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Όρκος του Ιπποκράτη  

Ὄμνυμι Ἀπόλλωνα ἰητρὸν, καὶ Ἀσκληπιὸν, καὶ Ὑγείαν, καὶ Πανάκειαν, καὶ 

θεοὺς πάντας τε καὶ πάσας, ἵστορας ποιεύμενος, ἐπι ωτελέα ποιήσειν κατὰ 

δύναμιν καὶ κρίσιν ἐμὴν ὅρκον τόνδε καὶ ξυγγραφὴν τήνδε. Ἡγήσασθαι μὲν 

τὸν διδάξαντά με τὴν τέχνην ταύτην ἴσα γενέτῃσιν ἐμοῖσι, καὶ βίου 

κοινώσασθαι, καὶ χρεῶν χρηίζοντι μετάδοσιν ποιήσασθαι, καὶ γένος τὸ ἐξ 

ωὐτέου ἀδελφοῖς ἴσον ἐπικρινέειν ἄῤῥεσι, καὶ διδάξειν τὴν τέχνην ταύτην, ἢν 

χρηίζωσι μανθάνειν, ἄνευ μισθοῦ καὶ ξυγγραφῆς, παραγγελίης τε καὶ 

ἀκροήσιος καὶ τῆς λοιπῆς ἁπάσης μαθήσιος μετάδοσιν ποιήσασθαι υἱοῖσί τε 

ἐμοῖσι, καὶ τοῖσι τοῦ ἐμὲ διδάξαντος, καὶ μαθηταῖσι συγγεγραμμένοισί τε καὶ 

ὡρκισμένοις νόμῳ ἰητρικῷ, ἄλλῳ δὲ οὐδενί. Διαιτήμασί τε χρήσομαι ἐπ' 

ὠφελείῃ καμνόντων κατὰ δύναμιν καὶ κρίσιν ἐμὴν, ἐπὶ δηλήσει δὲ καὶ ἀδικίῃ 

εἴρξειν. Οὐ δώσω δὲ οὐδὲ φάρμακον οὐδενὶ αἰτηθεὶς θανάσιμον, οὐδὲ 

ὑφηγήσομαι ξυμβουλίην τοιήνδε. Ὁμοίως δὲ οὐδὲ γυναικὶ πεσσὸν φθόριον 

δώσω. Ἁγνῶς δὲ καὶ ὁσίως διατηρήσω βίον τὸν ἐμὸν καὶ τέχνην τὴν ἐμήν. Οὐ 

τεμέω δὲ οὐδὲ μὴν λιθιῶντας, ἐκχωρήσω δὲ ἐργάτῃσιν ἀνδράσι πρήξιος τῆσδε. 

Ἐς οἰκίας δὲ ὁκόσας ἂν ἐσίω, ἐσελεύσομαι ἐπ' ὠφελείῃ καμνόντων, ἐκτὸς ἐὼν 

πάσης ἀδικίης ἑκουσίης καὶ φθορίης, τῆς τε ἄλλης καὶ ἀφροδισίων ἔργων ἐπί 

τε γυναικείων σωμάτων καὶ ἀνδρῴων, ἐλευθέρων τε καὶ δούλων. Ἃ δ' ἂν ἐν 

θεραπείῃ ἢ ἴδω, ἢ ἀκούσω, ἢ καὶ ἄνευ θεραπηίης κατὰ βίον ἀνθρώπων, ἃ μὴ 

χρή ποτε ἐκλαλέεσθαι ἔξω, σιγήσομαι, ἄῤῥητα ἡγεύμενος εἶναι τὰ τοιαῦτα. 

Ὅρκον μὲν οὖν μοι τόνδε ἐπιτελέα ποιέοντι, καὶ μὴ ξυγχέοντι, εἴη ἐπαύρασθαι 

καὶ βίου καὶ τέχνης δοξαζομένῳ παρὰ πᾶσιν ἀνθρώποις ἐς τὸν αἰεὶ χρόνον. 

παραβαίνοντι δὲ καὶ ἐπιορκοῦντι, τἀναντία τουτέων. 
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Summary 

 

Patients with rheumatoid arthritis and spondyloarthritis show higher mortality rates, 

mainly caused by cardiac comorbidities and premature aging of their immune 

system. The TghuTNF (Tg197) arthritis model develops tumor necrosis factor (TNF)-

driven and mesenchymal synovial fibroblast (SF)-dependent polyarthritis. Here, we 

investigate whether this model develops, similarly to human patients, comorbid heart 

pathology and we explore the cellular and molecular mechanisms linking arthritis to 

cardiac comorbidities. We also investigate whether these pathologies are affected by 

premature aging which is caused by accumulation of DNA damage in the synovium 

and in the heart valve.  

For these reasons, we used the TghuTNF (Tg197) arthritis model, which 

overexpresses huTNF and develops chronic polyarthritis, as well as systemic or 

tissue-specific Ercc1 KO mice, which lack Ercc1 protein and develop a premature 

aging phenotype. Furthermore, synovial fibroblasts (SFs) and Valve interstitial cells 

(VICs) were targeted by mice carrying the ColVI-Cre transgene. Clinical and 

histopathological evaluation of arthritis features were performed in the above animals 

and echocardiographic evaluation of cardiac function was performed in the Tg197 

model. In vitro analysis of cultured SFs and VICs was also performed to investigate 

possible similarities of these two mesenchymal cellular populations. Tnfr1fl/fl and 

Tnfr1cneo/cneo mutant mice were used to explore the role of mesenchymal TNF 

signaling in the development of heart valve disease. Pathogenic VICs and SFs were 

further analysed by comparative RNA-sequencing analysis. 

The pathology of Tg197 was not affected by either systemic loss of Ercc1 or 

mesenchymal-specific ablation of the protein. Similarly, the arthritogenic phenotype 

of SFs derived from these mice was not affected by the premature aging phenotype. 

Interestingly, mesenchymal-specific Ercc1 deletion caused muscle atrophy leading to 

reduced body weight of ColVI-Cre Ercc1fl/- mice compared to their littermates. It also 

ameliorated induced arthritis.  

Furthermore, Tg197 mice were found to develop left-sided heart valve disease, 

characterised by valvular fibrosis with minimal signs of inflammation. Thickened valve 

areas consisted almost entirely of hyperproliferative ColVI-expressing mesenchymal 

VICs. Development of pathology resulted in valve stenosis and left ventricular 

dysfunction, accompanied by arrhythmic episodes and, occasionally, valvular 
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insufficiency. TNF dependency of the pathology was indicated by disease modulation 

following pharmacological inhibition or mesenchymal-specific genetic ablation or 

activation of TNF/TNFR1 signaling. Tg197-derived VICs exhibited an activated 

phenotype ex vivo, reminiscent of the activated pathogenic phenotype of Tg197-

derived SFs. Significant functional similarities between SFs and VICs were revealed 

by RNA-seq analysis, demonstrating common cellular mechanisms underlying TNF-

mediated arthritides and cardiac comorbidities. Interestingly, heart-valve pathology of 

Tg197 mice was completely abolished by systemic Ercc1 ablation, but not by 

mesenchymal-specific Ercc1 deletion. This has to be due to additional mechanisms 

which are beyond the scope of this study.  

In conclusion, comorbid heart valve disease and chronic polyarthritis are efficiently 

modelled in the Tg197 arthritis model and share common TNF/TNFR1-mediated, 

mesenchymal cell-specific aetiopathogenic mechanisms. Chronic polyarthritis was 

not affected by premature aging phenotype, suggesting that the mechanisms driving 

the pathology of Tg197 act independently of the DNA damage caused by Ercc1 

deletion.  
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Περίληψη 

 

Οι ασθενείς με ρευματοειδή αρθρίτιδα και σπονδυλοαρθρίτιδα παρουσιάζουν 

υψηλότερα ποσοστά θνησιμότητας, που προκαλούνται κυρίως από καρδιακές 

συννοσηρότητες και πρόωρη γήρανση του ανοσοποιητικού τους συστήματος. Το 

μοντέλο αρθρίτιδας TghuTNF (Tg197) αναπτύσσει πολυαρθρίτιδα εξαρτώμενη από 

τον παράγοντα νέκρωσης όγκου (TNF) και από τους μεσεγχυματικούς ινοβλάστες 

(SF). Στην παρούσα μελέτη, εξετάζεται εάν σε αυτό το μοντέλο αναπτύσσεται, όπως 

και στους ανθρώπους, συνυπάρχουσα καρδιακή νόσος και διερευνώνται κυτταρικοί 

και μοριακοί μηχανισμοί που συνδέουν την αρθρίτιδα με τις καρδιακές 

συννοσηρότητες. Εξετάζεται, επίσης, εάν αυτές οι παθήσεις επηρεάζονται από την 

πρόωρη γήρανση, λόγω συσσώρευσης βλαβών στο DNA του αρθρικού υμένα και 

της καρδιακής βαλβίδας. 

Για αυτούς τους σκοπούς χρησιμοποιήθηκε το ανθρωποποιημένο μοντέλο 

αρθρίτιδας TghuTNF (Tg197) ποντίκι, το οποίο υπερεκφράζει τον huTNF και 

αναπτύσσει χρόνια πολυαρθρίτιδα, όπως και ποντικοί με ολική ή ιστοειδική 

αποσιώπηση της πρωτεΐνης Ercc1, τα οποία αναπτύσσουν φαινότυπο πρόωρης 

γήρανσης. Για τη στόχευση των αρθρικών ινοβλαστών (SFs) και των κύτταρων της 

βαλβίδας (VICs) χρησιμοποιήθηκαν ποντικοί που έφεραν το ColVI-Cre διαγονίδιο. Τα 

παραπάνω ζώα αξιολογήθηκαν κλινικά και ιστοπαθολογικά ως προς τα 

χαρακτηριστικά της αρθρίτιδας, ενώ στο μοντέλο Tg197 ελέγχθηκε η καρδιακή 

λειτουργία μέσω ηχοκαρδιογραφικής αξιολόγησης. Επιπροσθέτως, διεξήχθη in vitro 

ανάλυση των κυττάρων SFs και VICs με σκοπό τη διερεύνηση πιθανών ομοιοτήτων 

των δύο αυτών μεσεγχυματικών κυτταρικών πληθυσμών. Οι διαγονιδιακοί ποντικοί 

Tnfr1fl/fl  και Tnfr1cneo/cneo χρησιμοποιήθηκαν για να διερευνηθεί ο σηματοδοτικός ρόλος 

του μεσεγχυματικού TNF στην ανάπτυξη της καρδιακής βαλβιδοπάθειας. Τα 

παθογόνα κύτταρα VICs και SFs αναλύθηκαν περαιτέρω με ανάλυση αλληλουχίας 

RNA. 

Σύμφωνα με τα ευρήματα της μελέτης, η συστημική ή ιστοειδική (στα μεσεγχυματικά 

κύτταρα) απαλοιφή της πρωτεΐνης Ercc1, δεν επηρέασε την παθολογία των Tg197 

ποντικών . Ομοίως, ο αρθριτογόνος φαινότυπος των SFs που προέρχονται από αυτά 

τα ποντίκια δεν επηρεάστηκε από το φαινότυπο της πρόωρης γήρανσης. Είναι 

ενδιαφέρον το γεγονός ότι η εξάλειψη της Ercc1 από τα μεσεγχυματικά κύτταρα 

βελτίωσε την επαγόμενη αρθρίτιδα, ενώ ταυτόχρονα προκάλεσε μυϊκή ατροφία 
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οδηγώντας σε μειωμένο σωματικό βάρος των ποντικών ColVI-Cre Ercc1fl/- σε 

σύγκριση με τους ποντικούς μάρτυρες.  

Επιπλέον, οι ποντικοί Tg197 ανέπτυξαν ασθένεια καρδιακής βαλβίδας αριστερής 

πλευράς, που χαρακτηρίζεται από βαλβιδική ίνωση με ελάχιστα σημάδια φλεγμονής. 

Οι περιοχές των βαλβίδων που έχουν υποστεί βλάβη συνίστανται σχεδόν εξ’ 

ολοκλήρου από υπερ-πολλαπλασιαστικά μεσεγχυματικά VICs που εκφράζουν το 

διαγονίδιο ColVI-Cre. Η ανάπτυξη της παθολογίας έχει σαν αποτέλεσμα τη στένωση 

βαλβίδας και τη δυσλειτουργία της αριστερής κοιλίας, συνοδευόμενη από αρρυθμικά 

επεισόδια και, περιστασιακά, βαλβιδική ανεπάρκεια. Η φαρμακολογική αναστολή του 

TNF, όπως και η μεσεγχυματική γενετική απαλοιφή του σηματοδοτικού του 

μονοπατιού μέσω του υποδοχέα του, TNFR1, οδηγούν σε βελτίωση της νόσου, 

γεγονός που υποδεικνύει την άμεση σχέση της παθολογίας αυτής  με τον TNF. Τα 

VICs που προέρχονται από τα Tg197 ποντίκια εμφάνισαν ενεργοποιημένο 

φαινότυπο ex νίνο, που θυμίζει τον ενεργοποιημένο παθογόνο φαινότυπο των SFs 

που προέρχονται από τα ίδια ποντίκια. Σημαντικές λειτουργικές ομοιότητες μεταξύ 

των SFs και των VICs προέκυψαν μετά από ανάλυση RNA-seq, αποδεικνύοντας 

κοινούς κυτταρικούς μηχανισμούς που ελέγχουν την αρθρίτιδα, όπως και τις 

καρδιακές συννοσηρότητες με τη μεσολάβηση του TNF. 

Ενδιαφέρον παρουσιάζει το γεγονός ότι η παθολογία των καρδιακών βαλβίδων των 

ποντικών Tg197 βελτιώθηκε πλήρως μέσω της συστημικής απαλοιφής της 

πρωτεΐνης Ercc1, αλλά δεν επηρεάστηκε από την ιστοειδική απαλοιφή της στα 

μεσεγχυματικά κύτταρα. Αυτό οφείλεται σε επιπρόσθετους μηχανισμούς που δεν 

εμπίπτουν στο πεδίο εφαρμογής της παρούσας μελέτης. 

Συμπερασματικά, προκύπτει ότι η συνυπάρχουσα ασθένεια της καρδιακής βαλβίδας 

και η χρόνια πολυαρθρίτιδα μοντελοποιούνται αποτελεσματικά στο μοντέλο 

αρθρίτιδας Tg197. Επίσης, μοιράζονται κοινούς αιτιοπαθογόνους μηχανισμούς που 

σχετίζονται με τους μεσεγχυματικούς κυτταρικούς πληθυσμούς των συγκεκριμένων 

οργάνων και τα μοριακά μονοπάτια που ενεργοποιούνται διαμέσου του TNF και του 

υποδοχέα του (TNFR1). Τέλος, η χρόνια πολυαρθρίτιδα δεν επηρεάστηκε από τον 

πρόωρο φαινότυπο γήρανσης, υποδηλώνοντας ότι η παθολογία του Tg197 δρα 

ανεξάρτητα από τις βλάβες του DNA που προκαλούνται από τη διαγραφή της 

πρωτεΐνης Ercc1.  
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Significance statement 

 

Cardiovascular conditions, such as heart valve disease, present as the most 

prevalent comorbidities in patients with Rheumatoid arthritis (RA) and 

Spondyloarthritis (SpA) and their common mechanistic basis is not well understood. 

Here, we provide novel evidence that TNF signaling in the mesenchymal valve 

interstitial cells (VICs) drives RA-related comorbid cardiac pathology, eventually 

leading to fatal left ventricular dysfunction. Considering previous evidence, 

demonstrating that TNF-targeted mesenchymal synovial fibroblasts are sufficient 

drivers of the arthritogenic process in the Tg197 model, we propose that joint 

diseases and valvular comorbidities in human patients may be explained by common 

mechanisms associated with TNF signaling in mesenchymal cells. Interestingly, ex 

vivo cellular assays and gene expression analyses of Tg197-derived SFs and VICs, 

showed that both cell types share common pathogenic molecular and functional 

profiles, which could be of value for the design of future commonly targeted 

therapeutic strategies.       

We also show that TghuTNF arthritis is not affected by premature aging. However, 

the induction of another type of arthritis, with greater involvement of the immune 

compartment, was ameliorated due to accumulation of DNA damage specifically in 

mesenchymal SFs. This result could contribute to our understanding of the interplay 

between aged stromal cells and immune compartment under inflammatory 

conditions. Additionally, we found that mesenchymal-specific DNA damage in 

muscles led to muscle atrophy and reduced body weight. Therefore, we suggest that 

this mouse, if further studied, could be potentially used as a model of muscular aging.  
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Introduction 

 

1. Rheumatoid Arthritis  

 

Rheumatoid arthritis (RA) is a chronic inflammatory disease primarily associated with 

articular inflammation and synovial hyperplasia, eventually leading to bone 

destruction and cartilage damage. RA affects approximately 1% of the general 

population, with women to show two to three-fold higher predisposition compared to 

men (1). Although the main cause of the disease is yet unknown, the evolution of the 

field during the last two decades has greatly improved our understanding of RA risk 

factors and pathophysiology (2). 

 

1.1. The aetiopathogenesis of RA 

 

There are several risk factors that pose a predisposition for the development of RA, 

which include genetics, environmental factors, gender and microbes. These 

aetiopathogenic determinants act synergistically to contribute to the development of 

such a multifaceted disease.  

There are several genetic loci that show significant involvement in the susceptibility 

to RA, with most of relevant Single Nucleotide Polymorphisms (SNPs) being 

associated with immune and inflammatory pathways (3). The most significant genetic 

risk factor for RA is variations of the human leukocyte antigen (HLA; mostly known as 

major histocompatibility complex-MHC) loci that encodes for MHC molecules (4), 

which cause immune deregulation. More specifically, genome-wide association 

studies (GWAS) have identified that variations of HLA-DRB1 loci are the most 

significantly RA-associated loci (5). Epigenetic mechanisms, such as DNA 

methylation and histone acetylation in the MHC region have also been found to be 

potential mediators of RA genetic risk (6). These post-translational modifications are 

induced by environmental factors, which raise the risk for RA. For example, 

smoking is associated with high levels of pro-inflammatory cytokines and is one of 

the most essential environmental risk factor for RA development (7). Environmental 

factors and a specific lifestyle can also cause altered microbiome, which is another 

RA risk factor (8). Oral dysbiosis characterized by the existence of pathogenic 
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microbes such as Porphyromonas gingivalis and Aggregatibacter 

actinomycetemcomitans, that are associated with the pathogenesis of periodontitis, 

raises RA risk (9,10). Moreover, RA patients have often intestinal dysbiosis, where 

high levels of pathogens, such as Clostridrium and Escherichia coli, are found in their 

gut (11).  
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1.2. The pathophysiology of RA 

 

Although RA etiology is still unclear, there has been a great advance in 

understanding disease pathogenesis. As mentioned above, RA starts with a high-risk 

genetic background that, in combination with an epigenetic mark, leads to a cascade 

of events inducing dysregulated cytokine networks and thus synovitis, chondrocyte 

and osteoclast activation which ultimately lead to chronic destructive arthritis (12). 

The hypertrophic inflamed synovium is the main target of the dysregulated immune 

pathways in RA. RA synovial tissue is characterized by hyperplasia of the synovium 

lining layer, mainly composed of hyperproliferative stromal cells [Fibroblast-like 

Synoviocytes (FLS) (discussed below)] and accumulating inflammatory cells, such 

as T and B lymphocytes, plasma cells, macrophages, neutrophils, antigen-presenting 

dendritic cells, macrophages, CD38+ mast cells and natural killer cells (13), as shown 

in Figure 1. The recruitment of the CD3+,4+ and CD8+ T cells to the affected joint is 

facilitated by the neoangiogenesis occurring in the inflamed joint (2). B and T cells 

have been observed to form aggregates, which potentially produce Rheumatoid 

Factor (RF) and Anti-Citrullinated Protein Antibodies (ACPAs) that are widely used as 

RA biomarkers (14).  

 

 

Figure 1. Pathophysiology of RA. In a healthy synovial joint (left), a thin layer of 

SFs restricts the joint capsule. By contrast, in RA (right), SFs form an invasive 
synovial lining and leukocytes, such as T and B cells, macrophages, dendritic cells 
and plasma cells infiltrate the synovial membrane. “Pannus” is developed with the 
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help of neoangiogenesis, and osteoclasts drive later the bone destruction (modified 
by 15).  

 

Various studies have suggested the pivotal role of cytokines and chemokines in both 

the homeostasis of the synovium, but also in the development of RA, as they can 

possess anti- and pro-inflammatory properties. Pro-inflammatory 

cytokines/chemokines are highly expressed in the inflamed synovium by various cell 

types, such as lymphocytes, stromal cells, macrophages and neutrophils (16). 

Tumor Necrosis Factor (TNF-discussed below), IL6, IL1α and β, IL17, CXCL8, 

CXCL1, IFNs and MCP1/CCL2 are some of the most important 

cytokines/chemokines affecting hallmarks of RA pathology, such as cellular 

activation, adhesion, migration, neoangiogenesis, cell-extracellular matrix 

interactions, cytoskeleton reorganization and additional inflammatory properties 

which lead to the progressive cartilage and bone destruction (17,18). Clinical studies 

of drugs successfully ameliorating RA pathology by targeting some of these 

molecules in patients have validated their causal role in the disease (2). 

Once inflamed synovium invades into adjacent articular structures, namely cartilage 

and bone, there are several pathways activated driving progressive cartilage 

destruction and bone erosion, mainly by the release of the aforementioned cytokines, 

as well as Matrix Metalloproteinases (MMPs), such as collagenases (19). Cartilage 

destruction is mainly caused by aggressive invasion of the activated FLS (20), while 

bone erosion occurs mainly due to maturation and activation of the bone-resorbing 

cells, osteoclasts. These cells are activated by the receptor activator of nuclear 

factor-κB ligand (RANKL), which is highly produced by the inflammatory and stromal 

cells of the inflamed synovium, and degrade the bone matrix by releasing proteases 

(21). These events result in joint dysfunction and disability in patients with RA.  

1.2.1. The role of Tumor Necrosis Factor (TNF) 

 

TNF plays a leading pathogenic role in RA pathology as supported by animal work 

and clinical findings which show the high efficiency of anti-TNF therapy in TNF-driven 

RA models and RA patients respectively (22–24). A small overview on TNF and its 

signaling will follow: 

TNF was initially found to be produced upon immune system activation and was able 

to exert significant cytotoxicity on many tumor cells lines and to cause tumor necrosis 
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in certain animal model systems, hence its name (25). It was then found to play a 

significant role in cachexia and endotoxin-induced septic shock (26).  Studies of the 

last two decades have implicated TNF signaling in various organismal and cellular 

responses, including lymphocyte and leukocyte activation and migration, cell 

proliferation, differentiation and apoptosis, inflammatory and immunoregulatory 

responses, antiviral responses, growth inhibition and cell death (27,28). Further 

biochemical and molecular analysis revealed that TNF is comprised by 233 amino 

acids and is synthesized as a nonglycosylated transmembrane protein of ~26 kDa, of 

which a soluble 17 kDa fragment is proteolytically cleaved from the plasma 

membrane by the metalloprotease TNF-alpha converting enzyme (TACE), which 

belongs to the ADAMs family of disintegrins (29). In the soluble form, TNF monomers 

assemble and circulate as a stable 51 kDa homotrimer, consisting of 157 amino acid 

(30).  

The biological actions of TNF depend on the response of the target cell, which is 

mediated by two distinct surface receptor subtypes, TNF-R1 (p55) and TNF-R2 

(p75), with molecular weights of 55-60 kDa and 70-80 kDa respectively (31). In the 

vast majority of cells, TNFR1 appears to be the key mediator of TNF signaling, as it 

is constitutively expressed in most cell types, while TNF signaling through TNFR2 

plays a role in the lymphoid tissue, as it is highly regulated and found only in specific 

cells, such as immune cells, but also in neurons and endothelial cells (32). One 

explanation of the restrictive role of TNFR2 is that it can be fully activated only be 

transmembrane TNF (33).  

The two cell receptors have similar extracellular TNF-binding structures, but their 

distinct intracellular domains define the response of each cell to TNF. As shown in 

Figure 2, TNFR1 which is expressed by all cells including tumor and endothelial cells, 

is considered to have a dual role. TNFR1 can either recruit complex I which consists 

of the receptor-interacting protein (RIP1) and TNF-receptor-associated factor 2 

(TRAF2) and promotes the activation of two of the main TNF effectors, activator 

protein-1 (AP-1) and NF-κB as well as the activation of inhibitor of nuclear factor 

kappa-B kinase (IKK) and mitogen-activated protein kinases (MAPKs), such as Jun 

N-terminal Kinase (JNK) and p38 (28). Thus, induction of signaling complex I leads to 

expression of NF-κB and AP1 target genes that are important in inflammation, host 

defense as well as cell proliferation and survival (34).  TNFR1 can also promote a 

pro-apoptotic signaling, as it contains a protein-protein interaction domain, called 

death domain, which –once activated- recruits the TNFR1 complex II which consists 
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of TNFR1-associated death domain (TRADD), Fas-associated death domain (FADD) 

as well as its downstream caspases, such as caspase 8 and eventually leads to 

programmed cell death via caspase-dependent apoptosis or/and necroptosis (35–

37). TNFR2 is considered anti-apoptotic, meaning TNF signaling though TNFR2 is 

pro-survival, and its occupancy by TNF results in direct recruitment of TRAF2, which 

in turn recruits TRAF1 and they eventually activate MAPKs, NF-κB as well as AKT 

(38). Overall, TNF receptor complexes are thought to serve a beneficial physiological 

role as a buffer against the potentially damaging acute effects of TNF, but may also 

impose a detrimental impact as a source of prolonged cytokine activation (31).  
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Figure 2. Signaling modalities and bioactivities downstream of TNF receptors.  

 
(a) TNF receptor 1 (TNFR1) signaling is activated by both soluble and 
transmembrane TNF. TNFR1 bears a death domain that recruits the adaptor protein 

TNFR1‑associated death domain protein (TRADD). Ligation of TNFR1 by soluble 
TNF or transmembrane TNF leads initially to the assembly of complex I, which 
activates nuclear factor κB (NF-κB) and mitogen-activated protein kinases (MAPKs). 
TNFR1–complex I signaling induces inflammation, tissue degeneration, cell survival 
and proliferation and orchestrates the immune defense against pathogens. 
Alternative signaling modalities, associated with programmed cell death, can also be 
activated downstream of TNFR1. The formation of the complexes IIa and IIb (also 
known as ripoptosome) results in apoptosis, whereas complex IIc (necrosome) 
induces necroptosis and inflammation. [MLKL, mixed lineage kinase domain-like 
protein] 

 

(b) TNFR2 is proposed to be fully activated primarily by transmembrane TNF, in the 
context of cell‑to‑cell interactions. TNFR2 recruits TNFR-associated factor 2 (TRAF2) 
via its TRAF domain, triggering the formation of complex I and the downstream 
activation of NF-κB, MAPKs and AKT. TNFR2 mediates primarily homeostatic 
bioactivities including tissue regeneration, cell proliferation and cell survival. This 
pathway can also initiate inflammatory effects and host defense against pathogens. 
(34).  
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The key inflammatory cascade of RA includes overproduction and overexpression of 

TNF which is found in high concentrations both in the synovium, as well as in the 

serum of RA patients (39,40). TNF is mainly produced by monocytes, macrophages, 

B- and T-cells as well as fibroblasts  and it acts as an autocrine stimulator, as well as 

a potent paracrine inducer of the inflammatory cytokines, such as IL-6, IL-1 and IL-8 

(41). In Table 1, the effect of TNF on various crucial cells in RA is outlined.  

 

Table 1. Action of TNF on various cells in Rheumatoid Arthritis (41). 

 

TNF plays a significant role on all three main hallmarks of RA, that is synovial 

fibroblasts activation/proliferation, cartilage destruction and bone erosion. As shown 

in Figure 3, TNF induces the production of adhesion molecules from synovial 

fibroblasts in order to attract leucocytes into the affected joints, as well as MMPs that 

destroy cartilage (42) [Further analysis on the role of TNF in the RA-SFs is found in 

the next section]. Apart from the significant impact that TNF has on SFs, it also 

causes decrease in proteoglycan production by chondrocytes, which eventually leads 

to cartilage destruction. In addition, bone erosion in RA is highly driven by TNF, as 

TNF enhances the differentiation of osteoclast precursor cells into mature 

osteoclasts, overexpressing RANKL, hence leading to bone destruction (21).  The 

essential role of TNF is also confirmed by the considerable positive impact of anti-

TNF therapy on clinical  symptoms of RA patients (43). More specifically, anti-TNF 

therapy significantly reduces neovascularization and synovial hyperplasia, as well as 

fibrosis and additional cytokine levels, such as IL‑1β and IL-6 (44,45). Once TNF is 

blocked, SFs lose their activated/transformed phenotype and osteoclast maturation is 

also reduced. Overall, TNF plays a significant role in both the initiation and the 

development of RA symptoms, although the exact mechanisms of its effect on this 

multifaceted disease are not completely unraveled yet (46).  
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Figure 3. The role of TNF-α in the pathogenesis of joint damage in Rheumatoid 
Arthritis. TNF: Tumor Necrosis Factor; TNFR: Tumor Necrosis Factor Receptor 

(modified by 47). 
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1.2.2. The role of mesenchymal cells -Synovial Fibroblasts (SFs) 

 

Mesenchymal cells are active participants in the structure and function of almost all 

tissues and contribute to their homeostasis (48). The mesenchymal cells of the joint 

are the Fibroblast-like Synoviocytes (FLSs), also named Synovial Fibroblasts (SFs) 

(49,50). SFs are located in the intimal lining layer of the synovial membrane of the 

joints and are required for the constant supply of various proteins which help in 

maintaining proper joint function and lubrication, as well as tissue repair and wound 

healing when required (51). These proteins are Vimentin, proteoglycans, extracellular 

matrix components, such as collagens and hyaluronic acid, as well as lubricin, 

VCAM-1, ICAM-1, IL-6, IL-1, cadherins, podoplanin, RANTES, MMPs etc (52). SFs is 

one of the main constitutive cellular population of the stromal compartment of the 

joint and together with tissue-resident macrophages, endothelial cells, nerves, 

vessels and ECM, they form the healthy joint  (53).  

Although immune cells, such as T and B-cells have been widely associated with the 

development of RA, several studies have implicated SFs as the key pathogenic 

orchestrators of the disease, capable of driving the development of joint pathologies 

both in mouse models and human patients (20,24,54). It was recently shown that 

depending on their location, either throughout different joints (55) or within the same 

joint -lining or sublining (56)- SFs can have unique characteristics, but they all 

acquire an aggressive arthritogenic phenotype in RA. More specifically, SFs are able 

to initiate and further develop RA symptoms, independently of inflammation in the 

synovium (51). Further knowledge regarding their role in the disease has derived 

from studies performed in vitro, as SFs can grow as a monolayer and easily expand 

displaying mostly fibroblastic morphology and properties (52).  

As discussed above, SFs of RA patients actively contribute not only to the synovial 

hyperplasia due to their activation and production of inflammatory cytokines, but also 

to the subsequent joint destruction due to their involvement in matrix degradation, 

hence in cartilage and bone destruction (57). As shown in Figure 4, the arthritogenic 

phenotype of RASFs is characterized by unique features of aggressiveness and high 

capacity to invade into ECM, thus resembling the transformed phenotype of tumor 

cells. Another unique feature of RASFs is their resistance to intrinsic apoptosis 

pathway due to several factors which trigger imbalanced ratio between anti- and pro-

apoptotic molecules (52). For example, highly activated NF-κB or/and Akt 
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phosphorylation provide a strong pro-survival signal which links inflammation with 

decreased apoptosis (58). 

 

 
Figure 4. The role of FLS in RA. FLS contribute to RA pathology through a reduced 

ability to undergo apoptosis, the production of proteases that degrade the ECM and 
their ability to invade cartilage. FLS produce factors that potentiate growth, 
inflammation, angiogenesis and immune cell recruitment (modified by 59).  
 

RASFs activation is induced by various stimuli, such as adhesion molecules 

(integrins, cadherins, fibronectin) derived from the synovial ECM, growth factors 

(FGF, TGF-β, PDGF) released by synovial macrophages, inflammatory factors 

(TNFα, IL-6, IL-1β, IFNγ, IL-17) released by immune cells, proto-oncogenes and 

tumor suppressor genes (p53, p21, c-Myc), though the main factors leading to their 

activation are still unknown (57). Once stimulated, RASFs enhance the production of 

inflammatory factors, such as VEGF, TNFα, various ILs, adhesion molecules (ICAM-

1, VCAM-1), MMPs, adipokines, thus sustaining synovitis and a chronic inflammatory 

milieu together with the continuous influx of innate immune cells which eventually 

altogether contribute to ECM destruction (50). They also release chemokines, such 
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as CCL2, CCL4, CCL5, CCL8, CXCL8, CXCL12 and IFNβ (53). The expanded or 

thickened synovial tissue, called “pannus”, which behaves like a local invasive tumor, 

consists mainly of activated and invasive SFs and osteoclasts which can erode the 

interface of cartilage and bone (12).  

RASFs adhere to cartilage, with the help of ICAM-1 and mostly VCAM-1, where they 

control and potentiate MMP, ADAMT and cathepsin expression (59). Involvement of 

cadherins and specifically cadherin-11 in invasion into ECM-like matrices is also 

evident from in vitro studies (20). The production of these proteins by RASFs is 

induced by pro-inflammatory factors (59). Once RASFs invade cartilage, they start 

damaging the adjacent bone, by mainly producing high levels of RANKL and 

myostatin –a TGFβ family member-, which directly promote osteoclastogenesis (42).  
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1.3. Animal mouse models  

 

Despite the improvements in unraveling the pathophysiological mechanisms of RA, 

the actual pathways driving the initiation of the disease remain unclear, which hinders 

effective drug development. Although we have gained essential knowledge from 

studying the human SFs, animal models that recapitulate aspects of human disease 

provide an invaluable tool to understand the basic biological mechanisms and to 

potentially target pathways implicated in the disease by future therapeutic agents 

(60).  

As reviewed in Table 2, there is a wide variety of agents that can induce different 

types of experimental arthritis which mimic specific or multiple aspects of the human 

disease.  Although most of them show high variability within the experimental groups, 

the advantage of working with induced models of RA is that they are applicable to 

genetically engineered mice, such as knockout (KO) or knockin (KI) mice, which 

allows the examination of specific genes of interest in the context of RA (61).  

Additionally, several genetically engineered, mutated and congenic mice have been 

generated to develop spontaneous RA-like pathology, as shown in Table 3. Mainly by 

targeting inflammatory factors or immune mediators, there are many models of RA 

that have helped in elucidating the drivers of human disease and further translating 

this knowledge into clinic (62). Most of the induced and the genetically modified RA 

models can recapitulate the basic characteristics of RA disease, such as synovial 

hyperplasia, cartilage destruction and bone erosion, as well as the interplay between 

SFs and immune cells, such as T and B cells, neutrophils and macrophages (63).  

Although all of these models have been proven essential for studying pathways 

associated with human RA, it is necessary to focus on their targeted identification 

and validation. The correlation of animal models with the human disease could be 

improved by precise phenotyping and characterization of the models and by 

acquiring publicly available large-scale profiling and metadata integration. These 

advances would allow a more efficient exploitation of animal models in the 

development and assessment of new and more reliable therapeutics, which would 

also be improved if more humanised models are generated (60). 
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Induced Models 

Model 
Spe-
cies 

Induction 
Characteristics 

of Pathology 
developed 

Similarity 
to Human 
Disease 

Dura-
tion 

Adva-
ntages 

Disadva-
ntages 

Refe-
rences 

Collagen- 
Induced 
Arthritis 

(CIA) 

Mouse, 
rat, rabbit, 

non-
human 
primate 

Active 
immunizatio
n by 
inoculation 
with type II 
heterologou
s Collagen 

Acute monophasic 
erosive polyarthritis, 
antibody and Th17-
cell response 

Presence of 
RF and 
ACPAs, 
chronic 
relapsing 
arthritis 
resembling 
human 
remission 

Onset 
within 12-
15 days, 
peak is at 
~30 days, 
lasting up 
to 2 
months 

Easy to 
perform 

 

1)Only 
inducible in 
susceptible 
strains of 
rodents, such 
as DBA/1 
2)Variable 
incidence, 
severity and 
inter-group 
inconsistency 

(64,65) 

Collagen 
Antibody
-Induced 
Arthritis 
(CAIA) 

Mouse 

1) Passive 
immunizatio
n by 
inoculation 
with a 
commerciall
y available 
cocktail of 
monoclonal 
antibodies 
against 
various 
epitopes of 
Collagen 
Type II 
2) Serum 
transfer from 
an 
immunized 
mouse 
3) Serum 
transfer from 
RA patients 

Self-limiting 
polyarthritis in 100% 
animals, 
macrophage and 
polymorphonuclear 
cell 
involvement, no T- 
and B-cell 
involvement 

RA-like 
symptoms, 
CAIA can 
provide 
insight into 
separate 
roles of 
innate and 
adaptive 
immune 
response in 
RA 

Onset 
within 48 
h, with 
peak at ~7 
days, 
lasting for 
1 month 

1) Can 
be 
induced 
in any 
mouse 
strains 
2) High 
degree of 
synchroni
city 
3) 100% 
penetran
ce 

1)Due to its 
independency 
from T and B 
cells, it does 
not 
recapitulate 
the immune 
compartment 
of human RA 
2)High 
incidence of 
variability in 
different LOTs 
of the 
induction 
antibodies 
mixture 

(66,67) 

Zymosan
-Induced 
Arthritis 

Mouse, 
rat 

Inoculation 
with intra-
articular 
injection of 
Zymosan (a 
polysacchari
de from the 
cell wall of 
Saccharomy
ces 
cerevisiae) 

Proliferative 
inflammatory  
monoarthritic 
pathology, synovial 
hypertrophy, 
pannus formation, 
TLR-2 dependency 

RA-like 
symptoms 

Onset 
within 3 
days, 
lasting for 
7 days, 
relapsing 
after ~25 
days 

Inducible 
in 
multiple 
strains of 
mice 

High degree of 
technical 
ability to 
perform 
intra-articular 
injection in 
mice 

(68,69) 
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Model 
Spe-

cies 
Induction 

Characteristics 

of Pathology 

developed 

Similarity 

to Human 

Disease 

Dura-

tion 

Adva-

ntages 

Disadva-

ntages 

Refe-

rences 

Antigen-
Induced 
Arthritis 

Mouse, 
rat 

Inoculation 
with intra-
articular 
injection of 
antigen 

Arthritis, which is 
followed by the 
emergence of auto-
reactivity to 
collagen, followed 
by T cell-mediated 
responses 

Presence of 
RF 

 

Inducible 
in 
multiple 
strains of 
mice 

1) High degree 
of technical 
ability to 
perform 
intra-articular 
injection in 
mice 
2) It does not 
recapitulate 
the human 
characteristic 
of endogenous 
breach of 
tolerance 

(70,71) 

Pristane-
Induced 
Arthritis 

Mouse, 
rat 

Inoculation 
with a single 
injection of 
pristine (a 
natural 
saturated 
terpenoid 
alkane) 

T-cell dependent 
acute severe 
inflammation with 
edema formation 
and infiltration of 
mononuclear and 
polymorphonuclear  
cells, followed by a 
chronic relapsing 
phase 

RA-like 
symptoms, it 
can provide 
insight into 
pathways 
leading to 
non-
responsivene
ss  of some 
RA patients 
to TNFα 
inhibitors 

It includes 
a chronic 
relapsing 
disease 
course 

Inducible 
in 
multiple 
strains of 
mice 

It does not 
recapitulate 
RA TNF-
dependency 

(72,73) 

Serum-
Induced 
Arthritis 

Mouse 

Serum 
transfer from 
K/BxN (see 
Table 3) 

Severe and 
destructive 
polyarthritis 

Presence of 
anti-G6PI 
antibodies, 
TNF and IL1 
involvement 

Onset 
within 2 
days, 
peak at 6-
14 days, 
wane by 
day 18-21 

Inducible 
in 
multiple 
strains of 
mice 

Variability in 
different 
mouse strains 

(74,75) 

Human/ 
SCID 

chimeric 
mice 

Mouse 

Implantation 
of human 
synovial 
tissue from 
RA patients 
as 
xenografts in 
SCID mice 

RA-like symptoms 
with cartilage 
invasion and 
destruction, 
mediated by SFs 

Activated 
synovium 
and cartilage 
destruction 

At day 35, 
focal 
erosion 
starts 
appearing, 
at day 105 
activated 
SFs 
invade the 
cartilage 

Human-
derived 
cells can 
be 
studied 

1) High degree 
of technical 
ability is 
needed 
2) High 
incidence of 
variability 

(76) 

 

Table 2. Characteristics of selected induced models of RA (60–63). 
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Table 3. Characteristics of selected spontaneous mouse models of RA (60–63). 

 

Spontaneous Models 

Model Genetic 
Modification 

Characteristics of 
Pathology 
developed 

Similarity 
to Human 
Disease 

Duration Adva-

ntages 

Disadva

-ntages 

References 

TNFΔARE/+ 

Deletion of AU-
rich elements, 
which leads to 

persistent 
elevation of TNF 

levels 

Chronic inflammatory 
polyarthritis, the mice 

also develop 
intestinal 

inflammation 

TNF-
dependency, 

SFs 
activation 

Onset at 6 
weeks of 
age, peak 

at 16 
weeks of 

age 

100% 
penetrance 

Systemic 
cachexia/ 

growth 
retardation 

(24,77) 

Tg-
huTNF 

Overexpression 
of human TNF 

Chronic inflammatory 
erosive polyarthritis 

TNF-
dependency, 

SFs 
activation 

Onset at 3 
weeks of 
age, peak 

at 8 
weeks. 

Mice die at 
11-12 
weeks 

1)100% 
penetrance 

2) humanised 
model where 
anti-human 

TNF treatment 
can be tested 

Mice die 
within 12 
weeks of 

age 
because of 

the 
extreme 

TNF-driven 
cachexia 

(23,24,78) 

ILRa -/- 

Systemic 
ablation of 
natural inhibitor 
of IL-1 receptor, 
which leads to 
high levels of  
IL-1 

Chronic arthritis with 
T cell-dependent 
pathology 

Presence of 
RF, 
autoantibodi
es to double-
stranded 
DNA and 
type II 
Collagen, IL-
1, TNF, IL-6 
and IL-17 
are elevated 

Onset at 5 
weeks of 
age, peak 
at 16 
weeks of 
age 

100% 
penetrance 

Spontaneo
us arthritis 
only 
develops 
in the 
inflammato
ry-
susceptible 
mouse 
strains, 
such as  
Balb/C, 
DBA/1 

(79) 

K/BxN 

Transgenic T-
cell receptor 

KRN that 
recognizes a 

peptide of G6PI 
as an 

autoantigen in 
the context of 

MHC-II 

Severe and 
destructive 

polyarthritis, 
activation and mast 
cell degranulation, 

sustained T cell 
activation leads to 

high affinity 
antibodies against 

G6PI; TNF- and IL1-
driven pathology 

Presence of 
anti-G6PI 

antibodies, 
TNF and IL-1 
involvement 

Onset at 
day 15, 
peak at  
day 60 

Usefulness for 
the study of 
initial events 

of RA 

Presence 
of anti-
G6PI 

antibodies 
in RA 

patients is 
still 

controversi
al 

(80,81) 

SKG 

Point mutation in 
ZAP-70, which 
alters thymic T-
cell selection 

Inflammatory 
arthritis, T-cell driven 
pathology 

Presence of 
RF 

Onset at 2 
months, 
peak at 8 
months of 
age 

Useful for 
studying how 
T-cells 
stimulate SFs 

Absent in 
germ-free 
mice 

(82) 

DNaseII
-/- IFN-
IR-/- 

Induced deletion 
of the DNase II 
gene 

Inflammatory 
polyarthritis 

TNF 
involvement, 
presence of 
anti-CCP 
and RF 

Early 
onset, 
peak at 12 
months 

Useful for 
studying how 
macrophages 
stimulate SFs 

Long 
protocol 

(83) 
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1.3.1 Tg-huTNF model of RA (Tg197) 

 

A successful paradigm of a humanised animal model of RA that has been widely 

widely in preclinical studies, is the human TNF transgenic mouse, Tg-huTNF, or 

Tg197. As discussed earlier, TNF is a mediator of RA pathology and its critical role 

has been proved by the highly positive clinical responses of human patients to anti-

TNF therapies (43,84). The pathogenic role of TNF and the reversal of disease 

progression by its inhibition was originally demonstrated in the Tg-huTNF mouse (23) 

and recently validated in therapies with more than one anti-huTNF agents (85). This 

model is characterized by deregulated expression of human TNF, which leads to the 

spontaneous development of chronic, erosive and symmetrical polyarthritis with 

histological features that highly resemble the ones of human RA. This mouse model 

has catalytically contributed to our knowledge on the mechanisms that control the 

development and progression of RA, highlighting the key role of TNF in the pathology 

of the disease (23). It has also provided an essential tool for studying the role of the 

mesenchymal compartment in the development of RA, as Tg-huTNF-derived SFs 

show a TNF-driven transformed phenotype mainly characterized by increased 

proliferative and migratory capacity and production of inflammatory cytokines (86–

88), resembling the one of RASFs which was discussed earlier. In addition, it has 

been proven that Tg-huTNF mice can develop arthritis even in the absence of 

adaptive immune system and that the key cellular orchestrator of the disease is SFs 

(24,89). Arthritogenic SFs of Tg-huTNF mice have been recently found to exhibit a 

distinct expression profile mimicking the one of human RASFs (90), which can be 

reversed by anti-TNF therapy (85).  

Overall, this RA mouse model has been widely used to study the role of TNF as well 

as the role of TNF-driven activation of SFs in the pathology of RA, strongly 

recapitulating the human disease.   
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1.3.2. Col6a1-Cre (ColVI-Cre) mouse  

 

Apart from the genetically engineered mice that permit studying of RA mechanisms, 

the use of the Cre-LoxP system and various Cre lines have also been a valuable tool 

to study the role of specific cells in the disease. More specifically, by using the Cre-

LoxP system, one can (in)activate genes in specific genes in the tissue of interest 

(91). By using Col6a1-Cre (ColVI-Cre) mouse, which targets the mesenchymal cells 

of joints, small intestine, skin, skeletal muscle cells (24) and additional tissues (92), 

the role of TNF and its main receptor (TNFR1) in SFs was further investigated in the 

Tg-huTNF mice.  

Our lab generated mice whose TNFR1 signaling was activated specifically in the SFs 

(ColVI-Cre Tnfr1cneo/cneo mice) (93), as well as mice whose TNFR1 signaling was 

ablated specifically in the SFs (ColVI-Cre Tnfr1flox/flox) (94). When these two mice 

strains were crossed with the Tg-huTNF mice, it was proven that TNFR1 signaling on 

SFs is not only required for the disease, as mice with ablation of TNF signaling in 

their SFs showed amelioration of chronic polyarthritis (95), but also sufficient to 

initiate the disease, as mice with ablated TNF signaling in every cell but their SFs 

developed chronic polyarthritis (24). 

Overall, the engineered mice Tg-huTNF in combination with the ColVI-Cre mice, 

have been used to study the driving role of TNF in RA pathology as well as its effects 

on the SFs of the animal.  

In addition, a more advanced version of the Cre-LoxP system is the use of reporter 

mice of Cre activity which are important for defining the spatial and temporal extent of 

Cre-mediated recombination. An example is the Rosa26mT/mG mouse, a double-

fluorescent Cre reporter mouse that expresses membrane-targeted tandem dimer 

Tomato (mT) prior to Cre-mediated excision and membrane-targeted green 

fluorescent protein (mG) after excision, meaning that upon Cre recombination with a 

Cre line, Cre+ cells are stained with green fluorescence and the rest of the cells (Cre-) 

are stained with red fluorescence. Both membrane-targeted markers outline cell 

morphology, highlight membrane structures, and permit visualization of fine cellular 

processes (96). 
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1.4. Extraarticular RA-related manifestations/ comorbidities 

 

Although the main features of RA are joint inflammation and damage, the notion that 

RA is a multisystemic syndrome, affecting not only the joints, but also additional 

organs has been recently gained momentum (97). Due to its multifactorial nature and 

complexity, the clinical picture of RA patients is highly heterogeneous with several 

different subsets of RA being manifested in patients (60) and with many patients 

showing increased mortality compared to the general population (98,99). The 

different subsets of patients may involve different types of RA, such as RF positive or 

negative, but they may also include different extraarticular manifestations, which are 

broadly collected together as co-morbidities leading to increased disability and 

shortened life expectancy (100).  

Unfortunately, comorbidities are not well managed in RA patients and many clinicians 

prefer to simply record the presence of comorbid pathologies, but not to use 

standardized indexes, such as Charlson index, which assess their pathology stage, 

rendering the record of incidence and prevalence of these condition challenging (97). 

In Figure 5, the prevalence of most common RA-related comorbidities is depicted.  

 

  

Figure 5. Prevalence of evaluated comorbidities in RA patients (97). 
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Some comorbidities, such as cancers, do not have a causal association with RA, 

although their incidence is higher in RA. The most dominant theory about these types 

of comorbidities is that patients are predisposed to develop non-causal comorbidities 

due to chronically active inflammation (97). Nevertheless, some comorbidities are 

causally associated with RA, as their frequency and impact are increased in RA 

patients. The most common causally associated comorbidities are cardiovascular 

diseases, osteoporosis, periodontal diseases, gastrointestinal and lung disorders 

(100), as summarized in Table 4.  

 

Table 4. Key comorbidities in Rheumatoid Arthritis (modified by 100). 

 

1.4.1. RA-related heart diseases 

 

Cardiovascular disorders are one of the most common and most important arthritis-

related comorbidities as they are highly responsible for the increased mortality rates 

observed in RA patients (97,101). Cardiac disease manifestations are detected in 70-

80% of Rheumatoid arthritis (RA) and Spondyloarthritis (SpA) patients and symptoms 

can vary greatly, including ischemic and congestive heart failure, pericarditis, 

cardiomyopathy, arrhythmias, as well as valvular diseases, such as valve 

insufficiency and stenosis (102,103).  

Coronary artery disease, or otherwise ischemic heart disease or cardiovascular 

disease (CVD), is characterized by accumulation of atherosclerotic plaques in the 

arteries of the patients, which poses high risk for myocardial infarction. In ~14% of 

RA patients, accelerated atherosclerosis begins around the same time-onset of RA 

symptoms and may cause myocardial infarction and hospitalization with the need of 

surgical intervention (104). CVD can be diagnosed via resting electrocardiography 

and echocardiography, which may indicate Left Ventricular hypertrophy, an 
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established feature of RA (105), and arrhythmias or by cardiac catheterization and 

angiogram, where the width of the arteries and hence the presence of atheromatous 

plaques can be evaluated (106). Coronary plaques of RA patients are more frequent, 

more severe and more prone to rupture compared to the general population, hence 

RA patients have worse outcomes after myocardial infarction, with earlier relapse 

and increased mortality (107). This indicates that CVD diagnosed in RA patients 

differs from the non-RA patients and this could be attributed to the different 

microenvironment of the patients (101). Chronic high-grade inflammatory state of RA 

patients could cause these differences, as both RA and atherosclerosis have an 

inflammatory basis. In fact, formation, progression and high levels of proinflammatory 

factors, such as TNF, IL-1β and IL-6 found in plaques, are also found in the synovial 

membrane of RA patients. Therefore, it could be suggested that proinflammatory 

factors can be transferred from pathogenic synovium of RA patients to distant tissues 

through blood, thus generating a spectrum of proatherogenic changes, such as 

insulin resistance, prothrombotic effects, pro-oxidative stress and endothelial 

dysfunction in these patients (108). 

Apart from a higher risk to develop ischemic heart disease, RA patients have also an 

increased risk to develop heart failure (HF), with a two-fold higher incidence (109). 

Cardiomyocyte hypertrophy, the hallmark of myocardial remodeling, which is 

enhanced during HF, is evident in RA patients (105). Heart failure can be diagnosed 

via resting electrocardiography and echocardiography, which may indicate left 

ventricular diastolic dysfunction, hypertrophy and fibrosis as well as impairment in 

contractility (110). Not only do RA patients with HF present differently from those 

without HF, but their prognoses are also worse, with significantly higher mortality 

(111).  

Moreover, in RA patients without evident cardiovascular or heart failure disease, 

there could be findings of valvular involvement, such as valvular calcifications, 

thickening, insufficiency, stenosis, prolapse or a combination of two or more co-

existing valvular pathologies (112). In fact, meta-analysis data combining findings of 

several studies, have shown that RA patients have three-to-five times increased risk 

to develop mitral/aortic valvular insufficiency, aortic valve stenosis and mitral/aortic 

valve thickening/calcification (103).  These pathologies are clinically defined as “silent 

rheumatoid heart disease”, as they may not present with clinical symptoms until they 

are very progressed, which intensifies the importance of echocardiographic 

assessment in RA patients (113). They can be diagnosed by anatomic evaluation 
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combining short- and long- echocardiography axis to describe the valvular leaflet 

mobility, thickness and calcification. Continuous-wave Doppler can also detect 

severe valvular stenosis jet, by measuring the maximum velocity and color Doppler 

analysis can detect possible regurgitation jet and –in combination with imaging- it can 

also determine the level of any valvular obstruction (114). The effects of a chronic 

valvular abnormality on cardiac function can be also evaluated using 

echocardiography assessment in patients, evaluating parameters outlined in Table 5. 

Left ventricular volume, as well as other chambers’ volume and function can be 

measured by 3D echocardiography, which also permits measurements of chamber 

dimensions and filling volumes which altogether allow the calculation of Ejection 

Fraction (EF) volume, a measurement of the percentage of blood leaving the heart 

each time it contracts, using the Simpson equation. Contractility efficiency, evaluated 

by measurements like systolic velocity of the posterior wall (SVPW), can be 

measured by 2D M-Mode measurements (115).  

The increased prevalence of heart diseases in RA patients could be attributed to 

several pathologies observed in RA patients that pose as risk factors for heart 

diseases, such as hypertension, dyslipidemia, diabetes, obesity as well as insulin 

resistance (104). However, besides the correlation between RA inflammation and 

cardiovascular disease analyzed above, the mechanisms mediating the co-

occurrence of cardiac comorbidities in patients with chronic inflammatory joint 

diseases remain unknown. 
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 Table 5. Parameters evaluated in echocardiography assessment 

  

Echocardiography 

methods 
Measurements Description 

2D 

LVEDd Left ventricular end diastolic diameter 

LVEDs Left ventricular end systolic diameter 

LA Left atrium 

LVLd Left ventricular end diastolic length 

LVPWd LV posterior wall thickness in diastole 

IVSd 
LV interventricular septal wall thickness 

in diastole 

M-mode 

HR Heart beat per minute 

SVPW Systolic velocity of the posterior wall 

Color Doppler 

AoV Aortic valve velocity 

MV E and A Mitral valve velocity 

PV Pneumonic valve velocity 

Calculated 

measurements 

LVEDV Left Ventricle end diastolic volume 

LVESV Left Ventricle end systolic volume 

 

FS 

Fractional shortening (degree of 

shortening of the left ventricular diameter 

between end-diastole and end-systole = 

LVEDd – LVEDs/LVEDd * 100% ) 

SV 

Stroke volume (volume of blood pumped 

from the left ventricle per beat=LVEDV-

LVESV) 

CO 

Cardiac Output (volume of blood being 

pumped by the heart per unit of time = 

HR*SV) 

EF 

Ejection fraction (the volumetric portion 

of the total blood ejected from the heart, 

with each heartbeat =[SV/LVEDV]*100; 

Simpson’s equation) 
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1.4.2. The role of TNF in heart diseases 

 

As discussed above, chronic exposure to high-grade inflammation renders RA 

patients prone to develop extra-articular manifestation. Therefore, the involvement of 

several proinflammatory factors, such as TNF, IL-1β, IL-6 and IL-8 may play an 

important role in RA-related comorbidities. Here we are going to focus on the role of 

TNF as it appears to play the most important role in RA and possibly in comorbidities, 

most specifically in RA-related heart pathologies (Figure 6). Elevated circulating 

levels of inflammatory cytokines, have been associated with cardiovascular disease, 

as well as HF, myocardial dysfunction and valvular diseases (116).  

 

Figure 6. The role of TNF-α in the pathogenesis of comorbidities in Rheumatoid 
Arthritis (modified by 47). 

 

In fact, high serum levels of circulated TNF (117) as well as high myocardial protein 

levels of TNF and its receptors -TNFR1 & 2- (118)  are detected in patients with 

severe chronic heart failure and associated cachexia, as well as in patients with CVD 

(119,120). Additionally, recent clinical and experimental studies have noted that 
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increased release of TNF can contribute to LV myocardial remodeling, the milestone 

in the progression of HF, by inducing cardiomyocytes hypertrophy (121), which leads 

to LV dilation (31). The involvement of TNF in HF mechanisms has also been 

underscored by various studies in transgenic mice. More specifically, mouse models 

that overexpress TNF in a cardiac-specific manner develop cardiac dysfunction, 

while the systemic deregulation of TNF expression results in aortic/mitral valve 

inflammation (122–124).  Overall, these findings in both mouse models and humans, 

have suggested that not only circulating TNF and TNFR levels can be used as 

biomarkers and as prognostic predictors for HF, but they could also be targeted 

therapeutically in HF patients (125,126). Unfortunately, recent clinical trials that used 

anti-TNF biologics in patients with HF showed that TNF inhibition had no or even 

adverse effects in their clinical outcome (127). However, in case of RA patients, anti-

TNF therapy seemed beneficial regarding the increased risk of these patients to 

develop HF or CVD (128). It, therefore, appears that anti-TNF therapy, in certain 

instances, confers protection against HF and/or CVD, but in case of RA-related 

cardiac manifestations, medications should be prescribed very carefully as there is a 

variety of possible explanations for the failure of anti-TNF therapy, which ends up 

being controversial (129). Further randomized controlled trials are required to 

determine the therapeutic potential of different anti-TNF agents and different 

therapeutic regimens in the management of HF. 

Apart from its pivotal, if not causal, role in the pathogenesis of heart failure, TNF also 

exerts an important role in heart valvular diseases. TNF has been mainly associated 

with the pathogenesis of Calcific Aortic Valve Disease (CAVD), which is 

characterized by aortic valve inflammation, fibrosis and calcification progressing to 

aortic stenosis (130). Valve Interstitial Cells (VICs) –see below- which are the main 

components of the human heart valves are induced by TNF and hence acquire an 

activated osteoblastic phenotype which contributes to the progression of calcification 

in CAVD (131). In addition, elevated serum TNF levels have been found in patients 

with aortic stenosis and mitral regurgitation, suggesting an association of TNF levels 

with hemodynamic pressure and cardiac volume overload (132). The driving role of 

TNF in the development of valvular pathologies has also been shown through studies 

in mouse models. TNF overexpression by the myeloid cells in BPSM1 mice has led 

to the development of aortic root aneurism, as well as mitral and aortic valve disease 

(133). Moreover, TNF-dependent valvulitis has been found in two additional knockout 

mice, IL-1Ra-/- and TTP-/-, further strengthening the association of TNF with valvular 
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diseases (134,135). However, further studies are needed to elucidate the 

underestimated role of TNF in valvular diseases.  

Overall, given that TNF is mediating both RA and cardiac diseases, which are 

manifested in RA, it may commonly underlie arthritis and arthritis-related cardiac 

manifestations in human patients, which could also explain the amelioration of both 

of these comorbidities in patients treated with anti-TNF biologics (136).  

 

1.4.3. The role of mesenchymal cells- Valve Interstitial cells (VICs)- 

in heart diseases 

 

Cardiac valves are mainly composed of Valve Interstitial Cells (VICs) that are 

enclosed by two thin layers of Valve Endothelial Cells (VECs) (137). VICs is the most 

prevalent cell type in the heart valves and is responsible for the maintenance of the 

valve integrity by adapting to homeostatic and pathogenic conditions, as dictated by 

the ECM, mechanical force and other factors in the valve (138). Numerous studies 

have shown that VICs have a heterogeneous population, but their main 

characteristics are the fibroblastic nature and the mesenchymal origin, confirmed by 

their capacity to multi-lineage differentiation, their fibroblastic morphology in vitro, as 

well as their expression profile of known mesenchymal markers, such as Vimentin, α-

SMA, CD90, CD73, CD105 and their negative expression of hematopoietic markers 

(CD34, CD45) and endothelial markers (CD31, VEGF, VE-Cadherin)  (139–141). 

However, they could be distinguished into five phenotypes, as outlined in Table 6, 

based on their cellular functions in normal valve physiology, as well as in pathological 

processes.  
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Table 6. Classification of VIC markers and functions into five phenotypes. 
 [qVICs : quiescent VICs, pVICs: progenitor VICs, aVICs: activated VICs, obVICs: 
osteoblastic VICs] (142).  

 

More specifically, embryonic progenitor endothelial/mesenchymal cells undergo 

endothelial-to-mesenchymal transformation (EndMT) during fetal development giving 

rise to quiescent VICs (qVICs) resident in the normal heart valve, which maintain 

normal valve physiology. When qVICs are subjected to a stimulus, they become 

activated, giving rise to myofibroblastic activated VICs (aVICs) that participate in 

valvular repair and remodeling by acquiring activated features, such as increased 

migration, proliferation and ECM synthesis. In fact, the interplay between qVICs and 

aVICs is thought to be the cornerstone of valve homeostasis (143).  Another source 

of aVICs has been suggested to be the progenitor VICs (pVICs), which include bone-

marrow derived cells, circulating cells and resident valvular progenitor cells, but this 

is still under research. qVICs can also undergo osteoblastic differentiation into 

osteoblastic VICs (obVICs) in the presence of osteogenic and chondrogenic factors 

or, generally, under conditions that promote valvular classification (142).  

Recent in vitro studies have suggested that TNF is a very important stimulus of VICs 

activation as it can activate qVICs into myofibroblastic aVICs, hence inducing their 

pathogenic contribution to heart valve diseases (144). In addition, TNF is capable of 

inducing qVICs differentiation into obVICs and expressing markers such as Runx2, 

BMP2, ALP, Osteocalcin and Osteopontin thus actively contributing to the 
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development of valvular pathologies, such as CAVD (140), a progressed stage of 

aortic stenosis (Figure 7). In fact, strong evidence indicate that VICs derived from 

CAVD patients show a greater sensitivity to TNF induction, as TNF activates NF-κB 

in qVICs, accelerating their transformation (131). As VICs are able to synthesize 

matrix components, such as collagen, elastin, proteoglycans, growth factors, 

cytokines, chemokines as well as MMPs, they can interact with each other and with 

the valvular ECM to produce a fibro-calcific remodeling of the valve that can cause 

restriction of blood flow, which can potentiate deterioration of valvular function (145).  

 

 

Figure 7. Schematic depiction of the role of VICs in valvular pathology. 

Quiescent VICs (qVICs) differentiate into activated myofibroblast-like VICs (aVICs), 
responsible for functional remodeling of the heart valve ECM. Upon TNF stimulation, 
aVICs can further differentiate into osteoblastic VICs (oVICs), which are responsible 
for calcium deposition in CAVD (modified by 146). 
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2. Aging 

 

Aging has been defined as the progressive decline of functional capacity in multiple 

cells, tissues and organs associated with increased risk of morbidity and mortality. 

This deterioration is the primary risk factor for major human pathologies, such as 

cancer, diabetes, cardiovascular disorders and neurodegenerative diseases  (146).  

Age-related loss of function is a feature of virtually all organisms that age, ranging 

from single-celled creatures to large, complex animals. In mammals, age-related 

degeneration gives rise to well-recognized pathologies such as sarcopenia, 

atherosclerosis, heart failure, osteoporosis, macular degeneration, pulmonary 

insufficiency, renal failure, neural degeneration and prominent neurodegenerative 

diseases such as Alzheimer’s and Parkinson’s diseases, and many more age-related 

pathologies (147). The mechanisms underlying the aging process are beginning to 

be unravelled at the molecular level, yet there is clear evidence that the rate of aging 

differs significantly between members of the same animal species, including humans.  

 

2.1. The aetiopathogenesis of aging 

 

Aging research has experienced an unprecedented advance over recent years, 

mostly due to the recent findings of genetic pathways and biochemical processes 

driving the pathogenesis of aging, as shown in Figure 8. In fact, scientists studying 

the molecular and cellular processes that govern these changes and their variation in 

individuals have identified nine interconnected “hallmarks of aging”, that will be 

outlined here.  

Numerous studies have reported that aging is characterized by increased genomic 

instability, mainly due to increase in somatic mutations and other forms of DNA 

damage, suggesting that impairment of DNA repair mechanisms is a determinant of 

aging (148). Causal evidence for the link between genomic damage and aging has 

risen from studies in cells, mice and humans in whom deficiencies in DNA repair 

mechanisms cause accelerated aging (149). Another additional hallmark of aging is 

the telomere attrition due to the decreased production of the enzyme called 

telomerase, eventually leading to decline in cellular division capacity which even 

further deteriorates upon increased levels of stress (150,151). In fact, telomerase 
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deficiency in humans is associated with premature development of diseases, such as 

pulmonary fibrosis, anemia and many others, which collectively comprise a single 

syndrome spectrum defined by the “short telomere defect” (152). Similar to many 

molecular processes and defects, epigenetic alterations, including histone 

modifications, alterations in DNA methylation and transcription, as well as chromatin 

remodeling, render as age-associated markers. More specifically, histone and DNA 

methylation are necessary for normal aging, which has been also associated with 

increased transcriptional changes (146). 

 

 

Figure 8. The Hallmarks of Aging. The scheme enumerates the nine hallmarks of 

aging, that is genomic instability, telomere attrition, epigenetic alterations, loss of 
proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular 
senescence, stem cell exhaustion and altered intercellular communication (146).  
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Moreover, aging is characterized by impaired protein homeostasis, namely 

proteostasis. During aging, the mechanisms which stabilize the correct folding of 

proteins and degrade the misfolded ones are disrupted, which results in chronic 

expression of unfolded, misfolded or aggregated proteins and contributes to the 

development of age-related diseases (153). The mechanisms mostly responsible for 

the correct proteolysis of these misfolded proteins, namely the autophagy-lysosomal 

system and the ubiquitin-proteasome system become deficient during aging (154). 

Additionally, metabolic deregulations through the somatotrophic axis, which 

consists of growth hormone, insulin-like growth factor, mechanistic target of 

rapamycin and AMPKs, contribute to the process of aging (155). The favorable role 

of metabolism in the natural process of aging has been further confirmed by studies 

on dietary restriction, which increases lifespan in mice (156).  Mitochondrial 

dysfunction is another important contributor in the pathogenesis of aging, as the 

respiratory chain diminishes with aging, leading to decrease in ATP generation (146). 

The role of mitochondrial impairment in aging has been further strengthened by 

recent findings suggesting that when mitophagy, a selective type of autophagy 

targeting mitochondria for degradation, declines with aging, there is an accumulation 

of damaged mitochondria, leading to decreased lifespan (157).  

Furthermore, cellular senescence has been suggested to be one of the most 

important hallmarks of aging. When cells undergo cellular senescence, they are 

characterized by permanent and irreversible growth arrest and resistance to 

apoptosis (158). Senescent cells are accumulating over the life span mainly due to 

extracellular and intracellular stress, such as telomeric dysfunction, mitochondrial 

deterioration, severe or irreparable DNA damage as well as oxidative stress (159).  

Recently, the senescent cell was more thoroughly described as metabolically active 

which ultimately develops a cellular phenotype, called senescence-associated 

secretory phenotype (SASP), that can alter its microenvironment. SASP is 

characterized by increased secretion of interleukins and inflammatory cytokines and 

chemokines, including IL-6 and TNF, proteases, such as MMPs, growth factors, as 

well as gene expression of cell-cycle inhibitors, such as p16INK4a and p21 (159). As 

senescent cells can affect the neighbor cellular proliferation, migration and 

differentiation, there is a controversy whether cellular senescence is a beneficial 

compensatory response to clear the tissues from damaged and potentially oncogenic 

cells or if it becomes deleterious and accelerates aging when tissues exhaust their 

regenerative capacity (146). This stem cell exhaustion plays a very essential role in 
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aging, as a deficient production of the necessary number of stem cells and the cell 

types that are differentiated to is observed and eventually leads to organ dysfunction. 

This renders stem cell exhaustion as the ultimate culprit of tissue and organismal 

aging (160). The process of aging also depends on the altered intercellular 

communication. One example is the so called “inflammaging”, that is a 

phenomenon combining the accumulation of a low-grade pro-inflammatory tissue 

damage, the dysfunction of the immune system (immunosenescence), the secretion 

of pro-inflammatory factors from senescence cells, the enhanced activation of the 

NF-κB transcription factor and the defective autophagy response observed in aging. 

These intercellular communication alterations result in an enhanced activation of the 

so-called inflammasome (a multiprotein oligomer responsible for the activation of 

inflammatory responses), which leads to increased production of IL-1β, TNF and 

IFNs (161). Interestingly, the involvement of inflammaging has been further 

supported by recent studies in which long-term administration of anti-inflammatory 

agents increased longevity (162). Beyond inflammation and its contribution to aging 

process, there are many findings on how aging-related changes in one tissue can 

lead to aging-specific deterioration of other tissues, which explains the inter-organ 

synchronized coordination of the aging phenotype in an organism (146). Apart from 

the inflammatory cytokines that can act in a paracrine manner to affect neighbor 

cells, senescent cells can induce senescence in neighboring cells via gap junction-

mediated cell-cell contacts and processes involving ROS (163). 
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2.2. DNA Damage Response (DDR) 

 

Preservation of genomic integrity is a prerequisite for proper cell function, but 

genomic stability can be insulted by various environmental factors or by the chemical 

properties of DNA itself, which eventually causes aging or cancer (164). In fact, 

increased genomic instability due to impairment of DNA repair mechanisms is one of 

the main characteristics of aging. DNA lesions can be caused by environmental 

agents, such as ultraviolet (UV) light and ionizing radiation, as well as numerous 

genotoxic chemicals, reactive oxygen species (ROS), generated by respiration and 

lipid peroxidation and spontaneous hydrolysis of nucleotide residues (165). 

Transcription and translation are dramatically affected by DNA lesions as replication 

over unrepaired DNA can induce mutations, which may initiate and propagate cancer 

or aging. Additionally, blockage of transcription by severe lesions can cause cellular 

senescence and hence accelerating aging (166). For these reasons, the organisms 

have developed a sophisticated network of DNA damage response (DDR) systems, 

including DNA repair mechanisms, damage tolerance processes and cell-cycle 

checkpoint pathways, whose impairment leads to age-related pathologies and severe 

cancer susceptibility (167).  

The wide diversity of DNA lesion types necessitates multiple and largely distinct 

DNA-repair mechanisms, which are illustrated in Figure 9. In summary, in mismatch 

repair (MMR), the organism detects a mismatch or/and point insertion/deletion in a 

DNA strand and makes a single-strand incision in this place which is then acted upon 

by nuclease, polymerase and ligase enzymes (168); in base-excision repair (BER), a 

DNA glycosylase enzyme detects the damaged base and removes it before 

nuclease, polymerase and ligase proteins complete the repair, which they also 

perform in single-strand break repair (SSBR) (169,170). During double-strand break 

repair (DSBs), non-homologous end-joining (NHEJ) and homologous recombination 

(HR) mechanisms are used: in NHEJ, DSBs are recognized by kinases which recruit 

and activate end-processing enzymes, polymerases and DNA ligases, while HR is 

restricted to S and G2 phase because it uses sister-chromatid sequenced as the 

template to mediate accurate repair (171). The nucleotide excision repair (NER) 

system recognizes helix-distorting base lesions and excises the damaged lesion in a 

way that will be explained in the next section (172).  
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Figure 9. Main DNA lesions and corresponding DNA damage repair pathways.   

DNA lesions that affect a single strand without significantly disrupting the helical 
structure are generally repaired by BER, whereas DNA damage significantly 
distorting the DNA helix is repaired by NER. DR copes with small chemical changes 
affecting a single base, and MMR repairs mismatches in the pairing of DNA caused 
by replication errors. Finally, HR and NHEJ, although distinct pathways, are both 
involved in the repair of DNA double-strand breaks: HR allows ‘error free’ repair of 
the lesion whereas NHEJ is an ‘error prone’ mechanism that repairs DNA, but at the 
cost of introducing mutations into the genome. The selection of HR or NHEJ is 
primarily based on the phase of the cell cycle and the expression, availability and 
activation of DNA-repair proteins. [Abbreviations: AGT, O6-alkylguanine-DNA 
alkyltransferase; ATM, ataxia telangiectasia mutated; BER, base excision repair; DR, 
direct repair; GG-NER, global genome NER; HR, homologous recombination; 
06MeG, O6-methylguanine; MMR, mismatch repair; NER, nucleotide excision repair; 
NHEJ, non-homologous end joining; TC-NER, transcription-coupled NER] (173).   
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2.2.1. Nucleotide Excision Repair (NER) 

 

Among the plethora of DNA repair mechanisms, NER is the one responsible for the 

removal of bulky, helix distorting DNA adducts, as it senses the distortion caused to 

the DNA double helix and excises a short oligonucleotide spanning the lesion (174). 

The way NER recognises and eventually excises the area of the lesion is outlined in 

Figure 10 below. Briefly, once the damaged DNA strand is detected, a dual incision is 

performed, one on either side of the lesion so that the lesion-bearing oligonucleotide 

is removed. This is followed by the synthesis of a new DNA strand using the 

undamaged complementary strand as a template and it is eventually ligated to the 

contiguous strand (175).  The correct activity of NER relies  on the well-orchestrated 

activities of about 30 proteins, which participate in one or both of the different modes 

of NER, namely Global Genome NER (GG-NER) and Transcription-Coupled NER 

(TC-NER) (176). The basic difference between these two subpathways lies in the 

way of the detection of the lesion spot. In the GG-NER, the entire genome is 

examined for disturbed base-pairing associated with structural changes to 

nucleotides, while TC-NER is activated when RNA polymerase II is stalled during 

transcript elongation by a lesion in the template strand (177). Moreover, these two 

subpathways differ from each other in terms of the DNA point of correction, as GG-

NER repairs damages to DNA not undergoing transcription, while TC-NER damages 

to the transcribed regions of DNA (178).  

The essential role of NER is proven by the severity of NER deficiency syndromes, 

such as Xeroderma Pigmentosum (XP), Cockayne syndrome (CS) and 

Trichothiodystrophy (TTD), which systemically affect the organism, hence posing a 

devastating impact on human health. NER deficiencies can rise from germ-like 

mutations in genes encoding for any factor involved in the two subpathways, a fact 

that renders NER deficiencies inheritable (179). Although these genes have been 

identified, the reason why different molecular defects in the same pathway lead to 

such diverse pathologies remains unknown.  
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Figure 10. Nucleotide excision 

repair. In the global genome 

nucleotide excision repair (GG‑NER; 

left) subpathway, the damage sensor 

XPC, in complex with UV excision 

repair protein RAD23 homologue B 

(RAD23B) and centrin 2 (CETN2), 

constantly probes the DNA for helix-

distorting lesions (step 1, left), which 

are recognized with the help of the 

UV–DDB (ultraviolet (UV) radiation–

DNA damage-binding protein) 

complex (step 2, left). Upon binding 

of the XPC complex to the damage, 

RAD23B dissociates from the 

complex (step 3, left). In the 

transcription-coupled NER (TC-NER; 

right) subpathway, damage is 

indirectly recognized during transcript 

elongation by the stalling of RNA 

polymerase II (RNA Pol II) at a 

lesion. During transcript elongation 

UV-stimulated scaffold protein A 

(UVSSA), ubiquitin-specific-

processing protease 7 (USP7) and 

Cockayne syndrome protein (CSB) 

transiently interact with RNA Pol II 

(step 1, right). Upon stalling at a 

lesion, the affinity of CSB for RNA 

Pol II increases (step 2, right) and the 

Cockayne syndrome WD repeat 

protein CSA–CSB complex is 

formed, which probably results in 

reverse translocation (backtracking) 

of RNA Pol II (step 3, right) that 

renders the DNA lesion accessible 

for repair. RNA Pol II and the nascent 

mRNA transcript are not depicted 

further. After damage recognition, the 

TFIIH (transcription initiation factor 

IIH) complex is recruited to the lesion 

in both GG‑NER and TC‑NER (step 

4). In NER, the XPG structure- 

specific endonuclease, either 

associated with TFIIH or separately, 
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binds to the pre-incision NER complex (step 4). Upon binding of TFIIH, the CAK 

(CDK-activating kinase) subcomplex dissociates from the core TFIIH complex. The 

helicase activity of TFIIH further opens the double helix around the lesion, and 5ʹ–3ʹ 

unwinding of the DNA by the TFIIH basal transcription factor complex helicase 

subunit XPD verifies the existence of lesions with the help of the ATPase activity of 

the TFIIH XPB subunit and XPA, which bind to single-stranded, chemically altered 

nucleotides (step 4). In this step the single-stranded DNA binding protein replication 

protein A (RPA) is also recruited and coats the undamaged strand. XPA recruits a 

structure specific endonuclease -the XPF–ERCC1 heterodimer- which is directed to 

the damaged strand by RPA to create an incision 5ʹ to the lesion (step 5). Once this 

‘point of no return’ is reached, XPG is activated and cuts the damaged strand 3ʹ to 

the lesion, which excises the lesion within a 22–30 nucleotide‑long strand (step 6). 

The trimeric proliferating cell nuclear antigen (PCNA) ring, which is directly loaded 

after the 5ʹ incision by XPF–ERCC1, recruits DNA Pol δ, DNA Pol κ or DNA Pol ε for 

gap-filling DNA synthesis (step 7). Gap filling can begin immediately after the 5ʹ 

incision is made. The NER reaction is completed through sealing the final nick by 

DNA ligase 1 or DNA ligase 3 (step 8) (177). 

 

In general, mutations that exclusively affect the GG-NER subpathway are associated 

with skin cancer, as in XP syndrome, whereas mutations exclusively affecting the 

TC-NER subpathway contribute to more complex developmental and neurological 

disorders, as in CS and TTD syndromes, which have mainly mutations of CSA or 

CSB proteins (180). The three main NER disorders are outlined in Table 7. Briefly, 

XP was the first human disease to be identified that is caused by a deficiency in NER 

(181) and it is a rare human, autosomal-inherited, skin and neurodegenerative 

disease in which exposure to sun can result in a high incidence of skin and basal cell 

carcinomas and melanomas (179). These symptoms begin in early life with the first 

exposure of the organism to the sunlight and the frequency of melanomas, anterior 

eye cancers and tongue cancers is increased by 1000-fold or more in patients with 

XP under 20 years old (182). Lifespan of XP patients is strongly dependent on 

accumulated sun exposure and quality of care, but these patients are also prone to 

developing neurological degeneration. On the other hand, CS is mainly a 

developmental and neurological disorder, as CS patients have dramatically reduced 

lifespan, but it is not linked to an increased incidence of cancer  (183). The main 

characteristics of CS patients is cachectic dwarfism and growth retardation, 

retinopathy, microcephaly, deafness, neural defects, demyelination and ganglial 

calcifications (183). The average lifespan of these patients is only 10-12 years, which 

describes CS as a segmental progeroid disorder, although there have been reported 
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patients that have survived until their 40s (184,185). TTD is also a rare autosomal 

recessive disorder characterized by brittle, Sulphur-deficient hair and ichthyosis, with 

patients presenting an unusual facial appearance with protruding ears and receding 

chin, as well as with impaired mental abilities (180).  

 

Table 7. Clinical and cellular features of nucleotide excision repair disorders 

(179). 
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2.2.1.1. Ercc1-XPF 

 
Although GG-NER and TC-NER differ from one another in ways discussed in the 

previous section, once the damage is recognised, the repair reactions of these two 

sub-pathways are identical, namely the helix is locally unwound by the TFIIH 

complex and bound by XPA and RPA proteins which ensure correct positioning of 

two endonucleases, ERCC1-XPF and XPG (186). More specifically, ERCC1-XPF is a 

structure-specific endonuclease required to incise the damaged strand of DNA 5’ to 

the lesion (187). This incision creates a 3’ end that is used as a primer by the 

replication machinery to replace the excised nucleotide. For this, XPF is necessary to 

catalyse the activity with its conserved nuclease domain and ERCC1 is required for 

binding to DNA (188).  

Apart from its essential role in NER, ERCC1-XPF structure also participates in 

additional DDR pathways, such as DSBs and DNA interstrand crosslinks (ICLs) 

(189). Moreover, a fraction of ERCC1-XPF is localized at telomeres, where it is 

implicated in the recombination of telomeric sequences and loss of telomeric 

overhangs at deprotected chromosome ends (190).  

Deficiency of either ERCC1 or XPF in humans results in a variety of conditions, 

which include the skin cancer-prone disease Xeroderma Pigmentosum (XP), a 

progeroid syndrome of accelerated aging, or cerebro-oculo-facio-skeletal syndrome 

(COFS) (191). In fact, the first cases of human ERCC1-XPF deficiency were in 2006 

(192), where the patient presented with dramatic progeroid symptoms due to a 

severe XPF mutations and 2007 (186), where the patient displayed a relatively mild 

impairment of NER due to low copy numbers of ERCC1, but with severe symptoms, 

including intrauterine growth retardation, microcephaly with premature closure of 

fontanels, bilateral microphthalmia, blepharophimosis, high nasal bridge, short 

filtrum, micrognathia, low-set and posterior-rotated ears arthrogryposis with rocker-

bottom feet, flexion contractures of the hands and bilateral congenital hip dislocation. 

There was also mild hypoplasia of the kidneys, with normal structure and function. 

The patient died in early infancy.  

These diseases are extremely rare in the general population and therefore mice with 

low levels of either ERCC1 or XPF as well as of other NER-associated proteins have 

been generated and studied extensively. These murine models clearly illustrate the 

importance of DNA repair in preventing aging-related tissue degeneration (191).  
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2.3. Animal mouse models of aging 

 

To understand the biological significance of NER-associated proteins, a lot of 

genetically modified, mainly knock-out, mice have been generated. Their genetic 

modifications and their phenotype –with focus on the Cockayne-like pathology- are 

outlined below in Table 8.   
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Table 8. Principal features of Cockayne syndrome and related NER-deficient 
mice (modified by 194). 



 
 

 

62 

 

2.3.1. Excision Repair Cross Complementation Group 1 (ERCC1) 

deficiency 

 

Mice with Ercc1 deletion were generated, by interruption of exons leading to almost 

complete truncation of the protein (194,195). Weeda et al., 1997, generated the 

second knock-out mouse by inserting a neomycin resistance cassette into exon 7 of 

ERCC1, which led to undetected ERCC1 mRNA in these mice, hence disrupting the 

helix-hairpin-helix motif required for the interaction of ERCC1 with XPF (194). 

Although Ercc1 KO mice are viable in a mixed genetic background (FVB/C57BL/6J), 

they show postnatal growth retardation, weighing only 20% of their WT littermates’ 

weight and premature death (before weaning). More specifically, the liver of Ercc1-/- 

mice is mainly affected showing symptoms of hepatic failure, namely hepatocellular 

polyploidy, hyperchromatic and enlarged hepatic nuclei as well as G2 arrest, which is 

the primary cause of premature death, as suggested by studies correcting Ercc1 

deletion specifically in the liver of these mice (196). Ercc1-/- mice also show 

progressive neurodegeneration, including ataxia and trembling (192), renal 

insufficiency (195) and dysfunction of various organs, such as skin, liver and bone 

marrow as well as loss of muscle mass and strength (sarcopenia), a hunchback 

spine (kyphosis) and on a cellular level, they suffer from premature replicative 

senescence and oxidative stress sensitivity (194). Overall, the phenotypes of this 

mouse, outlined in Table 9, are reminiscent of an aged organism and since they 

appear early on in life, this model is used to recapitulate progressive progeroid 

phenotypes. Interestingly, when Ercc1 mutant mice were subjected to dietary 

restriction, their lifespan was extended, delaying aging, attenuating accumulation of 

genome-wide DNA damage and preserving transcriptional output, likely contributing 

to improved cell viability (156). 
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Table 9. Table listing the symptoms of aging-related phenotypes observed in 
Ercc1−/− mice at 4 weeks of age, Ercc1Δ/- mice at 28 weeks of age and normal 
human aging at >120 years old. (+) indicates presence and (−) indicates absence 
of the symptom (modified by 192). 

To further investigate the DNA repair function of ERCC1 protein in vivo, the 

generation of a mouse model with Ercc1 dysfunction, but prolonged lifespan 

compared to the one of Ercc1−/− mice, was needed. For this reason, a new mouse 

model was engineered in which a premature stop codon was inserted at position 292 

of  mouse ERCC1 protein, which caused a C-terminal deletion of the last 7 amino 

acids of the protein, hence leading to partial truncation of ERCC1 (194). 

Homozygous Ercc1*292 (also referred to as Ercc1Δ/Δ) mice lived up to 6 months 
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showing similar defects to the ones of Ercc1−/− mice (194). Hypomorphic Ercc1Δ/- 

mice were made by a combination of Ercc1Δ/Δ and Ercc1−/− mice and they have an 

even prolonged lifespan of 7 months in mixed genetic background (197). However, 

they still develop age-related phenotypes, such as tremors, kyphosis and ataxia, 

growth retardation, neurodegeneration, liver dysfunction as well as other symptoms 

outlined in Table 9, and reviewed in Dollé et al, 2011(156). Interestingly, Ercc1Δ/- 

mice develop osteoporosis and intervertebral disc degeneration, characterized by 

reduced flexibility of the spine, pain, reduced mobility, loss of disc height and 

degenerative structural changes in the vertebral bodies mainly due to reduced matrix 

proteoglycans synthesis and enhanced osteoclastogenesis, as well as accumulation 

of apoptotic cells, DNA damage and senescence-associated secretory phenotype 

(198,199). However, there were no observations on symptoms resembling arthritis, 

despite findings showing an association between osteoarthritis and low levels of 

ERCC1 in patients (200).   

To allow further dissection of the role of ERCC1 in the age-related pathology of 

Ercc1-mutant mice, mice with tissue-specific deletions have been generated, using 

the loxP-Cre system. More specifically, a floxed allele of ERCC1 was generated by 

inserting loxP sites in introns 2 and 5, so that Cre recombinase excises exons 3-5 of 

the ERCC1 locus (201). Several tissue-specific Ercc1-mutant mice have been 

reported. Skin-specific Ercc1 deletion, using the K5Cre promoter which is specific for 

keratinocytes, led to dramatic hypersensitivity to UV-B irradiation-induced skin 

carcinogenesis (201). Hepatocyte-specific Ercc1 deletion in vitro caused cytoplasmic 

lipid accumulation, damaged mitochondria as well as increased oxidative damage-

induced apoptosis (202). Neural-specific Ercc1 deletion in liver-corrected Ercc1 

knockouts, using the promoter of the neurofilament gene, nestin, showed no 

significance between the cerebellum development of Ercc1- deficient mice compared 

to WT, although these mice developed neurological defects, such as ataxia. 

However, the neural-specific Ercc1 mutant mice developed uraemic encephalopathy, 

a brain disease resulting from kidney failure, suggesting that renal failure may trigger 

the neurological phenotype observed in Ercc1 mutant mice (203). Melanocyte-

specific Ercc1 deletion caused unexpected colonic obstructive disorder, resembling 

late-onset Hirschsprung’s disease, mainly because the promoter used, apart from the 

melanocytes precursors, is also expressed in additional neural crest lineages that 

differentiate into cells comprising the parasympathetic nervous system that 

innervates the gastrointestinal tract and control gut peristalsis (204).  Neuron-specific 
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Ercc1 ablation, using the αCaMKII promoter which is specific for post-mitotic 

neurons,  caused learning impairment, cognitive decline and neurodegeneration 

mainly due to age-dependent decrease in neuronal plasticity (205). Tissue-specific 

deletion of Ercc1 in early and adult hematopoietic stem cells, using the Tie-2 

promoter, revealed molecular mechanisms on how Ercc1 deficiency leads to bone 

marrow deficiency (206). Ercc1 ablation specifically from adipose tissue, using the 

aP2 promoter which targets adipocytes, led to steady loss of fat depots due to 

necrotic cell death and release of damage-associated molecular patterns (DAMPS) 

which eventually led to lipodystrophy (207). Interestingly, this study showed that the 

defective fat tissue secreted high levels of pro-inflammatory factors, such as TNF and 

IL-6, which were initiated by the deregulated adipocytes per se and not the activated 

macrophages, suggesting that persistent DNA damage triggers induction of pro-

inflammatory cytokines and ultimately creates a microenvironment with chronic 

inflammation  (207).  
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3. RA and aging 

 

As discussed in the previous section, persistent DNA damage is thought to be a 

major contributor to cellular senescence and aging. Immune aging is a central 

component of advancing age and leads to the loss of immune system integrity, which 

causes higher predisposition to infections and a permanent risk for chronic 

inflammation and pathogenesis of autoimmune diseases (208). The link between RA 

and aging has been studied in the past, yet there are still various questions 

unanswered.  

3.1. TNF and aging 

Aging has been associated with increased levels of circulating cytokines, such as IL-

6 that was initially found elevated in plasma/serum levels in elderly people (209). 

Some studies have even found that TNF is increased in elderly populations (210). 

More specifically, serum circulating levels of TNF have been found to be associated 

with mortality, indicating that TNF has specific effects in frail people (211). Although 

increases in inflammatory markers, such as IL-6, TNF and CRP are only 2- to 4-fold, 

hence the characteristic age-related low-grade inflammation, they still act as 

inflammatory markers and are strong predictors of all-cause mortality risk, as they 

possess specific biological activities (212). This low-grade inflammatory activity is 

caused by a dysregulated cytokine production, which is further exacerbated to be 

age-associated pathology (213).  

Molecularly, NF-κB –which is directly associated with inflammatory conditions- is 

upregulated in aging in specific tissues and a shift occurs in the ratio of naive to 

memory T cells, with associated changes in the cytokine profile that favor increases 

in inflammatory cytokines such as TNF, IL-1, IL-6, IFNγ and TGF-β (214). The 

dependence of aging on inflammation is indicated by NF-κB deletion in mouse 

models of progeria (Ercc1 KO mice), which showed significant delay in their age-

related pathologies, mainly due to reduced oxidative stress and senescence (215). 

Moreover, there are findings suggesting an enhanced sensitivity to inflammation with 

aging (214) thus giving some explanations as to why older people could be prone to 

RA. 

Interestingly, recent findings of Karakasilioti et al., 2013 (207) suggested the inter-

relationship between persistent DNA damage and pro-inflammatory cytokines. More 
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specifically, DNA damage was sufficient to trigger, apart from the aging phenotype, 

the expression of pro-inflammatory cytokines via histone post-translational 

modifications, further suggesting that the transcriptional derepression of pro-

inflammatory genes requires DDR signaling in adipocytes, a cellular population with 

mesenchymal origin (216). Ultimately, the gradual accumulation of irreparable DNA 

lesions leads to aging-like adipocyte degeneration which is related to chronic auto-

inflammatory response (207).  

3.2. Premature aging in RA 

Rheumatoid Arthritis is characterized by premature aging mainly involving 

accelerated immunosenescence, shortened telomeres, DNA damage accumulation, 

as well as an excess of pro-inflammatory cytokines (217,218). In fact, RA patients 

have difficulties in maintaining genomic integrity due to accumulation of DNA lesions 

and impaired DNA repair mechanisms (219). A special focus has been given on T 

cells derived from RA patients, which on the one hand appear premature aged with 

shortened telomeres and accumulation of DNA damage, but on the other hand with 

accelerated growth due to their ability to reverse cell cycle arrest, which overall show 

a suppressed DDR pathway and a disrupted G2/M cell cycle checkpoint (220). 

Autoimmunity in RA has been proposed as a consequence of immunodegeneration 

associated with age-inappropriate remodeling of the T cell pool (221). 

Although there have been a lot of findings in isolated T-cells derived from RA 

patients, our knowledge on possible aging of other key cellular players in RA or how 

aging could contribute to RA aetiopathogenesis is still poor.  

3.3. Aging in mesenchymal cells 

 

Mesenchymal cells, such as cells from umbilical cord blood, connective tissue, skin, 

synovium, fat and other organs have an aging-specific phenotype similar to other cell 

types derived from aged people (222). Aged mesenchymal cells are reportedly bigger 

in vitro than their younger counterparts, which is an indication of senescence (223). 

Moreover, they show no spindle-formed morphology in culture as well as diminished 

ability to proliferate and decreased telomeres (224). Regarding their secretion profile, 

aged mesenchymal cells secrete senescence markers in vitro, such as IL-6, IL-11, 

IL-7, BMP2/4, TGF-β, ICAM-2, and NFκ (222).  
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Aims 

 

TNF drives pathways involved in the development of Rheumatoid Arthritis, 

Rheumatoid Arthritis-associated heart pathologies and aging. The aim of this 

research was to investigate the interplay between these pathologies in the TghuTNF 

(Tg197) arthritis model. Tissues of mesenchymal origin, that is synovial fluid and 

heart valve, have been suggested to adopt a common pro-inflammatory phenotype 

upon disease, which are highly conserved with fibroblast driving disease processes. 

For this reason, we mainly focused on the role of mesenchymal cells in the 

development of these three pathologies.  

More specifically, we initially aimed to investigate possible correlations between the 

accumulation of genetic damages in DNA, due to deficits of DNA Damage Response, 

and specifically of NER (Ercc1), and the development of RA-like pathology in the 

TghuTNF arthritis mouse model. Furthermore, we sought to study how 

mesenchymal-specific Ercc1 deficiency would –and how- intervene in this pathology. 

Based on recent studies that have shown that accumulation of DNA damage in 

tissues of mesenchymal origin, and more specifically the adipose tissue, leads to 

chronic inflammation and lipodystrophy, we investigated whether accumulation of 

DNA damage in the synovial membrane, another tissue of mesenchymal origin, 

would cause chronic inflammation, hence RA-like symptoms.  

Subsequently, we aimed to investigate whether TghuTNF mouse also develops, 

similarly to human RA patients, comorbid heart pathology. We further studied if 

mesenchymal compartment plays a role in the development of cardiovascular 

comorbidities, so we could explore cellular and molecular mechanisms linking 

arthritis to comorbid cardiac diseases.  Finally, we investigated the interplay between 

mechanisms of aging and RA-related cardiovascular diseases in the TghuTNF 

arthritis model.  

In summary, although little is known about the interrelationship of aging, RA and RA-

associated cardiac diseases, we sought to investigate whether we could find possible 

common mechanisms driving these three different conditions.  
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Materials and methods 

Mice 

Tg197 (23), ColVI-Cre (24), Tnfr1fl/fl  (94), Tnfr1cneo/cneo  (93) and TgA86 (225) mice are 

previously described; Rosa26mT/mG mice (96) were purchased from the Jackson 

Laboratory, FVB mice were purchased by Envigo, UK. Ercc1Δ/+ and Ercc1+/- (194), as 

well as  Ercc1fl/fl (201) mice were kindly provided by Prof. J.H.J. Hoeijmakers’ lab 

(Erasmus, Netherlands) and by Prof. G. Garinis’ lab (IMBB, Heraklion, Crete). Tg197, 

ColVI-Cre, Tnfr1fl/fl, Tnfr1cneo/cneo, TgA86 and Rosa26mT/mG mice were kept either at 

C57BL6J or at a F1 CBA/C57BL6J hybrid background. Ercc1Δ/− mice were obtained 

by crossing Ercc1+/- (in the C57BL6J background) with Ercc1Δ/+ mice (in the FVB 

background) to yield Ercc1Δ/− with an F1 C57BL6J/FVB hybrid background. Mice 

were maintained in the animal facilities of Biomedical Sciences Research Center 

(BSRC) “Alexander Fleming”, under SPF conditions. The animal facility was under a 

12:12-h light/dark cycle at a constant temperature of 22 ± 2°C and relative humidity 

of ~60%. For anti-TNF treatment, Tg197 mice were treated twice weekly from 4 to 11 

weeks of age with 10mg/kg Remicade (Infliximab, Janssen Biotech). All mice were 

handled according to the guidance of the Institutional Animal Care and Use 

Committee of BSRC “Alexander Fleming”. All mice were observed for morbidity and 

euthanized when needed according to animal welfare guidelines.  Experimental 

termination time points for Tg197 mice were set to a maximum of 12 weeks of age, 

except for the case of the survival curve experiment, where the mice were sacrificed 

when their mortality reached 50%.  

Clinical and histopathological arthritic assessment 

The evaluation of the severity of arthritis symptoms was performed clinically and 

histopathologically in a semi-quantitative manner, as previously described (226). 

Briefly, clinical arthritis score ranged from 0 to 3, with 0 indicating no symptoms, 1 

indicating mild arthritis, 2 moderate and 3 severe arthritis. Histopathological arthritis 

assessment was performed in sections of the ankle joints of the mice in a similar 

manner. Briefly, the scoring system ranged from 0 to 4, with 0 indicating no 

symptoms, 1 indicating synovial hyperplasia, 2 pannus formation and bone erosion, 3 

cartilage destruction and bone erosion and 4 extensive pannus, cartilage and bone 

erosion.  
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Collagen Antibody Induced Arthritis 

In the Collagen Antibody Induced Arthritis (CAIA) model, arthritis was stimulated 

through the administration of 2-8 mg of a cocktail of monoclonal antibodies 

(Arthritomab Antibody Cocktail [CIA-MAB-2C], MD-Biosciences) that were directed to 

conserved auto-antigenic epitopes of collagen type II, followed by endotoxin 

challenge, according to Khachigian, 2006 (227). A LPS injection was performed 3 

days after the initial disease induction step to boost the protocol. The mice started 

developing pathology characterized by severe inflammation of front and hind limbs 

after 4-5 days post antibody injection and the pathology reached its peak on days 8-

10. The incidence was 90-100% and symptoms persisted up to two weeks after the 

induction. Clinical evaluation was performed in a modified scoring system of the one 

of chronic polyarthritis (0 to 4 for each limb; each mouse is scored by the sum of the 

four limbs, i.e. total 0 to 16). Histopathological evaluation was performed the same 

way to the one performed for chronic polyarthritis features.  

Antibodies 

Antibodies used for immunohistochemistry included: Gr-1, F4/80 (MCA2387GA; 

MCA497, AbD Serotec), B220 (553084, BD Pharmigen), CD3 (ab1669, Abcam). 

Antibodies used for FACS or immunofluorescence included: CD45 (103128), CD31 

(102420), CD90.2 (105316), CD105 (120414), Podoplanin (127411), CD106/VCAM-1 

(105717) and PDGFRa/CD140a (135905) from Biolegend, CD29 (47-0291-80, 

eBioscience) and CD54/ICAM1 (553253, BD Pharmigen). For the intracellular 

staining, the antibody used was Vimentin (ab92547, Abcam). 

Immunohistochemistry and immunofluorescence 

Paraffin-embedded transverse heart sections were stained with Hematoxylin/Eosin 

(H&E) staining, Masson’s Trichrome staining and with specific antibodies in 

combination with the Vectastain Elite ABC HRP and the Vectastain DAB kits (Vector 

Laboratories) and images were acquired with Leica DM2500 microscope equipped 

with Leica SFL4000 camera (Leica Microsystems). Heart transverse OCT 

cryosections were imaged using a TCS SP8X White Light Laser confocal system 

(Leica). 
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Genotyping PCR 

 

 

Table 10. Primer sequences for genotyping of the mouse lines used 

 

Genomic DNA was isolated from tail segments. Genotypes were determined by PCR, 

using the primers outlined in Table 10. 

 

 

Mouse line Primers name DNA sequence 

Tg197 
HTNFglobin s 5’ - TAC-CCC-CTC-CTT-CAG-ACA-CC - 3' 

HTNFglobin a 5’ - GCC-CTT-CAT-AAT-ATC-CCC-CA - 3' 

ColVI-Cre 
ACPR s 5' - ATT ACC GGT CGA TGC AAC GAG T - 3' 

ACPR a 5' - CAG GTA TCT CTG ACC AGA GTC A - 3' 

Tnfr1fl/fl 
mp55 3 lox s 5' - CAAGTGCTTGGGGTTCAGGG - 3' 

mp55 3 lox a 5' - CGTCCTGGAGAAAGGGAAAG - 3' 

Tnfr1cneo/cneo 

p55neo s 5' - TGGTGGCCTTAAACCGATCC - 3' 

p55neo a 5' - AGAGAGGTTGCTCAGTGTGAGGC - 3' 

Neo s 5' - ATGATTGAACAAGATGGATTGCAC - 3' 

TgA86 
TgA86 s 5' - TAA TGG GCA GGG CAA GGT GG - 3' 

TgA86 a 
5' - TTC ACT TCC GGT TCC TGC ACC CT - 3' 

Rosa26mT/mG 

Rosa 26 mTmG 

(oIMR7318) 
5' - CTCTGCTGCCTCCTGGCTTCT - 3' 

Rosa 26 mTmG 

(oIMR7319) 
5' - CGAGGCGGATCACAAGCAATA - 3' 

Rosa 26 mTmG 

(oIMR7320) 
5' - TCAATGGGCGGGGGTCGTT - 3' 

Ercc1Δ/− 

Ercc1d exon7 5’ - AGC CGA CCT TAT GGA AAC - 3’ 

Ercc1d intron7 5’ - ACA GAT GCT GAG GGC AGA CT - 3' 

Ercc1d neo 5’ - TCG CCT TCT TGA CGA GTT CT - 3' 

Ercc1d 3utr 5’ - CTA GGT GGC AGC AGG TCA TC - 3' 

Ercc1fl/fl 
432E 5’ - TGC AGA GCC TGG GGA AGA ACT TCG C - 3' 

F25732 5’ - TCA AAG TAT  GGT AGC CAA GGC AGC - 3' 
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Quantification of valvular thickness 

To quantify adult valve thickness, the widest portion of the valve leaflets was 

measured in H&E-stained transverse heart sections using the ImageJ software (NIH). 

Four independent measurements were taken per leaflet in a blinded to the genotype 

fashion from 3 consecutive sections. The values were averaged and a minimum of 

three animals were used per genotype for statistical analysis.  

Echocardiography and Electrocardiography 

Echocardiography assessment was performed in the Department of Pharmacology, 

Medical School NKUA, Greece as previously described (228). Briefly, mice were 

sedated with intraperitoneal injection of ketamine-midazolam cocktail and, after chest 

hair removal, they were placed on a heated platform to maintain the body 

temperature at 37ᵒC. Echocardiographic images in parasternal short and long axes 

were acquired using a Vivid 7 version Pro ultrasound system (GE Healthcare, 

Wauwatosa, Wisconsin), equipped with a 14.0-MHz probe (i13L). Recordings were 

made when heart rate was 300-450 BPM, in a blinded to the genotype fashion. 

Parameters assessed include LVEDd, LVEDs, LVLd, LVPWd, IVSd, SVPW, LA and 

were measured using 2D images. The modified Simpson equation was used for the 

calculation of LVEDV, LVESV and EF. SVPW, determined from two-dimensional 

guided M-mode recordings obtained at the midventricular level, was used to assess 

the regional contractile function of the LV myocardium, while EF% was used to 

determine the global contractile LV function. For the analysis, all measurements 

(except for EF and SVPW) were normalized with the body weight of each mouse. 

Doppler analysis was used to determine velocities of the aortic, mitral and pulmonary 

valve. ECGs were performed during echocardiography. Three ECG leads (I, II, AVf) 

were recorded via three electrode pads attached to the 3 paws (front limbs and left 

hind limb) of each animal. Intervals and amplitudes were evaluated from continuous 

recording of at least 15 ECG signals in the beginning, the middle and the end of the 

whole procedure. Heart rate was calculated by the ultrasound system used.  

 

Isolation and culturing of SFs and VICs 

SFs were isolated as previously described (229) and cultured up to the 3rd-4th 

passage when they were used for sequencing. VICs were isolated from the valve 

leaflets of mice according to a modified protocol (143). Briefly, hearts were dissected 

to remove their myocardial area surrounding the valves and the part that contains the 
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valve leaflets was cut into 1-2 mm pieces and digested for 10 min at 37oC in HBSS 

containing 500U/ml Collagenase XI (Sigma-Aldrich). The digestion process was 

repeated for a total of 3 times and the final collected cells were plated in cell culture 

flasks and cultured up to the 3rd-4th passage, when they were used for cellular assays 

and sequencing. 

Fluorescence activated cell sorting (FACS)  

For intracellular stainings, cells were fixed and then permeabilized, using Fixation 

and Permeabilization Buffer Set (eBioscience). For whole tissue analysis, valve 

leaflets from ColVI-Cre-Rosa26mT/mG mice were digested with Collagenase XI (as 

previously described). Cell pellets were resuspended in 1ml of Gey’ s solution on ice, 

for the removal of erythrocytes and they were subsequently resuspended in PBS 

supplemented with 5% FBS. FACS experiments were performed using a FACS 

CantoII flow cytometer (BD) and analysis was performed using the FACS Diva (BD) 

or FlowJo software (FlowJo, LLC). 

Proliferation assay 

To determine cellular proliferation, either the Cell Proliferation ELISA, BrdU kit 

(Sigma-Aldrich) or alamarBlue™ Cell Viability Reagent (ThermoFischer Scientific, 

#DAL1025) were used according to manufacturer’s guidelines.  

ELISA 

Detection of hTNF or mTNF was performed using the hTNF or mTNF Quantikine 

Elisa (R&D systems). 

Wound-healing assay 

To determine the migratory capacity of the cells, we used the wound-healing assay 

as previously described (230). Briefly, cells were seeded and cultured until they 

reached confluency, at which point a scratch was created using a 10μl white pipette 

tip. The closure of the wound was live imaged using the Zeiss Axio Observer Z1 

Microscope equipped with AxioCam MRm camera (Zeiss) and the percentage of 

wound closure was calculated for each well at 20-24 hours using the ImageJ 

software (NIH). 
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3’ RNAseq and deep sequencing  

RNA-seq was performed in three biological replicates of cultured VICs and SFs 

isolated from Tg197 mice and WT littermates at their 8 th week of age. RNA was 

extracted using TRIzol reagent (Invitrogen) and further purified using the RNeasy 

Mini Kit (Qiagen). All samples were used to a mean concentration of approximately 

100-150ng/μl, measured by ND1000 Spectrophotometer (PEQLAB). The quality of 

the samples was measured in a bioanalyzer using the Agilent RNA 6000 Nano Kit 

reagents and protocol (Agilent Technologies) and only RNA samples with RNA 

Integrity Number (RIN) >7 were chosen for further analysis. For the preparation of 

the library for each sample, the 3’ mRNA-Seq Library Prep Kit Protocol for Ion 

Torrent (QuantSeq-LEXOGEN™ Vienna, Austria) was used. Each library’s quality and 

quantity were assessed in bioanalyzer using the DNA High Sensitivity Kit reagents 

and protocol (Agilent Technologies). The quantified libraries were processed together 

at a final concentration of 50pM, templated and enriched on an Ion Proton Chef 

instrument. Templating was performed, using the Ion PITM IC200TM Chef Kit 

(ThermoFisher Scientific) and sequencing, with the Ion PITM Sequencing 200 V3 Kit 

on Ion Proton PITM V2 chips (ThermoFisher Scientific).  

 

RNA seq analysis 

The raw bam files were summarized to read counts table using the Bioconductor 

package Genomic Ranges (231). The gene counts table was normalized for inherent 

systematic or experimental biases using the Bioconductor package DESeq (232), 

after removing genes that had zero counts over all the RNA-Seq samples. The 

resulting gene counts table was subjected to differential expression analysis using 

the Bioconductor package DESeq and differentially expressed genes were extracted 

according to an absolute fold change cutoff value of 1 in log2 scale and pvalue cutoff 

of 0.05. All the above were performed through the Bioconductor package metaseqr 

(233), Volcano plots were generated in R (234) with the use of ggplot2and an in-

house developed script. Venn diagrams were created with InteractiVenn (235). 

Functional enrichment analysis was performed with enrichr online tool (236) 

extracting the enriched KEGG pathways (235) with the use of a pvalue cutoff of 0.05. 

Alluvial diagrams were drawn with RAWGraphs (http://rawgraphs.io). Regulatory 

networks were inferred with the use of RNEA tool (237) and they were visualized in 

Cytoscape (238).  
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Statistical analysis 

Data are presented as mean±SEM and student’s t test was used for the evaluation of 

statistical significance, with p values <0.05 being considered statistically significant. 

Analysis was performed using the GraphPad Prism 6. 
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Results: Part I 

 

Systemic Ercc1 deficiency does not spontaneously induce RA-like 

symptoms in Ercc1Δ/- mice 

Since there is evidence suggesting that senescence plays a role in the development 

of RA, we investigated whether accumulation of senescent cells due to NER 

deficiency would cause RA-like symptoms. For this, we used Ercc1Δ/- mice, in which 

the encoded protein contains a seven amino-acid carboxy-terminal truncation, 

leading to reduced lifespan and aging-related multiple organ dysfunction (194). As 

shown in Figure 11, systemic Ercc1 deficiency did not induce any RA-like pathology, 

up until the age of 18 weeks, when premature deaths start being observed, as 

previously reported (194). More specifically, although Ercc1Δ/- mice show significant 

cachexia compared to WT (Figure 11A), there is no clinical (Figure 11B) or 

histopathological signs (Figure 11C, D) of arthritis in vivo up until the age of 18 

weeks.  

To evaluate whether SFs isolated from Ercc1Δ/- mice acquire an arthritogenic 

phenotype, we assessed their proliferative and migratory capacity (Figure 11E, F). 

Interestingly, although SFs isolated from Ercc1Δ/- mice at the age of 12 weeks did not 

show significant differences in their migratory capacity compared to WT (Figure 11F), 

they had comparable proliferative capacity to arthritogenic hyperproliferative SFs 

isolated from Tg197 (Figure 11E). However, this hyperproliferative feature was not 

sufficient to induce pannus formation and hence RA-like pathology in Ercc1Δ/- mice 

(Figure 11D).  
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Figure 11. Systemic Ercc1 deficiency does not spontaneously induce RA-like 
symptoms. (A) Comparison of the body weight between WT and Ercc1Δ/- mice until 
the age 18 weeks (data are presented as mean± SEM). (B, C) Comparison of the in 
vivo (B) and the histopathological (C) arthritic score between WT and Ercc1Δ/- mice at 
the age 18 weeks of age (data are presented as mean± SEM). (D) Representative 
images of H&E-stained ankle joint sections of WT and Ercc1Δ/- mice at 18 weeks of 
age. (E, F) Levels of Alamar Blue absorbance (E) and wound healing ability 
calculated by percentage of wound closure (F) of SFs isolated from WT, as a 
negative control, Tg197, as a positive control, and Ercc1Δ/- mice at the age of 12 
weeks of age (data are presented as mean± SEM, n=3 from three individual 

experiments; *, P<0.02). 
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Systemic Ercc1 deficiency does not affect RA-like symptoms in Tg197 

mice 

Although we detected no signs of spontaneous arthritis symptoms in Ercc1Δ/- mice, 

we investigated whether accumulation of senescent cells would interfere with the 

arthritic phenotype of Tg197 mice. For this reason, we crossed Tg197 mice with 

Ercc1Δ/- mice and we evaluated the severity of chronic polyarthritis developed in 

these mice. As seen in Figure 12A, Tg197 Ercc1Δ/- mice show greater cachexia than 

Tg197 alone, which is probably due to the systemic accumulation of DNA damage. 

Although a significant difference between Tg197 and Tg197 Ercc1Δ/- at 8th week of 

age is observed at the clinical evaluation of arthritis (Figure 12B), the 

histopathological score did not reflect any significant differences between Tg197 and 

Tg197 Ercc1Δ/- mice (Figure 12C, D). Since systemic cachexia is one of the 

parameters evaluated in the clinical evaluation of arthritis symptoms, the discrepancy 

between clinical and histopathological scorings may be attributed to the worsened 

cachectic phenotype of Tg197 Ercc1Δ/- mice due to Ercc1 deficiency.  

To evaluate possible differences between SFs isolated from Tg197 and Tg197 

Ercc1Δ/- mice, we isolated cells at the age of 8 weeks, where disease is already 

established. As expected from the in vivo data, there was no difference in the 

arthritogenic characteristics, namely hyperproliferation and high migratory capacity, 

of Tg197 Ercc1Δ/- SFs compared to the ones of Tg197 SFs (Figure 12E, F). 

Interestingly, there was a significantly increase in secreted levels of hTNF in the 

supernatants of SFs isolated from Tg197 Ercc1Δ/- compared to those of Tg197 

(Figure 12G). However, this increase did not affect the severity of the disease in vivo. 

Therefore, we could conclude that systemic Ercc1 deficiency is not able to affect the 

development of chronic polyarthritis symptoms in Tg197 mice. 
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Figure 12. Systemic Ercc1 deficiency does not affect RA-like symptoms in 
Tg197 mice. (A) Comparison of the body weight between WT, Tg197, Ercc1Δ/- and 
Tg197 Ercc1Δ/- mice until the age 9 weeks (data are presented as mean± SEM). (B, 
C) Comparison of the in vivo (B) and the histopathological (C) arthritic score between 
Tg197 and Tg197 Ercc1Δ/- mice at the age 9 weeks of age (data are presented as 
mean± SEM; *, P<0.02; **, P<0.005). (D) Representative images of H&E-stained 
ankle joint sections of Tg197 and Tg197 Ercc1Δ/- mice at 9 weeks of age. (E, F, G) 
Levels of Alamar Blue absorbance (E), wound healing ability calculated by 
percentage of wound closure (F) and secreted hTNF in the supernatants (G) of SFs 
isolated from Tg197 and Tg197 Ercc1Δ/- mice at the age of 8 weeks of age (data are 
presented as mean± SEM, n=3 from three individual experiments; *, P<0.02; ****, 

P<0.0001).  
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Mesenchymal-specific Ercc1 deficiency causes slight cachexia, without 

inducing RA-like symptoms  

As DNA damage causes dysfunction to the mesenchymal-origin adipocytes, leading 

to chronic inflammation and lipodystrophy (207), we sought to address whether 

mesenchymal-specific Ercc1 deficiency could cause joint inflammation and hence 

RA-like symptoms. To do this, we intercrossed animals homozygous for the floxed 

Ercc1 allele with those carrying the ColVI-Cre transgene, which has been previously 

used to target mesenchymal cells in the joints, small intestine (24), colon (239) and 

other organs (92).  

Firstly, ColVI-Cre Ercc1f/- mice showed reduced body weight compared to their 

controls (Figure 13A). The inability of these mice to gain weight in the same way as 

their littermates was further explored. We examined histopathologically all the tissues 

where Cre recombination has been previously reported, such as skin, intestine, 

muscles, adipose tissue and joints, as well as the tissues where Cre recombination 

does not occur, such as liver, lungs, heart, stomach, pancreas and kidney. The only 

abnormality was found in the extensor digitorum longus and tibialis anterior muscles, 

where we detected higher nuclear density, which is an indication of atrophic muscular 

microfibers (240) (Figure 13B). Therefore, there are indications that ColVI-Cre 

Ercc1f/- mice show some level of cachexia due to their atrophic muscles, resembling 

a reported phenotype caused by systemic Ercc1 ablation (191). 

We further investigated whether ColVI-Cre Ercc1f/- mice had any sings of 

spontaneous joint inflammation. As shown in Figure 13C, ColVI-Cre Ercc1f/- mice did 

not develop any inflammatory phenotype in their joints up to their 6 th month of age. In 

agreement to this finding, SFs isolated from ColVI-Cre Ercc1f/- mice at their 6th month 

of age showed no difference compared to their control littermates regarding their 

proliferative and migratory capacities (Figure 13D, E). Therefore, DNA damage 

accumulation specifically in the SFs was not sufficient to induce any inflammatory 

phenotype that could potentially lead to the development of chronic polyarthritis.  
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Figure 13. Mesenchymal-specific Ercc1 deficiency causes cachexia and 
amelioration of CAIA arthritis. (A) Comparison of the body weight between ColVI-
Cre Ercc1f/- and ColVI-Cre Ercc1f/+ mice until the age of 26 weeks (data are 
presented as mean± SEM). (B) Representative images of H&E-stained tibialis 
anterior muscle sections of ColVI-Cre Ercc1f/- and ColVI-Cre Ercc1f/+ mice at 26 
weeks of age (black arrow indicate the higher nuclear density). (C) Representative 
images of H&E-stained of ankle joints sections of ColVI-Cre Ercc1f/- and ColVI-Cre 
Ercc1f/+ mice at 26 weeks of age. (D, E) Levels of Alamar Blue absorbance (D) and 
wound healing ability calculated by percentage of wound closure (E) of SFs isolated 
from ColVI-Cre Ercc1f/- and ColVI-Cre Ercc1f/+ mice at the age of 28 weeks of age 
(data are presented as mean± SEM, n=3 from three individual experiments). (F, G) 
Comparison of CAIA in vivo (F) and histopathological (G) arthritic score between 
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ColVI-Cre Ercc1f/- and ColVI-Cre Ercc1f/+ mice (data are presented as mean± SEM; *, 
P<0.02; **, P<0.005). (H) Levels of circulated mTNF in serum isolated by ColVI-Cre 
Ercc1f/- and ColVI-Cre Ercc1f/+ mice 1.5hours post induction with 100μg LPS.  

 

Mesenchymal-specific Ercc1 deficiency ameliorates arthritis symptoms 

in CAIA-induced arthritis 

Although our results showed that mesenchymal-specific Ercc1 deficiency could not 

cause spontaneous inflammation, we investigated how ColVI-Cre Ercc1f/- mice would 

react to the inflammatory stimulus of CAIA-induced arthritis. Unexpectedly, ColVI-Cre 

Ercc1f/- mice showed amelioration of joint inflammation compared to their control 

littermates, which was evident both clinically (Figure 13F) and histopathologically 

(Figure 13G). To investigate whether this amelioration could be attributed to a 

different response of ColVI-Cre Ercc1f/+ and ColVI-Cre Ercc1f/- mice towards LPS 

stimulation, we measured mTNF levels 1.5 hours post LPS induction in these mice. 

As seen in Figure 13H, mTNF levels are comparable between ColVI-Cre Ercc1f/- 

mice and their control littermates. Therefore, the mechanism behind the amelioration 

of CAIA arthritis due to mesenchymal-specific Ercc1 ablation remains still unclear.  

Mesenchymal-specific Ercc1 deficiency does not affect RA-like 

symptoms in Tg197 mice 

We further investigated whether mesenchymal-specific accumulation of senescent 

cells would interfere with the arthritic phenotype of Tg197 mice. For this reason, we 

crossed Tg197 mice with ColVI-Cre Ercc1f/- mice and we evaluated the severity of 

chronic polyarthritis developed in these mice. As shown in Figure 14, there was no 

significant difference between Tg197 ColVI-Cre Ercc1f/- and their controls, Tg197 

ColVI-Cre Ercc1f/+, neither in the body weight (Figure 14A), nor in the clinical (Figure 

14B) and histopathological (Figure 14C, D) features of arthritis.  

To evaluate possible differences between SFs isolated from Tg197 ColVI-Cre Ercc1f/- 

and their controls, Tg197 ColVI-Cre Ercc1f/+, we isolated cells at 8 weeks of age and 

we observed no difference regarding the arthritogenic characteristics of Tg197 SFs 

(data not shown). Interestingly, there was a significantly increase in secreted levels of 

hTNF in the supernatants of SFs isolated from Tg197 ColVI-Cre Ercc1f/- compared to 

those of Tg197 ColVI-Cre Ercc1f/+, resembling the higher levels of Tg197 Ercc1Δ/- 

SFs than those of Tg197 (Figure 12G). However, as in Tg197 Ercc1Δ/- mice, this 

increase did not affect the severity of the disease in vivo. Therefore, we could 
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conclude that mesenchymal-specific Ercc1 deficiency is not able to affect the 

development of chronic polyarthritis symptoms in Tg197 mice. 

 

 

 

Figure 14. Mesenchymal-specific Ercc1 deficiency does not affect RA-like 
symptoms in Tg197 mice. (A) Comparison of the body weight between Tg197 
ColVI-Cre Ercc1f/+ and Tg197 ColVI-Cre Ercc1f/- mice until the age 10 weeks (data 
are presented as mean± SEM). (B, C) Comparison of the in vivo (B) and the 
histopathological (C) arthritic score between Tg197 ColVI-Cre Ercc1f/+ and Tg197 
ColVI-Cre Ercc1f/- mice until the age 10 weeks (data are presented as mean± SEM). 
(D) Representative images of H&E-stained ankle joint sections of Tg197 ColVI-Cre 
Ercc1f/+ and Tg197 ColVI-Cre Ercc1f/- mice at the age of 10 weeks.   
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Discussion: Part I 

 

Aged people show a low-grade inflammation, including higher levels of TNF 

compared to their younger counterparts, which could explain the higher incidence of 

Rheumatoid Arthritis in older people. The involvement of TNF in the pathogenesis of 

RA is well established; however, its role in the development of aging remains 

unknown. RA patients show increased mortality, as well as aged immune system, a 

term called immunosenescence; however, the role of aging in the pathology of RA 

would need further exploration.  

We demonstrate here that systemic accumulation of DNA damage due to Ercc1 

deletion, which leads to a systemic premature aging phenotype, does not lead to the 

development of RA-like pathology in Ercc1Δ/- mice. Although SFs isolated from joints 

of Ercc1Δ/- mice showed a slight increase in their proliferative capacity, a hallmark of 

arthritogenic SFs, this was not sufficient to alter the homeostasis of the joint of these 

mice. This could be attributed to the fact that SFs from Ercc1Δ/- mice did not show 

features of aging, such as non-spindle morphology and decreased proliferative 

capacity, therefore our initial hypothesis that aged SFs could secrete as much TNF 

as needed for the initiation of RA-like disease, similar to TNF-driven pathology of the 

TghuTNF (Tg197) arthritis model, was not confirmed. We further investigated if the 

progeroid syndrome of Ercc1Δ/- mice could affect the RA-like pathology of the Tg197 

model. Systemic Ercc1 ablation did not affect the clinical or the histopathological 

symptoms of the disease, which was also reflected in the arthritogenic phenotype of 

SFs derived from Tg197 Ercc1Δ/- mice that was not affected. Although SFs derived 

from Tg197 Ercc1Δ/- secreted higher levels of hTNF compared to Tg197 SFs, this did 

not seem to affect the clinical features of arthritis in Tg197 Ercc1Δ/- mice.  

According to recent findings by Karakasilioti et al., 2013 (207), persistent adipocyte-

specific DNA damage triggers the expression of pro-inflammatory cytokines, leading 

to chronic inflammation and eventually to tissue degeneration. As adipose tissue and 

synovial membrane are of shared mesenchymal origin (241)- and likely to coexist 

(242)- we hypothesized that mesenchymal-specific Ercc1 deficiency would similarly 

cause chronic joint inflammation, hence RA-like symptoms. For this reason, we 

observed ColVI-Cre Ercc1f/- mice for any clinical signs of joint inflammation and 

distortion. Up until their 26th week of age, ColVI-Cre Ercc1f/- animals did not show any 

clinical or histopathological features of RA-like pathology, such as inflammation, 



 
 

 

85 

 

pannus formation, cartilage and bone destruction. This finding was also confirmed by 

the in vitro analysis of SFs derived from the ColVI-Cre Ercc1f/- animals that did not 

show any signs of arthritogenicity, that is higher proliferation or migratory capacity 

compared to their control cells. Accordingly, the development of arthritis in Tg197 

mice, when combined with ColVI-Cre Ercc1f/- animals, was not affected. On the 

contrary, when ColVI-Cre Ercc1f/- mice were induced with CAIA-induced arthritis, they 

showed an ameliorated phenotype compared to their control littermates. This 

amelioration due to accumulation of DNA damage could be attributed to possible 

senescent phenotype of SFs or/and other mesenchymal cells taking part in this 

induced model and it could be further studied in the future.  

Interestingly, ColVI-Cre Ercc1f/- mice showed inability to gain weight as their 

littermates, which is probably due to the muscle atrophy that was observed. This 

phenotype could be further analysed, beyond this study, as it would be interesting for 

this mouse to be used as a model of premature muscular aging.  
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Results: Part II 

 

TNF-dependent left-sided heart valve pathology develops as a comorbid 

condition in the Tg197 arthritis model  

Histopathological evaluation of heart tissue from Tg197 animals revealed 

pathological alterations localised in the left side of the heart, affecting specifically the 

aortic (Figure 15A) and mitral valvular area (Figure 15B), while the pulmonary valve 

as well as the blood arteries and vessels appeared unaffected (Figure 16,17). 

Pathology was associated with aortic and mitral valve thickening (Figure 15C) mainly 

due to fibrosis, which extended to the root of the valve, as shown by the intense 

Masson’s staining (Figure 15A, B). Inflammation appeared to have only a minimal 

contribution, as indicated by the limited number of infiltrating inflammatory cells in the 

valves at 12 weeks of age (Figure 18). 

Signs of heart valve pathology were detected in the Tg197 mice already from 4 

weeks of age and became progressively worse as animals aged (Figure 17) in 

parallel to their arthritis pathology. By 8 weeks of age, when Tg197 mice had 

established arthritis, pathology in both valves was manifested with 100% penetrance 

and without a gender bias. Treatment of Tg197 animals with the anti-TNF Infliximab 

(Remicade), from 4 to 11 weeks, of age resulted in the amelioration of the heart valve 

disease, demonstrated by the decrease in valvular thickening and fibrosis (Figure 

15C, 19). 
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Figure 15. Tg197 arthritis model develops TNF-dependent left-sided heart valve 
disease which leads to LV dysfunction. (A, B) Representative images of 
hematoxylin/eosin (H&E)- and Masson’s Trichrome-stained transverse heart sections 
showing the aortic (A) and the mitral (B) valve leaflets of Tg197 and WT littermate 

animals at 12 weeks old of age [AV: aortic valve leaflets, LV: left ventricle, AVR: aortic 
valve root, MV: mitral valve leaflet] (Scale bar, 400μm). (C) Comparison of the aortic 

(AoV) and mitral valve (MV) thickness between WT, Tg197 and Tg197 treated with 
anti-TNF Infliximab (Remicade) animals at 11-12 weeks of age (data are presented as 
individual values, with mean± SEM; *, P<0.02; **, P<0.01).  (D) Blood aortic (AoV) and 
mitral velocities (MV E and A) acquired by Doppler analysis of Tg197 mice and WT 
littermates at their 12 weeks of age (left and right panel respectively; data are 
presented as individual values, with mean± SEM; ***, P<0.0001). (E) Ejection fraction 
(EF%) of Tg197 mice and WT littermates at their 12 weeks of age, calculated by the 
modified Simpson equation, using 2D images in echocardiography analysis (data are 
presented as individual values, with mean± SEM; ***, P<0.0001). (F) Representative 

ECGs of Tg197 animals with few minutes interval (4 consecutive time points with ~1-
minute interval, starting from the upper panel), at their 12 weeks of age. 
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Heart valve pathology leads to left ventricular dysfunction in the Tg197 

animals 

To assess whether the valvular thickening and fibrosis observed in Tg197 animals 

also affect their cardiac function, we performed echocardiography and 

electrocardiography (ECG) analysis in 12-week-old mice. Tg197 mice displayed 

increased aortic and mitral valve velocities (Figure 15D), indicative of valvular 

stenosis. Moreover, in approximately 15% of the transgenic mice examined, aortic 

and/or mitral regurgitation was detected (Figure 20), suggesting valvular 

insufficiency. An additional consequence of the mitral valve dysfunction was the 

observed increased atrial pressure leading to dilation of the left atrium (Table 11). 

Echocardiography data analysis consistently showed that Tg197 animals displayed 

left ventricular (LV) dilation with some degree of hypertrophy, indicated by the 

increased left ventricular dimensions (LVEDd, LVEDs, LVLd, LVPWd, IVSd) and the 

significant increase of heart-to-body weight ratio in comparison to WT mice (Table 

11). Tg197 mice also exhibited significant reduction of the global cardiac function, as 

indicated by their reduced ejection fraction (EF%) (Figure 15E) and, more 

importantly, by their reduced regional contractile function reflected in the lower 

SVPW (Table 11).  

Interestingly, we have observed that Tg197 animals exhibit increased premature 

mortality of unknown aetiology starting at 10 weeks of age, reaching a ~50% 

incidence at 13 weeks of age (Figure 21). Notably, assessment of cardiac function of 

Tg197 animals showed that they were prone to exhibit fatal episodes of arrhythmias 

in advanced disease stages (12 weeks), mainly switching from bradycardia (~200 

bpm) to tachycardia (~500-650 bpm) in a few-minutes interval during ECG (Figure 

15F). Therefore, arrhythmic episodes could be associated with the premature deaths 

observed in Tg197 animals.  

Collectively, our data show that the histopathological findings in Tg197 heart valves 

are associated with left-sided valvular degeneration and dysfunction and are 

accompanied by echocardiographic findings of left ventricular cardiomyopathy. 
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Table 11. Echocardiographic parameters in Tg197 and WT mice at 12 weeks of 

age. 

 

HW/BW: Heart weight-to-body weight ratio; LVEDd: left ventricular end-diastolic 
diameter; LVEDs: left ventricular end-systolic diameter; LVLd: left ventricular length 
in diastole; LVPWd: left ventricular end-diastolic posterior wall thickness; IVSd: end-
diastolic interventricular septal thickness; LA: left atrium; SVPW: systolic velocity of 
the posterior wall; E/A ratio: ratio between E (peak early diastolic flow) and A (peak 
late diastolic flow). Values were normalized with the body weight (except for SVPW), 
as indicated in the Table. Data are expressed as mean± SEM. 

 WT (n=16) Tg197 (n=19) P-value 

Body weight, g 26.25 ±1.06 16.73±0.091 <0.0001 

Heart weight, mg 107.10±3.39 83.00±5.31 <0.0001 

HW/BW, mg/g 4.11±0.08 5.05±0.27 0.0054 

LVEDd, mm/BW 0.14±0.01 0.22±0.01 <0.0001 

LVEDs, mm/BW 0.08±0.01 0.14±0.01 <0.0001 

LVLd, mm/BW 0.28±0.01 0.38±0.01 <0.0001 

LVPWd, mm/BW 0.026±0.001 0.038±0.002 <0.0001 

IVSd, mm/BW 0.026±0.001 0.038±0.002 <0.0001 

LA, mm/BW 0.083±0.003 0.132±0.006 <0.0001 

SVPW, cm/s 3.02±0.08 2.14±0.07    <0.0001 

E/A ratio 1.87±0.13 1.33±0.09 0.0009 
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Figure 16. Peripheral vessel wall of the arteries appears unaffected in Tg197 
animals. Representative images of hematoxylin/eosin (H&E)- stained aortic and lung 

sections of Tg197 and WT littermate animals at 12 weeks old of age, where vessels 
and arteries can be seen [lower panel: higher magnification of the upper panel part 
specified by the box] (Scale bar, 200μm).  
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Figure 17. Tg197 heart valve pathology progresses with time. Representative 

H&E-stained longitudinal heart sections of WT animals at 8 weeks of age and Tg197 
animals at 4, 8 and 12 weeks of age, showing the progression of the heart valve 

pathology. [AV: aortic valve leaflets, LV: left ventricle, MV: mitral valve leaflet, PV: 
pulmonary valve, RV: right ventricle; Ao: aorta] (Scale bar, 200μm).   

 

 

Figure 18. Inflammation has a minimal contribution to the heart valve disease 
phenotype of Tg197 mice. Representative immunohistochemical stainings for the 

detection of macrophages (F4/80), neutrophils (Gr1), B cells (B220) and T cells 
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(CD3) on transverse heart sections from WT and Tg197 hearts at 12 weeks of age 

(positive staining marked in boxed areas) (Scale bar, 200μm). 

 

Figure 19. Treatment of Tg197 animals with the anti-TNF Infliximab (Remicade) 
results in the amelioration of the heart valve pathology. Representative images 

of H&E- and Masson’s Trichrome-stained transverse heart sections of Tg197 animals 
at 11 weeks of age, treated with vehicle or prophylactic anti-TNF treatment (from 4th-

11th week of age) (Scale bar, 400μm). 
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Figure 20. Valvular regurgitation detected in Tg197 animals by 
echocardiographic screening. Representative examples of aortic valve (A) and 
mitral valve (B) regurgitation observed in Tg197 animals at 12 weeks of age (arrows 
indicate the normal and the backward blood flow in healthy WT and Tg197 animals). 
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Figure 21. Kaplan Meier survival curve of WT and Tg197 mice. Representative 

survival curve (n=20) showing the premature mortality observed in Tg197 animals. 
(The experiment was terminated when mortality was over 50% due to ethical 

concerns). 
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Hypertrophic valves of Tg197 mice consist mainly of activated Valve 

Interstitial Cells (VICs) 

Since SFs have been previously established as drivers of arthritogenesis in the 

Tg197 model (24), we investigated whether VICs play also a pathogenic role in the 

observed Tg197 heart valve pathology. To this end, we first crossed the reporter 

mouse Rosa26mT/mG which expresses GFP upon recombination, with the ColVI-Cre 

mouse, which has been previously used to target mesenchymal cells in the joints, 

small intestine (24), colon (239) and other organs (92). Examination of the heart 

valves of ColVI-Cre-Rosa26mT/mG mice revealed co-localisation of GFP expression 

with Vimentin (Figure 22A), a known marker of fibroblasts and VICs (142,243), 

indicating efficient targeting of VICs by ColVI-Cre, and confirming their mesenchymal 

origin (139). Efficient recombination was confirmed by further characterization of 

GFP+ cells derived from dissociated heart valve tissue from ColVI-Cre-Rosa26mT/mG 

mice using FACS analysis. GFP+ cells strongly expressed VIC and mesenchymal cell 

markers (Vimentin, CD29 and Podoplanin), while displaying no expression of 

hematopoietic (CD45) and endothelial (CD31) markers (Figure 22B). These results 

suggest that the ColVI-Cre mouse effectively targets mainly Vimentin+, CD29+ and 

Podoplanin+ mesenchymal-like VICs in the heart valve. 

To explore the role of VICs in the Tg197 heart valve pathology, we crossed the 

ColVI-Cre-Rosa26mT/mG mice with Tg197 mice. The thickened fibrotic heart valves of 

these mice were mainly populated by GFP+ VICs (Figure 22C), supporting their 

central role in the heart valve phenotype. The pathogenic potential of VICs in Tg197 

animals was further assessed by the expression of α-SMA, a well-established marker 

of activated myofibroblastic VICs (145). Interestingly, α-SMA-expressing VICs were 

detected in the thickened valvular area and root of Tg197 mice (Figure 22D), 

indicating that the pathology observed is mainly characterized by accumulation of 

activated VICs. 
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Figure 22. Heart valve disease of Tg197 mice is caused by accumulation of 
activated mesenchymal Valve Interstitial Cells (VICs). (A) Representative images 
of transverse heart cryosections of ColVI-Cre-Rosa26mT/mG mice, at their 8 weeks of 
age, and colocalization of GFP expression with Vimentin expression  in the heart 
valve (lower panel: higher magnification of the upper panel) (Scale bar:100μm). (B)  
FACS analysis of ColVI-expressing cells (GFP+) with markers for endothelial (CD31), 
hematopoietic (CD45) and fibroblast/ mesenchymal cells (CD29, Podoplanin[PDPN], 
Vimentin) from dissociated heart valves of ColVI-Cre-Rosa26mT/mG mice, at their 8 
weeks of age (data are presented as mean± SEM, n=3 from three individual 
experiments). (C) Representative images of transverse heart cryosections of ColVI-
CremT/mG and Tg197 ColVI-CremT/mG mice at their 12 weeks of age (Scale bar: 
100μm). (D) Representative image of transverse heart cryosections of Tg197 mice at 

their 12 weeks of age and colocalization of a-SMA expression with Vimentin 
expression in the heart valve and root (Scale bar:100μm). 
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TNFR1 signaling in mesenchymal cells is necessary and sufficient for 

the development of Tg197 heart valve pathology  

Having established the contribution of activated mesenchymal VICs and TNF-

dependency of the valvular hyperplasia in Tg197 mice, we further explored the role of 

mesenchyme-specific TNF signaling in the development of this pathology. To 

address whether TNF signaling in mesenchymal VICs is required for the 

development of heart valve pathology, Tg197 animals were crossed with ColVI-Cre 

Tnfr1fl/fl animals (94). Tg197 ColVI-Cre Tnfr1fl/fl mice exhibited ameliorated heart valve 

pathology, as indicated by the lack of heart valve thickening and fibrosis (Figure 23A, 

C). This finding suggests that TNF signaling, through TNFR1 in mesenchymal cells, 

is essential for the pathogenesis of heart valve disease in the Tg197 model.  

Next, we examined whether TNF signaling in mesenchymal cells was also sufficient 

to induce heart valve pathology in Tg197 mice. To this end, we crossed Tg197 with 

ColVI-Cre Tnfr1cneo/cneo mice to achieve specific reactivation of TNFR1 signaling only 

in mesenchymal cells (93). Tg197 ColVI-Cre Tnfr1cneo/cneo mice developed valvular 

thickening and extensive fibrosis, while control Tg197 Tnfr1cneo/cneo did not show any 

signs heart valve thickening and fibrosis (Figure 23B, D), demonstrating that TNF 

signaling through TNFR1 in mesenchymal cells is sufficient to trigger heart valve 

pathology in Tg197 mice. Consequently, TNF signaling in the mesenchyme is both 

necessary and sufficient for the development of heart valve pathology in Tg197 

animals.  
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Figure 23. TNF signaling on VICs is required and sufficient for the development 
of heart valve disease of Tg197 animals. (A) Representative images of H&E- and 
Masson’s Trichrome-stained transverse heart sections of Tg197 and Tg197 ColVI-
Cre Tnfr1fl/fl and animals at 12 weeks of age (Scale bar, 500μm). (B) Representative 

images of H&E- and Masson’s Trichrome-stained transverse heart sections of Tg197 
Tnfr1cneo/cneo and Tg197 ColVI-Cre Tnfr1cneo/cneo and at 12 weeks of age (Scale bar, 
500μm). (C) Comparison of the aortic valve thickness between Tg197 and Tg197 
ColVI-Cre Tnfr1fl/fl animals at 12 weeks of age (data are presented as individual 
values, with mean± SEM; *, P<0.03). (D) Comparison of the aortic valve thickness 
between Tg197 Tnfr1cneo/cneo and Tg197 ColVI-Cre Tnfr1cneo/cneo at 12 weeks of age 

(data are presented as individual values, with mean± SEM; **, P<0.005). 
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Ex vivo-derived Tg197 VICs exhibit an activated phenotype 

It is known that ex vivo human RA and mouse arthritogenic SFs exhibit increased 

proliferative and migratory capacities (86,87,244). To investigate whether pathogenic 

VICs display a similar phenotype, we isolated VICs from Tg197 and WT animals at 8 

weeks of age, when heart valve disease is well established.  

We first confirmed the homogeneity of VICs cultures, by characterizing cultured VICs 

isolated from ColVI-Cre-Rosa26mT/mG animals. FACS analysis confirmed that 

approximately 80% of the isolated VICs were GFP+ and displayed high expression of 

known fibroblast and mesenchymal cell markers including CD29, Vimentin, 

Podoplanin, CD140a, CD90.2, CD105, VCAM-1 and ICAM-1 (Figure 24A), while they 

lacked expression of hematopoietic (CD45) and endothelial (CD31) markers, thus 

preserving the observed in vivo expression marker profile (Figure 22B). 

We further assessed the activation status of Tg197-derived VICs. These cells were 

found to overexpress hTNF (Figure 24B) and displayed increased proliferative and 

migratory capacities (Figure 24C, D), similarly to Tg197-derived SFs (87). Therefore, 

VICs are shown to exhibit an activated phenotype with similar characteristics to the 

one exhibited by the arthritogenic Tg197 SFs ex vivo (86,87).  
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Figure 24. Activated phenotype of Tg197-derived VICs ex vivo. (A) FACS 
analysis of ColVI-expressing cells (GFP+) with markers for endothelial (CD31), 

hematopoietic (CD45) and fibroblast/ mesenchymal cells (CD29, Podoplanin [PDPN], 
Vimentin, CD140a, CD90.2, CD105, VCAM1, ICAM1) in isolated VICs from ColVI-
Cre-Rosa26mT/mG mice at 8 weeks of age. (B, C, D) Levels of secreted hTNF in the 
supernatants (B), BrdU incorporation (C) and wound healing ability calculated by 
percentage of wound closure (D) of VICs isolated from WT and Tg197 mice at 8 
weeks of age (data are presented as mean± SEM, n=3 from three individual 

experiments; **, P<0.001; ***, P<0.0005). 
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Tg197 VICs express common pathogenic signatures with Tg197 SFs 

Arthritogenic SFs have been recently found to exhibit a distinct expression profile, 

characterized by pathogenic deregulation of genes affecting key pathways for the 

development of polyarthritis symptoms (90). We, therefore, explored the 

commonalities of pathogenic Tg197 VICs and SFs at the gene expression, pathway 

and transcriptional regulation level. For this purpose, we isolated SFs and VICs from 

8-week-old Tg197 animals, with established arthritis and heart valve disease, and 

compared their expression profiles to those of SFs and VICs isolated from WT 

littermates by using RNA-sequencing.  

Both Tg197 SFs and VICs displayed more than 500 significant differentially 

expressed genes (DEGs) compared to their WT controls (Figure 25A). More 

specifically, a total of 408 and 381 genes were upregulated in Tg197 VICs and SFs 

respectively, with almost 30% of them commonly upregulated in both cell types 

(Figure 25B), while a total of 327 and 160 genes were downregulated in Tg197 VICs 

and SFs respectively with approximately 10% of them commonly downregulated in 

both cell types (Figure 25B). Further functional enrichment analysis of the common 

upregulated genes placed immune and inflammatory responses, as well as NF-κB 

signaling at the top enriched pathways. Pathways enriched in the overlapping 

downregulated genes included extracellular matrix organization and regulation of 

growth, indicating ECM remodeling and deregulated cell growth (Figure 26). 

To further explore the similarities of these two pathogenic cell types at the pathway 

level, functional enrichment analysis was performed for all DEGs in SFs and VICs. 

Interestingly, KEGG pathways enriched in SFs’ and VICs’ upregulated genes show a 

great overlap (60%) (Figure 25C). These pathways were subsequently clustered into 

broader KEGG pathway categories. The most pronounced category was immune 

response, which included pathways such as chemokine and TLR signaling, while the 

most prominent correlation was to human “rheumatoid arthritis” term, with known RA- 

and cardiovascular disease-related genes [Tnf, Il1b (245) and Acp5 (246)] being 

upregulated in both cell types. Other categories include cancer and infectious 

diseases, such as Tuberculosis and Pertussis which have also been associated with 

inflammation and TNF signaling. TNF and NF-κB signaling were also enriched in 

both cell types, with a distinct set of genes such as Mmp9, Tnf, Il1b, Cxcl2;3;12, Ccl4 

and Cd14 being upregulated in both Tg197 SFs and VICs (Figure 25D). Interestingly, 

some of the functions enriched only in VICs’ DEGs involve cardiovascular diseases, 
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indicating the differences between VICs and SFs due to their different tissue of origin 

(Figure 26C).  

Furthermore, the RNEA tool (237), which infers regulatory networks by predicting 

interactions between transcription factors and their target genes, was used to explore 

the similarities between VICs and SFs at the transcriptional regulation level. 

Regulatory networks were extracted from both cells’ gene expression profile and the ir 

intersection is reported in Figure 25E. Interestingly, Sfpi1 and Pparg, which are 

known to regulate mesenchymal activation (90), were revealed by this analysis as 

the two main common regulators of the two networks; Tnf was also found to be a 

central regulator. These findings strongly suggest that Tg197 VICs share a 

commonly altered expression profile with Tg197 SFs at the gene expression, 

functional pathways and transcriptional regulation circuit levels.  

 

Figure 25. Tg197 VICs exhibit common pathogenic molecular signatures with 
Tg197 SFs at 8 weeks of age. (A) Volcano plots with the number of differentially 
expressed genes (DEGs) of Tg197 VICs and SFs compared to WT. (B) Venn 
diagram showing the overlap of DEGs in Tg197 VICs and SFs. (C) Venn diagram 

showing overlap of enriched KEGG pathways derived from functional enrichment 
analysis of upregulated DEGs in Tg1917 VICs and SFs. (D) Alluvial diagram 
illustrating overlapping KEGG pathways in Tg197 VICs and SFs, grouped according 
to their KEGG broader categories. (E) Intersection of regulatory networks of Tg197 
VICs and SFs. (Figure continued on next page) 



 
 

 

102 

 

 

 

 

 

 

 

 

(Figure 25 continued) 
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Figure 26. Further functional enrichment analysis of the overlapping 
upregulated/downregulated genes in Tg197 VICs and SFs isolated at 8 weeks 
of age. (A, B) Pathways enriched in the overlapping significantly upregulated (A) and 
downregulated (B) DEGs in Tg197 VICs and SFs. (C) Extended alluvial diagram 

which illustrates KEGG pathways in VICs and SFs alone as well as the overlapping 
KEGG pathways in Tg197 VICs and SFs, grouped according to their KEGG broader 
categories. (Figure continued on next page) 
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(Figure 26 continued) 
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Discussion: Part II 

RA and SpA patients show a higher risk of developing associated cardiac diseases, 

which highly contribute to their increased mortality rates (101). More specifically, they 

exhibit a 30% increased incidence of valvular pathologies, including nonspecific 

valvular thickening and mild valve regurgitation (103,247).  Recent studies using 

sensitive imaging methods, such as transesophageal echocardiography, report an 

even greater prevalence of left-sided Heart Valve Disease (HVD) in RA patients with 

valve thickening in half of the cases involving both mitral (47%) and aortic (32%) 

valves and valve regurgitation (21%) (248).  The involvement of TNF in the 

pathogenesis of RA and SpA is well established; however, its role in the development 

of arthritis-related cardiac comorbidities remains unknown.  

We demonstrate here that overexpression of TNF, in the TghuTNF (Tg197) arthritis 

model, in addition to the chronic polyarthritis (23) drives also the development of 

spontaneous left-sided heart valve disease, which mainly leads to valvular thickening 

with some degree of stenosis and occasionally to valve insufficiency, comorbid 

pathologies often observed in RA/SpA patients (103,112). Interestingly, a similar left-

sided heart valve pathology, exhibiting valvular thickening and fibrosis was also 

observed in the TgA86, transmembrane TNF overexpressing, mouse model of SpA 

(225,249) (Figure 27), further strengthening the pathogenic role of TNF in the 

development of arthritis-related cardiac comorbidities. The greater mechanical stress 

and hemodynamic pressures imposed on the left side of the heart is a likely 

explanation for the discrepancy between the diseased left- and unaffected right-sided 

valves, also observed in RA/SpA patients.  

AV stenosis and MV and/or AV regurgitation have been shown to result in LV 

hypertrophy with preserved ejection fraction and occasionally in LV dilation with 

some degree of contractile dysfunction (250). Similarly, in the Tg197 model, valvular 

pathology contributes to the observed extensive LV dilation with some degree of LV 

hypertrophy as well as to the concomitant contractile dysfunction. However, 

additional mechanisms that have been proposed as contributing factors in the 

increased prevalence of global heart failure in RA/SpA patients, such as myocardial 

fibrosis and edema as well as arterial blood pressure, coronary heart disease and 

myocardial remodeling (251) remain to be studied for their contribution in the global 

heart impairment observed in Tg197 animals. We have also detected repeated 

arrhythmic episodes in Tg197 mice which could explain the premature sudden 
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deaths observed in this model recapitulating the increased risk of sudden cardiac 

death experienced by RA/SpA patients, due to atrial fibrillation and other types of 

tachyarrhythmias which suggest diffuse myocardial electrical instability (252,253). 

Overall, our data demonstrate that the Tg197 arthritis model develops heart valve 

disease and cardiac arrhythmias that closely mimic the cardiac clinical findings and 

premature mortality observed in arthritis patients, supporting the value of this model 

in providing mechanistic insights into the pathogenesis of these comorbidities. The 

reversal of the cardiac phenotype by pharmacological inhibition of TNF in this model 

supports the vital role of TNF in the development of RA/SpA-related cardiac valvular 

comorbidities and suggests that anti-TNF therapy could also prevent cardiac 

comorbidities and avoid adverse cardiovascular side effects caused by other drugs, 

such as DMARDs (101). Our findings also highlight the importance of regular 

echocardiographic screening on RA and SpA patients.  

The association between elevated TNF levels and valvular pathology has been 

previously suggested in other mutant mice (134,135). Notably, these mice exhibit an 

inflammatory valvulitis, in contrast to the hypertrophic valves of Tg197 mice, which 

consist mainly of activated mesenchymal VICs. This discrepancy could be attributed 

to various factors, such as differences in the genetic background or in the cytokine 

imbalances driving the pathology. More specifically, the inflammatory phenotype of 

IL1Ra-deficient mice (134) has been observed in the inflammation-susceptible 

BALB/c genetic background (254) whereas in the C57 background they show milder 

pathology (134). Additionally, pathology in the IL1Ra- (134) as well as in the TTP-

deficient (135) and K/BxN transgenic (255) mice could be driven by diverse upstream 

mechanisms providing additional pathogenic cytokine misbalances apart from TNF.  

 

Extensive characterization and comparison of the transcriptional profiles of 

pathogenic Tg197 VICs and SFs, compared to their healthy counterparts, revealed a 

shared altered and pathogenic profile of these two cell types. Inflammatory and 

immune responses were among the commonly enriched KEGG pathways in both 

Tg197 SFs and VICs, supporting their activated and pathogenic status. Our analysis 

further supports the central role of Tnf in both cell types and pathologies. 

Interestingly, Sfpi1, a NF-κB-modulator (256), emerged as a common transcriptional 

regulator of both activated VICs and SFs highlighting the importance of NF-κB 

signaling in this process, as was also confirmed by the enrichment of the NF-κB 

signaling pathway in both cell types. Moreover, Sfpi1, encoding the myeloid-specific 
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transcription factor PU.1 (257), has been found upregulated in RA-FLS (258), while 

being also implicated in the pathogenesis of heart hypertrophy(259). Collectively, the 

centrality of Sfpi1, in combination with the enriched immune and TLR signaling, as 

well as NF-κB signaling pathways, in both Tg197 VICs and SFs could support their 

conversion to activated mesenchymal cells possessing pathogenic innate immune 

properties. This hypothesis is further supported by recent findings suggesting that 

Tg197 SFs undergo a metabolic reprogramming (260), similar to the metabolic 

alterations reported in both inflammatory heart diseases and RA (261,262). 

Therefore, we hypothesize that VICs and SFs become pathogenic upon common 

TNF-induced metabolic reprogramming acquiring a detrimental innate phenotype, 

which should be further explored.   

We finally show here that mesenchymal-specific TNF signaling, through TNFR1, is 

both required and sufficient for the development of heart valve pathology. Notably, 

SF- and IMC-specific TNFR1 signaling has been previously demonstrated to be 

causal in orchestrating comorbid polyarthritis and Crohn’s-like IBD in a TNF 

overexpressing mouse model (24). It may, therefore, be strongly postulated that 

mesenchymal cell responses to TNF, explain complex chronic inflammatory disease 

comorbidities involving joint, intestinal and, as shown in the present study, also 

cardiac pathologies. Future detailed insights into the molecular and cellular 

mechanisms commonly underlying aetiopathogenesis of mesenchymal cell-driven 

comorbidities, such as those expressed under the RA/SpA paradigm, may also offer 

novel approaches to therapeutically target common pathogenic processes.                                        
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Figure 27. TgA86 SpA model develops TNF-dependent left-sided heart valve 
pathology. Representative images of H&E- and Masson’s Trichrome-stained 

transverse heart sections showing the aortic valve of TgA86 animals at 15 weeks, 
treated with vehicle or prophylactic anti-TNF treatment (from 4th-15th week of age) 

(Scale bar, 400μm). 
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Results: Part III 

 

Systemic, but not mesenchymal-specific, Ercc1 deficiency ameliorates 

heart valve pathology of Tg197 

As shown earlier, neither systemic nor mesenchymal-specific Ercc1 deficiency in 

Tg197 animals had any effect in its arthritis pathology. Since we have thoroughly 

investigated the comorbid heart valve disease of this model (Tg197), we sought to 

study whether systemic or mesenchymal-specific Ercc1 deficiency affects it. 

Unexpectedly, heart valve disease of Tg197 Ercc1Δ/- animals was completely 

abolished compared to Tg197 mice (Figure 28), while it was not altered in the Tg197 

ColVI-Ercc1f/- animals compared to Tg197 ColVI-Ercc1f/+ control mice, at 12 weeks of 

age. To explain this phenotype, we tried to isolate VICs from Tg197 Ercc1Δ/- mice 

and further examine how they differ from WT or from Tg197 VICs. Unfortunately, we 

never managed to isolate successfully VICs from these mice as the size of the 

progeroid Tg197 Ercc1Δ/- heart was too small to isolate as many cells as needed for 

functional assays.  

 

Figure 28. Systemic, but not mesenchymal-specific, Ercc1 deficiency 
ameliorates heart valve pathology of Tg197.  Representative images of H&E-
stained longitudinal heart sections showing the aortic valve leaflets of WT, Ercc1Δ/-, 
ColVI-Cre Ercc1f/-, Tg197 and Tg197 Ercc1Δ/- and Tg197 ColVI-Cre Ercc1f/- animals at 

12 weeks of age (aortic valve is indicated with the black arrow).  
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Discussion: Part III 

 

Aging has been associated with higher incidence of cardiac dysfunction; however, 

there are still unanswered questions about the exact molecular mechanisms driving 

this predisposition. In the past, Ercc1 deletion has been implicated with 

atherosclerotic cardiovascular disease both in mice (263)  and in human patients 

(264). For this reason, we investigated whether systemic or mesenchymal-specific 

Ercc1 deletion causes any phenotype in the heart valves of Ercc1Δ/- or ColVI-Cre 

Ercc1f/- respectively and whether this deletion affects the heart valve disease 

developed in Tg197 mice. 

We demonstrate here that systemic accumulation of DNA damage due to Ercc1 

deletion does not lead to the development of spontaneous heart valve pathology in 

Ercc1Δ/- mice. Although previous studies have shown that Ercc1Δ/- mice suffer from 

vasodilator impairment, hence dysfunction of endothelial cells (263), the heart valve 

of these mice was histopathologically normal. This could be attributed to the fact that 

valve endothelial cells may not be affected by the general endothelial dysfunction of 

this mouse.  

According to recent findings by Karakasilioti et al., 2013 (207), persistent adipocyte-

specific DNA damage triggers the expression of pro-inflammatory cytokines, leading 

to chronic inflammation and eventually to tissue degeneration. As adipose tissue and 

Valve Interstitial Cells (VICs) are of shared mesenchymal origin, we hypothesized 

that mesenchymal-specific Ercc1 deficiency would similarly cause higher levels of 

TNF, hence heart valve disease, similar to the one of Tg197 animals. For this reason, 

we observed ColVI-Cre Ercc1f/- animals for any histopathological symptoms of heart 

valve thickening and fibrosis. Up until their 26th week of age, ColVI-Cre Ercc1f/- 

animals did not show any of these disease features. Additionally, mesenchymal-

specific Ercc1 deletion did not affect the heart valve disease of Tg197 mice.  

Interestingly, heart valve disease of Tg197 animals was ameliorated due to the 

systemic Ercc1 deletion of Tg197 Ercc1Δ/- animals. To explain this phenotype, we 

tried to isolate VICs from Tg197 Ercc1Δ/- mice and further examine how they differ 

from WT and Tg197 VICs. Unfortunately, we never managed to isolate successfully 

VICs from these mice, as the size of the progeroid Tg197 Ercc1Δ/- heart was too 

small to isolate as many cells as needed for functional assays. However, in the 

future, pooled samples could be used to identify major differences on VIC 
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characteristics of these animals. It would also be interesting if transcription profile of 

Valve Endothelial Cells (VECs) and VICs derived from Tg197, Ercc1Δ/-, Tg197 

Ercc1Δ/- and Tg197 ColVI-Cre Ercc1f/- animals were compared, in order to investigate 

the differences between endothelial and mesenchymal aging and how these affect 

the development of heart valve disease observed in Tg197 animals. Additionally, 

echocardiographic evaluation of the hearts of Tg197 Ercc1Δ/- animals could provide 

with possible explanations of the above findings. 
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Conclusion and future perspectives 

 

In this research, we investigated whether the established model of arthritis 

(TghuTNF) develops, similarly to RA patients, comorbid heart pathology and we 

further explored the cellular and molecular mechanisms linking arthritis to cardiac 

comorbidities. We also investigated whether these pathologies are affected by 

premature aging, which is caused by accumulation of DNA damage in the synovium 

and in the heart valve.  

Tg197 mice were found to develop TNF-dependent left-sided heart valve disease, 

characterised by valvular fibrosis, which consists almost entirely of hyperproliferative 

mesenchymal Valve Interstitial Cells (VICs). Clinically, the development of pathology 

results in valve stenosis and left ventricular dysfunction, accompanied by arrhythmic 

episodes and, occasionally, valvular insufficiency. Therefore, we have provided novel 

evidence that comorbid heart valve disease and chronic polyarthritis are efficiently 

modeled in the Tg197 arthritis model. This model could be proven very useful for 

future investigation on molecular pathways implicated in both TNF-dependent heart 

valve diseases, as well as RA-associated heart valve diseases and several genes 

could be knocked in or out.  

We also showed here that mesenchymal-specific TNF signaling, through TNFR1, is 

both required and sufficient for the development of heart valve pathology in Tg197 

animals. Notably, SF- and Intestinal mesenchymal cells (IMC)-specific TNFR1 

signaling has been previously demonstrated to be causal in orchestrating comorbid 

polyarthritis and Crohn’s-like IBD in a TNF overexpressing mouse model (24). It may, 

therefore, be strongly postulated that mesenchymal cell responses to TNF, explain 

complex chronic inflammatory disease comorbidities involving joint, intestinal and, as 

shown in the present study, also cardiac pathologies. Future detailed insights into the 

molecular and cellular mechanisms commonly underlying aetiopathogenesis of 

mesenchymal cell-driven comorbidities, such as those expressed under the RA/SpA 

paradigm, may also offer novel approaches to therapeutically target common 

pathogenic processes.  

To investigate the role of aging in the pathologies of Tg197 mice, these mice were 

crossed with animals characterized by systemic or mesenchymal-specific deficient 

DNA Damage Response. The pathology of chronic polyarthritis of Tg197 mice was 

not affected by either systemic or SF-specific Ercc1 deletion. However, 
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mesenchymal-specific Ercc1 deletion caused amelioration of CAIA-induced arthritis. 

This amelioration could be further studied, as it would provide with new evidence on 

the interaction between aged mesenchymal cells and inflammatory cells in the joint. 

In addition, mesenchymal-specific Ercc1 KO mice showed a phenotype of premature 

aged muscular atrophy. This could be also further studied as a model of premature 

muscular aging.  

Interestingly, the pathology of the heart valve of Tg197 animals was completely 

abolished by systemic, but not mesenchymal, Ercc1 deletion. As we have proven that 

the heart valve disease is driven by mesenchymal VICs, this discrepancy was 

unexpected and could be studied further in the future. This could be achieved by 

RNA-sequencing analysis of VICs derived from mice with systemic and 

mesenchymal-specific deletion in WT or Tg197 mice.  Additionally, 

echocardiographic evaluation of the hearts of Tg197 Ercc1Δ/- animals could provide 

with possible explanations of the above findings. 

Collectively, the findings of this research shed light on the interplay between the 

three inter-related diseases of Rheumatoid Arthritis, aging and heart valve disease 

and could be used in the future for further analysis under the scope of common 

pathways linking comorbid conditions.  
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ExtEndEd rEport

Comorbid TNF-mediated heart valve disease and 
chronic polyarthritis share common mesenchymal 
cell-mediated aetiopathogenesis
Lydia ntari,1,2 Maria Sakkou,1 panagiotis Chouvardas,1,3 Iordanis Mourouzis,4 
Alejandro prados,1 Maria C denis,5 niki Karagianni,5 Constantinos pantos,4 
George Kollias1,3

ABstrAct
Objectives patients with rheumatoid arthritis and 
spondyloarthritisshow higher mortality rates, mainly 
caused by cardiac comorbidities. the tghutnF (tg197) 
arthritis model develops tumour necrosis factor 
(tnF)-driven and mesenchymalsynovial fibroblast 
(SF)-dependent polyarthritis. Here, we investigate 
whether this model develops, similarly to human 
patients, comorbid heart pathology and explore cellular 
and molecular mechanisms linking arthritis to cardiac 
comorbidities.
Methods Histopathological analysis and 
echocardiographic evaluation of cardiac function 
were performed in the tg197 model. Valve interstitial 
cells (VICs) were targeted by mice carrying the ColVI-
Cretransgene. tg197 ColVI-Cre Tnfr1fl/fl and tg197 ColVI-
Cre Tnfr1cneo/cneo mutant mice were used to explore the 
role of mesenchymal tnF signalling in the development 
of heart valve disease. pathogenic VICs and SFs were 
further analysed by comparative rnA-sequencing 
analysis.
results tg197 mice develop left-sided heart valve 
disease, characterised by valvular fibrosis with minimal 
signs of inflammation. thickened valve areas consist 
almost entirely of hyperproliferative ColVI-expressing 
mesenchymal VICs. development of pathology results 
in valve stenosis and left ventricular dysfunction, 
accompanied by arrhythmic episodes and, occasionally, 
valvular regurgitation. tnF dependency of the pathology 
was indicated by disease modulation following 
pharmacological inhibition or mesenchymal-specific 
genetic ablation or activation of tnF/tnFr1 signalling. 
tg197-derived VICs exhibited an activated phenotype ex 
vivo, reminiscent of the activated pathogenic phenotype 
of tg197-derived SFs. Significant functional similarities 
between SFs and VICs were revealed by rnA-seq 
analysis, demonstrating common cellular mechanisms 
underlying tnF-mediated arthritides and cardiac 
comorbidities.
conclusions Comorbidheart valve disease and chronic 
polyarthritis are efficiently modelled in the tg197 
arthritis model and share common tnF/tnFr1-mediated, 
mesenchymal cell-specific aetiopathogenic mechanisms.

IntrOductIOn
Chronic inflammatory joint diseases are associ-
ated with articular inflammation leading to joint 
damage and increased mortality rates, which are 

mainly attributed to cardiovascular comorbidi-
ties.1 2 Cardiac disease manifestations are detected 
in 70%–80% of patients with rheumatoid arthritis 
(RA) and spondyloarthritis (SpA) and symptoms 
can vary greatly, including arrhythmias, ischaemic 
heart failure as well as valvular diseases, such as 
valve insufficiency and stenosis.3 4 The mechanisms 
mediating the co-occurrence of cardiac comorbid-
ities in patients with chronic inflammatory joint 
diseases remain unknown.

The critical role of tumour necrosis factor (TNF) 
in RA and SpA pathologies is now well established 
both in transgenic animal models5–8 and by the 
highly positive clinical responses of human patients 
to anti-TNF therapies.9 10 Interestingly, recent 
studies in mice with deregulated TNF expression 
indicated a pivotal role of TNF also in cardiovas-
cular diseases.11–15 It, therefore, appears that TNF 
may commonly underlie arthritis and arthritis-re-
lated cardiac manifestations in human patients, 
which could also explain the amelioration of both 
of these comorbidities in patients treated with 
anti-TNF biologics.16 

Mesenchymal cells are active participants in the 
structure and function of almost all tissues and 
contribute to their homeostasis.17 The mesen-
chymal cells of the joint are the synovial fibro-
blasts (SFs).18 19 Several studies have implicated SFs 
as key pathogenic cells, capable of initiating and 
driving the development of joint pathologies both 
in mouse models and human patients.8 20 21 Inter-
estingly, using TNF-driven models of comorbid 
arthritis and inflammatory bowel disease (IBD), 
we have previously established that TNF signals, 
uniquely operating in SFs or intestinal mesen-
chymal cells (IMCs), are sufficient to orchestrate 
the full pathogenic process of these two complex 
pathologies.8 Yet another mesenchymal cell type, 
which is known to form the heart valves and is 
responsible for the maintenance of valve extracel-
lular matrix structures, is the valve interstitial cells 
(VICs).22–24 Recent in vitro studies have suggested 
that TNF can activate quiescent VICs into myofi-
broblasts inducing their pathogenic contribution to 
heart valve diseases (HVDs).23 25 We have therefore 
hypothesised that the huTNF-driven, Tg197 model 
of arthritis5 may exhibit heart valve pathology and 
that a common mesenchymal cell-specific TNF-me-
diated mechanism, operating on VICs, could 
explain the comorbidity.
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We show here that Tg197 mice develop spontaneous left-sided 
heart valve pathology, characterised by extensive fibrosis and 
thickening of the aortic valve (AV) and mitral valve (MV) and 
associated with activated and hyperproliferating VICs. Valvular 
stenosis was associated with deterioration of cardiac function 
due to valvular degeneration and left ventricular (LV) dysfunc-
tion, simulating comorbid valvular diseases detected in patients 
with RA/SpA. Moreover, we show that this cardiac phenotype 
is ameliorated on Ab-mediated inhibition of TNF or by genetic 
mesenchymal-specific ablation of TNFR1. We further demon-
strate that Tg197 VICs cultured ex vivo exhibit an activated 
phenotype characterised by increased huTNF production as 
well as increased proliferative and migratory capacities, similar 
to the one exhibited by arthritogenic SFs. Comparison of 
RNA-sequencing profiles between Tg197-derived SFs and VICs 
revealed similar pathogenic genes and pathways being activated 
in the two cell types. Overall, our studies establish a common 
TNF-driven mesenchymal cell-specific mechanism that may 
underlie aetiopathogenesis of comorbid joint and HVDs also in 
human patients.

MAterIAls And MetHOds
Mice
Tg197,5 ColVI-Cre,8 Tnfr1fl/fl26 and Tnfr1cneo/cneo27 mice 
were previously described; Rosa26mT/mG mice28 were purchased 
from the Jackson Laboratories. Mice were maintained on a 
C57BL/6J or C57BL/6×CBA genetic background in the animal 
facilities of Biomedical Sciences Research Center (BSRC) ‘Alex-
ander Fleming’ under SPF conditions. All animals were sacri-
ficed at 11–12 weeks of age. Further details can be seen online in 
supplementary methods.

Antibodies
Antibodies used for immunohistochemistry, fluorescence-acti-
vated cell sorting (FACS) and immunofluorescence can be found 
in online supplementary methods.

Immunohistochemistry and immunofluorescence
Paraffin-embedded tissue sections and heart transverse optimal 
cutting temperature (OCT) cryosections were stained and eval-
uated according to protocols found in online supplementary 
methods.

echocardiography and ecG
Echocardiography assessment and ECG were performed in the 
Department of Pharmacology, Medical School NKUA, Greece. 
Further details can be seen in online supplementary methods.

Isolation and culturing of sFs and VIcs
SFs and VICs were isolated and cultured up to the third or fourth 
passage when they were used for cellular assays and sequencing. 
Detailed protocol is described in online supplementary methods.

FAcs
See details in online supplementary methods.

Proliferation assay
To determine cellular proliferation, the Cell Proliferation ELISA, 
BrdU kit (Sigma-Aldrich) was used.

elIsA
Detection of hTNF was performed using the hTNF Quantikine 
Elisa (R&D Systems).

Wound-healing assay
To determine the migratory capacity of the cells, we used the 
wound-healing assay as described in online supplementary 
methods.

3′ rnA-sequencing and analysis
RNA-seq was performed in three biological replicates of 
cultured VICs and SFs isolated from Tg197 mice and WT litter-
mates at their eighth week of age. Further analysis is found in 
online supplementary methods.

statistical analysis
Data are presented as mean±SEM, and Student’s t test was used 
for the evaluation of statistical significance, with P values <0.05 
being considered statistically significant. Analysis was performed 
using the GraphPad Prism V.6.

results
tnF-dependent left-sided heart valve pathology develops as 
a comorbid condition in the tg197 arthritis model
Histopathological evaluation of heart tissue from Tg197 animals 
revealed pathological alterations localised in the left side of the 
heart, affecting specifically the AV (figure 1A) and MV area 
(figure 1B), while the pulmonary valve as well as the blood 
arteries and vessels appeared unaffected (online supplemen-
tary figure S1,4). Pathology was associated with AV and MV 
thickening (figure 1C) mainly due to fibrosis, which extended 
to the root of the valve, as shown by the intense Masson’s 
staining (figure 1A,B). Inflammation appeared to have only a 
minimal contribution, as indicated by the limited number of 
infiltrating inflammatory cells in the valves at 12 weeks of age 
(online supplementary figure S3).

Signs of heart valve pathology were detected in the Tg197 mice 
already from 4 weeks of age and became progressively worse as 
animals aged (online supplementary figure S4) in parallel to their 
arthritis pathology. By 8 weeks of age, when Tg197 mice had 
established arthritis, pathology in both valves was manifested 
with 100% penetrance and without a gender bias. Treatment of 
Tg197 animals with the anti-TNF infliximab (Remicade), from 
4 to 11 weeks of age, resulted in the amelioration of the HVD, 
demonstrated by the decrease in valvular thickening and fibrosis 
(figure 1C and supplementary figure S2)

Heart valve pathology leads to lV dysfunction in the tg197 
animals
To assess whether the valvular thickening and fibrosis observed in 
Tg197 animals also affect their cardiac function, we performed 
echocardiography and ECG analysis in 12-week-old mice. Tg197 
mice displayed increased AV and MV velocities (figure 1D), 
indicative of valvular stenosis. Moreover, in approximately 15% 
of the transgenic mice examined, aortic and/or mitral regurgita-
tion was detected (online supplementary figure S5), suggesting 
valvular insufficiency. An additional consequence of the MV 
dysfunction was the observed increased atrial pressure leading 
to dilation of the left atrium (LA) (table 1). Echocardiography 
data analysis consistently showed that Tg197 animals displayed 
LV dilation with some degree of hypertrophy, indicated by the 
increased LV dimensions (LV end-diastolic diameter (LVEDd), 
LV end-systolic diameter (LVEDs), LV length in diastole (LVLd), 
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LV end-diastolic posterior wall thickness (LVPWd), end-dia-
stolic interventricular septal thickness (IVSd)) and the signif-
icant increase of heart-to-body weight ratio compared to WT 
mice (table 1). Tg197 mice also exhibited significant reduction 
of the global cardiac function, as indicated by their reduced 
ejection fraction (EF%) (figure 1E) and, more importantly, by 
their reduced regional contractile function reflected in the lower 
systolic velocity of the posterior wall (SVPW) (table 1).

Interestingly, we have observed that Tg197 animals exhibit 
increased premature mortality of unknown aetiology starting at 

10 weeks of age, reaching an ~50% incidence at 13 weeks of age 
(online supplementary figure S6). Notably, assessment of cardiac 
function of Tg197 animals showed that they were prone to 
exhibit fatal episodes of arrhythmias in advanced disease stages 
(12 weeks), mainly switching from bradycardia (~200 bpm) to 
tachycardia (~500–650 bpm) in a few minutes interval during 
ECG (figure 1F). Therefore, arrhythmic episodes could be asso-
ciated with the premature deaths observed in Tg197 animals.

Collectively, our data show that the histopathological find-
ings in Tg197 heart valves are associated with left-sided valvular 
degeneration and dysfunction and are accompanied by echocar-
diographic findings of LV cardiomyopathy.

Hypertrophic valves of tg197 mice consist mainly of activated 
VIcs
Since SFs have been previously established as drivers of arthri-
togenesis in the Tg197 model,8 we investigated whether VICs 
play also a pathogenic role in the observed Tg197 heart valve 
pathology. To this end, we first crossed the reporter mouse 
Rosa26mT/mG which expresses green fluorescent protein (GFP) 
upon recombination, with the ColVI-Cre mouse, which has been 
previously used to target mesenchymal cells in the joints, small 
intestine,8 colon29 and other organs.30 Examination of the heart 
valves of ColVI-Cre-Rosa26mT/mG mice revealed co-localisation 
of GFP expression with vimentin (figure 2A), a known marker 
of fibroblasts and VICs,23 31 indicating efficient targeting of 
VICs by ColVI-Cre, and confirming their mesenchymal origin.22 
Efficient recombination was confirmed by further characterisa-
tion of GFP+ cells derived from dissociated heart valve tissue 
from ColVI-Cre-Rosa26mT/mG mice using FACS analysis. GFP+ 
cells strongly expressed VIC and mesenchymal cell markers 
(vimentin, CD29 and podoplanin), while displaying no expres-
sion of haematopoietic (CD45) and endothelial (CD31) markers 

Figure 1 Tg197 arthritis model develops tumour necrosis factor (TNF)-dependent left-sided heart valve disease which leads to left ventricle (LV) 
dysfunction. (A, B) Representative images of H&E and Masson’s trichrome-stained transverse heart sections showing the aortic valve (AV) (A) and 
the mitral valve (MV) (B) leaflets of Tg197 and WT littermate animals at 12 weeks old of age;(scale bar, 400   μm) (C) Comparison of the AoV and 
MV thickness between WT, Tg197 and Tg197 treated with anti-TNF infliximab (Remicade) animals at 11–12 weeks of age (data are presented as 
individual values, with mean±SEM; *P<0.02; **P<0.01). (D) Blood aortic (AoV) and mitral velocities (MV E and A) acquired by Doppler analysis of 
Tg197 mice and WT littermates at their 12 weeks of age (left and right panels, respectively; data are presented as individual values, with mean±SEM; 
***P<0.0001). (E) Ejection fraction (EF%) of Tg197 mice and WT littermates at their 12 weeks of age, calculated by the modified Simpson equation, 
using 2D images in echocardiography analysis (data are presented as individual values, with mean±SEM; ***P<0.0001). (F) Representative ECGs 
of Tg197 animals with few minutes interval (four consecutive time points with ~1 min interval, starting from the upper panel), at their 12 weeks of 
age. AVR, aortic valve root; WT, wild type.

table 1 Echocardiographic parameters in Tg197 and WT mice at 12 
weeks of age

Wt (n=16) tg197 (n=19) P value

Body weight (g) 26.25±1.06 16.73±0.091 <0.0001

Heart weight (mg) 107.10±3.39 83.00±5.31 <0.0001

HW/BW (mg/g) 4.11±0.08 5.05±0.27 0.0054

LVEDd (mm/BW) 0.14±0.01 0.22±0.01 <0.0001

LVEDs (mm/BW) 0.08±0.01 0.14±0.01 <0.0001

LVLd (mm/BW) 0.28±0.01 0.38±0.01 <0.0001

LVPWd (mm/BW) 0.026±0.001 0.038±0.002 <0.0001

IVSd (mm/BW) 0.026±0.001 0.038±0.002 <0.0001

LA (mm/BW) 0.083±0.003 0.132±0.006 <0.0001

SVPW (cm/s) 3.02±0.08 2.14±0.07 <0.0001

E/A ratio 1.87±0.13 1.33±0.09 0.0009

Values were normalised with the body weight (except for SVPW), as indicated in 
the table. Data were expressed as mean±SEM. 
E/A ratio, ratio between E (peak early diastolic flow) and A (peak late 
diastolic flow); HW/BW, heart weight-to-body weight ratio; IVSd, end-diastolic 
interventricular septal thickness; LA, left atrium; LVEDd, left ventricular end-diastolic 
diameter; LVEDs, left ventricular end-systolic diameter; LVLd, left ventricular length 
in diastole; LVPWd, left ventricular end-diastolic posterior wall thickness; SVPW: 
systolic velocity of the posterior wall. 
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(figure 2B). These results suggest that the ColVI-Cre mouse 
effectively targets mainly vimentin+, CD29+ and podoplanin+ 
mesenchymal-like VICs in the heart valve.

To explore the role of VICs in the Tg197 heart valve pathology, 
we crossed the ColVI-Cre-Rosa26mT/mG mice with Tg197 mice. 
The thickened fibrotic heart valves of these mice were mainly 
populated by GFP+ VICs (figure 2C), supporting their central 
role in the heart valve phenotype. The pathogenic potential of 
VICs in Tg197 animals was further assessed by the expression of 
α-SMA, a well-established marker of activated myofibroblastic 
VICs.32 Interestingly, α-SMA-expressing VICs were detected in 
the thickened valvular area and root of Tg197 mice (figure 2D), 
indicating that the pathology observed is mainly characterised by 
accumulation of activated VICs.

tnFr1 signalling in mesenchymal cells is necessary and 
sufficient for the development of tg197 heart valve 
pathology
Having established the contribution of activated mesenchymal 
VICs and TNF dependency of the valvular hyperplasia in Tg197 
mice, we further explored the role of mesenchyme-specific TNF 
signalling in the development of this pathology. To address 
whether TNF signalling in mesenchymal VICs is required for 
the development of heart valve pathology, Tg197 animals were 
crossed with ColVI-Cre Tnfr1fl/fl animals.26 Tg197 ColVI-Cre 

Tnfr1fl/fl mice exhibited ameliorated heart valve pathology, 
as indicated by the lack of heart valve thickening and fibrosis 
(figure 3A, C). This finding suggests that TNF signalling, through 
TNFR1 in mesenchymal cells, is essential for the pathogenesis of 
HVD in the Tg197 model.

Next, we examined whether TNF signalling in mesenchymal 
cells was also sufficient to induce heart valve pathology in Tg197 
mice. To this end, we crossed Tg197 with ColVI-Cre Tnfr1cneo/

cneo mice to achieve specific reactivation of TNFR1 signalling 
only in mesenchymal cells.27 Tg197 ColVI-Cre Tnfr1cneo/cneo 
mice developed valvular thickening and extensive fibrosis, while 
control Tg197 Tnfr1cneo/cneo did not show any signs of heart 
valve thickening and fibrosis (figure 3B,D), demonstrating that 
TNF signalling through TNFR1 in mesenchymal cells is suffi-
cient to trigger heart valve pathology in Tg197 mice. Conse-
quently, TNF signalling in the mesenchyme is both necessary 
and sufficient for the development of heart valve pathology in 
Tg197 animals.

Ex vivo-derived tg197 VIcs exhibit an activated phenotype
It is known that ex vivo human RA and mouse arthritogenic SFs 
exhibit increased proliferative and migratory capacities.33–35 To 
investigate whether pathogenic VICs display a similar pheno-
type, we isolated VICs from Tg197 and WT animals at 8 weeks 
of age, when HVD is well established.

Figure 2 Heart valve disease of Tg197 mice is caused by accumulation of activated mesenchymal valve interstitial cells (VICs). (A) Representative 
images of transverse heart cryosections of ColVI-Cre-Rosa26mT/mG mice, at their 8 weeks of age, and colocalisation of GFP expression with vimentin 
expression in the heart valve (lower panel: higher magnification of the upper panel) (scale bar: 100 μm). (B) Fluorescence-activated cell sorting 
(FACS) analysis of ColVI-expressing cells (GFP+) with markers for endothelial (CD31), haematopoietic (CD45) and fibroblast/mesenchymal cells 
(CD29, podoplanin [PDPN], vimentin) from dissociated heart valves of ColVI-Cre-Rosa26mT/mG mice, at their 8 weeks of age (data are presented as 
mean±SEM, n=3 from three individual experiments). (C) Representative images of transverse heart cryosections of ColVI-CremT/mG and Tg197 ColVI-
CremT/mG mice at their 12 weeks of age (scale bar: 100 μm). (D) Representative image of transverse heart cryosections of Tg197 mice at their 12 weeks 
of age and colocalisation of smooth muscle actin (α-SMA) expression with vimentin expression in the heart valve and root (scale bar: 100 μm).

 on O
ctober 31, 2019 by guest. P

rotected by copyright.
http://ard.bm

j.com
/

A
nn R

heum
 D

is: first published as 10.1136/annrheum
dis-2017-212597 on 23 F

ebruary 2018. D
ow

nloaded from
 

http://ard.bmj.com/


930 Ntari L, et al. Ann Rheum Dis 2018;77:926–934. doi:10.1136/annrheumdis-2017-212597

Basic and translational research

We first confirmed the homogeneity of VICs cultures by char-
acterising cultured VICs isolated from ColVI-Cre-Rosa26mT/

mG animals. FACS analysis confirmed that approximately 80% 
of the isolated VICs were GFP+ and displayed high expression 
of known fibroblast and mesenchymal cell markers including 

CD29, vimentin, podoplanin, CD140a, CD90.2, CD105, 
vascular cell adhesion protein 1 (VCAM-1) and intercellular 
adhesion molecular 1 (ICAM-1) (figure 4A), while they lacked 
expression of haematopoietic (CD45) and endothelial (CD31) 
markers, thus preserving the observed in vivo expression marker 
profile (figure 2B).

We further assessed the activation status of Tg197-derived 
VICs. These cells were found to overexpress hTNF (figure 4B) 
and displayed increased proliferative and migratory capacities 
(figure 4C,D), similarly to Tg197-derived SFs.34 Therefore, VICs 
are shown to exhibit an activated phenotype with similar char-
acteristics to the one exhibited by the arthritogenic Tg197 SFs 
ex vivo.33 34

tg197 VIcs express common pathogenic signatures with 
tg197 sFs
Arthritogenic SFs have been recently found to exhibit a distinct 
expression profile, characterised by pathogenic deregulation 
of genes affecting key pathways for the development of poly-
arthritis symptoms.36 We, therefore, explored the commonali-
ties of pathogenic Tg197 VICs and SFs at the gene expression, 
pathway and transcriptional regulation level. For this purpose, 
we isolated SFs and VICs from 8-week-old Tg197 animals, with 
established arthritis and HVD, and compared their expression 
profiles to those of SFs and VICs isolated from WT littermates 
by using RNA-sequencing.

Both Tg197 SFs and VICs displayed >500 significant differ-
entially expressed genes (DEGs) compared to their WT controls 
(figure 5A). More specifically, a total of 408 and 381 genes 
were upregulated in Tg197 VICs and SFs, respectively, with 
almost 30% of them commonly upregulated in both cell types 
(figure 5B), while a total of 327 and 160 genes were down-
regulated in Tg197 VICs and SFs, respectively, with approxi-
mately 10% of them commonly downregulated in both cell 
types (figure 5B). Further functional enrichment analysis of the 
common upregulated genes placed immune and inflammatory 
responses, as well as nuclear factor (NF)-κB signalling at the 
top enriched pathways. Pathways enriched in the overlapping 
downregulated genes included extracellular matrix organisation 
and regulation of growth, indicating extracellular matrix (ECM) 
remodelling and deregulated cell growth (online supplementary 
figure S7).

To further explore the similarities of these two pathogenic 
cell types at the pathway level, functional enrichment analysis 
was performed for all DEGs in SFs and VICs. Interestingly, 
KEGG pathways enriched in SFs’ and VICs’ upregulated genes 
show a great overlap (60%) (figure 5C). These pathways were 
subsequently clustered into broader KEGG pathway categories. 
The most pronounced category was immune response, which 
included pathways such as chemokine and TLR signalling, 
while the most prominent correlation was to human ‘rheuma-
toid arthritis’ term, with known RA-related and cardiovascular 
disease-related genes (Tnf, Il1b37 and Acp538) being upregulated 
in both cell types. Other categories include cancer and infec-
tious diseases, such as tuberculosis and pertussis which have also 
been associated with inflammation and TNF signalling. TNF 
and NF-κB signalling were also enriched in both cell types, with 
a distinct set of genes such as Mmp9, Tnf, Il1b, Cxcl2;3;12, 
Ccl4 and Cd14 being upregulated in both Tg197 SFs and VICs 
(figure 5D). Interestingly, some of the functions enriched only 
in VICs’ DEGs involve cardiovascular diseases, indicating the 
differences between VICs and SFs due to their different tissue of 
origin (online  supplementary figure S7). 

Figure 3 TNF signalling on valve interstitial cells (VICs) is required 
and sufficient for the development of heart valve disease of Tg197 
animals. (A) Representative images of H&E and Masson’s trichrome-
stained transverse heart sections of Tg197 and Tg197 ColVI-Cre Tnfr1fl/fl 
and animals at 12 weeks of age (scale bar, 500 μm). (B) Representative 
images of H&E and Masson’s trichrome-stained transverse heart 
sections of Tg197 Tnfr1cneo/cneo and Tg197 ColVI-Cre Tnfr1cneo/cneo and 
at 12 weeks of age (scale bar, 500 μm). (C) Comparison of the aortic 
valve thickness between Tg197 and Tg197 ColVI-Cre Tnfr1fl/fl animals at 
12 weeks of age (data are presented as individual values, with mean± 
SEM; *P<0.03). (D) Comparison of the aortic valve thickness between 
Tg197 Tnfr1cneo/cneo and Tg197 Tnfr1cneo/cneo at 12 weeks of age   
(data are presented as individual values, with mean± SEM;   
**P<0.005).
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Furthermore, the RNEA tool,39 which infers regulatory 
networks by predicting interactions between transcription 
factors and their target genes, was used to explore the simi-
larities between VICs and SFs at the transcriptional regulation 
level. Regulatory networks were extracted from both cells’ gene 
expression profile and their intersection is reported in figure 5E. 
Interestingly, Sfpi1 and Pparg, which are known to regulate 
mesenchymal activation,36 were revealed by this analysis as the 
two main common regulators of the two networks; Tnf was also 
found to be a central regulator. These findings strongly suggest 
that Tg197 VICs share a commonly altered expression profile 
with Tg197 SFs at the gene expression, functional pathways and 
transcriptional regulation circuit levels.

dIscussIOn
Patients with RA and SpA show a higher risk of developing 
associated cardiac diseases, which highly contribute to their 
increased mortality rates.2 More specifically, they exhibit a 
30% increased incidence of valvular pathologies, including 
non-specific valvular thickening and mild valve regurgita-
tion.3 40 Recent studies using sensitive imaging methods, such 
as transesophageal echocardiography, report an even greater 
prevalence of left-sided HVD in RA patients with valve thick-
ening in half of the cases involving both mitral (47%) and 
aortic valves (32%) and valve regurgitation (21%).41 The 
involvement of TNF in the pathogenesis of RA and SpA is well 
established; however, its role in the development of arthri-
tis-related cardiac comorbidities remains unknown.

We demonstrate here that overexpression of TNF, in the 
TghuTNF (Tg197) arthritis model, in addition to the chronic 
polyarthritis5 drives also the development of spontaneous 

left-sided HVD, which mainly leads to valvular thickening with 
some degree of stenosis and occasionally to valve insufficiency, 
comorbid pathologies often observed in patients with RA/
SpA.3 42 Interestingly, a similar left-sided heart valve pathology, 
exhibiting valvular thickening and fibrosis, was also observed in 
the TgA86, transmembrane TNF overexpressing, mouse model 
of SpA6 43 (supplementary figure S8), further strengthening the 
pathogenic role of TNF in the development of arthritis-related 
cardiac comorbidities. The greater mechanical stress and haemo-
dynamic pressures imposed on the left side of the heart is a likely 
explanation for the discrepancy between the diseased left-sided 
and unaffected right-sided valves, also observed in patients with 
RA/SpA.

AV stenosis and MV and/or AV regurgitation have been shown 
to result in LV hypertrophy with preserved EF and occasionally 
in LV dilation with some degree of contractile dysfunction.44 
Similarly, in the Tg197 model, valvular pathology contributes 
to the observed extensive LV dilation with some degree of LV 
hypertrophy as well as to the concomitant contractile dysfunc-
tion. However, additional mechanisms that have been proposed 
as contributing factors in the increased prevalence of global heart 
failure in patients with RA/SpA, such as myocardial fibrosis and 
oedema as well as arterial blood pressure, coronary heart disease 
and myocardial remodeling45 remain to be studied for their 
contribution in the global heart impairment observed in Tg197 
animals. We have also detected repeated arrhythmic episodes in 
Tg197 mice which could explain the premature sudden deaths 
observed in this model recapitulating the increased risk of 
sudden cardiac death experienced by patients with RA/SpA, due 
to atrial fibrillation and other types of tachyarrhythmias which 
suggest diffuse myocardial electrical instability.46 47 Overall, our 

Figure 4 Activated phenotype of Tg197-derived valve interstitial cells (VICs) ex vivo. (A) Fluorescence-activated cell sorting (FACS) analysis of ColVI-
expressing cells (GFP+) with markers for endothelial (CD31), haematopoietic (CD45) and fibroblast/mesenchymal cells (CD29, podoplanin [PDPN], 
vimentin, CD140a, CD90.2, CD105, VCAM-1, ICAM-1) in isolated VICs from ColVI-Cre-Rosa26mT/mG mice at 8 weeks of age. (B–D) Levels of secreted 
hTNF in the supernatants (B), BrdU incorporation (C) and wound healing ability calculated by percentage of wound closure (D) of VICs isolated from 
WT and Tg197 mice at 8 weeks of age (data are presented as mean±SEM, n=3 from three individual experiments; **P<0.001; ***P<0.0005).
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data demonstrate that the Tg197 arthritis model develops HVD 
and cardiac arrhythmias that closely mimic the cardiac clinical 
findings and premature mortality observed in patients with 
arthritis, supporting the value of this model in providing mecha-
nistic insights into the pathogenesis of these comorbidities. The 
reversal of the cardiac phenotype by pharmacological inhibi-
tion of TNF in this model supports the vital role of TNF in the 
development of RA/SpA-related cardiac valvular comorbidities 
and suggests that anti-TNF therapy could also prevent cardiac 
comorbidities and avoid adverse cardiovascular side effects 
caused by other drugs, such as DMARDs.2 Our findings also 
highlight the importance of regular echocardiographic screening 
on patients with RA and SpA.

The association between elevated TNF levels and valvular 
pathology has been previously suggested in other mutant 
mice.14 15 Notably, these mice exhibit an inflammatory valvulitis, 
in contrast to the hypertrophic valves of Tg197 mice, which 
consist mainly of activated mesenchymal VICs. This discrep-
ancy could be attributed to various factors, such as differences 
in the genetic background or in the cytokine imbalances driving 
the pathology. More specifically, the inflammatory phenotype 
of IL1Ra-deficient mice14 has been observed in the inflamma-
tion-susceptible48 BALB/c genetic background whereas in the 
C57 background they show milder pathology.14 Additionally, 
pathology in the IL1Ra-14 as well as in the TTP-deficient15 and 
K/BxN transgenic49 mice could be driven by diverse upstream 
mechanisms providing additional pathogenic cytokine disbal-
ances apart from TNF.

Extensive characterisation and comparison of the transcrip-
tional profiles of pathogenic Tg197 VICs and SFs, compared 
with their healthy counterparts, revealed a shared altered and 
pathogenic profile of these two cell types. Inflammatory and 
immune responses were among the commonly enriched KEGG 
pathways in both Tg197 SFs and VICs, supporting their acti-
vated and pathogenic status. Our analysis further supports the 
central role of Tnf in both cell types and pathologies. Interest-
ingly, Sfpi1, an NF-κB modulator,50 emerged as a common tran-
scriptional regulator of both activated VICs and SFs, highlighting 
the importance of NF-κB signalling in this process, as was also 
confirmed by the enrichment of the NF-κB signalling pathway in 
both cell types. Moreover, Sfpi1, encoding the myeloid-specific 
transcription factor PU.1,51 has been found to be upregulated 
in RA-FLS,52 while being also implicated in the pathogenesis 
of heart hypertrophy.53 Collectively, the centrality of Sfpi1, in 
combination with the enriched immune and TLR signalling, as 
well as NF-κB signalling pathways, in both Tg197 VICs and SFs 
could support their conversion to activated mesenchymal cells 
possessing pathogenic innate immune properties. This hypoth-
esis is further supported by recent findings suggesting that 
Tg197 SFs undergo a metabolic reprogramming,54 similar to 
the metabolic alterations reported in both inflammatory heart 
diseases and RA.55 56 Therefore, we hypothesise that VICs and 
SFs become pathogenic on common TNF-induced metabolic 
reprogramming acquiring a detrimental innate phenotype, 
which should be further explored.

We finally show here that mesenchymal-specific TNF signal-
ling, through TNFR1, is both required and sufficient for the 
development of heart valve pathology. Notably, SF-specific and 
IMC-specific TNFR1 signalling has been previously demon-
strated to be causal in orchestrating comorbid polyarthritis and 
Crohn’s-like IBD in a TNF overexpressing mouse model.8 It 
may, therefore, be strongly postulated that mesenchymal cell 
responses to TNF explain complex chronic inflammatory disease 
comorbidities involving joint, intestinal and, as shown in the 

Figure 5 Tg197 valve interstitial cells (VICs) exhibit common 
pathogenic molecular signatures with Tg197 synovial fibroblasts (SFs) 
at 8 weeks of age. (A) Volcano plots with the number of differentially 
expressed genes (DEGs) of Tg197 VICs and SFs compared to WT. (B) 
Venn diagram showing the overlap of DEGs in Tg197 VICs and SFs. (C) 
Venn diagram showing overlap of enriched KEGG pathways derived 
from functional enrichment analysis of upregulated DEGs in Tg1917 
VICs and SFs. (D) Alluvial diagram illustrating overlapping KEGG 
pathways in Tg197 VICs and SFs, grouped according to their KEGG 
broader categories. (E) Intersection of regulatory networks of Tg197 
VICs and SFs.
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present study, also cardiac pathologies. Future detailed insights 
into the molecular and cellular mechanisms commonly under-
lying aetiopathogenesis of mesenchymal cell-driven comorbidi-
ties, such as those expressed under the RA/SpA paradigm, may 
also offer novel approaches to therapeutically target common 
pathogenic processes.
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