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Abstract 

 

Approximately 1% of the global population is afflicted with rheumatoid arthritis (RA), 

of which over a third experience rheumatoid cachexia, a RA-specific form of skeletal 

muscle wasting. Current patient research is focused on structural and functional 

outcomes of rheumatoid cachexia, with limited research focusing on the mechanisms 

causing this disease and their potential modulation. One of the most vital 

components to address are the complex cellular interactions occurring within the 

muscle, and how these interactions are affected by the chronic inflammatory 

autoimmune disease that is RA.  

To elucidate these mechanisms further, multiple models were used in this 

dissertation. Firstly, a rodent collagen-induced arthritis (CIA) model was used to 

represent RA. The aims of the first two rodent studies were as follows: (1) to 

determine the extent of ultrastructural change occurring in multiple muscle types as a 

result of the inflammatory condition; and (2) to assess different cell types, cytokines 

and growth factors and their relationships to muscle fibre size and number. 

Secondly, a novel triple cell (myoblast, fibroblast, macrophage) co-culture model was 

developed from primary human cell isolates, to mimic rheumatoid cachexia with the 

use of serum derived from RA and healthy participants. This study aimed to 

elucidate cellular responses to patient serum, as well as determine the efficacy of 

bone morphogenetic protein-7 (BMP-7) as a treatment strategy.  

The CIA model was a physiologically relevant and accurate model with which to 

investigate rheumatoid cachexia; several muscle types exhibited reductions in mass 

and cross-sectional area, in line with clinical reports. Furthermore, increases in 

fibrosis was reported in all muscle groups, independent of fibre type category. 

Furthermore, this model allowed for better understanding into the mechanisms of 

rheumatoid cachexia, with the persistent inflammation in the skeletal muscle 

contributing to heightened activation – but dysregulation – of muscle regenerative 

responses, resulting in inability to maintain the fibre size.  

Using this cellular profile of arthritis, the triple co-culture model was designed to 

allow for a human simulation of cellular signalling of co-cultured human primary cells 

in response to exposure to serum collected from non-RA controls and RA patients. 
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Firstly, confirming accurate representation of disease signalling in control and patient 

serum, RA patient plasma indeed indicated dysregulated IL-6/IL-10 concentrations 

and a relatively pro-inflammatory state when compared to controls. Assessment of 

myoblast-, fibroblast- and macrophage-related parameters in the triple co-culture 

model demonstrated both dysregulated muscle and extracellular matrix formation in 

response to the treatment non-responding serum. These disease-associated 

outcomes were corrected/limited in the presence of BMP-7, suggesting a potential 

beneficial role for BMP-7 in management of rheumatoid cachexia.  

In conclusion, this dissertation significantly contributes to our understanding of 

rheumatoid cachexia by consistently illustrating, across in vitro and in vivo, rodent 

and human models, the dysregulation occurring in skeletal muscle as a result of the 

persistent inflammation that may contribute to the structural and functional outcomes 

reported in rheumatoid cachexia, as well as how this dysregulation may potentially 

be addressed via modulation by BMP-7. 
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Opsomming 

 

Ongeveer 1% van die wêreldbevolking word geaffekteer deur rumatoïede artritis 

(RA). Meer as ‘n derde van hierdie groep lei ook aan rumatoïede kakeksie, ‘n RA-

spesifieke vorm van skeletspierverlies. Huidige navorsing is gefokus op strukturele 

en funksionele uitkomste van rumatoïede kakeksie, met beperkte navorsing wat 

fokus op die meganismes wat hierdie toestand veroorsaak, of moontlike teenvoeters 

daarvan. Een van die belangrikste aspekte wat aangespreek behoort te word, is die 

komplekse sellulêre kommunikasie binne-in die spier en hoe hierdie interaksies 

beïnvloed word deur die kroniese inflammatoriese outo-immuunsiekte wat RA is.  

Om hierdie meganismes verder toe te lig, is verskeie modelle in hierdie tesis gebruik. 

Eerstens is ‘n knaagdier model van kollageen-geïndusserde artritis (CIA) gebruik om 

RA te verteenwoordig. Die mikpunte van die eerste twee knaagdierstudies was as 

volg: (1) om die omvang van artritis-geassosieerde ultrastrukturele skade in 

verskillende spiere te bepaal; en (2) om die verskillende seltipes, sitokiene en 

groeifaktore, asook hul verhoudings tot spierveselgrootte en –getal te kwantifiseer. 

Tweedens is ‘n nuwe drievoudige (mioblast, fibroblast en makrofaag) selkultuur uit 

primêre sel-isolate van menslike bloed ontwikkel, waarmee rumatoïede kakeksie 

nageboots kon word deur gebruik te maak van serum afkomstig van gesonde en RA 

skenkers. Hierdie studie het gemik om die sellulêre reaksie op RA serum toe te lig, 

as ook om die effek van been morfogenetiese proteïen-7 (BMP-7) as moontlike 

behandeling te evalueer.  

Die CIA model was ‘n fisiologies relevante en akkurate model vir ondersoeke na 

rumatoïede kakeksie; verskeie spiergroepe het dalings in massa en deursnit-area 

getoon, in lyn met kliniese verslae. Verder is verhoogde omvang van fibrose in alle 

spiere gemeet, wat onafhanklik van spierveseltipe kategorie was. Hierdie model het 

tot ‘n verbeterde begrip van die meganismes van rumatoïede kakeksie bygedra, en 

het getoon dat die voortdurende inflammasie in die skeletspier bygedra het tot ‘n 

verhoogde aktivering – maar ongekoördineerdheid – van spiervernuwings prosesse, 

wat tot ‘n onvermoë om spierveselgrootte te onderhou, gelei het.  

Deur gebruik te maak van hierdie selvlakprofiel van RA, is die drievoudige kultuur 

ontwerp om ‘n simulasie van menslike sellulêre seine in gekweekte normale 
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menslike selle in reaksie op blootstelling aan serum van normale of RA skenkers, toe 

te laat. Eerstens is die akkurate verteenwoordiging van siekte seinoordrag in RA 

bevestig, met RA serum wat inderdaad ‘n wanregulering van IL-6/IL-10 

konsentrasies en ‘n relatief pro-inflammatoriese toestand in vergelyking met gesonde 

serum getoon het. Assessering van mioblast-, fibroblast- en makrofaag-verwante 

parameters in die drievoudige kultuur het wanregulering van beide spier- en 

ekstrasellulêre matriksvorming getoon na blootstelling aan serum van RA pasiënte 

wat nie op behandeling reageer nie. Hierdie siekte-geassosieerde uitkomste is 

verder ook gekorrigeer/beperk in die teenwoordigheid van BMP-7, wat op ‘n 

potensieel voordelige rol van BMP-7 in die bestuur van rumatoïede kakeksie dui. 

Ten slotte, hierdie tesis maak ‘n beduidende bydrae tot ons begrip van rumatoïede 

kakeksie deur herhaaldelik, in in vitro en in vivo modelle, in mense en in knaagdiere, 

die wanregulering in skeletspier aan te dui, wat volg op die onopgeloste inflammasie 

in RA en wat bydra tot die strukturele en funksionele uitkomste van skeletspier in 

RA. Verder dui tesisdata daarop dat hierdie wanregulering potensieel aangespreek 

kan word deur behandeling met BMP-7.  
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Chapter 1: Introduction 

The most common form of inflammatory arthritis is rheumatoid arthritis (RA), which 

affects articular structures and the synovium of various diarthrodial joints (Firestein, 

2003). In addition to joint damage, a number of patients have presented with body 

composition changes, including a loss of fat free mass, of which muscle is a major 

component (Rafaela C.E. Santo et al., 2018). This atrophy is termed rheumatoid 

cachexia. Rheumatoid cachexia leads to reduced functional capacity and muscle 

weakness, accelerating morbidity and contributing to accelerated mortality (Walsmith 

and Roubenoff, 2002). There is currently no standard treatment intervention for 

rheumatoid cachexia, with the most commonly reported interventions including diet 

and exercise (Summers et al., 2008), a factor limited by the affected joints.  

Given the fact that rheumatoid arthritis is a humoral immunity disorder, it is not 

surprising that many cellular role players are implicated in various symptoms and 

pathologies associated with RA and RA cachexia. Considering RA as a whole - while 

even the aetiology of the disease still requires more in-depth elucidation, much 

research have focused on immune-related role players and their potential 

significance in development of RA pathology. For example, it was previously 

hypothesized that it was unlikely that macrophages play a causal role in RA, except 

as antigen presenting cells (Michaëlssony et al., 1995; Kinne et al., 2000). However, 

due to the pro-inflammatory nature and role in destruction of especially the 

classically activated phenotypes, these cells have been shown to significantly 

contribute to inflammation and joint destruction in both acute and chronic RA (Kinne 

et al., 2000). Within the intimal lining of the joint, chronically activated fibroblast-like 

synoviocytes and macrophages maintain inflammatory processes by activating 

various cells in the local environment, including T-cells and B-cells, leading to the 

production of immunoglobulins and rheumatoid factor (Firestein, 2003; Udalova, 

Mantovani and Feldmann, 2016). The macrophages are the main producers of tumor 

necrosis factor-α (TNF-α), which, along with interleukin-1β (IL-1β) and TNF-α 

receptors (TNFRs), have been implicated to have primary roles in the pathogenesis 

of the disease (Williams, Feldmann and Maini, 1992; Choy and Panayi, 2001; 

Firestein, 2003; Fionula M Brennan and McInnes, 2008). Therapeutic interventions 

targeting TNF-α and IL-1 and their receptors support the notion that these cytokines 

are largely involved in RA, independent of T-cell levels (Firestein, 2003).   
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RA-associated cellular infiltration is not limited to the synovium and affects numerous 

organs over the course of this chronic inflammatory auto-immune disease. Most 

pertinent to the current thesis topic, persistent pro-inflammatory macrophage 

infiltration is associated with heightened TNF-α and IL-1β secretion in skeletal 

muscle – these cytokines are thought to act synergistically to alter the balance 

between protein degradation and synthesis to promote skeletal muscle atrophy in a 

condition termed rheumatoid cachexia (Walsmith and Roubenoff, 2002; Londhe and 

Guttridge, 2015). However, the dysregulated interplay between different cellular role 

players and/or their secretory products which results in this cachexia, has not been 

fully elucidated. 

Alongside the heightened atrophy seen in chronic inflammatory diseases such as 

RA, excessive fibroblast infiltration and proliferation results in the excessive 

deposition of extracellular matrix (ECM) components while degradative enzymes are 

inhibited, resulting in fibrotic tissue formation surrounding the atrophying fibres 

(Mann et al., 2011), suggesting significant contributions by other cell types. However, 

the contribution of these cells to muscle functional loss has not been sufficiently 

assessed in RA. Furthermore, the excessive fibroblast proliferation may potentially 

be linked back to the lingering presence of M2b macrophages, which secrete both 

pro-inflammatory cytokines and ECM-inducing components (Schulert et al., 2016; L. 

Wang et al., 2019). Both the atrophy and the fibrosis could be responsible for 

impaired muscle function, an outcome regularly observed in RA patients (Helliwell 

and Jackson, 1994; Matschke, Murphy, Lemmey, P. J. Maddison, et al., 2010; 

Ceyhan Dogan et al., 2015; Huffman et al., 2017).  

Thus, given the multi-player cellular environment and interactive signalling involved, 

merely depleting macrophage populations is unlikely to be a realistic solution to RA 

and similar chronic inflammatory conditions. The pro-fibrotic factors, inflammatory 

cytokines and oxidative stress enzymes originating from macrophages are all also 

involved in the overall repair. Indeed, macrophage depletion was shown to result in a 

delay in the presence of these factors, and ultimately heightened fibrosis and muscle 

impairment in the later stages of regeneration (Xiao, Liu and Chen, 2016). Evidently, 

there are complex interactions at play between the different cell types in the skeletal 

muscle, with all cells required to play their vital roles optimally to ensure the 

maintenance of a healthy muscle. However, this balance is disrupted in RA and 
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therefore needs to be further investigated to develop strategies to combat the 

debilitating condition of rheumatoid cachexia.  

This dissertation will investigate rheumatoid cachexia and the dysregulated signalling 

occurring within the muscle, as well as investigate the interactions between the 

different cell types in rheumatoid cachexia. Chapter 2 will present a published in-

depth literature review investigating these cellular interactions in chronic 

inflammatory conditions and propose the mechanisms at work in rheumatoid 

cachexia. Original data will be presented as three chapters. Chapter 3 will present a 

published, descriptive, comparative study illustrating the ultrastructural changes in 

different muscles in a rodent collagen-induced arthritis (CIA) model. Chapter 4 will 

present published data from the rodent CIA model, illustrating dysregulated immune 

and myogenic processes in RA muscle, with particularly comprehensive description 

of different cellular role players involved. Finally, chapter 5 will describe a novel triple 

co-culture model challenged with serum obtained from human RA patients – both 

treatment naïve and treatment non-responding individuals – to understand the 

cellular interactions and aberrant signalling mechanisms at play in rheumatoid 

cachexia. This interplay is also probed further by inclusion of a potential treatment 

option. These data chapters will be followed by a synthesis and final conclusions in 

chapter 6. A full reference list is provided as chapter 7.  
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Chapter 2: Literature Review 

 

This chapter has been published in the Journal of Biomedical Sciences (impact 

factor 5.76). 

Citation reference: Ollewagen, T., Myburgh, K.H., van de Vyver, M., Smith, C. 

(2021) Rheumatoid cachexia: the underappreciated role of myoblast, macrophage 

and fibroblast interplay in the skeletal muscle niche. J Biomed Sci. 28(15):1-16. 

https://doi.org/10.1186/s12929-021-00714-w. 

 

2.1 Abstract 

Although rheumatoid arthritis affects 1% of the global population, the role of 

rheumatoid cachexia, which occurs in up to a third of patients, is relatively neglected 

as research focus, despite its significant contribution to decreased quality of life in 

patients. A better understanding of the cellular and molecular processes involved in 

rheumatoid cachexia, as well as its potential treatment, is dependent on elucidation 

of the intricate interactions of the cells involved, such as myoblasts, fibroblasts and 

macrophages. Persistent RA-associated inflammation results in a relative depletion 

of the capacity for regeneration and repair in the satellite cell niche. The repair that 

does proceed is suboptimal due to dysregulated communication from the other 

cellular role players in this multi-cellular environment. This includes the incomplete 

switch in macrophage phenotype resulting in a lingering pro-inflammatory state 

within the tissues, as well as fibroblast-associated dysregulation of the dynamic 

control of the extracellular matrix. Additional to this endogenous dysregulation, some 

treatment strategies for RA may exacerbate muscle wasting and no multi-cell 

investigation has been done in this context. This review summarizes the most recent 

literature characterising clinical RA cachexia and links these features to the roles of 

and complex communication between multiple cellular contributors in the muscle 

niche, highlighting the importance of a targeted approach to therapeutic intervention.  
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2.2 Introduction 

Rheumatoid arthritis (RA) is a multifactorial disease that affects approximately 1% of 

the global population. Whilst the exact aetiology of RA is still being elucidated, it is 

known that both genetic and environmental factors initiate the auto-immune 

response against the synovium by stimulating several cell types and their cytokine 

secretome (Gaffo, Saag and Curtis, 2006; Majithia and Geraci, 2007).  

RA targets not only the joints, but also the surrounding tissues and their resident and 

infiltrating cellular components resulting in disability and impaired quality of life 

(Filippin et al., 2013; Lemmey et al., 2016). In this context, a recent review (Andonian 

and Huffman, 2020) highlighted the underappreciated status of skeletal muscle and 

emphasized the significant role of muscle health in the preventing disability and 

cardiometabolic disease. In RA patients there is a reported 7.4-14.0% decrease in 

muscle mass compared to matched controls, which frequently occurs with a 

concomitant increase in fat mass (Lemmey et al., 2016). A recent meta-analysis 

indicated the presence of rheumatoid cachexia in 15-32% of RA cases (Rafaela C E 

Santo et al., 2018). Cachexia is defined as a “complex metabolic syndrome 

associated with underlying illness and characterized by loss of muscle with or 

without loss of fat mass” (Evans et al., 2008). Cachexia can be diagnosed through 

the assessment of body composition with either bioimpedance analysis or dual 

energy x-ray absorptiometry (DEXA) (Masuko, 2014). It may be beneficial to 

consider additional factors for diagnosis including: anorexia, inflammation, metabolic 

disturbances, physical output, and quality of life (Argilés et al., 2011).The exact 

molecular mechanisms involved in rheumatoid cachexia are still unclear, but the 

most popular hypotheses include reduced physical activity associated with joint pain, 

pro-inflammatory cytokine-induced catabolism, insulin resistance, insufficient protein 

ingestion and reduced anabolism (Walsmith and Roubenoff, 2002; Filippin et al., 

2013). It is also possible that these different mechanisms occur concomitantly or 

separately during the different phases of disease. These hypotheses are, in part, 

based on the links between inflammation, muscle loss and dysfunction that have 

been elucidated in other diseases as diverse as diabetes and cancer (Frier, Noble 

and Locke, 2008; Li, Malhotra and Kumar, 2008; Perry et al., 2016; Ato et al., 2019).  

Although rheumatoid cachexia may share some of the mechanisms, the nature of 

auto-immune diseases increases the complexity of the inflammatory milieu. Another 
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factor to consider is that which neuroinflammation associated with RA presents prior 

to joint destruction, and the potential effect this may have muscle innervation and the 

loss of mass and strength, although not sufficiently investigated (Kim and Collins, 

1981; Rech et al., 2013). The early onset of inflammation opens the window for 

earlier treatment targeted at specific mechanisms of rheumatoid cachexia. Earlier 

intervention could feasibly delay the point where dysregulation is so severe that 

cachexia becomes clinically evident. It is therefore imperative to determine the 

causative mechanisms involved in rheumatoid cachexia, to provide the basis for the 

development of early diagnostic predictors, as well as new preventative and 

therapeutic strategies targeting the regulatory mechanisms.  

A limitation of studies investigating the dysregulation of different cellular role players 

in rheumatoid cachexia, is that they neglect the complex interaction by focussing on 

one particular cell type in isolation. Although useful in terms of assessing cellular 

dysfunction, this does not provide a complete picture of rheumatoid cachexia 

aetiology.  Skeletal muscle is a complex tissue niche, containing several co-existing 

resident cell types, including myoblasts, fibroblasts and a variety of immune cells, 

which affect each other multi-directionally via various molecular communication 

mechanisms.  

Due to alterations in the relative distribution and type of immune cells and fibroblasts 

in different myopathies (Chapman, Meza and Lieber, 2016), a comprehensive, 

integrative assessment of their  availability and intercellular signalling in RA is vital to 

form a holistic picture of dysregulation and/or muscle pathology. As RA is an auto-

immune disease, its inflammatory profile is somewhat unique when compared to 

other chronic inflammatory diseases (Ross, Powrie and Smith, 2020), so that mere 

suppression of inflammation – either in circulation or in the synovia - may not be 

sufficient to prevent RA-associated detrimental effects on skeletal muscle health. 

Additionally, inflammation contributes to muscle repair processes and pure 

suppression would therefore impair regeneration (Bencze et al., 2012), as discussed 

in later sections. Thus, a more comprehensive, integrated understanding of the 

different role players involved in rheumatoid cachexia is required to further develop 

treatment strategies.  
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This review will provide a brief overview of the known dysregulation and clinical 

manifestation of rheumatoid cachexia, as well as potential aetiological role players. It 

is followed by a discussion focussed on integrating the roles of the different cell 

types present in the muscle niche and their paracrine communication in the context 

of RA-associated inflammation and muscle de- and regeneration. 

 

2.3 The clinical features of rheumatoid cachexia within skeletal muscle 

The centrally reported feature of rheumatoid cachexia is the presence of increased 

levels of pro-inflammatory cytokines (systemic and locally), tumour necrosis factor-α 

(TNF-α) and interleukin-1β (IL-1β) (Rafaela C E Santo et al., 2018) – which are also 

primarily targeted in current treatment modalities. In skeletal muscle, inflammation 

affects normal protein turnover as well as its response to injury. Both processes 

involve coordinated remodelling of skeletal muscle tissue with the latter involving the 

activation, proliferation and differentiation of satellite cells – muscle-specific stem 

cells (Huffman et al., 2017). 

Skeletal muscle mass is easily influenced both positively and negatively, either 

through hypertrophy or atrophy, both of which are facilitated by signalling pathways 

involved in protein turnover (Díaz et al., 2018). Hypertrophy of the muscle occurs in 

response to growth stimuli and an increase in protein synthesis, while muscle 

atrophy occurs with several pathological states including chronic inflammation, 

disuse and ageing. Cachexia is a well-known consequence of a number of chronic 

inflammatory diseases including cancer, chronic obstructive pulmonary disease 

(COPD), chronic heart disease (CHD), cystic fibrosis and RA, amongst others (von 

Haehling and Anker, 2010). However, the functional effects of the associated muscle 

atrophy are underestimated, especially since rheumatoid cachexia exhibits both 

reduced muscle mass and muscle performance, which may lead to disability, poor 

quality of life and increased mortality.  

The specific aetiological role players that determine rheumatoid cachexia outcome 

are summarised next.  
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2.4 Clinical disease severity correlates with loss of skeletal muscle fibre size 

Cross-sectional area (CSA) is indicative of the potential for muscle force output 

which is affected not only by muscle size, but also density, fascicle length and the 

angle of pennation. Several studies in RA patients and animal models of RA report 

that RA is characterised by a parallel loss of CSA and strength. An early study 

reported a simple linear regression between grip strength and muscle CSA for both 

healthy and RA individuals (Helliwell and Jackson, 1994). In line with this, a rodent 

collagen-induced arthritis (CIA) model indicated a strong correlation between clinical 

disease scores (arthritis severity in peripheral joints) and locomotion, which was 

associated with a significant loss in muscle mass across multiple muscle types 

(tibialis anterior (TA), extensor digitorum longus (EDL), soleus and gastrocnemius 

muscles) (Hartog, Hulsman and Garssen, 2009). Similarly, another rodent study 

using the same CIA model demonstrated reduced myofibre CSA of gastrocnemius 

and TA muscles alongside severe arthritic changes including extensive bone erosion 

and cartilage thinning, within 45 days of onset. In this study, a significant inverse 

correlation was reported between disease clinical scores and myofibre CSA, 

highlighting the relationship between disease severity and degree of atrophy (Filippin 

et al., 2013). Based on these studies, it is clear that a reduction in CSA occurs as a 

result of RA and is one of the key identifying factors of rheumatoid cachexia.  

 

2.5 Cachexia profile is time-dependent and not dependent on pain-associated 

inactivity 

Initially, it was suggested that the atrophy associated with RA occurred as a result of 

inactivity due to painful joints. However, it has since been observed that muscle 

atrophy and weakness are already present before pain and swelling affect the 

physical activity of the RA patient (Costamagna et al., 2015). For example, a 

reduction in several performance outcomes such as knee extension, grip and trunk 

extension strengths, as well as overall muscle strength index (29%), were reported in 

RA patients when compared to controls, at a time point early after clinical onset of 

RA, and preceding bone mineral density loss (Häkkinen et al., 1999). Patients with 

stable RA and uncompromised appendicular lean mass exhibited significantly higher 

body fat percentage and significantly smaller vastus lateralis muscle CSA than 
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matched controls, as well as a reduction in objective physical function (Matschke, 

Murphy, Lemmey, P. J. Maddison, et al., 2010). This suggests that CSA is already 

affected from early stage disease and is not rescued even when patients reach a 

stable state. However, in another report, a reduction in CSA did not affect contractile 

properties, activation capacity and concentric force, or power elicited by electrical 

stimulation - a finding that may indicate some loss in voluntary activation due to pain. 

Alternatively, since pennation angle was reduced with atrophy, this might explain an 

improved direction of force transduction with maximal stimulation despite reduced 

CSA (Matschke, Murphy, Lemmey, P. J. Maddison, et al., 2010). Taken together, 

these data support the conclusion that skeletal muscle CSA is altered early in 

disease progression and contributes to loss of function in RA patients. This suggests 

that at least some compensatory muscle regenerative mechanisms may be activated 

with time, to counter early cachexia-associated loss of strength. These events at 

cellular levels remain to be fully elucidated as will be discussed later in this review.  

 

2.6 Body composition contributes to the severity of cachexia-induced muscle 

function deficit 

Another potential determining factor in the reduction of muscle strength is the 

accumulation of intramuscular fat (as indicated by decreased muscle density on 

quantitative computer tomography (QCT) scans). Low muscle density is indicative of 

increased myocellular lipid content and fatty infiltration in the interstitial space and is 

a strong negative indicator of muscle quality. In this context, a cross-sectional study 

on 60 RA patients indicated associations between a low skeletal muscle fat mass 

(within individual muscles; includes fat inside myocytes and around the muscle 

fibres) and more effective performance, including greater speed and quadriceps 

muscle strength (Khoja et al., 2018). Similarly, excessive total body fat (obesity) 

seems to also be a contributing factor in the decline of muscle function. Kramer et al. 

(2012) demonstrated an inverse relationship between muscle density and body fat 

mass in the context of RA. The same study reported a correlation between muscle 

density decline and numerous factors related to the inflammatory profile such as 

increased age, RA duration, IL-6 and TNF-α levels, as well as circulating 

endogenous glucocorticoids (Kramer et al., 2012). Taken together, these data 
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illustrate the important role of inflammatory activation in determining muscle function 

and highlight that the combination of metabolic and inflammatory dysregulation adds 

to the complexity of the disease in RA patients. 

 

2.7 The role of skeletal muscle fibre type composition 

In terms of muscle type-specific sensitivity to rheumatoid cachexia, reports are 

varied. Generally, changes in catabolic responses between predominantly glycolytic 

or oxidative skeletal muscle types have been assessed in several non-RA models of 

chronic inflammation including burn-injury (Fang et al., 1998), chronic heart failure (Li 

et al., 2007), and sepsis (Minnaard et al., 2005) with data suggesting that fast-twitch 

glycolytic muscles are more prone to atrophy. In RA specifically, early patient-based 

studies have reported the most severe atrophy in type II fibres from the quadriceps 

femoris muscle (Wroblewski et al., 1978; Finol et al., 1988). Of interest to the current 

review topic, some also reported increased collagen fibril deposition around fibres 

exhibiting mild necrosis (but not in fibres with severe atrophy or necrosis) (Finol et 

al., 1988). This is in line with our earlier suggestion that cachectic muscle may 

activate regenerative counter-mechanisms.  

Recent animal studies utilizing the CIA model are however more contradictory. On 

one hand, assessing the gastrocnemius as a predominantly fast-twitch and the 

soleus as a predominantly slow-twitch muscle, the loss of muscle mass in rats was 

more pronounced in the gastrocnemius than the soleus (López-Menduiña et al., 

2010). Similarly, in female cynomolgus monkeys, irregularity in muscle fibre size and 

more prominent atrophy in type II muscle fibres 5 weeks after initial immunization 

was demonstrated (Horai et al., 2013). In contrast, no difference in muscle weight 

and force production deficits between soleus and EDL muscles were reported in 

mice, suggesting that changes in gastrocnemius and EDL muscles might differ 

(Yamada et al., 2009). However, a recent study done by our group assessing the 

gastrocnemius, soleus and EDL muscles in rats, demonstrated a severe (≈60%) loss 

of muscle mass, but with similar severity in terms of reduction in CSA, left shift of 

fibre size distribution and histological evidence of fibre degradation (Oyenihi et al., 

2019), supporting the argument against muscle fibre type as major role player. 

Interestingly, atrophy was less pronounced in the vastus lateralis muscle, which 
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suggests that other factors, such as body posture, distance of muscle from affected 

joints, or even muscle-specific differences in redox profile – which was detailed in 

this study (Oyenihi et al., 2019) – may contribute relatively more to final outcome 

than fibre type itself.  

The next sections will provide a more in-depth explanation of the complex signalling 

from multiple cellular role players contributing to rheumatoid cachexia. 

 

2.8 Proinflammatory cytokine-induced protein degradation and catabolism in 

rheumatoid cachexia 

Skeletal muscle is a relatively adaptive tissue and is composed of muscle fibres 

connected within the extracellular matrix (ECM). Skeletal muscle cells are 

particularly protein rich and the normally encountered mechanical strains require a 

basal protein turnover to enable maintenance of structural and functional proteins, 

adjustments to important regulatory functions and a plethora of adaptive responses. 

It is important that this process of protein turnover remains balanced, as a small 

increase in degradation or a decrease in synthesis can result in a reduction in overall 

cell mass which ultimately leads to muscle atrophy (Walsmith and Roubenoff, 2002). 

As depicted in Figure 2.1, systemic inflammation promotes protein degradation 

which leads to the loss of body cell mass, and unfortunately targets predominantly 

lean muscle tissue (Flores et al., 1989; Dinarello and Wolff, 1993; Roubenoff et al., 

1994; Bencze et al., 2012; de Oliveira Nunes Teixeira et al., 2013; Horsburgh et al., 

2015). 
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Figure 2.1: Pathways of proinflammatory cytokine-induced protein degradation in 

rheumatoid cachexia. TNFα = tumor necrosis factor-α; NFκB = nuclear factor kappa-

light chain enhancer of activated B cells; IL-1β = interleukin-1β; PPARγ =peroxisome 

proliferator activated receptor-gamma. 

  

Taken together, these studies again indicate that the increase in protein catabolism 

is largely associated with an increased presence of pro-inflammatory cytokines, 

which ultimately results in rheumatoid cachexia. The fact that elevated cytokine 

expression no doubt occurs prior to clinical manifestation of RA joint symptoms, also 

explains why the loss of muscle mass is already observed in patients early after 

clinical onset of RA.  

 

2.9 Cellular mediators and molecular dysregulation giving rise to rheumatoid 

cachexia. 

Characterisation of muscle pathology in rheumatoid cachexia has gradually 

progressed since microscopic assessments of different muscle groups in 100 RA 

patients first revealed muscle fibre atrophy, abundant fibrinoid material and immune 

cells over 40 years ago (Magyar E, Talerman A, Mohácsy J, Wouters HW, 1977). A 
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decade after this first report, the muscle pathology associated with RA was 

determined to be more complex and was labelled rheumatoid myositis (RM). This 

was based on electron microscopy evidence of necrosis, varied degrees of atrophy, 

infiltration of mononuclear cells and myopathic changes. Other reported features 

included fewer and widely separated myofibrils, the presence of more collagen fibrils 

(on the myofibre surface and in extracellular spaces) as well as disorientated 

myofilaments (Finol et al., 1988). These early papers already highlighted the 

involvement of multiple different cell types in RA pathology. More recent studies 

further indicate that it is possible for patients with RA to show signs of muscle 

regeneration. For example, Boutrup and colleagues recently demonstrated that 

higher myonuclear content in muscle fibres in vastus lateralis muscle biopsies taken 

from RA patients, when compared to healthy controls (Boutrup et al., 2018). This 

suggests that donation of additional nuclei from the satellite cell pool occurred as a 

possible compensatory mechanism to preserve muscle health/function.  

Below, we review the most relevant literature on relevant cellular role players and 

their molecular interactions. For clarity of the argument, interactions between skeletal 

muscle and inflammatory cells are discussed first, in terms of the balance between 

tissue de- and regeneration. This is followed by a literature overview and discussion 

of the interplay of fibroblasts and fibrosis in terms of quality of muscle repair. 

 

2.10 Satellite cell activation and cell-cell cross-talk in response to inflammation 

and during regeneration and regrowth 

Skeletal muscle has a unique ability to regenerate throughout life due to the 

presence of satellite cells. Satellite cells reside between the basal lamina and the 

sarcolemma and in close proximity to capillaries (Nederveen et al., 2016), thus 

poised to be influenced by the mature muscle cells (fibres), ECM, other cells in the 

niche and circulating factors. Under healthy, resting conditions, the satellite cells 

remain quiescent. However, these cells play a major role following injury, at which 

time they are rapidly activated to proliferate, differentiate and fuse in order to repair 

the damaged area (Allbrook, 1981). Mechanical loading of muscle with chronic 

underlying pathology leads to acute damage (Tidball, Welc and Wehling-Henricks, 

2018). Hence, skeletal muscle may be required to go through episodic regeneration. 
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Over the past decade, another resident interstitial mesenchymal-like stem cell, the 

fibro-adipogenic progenitor (FAP) cell, has been identified as important in regulating 

satellite cells (Joe et al., 2010) via engaging in communication with other cells in the 

satellite cell niche (Lemos et al., 2015). These include immune cells and fibroblasts 

which play critical roles in all the stages of muscle repair (Yang and Hu, 2018). 

Figure 2.2 summarises the relationship between the different cell types influencing 

muscle growth and repair in inflammatory conditions such as rheumatoid arthritis 

(Allbrook, 1981; Finol et al., 1988; Wüst and Degens, 2007; Arnold et al., 2007; 

Smith et al., 2008; Joe et al., 2010; Duijnisveld et al., 2011; Heredia et al., 2013; 

Alway, Myers and Mohamed, 2014; Lemos et al., 2015; Xiao, Liu and Chen, 2016; 

Little et al., 2017; Kang et al., 2018; Perandini et al., 2018; Yang and Hu, 2018; 

Biferali et al., 2019; Cappellari, Mantuano and De Luca, 2020; Gudagudi et al., 

2020).  
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Figure 2.2 depicts the imbalance between pro- and anti-inflammatory signalling in 

RA rodent skeletal muscle, and the resulting influence on muscle repair and growth. 

(FAP = fibro-adipogenic progenitor cell). 

 

In a chronic inflammatory setting such as RA, the persistent imbalance of pro- and 

anti-inflammatory macrophages disturbs normal muscle regeneration by impairing 

satellite cell proliferation and differentiation (Xiao, Liu and Chen, 2016; Perandini et 

al., 2018; Yang and Hu, 2018). It is important that the macrophage subtypes work 

together to maintain the balance between proliferating and differentiating satellite 

cells. In a rodent model of RA, an imbalance between M1 and M2 macrophages 

favouring excess M1, has been shown to be related to continued invasion of 

monocytes into synovial tissue (Misharin et al., 2014). Similarly, macrophage 

inflitration perpetuates damage in chronic muscle pathologies (Kharraz et al., 2013). 

It is conceivable that this occurs in the muscle of RA patients, even though the 

muscle damage is a secondary pathology. Given this evidence of the involvement of 

macrophages and/or their secreted cytokines as critical contributors to the 

maintenance of skeletal muscle integrity, a dysregulatory shift in macrophage 

phenotype can significantly alter the delicate balance between proliferation, 

differentiation, and fusion of myoblasts to repair or maintain the muscle fibres. In 

order to better understand the feasibility of therapeutically targeting macrophages in 

RA, it is necessary to better understand the different immune cell types involved.  

 

2.11 A more in-depth review of dysregulated macrophage polarization in RA 

In joints with RA, the synovial membrane is also complex in terms of cellular profile, 

containing activated B- and T-cells, plasma cells, mast cells, and monocytes. 

Additionally, the presence of activated synovial fibroblasts, chondrocytes, and 

osteoclasts contributes to cartilage and bone destruction and continued inflammation 

through the sustained release of cytokines (Fionula M Brennan and McInnes, 2008). 

These cell types are not limited to the synovial joint and can be found across 

numerous tissue types, including skeletal muscle (Xiao, Liu and Chen, 2016). 

Maladaptation, disease-associated pathology or therapeutic interference with the 

inflammatory response can affect the possibility of synovial joint and muscle repair 
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and long-term function significantly. When targeting macrophages for therapeutic 

effect, the phenotype plasticity of macrophages complicates matters. Temporary 

ablation of macrophages/monocytes through diphtheria toxin injection after 

cardiotoxin injury in the TA muscle of mice was reported to attenuate the phenotypic 

switch of macrophage subsets and ultimately impair muscle regeneration (Wang et 

al., 2014). Conversely, co-injection of pro-inflammatory macrophages with myoblasts 

into regenerating mouse skeletal muscle resulted in the generation of twice as many 

fibres after 4 weeks compared to myoblasts alone or myoblasts with anti-

inflammatory macrophages in vivo. In this study, subsequent co-culture of myoblasts 

and macrophages illustrated that co-culture with pro-inflammatory M1 macrophages 

resulted in an increase in the number of proliferating myoblasts and a decrease in 

differentiation. The opposite was observed with anti-inflammatory M2 macrophage 

co-culture (Bencze et al., 2012). This indicates that while persistent inflammation can 

be detrimental to muscle, and despite the opposing roles of M1 and M2 

macrophages, the synchronised presence of both phenotypes is vital for optimal 

skeletal muscle regeneration.  

Pro-inflammatory M1 macrophages arise in response to IFN-γ, TNF-α, granulocyte-

macrophage colony-stimulating factor (GM-CSF) and lipopolysaccharide 

(LPS)/endotoxin in the early stages of muscle repair. Their major role is the removal 

of necrotic material and to process and present antigens to activate T-cells. M1 

macrophages produce pro-inflammatory cytokines TNF-α and IL-1β. The M2 

macrophage population is more complex and can be divided into four subtypes, 

namely M2a, b, c, and d. M2a macrophages are activated by IL-4 and IL-13 and 

contribute to tissue repair, wound healing and fibrosis in most scenarios of muscle 

damage. M2a macrophages are most abundant in the later stages of muscle repair 

(Arnold et al., 2007; Smith et al., 2008) and  contribute to fibrosis through the 

secretion of transforming growth factor (TGF)-β, insulin-like growth factor (IGF) and 

fibronectin.  

In acute damage scenarios, M2a macrophages will switch to M2c macrophages 

once the inflammatory stimulus is abolished, due to a change in the intracellular 

cytokine profile. Specifically, M2c macrophages are activated by IL-10 and TGF-β 

and release anti-inflammatory cytokines, in particular IL-10, to resolve inflammation 

and limit fibrosis (Tang et al., 2017). However, in scenarios of prolonged or chronic 
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inflammation, M2b macrophages are predominantly found. Various signalling factors 

are involved in the polarisation of macrophages towards a predominance of M2b 

macrophages, including NF-κB, mitogen-activated protein kinases (MAPKs), 

PI3K/Akt and interferon regulatory factors (IRFs). M2b macrophages display the 

capacity to secrete both pro-inflammatory cytokines such as TNF-α, IL-1β and IL-6, 

and anti-inflammatory cytokines such as IL-10 (Edwards et al., 2006; L. Wang et al., 

2019), but the factors determining the nett profile of their secretomes are less clear. 

M2b macrophages are thought to have a role in limiting fibrosis after acute cardiac 

muscle injury (Yue et al., 2020). Recently, micro-RNA (miRNA)-125a-5p 

overexpression (Schulert et al., 2016) and chemokine (C-C motif) ligand 1 (CCL1) 

signalling (Sironi et al., 2006) was however implicated in the M2b polarisation seen 

in juvenile idiopathic arthritis which is associated with poor resolution of 

inflammation.  

Studies suggest that RA patients exhibit persistence of more pro-inflammatory 

macrophage phenotypes when compared to patients with peripheral spondylarthritis 

(Vandooren et al., 2009) and osteoarthritis (Tsuneyoshi et al., 2012),  where a shift 

towards an M2 phenotype has been reported. Macrophage depletion using 

clodronate-containing liposomes prior to initiation of arthritis in a CIA rodent model 

resulted in reduced M1 cell presence in the joint, alongside a reduction in arthritis 

disease score, indicating the importance of M1 macrophages in the development of 

RA (Zhang et al., 2019). However, further investigation is required to fully understand 

the significance of the M2 subset shifts in RA aetiology. Nonetheless, it would seem 

that in chronic inflammatory disease, the natural phenotype shift – which occurs via 

cytokine-induced polarisation – is skewed to limit the complete phenotype transition 

to achieve anti-inflammatory M2c macrophages. The extracellular signalling factors 

responsible for this phenomenon, are ideal candidates for therapeutic targeting. (The 

M2d phenotype is associated with angiogenesis in tumour growth and not relevant to 

the current topic.) 

Stellenbosch University https://scholar.sun.ac.za



31 
 

 

Figure 2.3: Representative images suggesting the presence of different cell types in 

healthy versus rheumatoid arthritis skeletal muscle. Fluorescent images from a RA 

rodent model (study execution described in Oyenihi et al., 2019) indicate clear 

cachexia and increased fibrosis between muscle fibres. Black and white images 

indicative of the authors prediction of greater presence of macrophages (M1 and 

M2b) and fibroblasts in RA.  

 

2.12 Fibroblasts and the extracellular matrix (ECM) 

During the regeneration and remodelling phases after muscle injury, structural 

aspects of muscle are in flux and hence muscle quality may be reduced. Fibroblasts 

secrete several growth factors and ECM components (fibronectin, collagen I and III, 

and proteoglycans) during maintenance and repair. Following damage, binding of 

ECM components (such as fibrin and fibronectin) to the collagens and proteoglycans 

form a temporary matrix within the injury site. This provides a suitable environment 

for differentiating myoblasts and a scaffold for regenerating myofibres (Serrano and 

Muñoz-cánoves, 2010; Mann et al., 2011; Mahdy, 2019).  
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Myofibroblasts contribute to tissue repair through wound contracture but may also 

play a role in the formation of fibrosis. Myofibroblasts were originally thought to be 

derived only from differentiating resident fibroblasts, however, they can also arise 

from parenchymal epithelial cells through epithelial to mesenchymal transition (EMT) 

(Wynn, 2008; Mann et al., 2011) and from FAPs (Serrano et al., 2011). For optimal 

repair, these cells are present in damaged muscle only transiently, with a rapid 

reduction in their numbers in the regenerating area. However, in chronic situations, 

the persistence of FAPs and their differentiation into myofibroblasts and adipocytes 

results in intramuscular fibrofatty infiltration (Serrano et al., 2011; Lemos et al., 

2015). Here, macrophage dysregulation comes into play: the increase in TGF-β 

secretion by M2 macrophages blocks the TNF-α-induced apoptosis, resulting in 

prolonged FAP survival. Although not directly assessed in RA, the increased muscle 

fat mass reported in RA suggest that these processes also contribute to RA 

myopathy.  

Degradation of the temporary ECM occurs after sufficient repair to allow for the 

optimal growth of the regenerating fibres (Wynn, 2008; Biferali et al., 2019). Matrix 

metalloproteinases (MMPs) produced by damaged myofibres and infiltrating cells 

play a key role in the degradation of this temporary ECM (Lemos et al., 2015; 

Alameddine and Morgan, 2016). However, the excessive deposition of ECM and 

impaired degradation via TGF-β-dependent mechanisms leads to interstitial fibrosis 

and subsequent loss of tissue architecture and function. Within the skeletal muscle, 

excessive ECM deposition, especially collagens, results in impaired muscle fibre 

regeneration and increased susceptibility to re-injury, ultimately causing morbidity 

and mortality (Wynn, 2008; Mahdy, 2019).  

Macrophages are attracted to the damaged tissue by chemoattractant cytokines and 

secrete cytokines that indirectly stimulate the production of ECM components, as 

summarized in Figure 2.4. M1 macrophages release TNF-α and IL-6 which stimulate 

the proliferation of fibroblasts and FAPs (Bersini et al., 2018), but upon binding to 

excess fibrinogen also increase the production of IL-1β and TGF-β (Vidal et al., 

2008). TNF-α and IL-1β increase the synthesis of collagenases contributing to the 

destruction of the cartilage in RA (Dinarello and Wolff, 1993; Smith et al., 2008; 

Perandini et al., 2018). M2a macrophages play a profound role in fibrosis due to the 

fact that they release a large range of pro-inflammatory molecules such as TGF-β, 
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fibronectin, several TIMPs and CCL17 (Mann et al., 2011; Perandini et al., 2018). In 

addition, both CCL3 (macrophage inflammatory protein 1α) and CCL2 (monocyte 

chemoattractant protein-1) have been highlighted as promotors of fibrosis through 

their chemotactic properties (Wynn, 2008). To add to this, fibroblasts were shown to 

have the capacity to promote arthritis through the production of GM-CSF, which 

enhances the survival of neutrophils and macrophages (Udalova, Mantovani and 

Feldmann, 2016), thus further strengthening the inflammatory response in a vicious 

cycle, much like the self-propagating oxidative damage-inflammation cycle that also 

comes into play in chronic diseases such as RA (Oyenihi et al., 2019). Disturbance 

in the balance between classically activated (M1) and alternative (M2) macrophages 

therefore leads to excessive TGF-β production, resulting in excessive activation of 

fibroblasts and inhibited apoptosis of FAPs, resulting in excessive ECM production 

and fibrosis (Perandini et al., 2018; Mahdy, 2019). Related to this, it was suggested 

by Khoja (Khoja et al., 2018) that the accumulation of fat around the muscle spindles 

may lead to a similar effect with thickening of the capsule and fibrotic changes in the 

intrafusal muscle fibres. This has not yet been sufficiently assessed in the context of 

RA, warranting further research in this context. 
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Figure 2.4: Summary of the interaction between macrophages, fibroblasts and FAPs 

in the development of tissue fibrosis. TNF-α = tumor necrosis factor-alpha; IL-6 = 

interleukin-6, TGF-β = transforming growth factor-beta; FAPs = fibro-adipogenic 

progenitor cells; TIMPs = tissue inhibitor of metalloproteinase; MMPs = 

metalloproteinases. 

 

One of the most important factors involved in tissue healing and fibrosis is TGF-β. 

This profibrotic growth factor is present in skeletal muscle following injury and in 

dystrophic muscle, where it stimulates fibroblasts to produce ECM components 

(Zhou et al., 2006; Serrano and Muñoz-cánoves, 2010). During regeneration, the 

degradation of the initial scaffold of ECM contributes to the generation of protein 

fragments that mediate biological activities involved in normal tissue repair (Chen 

and Li, 2009; Mann et al., 2011; Serrano et al., 2011). However, TGF-β reduces the 

production of enzymes (such as collagenase) and stimulates the production of tissue 

inhibitors of metalloproteinases (TIMPs) and plasminogen activator inhibitor type-1 

(PAI-1), thereby inhibiting the degradation of the ECM (Zhou et al., 2006; Serrano et 

al., 2011) and disturbing the final outcome.  

Gene expression analysis of skeletal muscle samples from RA patients 

demonstrated a correlation between disease activity and disability and increased 
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concentrations of amino acid precursors to muscle fibrosis (Huffman et al., 2017). 

Analysis of blood samples from patients with active RA highlighted differences in 

cell-cell interactions, altered EMT, and increased TGF-β proteins suggestive of 

increased de novo ECM synthesis and fibrosis (Brink et al., 2019). Fibrosis has been 

demonstrated in several tissues from RA patients and rodent studies. For example, 

increased fibrous tissue deposition was demonstrated in the joint of RA rodents 6 

days post induction with fluorescent visualization of collagen III and fibrinogen 

(Beziere et al., 2019). Similarly, research from our group has demonstrated a 

significant increase in collagen accumulation within the vastus lateralis, soleus and 

gastrocnemius muscles in CIA rodents compared to that of control rodents (Oyenihi 

et al., 2019), as well as impaired molecular remodelling with fibrotic deposition and 

impaired cardiomyofibre contractile function (Pironti et al., 2018).  In humans, the 

presence of subclinical myocardial fibrosis resulting from low grade chronic 

inflammation in a large number of RA patients, has been linked to heart failure in 

approximately 3.9% of patients (Lazúrová and Tomás, 2017). Furthermore, 

pulmonary fibrosis is often associated with RA as a result of increased TGF-β and 

Smad signalling leading to an increase in collagen deposition within the lung tissue 

(S. Wang et al., 2019).  The assessment of fibrosis in RA skeletal muscle tissue is 

limited, however in chronic inflammation, macrophages expressing both pro- and 

anti-inflammatory cytokines (TNFα and TGF-β) were reported to have a reduced 

ability to clear FAPs from the damaged tissue (Lemos et al., 2015). Cross-talk 

between these cells and satellite cells also occurs via TGF-β. In vitro, it has been 

demonstrated that the isoform of TGF-β has an influence on the satellite cell 

response (Schabort et al., 2009). Therefore, a full understanding of the role of TGF-β 

in RA may require that level of sophistication, which can be achieved in vitro in single 

cell culture or co-culture. In chronic kidney disease, chronic inflammation resulted in 

increased muscle collagen content which also correlated with increased abundance 

of FAPs (Abramowitz et al., 2018).  

To further complicate matters, in vitro studies have demonstrated that satellite cells 

themselves also secrete factors that regulate ECM gene expression independent of 

TGF-β (Fry et al., 2014, 2017). The use of Pax7 knock-out mice indicated that 

satellite cells are critical to limit ECM deposition and prevent fibrosis in the first week 

of regeneration, potentially through a mechanism involving microRNA and exosomes 
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circulating the skeletal muscle. For example, microRNA-206 (miR-206) is highly 

expressed in satellite cells and satellite cell-derived exosomes; it performs its actions 

through binding to and inhibiting ribosomal binding protein 1 (Rrbp1), a master 

regulator of collagen synthesis. Knockdown of miR-206 resulted in the increased 

expression of collagen genes in fibrogenic cells (Fry et al., 2017), proposing a 

potential mechanism of fibrogenic pathogenesis in chronic inflammatory disorders 

such as RA. The potential for therapeutic or preventative intervention at this level 

warrants further investigation.  

 

2.13 Finding therapeutic targets in the context of RA 

From the literature presented above, it is clear that complex, aberrant intracellular 

communication resulting from auto-immune activation – and thus persistent 

inflammation - results in the complex syndrome of rheumatoid cachexia. 

We present a predictive image of the muscle niche in and a visual summary of the 

literature in Figure 2.5. In our opinion, the main site of dysregulation in RA, is the 

incomplete phenotype switch from M1 to M2c macrophages, which is reflected by an 

“indecisive” M2b phenotype which can signal either pro- or anti-inflammatory, 

depending on signalling from its extracellular environment, but does either 

ineffectively. This has several knock-on effects, such as the dysregulation of the 

ECM, which limits satellite cell activation and function, as well as contributing to 

fibrosis. Both these outcomes then further affect other cell types in a self-reinforcing 

chronic cascade resulting in the increased fat and collagen deposition, and loss of 

muscle fibre maintenance observed in rheumatoid cachexia. 

In our opinion, there are two main avenues to follow for therapeutic intervention. 

Firstly, an obvious therapeutic strategy would be to prevent the incomplete M1-M2 

transition of macrophages. Secondly, modulation of the RA ECM would not only 

correct satellite cell functionality, but also improve mature muscle fibre and whole 

muscle functionality and force output, both of which would significantly contribute to 

complete repair and return to function. A specific target for this approach would be to 

reduce the proliferation of fibroblasts, present in the affected muscle as well as the 

affected joint. However, fibroblasts do not act alone in the development of fibrosis, 
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which is also stimulated by FAPs and macrophages. Of course, given the complexity 

of the disease and interplay of contributing cell types – especially once properly 

established – it would be naïve to consider intervention at any one site in isolation.   

The fact that rheumatoid cachexia occurs secondary to primary auto-immune 

disease, and that inflammation itself is a systemic phenomenon rather than a local 

one, adds complexity to the quest for a therapeutic strategy. However, recent 

advances in drug delivery systems and nanotechnology may hold promise for 

delivery of modulating factors into the muscle ECM. Due to the greater presence of 

macrophages in affected tissues, the proposed use of drugs encapsulated by 

phagosome-arrested macrophages to deliver treatment to the desired site is a 

promising one (Visser, Van Staden and Smith, 2019). Additionally, the use of 

macrophages to deliver satellite cells to the affected muscle holds promise in 

promoting skeletal muscle regeneration (Visser and Smith, 2018).  
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Figure 2.5: Summary of the cellular interactions in chronic inflammation leading to a 

decline in muscle growth. The incomplete switch from M1 to M2c results in a greater 
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presence of M2b macrophages which present both impaired pro- and impaired anti-

inflammatory properties, often resulting in enhanced deposition of ECM components, 

and impaired satellite cell function. This also results in a reduced presence of M2c 

macrophages. The mechanisms and pathways presented are based on chronic 

inflammatory microenvironments (proposed in RA), with blue indicating mechanisms 

confirmed in studies of RA. Different colours indicate different cell focus areas; green 

= muscle niche; purple = inflammatory system; red = fibroblasts and fibrosis. 

Increased signalling are indicated by double-line arrows, while dotted line arrows 

indicate decreased signalling.  

SCs = satellite cells; IGF = insulin-like growth factor; Murf-1 = muscle ring finger 

protein-1; Mafbx = muscle atrophy f-box; exos = exosomes; Rrbp1 = ribosome 

binding protein-1; IL = interleukin; TNF-α = tumor necrosis factor-α; IFN-γ = 

interferon-γ; LPS = lipopolysaccharides; GM-CSF = granulocyte-monocyte colony-

stimulating factor; TGF-β = transforming growth factor-β; TIMP = tissue inhibitor of 

metalloproteinase; MMP = matrix metalloproteinase; CTGF = connective tissue 

growth factor; FAPs = fibro-adipogenic progenitor cells; ECM = extracellular matrix; 

α-SMA = α-smooth muscle actin.  

 

2.14 Are current treatment strategies failing? 

Perhaps due to the complexity of RA as a condition (and even the lack of clarity 

regarding its precise aetiological trigger), as well as the limitations to be overcome in 

the development of targeted therapeutic approaches, therapeutic strategies for RA 

still have ample room for improvement. The main therapeutic goal of current 

treatment strategies is to induce sustained clinical remission or to maintain a low-

inflammatory activity of the disease if remission is not possible (Narváez, 2016).  

This section will give an overview of the current treatment strategies and briefly 

outline which of these strategies shows potential in terms of targeting the sites we 

have identified, in the context of delaying or limiting the extent of rheumatoid 

cachexia. 

Popular treatment options for RA vary from the use of non-steroidal anti-

inflammatory drugs (NSAIDs), glucocorticoids, disease-modifying anti-rheumatic 

drugs (DMARDs), and more recently, biological-response mediators (Narváez, 2016; 
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Drosos, 2020). The treat-to-target (T2T) approach has been found to be more 

effective than specific treatment strategies and incorporates aspects such as tight 

control and monitoring of disease and its biological side effects, and therapeutic 

adjustments when set targets are not met (Drosos, 2020). NSAIDs and 

glucocorticoids are considered a first-line therapy and act to rapidly reduce pain and 

swelling in the affected joints by transiently reducing the inflammation present. The 

use of both NSAIDs and glucocorticoids are only recommended as short-term 

treatment or as bridge therapy while the DMARDs gain sufficient effectivity, as they 

neither slow the progression of RA, nor have disease modifying effects and are 

linked to a large number of adverse effects (Gaffo, Saag and Curtis, 2006; 

Kesharwani et al., 2019; Smolen et al., 2020). Currently, the drugs of choice for the 

treatment of RA are DMARDs (Kesharwani et al., 2019). DMARDs are slower acting 

compounds that improve symptoms and slow progression of RA. DMARDs are split 

into two, namely synthetic DMARDS and biological DMARDS (Drosos, 2020; Smolen 

et al., 2020). The most commonly used DMARD is methotrexate, which has several 

mechanisms of action. It has the ability to inhibit the proliferation of cells, including 

inflammatory-cell mediators and lymphocytes, as well as to reduce TNF-α and IL-1β 

expression, hence its anti-inflammatory effect (Quéméneur et al., 2003; Maksimovic 

et al., 2020). Studies on methotrexate have also indicated a reduction in the 

accumulation of toxic compounds such as polyamines that contribute to tissue 

damage (Cronstein, 2005) as well as a reduction in reactive oxygen groups in the 

synoviocytes obtained from RA patients (Sung et al., 2000). The European League 

Against Rheumatism (EULAR) still recommends that immediate treatment with 

DMARDs should occur upon RA diagnosis, and despite the fact that newer 

therapeutics have been developed, methotrexate should be the first treatment option 

(Smolen et al., 2020). Whether methotrexate would be beneficial in rheumatoid 

cachexia is unknown. Investigation into the effects of methotrexate on satellite cells 

and skeletal muscle is lacking in the RA model and treatment was unable to shift 

macrophage phenotype to M2 macrophages once polarised to the M1 phenotype in 

an in vitro model (Shiratori et al., 2018). The effect of methotrexate on fibrosis is also 

less desirable - the drug were demonstrated to be  pro-fibrotic in both liver cells in 

vitro (Prestigiacomo et al., 2017) and in liver tissue of RA patients (Lertnawapan, 

Chonprasertsuk and Siramolpiwat, 2018). While this treatment may be beneficial and 

Stellenbosch University https://scholar.sun.ac.za



41 
 

used as a first option therapy for RA, it is not necessarily beneficial in treating or 

preventing the development of secondary symptoms such as rheumatoid cachexia.  

In terms of biological-response modifiers, scientists have largely focused on 

suppression of systemic inflammation, developing therapies targeting specific 

soluble or cell-surface molecules with the use of monoclonal antibodies and receptor 

constructs. One of the most successful targets is TNF-α inhibition (adalimumab, 

etanercept, and infliximab) - these medicines are often used in conjunction with 

methotrexate (Smolen et al., 2007; Curtis and Singh, 2011; Kesharwani et al., 2019). 

Etanercept targets TNF-α type II receptor-IgG1 fusion protein while infliximab and 

adalimumab are specific TNF-α monoclonal antibodies. The use of infliximab with 

methotrexate significantly improved symptoms of RA including joint swelling, pain, 

joint damage progression, and CRP concentration compared to that of methotrexate 

alone in a study assessing 428 patients with active RA (Lipsky et al., 2000). 

However, in this study there was still a high rate of adverse events, with the most 

common being infections – which likely resulted from the blanket approach to 

immune suppression. The use of anti-TNF-α (adalimumab) treatment reduced the 

diseased joint structural progression compared to methotrexate, which was further 

reduced by use of the both drugs in combination in a study on 799 patients with 

active early RA (<3 years since diagnosis) (Breedveld et al., 2006). However, there 

are still patients who do not respond to the anti-TNF-α therapy. Additional biologics 

treatment approaches include the blocking of IL-6 through anti-IL-6-receptor 

monoclonal antibodies (Emery et al., 2008), anti-B-cell therapy (Edwards et al., 

2004), and down-regulation of T-cell activation through the modulation of the co-

stimulatory signal necessary for activation (Majithia and Geraci, 2007; Blair and 

Deeks, 2017). Due to many cytokine receptors signalling via Janus kinases (JAKs), 

another more recent treatment strategy involves JAK inhibitors. JAK inhibitors can be 

used to determine the effect of inhibition of several cytokines; these include IL-6, 

GM-CSF, type 1 interferons, IL-7, IL-15, and IL-21 (McInnes and Schett, 2017). 

While still in the earlier stages of investigation, tofacitinib/methotrexate combination 

treatment has demonstrated suppressive effects on T-cells, B-cells and fibroblast-

like synoviocytes, as well as reductions in MMPs in 15 RA patients compared 

methotrexate-treated controls (Boyle et al., 2015). 
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Despite the advancement of therapeutic strategies to reduce RA disease 

progression and/or manage pain, not all of these are beneficial in the context of 

muscle health. While the cachexic effects of the drugs have not been sufficiently 

investigated in RA patients specifically, their commonly known pathways can be 

extrapolated to the RA context. For example, glucocorticoids decrease muscle 

anabolism and increase muscle catabolism through different pathways, including the 

myostatin pathway, the IGF-1-PI3K-Akt pathway, and the NF-κB pathway (Hanaoka, 

Peterson and Crofford, 2012) – thus, in particular patients showing significant RA 

cachexia, this treatment should be avoided or at least paired with therapy that may 

counter these undesired outcomes. In contrast, the use of DMARDs may also limit 

sarcopenia due to its inhibition of cytokines such as TNF-α and IL-6. However, 

DMARDS have been linked to increased body weight (Tournadre et al., 2017) - given 

the negative effects of muscle fat deposition commonly seen in rheumatoid cachexia, 

this problem may be exacerbated by these treatments.  

Research on specific therapeutic strategies targeting rheumatoid cachexia are 

limited. Current therapeutic strategies to target cachexia include increasing physical 

activity, especially in the form of resistance exercise, and dietary alterations, such as 

a Mediterranean diet supplemented with omega 3 and vitamin D (Tedeschi and 

Costenbader, 2016) and antioxidant supplements (Bala, 2017). Low IGF-1 

expression is associated with lower appendicular lean muscle index and muscle 

CSA in RA patients (Baker et al., 2015). The use of IGF-1 treatment increased body 

weight and gastrocnemius weight, as well as inhibiting the CIA-induced increase in 

atrogin-1 and MuRF1 expression in rodents (López-Menduiña et al., 2010). 

However, IGF-1 is associated with increased cancer risk (Cao et al., 2015). 

Treatment with a peroxisome proliferator-activated receptor-α (PPARα) agonist had 

similar effects, attenuating the decrease in gastrocnemius weight and fast-twitch 

myofibre size, and preventing the arthritis-induced increase in atrogin-1 and MuRF1 

expression in a rodent CIA model (Castillero et al., 2011). In addition to positive 

effects in skeletal muscle, PPAR-α also has anti-inflammatory effects and studies 

have determined that treatment with PPAR-α agonist resulted in reduced oedema 

and arthritis score in arthritic rodents (Koufany, Jouzeau and Moulin, 2014). 

However, the use of PPAR agonists are not an option due to their many side effects, 
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including congestive heart failure, bone fractures, liver disease and myopathy 

(Bortolini et al., 2013). 

A number of studies have explored the idea of using physical activity and exercise 

training to improve muscle strength and mobility in RA patients. Regular range of 

motion exercise over a 2 year period significantly improved strength, disease activity, 

and physical function, which was further improved in RA patients undergoing 2 years 

of dynamic strength training (Hakkinen et al., 2001). A 5-week rehabilitation exercise 

program improved quadriceps strength and activation, and reduced subjective 

disability without exacerbating disease activity, improvements which were 

maintained at a 6 month follow up session (Bearne, Scott and Hurley, 2002). Twelve 

weeks of moderate intensity pool exercise, comprising of a variety of strength, 

endurance and flexibility exercises, improved grip force and muscle function despite 

not improving aerobic capacity in RA patients (Bilberg, Ahlmén and Mannerkorpi, 

2005). During a 6-week hand exercise programme, RA patients responded similarly 

to healthy controls, with an increase in hand force measurements, hand function, 

and increased CSA in the extensor digitorum communis muscle (Brorsson et al., 

2009). While the majority of these studies have demonstrated beneficial effects on 

muscle strength and function, few of them report on the cachexia outcomes.   

 

2.15 Conclusion 

This review highlights the complexity and multi-directionality of cellular interplay in 

RA cachexia progression. More investigation is required to determine the specific 

interaction between the cell types mentioned, as limited research has focused on 

these pathways in terms of rheumatoid cachexia. Review of current treatment 

strategies illustrates that blanket-approach systemic anti-inflammatory intervention is 

effective to a degree in RA, but not without side effects or missing the impact on 

cachexia. The severe impact of rheumatoid cachexia on long term patient 

independence highlights the importance of addressing not only the primary auto-

immune disease, but also its secondary debilitating conditions. Further research is 

required to develop a more specifically targeted treatment approach, potentially 

making use of more specific, controlled delivery systems that may be incorporated 

into T2T approaches to limit rheumatoid cachexia development. 
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Chapter 3 

 

This chapter has been published in Oxidative Medicine and Cellular Longevity 

(impact factor: 6.54). Although it was a joint study by ABO and TO, the roles of these 

contributing authors were distinctly different. ABO characterised the CIA model in 

terms of redox changes. TO was responsible for all aspects of muscle related 

investigations.  

Citation reference: Oyenihi, AB., Ollewagen, T., Myburgh, KH., Powrie, YSL., Smith, 

C. (2019). Redox status and muscle pathology in rheumatoid arthritis: insights from 

various rat hindlimb muscles. Oxidative Medicine and Cellular Longevity. 2019:1-11. 

 

3.1 Abstract 

Due to atrophy, muscle weakness is a common occurrence in rheumatoid arthritis 

(RA). The majority of human studies are conducted on the vastus lateralis muscle – 

a muscle with mixed fibre type – but little comparative data between multiple 

muscles in either rodent or human models are available. The current study therefore 

assessed both muscle ultrastructure and selected redox indicators across various 

muscles in a model of collagen-induced rheumatoid arthritis in female Sprague-

Dawley rats. Only three muscles, the gastrocnemius, extensor digitorum longus 

(EDL) and soleus, had lower muscle mass (38%, 27% and 25% loss of muscle mass 

respectively; all at least P<0.01), while the vastus lateralis muscle mass was 

increased by 35% (P<0.01) in RA animals when compared to non-RA controls. 

However, all four muscles exhibited signs of deterioration indicative of rheumatoid 

cachexia. Cross-sectional area was similarly reduced in gastrocnemius, EDL and 

soleus (60%, 58% and 64% respectively, all P<0.001), but vastus lateralis (22% 

smaller, P<0.05) was less affected, while collagen deposition was significantly 

increased in muscles. This pathology was associated with significant increases in 

tissue levels of reactive oxygen species (ROS) in all muscles except the vastus 

lateralis, while only the gastrocnemius had significantly increased levels of lipid 

peroxidation (TBARS) and antioxidant activity (FRAP). Current data illustrates the 
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differential responses of different skeletal muscles of the hindlimb to a chronic 

inflammatory challenge both in terms of redox changes and resistance to cachexia. 

 

3.2 Introduction 

There can be no doubt that individuals suffering from rheumatoid arthritis (RA) have 

significantly decreased quality of life. In addition to the chronic pain and other 

primary symptoms arising from the inflammatory processes in joints, the majority of 

patients also report skeletal muscle weakness (Yamada et al., 2017). However, there 

is a disconnect between the degree of rheumatoid cachexia (defined as arthritis-

associated loss of muscle mass with little or no loss of fat mass (Walsmith and 

Roubenoff, 2002) and the relatively more severe degree of muscle weakness 

experienced. Initially, the more severe loss of strength was ascribed to joint 

deformation and pain (Helliwell and Jackson, 1994), but more recently contractile 

dysfunction, mediated by tumour necrosis factor (TNF), was implicated, with TNF 

reported to decrease specific force by increasing cytosolic oxidant activity in the 

muscle (Reid and Moylan, 2011).  

The pathology of skeletal muscle in patients with RA is clearly complex and much 

research has already been conducted in this context, so that at least a partial picture 

of role players is available. For example, while neuromuscular fatigue (assessed by 

electromyography) was reported to weakly correlate with subjective perception of 

fatigue and physical activity level, it did not correlate to either clinical profile or 

treatment features (do Espírito Santo et al., 2018). This suggests that while 

advancement of emotional well-being should form part of treatment strategy, 

neuromuscular pathology is probably not a major role player in RA. In contrast, 

increased muscle inflammatory cytokine levels, altered expression of genes involved 

in muscle repair and glycolytic metabolism, as well as increased levels of fibrosis-

associated amino acids, correlated with disease progression, physical inactivity and 

pain in a large cohort of RA patients (Huffman et al., 2017). These data, generated 

from the vastus lateralis muscle, and specifically the finding related to altered 

glycolytic metabolism, raised the question of whether different muscles or muscles 

with different fibre type distribution may be differentially sensitive to RA-associated 

pathology.  
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Given both the significant implication of inflammation in RA and the interlinked nature 

of inflammation and oxidative stress, attention should also be extended to redox 

status, in order to form a more holistic picture of pathological maladaptations that 

could potentially be targeted by intervention. In an elegant study on slow-twitch 

soleus muscle from rats subjected to collagen-induced arthritis (CIA), peroxynitrite-

induced oxidative damage to myofibrillar proteins was implicated in measured 

deficits of muscle force production, such as shorter maximal contraction velocity and 

slower twitch contraction and relaxation (Yamada et al., 2009). The same group 

subsequently illustrated similar deficits in force production – also ascribed to reactive 

nitrogen species – in fast-twitch extensor digitorum longus (EDL) muscle (Yamada et 

al., 2015). These studies sketch a fairly fibre-type independent picture of muscle 

pathology in this model. However, these observations were made at a relatively 

advanced time point (≈day 45, with last booster shot on day 28) and does not allow 

for direct interpretations on specific mechanisms at play during the earlier, disease 

development phase. Furthermore, the degree to which different muscle types are 

compromised in CIA have not been comprehensively and comparatively assessed. 

The aim of the current study was therefore to assess muscle morphology and 

selected aspects of muscle pathology and redox changes in four different hindlimb 

muscles in rats with collagen-induced arthritis. A somewhat milder model (day 35, 

with last booster shot on day 8) was employed in order to elucidate the extent to 

which free radical involvement and endogenous antioxidant mechanisms may 

contribute to early pathology in different muscles.  

 

3.3 Materials and methods 

3.3.1 Ethics statement and animal handling 

The Stellenbosch University Animal Research Ethics Committee ethically cleared 

this study (Protocol number: SU-ACUD17-00034). Twenty (20) female Sprague-

Dawley rats weighing 180 – 200 g were procured from the Stellenbosch University 

small laboratory animal breeding facility. They were housed in groups of 5 rats per 

cage in a temperature- and humidity-controlled room (23 ± 1°C, 40–60% humidity) 

with a set 12 h light-dark cycle and fed standard commercially available rat chow and 
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tap water ad libitum. After acclimatization to the new environment for about 7 days, 

rats were randomly divided into two groups of 10 rats each - normal control (NC) and 

collagen-induced rheumatoid arthritis (RA). All experimental animals received 

humane care according to the principles outlined in the National Research 

Foundation Guide for Care and Use of Laboratory Animals. 

3.3.2 Collagen-induced rheumatoid arthritis model 

Chemicals: Bovine collagen type II, incomplete Freund’s adjuvant and rat anti-

collagen IgG ELISA kit were purchased from Chondrex Inc., WA, USA. Isoflurane 

(Isofor) was purchased from Safeline Pharmaceuticals, Johannesburg, South Africa. 

All other chemicals and reagents used in this study were of analytical grade and 

purchased from Sigma-Aldrich (MO, USA) or Merck (Darmstadt, Germany) unless 

otherwise stated. 

Experimental design: The well-established rat collagen-induced arthritis (CIA) 

method (Kannan, Ortmann and Kimpel, 2005; Asquith et al., 2009) was used to 

induce arthritis in the RA group. Briefly, bovine heterologous type II collagen was first 

dissolved in 0.01N glacial acetic acid (2 mg/ml) before an emulsion was prepared 

using an equal volume of incomplete Freund's adjuvant. This emulsion was slowly 

injected intra-dermally twice just above the tail region of each rat under isoflurane 

anaesthesia, 7 days apart. The time of onset of swelling in rat paws was recorded. 

The progression of clinical symptoms was monitored daily and scored as follows: 0 = 

no swelling; 1 = erythema and digits swollen; 2 = erythema, digits and pad swollen; 3 

= erythema, digits and pad swollen, joints and entire leg swollen. The total score for 

each rat was given as the addition of all affected paws, so the highest attainable 

score was 10 for each rat, as previously described (Hawkins et al., 2015). 

After the 5-week experimental period, all rats were killed by guillotine decapitation 

and the trunk blood was immediately collected into tubes via a heparinized funnel. 

The plasma was subsequently separated after centrifugation at 2,000 g for 10 

minutes using a Spectrafuge 24D centrifuge (Labnet International Inc., NJ, USA). 

EDL, gastrocnemius, and soleus and vastus lateralis muscles from the hindquarters 

of each rat were removed carefully, weighed, snap-frozen in liquid nitrogen and then 

stored at -80 oC until subsequent analysis. 
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Validation of model via plasma anti-collagen IgG titer: The successful induction of 

arthritis in rats was confirmed by the production of antibodies to type II collagen 

using the rat anti-collagen IgG ELISA kit (Chondrex Inc., WA, USA) and following the 

manufacturer’s protocol.  

3.3.3 Muscle histology 

Frozen tissues (EDL, gastrocnemius, soleus and vastus lateralis) were sectioned in 

10 μm cross-sections with a cryostat (Leica CM1860 UV, Leica Biosystems Nussloch 

GmbH, Germany) at -25°C and stored at -20°C. To ensure consistency between 

samples a predetermined section was cut off the proximal end of each sample 

(differed between muscle types) before sectioning occurred. This is particularly 

important in the vastus lateralis as different fibre type proportions exist in the 

different areas (superficial vs. deep and proximal vs. distal) (Kohn and Myburgh, 

2007). Sections were allowed to thaw at room temperature for 20 minutes before 

staining.  

Hematoxylin & Eosin staining: H&E staining was used to view the overall muscle 

structure. Hematoxylin binds to and stains all DNA/RNA structures blue. Eosin 

counterstains all proteins of the tissue pink. Slides were submerged in the following 

order for one minute each, excluding Eosin which was stained for 30 seconds: dH2O, 

two changes of Mayer’s haematoxylin, warm tap water, Scott’s tap water, dH2O, 

Eosin, H2O, 95% Ethanol, 100% Ethanol, and finally clearance in xylene. Once 

stained, the slides were mounted with mountant media (DPX, 06522, Sigma-Aldrich, 

USA) and covered with a cover-slip for viewing. 

Picrosirius red staining: Sirius red is a polyazo dye which is specifically used for 

staining collagen. The stain dyes collagen bright red, leaving muscle fibres, 

cytoplasm and red blood cells a lighter yellow/red colour. Picrosirius red differs from 

Sirius red staining with the addition of picric acid which prevents the indiscriminate 

staining of non-collagenous structures by Sirius red.  

Sections were fixed in Neutral Buffered Formalin for 30 minutes. Slides were rinsed 

in dH2O and stained with Weigert’s Haematoxylin for 8 minutes. Sections were 

washed in 3 changes of water followed by staining with Picrosirius solution for one 

hour. Picrosirius solution was made up of 0.5 g Sirius Red F3B (CI35780, Sigma-
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Aldrich, USA) in 500 ml saturated aqueous Picric Acid (197378, Sigma-Aldrich, 

USA). Sections were washed in 0.5% acetic acid (A6283, Sigma-Aldrich, USA) in 

dH2O twice for 5 minutes each. Sections were then dehydrated in changes of 

ethanol (70%, 95%, 100%), and then cleared in xylene (296325, Sigma-Aldrich, 

USA) and cover slips were mounted with mountant media (DPX, 06522, Sigma-

Aldrich, USA).  

Image acquisition: All histological slides were viewed using bright-field microscopy 

(Nikon ECLIPSE E400), mounted with a camera (Nikon DS-Fi2), and processed 

through a Digital Sight processor (DS-U3, Nikon, Japan). Image processing was 

done on Nikon Instruments Software (NIS-Elements v4.10) on a desktop computer 

(Dell, USA) running Windows 7 (Microsoft, USA). Images were taken at 100x and 

200x magnification. (Magnification was calculated from ocular lens (10x) multiplied 

by objective lens (10x/20x)). 

Image analysis:  The cross-sectional area of the fibres was measured using H&E 

sections and Image J software (version 1.49, Wayne Rasband). 50 fibres per sample 

were measured. In order to assess fibrosis, picrosirius red images were analysed 

using Image J software (version 1.49, Wayne Rasband) with the Colour 

Deconvolution plug-in as developed by Landini (version 1.5). The picrosirius stains 

were processed using the Image J RGB option. Briefly, the plug-in unmixes the RGB 

image into three 8-bit images with a colour look up table that corresponds to the 

respective vector colours. The analysis measurements were set to measure ‘area’, 

‘area fraction’, ‘limit to threshold’ and ‘display label’. The threshold of each of the 

three images was adjusted allowing the measurement of 1) the background, 2) the 

connective tissue, and 3) total tissue. Percentage of fibrosis in the tissue (x100 

magnification) was calculated as follows: 1) background was subtracted from both 

the connective tissue and total tissue; 2) the following formula was used: Percentage 

of fibrosis = (connective tissue/(connective tissue + total tissue))*100.  

3.3.4 Sample analysis for redox status 

Oxidative stress: Frozen vastus lateralis, soleus, EDL and gastrocnemius tissues 

were thawed on ice and homogenized 100 mg/ml in 10 mM phosphate buffered 

saline (PBS, pH 7.2) and centrifuged at 10,000 g for 15 min at 4 oC to obtain the 

supernatants used for the analyses. The presence of reactive oxygen species (ROS) 
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in tissue homogenates was evaluated by the ROS-dependent oxidation of the non-

fluorescent 2’, 7’, -dichlorofluorescein (DCF)-DiOxyQ probe to the highly fluorescent 

DCF using the OxiSelectTM ROS assay kit (Cell Biolabs, Inc, CA, USA) and following 

the manufacturer procedure. The ferric ion reducing antioxidant power (FRAP) value 

in all muscle homogenates was determined by measuring the reduction of ferric 

tripyridyltriazine (Fe3+-TPTZ) complex to the ferrous (Fe2+) form by antioxidants as 

detailed earlier by. This is monitored by the change in absorption at 593 nm in a 

SPECTROstar Nano® absorbance plate reader (BMG Labtech, Ortenberg, 

Germany). Lipid peroxidation in muscle homogenates was evaluated by the 

formation of the stable product – malondialdehyde (MDA) – in a reaction medium 

containing thiobarbituric acid (TBA). We used the method described by but with 

slight modifications: briefly, the MDA formed in tissues highly reacts with TBA under 

acidic conditions to form a complex that is better purified by the addition of butanol 

and saturated sodium chloride and absorbs maximally at 532 nm using a 

SPECTROstar Nano® absorbance plate reader (BMG Labtech, Ortenberg, 

Germany). 

3.3.5 Statistical analysis 

Effects were compared for statistical significance using student t-tests, or one- or 

two-way analysis of variance (ANOVA) as appropriate, with Bonferroni post hoc tests 

where applicable. Data are presented as means and standard deviations, unless 

otherwise indicated. Statistical significance were set at P<0.05. 

 

3.4 Results 

Successful induction of relatively mild rheumatoid arthritis was confirmed by clinical 

observations (Figure 3.1). Onset of joint swelling was typically within 11-18 days 

after the initial exposure to collagen. In addition, significantly elevated levels of anti-

collagen antibody titre were measured in RA animals (0.02 ± 0.007 g/ml plasma; 

P<0.0001) when compared to non-RA controls, in which antibody levels were not 

detectable.  
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RA animals exhibited significant decreases in skeletal muscle mass in the EDL, 

gastrocnemius, and soleus muscles, but that of vastus lateralis significantly 

increased (Figure 3.2). 
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Figure 3.1: Weekly scores indicative of clinical symptoms of arthritis development in 

a collagen-induced rheumatoid arthritis model in female Sprague-Dawley rats (n=10 

per group). Statistical analysis: one-way ANOVA with repeated measures and 

Bonferroni post hoc testing. ***, p<0.0001 significantly different from controls. 
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Figure 3.2: Muscle mass of different rat hindlimb skeletal muscles on day 35 of CIA 

(n=10 per group). Bars indicate mean mass of muscle (left and right muscle weights 

were averaged for each animal) and error bars are standard deviations. Statistical 

analysis: Student t-test. 

RA animals exhibited clear signs of myofibre atrophy (Figure 3.3 and 3.4), 

inflammation (Figure 3.5) and fibrosis (Figure 3.6) when compared to control 

animals. In line with the significantly decreased muscle mass, gastrocnemius, soleus 

and EDL muscle exhibited generalised cachexia which was characterised by a ≈60% 

reduction in myofibre cross-sectional area across all cells (Figure 3.3a-f, j-l). In these 

muscles, a significant number of fibres undergoing degradation were visible, as well 

as oedema and inflammatory cell infiltrate. In contrast, as suggested by the lack of 

muscle mass loss, vastus lateralis myofibres seemed least affected by RA, with 

cross-sectional area of fibres decreasing by only ≈20% (Figure 3.3g-i). In this muscle 

group, the pattern of cachexia was also more varied: while some fibres of smaller 

cross-sectional area is visible, normal sized fibres are still abundant. No evidence of 

myofibre degradation was visible in vastus lateralis sections analysed. 
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An analysis of fibre size distribution (Figure 3.4) confirms these observational data. 

Gastrocnemius, soleus and EDL muscle exhibited a shift to the left for fibre size, with 

very high frequency of small fibre size. The vastus lateralis muscle did not show a 

clear shift to the left, although frequency of smaller fibres did appear somewhat 

higher. Although inflammation was not a specific focus of this paper and specific 

inflammatory markers were not assessed, the RA animals clearly exhibited 

moderately severe levels of inflammation in the soleus, gastrocnemius and EDL 

muscles, where inflammation was visible in the perivascular areas as well as in 

between individual myofibres (Figure 3.5 a-b). In addition, intrafibre necrosis was 

visible in several cells (Figure 3.5c). These features were not clearly visible in vastus 

muscle.  
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Figure 3.3: Representative H&E images and cross-sectional area of gastrocnemius 

(a-c), EDL (d-f) and vastus lateralis (g-i) muscle depicting ultrastructural changes in 

female rats subjected to CIA (n=10 per group) (normal control left; CIA right). 200x 

magnification. Scale bar represents 100 µm. Statistical analysis: Student t-test 
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Fiigure 3.4: Distribution of fibre cross-sectional area across different muscle groups 

(n=10 per group). Frequency data is expressed as number of fibres out of a total of 

50 fibres counted per sample.  

 

                            

 

Figure 3.5: Representative high-resolution H&E stained images illustrating 

inflammatory cell infiltration in (a) perivascular and (b) interfibre areas, as   well as 

(c) intrafibre necrosis. 200x magnification. Scale bar represents 100μm. 
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In terms of fibrosis (collagen accumulation), the vastus lateralis and EDL muscles 

exhibited a significant 50% increase when compared to their respective controls. A 

similar result was obtained in the soleus but did not reach statistical significance. In 

contrast, the gastrocnemius muscle was most severely compromised, exhibiting a 

striking 200% increase in collagen accumulation (Figure 3.6). 
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Figure 3.6: Representative images and percentage fibrosis of gastrocnemius (a-c), 

EDL (d-f) and vastus lateralis (g-i) in female rats subjected to CIA (n=10 per group) 

using Picrosirius red staining (normal control left; CIA right). 200x magnification. 

Scale bar represents 100 µm. Statistical analysis: Student t-test 

 

In terms of redox status, total reactive oxygen species (ROS) levels seemed to 

correspond to muscle pathology in RA, as ROS was significantly increased in 

gastrocnemius, EDL and soleus, but not vastus, muscle of RA animals when 

compared to controls (Figure 3.7a). TBARS was assessed as measure of oxidative 

stress-associated membrane damage through lipid peroxidation (Figure 3.7b). When 

considering controls only, the lowest ROS production seen in the gastrocnemius 

muscle corresponded to lowest levels of TBARS in this muscle, with highest TBARS 

levels were measured in the EDL and soleus muscle. This relatively poorer picture in 

terms of oxidative damage in control EDL and soleus muscle was not matched by a 

relative increase in antioxidant capacity (FRAP) (Figure 3.7c), suggesting that under 

normal conditions, these muscles are relatively more compromised than the 

gastrocnemius muscle in this context. In RA animals, lipid peroxidation (TBARS) 

levels were only significantly elevated from control levels in the gastrocnemius 

muscle (Figure 3.7b). Similarly, antioxidant capacity (FRAP) was similar and 

unchanged by RA in most muscles, with the exception of the gastrocnemius muscle, 

in which it was significantly increased in response to RA (Figure 3.7c).  
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Figure 3.7: Redox status of rat muscles in female rats subjected to CIA, as 

measured by total ROS (a), TBARS (b) and FRAP (c) assays respectively (n=10 per 

group). Bars indicate means and error bars are standard deviations. Statistical 

analysis: 2-way ANOVA with Bonferroni post hoc tests 

 

3.5 Discussion 

The current study expands on available literature by presenting a comparative 

assessment of different hindlimb skeletal muscles affected by CIA in a rat model. A 

specific novel component is the comparison of four different muscles with different 

fibre type distribution, including the vastus lateralis, in which human studies are 
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typically conducted. Importantly, a recent study conducted in humans reported that 

intramuscular (vastus lateralis) levels of inflammatory parameters, such as the 

inflammatory cytokines, did not correspond to the profile in circulation (Huffman et 

al., 2017), which highlights the importance of tissue-specific investigation and the 

relevance of the study reported here. 

Data presented here clearly illustrates the debilitating nature of CIA and validates 

this model as an accurate simulation of muscle pathology in rheumatoid arthritis. 

Current data for the first time provides a comparative histological assessment of four 

muscles, three of which (gastrocnemius, soleus and EDL muscles) are directly 

associated with the primarily affected joint (ankle), while the other (vastus lateralis) is 

more proximal. The fact that all four muscle groups exhibited signs of cachexia, 

albeit it much less severe in the vastus lateralis, suggests that inactivity-based 

atrophy is not the only contributor to the pathology observed, and that circulating 

mediators likely impact significantly on all muscle groups, irrespective of their 

anatomical position. This generalised muscle deterioration is in line with the human 

clinical profile of RA (Sokka et al., 2008) and further validates our model. 

The smaller fibre size observed in all muscle groups assessed in the current study, 

could theoretically be the result of a shift in fibre type favouring type I oxidative fibre 

phenotype, which is generally smaller than glycolytic myofibres. This is however 

unlikely, since skeletal muscle wasting in COPD and other chronic diseases 

characterised by chronic inflammation, has been reported to be associated with a 

shift in phenotype towards type II glycolytic fibres (Yu et al., 2008; Remels et al., 

2013) – which are incidentally also most susceptible to cachexia in general 

(Minnaard et al., 2005; Li et al., 2007) and specifically also to arthritis-associated 

cachexia (López-Menduiña et al., 2010). This led to the hypothesis that a loss of 

muscle oxidative phenotype may result in increased susceptibility to inflammation 

(Remels et al., 2013) and oxidative stress-induced cachexia. 

The inclusion of more muscle groups in the current study provided the opportunity to 

gain novel insights and indeed suggested that fibre type and metabolic preference 

alone are not major determinants of the sensitivity of myofibres to rheumatoid 

cachexia. In the current study, the extent of muscle fibre atrophy was similar for the 

soleus, gastrocnemius and EDL muscles – muscles which share an anatomical site 
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in the lower hindlimb but differ in terms of fibre type distribution and metabolic 

preference. The lack of more extended time points in the cross-sectional design of 

the current study however did not allow for assessment of change within the same 

muscle over time, to determine if muscles with different fibre type or metabolic 

preference may respond differently over time or with disease progression. Thus, 

causal mechanisms potentially at play should be investigated in a study with 

longitudinal design including early, medium and long-term disease progression time 

frames. The extent of inflammation and its effect on muscle deterioration should also 

be considered in such a study of longitudinal design.  

In the current study, diffusely spread inflammation was clearly visible in muscle 

assessed, but a comprehensive assessment of inflammation was beyond the current 

scope. Nevertheless, skeletal muscle fibrosis has previously been linked to 

inflammatory processes and was quantitatively assessed. Fibrosis resulting from 

inflammation and associated oxidative damage in various models specifically links 

ROS production to modulation of transforming growth factor beta (TGF-β) signalling 

in the context of mitochondrial dysfunction (Kozakowska and Alicja, 2015; Liu and 

Desai, 2015; Gonzalez-Gonzalez et al., 2017; Maezawa et al., 2017). This prompted 

an investigation into potential differences in redox status between the different 

muscles. Indeed, in the current study, even in the absence of CIA, vastus lateralis, 

EDL and soleus muscles exhibited higher levels of TBARS than the gastrocnemius 

muscle, which also exhibited lower ROS levels than all other muscles assessed. This 

is in line with previous reports of differential inherent superoxide dismutase activity, 

glutathione peroxidase activity and malondialdehyde levels in different muscles 

(diaphragm, soleus and gastrocnemius) (Caillaud et al., 1999). When subjected to 

CIA, even though ROS increased in the gastrocnemius, EDL and soleus, FRAP 

remained unchanged in the EDL and soleus, while in contrast, in gastrocnemius 

muscle, FRAP increased significantly in response to the increased ROS of RA. 

Together, these data suggest that the EDL and soleus muscles may have relatively 

less inherent antioxidant capacity to react to oxidative stressors when compared to 

the gastrocnemius muscle, which was able to mount a significant antioxidant 

response. Despite this, the gastrocnemius muscle exhibited a worse profile in terms 

of malondialdehyde (MDA) production. We propose that the EDL and soleus 

muscles may possess antioxidant mechanisms other than those assessed by the 
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FRAP assay, which could have upregulated activity in response to CIA and by which 

membrane integrity may be maintained. These mechanisms would be independent 

of ferric iron reduction specifically, which is assessed by the FRAP assay reported 

here. This interpretation is in line with the report in a model of high-fat diet-induced 

oxidative stress in rats, which reported that increased ROS production (reduced 

mitochondrial H2O2 emission, increased palmitate oxidation and increased mRNA 

expression of NADPH complex) in muscle was paralleled by an increased ROS 

buffering capacity (increased mRNA expression of the antioxidant proteins 

manganese superoxide dismutase (MnSOD), glutathione reductase and 

mitochondrial thioredoxin-dependent peroxide reductase 3 and 5) (Pinho et al., 

2017). Another mechanism by which this may potentially be achieved in the current 

context, is that EDL and soleus muscles may contain relatively higher concentrations 

of Vitamin E, which is known to contribute to cell membrane repair after oxidative 

damage. In line with this, although the majority of data was generated in pre-clinical 

models and no comparison between muscle with different fibre types could be found, 

several beneficial effects of Vitamin E were recently reported in the context of age-

related sarcopenia. These included myoblast proliferation and differentiation, 

survival, membrane repair, mitochondrial efficiency and maintenance of muscle 

mass and contractile capacity (Chung et al., 2018). Of particular relevance to the 

current discussion, vitamin E supplementation were shown to prevent upregulation of 

muscle ring finger 1 (MuRF1) and caspase-9 and -12 mRNA in unloaded rat muscle 

and to decrease upregulation of muscle calpain, caspase-3 and atrogin-1 (Mafbx) 

mRNA (Servais et al., 2007). This would suggest that in addition to its antioxidant 

effect, vitamin E may also modulate atrophy via more direct inhibitory action on 

proteolytic pathways. The review by Chung and colleagues (2018) highlighted the 

lack of clinically relevant information currently available on vitamin E content or 

protective properties in skeletal muscle, which up to now has been limited by 

methodological constraints. This warrants further investigations in order to elucidate 

how endogenous protective mechanisms may be exploited by exogenous means for 

therapeutic benefit. 

Redox status is a major determinant of muscle pathology – and specifically chronic 

disease-related cachexia. The current study focussed on oxidative stress resulting 

from reactive oxygen species. However, both oxidative and nitrosative stress may 
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also come into play here, as both have been implicated in cancer-cachexia (Barreiro 

et al., 2005). In addition, in rodents injected with lipopolysaccharide (LPS) to induce 

oxidative stress, inducible nitric oxide synthase (iNOS) was implicated as role player 

in relatively greater resistance to atrophy and ubiquitin-associated protein 

degradation in oxidative, but not glycolytic fibres (Yu et al., 2008). This suggests that 

future studies should also determine the interaction between these species but also 

that antioxidant treatments should be investigated as preventative modality or 

adjuvant treatment in RA. Indeed, astaxanthin – a powerful antioxidant – were 

reported to attenuate immobilisation-induced increased collagen deposition via 

modulation of oxidative stress, most notably via altered SOD-1 and TGF-β signalling 

in rats (Maezawa et al., 2017). Similarly, the antioxidant flavone mixture isoflavin-β 

was reported to attenuate toxin-induced loss of gastrocnemius muscle mass by 

preventing the oxidative modification of proteins (Marinello et al., 2018).  

Another observation that has remained unnoticed up to now, is the fact that in the 

rodent model of CIA, the response in the vastus lateralis muscle was different from 

other muscles assessed here, and also different from results previously reported for 

the EDL, and soleus in rodent models of arthritis (Yamada et al., 2009, 2015). 

Current data suggest that although the vastus lateralis myofibres exhibited some 

signs of deterioration, total muscle mass actually increased significantly. The fibre 

size variation in this muscle did not display the characteristic left shift associated with 

cachectic atrophy, although the mean cross-sectional area was somewhat reduced. 

This suggests that the vastus may have been recruited as usual for gait despite the 

presence of RA-related symptoms. In contrast, the severe pathology evident in the 

gastrocnemius and EDL muscle groups may have resulted not only from systemic 

effects but also due to lesser recruitment for gait and posture. This result stresses 

the importance of data interpretation in conjunction with clinical observations. 

In terms of limitations, although not directly assessed, in our opinion muscle mass is 

unlikely to have been influenced by energy intake, as animals did not exhibit clear 

loss of appetite. In terms of disuse as confounding factor, although RA animals 

walked with a limp due to affected joints, they still moved around readily in their 

cages. Furthermore, a comparative study between immobilisation and CIA-

associated muscle atrophy has reported both proteolytic and regenerative pathways 

to be upregulated in RA (but not in experimentally immobilised) animals (de Oliveira 
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Nunes Teixeira et al., 2013). Thus, disuse is unlikely to have been a major 

confounding factor in the current study. Finally, oedema was not quantified in the 

current study, but may aid in the interpretation of e.g. the increased vastus lateralis 

muscle mass despite presence of other signs of atrophy. Inclusion of this measure in 

studies investigating inflammatory mechanisms in the context of RA-associated 

muscle deterioration, could further elucidate differences in the responses of different 

muscles to the challenges of RA.  

 

3.6 Conclusion 

Data presented here highlight the relevance of muscle -specific (and not just fibre-

type-specific) assessment of redox profile to determine its role in muscles’ atrophy 

response to experimentally induced rheumatoid arthritis. Furthermore, current data 

indicating differential responses by different muscles suggest that in human studies, 

it would be prudent to investigate muscle response to RA in more than one muscle. 

This would provide more insight into whether loadbearing and non-loadbearing 

muscles, or muscles at different anatomical proximities from clinically affected joints, 

are also differentially affected in humans in terms of disease-related cachexia. 

Similarly, given the inherently different redox profiles and seemingly different 

predominating endogenous antioxidant mechanisms at play in the different muscles 

as demonstrated in rats here, interventions aimed at improving redox status should 

take into consideration conditions in (and responses of) more muscles than just the 

human vastus lateralis, as different muscles may have different therapeutic 

requirements in this context. 
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Chapter 4 

 

This chapter has been published in Physiological Reports (impact factor: 2.26). 

Citation reference: Ollewagen T, Powrie YSL, Myburgh KH, Smith C. Unresolved 

intramuscular inflammation, not diminished skeletal muscle regenerative capacity, is 

at the root of rheumatoid cachexia: insights from a rat CIA model. Physiol Rep. 2021 

Nov;9(22):e15119. doi: 10.14814/phy2.15119.  

 

4.1 Abstract 

Rheumatoid arthritis targets numerous organs in patients, including the skeletal 

muscle, resulting in rheumatoid cachexia. In the muscle niche, satellite cells, 

macrophages and myofibroblasts may be affected and the factors they release 

altered. This study aimed to assess these cell types, cytokines and growth factors 

and their relationships to muscle fibre size and number in a rodent collagen-induced 

arthritis (CIA) model, in order to identify new therapeutic targets. Fibre cross-

sectional area (CSA) was 57% lower in CIA than controls (p<0.0001), thus smaller 

but more fibres visible per field of view. Immunostaining indicated increased 

presence of satellite cells, macrophages, myofibroblasts and myonuclei per field of 

view in CIA (p<0.01), but this finding was not maintained when taking fibre number 

into consideration. Western blots of gastrocnemius samples indicated that tumor 

necrosis factor-α was significantly elevated (p<0.01) while interleukin-10 (IL-10) was 

decreased (p<0.05) in CIA. This effect was maintained (and heightened for IL-10) 

when expressed per fibre number.  Myogenic regulatory factors (MyoD and 

myogenin), transforming growth factor-β and inhibitor of differentiation were 

significantly elevated in CIA muscle and levels correlated significantly with CSA. 

Several of these factors remained elevated, but bone morphogenetic protein-7 

decreased when considering fibre number per area. In conclusion, CIA-muscle 

demonstrated good regenerative response. Myoblast numbers per fibre were not 

elevated, suggesting their activity results from the persistent inflammatory signalling 

which also significantly hampered maintenance of muscle fibre size. A clearer picture 
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of signalling events at cellular level in arthritis muscle may be derived from 

expressing data per fibre.  

 

 

4.2 Introduction 

Rheumatoid arthritis (RA), an inflammatory auto-immune disease, is not limited to 

the synovial lining of affected joints. Despite the aetiology of RA still requiring 

elucidation, the disease trigger(s) is known to stimulate multiple cell types, including 

monocytes, fibroblasts, and T-cells, as well as the cytokines secreted by these cells, 

to induce and maintain the immune reaction responsible for the development of RA 

(Gaffo, Saag and Curtis, 2006). The chronic inflammation characterising this 

condition affects various organs and tissues, including skeletal muscle, resulting in 

substantial morbidity and increased risk of premature mortality (Mcinnes and Schett, 

2011). Addressing these secondary symptoms, such as rheumatoid cachexia 

(Walsmith and Roubenoff, 2002; Masuko, 2014), may increase standard of living of 

these patients significantly. However, the limitations of clinical routine invasive 

assessments of RA patients is an obstacle in elucidating the full pathology at tissue 

level, warranting investigation using rodent models.  
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In terms of pro-inflammatory signalling, tumor necrosis factor (TNF)-α is one of the 

key cytokines implicated in the development of RA -  its presence in RA joint tissue 

(Chu et al., 1991) and its potential to degrade cartilage is well-established (Dayer, 

Beutler and Cerami, 1985; Araki and Mimura, 2016). Overall, pro-inflammatory 

cytokines are elevated in both plasma and synovial fluid of RA patients. However, 

the synovial fluid exhibits greater accumulation of cytokines than blood plasma 

(Wright et al., 2012). Similarly, plasma cytokine profile also differs from that reported 

from muscle biopsies of RA patients (Huffman et al., 2017). Together, this suggests 

that the blood cytokine profile may only represent the clearance of excess cytokines 

secreted, rather than the actual picture at tissue level. Although there is a paucity of 

information, muscle inflammatory markers have been associated with disease 

activity, disability and pain (Huffman et al., 2017), highlighting their importance in 

disease progression and the necessity to understand cytokine signalling at the tissue 

level.  

One of the proposed mechanisms of rheumatoid cachexia itself is the lingering pro-

inflammatory state observed in RA (Walsmith and Roubenoff, 2002). For example, in 

rodent collagen-induced arthritis (CIA) models, blocking TNF-α and/or IL-1β reduced 

the extent of muscle wasting (Roubenoff et al., 1997; Dayer, 2002), while heightened 

pro-inflammatory and reduced anti-inflammatory cytokines were reported to interfere 

with regulated satellite cell activation and differentiation, resulting in reduced 

regenerative capacity (Teixeira, Filippin and Xavier, 2012; Ollewagen, Myburgh, et 

al., 2021). Furthermore, chronic inflammation also dysregulates the proteins of the 

ubiquitin-proteasome pathway, further contributing to muscle wasting (Bodine and 

Baehr, 2014; Gómez-SanMiguel et al., 2016), related to the unresolved 

inflammation. Fibrosis is a common characteristic of RA and fibroblasts are fairly 

abundant in all tissues (Wynn, 2019), but specifically also skeletal muscle (Agrawal 

et al., 2003), with a significant amount of fibrosis detected in rodent CIA skeletal 

muscle (Oyenihi et al., 2019). However, very few investigations consider the 

potential role of fibroblast signalling to dysregulated muscle mass maintenance in 

RA, and almost no data is available from a realistic simulation of the human in vivo 

scenario (Ollewagen, Myburgh, et al., 2021).  

Lastly, the severity and rate of progression of RA and rheumatoid cachexia, as well 

as individual responses to treatment, are extremely variable (Rafaela C E Santo et 
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al., 2018). This complexity of the topic may, at least in part, explain the relative lack 

of data regarding the specific intramuscular changes, especially from human tissue 

samples. The use of rodent models of collagen-induced arthritis to elucidate the 

intramuscular profile of major cellular role players and cytokine signalling in arthritis, 

may therefore contribute significantly to our understanding of the extent of 

dysregulation of intramuscular inflammation and muscle maintenance. 

In our opinion, the collagen-induced arthritis (CIA) model is more physiologically 

relevant for this purpose than the complete Freund’s adjuvant model, where 

inflammation is triggered in part by a bacterial insult, since bacterial infection is not 

accepted as a major general trigger for RA (although bacterial infection is implicated 

as role player in RA associated with periodontal disease specifically (Perricone et al., 

2019). While the use of Freund’s adjuvant injected into the knee or ankle of mice 

successfully induced skeletal muscle pathology similar to that of RA patients (Steinz 

et al., 2019), the type II collagen in complete Freund’s adjuvant is the component 

responsible for triggering T-cells, B-cells and production of autoantibodies, 

simulating auto-immune disease mechanisms very similar to those observed in 

human RA development (Kannan, Ortmann and Kimpel, 2005; Asquith et al., 2009). 

Although the model has its limitations, e.g. in terms of the time frame for disease and 

cachexia development, which is much faster than that of human RA, we have 

previously reported that the rodent CIA-model realistically mimicked the profile of 

rheumatoid cachexia in rats (Oyenihi et al., 2019), justifying its use in the current 

context.  

Although studies have focussed on different cell types/responses in isolation through 

cell culture models, literature still lacks a more comprehensively constructed picture 

in RA skeletal muscle. To our knowledge, there is no data to provide information on 

potential changes in relative distribution of different cellular role players in the 

skeletal muscle of RA patients, specifically those contributing to or affected by 

rheumatoid cachexia. Myoblasts, fibroblasts and macrophages interact with one 

another through the proteins (such as cytokines as growth factors) that they release 

(Ollewagen, Myburgh, et al., 2021) to maintain healthy skeletal muscle. 

Dysregulation of this process could clearly be detrimental in a RA or chronic 

inflammatory environment. Therefore, this study aimed to quantify the relative 

distribution of different relevant cell types in skeletal muscle from a rodent CIA 

Stellenbosch University https://scholar.sun.ac.za



70 
 

model, in parallel with intramuscularly secreted molecular messengers and indicators 

of arthritis-related cachexia. 

 

4.3 Materials and methods 

4.3.1 Ethics statement and animal handling 

Following approval from the Stellenbosch University Animal Research Ethics 

Committee (Protocol number: SU-ACUD17-00034), twenty (20) female Sprague-

Dawley rats weighing 180 – 200 g were obtained from the Stellenbosch University 

small laboratory animal breeding facility. The choice of using female rats only, is 

based on proof that female rodents are more susceptible to developing RA than 

males (Song et al., 2015). Rats were housed in groups of 5 rats per cage in a 

temperature- and humidity-controlled room (23 ± 1°C, 40–60% humidity) with a set 

12 h light-dark cycle (lights on at 6am) and fed standard commercially available rat 

chow and tap water ad libitum. After acclimatization, rats were randomly divided into 

two groups of 10 rats each – non-arthritis control (NC) and collagen-induced arthritis 

(CIA). All experimental animals received humane care according to the principles 

outlined in the National Research Foundation Guide for Care and Use of Laboratory 

Animals. 

4.3.2 Collagen-induced arthritis model 

The well-established rat collagen-induced arthritis (CIA) method was used to induce 

arthritis in the RA group, as previously described (Kannan, Ortmann and Kimpel, 

2005; Asquith et al., 2009; Song et al., 2015; Oyenihi et al., 2019). Briefly, bovine 

heterologous type II collagen (Chondrex Inc., WA, USA) was dissolved in 0.01N 

glacial acetic acid (2 mg/ml), followed by the preparation of an emulsion using an 

equal volume of incomplete Freund's adjuvant (Chondrex Inc., WA, USA). The 

emulsion was injected intra-dermally twice just above the tail region of each rat 

under isoflurane anaesthesia, 7 days apart. Non-arthritis control rats were subjected 

to identical anaesthesia, but were not subjected to any injections. The peak of the 

acute disease in terms of immune response typically occurs at 3 weeks (acute 

disease) and maximal joint damage occurs at 5 weeks (Rajaiah and Moudgil, 2009), 

therefore 5 weeks post-induction was selected as sample collection time point for the 
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current study. Therefore, after a 5-week experimental period, all rats were killed by 

guillotine decapitation. The gastrocnemius muscle was removed, weighed, and 

frozen in liquid nitrogen-cooled isopentane and then stored at -80oC until subsequent 

analysis. This muscle was previously shown to be most severely affected by CIA, 

with fibre type not a major determinant of cachexia outcome (Oyenihi et al., 2019).  

Successful induction of arthritis was confirmed by anti-collagen antibody titre testing, 

as well as clinical symptoms (e.g. paw edema) as previously described (Oyenihi et 

al., 2019). All 10 animals treated with incomplete Freund’s adjuvant developed 

arthritis symptoms. Neither the date of onset of observable symptoms such as 

edema, nor symptom severity (e.g. the number of limbs affected), correlated with 

antibody titre, and was highly variable between individuals. Therefore, we did not 

employ a selection protocol based on observed symptoms, in an attempt to account 

for the inter-individual variation seen in RA. The full details of the confirmation tests 

employed have been published earlier (Oyenihi et al., 2019). The muscle samples 

used for generation of data presented here, were obtained from the cited study, 

which was previously conducted in our group, but all data presented here are novel 

(i.e. there is no duplication of previously published data).  

4.3.3 Muscle histology 

Frozen gastrocnemius tissues were sectioned into 10 μm cross-sections using a 

cryostat (Leica CM1860 UV, Leica Biosystems Nussloch GmbH, Germany) at -25°C. 

To ensure consistency between samples, a predetermined, standardised section 

was cut off the proximal end of each sample before sectioning, so that all sections 

were obtained at similar locality (depth and distance from proximal end) within the 

muscle. This allowed sections from all samples to come from the centre of the 

muscle. 

Cell populations and cross-sectional area: Tissue sections were fixed in 4% 

paraformaldehyde (158127, Sigma-Aldrich, USA), washed and blocked for 90 

minutes in 5% donkey serum (S217G, Celtic Diagnostics, South Africa) in 1% bovine 

serum albumin (BSA, 10735086001, Roche, Germany), with 0.2% Triton-X-100 

(X100, Sigma-Aldrich, USA). Sections were incubated with primary antibodies for 

Pax7 (1:50, Pax7, Dev. Studies Hybridoma Bank, USA), F4/80 (1:200, sc377009, 

Lot#I1317, Santa Cruz, USA), and α-smooth muscle actin (1:250, α-SMA, 
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Lot#125M4797V, A2547, Sigma-Aldrich, Germany) in 1% BSA overnight at 4°C. 

After washing, secondary antibodies were added for 2 hours (Donkey Anti-mouse 

555, 1:500, ab150110, Abcam). Tissues were stained with Agglutinin (W11261, 

Thermo Fisher Scientific, USA) and Hoechst stain (ab33342, Abcam, UK). 

Imaging was performed on a Confocal Microscope (Carl Zeiss LSM 780, Zeiss, 

Germany) and analysed on Zen 2011 software (Zeiss, Germany). The EC Plan-

Neofluar 10x/0.3 M27 and Plan-Apochromat 20x/0.8 M27 objectives were used to 

acquire images at 100x and 200x magnification respectively. (Magnification 

represented as ocular lens (10x) multiplied by objective lens (10x/20x)).  

Image analysis: For each animal, two cryosections were prepared, with one field of 

view analysed per section. (Both image acquisition and image analysis were 

performed on blinded samples.) Using ImageJ software (version 1.49, Wayne 

Rasband), the CSA of 50 fibres per sample was measured using the free-hand 

outline tool. The cell counter tool was used to count the number of positively stained 

macrophages, satellite cells, myofibroblasts, myonuclei, as well as the number of 

fibres per field of view. Cells were determined by positive stain of both the antibody 

and Hoechst. Images acquired at 100x magnification were used for CSA 

measurements; 200x magnification were used for all cell counts. 

4.3.4 Cytokine and growth factor analysis 

30 - 40 mg of muscle tissue was added to RIPA-based lysis buffer (containing 2X 

Complete Protease Inhibitor, 1X Complete Phosphatase Inhibitor, Roche) and 

homogenised using the PolyTron Manual Disperser (Kinematica, AG). After 

centrifugation, the supernatant was removed and used as the final protein sample. 

Protein concentrations were determined with a commercial Bicinchoninic acid (BCA) 

kit (BCA protein assay, Thermo Fischer Scientific, USA) according to the 

manufacturers’ guidelines. 20 µg of protein from each sample was used for 

electrophoresis on polyacrylamide gels consisting of a 12% separating gel (0.39 M 

Tris-HCl (pH 8.8), 30% Acrylamide, 1 % SDS, 1% APS, 0.07% TEMED) and a 4% 

stacking gel (0.125 M Tris-HCl (pH 6.8), 12.5% Acrylamide, 1% SDS, 1% APS, 0.1% 

TEMED). Post electrophoresis gels were transferred onto a nitrocellulose membrane 

(GE Healthcare, Life science, RPN 3032D, UK) via a Turbo-blot transfer system 

(Bio-Rad, USA). After blocking for 1 hr with either 5% fat free milk in TBS-T or 1% 
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BSA-TBS-T, membranes were incubated with primary antibodies in either 5% fat free 

milk-TBS-T or 1% BSA (Bovine Serum Albumin Fraction V,Roche, USA) in 1xTBS-T 

at 4oC overnight. Primary antibodies included TNF-α (1:1000, NB600-587, 

Lot#41630, Novus Biologicals), IL-1β (1:1000, NB600-633, Lot#33815, Novus 

Biologicals), IL-6 (1:1000, NB600-1131, Lot#38801, Novus Biologicals), NFκB 

(1:1500, ab16502, Lot#GR3266473-1, Abcam), IL-10 (1:1000, ab9969, 

Lot#GR40933-42, Abcam), Id2 (1:1000, ab166708, Lot#GR3364842-1, Abcam), 

Myogenin (1:1000, sc12732, Lot#G0510, Santa Cruz), MyoD (1:1500, m3512, 

Lot#10045966, DAKO), PCNA (1:1000, ab15497, Lot#GR305622-1, Abcam), Mafbx 

(1:1500, ab168372, Lot#GR3241581-6, Abcam), TGF-β (1:800, ab92486, 

Lot#GR312172-2, Abcam), bone morphogenetic protein-7 (BMP-7, 1:1000, NBP1-

69126, Lot#QC1792-42005, Novus Biologicals), MIF (1:1000, ab65869, 

Lot#GR221952-35, Abcam), MCP-1 (1:1500, NBP1-07035, Lot#B-3, Novus 

Biologicals) and GAPDH (1:4000, ab9485, Lot#GR3243682-1, Abcam). Membranes 

were incubated with horseradish peroxidase (HRP)-linked secondary antibody (Cell 

Signaling, 7074S, Lot#26 or 7076S, Lot#31) 1:15 000 in 5% fat free milk in TBS-T for 

1 hour and reaction with enhanced chemiluminescence (ECL, SuperSignal West 

Femto Maximum Sensitivity Substrate, 34094, Thermo Scientific) enabled 

subsequent imaging using the Chemidoc MP and Image Lab software. 

Immunoreactive proteins were then quantified using the same software and were 

normalised against GAPDH staining and the reference sample. Selection of 

antibodies was performed after confirmation of specificity, based on specifications 

provided by manufacturers. Secondary antibodies were also validated by absence of 

non-specific binding. All proteins were detected at the predicted molecular weight.  

4.3.5 Statistical analysis 

Statistical analysis was performed on GraphPad Prism v.8. Shapiro-Wilk test for 

normality was used to determine whether parametric or non-parametric tests were 

required. T-tests were performed for comparison between groups (unpaired t-test for 

normally distributed data; Mann-Whitney test for non-parametric data). Correlation 

analysis was performed (Pearson correlation coefficient or Spearman rank for 

parametric and non-parametric data respectively). p<0.05 was considered 

statistically significant.  
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4.4 Results 

Gastrocnemius muscle of rodents subjected to CIA exhibited a 57% reduction in 

CSA (p<0.0001) when compared to non-arthritic controls (Figure 4.1).  

 

Figure 4.1: Representative immunofluorescent images (a) and quantitated data (b) 

comparing cross-sectional areas of non-arthritic control (NC) versus collagen-

induced arthritis (CIA) gastrocnemius muscle. n=10 per group. 100x magnification. 

Scale bar represents 50µm. Statistical analysis: Unpaired t-test. p<0.0001. Data 

represented as box and whisker plots indicating the highest and lowest values, the 

median and the interquartile range, as well as individual data points. 

 

Absolute counts of intramuscular abundance of cells and nuclei (Figure 4.2) revealed 

significant increases in the number of satellite cells, myofibroblasts, macrophages 

(p<0.01) and myonuclei (p<0.001) per field of view in the CIA gastrocnemius when 

compared to non-arthritic controls. When expressing cell and myonuclei counts 
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relative to number of myofibres per field of view, the CIA-associated increases were 

no longer evident.  

 

Figure 4.2: Representative images (a-c) and quantification of (d)  satellite cells, 

myofibroblasts (including myonuclei number) and macrophages in control and CIA 
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rodent gastrocnemius muscle, expressed both as average number of cells per field 

of view and average number of cells per myofiber. n=5 per group. Statistical 

analysis: Unpaired t-test (normally distributed) or Mann-Whitney test (not normally 

distributed). **, p<0.01; ***, p<0.001 when compared to non-arthritic controls. Data 

expressed as mean ± SD. Magnification 200x. NC = non-arthritic control, CIA = 

collagen-induced arthritis.  

 

Western blot analysis of intramuscular cytokine levels (Figure 4.3) indicated an 

increase in pro-inflammatory and a decrease in anti-inflammatory cytokines in the 

CIA rodent muscle compared to non-arthritic controls. Specifically, there was a 

significant increase in TNF-α (p<0.01), whereas there was a significant reduction in 

IL-10 (p<0.05). The other pro-inflammatory cytokines did not exhibit significant 

changes, this included this included IL-1β (p=0.21), IL-6 (p=0.17), and NFκB 

(p=0.14). A noteworthy observation was that CIA did not seem to have an effect on 

levels of MCP-1 (p=0.71) or MIF (p=0.72), cytokines specifically associated with 

macrophage migration into tissue.  
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Figure 4.3: Intramuscular pro- and anti-inflammatory cytokine levels in 

gastrocnemius muscle from normal control vs. collagen-induced arthritis rodents. a) 

TNFα; b) IL-1β; c) IL-6; d) MCP-1; e) MIF; f) NFκB; g) IL-10. n=10 per group. 

Statistical analysis: Unpaired t-test (parametric for b, c, d, e, f) or Mann-Whitney test 

(non-parametric for a, g). *, p<0.05; **, p<0.01. Data represented as box and whisker 
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plots indicating the highest and lowest values, the median and the interquartile 

range, as well as individual data points. TNF-α = tumor necrosis factor-α; IL-1β = 

interleukin-1β; MCP-1 = monocyte chemoattractant protein; MIF = macrophage 

migration inhibitory factor; NF-κB = Nuclear Factor kappa-light-chain-enhancer of 

activated B cells. Representative images are provided for the protein of interest (top) 

and housekeeping protein (GAPDH, bottom) under each graph. 

 

The observation of relatively large interindividual variability in cytokine levels as well 

as in the CSA of the muscle fibres prompted further investigation of the correlation 

between cytokine levels and extent of muscle cachexia. Both TNF-α and NFκB 

(p<0.01 and p<0.05) demonstrated significant negative correlation to CSA in CIA 

rodents, whereby a smaller fibre CSA was correlated to a higher cytokine level. The 

opposite was demonstrated for IL-6 (p<0.05) where greater fibre CSA was correlated 

to higher cytokine levels (Figure 4.4c). Additionally, MIF was negatively correlated 

with CSA (p=0.05) in NC rodents, but not in the CIA rodents (Figure 4.4e). There 

was no significant correlation to CSA in the remaining NC samples.  
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Figure 4.4: Correlation between intramuscular cytokine levels and cross-sectional 

area of the gastrocnemius muscle in non-arthritic control (NC) and collagen-induced 

arthritic (CIA) rats - a) TNFα; b) IL-1β; c) IL-6; d) MCP-1; e) MIF; f) NFκB; g) IL-10. 

n=10 per group. Statistical analysis: Pearson linear correlation (parametric for b, c, d, 

e, f) or Spearman correlation (non-parametric for a, g). TNF-α = tumor necrosis 

factor-α; IL-1β = interleukin-1β; MCP-1 = monocyte chemoattractant protein; MIF = 

macrophage migration inhibitory factor; NF-κB = Nuclear Factor kappa-light-chain-

enhancer of activated B cells. 

 

CIA was associated with a significantly higher expression of the markers indicative of 

cell proliferation, PCNA and MyoD when compared to controls (both P<0.05; Figure 

4.5a and b). In addition, differentiation marker myogenin was significantly higher 

(p<0.05; Figure 4.5c) in CIA tissue as well as the growth factor TGFβ (p<0.05; Figure 

4.5f). In contrast, CIA muscle exhibited higher levels of Id2, an inhibitor of 

differentiation, when compared to controls (p<0.01; Figure 4.5d). Mafbx, a marker of 
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muscle wasting, seemed unaffected in CIA (Figure 4.5e). BMP-7, a stimulator of 

muscle growth, remained unchanged (Figure 4.5g). 

 

  

Figure 4.5: Muscle proliferation and differentiation markers in control vs CIA 

gastrocnemius muscle. a) PCNA; b) MyoD; c) Myogenin; d) Id2; e) Mafbx; f) TGF-β; 
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g) BMP-7. n=10 per group. Statistical analysis: Unpaired t-test (parametric for a, e) 

or Mann-Whitney test (non-parametric for b, c, d, f, g). *, p<0.05; **, p<0.01. Data 

represented as box and whisker plots indicating the range, the median and the 25-75 

interquartile range, as well as individual data points. PCNA = proliferating cell 

nuclear antigen; TGF-β = transforming growth factor-β; Id2 = inhibitor of 

differentiation; Mafbx = muscle atrophy f-box; BMP-7 = bone morphogenetic protein. 

Representative images are provided for the protein of interest (top) and 

housekeeping protein (GAPDH, bottom) under each graph. 

 

Similar to correlations observed between cytokine levels and muscle fibre CSA, CSA 

also correlated with most muscle growth factors in the CIA rodents; with the 

exception of PCNA (which exhibited high variability) and BMP-7, all parameters 

assessed correlated negatively with CSA (Figure 4.6). This differed to the NC 

rodents, of which none were significantly correlated to CSA.  
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Figure 4.6: Correlation between proliferation and differentiation markers and cross-

sectional area of the gastrocnemius muscle. a) PCNA; b) MyoD; c) Myogenin; d) Id2; 

f) Mafbx; f) TGF-β; g) BMP-7. n=9-10 per group. Statistical analysis: Pearson 

correlation (parametric for a, e, g) or Spearman correlation (non-parametric for b, c, 

d, f). PCNA = proliferating cell nuclear antigen; TGF-β = transforming growth factor-

β; Id2 = inhibitor of differentiation; Mafbx = muscle atrophy f-box; BMP-7 = bone 

morphogenetic protein. 

 

Taking into consideration the data from Figure 4.2 which indicates an increased fibre 

number per area of muscle, and the fact that RA-associated decreases in muscle 

fibre CSA did not appear to affect satellite cell number per fibre, it may be relevant to 

express parameters reported here, relative to number of nuclei available to receive 

these signals. As analysis by western blot does not account for fibre or cell number, 

we also expressed data for cytokines and growth factors relative to fibre number. 

When data were expressed relative to fibre number, many CIA-associated 
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differences were no longer observed (Supp Fig 1). However, in the context of 

inflammation, TNF-α remained significantly elevated and IL-10 significantly 

decreased in CIA rodents (Figure 4.7a & b). Furthermore, BMP-7 demonstrated a 

new tendency for a decreased expression in CIA (Figure 4.7c), whereas muscle 

growth and differentiation markers, MyoD and myogenin, as well as the 

differentiation inhibitor Id2, remained significantly elevated (Figure 4.7d, e and f).  

 

 

Figure 4.7: Comparison of cytokines and growth factors taking fibre number into 

consideration. a) TNF-α; b) IL-10; c) BMP-7; d) Id2; e) MyoD; f) Myogenin. n=10 per 

group. Statistical analysis: Mann-Whitney test. *, p<0.05; **, p<0.01. Data 

represented as box and whisker plots indicating the highest and lowest values, the 

median and the interquartile range, as well as individual data points. TNF-α = tumor 

necrosis factor-α; IL-10 = interleukin-10; BMP-7 = bone morphogenetic protein; Id2 = 

inhibitor of differentiation. 
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4.5 Discussion 

The current study assessed intramuscular cytokines in a rodent CIA model as a 

representative model of human rheumatoid cachexia. Research into the 

intramuscular cytokine concentrations in rheumatoid arthritis and CIA is extremely 

limited, with only one other paper, to our knowledge, measuring these levels in RA 

patients (Huffman et al., 2017). Associated parameters assessed include 

downstream signalling and myogenic regulation. The novel research data presented 

here, highlights firstly the importance of assessing both TNF-α and IL-10 as 

indicators of the severity of this RA-induced co-morbidity. Secondly, current data 

suggest that expression of data relative to fibre number per area (as indirect 

indicator of signalling to nuclei of all other cell types involved, and as an indicator of 

signalling affecting the fibres themselves) may provide a more realistic picture of the 

multi-cellular signalling occurring in RA-affected skeletal muscle.  

In terms of the severity of cachexia demonstrated in the CIA model, 

immunofluorescence analysis of muscle cross-sections demonstrated a significant 

reduction in CSA. This is in line with data reported by other groups in both the rodent 

CIA (Filippin et al., 2013; Horai et al., 2013) and human RA models (Helliwell and 

Jackson, 1994; Matschke, Murphy, Lemmey, P. Maddison, et al., 2010), as well as 

with a previous report from our group, demonstrating an overall left shift in fibre size 

distribution in multiple muscle types (Oyenihi et al., 2019). This, along with the loss in 

muscle mass itself, is one of the defining characteristics of cachexia, an occurrence 

in both early- and late-stage RA.  

Assessment of cellular profile changes in RA muscles is also lacking, with early 

studies merely indicating presence of inflammatory infiltrate and fibrosis but not 

measuring the extent of cell type involvement (Finol et al., 1988). Here, we 

demonstrate an overall increased presence of satellite cells, macrophages, 

myofibroblasts, and myonuclei per volume of CIA gastrocnemius muscle when 

compared to controls. However, this difference is not maintained when considering 

the numbers of these cells on a “per fibre” basis. The satellite cell data corresponds 

with a study of human RA-affected muscle biopsies, where satellite cell number per 

fibre were also not increased in response to the disease (Boutrup et al., 2018). 

Current data suggest that counting of cells in the muscle tissue does not give the full 

Stellenbosch University https://scholar.sun.ac.za



85 
 

picture and the signalling molecules should be taken in account to measure the 

processes predominating in the muscle.  

It is widely known that pro-inflammatory cytokines, such as TNF-α and IL-1β, play a 

role in the pathophysiology of RA to the extent that a number of therapies have been 

designed to solely target these cytokines (Dayer, 2003; Fionula M. Brennan and 

McInnes, 2008). However, investigation into these cytokines within the muscle of 

rheumatoid cachexia models is limited, with most studies detecting increases in 

plasma or synovial fluid pro-inflammatory cytokines and reductions in anti-

inflammatory cytokines (Roubenoff et al., 1994). It has also been suggested that 

TNF-α plays a role in triggering inflammation locally and systemically, whereas IL-1β 

is more involved in local processes of cartilage and bone destruction (Dayer, 2002), 

another reason why IL-1β may remain low in muscle tissue compared to TNF-α. In 

response to an insult, TNF-α is released by circulating macrophages, which further 

stimulate the production and release of more TNF-α as well as IL-1. IL-1 then 

induces the production of IL-6 (Ott et al., 2007). The significant increase in TNF-α in 

the current study indicates the presence of active disease and the central role for 

TNF-α. Further highlighting the importance of TNF-α in the development of 

rheumatoid cachexia, it remains elevated when correcting data for fibre number per 

area of muscle, confirming the availability of relatively more TNF-α signalling per 

fibre and thus per macrophage, satellite cell and fibroblast. In addition, IL-10 

emerges as another robust indicator of inflammatory status in arthritis muscle, while 

arthritis-ascribed differences in other pro-inflammatory cytokines disappeared when 

expressing data on a per fibre basis. In human RA, assessment of intramuscular 

cytokines has demonstrated elevated IL-6 concentrations in RA patients, with other 

cytokines not showing significant changes (Huffman et al., 2017). Of particular 

interest, the study by Huffman et al (2017) determined that muscle cytokine levels 

did not correspond to cytokine levels in circulation, highlighting the importance of 

measuring intramuscular cytokine concentrations when assessing rheumatoid 

cachexia. In the current study, CSA and IL-6 showed a significant positive correlation 

in CIA. IL-6, as a myokine has exhibited both pro- and anti-inflammatory effects 

within the muscle (Muñoz-Cánoves et al., 2013), as well as exhibiting both 

hypertrophic effects through the stimulation of satellite cell proliferation (Serrano et 

al., 2008), and the promotion of atrophy. However, atrophy as a result of IL-6 is 
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largely dose- and time-dependent (Haddad et al., 2005). IL-6 would seem to 

correlate with a hypertrophy outcome in the current study. Indeed, it has been 

suggested that IL-6 is the predominant cytokine present in the later maintenance 

stage of RA compared to TNF-α in the earlier stages (Kung et al., 2020). However, a 

longitudinal assessment is probably required before firm interpretation can be made. 

In terms of muscle growth factors, there was an overall increase in proliferation 

markers PCNA and the early myogenic marker, MyoD, as well as the differentiation 

marker, myogenin, in the CIA gastrocnemius muscle indicating an attempt to repair 

damaged muscle or promote regrowth following atrophy. This has also been 

demonstrated at different stages of atrophy in another rodent study (Castillero et al., 

2009). MyoD and myogenin remain elevated when taking into consideration the fibre 

number, highlighting that these two proteins have an exaggerated effect in 

attempting to repair the muscle despite satellite cell numbers remaining the same. 

However, in the CIA tissue, Id2, a marker for inhibition of differentiation is also 

significantly upregulated. Due to its ability to bind to and inhibit MyoD and other 

myogenic regulatory factors, Id2 may be contributing significantly to the poor muscle 

outcomes seen in cachexia (Jen, Weintraub and Benezra, 1992; Liu et al., 2002). 

However, alongside its actions as a negative regulator of the myogenic regulatory 

factor family, Id2 has also been implicated in apoptosis-related atrophy (Alway et al., 

2003), a factor that requires more elucidation in rheumatoid cachexia. Once again, 

these markers, along with the atrogin, Mafbx, showed negative correlation to CSA. 

Overall, we suggest that the damage to the muscle due to inflammatory infiltration 

and fibrosis (Oyenihi et al., 2019), and increased muscle breakdown, all contribute to 

necrosis and muscle loss, which is then followed by an attempt for muscle repair to 

occur with increased proliferation and differentiation of satellite cells. However, 

differentiation is also being strongly inhibited resulting in poor regenerative ability, 

leading to smaller fibres. As severity of cachexia is increased, more repair is 

attempted and failed, as indicated by the correlation to CSA. In addition to this, the 

increased inflammation itself may lead to an increase in the proliferation of 

myoblasts within the muscle (Bencze et al., 2012), whereas the reduced anti-

inflammatory cytokines contribute to the reduced differentiation and regeneration 

(Arnold et al., 2007), ultimately leading to smaller fibres. Additionally, TNF-α, which is 

significantly increased in this study, has been shown to stimulate the ubiquitin-
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proteasome pathway (Li et al., 2005; López-Menduiña et al., 2010). Both TNF-α and 

Mafbx follow the same trend in terms of correlation to CSA which may suggest that 

they are some of the many components working together in the development of 

cachexia, it possible that in this study, TNF-α is elevated first, and the increase in 

Mafbx may reach significance at a later stage in disease development. It is also 

possible that Mafbx is upregulated at earlier stages in the development of cachexia 

as a study on rat CIA indicated peaked Mafbx at day 15 (Castillero et al., 2009). 

More information may be obtained from a longitudinal study design, which may shed 

more light on dynamic changes over the course of disease progression. BMP-7 is 

vital for the maintenance of muscle mass after disruption of the neuromuscular 

junction, and contributes to hypertrophy (Winbanks et al., 2013). In the 

gastrocnemius of the CIA rodent, BMP-7 does not change, nor is it correlated to 

CSA. However, when taking fibre number into consideration, there is a trend for a 

decrease in BMP-7, highlighting another factor that may be acting directly on the 

muscle fibres to influence rheumatoid cachexia.  

In addition to its ability to inhibit muscle differentiation and contribute to apoptosis-

related atrophy, Id2 also plays a role in the regulation of fibrosis. Id2 enhances 

proliferation of various cell types but also mediates TGF-β (Izumi et al., 2006; Yin et 

al., 2019). While TGF-β is vital in muscle growth via satellite cell activation (Delaney 

et al., 2017), it also largely contributes to the production of collagen to develop 

fibrosis. Here, TGF-β is significantly increased compared to normal controls, and 

follows the same negative correlation as many of the other proteins when compared 

to CSA. We suggest that Id2 may be contributing to the proliferation of a variety of 

cells, including myoblasts and fibroblasts, and may be regulated in combination with 

TGF-β. However, TGF-β appears to predominate based the continued increase and 

on the fibrotic content seen in a previous study (Oyenihi et al., 2019). Additionally, 

BMP-7, a TGF-β antagonist, exerts anti-fibrotic effects (Wu and Hatzopoulos, 2019), 

a mechanism which may be lost by its reduction in skeletal muscle. BMP-7 also 

reduced monocyte infiltration and increased M2 macrophage concentrations and 

anti-inflammatory cytokine levels in a rodent model of carotid artery ligation (Singla, 

Singla and Wang, 2016). Considering its muscle growth and anti-fibrotic effects, as 

well as these potentially positive effects on inflammation, it may be useful to 
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investigate BMP-7 as a potential treatment option in the context of rheumatoid 

cachexia.   

 

4.6 Conclusion 

Novel data reported here includes the first comprehensive assessment of muscle 

regenerative capacity and intramuscular cytokine profile in CIA. In addition, current 

data illustrate for the first time, the cellular profile of CIA muscle.  

Based on the increases in proliferation and differentiation markers, data suggest that 

CIA-associated cachexic muscle remains capable of regeneration, and that the 

unresolved inflammation is the primary role player impairing the maintenance of 

muscle fibre CSA. In terms of identification of therapeutic targets, current data does 

not support an approach focusing on modulation of muscle regenerative capacity per 

se, and rather indicate that the primary focus should remain on resolution of the 

chronic inflammation itself. In this respect, data further suggest that IL-10 should be 

assessed in addition to TNF-α, as indicators of inflammation severity. On a more 

practical note, data presented suggest that expressing data on a per fibre basis, may 

present a clearer picture of the signalling events at a cellular level.  
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Chapter 5 

 

Chapter to be submitted to Inflammopharmacology (impact factor: 4.07) 

Title: A primary human triple cell co-culture model simulation of cellular signalling in 

the skeletal muscle of rheumatoid arthritis patients 

 

5.1 Abstract 

The loss of muscle mass in rheumatoid arthritis (RA), termed rheumatoid cachexia, 

is predicted to result from the complex interactions between different cell types 

involved in the maintenance of skeletal muscle mass, namely myoblasts, fibroblasts 

and macrophages. The complexity within the muscle is further highlighted by the 

incidence of non-responsiveness to current RA treatment strategies. This study 

aimed to determine differences in the cellular responses in a novel human primary 

cell triple co-culture model exposed to serum collected from non-arthritic controls 

(NC), RA treatment naïve (RATN), and RA treatment non-responding (RATNR) 

patients. Bone morphogenetic protein-7 (BMP-7) was investigated as a treatment 

option. Plasma analysis indicated that samples were indeed representative of 

healthy and RA patients - notably, the RATNR patients additionally exhibited 

dysregulated IL-6/IL-10 correlations. Co-culture exposure to serum from RATNR 

patients demonstrated increased cellular growth (p<0.001), while both hepatocyte 

growth factor (p<0.01) and follistatin (p<0.001) were reduced when compared to NC. 

Furthermore, decreased concentration of markers of extracellular matrix formation, 

transforming growth factor-β (TGF-β; p<0.05) and fibronectin (p<0.001), but 

increased collagen IV (p<0.01) was observed following RATNR serum exposure. 

Under healthy conditions, BMP-7 exhibited potentially beneficial results in reducing 

fibrosis-generating TGF-β (p<0.05) and fibronectin (p<0.05). BMP-7 further exhibited 

protective potential in the RA groups through reversing the aberrant tendencies 

observed especially in the RATNR serum-exposed group. In conclusion, exposure of 

the triple co-culture to RATN and RATNR serum resulted in dysregulated myoblast 

proliferation and growth, and ECM impairment, which was reversed by BMP-7 

treatment.  

Stellenbosch University https://scholar.sun.ac.za



90 
 

 

5.2 Introduction 

Rheumatoid arthritis (RA) is a systemic inflammatory autoimmune disease whereby, 

in addition to joint damage, patients demonstrate changes to body composition 

which includes a reduction in skeletal muscle, with or without the increase in fat 

mass (Matschke, Murphy, Lemmey, P. Maddison, et al., 2010; Rafaela C.E. Santo et 

al., 2018). This condition is termed rheumatoid cachexia. Rheumatoid cachexia has 

been reported as early as 1988, with assessments of muscle biopsies from patients 

demonstrating atrophy within the fibres (Finol et al., 1988). However, control of 

disease activity in RA patients undergoing treat-to-target therapy to control 

inflammation does not seem to improve the function or composition of the muscle 

(Lemmey et al., 2016), indicating a need for further understanding of the cellular 

mechanisms at work.  

Regulation of skeletal muscle is complex, with the involvement of numerous cell 

types and growth factors (Ollewagen, Myburgh, et al., 2021). The skeletal muscle 

contains stem cells (termed satellite cells) which become activated, proliferate, 

differentiate and fuse to form new myofibres (Ten Broek, Grefte and Von Den Hoff, 

2010). Amongst the growth factors involved, hepatocyte growth factor (HGF) stands 

out as an activator of satellite cells (Lindström, 2009) and the modulation of the 

myostatin/follistatin axis regulates atrophy (Cappellari, Mantuano and De Luca, 

2020). Muscle cells adhere to the extracellular matrix (ECM), a vital component for 

development, functioning and signalling within the muscle. Although muscle cells 

themselves also secrete numerous ECM components, the main contributor to ECM 

formation are the fibroblasts (Grzelkowska-Kowalczyk, 2016). This process is largely 

regulated by transforming growth factor-β (TGF-β), a protein secreted by fibroblasts, 

myoblasts and macrophages. This third cell type, macrophages, are resident in the 

connective tissue surrounding the myofibers (Gumucio et al., 2013). Upon 

injury/insult, these and other circulatory macrophages will be recruited to the site in 

order to contribute to the degeneration and regeneration process (Chazaud et al., 

2009). Pro- and anti-inflammatory macrophages are vital in different stages of the 

regenerative process, and the shift in macrophage phenotype from M1 to the tissue 

remodelling M2 phenotype is vital in repair (Garg, Corona and Walters, 2015). 
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However, during chronic inflammation, as demonstrated in RA, the balance between 

M1 and M2, and specifically the persisting presence of M2b macrophages disrupts 

the delicate balance between catabolism and anabolism, and the proliferation and 

differentiation of satellite cells, ultimately resulting in muscle wasting (Ollewagen, 

Myburgh, et al., 2021).  

The use of in vitro models to study different cellular facets of physiology has 

contributed significantly to our understanding of RA disease processes, but 

unfortunately lacks the complexity and thus direct relevance of in vivo studies. 

Typically, in vitro models employ a monolayer of only a single cell type for a narrowly 

focused investigation. However, interaction with various other cell types - as was 

demonstrated via culture “contamination” by other cells in primary mixed cell models 

(Cooper et al., 2004; Miki et al., 2012) – significantly influences cellular responses, 

such as myotube formation in muscle cell cultures. On the flipside, data from in vivo 

human studies are more variable due to relative difficulty to limit confounders; the 

resultant relative lack of statistical power often prohibits firm conclusions from data. 

Considering these factors, employing an in vitro model using multiple human cell 

types to more accurately simulate the cellular niche and cellular responses, may 

prove beneficial in further understanding interactions in both a healthy and diseased 

muscle environment.  

A particular benefit of such a co-culture model is the ability to employ intervention 

treatments to further probe signalling responses or to identify potential therapeutic or 

preventative modalities. We have identified bone morphogenetic protein-7 (BMP-7) – 

which belongs to the TGF-β superfamily and which are structurally related to growth 

and differentiation factors (Daans, Lories and Luyten, 2008; Singla et al., 2012) – as 

potential intervention agent. BMP-7 was initially studied due to its involvement in 

osteoblast differentiation and bone formation. However, several BMPs exhibit 

multiple biological activities in different cell types (Weziskirchen and Meurer, 2013). 

Overall, research into the role of BMP-7 in RA is limited: while a few studies reported 

on its role in reducing joint destruction (Steenvoorden et al., 2006; Takahashi et al., 

2011), no studies are available in the context of targeting rheumatoid cachexia. 

Based on the fact that the TGF-β signalling network functions as a major component 

in developing skeletal muscle tissue, it is likely that the BMP axis too, may play a 

pivotal role in muscle mass regulation. Indeed, injection of BMP-7 vectors into 
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mouse muscle were reported to result in increased myofiber area and diameter 

(Winbanks et al., 2013). BMP-7 has also been implicated in the resolution of 

inflammation (Singla, Singla and Wang, 2016). Furthermore, in a mouse model of 

renal fibrosis, BMP-7 treatment reduced the severity of fibrosis and reversed renal 

pathology (Zeisberg et al., 2003). Similarly, RA synovial fluid-stimulated fibroblast-

like synoviocytes (FLS) treated with BMP-7 exhibited inhibited production of α-SMA, 

a marker expressed on synovial lining myofibroblasts (Steenvoorden et al., 2006). 

Lastly, in a model of zymosan-induced arthritis (ZIA), direct injection with BMP-7 into 

the affected knee inhibited the loss of cartilage matrix and reduced swelling, as well 

as attenuating cellular infiltration, reducing IL-1β and increasing IL-10 levels 

(Takahashi et al., 2011). 

In the current study, we developed a novel triple co-culture model using primary 

muscle fibroblasts, myoblasts and blood-derived polarized M1 macrophages 

collected from healthy human donors. These standardised cultures were then 

exposed to serum from healthy or RA patients to better understand the interactions 

of various cell types and molecular role players in the muscle environment under 

conditions of diseased systemic signalling. Secondly, we report on the capacity of 

BMP-7 to alter the responses of relevant cytokines and growth factors in rheumatoid 

cachexia.  

 

5.3 Methods 

5.3.1 Ethics statement  

Ethical clearance for this study was obtained from the Stellenbosch University Health 

Research Ethics Committee (HREC) for the isolation of myoblasts and fibroblasts 

from healthy volunteers (reference N12/08/051) and the collection of blood from 

healthy and RA patients (reference HREC2-2020-13147). Biosafety clearance for the 

handling of BSL2 samples was obtained from the Biosafety and Environmental 

Ethics Committee at Stellenbosch University (reference REC:BEE:2020-18524). 
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5.3.2 Participant recruitment for primary cell isolation 

For the isolation of myoblasts and fibroblasts, muscle biopsies were obtained from 

the vastus lateralis muscle of healthy, normally active young participants who were 

neither diabetic, nor using anti-inflammatory medication, and who did not have 

recent muscle injury. For the isolation of primary monocytes, blood was obtained in 

EDTA-coated tubes from healthy, young participants who did not have chronic/acute 

infections or injuries, smoked, or used anti-inflammatory medication. 

5.3.3 Participant recruitment for rheumatoid arthritis study 

Predicting the response of patients to treatment has shown low success rates with a 

number of patients not responding to treatment, developing resistance or treatment 

related adverse events (Day, 2002; Lindberg et al., 2010). Blood was obtained in 

EDTA-coated and SST tubes from RA patients and healthy participants based on the 

following criteria: RA patients that were either (1) treatment naïve (RATN) or (2) had 

moderate to severe, treatment non-responding RA (RATNR) were recruited from 

Winelands Rheumatology Centre, Stellenbosch, South Africa. Patients did not have 

additional acute/chronic infections, co-morbidities, juvenile onset RA or obesity. 

Healthy participants (non-RA control, NC) were age-matched and excluded 

according to the same criteria as above, with the addition of the use of anti-

inflammatory medication as exclusion criterion in the healthy group. Six 

participants/patients were recruited per group.  

5.3.4 Patient/participant plasma analysis 

RA patient and healthy participants plasma was collected in EDTA tubes and 

centrifuged at 400 x g for 10 minutes at room temperature. Plasma was analysed 

using the Milliplex human cytokine magnetic bead panel carried out according to the 

manufacturer’s instructions. The following analytes were assessed: TNF-α, IL-1β, IL-

1RA, IL-6 and IL-10 (HCYTOMAG-60K; Merck Millipore, Darmstadt, Germany). 

5.3.5 Primary cell isolations 

Primary fibroblasts were isolated according to the previously established consecutive 

pre-plating protocol (Goetsch et al., 2015). Briefly, biopsy tissue was digested in 

collagenase/dispase solution (10269638001, Sigma Aldrich) and placed in ECL-pre-
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coated flasks. After allowing primary fibroblast attachment for 1 hour, media with 

unattached cells was removed was discarded. Primary myoblasts were isolated 

according to the micro-explant technique (Gudagudi et al., 2020), in which pieces of 

muscle biopsy were plated on entactin-collagen IV-laminin (ECL; 08-110, Merck, 

USA) pre-coated plates and myoblasts were allowed to migrate out of the tissue. 

Cells from the third and fourth sub-culture were used, as initial cells were a 

combination of myoblasts and fibroblasts.  

Prepared pure isolates of primary fibroblasts and myoblasts were cultured in 

complete Hams-F10 media (N6908, Sigma-Aldrich) supplemented with 20% foetal 

bovine serum (FBS; 10499-044, Life Technologies), 1% penicillin-streptomycin 

(P43333, Sigma-Aldrich) and 2.5 ng/ml human recombinant fibroblast growth factor 

(hrFGF; G5071, Promega). After sufficient stocks were created, primary myoblast 

and fibroblast media was converted to RPMI 1640 media (with Glutamax; 61870010, 

Gibco) for consistency between the three cell-types. 

Primary monocytes were isolated from donated blood using a double gradient 

centrifugation protocol (Menck et al., 2014). Monocytes were cultured in RPMI 1640 

media containing 20% FBS and 1% penicillin-streptomycin in 24-well plates pre-

coated with ECL. Cells were supplemented with 50 ng/ml of granulocyte 

macrophage colony-stimulating factor (GM-CSF; SRP3050, Sigma-Aldrich) to allow 

pre-differentiation to occur. Cells were allowed to adhere for 24 hours before the first 

media change, thereafter media was changed every 2 days (for 4 additional days). 

Cells were polarized to a M1 phenotype with 50 ng/ml GM-CSF, 50 ng/ml 

lipopolysaccharide (LPS; L2762, Sigma-Aldrich,) and 20 ng/ml interferon-γ (IFN-γ; 

I3265, Sigma-Aldrich) for 24 hours.  

5.3.6 Cell phenotype confirmation 

To confirm primary human myoblast (PHM) and primary human fibroblast (PHF) 

phenotype and culture purity, cells were fixed with 4% PFA, blocked, and stained 

overnight with desmin (ab15200, Abcam, UK) and fibronectin (sc80982, Santa Cruz, 

USA) at 40C.  Cells were then stained with fluorescence-labelled secondary 

antibodies (594 - 150064 and 488 - 150109, Abcam, UK) and Hoechst (ab33342 

Abcam, UK), mounted with fluorescent mounting media (53023, DAKO, Denmark) 

and imaged on the Zeiss confocal microscope (Carl Zeiss LSM 780, Zeiss, 
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Germany) at 200x magnification. PHM phenotype was confirmed by positive staining 

with desmin only, while PHF phenotype was confirmed by positive staining with 

fibronectin only (Figure 5.1). 

 

 

Figure 5.1: Cell type confirmation of primary human myoblasts (PHMs) and 

fibroblasts (PHFs) staining with desmin (red) and fibronectin (green) respectively. 

Nuclei are visualised using Hoechst (blue). Images were captured at 200x 

magnification. Scale bar represents 100 μm. 

 

5.3.7 Triple co-culture with patient serum 

Patient serum was collected in SST tubes and after allowing clotting for 30 minutes 

at room temperature, centrifuged at 1500 x g for 10 minutes. Media (RPMI 1640) 

was prepared with 20% patient serum and 1% penicillin-streptomycin. Primary 

myoblasts and fibroblasts were detached with trypsin (25200072, Gibco). Primary 

M1-polarised macrophages were detached with Accutase® (A6964, Sigma-Aldrich). 

Cells were plated on ECL pre-coated plates in the patient serum-containing media in 

the ratio of 40 000 macrophages:10 000 myoblasts:5 000 fibroblasts as determined 

with intramuscular cell staining in a rodent collagen-induced arthritis model 

(Ollewagen, Powrie, et al., 2021; Chapter 4). (The number of macrophages were 
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modified to twice the number present in RA rodents, to correct for lack of proliferation 

of the terminally differentiated macrophages over the course of the culture protocol.) 

Plates were shaken every 15 minutes over a 90 minute period to allow even 

distribution of cells. Triple co-cultures were prepared in duplicate for each patient 

and treatment condition.  

5.3.8 BMP-7 treatment of various cell types 

After 48 hours of exposure of triple co-cultures to patient serum-conditioned media, 

media was replaced with serum-conditioned media and cells treated with 750 ng/ml 

BMP-7 (prepared in dH2O) for an additional 48 hours. The dose of 750 ng/ml was 

determined in a pilot dose response study using single cell cultures for all cell types 

(refer to Appendix E). After 48 hours, cell culture supernatants were removed and 

centrifuged at 500 x g for 5 minutes to remove remaining cells and debris. Images 

were taken on the Olympus microscope (CKX41, Olympus Corporation) on day 2 

and day 4 at 40x and 100x magnification. In addition, 100x images were analysed 

using ImageJ to measure area fraction of cells (measure of confluence) within each 

field of view.  

5.3.9 Supernatant analysis 

Triple co-culture clarified supernatants were analysed using ELISA and Multiplex 

quantikine analyses as follows: follistatin (DFN00, R&D Systems), GDF-8/Myostatin 

(DGDF80, R&D Systems), Decorin (NBP3-08102, Novus Biologicals), Fibronectin 

(E-EL-H0179-96T, E-Lab Bioscience), collagen IV (E-EL-H0178-96T, E-Lab 

Bioscience), TGF-β magnetic Luminex (FCSTM17-01, R&D Systems), and magnetic 

Luminex for collagen I alpha 1, HGF, IL-1β, IL-6, IL-10, and TNF-α (LXSAHM-07, 

R&D Systems). 

5.3.10 Statistical analysis 

Statistical analysis was performed on GraphPad Prism v.8. Patient data and plasma 

results were assessed for normality using Shapiro-Wilk analysis. Data was analysed 

using a one-way ANOVA and Tukey’s multiple comparisons for parametric data, and 

Kruskal-Wallis test with Dunn’s multiple comparisons for non-parametric data. 

Correlations were performed using Pearson’s correlation.  

Stellenbosch University https://scholar.sun.ac.za



97 
 

 

5.4 Results 

5.4.1 Patient group characterisation plasma cytokine profiles 

As expected, patient groups exhibited variable and different duration of diagnosis 

periods, with treatment naïve patients reporting having RA for 2.33±3.67 years (4 out 

of 6 were recently diagnosed), and treatment non-responding patients having RA for 

11.80±13.33 years. Affected joints included wrists, hands, elbows, ankles, and knees 

in both groups. Age and body composition did not differ significantly between groups: 

healthy controls (NC) were 50.2 ± 8.5 yr old (3 male, 3 female; BMI: 29.79 ± 4.57), 

treatment naïve (RATN) patients were 53.7 ± 18.9 yr old (1 male, 5 female; BMI: 

30.79 ± 7.56), and RA treatment non-responding (RATNR) patients were 59.3 ± 14.2 

yr old (1 male, 5 female; BMI: 24.89 ± 3.30). Of the recruited patients, 4 of the 6 

treatment naïve patients stated they had a noticeable loss in muscle mass, whereas 

2 of the 6 treatment non-responding patients confirmed noticeable muscle loss. 

However, no patients were assessed in a quantitative manner for muscle loss over 

the period of active disease. 

Comparison of groups for patient plasma cytokines indicated limited statistically 

significant differences between groups, likely due to large variability amongst 

patients and a small sample size (Figure 5.2). Nevertheless, the general picture in 

both RA groups are in line with a relatively more pro-inflammatory state. In addition, 

RATNR patients had a significantly increased IL-6 plasma concentration (p<0.05) 

compared to RATN patients (Figure 5.2c).  
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Figure 5.26: Patient plasma cytokine concentration in healthy (NC), RA treatment 

naïve (RATN) and RA treatment non-responding (RATNR) patients. a) TNF-α; b) IL-

1β; c) IL-6; d) IL-10; and e) IL-1Ra. Statistical analysis: one way ANOVA. * = p<0.05. 

n=6 per group. Data represented as box and whisker plots indicating the highest and 

lowest values, the median and the interquartile range, as well as individual data 

points. TNF-α = tumor necrosis factor-α; IL = interleukin.  

 

Correlation between IL-10 and IL-6 demonstrated a significant positive correlation in 

the NC group that was lost in the RATN group, whereas the RATNR group 

demonstrated a significant negative correlation (Figure 5.3). 
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Figure 5.3: Correlation between IL-10 and IL-6 in the different patient groups. a) non-

arthritic control (NC); b) RA treatment naïve (RATN); c) RA treatment non-

responding (RATNR). Statistical analysis: Pearson’s correlation. n=5 per group. 

 

5.4.2 Triple co-culture responses 

Qualitatively, healthy participant cells exhibited a unique response to the serums 

from different patient groups, as indicated by the representative images in Figure 

5.4. Cells appeared to proliferate at different rates, as is evident from the differences 

in relative confluence - RATNR serum resulted in the fastest growth rate, resulting in 

cultures appearing fully confluent after 2 x 48 hours. Macrophages in the RATNR-

exposed cultures appeared to demonstrate a greater extent of activation compared 

to both other groups. In the RATN group, patient serum seemed to result in clustered 

growth patterns of cells. 
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Figure 5.4: Representative images of the triple cell culture model indicating 

examples of the different observed responses to the patient serum. Images taken at 

100x magnification. Scale bar represents 200 μm.  
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Quantification of area fraction (%) as measure of confluence confirmed that cultures 

treated with RATNR patient serum proliferated more extensively and therefore 

exhibited a significantly higher area fraction than other patient groups, both with and 

without BMP-7 treatment (Figure 5.5).  

 

Figure 5.5: Percentage area fraction taken up by the triple culture cells in the field of 

view, comparing the cultures exposed to serum from healthy control, treatment-naïve 

and treatment non-responding RA patients, with or without BMP-7 treatment (750 

ng/ml). n=6. Statistical analysis: Two-way ANOVA with Tukey’s multiple 

comparisons. ** = p<0.01; *** = p<0.001. Data represented as box and whisker plots 

indicating the highest and lowest values, the median and the interquartile range, as 

well as individual data points. 

 

Luminex analysis of culture supernatants generally demonstrated very low levels of 

IL-1β and IL-10. IL-10 concentration was below detectable limits in all groups, while 

IL-1β concentration only measurable in 1 RATN exposed culture and 2 RATNR 

exposed cultures (data not shown). This data was thus excluded from interpretation. 

Similarly low levels of TNF-α were detected across all groups. IL-6 seemed to be 

Stellenbosch University https://scholar.sun.ac.za



102 
 

secreted in relatively high quantities, but appeared similar between groups (Figure 

5.6). 

 

 

Figure 5.6: Triple culture supernatant cytokine concentration comparing the 

conditioned media exposed to healthy (NC), RA treatment naïve (RATN), and RA 

treatment non-responding (RATNR) patients’ serum. a) TNF-α; b) IL-6. Statistical 

analysis: one-way ANOVA. n=6 per group. Data represented as mean ± SD. TNF-α 

= tumor necrosis factor-α; IL = interleukin. 

 

More significant differences between groups were evident for muscle growth factors 

(Figure 5.7). HGF concentration was significantly reduced in the media exposed to 

RATNR serum when compared to the control, while follistatin concentration was 

significantly reduced in both the RATN (p<0.01) and RATNR serum exposed groups 

(p<0.001) when compared to the control. Myostatin demonstrated no significant 

differences between the groups.  
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Figure 5.7: Triple culture supernatant muscle growth factor concentration comparing 

healthy (NC), RA treatment naïve (RATN), and RA treatment non-responding 

(RATNR) patients. a) HGF; b) Follistatin; c) Myostatin. Statistical analysis: one-way 

ANOVA (parametric: c) or Kruskal-Wallis test (non-parametric: a, b). ** = p<0.01; *** 

= p<0.001. n=6 per group. Data represented as mean ± SD. HGF = hepatocyte 

growth factor. 

 

Turning attention to fibroblast growth factors, TGF-β concentration was significantly 

reduced in the RATNR serum exposed group when compared to both the control 

group and RATN group (Figure 8a). Decorin levels were similar in all groups (Figure 

5.8b), while fibronectin concentration was significantly lower than NC in the RATN 

and RATNR groups, as well as lower (p=0.05) in RATNR when compared to RATN 

(Figure 5.8c). Collagen 1a1 levels were greater than the detectable limit for all NC 

samples, but fell within the detection range for the kit for at least half the samples of 

the RATN and RATNR groups, suggesting that these groups may exhibit lower 

collagen 1a1 than the healthy controls (Figure 5.8d). Collagen IV concentration 

appeared higher in response of both RA serum groups, with a statistically 

significantly increase in the RATNR group compared to healthy controls (Figure 

5.8e). 
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Figure 5.8: Triple culture supernatant extracellular matrix factor concentration 

comparing healthy (NC), RA treatment naïve (RATN), and RA treatment non-

responding (RATNR) patients. a) TGF-β; b) decorin; c) fibronectin; d) collagen 1a1; 

e) collagen IV. Statistical analysis: one-way ANOVA (parametric: a, b, c, d) or 

Kruskal-Wallis test (non-parametric: e). * = p<0.05; ** = p<0.01; *** = p<0.001. n=6 

per group. Data represented as mean ± SD. TGF-β = transforming growth factor-β; 

BMP-7 = bone morphogenetic protein 7. 

 

Table 5.1 presents the effects of BMP-7 on actual concentrations in the NC by 

providing the placebo and the BMP-7 data. Here, the addition of BMP-7 decreased 

the concentration of TGF-β and fibronectin significantly when the triple culture was 

cultured in NC serum, suggesting that its main effect is exerted on the fibroblasts at 

the concentration of 750 ng/ml.  
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Table 5.1: Comparison of the concentrations of cytokines and growth factors in the 

triple co-culture exposed to NC patient serum after being treated with placebo or 

BMP-7. Data represented as mean ± SD. * = p<0.05. n=6 per group. 

 Non-arthritic control (NC) 

Treatment Placebo BMP-7 

TNF-α (pg/ml) 18.52 ± 2.0 17.15 ± 1.5 

IL-6 (pg/ml) 5561 ± 1122.8 5710 ± 1227.4 

HGF (pg/ml) 201.6 ± 25.8 189.4 ± 20.7 

Follistatin (pg/ml) 651.3 ± 79.3 625.2 ± 84.9 

Myostatin (pg/ml) 1478 ± 631.0 1381 ± 319.5 

TGF-β (pg/ml) 12017 ± 1478 10423 ± 1198 * 

Decorin (ng/ml) 5.68 ± 2.17 5.90 ± 2.38 

Fibronectin (ng/ml) 36633 ± 10883 19408 ± 7173 * 

Collagen IV (ng/ml) 13.20 ± 3.71 21.89 ± 9.30 

 

 

To compare how the culture groups responded differently in the presence of BMP-7, 

data are presented as a percentage of the placebo condition for each patient, in 

order to normalise data and maximise measurable effect size. In line with the 

generally low culture inflammatory cytokine responses, neither TNF-α, nor IL-6 

secretion was significantly affected by BMP-7 treatment (Figure 5.9a,b). Follistatin 

concentration, which was significantly decreased as result of RA serum exposure in 

the placebo conditions, demonstrated a significant increase in concentration when 

compared to NC, in the presence of BMP-7 in (Figure 5.9d). A similar normalisation 

effect of BMP-7 was seen for several other parameters assessed, for example with 

myostatin (Figure 5.9e) and TGF-β concentration (Figure 5.9f), which both exhibited 
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significant increases in the RATNR group and both RA groups respectively when 

compared to the NC group in the presence of BMP-7. There were no significant 

differences between the patient groups for both decorin (Figure 5.9g) or fibronectin 

(Figure 5.9h). However, for collagen IV concentration, which was demonstrated to 

increase in RA (Figure 5.8e), was significantly decreased in the RATNR group 

compared to the NC as a result of BMP-7 treatment (Figure 5.9i).  
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Figure 5.9: Cellular responses after treatment with BMP-7 expressed as percentage 

of response in placebo condition, as assessed in triple culture supernatant of a 

fibroblast, myoblast and M1 macrophage mixed culture exposed to serum of healthy 

(NC), RA treatment naïve (RATN), and RA treatment non-responding (RATNR) 

patients. a) TNF-α; b) IL-6; c) HGF; d) follistatin; e) myostatin; f) TGF-β; g) decorin; 

h) fibronectin; i) collagen IV. Statistical analysis: one-way ANOVA (parametric: a-e, 

g-i) or Kruskal-Wallis test (non-parametric: f). * = p<0.05; ** = p<0.01; *** = p<0.001. 

n=6 per group. Data represented as mean ± SD. TNF-α = tumor necrosis factor-α; IL 
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= interleukin; HGF = hepatocyte growth factor; TGF-β = transforming growth factor-β; 

BMP-7 = bone morphogenetic protein 7. 

 

5.5 Discussion 

Using a novel triple culture technique to simulate the skeletal muscle niche, current 

data contribute significantly to our understanding of disease mechanisms in RA and 

RA treatment failure. Furthermore, the efficacy of BMP-7 as potential treatment 

modality is highlighted.  

Before interpreting the effect of a normal mixed culture to patient and control serum, 

it is necessary to consider differences between the experimental group plasma 

profiles. In terms of plasma characterisation, cytokine profiles demonstrated the 

expected inter-individual variability in all groups. Nevertheless, both plasma TNF-α 

and IL-1β tended to be more variable between individuals - and somewhat higher 

than those of controls -  in both RA groups, which is in line with their known role in 

the pathogenesis of RA (Kay and Calabrese, 2004; Vasanthi, Nalini and Rajasekhar, 

2007). Similarly, the barely detectable levels of IL-1Ra in RATN patients, is again in 

line with literature correlating this profile with RA disease development (Kay and 

Calabrese, 2004; Ismail et al., 2016). Various treatment options result in the 

downstream increase in IL-1Ra (Cutolo et al., 2001; Mizwicki et al., 2012; Schuster 

et al., 2020), in line with the results demonstrated in the RATNR group. Given its 

major role as myokine (Pedersen and Febbraio, 2012), IL-6 was also assessed in 

the current study. However, given the high variability of this parameter even in the 

control group, interpretation of IL-6 data in isolation was not informative in the current 

context. However, when correlated with IL-10 levels, important cytokine 

dysregulation became evident. Under healthy circumstances, IL-6 results in the 

upregulation of IL-10 (Jin, Han and Yu, 2013; Smith and Swart, 2016). However, this 

relationship appears to be dysregulated in the RATNR group, where a negative 

correlation was observed. This relative failure to upregulate IL-10 in response to IL-6 

is in line with our earlier suggestion of a failure of RA macrophages to switch to the 

anti-inflammatory M2c phenotype, which is responsible for IL-10 release (Ollewagen, 

Myburgh, et al., 2021) as well as our recent study in CIA rats, which demonstrated 

decreased IL-10 concentration in muscle to be a robust marker for rheumatoid 
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cachexia in this model (Ollewagen, Powrie, et al., 2021). This aspect should be 

elucidated further in longitudinal studies in human RA patients, to fully evaluate the 

potential of IL-10 as biomarker of disease progression and risk of muscle cachexia in 

particular. Taken together, the plasma profile data confirm that the samples used as 

stimulus in the triple cultures, were indeed representative of the expected control and 

RA cytokine profiles. 

Turning attention to the triple culture data, cell growth patterns between the 3 serum 

conditions differed significantly. RATNR serum-conditioned media resulted in 

increased cellular growth rates when compared to the other conditions. However, 

despite the abundance of cells present in RATNR serum exposed conditions, the 

myoblasts did not attempt to align and begin the differentiation and fusion process. 

Additionally, based on their appearance, the macrophages in this condition exhibited 

a greater extent of activation. These effects were likely the result of various growth 

factors and cytokines present in the serum stimulating the proliferation of myoblasts 

and fibroblasts. This aligns with the data observed in the rodent CIA model where 

increased cellular presence was observed, while the ratio between the cells did not 

differ (Ollewagen, Powrie, et al., 2021). While distinguishing between the cells in 

single culture was possible due to the low desmin/high fibronectin expression in 

fibroblasts and low fibronectin/high desmin expression in myoblasts, myoblasts and 

fibroblasts interacting in co-culture and stimulated by the growth factors in the serum 

made identification impossible as expression of these proteins in both cell types 

increased (Seidel et al., 2006; Santiago et al., 2010; Chaturvedi et al., 2015). 

Therefore, the determination of individual cell type counts was not possible. Perhaps 

labelling cells with GFP prior to co-culture could clarify specific cell distribution in 

future studies. However, the most valuable information to consider in this context 

pertains to the processes at play, and therefore the measurement of the nett 

secretory products in the muscle niche. Additionally, assessment of these molecular 

changes is limited in rheumatoid cachexia research. 

Our interpretation that the relatively pro-inflammatory cytokine profile in the RA 

patient plasma may have contributed to the enhanced cellular growth demonstrated 

in the co-culture, is in line with literature reporting that TNF-α, IL-1β and IL-6 induce 

myoblast proliferation (Alvarez et al., 2020). Furthermore, the negative IL-6/IL-10 

correlation in the RATNR plasma contributes to a dysregulated muscle growth 
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pattern - the magnitude of secreted IL-6 in the triple culture is indicative of a muscle 

response, rather than an inflammatory response (Pedersen, Steensberg and 

Schjerling, 2001). Different concentrations of IL-6 have differential effects on 

myoblasts - low concentrations result in proliferation and high concentrations result 

in differentiation (Steyn et al., 2019). Despite a higher plasma IL-6 concentration, the 

relatively lower secreted IL-6 in RATNR co-culture conditions may be indicative of an 

altered response to IL-6 thereby affecting the ability to differentiate. Extensive 

myoblast/satellite cell proliferation and inhibited differentiation is proposed in chronic 

inflammatory conditions and RA due to the altered inflammatory profile (Ollewagen, 

Myburgh, et al., 2021). 

In terms of myoblast response, current data illustrates significant dysregulation of 

normal muscle maintenance signalling in RA. Normally, release of nitric oxide (NO) 

by active skeletal muscle and macrophages would lead to the release of HGF and 

subsequent satellite cell activation (Lin and Scott, 2007; Ceafalan, Popescu and 

Hinescu, 2014; Rigamonti et al., 2014), while IL-6 promotes the production of HGF 

(Coudriet et al., 2010). NO also induces the expression of follistatin (Lin and Scott, 

2007; Ceafalan, Popescu and Hinescu, 2014) to contribute to hypertrophy through 

satellite cell activation, proliferation and differentiation (Gilson et al., 2009; Zhu et al., 

2011) and in rodents demonstrated improved regeneration and reduced fibrosis. 

Another factor contributing to myogenesis, TGF-β, is a multifunctional cytokine 

exhibiting various effects on different cell types. (Henningsen et al., 2010; Delaney et 

al., 2017). The aberrant downregulated tendency of IL-6, HGF, follistatin, and TGF-β 

in the RATNR serum exposed conditions suggest that rheumatoid cachexia may, at 

least in part, result from a balance-shift to favour proliferation of muscle tissue, while 

failing to allow for sufficient differentiation of newly formed cells.  

The extracellular environment is another major contributor to signalling, either to 

enhance or limit tissue maintenance processes. The muscle fibres reside in a 

scaffold composed of various structural components, referred to as the extracellular 

matrix (ECM). The ECM is vital in numerous physiological processes in the 

regulation of muscle development, growth and repair through its interactions with 

various cell types, including fibroblasts and immune cells (Csapo, Gumpenberger 

and Wessner, 2020). For example, TGF-β is sequestered to the ECM to upregulate 

components vital to the structure of the ECM, providing stability and a site for protein 
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interactions (Henningsen et al., 2010). However, TGF-β also contributes to fibrosis 

by stimulating excessive proliferation of fibroblasts and secretion of ECM 

components, along with inhibition of degradation enzymes (Kim and Lee, 2017). Of 

the collagens present in the ECM, type I and III are most abundant in the ECM, 

whereas type IV provides a network structure to form the basal lamina (Csapo, 

Gumpenberger and Wessner, 2020). Fibronectin, another ECM component, also 

influences the balance between differentiation and self-renewal, ultimately 

maintaining the regenerative capacity of the muscle (Bentzinger et al., 2013; Csapo, 

Gumpenberger and Wessner, 2020). Both myoblasts and fibroblasts are involved in 

the production of collagens and fibronectin (Kühl, Timpl and von der Mark, 1982; Zou 

et al., 2008). Here, the reduced TGF-β demonstrated in the RATNR serum exposed 

conditions coincides with the same decreasing trend observed for collagen 1a1 and 

fibronectin, ultimately indicating impaired structure and organisation. Reduced 

fibronectin is also already observed in the RATN group, indicating impaired ECM 

early in disease development (Farrow et al., 2021). However, collagen IV is 

increased in the RATNR conditions. Extensive myoblast proliferation may contribute 

to the increased collagen IV secretion to form the basal lamina. However, altered 

basal lamina production as a result of increased collagen IV in aged muscle 

influences the regulation of satellite cell division resulting in impaired satellite cell 

numbers (Csapo, Gumpenberger and Wessner, 2020). This sub-optimal organisation 

may be one of the causes of the functional deficits observed in RA patients (Yamada 

et al., 2009; Uutela, Kautiainen and Häkkinen, 2018). These effects of RA on 

signalling assessed in vitro is graphically presented in Figure 5.10. 

In terms of intervention, in line with the beneficial effects elucidated for BMP-7 in 

myoblast, fibroblast and macrophage monocultures, treatment of the co-culture with 

BMP-7 largely reversed the undesired cellular responses observed after exposure to 

RA serum, and more specifically, normalised the responses of cells treated with 

RATNR serum, improving deficits in muscle growth markers and ECM markers, 

without increasing the deposition of fibronectin, indicating a beneficial role of this 

treatment.  

Furthermore, in the context of macrophage phenotype specifically, pilot data 

indicated that treatment of primary M1 macrophages with 500 and 750 ng/ml of 

BMP-7 for 48 hours resulted in significantly increased polarisation to M2c 
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macrophages (Appendix E). This is in line with literature reporting similar effects for 

BMP-7 in non-RA models of inflammation in cells and rodents (Singla et al., 2012; 

Singla, Singla and Wang, 2016). In the triple co-culture model, this benefit of BMP-7 

was not evident from the measured cytokine profile. However, this may have been 

the effect of relative overgrowth of myoblasts and fibroblasts while macrophages 

don’t proliferate. Although increasing the proportion of macrophages in this culture 

even further may allow for a more representative picture of the macrophage 

signalling, the beneficial effect of BMP-7 on overall signalling support a shift to an 

anti-inflammatory phenotype. Given the known lingering presence of M1 and M2b 

macrophages in RA (Ollewagen, Myburgh, et al., 2021), current data in single and 

co-culture warrants further investigation of  BMP-7 as a treatment modality in RA. 

When addressing muscle growth changes, fibre hypertrophy, as observed following 

injection of BMP-7 vectors into healthy mouse muscle (Winbanks et al., 2013), would 

be beneficial to RA patients. Preliminary data indicated that when treating primary 

myoblasts with different dosages of BMP-7, 750 ng/ml resulted in a greater myoblast 

size (Appendix E). The reversal of both HGF and follistatin effects in the RATNR 

serum exposed cultures highlights a potentially beneficial effect. One conflicting 

factor that may inhibit this effect is the increased myostatin levels in the RATNR 

serum exposed conditions, due to its ability to bind to the BMP-7 receptors 

(Rebbapragada et al., 2003), thereafter inhibiting its effects. However, without 

competitive binding data, it is not possible to make firm conclusions on this. 

Lastly, based on the presence of significant fibrosis in rheumatoid cachexia in the 

CIA model (Oyenihi et al., 2019) and the above findings of impaired ECM formation 

in RATNR serum exposed co-cultures, the normalising action of BMP-7 on ECM 

formation warrants further investigation. As observed in NC serum exposed 

conditions, BMP-7 has anti-fibrotic effects through the inhibition of TGF-β (McVicker 

and Bennett, 2017) and limitation of ECM accumulation. While a seemingly opposing 

effect is observed for BMP-7 in the RATNR group, the outcome observed was still a 

return towards normal, via improving the overall structure of the ECM and improving 

the overall outcome. These effects of BMP-7 treatment on RA patient-exposed co-

culture are again presented in Figure 5.10. 
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Figure 5.10: Summary of pathways implicated in the triple co-culture experiment as 

proposed by literature. Purple arrows indicate the changes occurring as a result of 

RA patient serum-conditioned media. Green arrows indicated the changes occurring 

as a result of BMP-7 treatment. BMP-7 = bone morphogenetic protein-7; HGF = 

hepatocyte growth factor; TGF-β = transforming growth factor-β 

 

5.6 Conclusion 

Current data demonstrated plasma cytokine differences indicative of healthy controls 

and RA patients, with a more severe outcome in treatment non-responsive patients, 

which may be either due to treatment resistance itself, or a longer duration of 

disease progression when compared to treatment naïve patients. One of the key 

factors in the RATNR group is the dysregulation between plasma IL-6 and IL-10 

which may impact the downstream muscle effects. Through the use of a novel, 

primary triple co-culture method, the RATNR serum exposed group exhibited 

extensive capacity for cell growth, despite downregulated HGF and follistatin, and 

suboptimal ECM organisation when compared to controls. BMP-7 treatment showed 

beneficial results by reversing the aberrant tendencies observed in the cultures 

exposed to RA serum.  
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On a practical note, current data illustrates our novel co-culture model to be an 

accurate simulation of signalling events in RA and thus potentially a powerful tool in 

understanding rheumatoid cachexia and developing patient-specific treatment 

strategies.  
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Chapter 6: Synthesis 

 

Despite rheumatoid cachexia occurring in a large number of patients and reducing 

their quality of life, investigation into the actual mechanisms at play in the 

development of the disease is a relatively neglected area of focus in research. The 

fact that a number of current RA treatment options contribute to the muscle wasting, 

highlights the priority for the research presented in this dissertation. 

Firstly, in this dissertation, the literature was comprehensively reviewed to construct 

a profile of the altered muscle structure in rheumatoid arthritis, as well the nature of 

inflammatory dysregulation and its contribution to a cachexic cellular environment. 

Review of the literature revealed a relative lack of RA-specific information on muscle 

wasting, so that information from non-RA models of inflammation had to be 

extrapolated to develop a working model for signalling in RA. This review (Chapter 2) 

was published in a high-ranking journal, illustrating the need for this information in 

the field. Considering the limited research specific to rheumatoid cachexia, more 

investigation was required to determine the nature of atrophy and relevant cell 

interactions and the molecular role players in the development of atrophy, to develop 

accurate pre-clinical tools with which to develop and assess treatment strategies. 

The descriptive studies in the rodent collagen-induced arthritis (CIA) model were 

conducted first. 

The majority of muscle research in humans is conducted on the vastus lateralis, a 

muscle composed of a mixed fibre type. However, considering that muscles vary in 

the composition of fibres, the aim of the first rodent study was to assess muscle 

morphology and ultrastructural changes in four hindlimb muscles, along with the 

redox changes in a rodent collagen-induced arthritis model (Chapter 3). The 

gastrocnemius, extensor digitorum longus (EDL) and soleus demonstrated a lower 

muscle mass, whereas the vastus lateralis did not. Nonetheless, signs of 

deterioration indicative of rheumatoid cachexia were present in all four muscle 

groups. All muscle groups had significantly reduced fibre CSA and significantly 

increased collagen deposition with increased tissue levels of ROS. The muscle 

group most affected was the gastrocnemius muscle, which also exhibited detrimental 

changes in lipid peroxidation and antioxidant activity. Overall, despite the protocol 
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limitation of not being a longitudinal design, instead a cross-sectional assessment 

carried out at a relatively early time point in the development of this chronic disease, 

results proved this to be a successful model for investigating rheumatoid cachexia. 

The manuscript prepared from this data was selected for publication in a special 

issue of Oxidative Medicine and Cellular Longevity (2019, impact factor 6.543) 

entitled “Effects of redox disturbances on motility, contractility and muscle tissue 

pathogenesis”. 

Given the complexity of the disease, it is of course near impossible to cover all 

aspects in every experiment. For example, considering the definition of rheumatoid 

cachexia as a loss of muscle mass with or without an increase in fat mass 

(Roubenoff et al., 1994), an investigation into the changes in intramuscular fat 

deposition in the different muscle groups may have added to the picture of 

ultrastructural changes occurring in arthritis-affected muscle. Additionally, a potential 

criticism may be that the reduction in muscle mass in the CIA model may have been 

due to reduced movement as a result of pain to the affected joints. Although no 

noticeable changes in gait or activity status were observed, this was not quantified. 

Although suitable equipment was not available at the time, activity tracking in future 

studies may provide further valuable insight.  

Nevertheless, having established the CIA model as accurate simulation of arthritis-

associated muscle wasting, the aim of the second rodent study (Chapter 4) was to 

investigate the changes in cell types, cytokines and growth factors in the CIA model 

to gain an accurate understanding of the signalling mechanisms at play in the 

development of rheumatoid cachexia. A novel aspect of this study was the 

assessment of the cellular profile in arthritis-affected skeletal muscle tissue, as well 

as demonstrating the first comprehensive assessment of muscle regenerative 

capacity and intramuscular cytokine profile in CIA. A crucial outcome of this study 

was highlighting the importance of considering fibre size and number when 

assessing cell number, cytokines and growth factors to get an accurate view of the 

changes relative to each fibre. Data demonstrated that the two most instrumental 

cytokines in the development of rheumatoid cachexia are the increased TNF-α and 

reduced IL-10, which is consistent with a lingering M1 macrophage phenotype. This 

study importantly indicated that despite the persistent pro-inflammatory state, the 

cachexic muscle seemed to retain at least some capacity for regeneration. 

Stellenbosch University https://scholar.sun.ac.za



117 
 

Specifically, proliferation markers were consistently upregulated, while differentiation 

marker expression was somewhat contradictory, suggesting at least some extent of 

dysregulation, particularly in the progression of regeneration. As result, the overall 

regenerative capacity was not sufficient to overcome the extent of atrophy caused by 

the unresolved inflammation. This reiterated the fact that no secondary outcome of a 

chronic inflammatory disease can be adequately addressed unless the resolution of 

chronic inflammation remains a primary focus. 

In terms of limitations, this study – which was focused on the muscle regenerative 

capacity in arthritis-affected muscle - may have benefitted firstly from inclusion of 

assessments of the macrophage phenotype profile to confirm incomplete phenotype 

conversion as driving force in the muscle niche. Secondly, given the focus on 

muscle-specific markers of regeneration rather than intercellular communication 

networks, parameters reflecting mechanisms of fibrosis and how this might have 

affected the muscle was limited to TGF-β. Furthermore, considering the reported 

presence of fibro-adipogenic progenitor cells (FAPs) in RA (Hogarth et al., 2019; 

Giuliani, Rosina and Reggio, 2021) - and their contribution to adipose and ECM 

deposition – characterisation of fibroblasts/FAPs would have added further valuable 

information on their role in muscle wasting disorders. 

Finally, to further understand the interactive cellular signalling from multiple cellular 

role players in rheumatoid cachexia, a novel triple co-culture method was developed 

using primary human myoblasts, fibroblasts and macrophages, in the presence of 

RA patient and healthy participant serum (Chapter 5). Here, two groups of RA 

patients were assessed, namely treatment naïve and treatment non-responding 

patients. Although plasma parameters displayed the normal variability and sample 

size had to be limited because of the high cost of reagents and assays, it was 

possible to confirm that patient plasma profiles were in line with a relatively more 

pro-inflammatory state than in the control plasma. More specifically, both RA groups 

exhibited dysregulated IL-6/IL-10 plasma correlation, which was in line with the lower 

IL-10 levels measured in the CIA rodents.  

One of the novel aspects of the triple co-culture model was that the ratio of 

myoblasts to fibroblasts to macrophages was determined based on the relative 

presence of these cells in the CIA rodent muscle, thereby simulating rheumatoid 

Stellenbosch University https://scholar.sun.ac.za



118 
 

cachexia more closely. Higher cell confluence demonstrated a significantly greater 

cell proliferation rate in the RATNR serum-exposed cultures when compared to 

those stimulated with serum from healthy controls. This is in agreement with the 

increased proliferation markers seen in the rodent study, confirming the accuracy of 

the model in simulating in vivo processes. In addition, perhaps due to the higher 

level of standardisation possible in vitro, coupled with use of serum from patients at a 

later phase in disease progression, the in vitro data more clearly illustrated the effect 

of arthritis on muscle cell regeneration. The assessment of muscle-specific 

proliferation and growth markers in the supernatant of the triple co-culture 

demonstrated downregulation in both RA groups, but significantly so only in the 

RATNR group, indicating dysregulation of the muscle progenitor cells. In addition to 

this, the RATNR group demonstrated decreased collagen 1a1 and fibronectin, and 

increased collagen IV, indicative of suboptimal ECM organisation, which would tie 

into the functional deficits observed in clinical assessments of RA patients.  

An assessment of potential therapeutic intervention and the sensitivity of the model 

to reflect potential therapeutic effects, was tested by determining the response of co-

cultured cells to BMP-7 treatment. Treatment reduced markers of the fibrotic process 

in the NC group, whereas BMP-7 treatment in the RATNR group seemed to 

correct/limit the RA-associated effects observed. This model thus not only shows 

promise as tool with which to elucidate the mechanisms behind rheumatoid 

cachexia, but also as a model to develop treatment strategies for the disease as a 

whole, and for monitoring individual patient-based outcomes. For example, using this 

model to determine which molecular markers and thus, which cell types are most 

affected by patients’ sera could give insight into treatment targets. This model could 

assess the individual patient-specific responses, and thereafter investigate potential 

patient-specific treatment targets or the effect of new RA treatments’ effect on the 

cells relevant to this secondary disease. 

Despite the promise of the model described, several limitations need to be solved. 

Due to the high cost already mentioned, this study was limited to an assessment at 

the protocol endpoint (96 hours). Given a larger budget, added assessments at 48 

hours (prior to BMP-7 treatment) may have potentially demonstrated different 

responses of cells at lower confluence, specifically in the RATNR group, where the 

rapid cellular proliferation and thus high confluence of cultures, may have down-
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regulated some pro-regeneration signalling. However, given the fact that the 

corrective action of BMP-7 was detectable, I am confident that the choice of time-

point and the relatively higher confluence of RATNR serum-exposed cultures, do not 

limit the accuracy or applicability of presented data.  

Due to the lack of markers specific enough to differentiate between co-cultured 

primary myoblasts and fibroblasts, the specific cell types present in the differentially 

conditioned co-cultures was not assessed. Therefore, it is still unknown which cell 

type (myoblast or fibroblast) was the most proliferative in the different triple co-

culture groups. Additionally, characterisation of the macrophage phenotype most 

predominantly present in the different groups would be beneficial in confirming the 

responses predicted by the protein outcomes, and which phenotype is persistent to 

confirm the literature predictions.  

In conclusion, this dissertation, by inclusion of studies ranging from rodent skeletal 

muscle to RA patient plasma, and finally, to primary triple cell co-culture, has 

provided significant insight into the cellular and molecular role players in the 

development of rheumatoid cachexia. It is clear that the inflammation associated with 

RA, results in significant muscle wasting and fibrosis in various muscle groups, 

independent of fibre-type composition. Despite the muscle remaining capable of 

regeneration, progression of this process is severely hampered due to the persistent 

inflammation. However, extensive proliferation of the satellite cells and myoblasts 

could eventually lead to a reduction in the satellite cell pool, resulting in impaired 

regenerative capacity in the later stages of RA. The persistent inflammation results in 

muscle dysregulation and altered ECM formation, confirming the source of impaired 

structure and function in RA patients. Finally, BMP-7 is highlighted as a factor that 

could restore or prevent the extent of cachexia observed in RA patients. 

Looking forward, I believe that the triple cell co-culture model I have developed – and 

which has proven to be an accurate and sensitive simulation of the cellular release of 

cytokines, growth factors and other relevant molecules in RA – should be further 

exploited to address this very complex and very debilitating disease. This model 

could be vital in understanding patient-specific outcomes and treatment strategies. In 

order to make the model even more accurate, introduction of FAPs as additional cell 

type in relation to intramuscular lipid accumulation could be introduced as a protocol 
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modification. The fact that non-diseased cells are used for the triple co-culture, 

means that it may be standardised using commercial cell lines to reduce costs and 

improve throughput, although immortalised cells do not fully represent the responses 

of primary cells. The application of the model could also be expanded to other 

chronic inflammatory diseases with a muscle wasting outcome, and new 

therapeutics may be tested more comprehensively before being introduced into in 

vivo models.  

In combination with modern and new emerging technologies, parameters assessed 

can also be expanded. For example, the use of imaging flow cytometry can give 

better insight into the intracellular/extracellular changes of all three cell types as one 

could measure protein changes both analytically and microscopically. Analysing 

plasma-derived exosomes and their microRNA cargo can give more insight into 

alterations in cell-cell communication and immune biomarkers in RA patients. This 

method would also be valuable when translated into the triple co-culture model for 

further assessment of intercellular communication. Proteomic analysis could be used 

to investigate proteins at a comprehensive scale, both in the supernatant and in the 

cells themselves, allowing broader assessment of changes resulting from patient 

serum exposure.  
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Appendix B: Patient information leaflet and consent form 

 

PARTICIPANT INFORMATION LEAFLET  

TITLE OF THE RESEARCH PROJECT:  The effect of chronic inflammation on 

cellular communication in skeletal muscle 

 

REFERENCE NUMBER: S20/01/023  

PRINCIPAL INVESTIGATOR:  Miss Tracey Ollewagen 

ADDRESS:  Department of Physiological Sciences, Mike De Vries Building, 

Cnr Merriman and Bosman streets, Stellenbosch 

CONTACT NUMBER: 021 808 3424 

 

We would like to invite you to participate in a research project that aims to 

investigate the effect that chronic inflammatory diseases, such as rheumatoid 

arthritis, have on skeletal muscle. We aim to investigate the mechanisms behind 

muscle wasting in these chronic diseases in order to develop better treatment 

options.   

Please take some time to read the information presented here, which will explain the 

details of this project and contact me if you require further explanation or clarification 

of any aspect of the study. Also, your participation is entirely voluntary and you are 

free to decline to participate.  If you say no, this will not affect you negatively in any 

way whatsoever. 

This study has been approved by the Health Research Ethics Committee at 

Stellenbosch University. The study will be conducted according to the ethical 

guidelines and principles of the international Declaration of Helsinki, the South 

African Guidelines for Good Clinical Practice (2006), the Medical Research Council 

(MRC) Ethical Guidelines for Research (2002), and the Department of Health Ethics 

in Health Research: Principles, Processes and Studies (2015). 
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What is this research study about? 

Research has shown that chronic inflammation leads to a condition in which the 

muscle is degraded and undergoes wasting; in the context of rheumatoid arthritis, 

this is called rheumatoid cachexia. This muscle wasting often occurs even before RA 

is diagnosed but continues throughout disease because of the inflammatory cells 

circulating the body. This often leads to reduced quality of life. Unfortunately, this 

affects the quality of life of a large number of patients.  

The study you are being recruited for will use blood and/or synovial fluid from 

patients with rheumatoid arthritis, as well as healthy controls. Synovial fluid is the 

liquid found in the joints that reduce the friction between the bones, such as in the 

knee. Excessive synovial fluid leads to swelling, pain and discomfort in the joint and 

is frequently removed by doctors to reduce the pressure on the joint. The blood and 

synovial fluid will be used to simulate RA conditions at cellular level in our laboratory. 

We aim to use these fluids to treat various healthy cells from skeletal muscle to 

determine the changes that the inflammatory components within the blood and 

synovial fluid have on the skeletal muscle system. Skeletal muscle is the most 

common of the muscle types and is considered to be the muscles that allow 

voluntary movement. Once we have a better understanding of the changes that 

occur as a result of the inflammation, we will be able to develop better treatment 

strategies to improve the quality of life in patients suffering from chronic inflammatory 

diseases, as well as potentially assist those patients who are resistant to the current 

treatments. This indicates the importance of this kind of study. 

The study in which you will be participating will be conducted solely in the rooms of 

your clinician during a routine visit. You will not be required to have any additional 

doctors’ visits to contribute to this research as all blood and/or synovial fluid 

withdrawal will be done during your usual consultations with the doctor. During the 

visit to your rheumatologist, the doctor or nurse will draw blood from the antecubital 

(arm) vein and/or synovial fluid from the affected joint as they would do during 

normal testing session, taking an additional 5 tubes of blood for the researcher. You 

will not be required to take any additional medication or perform any additional 

activities during this study.  
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Why are you invited to participate in this study? 

We invite you participate in the study due to your medical status as a patient with 

rheumatoid arthritis, or a healthy control. Within the blood and synovial fluid are 

inflammatory cells and molecules which circulate the body and affect various 

different tissues. This is elevated in patients with chronic inflammation. This means 

that the disease does not necessarily affect a single part of your body. A number of 

patients with chronic inflammation suffer from muscle wasting as a result of these 

inflammatory components, often affecting their quality of life. We invite you to 

participate in this study so we can investigate the mechanisms behind this muscle 

wasting more comprehensively and begin the development of treatment strategies to 

reduce this muscle wasting and improve quality of life of patients. We also require 

healthy individuals so we can compare the effects to a healthy population. 

 

What will your responsibilities be?  

Your main responsibility in this study is to be honest with the doctor regarding 

treatment and medications currently being taken. We need to know all medications 

taken as this may affect the inflammatory profile in your blood and this will determine 

the quality of the data we are able to generate and the interpretations we make. For 

healthy controls, we require that you are not currently on any anti-inflammatory 

medication or treatment. You will be required to give 5 tubes of blood and/or the 

synovial fluid taken to relieve the joint. This may be additional to the blood/synovial 

fluid the doctor may take for testing. Blood and synovial fluid will only be withdrawn if 

you are scheduled for blood testing or withdrawal of synovial fluid for therapeutic 

purposes.  

 

Are there any risks involved in taking part in this research? 

Participation in this study will not add to the minimal risks normally involved when 

visiting your doctor. For RA patients, blood or synovial fluid will only be withdrawn if 

you are scheduled for a routine/therapeutic withdrawal. Therefore, the only risks are 

those involved in a normal draw including bruising at the draw site. For healthy 
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patients, blood will be taken as per WPBTS protocol and the only risks involved is 

bruising at the draw site.  

 

Who has access to your medical records? 

All information will be collected by the doctor and given a patient code, therefore no 

patient identities will be shared with the researcher and all patients will remain 

anonymous. All medical information and questions shared will be given using the 

patient code. The only personal information we would require from the doctor, is your 

age, weight and inflammatory disease status, as well as recent (3 month) treatment 

history. 

 

Are there any costs involved in the study? 

There are no costs involved in the study as all samples will be taken during a regular 

doctors visit and all analyses required for the research will be paid from a research 

grant held by the investigators.  

 

If you have any additional questions or encounter any problems, you may contact the 

researchers – Miss Tracey Ollewagen on 021 808 3424 

You can also phone the Health Research Ethics Committee at 021 938 9677/9819 if 

you have any additional questions or if you have a complaint.  

 

If you are willing to participate in this study, please sign the attached Declaration of 

Consent and give it to your doctor  

Yours sincerely 

Tracey Ollewagen/Prof Carine Smith 
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Declaration by participant 

 

By signing below, I agree to take part in a research study entitled: The effect of 

chronic inflammation on cellular communication in skeletal muscle 

 . 

I declare that: 

• I have read the attached information leaflet and it is written in a language with 

which I am fluent and comfortable. 

• I have had a chance to ask questions and all my questions have been 

adequately answered. 

• I understand that taking part in this study is voluntary and I have not been 

pressurised to take part. 

• I may choose to leave the study at any time and will not be penalised or 

prejudiced in any way. 

• I may be asked to leave the study before it has finished, if the researcher feels 

it is in my best interests, or if I do not follow the study plan, as agreed to. 

 

Signed at (place) ......................…........…………….. On (date) …………....……….. 

2020. 

 

 

--------------------------------- 

Signature of participant  
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Appendix C: Medical questionnaire form 

Medical data collection form 

Patient ID code: _______________ 

 

Date of birth: _______________________________________________________ 

Weight: _______________________________________________________ 

Height: _______________________________________________________ 

Waist circumference: ____________________________________________ 

Ethnicity:  _______________________________________________________ 

Gender: Male / Female 

 

Medical condition:  Rheumatoid arthritis / Healthy control   

RA classification/progression status: Treatment naïve / Treatment non-responding 

Major joint affected: ___________________________________________________ 

Number of years diagnosed: ____________________________________________ 

Current treatment: 

___________________________________________________________________

___________________________________________________________________ 

If treatment naïve, time period since last treatment: 

___________________________________________________________________ 

Any other conditions: 

___________________________________________________________________

___________________________________________________________________ 

Current other medications: 
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___________________________________________________________________

___________________________________________________________________

___________________________________________________________________ 

Experience any obvious loss of muscle mass or loss of muscle strength: Yes / No 

Current smoker: Yes / No 

Previous smoker (last 10 years): Yes / No 

 

*If you have any difficulties filling in this form, the doctor or liaison will be ready to 

assist 
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Appendix D: Monocyte isolation protocol 

Isolation of human monocytes from donor whole blood by double gradient 

centrifugation 

1. Carefully disinfect the EDTA vacutainers containing the peripheral whole 

blood and transfer the contents to sterile plastic tubes. Do not mix blood from 

different donors. 

2. For 2 x 8mL EDTA vacutainers fill two 15 ml tubes with 4 ml Ficoll/Histopaque 

solution (1.077 g/ml) each. The Ficoll should be at room temperature for the 

preparation. 

3. Layer 8 ml whole blood on top of the Ficoll solution for the first density 

gradient. Be careful to do this slowly and carefully in order to prevent mixing 

both layers.  

Note: Maintain Ficoll:blood ratio at 1:1-2 

4. Centrifuge at 400 x g without brake for 30 min at room temperature. 

5. Add 1 mL of 1 mM PBS-EDTA (1x PBS and 0.5 M EDTA) into two new 15 mL 

tubes. This will ensure continued EDTA exposure and prevent clumping. 

6. For each gradient collect the white ring of peripheral blood mononuclear cells 

(PBMCs) which is located between the two phases with a plastic Pasteur 

pipette and transfer to the new 15 ml tubes. 

7. Fill each tube with PBS-EDTA up to the 12 mL mark.  

8. Centrifuge at 300 x g for 10 min without brake at room temperature. 

9. Aspirate supernatant and wash pellet again with appropriate amount of PBS-

EDTA. 

10. For each donor pool the pellets in 6 ml RPMI-1640 without phenol red + 10% 

FBS. 

11. Prepare the iso-osmotic Percoll solution for the second density gradient: For 

two donors mix 6.939 ml Percoll solution (density: 1.131 g/ml) in a 15 ml tube 

with 0.561 ml 10x PBS. Then transfer 6.9 ml of this solution to a new 15 ml 

tube and add 8.1 ml RPMI-1640 with phenol red + 10% FBS to obtain a 46% 

iso-osmotic Percoll solution. The Percoll should be at room temperature for 

the preparation. 

12. For each donor transfer 7.3 ml of the prepared Percoll solution to a 15 ml tube 

and layer the PBMC solution prepared in step 10 on top of the Percoll 

Stellenbosch University https://scholar.sun.ac.za



161 
 

solution. Be careful to do this very slowly and carefully, both layers tend to mix 

easily. If done correctly the two phases can be distinguished due to their 

difference in colour. 

13. Centrifuge at 550 x g without brake for 30 min at room temperature. 

14. For each gradient collect the white ring of monocytes which is located 

between the two phases with a plastic Pasteur pipette and transfer to a new 

15 ml tube. 

15. Fill each tube with the appropriate amount of PBS-EDTA. 

16. Centrifuge at 400 x g for 10 min without brake at room temperature. 

17. Aspirate the supernatant and resuspend the pellets in the needed amount of 

Complete Monocyte media or FBS to seed or freeze cells, respectively. 

 

Pre-differentiation of Monocytes into M1 and M2 Macrophages 

1. Seed fresh (never before frozen) monocytes in polystyrene culture 

plates/dishes or pre-coated plates. Note: Monocytes struggle to adhere to 

glass. 

2. For M1 type: Treat with 50ng/ml GM-CSF directly after seeding. 

For M2 type: Treat with 50ng/ml M-CSF directly after seeding. 

3. Allow to adhere for 24h. 

4. Aspirate media and wash with warm 1x PBS. 

5. Add complete monocyte media and treat with 50 ng/mL GM-CSF or M-CSF. 

6. Change media and wash with warm PBS every 3rd day.  

7. Do not culture cells for more than 10 days in total. 

8. Polarize cells. M1: Pre-treat cells with 50 ng/mL LPS and 20 ng/mL IFN-γ for 

24h. M2: Pre-treat cells with 20 ng/mL IL-10, IL-4 and TGF-β for 24h. 

 

Complete Monocyte Media 

RPMI 1640 (advanced RPMI also works). 

10% Human Serum from AB patient (CAT# H4522 Sigma-Aldrich) 

1% Penicillin-Streptomycin (100 U/mL) 
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50 ng/mL GM-CSF (CAT# SRP3050 Sigma-Aldrich) 
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Appendix E: BMP-7 single cell experiments 

Purpose of the single cell culture experiments 

The aim of the pilot single cell culture experiments were to determine the optimal 

BMP-7 concentration to alter the inflammatory phenotype from a M1 to a M2 

phenotype, to improve muscle growth and proliferation without changing the cellular 

phenotype to an osteogenic profile, and to reduce fibrosis indicators.  

 

Methods 

Primary blood-derived monocytes were differentiated and polarised to a M1 

phenotype before being treated with incremental concentrations of BMP-7 (0, 50, 

250, 500, 750 ng/ml) in FBS-containing media for 48 hours. Flow cytometry was 

performed to determine the percentage of M2c macrophages in the culture through 

the identification of extracellular markers (CD14, CD163, CD206, viability) and 

intracellular markers (IL-10, Arginase-1). 

Primary myoblasts were plated in 6-well plates with FBS-containing media and 

treated with incremental concentrations of BMP-7 for 48 hours. Images were taken 

on the Olympus bright field microscope at 40x and 100x magnification for the 

assessment of area fraction and cell size. Protein was extracted for analysis of BMP-

7 and its receptor, pSmad1/5/8, and muscle-specific growth factors (TGF-β, MyoD, 

Pax7, Id2) and Runx-2 (osteoblast marker). Scratch analysis was performed on 

myoblasts in 24-well plates treated with BMP-7 to determine migration ability.  

Primary fibroblasts were plated in 6-well plates with FBS-containing media and 

treated with incremental concentrations of BMP-7 for 48 hours. Images were taken 

on the Olympus bright field microscope at 40x and 100x magnification for the 

assessment of area fraction. Protein was extracted for analysis of BMP-7, 

pSmad1/5/8, and fibroblast-specific growth factors (TGF-β, Id2, α-SMA). 
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Results 

Flow cytometry analysis demonstrated that M1 macrophage monocultures treated 

with BMP-7 did not reduce the viability of cells (Figure E1a). Flow cytometry of cells 

stained with CD14 indicated that between 70-80% of cells were successfully 

differentiated to macrophages from monocytes. There were no significant differences 

in differentiation success between the treatment dose groups (Figure E1b). 

Treatment with 500 and 750 ng/ml of BMP-7 significantly increased the percentage 

of cells polarized to an anti-inflammatory M2c phenotype (p<0.05; Figure E1c), as 

determined by concurrent positive staining with CD14, CD163, CD206, IL-10 and 

Arginase-1.  
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Figure E1: Flow cytometric analysis of M1 macrophages treated with BMP-7 for 48 

hours. a) Percentage of viable cells; b) Percentage of CD14+ cells; c) Percentage of 

M2c macrophages as indicated by positive signal for CD14, CD163, CD206, IL-10 

and Arginase-1. n=2 per group. Statistical analysis: One-way ANOVA with Tukey’s 

multiple comparisons test. * = p<0.05. BMP-7 = bone morphogenic protein-7. 

 

Analysis of myoblast cell images was used to assess area fraction, cell size and 

migration ability with a scratch assay. Area fraction of the myoblasts did not differ 

significantly with increasing concentrations of BMP-7 (Figure E2a). However, cell 

size did increase following treatment with 750 ng/ml of BMP-7 (p<0.05; Figure E2b). 
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There were no significant differences in migration ability between the dosages, 

except at 1 hour post-scratch where 50 ng/ml demonstrated reduced migration ability 

(p<0.05; Figure E2c). 

 

 

Figure E2: Myoblast response to 48 hour BMP-7 treatment. a) Myoblast area 

fraction; b) Myoblast cell size; c) Percentage wound closure over 7 hours following 

scratch assay. n=3 per group. Statistical analysis: one-way ANOVA with Tukey’s 

multiple comparisons test (a); Kruskal-Wallis test with Dunn’s multiple comparisons 

test (b); and two-way ANOVA with Tukey’s multiple comparisons test (c). * = p<0.05. 
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Western blot analysis of myoblasts demonstrated no significant effect of BMP-7 

treatment on BMP-7, pSmad1/5/8 receptor, TGF-β, MyoD, and Pax7 concentration 

(Figure E3a-e). Id2 protein concentration was significantly greater than the placebo 

following treatment with 250 ng/ml of BMP-7 (p<0.01; Figure E3f). Runx2, a marker 

of bone differentiation, was significantly lower than day 3 and day 7 differentiating 

chondroblast controls in the placebo, 50, 250 and 500 ng/ml groups (p<0.05; Figure 

E3g), indicating no bone differentiation as a result of BMP-7 treatment.  
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Figure E37: Western blot analysis of myoblast protein following BMP-7 treatment for 

48 hours. a) BMP-7; b) pSmad1/5/8; c) TGF-β; d) MyoD; e) Pax7; f) Id2; g) Runx2 

(with differentiation chondroblasts as a control). n=3 per group. Statistical analysis: 

One-way ANOVA with Tukey’s multiple comparisons test. * = p<0.05; ** = p<0.01. 

BMP-7 = bone morphogenic protein-7; TGF-β = transforming growth factor-β; Pax7 = 

paired box 7; Id2 = inhibitor of differentiation 2; Runx2 = runt-related transcription 

factor-2. 
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Image analysis of fibroblasts indicated a significant difference in area fraction 

between the 50 ng/ml and 750 ng/ml BMP-7-treated cells (p<0.05; Figure E4a). 

Western blot analysis demonstrated no significant effect of BMP-7 treatment on 

BMP-7, pSmad1/5/8, TGF-β, and α-SMA (Figure E4b-d, f). However, Id2 protein 

concentration was significantly elevated following treatment with 750 ng/ml of BMP-7 

(p<0.05; Figure E4e). 

 

 

Figure E4: Fibroblast area fraction and Western blot analysis of fibroblast protein 

following BMP-7 treatment for 48 hours. a) area fraction; b) BMP-7; c) pSmad1/5/8; 

d) TGF-β; e) Id2; f) α-SMA. n=3 per group. Statistical analysis: One-way ANOVA 

with Tukey’s multiple comparisons test. * = p<0.05. BMP-7 = bone morphogenic 

protein-7; TGF-β = transforming growth factor-β; Id2 = inhibitor of differentiation 2; α-

SMA = α-smooth muscle actin.  
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Conclusion 

The data suggests that the optimal BMP-7 dose to alter macrophages to a beneficial 

M2 phenotype, improve muscle growth without altering the phenotype to that of 

osteoblasts, and reduce fibroblast growth is 750 ng/ml.  
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Appendix F: Flow cytometry protocol  

F1 Flow cytometric analysis method 

Following treatment of macrophages with BMP-7 for 48 hours, cells were analysed 

for macrophage phenotype with flow cytometry. Cells were harvested with Accutase 

and transferred to 5 ml FACS tubes. After adding 1 ml PBS, cells were centrifuged 

for 5 minutes at 400 x g. 50 μl of Fc block diluted at 1:100 was added to the cell 

suspension and incubated for 20 minutes at 4oC, followed by centrifugation for 10 

minutes at 250 x g. Cells were re-suspended in FACS buffer with surface staining 

markers (CD14, CD163, CD206, viability dye) at their pre-optimized concentrations. 

Cells were incubated for 30 minutes at 4oC in the dark followed by washing with 

FACS buffer and centrifuged for 10 minutes at 250 x g. All washes in the remainder 

of the protocol were repeated in the same manner. Cells were re-suspended in 

fixation buffer (4% PFA) and incubated at 4oC for 20 minutes in the dark. Following 

the wash step, cells were re-suspended in permeabilization buffer (0.1% saponin) 

and incubated for 15 minutes at 4oC in the dark, followed by another wash step. 

Cells were re-suspended in FACS buffer with the appropriate volume of intracellular 

staining markers (IL-10, Arginase-1) and incubated for 30 minutes at 4oC in the dark. 

After washing, cells were re-suspended in FACS buffer for analysis on the FACS 

Melody. 
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Figure F1: Representative flow cytometry scatter plots illustrating M2 macrophage gating strategy.  
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F2 Instrument set-up 

The BD FACS Melody flow cytometer (BD Biosciences, USA), housed in the Central 

Analytic Facilities Fluorescent Imaging Unit, Stellenbosch University, was employed 

for the analysis of macrophage samples.  

The following table displays the filters (longpass and bandpass), detectors and 

voltage settings employed in the macrophage assay: 

Table F2: Instrument parameters for macrophage assay by flow cytometry 

Laser LP filter BP filter Parameter Amplification 

488 nm n/a 488/15 SSC-A Linear 

507  527/32 BD Horizon 

BB515 – 

CD206 

Log 

560 586/42 PE – IL-10 Log 

640 nm n/a 660/10 APC – 

Argianse-1 

Log 

752 783/56 Viability Stain 

780 

Log 

405 nm n/a 448/4 BD Horizon 

BV421 – 

CD163 

Log 

500 528/45 BD Horizon 

BV510 – CD14 

Log 

 

F3 Antibody information and titration protocol for platelet assay 

The characteristics of all antibodies utilized in the macrophage analysis are 

summarised in Table F2. 

 

 

Table F3: Macrophage assay antibody characteristics 
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Marker Host Species 

reactivity 

Fluorochrome Company Catalogue 

number 

Viability dye n/a n/a 780 BD 

Bioscience 

565388 

CD14 Mouse Human BV510 BD 

Bioscience 

563079 

CD206 Mouse Human BB515 BD 

Bioscience 

564668 

CD163 Mouse Human BV421 BD 

Bioscience 

562643 

IL-10 Rat  Human PE BD 

Bioscience 

559330 

Arginase-1 Rat Human APC Invitrogen 17-3697-82 

 

To optimise antibody concentrations for macrophage flow cytometry, antibody 

titrations were performed on isolated, cultured monocytes polarized to either M1 

(viability and CD14) or M2 phenotype (viability, CD14, CD163, CD206, IL-10, 

arginase-1). This ensured that all markers of interest would be expressed. Antibodies 

were diluted according to the following table:  

 

 

 

 

 

 

 

 

 

Table F4: Macrophage assay antibody titrations 
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Marker Volume 

(μl) 

Recommended  

(per sample) 

Dilution A Dilution B Dilution C Dilution D 

Viability 100 0.1 μl 0.1 μl* 0.05 μl 0.025 μl 0.0125 μl 

CD14 100 5 μl 5 μl* 2.5 μl 1.25 μl 0.625 μl 

CD163 100 5 μl 5 μl* 2.5μl 1.25 μl 0.625 μl 

CD206 100 5 μl 5 μl* 2.5 μl 1.25 μl 0.625 μl 

IL-10 100 20 μl 20 μl* 10 μl 5 μl 2.5 μl 

Arginase-1 100 2 μl 2 μl* 1 μl 0.5 μl 0.25 μl 

* Optimal concentrations determined by flow cytometry. 
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