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SUMMARY 

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

ƘƻǊƳƻƴŜǎ ό¢IύΥ оΣоΩΣр-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 җ μлΦфμΦ hƴŜ ǇǊƻƳƛƴŜƴǘ ǎƛƎƴŀǘǳǊŜ 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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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-ǘƘȅǊƻȄƛƴŜ ό¢пύ ŀƴŘ оΣоΩΣр-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) ¢оΥ оΣоΩΣр-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) ς 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 

оΣоΩΣр-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+/Iτsymporter and shuttled across the apical membrane 

IȅǇƻǘƘŀƭŀƳǳǎ 

¢wI 

!ƴǘŜǊƛƻǊ ǇƛǘǳƛǘŀǊȅ 

¢{I 

¢ƘȅǊƻƛŘ ƎƭŀƴŘ 

¢{I Ҍ 

¢wI Ҍ 

¢п Ҍ ¢о 

tŜǊƛǇƘŜǊŀƭ ǘƛǎǎǳŜǎ 

¢о π 

¢о π 

¢п ¢о 

Ǌ¢о 

Dio1/2 
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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. 

TRh 1, TR̡1 and TR̡2 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 TRh 1 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 PPARh 

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 т -hhydroxylase. 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 

ǿƻǊƭŘΩǎ ǇƻǇǳƭŀǘƛƻƴ ƭƛǾŜ ƛƴ ŀǊŜŀǎ ǿƘŜǊŜ ǘƘŜ Řŀƛƭȅ ƛƻŘƛƴŜ ƛƴǘŀƪŜ ƛǎ ғ 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 ƛǎ DǊŀǾŜǎΩ ŘƛǎŜŀǎŜΦ 

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 ʰ ŀƴŘ ʲ, thereby influencing 

cardiac contractile function [25ς27]. 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, 
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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, IŀǎƘƛƳƻǘƻΩǎ ǘƘȅǊƻiditis 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 ǿƛǘƘ IŀǎƘƛƳƻǘƻΩǎ 

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

already mentioned in the context of DǊŀǾŜΩǎ ŘƛǎŜŀǎŜΣ ōǳǘ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ƻŦ ōƭƻŎƪƛƴƎ ǘƘŜ 

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 

ǎǇŜŎƛŦƛŎ ǇƘŜƴƻǘȅǇŜǎ ŜΦƎΦ ǘƘŜ ǇŀǘƘƻƭƻƎȅ ƻŦ DǊŀǾŜǎΩ ƻǊōƛǘƻǇŀǘƘȅ ƻǊ ǘƘȅǊƻƛŘ ŎŀƴŎŜǊ ŀƴŘ 

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) Ω[ƻŎŀƭΩ ǊŜŎŜǇǘƻǊ ƭƛƎŀƴŘǎ 

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

Ψ¢ŜƳǇƻǊŀǊȅΩ ǇŀǎǎŜƴƎŜǊǎ 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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2.1 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. 

IŀǎƘƛƳƻǘƻΩǎ ǘƘȅǊƻƛŘƛǘƛǎ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ŎƘǊƻƴƛŎ ƭȅƳǇƘƻŎȅǘƛŎ ǘƘȅǊƻƛditis caused the 

condition in 13 cases. The remaining two patients suffered ŦǊƻƳ DǊŀǾŜǎΩ ŘƛǎŜŀǎŜ ŀƭǎƻ 

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 -ɹglutamyl 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 ɹ -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 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ όǎŜŜ 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 

9[L{! ƪƛǘΣ !ǎǎŀȅaŀȄϰ ƘǳƳŀƴ ŦŀŎǘƻǊ L· 

(Cat. # EF009-1) 

Assaypro, St. Charles, MO, USA 

9[L{! ƪƛǘΣ !ǎǎŀȅaŀȄϰ ƘǳƳŀƴ ŦŀŎǘƻǊ ·LLL  

(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)  

{ǀǊŜƴǎŜƴϰ 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 

!ŎŎƭŀƛƳϰ 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-hǊōƛǘǊŀǇ ±ŜƭƻǎϰΣ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘŜǊ 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 

bŀƴƻǎǇǊŀȅ CƭŜȄϰ Lƻƴ ǎƻǳǊŎŜ Thermo Fisher Scientific Inc., Waltham, MA, USA 

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

TriVersa NanoMate Advion Inc., Ithaca, NY, USA  

v 9ȄŀŎǘƛǾŜϰ hrbitrap, 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 ς 10.0.3 Genedata AG, Basel, Switzerland 

Genedata Analyst Version 7.6.6 ς 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 spectrometric 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 ό!ǎǎŀȅaŀȄϰ ƘǳƳŀn 

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 (!ǎǎŀȅaŀȄϰ ƘǳƳŀƴ 

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 

manufacturŜǊΩǎ ǇǊƻǘƻŎƻƭΦ .ǊƛŜŦƭȅΣ ŀ ƘǳƳŀƴ ŦŀŎǘƻǊ L· ǎǘŀƴŘŀǊŘ ǎƻƭǳǘƛƻƴ όмлл 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 

Varioskanϰ CƭŀǎƘ ǇƭŀǘŜ ǊŜŀŘŜǊ. 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 ǘƘŜ ƘǳƳŀƴ ƘŜǇŀǘƻŎȅǘŜǎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ όYŀ[ȅ-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). 

 

ὧὩὰὰί ὴὩὶ ʈὰ
ὧὩὰὰ ὧέόὲὸ

ρ άά  ὥὶὩὥ ὼ πȢρ άά ὨὩὴὸὬ 
 ὼ ς ὨὭὰόὸὭέὲ έὪ Ὕὶώὴὥὲ ὦὰόὩ 

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, 

ƛƳƳǳƴƻƎƭƻōǳƭƛƴ DΣ ƛƳƳǳƴƻƎƭƻōǳƭƛƴ aΣ ƘŀǇǘƻƎƭƻōƛƴ ŀƴŘ ʰм-antitrypsin) was performed 

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

ƳŀƴǳŦŀŎǘǳǊŜΩǎ 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 ς 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 ŀ v 9ȄŀŎǘƛǾŜϰ hǊōƛǘǊŀǇ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘŜǊΦ ¢ƘŜ 

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 Velosϰ mass spectrometer. 

Analysis ƻŦ ǘǊȅǇǘƛŎ ǇŜǇǘƛŘŜǎ ǳǎƛƴƎ ŀ v 9ȄŀŎǘƛǾŜϰ hǊōƛǘǊŀǇ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘŜǊ  

Mass spectrometric data acquisition ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƻƴ ŀ v 9ȄŀŎǘƛǾŜϰ hǊōƛǘǊŀǇ mass 

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

ionization a TriVersa NanoMate nano source or a Nanospray Flexϰ 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 9ȄŀŎǘƛǾŜϰ hǊōƛǘǊŀǇ a{ 
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 җ Ҍн ǿŜǊŜ ǎŜƭŜŎǘŜŘ ŦƻǊ 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 Velosϰ mass spectrometer  

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

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-hǊōƛǘǊŀǇ ±Ŝƭƻǎϰ a{ ƳŜŀǎǳǊŜƳŜƴǘǎ. 

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 ς 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 
±Ŝƭƻǎϰ a{. 

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 

vǳŀƭƛǘȅ ŎƻƴǘǊƻƭ ǳǎƛƴƎ ·/ŀƭƛōǳǊϰ ǎƻŦǘǿŀǊŜ 

!ŦǘŜǊ ƳŜŀǎǳǊŜƳŜƴǘΣ ƻōǘŀƛƴŜŘ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ǿŜǊŜ ŎƘŜŎƪŜŘ Ǿƛǎǳŀƭƭȅ ǳǎƛƴƎ ǘƘŜ ·/ŀƭƛōǳǊϰ 

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 

±Ŝƭƻǎϰ 

LTQ-Orbitrap 

±Ŝƭƻǎϰ 

v 9ȄŀŎǘƛǾŜϰ 

Orbitrap 

v 9ȄŀŎǘƛǾŜϰ 

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 Lƻƴ ǎŎƻǊŜ җ нл 

Rank = 1 

Lƻƴ ǎŎƻǊŜ җ нл 

Rank = 1 

C5w Җ м ҈ C5w Җ м ҈ 

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-hǊōƛǘǊŀǇϰ ±Ŝƭƻǎ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘŜǊ ǎŜŀǊŎƘŜǎ ŀ ǇŜǇǘƛŘŜ 

tolerance of 10 ppm and a fragment mass tolerance of 0.6 Da were used. For data 
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ƎŜƴŜǊŀǘŜŘ ǿƛǘƘ ŀ v 9ȄŀŎǘƛǾŜϰ hǊōƛǘǊŀǇ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘŜǊ ǘƘŜǎŜ ǎŜǘǘƛƴƎǎ ǿere 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 hepatocytesΩ ǎǳǇŜǊƴŀǘŀƴǘ (set 4 b) generated with a v 9ȄŀŎǘƛǾŜϰ hǊōƛǘǊŀǇ 

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. ¢ƘŜ ΨƳŀǘŎƘ ōŜǘǿŜŜƴ ǊǳƴΩ ǘƛƳŜ ǿƛƴŘƻǿ ŦƻǊ ǘƘŜ ǘǊŀƴǎŦŜǊ ƻŦ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴǎ ǿŀǎ 

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 

ǿŜǊŜ ǾŀƭƛŘŀǘŜŘ ōŀǎŜŘ ƻƴ ǘƘŜ ŘŜŦƛƴŜŘ ǎŜŀǊŎƘ ǎŎƻǊŜǎ όƛƻƴ ǎŎƻǊŜ җ нлΣ ǇŜǇǘƛŘŜ Ǌŀƴƪ Ґ мύΦ !ŦǘŜǊ 

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 

Җ 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-ǾŀƭǳŜ Җ 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 

WelchΩǎ t-test and a significance threshold of p-value (FDR) Җ 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 

ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ hŎŎŀƳΩǎ ǊŀȊƻǊ ǇǊƛƴŎƛǇƭŜΦ !ƭǎƻΣ ǇŜǇǘƛŘŜǎ ǿƘƛŎƘ ŀǊŜ ǎƘŀǊŜŘ ŀŎǊƻǎǎ ŘƛŦŦŜǊŜƴǘ 

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 WelchΩǎ t-test. 

Proteins were regarded as significant with a p-ǾŀƭǳŜ Җ 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 ŘŀǘŀōŀǎŜ όάLƴƎŜƴǳƛǘȅ ƪƴƻǿƭŜŘƎŜ ōŀǎŜέύΣ genes were grouped into 

functional categories. Significance of the enrichment of proteins among functional 

categories was assessed via CƛǎƘŜǊΩǎ ŜȄŀŎǘ ǘŜǎǘ. 
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3 w9{¦[¢{ 

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| җ 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 җ |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|  җ 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 < 0.0001ύ ǳǎƛƴƎ ²ŜƭŎƘΩǎ ǘ-test. Other 

detected coagulation factors (F7, F10, F12, F13A) showed no significant correlation with 

free T4 whereas protein C inhibitor (SERPINA5), antithrombin IIL ό{9wtLb/мύ ŀƴŘ ʰ2-

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 = ς0.976). 

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|  җ 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 җ 0.9 
(dark red); r җ 0.8 (light red); r Җ ς0.9 (green). Gray boxes: proteins were covered by the analysis, 
but displayed no significant correlation (0.8 җ r җ ς0.8). A2M h 2ςmacroglobulin, F2 coagulation 
factor II, FG fibrinogen, KLKB1a plasma kallikrein, PLG plasminogen, SERPINA1 1hςantitrypsin, 
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 җ 0.9 and 

additionally 3 proteins with r җ 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 җ |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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