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Abstract
Rheumatoid arthritis (RA), the commonest inflamma-
tory arthritis, is a debilitating disease leading to func-
tional and social disability. In addition to the joints, RA 
affects several other tissues of the body including the 
muscle. RA patients have significantly less muscle mass 
compared to the general population. Several theories 
have been proposed to explain this. High grade inflam-
mation, a central component in the pathophysiology of 
the disease, has long been proposed as the key driver 
of muscle wasting. More recent findings however, indi-
cate that inflammation on its own cannot fully explain 
the high prevalence of muscle wasting in RA. Thus, the 

contribution of other potential confounders, such as 
nutrition and physical activity, has also been studied. 
Results indicate that they play a significant role in mus-
cle wasting in RA, but again neither of these factors 
seems to be able to fully explain the condition. Oxida-
tive stress is one of the major mechanisms thought to 
contribute to the development and progression of RA 
but its potential contribution to muscle wasting in these 
patients has received limited attention. Oxidative stress 
has been shown to promote muscle wasting in healthy 
populations and people with several chronic conditions. 
Moreover, all of the aforementioned potential contribu-
tors to muscle wasting in RA (i.e. , inflammation, nutri-
tion, and physical activity) may promote pro- or anti-
oxidative mechanisms. This review aims to highlight the 
importance of oxidative stress as a driving mechanism 
for muscle wasting in RA and discusses potential in-
terventions that may promote muscle regeneration via  
reduction in oxidative stress. 
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Core tip: Muscle wasting is common in rheumatoid 
arthritis (RA) and associates with significant health 
burden. To date several theories have been proposed 
to explain why RA patients loose muscle mass but the 
exact underlying mechanisms are not clear. Oxidative 
stress is a key driver of muscle wasting in the general 
population; however, its potential role in muscle wast-
ing in RA has not been studied. As it arises from this 
review, oxidative stress seems to contribute to muscle 
wasting in RA. Further research on the subject is war-
ranted, especially focusing on the underlying mecha-
nisms and potential interventions.
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INTRODUCTION
Rheumatoid arthritis (RA) is the most common inflam-
matory arthritis, with a prevalence of  approximately 1% 
in Europe and North America[1]. It is an autoimmune dis-
ease affecting mainly synovial joints[2] and associates with 
high-grade inflammation characterised by high levels of  
circulating pro-inflammatory cytokines, including tumour 
necrosis factor alpha (TNF-α), and the interleukins (IL) 
1 and 6. These cytokines are produced in the inflamed 
synovium and are implicated in joint swelling, pain, and 
eventually destruction[3]. As the condition progresses, 
patients very frequently lose their jobs[4], functional ability 
(movement)[1] and eventually their independence[5]. Apart 
from this physical and psychological personal burden, 
RA has significant costs for the health and social care 
system[6]. Thus, the efforts of  the scientific community 
have focused on the identification and elimination of  the 
potential causes of  RA as well as effective treatments. 
Despite significant therapeutic progress in recent years a 
cure remains elusive[1]. 

Apart from the joints, RA affects several other tissues 
of  the body leading to systemic involvement and signifi-
cant extra-articular manifestations[7]. It is these extra-ar-
ticular manifestations, and not RA itself, that significantly 
shorten the life of  RA patients and add extra layers of  
morbidity. Cardiac and vascular conditions are especially 
common among these patients. Heart disease in RA is 
both more prevalent and more likely to lead to death 
than in the general population[8]. The exact cause for this 
remains unknown, however genetic predisposition[9-12], 
classical cardiovascular disease risk factors[13,14] and the ef-
fects of  systemic inflammation on the vasculature[15,16] are 
all thought to contribute. Other extra-articular manifesta-
tions are observed in the skin, eyes, lungs, renal, nervous 
and gastrointestinal systems[17].

The reasons for the development of  such manifes-
tations are not fully understood. It is believed that the 
endocrine functions of  the pro-inflammatory cytokines 
(mainly TNF-α, IL-1 and IL-6) initiate a cascade of  de-
structive processes in distant tissues, with reactive oxygen 
species playing a central role in cell membrane destruc-
tion and cellular death[18].

OXIDATIVE STRESS IN RA
Free radicals and inflammation
Free radicals, such as reactive oxygen species (ROS), have 
been proposed to play a significant role both in the de-
velopment and progression of  inflammation, as well as 
its deleterious effects on cell structure and function at the 
site of  the inflammation and in distant tissues[19,20]. Free 
radicals, formed as by-products of  normal biological pro-
cesses - such as cellular metabolism in the mitochondrial 

electron transport chain and reperfusion injury - are high-
ly reactive agents that can cause physiological damage[21]. 
Free radicals can damage all cellular components such 
as lipids, proteins and DNA. In the general population, 
they are counterbalanced by effective antioxidant defence 
mechanisms. However, in inflammatory conditions these 
defence mechanisms seem to be weakened[22]. It is not 
clear which is the sequence of  events but it seems likely 
that inflammation reduces the anti-oxidant response, 
thereby increasing the accumulation of  free radicals[19]. 
These further activate pro-inflammatory nuclear path-
ways (specifically Activator Protein one - AP-1 and 
nuclear factor kappa b - NFkB) that transcribe cytokines 
and adhesion molecules involved in the modulation of  
inflammation[23] resulting in further production of  free 
radicals. Nitric oxide (NO) has a role in the regulation of  
vascular tone, superoxide free radical (O2·-) in fibroblast 
proliferation and hydrogen peroxide (H2O2) in the activa-
tion of  pro-inflammatory transcription factors. Other 
control mechanisms which may be perturbed in inflam-
mation include: the oxidative modification of  low density 
lipoprotein, the oxidative inactivation of  alpha-1-protease 
inhibitor, DNA damage, lipid peroxidation and heat 
shock protein formed with the activation of  neutrophil, 
nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase and endothelial cell xanthine dehydrogenase, 
which associate with oxidative stress and contribute sig-
nificantly to the inflammatory process[19,22,23].

Oxidative stress and RA activity
Oxidative stress is frequently reported in patients with 
RA. Cells present in inflamed joints (e.g., macrophages, 
neutrophils and lymphocytes), have the ability to pro-
duce free radicals[24,25]. These liberate superoxide radi-
cal, hydrogen peroxide, elastase, hypochlorus acid and 
eicosanoids[26]. Another source of  free radicals in RA is 
hypoxic reperfusion injury from elevated synovial cav-
ity pressure during joint movement. A fivefold increase 
in mitochondrial ROS production in whole blood and 
monocytes of  patients with RA compared with healthy 
subjects suggests that oxidative stress is a significant fac-
tor in RA[26]. 

Free radicals are implicated in joint damage both in-
directly (via increasing inflammation as described above) 
and directly. They can degrade joint cartilage, by attack-
ing proteoglycans (integral components of  structural 
tissues) and inhibiting proteoglycan synthesis[27]. Indeed 
in patients with RA, serum and synovial fluid contain 
end products of  lipid peroxidation which correlate with 
disease severity and activity[28]. In parallel, anti-oxidant 
capacity in patients with RA seems to be significantly re-
duced[29]. This low antioxidant status has been associated 
with low levels of  tocopherols, beta-carotene and retinols 
and low activities of  glutathione reductase and superox-
ide dismutase[26]. RA has also been linked to low levels of  
reduced glutathione- an intracellular antioxidant- in sy-
novial fluid T cells[30]. Reduced glutathione, is among the 
most prominent defences against reactive oxygen species. 
It is a substrate for glutathione peroxidases, several trans-
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ferases and several other enzymes and acts as a general 
radical quencher in cells by removing superoxide anions 
and hydrogen peroxide[26]. Serum concentrations of  anti-
oxidative vitamins A, C and E are also significantly re-
duced in RA[19,23,31].

MUSCLE WASTING IN RA
A significant but little studied extra-articular manifesta-
tion of  RA is rheumatoid cachexia (RC). RC is character-
ised by a high rate of  muscle mass and strength loss, typi-
cally with preservation or slight increase in fat mass[32]. 
RC differs from other forms of  cachexia such as those 
observed in cancer, chronic heart failure, kidney disease 
or chronic infection as it is rarely accompanied by a net 
weight loss[33]. RC also differs from sarcopenia (age-related 
reduction in muscle mass observed in the elderly) as it 
occurs at a younger age and muscle mass loss progresses 
at a substantially higher rate[34]. The prevalence of  RA in 
the United Kingdom is 0.8%[5]. The exact prevalence of  
RC is not known today as there is no consensus on its 
definition and assessment. However, at least 10%-20% of  
patients with controlled RA[35,36] and > 40% of  patients 
with active RA[37] suffer from muscle wasting. This makes 
it one of  the most common complications of  RA.

RC has been shown to associate with poorer disease 
outcomes including reduced quality of  life, more fatigue 
and increased overall morbidity and mortality[34,38,39], 
although the independent nature and directionality of  
many of  these associations remain uncertain and require 
further study. Low muscle mass also associates with 
dysmetabolic states such as insulin resistance and type 
II diabetes[40,41] and thus may be partly responsible for 
the increased cardiovascular risk observed in RA[33,35,42]. 
Inflammation associated with the disease is consistently 
identified as the potential cause of  these manifestations. 
Indeed, inflammatory cytokines produced at the site of  
the disease (i.e., the joints) have endocrine functions and 
act on distant tissues such as the muscle[43].

Mechanisms of muscle wasting in RA
Inflammation: High plasma concentrations of  the in-
flammatory cytokines implicated in RA pathophysiology 
(TNF-α, IL-1 and IL-6) are thought to trigger muscle 
wasting[34,44]. TNF-α-induced activation of  the classical 
NFkB pathway is now generally accepted to lead to inhi-
bition of  skeletal muscle differentiation and regeneration 
in a variety of  muscle diseases, although this has not been 
confirmed yet as a mechanism of  muscle wasting in RA 
patients. IL-1 among other cytokines has been shown 
to prevent the anabolic effect of  insulin growth factor 1 
(IGF-1) on myoblast differentiation, muscle protein syn-
thesis, and myogenin expression[44,45], while intravenous 
infusion of  IL-6 in healthy volunteers led to net muscle 
protein degradation in healthy individuals[46]. In RA pa-
tients, short term (3-6 mo) anti-TNF-α medication led 
to significant reduction of  disease activity but did not 
improve body composition and had no effect of  muscle 

mass[47,48] suggesting that cytokines might not be the most 
significant contributors to muscle wasting in RA. 

Physical inactivity: Physical inactivity is the strongest 
predictor of  fat mass in RA[49], while resistance exercise 
interventions may result in increased muscle mass and 
strength and partial reversal of  muscle wasting in patients 
with RA[50,51]. Therefore muscle wasting in RA seems 
to be a consequence of  a negative spiral between the 
metabolic and functional consequences of  inflammation 
which enhance muscle catabolism and the premature 
adoption of  an increasingly sedentary lifestyle in which 
the anabolic stimulus of  regular exercise is missing[49] 
with consequent increase in fat mass. In line with this 
hypothesis is the observation that obesity is a common 
feature of  RA and adds to the high risk for the metabolic 
syndrome and cardiovascular disease[34,52,53].

Adiposity: It is reasonable to assume that there are par-
allels between the mechanisms that lead to sarcopenia in 
healthy sedentary elderly individuals and the mechanisms 
that lead to muscle mass loss in RA patients. It is also rea-
sonable to assume that there are parallels between the im-
pact of  obesity on the rate of  sarcopenia and the poten-
tial role that obesity plays in the mechanisms that lead to 
muscle wasting in RA. An inherent consequence of  the 
adoption of  a sedentary life-style, without a reduction in 
energy intake, is a gradual increase of  the subcutaneous 
and visceral adipose tissue mass[54]. Adipose tissue (espe-
cially visceral) is a well-known source of  inflammation. 
In addition to adipocytes, pre-adipocytes and fibroblasts, 
up to 50% of  the cell mass in adipose tissue of  obese 
individuals are inflammatory cells such as monocytes and 
macrophages[55,56]. Adipocytes and macrophages both 
are a source of  inflammatory cytokines[55,56]. In addition, 
the large adipose tissue stores in obese individuals are a 
constant source of  lipolysis and lead to high circulatory 
concentrations of  fatty acids and triglycerides. High plas-
ma concentrations of  inflammatory cytokines, FA and 
triglycerides contribute to the insulin resistance of  skel-
etal muscle and its microvasculature[54-56] via mechanisms 
outlined below. 

Insulin resistance: The most striking change in skeletal 
muscle through a sedentary lifestyle is a reduction of  
the mitochondrial density[54] and, therefore, of  oxidative 
capacity of  blood-borne fatty acids (NEFA’s). Sedentary 
muscles also have a reduced capacity to oxidize the lipid 
droplets that are stored in the muscle in the vicinity of  
the mitochondria[54,57,58]. This, combined with an increased 
supply of  plasma fatty acids and triglycerides, leads to 
the accumulation of  fatty acid metabolites (long-chain 
fatty acyl-coenzyme A, diacylglycerols and ceramides). 
Both these fatty acid metabolites and the exposure of  the 
muscle to inflammatory cytokines activate serine kinases 
that lead to serine phosphorylation of  insulin receptor 
substrate 1 (IRS-1) and prevent downstream activation 
of  the insulin signalling cascade and, therefore, impair 
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or bed rest) in the general population[63]. Muscle atrophy 
from disuse is mainly attributed to oxidative stress, i.e., 
reduces anti-oxidant capacity and increased ROS produc-
tion[64,65]. Mitochondria are the site for excessive ROS 
production[65,66]; and ROS production, such as H2O2, is 
increased by up to 100% following 14 d of  limb immo-
bilization[67]. Moreover, xanthine oxidase and NADPH 
oxidase contribute but to a lesser degree to ROS produc-
tion in muscle disuse[68,69]. Similarly, lipid peroxidation has 
been shown to associate with muscle atrophy[70].

These affect the balance between protein synthesis 
and degradation[71,72]. Specifically, disturbed redox bal-
ance due to intramuscular ROS accumulation, such as 
that of  H2O2

[73,74], may activate transcriptional factors 
that increase expression of  apoptotic pathways, such as 
the NF-κβ pathway and Foxo leading to severe protein 
degradation[68,75]. Moreover, oxidative stress may activate 
calpain and caspase-3, further increasing proteolytic 
processes[68,76]. Oxidation of  muscle proteins themselves 
makes them susceptible to proteolytic damage[77]. 

ROS accumulation may also inhibit signalling path-
ways controlling protein synthesis[78,79]. It seems that ROS 
inhibit mRNA translation at an early stage; this reduces 
the ability of  senescent satellite cells to become active 
and infiltrate the muscle cell[79,80]. However, these stud-
ies where performed in cell cultures, and it is not clear if  
these processes also occur in vivo.

Aging and oxidative stress
Muscle wasting is commonly observed in the elderly, af-
fecting their quality of  life and independence[81]. Oxida-
tive stress has long been associated with aging related 
processes[82]. The elderly exhibit increased concentrations 
of  oxidative by-products compared to younger individu-
als[83,84]. In normal aging, ROS participate in a number 
of  processes aiding the transmission of  signals within 
the muscle and affect gene expression[85,86]. As is the case 
with disuse atrophy, in aging mitochondria are also the 
main site for ROS production. Aging mitochondria seem 
to produce larger amounts of  ROS, and especially H2O2, 
compared to younger ones[87]. The wasting effect of  H2O2 
seems to be mediated by the presence of  the Copper and 
Zinc containing superoxide dismutase (Cu,ZnSOD)[88,89]. 
Cu,ZnSOD has been shown to decrease with aging[90]. 
In animal studies, SOD1 (gene encoding Cu,ZnSOD) 
knockout mice exhibited a form of  rapid muscle wasting 
with similar characteristics to that of  aging, including oxi-
dative stress and weakness[91]. 

PREVENTION OF OXIDATIVE STRESS IN 
RA
Nutritional interventions
The vast majority of  studies in this field have focused 
on the use of  exogenous anti-oxidative agents, such as 
the administration of  vitamins (A, C, E) and omega-3 
fatty acids. Vitamin E seems to uncouple joint inflamma-
tion and joint destruction in the transgenic KRN/NOD 

glucose transporter type 4 translocation and glucose up-
take[58]. Insulin resistance (IR) also leads to an imbalance 
between protein synthesis and degradation[59] and is a 
major cause of  the muscle mass loss in sedentary obese 
elderly individuals. 

Endothelial dysfunction: The overload of  the muscle 
with fatty acids, triglycerides and inflammatory cyto-
kines also leads to major impairments in its associated 
vasculature. The endothelial cells that cover the luminal 
wall of  feeding arteries, resistance arteries, and terminal 
arterioles (which control blood supply to the capillaries) 
normally dilate if  they are exposed to meal-induced in-
creases in insulin concentration[54,60]. Insulin in endothelial 
cells activates the enzyme eNOS [endothelial nitric oxide 
(NO) synthase] and the resultant NO leads to dilation of  
the smooth muscle layer in arteries and arterioles. This 
mechanism ensures that in the period after meal ingestion 
maximal amounts of  glucose, amino acids and insulin are 
channelled to the muscle to maximize glucose uptake, 
increase protein synthesis and reduce protein degrada-
tion[54,60]. Vascular overload with lipids and inflammatory 
cytokines also leads to endothelial IR and reduces the 
supply of  blood and nutrients to muscles of  obese indi-
viduals[54,60].

POTENTIAL ROLE OF OXIDATIVE 
STRESS IN MUSCLE WASTING IN RA
To our knowledge, there is no study today investigating 
the associations of  oxidative stress with muscle wast-
ing in RA. However, there are numerous reports in the 
general population and several other conditions showing 
that oxidative stress may be a very important underlying 
mechanism that drives muscle wasting. 

Endothelial function and oxidative stress
Experiments in obese Zucker rats and incubated endo-
thelial cells have shown that high concentrations of  long-
chain fatty acylCoA and diacylglycerol activate protein 
kinase C (PKC)-β in aortic endothelium[61] and prevent 
insulin-induced activation of  IRS-1, Akt, eNOS phos-
phorylation and increases in NO production. A high 
lipid and cytokine load (via PKC-activation) also leads 
to induction of  NADPH oxidase in the vasculature of  
patients with the metabolic syndrome, hypertension or 
cardiovascular disease[54]. High NADPH oxidase activ-
ity will lead to excess production of  superoxide anions 
(O2-) which will scavenge NO thereby reducing basal and 
insulin-induced NO-production. Superoxide anions react 
with NO resulting in the formation of  peroxynitrite and 
reducing the amount of  NO available for vasodilation[62]. 

Muscle disuse and oxidative stress
Physical inactivity, in a population with constantly high 
grade inflammation, such as those with RA, may lead to 
significant intramuscular accumulation of  ROS, as is the 
case for muscle disuse (e.g., due to limb immobilization 
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mouse model of  RA, with a beneficial effect on joint 
destruction[92]. Some studies have even attributed thera-
peutic value to antioxidant supplementation as they re-
ported better control[93] and improvement of  RA-related 
symptoms[94]. Dietary interventions have been suggested 
to improve plasma levels of  vitamin C, retinol and uric 
acid, which inversely correlate with variables related to 
disease activity[95]. Moreover, proper dietary antioxidant 
nutrient intake may reduce generation of  free radicals 
and improve antioxidant status in RA patients[96]. Finally, 
intake of  certain antioxidant micronutrients particularly 
beta-cryptoxanthine, supplemental zinc, and possibly diet 
in fruits and cruciferous vegetables have been suggested 
to protect against the development of  RA[97]. 

Increasing anti-oxidant capacity in RA is a very at-
tractive and potentially effective intervention. In current 
clinical practice, vitamin and micronutrient supplementa-
tion is frequently prescribed. However, we now know, 
that polypharmacy (prescription of  a large number of  
medications) is one of  the most significant reasons why 
patients forget to take their pills[98]. However, the most 
important question concerning use of  antioxidants, is 
that of  suicidal oxidative stress[19]. In certain conditions, 
such as presence of  transition metals, antioxidants can act 
as pro-oxidants[99]. Similarly, high concentrations of  anti-
oxidants can cause the cell to undergo severe oxidative 
stress ultimately resulting in suicidal cell death[100].

Medication 
In very recent years, the anti-oxidant potential of  an-
tiTNF therapy has also been investigated. Infliximab 
plays an essential role as an anti-oxidative agent against 
advanced glycation end-product formation, oxidative 
DNA damage and lipid peroxidation[101], whereas etan-
ercept acts as a regulator against pentosidine formation, 
oxidative DNA damage, and lipid peroxidation in RA 
patients[102]. 

Exercise and oxidative stress
In the general population, exercise has been shown to in-

crease anti-oxidant capacity. Working via the physiological 
concept of  hormesis (an ancient practice where the induc-
tion of  a sub-lethal dose of  toxin was used to increase tol-
erance of  the organism to withstand higher doses of  tox-
ins) acute exercise increases free radical production[103], in 
a dose-response fashion (i.e., increasing intensity, increases 
free radical production). This exercised-induced increase 
in free radicals is due to the increased electron leak from 
the mitochondria as well as the alterations in blood flow 
and oxygen supply that occur in response to exercise[104,105].

However, it has been consistently observed that 
trained individuals have high levels of  antioxidant en-
zymes and certain nonenzymatic antioxidants in mus-
cle[106] and demonstrate greater resistance to exercise-
induced or -imposed oxidative stress[107,108]. Most likely, 
these adaptations result from cumulative effects of  
repeated exercise bouts on the gene expression of  anti-
oxidant enzymes. However, the attenuation of  oxidative 
stress by exercise is reduced in the aging muscle, warrant-
ing concomitant nutritional supplementation with anti-
oxidants to elicit the greatest potential benefits[109]. 

EXERCISE IN RHEUMATOID ARTHRITIS
Exercise is a useful tool, with constantly increasing clini-
cal relevance to several conditions. In recent years, a large 
number of  studies have investigated the safety of  differ-
ent exercise modalities in RA. Despite the common mis-
conception that it may increase joint pain and damage, 
all of  the studies indicate that properly designed exercise 
interventions are safe and beneficial for RA patients[110]. 
de Jong et al[111-113] have investigated the safety of  inten-
sive aerobic exercise (in the form of  cycling) in > 200 
RA patients; they concluded that all patients were able to 
achieve the pre-determined intensity targets. However, 
they pointed out that patients with severe joint damage 
may need attention[114]. Along similar lines, resistance 
training improved body composition and muscle mass 
without any adverse effects on disease activity[50]. Finally, 
we have recently completed a randomised trial looking at 
the effects of  intensive aerobic exercise on cardiovascular 
risk factors in RA patients[115]. From these and other stud-
ies[116-120], it is clear that exercise is a safe intervention for 
RA patients and its use in the clinical setting is gaining 
significant support. Moreover, it is evident that exercise 
is able to reverse muscle wasting and increase muscle 
mass in RA patients. Indeed, the regenerative capacity 
of  the RA muscle seems to be unaffected as the number 
of  satellite cells (muscular stem cells that are utilised for 
muscular regeneration) present in it are preserved[121] but 
the stimulus for their activation (i.e., exercise) is absent. 

CONCLUSION
The role of  oxidative stress in muscle wasting has been 
clearly demonstrated in several studies. However, to date 
there is no study looking at this in RA patients. We sug-
gest that there is significant scope for such research in 
RA as the potential mechanisms by which oxidative stress 
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Further activation of
AP-1 and NFkB

Increased production of
ROS

Medication

Reduced anti-inflammatory 
capacity

Exercise and 
supplementation

Figure 1  Hypothesis: Inflammation reduces anti-oxidant capacity which 
increases reactive oxygen species concentration, further activating pro-
inflammatory pathways, entering the body into a vicious circle. Control of 
inflammation via medication might increase anti-inflammatory capacity of the 
body while exercise and supplementation may lead to increased anti-oxidant ca-
pacity both resulting in reduced oxidative stress and preserve muscle mass. ROS: 
Reactive oxygen species. AP: Activator protein; NFkB: Nuclear factor kappa b.
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drives muscle wasting have been already described in 
other populations. Identification of  specific mechanisms 
induced by RA-associated inflammation could signifi-
cantly aid towards improvement of  pharmacological and 
non-pharmacological interventions aiming to counteract 
oxidative stress in RA. In addition to effective control of  
inflammation via medication, exercise and nutrition may 
prove significant aids towards the reduction of  oxidative 
stress (Figure 1).
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