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1  ZUSAMMENFASSUNG 

Der Schilddrüse kommt als der größten endokrinen Düse eine Schlüsselrolle im humanen 

Metabolismus zu. Ihre wesentlichen Sekretionsprodukte, L-Thyroxin (T4) und 3,3‘,5-Triiod-L-thyronin 

(T3), erfüllen dabei zwei maßgebliche Aufgaben. Als potente Wachstumsfaktoren sind sie wesentlich 

für die zeitgerechte Differenzierung von Geweben in der Entwicklung hin zum adulten Organismus. 

Darüber hinaus dienen sie als Regulatoren vielfältiger zellulärer (u.a. metabolischer) Prozesse und 

sind somit essentiell für die Funktion fast aller Organe. Die Schilddrüse selbst wird dabei über 

Thyrotropin (TSH) aus dem Hypothalamus zur Hormonausschüttung angeregt. Dabei wirken erhöhte 

Konzentrationen des freien T4 (FT4) im Blut hemmend auf die TSH-Ausschüttung. Auf dem 

resultierenden hochsensitiven negativen Rückkopplungsmechanismus basieren diagnostische 

Verfahren zur Abschätzung der Schilddrüsenfunktion, die in der klinischen Praxis von zentraler 

Bedeutung sind. 

Im Laufe der letzten beiden Dekaden erfuhren die Konzepte zu Funktion und Regulation der 

Schilddrüsenhormone eine erhebliche Zunahme an Komplexität. Die neugewonnen Erkenntnisse 

beruhten dabei aber fast ausschließlich auf Zell-, Gewebs- und Tiermodellen oder wurden von 

Untersuchungen am Menschen abgeleitet, die durch spezifische Hypothesen getriebenen waren. 

Eine umfassende Charakterisierung von metabolischen Effekten sowohl der klassischen als auch 

nicht-klassischen Schilddrüsenhormone im humanen System liegt bisher nicht vor. 

Dies gilt insbesondere für „neuartige“ Hormone, wie etwa 3,5-Diiodthyronin (3,5-T2), die bisher 

als inaktive Abbauprodukte von T3 und T4 angesehen wurden. Im Gegensatz zu dieser Auffassung 

stehen Beobachtungen aus eine Reihe von Tierversuchen in denen die Applikation von 3,5-T2 

beachtliche metabolische Effekte erzielte, darunter die Verminderung der negativen Effekte einer 

fettreichen Diät oder gar die Auflösung einer hepatischen Steatose. Um eine mögliche 

Übertragbarkeit dieser Ergebnisse auf den Menschen zu prüfen, wurden im Rahmen der 

vorliegenden Dissertation umfangreiche Daten aus der populationsbasierten epidemiologischen 

Querschnittsstudie Study of Health in Pomerania (SHIP) ausgewertet. SHIP ist derzeit die 

umfangreichste Studie zur Wirkung von 3,5-T2 im Menschen. Nicht-lineare Assoziationen zu den 

Serumkonzentrationen von Glukose und TSH konnten dabei innerhalb einer schilddrüsengesunden 

Untergruppe (N=761) beobachtet werden. Während erstere auf eine mögliche Rolle von 3,5-T2 im 

Glukosestoffwechsel hinweist, deutet letztere auf eine mögliche Implikation von 3,5-T2 in die 

Feedback-Regulation von Schilddrüsenhormonen hin, die sich durch den Einschluss von Probanden 

mit auffälligen Schilddrüsenparametern weiter erhärtete. Somit konnten Ergebnisse aus 

verschiedenen Tierversuchen partiell im Menschen validiert werden. Im Gegensatz dazu stellten 

fehlende Assoziationen zu anthropometrischen Markern oder Lipiden im Blut die Übertragbarkeit der 

positiven metabolischen Effekte aus dem Tierversuch auf den Menschen, die das Interesse an 3,5-T2 
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im Wesentlichen begründen, in Frage. Eine mögliche Ursache für diese Diskrepanz lässt sich aus den 

verwendeten Dosen von 3,5-T2 im Tierversuch ableiten, da sie endogene physiologische 

Konzentrationen bei weitem überstiegen.  

Neben derartigen klassischen Assoziationsstudien in der epidemiologischen Forschung 

erlauben spektroskopische Verfahren eine vertiefte Phänotypisierung von Blut- und Urinproben bis 

hin zur Auflösung molekularer Signalwege. Die Erfassung der niedermolekularen Zusammensetzung 

von Biofluiden wird dabei als Metabolomik bezeichnet. Auf Basis solcher Daten lassen sich 

molekulare Profile ableiten, die zum einem charakteristisch für endogene Regulatoren (z.B. 

Hormone) sind als auch Rückschlüsse über deren metabolischen Relevanz zulassen. Aufbauend auf 

Spektraldaten von Urinproben aus SHIP wurden daher im zweiten Teil der vorliegenden Dissertation 

solch metabolische Profile für FT4, TSH sowie deren Verhältnis (log(TSH)/FT4) als Marker der 

Schilddrüsenfunktion untersucht. Neben der Identifizierung metabolischer Prozesse, die durch 

Schilddrüsenhormone moduliert werden, erlaubte dieser umfassende Ansatz die Evaluierung als 

redundant beschriebener diagnostischer Marker der Schilddrüsenfunktion. Die Analysen offenbarten 

eine unerwartete Diskrepanz zwischen den metabolischen Profilen von FT4 und TSH, welche partiell 

über die Betrachtung des Verhältnisses zwischen beiden aufgelöst werden konnte. Dieser Befund 

unterstreicht die Relevanz der gemeinsamen Betrachtung von TSH und FT4 zur Beurteilung der 

Schilddrüsenfunktion und argumentiert somit für einen ganzheitlichen diagnostischen Ansatz. Das 

Profil des FT4 war dabei assoziiert mit einer verminderten Exkretion verschiedener Aminosäuren 

sowie Citrat, Format und Ethanolamin über den Urin, wohingegen Intermediate des Tyrosin-

Stoffwechsels, u.a. Hippursäure, mit Änderungen im TSH assoziiert waren. 

Die Vorteile des verwendeten Metabolomik-Ansatzes wurden im dritten in der vorliegenden 

Arbeit beschriebenen Projekt genutzt, um sowohl einerseits Effekte von 3,5-T2 detaillierter zu 

analysieren als auch andererseits der Frage nach einer T3/T4 unabhängigen Wirkung von 3,5-T2 auf 

den Metabolismus nachzugehen. Die Analyse von SHIP-Daten ergab eine Reihe von Assoziationen, 

welche für eine mögliche metabolische Relevanz von 3,5-T2 sprechen. Ein Anstieg des Ketonkörpers 

Aceton mit steigendem 3,5-T2 im Serum könnte eine Stimulation der Oxidation von Fettsäuren 

anzeigen. Zudem war mit Pyroglutamin ein Mitglied des γ-glutamyl-Zyklus, dem eine essentielle Rolle 

in der Regulation der anti-oxidativen Kapazität der Zelle zukommt, mit 3,5-T2 assoziiert. Völlig 

unerwartet zeigte sich eine besonders starke Assoziation der 3,5-T2-Spiegels mit Trigonellin, einem 

Metaboliten, für den in Tierversuchen eine ähnlich positive Wirkung auf den Glukosestoffwechsel 

beschrieben wurde wie für 3,5-T2. Dieser Befund ist von besonderem Interesse, da sich aus der 

bestehenden Literatur keine plausiblen Hypothesen zur Erklärung ableiten ließen. Im Vergleich zu 

den metabolischen Profilen von FT4 und TSH aus dem vorherigen Abschnitt stellte die Hippursäure 

eine Überschneidung dar, die sich mitunter aus der thyromimetischen Wirkung von 3,5-T2 auf das 
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TSH aus dem ersten Teilprojekt begründen ließe, jedoch TSH-unabhängig war, was die Komplexität 

der Thematik erneut unterstreicht.  

Die Diagnose von Schilddrüsenerkrankungen anhand von TSH und FT4 ist besonders in 

subklinischen Stadien aufgrund der großen Schwankungsbreite beider Parameter in der 

Allgemeinbevölkerung nur unzureichend sensitiv. Zudem ist bei einer Reihe seltener Erkrankungen, 

wie etwa der Resistenz gegenüber Schilddrüsenhormonen, die sonst beschriebene inverse Beziehung 

zwischen TSH und FT4 nicht zu beobachten. Beide Punkte stellen eine wesentliche Lücke in der 

Diagnostik von Schilddrüsenerkrankungen dar. So sind bereits subklinische Formen mit 

kardiovaskulären Komplikationen assoziiert. Die Entwicklung komplementärer diagnostischer 

Algorithmen ist somit von besonderer Relevanz. Auf der Suche nach neuen peripheren Biomarkern 

der Schilddrüsenfunktion wurden daher im Rahmen der vorliegenden 16 gesunde junge Männer über 

acht Wochen mit einer täglichen Dosis von 250 µg des Schilddrüsenhormonäquivalents Levothyroxin 

(L-T4) behandelt. Innerhalb einer anschließenden achtwöchigen Normalisierungsphase konnte zudem 

die Persistenz bzw. Rückläufigkeit der Veränderungen beurteilt werden. Das gewählte Studiendesign 

erlaubte die Charakterisierung peripherer Signaturen der Schilddrüsenfunktion, wobei eine 

Verfälschung durch Begleiterkrankungen, wie sie beim Studium von Hyperthyreose-Patienten immer 

in Betracht gezogen werden muss, ausgeschlossen werden konnte. Obwohl das subjektive 

Wohlbefinden der Probanden nicht beeinträchtigt war, offenbarte die massenspektrometrische 

Charakterisierung von Metabolom und Proteom der zu verschiedenen Zeitpunkten gesammelten 

Plasma-Proben erhebliche molekulare Veränderungen. Als physiologische Signaturen ließen sich eine 

Erhöhung des Gesamtenergieumsatzes, die verstärkte systemische Abwehr gegen oxidativen Stress, 

eine Absenkung der Konzentration verschiedener zirkulierender Lipidpartikel sowie eine erhöhte 

Abundanz von Proteinen der Koagulationskaskade und des Komplementsystems definieren. Von 

klinischer Bedeutung im engeren Sinne könnten gegenläufige Veränderungen von Markern der 

Nierenfunktion (sinkende Serumspiegel des Kreatinins bei steigendem Cystatin C-Spiegel) wie auch 

die Akkumulation eines kardiovaskulären Risikofaktors, des asymmetrischen Dimethylarginins 

(ADMA), sein. Um aus diesen Verschiebungen der Plasmaprofile von Makromolekülen wie auch 

niedermolekularen  Verbindungen eine diagnostische Signatur der Schilddrüsenfunktion zu 

extrahieren, wurden Random Forest-Analysen verwendet und über ein zweistufiges 

Kreuzvalidierungsschema evaluiert. Eine Auswahl von 15 Metaboliten bzw. Proteinen erlaubte eine 

gute und robuste Klassifikation des Schilddrüsenstatus unabhängig von TSH- und FT4-Bestimmungen. 

Diese Signatur hat zunächst Proof-of-Principle-Charakter, weist aber auf Möglichkeiten der 

individualisierten Diagnose und Therapie von Schilddrüsenerkrankungen hin. 

Im Rahmen dieser Arbeit konnte die besondere Eignung von Metabolom-Analysen zur 

Identifizierung von Schilddrüsenhormon-abhängigen Stoffwechselwegen erfolgreich in humanen 
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Studien, sowohl im klassischen epidemiologischen Design als auch im kontrollierten Interventions-

Experiment, demonstriert werden. Neben den etablierten Hormonen im Kontext der 

Schilddrüsenfunktion galt das auch für das „neuartige“ Hormon 3,5-T2. Damit trägt diese Arbeit zur 

Erweiterung des Verständnisses der metabolischen Relevanz der Schilddrüse im Gesamtorganismus 

bei. Im Hinblick auf die klinische Diagnostik von Schilddrüsenerkrankungen unterstreichen die 

Ergebnisse der Arbeit zwei wichtige Aspekte: Zum einen die Notwendigkeit einer integrativen 

Betrachtung von TSH und FT4 zur Beurteilung der Schilddrüsenfunktion, zum anderen die Möglichkeit 

einer individualisierten Charakterisierung der Schilddrüsenfunktion durch die Analyse molekularer 

Signaturen auf der Basis peripherer Marker.   
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2  SUMMARY 

The thyroid gland is of crucial importance in human metabolism. Its main secretion products, 

L-thyroxine (T4) and 3,3’,5-triiodo-L-thyronine (T3), are essential for proper development of multiple 

tissues and organs as well as for their functioning in the adult organism. The secretion of thyroid 

hormones (TH) is stimulated by thyrotropin (TSH) released from the pituitary gland. Circulating free 

(non-protein bound) T4 (FT4) in turn represses TSH production in the pituitary gland and hence 

establishes a sensitive negative feedback loop. This tight connection between both hormones is of 

crucial importance for the clinical diagnosis of thyroid dysfunction. 

During the last two decades the concept of TH action developed to increased complexity. 

However, most of the recent advances in the field of TH research are based either on cell culture, 

tissue or animal models or stem from studies investigating specific hypotheses in humans. Thus, 

experimental approaches for the comprehensive, hypothesis-free characterization of metabolic 

effects of classical and non-classical TH in human are urgently needed.  

This holds true in particular for the TH derivative 3,5-diiodothyronine (3,5-T2) which exerted 

remarkable effects in animal models. It was described to alleviate the typical detrimental metabolic 

consequences of a high-fat diet and even reversed hepatic steatosis. To replicate these experimental 

findings from rodents in humans, comprehensive data from the population-based Study of Health in 

Pomerania (SHIP) was analyzed in the present work. The corresponding association study represents 

the largest study with respect to 3,5-T2 in humans until now (October 2016). Based on a euthyroid, 

diabetes-free SHIP-subsample (N=761), non-linear associations between the serum concentrations of 

3,5-T2 and glucose as well as TSH were detected. This findings support an involvement of 3,5-T2 in 

glucose metabolism and the feedback regulation of TH. The latter was further strengthened by the 

inclusion of participants with conspicuous thyroid function parameters. These results partially 

replicated observations from animal models. In contrast, no significant 3,5-T2 associations with 

several anthropometric markers or blood lipid parameters were observed, partially questioning the 

transferability of the beneficial metabolic 3,5-T2 effects reported for pharmacological intervention 

studies on rodents to humans. This discrepancy might be explained by the high doses of 3,5-T2 used 

in the rodent trials that strongly exceeded endogenous concentrations. 

Recent advances in technological development now allow for the use of high-throughput 

spectrometric platforms to characterize the small molecule content (metabolome) of blood and urine 

samples of population-based cohorts. The detected metabolome constituents can be associated with 

any relevant parameters of interest, thereby extending the scope of classical association studies 

solely based on clinically relevant phenotypes which represent the typical analytical tool of 

epidemiological research. In contrast to the latter, metabolomics-based deep phenotyping down to 

the molecular level enables the characterization of specific metabolite profiles associated with the 
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levels of endogenous regulatory molecules like TH. Therefore, in the second part of the present 

thesis, the metabolic fingerprints of FT4, TSH as well as the ratio log(TSH)/FT4 as markers of thyroid 

function were profiled by 1H-NMR spectroscopy of urine specimen from SHIP. This hypothesis-free 

approach allowed for the identification of TH-associated molecular signatures in an epidemiological 

setting. Furthermore, it facilitated the dissection of the effects of putatively redundant markers of 

thyroid function. Indeed, strong differences between the metabolic fingerprints of FT4 and TSH were 

observed, partially alleviated by the log(TSH)/FT4 ratio. These findings not only emphasize the high 

diagnostic value of the combined evaluation of TSH and FT4 in the assessment of thyroid function but 

additionally argue for a holistic approach in the diagnosis of thyroid function. The metabolic profile of 

FT4 was characterized by decreased urinary excretion of various amino acids, citrate, formate and 

ethanolamine with increasing FT4, whereas alterations in TSH showed associations with members of 

tyrosine metabolism, including hippurate. 

The ability of metabolomics techniques to extent the classical phenotyping to the molecular 

level was also used in the third project presented here as part of this thesis. More moderate 

endogenous effects of 3,5-T2 were evaluated by comparing its urinary metabolic fingerprint with that 

of the classical TH. Using the same SHIP-study sample as in the first project, a number of associations 

became apparent, indicating a function of endogenous 3,5-T2 in intermediary metabolism. An 

increase of the ketone body acetone with increasing serum 3,5-T2 levels might be based on a 3,5-T2–

dependent stimulation of fatty acid oxidation. Fittingly, pyroglutamine, a member of the γ-glutamyl 

cycle, was positively associated with 3,5-T2: Increased production of reactive oxygen species as a 

consequence of higher respiratory chain activity due to stimulated fatty acid oxidation might trigger 

the γ-glutamyl cycle in order to increase the production of the essential anti-oxidant glutathione. 

Finally, the strongest 3,5-T2-association was observed with trigonelline, a metabolite described 

earlier to exhibit similar beneficial effects as 3,5-T2 on glucose metabolism when used as a 

pharmacological agent in animal studies. All these as well as related effects were partially supported 

by animal models. An association towards hippurate indicated a partial overlap with the metabolic 

profile of TSH and hence consolidated results from the first two projects in the sense of a 

thyromimetic role of 3,5-T2 in the feedback regulation of TH.  

The diagnosis of thyroid disorders based on the classical markers TSH and FT4 suffers from 

restricted sensitivity in the subclinical range as both parameters have broad reference ranges in the 

general population. Additionally, the inverse relationship between both fails in a variety of rare 

clinical conditions, including resistance to TH. Both aspects are of critical importance, illustrated by 

the fact that even subclinical thyroid dysfunction is associated with cardiovascular complications, 

emphasizing the need for more sensitive tools allowing diagnosis of milder dysfunction forms. 

Therefore, in an approach to detect novel peripheral biomarkers of thyroid function, sixteen healthy 
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young men were challenged with 250 µg of levothyroxine (L-T4) over a period of eight weeks in the 

fourth project presented here as part of this thesis. Monitoring of the volunteers over a period of 

sixteen weeks allowed delineation of the metabolic shifts first towards thyrotoxicosis and later in the 

context of the restoration of euthyroidism. This study design enabled the characterization of 

exclusively TH-associated metabolic shifts by avoiding interference with concomitant physiological 

effects caused by endogenous hyperthyroidism. The use of mass spectrometry for the 

comprehensive characterization of the metabolite as well as the protein content of samples taken at 

the different time points revealed profound molecular alterations, despite the lack of any clinical 

symptoms in the volunteers. Molecular signatures of thyrotoxicosis indicated increased energy 

expenditure, pronounced defense against systemic oxidative stress, a general drop in 

apolipoproteins, as well as increased abundances of proteins related to the coagulation cascade and 

the complement system. Clinical relevance may arise from discordant alterations of kidney function 

markers (a decrease in serum creatinine was accompanied by an increase in cystatin C) and the 

systemic accumulation of methylated arginine, an important risk factor for cardiovascular disease. To 

extract a suitable diagnostic signature from these profound molecular alterations we used random 

forest analyses embedded in a two-stage cross-validation procedure. Good and robust classification 

of the thyroid state independent of TSH and FT4 was possible with a subset of fifteen metabolites and 

proteins, indicating new options in the individualized diagnosis of thyroid disorders.  

In summary, the present thesis in particular emphasizes the general utility of metabolomics 

techniques to explore molecular pathways in humans on the example of TH-metabolite association 

studies. This is demonstrated for both established TH as well as the “novel” hormone 3,5-T2 in the 

context of thyroid function. The obtained results contribute to the improved understanding of TH 

action on human metabolism. With respect to the diagnosis of thyroid disorders, two aspects are 

highlighted. First, the importance of integrative evaluation of TSH as well as FT4 in the assessment of 

thyroid function. Second, the option of individualized diagnosis based on molecular signatures 

derived from peripheral markers of thyroid function. 
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3  INTRODUCTION 

3.1  THYROID HORMONE METABOLISM AND REGULATION 

The thyroid gland represents the largest endocrine gland. Its main secretion products 

thyroxine (T4) and 3,3’,5-triiodo-L-thyronine (T3) are essential for normal development and function 

of virtually all tissues [1]. The serum concentration of T3 and T4 are controlled by a classical endocrine 

feedback loop involving thyrotropin (TSH) released by the pituitary as well as TSH releasing hormone 

(TRH) released from the hypothalamus (Fig. 1). An increase in circulating thyroid hormones (THs) in 

turn causes suppression of synthesis and release of both, TRH and TSH. The major part of circulating 

T4 (99.5%) is protein bound, mainly to thyroxine-binding globulin, transthyretin or albumin. Only a 

minor part circulates as free form (FT4) and is taken up by target cells, thus being considered 

biologically active [1, 2]. The negative feedback loop between serum TSH and FT4 was described as an 

inverse log-linear relationship, i.e. slight changes in FT4 concentrations result in strong alterations in 

serum TSH [3]. 

The production of TH requires two substrates: 1) iodine as a mandatory, rate-limiting 

component and 2) the non-essential amino acid tyrosine. The uptake of iodine into thyroid follicular 

cells is mediated by the Na+/I- symporter. The imported iodine traverses the thyrocyte and is released 

at the apical membrane in the so-called colloid follicle. The tyrosine-rich TH precursor protein 

thyroglobulin (TG) is synthesized in the thyrocytes and released in the colloid by exocytosis. Another 

key enzyme in TH synthesis is thyroperoxidase which facilitates the iodination of TG tyrosyl residues 

in the colloid yielding monoiodinated (MIT) and diiodinated (DIT) residues. Binding of TSH to the TSH 

receptor on the basolateral membrane of the thyroid follicle cells results in an increase in 

intracellular cAMP-level and the stimulation of protein kinase A-mediated pathways which, among 

others, involve the endocytosis of TG [1]. Subsequently, TG undergoes proteolytic digestion resulting 

in generation of T3 (MIT+DIT) or T4 (DIT+DIT) [1] which are released in the circulation. In this way TG 

serves as an extracellular storage of THs. 



3  INTRODUCTION  

   
11 

 
Figure 1 Schematic representation of the hypothalamus-pituitary-thyroid (HPT) axis regulating serum thyroid 
hormone concentrations. After uptake of either thyroxine (T4) or triiodothyronine (T3) by target cells they 
undergo further deiodination by three specific deiodinases (D1-3) yielding reverse T3 (rT3) or different 
diiodothyronines (T2). TRH = thyrotropin releasing hormone; TSH = thyrotropin; *the endogenous formation of 
T2 is still under debate [4] 
 

The uptake of THs from the circulation is mediated by specific transporters [5], among them 

monocarboxylate transporter 8 (MCT8) seems to be the physiologically most important [2]. Within 

target cells the prohormone T4 undergoes deiodination yielding T3 which is considered the active 

hormone that binds to its nuclear receptors with the highest affinity. Both a 5’-deiodination at the 

outer ring by either type I or II (Dio1 and Dio2) deiodinases, and a 5-deiodination of the inner ring of 

T4 by Dio1 or deiodinase type III (Dio3) results in formation of reverse T3 (rT3). This represents an 

inactivation and limits the local availability of TH [1]. Further deiodination of either T3 or rT3 results in 

the diiodothyronines 3,3’-T2 or 3,5-T2. For the latter, evidence for biological activity was suggested 

based on beneficial metabolic effects in animal models, including the improvement of insulin 

sensitivity and lipid handling independent of TH [6]. However, until today, the formation of 

diiodothyronines is predominantly considered a mode of inactivation. A tissue- and time-dependent 

expression pattern of the deiodinase-encoding genes regulates development and proper function of 

many tissues via fine tuning of local T3 action [7]. Dio1, which is synthesized mainly in peripheral 

tissues is not essential for TH action in the euthyroid state but might be of relevance in states of 

iodine deficiency or TH excess [8]. Stimulation of Dio2 activity, partially by T4, in contrast is the main 

mechanism to increase intracellular T3 concentrations. This potentiates the metabolic effects of 

circulating TH. Additionally, Dio2 and Dio3 are essential for the negative feedback on the 

hypothalamus-pituitary-thyroid (HPT) axis as they are expressed most strongly in thyroid and brain. 

Finally, clearance of TH mainly occurs in the liver and involves sulfo- or glucuronide-conjugation and 

subsequent release in the bile duct [1]. 
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3.2  IMPACT OF THYROID HORMONES ONTO METABOLISM 

3.2.1  The metabolic fate of the classical THs – T3 and T4 

As described above, THs are crucial in the homeostasis of human metabolism and are essential 

in thermogenesis, lipid (e.g. as key factors for cholesterol utilization) and carbohydrate (e.g. 

maintaining glucose homeostasis) metabolism. They mediate their effects mainly through binding to 

two different nuclear TH receptors (TR) [8] encoded by the genes THRA and THRB. Both genes 

encode different isoforms of which TRα1, TRβ1 and TRβ2 are able to bind THs [9]. While both are 

ubiquitously expressed in tissues, TRα is the predominant form in heart and skeletal muscle, whereas 

TRβ mainly mediates TH action in brain, kidney and liver. Assembly of ligand-activated TR 

homodimers and heterodimers with TR auxiliary proteins and other receptors such as retinoid X 

receptor, peroxisome proliferator-activated receptor α (PPARα) or liver X receptor finally results in 

stimulated or repressed expression of TH target genes [8]. By cell- and organ-specific TH uptake and 

activation (see section 3.1) as well as TR subtype synthesis, THs are able to induce tissue- and cell-

specific responses. In this context, it is particularly important that T3 represents the major ligand of 

nuclear TRs and is hence considered as the metabolically most relevant TH. In addition to the direct 

TH dependent regulation of transcription, so called ‘non-genomic’ effects of THs were reported, 

characterized by very rapid signal transduction and none-responsiveness to transcriptional inhibition. 

These effects involve binding of THs to plasma membrane receptors like ανβ3 integrins and 

subsequent initiation of intracellular signal cascades involving PI3-kinases [5]. 

TH mediate an increase of the basal metabolic rate mainly through alterations in two ion-

gradients, namely the Na+/K+ gradient across the cell membrane as well as Ca2+ flux between 

cytoplasm and sarcoplasmic reticulum [8]. Both are ATP-dependent and hence TH-dependent 

alterations require an increase in ATP production. THs affect ATP production directly through 

stimulation of the uncoupling proteins 2 and 3 (UCP2 and 3, respectively) resulting in proton leakage 

and subsequent heat generation [10, 11]. This is in line with the cold and heat intolerance observed 

in hypo- and hyperthyroidism, respectively. The heart and the vascular system constitute further 

important TH target tissues affected via genomic and non-genomic mechanisms [12]. THs alter the 

expression of a number of genes encoding proteins essentially involved in cardiac function which 

either affect cardiac morphology (e.g. α-myosin heavy chain) or contractility (e.g. voltage-gated 

potassium channels and sarcoplasmic reticulum Ca2+ ATPase) [1, 12]. The TH dependent stimulation 

of angiogenesis was postulated to be based on a non-genomic mechanism involving ανβ3 integrins 

on the cell surface [13].  

In the present thesis, the metabolic effects of TH were of particular interest. A key metabolite 

in this context is cholesterol which fulfills diverse important biological functions, e.g. as precursor for 
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steroid hormones and bile acids or as an essential cell membrane component. T3 exerts profound 

effects on hepatic cholesterol metabolism, involving synthesis, tissue transport and degradation [8, 

14]. T3 moderately stimulates the expression of the gene encoding 3-hydroxy-3-methylglutaryl CoA 

reductase catalyzing the rate limiting step in cholesterol synthesis by production of mevalonate. 

More importantly, THs promote liver-specific low-density lipoprotein (LDL) particle uptake via 

apoB100-dependent LDL-receptor binding and endocytosis. LDLR encoding this receptor represents a 

direct TR target and is additionally up-regulated by the transcriptional regulator SREBP-2, which, in 

turn, is also induced by TH at the gene expression level [15-17]. Besides LDL uptake, THs also 

promote reverse cholesterol transport from peripheral tissues to the liver. This is achieved by 

increasing the hepatic expression of SCARB1 encoding the multiple ligand-binding scavenger receptor 

class B member 1. Both mechanisms result in a drop in serum cholesterol concentrations, which is 

frequently described after treatment of hypothyroidism [18], and an increase in hepatic cholesterol 

content. Accumulated cholesterol is further degraded in a TH-dependent manner through TRβ 

mediated transcriptional upregulation of CYP7A1 encoding cholesterol 7-hydroxylase catalyzing the 

first step in bile acid synthesis from cholesterol [8, 14]. The role of TH on lipid metabolism is not 

limited to cholesterol. Opposing effects of THs were described in the metabolism of (free) fatty acids 

(FA) partially in a time dependent manner. THs stimulate lipolysis from white adipose tissue by 

increasing the sensitivity of adipocytes for catecholamines due to increased expression of β-

adrenergic receptors [19, 20]. The subsequently released FAs are subjected to β-oxidation in tissues 

highly active in respiration. Increased respiration in turn is also mediated via THs due to increased 

expression of CPT1 encoding carnitine palmitoyltransferase-I (CPT-1). CPT-I is the key enzyme of the 

carnitine – acyl carnitine shuttle facilitating the mitochondrial import of FAs for oxidation to acetyl-

CoA a key molecule for the TCA-cycle. Recently, the coupling of this mechanism with lipophagy, the 

utilization of lipid droplets within the hepatocyte, was shown to be TH-dependent as well, further 

illustrating the beneficial effects of TH on lipid metabolism [21]. In contrast, gene expression analyses 

in the liver of rats following short (2h) and prolonged (5 days) T3 treatment [22] revealed a transient 

upregulation of transcripts encoding lipogenic enzymes including acyl-CoA synthase or fatty acid 

synthase. Confirming observations of increased lipid synthesis during experimental hyperthyroidism 

in rats were reported earlier [23]. However, the stimulation of FA synthesis was suggested to restore 

fat depots after the pronounced induction of lipolysis. 

Not only lipid but also carbohydrate metabolism was shown to be influenced by the thyroid 

state. Gluconeogenesis using glycerol [24] or alanine [25] as substrates is increased by T3 or T4 

treatment. These observations were confirmed by gene expression analyses of rat livers revealing an 

upregulation of transcripts encoding proteins involved in gluconeogenesis, e.g. glucose-6-

phosphatase or glycerophosphate dehydrogenase [26]. Interestingly, the subsequently increased 
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hepatic glucose output does not lead to an increased abundance of glucose in the circulation. This 

can be explained by TH-stimulated gene expression of glucose transporter GLUT4, as well as its 

translocation to the plasma membrane [8]. Consequently, the increased hepatic glucose production 

is countered by increased glucose uptake in non-hepatic tissues resulting in an accelerated glucose 

turnover. TH can also act centrally to increase hepatic glucose production through the sympathetic 

nervous system [14]. 

3.2.2  A possible endogenous role of 3,5-diiodothyronine (3,5-T2) 

Besides the classical THs much research during the last decades was dedicated to TH 

derivatives [4]. Thyronamines are of special interest as they exert partly opposing effects on heart 

rate and thermoregulation compared to THs [27]. They differ structurally from the classical TH by the 

absence of the carboxyl group of the alanine side chain. Besides these possible opposing TH 

metabolites, independent and rather complementary effects of 3,5-T2 with respect to T3 were 

reported (for review see [6]). Of note, the mechanism of the endogenous 3,5-T2 formation is not yet 

clear but its origin from T3 is likely, as previous kinetic studies suggested [28-30]. Some evidence for 

extrathyroidal T3 conversion to 3,5-T2 was demonstrated for euthyroid [28] and thyroidectomized 

subjects [31]. Metabolic relevance of 3,5-T2 is anticipated based on its strong beneficial effects 

observed in pharmacological intervention studies on rodents. Rapid T3 independent stimulation of 

oxygen consumption in the perfused liver from hypothyroid rats was observed already 30 years ago 

[32], with first reports of its metabolic effects dating back to the first half of the last century even 

[33, 34]. Particular attention was devoted to 3,5-T2 due to its beneficial effects on metabolism in the 

absence of known thyrotoxic side effects on the heart, bone or the HPT-axis. This is in contrast to 

treatment with classical THs [6]. In combination with a high-fat diet, administration of 3,5-T2 

prevented weight gain [35] and even prevented severe consequences of excessive fat intake like 

insulin resistance [36, 37] or hepatic steatosis [38-41]. On the mitochondrial level 3,5-T2 activated 

oxygen consumption by direct binding to cytochrome C oxidase [42, 43], thereby abolishing the 

allosteric inhibition of respiration by ATP [42]. Even glucose metabolism was described to be affected 

by 3,5-T2. It modified glucose-6-phosphate dehydrogenase activity [44] and reduced gluconeogenesis 

via suppression of sirtuin 1. This could explain its preventive effects against insulin resistance [36, 

45]. Similar to THs but in an independent manner, 3,5-T2 was shown to induce lipolysis and 

subsequent β-oxidation of FAs via increasing, among others, the expression of the CPT-1 encoding 

gene [35, 36, 38]. Note, that 3,5-T2 might exert thyromimetic effects as it is able to bind to TRβ, albeit 

with 100-fold less affinity than T3. This might explain the high doses (25 µg/100 g body weight) used 

in the studies mentioned earlier [46]. In recognition of the described promising results 3,5-T2 was 

suggested as pharmacological agent for treatment of obesity. However, a number of very recent 
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animal studies [47, 48] questioned the suitability of such an approach as they described adverse 

effects of 3,5-T2 on heart weight [47] and hepatic lipid and xenobiotic metabolism [48]. Suppression 

of the HPT-axis by 3,5-T2 was described previously [49-51] and further stresses the need for caution 

in the use of 3,5-T2 as pharmacological agent. Interestingly, the proposed inhibitory effect of 3,5-T2 

on weight-gain was abolished by increased food intake. In this context, and in combination with 

pronounced physical activity, 3,5-T2 treatment resulted in a net shift from body fat to muscle mass 

[47]. A recent study [52] further questioned the metabolic potential of 3,5-T2 in a rat model.  

In contrast to the described animal studies, data on 3,5-T2 in humans in general is sparse. No 

consistent translation of insights from animal models to human has been presented, yet. Studies in 

the 1980s demonstrated an age-dependent increase as well as sex-specific differences in serum 3,5-

T2 concentrations but no consistent alterations in thyroid disease [53-58]. Selected clinical conditions 

were associated with serum 3,5-T2 concentrations, including liver cirrhosis, chronic renal disease or 

sepsis [29, 30, 56]. More recently, 3,5-T2 was implicated in cardiac non-thyroidal illness syndrome 

which is characterized by abnormally low serum FT3 concentrations [59]. Across all studies a great 

variation in serum 3,5-T2 concentrations in euthyroid subjects was observed, ranging from picomolar 

[53] to nanomolar values [58, 60], thus spanning almost three orders of magnitude. These 

discrepancies likely reflect different assay techniques used and are likely the main reason for the loss 

of interest in 3,5-T2 research in humans as no consistent reference range could be established. 

The recent development of a novel competitive chemiluminescence immunoassay using a 

monoclonal antibody against 3,5-T2 [31] enabled the reliable determination of serum 3,5-T2 

concentrations in humans. Based on this assay the authors reported no alterations in serum 3,5-T2 

concentrations depending on the thyroid state, but increased concentrations in levothyroxine (L-T4) 

substituted individuals compared to healthy subjects matched for age and sex [31]. In particular the 

latter findings suggested an extrathyroidal origin of 3,5-T2. Moreover, no correlation between serum 

3,5-T2 concentrations and neither FT3 nor FT4 became obvious. 

Contribution of this thesis to the analysis of the role of 3,5-T2 in humans 

In the present thesis, this novel competitive chemiluminescence immunoassay was used to 

determine serum 3,5-T2 concentrations of a large population-based sample of the Study of Health in 

Pomerania (SHIP) TREND [61] consisting of 761 euthyroid subjects (see section 6.1). A median serum 

concentration of 0.24 nM (1st quartile: 0.20 nM; 3rd quartile: 0.37 nM) was determined, with 

undetectable values for about one third of the study population. In contrast to previous studies, 

effects of sex [57] or age [58] could not be detected. However, the main aim of the study was to 

analyze if the remarkable effects of 3,5-T2 in animal models would also be observable in humans. In 

general, the results argue against an important endogenous role of 3,5-T2 in respect to obesity as no 

consistent association with anthropometric markers or blood lipids was observed. A likely 
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explanation for this discrepancy is the supraphysiological dose (typically 25 µg/100 g body weight) 

used in the animal models which greatly exceeds endogenous concentrations. However, weak 

associations towards serum TSH and glucose concentrations were noted, thereby possibly confirming 

the suggested role of 3,5-T2 in glucose metabolism [36, 37] or thyromimetic effects on the HPT-axis 

[49-51]. In addition to the cross-sectional character of the study, a further strong limitation arose 

from the limited availability of serum FT3 and FT4 measurements which were only present in a TSH-

conspicuous subset of about 65 individuals. Even if no correlation towards serum 3,5-T2 became 

obvious a TH independent effect on the described parameters has to be evaluated in future studies. 

Furthermore, the small sample size (N=761) compared to usual epidemiological studies may have 

hampered the observation of more moderate effects. To overcome this drawback the utilization of 

deeper phenotyping as provided by metabolomics techniques was considered. 

3.3  METABOLOMICS IN THYROID HORMONE RESEARCH  

The term metabolome refers to the entirety of small molecules, typically less than 1kDa, in a 

biological sample like blood or urine but also in tissues or single cells. Accordingly, the research on 

composition and regulation of the metabolome as well as its metabolic significance was termed 

metabolomics. The name follows the convention from fields of research concerned with other 

fundamental biomolecules, including genomics, transcriptomics or proteomics – shortly OMICs (Fig. 

2). Initially, this field gained attention in the profiling of the endogenous response to environmental, 

in particular toxic, stimuli. It aimed for describing them in a systems biology context [62]. The 

metabolome covers a broad spectrum of diverse molecules like carbohydrates, lipids, small peptides, 

amino acids or organic acids. These fulfill diverse functions in human metabolism ranging from 

energy fuels (glucose or lipids) to signaling molecules (eicosanoids) as well as products derived from 

the gut microbiome (hippurate or 4-cresol sulfate) or of exogenous origin [63, 64]. In the context of 

OMICs technologies, metabolomics could be regarded as a “top-down” approach at the cutting-edge 

to the phenotype of interest, since it reflects complex interactions between genetics, environment, 

lifestyle or even medical treatment in so called ‘metabotypes’ [65]. This ability of metabotypes holds 

promise for personalized health care as it enables the definition of subclinical phenotypes which are 

present long before the onset of a disease. Consider for instance the accumulation of branched chain 

amino acids in plasma observed in incident diabetic patients [66]. Besides such biomarker oriented 

studies, metabolomics enables the detection of novel (patho)physiological mechanisms involved in 

disease progression, e.g. the role of formate in hypertension [67], or will expand the view of 

metabolic actions of endogenous modulators, like hormones. 
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Figure 2 Simplified sketch of the different OMICs layers and their connections. Starting with the genome, 
transcription results in mRNA molecules that can be translated by the protein biosynthesis apparatus. 
Synthesized protein enzymes may undergo additional post-translational modifications and are than able to 
catalyze metabolic reactions. This ability of enzymes determines the dynamics of the metabolome. Alterations 
in metabolite levels, e.g. resulting from disturbed energy metabolism, may cause or reflect disease. Note that 
interactions are possible not only within, but also between different layers. 

3.3.1. Technological platforms 

The complex structure of the metabolome poses challenges for analytics. No single platform alone is 

able to capture the whole metabolome of a biofluid. Consequently, two spectroscopic platforms 

emerged in parallel: nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) 

mostly coupled with either liquid- (LC) or gas-chromatography (GC) [68, 69]. 

NMR spectroscopy exploits the magnetic properties of an atomic nucleus, e.g. 1H, 13C or 31P. 

Given the ubiquitous presences of protons in biologically relevant molecules the application of 1H-

NMR spectroscopy is of particular interest [68]. It was introduced in the 1980s in the context of 

diabetes monitoring [70]. The typical spectral peak pattern of a 1H-NMR spectrum (Fig. 3) is 

determined by the intramolecular magnetic field causing a local shielding and hence altering the 

resonance of the proton to the induced Larmor frequency during a NMR experiment. Besides the 

chemical shift, local interactions between protons induce spin-spin couplings resulting in the 

characteristic splitting of peaks. As a consequence, the chemical properties of a molecule are 

translated to a unique peak pattern and a comparison with internal or public databases (e.g. The 

Human Metabolome Database [71]) facilitates identification. Figure 3 depicts a typical 1H-NMR 

spectrum of a urine sample obtained on a Bruker DRX-400 NMR spectrometer (Bruker BioSpin GmbH, 

Rheinstetten, Germany) operating at 1H frequency of 400.13 MHz with annotation of selected 

metabolites. Main advantages of 1H-NMR spectroscopy comprise its high reproducibility [72] and 
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minimal sample preparation as no separation or ionization steps are required. Furthermore, using 

only one internal standard (usually 3-trimethylsilyl-(2,2,3,3-D4)-1-propionate (TSP)) enables 

quantification of metabolite concentrations as each proton generates the same peak area. Hence, 

the area under peaks of a specific metabolite can be put in relation to the defined TSP 

concentrations. The most important drawback of 1H-NMR spectroscopy is its lower sensitivity 

compared to MS based techniques.  

 
Figure 3 1H-NMR spectrum of a urine sample from the SHIP-TREND cohort obtained with a Bruker DRX-400 
NMR spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany). Peak patterns of selected metabolites 
were annotated. 

 

The first step in MS measurements is the ionization of the sample matrix, which may result in 

molecule fragmentation. Then, the ions are accelerated and separated according to their mass-to-

charge (m/z) ratio using electro and magnetic fields within an analyzer. The sorted ion stream hits a 

detector recording the abundance of single ion species. The m/z in MS analyses is somewhat similar 

to the chemical shift in NMR spectroscopy as it uniquely characterizes small molecules usually 

carrying only single charges [68]. As biological matrices are of complex nature, the presence of a 

multitude of distinct molecules would lead to overlapping signals in m/z spectra. Hence, MS is usually 

coupled with separating techniques like LC or GC [68, 73]. The chromatographic separation 

introduces a time resolved induction of molecules into the MS analyzer which finally results in the 

typical structure of a LC/GC-MS spectrum. In summary, metabolites are identified by LC/GC-MS using 

three distinct characteristics: 1) m/z ratio 2) time of appearance and 3) fragmentation pattern. As 

outlined above, the great advantage of MS based techniques consists in a higher sensitivity as 

compared to NMR resulting in a broad coverage of the metabolome. However, drawbacks arise from 

the required extensive sample preparation and the non-quantitative nature of MS. To overcome the 

latter, addition of labeled standards of nearly each molecule of interest have to be applied in order to 

derive concentrations from ion counts [68].  
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Keeping in mind the advantages of each technique, it is clear that both approaches provide 

partially complementary coverage of the metabolome [63, 64] and studies employing multiple 

platform approaches are of particular interest. However, several constraints, e.g. costs, available 

instruments or sample volume, frequently limit such multi-platform applications and the majority of 

metabolomics analyses are based on either NMR or MS based techniques. 

With ongoing technology development enabling for automated sample handling and data 

acquisition, the reduction in costs and time per sample now allows the application of metabolomics 

even in epidemiological settings [69]. Given the population-based nature of epidemiological studies, 

primarily blood [64] - either serum or plasma - and urine [63] were used as sample matrices. Blood 

contains a plethora of small molecules [64] and represents a preferred sample source as it is under 

tight homeostatic control. Thus, alterations of blood metabolite levels frequently indicate either 

pathophysiological states or responses to intrinsic or environmental stimuli. However, the tight 

homeostatic control also represents a drawback as subclinical states of diseases might be obscured 

by compensating processes within tissues. This hidden but pathologically informative variation could 

be uncovered by using urine as additional diagnostic biofluid [63, 69]. Although typically considered 

as a waste-product, it offers a time-averaged pattern of downstream metabolism and insights in the 

excretion of exogenous compounds, like dietary constitutes or drugs [69]. From the clinical 

perspective, one clear advantage of urine is its non-invasive mode of sampling which excludes 

adverse events as may arise during blood sampling. Furthermore, an extensive pre-analytical study 

[74] showed only modest effects of storage time and handling on the urine metabolome. This is of 

particular interest concerning the possible clinical application of urine derived biomarkers. 

Independent of the sample matrix used, metabolomics has been successfully applied in a 

number of epidemiological investigations. These include the determination of the genetics 

underlying the metabolome [75-78], the interrelation between diet and blood pressure [67], and 

disease entities like diabetes mellitus [66, 79, 80] or chronic kidney failure [81, 82]. 

3.3.2  OMICs approaches in population-based studies 

One main advantage of OMICs techniques is the unbiased approach, and hence such analyses 

are frequently performed genome- (based on the typing of SNVs (single nucleotide variants); GWAS) 

or metabolome-wide (MWAS) using population-based cohort studies. As an example, a series of 

GWAS (for review see [83]) revealed a complex polygenic basis of thyroid function in terms of serum 

concentrations of TSH and FT4. Detected genetic loci comprised genes encoding proteins either 

directly involved in pathways related to the HPT-axis or metabolically related to circulating TH levels 

[83]. However, the variance in serum TH concentrations that is explained by these common or rare 

SNVs is modest and only partially explains the observed discrepancy between a narrow individual set 
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point of the HPT-axis and the broad reference range established for the general population [3, 84-

86]. 

As introduced above, metabolomics approaches can be used to determine the impact of even 

small variations in serum TSH, FT4 or even 3,5-T2 concentrations within the euthyroid range to 

address two possible issues: 1) to derive novel pathways of TH action or augment present knowledge 

about the influence of TH on metabolism and 2) to identify a molecular signature of TH action 

possibly contributing to the diagnosis of thyroid dysfunction already in a subclinical stage. The latter 

will be addressed in section 3.3.3. 

The first comprehensive profiling of TH action in an epidemiological setting has recently been 

done by Jourdan and co-workers [87]. They investigated the associations between serum 

concentrations of TSH and FT4 and about 150 serum metabolites determined by LC-MS in 1463 

euthyroid individuals of the KORA F4 study. The authors defined a peripheral signature of TH action, 

in particular FT4. This signature was exclusively comprised of lipid species, including an accumulation 

of acyl carnitines (ACs) of various chain lengths and a depletion of phosphatidylcholines with 

increasing serum FT4. Interestingly, these associations differed only minor when the analysis was 

restricted to specific subsamples, like the different sexes or lean individuals. No significant 

association between serum FT4 and amino acids was observed. Notably, associations with TSH, the 

main stimulus of TH synthesis and release from the thyroid gland, were not detected. As ACs are key 

molecules in the β-oxidation of fatty acids, these results confirmed the already mentioned positive 

TH influence on this metabolic pathway through activation of the mitochondrial carnitine – acyl 

carnitine shuttle. The drop in phosphatidylcholine levels was explained by the lipolytic effects 

exerted by THs. 

Contribution of the present thesis to the field 

However, the restriction to serum samples clearly limits the potential of gaining holistic 

insights in TH action on human metabolism. To address this issue in the context of the present work, 
1H-NMR spectral data of 3327 urine samples from the first SHIP cohort was used (see section 6.2). 

The investigation of urine holds promise for gaining complementary insights. Besides serum TSH and 

FT4 concentrations also the ratio log(TSH)/FT4 was included into the analysis to account for an 

individual set point of the HPT-axis. The results revealed different metabolic profiles for TSH and FT4 

which was partially reflected by the results of the analyses based on the log(TSH)/FT4 ratio (Fig. 4). In 

detail, serum TSH was inversely associated with urinary excretion of tyrosine and several metabolite 

ratios including hippurate whereas serum FT4 displayed inverse associations to ethanolamine, citrate 

or formate as well as several metabolite ratios including amino acids (including alanine, glycine or 

histidine). Differing association patterns are most likely due to different metabolic functions of the 

hormones. TSH is the main determinant of the HPT-axis and FT4 is a proxy for TH action in peripheral 
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tissues. In summary, these results highlighted the need for a refined assessment of individual thyroid 

function. In particular, routinely determination of the ratio log(TSH)/FT4 might represent an 

important step forward in the estimation of the thyroid function as it partially captures and combines 

the metabolic consequences of both. Besides these clinical aspects, the observed inverse 

associations between FT4 and the urine excretion of several urinary amino acids disagrees with the 

reports of Jourdan et al. [87]. In contrast, it argues for an implication of kidney function in the TH-

associated handling of amino acids [88, 89] and the need for a systemic analysis of TH action on 

metabolism beyond blood metabolites. Further, genomic actions of THs might have accounted for 

observations with respect to citrate (ACLY encoding ATP-citrate lyase [90, 91]) or the 

methanol/formate ratio (AHD3 encoding alcohol dehydrogenase [92, 93]). Finally, the strong inverse 

association between FT4 and ethanolamine points towards a role of TH in phospholipid metabolism. 

This also may represent a non-genomic effect of TH [94]. It has to be noted that all of these findings 

have to be treated with caution because the cross-sectional design limits insights in dynamical 

aspects of TH action and the mainly euthyroid study population does not allow for full extrapolation 

of the results to thyroid diseases. Both aspects are subject of the last project of this thesis. 

 

 
Figure 4 Association network between urinary metabolites created by associations to thyrotropin (TSH; blue), 
free thyroxine (FT4; red) or log(TSH)/FT4 (dark grey shades). Colored nodes represent significant associated 
metabolites; edges represent significant associated ratios between metabolites; both were either confirmed by 
multivariate linear or multinomial logistic regression models. 
 

A remarkable finding of the previous study was the partial overlap in metabolic profiles 

associated with TSH and FT4 (glycine and ethanolamine). The directions of the associations were 

identical, thereby opposing the inverse relationship between the plasma concentrations of both 
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hormones. Although similar observations have been reported previously with respect to genetic 

aspects of serum TSH and FT4 concentrations [95] an alternative explanation might be the 

involvement of TH metabolites, like 3,5-T2. Therefore, based on the same sample as used in the first 

study described here in the context of the thesis (see section 3.2.2), the established workflow was 

used to determine associations between serum 3,5-T2 and urinary metabolites in 715 euthyroid 

subjects. Compared with the urinary fingerprint of the classical TH, 3,5-T2 showed distinct positive 

associations with pyroglutamate (5-oxoproline), acetone and trigonelline. The association with 

hippurate pointed at least to some overlap with the metabolic profile of TSH. Some weak relation 

between TSH and 3,5-T2 has already been described above (see section 3.2.2) and might partially 

explain the shared association with hippurate. However, further adjustment for serum TSH 

concentration did not affect the results. The associations to acetone (a ketone body derived from β-

oxidation of FAs) and pyroglutamate (an intermediate in the γ-glutamyl cycle) supported effects 

described in pharmacological intervention studies with 3,5-T2 with respect to lipid metabolism [36, 

38] and on oxidative stress or detoxification of xenobiotics [48], respectively. The strong positive 

association with trigonelline, which is derived endogenously from niacin metabolism or exogenously 

from plant products, is of particular interest as both compounds exhibited similar beneficial effects 

on glucose metabolism [36, 45, 96, 97].  

3.3.3  Disease Models 

Due to the reproducible and sensitive relationship between TSH and FT4 the clinical evaluation of 

thyroid function is almost entirely based on these two parameters and is referred as gold-standard. 

TSH is of particular importance, as small changes in serum FT4 concentrations are predicted to result 

in strong alterations in TSH. This mechanism is likely attributed to the log-linear relationship between 

both parameters as introduced in Section 3.1. Hypothyroidism, a state of inadequately low thyroid 

function, is characterized by an elevation of TSH in combination with low serum concentrations of 

FT4. Oppositely, TH excess, or hyperthyroidism, is characterized by almost suppressed serum TSH 

concentrations. Clinical symptoms, such as hyperactivity or anxiety in case of hyperthyroidism, are 

often too unspecific to contribute to the diagnosis of thyroid disorders. This holds true in particular 

for subclinical alterations [98]. But even the biochemical gold-standard is hampered by a number of 

drawbacks. Serum TSH is characterized by a broad reference range among the general population 

and this contrasts the tight individual set point of TH regulation [84]. Possible explanations include 

variations in common and rare single nucleotide variants explaining up to 20% of the variation in 

serum TSH [99]. Another source of variance might be different assay specifications [100, 101]. A 

number of studies already associated adverse clinical outcomes with alterations of TSH or FT4 within 

the reference range (for review see [102]), whereby the cardiovascular system and bone metabolism 
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represented important targets of interest. Subclinical hypothyroidism is associated with a higher risk 

of heart failure possibly due to decreased expression of sarcoplasmic reticulum calcium ATPase, 

which is responsible for the Ca2+ flux mediating relaxation of muscle cells [12]. An opposing effect 

might account for the increased risk of atrial fibrillation seen in subclinical hyperthyroidism [103, 

104]. Interestingly, overtreatment of hypothyroidism is the most common exogenous cause of 

(subclinical) hyperthyroidism [102]. This further emphasizes the need for more adequate instruments 

in diagnosis and treatment of thyroid disorders. Additionally, a number of rare clinical conditions 

aggravate the interpretation of thyroid function tests [105]. Central hypothyroidism is characterized 

by an impaired release of TSH from the pituitary. Nevertheless, the immunoactivity of the hormone 

remains and hence leads to measurable concentrations in the routinely applied assays. Mutations in 

THRB cause loss of function of the TRβ which is central for the negative feedback regulation of THs 

on the HPT-axis and hence results in elevated concentrations of both, TSH and FT4 [9]. Consequently, 

a number of peripheral markers of TH status were discussed, including sex hormone-binding globulin 

or cholesterol. They have not been established as their serum concentrations depend on a number of 

non-thyroidal factors [106]. 

Thyroid disorders belong to the most common diseases of the endocrine system and hence it is not 

surprising that L-T4, the synthetic equivalent of thyroxine, is one of the most frequently prescribed 

drugs in the world. However, comprehensive description of TH action on metabolism using one or 

more of OMICs technologies is predominantly restricted to animal studies employing either hypo- or 

hyperthyroid conditions. The latter is most often achieved using T3 rather than T4 treatment. The 

results of gene expression studies using animal liver tissue [22, 26, 107, 108], or human muscle 

biopsies [109, 110] as well as cultured adipocytes [111] or fibroblasts [112] steadily increased the 

number of putative TH target genes, partially with time-dependent responsiveness [22, 108]. Such an 

implication for lipid metabolism was already mentioned in a previous section (3.2.1). In general, 

genes involved in lipid and glucose metabolism as well as cell signaling and proliferation (including 

apoptosis) link known metabolic effects of TH to specific nuclear targets. An example is the induction 

of lipolysis in white adipose tissue (WAT) by a TH induced increase in mRNA levels of the β2-

adrenergic receptor which increases the responsiveness of adipocytes to catecholamines [111]. 

It has to be emphasized that an increase in gene transcript levels not necessarily implicates a 

corresponding increase in the levels of encoded proteins and vice versa. To address this issue, a 

number of studies compiled a protein profile of T3 induced alterations using untargeted proteomics 

approaches in liver and muscle of hypothyroid rats (for review see [113]). Besides the expected 

translation of the genomic effects described above with respect to energy metabolism, these studies 

allowed insights in the hepatic handling of urea and ammonia production (e.g. downregulation of 

arginase 1 or ornithine carbamoyltransferase) or the increased reliance of skeletal muscle on glucose 
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utilization (e.g. upregulation of malate dehydrogenase) under hyperthyroid conditions [113]. 

Interestingly, the previously observed predominantly suppressing regulation of TH responsive genes 

in the liver [26] was mirrored by protein abundances [113]. In contrast, in skeletal muscle, a 

predominantly enhancing regulation of TH responsive genes was observed in human studies [109, 

110], coinciding with increased protein abundances in an animal model [114]. Taken together, these 

findings highlight a tissue-specific effect of TH on cellular metabolism and signal transduction. 

Despite the remarkable capabilities of metabolomics even beyond epidemiological research, it 

has not yet been extensively used in thyroid research. Previous work focused mainly on the 

application in hypothyroid rodent models [115-118]. The analysis of different matrices, namely 

serum [116, 118], urine [117] or cerebellum [115] confirmed the ubiquitous impact of TH on the 

metabolic state of the animals. In a mouse model of adult-onset hypothyroidism, Constantinou et al. 

[115] observed a general decrease in metabolic activity of the cerebellum using GC-MS analyses. 

They explained their findings by decreased cerebral levels of TCA-cycle intermediates, several amino 

acids (e.g. aspartate, leucine or β-alanine) and inositol derivatives reflecting decreased energy 

production as well as protein or neurotransmitter synthesis. Only two metabolites exhibited 

increased abundance, among them threonate. Catabolism of ascorbate leads to increased threonate 

levels, possibly reflecting an altered anti-oxidative capacity of the cerebellum under hypothyroid 

conditions. Utilizing rats instead of mice, Wu et al. [116] profiled the metabolic fingerprint of 

hypothyroidism in serum using ultra-performance liquid chromatography/time-of-flight MS. 

Decreased serum levels of carnitine and butarylcarnitine were reported, thereby confirming the 

already mentioned effect of TH on the β-oxidation of FAs. Decreased sphingolipid levels were 

attributed to a missing stimulation of TH on sphingomyelinases which would result in decreased 

hydrolysis of sphingomyelins. This finding remains rather elusive as none of the gene expression 

studies cited above revealed implicated genes. The interpretation of the increased levels of 

phenylalanine and tyrosine paralleled previous similar findings [119] of increased levels of these 

metabolites in cerebrospinal fluid of hypothyroid patients. The same group extended their 

metabolomics approach to urine in a more complex setting using three different approaches to 

induce hypothyroidism in rats, including thyroidectomy, in order to reveal metabolic pathways 

underlying the pathophysiology of hypothyroidism as well as to study treatment efficacy of 

Traditional Chinese Medicine compared with conservative L-T4 [117]. Assuming that urine levels of 

metabolites partially reflect corresponding serum concentrations confirming observations with 

respect to TCA-cycle intermediates, members of sphingosine metabolism as well as phenylalanine 

and tyrosine metabolism were reported. Interestingly, these observations were partially in line with 

the results presented in Section 3.2.1 in humans. Novel observations consisted of an increased 

urinary excretion of metabolites related to tryptophan metabolism as well as diminished excretion of 
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metabolites related to taurine or purine metabolism but valid explanations were not given. The most 

comprehensive work in this field was published by Montoya et al. [118] who employed several 

animal models to study the effect of direct (synthesis; e.g. suppressing thyroperoxidase activity) and 

indirect (clearance; e.g. stimulating UDP-glucoronosyltransferase activity) disturbances in TH 

metabolism. Note that, indirect toxicity is not necessarily reflected by diminished serum TH 

concentrations. Despite the etiology of thyroid toxicity a decrease in plasma citrate levels and an 

increase in plasma cholesterol as well as in intermediates of sphingolipid metabolism was common to 

all models in both sexes. Whereas the effects on citrate and cholesterol fits well with the metabolic 

effects of TH, the alterations in sphingolipid metabolism is in conflict with the observations of Wu et 

al. [116] and requires further investigation, in particular with respect to the time course. However, 

the altered levels of the amino acids glutamate (decrease in hypothyroidism), tryptophan, tyrosine 

and arginine (increase in hypothyroidism) could be used to discriminate between direct and indirect 

thyroid toxicity [118]. Further effects, i.e. higher levels of urea, ornithine or citrulline were attributed 

to the missing suppressive effect of TH on enzymes of the urea cycle. With respect to lipid 

metabolism the results were quite puzzling. Direct thyroid toxicity led to a drop of triglycerides, an 

accumulation of selected polyunsaturated FAs and phosphatidylcholines whereas the effect was 

blunted in indirect toxicity due to increased hepatic metabolism associated with the compounds 

administered [118]. In conclusion, all described studies augmented genomic and non-genomic effects 

of TH to circulating metabolites with a potentially diagnostic value but a translation to humans is still 

lacking. This holds true in particular for lipid metabolism, as the drop in triglycerides observed in 

hypothyroid rats [118] contrasts observations from patients, which frequently present with 

dyslipidemia, including elevated triglycerides [120]. 

For humans, the comprehensive characterization of thyroid dysfunction, either caused endogenously 

or exogenously, is rather sparse. Two pioneering studies profiling gene expression patterns in muscle 

biopsies were already mentioned [109, 110]. However, these approaches have limited value for 

diagnostic approaches. Recently, Chng et al. [121] monitored the restoration of euthyroidism of 24 

middle-aged Chinese women suffering from Graves´ disease, the most frequent cause of 

hyperthyroidism. Besides the expected increase in body weight and blood lipid parameters, targeted 

metabolic profiling using LC-MS/MS of plasma samples revealed a decline in plasma levels of ACs of 

various chain lengths, phenylalanine and tyrosine as well as several TCA-cycle intermediates. In 

general, a shift in metabolism from a predominant utilization of lipids towards a more balanced one 

between carbohydrates and lipids was observed. This was accompanied by a reduction in resting 

energy expenditure. No changes in levels of branch-chained amino acids were observed, confirming 

Jourdan et al. [87]. Possible physiological explanations have been already given in Section 3.2.1 but it 

has to be noted that the quantitative impact of TH on the blood acyl carnitine profile remains to be 
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established. A small study [122] was not able to detect altered levels in either hypo- or 

hyperthyroidism compared to euthyroid subjects. Moreover, a number of studies [123-126] 

attempted to dissect the metabolic effect of TH in controlled settings using healthy subjects treated 

with either T3 or a combination of T3 and L-T4 in a hypothesis driven approach. Targets included 

whole body protein turnover, energy expenditure or insulin secretion. Induction of mild 

hyperthyroidism resulted in an increased whole body leucine flux suggesting a TH induced 

proteolysis. These experimental studies partially indicated a time dependent effect of TH. Riis et al. 

[126] reported an increase in whole body phenylalanine and tyrosine flux, indicating proteolysis, 

already after six days of mild hyperthyroidism. This was, surprisingly, not accompanied by alterations 

in body fat mass, energy expenditure or blood lipids. Strikingly, even protein synthesis, estimated 

from phenylalanine disposal, was increased. Moreover, blood levels of branch-chained amino acids 

(leucine, isoleucine and valine) were increased. Lovejoy et al. [125] observed increased whole body 

leucine flux and hence increased protein breakdown even after 28 days of T3 administration in a bed-

rest model which was accompanied by a loss in body weight and fat mass. In contrast, further 

prolonged treatment for 63 days (9 weeks) with moderate doses of T3 (75 µg/day) did not result in 

alterations in leucine kinetics but in a progressive loss of body weight and fat mass [123]. A similar 

transient response to mild hyperthyroidism was noted for nitrogen balance [123, 125]. However, the 

missing effect of T3 treatment on resting energy expenditure after short-term treatment might be 

due to the small study size (seven men) as a more recent work indicated a modest increase in resting 

metabolism already after three days of treatment with L-T4 [127]. In summary, comprehensive 

studies of the metabolic effects of TH employing tightly controlled settings with sufficient sample size 

were still lacking in humans. A suitable study design would ideally allow for: 1) testing for 

transferability of experimental findings previously made in animal models to humans and 2) the 

evaluation of peripheral markers of TH action improving individualized medicine in diagnosis and 

treatment of thyroid disorders. It is important to note that both aspects should be addressed in the 

absence of concomitantly pathophysiologic conditions of acquired hyperthyroidism, like autoimmune 

disease. 

Contribution of the present thesis to the field 

To address these issues, an experimental model of exogenously induced thyrotoxicosis was 

implemented using a sample of sixteen healthy young male volunteers (see section 6.4). 

Thyrotoxicosis over a period of eight weeks was induced by daily treatment with 250 µg L-T4. Time 

course-dependent effects were analyzed by plasma sampling before and at four and eight weeks 

during application. Additional sampling at four and eight weeks after ending the hormone application 

allowed the detection of metabolic shifts after recovery from thyrotoxicosis. An untargeted 

metabolome analysis using multiple MS-platforms was combined with an untargeted MS-based 
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proteomics approach for a comprehensive characterization of plasma samples, supplemented by a 

variety of classical clinical chemistry assays. Application of these different approaches allowed the 

comprehensive characterization of profound effects on plasma metabolome and proteome. 

Remarkably, these alterations were not noticed by the volunteers as they exhibited no obvious 

clinical symptoms as reported previously [128]. The resulting molecular alterations included a 

number of the known TH effects described above, demonstrating suitability of the model. 

Pronounced accumulation of serum FFAs with concordant increase in glycerol levels reflects 

the well-defined lipolytic effect of TH on adipocytes in WAT. Moreover, increased AC species 

paralleling serum FT4 is in line with previous reports (see section 3.3.2) and further hallmarks 

increased oxidation of FAs as one major effect of TH action on metabolism. Increased utilization of 

energy fuels under thyrotoxic conditions, especially in skeletal muscle, is not coupled with increased 

ATP synthesis [10, 11]. This is attributable to an increased expression of UCP3 as mentioned earlier. 

Stimulation of mitochondrial β-oxidation generates acetyl-CoA, thereby accelerating the flux through 

the TCA-cycle [10, 11]. The decreased appearance of TCA-cycle intermediates observed in rodent 

models of hypothyroidism [117, 118] and the inverse relation between serum FT4 and urinary citrate 

presented in Section 3.3.2 are in line with these findings. Besides increased acetyl-CoA, the 

stimulation of respiration further results in an accumulation of reactive oxygen species (ROS) 

enhancing the anti-oxidative systemic response. Indeed, an increase in the plasma levels of γ-

glutamyl amino acids (GGAAs) can be interpreted as a reflection of this process: GGAAs represent 

essential components of the γ-glutamyl cycle that are required to restore the intracellular pool of the 

important anti-oxidant glutathione under oxidative stress [129]. This observation is of particular 

interest as a similar explanation was already proposed for metabolic effects of 3,5-T2 (see section 

3.2.2) and might further argue for its thyromimetic capacity. However, prolonged exposure to 

oxidative stress might also result in structural adaptions within the mitochondria. Evidence for this is 

derived from an increase in polyunsaturated FAs in plasma observed under L-T4 treatment that might 

be explained by replacement of unsaturated by saturated FAs in mitochondrial membrane lipids. The 

latter are less prone to lipid oxidation by ROS. This mechanism is further supported by observations 

in animal models [130, 131]. 

Besides these mechanistic insights, two observations are of particular clinical relevance, 

namely discordant alterations in surrogate markers of kidney function (decrease in serum creatinine 

while cystatin C level rose) and increased levels of methylated arginine, a severe risk factor for 

cardiovascular diseases [132]. The decrease in serum creatinine suggests an increase in the 

glomerular filtration rate, since creatinine is freely filtered because of its small molecular size. In 

contrast, increased plasma levels of cystatin C indicate rather the opposite. Consequently, the 

evaluation of kidney function from circulating parameters in the context of thyroid disorders is 
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severely hampered. This discrepancy was already observed in previous studies [133, 134]. Possible 

explanations include diminished production of creatinine due to impaired phosphocreatine synthesis 

in skeletal muscle due to the uncoupling of oxidative phosphorylation from ATP synthesis and a TH 

stimulated production of cystatin C [135]. A relationship between thyroid state and the plasma levels 

of asymmetric dimethylarginine (ADMA), one of the two isomers of methylated arginine, has already 

been observed [136, 137] but no mechanistic explanation has been given. The present approach 

allowed integrating these results with a previous gene expression study [22] in rats. ADMA is 

degraded by dimethylarginine dimethylaminohydrolase (DDH) yielding dimethylamine and citrulline. 

Expression of DDH was suppressed in the liver of rats treated with T3 [22]. Consequently, citrulline 

levels are expected to decline an observation shared by the present study.  

Complementary to the metabolome, untargeted proteome profiling revealed molecular 

signatures augmenting the above described metabolic effects. In general, three signatures became 

obvious, namely decreased abundance of apolipoproteins (APOD, APOB and APOC3) and increased 

abundances of proteins related to the coagulation cascade and the complement system, respectively. 

A possible explanation for the drop in apolipoproteins was already given in section 3.2.1, referring to 

the T3 mediated increase in the expression of the genes encoding the LDL receptor and SRB1, which 

results in stimulated hepatic uptake of LDL particles as well as HDL particle degradation after SRB1 

binding. As the significantly negatively FT4-correlated apolipoproteins are components either of LDL 

(APOB; [138]) or HDL (APOD and APOC3; [138]) particles, their decrease is thereby explained. 

Measurement of blood lipid parameters by standard assays confirmed these findings. 

Previous work [139] already discussed the increase in coagulation factors paralleling serum FT4 

concentrations observed for the same study sample. Concordant observations were made in 

hyperthyroid patients who frequently present with a hypercoagulable state (for review see [140]) 

representing a serious risk factor for venous thrombosis. Mechanistic insights were albeit restricted 

but a very recent study [141] suggests the involvement of the TRβ. The authors derived this 

hypothesis from the lack of an increase in coagulation factors in patients suffering from resistance to 

TH caused by mutations in the TRβ as compared to hyperthyroid patients. 

Cumulative evidence for an increased abundance of proteins related to the complement 

system was obtained from the proteome and metabolome (fragments of complement factor C3) as 

well as laboratory evaluation of complement factors C3 and C4. This finding represents a novel 

observation with respect to experimental thyrotoxicosis. Few clinical studies [142-144] indicated 

elevated levels of single complement factors with increasing serum TH concentrations, but also the 

opposite was reported [145, 146]. Interestingly, the observed effect might be due to prolonged 

treatment with L-T4 as a comparable study [142] observed no alterations in serum C3 levels (and 

coagulation factors) after two weeks of L-T4 application. The complement system is part of the innate 
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immune system and involved proteins are mainly synthesized in the liver. Circulating complement 

factors can be activated through three pathways, namely the classical, the alternative and the lectin 

pathway, causing enhanced phagocytosis of damaged cells or microbes. In particular the lectin 

pathway might be responsible for the increased abundance observed in the present study as a 

concordant increase in mannose-binding lectin (MBL) was observed. MBL mediates the initial step in 

the lectin pathway. A putative interaction between the transcriptional co-regulator PPARα, which 

was demonstrated to drive expression of MBL2 [147] encoding MBL, and TR [8] might be responsible 

but this hypothesis requires further studies. In summary, increased abundances of proteins related to 

the complement system as well as to the coagulation cascade indicate a proinflammatory and 

prothrombotic environment during long-term experimental thyrotoxicosis. Co-occurrence of both 

enzyme cascades might be not surprising as both are ancestrally linked and several components of 

the coagulation cascade, including kallikrein, thrombin but also the factors IX and XI (displaying 

increased abundancies during L-T4 treatment), were shown to initiate activation of the complement 

system by proteolytic cleavage of the complement proteins C3 and C5 [148]. 

Untargeted profiling of the plasma metabolome and proteome allowed for a comprehensive 

characterization of the metabolic consequences of TH excess. However, the question remained if 

these metabolic signatures were indicative for thyrotoxicosis independent of the classical 

biochemical markers TSH and FT4. To this end we applied a random forest classifier embedded in a 

two-stage cross-validation procedure to test for a discriminative molecular signature between 

samples collected at baseline as well as at the end of the study (clearly euthyroid sample) and such 

collected under L-T4 treatment (thyrotoxicosis). Independent of several permutations of the data set 

a stable and robust classification of thyrotoxic samples with a subsample of fifteen metabolites and 

proteins was achieved (Fig. 5). The selected features represent pathways already discussed above, 

including increased β-oxidation (ACs) and oxidative stress (GGAAs), members of the complement 

system (FHR5) or the coagulation cascade (FXIIIB). Even the increase in cadherin-5 (CADH5) and 

vasorin (VASN) are indicative for a prothrombotic state as the detected extracellular domain of both 

is cleaved by proteinases of the ADAM (A Disintegrin And Metalloprotease) family [149] which were 

shown to be activated by thrombin [150, 151]. Further, a decrease in cysteine and its putative 

degradation product 4-amino-2-hydroxybutyrate highlights a very recent finding of a direct TH 

suppressive effect on expression levels of cystathionine gamma-lyase and cystathionine beta-

synthase [152] diminishing cysteine generation from cystathionine. Threonate might be a marker 

preserved across species [115, 118] but a possible pathophysiological mechanism remains to be 

clarified. The increased abundance of lumican, an extracellular matrix protein, might be explained by 

a TH mediated suppression in the expression of MMP14 [153] encoding the lumican degrading 

enzyme matrix metalloproteinase 14 [154].  
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Figure 5 Final results from classification analyses using random forests in a two-stage cross-validation scheme 
with 50 inner and 30 outer loops. Left panel: Fifteen most informative metabolites/proteins ranked by a 
weighted (area under the curve) mean Gini index. Right panel: Receiver operating characteristic (ROC) curves 
(upper) and boxplot of the area under the curve (lower) from 30 outer loops. Overlapping ROCs are indicated 
by darker shades and the diamond specifies the mean AUC. CADH5 = cadherin-5; FHR5 = complement factor H-
related protein 5; F13B = coagulation factor XIII B chain; LUM = lumican; VASN = vasorin 

 

In summary, applying state-of-the-art OMICs techniques allowed characterization of the 

metabolic consequences of thyrotoxicosis in an up to now unique comprehensiveness. The 

discrepancy between subjective well-being and massive molecular alterations indicates that clinical 

diagnosis of thyroid disorders might frequently miss the onset of disease by several months. 

Moreover, the presented molecular profile successfully differentiated between euthyroidism and 

thyrotoxicosis without prior knowledge about TSH and FT4, opening new paths in the individualized 

diagnosis of thyroid disorders. However, some limitations of the presented study have to be 

considered. The study sample comprised exclusively young men and a translation of the findings in 

women, patient cohorts or population-based studies are thus of urgent need. Additionally, functional 

analysis of the hypothesized physiological mechanisms in appropriate cell or animal models is 

partially required for validation. 
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4  OUTLOOK 

Based on the results presented in this thesis a number of possible extensions should be considered. 

With respect to the epidemiological part, the metabolomics data represented exclusively 1H-NMR 

spectra of urine specimens. It is well accepted that NMR is hampered by lower sensitivity compared 

with MS and hence the evaluation of complementary MS data of urine and blood samples would be a 

natural extension to support the findings. A possible blue-print could be the recent publication of a 

multi-fluid metabolomics study profiling the metabolic fingerprint of Insulin-like growth factor I [155] 

to which I contributed substantially. Besides simple profiling of univariate analyses, the broad 

coverage of metabolites allowed the generation of metabolic networks enabling the identification of 

affected pathways. Besides the metabolome, complementary layers of the OMICs are of particular 

interest as partially highlighted in the last part of the present thesis. Besides the plasma proteome 

the evaluation of gene expression patterns of whole blood cells or non-cellular circulating microRNAs 

are recent subjects in molecular epidemiology [156]. Expanding single-layer OMICs studies with 

cross-OMICs analyses (e.g. genetic determinants of the metabolome [76]) holds promise to 

characterize relevant molecular pathways in greater detail.  

Especially concerning the presented intervention study with L-T4 the replication in women and, 

more importantly, in patient cohorts is needed urgently. The frequently described temporal shifts in 

TH response suggest the design of similar short-term studies to characterize the immediate 

responses to TH excess. Finally, it has to be emphasized that the presented findings are observational 

in nature and partially require further functional analysis using appropriate cell, tissue or animal 

models. 
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Running title: Plasma OMICS analysis of human thyrotoxicosis 

 

Abstract 

Background Determinations of thyrotropin (TSH) and free thyroxine (FT4) represent the gold 

standard in evaluation of thyroid function. To screen for novel peripheral biomarkers of 

thyroid function and to characterize FT4-associated physiological signatures in human plasma 

we used an untargeted OMICS approach in a thyrotoxicosis model.  

Methods A sample of 16 healthy young men were treated with levothyroxine for eight weeks 

and plasma was sampled before the intake was started as well as at two points during 

treatment and after its completion, respectively. Mass spectrometry-derived metabolite and 

protein levels were related to FT4 serum concentrations using mixed-effect linear regression 

models in a robust setting. To compile a molecular signature discriminating between 

thyrotoxicosis and euthyroidism, a random forest was trained and validated in a two-stage 

cross-validation procedure. 

Results Despite the absence of obvious clinical symptoms, mass spectrometry analyses 

detected 65 metabolites and 63 proteins exhibiting significant associations with serum FT4. A 

subset of 15 molecules allowed a robust and good prediction of TH function (AUC=0.86) 

without prior information on TSH or FT4. Main FT4-associated signatures indicated increased 

resting energy expenditure, augmented defense against systemic oxidative stress, decreased 

mailto:georg.homuth@uni-greifswald.de
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lipoprotein particle levels, and increased levels of complement system proteins and 

coagulation factors. Further association findings question the reliability of kidney function 

assessment under hyperthyroid conditions and suggest a link between hyperthyroidism and 

cardiovascular diseases via increased dimethylarginine (ADMA) levels.  

Conclusion Our results emphasize the power of untargeted OMICs approaches to detect 

novel pathways of TH action. Furthermore, beyond TSH and FT4, we demonstrated the 

potential of such analyses to identify new molecular signatures for diagnosis and treatment of 

thyroid disorders. 

 

Keywords 

Hyperthyroidism/Metabolomics/Proteomics/Thyroid function/Thyrotoxicosis. 

 

Background 

Thyroid hormones (TH) circulating as thyroxine (T4) and triiodothyronine (T3) are 

essential for normal development and function of virtually all tissues [1]. Both their synthesis 

and release are closely controlled by pituitary thyroid stimulating hormone (TSH) which in 

turn is stimulated by hypothalamic thyrotropin releasing hormone (TRH). TH exert a negative 

feedback on synthesis and secretion of TRH as well as of TSH. As the feedback of TH on the 

hypothalamic-pituitary regulation of TSH is particularly sensitive, the robust relation of TSH 

and free T4 (FT4) is generally used as the ‘gold standard’ tool for diagnosis and follow-up of 

thyroid disorders.  

Specific TH transporters mediate the cellular uptake of TH [2]. At the latest in the 

target cells, specific deiodinases convert T4 to T3 which is the major ligand for the nuclear TH 

receptors (TR) α and β and their subtypes [1]. Formation of ligand-activated TR homodimers 

and heterodimers with TR auxiliary proteins and other receptors such as retinoid X receptor 

(RXR) finally results in stimulated or repressed expression of TH target genes. By cell- and 
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organ-specific TH uptake and activation as well as TR subtype synthesis, TH are able to 

induce tissue- and cell-specific responses. It is thus not surprising that clinical symptoms of 

thyroid dysfunction are regarded to be of restricted diagnostic value because they are neither 

sufficiently sensitive nor specific [3]. Currently the diagnosis of thyroid dysfunction and the 

assessment of treatment effects are almost entirely based on the biochemical determination of 

serum TSH, free T4 (FT4) and, under special conditions, free T3 (FT3). However, their use is 

limited by a number of drawbacks: 

Despite the sensitive negative feedback regulation between TSH and FT4 leading to a 

tightly controlled individual set point [4, 5] large population-based studies established a wide 

reference range for TSH and free TH levels. This is explained by varying sensitivity at 

different levels of the activation process as well as the negative feedback mechanisms [6] and 

differences between assay specificities [7, 8]. Additionally, a number of rare severe clinical 

conditions lead to discordant alterations in serum TSH and FT4, including resistance to TH, 

TSH producing pituitary tumors or central hypothyroidism [9, 10]. Therefore, peripheral 

biomarkers such as cholesterol and sex hormone binding globulin (SHBG) concentrations 

have been suggested under these conditions as they are strongly correlated with thyroid 

function [11, 12]. However, because these parameters are also influenced by non-thyroidal 

disturbances, they were never established in clinical practice and accordingly current 

guidelines do not recommend their use [13]. Thus, currently available diagnostic tools are 

insufficient and novel biomarkers are urgently needed.  

Indeed, systematic screens for novel markers of thyroid function in humans are 

lacking so far. In particular, only few studies attempted to detect peripheral TH effects by 

untargeted approaches. The influence of thyroid dysfunction on various tissue-specific 

proteomes or the metabolomes of serum and urine was assessed almost entirely using rodent 

models [14-17]. Even if these studies undoubtedly added to our understanding of TH action 

on metabolism, translation of these results to humans is still missing. Moreover, most of the 

http://www.dict.cc/englisch-deutsch/specificity.html
http://dict.leo.org/ende/index_de.html#/search=undoubtedly&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
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scarce data on peripheral TH effects in humans are based on observations in patients with 

thyroid disorders such as autoimmune thyroid disease which hamper the distinction between 

TH dependent effects and those related to the underlying autoimmune process. To avoid these 

problems, we studied here TH effects in a strictly controlled model of experimental 

hyperthyroidism where healthy young male volunteers were subjected to a challenge of 

thyroxine over a period of eight weeks. Untargeted plasma proteome and metabolome 

analyses were performed in a hypothesis-free approach to detect FT4-associated proteins and 

metabolites, and the generated data were used for characterization of main physiological 

signatures and to develop a biomarker-based classification model that allows prediction of TH 

function without prior information on TSH or free TH. 

Results and Discussion 

L-T4 treatment and standard clinical hormone assays 

As previously described [18], treatment with 250µg/day levothyroxine (L-T4) for eight weeks 

resulted in the expected suppression of mean TSH concentrations from 2.10 mU/L (standard 

deviation (SD): ±1.01) at baseline to 0.017 mU/L (SD: ±0.029) at 4 weeks and 0.007 mU/L 

(SD: ±0.007) at 8 weeks, respectively. Mean concentrations of FT4 and FT3 exhibited the 

opposite profile with peak concentrations of 28.6 pmol/L (SD: 5.7) and 9.19 pmol/L (SD: ±

2.01) after 4 weeks of L-T4 intake, respectively, consistent with a biochemical condition of 

overt hyperthyroidism (Figure 1 and Table 1). All parameters normalized within the first four 

weeks after termination of L-T4 intake (Figure 1B). We further assessed effects on some of 

the well-known TH targets such as SHBG, cystatin C (CYTC) and different blood lipids 

(Table 1). In general, L-T4 treatment resulted in a transient decline of blood lipids (Figure 2) 

apart from triglycerides whereas serum glucose and insulin were not significantly altered. The 

complement factors C3 and C4 showed a moderate, but significant positive association with 

FT4 (Figure 2). 



6  PUBLICATIONS  

   
97 

General FT4-associated alterations of the plasma metabolome  

Treatment of the euthyroid male volunteers with L-T4 markedly affected the plasma 

metabolome, significantly altering the levels of 65 out of 349 detected metabolites (19%), of 

which 45 exhibited a positive and 20 a negative association with serum FT4, respectively. The 

associated metabolites represented diverse metabolite classes, where lipids and related 

compounds encompassed the largest portion of FT4-associated molecules (39 of 65 present in 

the analysis panel). These could be assigned to the following categories: free fatty acids 

(FFAs), acyl carnitines (ACs), polyunsaturated fatty acids (PUFAs), lysophospholipids (LPs), 

and androgens. All results are summarized in Figure 3 and Table S1. 

A plasma metabolome signature indicating increased resting energy expenditure and 

enhanced mitochondrial fatty acid β-oxidation 

Thyroxine treatment induced an increase in long chain saturated as well as monounsaturated 

FFAs which was accompanied by elevated glycerol levels (Figure 3). As demonstrated by 

Mitchell and colleagues, both Graves’ thyrotoxicosis and resistance to TH due to THRB 

mutations (RTHβ) result in significantly increased resting energy expenditure [19]. Involved 

mechanisms include TH-stimulated lipolysis in white adipose tissue, mediated by increased 

local concentrations of catecholamines with successive activation of adipocyte β-adrenergic 

receptors [20, 21]. Consistently, the ubiquitous increase of FFAs and glycerol in plasma 

following L-T4 treatment observed in the present study clearly indicates TH-triggered 

lipolysis in white adipose tissue. 

After transport into tissues highly active in respiration, namely skeletal muscle as the 

major determinant of energy expenditure in humans [22], and liver, FFAs are subjected to 

mitochondrial β-oxidation that is also enhanced by TH. This is mainly mediated by increased 

expression of CPT1 encoding carnitine palmitoyltransferase-I (CPT-1), which represents a 

direct transcriptional target of T3-activated TR [23]. In exchange with carnitine, acyl-

carnitines are translocated through the outer mitochondrial membrane by CPT-1 [24]. 
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Simultaneous TH-mediated up-regulation of the gene encoding the final enzyme of carnitine 

biosynthesis, the γ-butyrobetaine hydroxylase, ensures the increased carnitine levels required 

for that, as demonstrated in a rodent model [25]. The resulting enhanced activity of the 

complete carnitine acyl-carnitine translocase system explains the pronounced increase in short 

to medium chain ACs in plasma observed in this study (Figure 3), as a fraction of the newly 

synthesized ACs spills from tissue in the circulation, as reported earlier by Jourdan and 

coworkers [26]. Indeed, our results replicate the positive association between ACs and FT4 

reported by this group for the population-based KORA cohort study based on data from 1463 

euthyroid individuals [26]. In contrast, a previous patient-based study revealed no relation 

between plasma AC profiles and the restoration of euthyroidism [27]. However, the value of 

the latter results might be limited by the small sample size of six hyper- and hypothyroid 

individuals, respectively. 

Augmented β-oxidation of FFAs causes increased acetyl-CoA levels and stimulation 

of the TCA cycle, which would be expected to finally trigger increased ATP production by 

oxidative phosphorylation. Indeed, accelerated carbon flux through the TCA cycle was 

demonstrated in human skeletal muscle in a short-term model of experimental thyrotoxicosis 

(Lebon et al. 2001) as well as in patients suffering from RTHβ (Mitchell et al. 2010). 

However, ATP production by oxidative phosphorylation did not change under these 

conditions, which was explained by increased uncoupling of respiration and ATP synthesis, 

potentially caused by increased expression of UCP3 (SLC25A9) encoding the mitochondrial 

uncoupling protein 3 (Lebon et al. 2001; Mitchell et al. 2010). Less efficient ATP generation 

in muscle might also explain our observation of increased creatine plasma levels (Figure 2) 

under conditions of thyrotoxicosis, as the synthesis of the central muscle energy storage 

compound phosphocreatine by ATP-dependent creatine phosphorylation can be predicted to 

be reduced by TH-induced mitochondrial uncoupling. 
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Enhanced systemic glucose utilization represents a further well-known consequence of 

increased energy expenditure under conditions of hyperthyroidism [23]. In the liver, TH 

stimulate glycogenolysis and gluconeogenesis mainly consuming gluconeogenic amino acids 

and glycerol while down-regulating glycolysis, resulting in a higher hepatic glucose output 

[28]. In this context, the already mentioned strongly increased plasma glycerol pool under L-

T4 treatment that is explained by stimulated lipolysis also represents a potential source for 

gluconeogenesis (Figure 3). Our did not support for the use of amino acids as a source for 

TH-stimulated hepatic gluconeogenesis, partially in line with results of the already mentioned 

population-based KORA study [26]. However, the unaltered plasma levels of gluconeogenic 

amino acids that were measured despite the predicted increased demand after L-T4-treatment 

could be caused by the enhanced renal amino acid recovery reported for such conditions [29]. 

In skeletal muscle, TH induce expression of SLC2A4 encoding the glucose transporter 

GLUT4 as well as trafficking of GLUT4 to the plasma membrane [23]. Thus, increased 

glucose uptake in peripheral tissues, namely the muscle, might explain our observation that in 

spite of increased hepatic glucose release the corresponding serum concentrations were not 

significantly changed (Table 1). However, besides glucose, glycogenolysis also produces 

glucose-6-phosphate which subsequently can be converted to mannose [30]. Whether the 

increased plasma mannose levels observed in our study (Figure 3) reflect TH-stimulated 

glycogenolysis in liver or result from glycogen breakdown in muscle remains unclear.  

A plasma metabolome signature indicating augmented defense against systemic 

oxidative stress 

The strong positive FT4-association observed for γ-glutamyl amino acid (GGAA) levels 

represents one of the novel findings of this study (Figure 3). As elevated GGAA levels were 

recently related to several types of liver damage [31] and TH were furthermore demonstrated 

to represent potent hepatic mitogens triggering hepatocyte turnover [32], we first 

hypothesized that the observed increase during thyrotoxicosis might also result from 
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hepatocellular lysis. However, determination of the classical laboratory markers for liver 

damage, namely ALT, AST, and GGT activities in serum, did not support this hypothesis.  

 GGAA synthesis by transfer of the glutathione (GSH) glutamyl moiety to free amino 

acids is catalyzed by γ-glutamyl transpeptidase (GGT) as part of the γ-glutamyl cycle (GGC). 

As the GGT catalytic center is localized at the extracytoplasmic side of the hepatocyte 

membrane, this represents the site of γ-glutamyl amino acid production, which is strongly 

determined by the availability of GSH [33]. The rate-limiting step in GSH biosynthesis is 

catalyzed by the heterodimeric glutamate-cysteine ligase consisting of a heavy catalytic and a 

light regulatory subunit. Expression of GCLC and GCLM encoding the two subunits of the 

enzyme is induced by transcriptional up-regulation via NRF2, the redox-sensitive key 

regulatory transcription factor of the major cellular defense system against oxidative stress 

[34]. Strikingly, hepatic activation of the NRF2 regulon by TH-induced production of reactive 

oxygen species (ROS) due to increased respiration was demonstrated in rodent models [35, 

36]. Similarly, a stimulatory effect of TH on the GGC resulting in improved antioxidant 

capacity was shown in astrocytes [37]. Thus, it seems plausible that the increase in plasma 

GGAA levels under conditions of thyrotoxicosis observed in this study reflects the NRF2-

mediated induction of GSH synthesis as part of the systemic network antagonizing 

pronounced oxidative stress as a consequence of FT4-stimulated respiration.  

Our study further revealed an FT4-associated increase in n3 and n6 plasma PUFAs and a drop 

in LPEs (Figure 3), partially replicating findings from other recent metabolome analyses [26, 

38, 16]. Indeed, the LPs displayed opposite associations, depending on the presence of either 

choline (lysophosphatidylcholine; LPC; positively associated) or ethanolamine 

(lysophosphatidylethanolamine; LPE; negatively associated) as the head group (Figure 3). 

Previous animal studies demonstrated a direct negative effect of TH on the hepatic 

PUFA content [39-41]: PUFA were depleted under hyperthyroid conditions. It was supposed 

that TH initiate remodeling of mitochondrial membranes resulting in a decrease of PUFA-
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containing phosphatidylcholines. As saturated FAs are less prone to peroxidation, this was 

interpreted as an adaptive mechanism contributing to the protection of mitochondrial 

membranes against enhanced oxidative stress forced by TH-induced up-regulation of 

respiration [39, 40]. Thus, PUFA release from mitochondrial membranes might be reflected in 

the observed increased plasma PUFA levels.  

The negative association between serum FT4 and plasma LPEs represents an 

additional novel finding of this study (Figure 3). Previous analyses of rodent hyperthyroidism 

models [42, 43] revealed enhanced incorporation of phosphatidylethanolamine (PE) in 

mitochondria of liver [43] and brain [42]. Augmented PE utilization might explain the 

observed plasma decrease of PE metabolites, namely the LPEs. 

Discordant changes in classical and novel markers of kidney function under 

thyrotoxicosis 

As outlined above, increased plasma creatine levels under conditions of thyrotoxicosis most 

likely reflect decreased creatine phosphorylation in skeletal muscle due to pronounced 

uncoupling of respiration and ATP synthesis. By contrast, we observed decreased plasma 

levels of the creatine catabolite creatinine in this study (Figure 3), which could be explained 

by increased renal clearance of creatinine, possibly above the general glomerular filtration 

rate (GFR) [44]. Both findings were previously described for hyperthyroidism [45, 46]. Thus, 

a reliable estimation of the GFR based on creatinine might be biased and hampers the 

interpretation of kidney function in thyroid disease. Similar holds true for CYTC, the second 

common circulating marker for kidney function, which was strongly elevated by L-T4 

treatment in our study, a finding in line with previous results of hyperthyroidism studies [47, 

48]. Very recently, novel promising markers for kidney function estimation were published 

using a similar metabolomics approach as in this study [49], namely C-mannosyltryptophan 

and pseudouridine. In contrast to creatinine and CYTC none of these markers was altered to a 
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similar extend in the present study (Table S1), suggesting that the observed changes in 

creatinine and CYTC levels are metabolically driven and to a lesser extend due to altered 

kidney function. Hence, novel markers of kidney function such as C-mannosyltryptophan and 

pseudouridine may be advantageous under conditions of thyrotoxicosis. 

Thyrotoxicosis increases plasma ADMA levels 

We observed increased plasma levels of methylated arginine (as the sum of 

asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA)) under L-T4 

treatment, while the levels of its catabolite citrulline decreased (Figure 3). A positive 

association between TH levels and circulating ADMA was previously reported in 

epidemiological studies and under conditions of hyperthyroidism [50-53]. ADMA was 

suggested as severe risk factor for cardiovascular disease (for review see [54]), mainly as it 

directly inhibits endothelial nitric oxide synthase (NOS), thereby impairing NO-dependent 

vasodilation and favoring hypertension. ADMA is generated as a putative by-product of 

pronounced systemic proteolysis [55] which is known to be triggered by TH excess [56]. 

Therefore, the increased plasma levels of leucine, isoleucine, and their degradation 

intermediate 2-methylbutyrylcarnitine in the present study (Figure 3) might indicate 

pronounced FT4-associated protein catabolism. The products of dimethylarginine 

dimethylaminohydrolase (DDH)-catalyzed ADMA degradation, citrulline and dimethylamine, 

are subsequently cleared by the kidneys [57]. At least one study using a murine model [58] 

described an inhibitory effect of prolonged T3 treatment on DDH in the liver. Thus, our novel 

observation of an FT4-associated ADMA/SDMA increase and citrulline decrease in plasma 

may indicate TH-induced suppression of ADMA catabolism leading to its systemic 

accumulation. In sum, augmented production as well as reduced decomposition of ADMA 

might therefore contribute to its increased plasma levels under conditions of thyrotoxicosis. 
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Thyrotoxicosis-induced elevated ADMA levels are predicted to mediate increased 

blood pressure by NOS inhibition [50-52]. The notion that TH directly affect vascular smooth 

muscle cells causing vascular relaxation and dilatation [59, 60] seemingly contradict the 

above discussed findings. However, it appears that the described TRα-dependent, non-

genomic activation of endothelial NOS via the PI3/AKT-pathway is only present at very high 

TH concentrations [61, 62] which were not observed in the present study. 

General FT4-associated alterations of the plasma proteome 

Using an untargeted shotgun-LC-MS/MS-approach, our proteome study demonstrated two 

major general categories of proteins exhibiting FT4-associated plasma levels, namely the 

higher abundant actively secreted proteins predominantly originating from the liver and 

representing the majority of detected proteins, and in addition leakage proteins whose 

presence in the circulation is predicted to result from cell lysis. The latter comprised only 3% 

of the total protein intensity. Similar to the metabolome, the levels of 63 out of 437 detected 

proteins (14%) exhibited significant associations with FT4 (Table S2). The majority (N=47) 

was positively associated whereas about one fourth (N=16) demonstrated a negative 

association with serum FT4. SHBG and CYTC that are known to be altered in thyroid 

dysfunction were among the strong positively FT4-associated proteins. The changes in the 

levels of both proteins as determined by mass spectrometry were similar to those measured 

with standard laboratory assays (Figure S3). Of note, we observed no significant alterations 

of the major TH transport proteins thyroxine-binding globulin (TBG, SERPINA7) and 

thyroid-hormone binding protein transthyretin (TTR). The results are summarized in Figure 4 

and Table S2. 

A plasma proteome signature indicating decreased lipoprotein particle levels during 

thyrotoxicosis 

TH-dependent alterations in the levels of apolipoproteins and different lipid-rich particles 

were reported previously [63-66]. In line with these findings, we observed a significant drop 
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in the plasma levels of apolipoproteins APOB (apoB-100), APOD, and APOC3 (apoCIII) 

during the peak of induced thyrotoxicosis, where APOD exhibited the strongest association 

(Figure 4 and Table S2). 

The apoB100 protein represents the primary apolipoprotein of VLDL and LDL 

particles essentially mediating systemic transport of lipids including cholesterol to peripheral 

tissues in the context of the fuel- and the overflow transport pathways, respectively, and is the 

primary ligand of the low-density lipoprotein receptor (LDL-R) [67]. Peripheral as well as 

liver-specific LDL particle uptake via apoB100-dependent LDL-R binding and endocytosis is 

promoted by TH, as LDLR encoding this receptor represents a direct TR target and is 

additionally up-regulated by the transcriptional regulator SREBP-2, that, in turn, is also 

induced by TH at the gene expression level [68-70]. Thus, the decreased apoB100 abundance 

under conditions of thyrotoxicosis represents a direct consequence of TH-stimulated LDL 

uptake from the circulation. 

APOD is primarily associated with HDL particles mediating reverse cholesterol 

transport (RCT) from peripheral tissues to the liver. It represents an atypical apolipoprotein 

and belongs to the family of lipocalin proteins which transport small hydrophobic ligands 

[71]. TH stimulate the RCT by increasing the expression of several genes involved in 

cholesterol metabolism, among them SCARB1 encoding the multiple-ligand binding 

scavenger receptor class B member 1 (SRB1) which is responsible for the binding of 

cholesterol enriched HDL particles in numerous cell tissues, namely liver and adrenal [72]. 

Therefore, the observed drop in APOD plasma levels can be explained by TH-stimulated 

HDL particle binding as part of the activated RCT. 

The apoCIII protein is localized on the surface of mature triglyceride-rich 

chylomicrons and VLDL particles as well as HDL particles contributing to the fuel transport- 

and the RCT-pathways, respectively [67]. Uptake of VLDL particles is mediated by the 

VLDL receptor (VLDL-R) that binds APOE, a further apolipoprotein found in chylomicrons. 

https://en.wikipedia.org/wiki/Apolipoprotein
https://en.wikipedia.org/wiki/Low-density_lipoprotein
https://en.wikipedia.org/wiki/Lipid
https://en.wikipedia.org/wiki/Cholesterol
https://en.wikipedia.org/wiki/Biological_tissue
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Expression of the gene encoding this receptor was demonstrated to be under positive TH 

control in a rodent model [73]. Therefore, the decreased apoCIII levels observed in our study 

during thyrotoxicosis are explained by TH-mediated up-regulation of the genes encoding 

VLDL-R and SRB1.  

The TH-induced drop in the plasma levels of apolipoproteins belonging to different 

classes is consistent with the observed significant TH-associated transient reductions in the 

plasma levels of HDL-cholesterol, LDL-cholesterol, and total cholesterol as determined by 

standard clinical assays (see Table 1 and Figure 2). 

A plasma proteome signature indicating augmented coagulation during thyrotoxicosis 

The positive association between blood coagulation and TH concentrations is well-known. In 

line with the predominantly clinical studies published so far on this topic [74-78], our 

proteome analysis demonstrated several proteins involved in the coagulation cascade to 

exhibit FT4-associated plasma levels (Figure 4). These findings were already published 

separately [79]. In short, we were able to demonstrate that experimental thyrotoxicosis 

increases the levels of coagulation cascade proteins in plasma, supporting a positive impact of 

TH on blood coagulation even at non-pathological levels. Coagulation factor XIII B chain 

(F13B) and the factors IX (FA9) and XI (FA11) exhibited significantly increased levels under 

thyrotoxicosis conditions, as well as SERPINA5 (IPSP), an inhibitor of activated protein C. 

As the latter inhibits clot formation, increased levels of its inhibitor SERPINA5 and of factors 

XIIIB, IX, and XI can be predicted to result in a prothrombotic, hypercoaguable environment, 

in accordance with the aforementioned findings from clinical studies [74-78]. For factors 

XIIIB and IX, the increased plasma levels after L-T4-treatment were independently validated 

by ELISA techniques [79]. The molecular mechanism(s) underlying the increased levels of 

these proteins are currently not clear and cannot be clarified by our study design. Plausible 

hypotheses might be a TH-stimulated increase of their stability in plasma or enhanced 

expression of their encoding genes. The recently published finding of unaltered coagulation 
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parameters in RTHβ patients despite elevated FT4 levels favours the latter hypothesis and 

suggests that the procoagulant effects observed under conditions of thyrotoxicosis and 

hyperthyroidism are mediated via TRβ [80]. 

A plasma proteome signature indicating increased complement system plasma protein 

levels 

Nine proteins of the complement system were positively associated with FT4, including 

mannose-binding protein C (MBL2) and mannan-binding lectin serine protease 2 (MASP2). 

Additionally, the complement-factor H-related proteins CFHR1 and CFHR5 as binding 

proteins of complement component C3b showed a positive association with serum FT4 

(Figure 4). Consistently, although the C3 protein barely missed statistical significance in the 

proteome analysis (Table S2), higher abundance of C3 as well as C4 was determined by 

standard laboratory assays (Table 1 and Figure 2). In addition, our metabolome analysis 

detected one C3 fragment (HWESASLLR) [81] mirroring the positive association (Figure 3). 

Similarly, clinical studies [77, 82, 83] reported positive associations between complement 

system proteins and TH levels. Of note, the duration of hyperthyroidism might be crucial in 

this context, since a short-term model of experimental thyrotoxicosis revealed no significant 

C3 level alterations [77]. Data explaining the impact of TH on the complement system 

proteins, which originate primarily from the liver, are scarce. Previous studies demonstrated 

that MBL2 encoding mannose-binding lectin, an early module of the lectin pathway in the 

complement system that exhibited increased plasma levels under thyrotoxicosis conditions in 

our study, represents a direct PPARα target [84, 85]. As PPARα belongs to those 

transcriptional co-regulators interacting with TH-ligated TR [23], it may be speculated that a 

corresponding TH-mediated induction of MBL2 expression causes the observed plasma level 

increase, which might also hold true for other complement system proteins. However, in mice, 

the fact that several analyses of the hepatic transcriptome in different murine models before 

and after T3 application failed so far to demonstrate convincingly differentially expressed 
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genes encoding complement system proteins [86, 58, 87, 88] argues against a TR-dependent 

regulation at the mRNA level. Future analyses involving TH-treated primary human 

hepatocytes might represent a promising approach to clarify the molecular mechanism(s) 

underlying the observed plasma level alterations of complement system proteins.  

Differences in response profiles and effect magnitudes 

Different kinetic patterns as well as mean magnitude sizes were observed for several 

associated molecule categories (Figure 3 and 4): ACs exhibited an invariable response during 

the complete study period whereas the levels of long-chain fatty acids further increased 

between four and eight weeks (Figure 3). In contrast, complement system proteins reached 

their maximal mean levels after four weeks of L-T4 treatment followed by a moderate decline 

after eight weeks (Figure 4). Time-dependent alterations were also evident in the magnitudes 

of the detected effects. For instance, lipid species demonstrated an almost two-fold increase, 

whereas the levels of complement system proteins increased only moderately (~30%). Despite 

these differences, all associations were most likely mediated by L-T4 treatment as they were 

captured by the mixed-effect linear regression models.  

A biomarker-based signature to predict thyroid function 

Our approach of a precisely controlled transient increase in systemic TH levels in healthy 

male volunteers allowed characterizing effects clearly and unambiguously based on a defined 

duration and dose of thyroxine. As we deliberately searched for a clinically relevant and yet 

unmet diagnostic approach to classify TH status without using TSH and/or free TH, we 

combined the data generated by the untargeted OMICS techniques in a classification model. 

For this purpose, we built a random forest classifier via a two-stage cross-validation 

procedure (see Material and Methods and Figure S1), thereby allowing for a more realistic 

estimation of the generalization of the random forest than conventional k-fold cross-

validation. This is exemplarily demonstrated by the ROC curves (Figure 5) which were 

obtained when both situations occurred, perfect (AUC = 1) as well as fair (AUC = 0.75) 
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classification neither representing the expected general performance. Additionally the 

approach chosen here allowed for combining classification with feature selection to define a 

small set of biomarkers among the numerous FT4-associated molecules described above. We 

obtained a list comprising fifteen metabolites and proteins (Figure 5, left panel) exhibiting 

robust and good classification performance over all 30 validation runs (mean area under the 

curve (AUC): 0.86; Figure 5, right panel) and therefore representing appropriate biomarkers 

for a reliable prediction of the TH status. Of this biomarker panel, most components were 

already discussed above in the context of different physiological signatures: Increased resting 

energy expenditure and enhanced mitochondrial fatty acid β-oxidation (decanoylcarnitine, 

octanoylcarnitine, hexanoylcarnitine, laurylcarnitine), increased GSH synthesis as part of the 

augmented defense against oxidative stress as a consequence of stimulated respiration (γ-

glutamylvaline, γ-glutamylleucine, γ-glutamylmethionine), and increased levels of 

complement system (FHR5) or coagulation (F13B) proteins. 

Cadherin-5 (CDH5), also named VE-cadherin, represents a calcium-dependent 

adhesion protein specific to endothelial cells and is a major component of adherens junctions 

found in blood vessels. It is essentially involved in the regulation of vascular integrity, 

restricting permeability of the endothelium [89]. Shedding of CDH5 by proteinases increases 

microvascular permeability and is one of the molecular mechanisms involved in 

transendothelial neutrophil migration during inflammatory processes and endothelial 

apoptosis [90]. CDH5 shedding is mediated by two proteinases of the ADAM (A Disintegrin 

And a Metalloprotease domain metalloproteases) family, namely ADAM9 and ADAM10 

[91], where the proteolytic activity of ADAM10 is stimulated by thrombin (coagulation factor 

2, F2a) [92]. Therefore, the observed increased levels of circulating CDH5 most probably 

result from stimulated thrombin activation under the prothrombotic thyrotoxicosis-associated 

conditions described above. 
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A similar explanation can be found for the increased vasorin (VASN) levels: VASN is 

a typical type I membrane protein that was identified as target of the ADAM17 

metalloprotease. Limited proteolysis by ADAM17 generates a soluble fragment 

encompassing the extracellular VASN domain which directly binds to transforming growth 

factor (TGF)β and attenuates TGFβ signaling [93]. As in the case of ADAM10, ADAM17-

dependent shedding has been demonstrated to be stimulated by thrombin [94]. Consistently, 

the three CDH5-specific peptides as well as the six VASN-specific peptides that were 

detected in the proteome analysis exclusively mapped to the extracellular domains of the two 

proteins. Therefore, together with CFHR5, CDH5 and VASN can be assigned to the signature 

of increased levels of coagulation factors. 

The plasma level of cysteine was previously reported to be decreased by TH-treatment 

via direct down-regulation of the expression of CTH and CBS encoding cystathionine gamma-

lyase and cystathionine beta-synthase, respectively [95]. This might explain the pronounced 

negative association between the plasma levels of cysteine as well as its metabolite 4-amino-

2-hydroxybutyrate and FT4 in our study (Figure 3). Threonate, which is either derived from 

glycated proteins or represents a degradation product of ascorbate [96], was previously linked 

to altered thyroid function in two murine models [38, 97] but not yet in humans. 

Finally, lumican (LUM) represents an extracellular matrix protein modified as a 

proteoglycan in several tissues. The core protein with leucine-rich repeats that are 

characteristic for the corresponding superfamily binds collagen fibrils and regulates its 

structure. In addition, LUM associates with CD14 on the surface of macrophages and 

neutrophils and promotes the CD14-TLR4 mediated response to bacterial lipopolysaccharides 

where it is involved in macrophage-mediated phagocytosis [98-100]. LUM is proteolytically 

degraded by matrix metalloproteinase (MMP) 14 [101] whose encoding gene MMP14, among 

several other genes encoding MMPs, was demonstrated to be down-regulated by TH [102]. 



6  PUBLICATIONS 

 
110 

Thus, the observed increase in plasma LUM levels might be the consequence of its decreased 

degradation due to TH-mediated reduced MMP14 expression. 

Conclusion 

The unique feature of the present study is its specific experimental design. By focusing on 

healthy young male volunteers we excluded any potentially interfering, disease-specific 

influences related, for example, to the autoimmune process in Graves’ thyrotoxicosis. This 

approach allows to control the extent and duration of biochemical hyperthyroidism induced 

by thyroxine as one of the most prescribed drugs and to monitor its recovery, thereby enabling 

unique insights into the kinetics of subjective changes experienced by the volunteers in 

relation to biochemical changes measured. 

Application of L-T4 clearly induced biochemical thyrotoxicosis in our volunteer 

sample as indicated by strongly suppressed TSH and clearly increased TH levels which were 

rapidly reversed after ceasing hormone application. The model was further validated by 

known thyrotoxic alterations in biochemical markers, including SHBG, CYTC and total and 

LDL-cholesterol [12, 11, 48]. 

Interestingly, as described in a previous study analyzing the same volunteer sample, 

subjectively the volunteers did not notice any thyrotoxic symptoms which was supported by 

the negative results of a standardized questionnaire for thyrotoxicosis and a battery of 

behavioral and cognitive tests [18]. A 24 h blood pressure profile before and at the end of 

eight weeks of thyroxine application was not significantly different, neither when analyzed 

over 24 h or during sleep between 01:00 and 06:00 am [18]. In contrast, pulse rate during 

sleep slightly but significantly increased, however unnoticed by the volunteers.  

L-T4 application clearly changed a large number of biochemical parameters beyond 

the expected alterations in TSH and TH levels or in known biochemical markers. The 

combined findings reveal a surprising discrepancy between biochemical alterations and 

subjective symptoms in this cohort of young healthy subjects and shed new light on the 
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mechanisms mediating adaptation to subclinical hyperthyroidism. They suggest that 

biochemical alterations might be detectable considerably earlier than clinical symptoms occur 

and are much more sensitive. In consequence, the diagnosis of thyrotoxicosis in clinical 

routine might frequently miss the real onset time of the disease by several months. 

The comprehensive robust analysis of a human thyrotoxicosis model using state of the 

art untargeted plasma OMICS approaches demonstrated a strong and pleiotropic metabolic 

impact of TH on this compartment. The characterized physiological signatures comprised 

biomarkers indicating increased resting energy expenditure, augmented defense against 

systemic oxidative stress, decreased lipoprotein particle levels, and increased levels of 

complement system proteins as well as coagulation factors, where the latter results in a pro-

thrombotic environment. Measurement of fifteen specific biomarkers, metabolites as well as 

proteins, allowed reliable prediction of the individual thyroid function in the analyzed sample 

independent of common TSH and FT4 measurements. In addition, by following the subjects 

during the recovery from thyrotoxicosis we gained first insight in the target specific kinetics 

of TH-dependent responses. The definition of this prediction panel might represent an 

important step forward in molecular characterization of early forms of hyperthyroidism. 

However, it has to be emphasized that the analyzed study sample consisted exclusively of 

young men, limiting the generalizability of the results. Therefore, further validation studies 

using larger samples of higher complexity in terms of age and sex as well as hypothyroid 

conditions have to be performed. Similarly, our findings concerning the influence of increased 

TH levels on kidney function markers and systemic ADMA levels that might be of special 

clinical importance have to be replicated in appropriate patient cohorts or/and population-

based studies where the required parameters are available. 

Materials and Methods 

Study design and sampling. Sixteen young healthy male subjects were treated with a single 

tablet of 250 µg levothyroxine (L-T4; Henning-Berlin, Berlin, Germany) per day for eight 
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weeks. Plasma was sampled before L-T4 intake started (baseline, bas), after four (w4(T4)) and 

eight (w8(T4)) weeks under treatment as well as four (w12) and eight (w16) weeks after 

ending the application, respectively (Figure 1A). The chosen sample size is appropriate as the 

volunteers were selected to reduce inter-individual variance.  The repeated measure character 

of the study further reduced the influence of inter-individual variance. Body mass index 

(BMI) of the volunteers ranged from 21 to 30 kg/m2 and their age from 22 to 34 years (Table 

1). During the study, thyrotoxicosis questionnaires were performed as well as 24 h blood 

pressure, and pulse rate activity (Cambridge Nanotechnology, Cambridge, UK) were 

recorded. The work has been approved by the ethics committee of the University of Lübeck 

and written informed consent was received from all participants prior to the study. The study 

conformed to the WMA Declaration of Helsinki. 

Assays. Serum levels of TSH, free triiodothyronine (FT3) and FT4 were measured using an 

immunoassay (Dimension VISTA, Siemens Healthcare Diagnostics, Eschborn, Germany) 

with a functional sensitivity of 0.005 mU/l for TSH, 0.77 pmol/l for FT3 and 1.3 pmol/l for 

FT4. SHBG levels were determined via a chemiluminescent enzyme immunoassay on an 

Immulite 2000XPi analyzer (SHBG Immulite 2000, Siemens Healthcare Medical Diagnostics, 

Bad Nauheim, Germany) with a functional sensitivity of 0.02 nmol/l. Serum cystatin C 

(CYTC) was measured using a nephelometric assay (Dimension VISTA, Siemens Healthcare 

Diagnostics, Eschborn, Germany) with a functional sensitivity of 0.05 mg/l. Insulin serum 

concentrations were measured using a chemiluminescent immunometric assay (Immulite 200 

XPi; Siemens Healthcare Diagnostics) with a functional sensitivity of 2 mlU/ml. Lipids (total 

cholesterol, HDL- and LDL cholesterol, triglycerides), serum glucose, serum activities of 

alanine amino transferase (ALT), aspartate amino transferase (AST), γ-glutamyl 

transpeptidase (GGT) as well as the levels of the complement factors C3 and C4 were 

measured by standard methods (Dimension VISTA, Siemens Healthcare Diagnostics, 

Eschborn, Germany).  
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Plasma metabolome analysis. Metabolic profiling of plasma samples was performed by 

Metabolon Inc. (Durham, NC, USA), a commercial supplier of metabolic analyses. Three 

separate analytical methods (GC-MS and LC-MS (positive and negative mode)) were used to 

detect a broad metabolite panel [103]. Briefly, proteins were precipitated from 100 µl plasma 

with methanol, which further contained four standards to monitor extraction efficiency, using 

an automated liquid handler (Hamilton ML STAR, Hamilton Company, Salt Lake City, UT, 

USA). The resulting extract was divided into four aliquots; two for analysis by LC, one for 

analysis by GC and one reserve aliquot. Aliquots were placed briefly on a TurboVap® 

(Zymark, Sparta, NJ, USA) to remove the organic solvent. Each aliquot was then frozen and 

dried under vacuum. LC-MS analysis was performed on a LTQ mass spectrometer (Thermo 

Fisher Scientific Inc., Waltham, MA, USA) equipped with a Waters Acquity UPLC system 

(Waters Corporation, Milford, MA, USA). Two aliquots were reconstituted either with 0.1% 

formic acid (positive mode) or 6.5 mM ammonium bicarbonate (negative mode). Two 

separate columns (2.1 x 100 mm Waters BEH C18 1.7 µm particle) were used for acidic 

(solvent A: 0.1% formic acid in H2O, solvent B: 0.1% formic acid in methanol) and basic (A: 

6.5 nM ammonium bicarbonate pH 8.0, B: 6.5 nM ammonium bicarbonate in 98% methanol) 

mobile phase conditions, optimized for positive and negative electrospray ionization, 

respectively. After injection the samples were separated in a gradient from 100% A to 98% B. 

The MS analysis alternated between MS and data-dependent MS/MS scans using dynamic 

exclusion. GC-MS analysis was performed on a Finnigan Trace DSQ fast-scanning single-

quadrupole mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA), equipped 

with a GC column containing 5% phenyl residues. The temperature was ramped between 60 

and 340°C. For electron impact ionization one aliquot was derivatized under dried nitrogen 

using bistrimethyl-silyl-triflouroacetemide. Quality control of platform performance was 

achieved by the use of pooled samples and technical blanks as well as the addition of non-

interfering internal standards to the samples. Metabolites were identified from LC-MS and 
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GC-MS spectra by automated comparison with a proprietary library, containing retention 

times, m/z ratios and related adduct/fragment spectra of over 1000 standard compounds 

measured by Metabolon. To correct for daily variations of platform performance, the raw area 

count of each metabolite was rescaled by the respective median value of the run day. In total, 

380 metabolites could be identified.  

Plasma proteome analysis. Depletion of six highly abundant proteins in plasma was 

performed using multi-affinity chromatography (MARS6-human, Agilent Technologies, 

Waldbronn, Germany) in accordance with the manufacture’s protocol. After precipitation of 

proteins of the non-bound fraction with trichloroacetic acid (final concentration 15%), the 

pellet was re-suspended in 100 µl 8 M urea/ 2 M thiourea. Protein concentrations of depleted 

samples were determined via a Bradford Assay (Bio-Rad Laboratories, Munich, Germany) 

using bovine serum albumin as standard protein. Individual protein samples (4 µg) were 

reduced with 2.5 mM dithiothreitol (60 °C, 1h), subsequently alkylated with 10 mM 

iodoacetamide (37 °C, 30 min), and subjected to proteolytic cleavage with trypsin (Promega, 

Madison, WI, USA) using a trypsin to protein ratio of 1:25 overnight at 37 °C. After stopping 

the digestion with 1 % acetic acid, samples were purified with C18 ZipTip® with a loading 

capacity of 2 µg (Millipore Cooperation, Billerica, MA, USA). Prior to MS analysis, desalted 

peptides were subjected to reverse phase chromatography. Chromatographic separation of 

peptides was done on a nanoAquity UPLC system equipped with a pre-column (nano Aquity 

UPLC Trap column, 180 µm × 20 mm, 5 µm) /reverse phase column (BEH130 C18, 100 µm 

× 100 mm, 1.7 µm) configuration (Waters Corporation, Milford, MA, USA). A 100 min non-

linear gradient of 2-60 % ACN in 0.1 % acetic acid was run at a constant flow rate of 0.4 

µl/min. Mass spectral data were recorded on-line on a LTQ-Orbitrap Velos mass spectrometer 

(Thermo Electron, Bremen, Germany) which was operated in a data-dependent acquisition 

mode. MS/MS fragmentation was performed by collision induced dissociation. The recorded 

LC-MS/MS raw data were processed using the Refiner MS software version 7.6.6 (GeneData, 
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Basel, Switzerland) with an adapted workflow with the following steps: (i) chemical noise 

removal, (ii) retention time alignment across all samples, (iii) feature extraction and isotope 

group clustering. Data was searched against a human Swissprot/Uniprot database (rel. 

2012/08) limited to human entries with a precursor ion tolerance set to 10 ppm (0.6 Da for 

fragment ions) using an in-house MASCOT server (rel. 2.3). The carbamidomethylation of 

cysteine was set as static modification, methionine oxidation was considered as dynamic 

modification. Peptides identified with rank = 1 and an ion score ≥ 20 and identified as unique 

in the data set were used for relative quantitation on the level of summed peptide intensities 

per protein. MS analyses of all 80 plasma samples revealed 2374 unique peptides representing 

497 human proteins. The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE [104] partner repository with the dataset 

identifier PXD004815 and 10.6019/PXD004815. 

Statistical Analysis. To ensure a median availability of data points on three time points, only 

metabolites and proteins with less than 40% missing values were used for the analysis, 

resulting in 349 metabolites and 437 proteins. Values of metabolite/protein intensities were 

log10-transformed. To account for compliance and intestinal resorption during L-T4 treatment 

we applied a mixed-effect linear regression model with serum FT4 concentrations as exposure 

and metabolite/protein concentrations as outcome. Since the study considered repeated 

measurements, serum FT4 was determined as a fixed effect whereas the study participant was 

the random effect in the model. All analyses were adjusted for baseline age and BMI as well 

as experimental batch in case of proteome analyses. To account for multiple testing, we 

adjusted the p-values of the regression analysis by controlling the false discovery rate (FDR) 

at 5% [105]. Distributional assumptions were tested visually using QQ-plots and no obvious 

violations were observed. Robustness of the results was assessed by a leave-three-out 

procedure. For this purpose we randomly chose three participants and excluded them from the 

analyses. This procedure was repeated 100 times. Since three participants strikingly differed 
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in their response to L-T4 regarding their serum ALT and AST activities, an additional data set 

was created excluding them leading to finally 101 distinct subsets of the data. Subsequently, 

estimates and FDR values were averaged across the subsamples. Metabolites and proteins 

with an average FDR below 0.05 were defined significant. In consequence, the results 

presented in this work constitute the most robust FT4-associated alterations. The functional 

classification analysis for significantly altered proteins was performed using Ingenuity 

Pathway Analysis software (Ingenuity Systems, Redwood City, CA, USA). Significance of 

the enrichment of altered proteins among functional categories was assessed by Fisher’s exact 

test. For every time point, ratios to the baseline values for each participant were calculated 

and plotted as mean log2-fold change. Sample classification. For classification purposes, 

samples were divided in two groups. First, all samples before L-T4 treatment as well as eight 

weeks after stop of treatment were defined as euthyroid. Second, all samples from the two 

treatment time points were defined as hyperthyroid. Both assignments were justified by 

suppressed serum TSH concentrations in concordance with elevated serum FT4 (Table 1 and 

Figure 1). In total, 64 samples were used for classification analysis (time point w12, four 

weeks after stop of treatment, was left out because of the presence of an intermediate state). 

To ensure reproducibility of possible markers, only metabolites/proteins without missing 

values as well as unambiguous assignment were used, resulting in 201 metabolites and 207 

proteins. Since no independent validation set was available and to avoid overfitting, we 

performed a two-stage cross validation procedure to select a subset of metabolites/proteins 

capable of classifying the samples using a random forest [106] as classifier (Figure S1). A 

first split was performed to divide samples in training and validation set (outer loop; repeated 

30 times). The resulting training sets were once more partitioned into training and test set 

(inner loop; repeated 50 times). Based on the last split, a random forest was trained. 

Prediction performance was assessed using receiver operating characteristic (ROC) curves on 

the independent test set for the current loop. Variable importance was assessed by the Gini 
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index [107] for each feature of the trained forest. Variable importances of each inner loop 

were averaged weighted by the area under the ROC-curves (AUC). The fifteen most 

important variables from the inner loop were taken forward to build a new random forest. 

Analogous to the previous procedure the prediction performance was assessed yielding the 

final classification performance based on a reduced subset of the features. The random forest 

was implemented in R via the randomForest package (v 4.6-10) [106]. Statistical analyses 

were performed using SAS version 9.4 (SAS statistical software, version 9.4, SAS Institute, 

Inc; NC, USA) and R 3.0.1 (R Foundation for statistical computing, version 3.0.1, Vienna, 

Austria). 
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Figures 

 
Figure 1 A) Study design including sampling time points (bas = baseline; w4(T4)/w8(T4) = four and 
eight weeks of levothyroxine treatment; w12/w16 = four and eight weeks after stopping the 
application) as well as duration of levothyroxine (L-T4) treatment. B) Boxplots with mean values of 
serum TSH (white) and FT4 (grey) for each time point.  
 

 
Figure 2 Means with 95% confidence intervals for serum concentrations of selected biochemical 
parameters during the study periods. Corresponding estimates from regression analyses are given in 
Table 1. bas = baseline; w4(T4)/w8(T4) = four and eight weeks of levothyroxine treatment; w12/w16 
= four and eight weeks after stopping the application 
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Figure 3. Heatmap of plasma metabolites significantly associated with free thyroxine (FT4) in mixed 
effect linear regression models. The first column displays the values of the mean false discovery rate 
(FDR) for the FT4 effect across 101 subsamples coded in grey color. The other columns indicate the 
mean log2-ratio from baseline (bas) compared to four (w4(T4)) and eight (w8(T4)) weeks of treatment 
as well as four (w12) and eight (w16) weeks after finishing the treatment. The time course of the FT4 
concentrations is shown on top of the map as reference. Orange shading denotes an increase and blue 
shading a decrease compared to baseline, respectively. Derived physiological signatures are labeled on 
the left. The corresponding estimates and FDR values from regression analysis can be found in Table 
S1. Metabolites marked with a star were assigned based on in silico fragmentation spectra. 
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Figure 4. Heatmap of plasma proteins significantly associated with free thyroxine (FT4) in mixed 
effect linear regression models. The first column displays the values of the mean false discovery rate 
(FDR) for the FT4 effect across 101 subsamples of the data coded in grey color. The other columns 
indicate the mean log2-ratio from baseline (bas) compared to four (w4(T4)) and eight (w8(T4)) weeks 
of treatment as well as four (w12) and eight (w16) weeks after finishing the treatment. The time course 
of FT4 concentrations is shown on the top of the map as reference. Orange shading denotes an increase 
and blue shading a decrease compared to baseline, respectively. Derived physiological signatures are 
labeled on the left. The corresponding estimates and FDR values from regression analysis can be 
found in Table S2. 
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Figure 5. Final results from classification analyses using random forests in a two-stage cross-
validation scheme with 50 inner and 30 outer loops (figure S1). Left panel: Fifteen most important 
metabolites/proteins ranked by a weighted (area under the curve) mean Gini index. Right panel: 
Receiver operating characteristic (ROC) curves (upper) and boxplot of the area under the curve 
(lower) from 30 outer loops. Overlapping ROCs are displayed by darker shades and the diamond 
indicates the mean AUC. CADH5 = cadherin-5; FHR5 = complement factor H-related protein 5; F13B 
= coagulation factor XIII B chain; LUM = lumican; VASN = vasorin 
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Supplement 

 

Figure S1. Flowchart of the classification procedure. Each outer loop started with splitting off the 
validation data from the remaining data that were further divided in a training set and a test set at each 
start of a training period. The training set was used to build a random forest (RF) exploiting all 
metabolites/proteins as features. Predictions were made on the test set and RF performance was 
assessed by the area under the curve (AUC) while feature importance was measured as the Gini index. 
Training was repeated on i different splits of data and an AUC-weighted mean Gini index was 
computed for all features. Afterwards, a new RF restricted to the top k features (those with the highest 
mean Gini index) was build. It was trained on the combination of training and test data and employed 
to classify the validation data. The described procedure was repeated j-times, once more yielding an 
AUC-weighted mean Gini index for feature importance. The final results of this procedure with i=50, 
j=30 and k=15 are shown in Figure 4 in the main text. 
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Figure S2 Boxplots for each study time point for glucose and total cholesterol levels measured either 
by standard laboratory assays (dark grey; Dimension VISTA, Siemens Healthcare Diagnostics, 
Eschborn, Germany) or by metabolomics (light grey; Metabolon Inc., Durham, NC, USA). bas = 
baseline; w4(T4)/w8(T4) = four and eight weeks of levothyroxine treatment; w12/w16 = four and 
eight weeks after stopping the application 

 

  

Figure S3 Boxplots for each study time point for sex-hormone binding globulin (SHBG) and cystatin 
C levels determined either by standard  laboratory assays (dark grey; SHBG: Immulite 2000, Siemens 
Healthcare Medical Diagnostics, Bad Nauheim, Germany; cystatin C: Dimension VISTA, Siemens 
Healthcare Diagnostics, Eschborn, Germany) or in the untargeted proteome approach (light grey). bas 
= baseline; w4(T4)/w8(T4) = four and eight weeks of levothyroxine treatment; w12/w16 = four and 
eight weeks after stopping the application 
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