept at a minimum. 

Additionally, small animals like rodents have a shorter life cycle allowing studies over the 

whole lifespan and even across generations. When looking back in history, major progress 

in clinical research was achieved by using animals as study objects. One prominent 

example is the insulin treatment for patients suffering from Type I diabetes, first tested 

and validated in dogs and rabbits.  

Animal models used in basic research are excellent objects to decipher molecular 

pathomechanisms. One big advantage is the opportunity to create specific knock-out 

strains to study the role of specific genes and their products.  
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As blood and brain physiology, nervous system, endocrine and exocrine secretion and, 

immunological responses are all systemically connected, various situations cannot be 

appropriately studied in in vitro settings due to the complexity of living organism. 

Therefore, research on whole organs and organ systems and consequently animal models 

remains unavoidable, even if the demand for alternatives such as tissue and cell culture 

models is rising. Besides the obvious harm and ethical concern questioning research on 

animals, other issues arose in the scientific community. The big central question concerns 

the transferability of specific animal research findings to humans. Seok et al. reported 

limited translational potential of mouse models of inflammation based on the low 

correlation in gene expression changes in patients compared to the corresponding mouse 

model [46]. Takao and Miyakawa who used the same data set for their analysis argued 

against this conclusion [47]. Thus, the evidence that animal models can be used to predict 

human disease outcome has to be carefully evaluated in each specific research question 

under investigation. 

In thyroid research, there are several mouse models available for the investigation of 

systemic and organ specific TH effects. Availability of techniques for genetic manipulation 

of the mouse genome allowed for the construction of Thra and/or Thrb knockout mice 

with non-functional TH receptors, enabling the analysis of tissue specific actions of TH 

[10,48]. Many studies in the context of TH-induced changes in metabolism investigated 

gene expression patterns in terms of mRNA levels. Proteomic studies of TH action in 

metabolic active tissues or even in biofluids are not yet very prominent neither in animal 

models nor in humans. Earlier investigation of thyroidal dysfunctions focused on thyroid 

specific phenotypes e.g. the pathology of Graves’ orbitopathy or thyroid cancer and 

related issues. Former studies of induced thyrotoxicosis analyzed side effects resulting 

from amiodarone intake [49]. Amiodarone is an antiarrhythmic drug used for the 

treatment of atrial fibrillation which is structurally similar to thyroxine and also contains 

iodine, resulting in thyroid-specific side effects.  

The impact of T3 or T4 exposure on healthy volunteers was so far only investigated with 

respect to hemostasis. In a targeted approach, specific coagulation effectors and 

fibrinolytic proteins and genes were analyzed [32] addressing specific questions. 

However, an overall, unbiased view of TH action on the metabolism is still missing.  
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Brief insight in proteomics 

The entirety of all proteins in a cell, tissue, organ or other physiological compartment at a 

specific time under defined conditions is referred to as the corresponding proteome [50]. 

While the idea of studying proteins in a holistic manner rose even earlier the term was 

introduced by Wilkins in 1994 [51]. The analysis of the proteome was called proteomics 

[52]. Since then, the terms proteome and proteomics have been widely adopted. Initially, 

the idea was to visualize all proteins of a proteome on a 2D gel [53,54]. Back then, the 

favored quantitative method in proteomics was the comparative 2D gel approach where 

differences in protein abundances were determined by comparing stained gel spots 

combined with protein identification via mass spectrometry [55]. Drawbacks associated 

with this technique include limited ability of detection of hydrophobic membrane 

proteins, extreme acidic and basic proteins, as well as proteins with very high and very 

low molecular mass [56]. Also, low abundant proteins were not covered due to limitations 

in loading capacity and staining sensitivity. Trying to overcome these restrictions in 

protein detection, non-gel based approaches were implemented and replaced 2D gel 

analysis for the analysis of complex proteome samples [57]. The gel free techniques 

involve two major strategies. First one is the top-down approach where intact proteins 

including post-translational modifications and alternative splice variants are preserved 

and analyzed [58]. Problems of this approach are the need of high sample amounts [59] 

and the limitations in obtaining data in a broad dynamic range [60]. 

Due to these limitations in top down proteomics, the bottom up technique, also called 

shotgun proteomics, has been the commonly used approach for proteome analyses for a 

long time. In this context quantitation can be accomplished by two different approaches 

either the use of stable isotope labelling or label-free techniques. Several labelling 

approaches can be incorporated into shotgun experiments. Common labelling techniques 

involve modified peptides with isobaric tags for relative and absolute quantification 

(iTRAQ) [61], labeling of proteins with isotope-coded affinity tags (ICAT) [62], stable 

isotope labeling by amino acids in cell culture (SILAC) [63], chemically synthesized peptide 

standards [64] or tandem mass tags (TMT) [65]. Often labeling is regarded as more 

accurate in quantitating protein abundances [66]. However, it cannot be applied easily to 

all types of samples. Additionally, labeling requires expensive chemicals, involves 
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extensive sample preparation and struggles with incompleteness [67]. In contrast, label-

free approaches provide a higher dynamic range, offer higher proteome coverage and the 

number of experimental conditions to be compared is not restricted. Due to simple 

biochemical workflows and less time-consuming processing steps, this approach also 

allows the analyses of larger sample sets. For smaller amounts of sample material, it is 

also the method of choice. 

Currently, two widely used strategies for quantification can be distinguished in the field 

of label free proteomics: (i) the spectral counting approach relying on the number of the 

fragment spectra identifying peptides of a certain protein [68]. (ii) the ion-intensity based 

approach whereby mass spectrometric signal intensities of peptide precursor ions 

belonging to a particular protein are measured and compared [69]. 

Mass spectrometric technologies continuously improved dramatically since 1994. During 

the past decade, proteomics evolved significantly. Proteomic tools are now also capable 

of addressing biomarker questions very effectively.  

Plasma proteomics 

In the context of thyroid dysfunction research, proteomic studies were not frequently 

used until now. Few exceptions addressed T3 effects on liver and skeletal muscle in 

hypothyroid rats [70,71]. Besides the analysis of the main target tissues of TH, the search 

for peripheral markers of thyroid dysfunction in plasma represents an excellent 

opportunity. Of all human tissues and bodyfluids plasma likely displays the most dynamic 

and most complex proteome [72] and was described to have great potential for detecting 

novel biomarkers [73]. Biofluids like plasma represent one focus of proteomics to 

investigate disease-specific alteration in protein pattern [74].  

Plasma is defined as the cell-free liquid component of blood which in contrast to serum 

comprises all clotting factors. Water constitutes the majority of the plasma (up to 95 %) 

with proteins, glucose, electrolytes, hormones and breathing gas in solution. Plasma 

serves as protein stock and as systemic transport medium. It also plays a vital role by 

maintaining the colloid-osmotic pressure and protecting the body against infections. In 

1984, Putman et al. described true plasma proteins as those fulfilling their function in the 

circulation [75]. Classification of plasma proteins has been refined by Anderson et al. in 

2002 [76]: (1) Tissue-secreted proteins acting in plasma are defined as classical plasma 
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proteins and originate primarily from the liver. One defining feature of those proteins is a 

molecular mass of larger than 45 Da exceeding the kidney filtration cutoff which ensures 

a relatively long half-life in the circulation. (2) Immunoglobulins acting functionally in 

plasma but representing a specific unique protein class because of their high complexity 

and are produced in and secreted from B-lymphocytes. (3) Long distance receptor ligands 

encompassing all classical peptide and protein hormones. (4) ’Local’ receptor ligands 

which include cytokines and other short distance mediators of cellular responses. (5) 

‘Temporary’ passengers which covers non-hormone proteins using the circulation as 

transport compartment, e.g. secretory lysosomal proteins that are taken up via other 

receptors. Another important plasma protein class is defined as tissue leakage products 

(6). These originally cellular proteins are released into plasma after cell damage or cell 

lysis. Particularly this group might contain many putatively valuable diagnostic 

biomarkers. (7) Yet another class is named aberrant secretions. It contains proteins with 

no obvious function in plasma, which are released from tumor or other diseased tissue 

into the circulation. 

As the withdrawing of blood samples is minimally invasive and can easily be performed in 

the clinical routine, plasma represents a well established source for diagnostic purposes 

and a promising source for biomarker research. In contrast, the collection of material from 

tissue biopsies is generally associated with higher risk for the donors. Already in 2002, 

Anderson proclaimed that the human plasma proteome holds the promise of a revolution 

in disease diagnostics and therapeutic monitoring [76]. On the other hand, it has to be 

emphasized that plasma proteome analyses are challenging. Plasma represents the most 

difficult-to-handle protein-containing sample type due to the large portion of serum 

albumin (up to 55 %) and a wide dynamic range with up to 10 orders of magnitude in 

protein concentrations. 

Some criteria for an optimal biomarker were described in the literature. First, it should be 

cost-effective and easily measurable. Furthermore, the alterations in level of a protein 

biomarker should ideally provide diagnostic information facilitating medical decision. As 

mentioned above proteomic studies in search for suitable biomarkers are well established 

in the field of cardiovascular research. For cardiovascular diseases, several circulating 

biomarkers were evaluated, e.g. cardiac troponin T and I which are used for the diagnosis 

of myocardial infarction [77]. Technical developments and software tools allow 
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quantitative assessment of the proteome. Today, proteomics has become a powerful tool 

to unravel and evaluate molecular changes presented in different disease conditions. This 

provides the possibility of screening for biomarkers which can be of advantage (i) for 

diagnosis of the disease, (ii) for the assessment of the disease progression, (iii) for 

monitoring therapy effects and (iv) for understanding molecular mechanisms underlying 

the disease development. 

Aims of the study 

TH play a crucial role in the coordination of normal development and growth, affect the 

cardiovascular system, and are involved in many metabolic regulatory mechanisms in 

almost all tissues. Hence, TH imbalance causes a broad spectrum of effects, mostly 

manifested in pathologically increased (hyperthyroidism) or decreased (hypothyroidism) 

TH levels. Determination of the thyroid state is routinely based on the assessment of the 

classical serum markers TSH and free T4 which, however, entails several drawbacks. 

Furthermore, elucidation of the pleiotropic effects of TH on multiple molecular pathways 

is mostly based on cell culture, tissue and rodent models. In humans, several studies 

investigated the TH impact on plasma proteins in a targeted approach, but a 

comprehensive characterization of human biofluids has not been performed until now. 

Therefore, the focus of the present work was to elucidate the plasma proteome in the 

context of thyroid diseases. To gain more insight into this issue, a proteome analysis of an 

experimentally induced mid-term human thyrotoxicosis model was performed. The 

detection of proteins exhibiting free T4-associated plasma levels allowed the 

identification of specific TH-related molecular signatures. Additionally, protein alterations 

in the plasma of patients with reduced TH levels were analyzed, where this approach 

represented a study design of a human mid-term hypothyroidism model, opposite to the 

thyrotoxicosis study.  

The second objective regarding the influence of TH-related diseases focused on murine 

studies. Mice as animal models are well-established for disease research and allow the 

study of underlying pathomechanisms. So far, several murine studies analyzed exclusively 

the hepatic gene expression profile in the context of TH-induced changes in metabolism. 

However, comparable proteome studies have not been performed yet. Therefore, to 

address the impact of thyroid dysfunctions on the murine plasma proteome, two studies 
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were performed in the framework of this thesis. The results of both murine and human 

studies might contribute to a deeper understanding of TH action on metabolism and 

specific molecular pathways. 
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2 MATERIAL & METHODS 

2.1 Human and murine studies 

2.1.1 Biological samples from human clinical studies 

There are established laboratory tests for the evaluation of thyroid function and 

differentiation of causes for thyroid dysfunctions. Currently diagnosis regarding 

dysfunction and treatment options largely relies on the determination of TSH and free T4. 

However, under certain specific conditions such as subclinical disease states their 

diagnostic value is limited. Therefore, for the screening for novel peripheral biomarkers 

of thyroid function and characterization of TH-associated signatures an untargeted 

proteome approach was used. The respective experimental studies were performed at 

the University of Lübeck, Germany. Blood sampling was done using EDTA-vacutainers. 

Subsequently, plasma was send on dry ice and stored at -80 °C until use.  

The first study included 16 healthy male volunteers. The Body mass index of the 

participants ranged from 21 to 30 kg/m2, the age from 22 to 34 years. All volunteers filled 

out thyrotoxicosis questionnaires. Furthermore, 24 h blood pressure and pulse rate 

activity were measured. All clinical data and data from standard laboratory measurements 

were summarized in Table 1. 

The second study included 15 patients suffering from manifested hypothyroidism. 

Hashimoto’s thyroiditis also known as chronic lymphocytic thyroiditis caused the 

condition in 13 cases. The remaining two patients suffered from Graves’ disease also 

known as toxic diffuse goiter. The majority of patients (13/15) are women and one patient 

has undergone thyroidectomy. The age ranged from 19 to 54 years. All clinical collected 

data are summarized in Table 2. 
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Both studies have been approved by the ethics committee of the University of Lübeck and 

written informed consent was received from all participants prior to the study. All medical 

and basic examinations were performed according to the WMA Declaration of Helsinki. 

Table 1 Clinical characteristics of all participants during the study of experimental human 
thyrotoxicosis. Mean and standard deviation (SD) of measured data at the different time points 
(t1-t5). t1: baseline; t2 and t3: 4 and 8 weeks after levothyroxine treatment; t4 and t5: 4 and 8 
weeks after stopping the treatment. 

Characteristics t1 t2 t3 t4 t5 

Age [years] 27.8 (3.8) 

BMI [kg/m2] 24.1 (2.4) 

FT4 [pmol/l] 13.2 (1.4) 28.6 (6.5) 25.9 (5.7) 11.5 (1.5) 12.8 (1.5) 

FT3 [pmol/l] 5.27 (0.51) 9.19 (2.01) 8.92 (2.25) 4.61 (0.33) 4.86 (0.55) 

TSH [mU/l] 2.10 (1.02) 0.02 (0.03) 0.01 (0.01) 2.30 (1.31) 2.18 (0.90) 

SHBG [nmol/l] 30.2 (10.2) 50.6 (16.2) 55.9 (16.3) 36.3 (11.8) 29.3 (9.3) 

CYTC [mg/l] 0.68 (0.06) 0.79 (0.08) 0.86 (0.12) 0.71 (0.07) 0.68 (0.06) 

Serum glucose [mmol/l] 5.18 (0.35) 5.22 (0.42) 5.26 (0.39) 5.09 (0.31) 5.18 (057) 

Insulin [µU/l] 8.35 (3.63) 7.94 (4.32) 7.78 (3.62) 8.33 (4.06) 8.07 (3.38) 

HDL-Chol. [mmol/l] 1.43 (0.27) 1.21 (0.20) 1.23 (0.25) 1.46 (0.29) 1.43 (0.37) 

LDL-Chol. [mmol/l] 2.70 (0.72) 2.15 (0.57) 2.27 (0.53) 2.91 (0.75) 2.76 (0.79) 

Cholesterol [mmol/l] 4.53 (0.75) 3.81 (0.61) 4.06 (0.61) 5.04 (0.70) 4.61 (0.68) 

Triglycerides [mmol/l] 1.26 (0.76) 1.14 (0.58) 1.29 (0.56) 1.31 (0.63) 1.35 (0.82) 

ALT [µkatal/l] 0.51 (0.21) 0.38 (0.10) 0.65 (0.42) 0.61 (0.29) 0.50 (0.14) 

AST [µkatal/l] 0.49 (0.41) 0.34 (0.14) 0.43 (0.17) 0.43 (0.14) 0.43 (0.23) 

GGT [µkatal/l] 0.41 (0.09) 0.45 (0.11) 0.49 (0.11) 0.45 (0.15) 0.43 (0.11) 

Total Bilirubin [µmol/l] 12.5 (8.4) 12.6 (8.7) 13.5 (7.3) 11.9 (6.4) 11.9 (7.3) 

Direct Bilirubin [µmol/l] 2.86 (1.35) 3.04 (1.35) 3.28 (1.24) 2.84 (1.03) 3.03 (1.39) 

Complement C3 [g/l] 1.15 (0.27) 1.21 (0.16) 1.17 (0.11) 1.10 (0.14) 1.11 (0.14) 

Complement C4 [g/l] 0.24 (0.06) 0.25 (0.05) 0.24 (0.05) 0.23 (0.05) 0.24 (0.05) 

FT4 free thyroxine, FT3 free triiodothyronine, TSH thyrotropin, SHBG sex hormone-binding globulin, 
CYTC cystatin C, HDL high density lipoprotein, LDL low density lipoprotein, Chol. Cholesterol, ALT 
alanine aminotransferase, AST aspartate aminotransferase, GGT γ-glutamyl transpeptidase 
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Table 2 Clinical characteristics of all patients suffering from hypothyroidism. Mean and standard 
deviation (SD) of measured data is displayed at the different time points (t1-t5). t1: baseline under 
L-T4 medication; t2 and t3: 4 and 8 weeks under reduced medication; t4 and t5: 4 and 8 weeks 
after returning to previous medication. 

Characteristics t1 t2 t3 t4 t5 

Age [years] 36.2 (12.3) 

FT4 [pmol/l] 16.29 (2.23) 13.96 (2.23) 14.12 (2.33) 16.37 (2.19) 16.75 (3.06) 

FT3 [pmol/l] 3.89 (0.52) 3.52 (0.47) 3.57 (0.62) 4.00 (0.53) 4.02 (0.37) 

TSH [mU/l] 
2.14 (2.24) 11.08 

(20.24) 

14.87 

(23.25) 

2.55 (1.98) 5.46 (13.56) 

SHBG [nmol/l] 48.8 (29.6) 39.6 (27.9) 41.5 (27.4) 41.8 (30.3) 29.4 (29.7) 

CYTC [mg/l] 0.73 (0.11) 0.72 (0.09) 0.71 (0.11) 0.74 (0.10) 0.74 (0.10) 

Serum glucose [mmol/l] 4.88 (0.48) 5.00 (0.53) 4.87 (0.44) 4.91 (0.40) 4.95 (0.53) 

HDL-Chol. [mmol/l] 1.65 (0.50) 1.70 (0.50) 1.47 (0.44) 1.67 (0.43) 1.65 (0.41) 

LDL-Chol. [mmol/l] 2.68 (0.62) 2.82 (0.66) 2.79 (0.67) 2.69 (0.57 2.68 (0.71) 

Cholesterol [mmol/l] 5.03 (0.76) 5.25 (0.72) 5.30 (0.82) 5.03 (0.72) 4.07 (0.72) 

Triglycerides [mmol/l] 1.18 (0.38) 1.25 (0.36) 1.24 (0.49) 1.17 (0.46) 1.20 (0.32) 

ALT [µkatal/l] 0.44 (0.24) 0.47 (0.30) 0.38 (0.14) 0.43 (0.21) 0.48 (0.30) 

AST [µkatal/l] 0.32 (0.07) 0.34 (0.11) 0.30 (0.07) 0.29 (0.07) 0.34 (0.11) 

GGT [µkatal/l] 0.46 (0.18) 0.49 (0.27) 0.41 (0.11) 0.47 (0.21) 0.51 (0.30) 

Complement C3 [g/l] 1.18 (0.17) 1.18 (0.18) 1.12 (0.15) 1.16 (0.18) 1.15 (0.18) 

Complement C4 [g/l] 0.25 (0.08) 0.24 (0.07) 0.23 (0.07) 0.23 (0.06) 0.24 (0.07) 

FT4 free thyroxine, FT3 free triiodothyronine, TSH thyrotropin, SHBG sex hormone-binding globulin, CYTC 
cystatin C, HDL high density lipoprotein, LDL low density lipoprotein, Chol. Cholesterol, ALT alanine 
aminotransferase, AST aspartate aminotransferase, GGT γ-glutamyl transpeptidase 

2.1.2 Biological samples from murine studies  

For the animal studies 3-4 months old male C57BL/6 wild type mice were used. All mice 

were individually housed on a 12/12 h light/dark cycle at 21-22 °C and had ad libitum 

access to standard diet and water. Animal care procedures were in accordance with the 

guidelines set by the European Community Council Directives (86/609/EEC) and approved 

by Stockholm's Norra Djurförsöksetiska Nämnd.  

Both studies were carried out within corporation projects with the University of Lübeck, 

Germany. 

Mice of the transient thyrotoxicosis study were assigned to a control, T4 and T4 recovery 

group of 8 animals each. While the control group stayed untreated during the study 
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period, both T4 and T4 recovery group received oral dosages of T4 by T4-containing 

drinking water (1 mg/l in 0.1 % in BSA containing tap water) for 14 days. At this time point 

plasma samples were obtained from the T4 group and the control group while mice of the 

T4 recovery group were maintained in cages for another period of 14 days with no T4 in 

their drinking water. Blood samples were obtained from these animals 28 days after the 

start of the experiment. Mean TH levels of the animals and other characteristics are 

summarized in Table 3. 

Table 3 Characteristics of mice included in the study of transient thyrotoxicosis. Mean and 
standard deviation (SD) of measured data is displayed for the three different groups. 

Characteristics Controls T4 group  T4 recovery group 

TT4 [µg/dl] 4.94 (0.38) 17.63 (2.14) 5.37 (0.36) 

TT3 [ng/ml] 1.11 (0.10) 2.55 (0.20) 0.98 (0.10) 

Weight before death [g] 30.15 (1.23) 32.74 (1.05) 29.54 (1.13) 

Food intake last week [g] 47.03 (9.16) 44.95 (7.74) 29.73 (1.65) 

Mean food intake per day [g] 6.72 (1.31) 6.42 (1.10) 4.25 (0.25) 

Water intake last week [g] 38.99 (4.55) 52.56 (4.65) 29.46 (2.51) 

Mean water intake per day [g] 5.57 (0.65) 7.51 (0.66) 4.21 (0.36) 

TT4 total thyroxine, TT3 total triiodothyronine 

 

In the second murine study the effects of T4/T3-induced hyperthyroidism and MMI/KClO4-

induced (methimazole/potassium perchlorate) hypothyroidism were investigated. All 

supplements were supplied in the drinking water - 1 mg/l T4, 0.5 mg/l T3 and 0.1 % 

MMI/0.2 % KClO4. All mice were sacrificed after 14 days (control/T4/T3 group) and 21 

days (MMI/ KClO4 group), respectively. Mean TH levels of included mice can be found in 

Table 4.  

Table 4 Mean TH levels of mice included in the study of hyper- and hypothyroidism. Mean and 
standard deviation (SD) of measured data is displayed for the four different mice groups. 

Group TT4 [µg/dl] TT3 [ng/ml] 

Controls 1.38 (0.75) 1.66 (0.38) 

T3 group 0.12 (0.04) 8.36 (0.44) 

T4 group 10.42 (0.99) 3.42 (0.49) 

MMI/KClO4 group 0.10 (0.00) 0.92 (0.25) 

TT4 total thyroxine, TT3 total triiodothyronine 
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2.1.3 Human primary hepatocytes  

Cryopreserved human primary hepatocytes were purchased from KaLy cell (Plobsheim, 

France). Three different donors were chosen according to their phenotypical data (race 

[Caucasian], gender [male] and age [45-48 years]) and grown following the 

manufacturer’s protocol (see 2.3.2).  
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2.2 Materials 

2.2.1 Chemicals, enzymes & kits 

Table 5 Chemicals, enzymes and kits 

Chemical Company 

2-Propanol Carl Roth, Karlsruhe, Germany 

Acetic acid Carl Roth, Karlsruhe, Germany 

Acetone Merck Millipore, Darmstadt, Germany 

Acetonitrile J.T. Baker, Inc., Deventer, Netherlands  

Ammonium bicarbonate Sigma-Aldrich, St. Louis, Mo, USA 

Bovine serum albumin Sigma-Aldrich, St. Louis, Mo, USA 

Bradford reagent Bio-Rad Laboratories, Hercules, CA, USA 

Buffer A/Buffer B for MARS application Agilent Technologies Inc, Santa Clara, CA, USA 

Chloroform Carl Roth, Karlsruhe, Germany 

Dimethylsulfoxide Sigma-Aldrich, St. Louis, Mo, USA 

Dithiothreitol Thermo Fisher Scientific Inc., Waltham, MA, USA 

ELISA kit, AssayMax™ human factor IX 

(Cat. # EF009-1) 

Assaypro, St. Charles, MO, USA 

ELISA kit, AssayMax™ human factor XIII  

(Cat. # EF013-1) 

Assaypro, St. Charles, MO, USA 

Ethanol Carl Roth, Karlsruhe, Germany 

Guanidine hydrochloride Sigma-Aldrich, St. Louis, Mo, USA 

Human hepatocyte thawing medium KaLy Cell, Plobsheim, France 

Human hepatocyte seeding medium KaLy Cell, Plobsheim, France 

Human hepatocyte maintenance medium Primacyt, Schwerin, Germany 

Iodoacetamide Sigma-Aldrich, St. Louis, Mo, USA 

L-thyroxine Sigma-Aldrich, St. Louis, Mo, USA 

Phosphate buffered saline 10x PAA Laboratories, Pasching, Austria 

Sodium hydroxide Carl Roth, Karlsruhe, Germany 

Sodium chloride Carl Roth, Karlsruhe, Germany 

Thiourea Sigma-Adrich, St. Louis, Mo, USA 

Trichloroacetic acid Carl Roth, Karlsruhe, Germany 

TRIzol® Thermo Fisher Scientific Inc., Waltham, MA, USA 

Trypan blue staining, 0.4 % Thermo Fisher Scientific Inc., Waltham, MA, USA 

Trypsin Promega, Madison, WI, USA 

Urea Sigma-Aldrich, St. Louis, Mo, USA 

Water, HPLC-grade J.T. Baker Inc., Deventer, Netherlands  
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2.2.2 Specific accessories 

Table 6 Specific accessories 

Accessory Company 

µC18-columns, ZipTip® Merck Millipore, Darmstadt, Germany 

Centrifugal filter units, Ultrafree® 0.22 µm Merck Millipore, Darmstadt, Germany 

Culture dish (6-well plate, collagen-coated) Primacyt, Schwerin, Germany 

Glass vial 1.5 ml + micro insert 0.1 ml with 

septum or screw cap 8 mm 

VWR International, Darmstadt, Germany 

Multi affinity removal column human 6 Agilent Technologies Inc, Santa Clara, CA, USA 

Multi affinity removal column mouse 3 Agilent Technologies Inc, Santa Clara, CA, USA 

Neubauer improved counting chamber Marienfeld, Lauda-Königshofen, Germany 

Pipette tips, low protein binding  

(epT.I.P.S. 10 µl/1000 µl) 

Eppendorf, Hamburg, Germany 

Pipette tips, low protein binding  

(stack pack 100 µl) 

Sarstedt, Nürnbrecht, Germany 

Reaction tube, low protein binding  

(0.65 ml, 1.7 ml)  

Sörensen™ BioScience Inc., Salt Lake City, UT, 

USA 

 

2.2.3 Instruments & accessories for mass spectrometry 

Table 7 Instruments and accessories used for mass spectrometry 

Instrument/Accessory Company 

Acclaim™ PepMap 100-C18 (2 cm x 75 µm, 

3 µm, 100 Å), pre-column 

Thermo Fisher Scientific Inc., Waltham, MA, USA 

Accucore 150-C18 (25 cm x 75 µm, 2.6 µm, 

150 Å), analytical column 

Thermo Fisher Scientific Inc., Waltham, MA, USA 

Dionex UltiMate® 3000, HPLC Thermo Fisher Scientific Inc., Waltham, MA, USA 

LTQ-Orbitrap Velos™, mass spectrometer Thermo Fisher Scientific Inc., Waltham, MA, USA 

NanoAcquity BEH130 C18 (10 cm x 

100 µm, 1.7 µm), analytical column 

Waters Corporation, Milford, MA, USA 

NanoAcquity, UPLC Waters Corporation, Milford, MA, USA 

NanoAcquity UPLC 2G-V/Mtrap Symmetry 

C18 (2 cm x 180 µm, 5 µm), pre-column 

Waters Corporation, Milford, MA, USA 

Nanospray Flex™ Ion source Thermo Fisher Scientific Inc., Waltham, MA, USA 

PicoTip® Emitter New Objective Inc., Woburn, MA, USA 

TriVersa NanoMate Advion Inc., Ithaca, NY, USA  

Q Exactive™ Orbitrap, mass spectrometer Thermo Fisher Scientific Inc. Waltham, MA, USA 
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2.2.4 Software 

Table 8 Software 

Software Company 

32 Karat software Version 7.0 Beckman Coulter, Brea, CA, USA 

Chromaster software 1.1 VWR International, Darmstadt, Germany 

Genedata Refiner MS Version 7.6.6 – 10.0.3 Genedata AG, Basel, Switzerland 

Genedata Analyst Version 7.6.6 – 10.0.3 Genedata AG, Basel, Switzerland 

GraphPad Prism 5 GraphPad Software Inc., La Jolla, CA, USA  

Ingenuity Pathway Analysis Version 31813283 QIAGEN, Hilden, Germany 

MaxQuant 1.5.3.8 Cox group, Max Planck Institute of 

Biochemistry, Martinsried, Germany 

Microsoft Office 2013 Microsoft, Redmond, WA, USA  

RStudio  RStudio Inc., Boston, MA, USA  

SkanIt RE for Varioskan Flash 2.4.3 Thermo Fisher Scientific Inc., Waltham, MA, 

USA 

Swift II GE Healthcare, Issaquah, WA, USA  

Xcalibur 2.1 Thermo Fisher Scientific Inc. 

 

2.2.5 Composition of solutions 

Table 9 Composition of solutions 

Buffer Quantity Composition 

Dithiothreitol (10 ml, 25 mM) 0.375 g dithiothreitol 

 10 ml ammonium bicarbonate (20 mM) 

solution in HPLC grade water 

Guanidine hydrochloride 

(500 ml, 0.3 M) 

14.3 g 

475 ml 

25 ml 

guanidine hydrochloride 

100 % ethanol 

HPLC grade water 

Iodoacetamide (1 ml, 100 mM) 0.018 g iodoacetamide 

 1 ml ammonium bicarbonate (20 mM) 

solution in HPLC grade water 

Thyroxine stock solution (500 µl, 

12.9 mM) 

5 mg 

50 µl 

450 µl 

Thyroxine 

Sodium hydroxide (1 M) solution in HPLC 

grade water 

Sodium hydroxide (0.4 M) solution in 

HPLC grade water 

Thyroxine (32.5 ml, 100 µM) 250 µl 

32.25 ml 

Thyroxine stock solution 

HPLC grade water 

1x UT solution (4 ml) 1.92 g 

0.61 g 

2 ml 

urea 

thiourea 

HPLC grade water 
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Table 10 LC solvent compositions for mass spectrometr ic applications  

LC buffer Composition 

Solvent A1 5 % ACN 

0.1 % acetic acid 

in HPLC grade water 

Solvent B1 0.1 % acetic acid 

in ACN 

Solvent A2 2 % DMSO 

2 % ACN 

0.1 % acetic acid 

in HPLC grade water 

Solvent A3 0.5 % DMSO 

2 % ACN 

0.1 % acetic acid 

in HPLC grade water 

Solvent B2 5 % DMSO 

0.1 % acetic acid 

in ACN 
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2.3 Methods 

2.3.1 Immunoassays 

All immunoassays were performed at the Institute for Clinical Chemistry and Laboratory 

Medicine, University Medicine Greifswald, Germany. An exception was the measurement 

of human factor IX plasma levels using an enzyme linked immunosorbent assay. 

Thyroid hormones and thyrotropin 

Serum levels of free triiodothyronine (free T3) and free thyroxine (free T4) as well as 

thyrotropin (TSH) were measured using immunoassays on a Dimension VISTA system 

(Siemens). The functional sensitivity was 0.005 mU/l for TSH, 0.77 pmol/l for FT3 and 

1.3 pmol/l for FT4. 

Proteins (SHBG, cystatin C, complement factors C3 and C4, factor IX and XIII) 

Serum levels of sex hormone-binding globulin (SHBG) were determined via a 

chemiluminescent enzyme linked immunosorbent assay. Measurement was carried out 

on an Immulite 2000XPi analyzer. The functional sensitivity was 0.02 nmol/l. Serum 

cystatin C (CYTC) was measured using a nephelometric assay on a Dimension Vista® 

system (Siemens) with a functional sensitivity of 0.05 mg/l. The determination of the 

levels of human complement factors C3 and C4 was performed using a Flex® reagent 

cartridge on the same system. Using specific antibodies both proteins can form immune 

complexes that are able to scatter transmitted light. Measurement is based on the 

dependency of scattered light intensity and protein concentration. Plasma levels of both 

factor XIII (F13) and factor IX (F9) were determined using an ELISA kit (AssayMax™ human 

factor IX and XIII, Assaypro) with a sensitivity of 2.5 ng/ml and 1.56 ng/ml, respectively. 

Enzyme linked immunosorbent assay (ELISA) of human factor IX 

Plasma levels of human factor IX were measured using an ELISA kit (AssayMax™ human 

factor IX, Assaypro). This assay employs a quantitative sandwich enzyme immunoassay 

technique that measures whole length FIX. The provided 96-well plate was pre-coated 

with a polyclonal antibody specific for FIX. The assay was performed as described in the 

manufacturer’s protocol. Briefly, a human factor IX standard solution (100 ng/ml) was 
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used to prepare a serial dilution series in the range of 1.563 ng/ml to 100 ng/ml. The 

provided dilution buffer served as a blank (0 ng/ml). 

Undepleted plasma samples of patients suffering from hypothyroidism were diluted 1:500 

in 1x dilution buffer. Fifty µl of each diluted sample and standard was added in duplicates 

onto the pre-coated 96-well plate. After incubation for 2 h at room temperature wells 

were washed five times with 1x washing buffer. To each well 50 µl of biotinylated human 

factor IX antibody was added and incubated for 1 h. Wells were washed again before 

loading 50 µl of streptavidin-peroxidase conjugate. The washing step was repeated after 

30 min and subsequently 50 µl of chromogen substrate was added. The development of 

color density was interrupted after 10 min by adding 50 µl of stop solution to each well. 

The absorbance was measured immediately at a wavelength of 450 nm using a 

Varioskan™ Flash plate reader. The plasma levels of FIX were calculated via the standard 

curve which was determined by regression analysis using a four-parameter logistic curve-

fit. 

2.3.2 Methods used for analysis of human primary hepatocytes 

For cultivation of the human hepatocytes the manufacturer’s instructions (KaLy-Cell) were 

followed. Initially, the supplied thawing medium and seeding medium were pre-warmed 

to 37 °C before starting the cultivation. For revitalization, cells in cryo-vials were thawed 

quickly at 37 °C in a water bath. Whole content of the vial was poured into 40 ml of 

thawing medium, the vial rinsed with medium and volume filled up to 50 ml afterwards. 

The cell suspension was gently inverted prior to centrifugation for 25 min at 22 °C and 

170 x g. The supernatant was removed by decanting without disturbing the cell pellet. 

Cells were loosed by carefully flicking the bottom of the tube. For resuspension of the cells 

2-5 ml seeding medium were used.  

After counting the viable cells, cell suspension was adjusted to a concentration of 

0.76 Mio cells/ml. Two ml were plated on collagen coated 6-well plates resulting in a total 

cell number of 1.5 Mio cells/well. Cells were allowed to adhere for 6 h at 37 °C and 5 % 

CO2 in a humidified incubator. Subsequently, the medium was removed and 2 ml fresh 

seeding medium were applied without a previous washing step. After cultivation 

overnight seeding medium was exchanged with human hepatocyte maintenance medium 

and grown for another 8 h at 37 °C and 5 % CO2 in a humidified incubator. 
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Determination of cell count 

The determination of the cell count of human primary hepatocytes was performed by a 

Neubauer improved chamber. Such a chamber consists of nine great squares, each with 

an area of 1 mm2 and a depth of 0.1 mm. For determination of cell count the central 

square was used. For counting of viable cells only, the Trypan blue exclusion method was 

applied. Cell suspension and Trypan blue were mixed in a ratio of 1:1. The solution was 

then transferred to the counting chamber and the viable cells (not stained blue) were 

counted. To calculate the cell count per µl the number was multiplied by the dilution 

factor and divided by the area and depth of the chamber (Equation 1). 

 

𝑐𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 µ𝑙 =
𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡

1 𝑚𝑚2 (𝑎𝑟𝑒𝑎) 𝑥 0.1 𝑚𝑚 (𝑑𝑒𝑝𝑡ℎ) 
 𝑥 2 (𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑇𝑟𝑦𝑝𝑎𝑛 𝑏𝑙𝑢𝑒) 

Equation 1 Calculation of cells per volume using the Neubauer improved counting chamber. 

Induction experiment 

After the cells reached confluence they were induced with T4. Prior to stimulation, 

maintenance medium was removed and cells were washed with 1 ml PBS. For induction, 

1 ml of human hepatocyte maintenance medium supplied with 10 nM T4 was added. Cells 

cultivated with the same medium without supplementary thyroxine served as controls. 

Media were exchanged every 24 h. 

Sampling 

Cells as well as culture supernatants should be collected for subsequent analyses. At 

desired time points the supernatant was transferred into reaction tubes. Prior to 

harvesting, cells were washed twice with 1 ml PBS. Next, 700 µl of TRIzol® reagent was 

added to each well of the 6-well plate. To remove the cell layer properly a cell scraper was 

used. Cell lyses was supported by extensive pipetting before collecting the lysate in 

reaction tubes. Both, supernatants and cell lysates were immediately frozen in liquid 

nitrogen and stored at -80 °C until further use. To conduct all further preparations without 

splitting of the sample, 2 ml reaction tubes were used. 

After defrosting samples were incubated 5 min at room temperature before 140 µl 

chloroform was added. Samples were shaken and incubated for 3 min at room 
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temperature. For appropriate phase separation, samples were centrifuged for 15 min at 

4 °C and 12000 x g. The aqueous phase was transferred into a new reaction tube and 

stored for RNA isolation. For DNA precipitation 210 µl of 100 % ethanol was added and 

the sample mixed properly. After incubation (3 min, room temperature) samples were 

centrifuged for 5 min at 4 °C and 2000 x g to pellet DNA. The obtained protein containing 

supernatant was transferred to a new tube and mixed with 1.05 ml 100 % 2-propanol. For 

precipitation samples were incubated for 10 min at room temperature and proteins 

subsequently pelleted by centrifugation for 10 min at 4 °C and 12000 x g. The protein 

pellets were mixed with 0.3 M guanidine hydrochloride in 95 % (v/v) ethanol and 

incubated 20 min at room temperature with gentle movement on a tumbling shaker 

(70 rpm). After centrifugation for 5 min at 4 °C and 7500 x g the washing step was 

repeated two more times. Subsequently, 1.4 ml 100 % ethanol was added, the sample 

was vortexed, incubated again for 20 min at 70 rpm on the tumbling shaker and 

centrifuged for 5 min at 4 °C and 7500 x g. Once the supernatant was removed, the 

resulting proteins were air dried and dissolved in 100-200 µl 1x urea/thiourea (UT) 

solution according to the size of the pellet. After incubation for 30 min at 20 °C and 

1400 rpm in a thermomixer, non-soluble particles were pelleted by centrifugation for 

10 min at 4 °C and 10000 x g. The protein containing fraction was transferred to a new 

reaction tube and stored at -80oC. 

Precipitation of secreted proteins in the supernatant using ethanol 

For precipitation purposes, the protocol of Colantonio et al. was used [78]. Originally 

intended for the albumin depletion in serum, it was adopted to enrich proteins secreted 

by human primary hepatocytes into the culture supernatant and simultaneously deplete 

bovine serum albumin from the sample. 

First, 50 µl of 1.1 M NaCl were added to 500 µl supernatant to a final concentration of 

0.1 M NaCl. After incubation on a rotation shaker for 1 h at 4 °C, 420 µl 96 % (v/v) ethanol 

were added slowly together with 30 µl A.dest. and incubated again under the same 

conditions. Afterwards, samples were centrifuged at 13.000 rpm at 4 °C for 45 min. Now, 

the supernatant contained the main fraction of albumin. Thus, after removing the 

supernatant, pellet was dissolved in 30 µl 1x urea/thiourea (UT) solution and further 

processed for analysis.  
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2.3.3 Plasma specific sample preparation 

Depletion of plasma proteins 

Depletion of six highly abundant proteins (serum albumin, serotransferrin, 

immunoglobulin G, immunoglobulin M, haptoglobin and α1-antitrypsin) was performed 

using a multi affinity removal column (human MARS 6) according to a modified 

manufacture’s protocol (Agilent). The column was operated on a VWR Hitachi Chromaster 

HPLC or on the 2nd dimension of a PF2D system. Mouse plasma samples were processed 

in a similar manner, using a MARS 3 column to remove 3 highly abundant proteins (serum 

albumin, serotransferrin, immunoglobulin G). 

Plasma samples were thawed on ice. Thirty µl of plasma were diluted in 90 µl of buffer A 

(Dilution 1:4), passed through a 0.22 µm spin filter and centrifuged for 2 min at 4 °C and 

13000 rpm to remove particles. Eighty µl of the remained volume were loaded on a 

column with buffer A at a flow rate of 0.25 ml/min for 9 min. The unbound fraction which 

is referred to as the flow through fraction was collected between 2.0 – 4.0 min. Bound 

highly abundant proteins were eluted from the column with buffer B at a flow rate of 

1 ml/min for 3.5 min. The elution fraction was also collected and both fractions were 

stored at -80 °C until further processing. 

Protein precipitation 

Precipitation of proteins present in the flow through fraction (depleted plasma) was 

achieved using trichloroacetic acid (TCA-final concentration 15 %) which was found to be 

the most efficient method to precipitate proteins from diluted solutions (personal 

communication with Leif Steil). To break tertiary protein structure and reduce proteins, 

initially dithiothreitol (DTT) was added to a final concentration of 8 mM to the sample. 

The solution was vortexed properly and incubated for 30 min at 37 °C followed by the 

addition of 100 % (w/v) TCA to a final concentration of 15 % (v/v). After incubation on ice 

for 1 h the sample was centrifuged for 45 min at 4 °C and 13000 rpm. The supernatant 

was discarded and the protein pellets were washed twice with 500 µl ice-cold acetone 

followed by a centrifugation step (15 min, 4 °C and 13000 rpm). Afterwards, the pellets 

were dried in a vacuum centrifuge (Speedvac) before they were dissolved in 1x UT 
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solution. For better solubilization the samples were incubated for 20 min at 20 °C and 

1400 rpm in a thermomixer. 

2.3.4 Sample preparation for mass spectrometry 

Determination of protein concentration 

Protein concentrations were determined with a colorimetric assay according to Bradford 

[79]. The dye Coomassie Brilliant Blue G-250 in the reagent shifts its maximum absorbance 

from 465 nm to 595 nm when it binds to basic side chains of proteins. Due to van der 

Waals forces and ionic interactions the dye is stabilized in its anionic sulfonate form which 

appears blue. The increasing absorbance at 595 nm is proportional to the amount of 

bound proteins in the sample and can be determined with a photometer.  

For the analysis, samples were diluted in a ratio 1:10 in 1x UT solution. Ten µl of the 

dilution were mixed with 790 µl HPLC grade water and 200 µl of Bradford reagent were 

added. Ten µl of UT solution served as blank sample. Samples were measured in three 

replicates at 595 nm at a photometer within 15 min. Protein concentrations were 

calculated using the mean absorbance based on a calibration curve of bovine serum 

albumin with a linear concentration range of 1 µg/µl to 12 µg/µl. 

Proteolytic digestion with trypsin 

Prior to proteolytic digestion, 4 µg of each sample in 1x UT were diluted with 20 mM 

ammonium bicarbonate to a volume of 10 µl. Disulfide bonds of proteins were reduced 

with 2.5 mM dithiothreitol and incubation of samples for 1 h at 60 °C and 550 rpm in a 

thermomixer. To quench the reaction the volume was filled up to 18 µl with 20 mM 

ammonium bicarbonate. Resulting thiol groups were alkylated with 10 mM 

iodoacetamide for 30 min at 37 °C in the dark preventing re-oxidation of SH-groups. For 

tryptic proteolysis overnight at 37 °C, trypsin was added in a protease to protein (m/m) 

ratio of 1:25. Digestion was stopped by addition of 5 % (v/v) acetic acid to a final 

concentration of 1 %. 
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Peptide purification 

Obtained peptides were desalted and purified using pipette tips containing C18 material 

with a capacity of 2 µg (ZipTip®). For equilibration, the tips first were washed three times 

with 100 % acetonitrile (ACN) and then stepwise five times with 80 % (v/v) ACN in 1 % 

(v/v) acetic acid, 50 % (v/v) ACN in 1 % (v/v) acetic acid, 30 % (v/v) ACN in 1 % (v/v) acetic 

acid and twice in 1 % (v/v) acetic acid (Table 11). 

Table 11 Solution used for equilibration of the C18 material packed tip (ZipTip®). 

 80 % ACN in  

1 % acetic acid 

50 % ACN in  

1 % acetid acid 

30 % ACN in  

1 % acetic acid 

1 % acetic acid 

100 % ACN 1200 µl 750 µl 450 µl - 

HPLC grade water - 450 µl 750 µl 1200 µl 

5 % acetic acid 300 µl 300 µl 300 µl 300 µl 

 

The sample was then loaded onto the material by pipetting up and down 20 times or 

pipetting the whole volume twice for sample volumes bigger than 100 µl, respectively. 

After washing the ZipTip® five times with 1 % (v/v) acetic acid, the peptides were eluted 

by pipetting up and down first with 50 % (v/v) ACN in 1 % (v/v) acetic acid and then with 

80 % (v/v) ACN in 1 % (v/v) acetic acid. Both eluates were combined in a micro vial and 

dried in a vacuum centrifuge or in a lyophilizer, respectively. The dried peptides were 

dissolved in 20 µl buffer A to reach a peptide concentration of 100 ng/µl. 

2.3.5 Mass spectrometric analysis  

The mass spectral data for the secretome and the intracellular proteome of human 

primary hepatocytes was acquired with a Q Exactive™ Orbitrap mass spectrometer. The 

same instrument was used for the mass spectrometric data acquisition in the murine 

study of hyper- and hypothyroidism. Plasma protein samples of the human thyrotoxicosis 

study and plasma protein samples of the murine transient thyrotoxicosis study were 

measured with a LTQ-Orbitrap Velos™ mass spectrometer. 

Analysis of tryptic peptides using a Q Exactive™ Orbitrap mass spectrometer  

Mass spectrometric data acquisition was performed on a Q Exactive™ Orbitrap mass 

spectrometer coupled on-line with an UltiMate® 3000 Nano HPLC system. For nanospray 

ionization a TriVersa NanoMate nano source or a Nanospray Flex™ Ion Source was used. 
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Initially, peptides were trapped onto a n Acclaim PepMap 100-C18 pre-column (3 µm 

particle size, 150 Å pore size, 2 cm x 75 µm) before separation on a 25 cm Accucore 150-

C18 analytical column (i.d. 75 µm, 2.6 µm, 150 Å). The binary buffer system was formed 

of solvent A1 and solvent B1 (Table 10). Peptides were eluted at a flow rate of 300 nl/min 

with a linear gradient of solvent B1 from 2 % up to 25 % in 120 min with a total run time 

of 145 min per sample (Table 12).  

Table 12 LC gradient used for peptide separation prior to Q Exactive™ Orbitrap MS 
measurements. 

Time [min] 0.0 10.0 130.0 135.0 137.0 142.0 145.0 

Solvent B1 [%] 2 2 25 40 90 90 2 

 

Full scan data was generated in profile mode with a scan range of 300 - 1650 m/z, a scan 

resolution for MS scans of R = 70000 and for MS/MS scans of R = 17500, respectively. Out 

of the survey scan in data dependent mode the 10 most intense precursor signals with 

charge state ≥ +2 were selected for MS/MS fragmentation in centroid mode using high 

energy collisional dissociation (HCD). Other parameters set for the analysis were: intensity 

thresholding (AGC): 2x105, isolation window: 3 m/z, fixed first mass: 100 m/z, normalized 

collision energy: 27.5 %, dynamic exclusion time: 30 s. Charge states of +1 and > +6 were 

excluded of the analysis. 

Analysis of tryptic peptides using a LTQ-Orbitrap Velos™ mass spectrometer  

The analysis was performed on a nanoAcquity UPLC connected to a LTQ-Orbitrap Velos™ 

mass spectrometer which is equipped with a nano-ESI source. 

Prior to data acquisition, peptides were concentrated on a 2 cm trap column (nanoAcquity 

UPLC 2G-V/Mtrap Symmetry, C18, i.d. 180 µm, 5 µm, 100 Å) and separated on a 10 cm 

nanoAcquity UPLC RP column (BEH130 C18, i.d.100 µm, 1.7 µm). The separation was 

achieved using a 92 min non-linear gradient formed of a binary buffer system of solvent 

A2 and solvent B2 (Table 13).  

Table 13 LC gradient used prior all LTQ-Orbitrap Velos™ MS measurements. 

Time [min] 0.0 2.0 65.0 90.0 91.0 92.0 

Solvent B2 [%] 2 5 25 60 99 2 
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Since different LC solvents have been used across measured sample sets, the binary buffer 

systems are specified in Table 14, buffer compositions can be found in Table 10. 

Peptides were eluted at a constant flow rate of 400 nl/min. Subsequently, eluted peptides 

were measured by automatically switching the mass spectrometer between Orbitrap-MS 

and LTQ-MS/MS data acquisition for MS and MS/MS events. Survey full scan MS spectra 

in an m/z-range from 300 – 1700 were generated in profile mode in the Orbitrap with a 

resolution of R = 30000. For fragmentation, MS/MS scans were acquired with a data-

dependent strategy in centroid mode using collision induced dissociation (CID). The 

method enabled isolation of up to 20 most abundant ions depending on their signal 

intensity. Fragmentation was carried out with an isolation window of 2 Da and a target 

value of 1 x 104 or with a maximum ionization time of 100 ms. Already selected target ions 

were dynamically excluded for 60 s. Ion selection threshold was 2000 counts for MS/MS, 

activation time was 10 ms and the normalized activation energy was 35 %. Only +2 and +3 

charged ions were triggered for fragmentation. 

Table 14 LC binary buffer system for two different sample sets measured on the LTQ Orbitrap 
Velos™ MS. 

Sample set Binary buffer system 

Human plasma Solvent A2 

Solvent B2 

Murine plasma Solvent A3 

Solvent B2 

 

2.3.6 Processing steps for mass spectrometric raw data 

Quality control using XCalibur™ software 

After measurement, obtained chromatograms were checked visually using the XCalibur™ 

software. Samples displaying huge differences regarding intensities and chromatographic 

pattern were considered as outliers and not included in subsequent data analyses. 

Processing steps using Genedata software 

MS raw data were imported into Genedata Refiner MS software. First, the individual 

chromatograms of all files were cleaned by removing small structures in retention time 

and m/z direction and by subtracting background noise followed by a smoothing 
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procedure applied to all peaks. Next, an alignment search across all chromatograms based 

on the concept of a pairwise alignment based tree was performed in a search distance of 

2 min. After (i) chromatogram peak detection, (ii) isotope clustering, (iii) MS/MS 

consolidation and (iv) chromatogram single filter activity, an automated database search 

was performed using the MASCOT algorithm (version 2.5). Uniprot/Swissprot databases 

were selected according to the processed sample set. Settings applied for the search 

engine and the peptide validation depended on the mass spectrometer and software 

version (Table 15). 

Table 15 Description of settings for database search and peptide validation. 

Parameter Set 1(a) Set 2(a) Set 3(a) Set 4a(a) 

Mass 

spectrometer 

LTQ-Orbitrap 

Velos™ 

LTQ-Orbitrap 

Velos™ 

Q Exactive™ 

Orbitrap 

Q Exactive™ 

Orbitrap 

Release version of 

Genedata software 

vs. 7.6.6 vs. 9.0.0 vs. 10.0.3 vs. 10.0.3 

Species Homo sapiens Mus musculus Mus musculus Homo sapiens 

Mass tolerance for 

precursor ions 

10 ppm  10 ppm 10 ppm 10 ppm 

Mass tolerance for 

fragment ions 

0.6 Da 0.6 Da 0.02 Da 0.02 Da 

# missed cleavages 

permitted  

0 0 0 0 

Fixed modification Carbamidomethylation at cysteine  

Variable 

modification 

Oxidation on methionine  

Database/release Human Uniprot/ 

Swissprot 

2012/08 

Murine Uniprot/ 

Swissprot 

2014/04 

Murine Uniprot/ 

Swissprot 

2014/04 

Human Uniprot/ 

Swissprot 

2015/06 

Peptide validation Ion score ≥ 20 

Rank = 1 

Ion score ≥ 20 

Rank = 1 

FDR ≤ 1 % FDR ≤ 1 % 

Quantification Summed 

intensity over all 

peptides per 

protein 

Summed 

intensity over all 

peptides per 

protein 

Hi3 

quantification 

Summed 

intensity over all 

peptides per 

protein 

Min. peptide count 1 1 1 1 

(a) Set 1 human plasma study of experimental induced thyrotoxicosis, Set 2 murine plasma study of 
transient thyrotoxicosis and recovery, Set 3 murine plasma study of hyper- and hypothyroidism; Set 
4a intracellular proteome of human primary hepatocytes 

 

As general parameters for LTQ-Orbitrap™ Velos mass spectrometer searches a peptide 

tolerance of 10 ppm and a fragment mass tolerance of 0.6 Da were used. For data 
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generated with a Q Exactive™ Orbitrap mass spectrometer these settings were fixed to 

10 ppm peptide tolerance and 0.02 Da fragment mass tolerance. Only ion charges of +2 

and +3 were considered for database search with no missed cleavages. 

Carbamidomethylation at cysteine (+57.02 Da) was set as fixed modification and oxidation 

on methionine (+15.98 Da) was set as variable modification. 

Processing steps using MaxQuant software 

The MaxQuant software version 1.5.3.8 was used to analyze the MS raw data of the 

human primary hepatocytes’ supernatant (set 4 b) generated with a Q Exactive™ Orbitrap 

mass spectrometer. Derived peak lists were submitted to the Andromeda search engine 

using a Swissprot/Uniprot database limited to human entries (2016/09). Additionally, a 

contaminant database comprising all proteins included in FCS-containing media was used. 

The precursor mass tolerance was set to 10 ppm and the fragment mass tolerance was 

set to 0.02 Da. One missed cleavage was allowed. As before, carbamidomethylation at 

cysteine was defined as fixed and oxidation on methionine as variable modification. The 

minimum peptide length had to be six amino acids and the minimum of unique peptides 

was set to 1. The ‘match between run’ time window for the transfer of identifications was 

set to 0.7 min.  

Intensities and LFQ were calculated by the software. The LFQ values were generated from 

the raw intensities using a special normalization procedure and a particular aggregation 

method [80]. 

2.3.7 Proteome data analysis 

For data analysis of the human plasma proteome (set 1, n = 80), peptide search results 

were validated based on the defined search scores (ion score ≥ 20, peptide rank = 1). After 

peak annotation, all cluster information was imported into the Genedata Analyst 

software. Annotated clusters were merged to peptides. After filtering, solely unique 

peptides were summed up to proteins.  

Only proteins with less than 40 % missing values were considered for quantification. Next, 

protein intensities were log10 transformed and normalized to the median of all protein 

intensities without missing values across all samples in the data set. All samples were 

adjusted for age, BMI, and experimental batch and time point t2 to t5 per subject were 
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standardized on baseline (t1) before calculating the mean value of every protein at one 

time point. Subsequently, the free thyroxine levels and the protein abundances were 

correlated according to Pearson. 

Another evaluation strategy included a mixed-effect linear regression model with serum 

FT4 concentrations as exposure and protein levels as outcome. Serum FT4 was 

determined as a fixed effect due to the repeated measurement character of the study 

whereas the participants were considered as a random factor in the model. All analyses 

were adjusted for age, BMI, and experimental batch. Proteins with a false discovery rate 

≤ 0.05 were seen as significant. Further details are described elsewhere [81]. Regression 

model and further analysis were performed by Maik Pietzner (Institute for Clinical 

Chemistry and Laboratory Medicine, University Medicine Greifswald). 

The proteome analysis of the mouse plasma samples of the transient thyrotoxicosis study 

(set 2, n = 24) was done in a similar manner. After summation of unique peptides to 

proteins, only those with 50 % valid values were considered for quantification. Differences 

plasma samples were identified using two-way ANOVA. Proteins with a p-value ≤ 0.05 

were used for further analysis. The identification of differently abundant proteins 

between the groups (T4 vs. control, T4 vs. T4R, T4R vs. control) was performed via a 

Welch’s t-test and a significance threshold of p-value (FDR) ≤ 0.05 was set. 

For the data analysis of the second murine study (set 3, n = 16) and the set of human 

primary hepatocytes (set 4 a) Genedata Refiner software version 10.0.3 was used. In this 

release, peptide false discovery rate could be estimated as a function of the search score 

by using decoy information of peptides generated during Mascot search. Thereby, 

database search was not restricted and peptides were validated afterwards applying a 

maximum false discovery rate of 1 %. 

For set 3, the next step included the protein inference activity which derived protein 

intensities based on the peptide search results. Redundant proteins were filtered out 

according to the Occam’s razor principle. Also, peptides which are shared across different 

protein groups were ignored. Peptides which are shared by the same protein group were 

kept though. For relative protein quantification, protein intensities were calculated based 

on the top3 protein quantification method proposed by Silva et al. [82]. Only the average 

top three peptides per protein across all samples were considered and kept for analysis. 
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Subsequently, provided protein intensities were imported into the Genedata Analyst 

software, log10 transformed and normalized to the median of all protein intensities 

without missing values across all samples in the data set.  

After peptide validation, summation to proteins was done as described for set 1. 

Differentially abundant proteins in the second murine study were identified by comparing 

the induction groups (T4, T3, MMI/KClO4) with the control group using a Welch’s t-test. 

Proteins were regarded as significant with a p-value ≤ 0.05.  

For the data analysis of the intracellular proteome of human primary hepatocytes 

(set 4 a), median normalized intensities were used to build a ratio between the T4 treated 

cells and the control cells of the same donor. 

For quantification purposes of the secretome deriving from the same hepatocytes 

(set 4 b), LFQ values calculated by MaxQuant were extracted. All proteins with more than 

two missing values were excluded from the analysis. The remaining protein LFQ were used 

to build a ratio in the same way as it was done for the intracellular proteome. 

Functional classification of proteins  

The functional classification of significantly altered proteins was performed using the 

Ingenuity Pathway Analysis (IPA) software (2014-2017). Based on the whole human or 

murine genome database (“Ingenuity knowledge base”), genes were grouped into 

functional categories. Significance of the enrichment of proteins among functional 

categories was assessed via Fisher’s exact test. 
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3 RESULTS 

3.1 Studies on human plasma 

3.1.1 Human model of experimentally induced thyrotoxicosis 

The results of the study have been published in Engelmann et al., 2015 and Pietzner et al., 

2017 [81,83]. 

Study design and phenotypical data  

The aim of the human plasma study was to screen for novel peripheral biomarkers of 

thyroid function and to characterize physiological signatures associated with free 

thyroxine. Therefore, the influence of levothyroxine treatment (the pharmaceutical 

equivalent to circulating T4) on the human plasma proteome was investigated.  

 

Figure 3  Study design of experimental human thyrotoxicosis including sampling time points (t1-
t5) and duration of levothyroxine administration. 
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The study included a plasma sample set of 16 

healthy male volunteers. They were treated 

with a daily dose of 0.25 mg levothyroxine (L-T4, 

Henning-Berlin, Berlin, Germany) for 8 weeks. 

Blood sampling was done before the 

administration started (t1, baseline), after 4 and 

8 weeks under treatment (t2 and t3) as well as 

4 and 8 weeks (t4 and t5) after stopping the 

application (Figure 3, N = 80 samples). 

 

All subjects developed biochemical 

thyrotoxicosis, and this effect was reversed 

within the first 4 weeks of follow-up. After 4 

weeks of treatment with levothyroxine (t2), the 

mean free T4 levels rose from 13.24 ± 

1.4 pmol/l (SD) at baseline (t1) to 28.6 ± 

6.5 pmol/l, associated with an increase of free 

T3 levels from 5.26 ± 0.51 to 9.19 ± 2.01 pmol/l. 

TSH was 2.1 ± 1.02 mU/l at baseline, dropping 

to 0.017 ± 0.03 mU/l after 4 weeks and staying 

at this low level (0.007 ± 0.01 mU/l) after 8 

weeks (t3) as well. After stopping the 

levothyroxine administration levels of TH and 

TSH returned to pretreatment levels (t4) and 

stabilized over the study period (t5) (Figure 4, 

further information in table S1). Importantly, 

none of the volunteers reported any subjective 

symptoms of thyrotoxicosis assessed by 

comprehensive questionnaires. Though plasma 

levels of thyroid hormones, especially T3, show 

variances, the observed decrease in TSH level is 

very consistent across all subjects.  

Figure 4 Individual serum levels 
normalized to baseline of thyroid 
hormones (TH) and TSH for each time point 
during the human study of experimental 
thyrotoxicosis (t1-baseline, t2 and t3-4 and 
8 weeks of levothyroxine treatment, t4 and 
t5- 4 and 8 weeks after stopping the 
application). 
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Furthermore, effects of thyroxine treatment on well-known TH responsive clinical 

measures i.e. sex hormone-binding protein (SHBG) and cystatin C (CYTC) and blood lipids 

were assessed. L-T4 treatment resulted in a transient decline of cholesterol as well as 

HDL/LDL-cholesterol (Figure 5) while total triglyceride content was unaffected (data not 

shown). 

 

Since SHBG is known to be altered in level in thyroid dysfunction there was an expected 

increase in protein concentration from baseline (t1) to 4 and 8 weeks (t2 and t3) after 

treatment (30.16 mmol/l to 50.59 mmol/l and 55.93 mmol/l, respectively). The same 

holds true for CYTC showing an increase in concentration during the administration of 

levothyroxine (0.68 mg/l to 0.79 mg/l and 0.86 mg/l). Both proteins returned to baseline 

levels within 4 weeks after termination of L-T4 intake (Figure 6). 

Figure 5 Serum concentration of cholesterol, HDL-cholesterol, and LDL-cholesterol during the 
study period (mean values with 95 % confidence intervals). 

Figure 6 Individual plasma levels normalized to baseline (t1) of sex hormone-binding globulin 
(SHBG) and cystatin C for each time point during the study period of experimental thyrotoxicosis. 
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Protein identification 

All plasma samples were depleted for six highly abundant proteins using multi affinity 

removal column (MARS6, Agilent Technologies). Remaining proteins were precipitated 

using trichloroacetic acid and subsequently proteolytically digested. Prior to mass 

spectrometric analysis, peptides were desalted and subjected to liquid chromatography. 

The analysis was performed in 80 single LC-MS/MS runs. The recorded raw data were 

processed using the Refiner MS software. After chromatogram alignment, isotope group 

specific clusters were extracted and submitted to a MASCOT database search. Summation 

of annotated clusters was done using Genedata Analyst software. In total, 2374 unique 

peptides were identified, representing 497 human proteins. Only proteins identified in 

more than 60 % of all samples (n= 437) were considered for quantification (s.a. 

Supplementary table S1). Despite affinity depletion to remove high abundant proteins 283 

proteins were identified with one peptide only. 

Impact of the T4 administration onto plasma protein levels 

Prior to statistical analysis, raw protein intensities have to be normalized and corrected 

for several reasons. To exclude protein changes which occur as a result simply of aging or 

differences in weight of study participant, protein abundances were adjusted. In addition, 

due to the size of the sample set and the long measurement time, samples were processed 

batch-wise. Prior to adjustment for BMI, age and experimental batch all protein intensities 

were log10 transformed and normalized to the median. Subsequently, free T4 levels and 

protein abundances of the 437 proteins were correlated according to Pearson. 

Disregarding the study kinetic the Pearson correlation coefficient is a measure of linear 

dependence between two variables given by free T4 and protein abundances. The aim 

was to identify protein alterations aligning with free T4 levels, independently of the 

current state during the study period. 

A large subset of proteins (n = 138) demonstrated a correlation coefficient |r| ≥ 0.8 

revealing a strong influence of the levothyroxine treatment on the plasma proteome of 

male volunteers. Two thirds (n = 91) of correlated proteins revealed a positive correlation 

whereas 47 proteins were negatively correlated to free T4 levels. Restricting the threshold 

to r ≥ |0.9| 55 proteins were positively correlated and 21 proteins negatively correlated, 
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respectively. The corresponding correlation coefficients for all proteins can be found in 

Supplementary table S2. The 10 strongest correlations (positive and negative) between 

proteins and measured TH are displayed in Table 16. 

Table 16 Strongest positive and negative correlation between proteins and free T4 in the study 
of experimental thyrotoxicosis. Correlation was done according to Pearson. Subcellular location 
was derived from the Uniprot/Swissprot database. 

Swissprot 

annotation 

Protein names Subcellular 

location 

r (Pearson) 

CAMP_HUMAN Cathelicidin antimicrobial peptide Secreted -0.990 

INSC_HUMAN Protein inscuteable homolog Cytoplasm -0.982 

ANKS6_HUMAN Ankyrin repeat and SAM domain-

containing protein 6 

Cytoplasm -0.981 

PLMN_HUMAN Plasminogen Secreted -0.976 

IF140_HUMAN Intraflagellar transport protein 140 

homolog 

Cytoplasm, 

Cytoskeleton 

-0.963 

S10A8_HUMAN Protein S100-A8 Secreted, 

Cytoplasm 

-0.952 

CC043_HUMAN Single-pass membrane and coiled-coil 

domain-containing protein 1 

Cell membrane -0.948 

TTK_HUMAN Dual specificity protein kinase TTK Cytoplasm -0.945 

APOD_HUMAN Apolipoprotein D Secreted -0.939 

RIMS1_HUMAN Regulating synaptic membrane 

exocytosis protein 1 

Cell membrane -0.937 

FETUB_HUMAN Fetuin-B Secreted 0.982 

IC1_HUMAN Plasma protease C1 inhibitor Secreted 0.982 

PRG4_HUMAN Proteoglycan 4 Secreted 0.982 

MLL3_HUMAN Histone-lysine N-methyltransferase 2C Nucleus 0.983 

ZA2G_HUMAN Zinc-alpha-2-glycoprotein Secreted 0.985 

CFAH_HUMAN Complement factor H Secreted 0.988 

VASN_HUMAN Vasorin Cell membrane 0.989 

ITIH1_HUMAN Inter-alpha-trypsin inhibitor heavy 

chain H1 

Secreted 0.990 

F13B_HUMAN Coagulation factor XIII B chain Secreted 0.991 

PEDF_HUMAN Pigment epithelium-derived factor Secreted 0.997 

 

The correlation previously mentioned for SHBG and CYTC assessed by laboratory assays 

was also observable in the untargeted proteome approach with r = 0.8616 for SHBG and 

r = 0.9525 for CYTC, respectively (see 2.3.1). Functional categorization of correlated 

proteins for canonical pathways using Ingenuity Pathway Analysis revealed different 

categories of proteins influenced by levothyroxine administration (Figure 7). 
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From 35 proteins assigned to the coagulation cascade, 24 proteins (almost 70%) were 

detected by mass spectrometric analysis, out of which 7 showed a significant correlation 

(|r| ≥ 0.9) with free T4 levels. The majority of coagulation proteins displayed a positive 

correlation with coagulation factor XIII subunit B (F13B) (r = 0.991) showing the strongest 

correlation. F13B protein level returned to baseline quickly after discontinuation of LT4-

application. Moreover, coagulation factor IX (F9) could be found with an r = 0.938, 

whereas the correlation and significance of F5 (r = 0.816), F2 (r = 0.813) and F11 

(r = 0.811) were slightly lower but showed the same trend (Figure 8). 

Additionally, conventional ELISAs were performed for F9 and F13 (Figure 9) to confirm the 

results from proteome profiling. The results for both proteins confirmed the increase in 

concentration during the peak of induced thyrotoxicosis as observed by LC-MS/MS 

measurements. When comparing the levels at time point t1 and t2 significantly different 

levels were found for F9 (p = 0.0023) and F13 (p < 0.0001) using Welch’s t-test. Other 

detected coagulation factors (F7, F10, F12, F13A) showed no significant correlation with 

free T4 whereas protein C inhibitor (SERPINA5), antithrombin III (SERPINC1) and α2-

antiplasmin (SERPINF2) as representatives of the serpin peptidase inhibitor family all 

revealed positive correlations. In contrast, plasminogen was the only protein among the 

coagulation cascade detected with a negative correlation and consequently showed a 

decreased abundance upon L-T4 treatment (r = –0.976). 

0 5 10 15 20

Intrinsic prothrombin activation pathway

Coagulation system

Acute phase response signalling

LXR/RXR activation

Complement system

-log (p-value) 

Figure 7 Functional categorization of proteins correlated with free T4 levels. 76 proteins 
(correlation coefficient |r| ≥ 0.9) were analyzed using IPA. Numbers behind bars represent the 
number of assigned proteins for the particular pathway. 
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Figure 8  Schematic view of the coagulation cascade. Colored boxes highlight proteins with r ≥ 0.9 
(dark red); r ≥ 0.8 (light red); r ≤ –0.9 (green). Gray boxes: proteins were covered by the analysis, 
but displayed no significant correlation (0.8 ≥ r ≥ –0.8). A2M α2–macroglobulin, F2 coagulation 
factor II, FG fibrinogen, KLKB1a plasma kallikrein, PLG plasminogen, SERPINA1 α1–antitrypsin, 
SERPINA5 protein C inhibitor, SERPINC antithrombin III, SERPIND1 heparin cofactor II, TFPI tissue 
factor pathway inhibitor, THBD thrombomodulin, TPA tissue plasminogen activator, UPA 
urokinase plasminogen activator, VWF von Willebrand factor. The figure is published in 
Engelmann et al., 2015 [83]. 
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Besides proteins assigned to the coagulation cascade, 11 proteins with r ≥ 0.9 and 

additionally 3 proteins with r ≥ 0.8 of the complement system were correlated with free 

T4 (Table 17). All of them showed positive correlation demonstrating a rather moderate 

but significant increased abundance during the T4 administration. 

 

Table 17 Proteins assigned to the Complement System (IPA) and showing a correlation of 
r ≥ |0.9| according to Pearson. 

Swissprot annotation Protein names r (Pearson) 

CFAH_HUMAN complement factor H 0.9879 

IC1_HUMAN plasma protease C1 inhibitor 0.9822 

CO7_HUMAN complement component 7 0.9760 

C1QB_HUMAN complement C1q subcomponent subunit B 0.9736 

CO8G_HUMAN complement component C8 gamma chain 0.9699 

C1QA_HUMAN complement C1q subcomponent subunit A 0.9575 

MBL2_HUMAN mannose-binding protein C 0.9520 

CO8B_HUMAN complement component C8 beta chain 0.9513 

CO8A_HUMAN complement component C8 alpha chain 0.9351 

CO3_HUMAN complement component 3 0.9189 

CO2_HUMAN complement component 2 0.9051 

CFAB_HUMAN complement factor B 0.8957 

CO9_HUMAN complement component 9 0.8780 

C1S_HUMAN complement component 1, s subcomponent 0.8208 

Figure 9 Individual plasma levels determined via ELISA normalized to baseline of coagulation 
factor IX and XIII for four time points during the study period of experimental thyrotoxicosis. 
Time point t4 was skipped due to the experimental setup situation. 
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Pearson correlation analysis led to data reduction because the mean value of every 

protein at one time point was calculated beforehand to correlate it with the free thyroxine 

levels. Furthermore, simple correlation analysis does not account for the repeated 

measurement character of the study design and hence further decreases the statistical 

power to detect significant associations  

To overcome these drawbacks, mixed-effect linear regression models accounting for the 

repeated measurements were subsequently considered. Consequently, the same data set 

was used for this analysis approach using the mixed-effect linear regression model with 

serum free T4 concentrations as exposure and protein abundances as outcome controlling 

for age, BMI, and batch (see 2.3.7). Application of this model on the log10 transformed 

protein intensities exhibited significant associations with free T4 for 63 out of 437 

detected proteins (14 %). The majority (n = 47) was positively associated while 16 proteins 

exhibited an inverse association. 

Consistently, even the reference proteins CYTC and SHBG showed significant inverse 

associations with free T4 in the new modelling approach.  

The significant results are summarized in Figure 10, where three functional groups of 

proteins are separately marked. The corresponding estimates and FDR values from 

regression analysis can be found in Supplementary table S3. 
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Figure 10 Heat map of plasma proteins significantly associated with free thyroxine (FT4) in mixed 
effect linear regression models. The first column (grey) displays the values of the mean false 
discovery rate (FDR) for the FT4 effect across 101 subsamples of the data. Other columns indicate 
the mean log2-ratio from baseline (t1) compared to 4 and 8 (t2 and t3) weeks of treatment as well 
as 4 and 8 weeks (t4 and t5) after stopping the treatment. The time course of free T4 
concentrations is shown on the top of the map as reference. Orange shading denotes an increase 
and blue shading a decrease compared to baseline (t1). The figure was published in Pietzner et al., 
2017 [81]. 

 

First, a significant drop in different apolipoproteins could be observed. Abundances of 

apolipoprotein D (ApoD), apolipoprotein B-100 (ApoB-100), and apolipoprotein C3 

(ApoC3) decreased significantly during the treatment with L-T4 with ApoD showing the 

strongest association with free T4. 

Functional categorization of significantly associated proteins highlighted also proteins of 

the complement system. Eleven proteins were involved; including complement factors, 

mannose-binding protein C (MBL) and mannan-binding lectin serine protease 2 (MASP-2) 

all positively associated with free T4. Similar associations for four complement-factor H 

related proteins were observed. 

Several proteins assigned to the coagulation cascade exhibited significant association with 

free T4 levels. Coagulation factor XIII B chain (F13B), factor IX (F9) and XI (F11) as well as 

SERPINA5, an inhibitor of activated protein C, were positively associated with free T4.  

However, no significant association with free T4 of TH transport protein thyroxine-binding 

globulin (THBG) and thyroid hormone-binding protein transthyretin (TTR) could be found. 

All described changes during the peak of induced thyrotoxicosis normalized after stopping 

the application of L-T4. 
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3.1.2 Human study of hypothyroidism 

The second study included 15 patients 

(n(female) = 13, n(male) = 2) suffering from 

manifested hypothyroidism. The study design 

was equivalent to the human model of 

experimentally induced thyrotoxicosis. Since 

the patients received their L-T4 medication on a 

daily basis to maintain a euthyroid state, they 

were instructed to reduce their doses to 70 % 

for a period of 8 weeks. Blood samples were 

taken before the patients restricted their 

medication (t1, baseline), after 4 and 8 weeks 

under reduction (t2 and t3) as well as 4 and 8 

weeks (t4 and t5) after returning to previous 

medication. 

 

Individual time courses of thyroid hormones T4 

and T3 as well as TSH, all normalized to baseline 

(t1) are depicted in Figure 11. As expected after 

reduction of L-T4 medication, the level of free T4 

dropped in mean values from 16.29 pmol/l ± 

2.31 pmol/l (SD) to 13.96 pmol/l ± 2.31 pmol/l 

after 4 weeks and to 14.12 pmol/l ± 2.43 pmol/l 

after 8 weeks. Mean concentration normalized 

at the latest after 8 weeks after returning to 

normal medication (16.75 pmol/l ± 

3.17 pmol/l). As is apparent from Figure 11, 

levels of free T3 were characterized by a huge 

variance between the study participants ranging 

from a slight decrease at time point t2 with an 

overshooting increase at time point t3 to slightly 

Figure 11 Individual serum levels of 
thyroid hormones (TH) and TSH for each 
time point during the human study of 
hypothyroidism normalized to baseline (t1-
baseline, t2 and t3-4 and 8 weeks under 
thyroxine dose reduction, t4 and t5- 4 and 
8 weeks after returning to normal 
medication). 
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increase during the whole study period. Mean concentration of TSH showed an increase 

from 2.14 mU/l ± 2.32 mU/l at baseline (t1) to 11.08 mU/l ± 20.95 mU/l after 4 weeks (t2) 

and 14.87 mU/l ± 24.2 mU/l after 8 weeks (t3). Effect sizes differed markedly, ranging 

from 1.34fold to 26fold after 4 weeks compared to baseline (t2 vs. t1).  

The previously introduced peripheral markers of TH action SHBG and CYTC showed no 

consistent alterations during the time course (Figure 12). 

 

 

Prior to mass spectrometric analysis of the plasma proteome a metabolome analysis of all 

samples (N = 75) was performed. Due to huge diversity in the response pattern of 

metabolites across all patients during the study period no consistent effect regarding the 

influence of induced hypothyroidism on the metabolome profile in plasma was 

observable. 

Based on these metabolomics findings and the already known time course of CYTC and 

SHBG which do not reveal consistent response to the reduction in medication, a mass 

spectrometric measurement to evaluate the plasma proteome was not performed. To 

provide insights in the changes on protein levels during hypothyroidism obtained findings 

regarding changes of coagulation proteins in the study of induced thyrotoxicosis were 

used. Thereupon plasma levels of F9 were determined using an ELISA. Protein 

concentrations normalized to baseline (t1) are displayed in Figure 13 A.  

Figure 12 Individual plasma levels normalized to baseline of sex hormone-binding globulin 
and cystatin C for each time point during the study period of hypothyroidism. 
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After exclusion of one outlier, Welch’s t-test was applied to compare t2 and t1 protein 

levels resulting in a significant decrease of F9 after 4 weeks of levothyroxine reduction 

(p = 0.0123). However, F9 levels rose strongly in many patients after restoration of 

euthyroidism. 

 

Besides the different time courses of the protein in hyper- and hypothyroidism the 

comparison of F9 concentrations at t1 revealed significantly different baseline levels 

showing higher abundances of F9 in patients suffering from hypothyroidism (Figure 14).  

In comparison with the previously introduced experimental model of thyrotoxicosis which 

relied on a tightly defined set of male participants, the set up for experimental 

hypothyroidism was characterized by huge phenotype diversity. The sample set 

comprised both males and females, covering a wide age range as well as different 

aetiologies of hypothyroidism (e.g. autoimmune disease and thyroidectomy). In general, 

this led to greater interindividual variability in the response to induced hypothyroidism, 

including alterations in protein and metabolite levels. 

Figure 13 (A) Individual plasma levels normalized to baseline values of coagulation factor IX 
(F9) for each time point during the study period of hypothyroidism (one patient (dashed line) 
was considered as outlier and excluded from the analysis) (B) Measured F9 concentrations for 
t1 and t2 (Welch’s t-test, p = 0.0123). 
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Figure 14 F9 protein concentrations at 
baseline (t1) of participants of the 
experimental thyrotoxicosis study 
(N = 16) and of patients suffering from 
hypothyroidism (N = 15), respectively. 
Data was determined via ELISA.  
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3.2  Analysis of murine models of hyper-and hypothyroidism  

Experimental studies in humans were complemented by corresponding mouse models. 

Working with animal models has the opportunity to examine tissues besides easily 

accessible plasma and connect results with each other. Human biopsy material is mostly 

not available due to ethical concerns and potential risk for patients and study participants. 

Within the framework of the mouse studies, not only the plasma proteome was 

investigated. In addition, the study also explored the influence of T4 on the liver proteome 

using liver tissue samples derived from the same animals (The corresponding liver tissue 

samples were analyzed within the framework of the master thesis of Vanessa Kracke and 

are not part of the thesis.) In the following, two murine studies are described analyzing 

the influence of thyroid disease on the plasma protein pattern.  

3.2.1 Mouse model of transient thyrotoxicosis  

The design of the murine study investigating transient thyrotoxicosis was similar to the 

human study of experimental thyrotoxicosis. However, each blood sample represented 

an individual animal because repeated blood sampling was not feasible. Mice were 

randomly assigned to a control, T4, and T4 recovery group of 8 animals each and treated 

according to the scheme displayed in Figure 15 (N = 24). Total T4 and total T3 measured 

in all samples are illustrated in Figure 16. 

 

 

Figure 15 Design of the murine study investigating transient thyrotoxicosis. T4-dosage by T4-
containing drinking water (1 mg/l in 0.1 % in BSA containing tap water). 
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Total T4 levels in serum were elevated more than 3fold after two weeks of hormone 

exposure (4.93 µg/dl ± 0.40 µg/dl in the control group and 17.63 µg/dl ± 2.26 µg/dl in the 

T4 group). The recovery group showed comparable mean total T4 levels (5.37 µg/dl) as in 

the control group. Similar results were observed for total T3 levels. Control and recovery 

group showed mean total T3 levels of 1.11 ng/ml ± 0.11 ng/ml and 0.98 ng/ml ± 

0.10 ng/ml, respectively. The T4-group showed clearly elevated total T3 levels (2.55 ng/ml 

± 0.22 ng/ml). 

All plasma samples were depleted using 

a multi affinity removal column 

(MARS3, Agilent) removing the three 

highly abundant proteins serum 

albumin, serotransferrin and 

immunoglobulin G in murine plasma. 

Depleted plasma samples were 

analyzed via mass spectrometric 

measurement. 

Obtained MS raw data were processed 

using Genedata Refiner MS software 

Figure 17 Identifications across all samples of the 
sample set ‘transient thyrotoxicosis in mice’. 

Figure 16 Individual plasma levels and mean values (line) of total T4 and total T3 in the different 
mice groups.  
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where cluster annotations and intensities were extracted. Filtering and summation of 

annotated clusters in Genedata Analyst yielded 1934 unique peptides, representing 421 

murine proteins (s.a. Supplementary table S5), out of which 219 proteins were identified 

with at least two peptides (Figure 17). Relative quantification was carried out with 363 

proteins which were identified with one or more peptides and had more than 50 % valid 

values per group. Unsupervised principal component analysis (PCA) of the plasma 

proteome data was done to gain an impression of the variation within the groups and the 

differences between the three groups. Figure 18 depicts the first two principal 

components covering 54 % of variance in the data set.  

Each dot in the plot represents one mouse and colors indicate the groups. Close proximity 

in the plot indicates small overall variation of the protein pattern of mice during the study. 

A separation between the control/recovery animals and mice of the T4 group can be 

observed in the first principal component. On the other hand, control group and T4 

recovery group can be fairly well distinguished along the second principal component, 

thus already indicating that albeit showing very similar T4 and T3 levels, both groups still 

significantly differ in their protein pattern. 

Figure 18 Principal component analysis of all samples included in the analysis of transient 
thyrotoxicosis. Performance was done using median normalized protein intensities with at least 
50 % valid values across all samples. PC Principal component 
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Significantly altered proteins across all groups were detected using analyses of variance 

(ANOVA) while accounting for multiple testing using the Benjamini-Hochberg procedure. 

Proteins exhibiting a false discovery rate (FDR) below 5% were considered significantly 

altered. Subsequently, single group comparisons of the 218 differently abundant proteins 

were performed via Welch’s t-test (s.a. Supplementary table S6). In comparison with the 

human study, far more alterations in the murine plasma proteome were observed. Mouse 

models as genotypic identical animals should be yet better suited to identify protein 

changes. Thus, the number of proteins significantly changed due to T4 administration was 

even larger. 

At all, 120 proteins (28 %) with a fold change ≥ |1.5| differed significantly between T4-

treated and control group (Figure 19). The majority of proteins (n = 88) showed decreased 

abundance upon T4 treatment whereas 32 proteins demonstrated higher abundance (T4 

mice group vs. controls). Concerning the comparison between T4-treated and T4-recovery 

group, 129 proteins significantly differed. The majority of proteins (n = 91) showed 

increased abundance whereas 38 showed decreased abundance. 

 

Assuming a transient influence of thyroxine on the plasma protein level we expected 

hardly any difference between the T4 recovery group and the controls. However, 25 out 

of 34 still significantly different proteins showed higher abundance and 9 lower 

abundance in the recovery group. 
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Figure 19  Number of significantly differential abundant proteins in group comparisons using 
Welch’s t-tests (p(FDR) ≤ 0.05, fold change ≥ |1.5|). 
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Ninety proteins displayed an inverse alteration upon T4 treatment and during recovery 

phase and illustrate a transient influence of thyroxine administration (Figure 20). The 

majority of those proteins demonstrated a transient decline upon thyroxine application – 

75 % of all significantly different proteins showed a lower abundance in the T4 group 

compared to the control group. 

Considering a less stringent cut-off by neglecting the fold change leaded to an increase in 

consistent changes and to an larger overlap of proteins significantly altered upon T4 

treatment. In detail, 13 proteins out of 30 proteins solely significant in the comparison 

between T4 treated mice and the controls still showed moderate alterations. The same 

holds true for 7 proteins out of the 39 proteins of the T4 recovery vs. T4 group comparison. 

The fold changes ranged from 1.3 up to 1.48.  

 

 

 

 

 

 

 

 

 

 

Proteins differentially abundant between the T4 group and controls (n = 120) were 

analyzed using IPA to explore a possible enrichment in specific protein categories (Figure 

21). It hase to be noted, that the analysis was done with the whole murine genome 

database as background. This might lead to biased results due to the lower number of 

protein classes detected in plasma in comparison to a cell lysate proteome analysis. With 

the identified protein set as reference, less significantly enriched categories were 

displayed. 

Most proteins were assigned to the functional entities LXR/RXR activation and Acute 

Phase Response Signaling (both n = 19). It has to be noted, that a large number of proteins 

was assigned to more than one pathway as indicated in Figure 21. One protein group 

30 90 39 

T4 vs. control T4 recovery vs. T4 

Figure 20 Overlap of proteins significantly altered upon T4 treatment (T4 vs. control group) and 
during depletion of T4 (T4 recovery vs. T4 group), p(FDR) ≤ 0.05, fold change > |1.5|. All 90 
significantly different proteins showed only transient alterations. 
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(n = 7) comprised apolipoproteins (ApoD, ApoH, ApoB-100, ApoM, ApoA2, ApoC4, ApoE) 

showing decreased abundance in the T4-treated mice group compared to the controls. 

Those proteins were assigned to various categories all marked with a star in Figure 21. 

Proteins belonging to the complement system (n = 6) dropped in intensity after T4 

administration and normalized after 14 days of recovery. 

Exemplarily, Figure 22 illustrates the altered intensities of two proteins belonging to the 

complement system during the study period. Coagulation factors and associated proteins 

(n = 9) were also found decreased in the T4-treated mice compared to the controls. 

Proteins displaying different abundances between the T4 recovery group and the T4-

treated group were – as expected – assigned to similar canonical pathways in IPA. 

Consistently and also as expected, those differences exhibited the reverse direction. 
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Figure 21 Functional categorization of proteins using Ingenuity Pathway Analysis. 120 proteins 
(p(FDR) ≤ 0.05, fold change ≥ |1.5|were analyzed. (*), (†): large overlap of proteins assigned to 
the category. NO nitride oxide, ROS reactive oxygen species 
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With respect to the comparison between the T4 recovery group and the controls 34 

proteins displayed significantly different levels between these two groups. Illustration of 

different patterns of proteins until the recovery phase is shown in Figure 23. Only 2 

proteins showed significant alterations in all three comparisons (T4 vs. controls, T4 

recovery vs. T4, T4 recovery vs. controls), namely α-centractin (ACTZ) and 

thrombospondin-4 (TSP-4). While ACTZ abundance decreased during T4 administration it 

increased significantly in the T4 recovery group compared to the controls. The opposite 

happened for thrombospondin-4 showing increasing abundance in the T4 group which 

dropped below the baseline level in the recovery group. For both proteins an 

overcompensatory reaction after stopping the L-T4 application was observed. 

Many of the 34 proteins already revealed different abundances when comparing the T4 

recovery mice group with the T4 treated mice (n = 17) or comparing T4 treated mice with 

the controls (n = 7) including fibrinogen β chain which significantly decreased between T4 

treated mice and controls and followed the same trend displaying further reduction in 

protein levels after 2 weeks of LT4 withdrawal (T4 recovery). Vice versa, it has been 

Figure 22  Alteration of complement factor I and complement component C5 during the study 
period. Significant decrease in protein levels upon T4 exposure and normalization after removal 
of T4 after 2 weeks. 
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observed for the cytoplasmic malate dehydrogenase that protein levels still increased 

after stopping the treatment.  

 

 

Figure 23 Various proteins significantly changed in the T4 recovery group compared to the 
controls but showing inconsistent pattern during the study period.  
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3.2.2 Mouse model analyzing T4, T3 and MMI/KClO4-induced alterations in the 
murine plasma proteome 

The second murine study augmented the previously introduced study design using 

additionally a T3 treated group as well as hypothyroid group. The last group was rendered 

hypothyroid by treatment with MMI/KClO4 (methimazole/potassium perchlorate). The 

study design is depicted in Figure 24. 

Total T4 and total T3 measurements in all four groups of mice are depicted in Figure 25. 

As expected, total T3 rose from 1.66 ng/ml ± 0.44 ng/ml (SD) to 8.36 ng/ml ± 0.51 ng/ml 

in the T3 administrated group whereas total T4 levels were completely suppressed 

(0.12 µg/dl ± 0.05 µg/dl). Total T4 increased from 1.83 µg/dl ± 0.87 µg/dl to 10.42µg/dl ± 

1.15 µg/dl in the T4 administered group compared to the controls. Total T3 also increased 

to 3.42 ng/ml ± 0.57 ng/ml in that group. MMI/KClO4 mice group showed a significant 

drop in total T4 levels (0.10 µg/dl± 0.01 µg/dl) while the decrease of total T3 (0.92 ng/ml 

± 0.29 ng/ml) in the hypothyroid mice was not significant compared to the controls. 

Quality controls of LC chromatograms exhibited a different profile in two samples 

probably due to strong hemolysis during blood sampling. Excluding these samples from 

further analysis led to the following group sizes: control group n = 4, T4 group n = 3, T3 

group n = 3, MMI/KClO4 n = 4.  

Figure 24 Study design of the second murine study investigating different interventions of the 
thyroid hormone system. MMI methimazole, 0.1 %; KClO4 potassium perchlorate, 0.2 %; T4 
thyroxine; T3 triiodothyronine 
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Relative protein quantification was done in Genedata Refiner. In total, 428 proteins (251 

proteins with peptides ≥ 2) were considered for analysis (s.a. Supplementary table S7). 

PCA based on median normalized protein intensities with at least 50 % valid values across 

all samples sets provided an initial overview about the variability across samples and 

groups (Figure 26). The first two principle components already covered 46.3 % of the 

variance in the data set. Mice belonging to the control group showed the largest variation 

along the first principle component. In general, a clear separation between all groups 

became apparent along using linear combinations of the first two principle components, 

indicating the strong effects of the treatments. Furthermore, separation may occurs in 

accordance to the TH levels revealing a greater distance of T3 treated mice to the 

MMI/KClO4 treated mice than to the controls, for example. The T4 treatment seems to 

have a lesser impact on the plasma proteome than the T3 treament. 

 

 

 

Figure 25 Individual plasma levels and mean values (line) of each total T4 and total T3 in the four 
treatment groups.  
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Differently abundant proteins between the groups were detected using Welch’s t-test 

(s.a. Supplementary table S8). Proteins were considered as significantly different if the p-

value was ≤ 0.05 (Figure 27). The data set revealed higher variation between the samples 

in the different groups compared to the first murine study which influences the fold 

change calculated based on group’s mean. In order to assess the consistent changes 

between the different inductions compared to the controls, we considered only the p-

value < 0.05 as the threshold of significance.  

Most proteins in the group comparisons with controls exhibited a trend for decreased 

abundances. More alterations were found in T3 vs. control (n = 49) than in T4 vs. control 

(n = 36). The comparison of MMI/KClO4 treatment vs. control revealed 52 differentially 

abundant proteins. Among the significantly altered proteins 48 and 26 showed a fold 

change greater than |1.5| in the T3-treated and T4-treated groups, respectively. 

Figure 26 Principal component analysis of all samples. Analysis was done using median 
normalized protein intensities with at least 50 % valid values across all samples. PC Principal 
component 

 



 RESULTS 

 

63 
 

Figure 27 Number of significant differentially abundant proteins between induction groups and 
controls. Results obtained from Welch’s test (p ≤ 0.05). 

 

The overlap of the proteins displaying alterations in level after T3 and T4 treatment, 

respectively, consisted of 20 proteins (Figure 28). Many proteins displayed significantly 

altered abundance only in the T3 vs. control and T4 vs. control comparison, respectively. 

Almost all of them showed the same direction in alteration in the respective other group 

comparison, but missed the threshold of significance.  

 

 

 

 

 

 

 

 

 

 

The proteins significantly altered in both T4 group and T3 group compared to the controls 

are illustrated in Table 18. Reflecting the results from the single group comparisons most 

proteins (15 out of 20) showed decreased abundance under hyperthyroid conditions. It 

has to be noted, that effect sizes of changes in the induced hyperthyroidism by T3 are 

more prominent compared to changes in the induced hyperthyroidism by T4. 

29 20 16 

T3 vs. control T4 vs. control 

Figure 28 Overlap of proteins significantly altered by T3 or T4 treatment in comparison to non-
treated control group (p ≤ 0.05). 
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Table 18 List of proteins displaying significantly altered levels between T3 and controls- as well 
as T4-treated animals (p ≤ 0.05). Positive fold changes indicate increased abundance in the T3/T4 
group compared to controls. Negative fold changes indicated decreased abundance in the T4/T3 
group compared to controls. Fold change ≥ |2| is indicated in bold. 

Annotation Protein names 
T3 vs. control T4 vs. control 

p value 
fold 

change 
p value 

fold 
change 

Hyaluronan metabolic process     

ITIH3_MOUSE 
Inter-alpha-trypsin inhibitor 
heavy chain H3 

0.0008 -8.61 0.0196 -3.03 

ITIH2_MOUSE 
Inter-alpha-trypsin inhibitor 
heavy chain H2 

0.00001 -2.90 0.0311 -1.92 

ITIH1_MOUSE 
Inter-alpha-trypsin inhibitor 
heavy chain H1 

0.0244 -2.49 0.0421 -1.44 

Apolipoproteins – cholesterol efflux and more     

APOC1_MOUSE Apolipoprotein C1 0.0065 -4.09 0.0450 -2.06 

APOB_MOUSE Apolipoprotein B-100 0.0021 -3.34 0.0392 -1.83 

APOA2_MOUSE Apolipoprotein A2 0.0018 -2.86 0.0139 -1.88 

Complement system    

C4BPA_MOUSE C4b-binding protein 0.0086 -2.80 0.0344 -1.50 

CFAI_MOUSE Complement factor I 0.0083 -2.51 0.0306 -1.73 

CO3_MOUSE Complement C3 0.0244 -2.07 0.0081 -1.82 

Inflammatory responses     

KNG1_MOUSE Kininogen-1 0.0390 -1.82 0.0406 -1.52 

CD5L_MOUSE CD5 antigen-like 0.0166 4.57 0.0235 1.83 

Divergent tasks within the organism     

DUS2L_MOUSE tRNA-dihydrouridine 0.0111 -6.00 0.0264 -2.18 

AMBP_MOUSE Protein AMBP 0.0003 -4.44 0.0070 -2.19 

CHLE_MOUSE Buturylcholine esterase 0.0005 -2.17 0.0202 -2.14 

PHLD_MOUSE 
Phosphatidylinositol-glycan-
specific phospholipase D 

0.0067 -2.15 0.0115 -1.72 

AFAM_MOUSE Afamin 0.0027 -2.72 0.0291 -1.67 

PSB6_MOUSE 
Proteasome subunit beta 
type-6 

0.0266 1.52 0.0149 1.46 

TKT_MOUSE Transketolase 0.0283 3.14 0.0499 2.82 

VGFR3_MOUSE 
Vascular endothelial growth 
factor receptor 3 

0.0041 3.78 0.0149 2.33 

MUP6_MOUSE Major urinary protein 6 0.0083 8.12 0.0132 5.65 
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Proteins displaying significant alterations in level after each treatment, and hence likely 

reflecting thyroid state, were apolipoprotein A2 (ApoA2), apolipoprotein C1 (ApoC1), 

buturylcholine esterase (BChE) and major urinary protein 6 (MUP-6). The alterations 

Figure 29 Protein levels of cholinesterase, apolipoprotein A2 and C1 as well as major urinary 
protein 6 in all four different groups. Levels are plotted as median normalized intensities with 
mean value (line) and p value derived from Welch’s t-test. 
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showed a reverse trend between T4/T3 vs. control and MMI/KClO4 vs. control, 

respectively (Figure 29). The strongest effect on the plasma proteome was noted when 

the animals received metabolically active hormone T3.  

Significantly changed proteins (p ≤ 0.05, fold change 1.5) in the hyperthyroid and 

hypothyroid groups compared to the control group were categorized via Ingenuity 

Pathway Analysis (IPA). Enrichment results are depicted in Table 19. 

Table 19 Functional categorization of proteins using IPA. Significantly altered (p ≤ 0.05, fold 
change ≥ |1.5|) proteins of single group comparisons via Welch’s t-test were used. (*) same 
proteins assigned to the pathway; (†) huge overlap of proteins assigned to the pathway. 

Canonical pathway 
T3 vs. control T4 vs. control MMI vs. control 

p-value #proteins p-value #proteins p-value #proteins 

Acute Phase Response 

Signaling 
2.62E-12 10 1.78E-06 5 2.89E-04 4 

Complement System 1.68E-10 6 9.46E-04 5 7.85E-09 5 

*†LXR/RXR Activation 2.00E-10 8 1.02E-10 7 8.00E-05 4 

*†FXR/RXR Activation 2.77E-10 8 1.36E-10 7 9.36E-05 4 

†Atherosclerosis 

Signaling 
8.18E-06 5 1.68E-05 4 1.37E-07 6 

 

Selected examples of proteins assigned to the category LXR/RXR activation or 

Complement system are displayed in Figure 30. Similar enriched pathways could be 

detected by IPA across the three group comparisons. However, regarding the three 

different inductions, different proteins were significantly altered and accountable for the 

observed enrichment. Additionally, the alterations in level of proteins belonging to the 

same functional category were not inverse in general. An inverse fold change comparing 

the hyperthyroid and hypothyroid state can be observed for apolipoproteins, but not for 

complement components and factors. 

In total, 11 apolipoproteins were detected via mass spectrometric analysis, but only 3 

(ApoA2, ApoC1, ApoB-100) of them were significantly altered and dropped in both 

hyperthyroid conditions compared to the controls. However, all others showed at least a 

tendency of decreased intensities. Under hypothyroid conditions, apolipoprotein A2 and 

C1 increased more than 2fold. Even if not significant, the majority of all other quantified 

apolipoproteins also demonstrated a trend to increased levels under hypothyroid 

conditions. 
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Complement factors seemed to be influenced by T3 and dropped in intensity (C3, C5, C8A, 

CFAD and CFAI) while mannose binding-protein C (MBL) as another protein assigned to 

this pathway increased in the hyperthyroid group (fold change 1.75). Little response was 

seen after T4 administration. Only 2 complement factors demonstrated decreased 

abundance in this hyperthyroid group compared to the control (CFAI and C3). 

Furthermore, minor effect sizes could be observed. Interestingly, levels of complement 

system associated proteins also significantly decreased in the hypothyroid mice group, 

but in part other components than in the hypothyroid group (CFAB, C8A, C8B, C8G and 

C1QC). 

No enrichment with respect to the coagulation cascade was observable. At least 

kininogen-1 showed a decreased abundance in both hyperthyroid mice groups and no 

change in protein level in hypothyroid mice (T3 vs. control p = 0.039, fold change -1.82; 

T4 vs. control p = 0.041, fold change -1.52).  

Transthyretin as thyroid hormone-binding protein decreased remarkably in the 

hyperthyroid groups as seen for T3 (p = 0.0344, fold change -6.82) and showed a clear 

Figure 30 Selected proteins of the canonical pathways LXR/RXR activation and Complement 
system derived from the functional categorization of IPA (see table 19). Log2 ratio demonstrates 
the alteration in abundance in the respective induction group compared to the control mice 
group. ApoA2 apolipoprotein A2; ApoB apolipoprotein B-100; ApoE Apolipoprotein E; PCYOX 
prenylcysteine oxidase; C3 complement component C3; C8A complement component C8 α chain; 
CFAI complement factor I; CFAB complement factor B 
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tendency towards dropped intensity in the comparison T4 vs. control (p = 0.0893, fold 

change -3.95) while in the MMI/KClO4 group a reverse trend with increased abundance of 

transthyretin compared to the controls (p = 0.0522, fold change 5.47) was observed. 

Additionally, a substantial depletion of thyroid hormone-binding globulin (THBG) was 

noted in the presence of increased levels of T3 and T4. Thus, THBG could not be identified 

in the T3 group at all and only detected at low levels in the T4 group. In contrast, the 

hypothyroid mice group receiving MMI/KClO4 showed a strong significant increase of 

THBG levels compared to the control group (p = 1.3E-6, fold change = 31.3). 
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3.3 Comparison of both murine studies 

Within this work two different proteome studies using murine plasma samples were 

carried out. The first study (set 1) investigated merely the influence of T4 on the plasma 

proteome indicating a transient effect of experimental thyrotoxicosis. Mice were assigned 

to three separate groups. Besides the untreated control group and the T4-treated group 

a third group of mice who recovered from T4 administration was included.  

The second study (set 2) contained various induction groups which were compared to an 

untreated control group. As previously, hyperthyroidism was induced by T4 

administration in the first group of mice. A second hyperthyroid group served to 

investigate the influence of the metabolically more active T3 on the plasma proteome. A 

third group represented induced hypothyroidism achieved by the administration of 

MMI/KClO4. The study did not include recovery groups for the different induction groups. 

Both studies were performed using male C57BL/6 mice. Husbandry situation was the 

same for all animals and TH or MMI/KClO4 were administered through drinking water. In 

both studies, T4 was used for inducing experimental hyperthyroidism and the duration of 

T4 administration was kept equal. Only the hypothyroid group was conditioned longer 

due to the delayed impact of MMI/KClO4. 

Both studies aimed to elucidate the influence of thyroid dysfunctions on the murine 

plasma proteome. Experimental processing of all plasma samples was equal consisting of 

the depletion of three high abundant proteins via immunoaffinity chromatography, 

followed by precipitation and tryptic digestion of the remaining proteins. Measurements 

were performed on two widely used mass spectrometers for proteomic analysis.  

The first set focusing on transient thyrotoxicosis was recorded on a LTQ-Orbitrap Velos™ 

mass spectrometer whereas the second study investigating hyper- and hypothyroidism 

was measured on a Q Exactive™ Orbitrap mass spectrometer. All data sets were acquired 

in data-dependent acquisition mode (DDA). This is a process driven by an automated 

instrument control routine that schedules the MS/MS acquisition depending on the signal 

intensities in the preceding MS scan starting with the highest signal. Unfortunately, this 

often results in lower abundant signals being left out unanalyzed and therefore 

unidentified. For the LTQ-Orbitrap Velos™ the 20 most intense peaks were selected for 

fragmentation in the ion trap while for the Q Exactive a Top10 method was chosen. 
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On the LTQ-Orbitrap Velos™, the precursor mass spectra were acquired with an orbitrap 

whereas the MS/MS data were acquired with the ion trap using collision induced 

dissociation. At the Q Exactive™ the orbitrap is used for both MS and MS/MS data 

acquisition. Former study showed that acquisition on a Q Exactive™ mass spectrometer 

resulted in a higher number of unique peptides summarized in more protein 

identifications most likely due to a faster scan rate, improved sensitivity and higher 

resolution [84]. Looking at the two murine studies presented in this thesis, data 

dependent acquisition mode using one instrument or the other led to comparable results 

regarding peptide and protein identifications. Both analyses yielded in a similar number 

of peptides with 1934 unique peptides for the data set of transient thyrotoxicosis and 

2034 unique peptides for the second set which is only an increase of 5 % regarding the 

total number. When comparing the mean peptide identifications per protein there was 

no major difference with 4.78 peptides per protein for Q Exactive™ data and 4.59 peptides 

per protein for LTQ-Orbitrap Velos™ data. The analysis of both study sets resulted also in 

similar counts for protein identifications. The first study of transient thyrotoxicosis with a 

size of 24 samples revealed 421 proteins compared to 428 proteins in the second murine 

study from a total of 14 included samples. Protein identifications are depicted in Figure 

31. 

 

 

 

 

 

 

 

 

In total, 263 distinct proteins (60 %) were found in both studies. The proportion of classical 

plasma proteins found within the overlap was close to 62 %. Proteins identified with two 

or more peptides showed a greater overlap between both data sets. The proportion of 

secreted proteins out of these 188 proteins is closely to 73 %. 

Looking at the studies separately, the proportion of secreted proteins of the total number 

of identified proteins is rather similar in set 1 and 2 with 40 % and 44 %, respectively 

158 263 165 

set 1 set 2 

Figure 31 Venn diagrams displaying the 
number of protein identifications in both 
murine data sets. Set 1: study of experimental 
thyrotoxicosis, Set 2: study of hyper- and 
hypothyroidism induced by TH or MMI/KClO4 
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(Figure 32). 53 % and 54 % (set1 and set 2) of protein intensities correspond to secreted 

proteins emphazising that classical plasma proteins are more abundant in both sets than 

leakage proteins. 

 

According to the multiplicity of similarities, it is possible to compare both studies and their 

results. As illustrated in Figure 33 A, the analysis of the transient thyrotoxicosis study set 

resulted in 120 proteins with a fold change ≥ |1.5|. A similar statistical testing approach 

applied to the second murine data set revealed only 36 significant changes even without 

a fold change restriction. Only 26 proteins showed an alteration ≥ |1.5| between the T4 

and control group. Comparison of significantly changed proteins which were also detected 

of the respective other analysis, led to 72 proteins in set 1 and 21 in set 2 (Figure 33 B).  

 

190 238 

421 proteins 

identified secreted 
proteins 

251 170 

428 proteins 
identified  

set 1 set 2 

Figure 32 Proportion of secreted proteins (dark circles) of total protein identifications in both 
murine study sets. Set 1: study of experimental thyrotoxicosis; Set 2: study of hyper- and 
hypothyroidism induced by TH or MMI/KClO4 

Figure 33 Overlap of significantly altered proteins between T4 treated mice compared to the 
control group in both murine data sets; (A) Set 1: 120 proteins differentially abundant (T4 group 
vs. controls, Welch’s t-test, p(FDR) ≤ 0.05, FC ≥ |1.5|; Set 2: 36 proteins differentially abundant 
(T4 group vs. controls, Welch’s t-test, p ≤ 0.05); (B) same comparison but only considering proteins 
which were detected in both sample sets. Set 1: 72 proteins, Set 2: 21 proteins  

100 20 16 

set 1 set 2 

52 20 1 

set 1 set 2 

A B 
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Proteins covered in the overlap are presented in Table 20. The majority are classical 

plasma proteins like various apolipoproteins and proteins belonging to the complement 

system. Just two proteins (VCAM1_MOUSE, VGFR3_MOUSE) are described as leakage 

proteins located in the cell membrane. Except of α2-antiplasmin all proteins showed the 

same trend across both data sets, mostly revealing larger changes in the data set of 

transient thyrotoxicosis, probably due to the higher variance in the control group in set 2 

lowering the mean values per group used for fold change calculations.  

 

The observed deviations between both studies could be due to various reasons. First, 

different group sizes were considered, leading to a restricted statistical power in the 

second murine study. The transient thyrotoxicosis study had twice as much samples per 

group (n = 8). Hence, differences in protein abundances between separate groups are 

better accessible and indicate statistical significance even after accounting for multiple 

testing (Benjamini-Hochberg). Another reason might be the higher variance between 

control animals in the second set as obvious from the PCA (Figure 26) hampering statistical 

testing.  
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Table 20 Common differentially abundant proteins in both murine studies (T4 group vs. controls, 
Welch’s t-test). Light grey significant differentially abundant proteins in set 1; even though missing 
the significance threshold in set 2, they showed the same trend. 

Swissprot 

Annotation 

Description Set 1 Set 2 

p(FDR) fold 

change 

p-value fold 

change 

Apolipoproteins     

APOB_MOUSE Apolipoprotein B-100  2.74E-08 -2.80 3.92E-02 -1.83 

APOA2_MOUSE Apolipoprotein A2  3.54E-07 -3.46 1.39E-02 -1.88 

APOC1_MOUSE Apolipoprotein C1 3.63E-05 -3.76 4.50E-02 -2.06 

APOE_MOUSE Apolipoprotein E 2.23E-08 -2.96 0.0842 -1.48 

Complement system     

CO3_MOUSE Complement C3  5.81E-07 -2.36 8.11E-03 -1.82 

CFAI_MOUSE Complement factor I  1.85E-05 -1.72 3.06E-02 -1.73 

C4BPA_MOUSE C4b-binding protein  5.23E-04 -1.64 3.44E-02 -1.50 

Hyaluronan metabolic process     

ITIH3_MOUSE Inter-alpha-trypsin 

inhibitor heavy chain H3  

2.64E-05 -3.53 1.96E-02 -3.03 

ITIH1_MOUSE Inter-alpha-trypsin 

inhibitor heavy chain H1 

6.27E-04 -1.70 4.21E-02 -1.44 

ITIH4_MOUSE Inter alpha-trypsin 

inhibitor, heavy chain 4  

4.84E-03 -1.54 3.39E-02 -1.44 

Coagulation     

A2AP_MOUSE Alpha-2-antiplasmin  3.61E-04 -2.12 1.97E-02 1.17 

KNG1_MOUSE Kininogen-1  3.67E-04 -1.54 4.06E-02 -1.52 

Divergent tasks in the organism     

PHLD_MOUSE Phosphatidylinositol-

glycan-specific 

phospholipase D  

6.39E-08 -2.00 1.15E-02 -1.72 

AFAM_MOUSE Afamin  1.80E-06 -2.09 2.91E-02 -1.67 

CLUS_MOUSE Clusterin  7.08E-06 -1.75 2.72E-02 -1.33 

PON1_MOUSE Serum paraoxonase 1.36E-05 -1.84 2.63E-02 -1.85 

CHLE_MOUSE Cholinesterase  1.05E-04 -8.11 2.02E-02 -2.14 

VCAM1_MOUSE Vascular cell adhesion 

protein 1  

1.28E-03 1.52 3.03E-02 1.32 

CD5L_MOUSE CD5 antigen-like  9.48E-03 1.77 2.35E-02 1.83 

AMBP_MOUSE Protein AMBP 1.18E-02 -1.62 7.02E-03 -2.19 

VGFR3_MOUSE Vascular endothelial 

growth factor receptor 3  

1.50E-02 6.38 1.49E-02 2.33 

A2M_MOUSE Pregnancy zone protein 2.97E-07 -2.69 0.0687 -1.81 

MUP2_MOUSE Major urinary protein 2 9.83E-03 2.14 0.0601 2.72 

TRFL_Mouse Lactotransferrin 7.77E-03 -1.83 0.0857 -1.45 
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3.4 Comparison of results from human and murine studies 

A summary of the workflows and the data of the human plasma proteome study 

investigating experimentally induced thyrotoxicosis and the analogous murine proteome 

study of transient thyrotoxicosis is provided in Table 21. 

Table 21 Summary of the human study of experimentally induced thyrotoxicosis and the murine 
study of transient thyrotoxicosis and recovery. 

Species Human Mice 

Data set N = 80 N = 24 

Design 

Longitudinal study,  

16 subjects,  

5 time points per subject 

Case-and-Control samples,  

3 groups,  

8 samples per group 

Depletion 

Immunoaffinity 

chromatography 

Human MARS6 column,Agilent 

Immunoaffinity 

chromatography 

Mouse MARS3 column,Agilent 

Digestion 
 Reduction and alkylation 

 Tryptic proteolysis 

 Reduction and alkylation 

 Tryptic proteolysis 

Measurement 
LTQ-Orbitrap Velos™  

mass spectrometer 

LTQ-Orbitrap Velos™  

mass spectrometer 

Date 2013/12 2015/04 

Data preparation and analysis 
Genedata Refiner MS and 

Analyst software 

Genedata Refiner MS and 

Analyst software 

Peptide/Protein identification 

2374/512 

(437 considered for 

quantification) 

1934/421 

(363 considered for 

quantification) 

 

In the human study investigating experimentally induced thyrotoxicosis, 16 healthy young 

male volunteers were administered L-T4 over 8 weeks and blood was sampled at different 

time points covering baseline and peak concentration of T4 after 4 and 8 weeks of 

administration as well as time points after the application stopped. 

The following mouse study was inspired by the human T4 intervention study and had an 

analogous design. The mouse control group reflected the baseline levels and the T4 group 

mimicked the influence of L-T4 treatment. Samples of an additional group referred to as 

T4 recovery group were taken 2 weeks after stopping the L-T4 treatment.  
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The great benefit of the human study was a study design which implemented repeated 

measurements of the same subjects. In the murine study, repeated measurements could 

not be achieved because blood sample collection is final in rodents, thus each blood 

sample represented an individual animal. 

Apart from this aspect, both studies are comparable. For the sample measurement, an 

Orbitrap Velos™ mass spectrometer operated in data dependent acquisition mode was 

used. Following data analysis of both raw data sets contained equal steps with similar 

settings for all parameters. Annotated isotope peak clusters were summed up to peptides. 

After filtering, unique peptides per protein were summed up to generated protein 

intensities. In total, 512 human proteins were identified out of which 437 were considered 

for quantification (60 % valid values per protein across all samples). The data analysis of 

the murine plasma set yielded in 421 proteins of which 363 proteins were identified in at 

least 50 % of all samples per group. The comparison of identified proteins is displayed in 

Figure 34 and is based on the Uniprot/Swissprot annotation. All proteins were verified 

manually since homologue proteins in mouse and human can have different identifiers. 

 

 

 

 

 

 

Impact of thyroid hormones on both the murine system and humans 

T4 administration for 4 weeks (t2 compared to t1) resulted in a total of 91 proteins with 

significant different level in plasma (p-value ≤ 0.05) of human subjects. Results of the 

performed paired t-test are summarized in Supplementary table S4. In the murine system, 

120 proteins displaying significantly altered levels were detected with a Welch’s t-test 

with a corrected p-value ≤ 0.05 and an additional fold change threshold of 1.5. The 

286 151 212 

human murine 

Figure 34 Overlap of protein identifications between the human and the murine data set. 437 
proteins (at least 60 % valid values) considered for quantification in the human study (n=80) 
compared to 363 proteins considered for quantification (at least 50 % valid values per group) in 
the murine study (n=24). 151 proteins were identified in both studies. 
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number increased up to 168 proteins without restriction on the extent of change (see 

table S7 for further information). Comparison of both studies is shown in Figure 35 with 

an overlap of 30 proteins identified as differentially abundant due to T4 treatment in both 

humans and mice. 

 

 

 

 

 

 

 

 

 

An overview of individual proteins comprised in the Venn diagram overlap is given in Table 

22. Effect sizes of T4-induced alterations observed in humans were smaller than in the 

murine samples. Even with wisely chosen male volunteers, of the same age and BMI, they 

still revealed larger interindividual differences than mice. The animals were of the same 

genotype and were living in a controlled environment. In essence for most of the proteins 

demonstrating alterations in both systems the direction was inversed. This was observed 

for proteins assigned to the complement system and proteins involved in coagulation 

which increased in amount upon T4 administration in humans but displayed a reduction 

in mice. As a group, only the apolipoproteins were influenced by T4 administration in both 

humans and mice in the same way, i.e. decrease in levels following treatment.  

 

 

 

 

 

61 30 138 

human murine 

differentially abundant proteins  
in the human and murine data set 

Figure 35 Overlap of significantly altered proteins upon T4 administration between the human 
and the murine data set. Significantly changed proteins in the human study detected using a 
paired t-test (t2 vs. t1, p-value ≤ 0.05). Significantly changed proteins in the murine study were 
detected by a Welch’s t-test (p(FDR) ≤ 0.05, fold change ≥ |1.5|). 
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Table 22 Common differentially abundant proteins associated with free T4 across the human 
study of experimental thyrotoxicosis and the murine study of transient thyrotoxicosis and 
recovery. Human plasma study: p-value received from paired T-test, t1 baseline level, t2 T4 
administration for 4 weeks; Murine plasma study: p(FDR) received from Welch’s t-test. Light grey 
proteins showing inverse trend in abundance due to T4 administration. 

Protein description Human p-value / 

t2 vs. t1 

Murine p(FDR) / 

T4-group vs. controls 

Apolipoproteins   

Apolipoprotein B-100  1.09E-02   ↓ 2.74E-08   ↓ 

Apolipoprotein C3  2.67E-02   ↓ 3.87E-04   ↓ 

Apolipoprotein C4  4.20E-02   ↓ 1.52E-03   ↓ 

Apolipoprotein D  3.68E-04   ↓ 5.76E-05   ↓ 

Complement system   

Complement component C8 α chain  1.27E-03   ↑ 4.36E-05   ↓ 

Complement component C8 β chain  3.32E-03   ↑ 2.74E-05   ↓ 

Complement component C8 γ chain 1.89E-04   ↑ 2.91E-04   ↓ 

Complement factor H  1.18E-02   ↑ 6.02E-03   ↓ 

Mannan-binding lectin serine protease 2  7.40E-04   ↑ 2.19E-03   ↓ 

Coagulation   

Coagulation factor XIII B chain  1.53E-04   ↑ 1.09E-02   ↓ 

Coagulation factor IX  9.90E-05   ↑ 3.91E-02   ↓ 

Kininogen-1  6.85E-03   ↑ 3.67E-04   ↓ 

Plasma protease C1 inhibitor  1.55E-02   ↑ 1.54E-05   ↓ 

Antithrombin-III 3.08E-03   ↑ 5.01E-04   ↓ 

Fibulin-1 1.70E-02   ↑ 3.78E-04   ↑ 

Inflammatory response   

Alpha-2-HS-glycoprotein  3.44E-03   ↑ 4.57E-02   ↑ 

Fibronectin  2.86E-04   ↓ 1.34E-02   ↑ 

Vascular cell adhesion protein 1  2.64E-02   ↑ 1.28E-03   ↑ 

Extra cellular matrix proteins   

Extracellular matrix protein 1  3.35E-02   ↓ 1.67E-02   ↑ 

Lumican 1.59E-03   ↑ 5.49E-03   ↑ 

Divergent tasks within the organism   

Adiponectin  1.81E-03   ↓ 3.71E-05   ↓ 

Protein AMBP 8.62E-04   ↑ 1.18E-02   ↓ 

Buturylcholine esterase  4.69E-02   ↑ 1.05E-04   ↓ 

Inter-alpha-trypsin inhibitor heavy chain H1  2.49E-02   ↑ 6.27E-04   ↓ 

Pigment epithelium-derived factor  3.09E-03   ↑ 4.27E-02   ↓ 

N-acetylmuramoyl-L-alanine amidase  1.94E-03   ↑ 3.31E-04   ↑ 

Sulfhydryl oxidase 1  7.96E-03   ↑ 2.10E-03   ↓ 

Zinc-alpha-2-glycoprotein  1.73E-02   ↑ 2.50E-03   ↓ 

Cathelicidin antimicrobial peptide  5.47E-05   ↓ 5.48E-07   ↓ 

Abnormal spindle-like microcephaly-

associated protein  
3.24E-03   ↑ 1.76E-03   ↑ 
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Comparing depletion efficiencies across different species 

As mentioned before, plasma analysis can be challenging regarding the composition of 

the biofluid. Protein abundances in plasma cover more than 10 orders of magnitude. 

Additionally, already a few highly abundant proteins comprise more than 90 % of the total 

protein content in plasma or serum. Overcoming this drawback would allow a better 

detection of medium and low abundant proteins. Therefore, prior to mass spectrometric 

analysis, all samples were depleted using a human MARS6 column or mouse MARS3 

column for immunoaffinity chromatography with the aim to diminish the level of highly 

abundant proteins and enhance insights into the plasma proteome.  

To evaluate the effects of immunodepletion on the plasma proteome, samples were 

analyzed via LC-MS/MS (LTQ-Orbitrap Velos™ mass spectrometer) before and after this 

step. For this purpose, baseline samples of all 16 subjects of the human study investigating 

experimental induced thyrotoxicosis were used. On the other hand, 4 mouse samples 

were analyzed to assess the impact of depletion.  

First, the human depletion strategy was evaluated. Figure 36 illustrates the proportion of 

the six highest abundant proteins which were diminished via immunoaffinity 

chromatography. In part A the composition found in the literature is depicted [75], 

whereas in part B the mean intensity values calculated from the actual data set is shown. 

 

 

Figure 36 Proportion of the six highest abundant proteins depleted from human plasma via 
MARS6 immunoaffinity chromatography. (A) Reference values from literature. (B) Calculated 
mean intensity proportions of proteins from non-depleted plasma of all baseline samples of the 
study investigating experimentally induced thyrotoxicosis. 

A B 
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It is noteworthy that serum albumin was determined in a lower proportion in the data set 

than described in the literature. In fact, reference values based on calculated absolute 

amounts for serum albumin range from 50 - 60 % reflecting the vast range of acceptable, 

physiological normal levels of the protein. The proportion of serum albumin is calculated 

according the protein intensity in relation to the summed intensities of all proteins found 

in the analysis. Amounts of serum albumin ranged from 23 – 53 % with a mean value of 

37 %. One reason is certainly the signal saturation reached in the mass spectrometer for 

serum albumin peptides. Thus, intensities for these peptides are underrepresented and 

therefore underestimated. On average, serum albumin is depleted by 84 % in the samples. 

Looking at all six proteins caught by the antibodies on the MARS6 column, the targeted 

proteins were reduced by 92 % on average. 

 

According to the manufacturer’s protocol, 85-90 % of the total protein amount will be 

depleted. The reference value from literature for the proportion of the six highest 

abundant proteins in crude plasma is at about 80 %. The data set analyzed in our study 

provided an amount of 64 % for the total sum of intensities of these six proteins. After 

depletion, the proportion decreased to 10 % of the total sum of intensities. The depletion 

efficiency was not equal for all targeted proteins. On average, serum albumin decreased 

to 7.9 % whereas the portion of all other depleted proteins in the depleted plasma 

samples was below 1 %. Moreover, the variation of the depletion efficiency in the 

individual samples was surprisingly high with a range from 2.5 % up to 19 % of total 

protein intensities taken by the 6 depleted target proteins. The described variance was 

predominantly caused by the proportion of serum albumin. 

After mass spectrometric analysis, identified unique peptides in crude and depleted 

plasma across all samples were compared (Figure 37). In total, 1446 unique peptides were 

identified in undepleted plasma, whereas 1910 unique peptides could be found in 

depleted plasma. The 815 additional unique peptides in the depleted sample set clearly 

emphasized the necessity of this pre-analytical step. However, 351 peptides were only 

detected in crude plasma but not after depletion. Nearly 100 of them belong to one of the 

six depleted proteins and are therefore undesired peptides.  
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To reveal the impact of immunodepletion in murine plasma, samples of male adult 

C57BL/6 mice were analyzed before and after this step. In order to do so, only 4 specimens 

were sampled. The composition of murine plasma according to the literature [85] and 

data from the sample set are shown in Figure 38. The pieced-out part displays the 

remained proteins after depletion of the three high abundant ones. 

 

 

 

 

 

According to the literature, serum albumin, serotransferrin and IgG account for 64 % of 

the total amount. The manufacturer’s protocol indicates a depletion of 80 % of the total 

plasma protein amount, while the calculated amount of these three abundant proteins 

351 1095 815 

crude plasma depleted plasma 

# unique peptides 

97 of depleted proteins 

Figure 37 Number of unique peptides identified in depleted and crude human plasma. 1446 
peptides were identified in crude plasma; 1910 peptides were identified in depleted plasma. 97 
peptides of 351 peptides only identified in crude plasma belong to one of the six depleted 
proteins.  

Figure 38 Proportion of the three highest abundant proteins depleted from mouse plasma via 
MARS3 immunoaffinity chromatography. (A) Reference values from literature; (B) Calculated 
mean values from 4 undepleted mice samples. 

A B 
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was determined as 59 %. Serum albumin is the highest abundant protein in mice plasma 

with 54 % according to reference values for C57BL/6 mice. With a mean value for serum 

albumin in the small data set of 47 %, amount seems to be comparable. Serum albumin 

was diminished by 95 % in the depleted samples. Taking the mean of all depleted proteins, 

the efficiency rose to 96 %. Remaining portion of depleted proteins was only 1.5 % of the 

total sum of protein intensities.  

The comparison of identified unique peptides in crude and depleted plasma is displayed 

in Figure 39. In total, 1524 unique peptides were identified in undepleted plasma, whereas 

2221 unique peptides could be found in depleted plasma. The 1005 identified peptides 

solely detected in the depleted sample sets support the choice of the pre-analytical 

immunoaffinity depletion.  

 

 

Based on these findings depletion efficiency of the targeted proteins seems to be higher 

when using MARS3 columns for mice in comparison to MARS 6 columns for human 

plasma. 

308 1216 1005 

crude plasma depleted plasma 

# unique peptides 

127 of depleted proteins 

Figure 39 Number of unique peptides identified in crude and depleted murine plasmas. 1524 
peptides were identified in crude plasma; 2221 peptides identified in depleted plasma. 127 
peptides of 308 peptides only identified in crude plasma belong to one of the three depleted 
proteins. 
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3.5 Analysis of human primary hepatocytes 

The objective of the study was to examine the influence of T4 on the intracellular 

proteome and secretome of human primary hepatocytes.  

The analysis of the plasma proteome of the human study investigating experimental 

thyrotoxicosis revealed tremendous alterations in protein abundances due to L-T4 

administration. Huge parts of the identified proteins and plasma proteins in general have 

a hepatic origin. This raised the question whether the alterations of plasma protein levels 

detected are a direct consequence of effects of T4, or more precisely it’s metabolically 

more active derivative T3, on TH sensitive target genes in hepatocytes.  

As a cell of the main parenchymal tissue of the liver, hepatocytes make up 70-85 % of the 

liver mass. Hepatocytes serve as a suitable in vitro model to reflect metabolism in the 

human liver [86]. They are valuable to identify compounds that are potentially toxic to 

humans. The disadvantage is the shortage of available human liver material which can be 

overcome with cryopreserved hepatocytes. However, primary hepatocytes do not 

proliferate and lose their metabolic activity after a short time span which has to be 

considered when planning the duration of experiments. 

In this study, primary human hepatocytes of three individual donors were incubated in 

absence (controls) or presence of T4 (induced condition). To decide about the final 

experimental design regarding the concentration of T4, the application of 10 nM and 

100 nM T4 was tested. As incubation times 24 h, 48 h, and 72 h were considered.  

T4 and T3 levels within the cells could not be determined. However, gene expression of 

different known TH responsive genes was investigated using quantitative real-time PCR. 

Besides known T3 target genes like Thrsp encoding thyroid hormone-inducible hepatic 

protein and Serpine7 encoding plasminogen activator inhibitor 1, housekeeping genes 

(Hprt1) which do not differ in expression over time and are not regulated by the supplied 

T4, were considered in the PCR.  

The preliminary tests revealed 72 h induction with 10 nM T4 as supplement in the cell 

culture medium as the most promising approach. Dio1, converting the pro-hormone T4 in 

the more potent T3, showed a 2.4fold increase in mRNA abundance under those inducing 

conditions.  
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For the main experiment, total RNA and total proteins were prepared from all samples. 

For the corresponding analysis of secreted proteins, supernatant was also collected every 

24 h paralleled by media change. In total, 8 samples could be used for analysis (Figure 40). 

Samples were labeled as follows: Do1-3 for the different donor cells, Co/T4 to distinguish 

between control and induction and further either 1 or 2 when two T4-supplied samples 

per control were available. 

 

 

 

 

 

 

 

 

 

Morphology of cells 

In order to gain a first ompression of the impact of T4 treatmetn the primary human 

hepatocytes were analyzed by microscopy. The picture in the upper left corner of Figure 

41 displays the cells directly 6 h after seeding. After attachment to the collagen layer they 

developed the typical cubic cell shape and often contained two nuclei (day 1 in culture). 

Within 24h they reached confluence of more than 50 % before T4 was applied.  

The two images in the lower row show the same cells after 4 days in culture, but in 

different conditions. While the lower left image shows an untreated control, the lower 

right image represents cells after induction for 72 h with levothyroxine via T4-

supplemented medium. No major phenotypical differences could be found between 

controls and treated cells. 

Figure 40 Number of samples generated for the analysis of human primary hepatocytes. To each 
control a minimum of one T4 treated sample was obtained (for donor 2 and donor 3 two T4 
supplied samples (T4-1 and T4-2) were available). Besides preparation of total protein for the 
analysis of the intracellular proteome, supernatants were collected for secretome analysis.  



 RESULTS 
 

84 
 

 

Intracellular proteome analysis 

After protein extraction using TRIzol® preparation and in-solution digestion, the 

intracellular proteome was measured with a Q Exactive™ Orbitrap mass spectrometer. 

MS raw data were subjected to database search and intensities extracted to generate 

median normalized protein values. In total, 12403 unique peptides could be identified 

yielding in total 2747 proteins (Figure 42, s.a. Supplementary table S9). Moreover, 2679 

proteins had no missing values across all samples. When only looking at proteins identified 

with two or more peptides, 1881 proteins remained. 

Since only three biological replicates were available, statistical testing was rather 

inappropriate leading to the idea to build ratios for the comparison of the T4 induced cells 

with the controls. 

Figure 41 Light microscope images of human primary hepatocytes 6 h after seeding, at day 1 in 
culture and day 4 (72 h after induction). Cells were grown in T4-supplemented medium. Cultures 
without T4 served as controls. 

day 0 – 6 h after seeding 

day 4 in culture 
day 4 in culture – 72 h growth in T4-

supplied media 

day 1 in culture 
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PCA based on median normalized protein intensities with at least 50 % valid values across 

all samples sets provided an initial overview about the variability across the different 

donors and the control/T4 induction situation (Figure 43). The first two principle 

components covered almost 80 % of the variance in the data set. In general, a clear 

seperation between the bioreplicates became apparent. Furthermore, the marginal 

differences between the controls and the treated cells indicate only small effects of the 

treatment. 

Figure 42 Identifications of the intracellular 
proteome of human primary hepatocytes across 
all samples.  

Figure 43 Principal component analysis of the intracellular samples of human primary 
hepatocytes. Analysis was done using median normalized protein intensities with at least 50 % 
valid values across all samples. Do1-3: indicating the different donors; Co: controls; T4: thyroxine 
induction; PC Principal component 
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Despite observing changes induced by T4 compared to the controls, no consistent 

influence on proteins became visible (s.a. Supplementary table S10). General alterations 

were expected to be found in proteins regarding carbohydrate and lipid metabolism, cell 

proliferation, cytoskeletal proteins, ribosomal proteins as well as apoptosis-associated 

proteins. These protein groups were identified to be under TH control by Feng et al. and 

Weitzel et al. in hepatic gene expression studies upon T3 treatment [87,88].  

In none of these categories consistent changes between T4 induced condition and 

controls throughout the three bio-replicates could be reported. Furthermore, proteins 

which were known to be regulated by T3 were not identified (e.g. thyroid hormone-

inducible hepatic protein (Spot14)) or did not show any alteration due to T4 exposure (e.g. 

phosphoenolpyruvate carboxykinase).  

T3 induction is reported to mediate more explicit changes reflecting the higher affinity of 

T3 to nuclear TH receptors compared to T4 [89]. Lin and colleagues published data on the 

effect of T3 treatment on target gene regulation in a hepatocellular carcinoma cell line 

HepG2 with an overexpressed TH receptor α (TRα1) [90,91]. T3 modulated the expression 

of multiple genes encoding plasma protein in the cell line. Among them apolipoproteins 

of the C family, several inflammatory proteins (e.g. complement component 1, s 

subcomponent) and proteins involved in coagulation (F10, F2, prothrombin and 

fibrinogen) [90]. Comparison of the HepG2 and HepG2-TRα1 transcriptome demonstrated 

that the positive regulation of several plasma proteins depends on the level the TH 

receptors, namely TRα. This is likely an explanation for the missing alterations as primary 

hepatocytes lacked an overproduced α-receptor. 

In contrast, a study of Yen et al. investigated TR-specific hepatic gene expression profiles 

using Thra and Thrb knock-out mice showing a similar expression pattern in both knock-

out strains and the wild type mice. This would rather indicate a co-regulation of hepatic 

genes [48]. Protein signatures revealed in the human plasma proteome study included 

proteins involved in coagulation and inflammation originating from the liver. Proteins of 

the coagulation cascade and the complement system were barely identified in the analysis 

of the intracellular proteome of primary hepatocytes leaving the possibility to detect 

these in the secretome analysis. 
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Secretome analysis 

Secreted proteins constitue an important subset of plasma proteins. Due to technical 

limitations of detecting low abundant proteins in the background of serum containing 

media the analysis of the secretome usually proves rather to be difficult in normal FCS-

containing medium. Therefore, human primary hepatocytes were cultured in FCS-free 

medium, but in the presence of human serum albumin to maintain the viability of the 

cells. Proteins which were secreted by the hepatocytes were prepared from the 

supernatant. The enrichment of proteins in the supernatant using ethanol precipitation 

had the additional benefit of partly diminishing bovine serum albumin included in the cell 

culture media. Extraction of LFQ values from MaxQuant analysis yielded in a total number 

of 944 proteins across all samples. For relative quantification only proteins with 2 or less 

missing values were considered resulting in a total protein count of 735 across all samples 

out of which 138 are classically secreted proteins or proteins which are secreted under 

specific circumstances (s.a. Supplementary table S11). Detailed information for single 

replicates is listed in Table 23. 

Table 23 Protein identifications and proportion of secreted proteins for each single sample of 
the sample set. Do1-3: three different donors, Co/T4: control and T4 induced condition, T4-1/T4-
2: technical replicates of the same donor sample. 

sample 
Do1 Do2 Do3 

Co T4 Co T4-1 T4-2 Co T4-1 T4-2 

# proteins identified 703 715 804 763 776 887 887 836 

# secreted proteins 129 127 150 151 151 146 147 143 

Proportion of 

secreted proteins [%] 
18.35 17.76 18.66 19.79 19.46 16.46 16.57 17.11 

Fraction of intensity 

accounted for 

secreted proteins [%] 

54.51 53.94 68.85 70.10 70.03 50.32 49.82 55.20 

 

PCA of the secretome data was done to gain an impression of the variation between the 

different donors as well as the control and T4 induction (Figure 44). The first two principal 

components covers 79.3 % of the variance of the data set depicting a similar picture for 

the secretome compared to the intracellular proteome. Close proximity of the dots 

belonging to one donor indicates small variation between the treated and untreated cells 

wheras a clear separation and therefore large variance is visible between the individual 

human donors.  
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Although many proteins seemed to be affected by the T4 treatment only a few proteins 

revealed consistent alterations due to T4 exposure throughout the three biological 

replicates (s.a. Supplementary table S12). Fibronectin, collagen alpha-2(I) chain, and 

coagulation factor XIIIB showed increased abundance in the supernatant of T4 treated 

cells compared to the controls without T4. Follistatin revealed the strongest differences 

between the hyperthyroid statuses vs. controls with a fold change of -1.4 up to -2.4, 

displaying reduced levels of that protein in the secretome of T4 treated hepatocytes. A 

study of Tseng et al. documented a positive association of follistatin levels with free T4 

levels in serum of patients with hyperthyroidism compared to euthyroid subjects [92]. 

Opposed to the results demonstrated from the supernatant the reasons may the different 

analyzed compartment and time points.  

To ensure the comparability between the study of human primary hepatocytes and the 

human plasma studies culture media was supplemented with T4 and not T3. In all 

reported studies, the induction of a hyperthyroid status was done via T3 with the 

advantage of adding the active hormone instead of the pro-hormone T4, which might also 

be a reason for the different results of our experiments in comparison to published data. 

Figure 44 Principal component analysis of the extracellular samples of human primary 
hepatocytes. Analysis was done using the LFQ values of the MaxQuant analysis. Do1-3: indicating 
the different donors; Co: controls; T4: thyroxine induction; PC principal component 
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4 DISCUSSION 

The thyroid as the thyroid hormone (TH) producing gland plays a vital role for almost all 

tissues. Therefore, TH imbalances result in many different clinical symptoms. Most of 

these are caused by TH excess or insufficient TH amounts, namely hyperthyroidism and 

hypothyroidism. Current assessment of the TH status is based on the determination of 

TSH or the log ratio of TSH and free T4, which is defined as the gold standard for diagnostic 

tests. Under specific physiological conditions, the additional determination of free T3 is 

used for clinical diagnosis. However, the exclusive use of TH measurement has limitations 

in the clinical context. Owing the negative feedback regulation of the HPT axis, there is a 

tightly controlled individual setpoint for TSH and free TH in every individual [93,94]. 

Additionally, wide reference ranges for TSH and TH levels exist [95,96] making it difficult 

to detect subclinical thyroid dysfunctions. However, this is crucial since already milder 

forms of hormonal imbalances were found to be associated with an increased risk for 

cardiovascular events and pathological changes in bone structure. 

Another problem concerns different assay specificities [97,98]. Apart from these 

challenges the identification of rare clinical conditions which cannot be detected via 

determination of TSH and TH would fail. All these reasons emphasize the need for novel 

diagnostic clinical biomarkers of thyroid dysfunction, encouraging appropriate systematic 

screens. 

OMICS technologies are currently not frequently used for analysis of the general thyroid 

hormone action on the metabolism. Hitherto, most OMICS studies were restricted to 

animal models and analyzed T3 mediated changes in the gene expression pattern 

[87,88,99]. Other investigators used the well described hepatoma cell line HepG2 or even 

human muscle biopsies to study the effect of TH [100,101]. Based on these studies an 
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increasing number of TH targets genes could be discovered by transcriptome analyses. 

However, especially in liver transcript levels do not consequently correlate with the 

amounts of synthesized proteins which emphasizes the utility of proteome analyses. One 

example is the shotgun proteomic study of Silvestri et al. identifying T3 mediated 

alterations in the liver proteome of hypothyroid rats [70].  

The analysis of the animals’ biofluids like serum and urine using metabolomics approaches 

highlighted the extensive impact of TH in other body compartments [102–104]. In 

humans, most analyses of serum or plasma were performed more targeted. As one 

example, healthy volunteers received levothyroxine to investigate the effects of TH excess 

on coagulation and fibrinolysis [32]. The comprehensive impact of thyroid hormones on 

the plasma proteome has not been addressed yet. 

To gain insights into this compartment, a human study of experimental thyrotoxicosis was 

conducted. Young healthy male volunteers were treated with 0.25 mg/d levothyroxine for 

8 weeks to induce thyrotoxicosis. Sampling was done before the application started, 

during the treatment after 4 and 8 weeks and additionally 4 and 8 weeks after withdrawal 

of levothyroxine. The model of experimentally induced thyrotoxicosis presents a variety 

of advantages. Compared to the study of endogenous hyperthyroidism the extent and 

duration of thyroxine exposure is defined. Furthermore, the potential impact of 

comorbidities and any other potentially interfering influences on the plasma proteome 

was excluded using healthy and young subjects. In thyroid autoimmune diseases, it is 

difficult to distinguish between TH dependent effects and those related to the underlying 

autoimmune process. Therefore, in Graves’ disease, the analysis of hyperthyroidism is 

frequently complicated by disease specific effects of autoantibodies.  

As described previously, the application of levothyroxine clearly induced biochemical 

thyrotoxicosis with increased free TH levels and strongly suppressed TSH [105]. With the 

disturbance of the hormonal balance a large number of molecular alterations could be 

characterized [81]. Among them, increased levels of the known markers for TH action, sex 

hormone-binding globulin (SHBG) and cystatin C were detected.  

SHBG is a circulating protein binding the two sex hormones androgen and estrogen [106], 

long known to show increased plasma levels in hyperthyroidism [107]. SHBG levels in the 

circulation were described to be increased in hyperthyroidism in several studies [108–

110]. SHBG serum levels were also found to be elevated in children with Graves’ disease 
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[111]. On the other hand, no alteration in protein levels can be observed in patients with 

familial thyroid hormone resistance, despite their increased blood TH levels [112]. TH 

indirectly increase the SHBG production via hepatocyte nuclear factor 4α (HNF4α), which 

is a direct hepatic target gene of T3 [89]. The T3-induced increase in cellular HNF4α levels 

thereby finally drives SHBG transcription [113] resulting in increased SHBG plasma levels, 

even though the SBHG promotor lacks a typical thyroid hormone response element. 

Coincident with SHBG increased levels of cystatin C were found in hyperthyroidism 

[114,115]. Indeed, both proteins were confirmed to be up-regulated in our plasma 

proteome analysis. However, as already mentioned, the usability of both proteins as 

biomarkers of peripheral thyroid function is limited: Besides their response to TH 

imbalances they are also influenced by non-thyroidal effects. It cannot be ruled out, that 

detected SHBG level alterations are caused by type 2 diabetes, non-alcohol fatty liver 

disease or polycystic ovary syndrome instead of enhanced thyroid function [116,117]. On 

the other hand, increased cystatin C levels were linked to renal dysfunctions [118,119]. 

Besides SHBG and cystatin C, our plasma analysis revealed further remarkable alterations 

of the plasma proteome. Pearson correlation analysis detected 76 proteins whose levels 

significantly changed under thyrotoxicosis. Not surprisingly, the correlation analysis 

confirmed the strong impact of TH on proteins assigned to the coagulation cascade. 

Pathway analyses based on the IPA software assigned 35 proteins to the coagulation 

cascade, out of which 24 proteins were detected via LC-MS/MS analysis. Ten proteins 

showed a significant increase owing the direct impact of TH on coagulation-associated 

proteins. Among these were pro-coagulation factors XIII subunit B (F13B), II (F2), XI (F11) 

and IX (F9). Exemplarily, conventional ELISAs were performed for F9 and F13 yielding the 

same pattern as the proteomics derived data and thus also confirming the results. 

Many studies investigated the effect of TH imbalances on specific proteins involved in 

coagulation and fibrinolysis, but none of them did so using an untargeted approach 

[32,120-122]. Furthermore, measurement of variables refers often to activities and not 

protein abundance. The study of van Zaane et al. assessed the influence of thyrotoxicosis 

on coagulation and fibrinolysis by treatment of healthy volunteers for 14 days with a daily 

dose of 0.45 mg or 0.6 mg levothyroxine depending on the body weight. With 0.25 mg/d 

and a treatment period of 8 weeks, the study presented here differs in duration and dose 

of medication. Van Zaane et al. found increased levels of pro-coagulative factors including 
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F9 [32] which was confirmed by higher protein levels in our study, too. However, some 

observations could be confirmed by our analysis. Von Willebrand factor which was 

described several times to be increased in either protein levels or activity in a hyperthyroid 

state compared to the normal situation did not change in level in the proteome study 

presented here. Observed differences might be due to exposure time or levothyroxine 

dosing and possibly reflect different stages of thyrotoxicosis and assay specificities.  

Besides increased protein levels of clotting factors, lower levels of plasminogen were 

inversely correlated to higher free T4. Plasminogen is a proenzyme converted to its active 

form plasmin which in turn promotes fibrinolysis. Consequently, increased free T4 levels 

may induce a hypercoagulative state by interfering with the synthesis of clotting factors 

in the liver.  

Recently, it was demonstrated that patients with pathologic high free T4 levels have an 

up to 2fold risk for venous thrombosis and pulmonary embolism [120]. Therefore, lower 

levels of plasminogen may also indicate a hypofibrinolytic state. Stuijver et al. also 

demonstrated elevated plasminogen activator inhibitor I (PAI-I) levels in patients with 

endogenous hyperthyroidism. This supports the thesis of reduced fibrinolysis. Increased 

PAI-I blocks fibrinolysis, but decreased plasminogen levels may have the same effect, 

thereby contributing to the hypofibrinolytic state. PAI-I was not detected in our proteome 

analysis which unfortunately does not permit any further conclusions. 

Another interesting finding is the positive correlation of protein C inhibitor with free T4. 

As a potent inhibitor of activated protein C which prevents clot formation it does not 

display a typical protein addressed in studies with a focus on coagulation and fibrinolysis. 

By an increase of the inhibitor clot lysis by activated protein C is lowered and contributes 

to a pro-hemostatic role of elevated free T4 levels. More compact clots in hyperthyroid 

patients support this hypothesis [33]. 

In contrast, levels of antitrypsin, antithrombin-III, and α2-antiplasmin correlated positively 

with free T4 and may mirror anticoagulatory compensatory mechanisms. So far, increased 

levels of these proteins in hyperthyroid states have not been demonstrated. 

Up-regulation of various plasma proteins including clotting factors and other assigned 

proteins was documented in different studies using the differentiated hepatocellular 

carcinoma cell line HepG2 with an overproduced TRα1 [90,91]. Lin et al. observed 

increased RNA levels of fibrinogen-α, prothrombin, F2 and F10 using cDNA array analysis 
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[90]. Moreover, they demonstrated induced expression of genes encoding 

apolipoproteins of the C family whose levels were all found to be decreased in murine 

plasma. Shih and co-workers also demonstrated the ability of T3 to modulate the 

expression of genes coding for proteins involved in coagulation in HepG2 cells with 

overexpressed TRα [91]. They reported up-regulation of fibrinogen-α, prothrombin, α1-

acid glycoprotein and F10 after T3 treatment.  

Fibrinogen was the primary analyzed target of many previous studies all demonstrating 

an increase of its hepatic gene expression after addition of T3 [123–125]. Compared to 

the plasma protein changes in fibrinogen-γ and -β which were observed in the transient 

thyrotoxicosis, the former investigations mainly addressed changes in the α-chain. As the 

different chains are linked to each other by disulfide bonds and contribute equally to the 

formation of the final hexamers, there is no obvious explanation for the different results 

in the discussed studies.  

A molecular mechanism for the increase of proteins involved in coagulation is currently 

not clear, but a plausible hypothesis is gain of protein stability due to TH stimulation or 

enhanced expression of the respective genes. The latter hypothesis is supported by a 

recent study of patients with resistance in TRβ presenting with elevated free T4 levels but 

unaltered coagulation conditions and protein levels. Hence, the pro-coagulative effects 

observed in thyrotoxicosis and hyperthyroidism might be mediated through TRβ [126].  

A regulatory effect of HNF4α on blood coagulation was described for mice [127]. The use 

of liver-specific HNF4α-null mice provided evidence for the dependence of the gene 

expression of F5, F11, F12 and F13B on hepatic HNF4α. In turn, the levels and activity of 

HNF4α are regulated by several hormonal and signaling pathways among them thyroid 

hormones [128]. It could be demonstrated in hepatocytes, that TH increase the HNF4α 

mRNA and protein level [89]. In summary, increase of pro-coagulant clotting factors and 

enhanced inhibition of the protein C pathway might support a hypercoagulable state 

during thyrotoxicosis.  

After seeing such a substantial influence of TH on the plasma proteome pattern via the 

rather simple Pearson correlation analysis, a more sophisticated statistical approach was 

used. Implementation of the mixed effect linear regression model to detect free T4 

associated changes in the plasma proteome led to identification of 63 differentially 

abundant proteins. Besides the already discussed protein signature of augmented 
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coagulation, another striking signature comprised decreased apolipoprotein levels, 

namely ApoB-100, ApoD, and ApoC3.  

The influence of TH on the levels of apolipoproteins and other associated proteins has 

been shown before [23,129,130]. Already 1992, Muls et al. investigated the role of TH on 

lipid and apolipoprotein metabolism in 33 hyperthyroid patients before and after 

treatment. The data obtained with the data were compared with healthy volunteers. This 

study revealed lower levels of ApoB-100 in the untreated and treated hyperthyroid group 

as compared to the control group. While ApoA2 levels were identical through all patients, 

ApoA1 levels were lower before the treatment. The post-treated time point was not 

different from the levels in healthy subjects. In the untreated hyperthyroidism, the 

alterations in apolipoprotein levels were accompanied by a decrease of HDL-cholesterol, 

LDL-cholesterol and total cholesterol measured by clinical assays compared to both 

treated and control situation [23]. DeBruin et al. confirmed the findings regarding 

apolipoprotein B-100 when treating hypothyroid patients with levothyroxine and 

observing a decrease in total plasma ApoB-100 [130]. Another study including 18 

hypothyroid patients and 5 hyperthyroid patients showed that HDL-cholesterol, total 

cholesterol, ApoA1 and additionally ApoE decreased with the treatment of 

hypothyroidism while ApoA2 levels remained unaltered. Vice versa, it could be observed 

that lipid parameters and ApoA1 increased with the treatment of hyperthyroidism along 

with no change in ApoA2 and ApoE levels [129]. 

The strongest association with free T4 levels was found for ApoD which represents a 

rather atypical apolipoprotein [131]. It is structurally similar to proteins of the lipocalin 

family transporting lipids and small hydrophobic ligands. Circulating ApoD is mainly bound 

to HDL particles which mediate the reverse cholesterol transport (RCT) from peripheral 

tissues to the liver. As mentioned in the introduction, stimulation of the RCT through TH 

is mediated via the increased expression of genes encoding proteins involved in 

cholesterol transport and metabolism. One of these genes is SCARB1 encoding for the 

multi-ligand binding scavenger receptor class B member 1 SRB1 which binds cholesterol-

enriched HDL particles, particularly in liver [20]. Therefore, the drop of apolipoprotein D 

levels in plasma might be explained by the TH stimulated increase of hepatic HDL 

cholesterol uptake. 
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On the other hand, the decrease of ApoB-100 levels represents a direct consequence of 

TH stimulated LDL uptake from the circulating blood: ApoB-100 is mostly associated with 

VLDL and LDL particles essentially mediating systemic transport of lipids from liver to 

peripheral tissues. ApoB-100 is also the primary ligand of the LDL receptor [132]. The 

uptake of LDL particles via ApoB dependent LDL receptor binding and endocytosis is TH 

mediated. Expression of LDLR is also positively regulated by SREBP-2 which is in turn also 

induced by TH at the gene expression level [133–135]. 

The third down-regulated apolipoprotein ApoC3 is localized on the surface of mature 

triglyceride rich chylomicrons and VLDL particles. It is also associated with HDL particles 

and thereby contributes to the reverse cholesterol transport, too [132]. The uptake of 

VLDL particles is mediated via the VLDL receptor. In rodents, Jokinen et al. demonstrated 

that the gene encoding the receptor is under positive TH control [136]. Therefore, lower 

ApoC3 levels in thyrotoxicosis are part of the TH-mediated gene expression stimulation of 

VLDL receptor and SRB1.  

Besides apolipoproteins a significant drop in HDL-cholesterol, LDL-cholesterol and total 

cholesterol plasma levels could be determined in the study group by clinical standard 

laboratory measurements, thereby supporting the findings of the proteome analysis.  

Besides plasma proteome profiling untargeted metabolome analysis was performed [81]. 

In line with the known TH-mediated stimulation of lipid metabolism, lipid-related 

compounds cover the largest portion of metabolites. The increased levels of free fatty 

acids and glycerol in hyperthyroidism are explained by TH-induced induction of lipolysis 

in white adipose tissue [137].  

Another protein group altered during thyrotoxicosis includes proteins of the complement 

system. The complement system consists in over 30 soluble and surface-localized proteins 

protecting the organism against pathogens as part of the innate immune system [138]. 

Initiation of the complement activation can occur via three different pathways. The 

classical way is activated by the binding of C1q with either IgG or IgM FC regions. Then, 

C1s component of the C1qrs complex cleaves C4 and C2 into their active forms C4b and 

C2b subsequently leading to the formation of the C3 convertase. The lectin pathway is 

initiated by MBL binding to suitable bacterial carbohydrate motifs which causes activation 

of MBL-associated serine proteases, also resulting in the cleavage of C4 and C2 as 

described above. The third, so-called alternative pathway of complement activation is 
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always in an idle state and continuously activated at a low level. C3 can associate with a 

water molecule forming C3(H2O) which in turn recruits Factor D called properdin, cleaving 

Factor B into an active serine protease able to cleave C3. The resulting C3bBb convertase 

repeatedly cleaves C3 molecules. Consequently, the amplification of the C3 convertase 

step is regardless of the initial activation. Further steps include cleavage of C5 which then 

is able bind C6. The alliance of both components facilitates the subsequent binding of C7, 

C8, and several molecules of C9, all together forming the membrane attack complex 

(Figure 45). 

 

Figure 45 Schematic overview of the complement activation. The figure is copied from Mathern 
and Heeger [139]. 

 

The 11 proteins assigned to the complement system that were significantly positively 

associated with free T4 levels in the present study represent components of different 

complement activation pathways. Besides those of different complement components 
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and the complement factors H and B, the plasma levels of MBL, MASP-2, and plasma 

protease C1 inhibitor were found to be positively associated with T4. This was also the 

case for complement factor H related proteins 1 and 5, both able to bind complement 

component C3b [140]. C3 itself barely missed the statistical threshold of significance in 

the proteome analysis. However, when measuring the levels of C3 as well as C4 with 

standard laboratory tests, moderate, but significant increases of both proteins were 

detected during thyrotoxicosis. In line with the findings of the proteome analysis, one 

positively associated C3 fragment (HWESASLLR) [141] was detected among the 

metabolites. 

Hooper et al. reported ambivalent results regarding C3 [33]. Comparing patients with 

endogenous hyperthyroidism exhibiting symptoms of thyrotoxicosis for at least 2 months 

with age- and gender matched controls revealed increased C3 levels. In a short-term 

model of induced thyrotoxicosis in healthy volunteers, no elevated C3 levels were 

detected, emphasizing a crucial influence for the duration of hyperthyroidism [33]. 

Other studies found a 43 % decrease of C3 levels in hyperthyroid patients compared to 

controls and no C3 changes in hypothyroidism [142]. However, as these results were 

obtained from Chinese patients, the different ethnicity of the study groups could explain 

the different findings. Other possible explanations are different platforms for C3 

measurement. Jafarzadeh et al. demonstrated elevated serum C3 levels in hypothyroid 

women, but no increase in protein levels in hyperthyroid subjects [143]. 

The positive correlation found between TH and complement protein levels in both thyroid 

autoimmune conditions and in non-thyroidal autoimmune diseases suggests an impact of 

autoantibodies. Zhang et al. estimated the thyroid hormone levels in patients with 

multiple sclerosis and neuromyelitis [144]. Additionally, they determined the levels of C3, 

C4 and CH50 - the latter representing a screening assay which determines the activation 

of the classical complement pathway. It could be shown that TH levels correlate with C4 

levels and with the total complement activity in these patients. In line with these findings 

the proteome analysis presented here revealed increased levels of C8a, C8b, C8g and C9 

as part of the active membrane attack complex. Already earlier, the group of Oleesky et 

al. described increased C9 plasma concentrations in patients with toxic Graves’ disease 

[145]. Though, serum free T4 concentrations did not correlate with measured C9 plasma 

concentration assuming an impact of autoantibodies in the progress of the membrane 
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attack complex formation. As part of this study, healthy subjects were treated with 4 daily 

doses of 20 µg T3 for one week which did not result in a changed C9 concentration in 

serum. Nevertheless, the possibility of chronic thyroid dysfunction due to Graves’ disease 

which caused the alterations in C9 levels could not be excluded. The investigated mid-

term model of thyrotoxicosis is not compliant with a chronic condition, but the effects of 

TH seem to be time course dependent. Weetman et al. also could determine significantly 

increased terminal complement complex concentrations in patients with untreated 

Graves’ disease [146]. As mentioned before, changes in proteins assigned to the 

complement system did not seem to be related to hormonal alterations but rather to the 

appearance of autoantibodies since an increase in the terminal complement complex 

could also be observed in Hashimoto’s thyroiditis. 

MBL2 encodes for the mannose binding lectin (MBL) initiating the first step in the lectin 

pathway. In 2005, it was demonstrated that TH have a stimulating effect on the plasma 

levels of this protein [147]. Sørensen et al. used the hepatoma cell line HuH-7 to study the 

effects of T3 and T4. Treatment for 3 days resulted in significantly increased levels of MBL 

in the culture supernatant whereby T3 provided a more potent response than T4. In line 

with the protein amounts, MBL2 mRNA levels increased within 48 h of T3 application. 

These findings underline a frequently described direct effect of TH on the liver [148]. A 

more recent study reported a tight correlation between the serum levels of MBL and TH, 

indicating increased and decreased amounts of MBL in hyperthyroidism and 

hypothyroidism, respectively [149]. MBL2 represents a direct PPARα target [150,151]. 

PPARα itself belongs to a group of transcriptional co-regulators which interact with TH 

receptors after binding of TH to the latter, which might explain the increased circulating 

MBL2 levels in hyperthyroidism. The same mechanism might apply for other complement 

system proteins. 

Independent of these extensive molecular changes due to increased free T4 levels, none 

of the volunteers noticed any subjective symptoms regarding thyrotoxicosis [105]. This 

demonstrates that biochemical alterations are detectable earlier compared to clinical 

symptoms. If so, the patients with thyroid dysfunctions might not be correctly diagnosed 

in clinical routine if the disease is not yet fully clinically manifested but only detectable on 

a molecular basis. This emphasizes the importance of proteome analyses for the 
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identification of new biomarkers for investigating thyroid status beyond the use of 

classical TH and TSH. 

 

Derived from the model of experimentally induced thyrotoxicosis, an opposite study 

design was used for studying mid-term hypothyroidism. All patients included were all 

treated with L-T4 to reach an euthyroid state at baseline level. Since a complete 

withdrawal of levothyroxine was not possible due to medical and ethical aspects, 

prescription was considerably reduced to achieve a hypothyroid state. After the 

medication has been discontinued or rather reduced to achieve 70 % of the original doses, 

TSH levels increased as expected and free TH levels decreased. Therefore, molecular 

changes anticipated in this study were expected to be more limited and less pronounced 

than those seen in the thyrotoxicosis model. Another likely reason for the restricted 

number of effects is the large heterogeneity of the study group based on different age 

and BMI as well as diseases underlying the respective thyroid dysfunctions. 

The results of the measurements of HDL, LDL, as well as total cholesterol were 

inconclusive (data not shown). In fact, both overt and subclinical hypothyroidism are both 

well-known causes for hyperlipidemia, most frequently presented as 

hypercholesterolemia due to increased LDL levels [152–154]. This is often accompanied 

by elevated levels of VLDL and HDL cholesterol [155]. The expected increase in lipoprotein 

particle levels could not be confirmed in the present study, underpinning the problems 

associated with an inhomogeneous study cohort. 

In parallel, a comprehensive metabolome analysis was performed in order to identify 

metabolites influenced by the withdrawal of TH. Only minor alterations were detected, 

causing us to refrain from the idea of a whole proteome approach due to the missing 

information from the metabolome analysis.  

To get a first impression, known biochemical markers were determined. In the literature 

inconsistent information was found for cystatin C: In a study cohort of 8126 male 

participants, both hyperthyroidism and hypothyroidism were reported to be associated 

with elevated levels of the protein [156]. Small increases during hypothyroidism could also 

be detected by Goede et al. [157]. In contrast, decreased levels were determined after 

the withdrawal of T4 leading to severe hypothyroid states in 48 patients [158]. Other 
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studies of hypothyroidism also reported a slight drop in cystatin C [159,160] or the 

measured levels did not exceed the reference interval even though a trend to lower levels 

of the protein in hypothyroidism was mentioned [161]. Similar results were obtained in 

the study of Kotajuma et al. [115] where hypothyroidism was rather related to decreased 

levels of cystatin C but did not reach statistical significance, which correspond to the 

findings of the current study. The levels of measured cystatin C showed no significant 

changes when comparing the hypothyroid states (t2 and t3) with the baseline level which 

is referred to as the euthyroid state under levothyroxine administration, but there was a 

tendency towards decreased levels. 

SHBG which generally shows a strong association with free T4 did not change under 

hypothyroid conditions in the present study. Hypothyroidism was frequently associated 

with significantly decreased SHBG levels [108,162]. On the other hand, in female patients 

with severe hypothyroidism after thyroidectomy, the low TH level was accompanied with 

increased SHBG levels [163]. It could be demonstrated that under hypothyroid conditions, 

application of levothyroxine, besides adjusting an euthyroid state, also tuned the SHBG 

levels to the normal range [164]. However, SHBG shows minor age- and gender-

dependent concentrations [165,166] making it difficult to globally judge SHBG levels in 

thyroid dysfunctions. 

Another explanation for the unchanged SHBG level in hypothyroid patients is the basal 

hepatic secretion of this protein independent of TH [166]. Furthermore, a prolonged half-

live of SHBG in hypothyroidism was postulated. Brenta et al. characterized SHBG isoforms 

according to their sialic acid content. In hypothyroidism they found a higher proportion of 

more acidic SHBG isoforms which might explain the unaltered total levels of SHBG [167]. 

Fifteen patients were included in the present human hypothyroidism study. Participants 

were mostly women with different age, BMI and medical history resulting in the large 

variability of the study group. Since the hypothyroid status is induced by reduced input of 

levothyroxine but not by complete withdrawal the alterations on molecular levels were 

rather moderate. Hence, a valid conclusion regarding cystatin C and SHBG protein levels 

was not easily possible.  

One distinct protein signature detected in the model of induced thyrotoxicosis was the 

indication of augmented coagulation. It was described before that endocrine disorders 

can influence the hemostatic equilibrium [168]. TH represent one of the many factors 
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influencing hemostasis. Increased T3 and T4 levels cause coagulative abnormalities 

ranging from mild deviations in laboratory tests, thrombotic effects, and bleeding up to 

acquired von Willebrand syndrome [169]. Hyperthyroidism and mild hypothyroidism are 

reported to be associated with a hypercoagulative state, so patients are more prone to 

thrombosis. Severity of hypothyroidism plays a significant role regarding the fibrinolytic 

pattern, too [43]. In contrast, patients suffering from overt hypothyroidism are more 

vulnerable to bleeding and hypocoagulability. Small case-control studies have shown 

abnormalities in coagulation and fibrinolysis [170–172]. Increased plasma fibrinolytic 

activity resulted in decreased levels of e.g. PAI-I [173]. Biondi et al. even reported 

decreased levels of F7 and PAI-I in subclinical hypothyroidism [174], thus contradicting 

Chadarevian et al. [175]. PAI-I was not detected in the proteome analysis of induced 

thyrotoxicosis and hence we refrained from measuring PAI-I in this study. 

Regarding clotting factors in hypothyroidism, studies of Egeberg and Simone et al. from 

1963 and 1965 respectively described significant decreases in F8, F9, and F11 activities 

[40,41]. In the following years many other studies confirmed at least parts of these 

findings [30,176]. The significant abnormalities in clotting activities were often referred 

to coagulation factor VIII (F8). Alongside with that Marongiu et al. reported rare cases 

with F9 alterations [172]. F9 showed clear level alterations in our study of induced 

thyrotoxicosis with a mean increase of 18 % in the ELISA measurements. Therefore, 

analysis of this coagulation factor was also performed with the samples of the hypothyroid 

patients. The obtained ELISA data revealed an average decrease in F9 levels of 6 % 

indicating reduced coagulation. However, in summary reports about the influence of 

hypothyroidism on hemostasis are controversial [175,177]. On the one hand, low levels 

of free T4 are discussed to be associated with a hypercoagulable state. On the other hand, 

reported positive correlations between free T3 levels and F9 activities as well as increased 

levels of antithrombin-III and PAI-I suggest an increased risk of developing thrombosis 

during hypothyroidism [170]. In summary, the existing data demonstrate a wide range of 

phenotypes regarding the coagulation status in hypothyroid patients. There is no 

complete accordance, indicating the need of further analyses using a larger sample set.  
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Besides the analysis of the human plasma proteome to characterize TH associated 

physiological changes murine plasma proteome studies were also intended. The use of 

mouse models and other rodents to analyze complex pathological processes in various 

biomedical questions is common. Invasive procedures which are frequently restricted to 

animals allow for investigating organs and organ-specific mechanisms, too.  

Since there is strong evidence that TH play an essential role in virtual all tissues and 

organs, OMICS approaches are of interest in this context. Metabolomics, transcriptomics, 

and proteomics hold the promise to enable a deeper insight into the physiological 

networks in which TH are involved. The need to gain more understanding in the complex 

physiological regulation of the TH system led to increased use of such techniques in the 

last decade. Nevertheless, only few studies aimed to analyze comprehensive molecular 

alterations upon induced TH imbalances on a molecular level. As metabolically strongly 

active tissues known to be subject of TH regulation liver and skeletal muscle are frequently 

the subject of corresponding OMICS approaches [70,71,87,88,178]. Comparable data 

cannot be obtained easily in humans due to the necessary medical procedures to receive 

sample material. Ethical reasons do not permit interventional studies so that animal 

models remain as a possibility to study TH effects in tissues/ organs. 

Transcriptome analyses in rodents treated with T3 revealed a large number of well-known 

as well as novel T3 target genes [87,88]. Weitzel et al. documented 23 hepatic genes out 

of a panel of 588 distinct hepatic genes as affected by T3 [87]. Among them genes involved 

in lipid/steroid metabolism and -transport like apolipoproteins were found to be affected 

by T3. Nevertheless, the majority of genes were not primarily involved in metabolic 

function. Ribosomal genes were detected to be differentially expressed suggesting a role 

of TH in the regulation of the translation apparatus. One of the already known TH-

regulated genes was that encoding gluthatione S transferase [179] included in xenobiotic 

detoxification and defense against oxidative stress. Over all, two thirds of the genes 

significantly differentially expressed after T3 treatment showed increased mRNA levels in 

rats. In contrast, a murine cDNA microarray study reported 41 and only 14 hepatic genes 

to exhibit decreased and increased transcript levels, respectively, after TH application 

[88]. One large portion of significantly differentially expressed genes was assigned to 

carbohydrate and fatty acid metabolism. These genes include the gene coding for fatty 

acid binding protein which was already found to be TH-regulated in the study mentioned 
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earlier. Further genes are assigned to cell proliferation, signal transduction, cellular 

immunity and cytoskeletal functions. 

Species-specific differences as well as a different duration and amount of TH application 

leading to diverse serum T3 concentrations might be responsible for the partially 

inconsistent results of the two transcriptome analyses. Silvestri et al. performed a 

proteome analysis to investigate direct T3 effects on the liver as one of the primary target 

organs [70,71]. Analysis of 600 distinct spots in a 2D-PAGE analysis followed by MALDI-

TOF measurement revealed 53 proteins whose abundance changed after TH treatment. 

Proteins with functions in lipid and energy metabolism, e.g. ATP synthase, α chain), or 

detoxification, e. g. gluthatione S transferase, were affected. A large portion of these 

proteins showed decreased levels in hyperthyroid vs. hypothyroid state. According to 

that, the levels of proteins modulating urea and ammonia production in the liver 

(arginase 1, peroxisomal catalase and ornithine carbamoyltransferase) were found to be 

negatively TH correlated.  

These data supported the transcriptome analysis of Feng et al. revealing a prevalent 

negative effect of TH on gene expression [88]. In contrast, T3 application rather promoted 

an increase of specific proteins in skeletal muscle tissue [71] (whole cell content of 

gastrocnemius muscle) including elevated levels of proteins involved in substrate 

metabolism (pyruvate kinase and malate dehydrogenase) and energy metabolism 

(creatine kinase M type and ATP synthase β chain). Another prominent group constituted 

heat shock proteins while the remaining proteins have structural functions or are involved 

in translation. These differential findings highlights a rather tissue-specific proteomic 

response on TH imbalances [71].  

Proteome analyses based on mass spectrometric measurements provide the opportunity 

to identify and quantify hundreds of proteins simultaneously. Proteins represent the 

global players in the cell as they exert all vital functions in the compartment. Proteins 

which fulfill their tasks in the circulation are referred to as secreted proteins. 

In the current work, samples of two studies have been analyzed to elucidate the impact 

of thyroid dysfunction on the murine plasma proteome. The first had a similar design as 

the experimentally induced thyrotoxicosis study on humans described here. Mice were 

randomly assigned to a control group, a T4 receiving group and a T4 recovery group which 
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first received T4 followed by a subsequent TH withdrawal. This experiment allows the 

investigation of transient TH-mediated changes on the plasma proteome. 

The portion of significantly affected proteins was certainly high with 120 proteins 

exhibiting different levels between T4 and control group (28 % of all identified proteins). 

Ninety proteins did not only change during T4 application but also showed the reverse 

trend after T4 withdrawal (T4 recovery vs. T4), thereby displaying transient alterations. 

The second analysis focused on the impact of hyperthyroidism and hypothyroidism 

caused by T3 or T4 treatment and MMI/KClO4 application, respectively. The study design 

provided only a control group but no recovery groups for the different inductions. 

Obtained data revealed a less extensive impact on the plasma proteome. This was 

surprising since the thyroxine receiving group reached T3 levels of 3.5 µg/l compared to a 

T3 peak concentration of 2.5 µg/ l in the study of transient thyrotoxicosis. The T3 

treatment group reached hormone levels around 8 µg/ l after two weeks. The differences 

in the number of significantly differentially abundant proteins as well as in the effect sizes 

of the changes can be partly explained by different group sizes of 8 animals in the transient 

thyrotoxicosis study compared to only 4 or 3 animals in the second study. This resulted in 

a striking loss of statistical power in the second study. When a 50 % smaller sample size is 

used, outliers will reduce the statistical significance for certain proteins dramatically. 

Therefore, future studies should focus on a higher number of animals per group to ensure 

reliable results from animal experiments. 

In plasma, the majority of those proteins exhibiting decreased levels during TH application 

returned to baseline levels after withdrawal of thyroxine. Like in the human study of 

hyperthyroidism, particular interesting findings comprised the decreased levels of 

apolipoproteins in the hyperthyroid state reflecting the enhanced reverse cholesterol 

transport to the liver and impact on HDL-, LDL- and VLDL-particles as described above. 

Also, other rodent studies support the current results. Thus, apolipoproteins of the C 

family all represent components of chylomicrons, VLDL and HDL. The VLDL receptor seems 

to play a role in the metabolic process in muscles, as increased amounts of the receptor 

were detected in skeletal muscle in hyperthyroid rats [136]. ApoB-100 as a primary ligand 

of LDL particles demonstrated a decreased abundance, which is explained by a higher T3-

dependent expression of the LDL receptor coding gene as explained above in the context 

of the human thyrotoxicosis proteome study [14] . Indeed, originally a murine study 
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revealed the impact of the transcriptional SREBP-2 activation on LDL receptor gene 

expression [134]. 

Apolipoprotein E which is mainly found within chylomicrons is also bound via VLDL 

receptor. In rats, it could be shown in rats that the hepatic synthesis rate of ApoE 

decreased 7fold in the hyperthyroid state [180]. The opposite was observed in 

hypothyroidism were a twofold increase was described. This opposed regulation of 

apolipoprotein levels was also found in the current study in the hypothyroid mice group 

and the same underlying regulatory mechanism might therefore be postulated for 

hypothyroid human patients. 

In this regard, also alterations of prenylcysteine oxidase 1 (PCYOX) [181], an LDL-particle 

bound protein were observed. In line with the observations of HDL- and LDL-particle 

associated proteins described above, low PCYOX levels were found in the group of T3 

induced hyperthyroidism and inverse effects in the hypothyroid group. Since TH stimulate 

LDLR expression, the observed drop in protein abundance could be explained by increased 

uptake of LDL particles from the circulation in peripheral tissues. The protein is also found 

within VLDL particles [182] whose receptor is also under positive transcriptional 

regulation of TH. In summary, the influence of TH on apolipoproteins in mice seems to be 

similar to the human response, as decreased apolipoprotein levels are observed after 

treatment in both species. The opposite can be seen for hypothyroidism revealing 

increased levels.  

In contrast, proteins of the complement system displayed invers behavior in the murine 

as compared to the human model. The murine study of transient thyrotoxicosis revealed 

decreased levels of several complement components and factors in the hyperthyroid 

state. However, in the T3 group of the second murine study less clear alterations could be 

detected and even only marginal changes after T4 induction. Furthermore, the 

MMI/KClO4-induced hypothyroidism also led to a reduction of several proteins assigned 

to the complement system, although other components and factors seemed to be 

affected. In contrast, components of the different complement activation pathways were 

found to be increased in human samples (see above). 

Various analyses of the hepatic transcriptome in different murine models before and after 

T3 application failed to demonstrate differentially expressed genes encoding proteins 

assigned to the complement system [87,88,99]. One reason for this might be that the 
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immune systems of mice and humans generally differ significantly [183]. Remarkable 

discrepancies between humans and mice regarding the production of complement 

components and the regulation of complement activation were already described, which  

provides a possible explanation for inconsistent results [184]. 

A comparison of the effects of T3 and T4 on the murine plasma proteome based on the 

20 proteins altered upon both treatment conditions revealed more prominent changes 

when mice were treated with T3. This seems to reflect the greater bioavailability of T3 

compared to the pro-hormone thyroxine which has to be deiodinated before full 

biological activity is gained [89].  

Besides the apolipoproteins A2 and C1 which were discussed in detail before, only two 

other proteins, namely buturylcholine esterase (BChE) and major urinary protein 6 

(MUP- 6) exhibited a significant inverse trend in hyperthyroidism and hypothyroidism. 

BChE and MUP-6 are two secreted proteins that are very different. BChE is a classical liver 

protein whose use as a prognostic marker was discussed previously as its serum level 

decreased in several clinical conditions including inflammation and liver damage [185]. 

Hepatocellular impairment leads to the reduction of its enzymatic activity in serum, 

resulting from a drop of the plasma protein levels in acute and chronic liver damage and 

cirrhosis. In contrast, increased activity of the enzyme which hydrolyzes both choline and 

aliphatic esters was documented e.g. in obesity, diabetes and hyperlipoproteinemia 

[186,187]. Hyperlipoproteinemia is a disorder yielding in the disability to break down 

lipids, especially cholesterol and triglycerides. If there is no plausible genetic background 

the reasons for secondary hyperlipoproteinemia are the result of certain health conditions 

including hypothyroidism [188]. BChE showed significantly higher levels in the 

hypothyroid group compared to the controls, while in opposite to that, abundance of 

BChE decreased in all hyperthyroid states either in the T4 group in transient thyrotoxicosis 

or in the T3 and T4 group in the second murine study.  

BChE activity was also described to be positively correlated with serum concentrations of 

cholesterol and triglycerides [189]. In humans, cholesterol levels decreased significantly 

during thyrotoxicosis, supporting the thesis of reduced protein levels in mice. However, 

BChE protein abundance in the human study was positively associated with free T4 levels, 

showing the opposite trend as in the murine study. 
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In contrast, the major urinary protein 6 (MUP-6) displayed increased abundances in both 

hyperthyroid states induced by either T3 or T4 and reduced protein levels in the 

hypothyroid state. MUPs are members of the lipocalin superfamily with 21 distinct genes 

in mice encoding MUP proteins and additionally 21 pseudogenes [190]. Proteins of this 

family act as transport proteins, as modulators of behavior by acting as pheromone-

binding proteins, allergens to humans and so called kairomones - signaling information 

between species. Already in 1983, a connection of MUP abundance and thyroid levels was 

reported revealing a prominent effect of hormonal changes on Mup RNA levels [191]. 

Hepatic transcription of the Mup genes is dependent on both thyroxine and growth 

hormones, whereby T4 is also known to mediate transcriptional stimulation of growth 

hormone encoding genes [192]. TH withdrawal therefore leads to reduced growth 

hormone levels and influences Mup expression both directly and indirectly. However, the 

physiological functions remain to be elucidated for several MUP family members. Lately, 

the association of MUPs with the regulation of energy expenditure in mice was reported 

[193]. Data suggest that MUP-1 enhances the mitochondrial function in skeletal muscle 

causing beneficial effects on energy metabolism. Hui et al. described that induced obese, 

diabetic mice have significantly decreased levels of hepatic Mup1 mRNA compared to 

their lean littermates accompanied with reduced circulating protein concentration. 

Although MUP-1 was not detected in both data sets of the studies presented here, MUP-

2, MUP-3 and MUP-6 could be identified and quantified in at least one of the murine 

studies. Besides Mup-6, Mup-2 was shown to be elevated in the T4 group of transient 

thyrotoxicosis and the T3 group with a trend of increased abundance in the corresponding 

T4 group. Feng et al. reported an almost 4fold T3-mediated increase of Mup2 RNA in the 

liver via a cDNA array [88].  

The association of coagulative and fibrinolytic proteins with thyroid dysfunction has 

already been described in human systems or human hepatocellular carcinoma cell line 

HepG2 as well as in rodent models [32,121,122,170,194]. In the study of transient 

hyperthyroidism, TH seems to have predominantly negative regulatory effects on proteins 

of the coagulation cascade in mice (see Table 18). Several coagulation factors and other 

accompanied proteins all exhibited decreased abundance during thyrotoxicosis. Only two 

proteins (kininogen-1 and α2-macroglobulin) revealed consistent alterations in the T3 
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group of the second murine study, only kininogen-1 remained in the T4 group and no 

protein changes could be reported in the hypothyroid mice group.  

Salloum-Asfar et al. investigated the immediate and long-term effects of TH on plasma 

coagulation and hepatic gene transcription of proteins of the coagulation and found 

reduced mRNA levels of the genes encoding fibrinogen- γ, antithrombin-III, as well as 

protein C and protein Z already after 4 h of a single T3 injection [194]. Prolonged T3 

application led to a reduction of the latter three proteins and additionally led to down-

regulation of F2 (prothrombin), F9, and F10 which coincided with increased levels of F11 

and F12. Genes encoding these two proteins are established targets of HNF4α which in 

turn is transcriptionally positively regulated by TH [127]. The role of HNF4α in TH-

mediated regulation of F11 was also described by Safdar et al. [195]. In the current murine 

study protein levels of the coagulation factor XII showed no significant change in the 

hyperthyroid state compared to controls. F11 was not detected whereas the observed 

changes with decreased levels for F2, F9, and F10, correspond to the results in the plasma 

proteome study. The reduced levels of fibrinogen- γ and antithrombin-III monitored after 

4 h of T3 injection [194] were also detected after two weeks of T4 administration while 

no change was seen for protein C and protein Z. This data points towards bleeding 

tendency rather than to higher risk of thrombosis as it is more frequently described for 

hyperthyroid conditions in rodents and particularly in humans. 

Higher abundance of various plasma proteins including clotting factors and other assigned 

proteins was demonstrated in different studies using the differentiated hepatocellular 

carcinoma cell line HepG2 with an overproduced TRα1 [90,91].  

Literature-based findings regarding a T3-mediated induction of genes encoding proteins 

involved in coagulation were all described for cell lines or rats. The only exception was the 

murine study of Salloum-Asfar et al. also describing a potential transcriptional suppression 

of these genes mediated by TH resulting in decreased mRNA levels and finally enzymatic 

activities of clotting factors and other related proteins [194]. This mechanism is rather 

poorly understood, but represents a possible explanation for observed results like those 

described in the murine study of transient hyperthyroidism presented here.  

Independent of inconsistent results in the numerous studies, an important role of TH in 

the process of blood coagulation can be underlined. Rodent studies provide a very 

divergent picture of TH action in general. Study designs of animal models are very 
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sensitive to external influences and should be well thought through to prevent 

inconsequential and meaningless results. As outlined in table 18, TH administration 

mostly led to inverse changes in mice and humans as displayed by proteins involved in the 

coagulation cascade and in the complement system. However, the T4 mediated influence 

on apolipoproteins in mice is comparable with the protein response in humans. 

In summary, possible reasons for inverse outcomes regarding the influence of TH in mice 

and human plasma might be based on species-specific differences. In this context, one 

problem could be the different time courses of disease recovery in humans and mouse. 

Recently, Burhardt and Zlotnik briefly discussed the limitations of mouse models in 

inflammation as research tools [196]. The usefulness of mouse models has been 

questioned more frequently, but inbred mice are a well-established model to conduct 

disease research because the ability of studying the underlying disease mechanisms of 

complex diseases and efficiencies of administered drugs [197]. On the other hand, it is 

exactly this complexity of human diseases, the inbred nature of mouse models as well as 

the evolutional distance making translational considerations sometimes difficult. 
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CONTENT OF SUPPLEMENTARY MATERIAL 

The following additional material can be found on the attached CD. 

 

S1_Human model of experimentally induced thyrotoxicosis_Median normalized and 

adjusted data.pdf Log10, median normalized and subsequent adjusted (age, BMI, and age) 

protein intensities from all subjects and time points are presented here for all proteins 

considered for relative quantification. Proteins that were not detected are labeled NA. 

S2_Human model of experimentally induced thyrotoxicosis_Results of the Pearson 

correlation analysis.pdf Results of the Pearson correlation analysis are displayed. P-value 

and correlation coefficient r are given for each protein. Proteins with r > |0.9| are 

highlighted in bold. Additionally, proteins with r > 0.9 and r < -0.9 are marked in red and 

green, respectively.  

S3_Human model of experimentally induced thyrotoxicosis_Results of the mixed effect 

linear regression model.pdf Results of the mixed-effect linear regression model are listed. 

False discovery rate and estimate of free T4 are given for each protein. Significantly 

associated proteins are printed in bold.  

S4_Human model of experimentally induced thyrotoxicosis_Results of the paired t-

test_t2 vs. t1.pdf Results of the paired t-test analysis applied to time point t2 (4 weeks of 

L-T4 administration) and the t1 (baseline) are displayed by p-value and fold change for 

each protein. Significantly altered proteins are highlighted in bold.  

S5_Mouse model of transient thyrotoxicosis_Median normalized data.pdf Log10 and 

median normalized protein intensities from individual mice are presented here for all 

proteins considered for relative quantification. Proteins that were not detected are 

labeled NA. 

S6_Mouse model of transient thyrotoxicosis_Results of the Welchs t-tests after 

ANOVA.pdf Included are proteins significantly altered after ANOVA. Results of the 

Welch’s t-test analyses for T4 group vs. controls, T4 recovery group vs. T4 group and T4 

recovery vs. controls are listed. P-value, p(FDR) and fold change of the single group 

comparisons is given. Fold changes > 1.5 and < -1.5 are marked in red and green, 

respectively.  
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S7_Mouse model analyzing T4, T3 and MMI induced alterations_Median normalized 

data.pdf Log10 and median normalized protein intensities from individual mice are 

presented here for all proteins considered for relative quantification. Proteins that were 

not detected are labeled NA. 

S8_Mouse model analyzing T4, T3 and MMI induced alterations_Results of the Welchs 

t-tests.pdf  Results of Welch’s t-test analyses for induced hyperthyroid (T4, T3) and 

hypothyroid (MMI) state vs. controls are listed. P-value and fold change of the single 

group comparisons are given. Fold changes > 1.5 and < -1.5 are marked in red and green, 

respectively. Data that was not available is labeled NA. 

S9_Proteome analysis of human primary hepatocytes_Median normalized 

data_intracellular proteome.pdf Log10 and median normalized protein intensities from 

three donors (each control and one/two T4-treated samples) are displayed. Proteins that 

were not detected are labeled NA. 

S10_Proteome analysis of human primary hepatocytes_Impact of T4 treatment on 

intracellular protein levels.pdf Presented is the fold change of T4 treated sample vs. the 

respective control of each donor calculated from the median normalized protein intensity 

of each given protein. Proteins with a fold change > 1.5 are highlighed in red boxes, 

proteins with a fold change < -1.5 are highlighed in green boxes. 

S11_Proteome analysis of human primary hepatocytes_LFQ values of MaxQuant 

analysis_secretome.pdf Generated LFQ values representing normalized quantities for all 

proteins from three donors (each control and one or two T4-treated samples) are 

displayed. Only proteins considered for relative quantification (proteins with less than two 

missing values across all samples) are presented. Proteins that were not detected are 

labeled NA. 

S12_Proteome analysis of human primary hepatocytes_Impact of T4 treatment on 

extracellular protein levels.pdf Presented is the fold change of T4 treated sample vs. the 

respective control of each donor calculated from the median normalized protein intensity 

of each given protein. Proteins with a fold change > 1.5 are highlighed in red boxes, 

proteins with a fold change < -1.5 are highlighed in green boxes. 
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