
Originaldokument gespeichert auf dem Dokumentenserver der Universität Basel 
edoc.unibas.ch 

 

 

 

 

The Role of Interleukin-1 in the Pathophysiology of  

Polycystic Ovary Syndrome and Regulation of Copeptin  

 

 

 

 

Inaugural dissertation 

to 

be awarded the degree of Dr. sc. med.  

presented at  

the Faculty of Medicine 

of the University of Basel 

 

by 

 

Dr. med. Milica Popovic 

 

 

from Allschwil, Basel-Landschaft 

 

 

 

 

 

Basel, 2021 

 

http://www.edoc.unibas.ch/


 

 

Approved by the Faculty of Medicine 

On application of 

Prof. Dr. med. Mirjam Christ-Crain (Primary Supervisor) 

Prof. Dr. med. Marc Y. Donath (Secondary Supervisor) 

Dr. med. Katharina S. Timper (Further Supervisor) 

Prof. Dr. med. Barbara Obermayer-Pietsch (External Expert) 

 

 

Basel,…………………….. 

  

 

 

…………………………………….. 

Dean 

Prof. Dr. med. Primo Schär 

 

 

  



Table of Contents 
Acknowledgements ................................................................................................................................. 1 

Summary of the project ........................................................................................................................... 2 

Summary of the project in German ..................................................................................................... 3 

Introduction ............................................................................................................................................. 5 

Reproductive Cycle in Healthy Women, ............................................................................................. 5 

Reproductive Disease: Focus on Polycystic Ovary Syndrome ........................................................... 5 

Overview and Diagnosis.................................................................................................................. 5 

Treatment Limitations ..................................................................................................................... 6 

The Inflammatory Hypothesis ......................................................................................................... 7 

Interleukin-1 ........................................................................................................................................ 7 

IL-1 physiology ............................................................................................................................... 7 

IL-1-driven chronic low-grade inflammation in metabolic and cardiovascular disease ................. 8 

Benefits of IL-1 antagonism in metabolic and cardiovascular disease ............................................ 8 

IL-1 in PCOS ....................................................................................................................................... 9 

IL-1β and related inflammatory markers in patients with PCOS .................................................... 9 

Experimental studies on IL-1 in the ovary .................................................................................... 10 

Arginine vasopressin/copeptin in chronic low-grade inflammation .................................................. 11 

Main objectives of this MD-PhD thesis ............................................................................................ 12 

Contribution by the MD PhD student ................................................................................................ 12 

Manuscript I: Effects of Interleukin-1 Receptor Antagonism on Hyperandrogenemia in Women with 

Polycystic Ovary Syndrome – The FertIL Trial .................................................................................... 14 

Abstract ............................................................................................................................................. 15 

Introduction ....................................................................................................................................... 16 

Methods ............................................................................................................................................. 16 

Study design and patients .............................................................................................................. 16 

Study procedures ........................................................................................................................... 17 

Study endpoints ............................................................................................................................. 18 

Laboratory measurements and sample handling ........................................................................... 18 

Power calculation and statistical analysis ...................................................................................... 18 

Results ............................................................................................................................................... 19 

Baseline characteristics ................................................................................................................. 19 

Effects of IL-1 receptor antagonism on CRP levels ...................................................................... 21 

Effects of IL-1 receptor antagonism on hyperandrogenemia ........................................................ 22 

Effects of IL-1 receptor antagonism on the pituitary-ovarian axis ................................................ 23 

Clinical parameters ........................................................................................................................ 26 

Compliance and adverse events..................................................................................................... 26 

Discussion ......................................................................................................................................... 27 



Acknowledgements ........................................................................................................................... 30 

Manuscript II: Exercise upregulates copeptin levels which is not regulated by interleukin 1 .............. 31 

Abstract ............................................................................................................................................. 32 

Introduction ....................................................................................................................................... 33 

Participants and methods ................................................................................................................... 33 

Study design .................................................................................................................................. 33 

Eligibility criteria .......................................................................................................................... 34 

Treatment assignment and blinding ............................................................................................... 34 

Study procedures ........................................................................................................................... 34 

Sample collection and analytic procedure ..................................................................................... 35 

Statistical analysis ......................................................................................................................... 35 

Results ............................................................................................................................................... 35 

Baseline characteristics ................................................................................................................. 35 

Copeptin levels upon exercise with and without IL-1 receptor antagonism.................................. 36 

Discussion ......................................................................................................................................... 37 

Acknowledgements ........................................................................................................................... 38 

Funding .............................................................................................................................................. 39 

Declaration of interest ....................................................................................................................... 39 

Manuscript III: The Role of IL-1 In The Regulation of Copeptin in Patients With Metabolic Syndrome

 ............................................................................................................................................................... 40 

Abstract ............................................................................................................................................. 41 

Introduction ....................................................................................................................................... 42 

Methods ............................................................................................................................................. 42 

Study A: Patients and trial design ................................................................................................. 43 

Study B: Patients and trial design .................................................................................................. 43 

Laboratory analyses ....................................................................................................................... 43 

Statistical analysis ............................................................................................................................. 44 

Results ............................................................................................................................................... 44 

Baseline characteristics ................................................................................................................. 44 

Baseline copeptin levels ................................................................................................................ 46 

Effect of IL-1 receptor antagonism on copeptin levels ................................................................. 47 

Discussion ......................................................................................................................................... 50 

Declaration of interest, Funding and Acknowledgements ................................................................. 52 

Overall discussion and outlook ............................................................................................................. 53 

IL-1 and PCOS .................................................................................................................................. 53 

Directions for future research ........................................................................................................ 55 

IL-1 and copeptin .............................................................................................................................. 56 

References ............................................................................................................................................. 57 



 

 



 
Inaugural Dissertation - Dr. med. Milica Popovic  1 

Acknowledgements 

First, I wish to express my deepest gratitude to my primary supervisor and mentor Prof. Mirjam Christ-

Crain. I am incredibly grateful to her for recognizing my enthusiasm for research while I was still a 

student and for giving me the opportunity of a clinical research education in her team. Particularly, I 

appreciated Prof. Christ-Crain’s trust in my abilities to explore my own research area as well as her 

valuable guidance through always constructive feedback.  

Secondly, I would like to thank my second supervisor, Prof. Marc Donath. His excellent expertise was 

essential to my whole MD PhD project. I am grateful that Prof. Donath empowered me to broaden my 

knowledge outside my main research area and for teaching me his way of thinking “outside the box”. 

Moreover, I express my gratitude towards my further supervisor Dr. Katharina Timper who trusted me 

to iniate, design, and conduct a parallel clinical research project from scratch. She taught me to challenge 

current dogmas, and to seek for innovative research approaches. For this research project, Dr. Timper 

gave me the opportunity to support and supervise younger students which was a very stimulating and 

beautiful experience for me.  

Further, I thank Dr. Gideon Sartorius for his excellent advice and commitment for my main PhD project. 

Additionally, I would like to acknowledge the help of Prof. Christian De Geyter in recruiting patients 

for my main study.  

Special thanks go to Cemile Bathelt, Joyce Santos de Jesus, and Nina Hutter for teaching me the practical 

aspects of clinical research work. I am thankful for statistical support by Dr. Deborah Vogt and the other 

members of the Clinical Trial Unit. Importantly, I thank all current and previous members of Prof. 

Christ-Crain’s research team for it was a pleasure for me to work them. I especially would like to thank 

Patricia Arroyo, Cihan Atila, Brida Caviezel, Cheryl Kunz, Sophie Monnerat, Rahel Müller, Rianne 

Nobbenhuis, and Tanja Vukajlović for many joyful moments in the office and nice evenings. 

Furthermore, I am thankful for my two marvelous friends Mirjam Bissegger and Michelle Steinmetz, 

who have been on my side for a very long time and who have always had a sympathetic ear for me. 

Finally, my deepest gratitude goes to my parents Božana and Bratislav Popović who have fostered my 

ambitions and given me endless love and support. Warm thanks go to my closest relatives, Nebojša, 

Branislava, and Siniša Žarić, and my grandparents, Miroslava and Milovan Žarić, who have supported 

me for 27 years and encouraged me to always believe in myself. Last but not least, I am deeply grateful 

for my sister, Sanja Popović, and my fiancé, Dr. Ruben Wälchli, for being my beloved, wonderful 

soulmates with whom I feel a deep connection.  



 
Inaugural Dissertation - Dr. med. Milica Popovic  2 

Summary of the project 

BACKGROUND Polycystic Ovary Syndrome (PCOS) is a highly complex endocrine disorder in 

women of reproductive age. Its main traits are overactivity of male sexual hormones and ovulatory 

dysfunction, which result in serious symptoms, e.g., hirsutism and infertility. Despite the high 

prevalence of PCOS, its pathophysiology is not yet understood and no causal therapeutic options are 

available. Experimental and observational studies suggest a role for Interleukin-(IL)-1-driven chronic 

low-grade inflammation in the pathophysiology of PCOS. Besides, IL-1-driven chronic low-grade 

inflammation is associated with high levels of copeptin, a stress hormone and marker for arginine 

vasopressin (AVP). Since data show stimulatory effects of IL-1 on AVP, IL-1 might have a role in the 

regulation of AVP/copeptin. 

OBJECTIVE To investigate the role of IL-1 in the pathophysiology of PCOS and regulation of 

AVP/copeptin in healthy volunteers as well as in patients with chronic metabolic stress. 

METHODS The main project is a prospective, interventional trial with an IL-1 receptor blocking agent 

in patients with PCOS and chronic low-grade inflammation. The second project was a secondary 

analysis of a randomized, placebo-controlled, cross-over trial to compare the effects of IL-1 receptor 

antagonism on physical stress-induced copeptin levels. To investigate copeptin regulation during 

chronic stress, data on copeptin levels from two interventional studies, where obese individuals with 

metabolic syndrome were treated with an IL-1 receptor antagonist or placebo, were analyzed. 

RESULTS IL-1 receptor antagonism reduced inflammatory markers in women with PCOS. Short-term 

IL-1 receptor antagonism slightly increased androgen and estradiol levels and induced menstruation in 

a subgroup of patients. After four weeks of treatment androgens were not different from baseline, and 

no other clinical effects were visible.   

In healthy volunteers, IL-1 receptor antagonism did not induce any changes in copeptin levels during 

one hour of physical exercise.  

Baseline copeptin levels were higher in patients with metabolic syndrome who had higher baseline 

inflammatory markers. There was no difference in copeptin levels between patients treated with the IL-1 

receptor antagonist anakinra or placebo.  

DISCUSSION Chronic low-grade inflammation is regulated by IL-1 in PCOS. IL-1 receptor 

antagonism possibly induced new ovulatory cycles. This was observed by the increase in androgen and 

estradiol levels which normally occurs during the transition from the early to late follicular phase. 

Further analyses are needed to investigate potential mechanisms explaining the observed effects and to 

plan further long-term trials which investigate the anti-inflammatory therapeutic approach in PCOS. 

Finally, IL-1 does not seem to contribute to the regulation of copeptin levels. 
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Summary of the project in German 

EINLEITUNG Das Polyzystische Ovarialsyndrom (PCOS) ist ein hochkomplexes, endokrinologisches 

Krankheitsbild der Frau im fruchtbaren Alter. Die Hauptmerkmale des PCOS sind eine Überaktivität 

der männlichen Sexualhormone, sowie eine ovulatorische Dysfunktion, die schwerwiegende Symptome 

zur Folge haben. Trotz der hohen Prävalenz ist die Pathophysiologie des PCOS noch nicht verstanden, 

weshalb noch keine ursächlichen Therapieoptionen zur Verfügung stehen. Experimentelle und 

Beobachtungsstudien weisen darauf hin, dass eine chronische, niedriggradige IL-1-vermittelte 

Entzündungsaktivität zur Pathophysiologie des PCOS beitragen könnte. Diese IL-1-vermittelte 

Entzündungsaktivität ist auch mit erhöhten Copeptinwerten assoziiert. Copeptin ist ein Stresshormon 

und Marker für AVP. Da experimentelle Daten einen stimulierenden Effekt des IL-1 auf AVP zeigten, 

könnte IL-1 eine Rolle bei der Regulation von AVP/Copeptin haben.  

ZIEL Das Ziel ist es, zu untersuchen, ob IL-1 zur Pathophysiologie des PCOS beiträgt. Zudem wird 

untersucht, ob IL-1 in akutem oder chronischem Stress zur Hochregulation der Copeptinwerte führt. 

METHODIK Für das erste Projektziel habe ich eine prospektive Interventionsstudie mit einem 

IL-1-Blocker bei Patientinnen mit PCOS und chronischer Entzündung durchgeführt. Für die zweite 

Zielsetzung analysierte ich vorliegende Daten einer randomisierten, plazebo-kontrollierten, cross-over 

Studie mit dem Ziel, die anstrengungsinduzierten Copeptinwerte zwischen den zwei Behandlungen, 

Plazebo und IL-1-Rezeptorantagonismus zu vergleichen. Um die Copeptinregulation bei chronischem 

Stress zu untersuchen, analysierte ich Copeptinwerte aus zwei Interventionsstudien in welchen 

übergewichtige Probanden mit metabolischem Syndrom mit einem IL-1-Rezeptorantagonisten oder 

Plazebo behandelt wurden. 

RESULTATE Die IL-1-Hemmung reduzierte die Entzündungswerte bei Patientinnen mit PCOS. Eine 

Kurzzeittherapie mit dem IL-1-Rezeptorantagonisten Anakinra führte zu einer leichten Erhöhung der 

Androgen- und Östradiolwerte und induzierte eine Menstruation bei einem Teil der Patientinnen. Nach 

einer Behandlungszeit von vier Wochen waren die Androgene unverändert verglichen mit dem 

Ursprungswert.   

Bei gesunden Probanden führte der IL-1-Rezeptorantagonismus zu keiner Änderung der Copeptinwerte 

während einer einstündigen Sporteinheit.   

Die Copeptinwerte zu Anfang der Studie waren höher bei Patienten mit metabolischem Syndrom, die 

höhere Entzündungswerte hatten. Eine IL-1-Blockade führte zu keinen Änderungen der Copeptinwerte 

verglichen mit Plazebo. 

DISKUSSION Die chronische Entzündung scheint beim PCOS durch IL-1 reguliert zu sein. Die 

entzündungshemmende Therapie scheint bei einigen Patientinnen den Zyklus normalisiert zu haben. 

Dies ist am kurzzeitigen Anstieg der Androgen- und Östradiolwerte zu erkennen, welche 

physiologischerweise bei der Transition von der früh- zur spätfollikulären Phase ansteigen. Es sind 

weitere Analysen notwendig, um die zugrundeliegenden Mechanismen zu untersuchen, welche die 
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beobachteten Effekte erklären können und eine Grundlage für die Planung weiterer Studien, welche den 

entzündungshemmenden Therapieansatz beim PCOS untersuchen, zu schaffen. Das IL-1 scheint kein 

regulierender Faktor von Copeptin zu sein. 
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Introduction 

Reproductive Cycle in Healthy Women1,2 

The menstrual cycle lasts 28 (21-35) days and can be divided into two phases, the follicular and the 

luteal phase. The follicular phase serves to select a dominant follicle (= the oocyte surrounded by follicle 

cells) among a cohort of recruited follicles, which will ovulate and be fertilized by a sperm cell. In the 

luteal phase the ovary produces hormones to enable implantation of the blastocyst in the uterine lining.1,2 

Follicular phase: The follicle cells are responsible for sex hormone production and oocyte maturation 

and can be subdivided into granulosa and theca cells. The theca cells possess receptors for LH 

(luteinizing hormone), a gonadotropin secreted by the anterior pituitary gland. They produce mainly 

androgens upon pulsatile stimulation by LH and support the follicle with nutrients through 

vascularization. The granulosa cells have developed receptors for the pituitary-derived gonadotropin 

FSH (follicle stimulating hormone). They produce incrementing amounts of estradiol upon increasing 

stimulation by FSH and through FSH-induced aromatase activity, which converts theca cell-derived 

androgens to estradiol.1,2 Increasing levels of estradiol inhibit growth of other follicles through negative 

feedback on FSH, which allows emergence of the dominant follicle.1 The crossing of a certain estradiol 

threshold level leads to a LH surge triggering the ovulatory signal cascade in granulosa cells, which 

have started expressing LH receptors in the late follicular phase.1,2 After the oocyte is released, the 

remaining follicle cells change phenotype and become granulosa-luteal cells indicating the beginning of 

the luteal phase. The luteal cells secrete large amounts of progesterone and estradiol during the first 

week of the luteal phase.3 If no fertilization has occurred, the corpus luteum dies 8 days after ovulation 

and progesterone and estradiol production surcease, which triggers the onset of menstruation. The 

decrease in sex hormones allows a re-increase in FSH levels which then again initiates the start of a new 

menstrual cycle.1,2  

Reproductive Disease: Focus on Polycystic Ovary Syndrome 

Overview and Diagnosis  

Polycystic ovary syndrome (PCOS) was first described in 1935 in a series of seven cases by Irving F. 

Stein and Michael L. Leventhal.4 They observed occurrence of polycystic ovaries in women with 

infertility and amenorrhea, accompanied by signs of masculinization. PCOS is an endocrine, 

reproductive and metabolic disorder which affects approximately 6-10% of women of child-bearing age 

and is classified by an overactivity of male sexual hormones and ovarian dysfunction.5 Affected patients 

may suffer from various symptoms, e.g., oligomenorrhea, infertility, hirsutism, and acne. Importantly, 

it is becoming increasingly clear that patients with PCOS suffer from psychological strain.6 However, 

individual clinical presentation can vary greatly in quality and severity.7 Although many investigations 

 
1 This section offers a brief overview of the female reproductive physiology for better understanding of the further chapters. A detailed 
description is provided elsewhere.1,2 
2 Adapted from Popovic, M., Sartorius, G. & Christ-Crain, M.et al. “Chronic low-grade inflammation in polycystic ovary syndrome: is there a 

(patho)-physiological role for Interleukin-1?” Semin Immunopathol (2019) with permission by Springer-Verlag GmbH Germany, part of 
Springer Nature. 
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and clinical studies have been conducted to elucidate the pathophysiology of PCOS, the underlying 

mechanisms have still not been understood.7 The broad clinical spectrum and insufficient understanding 

of the causative mechanisms pose a challenge in diagnosing PCOS. Hence, different diagnostic criteria 

have been established in the past decades.8 The most commonly used diagnostic criteria are the 

Rotterdam criteria which were defined in 2003 by an expert panel.9 According to this consensus, PCOS 

consists of three components, of which at least two need to be fulfilled to diagnose PCOS: The first key 

feature is biochemical hyperandrogenism (elevated serum androgen levels) and/or clinical 

hyperandrogenism (hirsutism, acne, androgenic alopecia). Second, ovulatory dysfunction presents as 

oligo-/amenorrhea, and/or sub-, or infertility. The third criterion is follicular arrest, which is detected by 

presence of polyfollicular (a.k.a. “polycystic”) ovaries in transvaginal ultrasound.10,11 Exclusion of other 

etiologies for hyperandrogenemia or oligomenorrhoea and infertility is mandatory for diagnosis of 

PCOS (e.g., late-onset congenital adrenal hyperplasia, hyperprolactinemia, hypothyroidism).12 

Although hyperandrogenemia is a key feature in PCOS, with the Rotterdam criteria it is possible to 

diagnose PCOS without any laboratory or clinical signs of hyperandrogenism.9,13 Specifically, four 

different phenotypes can be distinguished with the use of Rotterdam criteria: i) The “classic” PCOS, 

fulfilling all three criteria, ii) hyperandrogenic and anovulatory PCOS without the presence of polycystic 

ovarian morphology (PCOM), iii) ovulatory hyperandrogenism and PCOM, and iv) normoandrogenic 

PCOS.7 Importantly, the clinical picture of PCOS is not limited to the reproductive features, as PCOS 

is accompanied by metabolic features.14 Roughly two thirds of patients with PCOS are either overweight 

or obese, with a wide range depending on the population studied.15 Insulin resistance is present in 44-

70% of patients with PCOS which is markedly higher than in the general population.16–18 The odds ratios 

for impaired glucose tolerance and type 2 diabetes in women with PCOS are significantly elevated 

compared with BMI-matched controls (2.54 and 4.00, respectively).19 Prevalence of dyslipidemia ranges 

from ~30-70% and is significantly higher than in age- and BMI-matched control patients.20,21 Indeed, 

patients with PCOS are at higher risk to develop gestational diabetes and type 2 diabetes mellitus in later 

life.16,22,2324 Studies on body composition revealed that women with PCOS (including those with normal 

BMI) have more central abdominal fat than weight-matched controls.15,25 Although insulin resistance is 

clearly connected to fat quantity, insulin resistance is more pronounced in patients with PCOS when 

compared with weight-matched controls with similar central abdominal fat content.25 Moreover, the 

presence of obesity aggravates clinical and laboratory features of PCOS.26 Finally, it should be 

mentioned that there is evidence suggesting that cardiovascular risk may be increased in patients with 

PCOS.24,27,28  

Treatment Limitations 

Since PCOS is highly prevalent and represents a significant socioeconomic burden, it would be an 

attractive target for the pharmaceutical industry.7,8,29 However, no drug has ever been approved to treat 

PCOS neither by the U.S. nor the European regulatory authorities.7,30,31 Due to the heterogeneous clinical 

picture of PCOS, the current guidelines to therapeutic procedures are driven by the individual cluster of 



 
Inaugural Dissertation - Dr. med. Milica Popovic  7 

symptoms and therapeutic preferences of affected women. For women not pursuing pregnancy, 

combined oral contraceptives are prescribed to address menstrual irregularity and signs of 

hyperandrogenism. For fertility issues therapeutic approaches vary from lifestyle recommendations to 

ovulation induction therapies, and finally, in vitro fertilization.32 It is important to remember that these 

treatments focus on individual key characteristics of PCOS and omit the treatment of PCOS-related 

metabolic problems.7,32 Therefore, metabolic problems require a separate workup. This includes 

treatments with insulin sensitizing agents, lipid-lowering medication, anti-obesity drugs, and, in extreme 

cases, bariatric surgery.33 Unfortunately, many of these treatments do not allow pregnancy. Therefore, 

new therapeutic targets addressing the underlying causes for the reproductive, as well as metabolic 

features of PCOS are desperately needed.29  

The Inflammatory Hypothesis3 

The current hypothesis is that PCOS is based on an intrinsic overproduction of androgens. This androgen 

overproduction prevents the selection of the dominant follicle and thus leads to anovulation.34 In reverse, 

other unknown factors may impede dominant follicle selection. Without the presence of a dominant 

follicle, the remaining follicles produce mainly androgens, explaining hyperandrogenemia and 

anovulation in PCOS.34 Importantly, a debate is underway as to whether pro-inflammatory cytokines 

could play a role in impairing physiological folliculogenesis.35 Cytokines are small cell signaling 

proteins which regulate inflammatory processes, cell and tissue growth, as well as differentiation.36 The 

next chapters will introduce the potent key cytokine Interleukin-1 (IL-1) and its role in chronic 

inflammation and metabolic disease. Afterwards, the literature on inflammation markers in PCOS and 

the role of IL-1 in the ovary will be put into context.  

Interleukin-1 

IL-1 physiology 

The two forms of Interleukin-1, IL-1α and IL-1β, belong to the IL-1 family of cytokines.37 The 

proinflammatory cytokine IL-1β is mainly produced by activated monocytes, tissue macrophages, and 

dendritic cells. Cells of healthy individuals do not secrete IL-1β.37–39 Upon inflammatory stimulation, 

the biologically inactive IL-1β precursor is expressed and secreted into the cytosol, where it is cleaved 

by the protease caspase-1 to active IL-1β. Beforehand, the inactive precursor procaspase-1 is converted 

to caspase-1 by inflammatory activation and subsequent assembly of a multiprotein complex called the 

inflammasome.40 Afterwards, IL-1β transduces proinflammatory signals by high affinity binding to the 

IL-1 receptor type 1 (IL-1RI).37 IL-1RI activation initiates Nuclear Factor 𝜅B (NF𝜅B) and mitogen-

activated protein kinase (mAPK) signaling.41 IL-1β is one of the most potent cytokines, as the 

experimental injection of a few nanograms suffices to induce a pronounced inflammatory reaction, with 

high fever, a rise of acute phase proteins, i.e., C-reactive protein (CRP), white blood cells, thrombocytes, 

 
3 Reproduced from Popovic, M., Sartorius, G. & Christ-Crain, M.et al. “Chronic low-grade inflammation in polycystic ovary syndrome: is 

there a (patho)-physiological role for Interleukin-1?” Semin Immunopathol (2019) with permission by Springer-Verlag GmbH Germany, part 
of Springer Nature. 
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and IL-6.42 Proinflammatory activity is usually counteracted by anti-inflammatory signaling. The 

naturally occurring IL-1 receptor antagonist (IL-1Ra) binds to IL-1RI and competitively blocks IL-1 

signal transduction. The IL-1 receptor type 2 (IL-1RII) does not transduce IL-1 binding signals and 

therefore serves as a decoy receptor to limit proinflammatory IL-1 activity. As soon as the inflammatory 

stimulus (e.g., an infectious pathogen) is eliminated, anti-inflammatory cells inhibit inflammatory 

signaling and promote tissue repair.43  

IL-1-driven chronic low-grade inflammation in metabolic and cardiovascular disease 

In metabolic and cardiovascular (CV) disease, chronic hyperglycemia, fatty acid overload, and 

cholesterol crystals represent chronic proinflammatory stimuli.44–46 Thus, inflammation cannot be 

resolved and develops into chronic low-grade inflammation. Contrary to the clinically detectable acute 

inflammation, chronic low-grade inflammation may only be detected by an elevation of downstream 

peripheral inflammatory markers, such as blood levels of CRP and/or IL-6.47 Accordingly, observational 

studies have demonstrated elevated CRP levels in patients with prediabetes48, type 2 diabetes,49 and CV 

disease.50 Interestingly, CRP levels predict future development of type 2 diabetes51,52 and CV events.53–

57 Based on the significant amount of epidemiological data on the association of CRP levels with CV 

events, risk categories could be defined: CRP levels of <1 mg/l were classified as low-risk, 1-3 mg/l as 

average risk, and >3 mg/l as high-risk category for future CV disease or event.58,59 In the past years, 

mechanisms of IL-1 action in CV diseases and in type 2 diabetes have been thoroughly investigated. In 

prediabetes and type 2 diabetes, continuously elevated glucose and free fatty acid levels exercise 

metabolic stress on pancreatic β-cells, leading to the formation of reactive oxygen species (ROS).60 ROS 

promote activation of the inflammasome and caspase-1, which then leads to the production of IL-1β. 

Inflammation is further amplified by IL-1β autoinduction, which leads to the infiltration of immune cells 

in the pancreatic islets and finally to the destruction of β-cells.60 IL-1 was shown to play different 

important roles in CV disease.61 On the one hand, it induces adhesion molecule expression in endothelial 

cells in order to recruit leukocytes into the arterial wall.62 On the other hand, IL-1 upregulates 

chemokines which attract macrophages. The macrophages receive proinflammatory signals by 

cholesterol crystals in atheroma plaques, disturbed flow, and hypoxia and acidosis, which then in turn 

activate the inflammasome and maintain the IL-1-induced vicious cycle.63–66  

Benefits of IL-1 antagonism in metabolic and cardiovascular disease 

So far, three pharmacologic IL-1 pathway inhibitors have been approved. The IL-1 receptor antagonist 

anakinra binds to the IL-1RI and blocks IL-1α and IL-1β signal transduction. The soluble decoy receptor 

rilonacept binds IL-1β and prevents its interaction with cell surface receptors. Canakinumab is a 

neutralizing monoclonal anti-IL-1β antibody.67 All three drugs have a good tolerability as well as safety 

profile.68–70 IL-1 inhibitors are approved for autoinflammatory disorders caused by an inherent 

overactivity of the IL-1 system, such as Still’s disease, or cryopyrin-associated periodic syndrome, 

which are reviewed elsewhere.42,71 Apart from these acute inflammatory syndromes, clinical interest has 
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developed in targeting the IL-1 system in chronic low-grade inflammation, especially in type 2 diabetes 

and cardiovascular disease.72 In the recent years, clinical data confirmed the role of IL-1 in diabetes as 

well as cardiovascular disease. Several clinical trials tested the effects of different IL-1 pathway 

inhibitors on HbA1c, β-cell function, and other important parameters in diabetes, which have been 

summarized elsewhere.60 A large meta-analysis of eight phase I-IV studies including nearly 3000 

patients demonstrated that IL-1 antagonism significantly ameliorated HbA1c in patients with type 2 

diabetes73, thereby corroborating the role of IL-1 in the pathogenesis of type 2 diabetes. Concerning the 

role of IL-1 in CV disease, the Canakinumab Anti-Inflammatory Thrombosis Outcomes Study 

(CANTOS) trial provided valuable insights into the significance of IL-1 antagonism in high risk patients 

with CV disease. In CANTOS, either the IL-1β antagonist canakinumab or placebo were given to over 

ten thousand patients with recent myocardial infarction and CRP levels ≥2 mg/l at baseline in addition 

to gold standard therapy. Strikingly, treatment with canakinumab reduced the composite primary 

endpoint of myocardial infarction, stroke, and/or death.74 Therefore, the trial proved that IL-1-mediated 

chronic inflammation is one of the key components promoting CV inflammation and risk. 

IL-1 in PCOS 

IL-1β and related inflammatory markers in patients with PCOS 

Since the initial description of CRP elevation in patients with PCOS75, research interest in the association 

of chronic low-grade inflammation with PCOS has increased considerably.35,76–81 Presence of chronic 

low-grade inflammation in PCOS was confirmed by a meta-analysis that showed increased CRP levels 

in women with PCOS as compared to BMI-matched controls.81 Although CRP elevation was present 

also in normal-weight patients with PCOS, absolute levels were lower compared with overweight PCOS 

patients.81–83 Another meta-analysis found that other cardiovascular risk markers besides CRP are 

increased in PCOS patients.84 As IL-6 is a downstream marker of IL-1β, some studies compared IL-6 

levels between patients with PCOS and healthy controls. An updated meta-analysis on IL-6 levels in 

PCOS showed elevated IL-6 levels in women with PCOS.85 Moreover, Gonzalez and colleagues 

consistently demonstrated that dietary triggers (e.g. glucose, saturated fat) incite oxidative stress and 

IL-1β-driven proinflammatory responses (e.g. IL-1β, NFκB, CRP, IL-6) from mononuclear cells (MNC) 

in patients with PCOS compared with weight-matched controls.86–90 This phenomenon was also 

observed in lean patients with PCOS independently of excess abdominal fat.86–91 Interestingly, the 

inflammatory response correlated with androgen levels and was negatively associated with insulin 

sensitivity.86–90 The adipose tissue is another source of proinflammatory cytokines in PCOS. Adipocyte 

hypertrophy leads to a hypoxic state which in turn generates reactive oxygen species inducing the 

expression of proinflammatory cytokines.35 Importantly, obesity aggravates inflammation as well as 

PCOS phenotype.81–83 In addition, it is debated whether the ovary itself might be a source of 

inflammation as macrophages are generally present in the ovary and infiltrate the androgen producing 

theca cell layer during folliculogenesis.92 However, histologic examinations did not report higher 

ovarian macrophage numbers in women with PCOS.93 Nevertheless, one study showed that the 
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relationship between proinflammatory M1 macrophages and anti-inflammatory M2 macrophages was 

disrupted in favor of proinflammatory M1 macrophages.94   

The central question now is whether IL-1 per se contributes to hyperandrogenemia and anovulation. 

Interestingly, experimentally induced hyperandrogenemia led to increased inflammatory activity from 

MNCs in healthy, reproductive-aged women.95 This finding might suggest that chronic low-grade 

inflammation arises due to hyperandrogenemia present in women with PCOS. Two studies have 

investigated this assumption by reducing androgen levels for 6 months and investigating IL-1-related 

inflammatory markers (i.e., CRP and IL-6) in patients with PCOS. Treatment with gonadotropin 

releasing hormone agonists did not reduce CRP nor IL-6 levels.96 Another study demonstrated that 

androgen suppression by oral contraceptives resulted in increased rather than decreased CRP levels.97 

In summary, reduction of androgens does not improve inflammation. Therefore, the correlation between 

high androgen levels and inflammation in PCOS cannot be explained by androgen action.98 These 

findings suggest that IL-1-driven inflammation itself may play a causal role in PCOS. To date, a 

substantial number of in vitro experiments have been conducted to investigate the effects of IL-1 on the 

ovary. The next chapter provides a brief summary of the results. 

Experimental studies on IL-1 in the ovary4 

The ovary is a site of IL-1 family gene expression.99 Developing follicle cells express IL-1RI and are 

therefore receptive for proinflammatory IL-1 activity by surrounding macrophages, which is 

counterregulated by the expression of IL-1Ra.100 Recently published work investigated effects of in vitro 

stimulation of rodent ovarian theca cells with IL-1β. IL-1β led to an increase in androgen (i.e., 

androstenedione) production, number of theca cells, and importantly, substantial alterations in gene 

expression. The key genes affected androgen synthesis enzymes.101 The twin cytokine, IL-1α, was 

shown to increase testosterone from theca cells.102 Importantly, IL-1 was shown to inhibit FSH receptor 

expression in granulosa cells, which would limit follicle development.103,104 This is provable by the 

inhibiting effect of IL-1α as well as IL-1β on estradiol production.105–107 The increase of estradiol is 

necessary for limiting the growth of other follicles.2,108 Moreover, IL-1 inhibited luteinization and is 

therefore able to block ovulation.109–111 Additionally, IL-1 blocks the conversion of androgens to 

estradiol by aromatase.107,112,113 Also, IL-1α and IL-1β had a negative impact on oocyte maturation and 

fertilization rates in animal studies.103,104,114–116 Accordingly, the knockout of the genes for IL-1α and 

IL-1β in mice and the treatment with the IL-1 receptor antagonist anakinra in wild-type mice led to 

increased fertility rates.103,104 These findings could explain why PCOS patients with chronic low-grade 

inflammation fail to develop a dominant follicle and have high androgen levels. Nonetheless, very few, 

and particularly no human data are available on the direct effects of IL-1 on androgens. Nonetheless, it 

can be assumed that IL-1 leads to an elevation of androgens i) through a direct stimulation of testosterone 

 
4 Reproduced from Popovic, M., Sartorius, G. & Christ-Crain, M.et al. “Chronic low-grade inflammation in polycystic ovary syndrome: is 

there a (patho)-physiological role for Interleukin-1?” Semin Immunopathol (2019) with permission by Springer-Verlag GmbH Germany, part 
of Springer Nature. 
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production from theca cells, ii) through its inhibitory effect on aromatase activity, and iii) through the 

suppression of dominant follicle selection, as unselected follicles produce mainly androgens. Therefore, 

IL-1 might be a potential target in PCOS. Very recent work showed that blocking NFκB signaling in 

patients with PCOS led to a reduction in androgens, improvement in ovulation, as well as improvement 

in insulin sensitivity measures.117 This work strongly supports the inflammatory hypothesis in PCOS.  

Arginine vasopressin/copeptin in chronic low-grade inflammation 

Arginine vasopressin (AVP), also referred to as antidiuretic hormone (ADH), is a peptide consisting of 

nine amino acids.118 AVP is produced in the hypothalamus and transported through the pituitary stalk to 

the posterior pituitary gland from where it is released into the circulation.118 AVP has a substantial role 

in the regulation of sodium and fluid balance. Hence, the two main stimuli for AVP secretion are 

increased blood osmolality and hypovolemia.119 Upon release, AVP binds to the V2 receptors in the 

distal tubal and collecting ducts of the kidney and causes reabsorption of free water by the upregulation 

of aquaporin receptors.120 Furthermore, AVP has vasoconstrictive effects via vascular V1 receptors.119 

AVP belongs to the group of stress hormones, since unpleasant stimuli, such as hypoxia, nausea, but 

also exercise strain, trigger AVP release via neuronal pathways.119,121 To some extent, it also stimulates 

cortisol secretion through CRH and ACTH stimulation.122 Cortisol in turn exerts negative feedback 

control on AVP secretion.123 Although AVP values have long been of great research and clinical interest, 

routine measurements are not yet available. This is mainly due to preanalytical and technical 

challenges.124,125 Therefore, copeptin emerged as stable surrogate marker for AVP.126 Copeptin is the C-

terminal portion of the AVP pre-pro-hormone.127 Copeptin was first isolated and characterized from 

posterior lobes of porcine pituitary glands in 1972.127,128 It is secreted in equimolar amounts with AVP 

and consists of 39 amino acids.129 At present it is not clear whether copeptin plays any physiological 

role. It was speculated that it is important for the posttranslational folding of AVP.121,130 In contrast to 

AVP, copeptin has a longer half-life, and proved stable under different conditions. AVP and copeptin 

correlate strongly with a correlation index of r = 0.8.131 Measuring copeptin instead of AVP has several 

advantages including the broader availability of measurement kits in clinical laboratories, as well as 

only few requirements for preanalytical handling.121 Copeptin was thoroughly investigated as 

replacement for AVP in the diagnostics of disturbances of sodium and water balance (i.e., polyuria 

polydipsia syndrome).132–134 As AVP/copeptin are stress hormones, copeptin also emerged as 

independent prognostic marker in a variety of diseases.129 In critically ill patients with hemorrhagic or 

septic shock, copeptin levels were independent predictors of survival.135 Moreover, copeptin levels are 

high in patients with lower respiratory tract infections, especially in patients with community-acquired 

pneumonia, where copeptin levels correlated with disease severity.136 Similarly, copeptin predicted 

worse outcome in patients with acute exacerbations of chronic obstructive pulmonary disease.137 

Copeptin proved to be a reliable biomarker in non-infectious diseases. Copeptin accurately predicted i) 

mortality in patients with destabilized heart failure, and ii) mortality and new onset of heart failure in 

patients with subacute myocardial infarction.138–140 Although cortisol is considered to be the classic 
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stress hormone, copeptin levels represented individual levels of stress more accurately in different 

hospital settings.141 Concordantly, studies consistently showed upregulation of AVP/copeptin during 

physical exercise, correlating with exercise intensity.142–144 Copeptin was not only associated with 

components of metabolic syndrome and chronic low-grade inflammation, but also predicted future 

development of type 2 diabetes mellitus in observational studies.145–149 Last but not least, copeptin was 

associated with cardiovascular risk markers in women with PCOS.150–152 

In summary, copeptin levels are elevated in i) healthy individuals with physical stress, ii) acute 

inflammation (e.g., infection, acute coronary syndrome), and iii) chronic low-grade inflammation (e.g., 

PCOS, metabolic syndrome, type 2 diabetes mellitus). Currently, the main factor leading to 

AVP/copeptin release is yet unclear. Of note, there are experimental data showing that IL-1 stimulates 

AVP release.153–155 Therefore, IL-1 might be one of the factors responsible for the rise in copeptin levels 

in healthy individuals under acute stress, as well as in obese patients with chronic metabolic stress.  

Main objectives of this MD-PhD thesis 

Based on the above, the main objectives of this PhD thesis were the following:  

Manuscript 1  

Hypothesis: IL-1 contributes to hyperandrogenemia in women with PCOS and chronic low-grade 

inflammation.  

Objective: To investigate whether IL-1 receptor antagonism reduces androgen levels in women with 

PCOS and chronic low-grade inflammation.  

Manuscript 2  

Hypothesis: IL-1 increases AVP/copeptin levels during acute stress.  

Objective: To investigate whether IL-1 receptor antagonism reduces copeptin levels during physical 

exercise in healthy male volunteers.  

Manuscript 3  

Hypothesis: IL-1 increases AVP/copeptin levels in chronic metabolic stress.   

Objective: To investigate whether IL-1 receptor antagonism reduces copeptin levels in obese patients 

with metabolic syndrome. 

Contribution by the MD PhD student 

Manuscript I:  

- Thorough literature research on PCOS and chronic low-grade inflammation 

- Successful application for an MD PhD grant awarded by the Swiss National Science Foundation 

- Several discussions with supervisors and other experts on advantages and disadvantages of 

appropriate trial designs 

- Writing of the clinical trial protocol 
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- Preparation of necessary documents for submission of the trial to the competent ethics 

committee (CEC) and Swissmedic 

- Correspondence with and submission of amendments to the CEC and Swissmedic 

- Preparation of study material and elaboration of logistic processes at study center 

- Study presentations for initiation of recruitment collaborations with different institutions (i.e., 

different departments of the University Hospital, other hospitals and private practices in the 

surrounding area of Basel) 

- Patient recruitment by active screening of medical records at the University Hospital Basel from 

August 2018 until July 2020 

- Study visit conduct 

- Contact person for study monitor 

- Sample shipments 

- Preliminary data analysis 

- Writing of the manuscript 

 

Manuscript II:  

- Comprehensive literature research on AVP/copeptin levels during physical stress and data on 

AVP regulation 

- Data analysis (with help of the Clinical Trial Unit, University Hospital Basel) 

- Discussion of the results with primary and secondary supervisor 

- Writing of the manuscript 

- Manuscript submission 

- Writing of rebuttal letter to objections raised by reviewers 

- Manuscript publication process 

 

Manuscript III:  

- Thorough literature research on association of copeptin levels with metabolic syndrome and 

other markers of metabolic stress and chronic low-grade inflammation 

- Pooling data on copeptin levels from two interventional trials where obese individuals with 

metabolic syndrome where treated with anakinra (or placebo) 

- Data analysis  

- Discussion of the results with primary and secondary supervisor 

- Writing of the manuscript 

- Manuscript submission 

- Writing of rebuttal letter to objections raised by reviewers 

- Manuscript publication process 
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Abstract 

BACKGROUND Polycystic Ovary Syndrome (PCOS) is a highly prevalent and heterogeneous 

endocrine disorder in women of reproductive age. The main components are hyperandrogenemia and 

oligo-/amenorrhea. The pathophysiology of PCOS is not yet understood which is why no causal 

treatment options are available. Experimental and clinical data suggest that chronic low-grade 

inflammation contributes to hyperandrogenemia and metabolic complications in PCOS. The 

proinflammatory cytokine Interleukin-(IL)-1 stimulates androgen production from ovarian cells, 

whereas therapeutic blockade of the IL-1 pathway has beneficial effects on cardiometabolic health. The 

aim of this study is to investigate whether blocking the IL-1 pathway ameliorates hyperandrogenemia 

in patients with PCOS. 

METHODS This is a prospective, interventional, single-arm, proof-of-concept trial. Eighteen patients 

with PCOS and C-reactive protein (CRP) levels ≥1 mg/l were treated with 100 mg of the IL-1 receptor 

antagonist anakinra daily for 28 days. Patients were examined and had blood samples taken weekly and 

one week after end of treatment. The primary endpoint was change in serum androstenedione levels on 

day 7 of treatment, assessed with liquid chromatography/mass spectrometry. Secondary endpoints 

included changes in clinical parameters (i.e., sebum production, hirsutism, acne, ovulation and 

menstruation rates) at the end of treatment, serum levels of different androgens, and effects on the 

pituitary-gonadal hormones on treatment days 7, 14, 21, 28, and one week after end of treatment.  

RESULTS Treatment with anakinra significantly reduced CRP levels to 0.7 (0.5-1.2) mg/l on day 7, as 

well as on days 21 and 28 (p<0.001). Short-term IL-1 receptor antagonism slightly increased median 

(IQR) androstenedione levels by 0.5 (-0.1, 1.6) nmol/l (p=0.048), while androstenedione levels remained 

unchanged from baseline on the other treatment days. The same short-term effect was observed for total 

testosterone levels (p=0.04). Estradiol levels increased during the first three weeks of treatment 

(p=0.02), which was followed by a menstrual bleeding in five patients. Detailed analyses on 

progesterone, gonadotropin and other androgen levels are still ongoing.  

DISCUSSION We conclude that chronic low-grade inflammation is regulated by IL-1 in PCOS as 

evidenced by a reduction of CRP levels upon IL-1 receptor antagonism. Anakinra treatment did not 

reduce androgen levels over study time. Short-term IL-1 receptor antagonism increased androgen and 

estradiol levels. Although currently speculative, this increase might reflect the onset of a new anakinra-

induced ovulatory cycle, since androgens as well as estradiol levels rise during the transition from the 

early to late follicular/ovulatory phase. Further analyses need to be performed to investigate potential 

mechanisms explaining the observed effects and to plan further trials which investigate the anti-

inflammatory therapeutic approach in PCOS. 
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Introduction 

Polycystic ovary syndrome (PCOS) is a common endocrine disorder in women of reproductive age, 

presenting with reproductive (i.e., hyperandrogenism, oligo- or amenorrhea), as well as metabolic 

features (e.g., insulin resistance, cardiovascular risk).11,16,18,27,28,81 Despite the high prevalence of PCOS, 

its underlying causes are still unknown, which has substantially limited the development of new 

treatment options.8,29 As PCOS is a heterogeneous disorder, the current therapeutic approaches focus on 

single symptomatic aspects disregarding other PCOS-related and/or metabolic problems.7,10,32 Thus, 

investigating underlying mechanisms in women with PCOS will provide new therapeutic targets for a 

holistic approach to PCOS - which is desperately needed.  

In the past twenty years, numerous observational studies have shown an association of chronic low-

grade inflammation with PCOS.79 A meta-analysis revealed that women with PCOS had elevated C-

reactive protein (CRP) levels compared with weight-matched controls.81 CRP is the most useful clinical 

marker for chronic low-grade inflammation and mirrors Interleukin-(IL)-1β activity.156 IL-1β is secreted 

by peripheral mononuclear cells upon inflammasome activation by proinflammatory stimuli (e.g. 

glucose, reactive oxygen species, saturated fat).157–159 Chronic IL-1β activity has deleterious effects on 

glucose metabolism as well as cardiovascular health.60,61   

Importantly, the capability of IL-1β to trigger and increase androgen production by theca cells via 

activation of the inflammasome and upregulation of steroidogenesis was recently demonstrated in 

vitro.101 Several clinical studies indicated a clear association between inflammatory markers and serum 

androgens.159 Further experimental data show that IL-1 disturbs regular steroidogenesis and subsequent 

follicle maturation and leads to a decrease in fertility rates.99 Moreover, macrophages in the ovaries from 

women with PCOS show a predominantly proinflammatory phenotype.94 A very recent interventional 

study investigating anti-inflammatory treatment with the NFκB inhibitor salsalate in eight women with 

PCOS demonstrated improvement in ovarian steroid metabolism and suggested positive effects on 

ovulatory function.117   

We therefore aimed to investigate whether a causal relationship is underlying the association of chronic 

low-grade inflammation with PCOS as shown in these observational studies. Specifically, we 

hypothesized that IL-1 causally leads to hyperandrogenemia in women with PCOS. Blocking the IL-1 

pathway would then lead to a reduction of androgen levels in women with PCOS. Previously performed 

clinical trials with IL-1 blockers not only indicated the potential beneficial effect on prediabetes and 

diabetes, but also on cardiovascular morbidity and mortality160–162. Therefore, blocking IL-1 would be a 

promising new treatment option in women with PCOS.  

Methods 

Study design and patients 

This prospective, interventional, open-label, proof-of-concept trial was conducted at the University 

Hospital Basel in Switzerland. Eighteen women with PCOS were recruited from August 2018 until June 

2020 and were treated with 100 mg of the IL-1 receptor antagonist anakinra (Kineret®) by subcutaneous 
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injections once daily for 4 weeks.  

The conduct of the trial adhered to the Declaration of Helsinki and Good Clinical Practice guidelines. 

The local ethics committee and Swissmedic approved the clinical study before start of patient 

recruitment (EKNZ 2018-00780, Swissmedic 2018DR2072). All patients provided written informed 

consent. The trial was registered on ClinicalTrials.gov (NCT03578497).  

The trial included adult, premenopausal women with i) a diagnosis of PCOS according to Rotterdam 

criteria9, ii) hyperandrogenemia in routine assessment (total testosterone levels ≥1.7 nmol/l, measured 

with an immunoassay at the laboratory of the University Hospital Basel), and iii) low-grade 

inflammation (CRP ≥1.0 mg/l). Main exclusion criteria were hormonal treatments (e.g., contraceptives) 

in the two months prior to study inclusion, pregnancy or breastfeeding, no willingness to use non-

hormonal contraceptive measures, contraindications to anakinra, clinical signs of infection, treatment 

with immunosuppressive drugs, severe concomitant diseases, or a history of suspected or confirmed 

tuberculosis and/or hepatitis.  

Study procedures 

The study consisted of eight study visits at the University Hospital Basel. Visits that included blood 

samplings were scheduled between 7.30 and 10.00 AM after an overnight fast.   

Baseline (=Screening) Visit (Day 0): Patients signed the informed consent form and were checked for 

eligibility criteria. Medical history was taken. Vital signs, body mass index (BMI), waist and hip 

circumference, body temperature, and sebum production were measured. Patients were examined for i) 

hirsutism (Ferriman Gallwey score), ii) acne (Plewig Kligman score, based on acne type [comedonic, 

inflammatory, or conglobate] and lesion count), iii) alopecia, and iv) acanthosis nigricans. Blood 

samples were taken, and patients had a pregnancy test. Treatment start was only possible in the follicular 

phase of the menstrual cycle which was ensured by scheduling the visit on day 3-5 of either gestagen-

induced withdrawal bleeding or spontaneous onset of menstruation. Alternatively, if patients refused 

gestagen intake, cycle phase was determined based on the constellation of baseline estradiol, 

progesterone, FSH, and LH levels.  

Anakinra Visit (Day 1): Included patients received one package with 28 syringes each containing 

100 mg of anakinra and were instructed for daily subcutaneous application. In addition, patients were 

instructed to keep a study diary and were advised not to start new lifestyle or drug treatments during 

study time.   

Visits 2, 3, 4 (Days 7, 14, 21): Patients were questioned about side effects, possible problems with study 

medication and compliance. Fasting blood samples were taken.   

Visit 5 (Day 28): At the end of the treatment patients were re-examined as described for the baseline 

visit and fasting blood samples were taken. The study diary was brought back.   

Follow-up Visit (Day 35): One week after the end of treatment with anakinra patients came to the study 

center to have fasting blood samples taken. They received 1 mg of dexamethasone to be taken at 
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midnight and had a blood sampling at the following day (Day 36) on the same time to distinguish 

between functional ovarian or functional adrenal hyperandrogenemia.34  

Study endpoints 

The main aim of this study was to investigate whether treatment with the IL-1 receptor antagonist 

anakinra ameliorates hyperandrogenemia in women with PCOS. The primary outcome was the absolute 

change in serum androstenedione levels at day 7 of treatment from baseline.101,163 Secondary endpoints 

included other serum androgen levels (i.e., serum testosterone, androstenedione, 11-oxygenated 

androgens, dehydroepiandrosterone [DHEA], DHEA-S[ulfate]) at days 7, 14, 21, 28 of treatment with 

anakinra and 1 week after end of treatment. Serum anti-muellerian hormone (AMH), estradiol, 

progesterone, luteinizing hormone (LH), follicle stimulating hormone (FSH), sexual hormone binding 

globulin (SHBG), albumin, and CRP levels were monitored throughout the course of the study and were 

used to investigate and explain changes in androgen levels. Further secondary objectives were to assess 

the effects of IL-1 receptor antagonism on hirsutism, acne severity, and sebum production at day 28. 

Effects of single midnight dexamethasone intake on testosterone levels were evaluated as predictor for 

treatment response. 

Laboratory measurements and sample handling 

High-sensitivity CRP was measured with an immunoturbidimetric assay (Tina-quant C-Reactive Protein 

IV; Roche Diagnostics GmbH). To assess hyperandrogenemia for study inclusion, total testosterone 

levels were measured with an electrochemiluminescence immunoassay (=ECLIA, Elecsys Testosterone 

II, Roche Diagnostics GmbH). AMH and estradiol levels were quantified with an ECLIA (Elecsys AMH 

Plus, and Elecsys Estradiol III, Roche Diagnostics GmbH). For androgen and other hormone 

measurements blood was taken with serum tubes. After blood coagulation serum tubes were centrifuged 

at -4 °C, 3000 rpm speed for ten minutes. Serum samples were stored at -76 °C. Serum androgens 

(androstenedione, 11-ketotestosterone, 11-ketoandrostenedione, 11β-hydroxytestosterone, 11β-

hydroxyandrostenedione, total testosterone, DHEA, DHEA-S), progesterone and cortisol were 

measured by multi-steroid liquid chromatography/mass spectrometry. (LC-MS/MS). Steroids were 

extracted at the University of Birmingham by the Steroid Metabolome Analysis Core, in an identical 

method as previously described.164,165 FSH, LH, and SHBG were measured with ECLIA (Elecsys FSH, 

Elecsys LH, Elecsys SHBG, Roche Diagnostics GmbH). Albumin was measured by colorimetric 

methods (ALBP, Roche Diagnostics GmbH). 

Power calculation and statistical analysis 

Jensterle et al. reported a mean reduction in serum androstenedione levels of 2.7 nmol/l after treatment 

with metformin.166 Since metformin only partially acts through the IL-1 pathway, different effect sizes 

were calculated. Assuming a standard deviation of 3.15 nmol/l, inclusion of 13 participants would 

provide the study with a power of 81%. For smaller effect sizes between 2.1 and 2.4 nmol/l while holding 

the same standard deviation, inclusion of 18 participants would provide statistical power of ~80%. 
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The primary endpoint, change in fasting serum androstenedione level from baseline to 7 days of 

treatment with anakinra, was analysed for a difference from zero with a wilcoxon signed-rank test due 

to non-normal distribution of values.. A p-value of <0.05 was used as the cut-off for statistical 

significance. Time course of androstenedione levels was analyzed with mixed effect models with log-

transformed androstenedione levels as outcome variable, study day as fixed effect, and patient number 

as random effect. The primary endpoint was evaluated separately and for a difference between the 

following subgroups on days 7 and 28: i) insulin resistance (yes/no), assessed at baseline by HOMA-IR 

(fasting plasma glucose [mmol/l] times fasting serum insulin [mIU/l] divided by 22.5) with a cut-off of 

≥2.5 for insulin resistance, ii) occurrence of injection site reactions (yes/no) for day 28, iii) CRP 

reduction (yes/no) on days 7 and 28, defined as change in CRP levels from baseline to day 7 (or 28 

respectively) of <0 mg/l, and iv) functional ovarian or adrenal hyperandrogenemia, assessed via 

dexamethasone suppression test at days 35 and 36. For each subgroup, a separate linear regression model 

was fitted. Each model included log-transformed fasting serum androstenedione level at day 7 of 

treatment with anakinra as dependent variable (outcome), and the explanatory variables fasting serum 

androstenedione level at baseline (covariate), subgroup (binary predictor), and the interaction term 

between covariate and subgroup. A p-value for the interaction term <0.1 was interpreted as evidence for 

a difference between the subgroups. The same approach was used for analysis of the secondary 

endpoints. P-values were not adjusted for multiple testing. 

Results 

Baseline characteristics 

Baseline characteristics for all included patients are shown in Table 1. Mean (SD) age was 28 (5) years. 

Patients were mostly obese with a mean BMI of 33 (7) kg/m2. Mean (SD) waist circumference was 97 

cm. Mean (SD) waist to hip ratio of 0.9 (0.1) indicated presence of visceral obesity. Forty-one percent 

of the patients reported amenorrhea, 47% had oligomenorrhea, and only 12% had regular menstrual 

cycles. PCOM was present in 76% of the patients. Mean hirsutism (Ferriman-Gallwey) score was 

heterogeneous with a median (IQR) of 7 (1, 13). One patient suffered from alopecia, and three patients 

presented with acanthosis nigricans. Varying degrees of acne were present in 71% of the patients. Five 

of 8 patients who had tried to conceive had a history of infertility, and half of those patients had a history 

of miscarriage. HOMA-IR was elevated with a mean (SD) of 6.4 (4.3). Patients started the study with 

mean (SD) estradiol levels of 193 (SD 55) pmol/l. Median (IQR) baseline progesterone levels were 

below the detection limit of 0.6 nmol/l (baseline progesterone levels were measured with ECLIA for 

study inclusion). AMH levels were heterogeneously elevated with a mean (SD) of 67 (37) pmol/l. Four 

patients were treated with metformin. A third of the patients was smoking, and alcohol consumption 

was low.  
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Table 1 Baseline characteristics of n=18 included patients. Variables are presented in means (SD) or counts (%) if not otherwise 

specified. *of n=8 patients who tried to conceive ⁑ measured with immunoassay 

Variable N=18 

Age (years) 27 (5) 

Caucasian 16 (89) 

Alcohol consumption (glasses per week) 0.7 (1.2) 

Smokers 6 (33.3) 

Diabetes mellitus 

   Type 1 1 (5.6) 

   Type 2 1 (5.6) 

History of psychiatric therapy 4 (22.2) 

Medication 

   Metformin 4 (22.2) 

   Insulin 1 (5.6) 

   Antidepressant drugs 2 (11.1) 

Menstrual dysfunction 

   Amenorrhea 9 (50) 

   Oligomenorrhoea 7 (39) 

Facial hair removal 

   ≥1x/week 7 (38.9) 

   <1x/week 7 (38.9) 

   No facial hair growth 4 (22.2) 

    Weekly facial hair removal frequency 1.57 (0.79) 

Fertility 

   History of infertility* 5 (62.5) 

   History of pregnancy loss* 4 (50) 

Clinical Examination 

   Blood pressure (systolic, mmHg) 114.7 (9.9) 

   Blood pressure (diastolic, mmHg) 79.1 (7.4) 

   Heart rate (bpm) 73.4 (9.8) 

   Height (cm) 163.9 (7.1) 

   Weight (kg) 88.2 (21.8) 

   Waist circumference (cm) 97.5 (16.6) 

   Hip circumference (cm) 111.8 (12.2) 

   Waist-hip ratio  0.8 (0.1) 

   BMI (kg/m2) 32.7 (7.1) 

   Ferriman Gallwey score (median, IQR) 7 (1-12) 

   Presence of acne 13 (72) 

   Acne score in patients with acne (median,              

IQR) 
3 (2, 5) 

   Sebum production (μg/cm2) 136.9 (55.9) 

   Alopecia 1 (5.6) 

   Acanthosis nigricans 3 (16.7) 

   PCO Morphology 14 (78) 

Laboratory parameters 

   Total Testosterone⁑ (nmol/l) 2.2 (0.5) 
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   Estradiol (pmol/l) 195.2 (53.8) 

   FSH (IU/l) 5.6 (1.3) 

   LH (IU/l) 14.7 (6.0) 

   17-OH-Progesterone (nmol/l) 3.4 (1.6) 

   Prolactin (mIU/L) 315.9 (121.9) 

   AMH (pmol/l) 67.7 (36.2) 

   HOMA-IR Score 6.3 (4.1) 

   CRP (mg/l) 4 (3.3) 

 

Effects of IL-1 receptor antagonism on CRP levels 

Median (IQR) CRP levels were 3.3 (1.3-5) mg/l at baseline. Treatment with anakinra significantly 

reduced CRP levels to 0.7 (0.5-1.2) mg/l after one week (p<0.001). At day 14, CRP reduction was 

neutralized to some extent by injection site reactions and CRP levels were no more significantly different 

from baseline (1.2 [0.7-6.1] mg/l, p=0.13). Injection site reactions had mostly regressed by day 28, 

whereby CRP levels were reduced to 1.1 (0.8-1.3) mg/l (p<0.001 for difference to baseline). Already 

one week after treatment discontinuation CRP values returned to the same range as on baseline (3.1 

[IQR 1.5-4.5] mg/l, p=0.66). Figure 1 shows the change in CRP levels over the study period, while 

Table 2 summarizes absolute levels.  

Figure 1 Change in absolute CRP levels from baseline for each study day with means and 95% CIs

 

 

Table 2 CRP levels (mg/l) over time. The p-value tests comparison to baseline. 

Study Time Baseline Day 7 Day 14 Day 21 Day 28 Follow-up 

Mean (SD) 4 (3.3) 1.1 (1.1) 4.7 (6.3) 1.7 (1.3) 1.4 (1.1) 5.4 (5.7) 

Median (IQR) 3.3 (1.3-5) 0.7 (0.5-1.2) 1.2 (0.7-6.1) 1.1 (0.7-2.4) 1.1 (0.8-1.3) 3.1 (1.5-4.5) 

P-value - <0.001 0.13 <0.01 <0.001 0.66 
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Effects of IL-1 receptor antagonism on hyperandrogenemia  

Serum samples for steroid hormone measurements with LC-MS/MS were sent to the Institute of 

Metabolism and Systems Research, University of Birmingham, UK, on August 3, 2020 and were 

expected by September 15, 2020. Unfortunately, the second wave of the COVID-19 pandemic severely 

impacted laboratory research work in the UK. Thus, the results were received substantially delayed on 

December 2, 2020 and are therefore still under analysis. The following section will present preliminary 

results on androstenedione and testosterone levels. 

Serum androstenedione and testosterone levels measured with LC-MS/MS are shown in Figures 2a 

and 2b.  

Primary endpoint: Median (IQR) baseline androstenedione levels were 7.1 (5.8, 8.1) nmol/l. After 7 

days of treatment with anakinra androstenedione slightly increased to 7.8 (6.3, 8.7) nmol/l, which was 

statistically significant (p=0.048). The median (IQR) change from baseline to day 7 was 0.5 (-0.1, 1.6) 

nmol/l. Median androstenedione levels were not changed from baseline on the other study days (days 

14, 21, 28, and 35, see Table 3). Prespecified subgroup analyses did not reveal effect differences (data 

not shown). For total testosterone, median (IQR) baseline levels were 1.4 (1.2, 1.7) nmol/l. Treatment 

with anakinra led to a small increase in testosterone levels on day 7 (1.5 [1.3, 2.1] nmol/l), which was 

statistically significant (p=0.04). The median (IQR) change in testosterone levels from baseline to day 

7 was 0.2 (0.0, 0.3) nmol/l. There was no difference for testosterone levels compared to baseline on days 

14, 21, 28, and 35. Details are shown in Table 3. A subgroup analysis showed that patients with baseline 

CRP levels above the median had a higher increase in testosterone levels on day 7 than patients with 

CRP levels below the median (p=0.06, Fig. 3). 

Figure 2a Boxplots show serum androstenedione levels measured with LC-MS/MS over study time. The line connects mean 

levels.  
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Figure 2b. Boxplots show serum total testosterone levels measured with LC-MS/MS over study time. The line connects 

mean levels. 

 

 

Figure 2c. Patients were divided into two groups according to median baseline CRP levels. Boxplots show absolute serum 

total testosterone levels on baseline (white boxes) and day 7 (grey boxes).

 

 

Table 3. Median (IQR) serum androgen levels (nmol/l) over time. Androgen levels were measured with LC-MS/MS. The p-

value tests comparison to baseline.  

Time Baseline Day 7 Day 14 Day 21 Day 28 Follow-up 

Androstenedione 7.1 (5.8, 8.8) 7.8 (6.3, 10.6) 7.5 (5.8, 9.4) 7.1 (6.1, 9.9) 7.1 (5.9, 9.9) 7.6 (6.2, 9.6) 

P-value - 0.048 0.48 0.71 0.91 0.35 

Testosterone 1.4 (1.2, 1.7) 1.5 (1.3, 2.1) 1.5 (1.2, 1.8) 1.6 (1.2, 2.0) 1.4 (1.2, 2.0) 1.4 (1.1, 1.8) 

P-value - 0.04 0.21 0.39 0.41 0.94 

 

Effects of IL-1 receptor antagonism on the pituitary-ovarian axis 

Serum levels of estradiol, FSH, LH, and AMH are shown in Table 4 and in Figures 3a-d. Overall, there 

was no significant change in any of the four parameters on day 7 compared with baseline, whereas 

subgroup analyses are ongoing. Estradiol levels (median [IQR]) were significantly higher on days 14 
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(208 [195, 301] pmol/l, p=0.02) and 21 (214 [181, 305] vs. 191 [164, 225] pmol/l at baseline [p=0.02]), 

which was largely driven by patients who had later reported menstrual bleeding. Following the increase 

in estradiol levels, FSH decreased significantly, while LH levels showed a tendency to decrease on day 

21. Median (IQR) changes on day 21 over all patients were small: -0.2 (-0.8, 0.5) IU/l for FSH (p=0.01), 

and -0.4 (-5.3, 2.8) for LH (p=0.08). As expected, major changes in FSH and LH were seen in patients 

with subsequent menstruation. There was no obvious change in median (IQR) AMH levels during 

treatment time, but an overall reduction of -2.6 (-10.8, 3.0) pmol/l at follow-up (p=0.02). As these four 

parameters are highly interdependent, it will be important to analyze each of the eighteen patients 

individually. Since progesterone values were also analyzed with LC-MS/MS, these analyses are still 

pending. Importantly, progesterone values are essential for investigating exactly which patients ovulated 

during the study period. 

Table 4. Median (IQR) AMH, FSH, LH, and estradiol levels at baseline and changes from baseline over time. * p<0.05; 

⁑ p<0.01 

Study Time Baseline 
Median (IQR) change from baseline 

Day 7 Day 14 Day 21 Day 28 Follow-up 

Estradiol 

[pmol/l] 
191 (164, 225) 22.5 (3, 47) 36 (7, 70)* 49 (6, 105)* 15 (-9, 45) 8 (-3, 39) 

FSH [IU/l] 5.8 (4.8, 6.3) -0.1 (-0.6, 0.6) -0.2 (-0.6, 0.6) -0.2 (-0.8, 0.5)* 0.2 (-0.8, 0.3) 0.2 (-1.0, 0.5) 

LH [IU/l] 13.8 (11.4, 18.5) -0.2 (-2.3, 2.5) 0.7 (-1.9, 5.1) -0.4 (-5.3, 2.8)⁑ -0.7 (-4.1, 1.8) -0.6 (-1.4, 2.4) 

AMH [pmol/l] 55.2 (50.0, 88.3) 2.7 (-1.1, 4.7) -2.9 (-6.0, 3.4) -1.7 (-9.8, 5.5) -4.9 (-7.3, -0.6) 
-2.6 (-10.8, 

3.0)* 

 

Figure 3a. Boxplots show absolute serum estradiol levels over study time. The line connects mean levels.
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Figure 3b. Boxplots show absolute serum FSH levels over study time. The line connects mean levels.

 

 

Figure 3c. Boxplots show absolute serum LH levels over study time. The line connects mean levels.
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Figure 3d. Boxplots show absolute serum AMH levels over study time. The line connects mean levels.

 

 

Clinical parameters 

Five patients experienced a regular menstrual bleeding which started on treatment day 28 in four of the 

patients. The fifth patient reported menstruation closely after termination of the study. Three of these 

patients were oligo- and/or amenorrhoeic before study start. The other two patients had regular cycles 

of 30 and 31 days. Ovulation rates are currently being analyzed.  

Sebum quantification revealed a wide range of change in response to IL-1 receptor antagonism (-34% 

to 36% from baseline), although the mean/median change was not significantly different from zero 

(p=0.33). We evaluated the achievement of a CRP reduction of more than 0 and 1 mg/l on day 28 

compared to baseline, presence of ISRs on day 28, and insulin resistance at baseline as predictors for a 

reduction in sebum production. However, neither of these parameters predicted change in sebumetry 

(data not shown). Concordantly, acne scores remained mainly unchanged (median change 0 [IQR -0.25, 

0], p=0.10). As expected due to the short treatment duration, hirsutism did not change significantly 

(p = 0.11). Fifty percent of the patients showed a reduction of HOMA-IR. Overall HOMA-IR was 

reduced by a median of -0.49 (IQR -1.79 – 1.08, p = 0.53) after end of treatment.  

Compliance and adverse events 

Compliance was evaluated and discussed with the patient at every study visit. Patients had to monitor 

injections with a study diary which was completed by every patient. Plasma levels of the IL-1 receptor 

antagonist were in the pharmacological range in all patients on treatment days 7, 14, 21, and 28 (data 

not shown, as samples should have been run in duplicate to obtain exact values). At day 14, all patients 

(n=17 after excluding one drop-out) had injection site reactions which mostly started on the 9th day of 

injection and of whom 13 were mild to moderate. In total, twelve patients opted for antihistaminic 

treatment. On day 28, injection site reactions were regredient (n=13) or disappeared completely (n=4). 

Three patients reported mild and transient upper respiratory tract symptoms during study time. One of 
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these patients required an injection break of 2 days and was then able to resume injection therapy as 

usual. One patient developed flu-like symptoms (fever, malaise) on the last day of treatment, of which 

she recovered quickly. Another patient had to stop anakinra treatment due to upper respiratory tract 

infection on treatment day 8. Unfortunately, she would not resume the study after recovery due to the 

COVID-19 crisis in March 2020. The other adverse events were considered unrelated to the study drug. 

Discussion 

Our study has the following main findings: First, IL-1 receptor antagonism significantly decreased CRP 

levels. Second, Short-term treatment with the IL-1 receptor antagonist anakinra had stimulatory effects 

on serum androstenedione and total testosterone levels. Third, overall estradiol levels increased in the 

first three weeks of anakinra treatment which was followed by a menstrual bleeding in 27% of the study 

patients by the end of the study. 

The first finding underpins that chronic low-grade inflammation in PCOS is driven by the 

proinflammatory cytokine IL-1. Interestingly, although the anti-inflammatory effect was visible already 

by day 7, CRP levels returned to baseline levels on day 14. This observation is explained by occurrence 

of injection site reactions which started on treatment days 9-10 and lasted for at least 5-6 days in all 

patients. Anakinra is known to induce injection site reactions in up to 70% of patients in the first weeks 

of treatment.68,167 Concordantly, 67% of patients in our study required antihistaminic treatment. In 

accordance with the literature injection site reactions were temporary, though still present at the end of 

treatment in 76% of the patients.167 Of note, injection site reactions are known to severely impair drug 

efficacy depending on injection site reaction severity.168 As injection site reactions were most 

pronounced on days 10-15, and faded with time, CRP levels correspondingly decreased on days 21 and 

28, but to a lesser extent than on day 7. Due to the short half-life of anakinra (6-8 hours), we took blood 

samples 7 days after end of treatment to investigate potential prolonged biological effects. However, 

CRP levels returned to baseline one week after end of treatment. We therefore conclude that beneficial 

anti-inflammatory effects of anakinra are limited to treatment time and absence of injection site 

reactions. 

The primary objective of this study was to investigate whether IL-1 receptor antagonism ameliorates 

hyperandrogenemia in patients with PCOS. Our analysis of the primary endpoint showed that IL-1 

receptor antagonism did not reduce, but slightly increased serum androstenedione levels on day 7 after 

treatment start. Androstenedione levels remained unchanged from baseline on the following study days. 

In accordance with androstenedione, serum testosterone levels were moderately increased on day 7, with 

no difference from baseline on the other study days. Overall, estradiol levels increased until day 21. 

Thus, contrarily to our expectations we did not observe an anakinra-mediated reduction but rather a rise 

in androgen levels. Different reasons might be responsible for these findings. Baseline assessment was 

performed during the early follicular phase in our mostly oligo-/amenorrhoeic patients. Physiological 

studies show a moderate increase in androgen, and a stronger increase in estradiol levels during the 
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transition from early to the late follicular phase.169–176 Therefore, the observed rise in androstenedione, 

testosterone, and estradiol levels might reflect the anakinra-induced onset of a new ovulatory cycle, i.e., 

the natural course of ovarian androgen and estradiol levels during the transition from the early follicular 

to the late follicular menstrual phase. This aspect is especially important for our patients of which most 

previously suffered from oligo-/amenorrhea. Possibly, the anti-inflammatory effect of anakinra began 

to restore ovulation which was visible by day 7. However, inflammatory injection site reactions starting 

on day 9 abolished positive effects of anakinra which then neutralized the effect on androgen levels. 

This hypothesis is underpinned by the following observations: Estradiol levels steadily increased during 

the first three weeks of anakinra treatment, followed by a concordant decrease in gonadotropin levels. 

These changes were most pronounced in those patients who had reported a subsequent menstrual 

bleeding, of which three patients were previously oligo-/amenorrheic. Additionally, the subgroup of 

patients with higher inflammatory markers (CRP >3.3 mg/l), which we expected to respond better to 

anakinra treatment, had a more pronounced rise in total testosterone levels than patients with less 

inflammatory load. Nevertheless, this theory remains speculative since we did not have a placebo group 

in our study. These findings are in accordance with a recently published study showing beneficial effects 

of anti-inflammatory treatment with an NFκB inhibitor on ovarian steroid metabolism and ovulation in 

patients with PCOS.117 A few years ago, our research group studied the effects of IL-1 antagonism on 

testosterone levels in men with metabolic syndrome and low testosterone levels. Analogous to this study, 

IL-1 antagonism was shown to increase testosterone levels in men. This effect was especially 

pronounced in patients with higher inflammatory load (i.e., CRP levels ≥2 mg/l.). Since experimental 

data showed an inhibitory effect of IL-1 on steroidogenesis in Leydig cells, the authors concluded that 

IL-1 receptor antagonism abolished IL-1-mediated inhibition of steroidogenesis in testicular Leydig 

cells.168 However, regarding existing data on the relationship between IL-1 and female reproductive 

mechanisms, it is unlikely that IL-1 receptor antagonism induces detrimental 

hyperandrogenemia.99,101,117 Another explanation for the short-term rise in androgen levels upon IL-1 

receptor antagonism is that IL-1 might have stimulatory effects on adrenal zona reticularis steroidogenic 

cells. However, this explanation is rather unlikely as short-term IL-1 receptor antagonism was 

previously shown to decrease cortisol levels in obese individuals.177 In contrast to data on ovarian theca 

cells, there are no data on the influence of IL-1 on adrenal androgen production. Hence, we are currently 

investigating whether IL-1 antagonism modifies adrenal steroidogenesis. On the other hand, it is 

possible that proinflammatory IL-1 activity does not directly contribute to hyperandrogenemia via 

upregulation of androgen production, but inhibits the aromatase-mediated increase in estradiol levels 

and folliculogenesis.103,107,112,113 This would be in accordance with our observations that IL-1 receptor 

antagonism led to an increase in estradiol levels over time.  

Although guidelines primarily recommend measurement of serum free or total testosterone levels to 

assess hyperandrogenemia in patients with (suspected) PCOS,14,178 serum androstenedione levels on day 

7 of treatment were chosen as primary endpoint. Androstenedione, together with testosterone, is the 
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primary androgen synthesized by ovarian theca cells and a precursor for testosterone.34,179,180 Important 

work published in the past years suggested that measuring serum androstenedione was superior to 

testosterone in the assessment of hyperandrogenemia and indicator of metabolic risk in patients with 

PCOS.163,181–184  

Studies suggested a connection between hyperandrogenemia and metabolic complications in 

PCOS.181,185,186 IL-1 antagonism was shown to have beneficial effects on glucose metabolism, insulin 

sensitivity, as well as cardiovascular disease outcome.74,161,187 Hence, we assumed that PCOS patients 

with elevated androgen levels would benefit the most from anti-IL-1 therapy. The fact that we did not 

observe statistically significant changes in clinical parameters upon IL-1 receptor antagonism is 

somehow not surprising. Treatment time was short and a change in hirsutism scores was not expected 

as it is known that treatment must be performed for at least 6 months to see ameliorating effects.188 

Importantly, although the median change in sebum production was around 0, it showed a broad range. 

We will evaluate whether these changes correlate with changes in absolute androgen levels. Moreover, 

and as discussed above, we observed that three patients with previous oligo-/amenorrhea had a regular 

menstruation after onset of treatment. Therefore, we will analyze progesterone levels together with 

estradiol, LH and FSH levels to determine whether these were ovulatory cycles. IL-1 receptor 

antagonism had no effects on AMH levels during treatment time. The observed decrease in AMH levels 

at follow-up is unlikely to result from the study drug since anti-inflammatory effects were no longer 

present at follow-up. Thus, AMH levels are most likely the result of other hormonal changes which are 

currently under investigation. 

Safety is one of the most important aspects of any new therapeutic approach in PCOS. Although IL-1α 

and IL-1β are important proinflammatory mediators, they are not crucial for pathogen elimination. Two 

systematic reviews and meta-analyses of ~3000 patients showed that risk of infections was not 

significantly increased for anakinra compared with placebo.68,189 The main complaints of our patients 

were injection site reactions. However, it is known that injection site reactions are harmless, transient, 

and occur at the beginning of anakinra therapy. In anticipation of these side effects, we have informed 

our patients before treatment start about possible adverse events. Thus, we could ensure therapeutic 

adherence. Patients aiming to become pregnant were excluded. However, there is currently no evidence 

to exclude anakinra from therapeutic use for fertility therapy which is encouraging for future studies on 

IL-1 antagonism and fertility.103,190,191  

Our trial is the first study to investigate IL-1 receptor antagonism as new treatment option in women 

with PCOS. This trial has the following strengths: All androgen measurements were performed with the 

gold standard technique LC-MS/MS in an experienced laboratory. Patients were selected based on 

hyperandrogenemia and elevated inflammatory markers. Thus, this patient cohort represents a specific 

subgroup of PCOS patients for whom we expected the highest treatment response. Although our sample 

size is small, it provides >90% power to show a clinically relevant reduction in serum androstenedione 
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levels, one of the most important markers of hyperandrogenemia in women with PCOS. The major 

limitation of the FertIL study is the lack of a placebo group. This makes it difficult to determine whether 

the observed increase in androgen and estradiol levels were in fact driven by IL-1 antagonism. Due to 

the short treatment time it was not possible to observe clinical effects over a longer time. Additionally, 

injection site reactions occurred in all patients limiting the anti-inflammatory treatment effect. 

Nonetheless, the changes in androgen and estradiol levels, as well as onset of menstruation in certain 

patients are motivating to pursue the anti-inflammatory therapeutic approach. To further investigate IL-1 

antagonism as potential treatment option in patients with PCOS, we will conduct a long-term 

randomized, placebo-controlled trial in women with PCOS with a clinical parameter as primary 

endpoint.  
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Abstract 

OBJECTIVE Studies have suggested that arginine vasopressin (AVP) and its surrogate marker 

copeptin increase during exercise, independently of serum sodium and/or osmolality. In extreme cases, 

this can lead to runners-induced hyponatremia. Interleukin-1 (IL-1) increases during exercise and 

induces AVP in animal models. We here therefore investigate whether copeptin (a surrogate marker for 

AVP) increases upon exercise in young and healthy males, and whether this increase is regulated by 

IL-1.  

DESIGN In a randomized, placebo-controlled, double-blind, crossover trial in 17 healthy male 

volunteers, the effect of the IL-1 receptor antagonist anakinra on exercise-induced copeptin was 

compared with placebo. 

METHODS Participants exercised for one hour at 75% of VO2max and were not allowed to drink/eat 6 

hours before and during the study. Participants received either 100 mg of anakinra or placebo 1h before 

exercise. Blood was drawn at certain time intervals.  

RESULTS In both groups, copeptin levels were induced by 2.5-fold upon exercise (p<0.001), from 4.5–

10.6 pmol/l in the placebo, and 4.3-11.3 pmol/l in the anakinra group, (p=0.38). One hour after exercise, 

copeptin levels dropped to 7.7 and 7.9 pmol/l in the placebo and anakinra group, respectively (p=0.58). 

The increase of copeptin levels was not explained by sodium concentrations. 

CONCLUSIONS Exercise induces a continuous rise of plasma copeptin levels in healthy male 

volunteers independently of sodium levels and fluid intake. This increase is not regulated by the IL-1 

pathway. 
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Introduction 

Copeptin (the C-terminal portion of pre-pro-vasopressin) is secreted together with arginine vasopressin 

(AVP) in equimolar amounts and serves as a surrogate marker for AVP which is difficult to measure.192 

Elevation in serum osmolality and reduction in blood volume are the classic stimuli for AVP and 

copeptin production.193 Another important stimulus is stress and thus copeptin is increased in several 

acute diseases predicting outcome.194–202 Additionally, several studies have shown an enhanced AVP 

production during exercise in different settings, whereby the elevation in AVP levels correlated with the 

intensity of exercise.144,203–208 Few studies have investigated exercise-induced copeptin dynamics. These 

studies have been performed either in an elderly population with comorbidities, in young volunteers in 

a hot environment, or under extreme conditions like an ultramarathon.209–215 Moreover, all of these 

studies have measured copeptin levels only twice, before and after exercise. Although increasing 

osmolality and plasma volume loss seem to be potent drivers of AVP/copeptin production in exercising 

participants, this does not explain the whole effect: Three studies reported increased AVP and copeptin 

levels after an ultramarathon in spite of decreased sodium values and osmolality.142,203,212 Furthermore, 

a recent study showed that at a sodium level of 143 mmol/L or a serum osmolality of 295 mOsm/kg, 

respectively, led to an absolute increase in copeptin of only 3 pmol/L, i.e. lower levels than achieved 

during exercise.126 AVP levels also normalized after exercise without fluid replacement.204,206 Therefore, 

other factors seem to be involved in the regulation of AVP/copeptin dynamics upon exercise. The pro-

inflammatory cytokine Interleukin-1 (IL-1) might play a role in AVP/copeptin production. Specifically, 

serum IL-1β levels and IL-1β activity were shown to increase upon exercise.216–218 Furthermore, animal 

studies reported increased AVP production after administration of IL-1β in freely moving rats in vivo or 

in the dissected hypothalamus in vitro.153–155 The fact that administration of dexamethasone abolished 

the increase in AVP levels in exercising healthy men further supports the inflammatory hypothesis in 

exercise-stimulated AVP production.219 

The aim of this study was therefore first to investigate the course of copeptin before, during, and after 

moderate exercise in a young and healthy male population. Second, we aimed to test whether IL-1 

regulates exercise-induced copeptin.  

To address these questions, we evaluated copeptin levels before, during and after aerobic exercise in 17 

healthy male participants and the response of copeptin to either the IL-1 receptor antagonist anakinra or 

placebo. Furthermore, we measured sodium levels at the beginning, the end, and 1 hour after the end of 

an exercise bout. 

Participants and methods 

Study design 

This is a post-hoc analysis of a randomized, placebo-controlled, double-blind, crossover, and single-

center clinical study.220 Patients were recruited and followed-up from November 2011 to May 2013 at 

the University Hospital Basel, Switzerland. Informed consent was obtained from all participants prior 
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to study inclusion. Participants were treated with either 100 mg of the IL-1 receptor antagonist anakinra 

or placebo. The study was performed in accordance with the ICH-GCP guidelines and the Declaration 

of Helsinki, was approved by the Ethics Committee of Basel on March 21st, 2011 (Ref. 294/10) and 

Swissmedic (Ref. No. 2011DR1084), and was registered on clinicaltrials.gov (NCT01771445). As the 

original study was a mechanistic and not a treatment study, it was realized with a delay of 3 months that 

the study had to be registered. The authors confirm that all ongoing and related trials for this 

drug/intervention are registered.  

Eligibility criteria 

Eligible participants were male, apparently healthy, non-smoking, aged between 20 and 50 years with a 

body mass index between 18 and 26 kg/m2. Participants had to exercise regularly prior to study 

inclusion. Exclusion criteria were any evidence of acute or chronic illness, history of carcinoma or 

tuberculosis, increased alcohol consumption, known allergy to anakinra, and current treatment with any 

drug. Furthermore, participants were excluded if they had used anakinra within 30 days prior to 

enrollment.  

Treatment assignment and blinding 

After successful inclusion in the study, participants were assigned a random subject number to receive 

study medication. Treatment blinding and preparation of trial drugs were performed by the Clinical Trial 

Unit of the University Hospital Basel, Switzerland. 

Study procedures 

The exact study procedures were previously described.220 Shortly, the study consisted of three visits, 

one screening visit in which VO2max was determined, followed by two study visits that were separated 

by seven days. The VO2max determination took place at least 7 days before the main study visits. After 

inclusion, patients were allocated according to a randomization list created by a biostatistician unrelated 

to the study. Patients as well as study personnel were blinded to the medication allocation. Participants 

were not allowed to drink or eat 6 hours prior to and during the two study visits. Sixty minutes prior to 

exercise start, an intravenous catheter was placed in the forearm, and the first blood sample was drawn. 

Immediately after taking the first blood sample, participants received a single subcutaneous injection 

with 100 mg of anakinra or placebo in a double-blind, crossover manner. At the beginning (0 minutes), 

the subject started to run on a treadmill with a 5 minutes warm up period at 2 to 4 km/h at an incline of 

0.5%. The treadmill speed was then increased to 75% of VO2max (which was previously determined) 

based on heart rate measurements for 60 minutes followed by a “cool down” period at walking speed 

for 5 minutes. A 0.9% saline infusion was maintained at very low rates to ensure venous catheter flow. 

Sixty minutes after the end of the exercise bout, the intravenous catheter was removed. In total, blood 

was drawn at 12 time points: 60 minutes before exercising (-60 minutes), every ten minutes during 

exercise starting immediately prior to the exercise until immediately after (0, 10, 20, 30, 40, 50, 60 

minutes) and four times within the hour following the exercise (70, 80, 90, 120 min). The same 
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procedures were performed one week after the first visit followed by a safety visit after an additional 

week. 

Sample collection and analytic procedure 

Blood was collected into serum tubes, centrifuged at 4 °C and aliquoted. Samples were frozen and stored 

at -80 °C until measurement. The aliquot tubes have not been subject to refreezing before copeptin / 

sodium measurements. Copeptin was measured by an immunofluorescent assay (BRAHMS CT-proAVP 

KRYPTOR, Thermo Scientific Biomarkers, Hennigsdorf, Germany) in serum. Sodium values were 

measured by an ion-selective electrode system (cobas® 8000, Roche Diagnostics GmbH) in serum. 

Statistical analysis 

Summary statistics were performed and the course of mean copeptin values from 0 to 120 minutes 

plotted including 95%-confidence intervals for each measurement. It was assumed that between 

measurements concentration increases or decreases linearly. Hence, values of consecutive 

measurements were connected with a straight line. 

To test 1) whether copeptin values change during time, 2) whether there is a difference between the 

placebo and the anakinra group at 60 and 120 minutes, and 3) whether the copeptin levels are explained 

by sodium concentrations, linear mixed-effects models were fit. Outcome variables were log-

transformed copeptin levels (in the results section, original copeptin values are shown). Fixed-effect 

explanatory variables were time of measurement, treatment allocation, and sodium levels. Random-

effect variable was the unique participant identifier. The three missing copeptin values of two 

participants and six sodium values of three participants were imputed with the median of the respective 

time of measurement and treatment. All calculations were performed using the imputed data set. 

Sensitivity analyses are done with the original data base containing missing values.  

The area under the curve (AUC) for every exercise bout from 0 to 120 minutes was calculated using 

original values. Whether there was a significant difference of AUCs between copeptin values of anakinra 

and placebo treatment was tested with a Wilcoxon signed rank test. 

Results 

Baseline characteristics 

The baseline characteristics of all participants have been previously published.220 Briefly, all participants 

were male, mean age was 29 years, and all had a normal BMI. Blood pressure and heart rate were within 

the normal range in all participants. No subject showed evidence of any medical condition or signs of 

acute or chronic low-grade inflammation neither in clinical examination nor by laboratory assessment 

(e.g., measurement of C-reactive protein levels and leukocyte count).  
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Copeptin levels upon exercise with and without IL-1 receptor antagonism  

Fig 1 shows the dynamics of copeptin levels during (0 to 60 minutes) and after (60 to 120 minutes) 

exercise. Before the start of the exercise bout, copeptin levels were 4.5 (SD: 2.7) pmol/l and 4.3 (SD: 

2.0) pmol/l in the placebo and anakinra group, respectively. In both groups, copeptin levels rose 

significantly by 2.5-fold upon exercise and peaked at the end of the exercise period (60 minutes, 

p<0.001). At that time, copeptin levels were 10.6±7.7 pmol/l in the placebo group and 11.3±6.8 pmol/l 

in the anakinra group. No difference was observed between the two treatment groups at 60 minutes 

(p=0.38). One hour after exercise, copeptin levels dropped to 7.7±4.6 pmol/l in the placebo group 

(p=0.015) and 7.9±4.3 pmol/l in the anakinra group (p<0.1), showing no difference between the two 

treatments (p=0.58, Table 1). In both groups, sodium levels rose from 141 (SD: 1.8) mmol/l at baseline 

to 143 (SD: 1.5) mmol/l at end of the exercise bout, while one hour after the end of the exercise period 

sodium levels were 141 (SD: 1.3) mmol/l (Table 1). Sodium levels did not modulate copeptin levels 

(p=0.10). The AUCs of copeptin values for the time during and after exercise were not significantly 

different when participants were treated either with placebo or anakinra (p=0.68). All the results 

mentioned were confirmed in the sensitivity analysis when using the original dataset without imputed 

values. 

Fig 1. Dynamics of exercise-induced copeptin with and without IL-1 receptor antagonism. 
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Table 1. Copeptin and sodium levels at different times. Data represent the mean and standard deviations. 

Time of measurement (minutes) 0 60 120 

Copeptin levels 

(pmol/l) 

Anakinra group 4.3±2.0 11.3±6.8 7.9±4.2 

Placebo group 4.5±2.7 10.6±7.7 7.7±4.6 

Sodium levels 

(mmol/l) 

Both groups 141±1.8 143±1.5 141±1.3 

 

Discussion 

To our knowledge, this is the first study reporting the course of copeptin levels before, during, and after 

steady-state exercise and investigating the potential role of IL-1 in copeptin regulation. We report two 

main findings. First, exercise induced a continuous rise of copeptin levels by about 2.5 fold in healthy 

male volunteers reaching a maximum level of ~11.0 pmol/l at the end of the exercise period. Copeptin 

levels remained elevated in the first minutes after discontinuing exercise and then dropped gradually 

within the following hour to a level of ~7.8 pmol/l which was 1.7-fold higher than baseline. Second, our 

data suggest that exercise-induced copeptin is not regulated via the IL-1 pathway.  

Our results are in line with previous studies that have shown an elevation of copeptin levels upon 

exercise. Two studies have shown an increase of copeptin levels by 2-3 fold (peak copeptin level: 10.1 

pmol/l) in elderly patients with comorbidities after short-duration high-intensity exercise.210,214 One 

study has performed copeptin measurements in the context of high-intensity exercise in healthy 

volunteers and patients with major depression, showing a 2.8-fold (peak 13.4 pmol/l) and a 1.9-fold 

(peak 9.7 pmol/l) increase in copeptin, respectively.213 Another study investigating medium intensity 

exercise in a warm environment showed 2.6-fold copeptin increases (peak 14.3 pmol/l).215 Lippi et al. 

reported a 6.4-fold increase in copeptin in healthy males participating in an ultramarathon (peak levels 

were 40 pmol/l).211 Consistent with these findings, Aakre et al. reported a 3.5-fold elevation of copeptin 

in middle aged males after a bike endurance race (peak 12.8 pmol/l).212 Similarly, several studies have 

investigated AVP levels in healthy exercising participants. All found an elevation of AVP levels 

depending on exercise intensity. Although in some studies increasing plasma osmolality, plasma volume 

loss and sodium levels correlated with AVP levels after exercise, other studies found an elevation of 

AVP levels independent of plasma sodium, osmolality, and fluid intake.144,203–207 Consistent with these 

previous reports, in our study copeptin levels continuously increased during exercise and then dropped 

after the end of the exercise period, although participants were not allowed to replace the amount of 

fluid loss, and although serum sodium levels remained in the normal range at the end of the exercise 

bout. The drop in copeptin levels was consistent with findings on the course of AVP levels from the 

study by Wade and Claybaugh.206 They investigated AVP levels in a similar setting of exercise intensity 

and duration. In that study AVP levels increased 2.2-fold at the peak of exercise. 60 minutes after end 



 
Inaugural Dissertation - Dr. med. Milica Popovic  38 

of exercise AVP levels dropped but remained 1.6-fold elevated compared with baseline. This is in 

concordance with our findings of a 1.7-fold elevation of copeptin levels 60 minutes after end of exercise.  

Our data therefore suggest that the rise in copeptin levels upon exercise is not driven by increasing 

sodium levels and that other factors, such as exercise-induced inflammation, may play a role in 

AVP/copeptin production. Injection of the potent inflammatory cytokine IL-1β in the hypothalamus 

induced secretion of AVP in rodent models.153–155 Interestingly, IL-1β is not only secreted during 

infection, but also during exercise.216–218 Although the data on IL-1β elevation are controversial, it is 

important to note that measurement of IL-1β is not reliable due to minimal concentrations in the blood 

and only antagonization of the IL-1β can provide confirmatory answers on IL-1β effects.40 Therefore, 

IL-1β might represent a valuable candidate driving exercise-induced AVP and copeptin levels. If so, 

then IL-1 receptor blockade would inhibit the exercise-induced increase in copeptin levels. However, 

copeptin levels in our study increased to the same extent in volunteers treated with an IL-1 receptor 

antagonist or with placebo. This suggests that exercise-induced copeptin is not regulated by IL-1 and 

that other factors that are activated during exercise (e.g. activation of the sympathetic nervous system, 

increase in body temperature, pain, nausea, IL-6) are responsible for driving the increase in AVP and 

copeptin upon exercise.142,221–223 Nevertheless, the participants in this study did not report pain or nausea. 

This study has several limitations. First, this was a post-hoc analysis which bears the risk of a type 2 

statistical error. Nevertheless, a study by Coiro et al. using a similar study design showed significant 

reductions in peak AVP levels after anti-inflammatory treatment with dexamethasone in only 10 

participants compared with n=17 in this study.219 Furthermore, the imputation of missing data points 

and comparisons of individual AUCs render a type 2 statistical error unlikely. Another limitation is that 

we did not measure levels of AVP. AVP has different decay kinetics than copeptin, i.e. a 2x shorter half-

life, and our results can therefore not be directly extrapolated to AVP. Measurement of AVP could have 

revealed further insights into possible dissociations between copeptin and AVP. Lastly, we did not 

measure serum osmolality, but only serum sodium levels.144,224  

Taken together, we here confirm an effect of exercise on copeptin levels that is independent of sodium 

levels or fluid loss. This finding suggests that it may be important to consider exercise as confounding 

factor when interpreting copeptin levels as a diagnostic and prognostic marker.225 For example, patients 

should be asked not to do exercise before routine evaluation of polyuria polydipsia syndrome.  

In conclusion, exercise induces plasma copeptin levels independent of sodium levels or fluid loss and 

not regulated by the IL-1 pathway.  
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Abstract 

Arginine Vasopressin (AVP) was suggested to contribute to cardiovascular risk and type 2 diabetes in 

patients with metabolic syndrome. The proinflammatory cytokine Interleukin-(IL)-1 is able to induce 

AVP secretion and plays a causal role in cardiovascular mortality and type 2 diabetes. We investigated 

in two studies whether copeptin levels – the surrogate marker for AVP – are regulated by IL-1-mediated 

chronic inflammation in patients with metabolic syndrome. Study A was a prospective, interventional, 

single-arm study (2014-2016). Study B was a randomized, placebo-controlled, double-blind study 

(2016-2017). N=73 (Study A) and n=66 (Study B) adult patients with metabolic syndrome were treated 

with 100 mg anakinra or placebo (only in study B) twice daily for 1 day (study A), and 28 days (study 

B). Fasting blood samples were drawn at day 1, 7, and 28 of treatment for measurement of serum 

copeptin. Patients with chronic low-grade inflammation (C-reactive protein levels ≥2 mg/l) and BMI 

>35 kg/m2 had higher baseline copeptin levels (7.7 [IQR 4.9-11.9] vs. 5.8 [IQR 3.9-9.3] pmol/l, 

pinflamm=0.009; 7.8 [IQR 5.4-11.7] vs. 4.9 [IQR 3.7-9.8] pmol/l, pBMI=0.008). Copeptin levels did not 

change neither in the anakinra nor in the placebo group and remained stable throughout the treatment 

(p=0.44). Subgroup analyses did not reveal effect modifications. Therefore, we conclude that although 

IL-1-mediated inflammation is associated with increased circulating copeptin levels, antagonizing IL-1 

does not significantly alter copeptin levels in patients with metabolic syndrome.
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Introduction 

Patients with metabolic syndrome are at significant risk for developing type 2 diabetes mellitus and 

cardiovascular diseases.226 Arginine Vasopressin (AVP) was suggested to play a causal role in the 

development of type 2 diabetes mellitus and cardiovascular disease.146 Indeed, several studies have 

demonstrated that copeptin - the C-terminal part of the AVP precursor and surrogate marker for AVP126 

- predicts insulin resistance and onset of type 2 diabetes mellitus145,227–232 and is associated with an 

increased cardiovascular mortality in patients with metabolic syndrome.227,233–235 There are several 

potential pathways how AVP might mediate cardiovascular risk and type 2 diabetes. First, AVP leads 

to an amplification of cortisol release by inhibiting negative feedback on adrenocorticotropic hormone 

secretion from the anterior pituitary gland, and by direct stimulation of the adrenal cortex236,237. 

Moreover, AVP induces epinephrine secretion by stimulation of the chromaffin cells in the adrenal 

medulla238, and stimulates glycogenolysis and gluconeogenesis via V1a receptors in the liver239. 

Furthermore, AVP has antilipolytic240 and prothrombotic241 effects, and mediates coronary 

vasoconstriction through vasopressin 1a receptors242.  

The mechanisms underlying the upregulation of AVP/copeptin levels in patients with metabolic 

syndrome are unknown. Interestingly, copeptin seems to be strongly associated with elevated levels of 

C-reactive protein (CRP).148,149,230,243 Elevated CRP levels in patients with metabolic syndrome result 

from a chronic activation of the IL-1 system, a key cytokine stimulated by metabolic stress.244 Chronic 

low-grade inflammation enacted through IL-1 activity was recently shown to play a causal role in the 

development of both type 2 diabetes mellitus and cardiovascular disease. Randomized treatment with 

IL-1 antagonists has proven capacity to reduce HbA1c levels in patients with type 2 diabetes mellitus 

and to reduce cardiovascular mortality in patients with coronary heart disease and elevated levels of 

CRP.161,162 Interestingly, there seems to be an interplay between IL-1 and AVP, since animal 

experiments have shown induction of AVP secretion in response to IL-1 application,153–155 although 

there is conflicting data in a rat model of sepsis.245 

We therefore hypothesize that the increased levels of copeptin observed in patients with metabolic 

syndrome are caused by an overactivity of IL-1 and that antagonism of the IL-1 pathway would lead to 

a reduction of copeptin levels. In this study we report the results of two interventional trials investigating 

effects of IL-1 antagonism in obese individuals with metabolic syndrome.  

Methods 

This is a preplanned secondary analysis of two interventional trials.168,246 Both trials were conducted 

according to the ethical guidelines of the Declaration of Helsinki and the applicable International 

Conference on Harmonization (ICH) guidelines on good clinical practice. Both trials were approved by 

the Ethics Committee Northwest and Central Switzerland (EKNZ) and Swissmedic, and were registered 

on ClinicalTrials.gov (NCT00757276, NCT02672592). All patients provided written informed consent. 
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Patients were recruited at two tertiary care centers in Switzerland (University Hospital Basel and 

Kantonsspital Aarau). 

Study A: Patients and trial design  

Study A was a prospective, open-labeled, interventional trial investigating short-term (=1 day) effects 

of IL-1 receptor antagonism in 73 obese patients with metabolic syndrome. Detailed study procedures 

have been published previously.246 Briefly, inclusion criteria were age between 18 and 80 years, body-

mass index (BMI) >30 kg/m2 and at least one of the following additional features of the metabolic 

syndrome: Hyperglycemia (HbA1c >5.7%), hypertension (blood pressure [BP] >130/85mmHg or BP 

lowering therapy), or dyslipidemia (HDL-C <1.0 mmol/l or triglycerides >1.7mmol/l or low-density-

lipoprotein-cholesterol [LDL-C] >3.4 mmol/l or lipid lowering treatment). Main exclusion criteria were 

concurrent medication with glucocorticoids, known Cushing’s syndrome, an underlying chronic 

inflammatory disease, history of a severe infection within the previous two months or a current infection, 

severe comorbidities and pregnancy or breastfeeding. After the screening visit all patients received three 

subcutaneous injections of the recombinant human Interleukin-1-receptor antagonist anakinra/Kineret® 

100mg within two days. The consecutive injections were started at 8 p.m. and continued in a time 

interval of 12 hours.  

The study-visits assessed in this analysis were “Baseline” (=”Day 0”) and after three injections of the 

IL-1 antagonist anakinra/Kineret® (=”Day 1”). Study visits were scheduled in the morning between 

7.30 a.m. and 10 a.m. after an overnight fast and blood samples were drawn at both visits. 

Study B: Patients and trial design  

Study B was a randomized, placebo-controlled, double-blind, interventional trial investigating short as 

well as long-term effects of IL-1 receptor antagonism in 67 patients. A detailed description of study 

procedures was published previously.168 Main eligibility criteria were similar to study A. As study B 

was primarily designed to investigate the effect of IL-1 antagonism on testosterone levels in obese men 

with low levels of testosterone, all patients were male, aged 18 to 75 years with a BMI >30 kg/m2 and 

total testosterone levels <12 nmol/l. Patients were randomized 1:1 to receive either anakinra/Kineret® 

100mg or placebo as subcutaneous injection twice daily in a time interval of 12 hours. Study visits were 

scheduled in the morning at baseline (day 0), at day 1 (short-term visit), at day 7 and at 4 weeks. Blood 

samples were drawn at every visit. Therefore, patients were instructed not to eat or drink after midnight 

before the study visits in both studies.  

Laboratory analyses 

Routine laboratory parameters, i.e. total cholesterol, HDL cholesterol, HbA1c, and triglyceride levels, 

were analyzed at the local laboratories of the participating centers. At the University Hospital Basel all 

routine parameters were measured on the Cobas 8000 c502 (Roche). At the Kantonsspital Aarau total 

and HDL cholesterol were measured by immunoassay on the Architect i2000SR (Abbott), and HbA1c 
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analysis was performed with the D-100 testing systems by BIORAD. In both centers LDL cholesterol 

levels were calculated using the Friedewald formula.247 CRP was determined with an 

immunoturbidimetric assay (Tina-quant C-Reactive Protein Gen. 3 Test; Roche Diagnostics GmbH). 

Plasma copeptin levels were measured with a commercial automated immunofluorescence assay 

(B.R.A.H.M.S Copeptin-proAVP KRYPTOR, BRAHMS GmbH, part of Thermo Fisher Scientific, 

Hennigsdorf, Germany) in a batch analysis. For this, EDTA blood samples were centrifuged at 4 °C and 

stored at -76 °C. 

Statistical analysis 

Copeptin values were log-transformed in order to achieve a distribution analogue to normal distribution. 

Thereby, one patient had to be excluded due to an extreme value at baseline of 129 pmol/l, resulting in 

n=66 patients for Study B. Unless stated otherwise, categorical variables are expressed as count 

(percentage) and continuous variables as means (±SD). In a first analysis, we aimed to investigate which 

parameters are associated with higher copeptin levels at baseline. Therefore, linear regression models 

were calculated with log-transformed copeptin as dependent variable and the respective parameter as 

explanatory variable. All analyses were adjusted for sex. Afterwards, the statistically significant 

variables were selected for the combined analysis.These variables were combined (=added) as 

explanatory variables in one linear regression model to investigate which factors are independently 

associated with higher copeptin. To assess treatment effects on copeptin levels, we used a linear mixed 

effects model with treatment group and baseline copeptin levels as fixed effect, and participant ID as 

random effect. To investigate whether defined subgroups of patients responded differently to treatment 

with anakinra, we conducted subgroup analyses. For this, linear regression models were calculated with 

log-transformed copeptin as dependent variable and the following interaction term as explanatory 

variable: Treatment group * subgroup variable. These analyses were adjusted for baseline copeptin 

levels, treatment day, and sex. All p-values are two-sided and have not been adjusted for multiple testing. 

Statistical analyses were performed and graphs drawn using R i386 Version 3.4.1. 

Results 

Baseline characteristics 

Baseline characteristics of the 73 patients in study A, and 66 patients in study B are shown in table 1. In 

study B the baseline characteristics were well-balanced between the two treatment groups. To 

summarize briefly, 49.3% vs. 100% of the patients were male in Study A and B, respectively. Mean age 

was 54 years. Mean BMI was approximately 37 kg/m2 with nearly all patients having visceral obesity. 

Around 70% of the patients presented with chronic low-grade inflammation (defined by a CRP level of 

≥2 mg/l). In study A 86.3% of the patients suffered from either prediabetes or type 2 diabetes compared 

to 51.5% in study B. Furthermore, 72% of the patients in study A were treated with antihypertensive 

medication whereas 45% had antihypertensive drugs in study B. 
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Table 1 Baseline characteristics. Variables are summarized as mean (SD) or counts (%) if not otherwise specified.  

Variable Study A Study B 

Treatment Group Anakinra (n=73) Anakinra (n=33) Placebo (n=33) 

Age  54 (11) 55 (13) 53 (14) 

Male Sex  36 (49) 33 (100) 33 (100) 

BMI (kg/m2) 37.4 (5.5) 36.8 (4.1) 36.6 (4.0) 

Visceral Obesity 72 (99) 33 (100) 33 (100) 

Alcohol Consumption 

(glasses/week) 
1.3 (2.0) 4.2 (5.9) 4.6 (5.5) 

Smokers 13 (18) 11 (33.) 5 (15) 

Ethnicity (caucasian) 68 (93) 33 (100) 32 (97) 

Systolic Blood Pressure 

(mmHg) 
136 (17) 140 (16) 136 (15) 

Diastolic Blood Pressure 

(mmHg) 
84 (10) 88 (12) 86 (9) 

Heart Rate (beats per minute) 78 (11) 70 (10) 69 (12) 

CRP (mg/l) 3.59 (3.34) 3.04 (2.07) 4.01 (3.30) 

Chronic Low-Grade 

Inflammation 
51 (69.9) 25 (75.8) 22 (66.7) 

Cholesterol, total (mmol/l) 4.56 (1.12) 5.08 (1.72) 4.64 (1.45) 

HDL-C (mmol/l) 1.35 (0.71) 1.17 (0.26) 1.50 (1.25) 

LDL-C (mmol/l) 2.45 (0.97) 4.02 (6.89) 2.80 (1.00) 

Copeptin (pmol/l) 9.46 (8.73) 8.59 (4.96) 8.52 (5.06) 

HbA1c (%) 7.4 (3.2) 6.1 (1.0) 5.9 (0.6) 

Triglycerides (mmol/l) 2.16 (1.45) 2.28 (1.71) 2.11 (1.37) 

Waist Circumference (cm) 122 (13) 124 (10) 127 (19) 

No Diabetes 10 (13.7) 14 (42.4) 18 (54.5) 

Prediabetes 16 (21.9) 10 (30.3) 8 (24.2) 

Diabetes mellitus 47 (64.4) 9 (27.3) 7 (21.2) 

Treatment with OAD  36 (49.3) 9 (27.3) 6 (18.2) 

Antihypertensive 

Medication 
53 (72.6) 16 (48.5) 14 (42.4) 

Treatment with Statins 35 (47.9) 11 (33.3) 7 (21.2) 

Antidepressive Medication 11 (15.1) 1 (3.0) 1 (3.0) 

Antipsychotic Medication 1 (1.4) 0 (0.0) 0 (0.0) 
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Baseline copeptin levels 

Figure 1 shows baseline copeptin levels for different subgroups. Patients with chronic low-grade 

inflammation had significantly higher median copeptin levels than those without (7.7 [IQR 4.9-11.9] vs. 

5.8 [IQR 3.9-9.3] pmol/l, p=0.009, Fig 1a). We observed an increase in median copeptin levels in 

dependence of diabetic status, i.e. median copeptin levels for patients without diabetes were 6.0 (IQR 

4.7-8.0) pmol/l, for those with prediabetes 7.3 (IQR 4.9-11.0) pmol/l, and 8.5 (IQR 4.0-14.1) pmol/l for 

patients with overt type 2 diabetes (overall p=0.03, Fig 1b). The same held true for patients with and 

without i) antihypertensive treatment (7.7 [IQR 4.8-13.1] vs. 6.4 [IQR 4.2-9.1] pmol/l, p = 0.013, Fig 

1c), ii) lipid-lowering treatment (8.8 [IQR 4.5-11.6] vs. 6.6 [IQR 4.3-9.5] pmol/l, p = 0.009, Fig 1d), 

and iii) for patients with BMI above or below 35 kg/m2 (7.8 [IQR 5.4-11.7] vs. 4.9 [IQR 3.7-9.8] pmol/l, 

p = 0.008, Fig 1e). When adding parameters all the investigated parameters (i.e. chronic low-grade 

inflammation, diabetic status, antihypertensive, and lipid-lowering treatment, and BMI categories) in 

one model, only chronic low-grade inflammation and BMI remained significantly associated with high 

copeptin (pInflamm<0.01, pBMI=0.02).  
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Figure 1A-E Log-transformed copeptin values according to different subgroups. Log-transformed copeptin values 

measured at baseline are shown on the y-axis according to different subgroups. A: Patients with and without chronic low-

grade inflammation as defined by C-reactive protein values of < or ≥2 mg/l at baseline. B: Diabetic Status was determined by 

medical history and HbA1c cut-offs, ≥6.5% for overt type 2 diabetes, 5.7-6.4% was defined as prediabetes. C and D: Patients 

with or without any antihypertensive (C) and lipid-lowering (D) medication at baseline. E: Subgroup according to BMI at 

baseline. “*” equals p<0.05, “**” equals p<0.01. 

 

 

Effect of IL-1 receptor antagonism on copeptin levels 

Median copeptin levels at baseline were 7.0 (IQR 4.2-11.2) pmol/l in the anakinra group and 7.2 (IQR 

5.4-10.1) pmol/l in the placebo group. After treatment initiation copeptin levels did not change neither 

in the anakinra nor in the placebo group and remained stable throughout the treatment (p=0.44, figure 
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2, table 2). Subgroup analyses were performed for a) chronic low-grade inflammation, b) diabetes status, 

c) BMI below or above 35 kg/m2, and d) baseline copeptin levels according to a stratification of baseline 

copeptin values into tertile categories of baseline copeptin. The results are depicted in Figures 3a-d. 

Treatment was no significant interaction variable in any of the four subgroups. Only the interaction p 

for chronic low-grade inflammation and treatment was below 0.05 suggesting that anakinra has a 

different effect in patients with chronic low-grade inflammation at baseline compared to those without. 

However, data exploration revealed a high probability of a type I error due to randomly large differences 

in baseline copeptin levels between the two treatment groups in the subgroup without chronic low-grade 

inflammation. Furthermore, the effect size was very small (-0.7 pmol/l) and has no clinical relevance.   

Figure 2 Change in Copeptin Levels From Baseline According To Treatment Group Copeptin values at day 1, 7 and 28 

were subtracted from baseline and splitted according to the treatment group. The difference is depicted on the y-axis. 

 

 

Table 2 Effects of IL-1 receptor antagonism on copeptin levels. Variables are summarized as medians (IQR). For the rows 

“Baseline” and “Day 1”, patients from both studies A and B were included. For “Day 7” and “Day 28” only data from study 

B were available. 

Copeptin 

(pmol/l) 

Anakinra (n= 106, n=73 in Study A, 

n=33 in Study B) 

Placebo (n=33, Study B) 

 Absolute Values Change from 

Baseline 

Absolute Values Change from 

Baseline 

Baseline 7.0 (4.2-11.2) / 7.2 (5.4-10.1) / 

Day 1 7.5 (3.9-11.5) 0.1 (-1.1 – 1.6) 7.5 (6.2-10.4) 0.1 (-0.7 – 1.1) 

Day 7 8.6 (5.7-10.4) 0.7 (-0.8 – 1.7) 7.2 (5.6-10.0) -0.2 (-1.9 – 1.5) 

Day 28 7.5 (5.3-10.4) -0.3 (-2.2 – 1.8) 7.9 (5.7-9.3) 0.1 (-1.8 – 1.4) 
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Figure 3A-D Change in Copeptin Levels From Baseline According To Treatment Group – Subgroup Analyses. 

Patients were divided into subgroups according to the presence of (A) chronic low-grade inflammation, as defined by C-

reactive protein values of < or ≥2 mg/l at baseline, (B) diabetic status at baseline which was determined by medical history 

and HbA1c cut-offs, ≥6.5% for overt type 2 diabetes, 5.7-6.4% was defined as prediabetes, (C) according to BMI at baseline, 

D) according to baseline copeptin levels in the highest tertile (≥9.4 pmol/l). Copeptin values at day 1, 7 and 28 were 

subtracted from baseline and splitted according to the treatment group. The difference in copeptin values according to the 

subgroup is depicted on the y-axis. 
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Discussion 

In this analysis we present the following main findings: First, presence of i) chronic low-grade 

inflammation, as shown with increased CRP levels, and ii) a BMI of >35 kg/m2 were independently 

associated with higher copeptin levels in patients with metabolic syndrome. Second, treatment with the 

IL-1 receptor antagonist anakinra did not lead to a reduction of copeptin levels in this patient population. 

There was also no relevant effect of IL-1 antagonism in any of the analyzed subgroups.  

Numerous studies have described associations of high copeptin levels with the metabolic syndrome. 

Most of them found that this association did not persist after adjusting for the single components of the 

metabolic syndrome. However, according to several studies, copeptin levels remained independently 
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associated with obesity149,228,229,243,248, insulin resistance229,232,243,248, and chronic low-grade 

inflammation228,230,243. These results are in accordance with our findings.  

Obesity, especially of the visceral type is considered the driving factor for the development of insulin 

resistance and type 2 diabetes.249 Furthermore, visceral obesity evokes a chronic pro-inflammatory 

state.250 Chronic low-grade inflammation plays an important role in the destruction of the β-cells of the 

pancreas.251 Concordantly, it was shown that antagonism of the IL-1 pathway ameliorates glucose 

metabolism in patients with type 2 diabetes.161 There are experimental data showing stimulating effects 

of IL-1 on AVP secretion from the neurohypophysis.153–155 Therefore, the increased copeptin levels 

observed in the metabolic syndrome might be induced by IL-1-driven chronic low-grade inflammation. 

In this case, blocking the IL-1 pathway would lead to a reduction of AVP/copeptin levels in patients 

with metabolic syndrome. To our knowledge, our study is the first to investigate the effects of IL-1 

antagonism on the regulation of AVP/copeptin levels in patients with metabolic syndrome. Interestingly, 

however, we did not observe any effects of the IL-1 antagonist anakinra on copeptin levels in our study 

patients. In the original studies, we showed that the IL-1 antagonist significantly down-regulated 

inflammation mirrored by CRP and interleukin-6 levels as early as at day 1 of treatment.168,246 Despite 

this clear anti-inflammatory action of anakinra, we observed no effect on copeptin levels. We therefore 

conclude that systemic IL-1 is not a major regulator of copeptin levels in the metabolic syndrome. Thus, 

the question, which factor leads to the upregulation of copeptin levels in patients with metabolic 

syndrome, remains open. Possibly, obesity might be the underlying factor for both, chronic low-grade 

inflammation and high copeptin levels. Visceral obesity represents a metabolic stress state leading not 

only to the secretion of proinflammatory cytokines252, but also to a chronic activation of the sympathetic 

nervous system which is most obviously mirrored by elevation of blood pressure.253 Activation of the 

sympathetic nervous system is recognized as a non-osmotic stimulus for the secretion of 

AVP/copeptin.223 Therefore, it is possible that the chronic metabolic stress in obesity increases 

AVP/copeptin levels, which is mediated by sympathetic nervous activity. Interestingly, and in support 

of this hypothesis, Loncar et al. reported a reduction of copeptin levels after initiation of beta-blockade 

treatment in patients with heart failure and reduced ejection fraction.254  

As our study patients were already obese at study inclusion, we cannot conclude from our data whether 

obesity per se is the driving force for high copeptin levels. To investigate this hypothesis, data before 

and after weight gain through overfeeding or lack of physical exercise are required. However, 

surprisingly, we found only one abstract reporting study results on copeptin levels before and after 

weight loss so far. In this study by Aktimur et al. weight loss induced by bariatric surgery led to a 

significant decrease in copeptin levels, arguing for a causal role of obesity in high copeptin levels.255 

Nevertheless, a bidirectional relationship between elevated AVP/copeptin levels and obesity needs to 

be considered. In this regard, Enhörning et al. showed in a longitudinal analysis that high copeptin levels 

at baseline predicted the development of abdominal obesity and type 2 diabetes after 15.8 years of 

follow-up.228 The authors suggested that AVP might play a causal role in the development of these two 
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conditions by enhancing gluconeogenesis and glycogenolysis in the liver through vasopressin 1a 

receptors256,257, and through antilipolytic effects.240 Furthermore, it might lead to hyperinsulinemia 

through activation of vasopressin 1b receptors in the pancreas.258 In summary, the available evidence 

suggests a bidirectional role of obesity for the secretion of AVP/copeptin. According to our study, 

however, chronic low-grade inflammation is probably not the driving force behind the elevation of 

AVP/copeptin levels and other mechanisms such as sympathetic nervous system activation must be 

investigated in future studies.  

Strengths of our study are first that we used data from interventional studies, one being a placebo-

controlled, double-blinded trial, which spares questions about association vs. causality. Second, we 

investigated short-term as well as longer-term effects of IL-1 antagonism on AVP/copeptin levels. Third, 

both studies had similar eligibility criteria and visit procedures. In both trials patients had to be fasting 

and refrain from drinking water before the morning blood samplings, rendering reliable copeptin 

measurements.  

Limitations of our study include that this is a secondary analysis, which always bears the risk of 

insufficient power for this endpoint. Nevertheless, no tendency for a decrease in copeptin levels can be 

observed in our data. Alternatively, another cytokine (e.g. Tumor Necrosis Factor α) or cell nutrients 

(e.g. free fatty acids, glucose) may regulate AVP. Thus, anakinra alone might not be sufficiently potent 

to inhibit the drive of the other (unknown) factors on AVP/copeptin secretion.  

In conclusion, the observed elevation of AVP/copeptin levels in patients with metabolic syndrome is 

not due to systemic chronic activation of the IL-1 system and other factors should be investigated to 

elucidate regulators of AVP/copeptin levels. 
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Overall discussion and outlook 

IL-1 and PCOS 

The main MD PhD project, the FertIL trial, is the first prospective, interventional study to elucidate the 

role of IL-1 driven chronic low-grade inflammation in the pathophysiology of PCOS. Over the past two 

decades, a large number of observational studies have been conducted to investigate the association of 

various proinflammatory cytokines and inflammatory markers with PCOS.35,75,79,98,259 Importantly, 

patients with PCOS who were obese and presented with insulin resistance had higher inflammatory 

markers compared with lean patients with normal indices of insulin sensitivity.75,98 Accordingly, some 

authors concluded that chronic low-grade inflammation is merely a marker for cardiometabolic risk, 

while other authors argued that inflammatory processes in the ovary might impair steroidogenesis and 

follicular development.79 Interestingly though, some studies showed that androgen levels correlate with 

levels of IL-1-related and other inflammatory markers.98 However, and to our knowledge, before onset 

of the FertIL trial, no study so far had investigated whether proinflammatory cytokines contribute to 

hyperandrogenemia, and thus, to the pathophysiology of PCOS. Very recently, Gonzalez and colleagues 

were the first to investigate effects of the anti-inflammatory drug salsalate on ovarian steroid metabolism 

and ovulatory function.117 Salsalate inhibits NFκB activity which subsequently reduces IL-1 activity.260 

Although only eight patients were included in this trial, they were able to demonstrate positive effects 

on androgen levels and ovulatory-menstrual function after only 12 weeks of treatment.117 In contrast, 

the FertIL trial could not demonstrate changes in androgen levels by the end of treatment. There are 

several explanations for this: First, treatment time in our study was markedly shorter than in the study 

published by Gonzalez et al. (4 vs. 12 weeks). Second, anti-inflammatory effects by the IL-1 receptor 

antagonist anakinra were severely limited by injection site reactions which were still present in the 

majority of patients at the end of treatment time. Third, baseline PCOS-related characteristics of the 

included patients differ in the two studies. In the salsalate trial, patients fulfilled all three Rotterdam 

criteria for PCOS. In our study only two thirds of the patients presented with the full phenotype. Of note, 

the phenotype fulfilling all three criteria is considered the severest form of PCOS.9 Concordantly, 

baseline androstenedione levels were markedly higher in the salsalate trial than in our study (14.7 vs. 

7.1 nmol/l). An important limitation of the study by Gonzalez et al. is that androgens were measured 

with immunoassay methods which makes it difficult to compare absolute androgen levels between the 

two studies. Nonetheless, it is possible that only patients with severe hyperandrogenemia profit from 

anti-inflammatory therapy. Elaboration of androgen level cut-offs and further subanalyses of the FertIL 

study based on baseline androgen levels are required to accurately define the target PCOS subgroup for 

the next trial. Finally, the difference between salsalate and anakinra are not only the different targets but 

also the location of action. Salsalate inhibits intracellular NFκB activity, while anakinra competetitively 

blocks IL-1 signal transduction through binding to the IL-1 receptor. Therefore, anakinra doses might 

be insufficient to target all available IL-1 receptors in the body. For the next long-term study, the long-

acting direct IL-1β antagonist canakinumab/Ilaris® would be a valuable alternative. 
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IL-1 inhibition was shown to benefit patients with overt metabolic and/or cardiovascular disease in terms 

of morbidity and mortality, which is reassuring.60,72,74 Higher inflammatory markers will likely identify 

patients with cardiometabolic risk.48,58 Based on previous data on IL-1 receptor antagonism in men with 

metabolic syndrome,168 we hypothesized that only patients with presence of chronic low-grade 

inflammation will respond with a change in serum androgens upon IL-1 receptor antagonism. To assess 

eligibility for the FertIL trial we relied on systemic CRP levels ≥1 mg/l to assess inflammatory activity. 

However, since there is some evidence of intra-ovarian inflammation, IL-1 activity might be limited to 

an intra-ovarian and not systemic level, and thus, remain undetectable by serum CRP level 

measurements.94 Therefore, anakinra might indeed have had effects in the ovary of patients without 

overt CRP elevation. Since these patients were excluded, we will have a detailed look at androgen 

metabolites and estradiol levels in patients falling in the lowest baseline CRP category (i.e., 1.0-2.0 

mg/l).  

Although excessive androgen activity seems to be the most common PCOS symptom, it need not be the 

culprit in PCOS pathophysiology.34,181,185,186,261 Possibly, androgen excess is a result of impaired 

folliculogenesis due to other reasons, e.g., IL-1 mediated inhibition of FSH signaling.99 Accordingly, 

IL-1 receptor antagonism might restore normal ovarian physiology (as evident by onset of menstruation 

in some patients) through a yet unknown mechanism. To shed light on these mechanisms, detailed 

androgen analyses for the FertIL trial are still ongoing. In the next few weeks, we will: i) examine 

individual androstenedione and testosterone levels at each study visit and compare it with respective 

levels of FSH, LH, estradiol, and AMH, ii) use co-measured androgen metabolites to examine whether 

steroid enzyme activities have changed, iii) determine which patients have ovulated based on 

progesterone levels, iv) investigate the time course of adrenal androgens, and v) examine the HPA axis. 

These investigations will help to determine therapeutic effects of anti-inflammatory therapy in PCOS.  

The ultimate objective of any therapeutic investigation in patients with PCOS is to discover a treatment 

target that could not only ameliorate hyperandrogenemia, but also restore ovulation, and hence, fertility, 

while enabling pregnancies. Current guidelines recommend different symptomatic therapeutic 

approaches, while none of these is comprehensive or cause-oriented.32 The recommended therapies 

target individual symptoms and sometimes aggravate other symptoms: Combined oral contraceptives 

restore menstrual regularity and may improve hyperandrogenic symptoms. However, they do not solve 

the problem of anovulation and infertility, but worsen inflammatory markers.262 Moreover, fertility 

therapies are not always successful and are limited to the reproductive period.263 Current metabolic 

treatment options (e.g., GLP-1 agonists, bariatric surgery, weight loss, statins) have i) moderate effects, 

ii) are limited to obese patients, and iii) require strict contraception by patients.31 Although the insulin 

sensitizer metformin initially promised good results, it was found that the insulin signaling pathway is 

only a small fraction of PCOS pathophysiology, as metformin alone had limited effects for amelioration 

of hyperandrogenemia and live birth rates.264 Since pregnancy and lactation are no contraindications for 

use of anakinra, anakinra might be well-suited to address fertility as well as non-fertility issues. Anakinra 
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therapy is therefore allowed before and during pregnancy, bearing in mind the limited data available.190 

Anakinra has a short half-life which has both advantages and disadvantages: Should a treated patient 

develop any signs of upper respiratory tract infections, treatment can be stopped immediately and there 

is no prolonged danger for immunosuppression, which is reassuring for long-term anakinra treatment. 

On the other hand, anakinra needs to be applied daily by subcutaneous self-injections which can be 

burdensome to some patients. Another disadvantage of anakinra is that it seems to not fully suppress 

IL-1 activity. Although we could see clear reductions of CRP levels, some CRP values did not fall below 

1 mg/l under treatment, which is still considered to be in the elevated cardiovascular risk range.265 At 

present, different IL-1 antagonists are in medical use, also the previously mentioned direct IL-1β 

antagonist canakinumab. Canakinumab has good efficacy and was already proven to reduce a combined 

endpoint of cardiovascular morbidity and overall mortality.74 A major advantage is that it only needs to 

be injected once every 3 months. This frees patients from any responsibility during their leisure time 

and from any insecurities arising from injection handling. As mentioned above, canakinumab would 

probably be better suited for a long-term trial. Similar to anakinra, use of canakinumab is not 

contraindicated during pregnancy.266,267 Importantly for clinical trials, compliance could be monitored 

reliably as study patients would need to visit the study center for injections. This further facilitates a 

future placebo-controlled, double-blinded study design.   

Therefore, the next trial investigating IL-1 antagonism in PCOS will be planned as follows: i) 

Randomized, double-blind, placebo-controlled trial design to exclude placebo effects and determine IL-

1 inhibitor-induced effects with certainty, ii) trial duration of 6 to 12 months (to observe effects on 

normalization of oligomenorrhea and hirsutism), iv) clinical endpoint as primary outcome in order to 

answer patient-centered research questions, and v) choice of canakinumab over anakinra as IL-1 

inhibiting drug (to ensure patient comfort and monitor adherence).  

Directions for future research 

Different aspects of PCOS require detailed investigations. A very important task will be to examine the 

inflammatory hypothesis in detail with the above proposed trial design. Of note, many lean patients did 

not qualify for the FertIL study due to absence of chronic low-grade inflammation. Therefore, examining 

the underlying pathophysiology in patients without overt inflammation and/or metabolic risk is 

necessary. Despite the heterogeneous nature and multifactorial origin of PCOS, functional 

hyperandrogenemia seems to be a pivotal aspect of PCOS. Consequently, another research aim will be 

to detect specific hyperactive steroidogenic key enzymes in different PCOS subgroups. The third aim is 

to establish international collaborations with different PCOS research centers to investigate large cohorts 

with standardized and uniform assessment and measurement techniques. These collaborations will aim 

at harmonizing diagnostic criteria for PCOS. Finally, to examine molecular-cellular mechanism in 

ovaries of patients with PCOS, close collaborations with gynaecologists and basic researchers will be 

essential. In sum, joint effort by different research disciplines and research centers will help put the 

various pieces of the PCOS puzzle together.   
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IL-1 and copeptin 

While the anterior lobe of the pituitary gland, among others, produces gonadotropins to enable 

reproduction, its posterior lobe secretes AVP/copeptin.118 Interestingly, studies showed elevated levels 

of copeptin in patients with PCOS which correlated with markers of cardiometabolic risk.150–152 

However, the relation of copeptin to disease stress was recognized many years earlier. Blood copeptin 

levels are elevated in patients with acute disease stress (e.g., stroke, pneumonia, critical illness)129,135–

137, healthy volunteers with acute physiological stress (e.g., medium to high intensity exercise),142–144 as 

well as patients with chronic metabolic disorders (e.g., patients with obesity, prediabetes, type 2 

diabetes, cardiovascular disease).146–149,268 Although this association was confirmed by multiple studies, 

it is not clear which factors drive copeptin increase. Based on data from basic research showing a 

stimulatory effect of IL-1 on AVP production,153–155 we analyzed whether stress-mediated copeptin 

increase is regulated by IL-1 in manuscripts II and III. Manuscript II was a physiological investigation 

in healthy volunteers, where copeptin levels are usually low.126 In this study however, healthy volunteers 

were exposed to acute physiological stress, i.e., one hour of medium to high intensity exercise, and had 

blood samples taken over time. Although copeptin levels markedly increased during exercise, there was 

a clear overlap in copeptin levels between subjects treated with IL-1 receptor antagonism and placebo. 

Our conclusion was that stress-mediated copeptin increase is not regulated by IL-1 in the physiological 

setting. Furthermore, although there are scarce data that show upregulation of IL-1 during exercise, we 

cannot exclude that the IL-1 pathway per se is not activated during acute physical strain in healthy 

patients. Nevertheless, these findings did not exclude the possibility that copeptin might be regulated by 

IL-1 in chronic metabolic disease. In manuscript III we speculated that copeptin was – similar to CRP - 

another IL-1 regulated risk marker for cardiovascular morbidity and mortality. If our hypothesis was 

true, IL-1 antagonism would have reduced copeptin levels in our study patients. Our analysis in turn 

showed no reduction in copeptin levels despite investigative subgroup analyses. Based on these two 

studies, we conclude that IL-1 is not a major regulator of copeptin in general.  
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