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Abbreviations 

αCGRP   alpha calcitonin gene-related peptide 

βCGRP   beta calcitonin gene-related peptide 

ACAN    aggrecan 

Acan    aggrecan (encoding gene) 

Acp5/Trap   tartrate resistant acid phosphatase 5 (encoding gene) 

ACR    American College of Rheumatology  

ATP    adenosine triphosphate 

CAIA    collagen II-antibody-induced arthritis 

Calcr    calcitonin receptor (encoding gene) 

Calcrl    calcitonin receptor like receptor (encoding gene) 

CCL2    CC-chemokine ligand 2 

Ccl2    CC-chemokine ligand 2 (encoding gene) 

CD    cluster of differentiation 

Cd14    cluster of differentiation 14 (encoding gene) 

Cd68     cluster of differentiation 68 (encoding gene) 

COL1A1   collagen type 1A1    

COL2A1   collagen type 2A1   

CRP    c-reactive protein 

CT    calcitonin 

Ctsk    cathepsin K (encoding gene) 

DCA    dichloroacetate 

DDP4    dipeptidyl-peptidase 4 

DMARD   disease modifying anti-rheumatic drug 

DMOAD   disease-modifying osteoarthritis drug 

DNA    deoxyribonucleic acid  

ECM    extra-cellular matrix 

EMA    European Medicines Agency 
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ESR    erythrocyte sedimentation rate 

EULAR   European League Against Rheumatism 

FDA    U.S. Food and Drug Administration 

FLS    fibroblast-like synoviocytes 

FGF    fibroblast growth factor 

GC    glucocorticoid 

GLA:D®   Good Life with osteoArthritis in Denmark 

GLP1    glucagon-like peptide 1 

GMCSF   granulocyte-monocyte colony stimulating factor 

IFN-γ    interferon gamma 

IL    interleukin 

Il1b    interleukin 1 beta (encoding gene) 

Ihh    Indian Hedgehog 

JAK    janus kinase 

µCT    µ-computed tomography 

Mmp13   matrix metalloproteinase 13 (encoding gene) 

MSC    mesenchymal stromal cell 

NSAID    non-steroidal anti-inflammatory drug 

OA    osteoarthritis 

OARSI    Osteoarthritis Research Society International 

OXPHOS   oxidative phosphorylation 

PCT    procalcitonin 

PDK3    pyruvate dehydrogenase kinase 3 

PRP    platelet-rich plasma 

PTH    parathyroid hormone 

RA    rheumatoid arthritis 

Ramp1    receptor activity modifying protein 1 

RNA    ribonucleic acid 
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Sphk1    sphingosine kinase 1 (encoding gene) 

TGF-β    transforming growth factor-beta 

Tgfb1    transforming growth factor-beta 1 (encoding gene) 

THY1+/-   thymus cell antigen 1 positive/negative 

TNF-α    tumor necrosis factor alpha 

Tnfa    tumor necrosis factor alpha (encoding gene) 

WT    wild type 

Wnt    wingless-related integration site 
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1 Introduction 

1.1 Joint inflammation – a link between rheumatoid arthritis and osteoarthritis 

The immune system is characterized by a sophisticated network of cells, proteins and 

signaling molecules that effectively protects the body from pathogens. Collectively, the innate 

and adaptive immune system fight bacteria, viruses, fungi, parasites and noxins. 

The immune system may however also respond to several conditions that are not directly 

induced by bacterial or viral infections. Inflammatory and degenerative joint diseases are 

progressive or chronic pathologies that often affect multiple joints and are initiated and 

maintained by a systemic or local immunoreaction. The most common inflammatory joint 

disease is rheumatoid arthritis (RA), which predominantly affects small joints in a symmetrical 

fashion, including the proximal interphalangeal and metacarpophalangeal joints (1). In 

contrast to RA, osteoarthritis (OA) was long perceived as a non-inflammatory, mechanically-

induced degenerative joint pathology. In recent years this understanding has changed, and 

chronic low-grade inflammation is now recognized as one of the main disease components in 

OA (2-6). Although the origins of RA and OA are fundamentally different, intra-articular 

inflammatory changes drive and maintain disease activity in both pathologies.  

 

1.1.1 Rheumatoid arthritis 

RA is an autoimmune disorder characterized by inflammatory changes of the synovium that 

often affect multiple joints. Disease progression is commonly accompanied by rheumatic 

flares, and extra-articular manifestations are possible, most commonly affecting skin, eyes, 

and kidneys. 

RA has a global prevalence of 0.5–1% with women being affected twice as often as men (7). 

RA diagnosis is given based on the 2010 American College of Rheumatology (ACR) / 

European League Against Rheumatism (EULAR) criteria, which include joint involvement 

(tender or swollen), serology for RA-specific antibodies, acute-phase reactants and 

persistence of symptoms for more than six weeks (8).  
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Although one single cause has not yet been identified, several risk factors seem to increase 

the risk of developing RA. Next to susceptibility genes, epigenetic and post-translational 

modifications as well as repetitive bacterial or viral infections, smoking and exposure to silica 

are associated with RA onset. These risk factors typically initiate a loss of tolerance of the 

immune system, causing immune cells, cytokines and auto-antibodies to progressively 

infiltrate the articular synovium which leads to symptomatic joint inflammation and, over time, 

concomitant cartilage and bone destruction (9). It has been suggested that the reactive 

systemic inflammation and autoimmunity may originally be triggered by immune cell contacts 

with antigens on various mucosal surfaces (10). 

This so-called initiation phase, or pre-clinical RA, is often recognized by increased serum 

levels of auto-antibodies (11), cytokines (12, 13), and c-reactive protein (CRP) (14) years prior 

to detectable inflammatory changes in the joint. As soon as structural alterations are present 

in the joint, inflammation is maintained by a complex interplay between osteoblasts, 

osteoclasts, chondrocytes, fibroblasts, macrophages, mast cells, mesenchymal stromal cells 

(MSCs), and T and B cells, which accelerate synovial hyperplasia and neoangiogenesis (9). 

The pro-inflammatory environment is further characterized by an interaction of cyto- and 

chemokines with endothelial cells, interleukins (ILs), tumor necrosis factor alpha  (TNF-α) and 

granulocyte-monocyte colony stimulating factor (GMCSF), which are predominantly 

responsible for disease progression in RA (15). 

 

1.1.2 Osteoarthritis  

OA is the most common degenerative joint disease with a global prevalence of 15% in the 

adult population (16). Currently, OA affects around 500 million people, making it the third most 

rapidly growing disease with disability behind type II diabetes mellitus and dementia (17). 

OA was long understood as a ‘wear and tear’ disease and thereby clearly separated from the 

inflammatory character of RA. However, through the works of Mary and Steve Goldring as 

well as Carla R. Scanzello, low-grade inflammation was fundamentally included in the 

pathogenesis of OA (3, 5, 6), which shares numerous risk factors with RA (18). OA can be 
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primary (without a known cause, and often associated with age) or secondary (due to injury, 

infection, or unbalanced joint loading). 

As a response to traumatic or degenerative micro or macro lesions to cartilage, excessive 

repair processes dominated by pro-inflammatory signaling molecules cause new cartilage 

damage, thus initiating a vicious cycle (19). This explains why age, obesity and sports injuries 

are major risk factors for the development of OA. Nonetheless, genetic predispositions also 

exist in OA, where changes to the transforming growth factor-beta (TGF-β), wingless-related 

integration site (Wnt)/β-catenin, Indian Hedgehog (Ihh), Notch and fibroblast growth factor 

(FGF) pathways may lead to cartilage and extra-cellular matrix (ECM) degradation (20, 21). 

Chronic low-grade inflammation eventually leads to joint remodeling that can radiologically be 

observed as joint space narrowing, osteophytes, subchondral sclerosis and cysts (22). In 

2015, the Osteoarthritis Research Society International (OARSI) defined OA as “a disorder 

involving movable joints characterized by cell stress and ECM degradation initiated by micro- 

and macro-injury that activates maladaptive repair responses including pro-inflammatory 

pathways of innate immunity. The disease manifests first as a molecular derangement 

(abnormal joint tissue metabolism) followed by anatomic, and/or physiologic derangements 

(characterized by cartilage degradation, bone remodeling, osteophyte formation, joint 

inflammation and loss of normal joint function), that can culminate in illness“ (19). 

 

1.2 Principles of rheumatoid arthritis and osteoarthritis treatment 

Non-steroidal anti-inflammatory drugs (NSAIDs) and glucocorticoids (GCs) are prescribed to 

reduce inflammation-induced pain and stiffness but are unable to halt or slow down RA 

progression. To decelerate disease activity and reduce joint destruction, disease modifying 

anti-rheumatic drugs (DMARDs) have proven to be safe and effective. In addition to 

conventional DMARDs (f.e. methotrexate, leflunomide, and sulfasalazine), biological 

DMARDs/biologics (f.e. TNF-, CD20-, CD80-, IL-6 receptor antibodies and janus kinase (JAK)-

inhibitors) are applied to control disease activity and consecutively reduce pain. While the 
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introduction of biologics has revolutionized RA therapy since the 1990s by markedly reducing 

structural disease progression, complete remission is often not achieved (1).  

Treatment of OA includes lifestyle adaptations, weight loss (if relevant), physical exercise, and 

oral or topic NSAIDs. Intra-articular GC and hyaluronic acid injections may be considered for 

short-term pain relief.  Yet, the use of intra-articular injections has been debated in recent 

years due to reports of limited efficacy (23), a considerable placebo effect (24), and potential 

harm to the cartilage (25). If conservative care fails to provide sufficient symptom relief, 

surgical treatment – spanning from tibial or femoral osteotomies to partial and total joint 

replacement – is available for advanced disease stages of OA and in some cases for RA. 

Patient satisfaction after hip replacement surgery is commonly reported to be above 90% (26-

28), but patients who have undergone knee replacement surgery are not satisfied in up to 

20% of cases (27, 29). While patient satisfaction following surgery is multi-dimensional and 

expectation management and patient involvement can improve the quality of decisions for or 

against surgery (30), the need for disease modifying interventions that may prevent surgery 

and address OA at an early disease stage remains.  

 

1.3 Limitations of current rheumatoid arthritis and osteoarthritis treatment 

The introduction of DMARD therapies allowed disease control and improved joint function 

through a marked reduction of synovitis and systemic inflammation in patients with RA. 

Despite side effects that include severe infections, bone marrow suppression, and hepatoxicity 

(31), DMARD monotherapy or sophisticated DMARD combinations are increasingly 

prescribed and included in most RA treatment guidelines (32, 33). DMARDs are able to 

effectively reduce disease activity, but up to 40% of patients exhibit a poor clinical response, 

which is not yet mechanistically explained (34, 35). Further, especially bone erosions, a 

hallmark of RA, are often only insufficiently addressed by currently available DMARDs (36, 

37).  

To receive approval by regulators and advance to the market, a drug must have both 

symptomatic benefits (pain and function) and induce structural improvements (assessed 
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radiologically or by serum or synovial fluid biomarkers), and to date no agent has met those 

requirements for OA. This may be due to several trial design-related and drug-related 

shortcomings that are slowly being recognized and adapted in current clinical trial designs 

(38-40): 

1. Preclinical OA animal models do often not adequately represent human disease and 

although disease-modifying osteoarthritis drugs (DMOADs) have often shown impressive 

structural and functional improvements in animal models, these results could often not be 

replicated in human trials. This may be because most preclinical in vivo research is 

conducted in post-traumatic OA models, which do not mimic primary OA, the most 

common form of OA and main target for DMOAD development (41).  

2. A considerable number of human trials has focused on end-stage OA, where advanced 

structural changes are unlikely to be altered or reversed by biological agents.  

3. OA is a chronic and slowly progressing disease, and tools currently applied are unable to 

detect meaningful improvements during typical trial follow-up periods of months to few 

years (42).  

 

Following a white paper issued by OARSI in 2016 (43) and the subsequent recognition of OA 

as a so called ‘serious disease’ by the U.S. Food and Drug Administration (FDA) in 2018 (44), 

accelerated approval of DMOADs in combination with post-marketing confirmatory trials is 

now theoretically possible (38-40). This means that FDA approval may be granted faster than 

usual based on trials using a primary endpoint, or surrogate marker, that has not yet been 

defined, but is likely an imaging or molecular biomarker that can reliably predict clinical 

outcomes (45).  

One of the challenges of developing a successful treatment for RA and OA includes targeting 

an abundance of immune cells and receptors, enzymes, cyto- and chemokines, signaling 

molecules and antibodies involved in these diseases. Targeting only one of the numerous 

pathways is likely not going to address the disease as a whole.  
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Nonetheless, current scientific efforts have been successful in identifying signaling pathways 

that may target more than one aspect of RA and OA pathology, including pain and bone and 

cartilage destruction (46). Table 1 summarizes RA- and OA-related signaling pathways 

explored in this thesis. 

 

Table 1. Signaling pathways related to RA and OA researched in this thesis.  

Signaling pathway Disease model Target 

Alpha calcitonin gene-related peptide (αCGRP) RA Inflammation, 
cartilage, bone 

Calcitonin (CT) RA Inflammation, 
cartilage, bone 

Procalcitonin (PCT) RA Inflammation, 
cartilage, bone 

Pyruvate dehydrogenase kinase 3 (PDK3) OA Inflammation, 
cartilage 

Individual immune profiles in platelet-rich plasma (PRP) OA Inflammation, 
cartilage 

 

1.4 Calca-derived peptides 

We previously outlined distinct functions of Calca-derived peptides in bone metabolism (47-

51). The Calca gene encodes the peptides alpha calcitonin gene-related peptide (αCGRP), 

calcitonin (CT), and procalcitonin (PCT) through alternative splicing. PCT is primarily produced 

in thyroid tissue and αCGRP in nervous tissue, and PCT is converted to CT through 

posttranscriptional cleaving (50) (Figure 1).  

During inflammation and following trauma, tissue specificity is abrogated, and Calca-derived 

peptides are produced by various cell types in different tissues of the musculoskeletal system 

(52, 53).  
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Figure 1. Alternative splicing of the Calca gene. The Calca gene has 6 exons of which 2-5 are coding exons. 

PCT mRNA is expressed in thyroid C cells where functional PCT is produced. Post-translational cleavage results 

in functional CT, and both PCT and CT are then released into the blood. αCGRP is translated, produced, and 

released into the blood by sensory neurons in the central and peripheral nervous systems. While αCGRP and PCT 

bind to the CGRP receptor encoded by the Calcrl/Ramp1 gene, CT binds to the CT receptor encoded by the Calcr 

gene. Adapted from (50). 

 

1.4.1 Calcitonin gene-related peptide 

CGRP is a vasoactive neuropeptide and predominantly responsible for pain perception and 

modulation. It has two isoforms of which αCGRP is the principal form. The second isoform, 

βCGRP, is primarily expressed in the enteric nervous system and encoded by Calcb (54). 

CGRP is mainly released by afferent sensory neurons and enhances nociception through a 

combination of vasodilation and neurogenic inflammation (55). Due to its release in trigeminal 
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ganglion cells, CGRP has been directly tied to migraine (56), and anti-CGRP antibodies 

received FDA und European Medicines Agency (EMA) approval for the prevention and 

treatment of migraine in 2018/2019 (57). 

As CGRP is also released from perivascular neurons in the musculoskeletal system, 

increased expression has been found in the synovial membrane (58-62), synovial fluid (61, 

63, 64),  and serum (63) of patients with painful joint pathologies, including RA and OA. These 

findings have raised questions about a potential independent and (patho)physiological role of 

CGRP in articular inflammation beyond pain perception and modulation.  

 

1.4.2 Calcitonin 

CT is produced by the parafollicular C-cells of the thyroid gland and naturally opposes the 

actions of parathyroid hormone (PTH) in regulating calcium and phosphate homeostasis. CT 

binds to the CT receptor and increases renal calcium secretion and inhibits osteoclasts, which 

both reduces net blood calcium levels.  

Pharmacological CT (mainly in the form of teleost salmon or eel CT) was previously 

administered to prevent osteoporotic fractures in postmenopausal osteoporosis but almost 

vanished from the market due to limited efficacy (65) and accumulating reports of malignant 

adverse events (66, 67). However, as preclinical studies showed substantial cartilage- (68, 

69) and bone-protective (70), anti-oxidative (71, 72), and anti-nociceptive effects (69, 70, 73) 

in experimental OA and RA, CT was discussed as a promising drug for human OA (74, 75) 

and RA (76, 77).  

 

1.4.3 Procalcitonin 

PCT is commonly employed as a serum biomarker for bacterial infections. In patients with RA, 

serum PCT can be helpful when distinguishing between septic arthritis and RA flares. In these 

cases, elevated serum PCT levels are more specific for septic arthritis than elevated CRP, 

prolonged erythrocyte sedimentation rate (ESR), and increased leukocyte count (78, 79). 

Beyond its role as a biomarker, little is known about the pathophysiological functions of PCT 
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in RA or OA. Previously an independent pro-inflammatory role was attributed to PCT in sepsis 

(80, 81), which raised the question whether PCT may also play a relevant role in inflammatory 

and degenerative joint diseases.  

 

1.5 Pyruvate dehydrogenase kinase 

The mitochondrial multienzyme complex pyruvate dehydrogenase links glycolysis to the 

tricarboxylic acid cycle to produce adenosine triphosphate (ATP) as part of the cellular energy 

metabolism. Pyruvate dehydrogenase  

In healthy organisms, the pyruvate dehydrogenase complex is inhibited and regulated by 

pyruvate dehydrogenase kinase (PDK). An overexpression of PDK however causes a 

metabolic shift from mitochondrial respiration to glycolysis and is observed in cancer cells (82-

84). PDK inhibition thereby helps to revert the metabolic shift observed in malignant cells and 

their proliferation (82). 

PDK overexpression however also drives muscly hypotrophy (85), vascular inflammation in 

atherosclerosis (86), and has recently been discovered in contributing to intra-articular 

inflammation in RA (87, 88). This implies that PDK inhibition may be explored as a target to 

control disease activity in OA and RA.   

 

1.6 Platelet-rich plasma 

Counteracting intra-articular inflammation is a key aspect in the development of DMOADs and 

DMARDs. As DMARDs target systemic inflammation (which commonly translates into intra-

articular changes in RA), they are commonly administered orally, subcutaneously, or intra-

venously. Novel treatment strategies for OA, which is characterized by a local low-grade 

inflammation, are typically injected intra-articularly to reach target structures instantly and 

serve as a local depot. 

Limited response to conventional and biologic DMARDs has been well documented for certain 

patient groups and disease stages (89-91). Similar challenges can be observed for novel intra-
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articular treatment strategies for OA, including platelet-rich plasma (PRP) (92). PRP is an 

autologous blood product, containing a high yield of thrombocytes, leukocytes, growth factors, 

and cytokines. In OA therapy, PRP is injected intra-articularly to reduce inflammation, 

modulate local immune responses and thus reduce pain and improve function (93, 94). While 

recent research has focused on differences in PRP formulations determined by the 

manufacturer (mainly leukocyte-rich vs. leukocyte-poor PRP) (95, 96) and how they affect 

clinical outcomes, only little is known about how patients’ individual immune profiles impact 

the composition of PRP and its efficacy.  

Despite an increasing understanding of molecular patterns in RA and OA, current treatment 

strategies have limitations and rarely achieve disease remission. While a significant number 

of RA patients respond only inadequately to DMARDs, OA can currently only be treated 

symptomatically and ultimately by joint replacement surgery during late disease stages.  

 

In this thesis we highlight signaling pathways and immune profile compositions that directly 

affect the development and progression of experimental RA and OA and that may be 

pharmacologically exploitable as targets in the development of novel disease-modifying 

agents.  
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2 Aims, hypotheses, and objectives 

Ideally, addressing and modifying disease relevant cells, peptides, and molecules can improve 

structural damages (the disease), but subsequently also improve pain and function (the 

illness) in patients suffering from inflammatory and degenerative joint diseases. This work 

identified targets that collectively modulate articular inflammation, cartilage homeostasis, and 

bone integrity in experimental models of RA and OA. 

To uncover the involvement of Calca-derived peptides in experimental RA, the first three 

studies explored the role of αCGRP (Study 1), CT (Study 2) and PCT (Study 3) signaling in 

antibody-mediated arthritis by employing three distinct gene inactivation mouse models 

(Figure 2). 

 

 

Figure 2. Overview of gene deficiency models employed in Studies 1-3 and concomitant signaling pathway 

inactivations. Adapted from (50). 

 

In Study 4, we explored if metabolic changes observed in fibroblast like synoviocytes (FLS) 

from OA patients may contribute to disease progression and if inhibiting this metabolic shift, 

may halt OA progression and restore a healthy joint metabolism. Finally, in Study 5 we 

assessed if individual immune profiles impact immunomodulatory and cartilage protective 

properties of different PRP products. Table 2 provides an overview of the aims, hypotheses 

and objectives of the studies included in this thesis. 
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Table 2. Aims, hypotheses, and objectives of Studies 1–5 included in this thesis. 

Study 1 Proinflammatory and bone protective role of calcitonin gene-related 
peptide alpha in collagen antibody-induced arthritis 

Aim To determine the role of αCGRP in experimental RA in an αCGRP-deficient 
mouse model.  

Hypothesis 
αCGRP has a pro-inflammatory and cartilage destructive effect in antibody-
mediated arthritis, but αCGRP is crucial to protect osseus structures from 
arthritis-induced bone loss.  

Objectives 

To evaluate the expression of αCGRP in serum and joints during experimental 
arthritis. To establish tissue specific gene expressions of αCGRP and βCGRP 
isoforms during arthritis. To assess arthritic inflammation, cartilage 
degradation and bone changes clinically, histologically, radiologically, and by 
gene expression analysis.  

Study 2 The calcitonin receptor protects against bone loss and excessive 
inflammation in collagen antibody-induced arthritis 

Aim To understand whether endogenous CT signaling impacts murine antibody-
induced arthritis in a model of CT receptor deficiency. 

Hypothesis Endogenous CT signaling has an anti-inflammatory and cartilage- and bone- 
sparing function in animals exposed to experimental arthritis.  

Objectives 

To assess serum levels of CT and identify intra-articular structures that 
express the CT receptor. To explore inflammation cartilage and bone integrity 
histologically, radiologically and by gene expression analysis. To compare 
clinical signs of arthritis and grip strength development during experimental 
RA. 

Study 3 Inactivation of the gene encoding procalcitonin prevents antibody-
mediated arthritis 

Aim To explore the pathophysiological function of PCT in murine antibody-
mediated arthritis in a Calca-deficiency mouse model.  

Hypothesis PCT plays an independent pro-inflammatory and cartilage- and bone- 
destructive role in experimental RA.  

Objectives 

To evaluate PCT serum levels and detect intra-articular expression of PCT. 
To explore the clinical course of antibody-mediated arthritis during acute and 
chronic phases of inflammation. To assess cartilage degradation and bone 
changes histologically, radiologically, and by gene expression analysis. 

Study 4 Metabolic reprogramming of synovial fibroblasts in OA by inhibition of 
pathologically overexpressed pyruvate dehydrogenase kinases 

Aim 
To understand if and how FLS can develop an osteoarthritic phenotype and 
whether this may be reversable and therefore exploitable as a target to modify 
OA disease progression. 

Hypothesis 
A shift between quiescent THY1- FLS and synovitis-driving THY1+ FLS 
phenotypes promotes OA development and progression. The proliferative 
THY1+ phenotype may be induced by a local metabolic imbalance which is 



 18 

controlled by PDKs. Inhibiting PDK activity may limit pro-inflammatory actions 
of THY1+ FLS in OA and serve as a pharmacologically exploitable target.  

Objectives 

To analyze metabolic, proteomic, and functional characteristics of THY1+ FLS 
from patients with OA. To compare FLS from ligament trauma patients to 
MSCs and perform mass spectrometry-based shotgun proteomics. To identify 
and inhibit PDK isoforms as disease driving targets in THY1+ FLS and confirm 
therapeutic effects by alterations in cytokine secretion. 

Study 5  Individual immune cell and cytokine profiles determine platelet-rich 
plasma composition 

Aim 
To explore whether individual immune cell and cytokine profiles impact PRP 
compositions and to understand how different PRP products modulate 
cartilage homeostasis. 

Hypothesis 

High levels of immune cells and cytokines in whole blood samples can also be 
found in corresponding PRP products. There is a difference in immune cell 
and cytokine compositions dependent on the PRP product. Cytokines that are 
overexpressed in PRP products impact chondrocyte integrity and proliferation. 

Objectives 

To compare the cellular and cytokine composition of whole blood samples 
from healthy donors to three different PRP products derived from the same 
donors. To expose human OA chondrocytes to cytokines increased in specific 
PRP products and to test for proliferation and chondrogenic differentiation. 
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3 Results 

3.1 Study 1: Calcitonin gene-related peptide alpha in experimental rheumatoid 

arthritis 

Proinflammatory and bone protective role of calcitonin gene-related peptide alpha in collagen 

antibody-induced arthritis.  

Maleitzke T, Hildebrandt A, Weber J, Dietrich T, Appelt J, Jahn D, Zocholl D, Baranowsky A, 

Duda GN, Tistsilonis T, Keller J 

Rheumatology (Oxford). 2020;60(4):1996-2009. 

http://dx.doi.org/10.1093/rheumatology/keaa711 

 

The vasoactive neuropeptide CGRP was previously shown to modulate vasodilation and 

neurogenic inflammation in migraine (97, 98). While anti-CGRP antibody therapies have been 

successful in the treatment and prevention of pain, little is known about the role of αCGRP in 

inflammatory and degenerative joint diseases.  

 

This study explored the short- and long-term effects of αCGRP in a preclinical model of RA. 

αCGRP-deficient (αCGRP-/-) mice were compared to wild type (WT) animals following 

induction of collagen II-antibody-induced arthritis (CAIA) (99). Animals were examined 

clinically, histologically, radiologically, and molecularly on day 10 or 48 following CAIA 

induction.  

 

Following CAIA induction, an overexpression of αCGRP was noted intra- and periarticularly. 

βCGRP RNA was expressed in colon tissue, but not in articular tissues during arthritis. While 

WT CAIA animals exhibited a full arthritic phenotype, αCGRP-/- CAIA mice showed markedly 

reduced signs of arthritis. Consistently, WT CAIA animals expressed increased intra-articular 

levels of Tnfa, Il1b, Cd80, and Mmp13, which was not the case for αCGRP-/- CAIA mice. 

Increased bone turnover was also observed in WT CAIA animals, who recovered from 
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arthritis-induced bone changes. Interestingly, αCGRP-/- CAIA did not recover from arthritic 

bone destruction and showed relevant bone loss following long-term CAIA.  

 

With this study, we uncovered a dual pro-inflammatory and bone-protective role of αCGRP in 

experimental RA. While αCGRP protected animals from arthritic bone loss, the neuropeptide 

increased articular inflammation during CAIA. As endogenous αCGRP was previously mainly 

discussed in the context of nociception, we were able to outline specific structural effects on 

cartilage, bone, and the synovium during experimental RA. These findings are especially 

relevant as anti-CGRP antibodies are increasingly employed in migraine therapy and other 

indications including peripheral nerve regeneration and Alzheimer’s diseases are currently 

debated (100). 
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3.2 Study 2: Calcitonin signaling in collagen II-antibody-induced arthritis 

The calcitonin receptor protects against bone loss and excessive inflammation in collagen 

antibody-induced arthritis 

Maleitzke T, Hildebrandt A, Dietrich T, Appelt J, Jahn D, Otto E, Zocholl D, Baranowsky A, 

Duda GN, Tistsilonis T, Keller J 

iScience. 2022;25(1):103689. 

http://dx.doi.org/10.1016/j.isci.2021.103689 

 

After establishing a dual pro-inflammatory and bone-protective role of αCGRP in experimental 

RA (101), we examined the function of endogenous CT signaling in CAIA. While 

pharmacological CT was previously shown to exert chondro- and bone-protective effects in 

RA (76, 102), the properties of endogenous CT signaling in inflammatory joint disease are 

mostly unknown. Similar to αCGRP, CT is encoded by Calca. It binds to the CT receptor, 

which is a 7-pass trans-membrane protein predominantly expressed in kidney and bone (103).  

 

In this study, CAIA was induced in mice deficient for the CT receptor (Calcr-/-) and compared 

to WT animals. Clinical arthritis was assessed daily, and endpoint comparisons included 

histological, histomorphometrical, radiological, and molecular analyses on day 10 or 48 to 

study acute and chronic phases of CAIA.  

 

Following CAIA induction, systemic CT was elevated in serum samples and the CT receptor 

was overexpressed in articular cartilage of WT CAIA mice. While there was no difference in 

clinical signs of arthritis between genotypes, histological signs of inflammation and cartilage 

degradation as well as radiological signs of systemic bone loss were markedly increased in 

CT receptor deficient animals. Consistently, markers for inflammation and immunomodulation 

(Sphk1, Tgfb1, Il1b, Ccl2, Cd14, Cd68), cartilage (Mmp13, Acan), and bone turn over (Acp5, 

Ctsk) were exclusively overexpressed in Calcr-/- mice. 
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More stable, potent, and bone specific CT prodrugs were recently introduced (104-106) that 

have not yet been tested in human RA and OA. However, given that the CT receptor is a g-

protein-coupled receptor and therefore a convenient drug target, our data may help to exploit 

the specific anti-inflammatory and bone-protective properties of endogenous CT signaling 

present in experimental RA.  
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3.3 Study 3: Procalcitonin in antibody-mediated arthritis  

Inactivation of the Gene Encoding Procalcitonin Prevents Antibody-Mediated Arthritis 

Maleitzke T, Dietrich T, Hildebrandt A, Weber J, Appelt J, Jahn D, Otto E, Zocholl D, Shan J, 

Baranowsky A, Duda GN, Tsitsilonis T, Keller J 

Inflammation Research. 2023;72(5):1069-1081 

https://doi.org/10.1007/s00011-023-01719-x 

 

After uncovering a pro-inflammatory and bone-protective role of αCGRP (101) and an anti-

inflammatory and bone-protective role of the CT receptor in experimental RA (107), we 

explored the role of the third Calca-derived peptide, PCT, in a preclinical murine model of RA. 

PCT serves as a serum biomarker for the detection of bacterial infections, including septic 

arthritis. It is regularly assessed in RA patients to distinguish between rheumatic flares and 

septic arthritis (78, 79), which has an increased incidence in patients with RA (108, 109).  

PCT was previously shown to promote pro-inflammatory cytokine expression in leukocytes 

(80) and drive bacterial sepsis (81). However, a pathophysiological function has not yet been 

explored for PCT in RA. 

 

In this work, we studied the function of PCT in experimental arthritis by inhibiting the Calca 

gene as a whole (Calca-/-) and comparing mutant animals to WT mice during CAIA. Arthritis 

was assessed daily using the semi-quantitative arthritis score and grip strength for 10 or 48 

days. At these endpoints, acute and chronic arthritis was assessed by histology, 

immunohistochemistry, histomorphometry, gene expression analysis and and µ-computed 

tomography (µCT).  

 

Following arthritis induction, PCT was elevated in serum samples and overexpressed in knee 

joint samples from WT CAIA animals. Calca-deficient animals showed no clinical and 

histological signs of arthritis and grip strength was maintained over time. While Tnfa and 

cartilage turnover markers were elevated in WT CAIA animals, this was not the case in     
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Calca-/- mice. Interestingly, Il1b was exclusively overexpressed in Calca-deficient animals. 

While WT animals exhibited decreased bone surface and increased subchondral bone 

porosity on day 10, Calca-/- animals were protected from systemic and local bone loss.   

 

Inactivating PCT through the inactivation of Calca protected animals from clinical, histological, 

and molecular signs of experimental arthritis. These data, together with our previous works 

(101, 107), underline an independent pro-inflammatory role of PCT in preclinical RA.  
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3.4 Study 4: Pyruvat dehydrogenase kinase in experimental osteoarthritis 

Metabolic reprogramming of synovial fibroblasts in osteoarthritis by inhibition of pathologically 

overexpressed pyruvate dehydrogenase kinases 

Damerau A, Kirchner M, Pfeiffenberger M, Ehlers L, Nguyen DHD, Mertins P, Bartek B, 

Maleitzke T, Palmowski Y, Hardt S, Winkler T, Buttgereit F, Gaber T 

Metab Eng. 2022;72:116-132. 

http://dx.doi.org/10.1016/j.ymben.2022.03.006 

 

After investigating the effects of αCGRP (101), the CT receptor (107) and PCT (110)  on 

inflammation and cartilage and bone metabolism in experimental RA, we aimed to uncover 

the impact of fibroblast-like synoviocytes (FLS) on arthritis progression. In both RA and OA, 

these cells have been identified as disease-driving by enhancing synovitis and intra-articular 

inflammation (111). When exposed to pro-inflammatory stimuli, FLS switch from a quiescent 

to a proliferative and pathological THY1+ FLS phenotype characterized by enhanced 

glycolysis and impaired oxidative phosphorylation (OXPHOS) (112, 113). 

 

In this study, we harvested human synovium samples from end-stage knee OA patients, who 

underwent knee arthroplasty surgery, and analyzed metabolic, proteomic, and functional 

characteristics of THY1+ FLS. To identify cellular surface markers, FLS were compared to 

MSCs by flow cytometry. Through metabolic gene expression analysis, we identified 

pathologically elevated levels of pyruvate dehydrogenase kinase (PDK) 3 in FLS from OA 

patients, which we then inhibited by dichloroacetate (DCA). Cytokines were measured in cell 

culture supernatants. Additional analyses included glucose and lactate measurements, 

immunofluorescence staining, and RNA expression. 

 

Phenotypical similarities were found between FLS from OA patients and MSCs, but FLS 

showed significantly higher proliferation rates than MSCs. Inhibiting PDK3 caused a metabolic 

shift from glycolysis to OXPHOS in FLS which reduced their proliferation rate and secretion of 
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pro-inflammatory cytokines. PDK3 overexpression was further shown to be specific for FLS 

located in OA-altered synovial tissue. Moreover, while inhibiting PDK reduced the 

inflammatory response observed in OA FLS, it did not compromise cell viability. 

 

We identified PDK3 as a driver of OA by altering the cellular metabolism of FLS.  Inhibiting 

PDK may therefore serve as a novel treatment strategy to reduce and halt OA disease activity 

by restoring a healthy FLS phenotype. PDK inhibition was previously proposed as a treatment 

for malignancies (114-117) and metabolic diseases such as obesity and diabetes (118, 119). 

OA has been discussed as a metabolic disease (120, 121), where hormonal and metabolic 

imbalances play a role in disease initiation and progression (122, 123). Therefore, PDK 

inhibitors represent a new group of OA therapies, that address metabolic pathways and 

challenge conventional target strategies. 
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3.5 Study 5: Immune profiles in platelet-rich plasma 

Individual immune cell and cytokine profiles determine platelet-rich plasma composition 

Niemann M, Ort M, Streitz M, Wilhelm A, Grütz G, Fleckenstein FN, Graef F, Blankenstein A, 

Reinke S, Stöckle U, Perka C, Duda GN, Geißler S, Winkler T, Maleitzke T 

Arthritis Res Ther. 2023;25(1):6. 

http://dx.doi.org/10.1186/s13075-022-02969-6. 

 

Following our works on the contribution of specific proteins (101, 107, 110) and resident cells 

(124) on RA and OA progression, we explored how the innate and adaptive immune systems 

may impact novel therapies that aim to reduce local inflammation in OA. 

Platelet-rich plasma (PRP) is an autologous biologic product derived from the plasma fraction 

of whole blood and characterized by an increased concentration of platelets. Platelets store 

an abundancy of growth factors and cytokines that possess immunomodulatory and tissue-

restoring capacities, which makes PRP popular in the treatment of OA and cartilage injury 

(125, 126). 

 

As PRP is derived from patients’ whole blood, the individual immune cell and cytokine 

composition is likely to impact the final PRP product. In this study, we assessed leukocyte and 

cytokine patterns in different PRP products and compared them to whole blood samples from 

donors. In a second step, we identified pro-inflammatory cytokines that were overexpressed 

in PRP products and analyzed their effect on human OA chondrocytes.  

Three different PRP products (ACP®, Angel™, and nSTRIDE® APS) were produced in this 

study and compared to whole blood samples from twelve healthy donors. Using flow 

cytometry, we assessed B and T cell compositions, and cytokine expressions were analyzed 

using the Meso Scale Discovery technique. Following identification of overexpressed pro-

inflammatory cytokines in PRP products, human chondrocytes were treated with recombinant 

IFN-γ and TNF-α, and chondrogenic differentiation and proliferation were assessed.  
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Elevated leukocyte levels were detected in all PRP products compared to whole blood 

samples, and pro-inflammatory cytokines IFN-γ and TNF-α were overexpressed in nSTRIDE® 

APS samples compared to other products and whole blood. The distribution of other cytokines 

and immune cells was similar in whole blood samples and PRP products. When chondrocytes 

were treated with IFN-γ, proliferation decreased and when treated with TNF-α, it increased. 

Both cytokines compromised chondrogenic differentiation and cartilage formation, indicated 

by decreased proteoglycan contents, and decreased gene expressions of collagen type 1A1 

(COL1A1), COL2A1, and aggrecan (ACAN). 

 

This study demonstrated that individual immune cell and cytokine compositions are reflected 

in PRP products. Pro-inflammatory cytokine concentrations vary between PRP products, 

which may directly affect chondrocyte health. As pro-inflammatory cytokines have distinct and 

predominantly negative effects on chondrocytes, these data may explain heterogeneous 

treatment responses to PRP observed in OA patients. In summary, the patients’ systemic 

immune profile as well as the manufacturing protocol seem to impact the respective PRP 

product which may thus affect regenerative effects on intra-articular tissues. 
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4 Discussion 

This thesis investigates systemic and local signaling pathways involved in articular 

inflammation and their relevance to potential pharmacological interventions for RA and OA. 

Through in vivo and in vitro studies, we explored the impact of Calca-derived peptides 

(αCGRP (101), CT (107), PCT (110)), PDK3 (124), and individual leukocyte and cytokine 

compositions (127) on inflammation and cartilage integrity in preclinical models of RA and OA.  

Our data from Study 3 and 4 showed that PCT and PDK3 are relevant targets in RA and OA 

pathogenesis, and their inhibition may be effective in reducing inflammation and preserving 

joint integrity. Further, in Study 2 we identified endogenous CT signaling as joint protective 

during experimental RA. As the inhibition of αCGRP signaling reduced inflammation but 

impaired bone integrity in experimental RA in Study 1, αCGRP blockade could result in a 

complex tissue response that may not only be beneficial to the joint. Last, we demonstrated 

the impact of individual immune profiles and manufacturing protocols on the composition of 

different PRP products and chondrocyte health in Study 5.  

 

4.1 Challenges in disease modifying drug development for rheumatoid arthritis and 

osteoarthritis 

In joints, cartilage, subchondral bone, synovial tissue and fluid, ligaments, tendons, and 

neurovascular structures form a complex functional unit. If joints are exposed to pro-

inflammatory stimuli or trauma, this commonly results in transient or chronic and progressive 

arthritis. Whether the initial trigger is systemic (in the case of RA) or local (in the case of OA), 

a complex activation of immune cells, cytokines, and signaling molecules disturbs the 

otherwise healthy joint metabolism. 

Targeting and inhibiting signaling pathways linked to intra-articular inflammation has 

revolutionized treatment algorithms for patients with RA (128-130). Following the success of 

infliximab, a chimeric anti-TNF antibody, other antibody- and fusion protein-based therapies 

followed. These include rituximab (anti-CD20 antibody), tocilizumab (anti-IL6 receptor 
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antibody), and abatacept (T cell inhibition). While biologic DMARDs are effective in limiting 

pain and radiographic disease progression, a significant amount of patients show only limited 

treatment response (34, 35), and the increased risk of systemic and local infections may 

compromise compliance and cause premature treatment termination (131). To treat patients 

that do not respond adequately to available DMARDs, new monoclonal antibodies that 

address familiar targets but by modified modes of action such as the IL-6 antibody olokizumab, 

have recently been developed and clinically introduced (130, 132).  

Current treatment strategies to reduce pain and improve function in OA comprise exercise, 

weight loss, topical and oral NSAIDs, and intra-articular GC injections (133). If structural 

damages are present and patients do not, or inadequately, respond to conventional treatment, 

tibial or femoral osteotomy, or joint replacement surgery may be considered (134). However, 

none of the conventional interventions can halt or reverse disease progression, and joint 

replacement surgery can only replace, not restore, joint integrity.  

Data show that patients who are recommended non-surgical treatment for knee OA by their 

orthopaedic surgeon do generally not adhere to international recommendations due to a lack 

of standardization and education (135). Recently, guideline-based patient education and 

exercise therapy programs like Good Life with osteoArthritis in Denmark (GLA:D®) which 

include supervised neuromuscular exercises have been implemented nationwide in selected 

countries (Denmark, Canada, Australia). Adherence to GLA:D® has shown to improve 

function, reduce painkiller intake and sick leave, while being cost-effective (136-139). While 

programs like GLA:D® significantly increase the quality of conventional treatment for OA, 

pharmacological interventions that can reduce existing structural damages and thereby 

improve function are still missing. Although mechanistically plausible, biologic DMARDs used 

in RA therapy have not been successful in the treatment for OA (140), and no market-

approved disease-modifying therapy exists for OA to date (38).  

Methodological recommendations for how to best conduct clinical trials for knee OA have been 

published (39, 141). Still, various trial designs do not fully encompass the complexity of OA, 

probably explaining in part why phase III studies for DMOADs fail to meet their primary 
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endpoints. First, OA is a heterogenous disease entity with multiple proposed but not yet 

defined pheno- and endotypes (142, 143). Thus, some DMOADs may only work in certain OA 

phenotypes (f.e. inflammatory, metabolic, post-traumatic, etc.). Second, clinical trials 

employing biological therapies have so far focused on end-stage OA. These therapies are 

however probably unable to repair advanced structural alterations that cause pain 

mechanically and should be applied to early-stage OA patients. Third, it is still being debated 

whether treatment success should be defined by changes in structural parameters that 

characterize the disease OA, or by improved functional and pain parameters that characterize 

the illness OA – or a combination of both. Until consensus on surrogate markers for OA has 

been reached by scientists and regulators, trial designs and primary outcomes will vary 

between studies, which makes market approval of potential DMOADs complex and 

challenging (144). 

 

4.2 The two-sided consequence of inhibiting calcitonin gene-related peptide 

Although primarily researched in pain perception and modulation, αCGRP has been shown to 

be indispensable for bone formation (49, 145-147) and fracture healing (51), potentially in part 

due to αCGRP-regulated osteogenic differentiation of bone marrow-derived MSCs (148, 149). 

As CGRP also regulates vasodilation and neurogenic inflammation (55), we suspected an 

independent pathophysiological role of the neuropeptide in experimental arthritis beyond pain 

perception. By employing a murine αCGRP-deficiency model, we uncovered a dual pro-

inflammatory and bone-protective role of αCGRP in antibody-mediated arthritis in Study 1 

(101). 

Interestingly, CGRP is also elevated in serum samples of patients following fractures (150, 

151) and in synovial fluid and synovial membrane samples of patients with inflammatory and 

degenerative joint pathologies including RA and OA (59, 61, 64). Although an intra-articular 

overexpression of CGRP may in part be a result of pain (152), independent pro-inflammatory 

and catabolic effects on chondrocytes have been described in preclinical models of OA and 

RA (153-156). While the neutralization of CGRP had previously been shown to significantly 
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reduce pain in experimental OA (157), this effect could not be replicated in a randomized 

placebo- and celecoxib-controlled clinical trial (158).  

In Study 1, we detected an independent pro-inflammatory role of αCGRP in experimental RA 

but also identified the neuropeptide as essential in maintaining bone integrity (101), which has 

previously also been shown for non-RA models (49, 51, 145-147). This dual role of αCGRP 

adds to the understanding of the pathophysiological function of this peptide in RA but makes 

it also difficult to exploit as a treatment target. However, as our findings are based on gene 

inactivation, which causes a lifelong deficiency of target proteins, follow-up studies will have 

to examine the effects of pharmacological αCGRP inhibition on RA, which is usually temporal.  

Further, CGRP seems to exert tissue-specific pro-inflammatory (55, 56, 101, 159) and anti-

inflammatory effects (159-162), which prohibits a clear pro- or anti-inflammatory classification 

of the peptide. This dilemma was further underlined by the fact that some migraine patients 

receiving CGRP antibody therapy experienced inflammatory complications including 

autoimmune hepatitis, psoriasis arthritis, and urticarial eczema in a recent case series (163). 

As musculoskeletal and immunological side effects have not yet been in the focus of previous 

migraine studies (164), assessing bone and cartilage integrity in patient cohorts who have 

received anti-CGRP treatment will be detrimental in exploring the therapeutic potential for RA 

or OA. 

 

4.3 New ways to exploit calcitonin signaling  

CT has been shown to have anti-inflammatory (104, 165-169), anti-oxidative (71, 72), pain 

alleviating (69, 70, 73), and cartilage- and bone-protective (170-173) properties in preclinical 

models of OA and RA.  

Similar to the results observed in clinical trials studying osteoporosis (65, 174), CT treatment 

produced ambiguous results in OA. On the one hand, CT improved pain and quality of life in 

women suffering from a combination of osteoporosis and OA (175) and reduced cartilage and 

bone resorption biomarkers in patients with OA (176). On the other hand, radiological and 
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functional improvements were not observed in two phase III studies 24 months following 

treatment (177). 

In the treatment of human RA, the combination of CT and alendronate reduced bone turnover 

(102, 178) and improved bone density (76, 179), but market approval was never granted.  

CT mainly binds to the CT receptor, which is primarily expressed in the central nervous 

system, the kidney, and on osteoclasts, where it halts bone resorption. This effect on 

osteoclasts has mainly been reported for teleost CT, which has a 50-fold higher potency than 

mammalian CT (180, 181). While pharmacological CT treatment has been studied extensively, 

little is known about the role of endogenous CT signaling in bone and cartilage.  

To understand the role of endogenous CT signaling in experimental RA, CT receptor-deficient 

animals were exposed to arthritis and compared to WT animals in Study 2. We displayed an 

anti-resorptive and bone protective as well as anti-inflammatory effect of the CT receptor in 

antibody-mediated arthritis (107). While these effects were previously also described for 

pharmacological CT, we confirmed that intact endogenous CT signaling is essential to control 

inflammation and impede bone and cartilage loss in experimental RA.  

The downsides of teleost CT treatment include the route of delivery (mainly nasal or 

subcutaneous), frequency of application (daily for osteoporosis), and reports of slightly 

increased malignancy rates (182, 183). To overcome some of these limitations for CT 

treatment, new formulations promising fewer side effects have been explored in recent years 

(104-106). 

The anti-resorptive properties of CT may be most effective if the drug is tissue-specific and 

applied locally. Followingly, as an alternative to subcutaneous or nasal CT formulations, intra-

articular formulations have been developed. As the clearance from the joint is relatively fast 

(5 hours), hyaluronic acid-conjugated forms of CT have been shown to increase the local 

bioavailability by delaying the passage into the blood stream while preserving the anti-

catabolic properties of the drug (105). These findings were supported by data which showed 

that bisphosphonate-conjugated CT increased bone volume in rats suffering from 

osteoporosis or adjuvant-induced arthritis, while the unconjugated formulation showed no 
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such improvements (104). More recently, a novel phosphorylated human CT formulation has 

been developed. By adding a phosphate group, CT was protected from fibrillation which 

makes it significantly more stable (106). 

Lastly, as an alternative to teleost CT, synthetic CT receptor agonists have been tested in 

preclinical models of RA (165) and OA (69), where they effectively reduced pain and improved 

cartilage quality.  

Altogether, CT signaling is currently revisited as a relevant treatment target for OA and RA 

and endogenous CT signaling may be central to protect cartilage and reduce intra-articular 

inflammation (107). Clinical trials testing new CT formulations will likely follow with the aim to 

reproduce preclinical data.  

 

4.4 Procalcitonin – more than a sepsis biomarker 

In Study 3, we showed that PCT independently maintains inflammation during experimental 

arthritis (110). PCT has been established as a serum sepsis marker for the detection of 

bacterial infections and monitoring of antibiotic treatment (184-186). As RA patients have a 4–

15-fold increased risk of septic arthritis (187), PCT is especially useful to distinguish between 

septic arthritis and RA flares (78, 79, 188, 189).  

Interestingly, moderately elevated serum PCT levels were also found in RA patients without 

septic arthritis or other bacterial infections (190, 191) and a combination of elevated PCT and 

decreased CT levels was recently discovered in patients with early RA compared to healthy 

controls. Adding PCT and CT to traditional serum biomarker panels for RA could help to 

increase diagnostic sensitivity, which is known to be limited, while specificity is generally high 

(191). 

 PCT was previously shown to modulate immune responses. It is capable of  inhibiting 

macrophage migration and early osteoclastogenesis (50) and of enhancing pro-inflammatory 

cytokine expression in innate immune cells  (81). Based on our results in experimental RA, 

PCT also impairs articular cartilage and bone integrity during systemic inflammation (110).  
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Together, this suggests that PCT could serve as an exploitable therapeutic target in 

inflammatory diseases. In support of this, PCT-neutralizing antibody therapy has been shown 

to effectively reduce sepsis and mortality in rodents (192), but anti-PCT antibodies have not 

been tested clinically yet.  

PCT binds to the CGRP receptor (81), and inhibiting PCT signaling can therefore also be 

achieved by anti-CGRP receptor antibody treatment, which has been market-approved for 

migraine treatment (f.e. olcegepant). When septic mice were treated with olcegepant, survival 

increased (81). Interestingly, intra-venous administration of PCT did not affect healthy 

hamsters, but doubled the mortality in septic animals, and, oppositely, prophylactic and 

therapeutic administration of goat PCT antiserum  improved survival following sepsis induction 

(193).  

Inhibiting dipeptidyl-peptidase 4 (DDP4) has been proposed as an alternative way to abrogate 

PCT signaling (194). DDP4 is an enzyme which coverts full-length 116–amino-acid PCT to N-

terminally truncated 114–amino-acid PCT, the predominant form in serum. DDP4 inhibitors 

(also known as gliptins) have commonly been used to treat type II diabetes mellitus but have 

also been shown to reduce sepsis mortality in rodents (195-197). In OA, DDP4 has been 

identified as a marker of senescent chondrocytes, and DDP4 expression in synovial fluid has 

been associated with OA progression, cartilage degradation, and inflammation (198), and 

DDP4 inhibition ameliorated OA progression in vivo (199). The FDA issued a warning for 

DDP4 inhibitors following several cases of arthralgia and arthritis in patients with type II 

diabetes mellitus who received sitagliptin, saxagliptin, linagliptin, or alogliptin (200-202). 

However, larger cohort studies have later shown that DDP4 inhibitors were not associated 

with the development of RA (203) and potentially even decreased the risk of autoimmune 

disease and RA development (204).  

Antibodies inhibiting the CGRP receptor, and thereby CGRP and PCT signaling, are already 

approved for the treatment and prevention of migraine. Using these drugs to treat RA and OA 

could be achieved via drug repurposing which includes lower development costs and shorter 

development timelines for regulatory approval (205, 206). 
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4.5 Osteoarthritis as a metabolic disease 

In Study 4, we showed that PDK3 inhibition restored the altered cell metabolism present in 

FLS from OA patients. Inhibition of PDK3 reduced the secretion of pro-inflammatory cytokines 

IL6, IL8, TNF-α, GM-CSF, and CC-chemokine ligand 2 (CCL2) and the pathological 

proliferation of FLS (124). Congruently, growing evidence supports a central metabolic 

component in the pathophysiology of inflammatory and degenerative joint diseases. 

Circulating adipokines and lipid and glucose imbalances have been shown to chronically 

compromise cartilage integrity (207), which may explain how OA and RA are linked to type II 

diabetes and hypertension, independent of obesity (120, 121). 

Another central link between metabolic diseases and OA is low-grade inflammation which is 

characterized by increased radical oxygen species and accumulating advanced glycation 

endproducts (AEGs), which drive tissue damage and disease progression in type II diabetes 

and OA (208-210). This may explain why drugs primarily developed for metabolic conditions, 

including DDP4 inhibitors (198, 199), glucagon-like peptide (GLP) 1 agonists (211-213), and 

PDK inhibitors (87, 124, 214) have been effective in the treatment of experimental OA and 

RA. Among others, the anti-inflammatory, anti-oxidative, and autophagy-regulating actions of 

metformin have been made responsible for reduced rates of knee replacement surgery and a 

decreased release of pro-inflammatory cytokines in type II diabetes patients with OA treated 

with metformin (215). DDP4 inhibitors, GLP1 agonists, and PDK inhibitors have not yet been 

tested in randomized clinical trials. To confirm previously reported joint preserving effects of 

these agents, they must be employed in controlled clinical settings.  

 

4.6 Platelet-rich plasma as a highly individualized therapy 

Previous reports on predictors for PRP treatment response in knee OA are inconsistent. Some 

suggest that high BMI (216) and OA severity (216, 217) compromise treatment success, while 

others could not confirm this (218, 219). One study found that PRP treatment efficacy is not 
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affected by age, sex, body weight, or platelet counts (217), while another study showed that 

only PRP from young donors, but not aged donors, had an anabolic and regenerative effect 

on chondrocytes and intra-articular cartilage (220). As both the innate (221) and adaptive 

(222) immune system drive OA development, the inconsistent reports on treatment success 

may be explained by inter-individual differences in immune profiles which affect treatment 

response, but were previously not assessed. 

In Study 5, we showed that individual adaptive immune profiles, including leukocytes and 

cytokines with pro-inflammatory properties, observed in whole blood samples are maintained 

in PRP products (127). As sex (223), age (224), and disease stage in both OA (223) and RA 

(225) influence cytokine expressions in serum, this may explain, at least in part, the 

heterogenous treatment responses to PRP in OA patients. According to our results, pre-

treatment screening of serum leukocytes and cytokines predict PRP composition, which 

seems to directly influence the effect of PRP on intra-articular structures and, in particular, 

cartilage (127). Thus, pre-treatment screening may be employed as a tool to predict individual 

treatment response to PRP in OA. We also showed that increased concentrations of pro-

inflammatory cytokines IFN-γ and TNF-α were found in some but not all examined PRP 

products. Chondrocyte proliferation was impaired by IFN-γ and enhanced by TNF-α exposure, 

while proteoglycan content and cartilage turnover markers were reduced following exposure 

to both cytokines (127).  

In accordance with our findings, increased levels of TNF-α and IFN-γ in synovial fluid were 

previously shown to be associated with OA progression and knee OA-related pain (226, 227). 

This highlights the relevance of choosing the appropriate PRP protocol and supports pre-

treatment immune profile screening. Such individual immune screening is already in use for 

cancer patients to adjust immunotherapy and provide individualized treatment plans (228, 

229).  

In summary, patients receiving autologous therapies like PRP for OA may in the future 

undergo similar immune screenings to allow predictions about treatment success and the best 

suited manufacturing protocol. 
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5 Conclusion and outlook 

Joint homeostasis is maintained by loading, synovial lubrication, and a plethora of resident 

and migrating immune cells, cytokines, and signaling molecules. If this balance is disrupted 

by either local or systemic factors, the body responds with articular inflammation. Persisting 

inflammation, like in the case of RA and OA, causes progressive joint destruction which often 

results in debilitating pain and reduced quality of life. This thesis outlined cellular and 

molecular pathways relevant in inflammatory and degenerative joint pathologies that 

contribute to disease progression, and which may be exploitable in the development of future 

therapeutics. Calca-derived peptides and PDKs play pivotal roles in arthritic inflammation and 

bone metabolism, which makes them potential targets for RA and OA therapy. To optimize 

treatment responses to PRP in OA patients, pre-treatment immune profile screenings may 

help to better identify suitable patients and products.  

As relevant signaling pathways are being continuously uncovered, a more comprehensive 

understanding of RA and OA pathology is developing today. To allow development of more 

personalized treatments, current research efforts are focused on sub-classifying OA into 

different pheno- and endotypes (122, 123, 142, 143, 230, 231). One way of pheno- and 

endotyping is based on molecular serum biomarkers that are predominantly present in specific 

patient groups. Screening patients for these biomarkers prior to treatment may allow 

adjustment of treatment regimens early on. Currently, “inflammatory”, “catabolic/low repair”, 

and “metabolic” patterns are discussed as relevant molecular endotypes (142). 

Although no DMOAD has obtained market approval yet, several intra-articular agents are now 

in advanced stages of clinical testing. Treatment with sprifermin, a recombinant human 

fibroblast growth factor 18, demonstrated long-term (5 years) structural and potential clinical 

benefits for knee OA (232-235). Lorecivivint, a Wnt pathway inhibitor, has also shown 

improvement in joint space width and pain reduction in a phase II clinical trial for knee OA 

(236, 237). For both agents, phase III results are currently awaited. Parallel to this, gene 

therapies based on adeno-virus vectors are being tested in pre-clinical and clinical trials. 
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These include vectors encoding the IL1 receptor antagonist (238-240) and plasmid DNA that 

carries the IL10 transgene (241, 242). 

While pharmacological advances are central to finding disease modifying treatments in the 

years to come, advances in digital technology will be equally important to optimize diagnostic 

and therapeutic approaches. The RETRO study group has recently developed machine 

learning algorithms that can reliably predict RA flares following DMARD tapering during 

disease remission (243), and deep artificial neural networks can now detect arthritic changes 

on conventional radiographs (244). Moreover, virtual clinical trials, also known as in silico 

trials, are becoming relevant for regulators in preparation for actual clinical trials in RA and OA 

research (245, 246). Especially computer simulations that identify existing FDA-approved 

drugs as effective treatments of inflammatory and degenerative joint diseases (drug 

repurposing) are helpful in finding potential cures for RA and OA (247).  

The overall success rate of drugs receiving market approval is 10–20% once applied in clinical 

trials. However, drug approval success rates are markedly decreased if the target or 

mechanism of action is unknown (248). This underlines the utmost importance of researching 

and identifying signaling pathways that are relevant targets in future RA and OA diagnostics 

and therapies. 

  



 116 

6 References 

1. Guo Q, Wang Y, Xu D, Nossent J, Pavlos NJ, Xu J. Rheumatoid arthritis: pathological 

mechanisms and modern pharmacologic therapies. Bone Res. 2018;6:15. 

2. Goldring MB, Otero M. Inflammation in osteoarthritis. Curr Opin Rheumatol. 

2011;23(5):471-8. 

3. Loeser RF, Goldring SR, Scanzello CR, Goldring MB. Osteoarthritis: a disease of the 

joint as an organ. Arthritis Rheum. 2012;64(6):1697-707. 

4. Goldring MB, Goldring SR. Osteoarthritis. J Cell Physiol. 2007;213(3):626-34. 

5. Goldring SR, Scanzello CR. Plasma proteins take their toll on the joint in osteoarthritis. 

Arthritis Res Ther. 2012;14(2):111. 

6. Scanzello CR, Goldring SR. The role of synovitis in osteoarthritis pathogenesis. Bone. 

2012;51(2):249-57. 

7. Almutairi K, Nossent J, Preen D, Keen H, Inderjeeth C. The global prevalence of 

rheumatoid arthritis: a meta-analysis based on a systematic review. Rheumatol Int. 

2021;41(5):863-77. 

8. Aletaha D, Neogi T, Silman AJ, Funovits J, Felson DT, Bingham CO, 3rd, et al. 2010 

Rheumatoid arthritis classification criteria: an American College of Rheumatology/European 

League Against Rheumatism collaborative initiative. Arthritis Rheum. 2010;62(9):2569-81. 

9. Smolen JS, Aletaha D, McInnes IB. Rheumatoid arthritis. Lancet. 

2016;388(10055):2023-38. 

10. Demoruelle MK, Deane KD, Holers VM. When and where does inflammation begin in 

rheumatoid arthritis? Curr Opin Rheumatol. 2014;26(1):64-71. 

11. Rantapaa-Dahlqvist S, de Jong BA, Berglin E, Hallmans G, Wadell G, Stenlund H, et 

al. Antibodies against cyclic citrullinated peptide and IgA rheumatoid factor predict the 

development of rheumatoid arthritis. Arthritis Rheum. 2003;48(10):2741-9. 



 117 

12. Kokkonen H, Soderstrom I, Rocklov J, Hallmans G, Lejon K, Rantapaa Dahlqvist S. 

Up-regulation of cytokines and chemokines predates the onset of rheumatoid arthritis. Arthritis 

Rheum. 2010;62(2):383-91. 

13. Deane KD, O'Donnell CI, Hueber W, Majka DS, Lazar AA, Derber LA, et al. The 

number of elevated cytokines and chemokines in preclinical seropositive rheumatoid arthritis 

predicts time to diagnosis in an age-dependent manner. Arthritis Rheum. 2010;62(11):3161-

72. 

14. Nielen MM, van Schaardenburg D, Reesink HW, Twisk JW, van de Stadt RJ, van der 

Horst-Bruinsma IE, et al. Increased levels of C-reactive protein in serum from blood donors 

before the onset of rheumatoid arthritis. Arthritis Rheum. 2004;50(8):2423-7. 

15. Feldmann M, Maini SR. Role of cytokines in rheumatoid arthritis: an education in 

pathophysiology and therapeutics. Immunol Rev. 2008;223:7-19. 

16. Cui A, Li H, Wang D, Zhong J, Chen Y, Lu H. Global, regional prevalence, incidence 

and risk factors of knee osteoarthritis in population-based studies. EClinicalMedicine. 

2020;29-30:100587. 

17. Disease GBD, Injury I, Prevalence C. Global, regional, and national incidence, 

prevalence, and years lived with disability for 328 diseases and injuries for 195 countries, 

1990-2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet. 

2017;390(10100):1211-59. 

18. Mohammed A, Alshamarri T, Adeyeye T, Lazariu V, McNutt LA, Carpenter DO. A 

comparison of risk factors for osteo- and rheumatoid arthritis using NHANES data. Prev Med 

Rep. 2020;20:101242. 

19. Kraus VB, Blanco FJ, Englund M, Karsdal MA, Lohmander LS. Call for standardized 

definitions of osteoarthritis and risk stratification for clinical trials and clinical use. Osteoarthritis 

Cartilage. 2015;23(8):1233-41. 

20. Chen D, Shen J, Zhao W, Wang T, Han L, Hamilton JL, et al. Osteoarthritis: toward a 

comprehensive understanding of pathological mechanism. Bone Res. 2017;5:16044. 



 118 

21. Boer CG, Hatzikotoulas K, Southam L, Stefansdottir L, Zhang Y, Coutinho de Almeida 

R, et al. Deciphering osteoarthritis genetics across 826,690 individuals from 9 populations. 

Cell. 2021;184(24):6003-5. 

22. Glyn-Jones S, Palmer AJ, Agricola R, Price AJ, Vincent TL, Weinans H, et al. 

Osteoarthritis. Lancet. 2015;386(9991):376-87. 

23. Donovan RL, Edwards TA, Judge A, Blom AW, Kunutsor SK, Whitehouse MR. Effects 

of recurrent intra-articular corticosteroid injections for osteoarthritis at 3 months and beyond: 

a systematic review and meta-analysis in comparison to other injectables. Osteoarthritis and 

Cartilage. 2022;30(12):1658-69. 

24. Bandak E, Christensen R, Overgaard A, Kristensen LE, Ellegaard K, Guldberg-Moller 

J, et al. Exercise and education versus saline injections for knee osteoarthritis: a randomised 

controlled equivalence trial. Ann Rheum Dis. 2022;81(4):537-43. 

25. Samuels J, Pillinger MH, Jevsevar D, Felson D, Simon LS. Critical appraisal of intra-

articular glucocorticoid injections for symptomatic osteoarthritis of the knee. Osteoarthritis 

Cartilage. 2021;29(1):8-16. 

26. Fujita T, Hamai S, Shiomoto K, Okazawa K, Nasu YK, Hara D, et al. Analysis of factors 

influencing patient satisfaction after total hip arthroplasty in a Japanese cohort: the significant 

effect of postoperative physical activity. J Phys Ther Sci. 2022;34(2):76-84. 

27. Neuprez A, Delcour JP, Fatemi F, Gillet P, Crielaard JM, Bruyere O, et al. Patients' 

Expectations Impact Their Satisfaction following Total Hip or Knee Arthroplasty. PLoS One. 

2016;11(12):e0167911. 

28. Mancuso CA, Salvati EA, Johanson NA, Peterson MG, Charlson ME. Patients' 

expectations and satisfaction with total hip arthroplasty. J Arthroplasty. 1997;12(4):387-96. 

29. Kahlenberg CA, Nwachukwu BU, McLawhorn AS, Cross MB, Cornell CN, Padgett DE. 

Patient Satisfaction After Total Knee Replacement: A Systematic Review. HSS J. 

2018;14(2):192-201. 



 119 

30. Pacheco-Brousseau L, Charette M, Poitras S, Stacey D. Effectiveness of patient 

decision aids for total hip and knee arthroplasty decision-making: a systematic review. 

Osteoarthritis Cartilage. 2021;29(10):1399-411. 

31. Benjamin O, Goyal A, Lappin SL. Disease Modifying Anti-Rheumatic Drugs (DMARD).  

StatPearls. Treasure Island (FL)2023. 

32. Harrold LR, Harrington JT, Curtis JR, Furst DE, Bentley MJ, Shan Y, et al. Prescribing 

practices in a US cohort of rheumatoid arthritis patients before and after publication of the 

American College of Rheumatology treatment recommendations. Arthritis Rheum. 

2012;64(3):630-8. 

33. Solomon DH, Ayanian JZ, Yelin E, Shaykevich T, Brookhart MA, Katz JN. Use of 

disease-modifying medications for rheumatoid arthritis by race and ethnicity in the National 

Ambulatory Medical Care Survey. Arthritis Care Res (Hoboken). 2012;64(2):184-9. 

34. Humby F, Durez P, Buch MH, Lewis MJ, Rizvi H, Rivellese F, et al. Rituximab versus 

tocilizumab in anti-TNF inadequate responder patients with rheumatoid arthritis (R4RA): 16-

week outcomes of a stratified, biopsy-driven, multicentre, open-label, phase 4 randomised 

controlled trial. Lancet. 2021;397(10271):305-17. 

35. Aletaha D, Smolen JS. Diagnosis and Management of Rheumatoid Arthritis: A Review. 

JAMA. 2018;320(13):1360-72. 

36. Finzel S, Rech J, Schmidt S, Engelke K, Englbrecht M, Schett G. Interleukin-6 receptor 

blockade induces limited repair of bone erosions in rheumatoid arthritis: a micro CT study. 

Ann Rheum Dis. 2013;72(3):396-400. 

37. Møller Døhn U, Boonen A, Hetland ML, Hansen MS, Knudsen LS, Hansen A, et al. 

Erosive progression is minimal, but erosion healing rare, in patients with rheumatoid arthritis 

treated with adalimumab. A 1 year investigator-initiated follow-up study using high-resolution 

computed tomography as the primary outcome measure. Ann Rheum Dis. 2009;68(10):1585-

90. 



 120 

38. Oo WM, Little C, Duong V, Hunter DJ. The Development of Disease-Modifying 

Therapies for Osteoarthritis (DMOADs): The Evidence to Date. Drug Des Devel Ther. 

2021;15:2921-45. 

39. Kraus VB, Simon LS, Katz JN, Neogi T, Hunter D, Guermazi A, et al. Proposed study 

designs for approval based on a surrogate endpoint and a post-marketing confirmatory study 

under FDA's accelerated approval regulations for disease modifying osteoarthritis drugs. 

Osteoarthritis Cartilage. 2019;27(4):571-9. 

40. Karsdal MA, Michaelis M, Ladel C, Siebuhr AS, Bihlet AR, Andersen JR, et al. Disease-

modifying treatments for osteoarthritis (DMOADs) of the knee and hip: lessons learned from 

failures and opportunities for the future. Osteoarthritis Cartilage. 2016;24(12):2013-21. 

41. Hunter DJ, Little CB. The great debate: Should Osteoarthritis Research Focus on 

"Mice" or "Men"? Osteoarthritis Cartilage. 2016;24(1):4-8. 

42. Conaghan PG, Hunter DJ, Maillefert JF, Reichmann WM, Losina E. Summary and 

recommendations of the OARSI FDA osteoarthritis Assessment of Structural Change Working 

Group. Osteoarthritis Cartilage. 2011;19(5):606-10. 

43. Hawker GA. Osteoarthritis is a serious disease. Clin Exp Rheumatol. 2019;37(Suppl 

120):3-6. 

44. Food, Administration D. Osteoarthritis: structural endpoints for the development of 

drugs, devices, and biological products for treatment. guidance for industry. Rockville: US 

Department of Health and Human Services. 2018. 

45. Katz JN, Neogi T, Callahan LF, Block JA, Conaghan PG, Simon LS, et al. Disease 

modification in osteoarthritis; pathways to drug approval. Osteoarthr Cartil Open. 

2020;2(2):100059. 

46. Yao Q, Wu X, Tao C, Gong W, Chen M, Qu M, et al. Osteoarthritis: pathogenic 

signaling pathways and therapeutic targets. Signal Transduct Target Ther. 2023;8(1):56. 

47. Appelt J, Tsitsilonis S, Otto E, Jahn D, Kohli P, Baranowsky A, et al. Mice Lacking the 

Calcitonin Receptor Do Not Display Improved Bone Healing. Cells. 2021;10(9). 



 121 

48. Keller J, Catala-Lehnen P, Huebner AK, Jeschke A, Heckt T, Lueth A, et al. Calcitonin 

controls bone formation by inhibiting the release of sphingosine 1-phosphate from osteoclasts. 

Nat Commun. 2014;5:5215. 

49. Kohli P, Appelt J, Otto E, Jahn D, Baranowsky A, Bahn A, et al. Effects of CGRP 

receptor antagonism on glucose and bone metabolism in mice with diet-induced obesity. 

Bone. 2021;143:115646. 

50. Baranowsky A, Jahn D, Jiang S, Yorgan T, Ludewig P, Appelt J, et al. Procalcitonin is 

expressed in osteoblasts and limits bone resorption through inhibition of macrophage 

migration during intermittent PTH treatment. Bone Res. 2022;10(1):9. 

51. Appelt J, Baranowsky A, Jahn D, Yorgan T, Köhli P, Otto E, et al. The neuropeptide 

calcitonin gene-related peptide alpha is essential for bone healing. EBioMedicine. 

2020;59:102970. 

52. Becker KL, Snider R, Nylen ES. Procalcitonin in sepsis and systemic inflammation: a 

harmful biomarker and a therapeutic target. Br J Pharmacol. 2010;159(2):253-64. 

53. Becker KL, Nylen ES, White JC, Muller B, Snider RH, Jr. Clinical review 167: 

Procalcitonin and the calcitonin gene family of peptides in inflammation, infection, and sepsis: 

a journey from calcitonin back to its precursors. J Clin Endocrinol Metab. 2004;89(4):1512-25. 

54. Russell FA, King R, Smillie SJ, Kodji X, Brain SD. Calcitonin gene-related peptide: 

physiology and pathophysiology. Physiol Rev. 2014;94(4):1099-142. 

55. Walsh DA, Mapp PI, Kelly S. Calcitonin gene-related peptide in the joint: contributions 

to pain and inflammation. Br J Clin Pharmacol. 2015;80(5):965-78. 

56. Iyengar S, Johnson KW, Ossipov MH, Aurora SK. CGRP and the Trigeminal System 

in Migraine. Headache. 2019;59(5):659-81. 

57. Vandervorst F, Van Deun L, Van Dycke A, Paemeleire K, Reuter U, Schoenen J, et al. 

CGRP monoclonal antibodies in migraine: an efficacy and tolerability comparison with 

standard prophylactic drugs. J Headache Pain. 2021;22(1):128. 



 122 

58. Saxler G, Loer F, Skumavc M, Pfortner J, Hanesch U. Localization of SP- and CGRP-

immunopositive nerve fibers in the hip joint of patients with painful osteoarthritis and of patients 

with painless failed total hip arthroplasties. Eur J Pain. 2007;11(1):67-74. 

59. Takano S, Uchida K, Inoue G, Minatani A, Miyagi M, Aikawa J, et al. Increase and 

regulation of synovial calcitonin gene-related peptide expression in patients with painful knee 

osteoarthritis. J Pain Res. 2017;10:1099-104. 

60. Dirmeier M, Capellino S, Schubert T, Angele P, Anders S, Straub RH. Lower density 

of synovial nerve fibres positive for calcitonin gene-related peptide relative to substance P in 

rheumatoid arthritis but not in osteoarthritis. Rheumatology (Oxford). 2008;47(1):36-40. 

61. Wang H, Zhang X, He JY, Zheng XF, Li D, Li Z, et al. Increasing expression of 

substance P and calcitonin gene-related peptide in synovial tissue and fluid contribute to the 

progress of arthritis in developmental dysplasia of the hip. Arthritis Res Ther. 2015;17(1):4. 

62. Uchida K, Takano S, Takata K, Mukai M, Koyama T, Ohashi Y, et al. Differential 

Synovial CGRP/RAMP1 Expression in Men and Women With Knee Osteoarthritis. Cureus. 

2021;13(6):e15483. 

63. Dong T, Chang H, Zhang F, Chen W, Zhu Y, Wu T, et al. Calcitonin gene-related 

peptide can be selected as a predictive biomarker on progression and prognosis of knee 

osteoarthritis. Int Orthop. 2015;39(6):1237-43. 

64. Hernanz A, De Miguel E, Romera N, Perez-Ayala C, Gijon J, Arnalich F. Calcitonin 

gene-related peptide II, substance P and vasoactive intestinal peptide in plasma and synovial 

fluid from patients with inflammatory joint disease. Br J Rheumatol. 1993;32(1):31-5. 

65. Henriksen K, Byrjalsen I, Andersen JR, Bihlet AR, Russo LA, Alexandersen P, et al. A 

randomized, double-blind, multicenter, placebo-controlled study to evaluate the efficacy and 

safety of oral salmon calcitonin in the treatment of osteoporosis in postmenopausal women 

taking calcium and vitamin D. Bone. 2016;91:122-9. 

66. Sun L-M, Lin M-C, Muo C-H, Liang J-A, Kao C-H. Calcitonin Nasal Spray and 

Increased Cancer Risk: A Population-Based Nested Case-Control Study. The Journal of 

Clinical Endocrinology & Metabolism. 2014;99(11):4259-64. 



 123 

67. Hsiao F-Y, Hsu WW-Y. Comparative risks for cancer associated with use of calcitonin, 

bisphosphonates or selective estrogen receptor modulators among osteoporosis patients: a 

population-based cohort study. Japanese Journal of Clinical Oncology. 2017;47(10):935-41. 

68. Nielsen RH, Bay-Jensen AC, Byrjalsen I, Karsdal MA. Oral salmon calcitonin reduces 

cartilage and bone pathology in an osteoarthritis rat model with increased subchondral bone 

turnover. Osteoarthritis Cartilage. 2011;19(4):466-73. 

69. Katri A, Dabrowska A, Lofvall H, Karsdal MA, Andreassen KV, Thudium CS, et al. A 

dual amylin and calcitonin receptor agonist inhibits pain behavior and reduces cartilage 

pathology in an osteoarthritis rat model. Osteoarthritis Cartilage. 2019;27(9):1339-46. 

70. Gou Y, Tian F, Dai M, Li H, Lv Q, Kong Q, et al. Salmon calcitonin exerts better 

preventive effects than celecoxib on lumbar facet joint degeneration and long-term tactile 

allodynia in rats. Bone. 2019;127:17-25. 

71. Adeyemi WJ, Olayaki LA. Effects of single or combined administration of salmon 

calcitonin and omega-3 fatty acids vs. diclofenac sodium in sodium monoiodoacetate-induced 

knee osteoarthritis in male Wistar rats. J Basic Clin Physiol Pharmacol. 2017;28(6):573-82. 

72. Adeyemi WJ, Olayaki LA. Additive and nonadditive effects of salmon calcitonin and 

omega-3 fatty acids on antioxidant, hematological and bone and cartilage markers in 

experimental diabetic-osteoarthritic rats. Chin J Physiol. 2019;62(3):108-16. 

73. Wen ZH, Tang CC, Chang YC, Huang SY, Lin YY, Hsieh SP, et al. Calcitonin 

attenuates cartilage degeneration and nociception in an experimental rat model of 

osteoarthritis: role of TGF-β in chondrocytes. Sci Rep. 2016;6:28862. 

74. Karsdal MA, Tanko LB, Riis BJ, Sondergard BC, Henriksen K, Altman RD, et al. 

Calcitonin is involved in cartilage homeostasis: Is calcitonin a treatment for OA? Osteoarthritis 

and Cartilage. 2006;14(7):617-24. 

75. Mobasheri A. The future of osteoarthritis therapeutics: emerging biological therapy. 

Curr Rheumatol Rep. 2013;15(12):385. 

76. Kroger H, Arnala I, Alhava EM. Effect of calcitonin on bone histomorphometry and 

bone metabolism in rheumatoid arthritis. Calcif Tissue Int. 1992;50(1):11-3. 



 124 

77. Aida S, Okawa-Takatsuji M, Aotsuka S, Shimoji K, Yokohari R. Calcitonin inhibits 

production of immunoglobulins, rheumatoid factor and interleukin-1 by mononuclear cells from 

patients with rheumatoid arthritis. Ann Rheum Dis. 1994;53(4):247-9. 

78. Sato H, Tanabe N, Murasawa A, Otaki Y, Sakai T, Sugaya T, et al. Procalcitonin is a 

specific marker for detecting bacterial infection in patients with rheumatoid arthritis. J 

Rheumatol. 2012;39(8):1517-23. 

79. Delevaux I, Andre M, Colombier M, Albuisson E, Meylheuc F, Begue RJ, et al. Can 

procalcitonin measurement help in differentiating between bacterial infection and other kinds 

of inflammatory processes? Ann Rheum Dis. 2003;62(4):337-40. 

80. Liappis AP, Gibbs KW, Nylen ES, Yoon B, Snider RH, Gao B, et al. Exogenous 

procalcitonin evokes a pro-inflammatory cytokine response. Inflamm Res. 2011;60(2):203-7. 

81. Baranowsky A, Appelt J, Kleber C, Lange T, Ludewig P, Jahn D, et al. Procalcitonin 

Exerts a Mediator Role in Septic Shock Through the Calcitonin Gene-Related Peptide 

Receptor. Crit Care Med. 2021;49(1):e41-e52. 

82. Populo H, Caldas R, Lopes JM, Pardal J, Maximo V, Soares P. Overexpression of 

pyruvate dehydrogenase kinase supports dichloroacetate as a candidate for cutaneous 

melanoma therapy. Expert Opin Ther Targets. 2015;19(6):733-45. 

83. Kuo YH, Chan TC, Lai HY, Chen TJ, Wu LC, Hsing CH, et al. Overexpression of 

Pyruvate Dehydrogenase Kinase-3 Predicts Poor Prognosis in Urothelial Carcinoma. Front 

Oncol. 2021;11:749142. 

84. Lu CW, Lin SC, Chien CW, Lin SC, Lee CT, Lin BW, et al. Overexpression of pyruvate 

dehydrogenase kinase 3 increases drug resistance and early recurrence in colon cancer. Am 

J Pathol. 2011;179(3):1405-14. 

85. Pin F, Novinger LJ, Huot JR, Harris RA, Couch ME, O'Connell TM, et al. PDK4 drives 

metabolic alterations and muscle atrophy in cancer cachexia. FASEB J. 2019;33(6):7778-90. 

86. Forteza MJ, Berg M, Edsfeldt A, Sun J, Baumgartner R, Kareinen I, et al. Pyruvate 

dehydrogenase kinase regulates vascular inflammation in atherosclerosis and increases 

cardiovascular risk. Cardiovasc Res. 2023. 



 125 

87. Ma JD, Jing J, Wang JW, Yan T, Li QH, Mo YQ, et al. A novel function of artesunate 

on inhibiting migration and invasion of fibroblast-like synoviocytes from rheumatoid arthritis 

patients. Arthritis Res Ther. 2019;21(1):153. 

88. Takahashi S, Saegusa J, Sendo S, Okano T, Akashi K, Irino Y, et al. Glutaminase 1 

plays a key role in the cell growth of fibroblast-like synoviocytes in rheumatoid arthritis. Arthritis 

Res Ther. 2017;19(1):76. 

89. van der Kooij SM, de Vries-Bouwstra JK, Goekoop-Ruiterman YP, van Zeben D, 

Kerstens PJ, Gerards AH, et al. Limited efficacy of conventional DMARDs after initial 

methotrexate failure in patients with recent onset rheumatoid arthritis treated according to the 

disease activity score. Ann Rheum Dis. 2007;66(10):1356-62. 

90. Aletaha D, Smolen JS. Effectiveness profiles and dose dependent retention of 

traditional disease modifying antirheumatic drugs for rheumatoid arthritis. An observational 

study. J Rheumatol. 2002;29(8):1631-8. 

91. Duong SQ, Crowson CS, Athreya A, Atkinson EJ, Davis JM, 3rd, Warrington KJ, et al. 

Clinical predictors of response to methotrexate in patients with rheumatoid arthritis: a machine 

learning approach using clinical trial data. Arthritis Res Ther. 2022;24(1):162. 

92. Fernandez-Fuertes J, Arias-Fernandez T, Acebes-Huerta A, Alvarez-Rico M, 

Gutierrez L. Clinical Response After Treatment of Knee Osteoarthritis With a Standardized, 

Closed-System, Low-Cost Platelet-Rich Plasma Product: 1-Year Outcomes. Orthop J Sports 

Med. 2022;10(3):23259671221076496. 

93. Szwedowski D, Szczepanek J, Paczesny L, Zabrzynski J, Gagat M, Mobasheri A, et 

al. The Effect of Platelet-Rich Plasma on the Intra-Articular Microenvironment in Knee 

Osteoarthritis. Int J Mol Sci. 2021;22(11). 

94. Xie X, Zhang C, Tuan RS. Biology of platelet-rich plasma and its clinical application in 

cartilage repair. Arthritis Res Ther. 2014;16(1):204. 

95. Di Martino A, Boffa A, Andriolo L, Romandini I, Altamura SA, Cenacchi A, et al. 

Leukocyte-Rich versus Leukocyte-Poor Platelet-Rich Plasma for the Treatment of Knee 

Osteoarthritis: A Double-Blind Randomized Trial. Am J Sports Med. 2022;50(3):609-17. 



 126 

96. Kim JH, Park YB, Ha CW, Roh YJ, Park JG. Adverse Reactions and Clinical Outcomes 

for Leukocyte-Poor Versus Leukocyte-Rich Platelet-Rich Plasma in Knee Osteoarthritis: A 

Systematic Review and Meta-analysis. Orthop J Sports Med. 2021;9(6):23259671211011948. 

97. Benemei S, Nicoletti P, Capone JG, Geppetti P. CGRP receptors in the control of pain 

and inflammation. Curr Opin Pharmacol. 2009;9(1):9-14. 

98. Kee Z, Kodji X, Brain SD. The Role of Calcitonin Gene Related Peptide (CGRP) in 

Neurogenic Vasodilation and Its Cardioprotective Effects. Front Physiol. 2018;9:1249. 

99. Maleitzke T, Weber J, Hildebrandt A, Dietrich T, Zhou S, Tsitsilonis S, et al. 

Standardized protocol and outcome measurements for the collagen antibody-induced arthritis 

mouse model. STAR Protoc. 2022;3(4):101718. 

100. Rashid A, Manghi A. Calcitonin Gene-Related Peptide Receptor.  StatPearls. Treasure 

Island (FL)2022. 

101. Maleitzke T, Hildebrandt A, Weber J, Dietrich T, Appelt J, Jahn D, et al. 

Proinflammatory and bone protective role of calcitonin gene-related peptide alpha in collagen 

antibody-induced arthritis. Rheumatology (Oxford). 2021;60(4):1996-2009. 

102. OZORAN K, YILDIRIM M, ÖNDER M, SIVAS F, INANIR A. The bone mineral density 

effects of calcitonin and alendronate combined therapy in patients with rheumatoid arthritis. 

APLAR Journal of Rheumatology. 2007;10(1):17-22. 

103. Pondel M. Calcitonin and calcitonin receptors: bone and beyond. Int J Exp Pathol. 

2000;81(6):405-22. 

104. Bhandari KH, Asghar W, Newa M, Jamali F, Doschak MR. Evaluation of bone targeting 

salmon calcitonin analogues in rats developing osteoporosis and adjuvant arthritis. Curr Drug 

Deliv. 2015;12(1):98-107. 

105. Mero A, Campisi M, Favero M, Barbera C, Secchieri C, Dayer JM, et al. A hyaluronic 

acid-salmon calcitonin conjugate for the local treatment of osteoarthritis: chondro-protective 

effect in a rabbit model of early OA. J Control Release. 2014;187:30-8. 

106. Renawala HK, Chandrababu KB, Topp EM. Fibrillation of Human Calcitonin and Its 

Analogs: Effects of Phosphorylation and Disulfide Reduction. Biophys J. 2021;120(1):86-100. 



 127 

107. Maleitzke T, Hildebrandt A, Dietrich T, Appelt J, Jahn D, Otto E, et al. The calcitonin 

receptor protects against bone loss and excessive inflammation in collagen antibody-induced 

arthritis. iScience. 2022;25(1):103689. 

108. Kaandorp CJ, Van Schaardenburg D, Krijnen P, Habbema JD, van de Laar MA. Risk 

factors for septic arthritis in patients with joint disease. A prospective study. Arthritis Rheum. 

1995;38(12):1819-25. 

109. Doran MF, Crowson CS, Pond GR, O'Fallon WM, Gabriel SE. Frequency of infection 

in patients with rheumatoid arthritis compared with controls: a population-based study. Arthritis 

Rheum. 2002;46(9):2287-93. 

110. Maleitzke T, Dietrich T, Hildebrandt A, Weber J, Appelt J, Jahn D, et al. Inactivation of 

the gene encoding procalcitonin prevents antibody-mediated arthritis. Inflammation Research. 

2023. 

111. Bhattaram P, Chandrasekharan U. The joint synovium: A critical determinant of 

articular cartilage fate in inflammatory joint diseases. Semin Cell Dev Biol. 2017;62:86-93. 

112. de Oliveira PG, Farinon M, Sanchez-Lopez E, Miyamoto S, Guma M. Fibroblast-Like 

Synoviocytes Glucose Metabolism as a Therapeutic Target in Rheumatoid Arthritis. Front 

Immunol. 2019;10:1743. 

113. McGarry T, Fearon U. Cell metabolism as a potentially targetable pathway in RA. Nat 

Rev Rheumatol. 2019;15(2):70-2. 

114. Stacpoole PW. Therapeutic Targeting of the Pyruvate Dehydrogenase 

Complex/Pyruvate Dehydrogenase Kinase (PDC/PDK) Axis in Cancer. J Natl Cancer Inst. 

2017;109(11). 

115. Lee EH, Chung JW, Sung E, Yoon BH, Jeon M, Park S, et al. Anti-Metastatic Effect of 

Pyruvate Dehydrogenase Kinase 4 Inhibition in Bladder Cancer via the ERK, SRC, and JNK 

Pathways. Int J Mol Sci. 2022;23(21). 

116. Adamberg K, Vilu R, Pazienza V. Inhibition of pyruvate dehydrogenase kinase 

influence microbiota and metabolomic profile in pancreatic cancer xenograft mice. BMC Res 

Notes. 2020;13(1):540. 



 128 

117. Sradhanjali S, Reddy MM. Inhibition of Pyruvate Dehydrogenase Kinase as a 

Therapeutic Strategy against Cancer. Curr Top Med Chem. 2018;18(6):444-53. 

118. Wu CY, Satapati S, Gui W, Wynn RM, Sharma G, Lou M, et al. A novel inhibitor of 

pyruvate dehydrogenase kinase stimulates myocardial carbohydrate oxidation in diet-induced 

obesity. J Biol Chem. 2018;293(25):9604-13. 

119. Katayama Y, Kawata Y, Moritoh Y, Watanabe M. Dichloroacetate, a pyruvate 

dehydrogenase kinase inhibitor, ameliorates type 2 diabetes via reduced gluconeogenesis. 

Heliyon. 2022;8(2):e08889. 

120. Kluzek S, Newton JL, Arden NK. Is osteoarthritis a metabolic disorder? Br Med Bull. 

2015;115(1):111-21. 

121. Sellam J, Berenbaum F. Is osteoarthritis a metabolic disease? Joint Bone Spine. 

2013;80(6):568-73. 

122. Courties A, Berenbaum F, Sellam J. The Phenotypic Approach to Osteoarthritis: A 

Look at Metabolic Syndrome-Associated Osteoarthritis. Joint Bone Spine. 2019;86(6):725-30. 

123. Bay-Jensen AC, Slagboom E, Chen-An P, Alexandersen P, Qvist P, Christiansen C, 

et al. Role of hormones in cartilage and joint metabolism: understanding an unhealthy 

metabolic phenotype in osteoarthritis. Menopause. 2013;20(5):578-86. 

124. Damerau A, Kirchner M, Pfeiffenberger M, Ehlers L, Do Nguyen DH, Mertins P, et al. 

Metabolic reprogramming of synovial fibroblasts in osteoarthritis by inhibition of pathologically 

overexpressed pyruvate dehydrogenase kinases. Metab Eng. 2022;72:116-32. 

125. Liang Y, Li J, Wang Y, He J, Chen L, Chu J, et al. Platelet Rich Plasma in the Repair 

of Articular Cartilage Injury: A Narrative Review. Cartilage. 2022;13(3):19476035221118419. 

126. Collins T, Alexander D, Barkatali B. Platelet-rich plasma: a narrative review. EFORT 

Open Rev. 2021;6(4):225-35. 

127. Niemann M, Ort M, Lauterbach L, Streitz M, Wilhelm A, Grutz G, et al. Individual 

immune cell and cytokine profiles determine platelet-rich plasma composition. Arthritis Res 

Ther. 2023;25(1):6. 



 129 

128. Axelsen MB, Eshed I, Hørslev-Petersen K, Stengaard-Pedersen K, Hetland ML, Møller 

J, et al. A treat-to-target strategy with methotrexate and intra-articular triamcinolone with or 

without adalimumab effectively reduces MRI synovitis, osteitis and tenosynovitis and halts 

structural damage progression in early rheumatoid arthritis: results from the OPERA 

randomised controlled trial. Ann Rheum Dis. 2015;74(5):867-75. 

129. Krijbolder DI, Verstappen M, van Dijk BT, Dakkak YJ, Burgers LE, Boer AC, et al. 

Intervention with methotrexate in patients with arthralgia at risk of rheumatoid arthritis to 

reduce the development of persistent arthritis and its disease burden (TREAT EARLIER): a 

randomised, double-blind, placebo-controlled, proof-of-concept trial. The Lancet. 

2022;400(10348):283-94. 

130. Smolen JS, Feist E, Fatenejad S, Grishin SA, Korneva EV, Nasonov EL, et al. 

Olokizumab versus Placebo or Adalimumab in Rheumatoid Arthritis. N Engl J Med. 

2022;387(8):715-26. 

131. Campbell J, Lowe D, Sleeman MA. Developing the next generation of monoclonal 

antibodies for the treatment of rheumatoid arthritis. Br J Pharmacol. 2011;162(7):1470-84. 

132. Feist E, Fatenejad S, Grishin S, Korneva E, Luggen ME, Nasonov E, et al. Olokizumab, 

a monoclonal antibody against interleukin-6, in combination with methotrexate in patients with 

rheumatoid arthritis inadequately controlled by tumour necrosis factor inhibitor therapy: 

efficacy and safety results of a randomised controlled phase III study. Ann Rheum Dis. 

2022;81(12):1661-8. 

133. Kolasinski SL, Neogi T, Hochberg MC, Oatis C, Guyatt G, Block J, et al. 2019 American 

College of Rheumatology/Arthritis Foundation Guideline for the Management of Osteoarthritis 

of the Hand, Hip, and Knee. Arthritis Rheumatol. 2020;72(2):220-33. 

134. Schmitt J, Lange T, Gunther KP, Kopkow C, Rataj E, Apfelbacher C, et al. Indication 

Criteria for Total Knee Arthroplasty in Patients with Osteoarthritis - A Multi-perspective 

Consensus Study. Z Orthop Unfall. 2017;155(5):539-48. 

135. Mazzei DR, Whittaker JL, Kania-Richmond A, Faris P, Wasylak T, Robert J, et al. Do 

people with knee osteoarthritis use guideline-consistent treatments after an orthopaedic 



 130 

surgeon recommends nonsurgical care? A cross-sectional survey with long-term follow-up. 

Osteoarthr Cartil Open. 2022;4(2):100256. 

136. Henriksen M, Nielsen SM, Christensen R, Kristensen LE, Bliddal H, Bartholdy C, et al. 

Who are likely to benefit from the Good Life with osteoArthritis in Denmark (GLAD) exercise 

and education program? An effect modifier analysis of a randomised controlled trial. 

Osteoarthritis Cartilage. 2023;31(1):106-14. 

137. Roos EM, Gronne DT, Skou ST, Zywiel MG, McGlasson R, Barton CJ, et al. Immediate 

outcomes following the GLA:D(R) program in Denmark, Canada and Australia. A longitudinal 

analysis including 28,370 patients with symptomatic knee or hip osteoarthritis. Osteoarthritis 

Cartilage. 2021;29(4):502-6. 

138. Skou ST, Roos EM. Good Life with osteoArthritis in Denmark (GLA:D): evidence-

based education and supervised neuromuscular exercise delivered by certified 

physiotherapists nationwide. BMC Musculoskelet Disord. 2017;18(1):72. 

139. Davis AM, Kennedy D, Wong R, Robarts S, Skou ST, McGlasson R, et al. Cross-

cultural adaptation and implementation of Good Life with osteoarthritis in Denmark (GLA:D): 

group education and exercise for hip and knee osteoarthritis is feasible in Canada. 

Osteoarthritis Cartilage. 2018;26(2):211-9. 

140. Chevalier X, Eymard F, Richette P. Biologic agents in osteoarthritis: hopes and 

disappointments. Nat Rev Rheumatol. 2013;9(7):400-10. 

141. McAlindon TE, Driban JB, Henrotin Y, Hunter DJ, Jiang GL, Skou ST, et al. OARSI 

Clinical Trials Recommendations: Design, conduct, and reporting of clinical trials for knee 

osteoarthritis. Osteoarthritis Cartilage. 2015;23(5):747-60. 

142. Mobasheri A, Saarakkala S, Finnila M, Karsdal MA, Bay-Jensen AC, van Spil WE. 

Recent advances in understanding the phenotypes of osteoarthritis. F1000Res. 2019;8. 

143. Mobasheri A, van Spil WE, Budd E, Uzieliene I, Bernotiene E, Bay-Jensen AC, et al. 

Molecular taxonomy of osteoarthritis for patient stratification, disease management and drug 

development: biochemical markers associated with emerging clinical phenotypes and 

molecular endotypes. Curr Opin Rheumatol. 2019;31(1):80-9. 



 131 

144. Henrotin Y. Osteoarthritis in year 2021: biochemical markers. Osteoarthritis Cartilage. 

2022;30(2):237-48. 

145. Irie K, Hara-Irie F, Ozawa H, Yajima T. Calcitonin gene-related peptide (CGRP)-

containing nerve fibers in bone tissue and their involvement in bone remodeling. Microsc Res 

Tech. 2002;58(2):85-90. 

146. Naot D, Musson DS, Cornish J. The Activity of Peptides of the Calcitonin Family in 

Bone. Physiol Rev. 2019;99(1):781-805. 

147. Schinke T, Liese S, Priemel M, Haberland M, Schilling AF, Catala-Lehnen P, et al. 

Decreased bone formation and osteopenia in mice lacking alpha-calcitonin gene-related 

peptide. J Bone Miner Res. 2004;19(12):2049-56. 

148. Jiang Y, Xin N, Xiong Y, Guo Y, Yuan Y, Zhang Q, et al. αCGRP Regulates Osteogenic 

Differentiation of Bone Marrow Mesenchymal Stem Cells Through ERK1/2 and p38 MAPK 

Signaling Pathways. Cell Transplant. 2022;31:9636897221107636. 

149. Wang B, Lin J, Zhang Q, Zhang X, Yu H, Gong P, et al. alphaCGRP Affects BMSCs' 

Migration and Osteogenesis via the Hippo-YAP Pathway. Cell Transplant. 2019;28(11):1420-

31. 

150. Onuoha GN, Alpar EK. Elevation of plasma CGRP and SP levels in orthopedic patients 

with fracture neck of femur. Neuropeptides. 2000;34(2):116-20. 

151. Onuoha GN. Circulating sensory peptide levels within 24 h of human bone fracture. 

Peptides. 2001;22(7):1107-10. 

152. Bullock CM, Wookey P, Bennett A, Mobasheri A, Dickerson I, Kelly S. Peripheral 

calcitonin gene-related peptide receptor activation and mechanical sensitization of the joint in 

rat models of osteoarthritis pain. Arthritis Rheumatol. 2014;66(8):2188-200. 

153. Brouxhon SM, O'Banion MK, Dickerson IM, Kyrkanides S. Calcitonin gene-related 

peptide: An intra-articular therapeutic target for TMJ disorders. Clin Exp Dent Res. 

2022;8(5):1158-66. 



 132 

154. Nakasa T, Ishikawa M, Takada T, Miyaki S, Ochi M. Attenuation of cartilage 

degeneration by calcitonin gene-related paptide receptor antagonist via inhibition of 

subchondral bone sclerosis in osteoarthritis mice. J Orthop Res. 2016;34(7):1177-84. 

155. Stockl S, Eitner A, Bauer RJ, Konig M, Johnstone B, Grassel S. Substance P and 

Alpha-Calcitonin Gene-Related Peptide Differentially Affect Human Osteoarthritic and Healthy 

Chondrocytes. Front Immunol. 2021;12:722884. 

156. Tokumoto M, Nakasa T, Nekomoto A, Ishikawa M, Ikuta Y, Miyaki S, et al. Expression 

of Calcitonin Gene-Related Peptide Induces Ligament Degeneration Through Endochondral 

Ossification in Osteoarthritis. 2022. 

157. Benschop RJ, Collins EC, Darling RJ, Allan BW, Leung D, Conner EM, et al. 

Development of a novel antibody to calcitonin gene-related peptide for the treatment of 

osteoarthritis-related pain. Osteoarthritis and Cartilage. 2014;22(4):578-85. 

158. Jin Y, Smith C, Monteith D, Brown R, Camporeale A, McNearney TA, et al. CGRP 

blockade by galcanezumab was not associated with reductions in signs and symptoms of knee 

osteoarthritis in a randomized clinical trial. Osteoarthritis Cartilage. 2018;26(12):1609-18. 

159. Assas BM, Pennock JI, Miyan JA. Calcitonin gene-related peptide is a key 

neurotransmitter in the neuro-immune axis. Front Neurosci. 2014;8:23. 

160. Holzmann B. Antiinflammatory activities of CGRP modulating innate immune 

responses in health and disease. Curr Protein Pept Sci. 2013;14(4):268-74. 

161. Raud J, Lundeberg T, Brodda-Jansen G, Theodorsson E, Hedqvist P. Potent anti-

inflammatory action of calcitonin gene-related peptide. Biochem Biophys Res Commun. 

1991;180(3):1429-35. 

162. Duan J-X, Zhou Y, Zhou A-Y, Guan X-X, Liu T, Yang H-H, et al. Calcitonin gene-related 

peptide exerts anti-inflammatory property through regulating murine macrophages 

polarization in vitro. Molecular Immunology. 2017;91:105-13. 

163. Ray JC, Allen P, Bacsi A, Bosco JJ, Chen L, Eller M, et al. Inflammatory complications 

of CGRP monoclonal antibodies: a case series. J Headache Pain. 2021;22(1):121. 



 133 

164. Krymchantowski AV, Krymchantowski AGF, Jevoux CDC. Migraine treatment: the 

doors for the future are open, but with caution and prudence. Arq Neuropsiquiatr. 

2019;77(2):115-21. 

165. Katri A, Dąbrowska A, Löfvall H, Ding M, Karsdal MA, Andreassen KV, et al. Combining 

naproxen and a dual amylin and calcitonin receptor agonist improves pain and structural 

outcomes in the collagen-induced arthritis rat model. Arthritis Res Ther. 2019;21(1):68. 

166. Mancini L, Paul-Clark MJ, Rosignoli G, Hannon R, Martin JE, Macintyre I, et al. 

Calcitonin and prednisolone display antagonistic actions on bone and have synergistic effects 

in experimental arthritis. Am J Pathol. 2007;170(3):1018-27. 

167. Bobalik GR, Aldred JP, Kleszynski RR, Stubbs RK, Zeedyk RA, Bastian JW. Effects 

of salmon calcitonin and combination drug therapy on rat adjuvant arthritis. Agents Actions. 

1974;4(5):364-9. 

168. Stuart JM, Bandy PR, Pinals RS, Townes AS. Failure of calcitonin to inhibit collagen-

induced arthritis in rats. Agents Actions. 1982;12(5-6):671-3. 

169. Al-Kashi A, Montero-Melendez T, Moradi-Bidhendi N, Gilligan JP, Mehta N, Perretti M. 

The calcitonin and glucocorticoids combination: mechanistic insights into their class-effect 

synergy in experimental arthritis. PLoS One. 2013;8(2):e54299. 

170. Behets C, Williams JM, Chappard D, Devogelaer JP, Manicourt DH. Effects of 

calcitonin on subchondral trabecular bone changes and on osteoarthritic cartilage lesions after 

acute anterior cruciate ligament deficiency. J Bone Miner Res. 2004;19(11):1821-6. 

171. El Hajjaji H, Williams JM, Devogelaer JP, Lenz ME, Thonar EJ, Manicourt DH. 

Treatment with calcitonin prevents the net loss of collagen, hyaluronan and proteoglycan 

aggregates from cartilage in the early stages of canine experimental osteoarthritis. 

Osteoarthritis Cartilage. 2004;12(11):904-11. 

172. Manicourt DH, Altman RD, Williams JM, Devogelaer JP, Druetz-Van Egeren A, Lenz 

ME, et al. Treatment with calcitonin suppresses the responses of bone, cartilage, and 

synovium in the early stages of canine experimental osteoarthritis and significantly reduces 

the severity of the cartilage lesions. Arthritis Rheum. 1999;42(6):1159-67. 



 134 

173. Papaioannou NA, Triantafillopoulos IK, Khaldi L, Krallis N, Galanos A, Lyritis GP. 

Effect of calcitonin in early and late stages of experimentally induced osteoarthritis. A 

histomorphometric study. Osteoarthritis Cartilage. 2007;15(4):386-95. 

174. Lyritis GP, Tsakalakos N, Magiasis B, Karachalios T, Yiatzides A, Tsekoura M. 

Analgesic effect of salmon calcitonin in osteoporotic vertebral fractures: a double-blind 

placebo-controlled clinical study. Calcif Tissue Int. 1991;49(6):369-72. 

175. Esenyel M, Icagasioglu A, Esenyel CZ. Effects of calcitonin on knee osteoarthritis and 

quality of life. Rheumatol Int. 2013;33(2):423-7. 

176. Karsdal MA, Byrjalsen I, Henriksen K, Riis BJ, Lau EM, Arnold M, et al. The effect of 

oral salmon calcitonin delivered with 5-CNAC on bone and cartilage degradation in 

osteoarthritic patients: a 14-day randomized study. Osteoarthritis Cartilage. 2010;18(2):150-

9. 

177. Karsdal MA, Byrjalsen I, Alexandersen P, Bihlet A, Andersen JR, Riis BJ, et al. 

Treatment of symptomatic knee osteoarthritis with oral salmon calcitonin: results from two 

phase 3 trials. Osteoarthritis Cartilage. 2015;23(4):532-43. 

178. Dottori L, D'Ottavio D, Brundisini B. [Calcifediol and calcitonin in the therapy of 

rheumatoid arthritis. A short-term controlled study]. Minerva Med. 1982;73(43):3033-40. 

179. Sileghem A, Geusens P, Dequeker J. Intranasal calcitonin for the prevention of bone 

erosion and bone loss in rheumatoid arthritis. Ann Rheum Dis. 1992;51(6):761-4. 

180. Chambers TJ, Moore A. The sensitivity of isolated osteoclasts to morphological 

transformation by calcitonin. J Clin Endocrinol Metab. 1983;57(4):819-24. 

181. Zaidi M, Moonga BS, Abe E. Calcitonin and bone formation: a knockout full of 

surprises. J Clin Invest. 2002;110(12):1769-71. 

182. Overman RA, Borse M, Gourlay ML. Salmon calcitonin use and associated cancer risk. 

Ann Pharmacother. 2013;47(12):1675-84. 

183. McLaughlin MB, Jialal I. Calcitonin.  StatPearls. Treasure Island (FL)2022. 



 135 

184. Schuetz P, Wirz Y, Sager R, Christ-Crain M, Stolz D, Tamm M, et al. Procalcitonin to 

initiate or discontinue antibiotics in acute respiratory tract infections. Cochrane Database Syst 

Rev. 2017;10:CD007498. 

185. Rhee C. Using Procalcitonin to Guide Antibiotic Therapy. Open Forum Infect Dis. 

2017;4(1):ofw249. 

186. Schuetz P, Albrich W, Christ-Crain M, Chastre J, Mueller B. Procalcitonin for guidance 

of antibiotic therapy. Expert Rev Anti Infect Ther. 2010;8(5):575-87. 

187. Galloway JB, Hyrich KL, Mercer LK, Dixon WG, Ustianowski AP, Helbert M, et al. Risk 

of septic arthritis in patients with rheumatoid arthritis and the effect of anti-TNF therapy: results 

from the British Society for Rheumatology Biologics Register. Ann Rheum Dis. 

2011;70(10):1810-4. 

188. Talebi-Taher M, Shirani F, Nikanjam N, Shekarabi M. Septic versus inflammatory 

arthritis: discriminating the ability of serum inflammatory markers. Rheumatol Int. 

2013;33(2):319-24. 

189. Chouk M, Verhoeven F, Sondag M, Guillot X, Prati C, Wendling D. Value of serum 

procalcitonin for the diagnosis of bacterial septic arthritis in daily practice in rheumatology. Clin 

Rheumatol. 2019;38(8):2265-73. 

190. Ng KJ, Yu HC, Huang Tseng HY, Hsu CW, Lu MC. Modestly Elevated Serum 

Procalcitonin Levels in Patients with Rheumatoid Arthritis Free of Active Infection. Medicina 

(Kaunas). 2020;56(10). 

191. Liu Y, Shi J, Wang B, Zhou L, Zhou X, Du Y, et al. Combining Calcitonin and 

Procalcitonin and Rheumatoid Arthritis-Related Biomarkers Improve Diagnostic Outcomes in 

Early Rheumatoid Arthritis. Dis Markers. 2021;2021:6331994. 

192. Tavares E, Maldonado R, Minano FJ. Immunoneutralization of endogenous 

aminoprocalcitonin attenuates sepsis-induced acute lung injury and mortality in rats. Am J 

Pathol. 2014;184(11):3069-83. 



 136 

193. Nylen ES, Whang KT, Snider RH, Jr., Steinwald PM, White JC, Becker KL. Mortality is 

increased by procalcitonin and decreased by an antiserum reactive to procalcitonin in 

experimental sepsis. Crit Care Med. 1998;26(6):1001-6. 

194. Wrenger S, Kahne T, Bohuon C, Weglohner W, Ansorge S, Reinhold D. Amino-

terminal truncation of procalcitonin, a marker for systemic bacterial infections, by dipeptidyl 

peptidase IV (DP IV). FEBS Lett. 2000;466(1):155-9. 

195. Steven S, Hausding M, Kroller-Schon S, Mader M, Mikhed Y, Stamm P, et al. Gliptin 

and GLP-1 analog treatment improves survival and vascular inflammation/dysfunction in 

animals with lipopolysaccharide-induced endotoxemia. Basic Res Cardiol. 2015;110(2):6. 

196. Kroller-Schon S, Knorr M, Hausding M, Oelze M, Schuff A, Schell R, et al. Glucose-

independent improvement of vascular dysfunction in experimental sepsis by dipeptidyl-

peptidase 4 inhibition. Cardiovasc Res. 2012;96(1):140-9. 

197. Brabenec L, Muller M, Hellenthal KEM, Karsten OS, Pryvalov H, Otto M, et al. 

Targeting Procalcitonin Protects Vascular Barrier Integrity. Am J Respir Crit Care Med. 

2022;206(4):488-500. 

198. Chen Y-H, Zhang X, Chou C-H, Hsueh M-F, Attarian D, Li Y-J, et al. Dipeptidyl-

Peptidase 4 (CD26) is Associated with Chondrocyte Senescence and Radiographic 

Progression in Knee Osteoarthritis. Arthritis & Rheumatology.n/a(n/a). 

199. Wang K, Chen X, Chen Y, Sheng S, Huang Z. Grape seed procyanidins suppress the 

apoptosis and senescence of chondrocytes and ameliorates osteoarthritis via the DPP4-Sirt1 

pathway. Food Funct. 2020;11(12):10493-505. 

200. Sayiner ZA, Okyar B, Kisacik B, Akarsu E, Ozkaya M, Araz M. Dpp-4 Inhibitors 

Increase the Incidence of Arthritis/Arthralgia but Do Not Affect Autoimmunity. Acta Endocrinol 

(Buchar). 2018;14(4):473-6. 

201. Mascolo A, Rafaniello C, Sportiello L, Sessa M, Cimmaruta D, Rossi F, et al. Dipeptidyl 

Peptidase (DPP)-4 Inhibitor-Induced Arthritis/Arthralgia: A Review of Clinical Cases. Drug Saf. 

2016;39(5):401-7. 



 137 

202. Padron S, Rogers E, Demory Beckler M, Kesselman M. DPP-4 inhibitor (sitagliptin)-

induced seronegative rheumatoid arthritis. BMJ Case Rep. 2019;12(8). 

203. Kathe N, Shah A, Said Q, Painter JT. DPP-4 Inhibitor-Induced Rheumatoid Arthritis 

Among Diabetics: A Nested Case–Control Study. Diabetes Therapy. 2018;9(1):141-51. 

204. Kim SC, Schneeweiss S, Glynn RJ, Doherty M, Goldfine AB, Solomon DH. Dipeptidyl 

peptidase-4 inhibitors in type 2 diabetes may reduce the risk of autoimmune diseases: a 

population-based cohort study. Ann Rheum Dis. 2015;74(11):1968-75. 

205. Pushpakom S, Iorio F, Eyers PA, Escott KJ, Hopper S, Wells A, et al. Drug 

repurposing: progress, challenges and recommendations. Nat Rev Drug Discov. 

2019;18(1):41-58. 

206. Unal U, Comertpay B, Demirtas TY, Gov E. Drug repurposing for rheumatoid arthritis: 

Identification of new drug candidates via bioinformatics and text mining analysis. 

Autoimmunity. 2022;55(3):147-56. 

207. Arias de la Rosa I, Escudero-Contreras A, Rodriguez-Cuenca S, Ruiz-Ponce M, 

Jimenez-Gomez Y, Ruiz-Limon P, et al. Defective glucose and lipid metabolism in rheumatoid 

arthritis is determined by chronic inflammation in metabolic tissues. J Intern Med. 

2018;284(1):61-77. 

208. Veronese N, Cooper C, Reginster JY, Hochberg M, Branco J, Bruyere O, et al. Type 

2 diabetes mellitus and osteoarthritis. Semin Arthritis Rheum. 2019;49(1):9-19. 

209. Zheng L, Zhang Z, Sheng P, Mobasheri A. The role of metabolism in chondrocyte 

dysfunction and the progression of osteoarthritis. Ageing Res Rev. 2021;66:101249. 

210. He CP, Chen C, Jiang XC, Li H, Zhu LX, Wang PX, et al. The role of AGEs in 

pathogenesis of cartilage destruction in osteoarthritis. Bone Joint Res. 2022;11(5):292-300. 

211. Meurot C, Jacques C, Martin C, Sudre L, Breton J, Rattenbach R, et al. Targeting the 

GLP-1/GLP-1R axis to treat osteoarthritis: A new opportunity? J Orthop Translat. 

2022;32:121-9. 



 138 

212. Meurot C, Martin C, Sudre L, Breton J, Bougault C, Rattenbach R, et al. Liraglutide, a 

glucagon-like peptide 1 receptor agonist, exerts analgesic, anti-inflammatory and anti-

degradative actions in osteoarthritis. Sci Rep. 2022;12(1):1567. 

213. Que Q, Guo X, Zhan L, Chen S, Zhang Z, Ni X, et al. The GLP-1 agonist, liraglutide, 

ameliorates inflammation through the activation of the PKA/CREB pathway in a rat model of 

knee osteoarthritis. J Inflamm (Lond). 2019;16:13. 

214. Bian L, Josefsson E, Jonsson IM, Verdrengh M, Ohlsson C, Bokarewa M, et al. 

Dichloroacetate alleviates development of collagen II-induced arthritis in female DBA/1 mice. 

Arthritis Res Ther. 2009;11(5):R132. 

215. Song Y, Wu Z, Zhao P. The effects of metformin in the treatment of osteoarthritis: 

Current perspectives. Front Pharmacol. 2022;13:952560. 

216. Alessio-Mazzola M, Lovisolo S, Sonzogni B, Capello AG, Repetto I, Formica M, et al. 

Clinical outcome and risk factor predictive for failure of autologous PRP injections for low-to-

moderate knee osteoarthritis. J Orthop Surg (Hong Kong). 2021;29(2):23094990211021922. 

217. Saita Y, Kobayashi Y, Nishio H, Wakayama T, Fukusato S, Uchino S, et al. Predictors 

of Effectiveness of Platelet-Rich Plasma Therapy for Knee Osteoarthritis: A Retrospective 

Cohort Study. J Clin Med. 2021;10(19). 

218. Chopin C, Geoffroy M, Kanagaratnam L, Dorilleau C, Ecarnot F, Siboni R, et al. 

Prognostic Factors Related to Clinical Response in 210 Knees Treated by Platelet-Rich 

Plasma for Osteoarthritis. Diagnostics (Basel). 2023;13(4). 

219. Zahir H, Dehghani B, Yuan X, Chinenov Y, Kim C, Burge A, et al. In vitro responses to 

platelet-rich-plasma are associated with variable clinical outcomes in patients with knee 

osteoarthritis. Sci Rep. 2021;11(1):11493. 

220. Chowdhary K, Sahu A, Iijima H, Shinde S, Borg-Stein J, Ambrosio F. Aging Affects the 

Efficacy of Platelet-Rich Plasma Treatment for Osteoarthritis. Am J Phys Med Rehabil. 2022. 

221. Orlowsky EW, Kraus VB. The role of innate immunity in osteoarthritis: when our first 

line of defense goes on the offensive. J Rheumatol. 2015;42(3):363-71. 



 139 

222. Woodell-May JE, Sommerfeld SD. Role of Inflammation and the Immune System in 

the Progression of Osteoarthritis. J Orthop Res. 2020;38(2):253-7. 

223. Beenakker KGM, Westendorp RGJ, de Craen AJM, Chen S, Raz Y, Ballieux B, et al. 

Men Have a Stronger Monocyte-Derived Cytokine Production Response upon Stimulation with 

the Gram-Negative Stimulus Lipopolysaccharide than Women: A Pooled Analysis Including 

15 Study Populations. J Innate Immun. 2020;12(2):142-53. 

224. Michaud M, Balardy L, Moulis G, Gaudin C, Peyrot C, Vellas B, et al. Proinflammatory 

cytokines, aging, and age-related diseases. J Am Med Dir Assoc. 2013;14(12):877-82. 

225. Ridgley LA, Anderson AE, Pratt AG. What are the dominant cytokines in early 

rheumatoid arthritis? Current Opinion in Rheumatology. 2018;30(2):207-14. 

226. Nees TA, Rosshirt N, Zhang JA, Reiner T, Sorbi R, Tripel E, et al. Synovial Cytokines 

Significantly Correlate with Osteoarthritis-Related Knee Pain and Disability: Inflammatory 

Mediators of Potential Clinical Relevance. J Clin Med. 2019;8(9). 

227. Larsson S, Englund M, Struglics A, Lohmander LS. Interleukin-6 and tumor necrosis 

factor alpha in synovial fluid are associated with progression of radiographic knee 

osteoarthritis in subjects with previous meniscectomy. Osteoarthritis Cartilage. 

2015;23(11):1906-14. 

228. Lyons YA, Wu SY, Overwijk WW, Baggerly KA, Sood AK. Immune cell profiling in 

cancer: molecular approaches to cell-specific identification. NPJ Precis Oncol. 2017;1(1):26. 

229. Chuah S, Chew V. High-dimensional immune-profiling in cancer: implications for 

immunotherapy. J Immunother Cancer. 2020;8(1). 

230. Felson DT. Identifying different osteoarthritis phenotypes through epidemiology. 

Osteoarthritis Cartilage. 2010;18(5):601-4. 

231. Deveza LA, Nelson AE, Loeser RF. Phenotypes of osteoarthritis: current state and 

future implications. Clin Exp Rheumatol. 2019;37 Suppl 120(5):64-72. 

232. Eckstein F, Kraines JL, Aydemir A, Wirth W, Maschek S, Hochberg MC. Intra-articular 

sprifermin reduces cartilage loss in addition to increasing cartilage gain independent of 



 140 

location in the femorotibial joint: post-hoc analysis of a randomised, placebo-controlled phase 

II clinical trial. Ann Rheum Dis. 2020;79(4):525-8. 

233. Hochberg MC, Guermazi A, Guehring H, Aydemir A, Wax S, Fleuranceau-Morel P, et 

al. Effect of Intra-Articular Sprifermin vs Placebo on Femorotibial Joint Cartilage Thickness in 

Patients With Osteoarthritis: The FORWARD Randomized Clinical Trial. JAMA. 

2019;322(14):1360-70. 

234. Lohmander LS, Hellot S, Dreher D, Krantz EF, Kruger DS, Guermazi A, et al. 

Intraarticular sprifermin (recombinant human fibroblast growth factor 18) in knee osteoarthritis: 

a randomized, double-blind, placebo-controlled trial. Arthritis Rheumatol. 2014;66(7):1820-31. 

235. Eckstein F, Hochberg MC, Guehring H, Moreau F, Ona V, Bihlet AR, et al. Long-term 

structural and symptomatic effects of intra-articular sprifermin in patients with knee 

osteoarthritis: 5-year results from the FORWARD study. Ann Rheum Dis. 2021;80(8):1062-9. 

236. Yazici Y, McAlindon TE, Gibofsky A, Lane NE, Lattermann C, Skrepnik N, et al. A 

Phase 2b randomized trial of lorecivivint, a novel intra-articular CLK2/DYRK1A inhibitor and 

Wnt pathway modulator for knee osteoarthritis. Osteoarthritis Cartilage. 2021;29(5):654-66. 

237. Yazici Y, McAlindon TE, Gibofsky A, Lane NE, Clauw D, Jones M, et al. Lorecivivint, a 

Novel Intraarticular CDC-like Kinase 2 and Dual-Specificity Tyrosine Phosphorylation-

Regulated Kinase 1A Inhibitor and Wnt Pathway Modulator for the Treatment of Knee 

Osteoarthritis: A Phase II Randomized Trial. Arthritis Rheumatol. 2020;72(10):1694-706. 

238. Evans C. Editorial: Arthritis Gene Therapy Using Interleukin-1 Receptor Antagonist. 

Arthritis Rheumatol. 2018;70(11):1699-701. 

239. Watson Levings RS, Smith AD, Broome TA, Rice BL, Gibbs EP, Myara DA, et al. Self-

Complementary Adeno-Associated Virus-Mediated Interleukin-1 Receptor Antagonist Gene 

Delivery for the Treatment of Osteoarthritis: Test of Efficacy in an Equine Model. Hum Gene 

Ther Clin Dev. 2018;29(2):101-12. 

240. Nixon AJ, Grol MW, Lang HM, Ruan MZC, Stone A, Begum L, et al. Disease-Modifying 

Osteoarthritis Treatment With Interleukin-1 Receptor Antagonist Gene Therapy in Small and 

Large Animal Models. Arthritis Rheumatol. 2018;70(11):1757-68. 



 141 

241. Watkins LR, Chavez RA, Landry R, Fry M, Green-Fulgham SM, Coulson JD, et al. 

Targeted interleukin-10 plasmid DNA therapy in the treatment of osteoarthritis: Toxicology and 

pain efficacy assessments. Brain Behav Immun. 2020;90:155-66. 

242. Moss KL, Jiang Z, Dodson ME, Linardi RL, Haughan J, Gale AL, et al. Sustained 

Interleukin-10 Transgene Expression Following Intra-Articular AAV5-IL-10 Administration to 

Horses. Hum Gene Ther. 2020;31(1-2):110-8. 

243. Vodencarevic A, Tascilar K, Hartmann F, Reiser M, Hueber AJ, Haschka J, et al. 

Advanced machine learning for predicting individual risk of flares in rheumatoid arthritis 

patients tapering biologic drugs. Arthritis Res Ther. 2021;23(1):67. 

244. Bressem KK, Vahldiek JL, Adams L, Niehues SM, Haibel H, Rodriguez VR, et al. Deep 

learning for detection of radiographic sacroiliitis: achieving expert-level performance. Arthritis 

Res Ther. 2021;23(1):106. 

245. Akhtar M, Ali Y, Islam ZU, Arshad M, Rauf M, Ali M, et al. Characterization of 

Rheumatoid Arthritis Risk-Associated SNPs and Identification of Novel Therapeutic Sites 

Using an In-Silico Approach. Biology (Basel). 2021;10(6). 

246. Kalamegam G, Alfakeeh SM, Bahmaid AO, AlHuwait EA, Gari MA, Abbas MM, et al. 

In vitro Evaluation of the Anti-inflammatory Effects of Thymoquinone in Osteoarthritis and in 

silico Analysis of Inter-Related Pathways in Age-Related Degenerative Diseases. Front Cell 

Dev Biol. 2020;8:646. 

247. Cheng F, Desai RJ, Handy DE, Wang R, Schneeweiss S, Barabasi AL, et al. Network-

based approach to prediction and population-based validation of in silico drug repurposing. 

Nat Commun. 2018;9(1):2691. 

248. Yamaguchi S, Kaneko M, Narukawa M. Approval success rates of drug candidates 

based on target, action, modality, application, and their combinations. Clin Transl Sci. 

2021;14(3):1113-22. 

 

  



 142 

7 Appendix 

7.1 Danksagung 

Ich möchte mich ganz besonders bei Herrn Univ.-Prof. Dr. med. Carsten Perka für die 

Betreuung und nachhaltige Förderung meiner klinischen und wissenschaftlichen Entwicklung 

am Centrum für Muskuloskeletale Chirurgie (CMSC) bedanken. Ebenso danke ich Herrn 

Univ.-Prof. Dr. med. Ulrich Stöckle ganz herzlich für seine Unterstützung meiner Ziele in der 

Forschung und Klinik.  

Besonders bedanken möchte ich mich bei meinem Freund und Mentor Univ.-Prof. Dr. med. 

Tobias Winkler, dessen Visionen mich vor vielen Jahren so beeindruckt haben, dass daraus 

eine langjährige wissenschaftliche und persönliche Freundschaft wurde.  

Meinem wissenschaftlichen Mentor und Betreuer meiner BIH Junior Clinician Scientist und 

Clinician Scientist Projekte, Univ.-Prof. Dr. Ing. Georg N. Duda  danke ich für seine wirklich 

uneingeschränkte Unterstützung und Inspiration. In unzähligen Treffen nahm sich Georg 

immer wieder Zeit, meine Ideen und Pläne zu hinterfragen und herauszufordern.  

Herrn Prof. Dr. med. Sven Märdian möchte ich ebenfalls ganz besonders für die letzten 

gemeinsamen Jahre danken, in denen wir spannende Ideen und Projekte umsetzten konnten.  

Ganz wichtig ist mir auch ein Dank an meine wissenschaftlichen und klinischen Vorbilder, 

Herrn Univ.-Prof. Dr. Dr. med. Johannes Keller und Herrn PD Dr. Dr. med. Serafeim 

Tsitsilonis. Ihr wart mein erster Kontakt am CMSC und seid bis heute Weggefährten 

geblieben.  

Ebenfalls möchte ich meinem Doktorvater, Herrn Univ.-Prof. Dr. med. Frank Buttgereit und 

meiner Hausarbeitsbetreuerin Frau Univ.-Prof. Dr. med. vet. Gundula Schulze-Tanzil für ihr 

Vertrauen in mich bedanken. Der Kontakt zu beiden hat mir 2011/2012 den Weg in die 

Grundlagenforschung ermöglicht und ich freue mich, dass wir uns bis heute regelmäßig 

austauschen.  

Ferner möchte ich mich bei meinen klinischen Kolleginnen und Kollegen an der Charité – 

Universitätsmedizin Berlin und insbesondere am CMSC bedanken, von denen ich besonders 

Herrn Dr. med. Florian Fleckenstein, Herrn Julius Maximilian Plewe und Herrn Dr. med. Marcel 



 143 

Niemann hervorheben möchte. Die Freundschaft und gemeinsamen wissenschaftlichen 

Projekte sind für mich jeden Tag aufs Neue motivierend. 

Ebenfalls danke ich dem gesamten Team am Julius Wolff Institut und unserer AG für 

Regenerative Orthopädie und Unfallchirurgie. Ihr füllt Wissenschaft mit Leben und dass Eure 

Bürotüren immer offen sind, weiß ich sehr zu schätzen. Mein Dank gilt auch den zahlreichen 

Doktorandinnen und Doktoranden, sowie Studentinnen und Studenten, mit denen ich in den 

letzten Jahren forschen durfte. Insbesondere möchte ich mich für die Unterstützung bei 

Alexander Hildebrandt, Tamara Dietrich, Jérôme Weber und Sijia Zhou bedanken.  

Abschließend gilt mein Dank besonders meiner Familie, der diese Arbeit gewidmet ist. Meine 

Eltern, Claudia Malecki-Maleitzke und Dr. med. Rüdiger Maleitzke sowie mein Bruder, Fabian 

Maleitzke haben mich seit meiner Kindheit unterstützen, motiviert und ermutigt, bei 

Herausforderungen weiterzumachen und kreative Lösungen zu finden. Insbesondere meinem 

Vater danke ich für den Impuls zur Durchführung meiner Habilitation (als handschriftlicher 

Kommentar auf einer herausgerissenen Ärzteblatt Seite). 

Zuletzt möchte ich mich für die bedingungslose Unterstützung durch meinen Freundeskreis 

und meine kleine Familie bedanken. Vielen Dank, Louise Scheutz Henriksen, MD, PhD, für 

die nächtelangen wissenschaftlichen und klinischen Diskussionen, die maßgeblich zur 

Fertigstellung dieser Arbeit beigetragen haben. Dein und Noés Vertrauen und Verständnis 

waren unendlich wertvoll für diese Arbeit und ich bin sehr stolz auf Euch.    



 144 

7.2 Eidesstattliche Erklärung 

§ 4 Abs. 3 (k) der HabOMed der Charité  

Hiermit erkläre ich, dass - weder früher noch gleichzeitig ein Habilitationsverfahren 

durchgeführt oder angemeldet wurde, - die vorgelegte Habilitationsschrift ohne fremde Hilfe 

verfasst, die beschriebenen Ergebnisse selbst gewonnen sowie die verwendeten Hilfsmittel, 

die Zusammenarbeit mit anderen Wissenschaftlern/Wissenschaftlerinnen und mit 

technischen Hilfskräften sowie die verwendete Literatur vollständig in der Habilitationsschrift 

angegeben wurden, - mir die geltende Habilitationsordnung bekannt ist. Ich erkläre ferner, 

dass mir die Satzung der Charité – Universitätsmedizin Berlin zur Sicherung Guter 

Wissenschaftlicher Praxis bekannt ist und ich mich zur Einhaltung dieser Satzung verpflichte.  

 

 

         

Datum        Dr. med. Tazio David Maleitzke 


