
Rheumatoid Arthritis 
Treatment

Edited by Andrew B. Lemmey

Edited by Andrew B. Lemmey

The purpose of this book is to provide up-to-date, interesting, and thought-provoking 
perspectives on various aspects of research into current and potential treatments 
for rheumatoid arthritis (RA). This book features 17 chapters, with contributions 

from numerous countries (e.g. UK, USA, Canada, Japan, Sweden, Turkey, Bosnia and 
Herzegovina, Slovakia), including chapters from internationally recognized leaders 

in rheumatology research. It is anticipated that Rheumatoid Arthritis - Treatment 
will provide both a useful reference and source of potential areas of investigation for 
research scientists working in the field of RA and other inflammatory arthropathies.

Photo by Astrid860 / iStock

ISBN 978-953-307-850-2

R
heum

atoid A
rthritis - Treatm

ent



RHEUMATOID ARTHRITIS – 
TREATMENT 

 
Edited by Andrew B. Lemmey 

 
  

INTECHOPEN.COM



RHEUMATOID ARTHRITIS – 
TREATMENT 

 
Edited by Andrew B. Lemmey 

 
  

INTECHOPEN.COM



Rheumatoid Arthritis - Treatment
http://dx.doi.org/10.5772/2303
Edited by Andrew B. Lemmey

Contributors

Andrew B Lemmey, Aisha Siddiqah Ahmed, Hui Sun, Daniel Leong, Etsuo Chosa, Hiroaki Hamada, Toshiyuki Ohkura, 
Jasna Kusturica, Nedžad Mulabegović, Maida Todić-Rakanović, Fahir Bečić, Asija Začiragić, Selma Škrbo, Lejla 
Burnazović-Ristić, Mirjana Mijanović, Svjetlana Loga-Zec, Aida Kulo, Yasuhiko Hirabayashi, Rebecca Bader, Koichiro 
Komiya, Nobuki Terada, Yoshikazu Mizoguchi, Harumoto Yamada, Tomoyuki Nishizaki, Takeshi Kanno, Sylvain 
Bourgoin, Chenqi Zhao, Maria J. Fernandes, Katarína Bauerova, Silvester Ponist, Radomír Nosál, Mária Stancíková, 
Jozef Rovenský, Theodore K. Marras, MD, MSc, Sarah K. Brode, MD, John Kirwan, Hussein Al-Mossawi, Rebecca-Jane 
Law, Peter Maddison, David Markland, Jeanette Thom, Kim Midwood, Theresa Page, Alper Okyar, Sevgi Gungor, Yildiz 
Ozsoy, Chenchen Wang

© The Editor(s) and the Author(s) 2012
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2012 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Rheumatoid Arthritis - Treatment
Edited by Andrew B. Lemmey

p. cm.

ISBN 978-953-307-850-2

eBook (PDF) ISBN 978-953-51-6720-4



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

4,000+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

116,000+
International  authors and editors

120M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Dr. Andrew B. Lemmey, BSc (Hons), MA, PhD, is a clin-
ical exercise physiologist in the School of Sport, Health 
and Exercise Sciences at Bangor University in the UK 
He has a 14 year background in leading groundbreaking 
research into restoring physical function and attenuating 
disabilities in patients with rheumatoid arthritis (RA). 
His expertise in this field was recognized by the Ameri-

can College of Sports Medicine, who invited him to author the chapter on 
arthritis in their influential text “Clinical Exercise Physiology (3rd Ed.)” 
(Human Kinetics). Dr. Lemmey has over 50 peer-reviewed publications, 
is a regular speaker at international conferences, and is a member of the 
British Society for Rheumatology. After gaining his PhD from the Univer-
sity of Adelaide, Dr. Lemmey was a post-doctoral research fellow at Cam-
bridge and Bristol prior to accepting his current academic post at Bangor.



 
 

 

 
 

 
 
Contents 
 

Preface IX 

Part 1 DMARDs (Disease Modifying Anti-Rheumatic Drugs) and 
NSAIDs (Non-Steroidal Anti-Inflammatory Drugs) 1 

Chapter 1 The Clinical Role of Glucocorticoids in the  
Management of Rheumatoid Arthritis 3 
Hussein Al-Mossawi and John R. Kirwan 

Chapter 2 Novel Formulation Approaches for Dermal and Transdermal 
Delivery of Non-Steroidal Anti-Inflammatory Drugs 25 
Alper Okyar, Yıldız Özsoy and Sevgi Güngör 

Part 2 Biologics 49 

Chapter 3 The Role of Tocilizumab in the Treatment 
of Rheumatoid Arthritis 51 
Yasuhiko Hirabayashi 

Chapter 4 Mycobacterial Infections Associated 
with TNF-α Inhibitors 71 
Sarah K. Brode and Theodore K. Marras  

Chapter 5 Expression of Tumor Necrosis Factor-Alpha (TNF-
TNF-Converting Enzyme and Matrix Metalloproteinase-3 
in SAPHO Syndrome Synovium - A Rare Case Accompanied 
by Acrodermatitis Continua of Hallopeau: A Case Report  
and Review of Anti-TNF-Therapy 93 
Koichiro Komiya, Nobuki Terada, Yoshikazu Mizoguchi  
and Harumoto Yamada 

Part 3 Potential Treatments 109 

Chapter 6 The Development of Targeted Drug Delivery Systems for 
Rheumatoid Arthritis Treatment 111 
Rebecca A. Bader 



Contents 

Preface XI 

Part 1 DMARDs (Disease Modifying Anti-Rheumatic Drugs) and 
NSAIDs (Non-Steroidal Anti-Inflammatory Drugs) 1 

Chapter 1 The Clinical Role of Glucocorticoids in the 
Management of Rheumatoid Arthritis 3 
Hussein Al-Mossawi and John R. Kirwan 

Chapter 2 Novel Formulation Approaches for Dermal and Transdermal 
Delivery of Non-Steroidal Anti-Inflammatory Drugs 25 
Alper Okyar, Yıldız Özsoy and Sevgi Güngör 

Part 2 Biologics 49 

Chapter 3 The Role of Tocilizumab in the Treatment 
of Rheumatoid Arthritis 51 
Yasuhiko Hirabayashi 

Chapter 4 Mycobacterial Infections Associated 
with TNF-α Inhibitors 71
Sarah K. Brode and Theodore K. Marras 

Chapter 5 Expression of Tumor Necrosis Factor-Alpha (TNF-
TNF-Converting Enzyme and Matrix Metalloproteinase-3 
in SAPHO Syndrome Synovium - A Rare Case Accompanied 
by Acrodermatitis Continua of Hallopeau: A Case Report  
and Review of Anti-TNF-Therapy 93 
Koichiro Komiya, Nobuki Terada, Yoshikazu Mizoguchi 
and Harumoto Yamada 

Part 3 Potential Treatments 109 

Chapter 6 The Development of Targeted Drug Delivery Systems for 
Rheumatoid Arthritis Treatment 111 
Rebecca A. Bader 



X Contents

Chapter 7 Proteasome Targeted Therapies in 
Rheumatoid Arthritis 133 
Aisha Siddiqah Ahmed 

Chapter 8 Enkorten – A Potential Drug for the 
Treatment of Rheumatoid Arthritis 155 
Nedžad Mulabegović, Jasna Kusturica, Maida Todić-Rakanović, 
Mirjana Mijanović, Fahir Bečić, Asija Začiragić, Selma Škrbo, 
Lejla Burnazović-Ristić, Aida Kulo and Svjetlana Loga-Zec  

Chapter 9 Role of Adrenomedullin in Patients with 
Rheumatoid Arthritis 173 
Etsuo Chosa, Hiroaki Hamada and Toshiyuki Ohkura 

Chapter 10 Targeting the Metabolism and Receptors of Sphingosine-1-
Phosphate for the Treatment of Rheumatoid Arthritis 195 
Sylvain G. Bourgoin, Chenqi Zhao and Maria J. Fernandes 

Chapter 11 Targeting DAMP Activation of Toll-Like Receptors: 
Novel Pathways to Treat Rheumatoid Arthritis? 211 
Theresa H. Page and Kim S. Midwood 

Chapter 12 Modern Pharmacological Approaches to Therapies: 
Substances Tested in Animal Models of  
Rheumatoid Arthritis 233 
Katarina Bauerova, Silvester Poništ, Radomir Nosaľ, 
Maria Stančikova and Jozef Rovensky 

Chapter 13 Resveratrol: A Candidate Drug for 
Treating Rheumatoid Arthritis 269 
Tomoyuki Nishizaki and Takeshi Kanno 

Part 4 Exercise and Alternative Therapies 285 

Chapter 14 Resistance Training for Patients with Rheumatoid 
Arthritis: Effects on Disability, Rheumatoid Cachexia, and 
Osteoporosis; and Recommendations for Prescription 287 
Andrew B. Lemmey 

Chapter 15 Molecular Effects of Exercise in Rheumatoid Arthritis 311 
Daniel J. Leong and Hui B. Sun 

Chapter 16 Perceptions Relating to Exercise in 
Rheumatoid Arthritis 331 
Rebecca-Jane Law, David Markland, Peter Maddison 
and Jeanette M. Thom  

Chapter 17 Complementary and Alternative Medicine in 
the Treatment of Rheumatoid Arthritis 351 
Chenchen Wang 



  
 
 

 
 
 
Preface 
 

Rheumatoid arthritis (RA) is a chronic, autoimmune, inflammatory arthritis, which 
features destruction of synovial joints, systemic inflammation, functional disability, 
reduced quality of life, and increased morbidity and mortality. It is relatively common, 
having a world-wide prevalence of between 0.5-2%, and is associated with huge social 
and economic costs. Consequently, it is the most important of the inflammatory 
arthritides. 

The aim of Rheumatoid Arthritis - Treatment is not to provide a comprehensive 
commentary on RA (several of these are already in publication), but rather to provide 
interesting, thought-provoking, and up-to-date perspectives on a variety of aspects of 
current research into this condition. In taking this approach, Rheumatoid Arthritis - 
Treatment includes topics not usually covered by conventional publications. As such, it 
is an ideal reference and source of inspiration and direction for investigators, whatever 
their level, in the challenging and exciting field of rheumatology research. 

This book is sectioned into: “DMARDs (Disease Modifying Anti-Rheumatic Drugs) 
and NSAIDs (Non-Steroidal Anti-Inflammatory Drugs)” (chapters 1-2), “Biologics” 
(chapters 3-5), “Potential Therapies” (chapters 6-13), and “Exercise and Alternative 
Therapies” (chapters 14-17).  

The editor would like to thank the chapter authors for their excellent contributions, 
and extend to them the wish that their current and future research endeavors are 
fruitful. Special thanks are also given to Anja Filipovic and other InTech staff for their 
expert editorial assistance in publishing this book. 

RA is an exciting condition to investigate. Hopefully, this book will help to advance 
research into the mechanisms and treatment of the disease. 

 
Dr. Andrew B. Lemmey 

School of Sport, Health & Exercise Sciences 
College of Health & Behavioral Sciences 

Bangor University 
UK 
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The Clinical Role of Glucocorticoids in the 
Management of Rheumatoid Arthritis 

Hussein Al-Mossawi and John R. Kirwan 
Academic Rheumatology Unit, Bristol Royal Infirmary, Bristol 

 UK 

1. Introduction 
In 1949 Hench & Kendall published the first report of a treatment that was to revolutionise 
the management of rheumatoid arthritis (RA) (Hench & Kendall, 1949) and indeed, much of 
medicine. Their work was based on the observation that RA seemed to improve in patients 
who were pregnant or jaundiced. The adrenal cortex extract they used contained the 
hormone 17-hydroxy-11-dehydrocorticosterone, and they set the scene for the use of 
glucocorticoid (GC) therapy in the management of RA. In the 62 years since that seminal 
publication, our knowledge of the mechanisms of action of GC has increased markedly. The 
extent of GC use has ebbed and flowed because of concerns about adverse effects and in the 
light of the subsequent discovery of new anti rheumatic agents, but nevertheless the role of 
GC in the clinic has endured and around 10 million new prescriptions for oral GC are 
written each year in the USA alone (Schäcke et al, 2002) 
In recent years the importance of GC in preventing long term joint erosions has been 
confirmed (Kirwan et al., 1995). Today they are seen as an important “disease modifying” 
agent in their own right and are recommended by the UK National Institute for Health and 
Clinical Excellence (NICE) for the early treatment of rheumatoid arthritis (Rudolph, 2009). 
Moreover, they remain an effective clinical tool for achieving short term control of disease 
flares especially in high doses administered intravenously. Their use in intra-articular 
injections is also a mainstay for targeting disease flares in particular joints and thus GC 
continue to form an important part of the therapeutic armoury of rheumatological practice 
(van Vollenhoven, 2009).  
The main clinical problem associated with the use of GC is the numerous adverse effects. 
The most serious of these include the development of glucose resistance or in some 
instances type 2 diabetes. Other important adverse effects include hypertension, 
osteoporosis, skin changes, sleep disturbance, weight gain and changes to body fat 
distribution (Schäcke et al., 2002). This wide spectrum of actions reflects the many 
physiological roles of endogenous GC.  
As our knowledge of the action of GC increases, we can begin to tackle the two key 
challenges that lie ahead. Firstly, how can the benefits of these drugs be utilised while 
minimising their many adverse effects. Secondly, is it possible to identify a distinct subset of 
patients with inflammatory disorders who are resistant to GC. Apart from RA, clinical GC 
resistance can be found in a range of inflammatory conditions including asthma, 
inflammatory bowel disease and uveitis (Barnes & Adcock, 2009). GC-resistant disease is the 
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cause of considerable morbidity, as affected individuals are subject both to the adverse 
sequelae of on-going inflammation, and the systemic adverse effects of GC. The mechanisms 
underlying this phenomenon are becoming more apparent and understanding and 
overcoming GC resistance in a subset of RA patients may offer further insight into the 
pathophysiology of RA itself.  

2. Glucocorticoid use in rheumatoid arthritis 
GC are still widely used in the management of RA and between 25-75% of patients with RA 
are treated more or less continuously with GC (Johannes et al., 2010). They are used in high 
doses (including intra-articular injection which provides a high dose to the synovium) to 
rapidly control acute disease flares. Moreover, the anti-inflammatory effects of lower dose 
GC can also be beneficial for a large number of patients especially when starting standard 
disease modifying anti-rheumatioc drugs (DMARDs) which often take weeks to months to 
have their full effect. Whether this anti-inflammatory effect persists in the long term over 
and above that achieved by standard DMARDs is a matter of debate.  
The most recently confirmed  role of GC is their use in preventing long term joint erosions 
as measured through radiological progression. In the last 10-15 years this observation 
(Kirwan et al., 2007) has put GC firmly back on the map as effective disease modifying 
agents in their own right. 

2.1 High dose short term therapy 
The use of high dose GC therapy to control life threatening complications of rheumatic 
diseases such as rheumatoid vasculitis is widespread. Intravenous methyprednisolone is 
often used in “pulsed therapy” at doses of around 1000mg. At these doses all GC receptors 
are saturated and there are undoubtedly non-genomic effects as discussed later in this 
chapter (Tyrrell & Baxter, 1995).  
The necessity of such high doses in clinical practice remains a matter for debate due to the 
lack of large randomized controlled trials in rheumatoid arthritis which specifically address 
this question. The practice has been inherited largely from success in managing life 
threatening systemic lupus erythematosus and from transplant rejection rescue. In the 
clinical setting however, such doses seem to be successful and this success is captured in 
small non controlled and retrospective trials (Jacobs et al., 2001; Weusten et al., 1993). These 
small trials also demonstrate that short term pulsed therapy is relatively safe but there 
remains the concern over significant infection from profound immunosupression. A review 
by Badsha et al in 2003 suggested that lower (but still high) doses may be just as effective 
(Badsha & Edwards, 2003). 

2.2 Anti-Inflammatory effects of low dose therapy 
GC therapy is often initiated shortly after diagnosis in RA usually in combination with 
disease modifying agents. Many patients find GC to be very effective in controlling their 
symptoms and continue the therapy long term. A recent Cochrane review confirmed the 
effectiveness of low dose (<15mg per day) GC therapy compared to traditional NSAIDs 
and placebo. It analysed 10 studies with 320 patients and the overall results showed an 
improvement in all parameters with GC therapy. These included pain scales, joint scores, 
morning stiffness, fatigue and improvement in acute phase reactant levels (Criswell et al., 
2000; Gotzsche & Johansen, 2004). The therapeutic benefit is much greater than that of 
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other anti-inflammatory treatments, with an effect size of about 1.25. However, these 
results do not seem to be sustained in most patients after 6 to 12 months. In practice some 
patients are unable to completely come off GC therapy as they experience a recurrence of 
symptoms. 

2.3 Role of low dose glucocorticoids in prevention of joint erosions 
The first report of the disease modifying effects of long term low dose glucocorticoids was in 
1995. The Arthritis and Rheumatism Council Low Dose Glucocorticoid Study was a double 
blind placebo controlled trial which studied the effects of 7.5mg of prednisolone (in addition 
to standard therapy for RA ) on radiographic joint erosions. The results showed a significant 
benefit in the prednsiolone group but no statistically significant difference in adverse events 
between treatment and placebo (Kirwan et al., 1995). This observation again confirms that 
low dose GC is relatively safe in clinical practice and in this case the risk versus harm 
balance clearly falls in favour of treatment with GC. 
There are now 14 randomised controlled trials included in a Cochrane meta-analysis 
(Kirwan et al., 2007) which concludes that low dose GC therapy in addition to standard 
therapy in rheumatoid arthritis significantly reduces the rate of joint erosions (Fig 1). The 
doses needed to achieve these effects are modest and hence associated with less adverse 
effects. Even in studies of patients not taking other conventional DMARDs alongside GC, 
the average reduction in the rate of joint progression was 70%. 
 

 
Fig. 1. Summary of data from Cochrane meta-analysis  (Kirwan et al., 2007) 

Subsequent analysis of longer term follow up data from some of these studies shows that 
the anti-erosive effects of GC persist several years after the treatment has been discontinued 
(Fig 2). In particular the data from the COBRA trial which compared sulphasalazine alone 
with combination sulphasalazine, methotrexate and a tapering dose of prednisolone showed 
anti-erosive benefits at 5 years in the GC group, long after the GC had been discontinued 
(Landew et al., 2002). The Uterecht trial (Johannes et al., 2006) which looked at the effects of 
10mg prednisolone in a DMARD naïve group of patients also demonstrated a significant 
reduction in radiological joint progression at 2 years which was sustained at 5 years (2 years 
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after discontinuation of the prednisolone). This continued benefit of GC in preventing joint 
erosions long after their anti-inflammatory benefits have subsided is noteworthy. There is 
increasingly an appreciation in the literature for several simultaneous pathogenic processes 
taking place in the RA joint. In particular joint erosions and synovitis seem to be two distinct 
processes and their apparent dissociation in the case of GC therapy is therefore not 
surprising (Kirwan, 2004). 
 

 
Fig. 2. X-ray progression after stopping trial therapy 

2.4 Adverse effects of glucocorticoids in rheumatology practice 
In 2007 Hoes et al published the EULAR evidence-based recommendations on the 
management of systemic GC therapy in rheumatic diseases (Hoes et al., 2007). The table of 
their key recommendations is reproduced below (Fig 3) but as part of their review process 
they quantified the incidence of reported adverse events in the glucocorticoid treated arms 
from 18 studies which included 963 patients taking 30mg or less of prednisolone (or 
equivalent) for the treatment of rheumatic diseases. The average dose across all studies was 
8mg of prednisolone and the mean duration of follow up was 19.6 months. The results (Fig 
4) are reported as adverse events per 100 patient years and provide an overview of the types 
of adverse events reported in GC use at these doses. (Not all these will actually be 
attributable to GC). 
An important point to note when considering cardiovascular and osteoporotic fracture risk 
in the context of GC use is the underlying risk posed by the inflammatory disease itself. It 
has been shown that chronic inflammatory conditions are associated with an increased 
fracture risk and bone mineral density loss (Cooper et al., 1995; Staa et al., 2006; Hoff et al., 
2007). Moreover, the increased cardiovascular risks associated RA and other inflammatory 
conditions are now very well established (Peters et al., 2010). Clearly the relationship 
between the beneficial effects of GC in controlling inflammation which, drives adverse 
events in these settings, and the GC contributions to the above risks are quite complex.  
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Proposition 
Strength of 

Recommendation 
(0-100 VAS) 

The adverse effects of GC therapy should be considered and discussed 
with the patient before GC therapy is started

92 

 This advice should be reinforced by giving information regarding 
GC management
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comedication with non-steroidal anti inflammatory drugs
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For prolonged treatment, the GC dosage should be kept to a minimum, 
and a GC taper should be attempted in case of remission or low disease 
activity; the reasons to continue GC therapy should be regularly checked
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During treatment, patients should be monitored for body weight, blood 
pressure, peripheral oedema, cardiac insufficiency, serum lipids, blood 
and/or urine glucose and ocular pressure depending on individual 
patient’s risk, GC dose and duration
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If a patient is started on prednisone >7.5 mg daily and continues on 
prednisone for more than 3 months, calcium and vitamin D 
supplementation should be prescribed
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 Antiresorptive therapy with bisphosphonates to reduce the risk of 
GC-induced osteoporosis should be based on risk factors, including 
bone-mineral density measurement
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Patients treated with GC and concomitant non-steroidal anti-
inflammatory drugs should be given appropriate gastro-protective 
medication, such as proton pump inhibitors or misoprostol, or 
alternatively could switch to a cyclo-oxygenase-2 selective inhibitor
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All patients on GC therapy for longer than 1 month, who will undergo 
surgery, need perioperative management with adequate GC replacement 
to overcome potential adrenal Insufficiency

93 

  

GC during pregnancy have no additional risk for mother and child 87 
  

Children receiving GC should be checked regularly for linear growth and 
considered for growth-hormone replacement in case of growth impairment

93 

Fig. 3. Summary of EULAR recommendations for the use of GC in rheumatological practice. 
(VAS=visual analogue score) 
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Indeed a cohort study examining the interaction between GC therapy and cardiovascular 
risk in RA showed GC therapy to be associated with an increased risk only if patients were 
rheumatoid factor (RF) positive (Davis et al., 2007). In fact in RF negative patients GC were 
not associated with increased risk regardless of the cumulative dose and indeed showed a 
trend towards being protective.  
 
Type of Adverse Event Median:(25th-75th 

percentiles) 
AEs per 100 patient years 

Cardovascular 
(dyslipidemia, oedema, hypertension, heart failure) 

15 (3-28) 

Infectious (viral, bacterial, skin infections) 15 (3-15) 

Gastrointestinal (peptic ulcer, pancreatitis) 10 (4-20) 

Psychological and behavioural  
(minor mood disturbance, psychosis) 

9 (2-236) 

Endocrine and metabolic 
(glucose intolerance, diabetes, fat redistribution) 

7 (3-34) 

Dermatological (cutaneous atrophy, acne, hirsutism, alopecia) 5 (2-80) 

Musculoskeletal (osteoporosis, osteonecrosis, myopathy) 4 (3-9) 

Ophthalmological (glaucoma, cataract) 4 (0-5) 

Fig. 4. Reported adverse events in GC treated patients with rheumatological diseases. 

In summary, GC are widely used in the management of RA and rheumatologists have over 
60 years experience in their use. At low doses they act as to reduce the symptoms of RA in 
the first 6 to 12 months but in addition, their use early in the disease process substantially 
slows the progression of joint destruction and results in less disability in the long term. 
Remarkably this joint protective effect seems to be sustained years after GC are discontinued 
and for this reason GC can both be considered to be true “disease modifying” anti-
rheumatic drugs (Bijlsma et al., 2010) and to have some kind of effect on the underlying long 
term disease process. At higher doses they are effective in treating severe and life 
threatening flares of disease. Adverse effects remain a significant problem but in the balance 
of risk versus benefit, GC (especially at lower doses) can be considered relatively safe. The 
summary of the EULAR recommendations in GC use are reproduced below and are a useful 
tool for clinicians to refer to in their daily practice.  

3. Mechanism of action of GC 
A better understanding of the mechanisms of GC action is crucial for understanding how to 
utilise these drugs more effectively in the clinical setting while minimising their adverse 
effects. In general terms the mechanisms of action can be divided into genomic and non-
genomic. The genomic actions of GC are medicated through gene transcription and take 
hours to days to occur while the non-genomic actions are more rapid (Fig 5). 
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3.1 Genomic mechanisms  
GC have a lipophilic structure and low molecular mass. They therefore pass easily through 
the cell membrane and exert their effects mainly through binding with the glucocorticoid 
receptor (GCR) in the cytoplasm (Rhen & Cidlowski, 2005). There are two isoforms of the 
GCR, α and β. GCR-α is the biologically active form of the receptor and mediates the 
intracellular effects of GC. GCR-β is an alternativley spliced form which may act as 
dominant neagtive inhibitor of GC action (Lewis-Tuffin, 2006). Over expression of GCR-β 
may be implictaed in GC resistance as will be discussed later in this chapter. 
The GCR-α in the cytoplasm is associated with various heat shock proteins (HSPs) including 
HSP40, HSP56, HSP 70 and HSP90 (McLaughlin & Jackson, 2002) which are released when 
the receptor binds to GC After binding, the complex translocates to the neucleus where it 
exerts its effects on gene transcription (Davies et al., 2002). At the neucleus GCRs 
homodimerise and bind to GC response elements (GREs) in the promoter region of the 
target genes and lead to activation or inhbition of gene transcription. In addition the DNA 
bound GCR can also directly bind transcription co-activator molecules and exert further 
actions this way (Barnes, 2006). 
In activated inflammatory cells there is an additional route for GC action. This is because 
inflammatory stimuli ultimately lead to the activation of neuclear factor κB (NFκB) which 
binds to specific κB recognition sites on promoter regions of inflammatory genes in addition 
to coactivators such as cyclic AMP response element binding protein (CBP). The coactivators 
cause acetylation of core histones which leads to their unravelling and opens up the genes 
for transcription. Activated GCRs and the HSPs that are released when the GC binds to the 
receptor inhibit this effect directly by binding the coactivators and recruiting histone 
deacetylase (HDAC) 2 which inhibits acetylation (Rhen & Cidlowski, 2005). GC also switch 
on the transcription of certain genes including mitogen-activated protein (MAP) kinase 
phosphatase 1 (MKP1) hence inhibiting the MAP kinase pathway which is involved in 
proinflammatory gene transcription (Clark, 2003). The existence of this pathway has led to a 
search for ways of enhancing this GC effect, which would apply only in activated 
inflammatory cells and would therefore not be relevant to other body tissues, and hence 
would not contribute to adverse effects. 

3.2 Non-genomic mechanisms 
Some of the effects of GC occur within minutes of their administration especially at high 
intravenous doses (Croxtall et al., 2000). The mechanisms involved in mediating this rapid 
action are non-genomic as they are transcription independent. So far three such non-
genomic actions of GC have been described. The first involved the observation of the 
rapid reversal by dexamethasone of epidermal growth factor-stimulated activation of 
phospholipase A2. It is thought that this effect is medicated by chaperone molecules such 
as Src which are rapidly released from the GCR-GC complex on ligation (Croxtall et al., 
2000). 
Non-specific non-genomic effects are seen at very high doses of GC therapy and are thought 
to be due the saturation of all available GCRs in the cells at doses above 100mg perdnisolone 
or equivalent (Tyrrell & Baxter, 1995). At these doses it is thought that GC molecules 
dissolve into the membranes and alter proton leak hence influencing membrane transport 
(Buttgereit & Scheffold, 2002).  
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Fig. 5. Cellular action of glucocorticoids 

It is now thought that GC also have specific non-genomic effects that are mediated through 
membrane bound GCRs which are found in small numbers on human peripheral blood 
mononuclear cells (Bartholome et al., 2004). Moreover, stimulation of these cells in vitro by 
lipopolyscaharide (LPS) increases the percentage of membrane GCR expressing monocytes 
indicating an active upregulation of this process (Bartholome et al., 2004). Interestingly in 
patients with RA who have an activated immune system, the percentage memebrane GCR 
expressing monocytes is increased, in keeping with the in-vitro observations. These membrane 
expressed receptors are thought to be variants of the classical cytoplasmic GCRs (Löwenberg 
et al., 2007) and have recently been shown to also interact with the MAP kinase pathway 
(Strehl et al., 2011) Moreover, the engagement of these receptors is thought to inhibit T cell 
signalling by acting through downstream TCR associated signalling proteins lymphocyte-
specific tyrosine kinase (LCK) and FYN oncogene (Lowenberg et al., 2006). It is possible that 
memberane glucocorticoid receptors will prove to have therapeutic implications. 

3.3 Understanding adverse effects of GC therapy 
The functions of endogenous GC are numerous. It is estimated that GC influence the 
transcription of ~1% of the entire genome and 20% of genes expressed on human leukocytes 
through their direct effects on transcription and their interaction with coactivators and 
transcription factors (Galon et al., 2002; Goulding & Flower, 2001). These include effects on 
metabolism, homeostasis and immune function. Most of the therapeutic effects are mediated 
via repression of gene activation in pro-inflammatory pathways. However, only certain 
adverse effects result from repression of gene transcription such as suppression of the 
hypothalamic-pituitary-adrenal axis while others are mediated via activation of gene 
transcription as is the case with diabetes. In some instances such as osteoporosis, there may 
be a complex interaction between gene activation and repression and the exact mechanism 
remains unclear in many cases (Schäcke et al., 2002) (Fig 6). 
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  Mechanism [X= Confirmed, (X)= 
Possible]

Adverse Effect Primary Targeted 
Molecule DNA Dependent 

DNA 
Independen

t 

  Activation Repressio
n Repression 

Skin atrophy Type I collagen (X) 
 Type II collagen (X) (X) 
 Tenscin C (X) (X) 
 Sulfated 

glycosaminoglycans
(X) (X) 

  
Wound healing Pro-inflmmatory genes X 
 
Osteoporosis Osteoblast/osteocyte 

apoptosis
X  

 OPG-L X  
 OPG (X) (X) 
 Osteocalcin X  
 Type I collagen (X) 
 
Muscle atrophy Glutamine synthetase (X)  
 Ubiquitin-proteasome 

pathway 
(X)  

 
Glaucoma TIGR/MYOC gene 

product 
X  

 Fibronectin (X)  
 Type IV collagen (X)  
 Type I collagen (X)  
 
Psychiatric  5HT1A receptor X 
 
HPA 
suppression 

CRH X 

 POMC/ACTH X  
 
Diabetes 
Mellitus 

TAT X  

 AAT X  
 G6Pase X  
 PEPCK X  
 
Hypertension αENAC X  
 sgk X  

Fig. 6. Adverse effect associated proteins: regulation by GC and mechanisms. Reproduced 
from Schäcke et al, Pharmacology and therapeutics 96 (2002) 23-43 



 
Rheumatoid Arthritis – Treatment 10

 
Fig. 5. Cellular action of glucocorticoids 

It is now thought that GC also have specific non-genomic effects that are mediated through 
membrane bound GCRs which are found in small numbers on human peripheral blood 
mononuclear cells (Bartholome et al., 2004). Moreover, stimulation of these cells in vitro by 
lipopolyscaharide (LPS) increases the percentage of membrane GCR expressing monocytes 
indicating an active upregulation of this process (Bartholome et al., 2004). Interestingly in 
patients with RA who have an activated immune system, the percentage memebrane GCR 
expressing monocytes is increased, in keeping with the in-vitro observations. These membrane 
expressed receptors are thought to be variants of the classical cytoplasmic GCRs (Löwenberg 
et al., 2007) and have recently been shown to also interact with the MAP kinase pathway 
(Strehl et al., 2011) Moreover, the engagement of these receptors is thought to inhibit T cell 
signalling by acting through downstream TCR associated signalling proteins lymphocyte-
specific tyrosine kinase (LCK) and FYN oncogene (Lowenberg et al., 2006). It is possible that 
memberane glucocorticoid receptors will prove to have therapeutic implications. 

3.3 Understanding adverse effects of GC therapy 
The functions of endogenous GC are numerous. It is estimated that GC influence the 
transcription of ~1% of the entire genome and 20% of genes expressed on human leukocytes 
through their direct effects on transcription and their interaction with coactivators and 
transcription factors (Galon et al., 2002; Goulding & Flower, 2001). These include effects on 
metabolism, homeostasis and immune function. Most of the therapeutic effects are mediated 
via repression of gene activation in pro-inflammatory pathways. However, only certain 
adverse effects result from repression of gene transcription such as suppression of the 
hypothalamic-pituitary-adrenal axis while others are mediated via activation of gene 
transcription as is the case with diabetes. In some instances such as osteoporosis, there may 
be a complex interaction between gene activation and repression and the exact mechanism 
remains unclear in many cases (Schäcke et al., 2002) (Fig 6). 

 
The Clinical Role of Glucocorticoids in the Management of Rheumatoid Arthritis 11 

  Mechanism [X= Confirmed, (X)= 
Possible]

Adverse Effect Primary Targeted 
Molecule DNA Dependent 

DNA 
Independen

t 

  Activation Repressio
n Repression 

Skin atrophy Type I collagen (X) 
 Type II collagen (X) (X) 
 Tenscin C (X) (X) 
 Sulfated 

glycosaminoglycans
(X) (X) 

  
Wound healing Pro-inflmmatory genes X 
 
Osteoporosis Osteoblast/osteocyte 

apoptosis
X  

 OPG-L X  
 OPG (X) (X) 
 Osteocalcin X  
 Type I collagen (X) 
 
Muscle atrophy Glutamine synthetase (X)  
 Ubiquitin-proteasome 

pathway 
(X)  

 
Glaucoma TIGR/MYOC gene 

product 
X  

 Fibronectin (X)  
 Type IV collagen (X)  
 Type I collagen (X)  
 
Psychiatric  5HT1A receptor X 
 
HPA 
suppression 

CRH X 

 POMC/ACTH X  
 
Diabetes 
Mellitus 

TAT X  

 AAT X  
 G6Pase X  
 PEPCK X  
 
Hypertension αENAC X  
 sgk X  

Fig. 6. Adverse effect associated proteins: regulation by GC and mechanisms. Reproduced 
from Schäcke et al, Pharmacology and therapeutics 96 (2002) 23-43 



 
Rheumatoid Arthritis – Treatment 12

GC have a mixture of genomic and non-genomic therapeutic effects depending on the dosage 
used. Broadly speaking genomic effects occur at lower doses while non-genomic effects 
become relevant at higher doses with the combined effect of the two mechanisms accounting 
for the total effect of GC therapy (Fig 7). This has implications for therapeutics as at the lower 
doses not all the mechanisms are activated therefore the adverse effect profile may 
significantly differ. In essence low dose GC therapy is a very different treatment compared to 
high dose therapy both in terms of therapeutic effects and safety (Kirwan & Power, 2007). 
 

 
Fig. 7. Contribution of genomic and non genomic therapeutic effects of GC action is dose 
dependent. 

4. New drug development in glucocorticoid therapy 
There are several exciting developments in the world of GC therapy which aim to maintain 
the now well described benefits of this class of drugs whilst minimising adverse events. A 
better understanding of the mechanisms involved in GC action has made this goal a realistic 
one and there are already new licensed drugs on the market which are available for use in 
rheumatological practice. Broadly speaking there are two research strategies which are 
being pursued. The first approach aims to develop new GC analogues which can selectively 
reduce inflammation while minimising adverse effects (Kirwan & Power, 2007). This class of 
drugs are known as selective glucocorticoid receptor agonists or SEGRAs. This approach is 
based on the notion that the majority of therapeutic GC effects are due to the repression of 
gene transcription while the majority of the adverse effects are due to gene activation. 
Dissociating these two actions of GC is an attractive goal. The second approach utilises the 
improved understanding of the circadian HPA axis and its interaction with the 
inflammatory pathways and aims to develop new GC therapies that are better targeted to 
augment the natural diurnal variation. 
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4.1 SEGRAs 
Dissociating the beneficial and adverse effects of GC was suggested over 10 years ago but 
has so far proved largely elusive. The first such compound was RU24858 which was 
described in 1997 by Vayssiere et al (Vayssière et al., 1997). Despite showing initial promise 
in dissociation of GC mediated gene activation and repression, the in-vivo effects were more 
disappointing and the drug did not make it into clinical trials (Belvisi et al., 2001). Other 
drugs such as A276575 have again shown promise but fared little better (Lin et al., 2002). 
The only SEGRA in clinical trials at the moment is ZK 245186 which is in Phase III trials for 
topical use post cateract surgery after initial results from animal models showed promise 
(Proksch et al., 2011). The Pahse II trail was concluded at the end of 2010 but results have not 
yet been released. The struggle to take SEGRAs from the bench to the bedside has been quite 
disappointing but not entirely surprising given the sheer number of biological mechanisms 
influenced by GC in vivo. 

4.2 Modified release glucocorticoids 
Modelling of the diurnal variation of the HPA axis and its effects on the secretion of 
systemic inflammatory cytokines in RA has been a novel approach which has yielded 
positive results. The cytokine IL-6 has been unequivocally shown to have a diurnal variation 
which causes an increase in serum concentrations during the night, before the natural 
increase in serum cortisol, and which reaches a peak at the time of morning waking (Perry et 
al., 2009). This has opened the door for the development of a modified release form of GC 
tablet which is taken at night and releases the active ingredients in the early hours of the 
morning (approximately 2 am) in order to target the peak in IL-6 levels (Kirwan, 2011). The 
rationale behind this approach suggests that better targeting of glucocorticoids within the 
HPA axis may produce better efficacy hence allowing clinicians to use smaller doses of GC. 
Indeed a multi-centre RCT comparing a modified release GC preparation with the 
equivalent prednisolone dose showed significant improvements in the duration of early 
morning stiffness in RA (Buttgereit et al., 2008). Interestingly, a recent study by Clarke et al. 
(Fig 8), which measured overnight cortisol concentrations as well as IL-6 in RA patients 
treated with modified release GC, showed the normal pre-treatment cortisol response to be 
suppressed in active RA and this suppression was reversed using the correctly timed 
modified release therapy with a corresponding decrease in IL-6 levels and clinical 
symptoms (Clarke et al., 2011). 
 

  
Fig. 8. Effects of modified release GC on 24 hour diurnal variation of systemic IL-6 and 
cortisol in RA patients 



 
Rheumatoid Arthritis – Treatment 12

GC have a mixture of genomic and non-genomic therapeutic effects depending on the dosage 
used. Broadly speaking genomic effects occur at lower doses while non-genomic effects 
become relevant at higher doses with the combined effect of the two mechanisms accounting 
for the total effect of GC therapy (Fig 7). This has implications for therapeutics as at the lower 
doses not all the mechanisms are activated therefore the adverse effect profile may 
significantly differ. In essence low dose GC therapy is a very different treatment compared to 
high dose therapy both in terms of therapeutic effects and safety (Kirwan & Power, 2007). 
 

 
Fig. 7. Contribution of genomic and non genomic therapeutic effects of GC action is dose 
dependent. 

4. New drug development in glucocorticoid therapy 
There are several exciting developments in the world of GC therapy which aim to maintain 
the now well described benefits of this class of drugs whilst minimising adverse events. A 
better understanding of the mechanisms involved in GC action has made this goal a realistic 
one and there are already new licensed drugs on the market which are available for use in 
rheumatological practice. Broadly speaking there are two research strategies which are 
being pursued. The first approach aims to develop new GC analogues which can selectively 
reduce inflammation while minimising adverse effects (Kirwan & Power, 2007). This class of 
drugs are known as selective glucocorticoid receptor agonists or SEGRAs. This approach is 
based on the notion that the majority of therapeutic GC effects are due to the repression of 
gene transcription while the majority of the adverse effects are due to gene activation. 
Dissociating these two actions of GC is an attractive goal. The second approach utilises the 
improved understanding of the circadian HPA axis and its interaction with the 
inflammatory pathways and aims to develop new GC therapies that are better targeted to 
augment the natural diurnal variation. 
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4.1 SEGRAs 
Dissociating the beneficial and adverse effects of GC was suggested over 10 years ago but 
has so far proved largely elusive. The first such compound was RU24858 which was 
described in 1997 by Vayssiere et al (Vayssière et al., 1997). Despite showing initial promise 
in dissociation of GC mediated gene activation and repression, the in-vivo effects were more 
disappointing and the drug did not make it into clinical trials (Belvisi et al., 2001). Other 
drugs such as A276575 have again shown promise but fared little better (Lin et al., 2002). 
The only SEGRA in clinical trials at the moment is ZK 245186 which is in Phase III trials for 
topical use post cateract surgery after initial results from animal models showed promise 
(Proksch et al., 2011). The Pahse II trail was concluded at the end of 2010 but results have not 
yet been released. The struggle to take SEGRAs from the bench to the bedside has been quite 
disappointing but not entirely surprising given the sheer number of biological mechanisms 
influenced by GC in vivo. 

4.2 Modified release glucocorticoids 
Modelling of the diurnal variation of the HPA axis and its effects on the secretion of 
systemic inflammatory cytokines in RA has been a novel approach which has yielded 
positive results. The cytokine IL-6 has been unequivocally shown to have a diurnal variation 
which causes an increase in serum concentrations during the night, before the natural 
increase in serum cortisol, and which reaches a peak at the time of morning waking (Perry et 
al., 2009). This has opened the door for the development of a modified release form of GC 
tablet which is taken at night and releases the active ingredients in the early hours of the 
morning (approximately 2 am) in order to target the peak in IL-6 levels (Kirwan, 2011). The 
rationale behind this approach suggests that better targeting of glucocorticoids within the 
HPA axis may produce better efficacy hence allowing clinicians to use smaller doses of GC. 
Indeed a multi-centre RCT comparing a modified release GC preparation with the 
equivalent prednisolone dose showed significant improvements in the duration of early 
morning stiffness in RA (Buttgereit et al., 2008). Interestingly, a recent study by Clarke et al. 
(Fig 8), which measured overnight cortisol concentrations as well as IL-6 in RA patients 
treated with modified release GC, showed the normal pre-treatment cortisol response to be 
suppressed in active RA and this suppression was reversed using the correctly timed 
modified release therapy with a corresponding decrease in IL-6 levels and clinical 
symptoms (Clarke et al., 2011). 
 

  
Fig. 8. Effects of modified release GC on 24 hour diurnal variation of systemic IL-6 and 
cortisol in RA patients 
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4.3 Other therapeutic advances 
Another interesting approach in the use of GC has been their use in combination with drugs 
that can amplify their intracellular effects at low doses. One approach looked at a 
preparation which combines low dose prednisolone in combination with dipyridamole 
(Kvien et al., 2008). This combination seemed to enhance the ability of GC to suppress the 
pro-inflammatory NFκB pathway (as mentioned in section 3.1) while sparing the gene-
transcription element of GC action which is associated with adverse effects. Other novel 
strategies involve targeting of the GC to the site of inflammation by encapsulating them in 
long-circulating liposomes (Schiffelers et al., 2006). This approach has shown promise in 
animal models of inflammatory arthritis but clinical studies are still lacking. These advances 
represent a potential new dawn for the use of GC in rheumatoid arthritis and have 
implications for a number of other inflammatory diseases. 

5. Glucocorticoid resistance 
5.1 The problem of glucocorticoid resistance 
GC resistance has been observed in the clinical setting for a long time and represents a 
challenge for clinicians as treatment requires larger doses of GC associated with an 
increased risk of adverse events. GC resistance may occur in a quarter to a third of RA 
patients. The emergence of this subgroup was first reported in a paper by Van 
Schaardenburg et al in 1995 (Van Schaardenburg et al., 1995). This study looked at elderly 
onset RA patients treated with oral prednisolone and a 30% discontinuation rate due to lack 
of efficacy was reported. Further confirmation of this phenomenon came in a study by 
Sliwinska-Stanczyk et al (Sliwinska-Stanczyk et al., 2007) who showed a 25% resistance rate 
in their 44 patients who had moderately active RA and who were not taking other disease 
modifying agents. This group went on to show that clinical GC resistance seemed to 
correlate with a failure of GC to adequately suppress in vitro peripheral blood mononuclear 
cell (PBMC) proliferation in the affected individuals.  
The problem of GC-resistance is not unique to RA and has been observed in a range of 
inflammatory conditions including ulcerative colitis (UC), asthma and uveitis (Creed & 
Probert, 2007; Lee et al., 2009;  Sousa et al., 2000;  Barnes & Adcock, 2009). The proportion of 
25-33% GC resistance seems to be preserved across the various diseases and the possible 
mechanisms underlying this are explored in the following sections. 

5.2 Genetic and acquired glucoccorticoid resistance 
There is a rare but well described familial or sporadic mutation of the GCR gene which 
results in GC resistance. This leads to activation of the HPA axis and compensatory 
elevations in circulating adrenocorticotropic hormone (ACTH) and cortisol. Patients with 
this disorder can develop adrenal hyperplasia as a result of the excess ACTH. Subsequent 
increase in mineralocorticoid and androgen release leads to a broad clinical spectrum whose 
manifestations depend on the severity of the disorder (Charmandari et al., 2008). This group 
of patients represents only a very small minority of GC resistance cases whilst acquired GC 
resistance in inflammatory conditions is quite common. In the last 10 years, more research 
effort has been focused on the problem of acquired GC resistance and several competing 
theories behind the underlying mechanism have emerged. 
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5.3 Glucocrticoid receptor β expression 
GCR-β is an alternatively spliced form of the GC receptor and its over-expression has 
been linked with GC resistance in asthma, RA and inflammatory bowel disease (Hamid et 
al., 1999; Sousa et al., 2000; Kozaci et al., 2007; Orii et al., 2002). GCR-β does not bind GC 
and in fact its natural ligand (if it has one) remains unknown (Lewis-Tuffin, 2006). 
However, it does compete with GCR-α for the GRE binding sites on DNA, thus acting as a 
dominant negative inhibitor. Another anti-GC mechanism may be the disruption of active 
GCR-α translocation to the nucleus since the down regulation of GCR-β in the alveolar 
macrophages of patients with asthma leads to enhanced GCR-α localization and a greater 
response to GC. Moreover, it has been shown that various pro-inflammatory cytokines 
can up regulate the expression of GCR-β and this may explain why patients seem to 
develop clinical GC resistance with worsening of their inflammatory disease (Webster et 
al., 2001). 

5.4 Defects in histone acetylation 
The role of defective histone acetylation in acquired GC resistance has emerged principally 
from studies on patients with asthma and chronic obstructive pulmonary disease (COPD). 
As described previously, inflammatory stimuli ultimately lead to the activation of NFκB 
which binds to specific κB recognition sites on the promoter regions of inflammatory genes 
in addition coactivators which cause acetylation of core histones. This leads to their 
unravelling and opens up the genes for transcription. Activated GCRs inhibit this effect 
directly by binding the coactivators and recruiting histone deacetylase (HDAC) 2 which 
reverses the acetylation (Rhen & Cidlowski, 2005). GCRs themselves become acetylated 
upon ligand binding to allow them to bind GREs and can be targeted directly by HDAC2.  
HDAC2 activity has been shown to be reduced in alveolar macrophages of GC resistant 
asthma patients and patients with COPD (Ito et al., 2005; Hew et al., 2006). This reduced 
activity is thought to be secondary to the oxidative stress resulting from smoking 
(Rahman & Adcock, 2006). Smoking and obesity, both causes of oxaditive stress, are both 
risk factors for developing rheumatoid arthritis (Symmons et al., 1997). In COPD it has 
been shown that low dose oral theophylline can reverse GC resistance by restoring 
HDAC2 activity (Ito et al., 2005). This effect is independent of phosphodiesterase 
inhibition and is mediated via the selective inhibition phospho-inositide-3-kinase-δ 
(PI3Kδ). This is an enzyme which is activated by oxidative stress in patients with COPD 
(To et al., 2010). This pathway has not been studied in rheumatoid arthritis and presents a 
novel way of reversing GC resistance. 

5.5 T Helper-17 cells and glucocorticoid resistance 
T helper (Th) cells differentiate into distinct phenotypes under the influence of the 
inflammatory cytokine milieu which is largely dictated by cytokines released from 
monocyte derived macrophages. IL-17 producing T-helper cells (TH-17 cells) have recently 
been identified as a distinct pro-inflammatory T-helper subset and their role in various 
autoimmune processes including RA (Kirkham et al., 2006), multiple sclerosis (Matusevicius 
et al., 1999), psoriasis and inflammatory bowel disease (Duerr, 2006) is becoming more 
apparent. They seem to have a reciprocal relationship with regulatory IL-10 secreting T 
helper cells (McGeachy, 2007) and drive an inflammatory response which is dominated by 
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4.3 Other therapeutic advances 
Another interesting approach in the use of GC has been their use in combination with drugs 
that can amplify their intracellular effects at low doses. One approach looked at a 
preparation which combines low dose prednisolone in combination with dipyridamole 
(Kvien et al., 2008). This combination seemed to enhance the ability of GC to suppress the 
pro-inflammatory NFκB pathway (as mentioned in section 3.1) while sparing the gene-
transcription element of GC action which is associated with adverse effects. Other novel 
strategies involve targeting of the GC to the site of inflammation by encapsulating them in 
long-circulating liposomes (Schiffelers et al., 2006). This approach has shown promise in 
animal models of inflammatory arthritis but clinical studies are still lacking. These advances 
represent a potential new dawn for the use of GC in rheumatoid arthritis and have 
implications for a number of other inflammatory diseases. 

5. Glucocorticoid resistance 
5.1 The problem of glucocorticoid resistance 
GC resistance has been observed in the clinical setting for a long time and represents a 
challenge for clinicians as treatment requires larger doses of GC associated with an 
increased risk of adverse events. GC resistance may occur in a quarter to a third of RA 
patients. The emergence of this subgroup was first reported in a paper by Van 
Schaardenburg et al in 1995 (Van Schaardenburg et al., 1995). This study looked at elderly 
onset RA patients treated with oral prednisolone and a 30% discontinuation rate due to lack 
of efficacy was reported. Further confirmation of this phenomenon came in a study by 
Sliwinska-Stanczyk et al (Sliwinska-Stanczyk et al., 2007) who showed a 25% resistance rate 
in their 44 patients who had moderately active RA and who were not taking other disease 
modifying agents. This group went on to show that clinical GC resistance seemed to 
correlate with a failure of GC to adequately suppress in vitro peripheral blood mononuclear 
cell (PBMC) proliferation in the affected individuals.  
The problem of GC-resistance is not unique to RA and has been observed in a range of 
inflammatory conditions including ulcerative colitis (UC), asthma and uveitis (Creed & 
Probert, 2007; Lee et al., 2009;  Sousa et al., 2000;  Barnes & Adcock, 2009). The proportion of 
25-33% GC resistance seems to be preserved across the various diseases and the possible 
mechanisms underlying this are explored in the following sections. 

5.2 Genetic and acquired glucoccorticoid resistance 
There is a rare but well described familial or sporadic mutation of the GCR gene which 
results in GC resistance. This leads to activation of the HPA axis and compensatory 
elevations in circulating adrenocorticotropic hormone (ACTH) and cortisol. Patients with 
this disorder can develop adrenal hyperplasia as a result of the excess ACTH. Subsequent 
increase in mineralocorticoid and androgen release leads to a broad clinical spectrum whose 
manifestations depend on the severity of the disorder (Charmandari et al., 2008). This group 
of patients represents only a very small minority of GC resistance cases whilst acquired GC 
resistance in inflammatory conditions is quite common. In the last 10 years, more research 
effort has been focused on the problem of acquired GC resistance and several competing 
theories behind the underlying mechanism have emerged. 
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GCR-β is an alternatively spliced form of the GC receptor and its over-expression has 
been linked with GC resistance in asthma, RA and inflammatory bowel disease (Hamid et 
al., 1999; Sousa et al., 2000; Kozaci et al., 2007; Orii et al., 2002). GCR-β does not bind GC 
and in fact its natural ligand (if it has one) remains unknown (Lewis-Tuffin, 2006). 
However, it does compete with GCR-α for the GRE binding sites on DNA, thus acting as a 
dominant negative inhibitor. Another anti-GC mechanism may be the disruption of active 
GCR-α translocation to the nucleus since the down regulation of GCR-β in the alveolar 
macrophages of patients with asthma leads to enhanced GCR-α localization and a greater 
response to GC. Moreover, it has been shown that various pro-inflammatory cytokines 
can up regulate the expression of GCR-β and this may explain why patients seem to 
develop clinical GC resistance with worsening of their inflammatory disease (Webster et 
al., 2001). 

5.4 Defects in histone acetylation 
The role of defective histone acetylation in acquired GC resistance has emerged principally 
from studies on patients with asthma and chronic obstructive pulmonary disease (COPD). 
As described previously, inflammatory stimuli ultimately lead to the activation of NFκB 
which binds to specific κB recognition sites on the promoter regions of inflammatory genes 
in addition coactivators which cause acetylation of core histones. This leads to their 
unravelling and opens up the genes for transcription. Activated GCRs inhibit this effect 
directly by binding the coactivators and recruiting histone deacetylase (HDAC) 2 which 
reverses the acetylation (Rhen & Cidlowski, 2005). GCRs themselves become acetylated 
upon ligand binding to allow them to bind GREs and can be targeted directly by HDAC2.  
HDAC2 activity has been shown to be reduced in alveolar macrophages of GC resistant 
asthma patients and patients with COPD (Ito et al., 2005; Hew et al., 2006). This reduced 
activity is thought to be secondary to the oxidative stress resulting from smoking 
(Rahman & Adcock, 2006). Smoking and obesity, both causes of oxaditive stress, are both 
risk factors for developing rheumatoid arthritis (Symmons et al., 1997). In COPD it has 
been shown that low dose oral theophylline can reverse GC resistance by restoring 
HDAC2 activity (Ito et al., 2005). This effect is independent of phosphodiesterase 
inhibition and is mediated via the selective inhibition phospho-inositide-3-kinase-δ 
(PI3Kδ). This is an enzyme which is activated by oxidative stress in patients with COPD 
(To et al., 2010). This pathway has not been studied in rheumatoid arthritis and presents a 
novel way of reversing GC resistance. 

5.5 T Helper-17 cells and glucocorticoid resistance 
T helper (Th) cells differentiate into distinct phenotypes under the influence of the 
inflammatory cytokine milieu which is largely dictated by cytokines released from 
monocyte derived macrophages. IL-17 producing T-helper cells (TH-17 cells) have recently 
been identified as a distinct pro-inflammatory T-helper subset and their role in various 
autoimmune processes including RA (Kirkham et al., 2006), multiple sclerosis (Matusevicius 
et al., 1999), psoriasis and inflammatory bowel disease (Duerr, 2006) is becoming more 
apparent. They seem to have a reciprocal relationship with regulatory IL-10 secreting T 
helper cells (McGeachy, 2007) and drive an inflammatory response which is dominated by 
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neutrophils (Miossec et al., 2009). There is increasing evidence to suggest they play a role in 
GC resistance in a variety of inflammatory diseases. 
The earliest reports of TH-17 cell involvement in GC resistance emerged from the asthma 
research community. McKinley et al. showed in a mouse model of asthma that naive T cells 
which were polarized to the TH-17 phenotype during differentiation (by adding IL-23, IL-6 
and TGF-β in vitro) were less sensitive to dexamethasone compared to cells which  
differentiated to the TH-2 phenotype (McKinley et al., 2008). Subsequent work has shown an 
expanded TH-17 subset within PBMC cultures of patients with UC and uveitis (Lee et al., 
2009; Lee et al., 2007). The data from the uveitis and UC studies seems to suggest that the 
TH-17 phenotype is inherently GC resistant when tested using in-vitro stimulation assays. It 
seems that their number is expanded in patients with clinical GC resistance.  
 

 
Fig. 9. The proposed model for GC resistance. Monocyte derived macrophages influence T 
helper cell phenotype differentiation through various cytokines. The balance of pro-
inflammatory TH-17 cells and induced regulatory iTRegs alters the balance of IL-17, which 
increases GCR-β expression and hence reduces response to GC, and IL-10, which increases 
GCR-α expression and hence increases responsiveness to GC. The balance between these 
cytokines determines the balance between GC resistance and GC responsiveness. 
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Other work in this area has shown higher levels of IL-17 mRNA in the bronchial biopsies of 
asthmatic patients compared to controls with increased expression of GCR-β in response to 
IL-17. Dexamethasone was unable to decrease IL-17 induced IL-6 expression in these 
asthmatic patients (Vazquez-Tello et al., 2010). Conversely, the synthetic GC dexamethasone 
(Dex) normally induces the anti-inflammatory cytokine IL-10 in Th cells, and a deficiency in 
IL-10 up regulation in response to GC has been demonstrated in GC-resistant asthma 
(Xystrakis, 2005). Importantly IL-10 has been shown to enhance expression of GCR-α 
(Xystrakis, 2005). Very little work has been carried out in this field in the context of RA but 
these findings suggest that a disturbed balance of T cell derived cytokines may be causing 
GC resistance by altering the balance of GCR subtype expression.  

5.6 A unifying model for glucocorticoid resistance 
The emerging concept is that the human GC-resistant phenotype is disease independent, 
and observations of immune responses in GC-resistant individuals across medical 
specialities strongly supports this (Barnes & Adcock 2009; Schewitz et al., 2009; Norman & 
Hearing, 2002). Moreover, the data suggests that T helper cell responses in GC-resistant 
individuals are biased against IL-10 and in favour of IL-17. Importantly, there is also 
evidence that such a cytokine profile may be instrumental in regulating the ratio of 
glucocorticoid receptor (GCR) isoforms. IL-10 has been shown to enhance expression of 
GCR-α (Xystrakis, 2005), which augments GC-responses (Lewis-Tuffin, 2006), and  IL-17 
upregulates the level of GCR-β (Vazquez-Tello et al., 2010), which attenuates GC-responses. 
Consistent with this, PBMCs from GC-resistant patients with RA express higher levels of 
GCR-β (Kozaci et al., 2007) as do bronchoalveolar lavage washings from patients with GC-
resistant asthma (Vazquez-Tello et al., 2010). As mentioned earlier, monocyte derived 
macrophages and dendritic cells have a huge influence on T helper phenotype 
differentiation and their precise role in this model requires further research. Macrophages 
may well be the master regulators of this GC-resistant phenotype through their influencing 
of the T helper cells (Fig 9). 
It is interesting to note that there seems to be no resistance to the action of GC in terms of 
adverse effects. The most likely reason for this is that adverse effects are predominantly 
mediated by the excess activation of the transcription pathways which mediate the 
physiological role of GC action. Therefore administered exogenous GC potentially acts on 
all cells while the anti-inflammatory effects of GC are only mediated via their action on 
activated pro-inflammatory cells. Thus if these pro-inflammatory cells become GC resistant, 
GC resistant inflammation will occur alongside GC mediated adverse events. One key 
weakness of this model is that it does not take into account the important findings relating 
to histone acetylation which Barnes and colleagues have elucidated over the last 20 years 
and it would be interesting to study the effects of T helper derived cytokines on HDAC2 
expression. 

6. Conclusions 
Glucocorticoids have become an even more important therapeutic intervention in 
rheumatoid arthritis both for the control of acute disease flares and for the long term 
prevention of joint erosions. A better understanding of their mechanisms of action has 
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Other work in this area has shown higher levels of IL-17 mRNA in the bronchial biopsies of 
asthmatic patients compared to controls with increased expression of GCR-β in response to 
IL-17. Dexamethasone was unable to decrease IL-17 induced IL-6 expression in these 
asthmatic patients (Vazquez-Tello et al., 2010). Conversely, the synthetic GC dexamethasone 
(Dex) normally induces the anti-inflammatory cytokine IL-10 in Th cells, and a deficiency in 
IL-10 up regulation in response to GC has been demonstrated in GC-resistant asthma 
(Xystrakis, 2005). Importantly IL-10 has been shown to enhance expression of GCR-α 
(Xystrakis, 2005). Very little work has been carried out in this field in the context of RA but 
these findings suggest that a disturbed balance of T cell derived cytokines may be causing 
GC resistance by altering the balance of GCR subtype expression.  

5.6 A unifying model for glucocorticoid resistance 
The emerging concept is that the human GC-resistant phenotype is disease independent, 
and observations of immune responses in GC-resistant individuals across medical 
specialities strongly supports this (Barnes & Adcock 2009; Schewitz et al., 2009; Norman & 
Hearing, 2002). Moreover, the data suggests that T helper cell responses in GC-resistant 
individuals are biased against IL-10 and in favour of IL-17. Importantly, there is also 
evidence that such a cytokine profile may be instrumental in regulating the ratio of 
glucocorticoid receptor (GCR) isoforms. IL-10 has been shown to enhance expression of 
GCR-α (Xystrakis, 2005), which augments GC-responses (Lewis-Tuffin, 2006), and  IL-17 
upregulates the level of GCR-β (Vazquez-Tello et al., 2010), which attenuates GC-responses. 
Consistent with this, PBMCs from GC-resistant patients with RA express higher levels of 
GCR-β (Kozaci et al., 2007) as do bronchoalveolar lavage washings from patients with GC-
resistant asthma (Vazquez-Tello et al., 2010). As mentioned earlier, monocyte derived 
macrophages and dendritic cells have a huge influence on T helper phenotype 
differentiation and their precise role in this model requires further research. Macrophages 
may well be the master regulators of this GC-resistant phenotype through their influencing 
of the T helper cells (Fig 9). 
It is interesting to note that there seems to be no resistance to the action of GC in terms of 
adverse effects. The most likely reason for this is that adverse effects are predominantly 
mediated by the excess activation of the transcription pathways which mediate the 
physiological role of GC action. Therefore administered exogenous GC potentially acts on 
all cells while the anti-inflammatory effects of GC are only mediated via their action on 
activated pro-inflammatory cells. Thus if these pro-inflammatory cells become GC resistant, 
GC resistant inflammation will occur alongside GC mediated adverse events. One key 
weakness of this model is that it does not take into account the important findings relating 
to histone acetylation which Barnes and colleagues have elucidated over the last 20 years 
and it would be interesting to study the effects of T helper derived cytokines on HDAC2 
expression. 

6. Conclusions 
Glucocorticoids have become an even more important therapeutic intervention in 
rheumatoid arthritis both for the control of acute disease flares and for the long term 
prevention of joint erosions. A better understanding of their mechanisms of action has 
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begun to address the two key challenges which limit their use: developing better targeted 
GCs which achieve clinical benefit while minimising adverse effects, and reversing GC 
resistance. There is likely to be progress on both fronts over the next few years. 
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1. Introduction  
Non-steroidal anti-inflammatory drugs (NSAIDs) are among the most frequently prescribed 
drug groups. These drugs are used dermally or systemically in treatment of various 
rheumatic diseases, including rheumatoid arthritis (RA), as well as for osteoarthritis, low 
back pain and some joint diseases. The mechanism of action of NSAIDs is reversible 
inhibition of the cyclooxygenase enzyme (COX) and decreasing the synthesis of 
prostaglandins (Lionberger 2010; Massey 2010). However, these drugs lead to unfavorable 
effects specifically on the stomach as a result of inhibition of prostaglandins (PGs), which 
play a role in protection of the gastric mucosa, in systemic administration. The severity of 
these unfavorable side effects may range from a simple ailment like dyspepsia to peptic 
ulcer and gastrointestinal hemorrhage. Furthermore, the acidic character of NSAIDs may 
lead to local irritation and lesions on the gastrointestinal mucosa. Therefore, some NSAIDs 
are administered percutaneously and transdermally to achieve local or systemic effect as an 
alternative to oral and parenteral administration (Heyneman et al., 2000; Hooper et al., 
2004). In dermal administration, the drug substances have to pass the stratum corneum (SC) 
layer to reach lower layers of the skin and/or to enter systemic circulation. In this context, 
formulation of the product may play a key role for penetration and absorption of the active 
ingredient (Lee & Maibach, 2006). Several formulation approaches for cutaneous 
administration of NSAIDs have been employed. The conventional pharmaceutical forms 
particularly used for dermal administration to achieve local effect are gels, creams and 
ointments (Williams, 2003). Furthermore, studies on novel drug delivery systems are 
available for transdermal administration of NSAIDs. These new approaches include liquid 
crystals, nano/micro emulsions, liposomes, solid lipid particles and patches. These systems 
are used to enhance cutaneous passage of drugs into systemic circulation and to target 
different layers of the skin (Guy, 2010; Santos et al., 2008; El Maghraby et al., 2008; Ceve, 
2004). Different approaches have been performed to enhance cutaneous passage of drugs 
with the objective of overcoming the low skin permeability (Guy, 2010; Tromer & Neubert, 
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2006). The most frequently used approach is to include penetration enhancers in 
formulations. In addition to penetration enhancers, there are studies available in which 
physical methods such as iontophoresis is used in improving of skin delivery of drugs (Guy, 
1996; Benson, 2005; Williams, 2003). 
The chapter deals with the classification and mechanisms of action of NSAIDs used in 
treatment of various rheumatic diseases as well as for osteoarthritis, low back pain and 
some joint diseases. The advantages of skin delivery of NSAIDs to target affected tissues 
and/or to achieve systemic effect are also emphasized. In particular, recent studies in which 
novel drug delivery systems were developed for dermal and transdermal administration of 
NSAIDs are summarized. 

2. Non-steroidal anti-inflammatory drugs (NSAIDs) 
2.1 General view and classification of NSAIDs 
NSAIDs are used for chronic inflammatory conditions such as rheumatoid arthritis and 
osteoarthritis, posttraumatic conditions (e.g. distortion, contusion), for relieving mild to 
moderate pain of varied origin, reducing fever, as well as for preventing local inflammation 
such as gout (Hinz & Brune, 2008; Lionberger et al.,  2011; Patrono & Rocca, 2009). NSAIDs 
are employed in systemic as well as local dosage forms particularly for musculoskeletal pain 
and patients with inflammatory joint disorders. NSAIDs possess antipyretic effect in 
addition to analgesic-anti-inflammatory actions. NSAIDs may be responsible for side effects 
such as acute renal failure, undesirable central nervous effects, e.g. dizziness, allergic 
reactions and fluid retention in the body. Beside some side effects of NSAIDs mentioned 
before, NSAIDs lead to unfavorable effects on the stomach as a result of inhibition of 
prostaglandins, which play a role in protection of the gastric mucosa, in systemic 
administration e.g. oral, parenteral. The severity of this unfavorable gastrointestinal side 
effect may range from a simple ailment like dyspepsia to gastric bleeding potentially 
resulting in admission to hospital, necessitating surgery or even resulting in death 
(Hooper et al., 2004). Furthermore, the acidic character of NSAIDs may lead to local 
irritation, and lesions on the gastrointestinal mucosa are known as NSAIDs gastropathy 
(Heynemann et al., 2000). Within the past 20 years many COX inhibitors were removed 
for undesired drug effects shortly after entering the market e.g. benoxaprofen and 
isoxicam (Brune et al.,  2010). Therefore, some NSAIDs are administered percutaneously 
to achieve local or systemic effect as an alternative to oral and parenteral administration 
(Heyneman et al., 2000; Hooper et al., 2004). NSAIDs are classified by their chemical 
structures as shown in Table 1.  

2.2 Mechanism of anti-inflammatory effect of NSAIDs 
NSAIDs usually act through decreasing reactions of inflammation that is accompanied with 
pain. It is known that prostaglandin (PG) derivatives, that are formed from arachidonic acid 
through COX enzyme, play an important role in formation of inflammation, and that the 
PGE1 and PGE2 levels are increased in the synovial fluid in patients with rheumatoid 
arthritis. All NSAIDs inhibit the COX enzyme and act through decreasing the synthesis of 
PGE2, PGD2, PGF2 , PGI2 and thromboxane A2 (TxA2) and prostacycline (Lionberger et al., 
2010; Massey et al., 2010). Two isoforms of COX (COX-1 and COX-2) were identified and  
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prostaglandins, which play a role in protection of the gastric mucosa, in systemic 
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(Heyneman et al., 2000; Hooper et al., 2004). NSAIDs are classified by their chemical 
structures as shown in Table 1.  

2.2 Mechanism of anti-inflammatory effect of NSAIDs 
NSAIDs usually act through decreasing reactions of inflammation that is accompanied with 
pain. It is known that prostaglandin (PG) derivatives, that are formed from arachidonic acid 
through COX enzyme, play an important role in formation of inflammation, and that the 
PGE1 and PGE2 levels are increased in the synovial fluid in patients with rheumatoid 
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studies of their regulation and sites of expression led to the hypothesis that it is the 
molecular target for the anti-inflammatory and analgesic effects of NSAIDs. COX-1 is 
important for production of gastric mucus and maintenance of renal blood flow. On the  
other hand, COX-2 is induced by several cytokines, growing factors and endotoxins and 
plays a role in the inflammatory process observed at the site of inflammation. Nonselective 
NSAIDs inhibit both COX-1 and COX-2, and the current hypothesis is that COX-2 inhibition 
is responsible for the anti-inflammatory effects of NSAIDs, whereas COX-1 inhibition is 
responsible for some other undesired side effects, in particular for gastrointestinal toxicity. 
Therefore selective inhibition of COX-2 may prevent undesirable gastrointestinal effects of 
NSAIDs. The discovery and clinical development of selective COX-2 inhibitors (COXIBs) 
were achieved in the early 1990s. COXIBs have anti-inflammatory effects without side 
effects on the stomach as compared to traditional NSAIDs. However, these new NSAIDs 
also possess some side effects, since inhibition of COX-2 affects kidney function and blood 
pressure and possibly other physiological parameters (Brune & Hinz, 2004; Marnett, 2009; 
Patrono & Rocco, 2009; Mitchell et al., 1994). Rofecoxib and valdecoxib was withdrawn from 
the market due to serious cardiovascular side effects, and lumiracoxib was removed from 
several markets for serious liver toxicity unrelated to COX-2 inhibition. Celecoxib has been 
marketed in the United States, and celecoxib and etoricoxib was marketed in Europe (Hinz 
& Brune, 2008). 

2.3 Physicochemical properties of NSAIDs 
Table 2 demonstrates the open chemical formulas and physicochemical properties of 
NSAIDs, which have dermal and transdermal commercial preparations and of the 
molecules which are potential candidates in this group. 
The physiochemical properties of drugs are important in dermal and transdermal 
administration (Potts and Francoeur, 1991; Kalia et al., 1998; Prausnitz & Langer, 2008). The 
ideal candidate drugs  have the following properties: water-solubility (> 1 mg/ml), 
lipophilicity (log P= 1-3), low molecular weight (< 500 Dalton) and low melting temperature 
(< 200°C) (Guy, 2007). As can be seen in Table 2, all drugs  are under 400 Dalton. The Log P 
values, which indicate lipophilic characteristics of pharmaceuticals, vary between 2.0 and 3.8 
except for flurbiprofen, etofenamate and lumiracoxib. In other words, they have medium 
lipophilicity. Other NSAIDs except meloxicam and tenoxicam have a melting point under 
<200°C. Due to these physicochemical properties, NSAIDs are ideal molecules for dermal 
administration. As a matter of fact, dermal/transdermal commercial preparations of most of 
NSAIDs are available in pharmacies. Studies on development of skin delivery systems of 
other molecules are in progress. 

3. Dermal and transdermal administration of NSAIDs 
3.1 Skin transport 
Human skin is the largest organ in our body with its size about 1.8-2.0 m2. It is a well-
engineered organ that protects organism against environmental factors and regulates heat 
and water loss from the body. It is also easily accessible due to its large surface area. 
Therefore, it offers an ideal application site to deliver therapeutic agents for both local and 
systemic actions. The skin consists of three main layers; the epidermis, the dermis, and the 
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hypodermis. In particular, stratum corneum (SC), the outermost layer of epidermis is formed 
by dead and keratinized cells, and thus it is a unique barrier to passage of drugs through the 
skin (Williams, 2003).The drug substances from dermal or transdermal formulations have to 
pass through the SC layer to reach lower layers of the skin and/or to enter systemic 
circulation. The physicochemical characteristics of drug molecules and the types of the 
formulations are an effective factor in both dermal and transdermal delivery (Hadgraft, 
1999). The drugs pass through the skin via three different routes, which are transcellular, 
intercellular and/or transappendageal (shunt) routes (sweat glands, hair follicles, sebaceous 
glands) (Williams, 2003). 

3.2 The superiorities and limitations of dermal and transdermal delivery  
There are two pharmacological approaches in dermal administration of drugs, which are 
dermal and transdermal. In dermal administration, the applied formulation ensures 
localization of drugs in dermal layers. In transdermal administration, the drugs reach the 
dermis of skin via carrier systems and then go into systemic circulation (Williams, 2003). 
In dermal administration, the access of drugs to systemic circulation is prevented or 
minimized. Therefore, the systemic adverse effects of drugs are avoided. The advantages of 
transdermal administration include high patient compatibility with treatment, ability to 
discontinue treatment any time necessary, delivery of drug to organism at a controlled rate, 
ensuring fixed plasma drug level and eliminating the hepatic first-pass effect (Guy, 1996). 
NSAIDs administered dermally and transdermally penetrate slowly and in small 
quantities into the systemic circulation. These approaches also prevent high local drug 
levels in the alimentary tract and direct toxicity of NSAIDs e.g. vomiting, dyspepsia. 
Systemic administration of NSAIDs may cause drug-drug interactions. NSAIDs cause 
fluid retention in the body and may decrease efficacy of antihypertensive agents. 
Furthermore, dermal and transdermal formulations have better patient compliance (non-
invasiveness) and they can be self-administered (Guy, 1996; Taner & Marks, 2008; 
Heynemann et al., 2000). It was reported that the use of dermal NSAIDs may have led to a 
reduction in the total daily dosage of systemic NSAIDs. This would cause an increment in 
side effects of NSAIDs in long term treatment (Sift Carter et al., 1997). Finally, dermally 
applied NSAIDs have a superior safety profile to oral formulations. Adverse effects 
secondary to dermal NSAID application occur in approximately 10 to 15% of patients and 
are primarily cutaneous in nature (rash and pruritus at the site of application 
(Heynemann et al., 2000)). NSAI drug concentration should reach therapeutic level in the 
synovial tissue, synovial fluid and intra-articular tissues during dermal application of 
NSAIDs. There are a number of factors that influence skin absorption of drugs. The 
greatest challenge for dermal penetration is SC, the uppermost layer of the skin, which as 
mentioned previously is the rate limiting step for epidermal drug transport. Therefore 
several formulation approaches are developed to improve its impermeability 
characteristics. 

3.3 Overcoming the barrier properties of the skin 
Several chemical and physical approaches are used to overcome the barrier property of the 
skin in dermal and transdermal administration of drugs. The most frequently used 
approach is to include chemical penetration enhancers in formulations. Recently, physical  
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studies of their regulation and sites of expression led to the hypothesis that it is the 
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except for flurbiprofen, etofenamate and lumiracoxib. In other words, they have medium 
lipophilicity. Other NSAIDs except meloxicam and tenoxicam have a melting point under 
<200°C. Due to these physicochemical properties, NSAIDs are ideal molecules for dermal 
administration. As a matter of fact, dermal/transdermal commercial preparations of most of 
NSAIDs are available in pharmacies. Studies on development of skin delivery systems of 
other molecules are in progress. 

3. Dermal and transdermal administration of NSAIDs 
3.1 Skin transport 
Human skin is the largest organ in our body with its size about 1.8-2.0 m2. It is a well-
engineered organ that protects organism against environmental factors and regulates heat 
and water loss from the body. It is also easily accessible due to its large surface area. 
Therefore, it offers an ideal application site to deliver therapeutic agents for both local and 
systemic actions. The skin consists of three main layers; the epidermis, the dermis, and the 
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hypodermis. In particular, stratum corneum (SC), the outermost layer of epidermis is formed 
by dead and keratinized cells, and thus it is a unique barrier to passage of drugs through the 
skin (Williams, 2003).The drug substances from dermal or transdermal formulations have to 
pass through the SC layer to reach lower layers of the skin and/or to enter systemic 
circulation. The physicochemical characteristics of drug molecules and the types of the 
formulations are an effective factor in both dermal and transdermal delivery (Hadgraft, 
1999). The drugs pass through the skin via three different routes, which are transcellular, 
intercellular and/or transappendageal (shunt) routes (sweat glands, hair follicles, sebaceous 
glands) (Williams, 2003). 

3.2 The superiorities and limitations of dermal and transdermal delivery  
There are two pharmacological approaches in dermal administration of drugs, which are 
dermal and transdermal. In dermal administration, the applied formulation ensures 
localization of drugs in dermal layers. In transdermal administration, the drugs reach the 
dermis of skin via carrier systems and then go into systemic circulation (Williams, 2003). 
In dermal administration, the access of drugs to systemic circulation is prevented or 
minimized. Therefore, the systemic adverse effects of drugs are avoided. The advantages of 
transdermal administration include high patient compatibility with treatment, ability to 
discontinue treatment any time necessary, delivery of drug to organism at a controlled rate, 
ensuring fixed plasma drug level and eliminating the hepatic first-pass effect (Guy, 1996). 
NSAIDs administered dermally and transdermally penetrate slowly and in small 
quantities into the systemic circulation. These approaches also prevent high local drug 
levels in the alimentary tract and direct toxicity of NSAIDs e.g. vomiting, dyspepsia. 
Systemic administration of NSAIDs may cause drug-drug interactions. NSAIDs cause 
fluid retention in the body and may decrease efficacy of antihypertensive agents. 
Furthermore, dermal and transdermal formulations have better patient compliance (non-
invasiveness) and they can be self-administered (Guy, 1996; Taner & Marks, 2008; 
Heynemann et al., 2000). It was reported that the use of dermal NSAIDs may have led to a 
reduction in the total daily dosage of systemic NSAIDs. This would cause an increment in 
side effects of NSAIDs in long term treatment (Sift Carter et al., 1997). Finally, dermally 
applied NSAIDs have a superior safety profile to oral formulations. Adverse effects 
secondary to dermal NSAID application occur in approximately 10 to 15% of patients and 
are primarily cutaneous in nature (rash and pruritus at the site of application 
(Heynemann et al., 2000)). NSAI drug concentration should reach therapeutic level in the 
synovial tissue, synovial fluid and intra-articular tissues during dermal application of 
NSAIDs. There are a number of factors that influence skin absorption of drugs. The 
greatest challenge for dermal penetration is SC, the uppermost layer of the skin, which as 
mentioned previously is the rate limiting step for epidermal drug transport. Therefore 
several formulation approaches are developed to improve its impermeability 
characteristics. 

3.3 Overcoming the barrier properties of the skin 
Several chemical and physical approaches are used to overcome the barrier property of the 
skin in dermal and transdermal administration of drugs. The most frequently used 
approach is to include chemical penetration enhancers in formulations. Recently, physical  
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Substance Chemical Formula 
Molecular 
Weight 
(g/mol) 

Predicted 
Log P 

Melting 
Point 

Predicted 
aqueous 
solubility 
(µg/ml) 

pKa References 

Benzydamine 309,4 3.71 160° (bp)
 
- 
 

9,27 

Avdeef  et 
al., 1998. 
Quane et 
al.,1998 

Bufexamac 223,3 2,43 154°C 110 µg/ml 9,24 Hadgraft et 
al., 2000 

Celecoxib 381,4 3,5 157-
158°C 3,3 µg/ml 11.1 

http:// 
www.drug
bank.ca 

Diclofenac 296,1 3,28 157°C 12 µg/ml 4,18 Hadgraft et 
al., 2000 

Etodolac 287,4 2,5 145°C 16 µg/ml 4,65 
http:// 
www.drug
bank.ca 

Flurbiprofen 224,3 4,12 110,5°C 2,7 µg/ml 4,14 Hadgraft et 
al., 2000 

Table 2. Chemical formulas and physicochemical properties of NSAIDs. 
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Substance Chemical Formula 
Molecular 
Weight 
(g/mol) 

Predicted 
Log P 

Melting 
Point 

Predicted 
aqueous 
solubility 
(µg/ml) 

pKa References 

Etofenamate 369,3 4.99 
130–

135°C 
(bp) 

Practically 
insoluble 
in water 

- 
http:// 
www.chem
base.com 

Felbinac 212,2 3,26 164°C 8 µg/ml 4.3 Pygall et 
al., 2009 

Ibuprofen 206,3 3,72 76°C 14 µg/ml 4,41 Hadgraft et 
al., 2000 

Indomethacin 357,8 3,10 155°C 25 µg/ml 4,18 Hadgraft et 
al., 2000 

Ketoprofen 254,3 2,81 94°C 150 µg/ml 4,23 Hadgraft et 
al., 2000 

Ketorolac 255,3 2,1 

165-
167°C 

(trometh
amine 
salt) 

25 mg/mL 
(trometha
mine salt)

3,5 
http:// 
www.drug
bank.ca 

Lumiracoxib 293,7 4,56 139-
141°C 5,49 µg/ml 15,87 

http:// 
www.drug
bank.ca 

Table 2. Continued. 
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Substance Chemical Formula 
Molecular 
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Predicted 
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Melting 
Point 
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solubility 
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pKa References 
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in water 
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Felbinac 212,2 3,26 164°C 8 µg/ml 4.3 Pygall et 
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Table 2. Continued. 
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Substance Chemical Formula 
Molecular 
Weight 
(g/mol) 

Predicted 
Log P 

Melting 
Point 

Predicted 
aqueous 
solubility 
(µg/ml) 

pKa References 

Meloxicam 351,4 1,9 242 - 
250°C 7,15 µg/ml 4,08 

http:// 
www.drug
bank.ca 

Naproxen 230,3 3,00 155,3°C 23 µg/ml 4,4 Hadgraft et 
al., 2000 

Nimesulide 308,3 
2,56 

 
1,79 

143-
144°C 18,2 µg/ml 6,46 

http:// 
www.drug
bank.ca 

Oxyphen-
butazone 324,4 

2,79 
 

3,83 
96°C 256 µg/ml 9,29 

http:// 
www.drug
bank.ca 

Piroxicam 331,4 1,46 199°C 870 µg/ml 13,92 Hadgraft et 
al., 2000 

Suprofen 260,3 3,16 
3,53 124,3°C 42,2 µg/ml 3,91 

http:// 
www.drug
bank.ca 

Table 2. Continued. 
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Substance Chemical Formula 
Molecular 
Weight 
(g/mol) 

Predicted 
Log P 

Melting 
Point 

Predicted 
aqueous 
solubility 
(µg/ml) 

pKa References 

Salicylic acid 138,1 2,4 158°C 2,24 g/mL 2,97 
http:// 
www.drug
bank.ca 

Tenoxicam 337,4 1,82 
1,22 211°C 277 µg/ml 13,63 

http:// 
www.drug
bank.ca 

Tiaprofenic 
acid 260,3 2,42 96°C 450 µg/ml 4,05 Hadgraft et 

al., 2000 

Valdecoxib 314,4 3,32 
2,82 

162-
164°C 34,8 µg/ml 9,4 

http:// 
www.drug
bank.ca 

Table 2. Continued. 

methods such as iontophoresis that enhance penetration of drug molecules through the skin 
are applied (Mitragotri et al., 2000; Tao & Desai, 2003). Furthermore, vesicular carriers, 
microemulsions, lipidic and polymeric particulate carrier systems ensure dermal 
administration of drugs by dermal targeting and enterance of drugs into systemic 
circulation (Neubert, 2011; Benson, 2005). 

3.3.1 Chemical enhancers 
Chemical penetration enhancers reversibly change the structure of the skin to improve the 
flux of drugs through the skin. The mechanism of action of penetration enhancers is 
explained by Lipid-Protein-Partition (LPP) Theory (Williams & Barry, 1991). According to 
this theory, penetration enhancers i) disrupt the lipid structure in intercellular domain of SC, 
or ii) denature or change the conformation of keratin in the intracellular domain and/or iii) 
improve drug partition to SC and thus establish a drug reservoir in SC to act (Williams &  
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methods such as iontophoresis that enhance penetration of drug molecules through the skin 
are applied (Mitragotri et al., 2000; Tao & Desai, 2003). Furthermore, vesicular carriers, 
microemulsions, lipidic and polymeric particulate carrier systems ensure dermal 
administration of drugs by dermal targeting and enterance of drugs into systemic 
circulation (Neubert, 2011; Benson, 2005). 

3.3.1 Chemical enhancers 
Chemical penetration enhancers reversibly change the structure of the skin to improve the 
flux of drugs through the skin. The mechanism of action of penetration enhancers is 
explained by Lipid-Protein-Partition (LPP) Theory (Williams & Barry, 1991). According to 
this theory, penetration enhancers i) disrupt the lipid structure in intercellular domain of SC, 
or ii) denature or change the conformation of keratin in the intracellular domain and/or iii) 
improve drug partition to SC and thus establish a drug reservoir in SC to act (Williams &  
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NSAIDs Enhancers Results Refs 

Diclofenac Oleic acid(OA)/ 
d-limonene 

Addition of the mixture of oleic acid/d-
limonene as enhancer into diclofenac sodium 
formulations has been found to be effective 
for the dermal and subdermal injuries. 

Escribano et al., 
2003 

Diclofenac Dimethyl sulfoxide 
(DMSO) 

Dermal administration of diclofenac 
containing DMSO vehicle has been found to 
be effective for knee osteoarthritis, and has 
showed better tolerability than oral 
diclefenac. 

Simon et al., 2009 

Etodolac terpenes Gel containing anethol increased absorption 
of etodolac (1,5-fold) significantly in excised 
rat skin, as compared to control gel. 

Taş et al., 2007 

Flurbiprofen 
(nitro ester) 

Transcutol®/(OA) 
lauroglycol 
isopropyl myristate 
(IPM) 

The efficacy and safety of dermal nitro ester 
of flurbiprofen was shown with lipophilic 
ointment containing chemical enhancers. 

Minghetti et al., 
2003 

Flurbiprofen Turpentine oil  The bioavailability of transdermal patch 
formulation flurbiprofen containing 
turpentine oil has been shown to increase 
5.56 times with respect to its oral 
administration. 

Charoo et al., 2008 

Flurbiprofen l-menthol/ethanol Flurbiprofen gel containing ethanol (25%)  
and l-menthol (3%) has showed high in vivo 
absorption rate in rabbits. 

Morimoto et al., 
2000 

Flurbiprofen Linoleic acid (LA)/ 
/linolenic acid 
(LNA)/(OA)  
Palmitic acid (PA) 

Fatty acids (PA, OA, LA, and LNA) extracted 
from Botryococcus braunii was found 
effective enhancers to improve the skin 
delivery flurbiprofen. 

Fang et al., 2004 

Ibuprofen Ethanol The flux of ibuprofen was increased by the 
ethanol (>10-fold flux enhacement) across 
silicone membrane and human skin. 

Watkinson et al., 
2009 

Ibuprofen Propylene glycol 
(PG) 

PG and (PG: water) systems has increased 
the fluxes of ibuprofen due the increase in 
skin partition of ibuprofen. 

Watkinson et al., 
2008 

Ketorolac DMSO/d-limonene 
eucalyptus oil/ 
Transcutol® 

Eucalyptus oil has showed the highest 
permeation enhancer effect for the transdermal 
delivery of ketorolac across rat skin. 

Amrish & Kumar, 
2009 

Ketorolac 
trometamol 

IPM/ Brij 92 Dermal formulations of ketorolac trometamol 
containing Brij 92 exhibited less gastric side 
effect and higher anti-inflammatory effect 
than that of containing IPM. 

El-Setouhy & El-
Ashmony, 2009 

Lumiracoxib OA Oleic acid (10%) has increased the flux of 
lumiracoxib through skin and its retention in 
viable epidermis. 

Moreira et al., 2010 
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NSAIDs Enhancers Results Refs 

Meloxicam N-methyl 
pyrrolidone (NMP)  

Meloxicam gel containing NMP as a 
solubilizer exhibited significant higher anti-
inflammatory in rats compared to 
commercial gel formulation.  

Bachhav & 
Patravale, 2010 

Nimesulide OA/ Transcutol® Oleic acid (3%) in the presence of 
Transcutol® (30%) has led to a significant 
increase in permeation of drug across the 
skin. 

Gungor & 
Bergisadi, 2004 

Piroxicam Lauric acid 
/OA/LA/LNA 

All enhancers showed similar extent of 
permeation, which was 3-fold higher than 
that of without enhancer 
administration. 

Santoyo & 
Ygartua, 2000 

Tenoxicam OA/LA/oleyl 
alcohol 

The highest tenoxicam flux was obtained by 
the addition of fatty acids at 3% 
concentration to PG. 

Gwak & Chun, 
2002 

Tiaprofenic 
acid 

terpenes Gel containing d-limonene increased 
absorption of tiaprofenic acid (6-fold) 
significantly in excised pig skin, as compared 
to control gel. 

Okyar et al.,  2008 

Tiaprofenic 
acid 

terpenes Gel containing d-limonene increased 
absorption of tiaprofenic acid (6-fold) 
significantly in excised rat skin. Gel with 
d-limonene increased tiaprofenic acid skin 
absorption of 10-fold in  
vivo in rats, as compared to control  
gel.  

Okyar et al., 2010 

Table 3. Effect of chemical penetration enhancers to increase skin permeation of NSAIDs. 

Barry, 2004; Thong HY et al., 2007). Co-solvents such as alcohols, oil alcohols, propylene 
glycol, diethyleneglycol monoethylether (Transcutol), and compounds like fatty acids 
terpenes, Azone, dimethylsulfoxide (DMSO), pyrrolidones, urea and surfactants are 
frequently included in dermal/transdermal formulations as penetration enhancers 
(Williams & Barry, 2004; Mohammed et al.,  2007). Table 3 summarizes the penetration 
enhancers to improve passage of NSAIDs through the skin and the results obtained. 

3.3.2 Physical enhancement  
Iontophoresis is one of the most frequently used physical methods in improving dermal 
penetration of drugs. Iontophoresis enhances dermal penetration of drug molecules by 
applying low levels of electrical currents (0,5 mA/cm2) (Marro et al., 2002). Unlike passive 
diffusion-based transdermal administration, particularly, iontophoresis ensures dermal 
penetration of polar and charged drug molecules in high amounts loaded (Kalia et al., 1998; 
Sieg & Wascotte, 2009).  
There are studies investigating whether the iontophoresis technique enhanced dermal 
penetration of NSAIDs. Curdy et al. (2001) dermally administered a commercial gel 
formulation containing piroxicam, and studied dermal penetration of piroxicam by using 
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NSAIDs Enhancers Results Refs 
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be effective for knee osteoarthritis, and has 
showed better tolerability than oral 
diclefenac. 

Simon et al., 2009 

Etodolac terpenes Gel containing anethol increased absorption 
of etodolac (1,5-fold) significantly in excised 
rat skin, as compared to control gel. 

Taş et al., 2007 

Flurbiprofen 
(nitro ester) 

Transcutol®/(OA) 
lauroglycol 
isopropyl myristate 
(IPM) 

The efficacy and safety of dermal nitro ester 
of flurbiprofen was shown with lipophilic 
ointment containing chemical enhancers. 

Minghetti et al., 
2003 

Flurbiprofen Turpentine oil  The bioavailability of transdermal patch 
formulation flurbiprofen containing 
turpentine oil has been shown to increase 
5.56 times with respect to its oral 
administration. 

Charoo et al., 2008 

Flurbiprofen l-menthol/ethanol Flurbiprofen gel containing ethanol (25%)  
and l-menthol (3%) has showed high in vivo 
absorption rate in rabbits. 

Morimoto et al., 
2000 

Flurbiprofen Linoleic acid (LA)/ 
/linolenic acid 
(LNA)/(OA)  
Palmitic acid (PA) 

Fatty acids (PA, OA, LA, and LNA) extracted 
from Botryococcus braunii was found 
effective enhancers to improve the skin 
delivery flurbiprofen. 

Fang et al., 2004 

Ibuprofen Ethanol The flux of ibuprofen was increased by the 
ethanol (>10-fold flux enhacement) across 
silicone membrane and human skin. 

Watkinson et al., 
2009 

Ibuprofen Propylene glycol 
(PG) 

PG and (PG: water) systems has increased 
the fluxes of ibuprofen due the increase in 
skin partition of ibuprofen. 

Watkinson et al., 
2008 

Ketorolac DMSO/d-limonene 
eucalyptus oil/ 
Transcutol® 

Eucalyptus oil has showed the highest 
permeation enhancer effect for the transdermal 
delivery of ketorolac across rat skin. 

Amrish & Kumar, 
2009 

Ketorolac 
trometamol 

IPM/ Brij 92 Dermal formulations of ketorolac trometamol 
containing Brij 92 exhibited less gastric side 
effect and higher anti-inflammatory effect 
than that of containing IPM. 

El-Setouhy & El-
Ashmony, 2009 

Lumiracoxib OA Oleic acid (10%) has increased the flux of 
lumiracoxib through skin and its retention in 
viable epidermis. 

Moreira et al., 2010 
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NSAIDs Enhancers Results Refs 

Meloxicam N-methyl 
pyrrolidone (NMP)  

Meloxicam gel containing NMP as a 
solubilizer exhibited significant higher anti-
inflammatory in rats compared to 
commercial gel formulation.  

Bachhav & 
Patravale, 2010 

Nimesulide OA/ Transcutol® Oleic acid (3%) in the presence of 
Transcutol® (30%) has led to a significant 
increase in permeation of drug across the 
skin. 

Gungor & 
Bergisadi, 2004 

Piroxicam Lauric acid 
/OA/LA/LNA 

All enhancers showed similar extent of 
permeation, which was 3-fold higher than 
that of without enhancer 
administration. 

Santoyo & 
Ygartua, 2000 

Tenoxicam OA/LA/oleyl 
alcohol 

The highest tenoxicam flux was obtained by 
the addition of fatty acids at 3% 
concentration to PG. 

Gwak & Chun, 
2002 

Tiaprofenic 
acid 

terpenes Gel containing d-limonene increased 
absorption of tiaprofenic acid (6-fold) 
significantly in excised pig skin, as compared 
to control gel. 

Okyar et al.,  2008 

Tiaprofenic 
acid 

terpenes Gel containing d-limonene increased 
absorption of tiaprofenic acid (6-fold) 
significantly in excised rat skin. Gel with 
d-limonene increased tiaprofenic acid skin 
absorption of 10-fold in  
vivo in rats, as compared to control  
gel.  

Okyar et al., 2010 

Table 3. Effect of chemical penetration enhancers to increase skin permeation of NSAIDs. 

Barry, 2004; Thong HY et al., 2007). Co-solvents such as alcohols, oil alcohols, propylene 
glycol, diethyleneglycol monoethylether (Transcutol), and compounds like fatty acids 
terpenes, Azone, dimethylsulfoxide (DMSO), pyrrolidones, urea and surfactants are 
frequently included in dermal/transdermal formulations as penetration enhancers 
(Williams & Barry, 2004; Mohammed et al.,  2007). Table 3 summarizes the penetration 
enhancers to improve passage of NSAIDs through the skin and the results obtained. 

3.3.2 Physical enhancement  
Iontophoresis is one of the most frequently used physical methods in improving dermal 
penetration of drugs. Iontophoresis enhances dermal penetration of drug molecules by 
applying low levels of electrical currents (0,5 mA/cm2) (Marro et al., 2002). Unlike passive 
diffusion-based transdermal administration, particularly, iontophoresis ensures dermal 
penetration of polar and charged drug molecules in high amounts loaded (Kalia et al., 1998; 
Sieg & Wascotte, 2009).  
There are studies investigating whether the iontophoresis technique enhanced dermal 
penetration of NSAIDs. Curdy et al. (2001) dermally administered a commercial gel 
formulation containing piroxicam, and studied dermal penetration of piroxicam by using 
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both passive and iontophoresis method. They found that application of low electric current 
enhanced uptake of piroxicam to SC layer. Moreover, a high piroxicam concentration was 
obtained in the SC, live epidermis and dermis with the iontophoresis application. Mathy 
and coworkers studied the percutaneous penetration of flurbiprofen on hairless rats (Mathy 
et al., 2005). They investigated the flurbiprofen concentrations in the dermal and 
subcutaneous tissue following administration of iontophoresis. The data obtained 
demonstrated that application of iontophoresis ensured delivery of flurbiprofen at a high 
input rate to the dermis and underlying tissues at significant amounts, while maintaining 
low plasma exposure. 

4. Conventional formulations and novel approaches in dermal and 
transdermal delivery of NSAIDs 
Conventional dosage forms of NSAIDs which are commercially available and and possible 
novel carrier systems of NSAIDs to improve their dermal and transdermal delivery are 
summarized in Fig. 
 

 
Fig. 1. Schematic representation of the novel and conventional dermal drug delivery systems. 

4.1 Conventional formulations 
The classical dosage forms of NSAIDs for dermal use that are commercially available are 
usually gels, creams, ointments and lotions. Table 4 gives a list of NSAIDs which have 
commercial dermal preparations. 
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NSAIDs Formulation type
Benzydamine Gel, cream

Felbinac Gel
Bufexamac Cream, ointment, lotion, emulgel 

Diclofenac epolamine Patch
Diclofenac sodium Gel, spray gel

Diclofenac potassium Gel 
Diclofenac diethylammonium Gel, emulgel 

Etofenamate Gel, cream
Ibuprofen Gel, cream

Ketoprofen Gel
Naproxen Gel

Nimesulide Gel
Piroxicam Gel

Salicylic acid Cream, ointment,  lotion

Table 4. Commerical dermal formulations of NSAIDs (Micromedex, electronic version, Rx 
MediaPharma 2011). 

4.1.1 Gels 
They are two-component semi-solid drug carriers that contain high levels of fluid and 
viscosity enhancing agents. Polar solvents such as water and alcohol are used in the liquid 
phase. They contain appropriate viscosity enhancers depending on the physicochemical 
properties of drug molecule and its compatibility with the vehicle. Simple gels are prepared 
with a natural polymer, such as carrageen, pectin or sodium alginate, or semi-synthetic 
stabilizers like cellulose derivatives or synthetic stabilizers like Carbomers (Williams, 2003). 
As can be seen on Table 3, gel formulations of most of NSAIDs are commercially available 
because gels are easy to administer, forming a thin film coating on the skin and ensuring 
rapid action without giving an oily feeling. They are preferred by patients due to these 
advantages. Besides they are cost-efficient since formulation inputs are less, and they are 
preferred by manufacturers. Although there are not commercially available dermal 
formulations of NSAIDs there are studies on development of gel-type formulation of 
tiaprofenic acid (Okyar et al., 2008 and 2010), meloxicam (Martinez et al., 2007; Jain & 
Pathak, 2010; Gupta et al., 2002), aceclofenac (Dua et al., 2010) and flurbiprofen (Minghetti et 
al., 2003; Pandey et al., 2009).  

4.1.2 Ointments, creams and lotions 
Ointments are semi-solid preparations administered on the skin. Their formulations contain 
high levels of oil. Typically they have an occlusive action on the skin, and are used for dry 
lesions. Creams have an emulsion structure although they are defined as semi-solid carrier 
systems. Emulsions are systems consisting of two phases containing water and oil, where 
one is disperse in the other. Creams are more acceptable for patients as they have lower 
viscosity than ointments and are less oily. Lotions are creams with less viscosity (Williams, 
2003). There are cream and/or ointment-type preparations of benzydamine bufexamac, 



 
Rheumatoid Arthritis – Treatment 

 

36

both passive and iontophoresis method. They found that application of low electric current 
enhanced uptake of piroxicam to SC layer. Moreover, a high piroxicam concentration was 
obtained in the SC, live epidermis and dermis with the iontophoresis application. Mathy 
and coworkers studied the percutaneous penetration of flurbiprofen on hairless rats (Mathy 
et al., 2005). They investigated the flurbiprofen concentrations in the dermal and 
subcutaneous tissue following administration of iontophoresis. The data obtained 
demonstrated that application of iontophoresis ensured delivery of flurbiprofen at a high 
input rate to the dermis and underlying tissues at significant amounts, while maintaining 
low plasma exposure. 

4. Conventional formulations and novel approaches in dermal and 
transdermal delivery of NSAIDs 
Conventional dosage forms of NSAIDs which are commercially available and and possible 
novel carrier systems of NSAIDs to improve their dermal and transdermal delivery are 
summarized in Fig. 
 

 
Fig. 1. Schematic representation of the novel and conventional dermal drug delivery systems. 

4.1 Conventional formulations 
The classical dosage forms of NSAIDs for dermal use that are commercially available are 
usually gels, creams, ointments and lotions. Table 4 gives a list of NSAIDs which have 
commercial dermal preparations. 
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NSAIDs Formulation type
Benzydamine Gel, cream

Felbinac Gel
Bufexamac Cream, ointment, lotion, emulgel 

Diclofenac epolamine Patch
Diclofenac sodium Gel, spray gel

Diclofenac potassium Gel 
Diclofenac diethylammonium Gel, emulgel 

Etofenamate Gel, cream
Ibuprofen Gel, cream

Ketoprofen Gel
Naproxen Gel

Nimesulide Gel
Piroxicam Gel

Salicylic acid Cream, ointment,  lotion

Table 4. Commerical dermal formulations of NSAIDs (Micromedex, electronic version, Rx 
MediaPharma 2011). 

4.1.1 Gels 
They are two-component semi-solid drug carriers that contain high levels of fluid and 
viscosity enhancing agents. Polar solvents such as water and alcohol are used in the liquid 
phase. They contain appropriate viscosity enhancers depending on the physicochemical 
properties of drug molecule and its compatibility with the vehicle. Simple gels are prepared 
with a natural polymer, such as carrageen, pectin or sodium alginate, or semi-synthetic 
stabilizers like cellulose derivatives or synthetic stabilizers like Carbomers (Williams, 2003). 
As can be seen on Table 3, gel formulations of most of NSAIDs are commercially available 
because gels are easy to administer, forming a thin film coating on the skin and ensuring 
rapid action without giving an oily feeling. They are preferred by patients due to these 
advantages. Besides they are cost-efficient since formulation inputs are less, and they are 
preferred by manufacturers. Although there are not commercially available dermal 
formulations of NSAIDs there are studies on development of gel-type formulation of 
tiaprofenic acid (Okyar et al., 2008 and 2010), meloxicam (Martinez et al., 2007; Jain & 
Pathak, 2010; Gupta et al., 2002), aceclofenac (Dua et al., 2010) and flurbiprofen (Minghetti et 
al., 2003; Pandey et al., 2009).  

4.1.2 Ointments, creams and lotions 
Ointments are semi-solid preparations administered on the skin. Their formulations contain 
high levels of oil. Typically they have an occlusive action on the skin, and are used for dry 
lesions. Creams have an emulsion structure although they are defined as semi-solid carrier 
systems. Emulsions are systems consisting of two phases containing water and oil, where 
one is disperse in the other. Creams are more acceptable for patients as they have lower 
viscosity than ointments and are less oily. Lotions are creams with less viscosity (Williams, 
2003). There are cream and/or ointment-type preparations of benzydamine bufexamac, 
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etofenamate, ibuprofen and salicylic acid that are commercially available. Lotion-type 
preparations of bufexamac and salicylic acid are used in treatments (Table 4).  

4.2 Novel formulation approaches for improving skin delivery of NSAIDs 
4.2.1 Micromemulsions 
Microemulsions are transparent liquid dispersions with a droplet size of 20-200 nm. Their 
formulations include four fundamental components, which are water, oil, surfactant and 
co-surfactant. The advantages of microemulsions include enhancing solubility of drugs, 
thermodynamic stability, ease of preparation and low costs (Neubert, 2011). 
Microemulsions have recently attracted attention in enhancing dermal permeation of 
lypophilic drugs as well as hydrophilic drugs. The oils and surfactants included in the 
composition of microemulsions also act as penetration enhancers. Besides, the 
composition of formulation and the internal structure of phases enhance diffusion of the 
drug inside the carrier and improve the partition of drug to SC (Kogan & Garti, 2006). The 
most important disadvantage of microemulsions is potential risk of skin irritation due to 
their high content of surfactants. Kantarc et al. (2007) prepared microemulsion 
formulations containing diclofenac sodium, and optimized it in with vitro tests. The 
irritant effect of formulations was investigated on healthy volunteers, and their safety was 
demonstrated. In another study, lecithin microemulsions of ketoprofen were developed 
(Paolino et al., 2002). Permeation of drug from microemulsion formulation was compared 
to the conventional dermal ketoprofen formulation. In this study performed with healthy 
volunteers, it was demonstrated that ketoprofen microemulsions enhanced the 
permeation of drug and has good skin tolerability (Amrish & Kumar, 2009). Dalmora et al. 
(2001) administered microemulsions loaded with piroxicam to rats in vivo, and 
demonstrated that dermal anti-inflammatory effect was extended, and inflammation 
inhibition lasted for nine days following single-dose administration. In vivo anti-
inflammatory activity study has also demonstrated that microemulsions containing 
flurbiprofen performed better than conventional gel formulation (Ambade et al., 2008). In 
another study, nano/submicron emulsions of flurbiprofen were suggested as dermal 
carriers (Fang et al., 2004). 

4.2.2 Vesicular carriers 
Vesicular systems such as liposomes, niosomes and transfersomes have been developed for 
optimization of dermal penetration of drugs and particularly for dermal targeting. Vesicular 
systems have the advantages of controlling release rate of the active ingredient and to 
ensure localization of dermally administered drugs in dermal layers. Besides, transdermal 
administration of vesicular systems helps to carry drug molecules into systemic circulation 
(El Sayed et al., 2007; Ceve, 2004). 

4.2.2.1 Liposomes 

Liposomes are described as lipidic vesicles containing water. Cholesterol and phospholipids 
or amphiphilic ingredients of these compounds are typically used as lipids. Liposomes can 
capture hydrophilic molecules or contain lipophilic molecules in their membranes. Some 
liposomes can be adsorbed in the skin surface or may go into fusion. Fusion of liposomes 
may increase the drag force required for permeation of the molecule and facilitate dermal 
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penetration of the drug. However, fusion of liposomes on the skin surface does not apply for 
macromolecular drugs. Another mechanism is penetration of liposomes to SC before fusion 
with SC lipids and releasing the drug there. With this mechanism, particularly the drug in 
liposomes that are dermally administered can be localized in different layers of the skin (El 
Magraby et al., 2008; Williams, 2003). 
Mezei & Gulasekharam (1980) used liposomes as “dermal drug carrier system” for the first 
time. However, liposomes are localized in the outermost layer of the skin (SC). Therefore, it 
is advantageous in cases where retaining drug in SC is desirable. It does not seem possible 
with these systems to penetrate the drug to deeper tissues of the skin or into systemic 
circulation. Therefore, it is rather preferred to increase dermal moisture for cosmetic 
purposes (El Magraby et al., 2008; Williams, 2003). 
4.2.2.2 Niosomes 

Niosomes are liposomes prepared with non-ionic surfactants. Dermal penetration of 
niosomes depend on i) potential penetration-enhancing activity of surfactants in its content, 
ii) penetration of the vesicle to SC, iii) accumulation of vesicle on the skin surface and/or 
increasing thermodynamic activity of the drug on the skin surface. These mechanisms 
depend on the physicochemical properties of the drug, the vesicle and the lipids used (Choi 
& Maibach, 2005; Williams, 2003). Niosomes are the vesicular systems that are most studies 
in dermal and transdermal formulations of NSAIDs. This is because niosomes prevent 
transepidermal water loss, and they act on the lipid structure in the intracellular domain 
with the effect of high amount of surfactant in their content and overcome the barrier 
characteristic of the SC layer. 
It has been observed that dermal retention and dermal penetration of the drug was 
enhanced with dermally administered noisome formulation of nimesulid. Besides, it has 
been determined that the noisome formulation has a faster anti-inflammatory activity than 
the commercial gel formulation (Shahiwala & Misra, 2002). Manosroi et al. (2008) obtained a 
higher flux of the drug in SC and deeper dermal tissues (live epidermis and dermis) with 
elastic noisome formulations loaded with diclophenac diethylammonium. Niosome-like 
vesicles consisting of hydrated mixtures of cholesterol and non-ionic surfactants are defined 
as “proniosomes” (Alsarra et al., 2005; Ammar et al., 2011). Alsarra et al. (2005) 
demonstrated that proniosomes of ketorolac improves permeation of the drug and shortens 
its lag time. In another study, formulations of proniosome were developed for transdermal 
delivery of tenoxicam. It has been stressed that proniosome formulation loaded with 
tenoxicam had higher anti-inflammatory and analgesic effect than the commercially 
available tenoxicam tablets (Ammar et al., 2011). 

4.2.2.3 Transfersomes 

Transfersomes are defined as elastic vesicles that can be highly deformed. They are the first 
generation of elastic vesicles that contain phospholipids and an edge activator. Classical 
liposomes have a diameter varying from 200 to 400 nm, which is too large to pass through 
SC. However, transfersomes reach deeper dermal tissues and even the systemic circulation 
with their elasticity and highly deformable structure (Benson, 2009). It has been 
demonstrated that as classical liposomes cannot be deformed in the same way, 
transfersomes ensure higher skin permeation than liposomes in an in vitro comparison of 
skin permeation of transfersomes and liposomes loaded with meloxicam (Duangjit et al., 
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etofenamate, ibuprofen and salicylic acid that are commercially available. Lotion-type 
preparations of bufexamac and salicylic acid are used in treatments (Table 4).  

4.2 Novel formulation approaches for improving skin delivery of NSAIDs 
4.2.1 Micromemulsions 
Microemulsions are transparent liquid dispersions with a droplet size of 20-200 nm. Their 
formulations include four fundamental components, which are water, oil, surfactant and 
co-surfactant. The advantages of microemulsions include enhancing solubility of drugs, 
thermodynamic stability, ease of preparation and low costs (Neubert, 2011). 
Microemulsions have recently attracted attention in enhancing dermal permeation of 
lypophilic drugs as well as hydrophilic drugs. The oils and surfactants included in the 
composition of microemulsions also act as penetration enhancers. Besides, the 
composition of formulation and the internal structure of phases enhance diffusion of the 
drug inside the carrier and improve the partition of drug to SC (Kogan & Garti, 2006). The 
most important disadvantage of microemulsions is potential risk of skin irritation due to 
their high content of surfactants. Kantarc et al. (2007) prepared microemulsion 
formulations containing diclofenac sodium, and optimized it in with vitro tests. The 
irritant effect of formulations was investigated on healthy volunteers, and their safety was 
demonstrated. In another study, lecithin microemulsions of ketoprofen were developed 
(Paolino et al., 2002). Permeation of drug from microemulsion formulation was compared 
to the conventional dermal ketoprofen formulation. In this study performed with healthy 
volunteers, it was demonstrated that ketoprofen microemulsions enhanced the 
permeation of drug and has good skin tolerability (Amrish & Kumar, 2009). Dalmora et al. 
(2001) administered microemulsions loaded with piroxicam to rats in vivo, and 
demonstrated that dermal anti-inflammatory effect was extended, and inflammation 
inhibition lasted for nine days following single-dose administration. In vivo anti-
inflammatory activity study has also demonstrated that microemulsions containing 
flurbiprofen performed better than conventional gel formulation (Ambade et al., 2008). In 
another study, nano/submicron emulsions of flurbiprofen were suggested as dermal 
carriers (Fang et al., 2004). 

4.2.2 Vesicular carriers 
Vesicular systems such as liposomes, niosomes and transfersomes have been developed for 
optimization of dermal penetration of drugs and particularly for dermal targeting. Vesicular 
systems have the advantages of controlling release rate of the active ingredient and to 
ensure localization of dermally administered drugs in dermal layers. Besides, transdermal 
administration of vesicular systems helps to carry drug molecules into systemic circulation 
(El Sayed et al., 2007; Ceve, 2004). 

4.2.2.1 Liposomes 

Liposomes are described as lipidic vesicles containing water. Cholesterol and phospholipids 
or amphiphilic ingredients of these compounds are typically used as lipids. Liposomes can 
capture hydrophilic molecules or contain lipophilic molecules in their membranes. Some 
liposomes can be adsorbed in the skin surface or may go into fusion. Fusion of liposomes 
may increase the drag force required for permeation of the molecule and facilitate dermal 
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penetration of the drug. However, fusion of liposomes on the skin surface does not apply for 
macromolecular drugs. Another mechanism is penetration of liposomes to SC before fusion 
with SC lipids and releasing the drug there. With this mechanism, particularly the drug in 
liposomes that are dermally administered can be localized in different layers of the skin (El 
Magraby et al., 2008; Williams, 2003). 
Mezei & Gulasekharam (1980) used liposomes as “dermal drug carrier system” for the first 
time. However, liposomes are localized in the outermost layer of the skin (SC). Therefore, it 
is advantageous in cases where retaining drug in SC is desirable. It does not seem possible 
with these systems to penetrate the drug to deeper tissues of the skin or into systemic 
circulation. Therefore, it is rather preferred to increase dermal moisture for cosmetic 
purposes (El Magraby et al., 2008; Williams, 2003). 
4.2.2.2 Niosomes 

Niosomes are liposomes prepared with non-ionic surfactants. Dermal penetration of 
niosomes depend on i) potential penetration-enhancing activity of surfactants in its content, 
ii) penetration of the vesicle to SC, iii) accumulation of vesicle on the skin surface and/or 
increasing thermodynamic activity of the drug on the skin surface. These mechanisms 
depend on the physicochemical properties of the drug, the vesicle and the lipids used (Choi 
& Maibach, 2005; Williams, 2003). Niosomes are the vesicular systems that are most studies 
in dermal and transdermal formulations of NSAIDs. This is because niosomes prevent 
transepidermal water loss, and they act on the lipid structure in the intracellular domain 
with the effect of high amount of surfactant in their content and overcome the barrier 
characteristic of the SC layer. 
It has been observed that dermal retention and dermal penetration of the drug was 
enhanced with dermally administered noisome formulation of nimesulid. Besides, it has 
been determined that the noisome formulation has a faster anti-inflammatory activity than 
the commercial gel formulation (Shahiwala & Misra, 2002). Manosroi et al. (2008) obtained a 
higher flux of the drug in SC and deeper dermal tissues (live epidermis and dermis) with 
elastic noisome formulations loaded with diclophenac diethylammonium. Niosome-like 
vesicles consisting of hydrated mixtures of cholesterol and non-ionic surfactants are defined 
as “proniosomes” (Alsarra et al., 2005; Ammar et al., 2011). Alsarra et al. (2005) 
demonstrated that proniosomes of ketorolac improves permeation of the drug and shortens 
its lag time. In another study, formulations of proniosome were developed for transdermal 
delivery of tenoxicam. It has been stressed that proniosome formulation loaded with 
tenoxicam had higher anti-inflammatory and analgesic effect than the commercially 
available tenoxicam tablets (Ammar et al., 2011). 

4.2.2.3 Transfersomes 

Transfersomes are defined as elastic vesicles that can be highly deformed. They are the first 
generation of elastic vesicles that contain phospholipids and an edge activator. Classical 
liposomes have a diameter varying from 200 to 400 nm, which is too large to pass through 
SC. However, transfersomes reach deeper dermal tissues and even the systemic circulation 
with their elasticity and highly deformable structure (Benson, 2009). It has been 
demonstrated that as classical liposomes cannot be deformed in the same way, 
transfersomes ensure higher skin permeation than liposomes in an in vitro comparison of 
skin permeation of transfersomes and liposomes loaded with meloxicam (Duangjit et al., 
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2011). In the same study, the structure of the skip was studied after administration of 
transfersomes, and it has been found that the structure of lipids in SC was disrupted. 

4.2.2.4 Ethosomes 

Ethosomes contain phospholipids like classical liposomes; however, they also contain high 
levels of alcohol. It has also been demonstrated that its components can reach deeper layers 
of the skin or enter into systemic circulation. Action mechanisms of these carriers in 
improving permeation is explained by their alcohol content as penetration enhancers as well 
as disruption of intercellular lipid structure of SC by the phospholipids in their content 
(Godin & Touitou, 2003;  Williams, 2003). Barupal et al. (2010) prepared ethosomes to 
investigate dermal administration of aceclofenac. They demonstrated that ethosomes have a 
high drug loading capacity and a good stability. 

4.2.3 Nano carriers (Solid lipid nanoparticles-SLN, nanostructured lipid carriers-NLC, 
and nanocapsules) 
It is observed that SLN and NLC formulations have been developed in the last decade for 
their desirable properties in terms of transdermal administration. SLN are water-in-oil 
emulsions containing solids as oil phase, and are prepared from solid lipids or from blends 
of these lipids. NLCs are new generation lipid particles, which have been developed to 
overcome certain disadvantages of SLNs, such as limited drug loading capacity, gellification 
risk and drug leakage due to lipid polymorphism during storage. NLCs contain mixtures of 
different solid lipids blended with liquid oils. The most important advantage of these 
carriers is their low risk of toxicity. Small size of lipid particles ensures close contact with 
SC, and may enhance dermal penetration of drug. 
Polymeric nanoparticles are also prepared from biologically degradable or non-degradable 
polymers. The ability of polymeric particles to improve penetration of drugs and their 
dermal/transdermal applications to target accumulation in different layers of the skin are 
studied. However, dermal/transdermal administration of polymeric particles have been less 
studied than lipidic particles. Table 5 summarizes the studies in the literature on nano-
carriers of NSAIDs that are dermally and transdermally administered. 

4.2.4 Transdermal patches 
Transdermal patches are drug carriers that contain an adhesive layer and ensure access of 
drugs to systemic circulation with controlled release rate. Additionally, the adhesive layer 
provides a firm contact for the drug to the skin. In general, transdermal patches are 
classified into two main groups by their methods of formulation, which are membrane-type 
(reservoir type) and matrix-type. In the former formulation, drug is contained in the 
adhesive and the drug release rate is controlled by the membrane. In the latter, drug 
molecules are dispersed or dissolved in polymer matrix. In cases where the matrix is not 
self-adhesive, a special adhesive layer is added. In transdermal patches, formulation 
components should be compatible with the skin, and they should be chemically stable and 
appropriate for use in combination (Padula et al., 2007; Vasilev et al., 2001; Williams, 2003). 
Among NSAIDs, adhesive types of transdermal patch formulations of meloxicam have been 
developed and evaluated in vitro/in vivo (Ah et al., 2010). In vivo anti-inflammatory 
activity of the formulation was compared to the piroxicam patch using adjuvant arthritis 
model. In conclusion, the meloxicam patch had a better anti-inflammatory effect. In another 
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study, pharmacokinetic data obtained with dermally administered ketoprofen patch was 
compared to the data of gel formulation. The obtained plasma level of ketoprofen was 
demonstrated to be higher than the gel formulation (Mazieres, 2005).  
 

NSAIDs Nano carrier Results Refs 
Celecoxib NLC based gel Gel formulations of celecoxib prepared with NLC 

exhibited fasted drug input and sustained anti-
inflammatory activity up to 24 h. 

Joshi & 
Patravale, 2008 

Flufenamic acid Poly(lactide-co-
glycolide) 
nanoparticles 

Nanoencapsulation of flufenamic acid has 
significantly increased drug transport and 
accumulation in the skin. 

Luengo et al., 
2006 

Flurbiprofen  NLC NLC formulation of flurbiprofen was led to the 
increase in drug permeation with respect to its 
conventional solution. 

Gonzales-Mira 
et al., 2011 
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Following the application of gel formulations of 
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viable epidermis compared to conventional gel 
formulations. 

Alves et al., 2005 

Table 5. Studies on the development of nanocarriers of NSAIDs to improve their skin 
permeability.  

5. Conclusions 
During the last two decades, skin has been shown to be a suitable delivery site for drugs 
that are formulated dermally. Researchers have been trying to overcome gastrointestinal 
side effects by dermal and transdermal delivery of NSAIDs. Dermal administration of 
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2011). In the same study, the structure of the skip was studied after administration of 
transfersomes, and it has been found that the structure of lipids in SC was disrupted. 
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levels of alcohol. It has also been demonstrated that its components can reach deeper layers 
of the skin or enter into systemic circulation. Action mechanisms of these carriers in 
improving permeation is explained by their alcohol content as penetration enhancers as well 
as disruption of intercellular lipid structure of SC by the phospholipids in their content 
(Godin & Touitou, 2003;  Williams, 2003). Barupal et al. (2010) prepared ethosomes to 
investigate dermal administration of aceclofenac. They demonstrated that ethosomes have a 
high drug loading capacity and a good stability. 

4.2.3 Nano carriers (Solid lipid nanoparticles-SLN, nanostructured lipid carriers-NLC, 
and nanocapsules) 
It is observed that SLN and NLC formulations have been developed in the last decade for 
their desirable properties in terms of transdermal administration. SLN are water-in-oil 
emulsions containing solids as oil phase, and are prepared from solid lipids or from blends 
of these lipids. NLCs are new generation lipid particles, which have been developed to 
overcome certain disadvantages of SLNs, such as limited drug loading capacity, gellification 
risk and drug leakage due to lipid polymorphism during storage. NLCs contain mixtures of 
different solid lipids blended with liquid oils. The most important advantage of these 
carriers is their low risk of toxicity. Small size of lipid particles ensures close contact with 
SC, and may enhance dermal penetration of drug. 
Polymeric nanoparticles are also prepared from biologically degradable or non-degradable 
polymers. The ability of polymeric particles to improve penetration of drugs and their 
dermal/transdermal applications to target accumulation in different layers of the skin are 
studied. However, dermal/transdermal administration of polymeric particles have been less 
studied than lipidic particles. Table 5 summarizes the studies in the literature on nano-
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4.2.4 Transdermal patches 
Transdermal patches are drug carriers that contain an adhesive layer and ensure access of 
drugs to systemic circulation with controlled release rate. Additionally, the adhesive layer 
provides a firm contact for the drug to the skin. In general, transdermal patches are 
classified into two main groups by their methods of formulation, which are membrane-type 
(reservoir type) and matrix-type. In the former formulation, drug is contained in the 
adhesive and the drug release rate is controlled by the membrane. In the latter, drug 
molecules are dispersed or dissolved in polymer matrix. In cases where the matrix is not 
self-adhesive, a special adhesive layer is added. In transdermal patches, formulation 
components should be compatible with the skin, and they should be chemically stable and 
appropriate for use in combination (Padula et al., 2007; Vasilev et al., 2001; Williams, 2003). 
Among NSAIDs, adhesive types of transdermal patch formulations of meloxicam have been 
developed and evaluated in vitro/in vivo (Ah et al., 2010). In vivo anti-inflammatory 
activity of the formulation was compared to the piroxicam patch using adjuvant arthritis 
model. In conclusion, the meloxicam patch had a better anti-inflammatory effect. In another 
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study, pharmacokinetic data obtained with dermally administered ketoprofen patch was 
compared to the data of gel formulation. The obtained plasma level of ketoprofen was 
demonstrated to be higher than the gel formulation (Mazieres, 2005).  
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NSAIDs enables local drug delivery to diseased tissues and obtains high drug concentration 
in the application site. Dermal application seems to offer an alternative application route for 
preventing systemic side effects of NSAIDs. However, SC is a highly effective barrier and 
challenging for absorption of drugs through skin and drugs may not accumulate properly in 
the target tissues. The most popular strategy is to include chemical enhancers into dermal 
and transdermal formulations to enhance skin delivery of drugs. However, it is difficult to 
choose a penetration enhancer, and to date no penetration enhancer has been proven to be 
ideal. Another approach to improve skin permeation is to develop novel drug carrier 
systems of NSAIDs, in addition to the conventional dosage forms. Microemulsions and nano 
carriers are the most frequently preferred carrier systems for NSAIDs. These new carrier 
systems ensure drug permeation to deeper layers of the skin and reach the synovial fluid. 
These new drug delivery approaches are jointly aiming at minimizing drug dose, diverting 
drugs to the target tissue, and enhancing efficacy in patients. The findings seem to be 
promising and it can be anticipated that the commercial novel carrier systems, providing 
localization of drugs in viable epidermis and dermis layers of skin, could come into the 
market. Thus, by employing these novel systems we may achieve a critical leap forward in 
the safe administration of NSAIDs.  
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1. Introduction 
The characteristic pathophysiology in rheumatoid arthritis (RA) is the destruction of bone 
and cartilage due to persistent synovitis of unknown etiology. Pro-inflammatory cytokines, 
including tumor necrosis factor alpha (TNFα), interleukin-1 (IL-1), and interleukin-6 (IL-6), 
are overproduced in inflamed synovial membranes, and are critically involved in the spread 
and persistence of the inflammation. IL-6, which was identified as a B-cell stimulatory factor 
in 1986, is a multifunctional cytokine (Hirano, 2010), and a key mediator in the pathological 
processes of RA, especially in the activation of immune cells and osteoclasts (Cronstein, 
2007). For RA drug therapy, therefore, inhibition of IL-6 signaling is suitable for shutting 
down both inflammation and bone destruction. Tocilizumab (TCZ) is a humanized 
monoclonal antibody (human IgG1 κ subclass) against IL-6 receptor (IL-6R). The data from 
the recent clinical studies on TCZ suggests that TCZ has several advantages over other anti-
rheumatic drugs (Bergman et al., 2010).  

2. Pharmacological properties 
2.1 Pharmacodynamics 
Human IL-6 binds to human IL-6 R with a dissociation constant (Kd) of 5.5 nM, and this low 
affinity complex subsequently recruits a gp130 molecule to form a high-affinity complex (IL-
6/IL-6R/gp130 ternary complex) with a Kd of 50 pM (Hibi et al, 1990). TCZ binds 
selectively and competitively to both soluble IL-6R (sIL-6R) and membrane bound IL-6R 
(mIL-6R) with a Kd of 0.71 nM and 2.54 nM, respectively (Japan Pharmacists Education 
Center, 2008; Mihara et al., 2005). TCZ suppressed the binding of IL-6 (10 ng/mL) to sIL-6R 
in a dose dependent manner at of a concentration between 0.002 and 4 µg/mL and 
completely inhibited at concentrations of > 4 µg/mL. Moreover, TCZ was able to dissociate 
IL-6/sIL-6R preformed complex which was made by mixing IL-6 (200 ng/mL) and sIL-6R 
(40 ng/mL). The percentage binding of IL-6 to sIL-6R fell in a TCZ concentration-dependent 
manner, and was less than 10% of the binding seen in the presence of TCZ at concentrations 
of > 1 µg/mL. On the other hand, the binding of TCZ to sIL-6R rose in a concentration-
dependent manner and reached a plateau at 0.1 µg/mL (Mihara et al., 2005). In vitro, 100 
µg/mL of TCZ completely inhibited cell growth of IL-6 dependent KT-3 cells in the presence 
of up to 0.32 ng/mL IL-6. Cell growth inhibition by TCZ was dose-dependently decreased 
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1. Introduction 
The characteristic pathophysiology in rheumatoid arthritis (RA) is the destruction of bone 
and cartilage due to persistent synovitis of unknown etiology. Pro-inflammatory cytokines, 
including tumor necrosis factor alpha (TNFα), interleukin-1 (IL-1), and interleukin-6 (IL-6), 
are overproduced in inflamed synovial membranes, and are critically involved in the spread 
and persistence of the inflammation. IL-6, which was identified as a B-cell stimulatory factor 
in 1986, is a multifunctional cytokine (Hirano, 2010), and a key mediator in the pathological 
processes of RA, especially in the activation of immune cells and osteoclasts (Cronstein, 
2007). For RA drug therapy, therefore, inhibition of IL-6 signaling is suitable for shutting 
down both inflammation and bone destruction. Tocilizumab (TCZ) is a humanized 
monoclonal antibody (human IgG1 κ subclass) against IL-6 receptor (IL-6R). The data from 
the recent clinical studies on TCZ suggests that TCZ has several advantages over other anti-
rheumatic drugs (Bergman et al., 2010).  

2. Pharmacological properties 
2.1 Pharmacodynamics 
Human IL-6 binds to human IL-6 R with a dissociation constant (Kd) of 5.5 nM, and this low 
affinity complex subsequently recruits a gp130 molecule to form a high-affinity complex (IL-
6/IL-6R/gp130 ternary complex) with a Kd of 50 pM (Hibi et al, 1990). TCZ binds 
selectively and competitively to both soluble IL-6R (sIL-6R) and membrane bound IL-6R 
(mIL-6R) with a Kd of 0.71 nM and 2.54 nM, respectively (Japan Pharmacists Education 
Center, 2008; Mihara et al., 2005). TCZ suppressed the binding of IL-6 (10 ng/mL) to sIL-6R 
in a dose dependent manner at of a concentration between 0.002 and 4 µg/mL and 
completely inhibited at concentrations of > 4 µg/mL. Moreover, TCZ was able to dissociate 
IL-6/sIL-6R preformed complex which was made by mixing IL-6 (200 ng/mL) and sIL-6R 
(40 ng/mL). The percentage binding of IL-6 to sIL-6R fell in a TCZ concentration-dependent 
manner, and was less than 10% of the binding seen in the presence of TCZ at concentrations 
of > 1 µg/mL. On the other hand, the binding of TCZ to sIL-6R rose in a concentration-
dependent manner and reached a plateau at 0.1 µg/mL (Mihara et al., 2005). In vitro, 100 
µg/mL of TCZ completely inhibited cell growth of IL-6 dependent KT-3 cells in the presence 
of up to 0.32 ng/mL IL-6. Cell growth inhibition by TCZ was dose-dependently decreased 
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by IL-6 at concentrations of > 0.32 ng/mL, and no inhibition of cell growth by TCZ was 
observed in the presence of 1 µg/mL IL-6 (Australian Government, 2011). In vivo, serum 
levels of IL-6 and sIL-6R markedly increased after TCZ treatment in patients with RA. While 
free TCZ concentration remains 1 µg/mL or more, serum C-reactive protein (CRP) is 
normalized, indicating that sIL-6R is saturated with TCZ and IL-6 signaling is completely 
inhibited (Nishimoto et al., 2008).  

2.2 Pharmacokinetic properties 
PK data were based on a population PK analysis of 1793 patients with RA who received a 1 
hour infusion of TCZ 8mg/kg every 4 weeks for 24 weeks (Frey et al., 2010). The t 1/2 of TCZ 
was concentration-dependent. The effective t 1/2 decreased with decreasing concentrations 
of TCZ within a dosing interval from 14 days to 8 days. After administration of TCZ, the 
predicted steady-state the mean area under the concentration-time curve (AUC), maximum 
concentration (Cmax), the steady-state volume of distribution, and the trough concentration 
(Cmin) values were 35.0 mg·h/mL, 183 µg/mL, 6.4 L, and 9.7 µg/mL, respectively. The Cmin 
value is 91 fold higher that the Kd of TCZ for the binding at the sIL-6R (Kd is 0.71 nM = 0.10 
µg/ml). Therefore, IL-6R was completely occupied even at the end of each 8 mg/kg dosing 
interval in most of the patients. Age, gender and ethnicity did not affect the PK of TCZ. 
TCZ is not excreted via the renal or biliary route. Instead, TCZ is predominantly eliminated 
via catabolism including degradation in plasma and distribution to tissues. TCZ undergoes 
biphasic elimination from the circulation. Total clearance is concentration dependent and 
includes linear at higher TCZ concentrations and non-linear clearance at low TCZ 
concentration. No formal studies on the effect of renal or hepatic impairment on the PK of 
TCZ have been conducted. Mild renal impairment (creatinine clearance based on Cockcroft-
Gault < 80 ml/min and ≥ 50 ml/min) did not affect the PK of TCZ.  
Nor is the clearance of TCZ affected by concomitant use of methotrexate (MTX), 
nonsteroidal anti-inflammatory drugs (NSAIDs), or corticosteroids. TCZ may normalize the 
expression of hepatic cytochrome P450 (CYP) isozymes which are suppressed by IL-6 
(Oldfield et al., 2009). Therefore, administration or discontinuation of TCZ may affect the 
serum concentrations of drugs metabolized via CYP3A4, CYP1A2, CYP2C9 or CYP2C19 
(e.g., omeprazole, dextromethorphan, atorvastatin, simvastatin, calcium channel blockers, 
cyclosporine, and warfarin).  

3. Therapeutic efficacy 
3.1 Clinical studies 
In a 12-week, multicenter, randomized, double-blind, placebo-controlled phase I/II study, 
164 Japanese patients with refractory RA were randomly administered either placebo, or 4 
mg/kg or 8 mg/kg TCZ (Nishimoto et al., 2004). A dose-dependent reduction in the 
American College of Rheumatology (ACR) 20 response was observed. At 3 months, 78% of 
patients in the 8 mg/kg group, 57% in the 4 mg/kg group, and 11% in the placebo group 
achieved an ACR20 response. This study was extended to evaluate the long-term efficacy 
and safety of TCZ 8 mg/kg monotherapy for five years and designated STREAM (long-term 
Safety and efficacy of Tocilizumab, an anti-interleukin-6 REceptor monoclonal Antibody, in 
Monotherapy, in patients with rheumatoid arthritis) (Nishimoto et al., 2009a). A total 143 
patients were enrolled, and 94 patients completed 5 years. At 5 years, 84.0%, 69.1%, and 
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43.6% of the patients achieved ACR20, ACR50, and ACR70 responses, respectively. 
Remission (the 28-joint disease activity score using erythrocyte sedimentation rate 
(DAS28ESR) <2.6) was achieved in 55.3% of the patients. 
The CHARISMA (the Chugai Humanized Anti-human Recombinant Interleukin-Six 
Monoclonal Antibody) study was a 16-week, multicenter, randomized, double-blind, 
placebo-controlled phase II trial in 359 European patients in whom the response to MTX was 
inadequate (Maini et al., 2006). ACR20 response was achieved by 61% and 63% of patients 
receiving 4 mg/kg and 8 mg/kg of TCZ as monotherapy, respectively. 
There are seven phase III studies (Table 1). SAMURAI  (Study of Active controlled 
Monotherapy Used for Rheumatoid Arthritis, an Interleukin-6 inhibitor) was a randomized, 
52-week, multicenter, x-ray reader-blinded, controlled phase III trial to evaluate the ability 
of TCZ monotherapy to inhibit progression of structural joint damage in patients with RA of 
<5 years’ duration (Nishimoto et al., 2007). A total 306 Japanese patients were randomly 
assigned to two groups: (i) TCZ 8 mg/kg (n = 158) and (ii) conventional disease-modifying 
anti-rheumatic drug (DMARD) therapy (n = 148). At week 52, the TCZ group showed 
statistically less radiographic change in modified Total Sharp Score (mTSS) (mean 2.3) than 
the DMARD group (mean 6.1). The TCZ group also showed significantly better results than 
the DMARD group in ACR20, 50, and 70 responses, DAS28ESR, and Modified Health 
Assessment Questionnaire (MHAQ) scores. 
 

 
Population
Size (n=) Subject Control 

arm Primary endpoint Dura- 
tion 

SAMURAI 
(Nishimoto 
et al., 2007) 

refractory to 
DMARDs 
n=306

TCZ DMARDs 
ACR, DAS28ESR, 
mHAQ, and mTSS 
at week 52

52 w 

SATORI 
(Nishimoto 
et al., 2009b) 

refractory to 
MTX 
n=125

TCZ+ 
placebo 

MTX+ 
placebo ACR at week 24 24 w 

RADIATE 
(Emery et 
al., 2008) 

refractory to 
anti-TNFs 
n=498

MTX+ 
TCZ 

MTX+ 
placebo ACR at week 24 24 w 

OPTION 
(Smolen et 
al., 2008) 

refractory to 
MTX 
n=623

MTX+ 
TCZ 

MTX+ 
placebo ACR at week 24 24 w 

TOWARD 
(Genovese 
et al., 2008) 

refractory to 
DMARDs 
n=1220

DMARDs+ 
TCZ 

DMARDs+ 
placebo ACR at week 24 24 w 

AMBITION 
(Jones et al., 
2010) 

MTX-naïve or 
MTX-free for ≥6 
months 
n=673

TCZ MTX ACR at week 24 24 w 

LITHE 
(Kremer et 
al., 2011) 

refractory to 
MTX 
n=1196

MTX+ 
TCZ 

MTX+ 
placebo 

ACR at week 24; 
mTSS and HAQ at 
week 52

2 y 

Table 1. Phase III trials of TCZ in patients with RA 

SATORI (Study of Active controlled Tocilizumab mOnotherapy for Rheumatoid arthritis 
patients with an Inadequate response to metotrexate) was a 24-week, multicenter, 
randomized, double-blind, placebo-controlled phase III trial in patients with RA in whom 
the response to MTX was inadequate (Nishimoto et al., 2009b). A total 125 Japanese patients 
were randomly assigned to one of two groups: (i) TCZ 8 mg/kg plus MTX placebo (n = 61) 
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by IL-6 at concentrations of > 0.32 ng/mL, and no inhibition of cell growth by TCZ was 
observed in the presence of 1 µg/mL IL-6 (Australian Government, 2011). In vivo, serum 
levels of IL-6 and sIL-6R markedly increased after TCZ treatment in patients with RA. While 
free TCZ concentration remains 1 µg/mL or more, serum C-reactive protein (CRP) is 
normalized, indicating that sIL-6R is saturated with TCZ and IL-6 signaling is completely 
inhibited (Nishimoto et al., 2008).  

2.2 Pharmacokinetic properties 
PK data were based on a population PK analysis of 1793 patients with RA who received a 1 
hour infusion of TCZ 8mg/kg every 4 weeks for 24 weeks (Frey et al., 2010). The t 1/2 of TCZ 
was concentration-dependent. The effective t 1/2 decreased with decreasing concentrations 
of TCZ within a dosing interval from 14 days to 8 days. After administration of TCZ, the 
predicted steady-state the mean area under the concentration-time curve (AUC), maximum 
concentration (Cmax), the steady-state volume of distribution, and the trough concentration 
(Cmin) values were 35.0 mg·h/mL, 183 µg/mL, 6.4 L, and 9.7 µg/mL, respectively. The Cmin 
value is 91 fold higher that the Kd of TCZ for the binding at the sIL-6R (Kd is 0.71 nM = 0.10 
µg/ml). Therefore, IL-6R was completely occupied even at the end of each 8 mg/kg dosing 
interval in most of the patients. Age, gender and ethnicity did not affect the PK of TCZ. 
TCZ is not excreted via the renal or biliary route. Instead, TCZ is predominantly eliminated 
via catabolism including degradation in plasma and distribution to tissues. TCZ undergoes 
biphasic elimination from the circulation. Total clearance is concentration dependent and 
includes linear at higher TCZ concentrations and non-linear clearance at low TCZ 
concentration. No formal studies on the effect of renal or hepatic impairment on the PK of 
TCZ have been conducted. Mild renal impairment (creatinine clearance based on Cockcroft-
Gault < 80 ml/min and ≥ 50 ml/min) did not affect the PK of TCZ.  
Nor is the clearance of TCZ affected by concomitant use of methotrexate (MTX), 
nonsteroidal anti-inflammatory drugs (NSAIDs), or corticosteroids. TCZ may normalize the 
expression of hepatic cytochrome P450 (CYP) isozymes which are suppressed by IL-6 
(Oldfield et al., 2009). Therefore, administration or discontinuation of TCZ may affect the 
serum concentrations of drugs metabolized via CYP3A4, CYP1A2, CYP2C9 or CYP2C19 
(e.g., omeprazole, dextromethorphan, atorvastatin, simvastatin, calcium channel blockers, 
cyclosporine, and warfarin).  

3. Therapeutic efficacy 
3.1 Clinical studies 
In a 12-week, multicenter, randomized, double-blind, placebo-controlled phase I/II study, 
164 Japanese patients with refractory RA were randomly administered either placebo, or 4 
mg/kg or 8 mg/kg TCZ (Nishimoto et al., 2004). A dose-dependent reduction in the 
American College of Rheumatology (ACR) 20 response was observed. At 3 months, 78% of 
patients in the 8 mg/kg group, 57% in the 4 mg/kg group, and 11% in the placebo group 
achieved an ACR20 response. This study was extended to evaluate the long-term efficacy 
and safety of TCZ 8 mg/kg monotherapy for five years and designated STREAM (long-term 
Safety and efficacy of Tocilizumab, an anti-interleukin-6 REceptor monoclonal Antibody, in 
Monotherapy, in patients with rheumatoid arthritis) (Nishimoto et al., 2009a). A total 143 
patients were enrolled, and 94 patients completed 5 years. At 5 years, 84.0%, 69.1%, and 
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43.6% of the patients achieved ACR20, ACR50, and ACR70 responses, respectively. 
Remission (the 28-joint disease activity score using erythrocyte sedimentation rate 
(DAS28ESR) <2.6) was achieved in 55.3% of the patients. 
The CHARISMA (the Chugai Humanized Anti-human Recombinant Interleukin-Six 
Monoclonal Antibody) study was a 16-week, multicenter, randomized, double-blind, 
placebo-controlled phase II trial in 359 European patients in whom the response to MTX was 
inadequate (Maini et al., 2006). ACR20 response was achieved by 61% and 63% of patients 
receiving 4 mg/kg and 8 mg/kg of TCZ as monotherapy, respectively. 
There are seven phase III studies (Table 1). SAMURAI  (Study of Active controlled 
Monotherapy Used for Rheumatoid Arthritis, an Interleukin-6 inhibitor) was a randomized, 
52-week, multicenter, x-ray reader-blinded, controlled phase III trial to evaluate the ability 
of TCZ monotherapy to inhibit progression of structural joint damage in patients with RA of 
<5 years’ duration (Nishimoto et al., 2007). A total 306 Japanese patients were randomly 
assigned to two groups: (i) TCZ 8 mg/kg (n = 158) and (ii) conventional disease-modifying 
anti-rheumatic drug (DMARD) therapy (n = 148). At week 52, the TCZ group showed 
statistically less radiographic change in modified Total Sharp Score (mTSS) (mean 2.3) than 
the DMARD group (mean 6.1). The TCZ group also showed significantly better results than 
the DMARD group in ACR20, 50, and 70 responses, DAS28ESR, and Modified Health 
Assessment Questionnaire (MHAQ) scores. 
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MTX+ 
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Table 1. Phase III trials of TCZ in patients with RA 

SATORI (Study of Active controlled Tocilizumab mOnotherapy for Rheumatoid arthritis 
patients with an Inadequate response to metotrexate) was a 24-week, multicenter, 
randomized, double-blind, placebo-controlled phase III trial in patients with RA in whom 
the response to MTX was inadequate (Nishimoto et al., 2009b). A total 125 Japanese patients 
were randomly assigned to one of two groups: (i) TCZ 8 mg/kg plus MTX placebo (n = 61) 
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and (ii) TCZ placebo plus MTX (n = 66). At week 24, 25.0% in the MTX group and 80.3% in 
the TCZ group achieved ACR20 response. Additionally, serum vascular endothelial growth 
factor (VEGF) levels were signicantly decreased by TCZ treatment, but not by MTX 
treatment. 
RADIATE (Research on Actemra Determining effIcacy after Anti-TNF failurEs) was a 24-
week, multicenter, randomized, double-blind, placebo-controlled, parallel-group phase III 
trial to evaluate the efficacy and safety of TCZ in patients with active RA refractory to TNF 
antagonist therapy (Emery et al., 2008). A total 498 US and Western Europe patients were 
randomly assigned to three groups: (i) TCZ 8 mg/kg plus MTX (n = 175), (ii) TCZ 4 mg/kg 
(n = 163) plus MTX, and (iii) TCZ placebo plus MTX (n = 160). ACR20 was achieved at 24 
weeks by 50.0%, 30.4% and 10.1% of patients in the 8 mg/kg, 4 mg/kg and control groups, 
respectively. Patients responded regardless of most recently failed anti-TNF or the number 
of failed treatments. 
OPTION (tOcilizumab Pivotal Trial in methotrexate Inadequate respONders) was a 24-
week, multicenter, randomized, double-blind, placebo-controlled phase III trial in patients 
with active RA in whom the response to MTX was inadequate (Smolen et al., 2008). A total 
623 patients from 17 countries were randomly assigned to three groups: (i) TCZ 8 mg/kg 
plus MTX (n = 205), (ii) TCZ 4 mg/kg (n = 214) plus MTX, and (iii) placebo plus MTX (n = 
204). ACR20 achieved at 24 weeks by 59%, 48%, and 26% of patients in the 8 mg/kg, 4 
mg/kg and control groups, respectively. Signicantly greater numbers of patients receiving 
TCZ showed ACR50/ACR70 responses or clinical remission (DAS28ESR <2.6) at week 24 
than did those receiving placebo. In patients receiving TCZ, there were greater 
improvements in HAQ-DI score, the Short-Form 36 Health Survey (SF-36), and Functional 
Assessment of Chronic Illness Therapy (FACIT)-Fatigue assessment indicating that TCZ 
treatment significantly improves physical and mental function. 
TOWARD (Tocilizumab in cOmbination With traditional DMARD therapy) was a 24-week, 
multicenter, randomized, double-blind, placebo-controlled phase III trial to evaluate the 
efficacy and safety of TCZ combined with conventional DMARDs in patients with active RA 
(Genovese et al., 2008). A total 1220 patients from 18 countries were randomly assigned to 
two groups: (i) TCZ 8 mg/kg plus DMARD (n = 805) and (ii) TCZ placebo plus DMARD 
therapy (n = 415). ACR20 achieved at 24 weeks 61% for TCZ 8 mg/kg versus 25% for 
placebo. Similar to the results of OPTION, the TCZ group showed significantly better results 
than the placebo group in ACR50/ACR70 response, clinical remission rate (DAS28ESR 
<2.6), HAQ-DI, SF-36 and FACIT-Fatigue assessment. 
AMBITION (Actemra versus Methotrexate double-Blind Investigative Trial In mONotherapy) 
was a 24-week, multicenter, randomized, double-blind, double-dummy, placebo-controlled 
phase III trial evaluating the efficacy and safety of TCZ monotherapy versus MTX in patients 
with active RA (Jones et al., 2010). A total of 673 patients from the US, Canada, and Israel were 
randomly assigned to three groups: (i) MTX (escalating dose regimen: initial dose 7.5 
mg/week, increasing to 15 mg/week at week 4 and 20 mg/week at week 8) for 24 weeks (n = 
284), (ii) TCZ 8 mg/kg for 24 weeks (n = 288), and (iii) TCZ placebo for 8 weeks then TCZ 8 
mg/kg for 16 weeks (n = 101). The intention-to-treat analysis demonstrated that TCZ was 
better than MTX treatment with a higher ACR20 response (69.9 vs 52.5%; p<0.001) and rate of 
DAS28ESR <2.6 (33.6 vs 12.1%) at week 24. The superiority of TCZ to MTX was observed in 
the intention-to-treat population from week 2 and throughout this study. The proportion of 
ACR50 (44%) and ACR70 (28%) responders at week 24 was also statistically superior for TCZ 
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compared with MTX (weighted difference between treatments: 0.12 for ACR50 (95% 
confidence interval (CI) 0.04 to 0.20; p = 0.002); and 0.14 for ACR70 (95% CI 0.07 to 0.22; 
p<0.001). The superiority of TCZ to MTX was also shown in improvement of HAQ-DI at week 
24. No significant difference was seen in the incidence of serious adverse events between TCZ 
treatment (3.8%) and MTX treatment (2.8%) (p = 0.50). 
LITHE (tociLIzumab safety and THE prevention of structural joint damage) is a 2 (or 3)-
year, multicenter, randomized, double-blind, placebo-controlled phase III trial evaluating 
the ability of TCZ add-on therapy to inhibit progression of structural joint damage and 
improve physical function in patients with moderate to severe RA who respond 
inadequately to MTX. A total of 1196 patients from 14 countries were randomly assigned to 
three groups: (i) placebo plus MTX (n = 393), (ii) TCZ 4 mg/kg plus MTX (n = 399), and (iii) 
TCZ 8 mg/kg plus MTX (n = 398). Results from year 1 were reported (Kremer et al., 2011). 
Mean change in the total Genant-modified Sharp score was 0.29 and 0.34 with TCZ 8 mg/kg 
plus MTX and 4 mg/kg plus MTX, respectively, versus 1.13 with placebo plus MTX (P 
<0.0001). Additionally, the HAQ-DI significantly decreased in the groups of TCZ (8 mg/kg 
and 4 mg/kg) add-on treatment compared with the group with placebo plus MTX. 

3.2 Additional remarks 
MTX has the highest efficacy among conventional DMARDs and has been used as an anchor 
drug in the treatment of RA. The AMBITION study and the SATORI study demonstrated 
that TCZ monotherapy is superior to MTX monotherapy. Several studies have demonstrated 
that MTX monotherapy is equivalent or superior to TNF inhibitor monotherapy (Donahue 
et al., 2008). Comparison of TCZ with abatacept demonstrated that the rate of withdrawal 
due to no effect in TCZ treatment was lower than that in abatacept treatment (Leffers et al., 
2011). A meta-analysis revealed that the effectiveness of TCZ appeared to be greater for 
ACR70 (Bergman et al., 2010). Thus, TCZ is superior to MTX, TNF inhibitors, and abatacept 
in the case of monotherapy. The superiority between TCZ monotherapy and TCZ plus MTX 
treatment has not yet been established. Yamanaka et al. (2011) reported that the 
improvement of DAS28ESR and HAQ-DI in TCZ plus MTX treatment was better than that 
in TCZ monotherapy. Nakashima et al. (2010) reported that there was no significant 
difference in the improvement of DAS28ESR between TCZ monotherapy and TCZ plus 
MTX treatment. Data from the ACT-RAY study demonstrated that TCZ provided clinical 
benefit, regardless of whether it was given in combination with MTX or as a monotherapy 
(Dougados et al., 2011). 

4. Safety and tolerability 
Infections are the most frequent adverse events during therapy with TCZ and other 
biologics or DMARDs. In the AMBITION study, TCZ monotherapy was compared with 
MTX monotherapy (Jones et al., 2010). Infection rates per patient year were similar (TCZ 
1.06 vs MTX 1.09). In both groups, nasopharyngitis and upper respiratory tract infection 
were common. The common serious infections were pneumonia. Neither opportunistic 
infections nor tuberculosis were reported in the patients receiving TCZ. Similar results were 
observed in a meta-analysis of TCZ monotherapy in Japanese patients (Nishimoto et al., 
2010). Long-term exposure did not increase the incidence of serious infections. TCZ may not 
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and (ii) TCZ placebo plus MTX (n = 66). At week 24, 25.0% in the MTX group and 80.3% in 
the TCZ group achieved ACR20 response. Additionally, serum vascular endothelial growth 
factor (VEGF) levels were signicantly decreased by TCZ treatment, but not by MTX 
treatment. 
RADIATE (Research on Actemra Determining effIcacy after Anti-TNF failurEs) was a 24-
week, multicenter, randomized, double-blind, placebo-controlled, parallel-group phase III 
trial to evaluate the efficacy and safety of TCZ in patients with active RA refractory to TNF 
antagonist therapy (Emery et al., 2008). A total 498 US and Western Europe patients were 
randomly assigned to three groups: (i) TCZ 8 mg/kg plus MTX (n = 175), (ii) TCZ 4 mg/kg 
(n = 163) plus MTX, and (iii) TCZ placebo plus MTX (n = 160). ACR20 was achieved at 24 
weeks by 50.0%, 30.4% and 10.1% of patients in the 8 mg/kg, 4 mg/kg and control groups, 
respectively. Patients responded regardless of most recently failed anti-TNF or the number 
of failed treatments. 
OPTION (tOcilizumab Pivotal Trial in methotrexate Inadequate respONders) was a 24-
week, multicenter, randomized, double-blind, placebo-controlled phase III trial in patients 
with active RA in whom the response to MTX was inadequate (Smolen et al., 2008). A total 
623 patients from 17 countries were randomly assigned to three groups: (i) TCZ 8 mg/kg 
plus MTX (n = 205), (ii) TCZ 4 mg/kg (n = 214) plus MTX, and (iii) placebo plus MTX (n = 
204). ACR20 achieved at 24 weeks by 59%, 48%, and 26% of patients in the 8 mg/kg, 4 
mg/kg and control groups, respectively. Signicantly greater numbers of patients receiving 
TCZ showed ACR50/ACR70 responses or clinical remission (DAS28ESR <2.6) at week 24 
than did those receiving placebo. In patients receiving TCZ, there were greater 
improvements in HAQ-DI score, the Short-Form 36 Health Survey (SF-36), and Functional 
Assessment of Chronic Illness Therapy (FACIT)-Fatigue assessment indicating that TCZ 
treatment significantly improves physical and mental function. 
TOWARD (Tocilizumab in cOmbination With traditional DMARD therapy) was a 24-week, 
multicenter, randomized, double-blind, placebo-controlled phase III trial to evaluate the 
efficacy and safety of TCZ combined with conventional DMARDs in patients with active RA 
(Genovese et al., 2008). A total 1220 patients from 18 countries were randomly assigned to 
two groups: (i) TCZ 8 mg/kg plus DMARD (n = 805) and (ii) TCZ placebo plus DMARD 
therapy (n = 415). ACR20 achieved at 24 weeks 61% for TCZ 8 mg/kg versus 25% for 
placebo. Similar to the results of OPTION, the TCZ group showed significantly better results 
than the placebo group in ACR50/ACR70 response, clinical remission rate (DAS28ESR 
<2.6), HAQ-DI, SF-36 and FACIT-Fatigue assessment. 
AMBITION (Actemra versus Methotrexate double-Blind Investigative Trial In mONotherapy) 
was a 24-week, multicenter, randomized, double-blind, double-dummy, placebo-controlled 
phase III trial evaluating the efficacy and safety of TCZ monotherapy versus MTX in patients 
with active RA (Jones et al., 2010). A total of 673 patients from the US, Canada, and Israel were 
randomly assigned to three groups: (i) MTX (escalating dose regimen: initial dose 7.5 
mg/week, increasing to 15 mg/week at week 4 and 20 mg/week at week 8) for 24 weeks (n = 
284), (ii) TCZ 8 mg/kg for 24 weeks (n = 288), and (iii) TCZ placebo for 8 weeks then TCZ 8 
mg/kg for 16 weeks (n = 101). The intention-to-treat analysis demonstrated that TCZ was 
better than MTX treatment with a higher ACR20 response (69.9 vs 52.5%; p<0.001) and rate of 
DAS28ESR <2.6 (33.6 vs 12.1%) at week 24. The superiority of TCZ to MTX was observed in 
the intention-to-treat population from week 2 and throughout this study. The proportion of 
ACR50 (44%) and ACR70 (28%) responders at week 24 was also statistically superior for TCZ 
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compared with MTX (weighted difference between treatments: 0.12 for ACR50 (95% 
confidence interval (CI) 0.04 to 0.20; p = 0.002); and 0.14 for ACR70 (95% CI 0.07 to 0.22; 
p<0.001). The superiority of TCZ to MTX was also shown in improvement of HAQ-DI at week 
24. No significant difference was seen in the incidence of serious adverse events between TCZ 
treatment (3.8%) and MTX treatment (2.8%) (p = 0.50). 
LITHE (tociLIzumab safety and THE prevention of structural joint damage) is a 2 (or 3)-
year, multicenter, randomized, double-blind, placebo-controlled phase III trial evaluating 
the ability of TCZ add-on therapy to inhibit progression of structural joint damage and 
improve physical function in patients with moderate to severe RA who respond 
inadequately to MTX. A total of 1196 patients from 14 countries were randomly assigned to 
three groups: (i) placebo plus MTX (n = 393), (ii) TCZ 4 mg/kg plus MTX (n = 399), and (iii) 
TCZ 8 mg/kg plus MTX (n = 398). Results from year 1 were reported (Kremer et al., 2011). 
Mean change in the total Genant-modified Sharp score was 0.29 and 0.34 with TCZ 8 mg/kg 
plus MTX and 4 mg/kg plus MTX, respectively, versus 1.13 with placebo plus MTX (P 
<0.0001). Additionally, the HAQ-DI significantly decreased in the groups of TCZ (8 mg/kg 
and 4 mg/kg) add-on treatment compared with the group with placebo plus MTX. 

3.2 Additional remarks 
MTX has the highest efficacy among conventional DMARDs and has been used as an anchor 
drug in the treatment of RA. The AMBITION study and the SATORI study demonstrated 
that TCZ monotherapy is superior to MTX monotherapy. Several studies have demonstrated 
that MTX monotherapy is equivalent or superior to TNF inhibitor monotherapy (Donahue 
et al., 2008). Comparison of TCZ with abatacept demonstrated that the rate of withdrawal 
due to no effect in TCZ treatment was lower than that in abatacept treatment (Leffers et al., 
2011). A meta-analysis revealed that the effectiveness of TCZ appeared to be greater for 
ACR70 (Bergman et al., 2010). Thus, TCZ is superior to MTX, TNF inhibitors, and abatacept 
in the case of monotherapy. The superiority between TCZ monotherapy and TCZ plus MTX 
treatment has not yet been established. Yamanaka et al. (2011) reported that the 
improvement of DAS28ESR and HAQ-DI in TCZ plus MTX treatment was better than that 
in TCZ monotherapy. Nakashima et al. (2010) reported that there was no significant 
difference in the improvement of DAS28ESR between TCZ monotherapy and TCZ plus 
MTX treatment. Data from the ACT-RAY study demonstrated that TCZ provided clinical 
benefit, regardless of whether it was given in combination with MTX or as a monotherapy 
(Dougados et al., 2011). 

4. Safety and tolerability 
Infections are the most frequent adverse events during therapy with TCZ and other 
biologics or DMARDs. In the AMBITION study, TCZ monotherapy was compared with 
MTX monotherapy (Jones et al., 2010). Infection rates per patient year were similar (TCZ 
1.06 vs MTX 1.09). In both groups, nasopharyngitis and upper respiratory tract infection 
were common. The common serious infections were pneumonia. Neither opportunistic 
infections nor tuberculosis were reported in the patients receiving TCZ. Similar results were 
observed in a meta-analysis of TCZ monotherapy in Japanese patients (Nishimoto et al., 
2010). Long-term exposure did not increase the incidence of serious infections. TCZ may not 
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increase the risk of de novo infection of tuberculosis. TCZ did not affect the humoral 
response to influenza vaccination (Tsuru et al., 2008). 
Infusion reactions (any adverse event occurring during, or within 24 h after infusion) 
occurred in 5.6% of patients with TCZ (Jones et al., 2010). The majority occurred during the 
first two infusions, and no serious infusion reactions were reported. In the meta-analysis of 
TCZ monotherapy, total 133 infusion reactions were observed in 93 patients (Nishimoto et 
al., 2010). Most of them occurred within the first four infusions. Headache, increased blood 
pressure, and pruritus were common. Anaphylactic reactions were observed in 3 patients. 
In worldwide Roche clinical trials, the rate of malignancies in patients receiving TCZ was 
11.6 events per 1000 patient-years while the rate in the patients receiving synthetic DMARDs 
was 17.7 events per 1000 patient-years (van Vollenhoven et al., 2010). As it usually takes 
several years before a malignant neoplasm grows to be clinically recognized after the 
appearance of the first malignant cell, TCZ may not have been involved in the 
carcinogenesis of the malignancies found during TCZ treatment to date. 
Decreases in the neutrophil count were commonly observed in patients receiving TCZ. In 
the meta-analysis of TCZ monotherapy, grade 2 (<1500–1000/µL) and grade 3 neutropenia 
(<1000–500/µL) were observed in 92 (15.3%) and 36 patients (6.0%), respectively (Nishimoto 
et al., 2010). However, the decreases were not progressive, and neither febrile neutropenia 
nor agranulocytosis occurred. There was no obvious association between decreases in 
neutrophils and the occurrence infections. Decreases in the neutrophil are probably due to 
inhibition of the biological effects of IL-6 on recruitment of neutrophils into peripheral 
blood, not due to myelosuppression. Transient or intermittent elevations of alanine 
aminotransferase (ALT) or aspartate aminotransferase (AST) have often been observed in 
patients receiving TCZ. The incidence of elevations of AST or ALT in patients treated with 
TCZ monotherapy was no more than that in patients treated with MTX monotherapy (Jones 
et al., 2010). Prolonged exposure to TCZ therapy did not appear to be associated with an 
increased likelihood of developing increases in ALT or AST because the numbers of patients 
developing increased ALT or AST values was highest in the first 6 months of treatment 
(Australian Government, 2011). Mean total cholesterol (T-cho) rose upon treatment with 
TCZ, but showed no continuous increase. As high-density lipoprotein (HDL) also increased, 
the atherogenic index [(T-cho – HDL)/HDL] did not change. Small low-density lipoprotein 
(LDL), which may be proatherogenic, did not increase with TCZ treatment while both large 
very low density lipoprotein (VLDL) and small HDL increases were observed (McInnes et 
al., 2010). Inhibition IL-6 signaling decreases lipoprotein A serum levels which correlate 
with coronary heart disease (Schultz et al., 2010; Daneshet al., 2000). Treatment with TCZ 
may not increase the risk of cardiovascular disease. 
Gastrointestinal (GI) perforation occurred in 26 cases out of 4009 patients treated with TCZ 
in worldwide Roche clinical trials (van Vollenhoven et al., 2009). The rate of GI perforations 
was 2.8 events per 1000 patient-years with TCZ therapy while the rate in patients with RA 
who were exposed to corticosteroids was 3.9 events per 1000 patient-years. The majority of 
the patients who experienced GI perforations treated with TCZ were also receiving 
corticosteroids, NSAIDS, and MTX. GI perforations occur mainly in lower GI tract, and 16 of 
the 18 patients with colonic perforations had diverticulitis. Prevention of constipation is 
important not only to reduce the incidence of colonic perforations but also to improve 
quality of life. A case of multiple ulcers in the small and large intestines during TCZ therapy 
has been reported (Iwasa et al., 2011). In mice, Il-6 signal is necessary for the development of 
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lamina propria TH17 cells which may play a role in the maintenance of intestinal mucosal 
homeostasis (Atarashi et al., 2008). A causal relationship between TCZ and gastrointestinal 
perforation/ulceration should be addressed in future studies. 
Experience with TCZ use in human pregnancy is very limited. Thirty-three pregnancies 
were reported in 32 patients (19 to 42 years) (Rubbert-Roth et al., 2010). Of the 32 patients, 26 
received TCZ + MTX and 6 received TCZ monotherapy or TCZ + DMARD other than MTX. 
In patients who continued their pregnancies, TCZ and MTX were discontinued when the 
pregnancy was discovered. Of 11 term deliveries (2 received TCZ monotherapy, 9 received 
TCZ + MTX), 10 were of healthy newborns. One infant died of ARDS 3 days after 
emergency cesarean section. It is difficult to evaluate the safety of TCZ during pregnancy 
from the current data. 
In conclusion, clinical trials demonstrated that TCZ was generally well tolerated in patients 
with active RA. The incidence of adverse events of TCZ monotherapy is no more than that 
of MTX monotherapy. Also, the risk of adverse events is comparable with that of other 
biologics and the risk of serious infection may be less than that for TNF inhibitors (Campbell 
et al, 2011). There was no increase in the frequency of adverse events with long-term 
treatment with TCZ (Nishimoto et al., 2010). 

5. The advantages, and potential advantages, of TCZ 
5.1 Synovitis 
The characteristic pathophysiology of RA is the destruction of bone and cartilage due to 
“persistent” synovitis; however, the mechanism of this “persistence” is not yet clear. It is 
reported that an IL-17A-triggered positive-feedback loop of IL-6 expression is present in 
fibroblasts (Ogura et al., 2008). Moreover, IL-6 stimulates megakaryocytes to increase 
platelet counts and induces platelet activation (Oleksowicz et al., 1994; Kaser et al., 2009), 
while platelet-derived microparticles in turn prominently elicit IL-6, not TNF, from synovial 
fibroblasts (Boilard et al., 2010). These phenomena may be involved in “persistent” 
inflammation. TCZ is the only drug that can directly cut these positive-feedback loops. 

5.2 Insulin resistance 
IL-6 is involved in the pathology of type II diabetes mellitus related insulin resistance (Fève 
& Bastard, 2009). The expression of IL-6 was markedly increased (up to 15-fold) in human 
fat cells from insulin-resistant individuals (Rotter et al., 2003). Inhibition of IL-6 signaling 
affects insulin resistance in a positive way (Schultz et al, 2010). A significant decrease of 
HbA1c was observed at only 1 month after TCZ treatment (Ogata et al., 2011a). Thus, TCZ 
may help to resolve insulin RA patients.  

5.3 Malignancies 
TCZ was originally planned as an anti-myeloma drug because TCZ suppressed growth of 
the IL-6-dependent myeloma cell line, KPMM2 (Mihara et al., 2005). In fact, in an RA patient 
with IgA-kappa type multiple myeloma, TCZ not only improved RA symptoms 
dramatically but also stabilized serum IgA levels for 13 months (Matsuyama et al,. 2011). 
TCZ decreases the serum levels of VEGF (Nishimoto et al., 2009b). This effect may interfere 
with the angiogenesis and growth of tumors. For example, the antitumor effect of TCZ for 
oral squamous cell carcinoma has been reported (Shinriki et al., 2009). Targeting of the IL-6 
system may be beneficial in the treatment of malignancies (Hong et al., 2007).  
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increase the risk of de novo infection of tuberculosis. TCZ did not affect the humoral 
response to influenza vaccination (Tsuru et al., 2008). 
Infusion reactions (any adverse event occurring during, or within 24 h after infusion) 
occurred in 5.6% of patients with TCZ (Jones et al., 2010). The majority occurred during the 
first two infusions, and no serious infusion reactions were reported. In the meta-analysis of 
TCZ monotherapy, total 133 infusion reactions were observed in 93 patients (Nishimoto et 
al., 2010). Most of them occurred within the first four infusions. Headache, increased blood 
pressure, and pruritus were common. Anaphylactic reactions were observed in 3 patients. 
In worldwide Roche clinical trials, the rate of malignancies in patients receiving TCZ was 
11.6 events per 1000 patient-years while the rate in the patients receiving synthetic DMARDs 
was 17.7 events per 1000 patient-years (van Vollenhoven et al., 2010). As it usually takes 
several years before a malignant neoplasm grows to be clinically recognized after the 
appearance of the first malignant cell, TCZ may not have been involved in the 
carcinogenesis of the malignancies found during TCZ treatment to date. 
Decreases in the neutrophil count were commonly observed in patients receiving TCZ. In 
the meta-analysis of TCZ monotherapy, grade 2 (<1500–1000/µL) and grade 3 neutropenia 
(<1000–500/µL) were observed in 92 (15.3%) and 36 patients (6.0%), respectively (Nishimoto 
et al., 2010). However, the decreases were not progressive, and neither febrile neutropenia 
nor agranulocytosis occurred. There was no obvious association between decreases in 
neutrophils and the occurrence infections. Decreases in the neutrophil are probably due to 
inhibition of the biological effects of IL-6 on recruitment of neutrophils into peripheral 
blood, not due to myelosuppression. Transient or intermittent elevations of alanine 
aminotransferase (ALT) or aspartate aminotransferase (AST) have often been observed in 
patients receiving TCZ. The incidence of elevations of AST or ALT in patients treated with 
TCZ monotherapy was no more than that in patients treated with MTX monotherapy (Jones 
et al., 2010). Prolonged exposure to TCZ therapy did not appear to be associated with an 
increased likelihood of developing increases in ALT or AST because the numbers of patients 
developing increased ALT or AST values was highest in the first 6 months of treatment 
(Australian Government, 2011). Mean total cholesterol (T-cho) rose upon treatment with 
TCZ, but showed no continuous increase. As high-density lipoprotein (HDL) also increased, 
the atherogenic index [(T-cho – HDL)/HDL] did not change. Small low-density lipoprotein 
(LDL), which may be proatherogenic, did not increase with TCZ treatment while both large 
very low density lipoprotein (VLDL) and small HDL increases were observed (McInnes et 
al., 2010). Inhibition IL-6 signaling decreases lipoprotein A serum levels which correlate 
with coronary heart disease (Schultz et al., 2010; Daneshet al., 2000). Treatment with TCZ 
may not increase the risk of cardiovascular disease. 
Gastrointestinal (GI) perforation occurred in 26 cases out of 4009 patients treated with TCZ 
in worldwide Roche clinical trials (van Vollenhoven et al., 2009). The rate of GI perforations 
was 2.8 events per 1000 patient-years with TCZ therapy while the rate in patients with RA 
who were exposed to corticosteroids was 3.9 events per 1000 patient-years. The majority of 
the patients who experienced GI perforations treated with TCZ were also receiving 
corticosteroids, NSAIDS, and MTX. GI perforations occur mainly in lower GI tract, and 16 of 
the 18 patients with colonic perforations had diverticulitis. Prevention of constipation is 
important not only to reduce the incidence of colonic perforations but also to improve 
quality of life. A case of multiple ulcers in the small and large intestines during TCZ therapy 
has been reported (Iwasa et al., 2011). In mice, Il-6 signal is necessary for the development of 
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lamina propria TH17 cells which may play a role in the maintenance of intestinal mucosal 
homeostasis (Atarashi et al., 2008). A causal relationship between TCZ and gastrointestinal 
perforation/ulceration should be addressed in future studies. 
Experience with TCZ use in human pregnancy is very limited. Thirty-three pregnancies 
were reported in 32 patients (19 to 42 years) (Rubbert-Roth et al., 2010). Of the 32 patients, 26 
received TCZ + MTX and 6 received TCZ monotherapy or TCZ + DMARD other than MTX. 
In patients who continued their pregnancies, TCZ and MTX were discontinued when the 
pregnancy was discovered. Of 11 term deliveries (2 received TCZ monotherapy, 9 received 
TCZ + MTX), 10 were of healthy newborns. One infant died of ARDS 3 days after 
emergency cesarean section. It is difficult to evaluate the safety of TCZ during pregnancy 
from the current data. 
In conclusion, clinical trials demonstrated that TCZ was generally well tolerated in patients 
with active RA. The incidence of adverse events of TCZ monotherapy is no more than that 
of MTX monotherapy. Also, the risk of adverse events is comparable with that of other 
biologics and the risk of serious infection may be less than that for TNF inhibitors (Campbell 
et al, 2011). There was no increase in the frequency of adverse events with long-term 
treatment with TCZ (Nishimoto et al., 2010). 

5. The advantages, and potential advantages, of TCZ 
5.1 Synovitis 
The characteristic pathophysiology of RA is the destruction of bone and cartilage due to 
“persistent” synovitis; however, the mechanism of this “persistence” is not yet clear. It is 
reported that an IL-17A-triggered positive-feedback loop of IL-6 expression is present in 
fibroblasts (Ogura et al., 2008). Moreover, IL-6 stimulates megakaryocytes to increase 
platelet counts and induces platelet activation (Oleksowicz et al., 1994; Kaser et al., 2009), 
while platelet-derived microparticles in turn prominently elicit IL-6, not TNF, from synovial 
fibroblasts (Boilard et al., 2010). These phenomena may be involved in “persistent” 
inflammation. TCZ is the only drug that can directly cut these positive-feedback loops. 

5.2 Insulin resistance 
IL-6 is involved in the pathology of type II diabetes mellitus related insulin resistance (Fève 
& Bastard, 2009). The expression of IL-6 was markedly increased (up to 15-fold) in human 
fat cells from insulin-resistant individuals (Rotter et al., 2003). Inhibition of IL-6 signaling 
affects insulin resistance in a positive way (Schultz et al, 2010). A significant decrease of 
HbA1c was observed at only 1 month after TCZ treatment (Ogata et al., 2011a). Thus, TCZ 
may help to resolve insulin RA patients.  

5.3 Malignancies 
TCZ was originally planned as an anti-myeloma drug because TCZ suppressed growth of 
the IL-6-dependent myeloma cell line, KPMM2 (Mihara et al., 2005). In fact, in an RA patient 
with IgA-kappa type multiple myeloma, TCZ not only improved RA symptoms 
dramatically but also stabilized serum IgA levels for 13 months (Matsuyama et al,. 2011). 
TCZ decreases the serum levels of VEGF (Nishimoto et al., 2009b). This effect may interfere 
with the angiogenesis and growth of tumors. For example, the antitumor effect of TCZ for 
oral squamous cell carcinoma has been reported (Shinriki et al., 2009). Targeting of the IL-6 
system may be beneficial in the treatment of malignancies (Hong et al., 2007).  
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5.4 Mycobacterium infection 
The TNFα -/- mice or the IL-6 -/- mice demonstrated that TNF is critical for initiation of the 
granulomatous response, and IL-6 plays a key role in the granuloma maintenance response 
(Welsh et al., 2008). Unlike Il-6 -/- mice, TCZ does not completely inactivate the IL-6 system 
because TCZ works as a competitive inhibitor of IL-6. Moreover, TCZ, unlike TNF 
inhibitors, does not inhibit M. tuberculosis antigen-induced interferon gamma (IFN-γ) 
production (Ogata et al., 2010b). TNF inhibitors increase the risk of infection or reactivation 
of M. tuberculosis while TCZ does not in clinical practice. Of course, TCZ should not be used 
in the patients with active mycobacterium infection. However, TCZ may be a candidate for 
intractable RA patients with mycobacterium infection which is treated. A patient with 
intractable RA was treated with TCZ without aggravation of M. avium infection which had 
been treated in advance (Nakahara et al., 2010). 

5.5 Anemia 
IL-6 increases the production of hepcidin, which is an iron-regulatory peptide secreted from 
liver cells, inhibits the signal transduction of erythropoietin, and causes anemia (Ganz and 
Nemeth 2009). Therefore, inhibition of IL-6 signaling by TCZ significantly improves anemia 
caused by chronic inflammation and benefits patients'general physical condition (Song et al., 
2010).  

5.6 Amyloidosis 
Secondary amyloidosis is a life-threatening complication of RA. Mortality, amyloid burden, 
and renal prognosis significantly correlate with serum amyloid A (SAA) concentration. As 
amyloid deposits regressed in 60% of patients who had a median SAA concentration of less 
than 10 µg/ml, normalization of the SAA concentration not only prevents but also treats 
secondary amyloidosis (Lachmann et al., 2007). TCZ treatment almost completely 
normalizes the serum SAA level because IL-6 signal is essential for the expression of SAA 
(Hagihara et al., 2005). Therefore, TCZ is very useful for the treatment of secondary 
amyloidosis (Sato et al., 2009; Inoue et al., 2010).  

5.7 Osteoporosis 
IL-6 levels are significantly higher (30 to 1000-fold) in synovial fluid than in sera 
(Desgeorges et al., 1997), and IL-6 drives osteoclastgenesis (Le Goff et al., 2010). Since 
osteoclasts are primarily involved in bone resorption, reduction in their number would be 
anticipated to reduce bone loss. This expectation is supported by the results of Axmann et al 
(2009) who demonstrated that blockade of IL-6R dose dependently decreased the joint 
osteoclast count and the number of bone erosions. They concluded that the mechanism for 
this effect was that blockade of IL-6R negatively affects osteoclast differentiation (Axmann et 
al., 2009). 

6. Improving clinical outcomes 
6.1 Strategies for improving clinical outcomes 
The response rate and the speed of improvement basically depend on the ratio between the 
target cytokine and the biological agent which traps the target cytokine. To lessen the 
amount of the target cytokine, it is very important that any comorbidity (e.g., infectious 
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diseases, lifestyle diseases, etc.) is treated or controlled as well as possible before and during 
administration of biological agents. This not only stops stimulation of the production of 
inflammatory cytokines from factors other than RA, but also serves to reduce adverse 
events, which results in better efficacy and safety. This also directly improves physical 
function irrespective of disease activity (Radner et al., 2010). 
The standard dosage of TCZ for the treatment of RA is 8 mg/kg every 4 weeks. The serum 
TCZ concentrations 4 weeks after 3 doses are greater than 1 mg/mL, which is an effective 
dose, in about 80% of patients. However, this means that the serum TCZ concentrations are 
not sufficiently high in approximately 20% of patients. In these patients, increasing the 
dosage of TCZ and/or shortening the dosage interval may improve efficacy. Indeed, during 
clinical trials, it was observed that arthritis improved following the first dose but returned 
after 3 weeks in several patients. This suggested that the blood level could not be 
maintained over the 4-week period. I thus decided to give the second dose after an interval 
of 3 weeks following the first. By doing this, none of the patients suffered repeat 
deterioration by the time of the second dose in symptoms that had improved following the 
first, and no additive adverse effects were observed. A shorter dose interval at the start may 
be thought to be perfectly reasonable in terms of maintaining blood levels of biologics. In 
practice, this administration method is used for infliximab and abatacept. 

6.2 Clinical efficacy and safety in our experience 
6.2.1 Patients 
The subjects of this analysis were patients who met the 1987 revised criteria for the 
classification of RA from ACR. Patients were included in the analysis if they started 
treatment with TCZ for the first time after 16 April 2008 (the date of insurance approval in 
Japan) (Table 2). This is an extension of a previous study (Hirabayashi et al, 2010). Data were 
collected until 20 March 2010. More than 23 and 51 weeks had elapsed since the first 
administration of TCZ in all 101 and in 70 patients, respectively. To reduce adverse events, 
any comorbidity was treated or controlled as well as possible before giving TCZ. All 
patients had a thoracic CT scan and were tested for the tuberculin reaction (or 
QuantiFERON ®), anti-streptolysin O (ASO), anti-streptokinase (ASK), treponema pallidum 
haemagglutination (TPHA), hepatitis B surface antigen (and anti-hepatitis B core antigen 
antibody), anti-hepatitis C virus antibody, and -D-glucan in order to screen for infections. 
If tooth plaque or caries were present, I arranged for assessment and treatment by a dentist. 
If chronic rhinorrhea or nasal blockage was seen, the patient was assessed and treated by an 
otolaryngologist. Patients were asked whether they had hemorrhoids. Patients were 
required to abstain from smoking. 
Among the various therapies being used by the patients in the three months before they 
received TCZ, infliximab was discontinued at least one month before, adalimumab at least 
one week before, and etanercept at least 4 days before the new treatment commenced. 
Salazosulfapyridine, bucillamine, sodium aurothiomalate and mizoribine were discontinued 
upon initiating TCZ. The patients continued on MTX, tacrolimus and steroids at the same 
dose levels as before at least until dose 3 of TCZ. Then, MTX and tacrolimus were tapered 
off until 6 months after. The steroid dose was decreased slowly to avoid steroid withdrawal 
syndrome. There were no users of auranofin, D-penicillamine, hydroxychloroquine, 
minocycline or lobenzarit disodium. 
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5.4 Mycobacterium infection 
The TNFα -/- mice or the IL-6 -/- mice demonstrated that TNF is critical for initiation of the 
granulomatous response, and IL-6 plays a key role in the granuloma maintenance response 
(Welsh et al., 2008). Unlike Il-6 -/- mice, TCZ does not completely inactivate the IL-6 system 
because TCZ works as a competitive inhibitor of IL-6. Moreover, TCZ, unlike TNF 
inhibitors, does not inhibit M. tuberculosis antigen-induced interferon gamma (IFN-γ) 
production (Ogata et al., 2010b). TNF inhibitors increase the risk of infection or reactivation 
of M. tuberculosis while TCZ does not in clinical practice. Of course, TCZ should not be used 
in the patients with active mycobacterium infection. However, TCZ may be a candidate for 
intractable RA patients with mycobacterium infection which is treated. A patient with 
intractable RA was treated with TCZ without aggravation of M. avium infection which had 
been treated in advance (Nakahara et al., 2010). 

5.5 Anemia 
IL-6 increases the production of hepcidin, which is an iron-regulatory peptide secreted from 
liver cells, inhibits the signal transduction of erythropoietin, and causes anemia (Ganz and 
Nemeth 2009). Therefore, inhibition of IL-6 signaling by TCZ significantly improves anemia 
caused by chronic inflammation and benefits patients'general physical condition (Song et al., 
2010).  

5.6 Amyloidosis 
Secondary amyloidosis is a life-threatening complication of RA. Mortality, amyloid burden, 
and renal prognosis significantly correlate with serum amyloid A (SAA) concentration. As 
amyloid deposits regressed in 60% of patients who had a median SAA concentration of less 
than 10 µg/ml, normalization of the SAA concentration not only prevents but also treats 
secondary amyloidosis (Lachmann et al., 2007). TCZ treatment almost completely 
normalizes the serum SAA level because IL-6 signal is essential for the expression of SAA 
(Hagihara et al., 2005). Therefore, TCZ is very useful for the treatment of secondary 
amyloidosis (Sato et al., 2009; Inoue et al., 2010).  

5.7 Osteoporosis 
IL-6 levels are significantly higher (30 to 1000-fold) in synovial fluid than in sera 
(Desgeorges et al., 1997), and IL-6 drives osteoclastgenesis (Le Goff et al., 2010). Since 
osteoclasts are primarily involved in bone resorption, reduction in their number would be 
anticipated to reduce bone loss. This expectation is supported by the results of Axmann et al 
(2009) who demonstrated that blockade of IL-6R dose dependently decreased the joint 
osteoclast count and the number of bone erosions. They concluded that the mechanism for 
this effect was that blockade of IL-6R negatively affects osteoclast differentiation (Axmann et 
al., 2009). 

6. Improving clinical outcomes 
6.1 Strategies for improving clinical outcomes 
The response rate and the speed of improvement basically depend on the ratio between the 
target cytokine and the biological agent which traps the target cytokine. To lessen the 
amount of the target cytokine, it is very important that any comorbidity (e.g., infectious 
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diseases, lifestyle diseases, etc.) is treated or controlled as well as possible before and during 
administration of biological agents. This not only stops stimulation of the production of 
inflammatory cytokines from factors other than RA, but also serves to reduce adverse 
events, which results in better efficacy and safety. This also directly improves physical 
function irrespective of disease activity (Radner et al., 2010). 
The standard dosage of TCZ for the treatment of RA is 8 mg/kg every 4 weeks. The serum 
TCZ concentrations 4 weeks after 3 doses are greater than 1 mg/mL, which is an effective 
dose, in about 80% of patients. However, this means that the serum TCZ concentrations are 
not sufficiently high in approximately 20% of patients. In these patients, increasing the 
dosage of TCZ and/or shortening the dosage interval may improve efficacy. Indeed, during 
clinical trials, it was observed that arthritis improved following the first dose but returned 
after 3 weeks in several patients. This suggested that the blood level could not be 
maintained over the 4-week period. I thus decided to give the second dose after an interval 
of 3 weeks following the first. By doing this, none of the patients suffered repeat 
deterioration by the time of the second dose in symptoms that had improved following the 
first, and no additive adverse effects were observed. A shorter dose interval at the start may 
be thought to be perfectly reasonable in terms of maintaining blood levels of biologics. In 
practice, this administration method is used for infliximab and abatacept. 

6.2 Clinical efficacy and safety in our experience 
6.2.1 Patients 
The subjects of this analysis were patients who met the 1987 revised criteria for the 
classification of RA from ACR. Patients were included in the analysis if they started 
treatment with TCZ for the first time after 16 April 2008 (the date of insurance approval in 
Japan) (Table 2). This is an extension of a previous study (Hirabayashi et al, 2010). Data were 
collected until 20 March 2010. More than 23 and 51 weeks had elapsed since the first 
administration of TCZ in all 101 and in 70 patients, respectively. To reduce adverse events, 
any comorbidity was treated or controlled as well as possible before giving TCZ. All 
patients had a thoracic CT scan and were tested for the tuberculin reaction (or 
QuantiFERON ®), anti-streptolysin O (ASO), anti-streptokinase (ASK), treponema pallidum 
haemagglutination (TPHA), hepatitis B surface antigen (and anti-hepatitis B core antigen 
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If tooth plaque or caries were present, I arranged for assessment and treatment by a dentist. 
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otolaryngologist. Patients were asked whether they had hemorrhoids. Patients were 
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one week before, and etanercept at least 4 days before the new treatment commenced. 
Salazosulfapyridine, bucillamine, sodium aurothiomalate and mizoribine were discontinued 
upon initiating TCZ. The patients continued on MTX, tacrolimus and steroids at the same 
dose levels as before at least until dose 3 of TCZ. Then, MTX and tacrolimus were tapered 
off until 6 months after. The steroid dose was decreased slowly to avoid steroid withdrawal 
syndrome. There were no users of auranofin, D-penicillamine, hydroxychloroquine, 
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Patient Characteristics  
Age, mean ± SD, median (min - max), years  60.6 ± 12.7, 61 (23 – 82) 
Male : Female  20 : 81 
Duration of disease, mean, years 11.3 
Steinbrocker Class (I, II, III, IV) : Stage (I, II, III, IV) 37, 49, 15, 0 : 16, 19, 15, 53 
DAS28ESR, mean ± SE 4.60 ± 0.12 
Previous medications No. of patients treated 
 Prednisolone 71  (mean dosage: 3.9 mg/day) 
 TNF inhibitors (IFX, ETA, ADA) 11 (8, 2, 1) 
 MTX 38 
 Tacrolimus  11 
 Other DMARDs 48 
 No DMARDs for 3 months prior to TCZ treatment 20 

Table 2. Patient demographics, clinical characteristics, and previous medications at baseline. 
SD: standard deviation. SE: standard error. ‘Previous medications’ denotes drugs used in 
the 3 months before administration of TCZ. IFX: Infliximab, ETA: etanercept, ADA: 
adalimumab. ‘Other DMARDS’ were sodium aurothiomalate, bucillamine, 
salazosulfapyridine, and mizoribine. 

6.2.2 Clinical efficacy 
The mean DAS28ESR at the start of TCZ treatment in all 101 patients was 4.60 ± 0.12 (mean 
± standard error of the mean (SEM)). Mean DAS28ESR had fallen below the remission 
threshold (<2.6) to 2.20 ± 0.10 after two doses and had further improved to 1.61 ± 0.08 at 23 
weeks (intention-to-treat with last observation carried forward (ITT-LOCF)) and 1.50 ± 0.09 
at 51 weeks (ITT-LOCF). The clinical response was evaluated using the European League 
Against Rheumatism (EULAR) response criteria. At 51 weeks (ITT-LOCF), 64 out of 70 
patients (91.4%) had achieved remission with treatment response of good in 91.4%, 
moderate in 7.1% and one case of no response. The no response seen beyond five doses was 
due to a rise in DAS28ESR associated with a temporary deterioration in symptoms due to 
factors other than RA and did not represent secondary non-response. To date, no patient has 
discontinued the treatment due to lack of response. 
Next, the patients were classified based on DAS28ESR into a high-activity group at >5.1, a 
moderate-activity group at 3.2-5.1 and a low-activity group at <3.2. Although mean 
DAS28ESR had been 5.84 ± 0.13 (n=36) in the high-activity group before treatment with 
TCZ, this improved rapidly to below the remission threshold to 2.31 ± 0.20 after 3 doses 
(after 11-12 weeks; Fig. 1a). Mean DAS28ESR further improved to 1.92 ± 0.15 at 23 weeks 
and 1.66 ± 0.17 at 51 weeks. TCZ proved to be very effective regardless of baseline disease 
activity. Also, patients were classified based on disease duration into three groups (≥10 
years, 2≤~<10, <2). Although mean DAS28ESR had been 4.57 ± 0.21 (n=30) in the ≥10 years 
group before treatment, this improved rapidly to below the remission threshold to 2.30 ± 
0.17 after 2 doses (after 7 weeks; Fig. 1b). Mean DAS28ESR further improved to 1.60 ± 0.14 at 
51 weeks. TCZ proved to be effective regardless of disease duration. However, in the ≥10 
years group, the number of swelling joints rapidly decreased while the number of joints 
with tenderness decreased slowly, indicating that inflammation had subsided rapidly but 
that tenderness at the damaged joints was prolonged. 

 
The Role of Tocilizumab in the Treatment of Rheumatoid Arthritis 61 

    
             a                                           b 
Fig. 1. Change in DAS28ESR by disease activity at baseline (a) and by duration of disease 
(b). Mean values shown. The criteria for exclusion from the analysis set were as follows: (i) 
autoimmune disease comorbidities except Sjögren’s syndrome and Hashimoto’s disease, (ii) 
functional class IV based on the Steinbrocker criteria, (iii) presence of active infection, (iv) 
pregnancy, (v) drug poisoning, including alcohol, (vi) lymphocyte count £ 500 cells/mL, 
and (vii) positive serum β-D-glucan. The method of administering TCZ that has received 
insurance approval in Japan is continuous infusion of a dose of 8 mg/kg over a period of at 
least 1 hour once every 4 weeks. The interval between infusions was shortened to 3 weeks 
between the first and second infusions only, and an interval of 4 ± 1 weeks was used 
thereafter. Treatment was continued unless there were adverse events requiring 
discontinuation or the patient requested that treatment be stopped. 

6.2.3 Safety 
A total of 72 adverse events occurred in 64 of the 101 patients and these are listed in Table 3. 
The adverse events seen during infusion were transient bone pain (back pain, lumbar 
discomfort and ischial pain). These all appeared a few minutes into infusion and 
disappeared within a few minutes. Infections were the most frequent adverse events. 
Nasopharyngitis (common cold) was most frequent among the infections; however, the 
frequency was similar to that in normal individuals. A total of 10 serious adverse events 
requiring hospitalization occurred in 8 patients. Three patients developed pneumonia. A 60-
year-old woman with old tuberculosis and bronchiectasis as comorbidities showed a slight 
rise over her previous level of hemosputum, and bacterial pneumonia appeared 
subsequently. An 80-year-old woman was suspected of having pneumonia due to Chlamydia 
pneumoniae. Both recovered with treatment. A 67-year-old man developed pneumocystis 
carinii pneumonia followed by cytomegalovirus pneumonia and died. MTX was 
administrated concurrently to only this person due to scleritis suggesting vasculitis. A 68-
year-old man had chronic pancreatitis as a comorbidity with several episodes of acute 
exacerbations before exposure to TCZ. He died of an acute exacerbation of chronic 
pancreatitis. One patient who died due to cerebellar infarction was elderly, at 82 years of 
age, and had once suffered strokes in the past. A patient with malignant lymphoma 
discovered as a left axillary mass underwent PET-CT scan to assess the activity of interstitial 
pneumonia before being treated with TCZ. Accumulation was picked up in the left axillary 
lymph nodes. Tiny lymphadenopathy was found at the same site by CT scan. 
Retrospectively, it may be inferred that the accumulation seen by PET had been the early 
stages of malignant lymphoma. A patient who had developed colitis probably due to viral 
infection recovered quickly. 
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between the first and second infusions only, and an interval of 4 ± 1 weeks was used 
thereafter. Treatment was continued unless there were adverse events requiring 
discontinuation or the patient requested that treatment be stopped. 

6.2.3 Safety 
A total of 72 adverse events occurred in 64 of the 101 patients and these are listed in Table 3. 
The adverse events seen during infusion were transient bone pain (back pain, lumbar 
discomfort and ischial pain). These all appeared a few minutes into infusion and 
disappeared within a few minutes. Infections were the most frequent adverse events. 
Nasopharyngitis (common cold) was most frequent among the infections; however, the 
frequency was similar to that in normal individuals. A total of 10 serious adverse events 
requiring hospitalization occurred in 8 patients. Three patients developed pneumonia. A 60-
year-old woman with old tuberculosis and bronchiectasis as comorbidities showed a slight 
rise over her previous level of hemosputum, and bacterial pneumonia appeared 
subsequently. An 80-year-old woman was suspected of having pneumonia due to Chlamydia 
pneumoniae. Both recovered with treatment. A 67-year-old man developed pneumocystis 
carinii pneumonia followed by cytomegalovirus pneumonia and died. MTX was 
administrated concurrently to only this person due to scleritis suggesting vasculitis. A 68-
year-old man had chronic pancreatitis as a comorbidity with several episodes of acute 
exacerbations before exposure to TCZ. He died of an acute exacerbation of chronic 
pancreatitis. One patient who died due to cerebellar infarction was elderly, at 82 years of 
age, and had once suffered strokes in the past. A patient with malignant lymphoma 
discovered as a left axillary mass underwent PET-CT scan to assess the activity of interstitial 
pneumonia before being treated with TCZ. Accumulation was picked up in the left axillary 
lymph nodes. Tiny lymphadenopathy was found at the same site by CT scan. 
Retrospectively, it may be inferred that the accumulation seen by PET had been the early 
stages of malignant lymphoma. A patient who had developed colitis probably due to viral 
infection recovered quickly. 

0

2

4

6

8

0 3 7 11 15 19 23 27 31 35 39 43 47 51

D
A

S2
8-

ES
R

Week

>5.1
3.2～5.1
>2.6,<3.2
≦2.6

0

2

4

6

0 3 7 11 15 19 23 27 31 35 39 43 47 51

D
A

S2
8-

ES
R

Week

≧10years
2years≦,<10years
<2years



 
Rheumatoid Arthritis – Treatment 62

PT (MedDRA Ver13.0) a b
Adverse drug reactions
Bone pain 2 5
  Total 2 5

Events possibly related to TCZ
Nasopharyngitis 13 15
Sinusitis 4 4
Pneumonia* 1 2
Cystitis 3 3
Periodontitis 2 2
Otitis media 3 3
Paronychia 1 1
Infection 1 1
Bronchitis 1 2
Pneumocystis jiroveci
Pneumonia*

1 1

Gastroenteritis 1 1
Pneumonia chlamydial* 1 1
Herpes zoster 1 1
  Total 33 37

a b
Events hardly related to TCZ
Rhinitis allergic 2 2
Diarrhoea 3 3
Haemorrhoids 2 2
Rash 2 2
Conjunctivitis allergic 1 1
Abdominal pain upper 1 1
Platelet count decreased 1 1
Asthma 1 1
Ileus 1 1
Pancreatitis acute* 1 2
Cough 1 1
Colitis* 1 1
Dizziness 1 1
  Total 18 19

Events unrelated to TCZ
Liver disorder 3 3
WBC count decreased 1 1
Lymphoma* 1 1
Cerebral infarction* 2 2
Hypoglossal nerve disorder 1 1
Toxic skin eruption 1 1
Bowen’s disease 1 1
Compression fracture 1 1
  Total 11 11

Table 3. Adverse events. *serious adverse events requiring hospitalization, a: No. of patients, 
b: No. of events. WBC: white blood cell. 
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Fig. 2. Change in laboratory findings. a: CRP, b: ESR. c: MMP-3, d: WBC, e: PLT, f: Hb, g: 
AST and ALT, h: T-cho, HDL, and LDL. Mean values shown. Bars indicate SE. 
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Changes in laboratory findings are shown in figure 2. CRP virtually normalized in all 
patients after the first dose of TCZ (1.61 ± 0.16 → 0.20 ± 0.03 mg/dL) (Fig. 2a). Erythrocyte 
sedimentation rate (ESR) likewise normalized quickly after the first dose (37.9 ± 2.47 → 8.8 ± 
0.85 mm/h) (Fig. 2b). Both followed a normal course afterwards as well. The level of matrix 
metalloproteinase-3 (MMP-3) gradually decreased from 207.7 ng/ml at baseline to 88.4 ± 
8.79 ng/ml at 51 weeks (Fig. 2c). The mean leukocyte count was 8260 ± 278 /mL at baseline; 
however, this decreased to approximately 5500 /mL after the first dose. There was no 
progressive fall as seen in myelosuppression and no significant increase in infections (Fig. 
2d). Likewise, the mean platelet count of 328000 ± 9100 /mL at baseline decreased to 
approximately 220000 /mL after the first dose (Fig.2e). The hemoglobin (Hb) level rose 
gradually and anemia improved after treatment with TCZ began (Fig. 2f). Figure 2g shows 
changes over time in AST and ALT as an index of liver function. Even though abnormal 
values for AST or ALT were seen, these were transient and all were of grade I based on the 
National Cancer Institute Common Toxicity Criteria. Mean total T-cho at baseline was 201.7 
± 3.46 mg/dL. Upon treatment with TCZ, it rose to approximately 220 mg/dL and then 
decreased to 210 mg/dL (Fig. 2h). I provided lifestyle guidance and monitored the clinical 
course without administering drug treatment at least until dose 3. Several patients whose 
level nevertheless exceeded 280 mg/dL were treated with a HMG-CoA reductase inhibitor. 
HDL and LDL at baseline were 58.4 ± 1.55 mg/dL and 123.5 ± 3.08 mg/dL, respectively. 
HDL rose to approximately 65 mg/dL. LDL transiently rose to approximately 130 mg/dL 
but returned to baseline thereafter (Fig. 2h). I encountered no laboratory test abnormalities 
so severe that treatment with TCZ could not continue. TCZ was generally well tolerated, as 
was observed in clinical trials. 

7. Impact of TCZ on the treatment strategy for rheumatoid arthritis 
Examination by MRI of RA patients has revealed that in approximately half of the patients, 
bone destruction in joints had begun within 4 months of the onset of inflammation 
(McQueen et al., 1998). It is, therefore, important to achieve remission within 4 months of 
the onset of RA to reduce the chances of bone destruction. In treatment with the 
conventional DMRADs including MTX and with TNF inhibitors, patients who do not 
respond or who show insufficient response are often encountered. In these patients, bone 
destruction often progresses whilst disease activity remains uncontrolled. Medically, there is 
no reason why MTX or TNF inhibitors must be used initially. Therefore, to achieve tight 
control, and to reduce the number of such unfortunate patients, TCZ monotherapy is 
recommended from the beginning in new onset patients because it shows high efficacy and 
response rates. After tight control is achieved, how long to continue TCZ treatment and 
what treatment to use after completion of TCZ treatment are topics for future study. 
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Changes in laboratory findings are shown in figure 2. CRP virtually normalized in all 
patients after the first dose of TCZ (1.61 ± 0.16 → 0.20 ± 0.03 mg/dL) (Fig. 2a). Erythrocyte 
sedimentation rate (ESR) likewise normalized quickly after the first dose (37.9 ± 2.47 → 8.8 ± 
0.85 mm/h) (Fig. 2b). Both followed a normal course afterwards as well. The level of matrix 
metalloproteinase-3 (MMP-3) gradually decreased from 207.7 ng/ml at baseline to 88.4 ± 
8.79 ng/ml at 51 weeks (Fig. 2c). The mean leukocyte count was 8260 ± 278 /mL at baseline; 
however, this decreased to approximately 5500 /mL after the first dose. There was no 
progressive fall as seen in myelosuppression and no significant increase in infections (Fig. 
2d). Likewise, the mean platelet count of 328000 ± 9100 /mL at baseline decreased to 
approximately 220000 /mL after the first dose (Fig.2e). The hemoglobin (Hb) level rose 
gradually and anemia improved after treatment with TCZ began (Fig. 2f). Figure 2g shows 
changes over time in AST and ALT as an index of liver function. Even though abnormal 
values for AST or ALT were seen, these were transient and all were of grade I based on the 
National Cancer Institute Common Toxicity Criteria. Mean total T-cho at baseline was 201.7 
± 3.46 mg/dL. Upon treatment with TCZ, it rose to approximately 220 mg/dL and then 
decreased to 210 mg/dL (Fig. 2h). I provided lifestyle guidance and monitored the clinical 
course without administering drug treatment at least until dose 3. Several patients whose 
level nevertheless exceeded 280 mg/dL were treated with a HMG-CoA reductase inhibitor. 
HDL and LDL at baseline were 58.4 ± 1.55 mg/dL and 123.5 ± 3.08 mg/dL, respectively. 
HDL rose to approximately 65 mg/dL. LDL transiently rose to approximately 130 mg/dL 
but returned to baseline thereafter (Fig. 2h). I encountered no laboratory test abnormalities 
so severe that treatment with TCZ could not continue. TCZ was generally well tolerated, as 
was observed in clinical trials. 

7. Impact of TCZ on the treatment strategy for rheumatoid arthritis 
Examination by MRI of RA patients has revealed that in approximately half of the patients, 
bone destruction in joints had begun within 4 months of the onset of inflammation 
(McQueen et al., 1998). It is, therefore, important to achieve remission within 4 months of 
the onset of RA to reduce the chances of bone destruction. In treatment with the 
conventional DMRADs including MTX and with TNF inhibitors, patients who do not 
respond or who show insufficient response are often encountered. In these patients, bone 
destruction often progresses whilst disease activity remains uncontrolled. Medically, there is 
no reason why MTX or TNF inhibitors must be used initially. Therefore, to achieve tight 
control, and to reduce the number of such unfortunate patients, TCZ monotherapy is 
recommended from the beginning in new onset patients because it shows high efficacy and 
response rates. After tight control is achieved, how long to continue TCZ treatment and 
what treatment to use after completion of TCZ treatment are topics for future study. 
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1. Introduction  
Tumor necrosis factor (TNF) is a proinflammatory cytokine involved in the pathogenesis of 
rheumatoid arthritis and other chronic inflammatory diseases. TNF also plays a critical role 
in host responses to intracellular pathogens and in granuloma formation and maintenance. 
The TNF-α inhibitors are a class of highly effective, targeted anti-inflammatory medications 
in widespread use for the treatment of rheumatoid arthritis. However, evidence has 
accumulated since the introduction of the TNF-antagonists that they are also associated with 
an increased risk of granulomatous infections, including tuberculosis and non-tuberculous 
mycobacterial (NTM) infections.  
This chapter will review the literature on the role of TNF in response to mycobacterial 
infection, the various TNF-α inhibitors and their biological differences, and the indications 
for TNF-α inhibitors in the treatment of rheumatoid arthritis. We will also review the 
literature to date on the risk of tuberculosis associated with rheumatoid arthritis and TNF-
antagonist therapy. We will discuss the clinical evaluation and treatment of latent 
tuberculosis infection in the setting of proposed TNF-antagonist therapy, as well as the 
presentation and treatment of active tuberculosis. We will review the current literature on 
the risk of NTM disease associated with TNF-α inhibitor therapy, as well as the 
presentation, treatment, and prevention of NTM disease in this setting.  

2. TNF and TNF-α inhibitors 
2.1 TNF biology 
TNF is produced primarily by activated monocytes/macrophages, T- and B-lymphocytes, 
and natural killer cells. It is made as a transmembrate protein (tmTNF), which is then 
cleaved to a soluble form (sTNF). Three monomers then associate to form trimeric TNF, 
which is biologically active. This trimeric TNF binds to cell-surface receptors TNFR1 and 
TNFR2. Both TNFR1 and TNFR2 can signal pro-inflammatory pathways and anti-apoptotic 
pathways. TNFR1 can also signal via death domain caspase-dependent pathways to induce 
apoptosis.  
TNF plays a major role in the initial host response to infection. With respect to tuberculosis, 
TNF is involved in macrophage activation; it increases the phagocytic capacity of the 
macrophage and enhances its killing of intracellular bacteria, via the generation of reactive 
nitrogen and oxygen species (Bekker et al. 2001). TNF also stimulates macrophages and T-
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cleaved to a soluble form (sTNF). Three monomers then associate to form trimeric TNF, 
which is biologically active. This trimeric TNF binds to cell-surface receptors TNFR1 and 
TNFR2. Both TNFR1 and TNFR2 can signal pro-inflammatory pathways and anti-apoptotic 
pathways. TNFR1 can also signal via death domain caspase-dependent pathways to induce 
apoptosis.  
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macrophage and enhances its killing of intracellular bacteria, via the generation of reactive 
nitrogen and oxygen species (Bekker et al. 2001). TNF also stimulates macrophages and T-
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lymphocytes to produce chemokines, and induces the expression of vascular adhesion 
molecules (Roach et al. 2002). These activities recruit immune cells and promote a focused 
accumulation of cells at the site of infection, which sequesters the mycobacteria and 
prevents their dissemination. This focused accumulation of cells is known as the granuloma, 
and TNF is involved in both the formation of the granuloma and the maintenance of its 
integrity. In TNF-deficient mice infected with M. tuberculosis, granuloma formation is 
delayed and malorganized. Treating chronically tuberculosis-infected mice (which are used 
as a model to simulate latent tuberculosis infection in humans) with a TNF-neutralizing 
antibody results in an increased bacillary load, compromised granuloma structure, and 
shortened survival (Mohan et al. 2001).   
TNF therefore plays a critical role in the host response to mycobacterial infection, via its role 
in macrophage activation, cell recruitment, granuloma formation, and maintenance.   

2.2 TNF-α inhibitors 
There are currently four anti-TNF monoclonal antibodies in clinical use for the treatment of 
rheumatoid arthritis; infliximab, adalimumab, golimumab, and certolizumab pegol. 
Infliximab is a chimeric monoclonal antibody containing a human immunoglobulin (Ig)G1 
constant region and a murine variable region. Adalimumab and golimumab both contain 
human IgG1 constant and variable regions. Certolizumab pegol is a pegylated, humanised 
monoclonal anti-TNF Fab’ (fragment, antigen binding) fragment. Infliximab is administered 
by intravenous infusion. Adalimumab, certotolizumab and golimumab are administered by 
subcutaneous injection, usually every other week.  
Etanercept is a soluble TNF receptor; the only one of its kind in clinical use. It is comprised 
of two extracellular domains of human TNFR2 fused to the Fc (fragment, crystallizable) 
fragment of human IgG1. It binds trimeric TNF and lymphotoxin. It is administered by 
subcutaneous injection, usually once or twice per week.  
All of the TNF-antagonists are approved for use in rheumatoid arthritis. They are also variably 
in use for the treatment of other chronic inflammatory conditions, including psoriatic arthritis, 
plaque psoriasis, ankylosing spondylitis, Crohn’s disease, and ulcerative colitis.  
There are several notable differences between the various TNF inhibitors. Firstly, peak blood 
levels of infliximab are several times greater than those of etanercept and adalimumab 
(Wallis 2008). The clinical implication of this difference is unclear, however, given that the 
infection risk with adalimumab seems similar to that of infliximab (see below). Also, the 
various TNF-antagonists may bind soluble TNF (sTNF) with different affinities, but results 
are conflicting; one study has shown that etanercept binds sTNF with less affinity than 
infliximab (Scallon et al. 2002), whereas another study has shown the opposite (Nesbitt et al. 
2006 as cited in Wallis 2008). Additionally, the anti-TNF monoclonal antibodies inhibit T-cell 
activation and cytokine expression (other than TNF), whereas etanercept has little or no 
effect in these systems (Saliu et al. 2006).  
The differential binding of the TNF antagonists for transmembrane TNF (tmTNF) may 
partially explain differences in clinical efficacy and possibly infection risk. Infliximab binds 
transmembrane TNF (tmTNF) with more affinity than etanercept, and inhibits tmTNF-
mediated cellular activation more effectively (Scallon et al. 2002). Additionally, some studies 
have shown that the anti-TNF antibodies can cross-link tmTNF and thereby induce 
apoptosis in TNF-expressing T cells, whereas etanercept lacks this activity (Wallis 2008). 
This induction of apoptosis may play a role in their efficacy in Crohn’s disease, where 
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defective apoptosis in gut lymphocytes is believed to be a major feature in the pathogenesis 
of the disease (Wallis 2008).  
However, the clinical importance of tmTNF-mediated apoptosis is still a matter of debate, as 
highlighted by the activity of certolizumab pegol. Certolizumab cannot crosslink tmTNF nor 
participate in complement activation given its monovalent structure and lack of Fc. It 
therefore cannot induce apoptosis in TNF-expressing cells. However, it appears to be 
effective in the treatment of Crohn’s disease (Sandborn et al. 2007), and does appear to 
increase the risk of tuberculosis (see below). This implies that the induction of cell death 
may be less important in the mechanism of action of these medications than other properties 
(Wallis 2008). Nonetheless, several animal experiments have shown that selective inhibition 
of sTNF (and not tmTNF) may be beneficial in reducing infection risks. For instance, one 
study showed that inhibition of both sTNF and tmTNF protected from clinical signs of 
inflammation in a murine model of rheumatoid arthritis, yet increased the risk of 
reactivation of latent tuberculosis, and increased susceptibility of infection to Listeria 
monocytogenes (Spohn et al. 2007). However, specific inhibition of sTNF, while sparing 
tmTNF was still effective in reducing inflammation, yet did not increase the risk of infection 
with these pathogens.  

2.3 TNF-α inhibitor therapy in rheumatoid arthritis  
The first randomized controlled clinical trial of a TNF antagonist was published in 1994; this 
study showed a significant improvement in signs and symptoms of rheumatoid arthritis 
compared with placebo (Elliott et al. 1994). There have since been numerous clinical trials 
demonstrating the efficacy of all five TNF antagonists in rheumatoid arthritis, in various 
endpoints including signs and symptoms, health-related quality of life, and delayed 
progression of joint damage (Saag et al. 2008). TNF-antagonists given alone are not 
significantly better than methotrexate in controlling rheumatoid arthritis signs and 
symptoms, but they do result in a significant improvement compared with traditional 
DMARDs when given together with methotrexate in patients who do not completely 
respond to DMARD therapy. Therefore, treatment with TNF- antagonists in combination 
with methotrexate or other DMARDs is recommended in most guidelines for rheumatoid 
arthritis patients who partially respond to at least one DMARD including methotrexate 
(Saag et al. 2008).  
The American College of Rheumatology also recommends the use of TNF antagonists in 
combination with methotrexate in DMARD-naive patients with early rheumatoid arthritis 
(disease duration of less than 3 months) who have high disease activity and markers of poor 
prognosis (Saag et al. 2008). However, the European League against Rheumatism 
recommends initial treatment with methotrexate alone in early rheumatoid arthritis because 
of a favourable benefit to risk ratio, given that better outcomes with early combination 
therapy are seen mainly in a subset of patients with severe disease (Combe et al. 2007). 
To date, there have not been any randomized clinical trials comparing the efficacy of the 
different TNF-α inhibitors.  

3. Tuberculosis in the setting of TNF-α inhibitors 
3.1 The risk of tuberculosis associated with rheumatoid arthritis 
Patients with autoimmune rheumatic diseases, including systemic lupus erythematosus and 
rheumatoid arthritis, are at higher risk of infections, including tuberculosis. This increased 
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lymphocytes to produce chemokines, and induces the expression of vascular adhesion 
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defective apoptosis in gut lymphocytes is believed to be a major feature in the pathogenesis 
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risk is thought to be related to the immune disturbances caused by the disease itself, as well 
as to treatment with immunosuppressive drugs. Several studies have looked at the risk of 
tuberculosis associated with rheumatoid arthritis.   
In Quebec, Canada, one retrospective cohort study of 24,282 patients with rheumatoid arthritis 
identified 50 cases of tuberculosis from 1992 to 2003 (Brassard et al. 2009). The standardized 
incidence rate was 45.8 cases per 100,000 person-years of follow-up. This rate is much higher 
than the incidence of tuberculosis in the general population of Quebec, of 4.2 cases per 100,000 
person-years. This translates to a standardized incidence ratio of 10.9 (95% confidence interval 
[CI] 7.9–15.0). Using a nested-case control design, they found that some of the increased risk 
may be explained by the use of non-biologic DMARDs; the adjusted relative risk of 
tuberculosis was 2.4 (95%CI 1.1–5.4) with corticosteroid use and 3.0 (95%CI 1.6–5.8) with other 
nonbiologic DMARD use (including methotrexate, leflunamide, and others).  
These results are in stark contrast to an American study (Wolfe et al. 2004) which prospectively 
followed 10,782 patients with rheumatoid arthritis from 1998 to 1999 with surveys. They only 
identified one case of tuberculosis, translating to a rate of 6.2 cases per 100,000 patients. This 
rate is not increased compared with the rate in the general US population. However, this study 
may have underestimated the rate of tuberculosis in rheumatoid arthritis, owing to decreased 
study participation of foreign-born and minority populations.   
In Asia, one prospective Japanese study identified 4 cases of tuberculosis in 5544 patients 
with rheumatoid arthritis followed for 1 year (Yamada et al. 2006). The age-adjusted 
incidence of tuberculosis was 42.4 per 100,000 patients, and the relative risk for tuberculosis 
was 3.21 (95%CI 1.21-8.55) compared with the general Japanese population. They also found 
a much higher risk of tuberculosis in men compared with women. One retrospective Korean 
study of 1285 rheumatoid arthritis patients found 9 cases of tuberculosis from 2001 to 2005, 
resulting in a rate of 257 per 100,000 person-years of follow-up (Seong et al. 2007). This rate 
was 8.9 times higher than the rate in the general Korean population (95%CI 4.6–17.2).  
A report from Spain (Carmona et al. 2003) studied a cohort of 788 patients with rheumatoid 
arthritis over 10 years, and found 7 cases of tuberculosis, yielding a mean annual incidence 
(1990–2000) of 134 per 100,000 patients. The incidence risk ratio of pulmonary tuberculosis 
in patients with rheumatoid arthritis compared to the general Spanish population was 3.68 
(95%CI 2.36–5.92). A Swedish study examined a cohort of rheumatoid arthritis patients from 
1999 to 2001 and looked at the risk of hospitalization for tuberculosis (Askling et al. 2005). 
They found that rheumatoid arthritis patients were at a two-fold increased risk of being 
hospitalized for tuberculosis compared with the general population (relative risk 2.0, 95%CI 
1.2-3.4).  
In summary, several observational studies from different countries around the world have 
shown that patients with rheumatoid arthritis are at increased risk of tuberculosis. This 
increased risk is independent of TNF-α inhibitors, but may be due to other disease 
modifying drugs, and possibly to the disease itself. The magnitude of the relative risk ranges 
between 2 and 11. Only one study, which was from the United States, showed no increased 
risk of tuberculosis in rheumatoid arthritis patients compared with the general population.  

3.2 The risk of tuberculosis associated with TNF-α inhibitors 
Studies estimating the risk of tuberculosis associated with TNF-α inhibitors face many 
challenges. For one, tuberculosis rates are relatively low in North America and Europe, and 
they may vary significantly by country, ethnicity of the individual, and underlying medical 
condition. Also, patients with rheumatoid arthritis and other rheumatic diseases may be 
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treated with several different disease modifying medications, in addition to TNF-α inhibitors, 
which may also increase the risk of tuberculosis. Additionally, when studying the risk 
associated with a particular drug, it is unclear if the risk is increased only during active drug 
treatment, or if there is a carry-over effect  when the patient is no longer taking the medication 
but is still at risk. Also, the rate of active tuberculosis is affected by the rate of screening and 
treatment for latent tuberculosis infection, which may vary based on local practice.   
Despite these challenges, a large number of observational studies from all over the world 
have been conducted examining this issue. The methods of data collection have varied from 
retrospective voluntary reporting to prospective national registries. The results are also 
variably reported; some report rates of tuberculosis per number of people treated with drug, 
while others report rates per number of people treated per time, and time may be time on 
drug or time at risk or follow-up time. The major studies examining the risk of tuberculosis 
associated with TNF-α inhibitors will be reviewed below, and are summarized in Table 1. 
 

Study (first 
author, year) Country Type of study 

TB incidence rate per 100,000 
person-years 

Rate 
ratio 
I:A:E 

Rate ratio 
compared 
with  RA Infliximab Adalimumab Etanercept

FDA AERS 
(Wallis, 2004) USA 

Cases 
voluntarily 

reported 
54* -- 28* 1.9:N/A:

1 -- 

PharMetrics 
(Brassard, 
2006) 

USA 
Search of 
pharmacy 
database 

-- -- -- -- 1.5 

NDB 
(Wolfe, 2004) USA Data from 

registry 52.5 -- 0 N/A 10∞ 

RATIO 
(Tubach, 2009) France Data from 

registry 187.5 215.0 9.3 20.1:23.1:
1 -- 

RABBIT 
(Listing, 2005) Germany Data from 

registry 310 -- 0 N/A -- 

GEARSPR 
(Fonseca, 2006) Portugal Data from 

registry 1754* 2339* 300* 5.8:7.8:1.
0 -- 

BIOBADASER 
(Gomez-Reino 
2007) 

Spain Data from 
registry 383 176 114 3.4:1.5:1 2.4 

BIOBADASER 
(Gomez-Reino 
2003) 

Spain Data from 
registry 1503 -- 0 N/A 15.8 

ARTIS 
(Askling, 2005) Sweden Data from 

registry 145 -- 80 1.8:N/A:
1 4.0 

BSRBR (Dixon, 
2010) UK Data from 

registry 123 217 53 2.2:4.2:1 -- 

Single centre 
cohort (Seong, 
2007) 

Korea Retrospective 
chart review 2558 -- 0 N/A 30.1 

TB: tuberculosis; I:A:E: infliximab:adalimumab: etanercept relative risk; RA:rheumatoid arthritis, *:cases 
per 100,000 treated persons; --: not reported; N/A: not applicable; ∞: for inflixmab only 

Table 1. Major studies reporting tuberculosis risk in patients treated with TNF-α antagonists 
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than the incidence of tuberculosis in the general population of Quebec, of 4.2 cases per 100,000 
person-years. This translates to a standardized incidence ratio of 10.9 (95% confidence interval 
[CI] 7.9–15.0). Using a nested-case control design, they found that some of the increased risk 
may be explained by the use of non-biologic DMARDs; the adjusted relative risk of 
tuberculosis was 2.4 (95%CI 1.1–5.4) with corticosteroid use and 3.0 (95%CI 1.6–5.8) with other 
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followed 10,782 patients with rheumatoid arthritis from 1998 to 1999 with surveys. They only 
identified one case of tuberculosis, translating to a rate of 6.2 cases per 100,000 patients. This 
rate is not increased compared with the rate in the general US population. However, this study 
may have underestimated the rate of tuberculosis in rheumatoid arthritis, owing to decreased 
study participation of foreign-born and minority populations.   
In Asia, one prospective Japanese study identified 4 cases of tuberculosis in 5544 patients 
with rheumatoid arthritis followed for 1 year (Yamada et al. 2006). The age-adjusted 
incidence of tuberculosis was 42.4 per 100,000 patients, and the relative risk for tuberculosis 
was 3.21 (95%CI 1.21-8.55) compared with the general Japanese population. They also found 
a much higher risk of tuberculosis in men compared with women. One retrospective Korean 
study of 1285 rheumatoid arthritis patients found 9 cases of tuberculosis from 2001 to 2005, 
resulting in a rate of 257 per 100,000 person-years of follow-up (Seong et al. 2007). This rate 
was 8.9 times higher than the rate in the general Korean population (95%CI 4.6–17.2).  
A report from Spain (Carmona et al. 2003) studied a cohort of 788 patients with rheumatoid 
arthritis over 10 years, and found 7 cases of tuberculosis, yielding a mean annual incidence 
(1990–2000) of 134 per 100,000 patients. The incidence risk ratio of pulmonary tuberculosis 
in patients with rheumatoid arthritis compared to the general Spanish population was 3.68 
(95%CI 2.36–5.92). A Swedish study examined a cohort of rheumatoid arthritis patients from 
1999 to 2001 and looked at the risk of hospitalization for tuberculosis (Askling et al. 2005). 
They found that rheumatoid arthritis patients were at a two-fold increased risk of being 
hospitalized for tuberculosis compared with the general population (relative risk 2.0, 95%CI 
1.2-3.4).  
In summary, several observational studies from different countries around the world have 
shown that patients with rheumatoid arthritis are at increased risk of tuberculosis. This 
increased risk is independent of TNF-α inhibitors, but may be due to other disease 
modifying drugs, and possibly to the disease itself. The magnitude of the relative risk ranges 
between 2 and 11. Only one study, which was from the United States, showed no increased 
risk of tuberculosis in rheumatoid arthritis patients compared with the general population.  

3.2 The risk of tuberculosis associated with TNF-α inhibitors 
Studies estimating the risk of tuberculosis associated with TNF-α inhibitors face many 
challenges. For one, tuberculosis rates are relatively low in North America and Europe, and 
they may vary significantly by country, ethnicity of the individual, and underlying medical 
condition. Also, patients with rheumatoid arthritis and other rheumatic diseases may be 
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treated with several different disease modifying medications, in addition to TNF-α inhibitors, 
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have been conducted examining this issue. The methods of data collection have varied from 
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variably reported; some report rates of tuberculosis per number of people treated with drug, 
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Several studies have been published estimating the incidence of tuberculosis associated with 
TNF inhibitors in North America. In 2004, Wallis et al. reported rates of tuberculosis and 
other granulomatous infections associated with infliximab and etanercept (Wallis et al. 
2004). The cases were voluntarily reported to the United States Food and Drug 
Administration (FDA) Adverse Events Reporting System (AERS) from January 1998 to 
September 2002. A correction was published soon after (Wallis et al. 2004), which removed 
erroneously included tuberculosis cases from Europe. This study published a tuberculosis 
rate of 54 per 100,000 treated persons associated with infliximab, and 28 per 100,000 persons 
treated with etancercept. Infliximab was therefore associated with a two-fold increased risk 
compared with etanercept. Their overall tuberculosis rate was 41 per 100,000 persons. 
Wolfe et al. published a study in 2004 that looked at rates of tuberculosis in patients with 
rheumatoid arthritis registered in the National Data Bank (NDB) of Rheumatic Disease in 
the United States (Wolfe et al. 2004). They prospectively collected data on rheumatoid 
arthritis patients treated with infliximab and etanercept over a 30-month period, from 
January 2000 to June 2002. They identified 4 cases of tuberculosis, all in patients treated with 
infliximab; this translates to a rate of 62 per 100,000 infliximab-treated persons. 
Brassard et al. published a study in 2006 that used medical and pharmaceutical claims data 
to determine rates of tuberculosis in American patients with rheumatoid arthritis (Brassard 
et al. 2006). A nested case-control design was used to estimate the risk of tuberculosis 
associated with disease modifying anti-rheumatic drugs (DMARDs), including infliximab 
and etanercept. They identified 357 cases of tuberculosis, 51 of which were associated with 
anti-TNF agents. This translates to a tuberculosis rate of 257 per 100,000 person-years of 
follow-up associated with anti-TNF agents. The tuberculosis risk was higher with infliximab 
than with etanercept (adjusted rate ratio 1.6 vs 1.2). However, cases of latent tuberculosis 
infection may have been misclassified as active disease (Mines & Novelli 2007). Indeed, the 
tuberculosis rate in the entire rheumatoid arthritis cohort was much higher than expected.  
The incidence of tuberculosis in the United States in the general population in 1999 was 6.4 
per 100,000 persons. The incidence in rheumatoid arthritis patients during the same year 
was 6.2 per 100,000 persons (Wolfe et al. 2004). The rates reported in these studies are 
therefore many times higher than these background rates (see Table 1). 
National registries of biological agents have been established in many European countries to 
collect data on the long-term effects of these medications. Studies using these registries have 
consistently shown increased risks of tuberculosis associated with TNF-α inhibitors. The 
first was from the BIOBADASER (Spanish Registry of Adverse Events of Biological 
Therapies in Rheumatic Diseases) registry (Gomez-Reino et al. 2003). This study published 
mostly prospectively collected data on rates of tuberculosis in patients with rheumatic 
diseases being treated with infliximab or etanercept in Spain from 1999 to 2002. They 
reported 17 cases of tuberculosis in patients receiving infliximab, 15 of whom had 
rheumatoid arthritis. There were no cases of tuberculosis in patients treated with etanercept. 
The tuberculosis incidence in patients receiving infliximab was 1,893 per 100,000 patients in 
2000 and 1,113 cases per 100,000 patients in 2001. The risk ratio of tuberculosis in patients 
treated with infliximab compared to the background rate in Spain was 90.1 (95%CI 58.8-
146.0) in 2000 and 53.0 (95%CI 34.5-89.0) in 2001. The risk ratio of tuberculosis in infliximab-
treated rheumatoid arthritis patients vs. rheumatoid arthritis patients not exposed to 
therapy was 19.9 (95%CI 16.2-24.8) in 2000 and 11.7 (95%CI 9.5-14.6) in 2001.  
A follow-up study using the same registry was published in 2007 (Gomez-Reino et al. 2007). 
This study prospectively collected data on patients in Spain treated with infliximab, 
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etanercept, and adalimumab from March 2002 (after national guidelines on screening and 
treatment of latent tuberculosis infection were introduced) to January 2006. They had 15 cases 
of tuberculosis translating to an incidence of 172 per 100,000 patient-years. The risk ratio 
compared with the general population was 7 (95%CI 3-13), and the risk ratio compared to 
Spanish rheumatoid arthritis patients was 2.4, which was not statistically significantly 
increased. There appeared to be differential risks posed by the three TNF-α inhibitors, with the 
risk seemingly highest with infliximab, but the differences were not statistically significant.   
A prospective French study using the RATIO (French Research Axed on Tolerance of 
Biotherapies) registry identified 69 cases of tuberculosis from 2004 to 2006 in patients treated 
with infliximab, etanercept, or adalimumab (Tubach et al. 2009). The tuberculosis incidence 
rate was 117 per 100,000 person-years (adjusted for sex and age), which is 12.2 times greater 
than the incidence of tuberculosis in the general French population. Most of this risk seemed 
to be caused by infliximab (standardized incidence ratio (SIR) = 18.6, 95%CI 13.4-25.8) and 
adalimumb (SIR = 29.3, 95%CI 20.3-42.4), rather than etanercept (SIR=1.8, 95%CI 0.7-4.3).  A 
Portugese registry, GEARSPR (Grupo de Estudos de Artrite Reumato´ ide da Sociedade 
Portuguesa de Reumatologia), also found that the risk of tuberculosis posed by infliximab 
and adalimumab was much higher than that posed by etanercept (Fonseca et al. 2006). They 
reported 13 cases of tuberculosis between 1999 to 2005 in patients exposed to anti-TNF 
therapy. The risk of tuberculosis with adalimumab and infliximab was 8-fold and 6-fold 
higher, respectively, than that with etanercept.  
Recently, a prospective observational study from the United Kingdom using the BSRBR 
registry (The British Society for Rheumatology Biologics Register) identified 40 cases of 
tuberculosis in patients on TNF-α inhibitors from 2001 to 2008 (Dixon et al. 2010). This 
resulted in a tuberculosis rate of 118 per 100,000 person-years at risk, which is 8 times higher 
than the general UK population. Again, the risk of tuberculosis was greater with the 
monoclonal antibiodies than the soluble TNF receptor. Specificially, the rate of tuberculosis 
associated with adalimumab was 144 per 100,000 person-years on therapy, that with 
infliximab was 136 per 100,000 person-years, and the rate with etancercept was 39 per 
100,000 person-years. The adjusted incidence rate ratio compared with etancercept was 3.1 
for infliximab and 4.2 for adalimumab.   
Smaller registries from Sweden and Germany have also reported an increased risk of 
tuberculosis in association with TNF-α inhibitors. The Swedish registry ARTIS (Anti-
Rheumatic Treatment in Sweden) identified 15 cases of tuberculosis, with an incidence of 
118 per 100,000 person-years treated (Askling et al. 2005). Rheumatoid arthritis patients 
treated with TNF antagonists had a 4-fold increased risk of tuberculosis compared with 
rheumatoid arthritis patients not treated with TNF antagonists. The risk was 2-fold higher 
with infliximab versus etanercept. The German registry RABBIT (Rheumatoid Arthritis- 
Observation of Biologic Therapy) identified 1 case of tuberculosis in a patient on infliximab; 
there were no cases in patients on etanercept (Listing et al. 2005).    
An important Asian study describing rates of tuberculosis amongst patients on TNF-α 
inhibitors comes from Korea (Seong et al. 2007). This publication reports retrospective data 
collected at one medical centre in Seoul between 2001 and 2005. They reviewed the records 
of 90 patients treated with infliximab and 103 patients treated with etancercept; they 
identified 2 cases of tuberculosis amongst infliximab-treated patients, and none with 
etanercept. The rate of tuberculosis with infliximab was 2558 per 100,000 person-years of 
follow-up, this was 30.1-fold higher than the risk of tuberculosis in the general Korean 
population, and was also higher than the risk of tuberculosis in Korean patients with 
rheumatoid arthritis.  
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etanercept, and adalimumab from March 2002 (after national guidelines on screening and 
treatment of latent tuberculosis infection were introduced) to January 2006. They had 15 cases 
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with infliximab versus etanercept. The German registry RABBIT (Rheumatoid Arthritis- 
Observation of Biologic Therapy) identified 1 case of tuberculosis in a patient on infliximab; 
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An important Asian study describing rates of tuberculosis amongst patients on TNF-α 
inhibitors comes from Korea (Seong et al. 2007). This publication reports retrospective data 
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In summary, this large body of epidemiological evidence confirms an increased risk of 
tuberculosis associated with TNF-α inhibitors, above national background rates and above 
rates in patients with rheumatoid arthritis. The risk of tuberculosis associated with TNF-
inhibitors appears to be between 1.5 and 30 times greater than the risk associated with 
rheumatoid arthritis alone.  Unfortunately, limitations of the available data make more 
precise estimates of risk impossible. 
The risk of tuberculosis differs amongst the various TNF-α inhibitors. The monoclonal 
antibodies infliximab and adalimumab portend more risk than the soluble TNF receptor 
etanercept (see Table 1 for relative risk estimates). Additionally, the time from initiation of 
treatment to onset of tuberculosis seems to be shorter with infliximab than etanercept. The 
FDA AERS study showed that median time from initiation of TNF-anatgonist therapy to 
presentation of tuberculosis was 17 weeks for infliximab versus 48 weeks for etanercept 
(Wallis et al. 2004); the Pharmetics study reported 17 weeks for infliximab and 79 weeks for 
etanercept (Brassard et al. 2006). The BSRBR reported a median time to tuberculosis 
diagnosis from the start of anti-TNF therapy of 13.4 months for etanercept, 5.5 months for 
infliximab, and 18.5 months for adalimumab (Dixon et al. 2010). Their results are somewhat 
surprising given the longer median onset time with adalimumab, which would be expected 
to behave similarly to infliximab. However, the RATIO study showed similar tuberculosis 
onset times for infliximab and adalimumab, with the onset time being longer with 
etanercept (Tubach et al. 2009). The reason for the difference in risk and time to 
development of tuberculosis amongst the drugs of this class is not known, but may be 
related to different pharmacokinetic properties of the drugs, differential binding of soluble 
and transmembrance receptors, and differential effects on immune cell function and death, 
as described in section 2.2.  
There has been little published to date on the risk of tuberculosis associated with the newer 
drugs certolizumab pegol and golimumab. However, two phase III placebo-controlled trials 
of certolizumab in patients with rheumatoid arthritis (RAPID 1 and 2) each reported 5 cases 
of active tuberculosis in the certolizumab arms, and none in the placebo arms (Keystone et 
al. 2008; Smolen et al. 2009), suggesting an increased risk.  

3.3 Diagnostic testing for latent tuberculosis infection 
In areas of low tuberculosis prevalence and transmission, most active tuberculosis cases 
associated with TNF-antagonists are thought to be related to progression of latent infection 
acquired in higher prevalence regions or time periods. It is therefore felt that the most 
effective way of preventing active tuberculosis is to identify and treat latent tuberculosis 
infections before the initiation of anti-TNF-α therapy. National guidelines or statements 
have been published by several countries providing recommendations in this regard; the 
major English language guidelines are summarized in Table 2. These statements provide 
significantly different recommendations in a number of areas. Recently, a European 
consensus statement has been published by the TBNET group on this matter, which 
provides its own recommendations (Solovic et al. 2010). 
The traditional method used to identify latent tuberculosis infection is the tuberculin skin 
test. This test elicits a cell-mediated, delayed hypersensitivity reaction after the volar aspect 
of the forearm is intradermally injected with purified protein derivative (PPD), a sterile 
extract derived from M. tuberculosis. The site of injection is observed within 48 to 72 hours; 
the largest diameter of the induration transverse to the long axis of the arm is recorded in 
millimetres. The test is positive if the induration is above a pre-specified size; the size cutoff 
for positivity varies depending upon the positive predictive value of the test.  
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Country 
(reference) TST 

TST: 
One or 

two step
Positive TST IGRA Criteria for LTBI 

treatment 
LTBI 

treatment* 

USA (Centers for 
Disease et al. 
2004) 

All One 5 mm if IS, 10 
mm if increased 

risk, 15 mm if 
low risk 

No TST+, TST- if clinical 
or epidemiological 

risks 

9H 

France (Salmon 
et al. 2002) 

All One 10 mm No TST+, previous TB 
inadequately 

treated, CXR lesions 
>1 cm3 not treated 

2RZ or 3RH or 
9H 

Germany (Diel et 
al. 2009)† 

Only in certain 
circumstances¶ 

One 5 mm Yes IGRA+, abnormal 
CXR consistent with 

TB inadequately 
treated, history of 

exposure not treated 

9H or 4R 

Ireland 
(Kavanagh et al. 
2008) 

All One 5 mm if IS, 
others 10 mm 

No TST+ 9H or 4R or 
4RH 

Portugal 
(Fonseca et al. 
2006)† 

All Two 5 mm No TST+, consider in 
TST- 

9H 

Spain (Carmona 
et al. 2005) 

All Two 5 mm No TST+, previous TB 
inadequately 

treated, abnormal 
CXR consistent with 

TB inadequately 
treated 

9H 

Switzerland 
(Beglinger et al. 
2007) 

No N/A N/A Yes IGRA+, abnormal 
CXR consistent with 

past TB 
inadequately 

treated, history of 
exposure not treated 

9H or 4R 

UK (British 
Thoracic Society 
Standards of 
Care 2005) 

All One 5 mm if no 
BCG, 15 mm if 

BCG 

No TST+, previous TB 
or abnormal CXR 

inadequately 
treated, IS patients 
with epidemiologic 

risk 

6H or 3RH 

TBNET (Solovic 
et al. 2010) 

Only if no history 
of BCG  

One 10 mm Yes TST+ or IGRA+ 9-12H or 3RH 

TST: tuberculin skin test; IGRA: interferon gamma release assay; LTBI: latent tuberculosis infection; IS: 
immunosuppressed; mm: millimetres; BCG: Bacille Calmette-Guérin vaccination; H: isoniazid; R: 
rifampin; Z: pyrazinamide; ¶: TST should be given only if a discrepancy exists between strong 
epidemiological evidence of prior TB exposure and negative IGRA; *: the number is the number of 
months of latent TB treatment; †: English abstract only.  

The LTBI treatment regimen of rifampin and pyrazinamide for 2 months, presented in the French 
recommendations of 2002, is generally not a recommended regimen because of high rates of severe 
hepatotoxicity (Centers for Disease et al. 2001). 

Table 2. Published recommendations on identification and treatment of latent tuberculosis 
infection in the setting of TNF-α inhibitor therapy (Modified from Solovic et al. 2010) 
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Tuberculin skin testing does not distinguish between persistent M. tuberculosis infection and 
immunological memory of a previous infection that has been eradicated. Additionally, 
tuberculin skin test responses may be falsely positive in individuals who have been 
previously vaccinated with Bacille Calmette-Guerin (BCG) or who have nontuberculous 
mycobacterial infections, as the PPD contains antigens that are shared amongst many 
mycobacterial species. However, the BCG vaccine is less likely to be the cause of a positive 
test in adulthood if it is administered before 1 year of age (Menzies & Vissandjee 1992).  
Tuberculin skin test responses are decreased in rheumatoid arthritis (Ponce de Leon et al. 
2005), likely due to the use of immunosuppressive medications, but also possibly secondary 
to the disease itself. For this reason, some experts recommend reducing the size threshold 
for positivity in these patients (for example, to 5 mm) and/or repeated testing (boosting) 7-
10 days after a negative test (the two step skin test). These strategies may increase the 
sensitivity of the test, but reduce the specificity.  
More recently, tests that measure the cell-mediated reaction to M. tuberculosis antigens in 
vitro have been developed and  implemented in clinical practice. With these tests, peripheral 
blood cells are stimulated with specific M. tuberculosis antigens; T-cells previously sensitized 
to M. tuberculosis antigens then recognize them upon re-exposure and secrete a variety of 
cytokines, including interferon gamma. The tests measure release of interferon gamma, and 
are therefore termed interferon gamma release assays (IGRAs). One type of IGRA incubates 
peripheral blood mononuclear cells with M. tuberculosis antigens and measures the 
percentage of T-cells releasing interferon gamma via an enzyme-linked immunospot 
(ELISPOT) assay; this is commercially available as the T-SPOT.TB (Oxford Immunotec). In 
the other available test, whole blood is incubated with M.tuberculosis antigens and the 
amount of inteferon gamma released into the supernatant is measured using an enzyme-
linked immunosorbent assay (ELISA); this is the Quantiferon-TB Gold In-Tube (Cellestis). 
The major advantage of IGRAs over tuberculin skin tests is an increased specificity. This 
feature is derived from the fact that the stimulating antigens used in IGRAs are not found in 
Bacille Calmette-Guérin (BCG) vaccine nor in most non-tuberculous mycobacterial species. 
Therefore, IGRAs are less likely to produce a false-positive test in individuals with previous 
BCG vaccination or NTM infection (Pai et al. 2008). 
A question of particular relevance in the population of patients with rheumatic diseases is 
whether interferon gamma release assays have increased sensitivity compared with the 
tuberculin skin test, as patients with rheumatic diseases are known to have a reduced 
response to the tuberculin skin test. Calculating the sensitivy (and specificity) of IGRAs is 
challenging, because of the lack of a ‚gold standard‘ for the diagnosis of latent tuberculosis 
infection. Nonetheless, a number of such studies have been performed, as has a meta-
analysis (Pai et al. 2008). The results are inconsistent. The sensitivity seems to depend on the 
individual‘s level of immunosuppression and the IGRA test used, as the ELISPOT-based 
assay has been shown to be more sensitive in immunocompromised patients than the 
ELISA-based test (Pai et al. 2008; Solovic et al. 2010).  
A number of observational studies have been conducted to evaluate the clinical use of 
IGRAs as an alternative to the tuberculin skin test in identifying latent tuberculosis infection 
in patients with chronic inflammatory conditions. These studies have been compiled and 
reviewed by the TBNET group (Solovic et al. 2010). To summarize, they found that the 
results of IGRAs and tuberculin skin tests correlate poorly. However, correlation is best in 
areas with low tuberculosis prevalence and low rates of individuals with previous BCG 
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vaccination. IGRAs are more frequently positive than tuberculin skin tests in unvaccinated 
populations, suggesting that IGRAs are more sensitive than tuberculin skin tests in patients 
with chronic inflammatory conditions. Addtionally, positive IGRAs seem to be more closely 
associated with risk factors for latent tuberculosis infection, implying that they are more 
specific than the tuberculin skin test in this setting (Solovic et al. 2010).  
Despite this emerging evidence supporting the clinical utility of IGRAs, to date no studies 
have been conducted examining the positive predictive value of IGRA responses for the 
developent of tuberculosis in patients treated with TNF-α inhibitors. Additionally, some 
studies have shown discordant results between tuberculin skin tests and IGRAs, which are 
as yet unexplained. Concern regarding the increased cost of IGRAs above that of the 
tuberculin skin test has also hindered their universal acceptance.     
Most national guidelines, other than those from Germany and Switzerland,  currently 
recommend the tuberculin skin test as the diagnostic tool of choice for latent tuberculosis 
infection prior to TNF-α inhibitor therapy. The European TBNET consensus guidelines 
endorse the IGRA, but suggest the tuberculin skin test as an alternative in patients not 
previously BCG-vaccinated. Guidelines also vary in how the tuberculin skin test should be 
administered; some suggest a one-step skin test while others suggest boosting. The TBNET 
consensus guidelines do not recommend the two-step approach, because of limited evidence 
of increased sensitivity but considerable evidence of reduced specificity. Controversy also 
exists in the interpretation of the tuberculin skin test in this setting. Some guidelines suggest 
a reduced cut-off of 5 mm in order to increase sensitivity, while others suggest 10 or 15 mm.   

3.4 Clinical evaluation and treatment of latent tuberculosis infection 
Given the strong epidemiological evidence confirming an increased risk of reactivation of 
tuberculosis in patients receiving TNF-α inhibitors, all patients should be screened for latent 
tuberculosis infection prior to the initiation of TNF-antagonists; active tuberculosis infection 
should also be ruled out. The clinical evaluation should include the following: a history to 
assess for previous active tuberculosis, previous tuberculosis therapy, known exposure to 
active tuberculosis, a history of residing in a high prevalence area, and symptoms of active 
tuberculosis; a chest radiograph, to assess for features of previous or current active 
tuberculosis; and either a tuberculin skin test or IGRA. Any patient suspected of having 
active tuberculosis based on symptoms and/or chest radiographic abnormalities such as 
infiltrates, cavities, pleural effusion, or mediastinal lymphadenopathy should be thoroughly 
investigated to rule out active disease prior to initiation of anti-TNF-α therapy. This work-
up should include sputum microscopy for acid-fast bacilli and culture and/or aspiration or 
biopsy of extrapulmonary sites. Patients with confirmed active tuberculosis should be 
promptly treated based upon local guidelines and the patient’s M. tuberculosis drug 
susceptibility results. Initiation of TNF-α inhibitor therapy should be delayed; most would 
recommend initiation of TNF-antagonist therapy only after a full course of treatment has 
been completed.  
If there is no suspicion of active tuberculosis infection, the clinician must decide if the 
patient has a latent tuberculosis infection and requires prophylactic chemotherapy. The 
decision to treat a patient for latent tuberculosis infection should be based upon the entire 
clinical evaluation; local guidelines should be used to assist in defining those patients who 
require preventive chemotherapy (table 2) prior to the initiation of TNF-α  inhibitor therapy. 
Although etancercept has been shown to carry a much lower risk of causing progression of 
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populations, suggesting that IGRAs are more sensitive than tuberculin skin tests in patients 
with chronic inflammatory conditions. Addtionally, positive IGRAs seem to be more closely 
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latent tuberculosis infection to active disease than the monoclonal antibodies, current 
guidelines universally recommend tuberculosis prophylaxis prior to all TNF-α inhibitors.  
There has only been one study conducted which examined the effectiveness of preventive 
chemotherapy for latent tuberculosis infection prior to the initiation of TNF-antagonists 
(Carmona et al. 2005). This observational study came from Spain, where national 
recommendations were released in early 2002 that suggested patients be screened for latent 
tuberculosis infection with a chest x-ray and two-step tuberculin skin test using a 5 mm 
threshold, before the initiation of TNF-antagonist therapy. Patients diagnosed with latent 
tuberculosis infection were to receive 9 months of isoniazid therapy, and at least 1 month 
was to have been completed before starting a TNF-α inhibitor (infliximab, etanercept, or 
adalimumab). Tuberculosis rates in their biologics registry prior to the release of the 
recommendations were compared with those afterwards. They found a 78% reduction 
(incidence risk ratio 0.22, 95%CI 0.03-0.88) in rates of active tuberculosis after 
implementation of the recommendations. Additionally, there were no cases of serious liver 
toxicity amongst the 324 patients on isoniazid therapy for latent tuberculosis infection.  
Based on this study and several large studies published decades ago (Comstock et al. 1979; 
Anonymous 1982), many national guidelines recommend isoniazid therapy for a duration of 
9 months for the treatment of latent tuberculosis infection, both in general and prior to TNF-
antagonist therapy. However, some national guidelines recommend other validated but less 
effective regimens, including 6 months of isoniazid, 3-4 months of rifampicin plus isoniazid, 
and 4 months of rifampicin. The French guidelines are unique in recommending 4 months of 
rifampicin plus pyrazinamide as a potential regimen; this combination has been avoided by 
others because of a risk of severe hepatotoxicity (Centers for Disease et al. 2001).  
The duration of therapy required before starting anti-TNF-α therapy is also not well 
established, and national guidelines also vary in this regard. Most guidelines suggest a 1 
month delay, but some suggest that no delay is necessary, while others suggest completion 
of prophylaxis before starting TNF-antagonists.    

3.5 The presentation and treatment of active tuberculosis 
In areas of low tuberculosis prevalence, active tuberculosis most commonly develops due to 
reactivation of latent infection. However, there may also be an increased risk of primary 
progression to active disease of newly acquired tuberculosis in patients on TNF-α inhibitors 
who have high-risk exposures. Several cases of this have been described (Arend et al. 2007; 
Wallis et al. 2009) .  
The presentation of active tuberculosis in patients on TNF-α inhibitors appears to differ 
from classically described tuberculosis. When associated with TNF-α inhibitors, tuberculosis 
is more likely to be extra-pulmonary and more likely to be disseminated at presentation. 
One report looked at the patterns of disease in 70 cases of infliximab-associated tuberculosis. 
They found that 56% had extrapulmonary tuberculosis, and 24% had disseminated disease 
(Keane et al. 2001). In contrast, in cases of tuberculosis not associated with HIV infection, 
about 18% are extrapulmonary and less than 2% are disseminated (Rieder et al. 1990). 
Another series described the clinical characteristics of 130 infliximab-associated tuberculosis 
cases reported to the U.S. Food and Drug Administration, and found that 45% had 
extrapulmonary tuberculosis and 23% had disseminated disease (Raval et al. 2007). 
When tuberculosis is diagnosed, prompt treatment should be initiated. Treatment regimens 
should be based upon local guidelines and the patient’s M. tuberculosis drug susceptibility 
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results. Most recommend that TNF-α inhibitor therapy be discontinued, at least temporarily. 
However, discontinuation of anti-TNF therapy may be associated with a paradoxical 
worsening of tuberculosis disease. This  is felt to be similar to the immune reconstitution 
syndrome seen in HIV-infected persons who are treated with anti-retroviral therapy. When 
occuring in the setting of TNF-inhibitor withdrawal, the paradoxical reaction is believed to 
be due to recovery of TNF-dependent inflammation. The largest series describing such cases 
retrospectively reviewed charts of patients who developed infliximab-associated 
tuberculosis from 1999 to 2003 in three Spanish medical centres. They found six cases of 
tuberculosis, four (67%) of which were associated with a paradoxical reaction (Garcia Vidal 
et al. 2005). Others have described this paradoxical reaction in association with infliximab 
withdrawal (Belknap et al. 2005; Arend et al. 2007), etanercept withdrawal (Winthrop et al. 
2008), and adalimumab withdrawal (Wallis et al. 2009).  
The optimal treatment of the paradoxial reaction is currently unknown. Some recommend 
corticosteroid therapy (Garcia-Vidal et al. 2009) given favorable results in HIV-infected 
patients. Other case reports have described the successful re-institution of TNF-antagonist 
therapy to treat severe tuberculosis paradoxical reactions (Blackmore et al. 2008; Wallis et al. 
2009).  
Despite these case reports of paradoxical reactions associated with withdrawal of anti-TNF 
therapy, most experts believe that this phenomenon is relatively uncommon, and that 
discontinuation of TNF-α inhibitors upon diagnosis of active tuberculosis is advisable. The 
optimal timing of re-institution of TNF-α inhibitors is unknown, but many experts suggest 
completing a full course of anti-tuberculosis treatment before re-starting TNF-inhibitors 
(Solovic et al. 2010).  

4. Nontuberculous mycobacterial infections in the setting of TNF-α inhibitors 
Nontuberculous mycobacteria (NTM) include species of mycobacteria other than those 
belonging to the Mycobacterium tuberculosis complex and M. leprae. They are a large group of 
ubiquitous environmental organisms that can cause pulmonary and extrapulmonary 
infections. Pulmonary NTM disease is often associated with underlying structural lung 
disease, including chronic obstructive pulmonary disease and bronchiectasis. In many other 
cases, there is no obvious underlying lung disease or overt immune incompetence. The 
relative proportions of NTM lung disease patients with and without underlying lung 
disease probably varies by population, but it appears that the majority of cases occur 
without demonstrable predisposing factors. NTM organisms may be isolated from the 
sputum in the absence of clinically relevant disease, and thus the diagnosis of pulmonary 
NTM disease rests on the presence of multiple positive cultures, and clinical (symptoms and 
radiology) data (Griffith et al. 2007). Extrapulmonary NTM disease is less common than 
lung disease, and may manifest as a localized infection of  lymph nodes, skin, soft tissue, or 
bone, or may be disseminated. It is diagnosed when biopsy specimens of the involved 
organ(s) culture the causative organism, or, in the case of disseminated disease, with 
positive blood cultures (Griffith et al. 2007). 

4.1 The risk of NTM disease associated with TNF-α inhibitors  
Given the known role of tumor necrosis factor (TNF) in granuloma formation and 
maintenance, it is likely that TNF-α  inhibitors increase the risk of all granulomatous 
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results. Most recommend that TNF-α inhibitor therapy be discontinued, at least temporarily. 
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cases, there is no obvious underlying lung disease or overt immune incompetence. The 
relative proportions of NTM lung disease patients with and without underlying lung 
disease probably varies by population, but it appears that the majority of cases occur 
without demonstrable predisposing factors. NTM organisms may be isolated from the 
sputum in the absence of clinically relevant disease, and thus the diagnosis of pulmonary 
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infections, including NTM infection. However, in comparion to tuberculosis, relatively little 
has been published on this association. NTM infection is more difficult to study than 
tuberculosis, since the diagnosis is more complex as it relies on clinical data in addition to 
positive cultures. Additionally, in many jurisdictions, NTM isolation and NTM disease are 
not reportable to public health authorities. 
Most literature associating NTM disease with TNF-α inhibitors has been in the form of case 
reports; a broad range of different NTM species infecting different body sites have been 
described in association with infliximab, adalimumab, and etanercept therapy (van Ingen et 
al. 2008). However, incidence studies are scarce. In 2004, Wallis et al. reported rates of 
granulomatous infections in persons treated with infliximab and etanercept. The cases were 
voluntarily reported to the United States Food and Drug Administration (FDA) Adverse 
Events Reporting System (AERS) from January 1998 to September 2002. A correction was 
published soon after (Wallis et al. 2004), which removed erroneously included cases from 
Europe. This study identified 29 cases of unspecified NTM infections, which translates to a 
rate of 17 per 100,000 treated persons (Wallis et al. 2004). This is much higher than the 
background incidence of 4 cases per 100,000 persons, reported in the United States in 1996 
(Centers for Disease et al. 1996).  
An updated study of the same Medwatch database, extending the time period to 2007, 
reported 105 confirmed or probable cases of NTM infection associated with TNF-α 
inhibitors (Winthrop et al. 2009). These cases were most frequently associated with 
infliximab (n = 73, 69%), followed by etanercept (n = 25, 24%), and then adalimumab (n = 7, 
7%). Unfortunately, they did not have information regarding drug exposure, and so were 
unable to calculate rates of infection.   
Interestingly, the original report of the US FDA Medwatch data found that the incidence of 
NTM infection was significantly lower than the incidence of tuberculosis in patients on 
TNF-α inhibitors (Wallis et al. 2004). However, a more recent report, based on a survey of 
infectious disease physicians in the United States, found the opposite; there were more cases 
of NTM infection than tuberculosis infection associated with TNF-α inhibitors in the United 
States (32 vs. 17 cases) (Winthrop et al. 2008). This finding is not unexpected, given the low 
prevalence of tuberculosis in the United States, and the widespread belief that rates of NTM 
disease are increasing (Griffith et al. 2007), but it highlights the fact that NTM disease is an 
underrecognized but important complication of TNF-antagonist therapy.  

4.2 The presentation, treatment, and prevention of NTM disease associated with TNF-
α inhibitors  
Similar to tuberculosis, in the setting of TNF-α inhibitor therapy, extra-pulmonary and 
disseminated NTM disease appear to be more common. In the 2009 report of the US FDA 
Medwatch data, 56% of the confirmed or probable NTM cases were pulmonary, and 44% 
were extrapulmonary; 26% involved skin or soft tissue, 9% bone or joint, and 8% were 
disseminated (Winthrop et al. 2009). In contrast, in the United States during the period from 
1993 through 1996, the NTM isolates reported by state public health laboratories were 
divided as follows; 75% were pulmonary, 5% were from blood, 2% from skin/soft tissue, 
and 0.4% from lymph node isolates (Centers for Disease et al. 1996).  
Patients with rheumatoid arthritis, however, may be more likely than those with other 
indications for TNF-antagonist therapy to have pulmonary NTM disease. The US FDA 
Medwatch study showed that compared with patients with extrapulmonary NTM disease, 
patients with pulmonary NTM disease were 3.6 times more likely to have underlying 
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rheumatoid arthritis (95%CI 1.5–8.8) (Winthrop et al. 2009). There are several possible 
reasons for this. For one, rheumatoid lung disease, which can include bronchiolitis and 
bronchiectasis, occurs in about 10% of people with rheumatoid arthritis, and can predispose 
to NTM disease (Winthrop et al. 2009). Also, rheumatoid arthritis and NTM lung disease 
have similar epidemiologic risk profiles, as both occur more commonly in elderly women 
(Winthrop et al. 2009). Additionally, rheumatoid arthritis is more common in the elderly, 
who may have comorbidities predisposing to NTM lung disease, such as chronic obstructive 
pulmonary disease.  
NTM disease is associated with a high level of morbidity and mortality when it develops on 
TNF-α inhibitor therapy. In the report from Winthrop et al., 61% of patients with NTM 
infections were hospitalized, and 9% died (Winthrop et al. 2009).   
A broad range of different NTM species have been described in association with TNF-α 
inhibitors, including those of high and low pathogenicity (van Ingen et al. 2008). In the US 
Medwatch study, M. Avium was the most common etiologic organism reported (49%), 
followed by rapidly growing mycobacteria (19%), and M. marinum (8%) (Winthrop et al. 
2009). 
NTM disease seems to occur after many months of TNF-α inhibitor therapy. The report of 
the US FDA Medwatch data showed that the median time between TNF-α inhibitor start 
date and infection diagnosis was 43 weeks for infliximab (range 2-200 weeks), 35 weeks for 
etanercept (range 0-288 weeks), and 18 weeks for adalimumab (range 4–94 weeks) 
(Winthrop et al. 2009). This group therefore surmised that most cases represent newly 
acquired infection. However, given the natural course of pulmonary NTM disease, which 
typically is insidious in onset and slowly progressive, the possibility exists that some 
patients had undiagnosed pulmonary NTM disease before starting TNF-antagonist therapy.  
The experience of treating NTM disease in the setting of TNF-α inhibitor therapy is limited. 
Anti-TNF-α therapy should likely be held for an unknown duration. However, one case 
report described a paradoxical worsening of NTM disease after withdrawal of infliximab 
(Salvana et al. 2007), similar to the paradoxical reaction sometimes seen with tuberculosis; 
the clinician should be aware of this complication. Treatment of NTM disease is complicated 
because different regimens exist for the different NTM species. Futhermore, prolonged 
antimicrobial therapy is required and results are often disappointing; expert consultation 
should always be sought.  
The best approach to screening and prevention of NTM disease prior to initiation of TNF-α 
inhibitor therapy is unknown. Unlike tuberculosis, there is no evidence of a latent phase in 
NTM disease. Additionally, screening is complicated by the possibility of NTM colonization 
without active disease, and the ongoing environmental inoculation that is likely present. 
However, given the insidious nature of NTM disease and its slow progression, 
unrecognized NTM disease may be present in some patients prior to starting TNF-
antagonist therapy. Screening for such patients should be considered. Screening should 
include chest radiography, which must be done for all patients prior to starting TNF-α 
inhibitors to screen for tuberculosis. However, chest radiographs are not sensitive for 
detecting bronchiectasis or other parenchymal abnormalities associated with pulmonary 
NTM disease. Computerized tomography (CT) should therefore be considered in patients 
suspected of predisposing pulmonary diseases, including those with chronic unexplained 
cough. If chest CT is suggestive of possible NTM disease, sputum or bronchoscopy 
specimens should be cultured to rule out active NTM disease prior to initiation of TNF-
antagonist therapy (van Ingen et al. 2008; Winthrop et al. 2009). 
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reasons for this. For one, rheumatoid lung disease, which can include bronchiolitis and 
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have similar epidemiologic risk profiles, as both occur more commonly in elderly women 
(Winthrop et al. 2009). Additionally, rheumatoid arthritis is more common in the elderly, 
who may have comorbidities predisposing to NTM lung disease, such as chronic obstructive 
pulmonary disease.  
NTM disease is associated with a high level of morbidity and mortality when it develops on 
TNF-α inhibitor therapy. In the report from Winthrop et al., 61% of patients with NTM 
infections were hospitalized, and 9% died (Winthrop et al. 2009).   
A broad range of different NTM species have been described in association with TNF-α 
inhibitors, including those of high and low pathogenicity (van Ingen et al. 2008). In the US 
Medwatch study, M. Avium was the most common etiologic organism reported (49%), 
followed by rapidly growing mycobacteria (19%), and M. marinum (8%) (Winthrop et al. 
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date and infection diagnosis was 43 weeks for infliximab (range 2-200 weeks), 35 weeks for 
etanercept (range 0-288 weeks), and 18 weeks for adalimumab (range 4–94 weeks) 
(Winthrop et al. 2009). This group therefore surmised that most cases represent newly 
acquired infection. However, given the natural course of pulmonary NTM disease, which 
typically is insidious in onset and slowly progressive, the possibility exists that some 
patients had undiagnosed pulmonary NTM disease before starting TNF-antagonist therapy.  
The experience of treating NTM disease in the setting of TNF-α inhibitor therapy is limited. 
Anti-TNF-α therapy should likely be held for an unknown duration. However, one case 
report described a paradoxical worsening of NTM disease after withdrawal of infliximab 
(Salvana et al. 2007), similar to the paradoxical reaction sometimes seen with tuberculosis; 
the clinician should be aware of this complication. Treatment of NTM disease is complicated 
because different regimens exist for the different NTM species. Futhermore, prolonged 
antimicrobial therapy is required and results are often disappointing; expert consultation 
should always be sought.  
The best approach to screening and prevention of NTM disease prior to initiation of TNF-α 
inhibitor therapy is unknown. Unlike tuberculosis, there is no evidence of a latent phase in 
NTM disease. Additionally, screening is complicated by the possibility of NTM colonization 
without active disease, and the ongoing environmental inoculation that is likely present. 
However, given the insidious nature of NTM disease and its slow progression, 
unrecognized NTM disease may be present in some patients prior to starting TNF-
antagonist therapy. Screening for such patients should be considered. Screening should 
include chest radiography, which must be done for all patients prior to starting TNF-α 
inhibitors to screen for tuberculosis. However, chest radiographs are not sensitive for 
detecting bronchiectasis or other parenchymal abnormalities associated with pulmonary 
NTM disease. Computerized tomography (CT) should therefore be considered in patients 
suspected of predisposing pulmonary diseases, including those with chronic unexplained 
cough. If chest CT is suggestive of possible NTM disease, sputum or bronchoscopy 
specimens should be cultured to rule out active NTM disease prior to initiation of TNF-
antagonist therapy (van Ingen et al. 2008; Winthrop et al. 2009). 
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During therapy with TNF-α inhibitors, patients should be regularly assessed to rule out 
active infections. With respect to NTM disease, repeated sputum cultures during therapy 
should be considered in the setting of chest symptoms or co-morbid pulmonary disease, as 
well as chest radiography or CT scans. Extrapulmonary disease should be thoroughly 
investigated, and biopsy specimens should be stained for acid-fast bacilli and cultured for 
mycobacteria (van Ingen et al. 2008). 

5. Conclusion 
The TNF-α inhibitors, including the four currently available anti-TNF monoclonal 
antibodies and the soluble TNF receptor, have revolutionized the treatment of rheumatoid 
arthritis and other chronic inflammatory diseases since their introduction over a decade ago. 
However, their use is associated with an increased risk of granulomatous infections, 
including tuberculosis and NTM disease. The biological basis of this infection risk is the 
critical role played by TNF in the host response to mycobacterial infection, via its role in 
macrophage activation, cell recruitment, and granuloma formation and maintenance.  
The magnitude of the risk of tuberculosis associated with TNF-antagonist therapy appears 
to be between 1.5 and 30 times above the risk associated with rheumatoid arthritis alone. 
The risk of tuberculosis differs amongst the various TNF-α inhibitors; the monoclonal 
antibodies portend more risk and are associated with a shorter tuberculosis onset time than 
the soluble TNF receptor. These differences may be related to different pharmacokinetic 
properties of the drugs, differential binding of soluble and transmembrance receptors, and 
differential effects on immune cell function and death.  
All patients should be clinically evaluated for latent tuberculosis infection prior to the 
initiation of TNF-α inhibitor therapy. This evaluation should include a history, chest 
radiograph, and either a tuberculin skin test or an IGRA. IGRAs appear to be more specific for 
latent tuberculosis infection than tuberculin skin tests; they may also be more sensitive but this 
has not been definitively established. Most national guidelines recommend the tuberculin skin 
test as the diagnostic tool of choice for latent tuberculosis infection in this setting. The 
treatment of latent tuberculosis infection prior to the initiation of TNF-α inhibitors has proven 
benefit. Isoniazid therapy for a duration of 9 months is the most commonly recommended 
regimen, although some national guidelines recommend other regimens. The duration of 
therapy required before starting anti-TNF-α therapy is not well established. 
The presentation of active tuberculosis in patients on TNF-α inhibitors is different from 
classically described tuberculosis;  it is more likely to be extra-pulmonary and more likely to 
be disseminated at presentation. Discontinuation of anti-TNF-α  therapy may be associated 
with a paradoxical worsening of tuberculosis disease, but discontinuation of therapy is still 
recommended in most guidelines.  
NTM disease is an under recognized but important complication of TNF-antagonist therapy. 
Some research has suggested that NTM disease may be more common than tuberculosis in 
the setting of TNF-α inhibitor therapy, however the magnitude of the risk of NTM disease in 
this setting is unknown. NTM disease is associated with a high level of morbidity and 
mortality when it develops on TNF-α inhibitor therapy and may have atypical 
presentations.  The best approach to screening and prevention of NTM disease prior to 
initiation of TNF-α inhibitor therapy is unknown. 
Future research should include prospective studies establishing the magnitude of the risk of 
NTM disease with TNF-α inhibitor therapy; such studies may guide development of 
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preventive strategies. Prospective studies estimating the positive predictive value of IGRA 
responses compared with tuberculin skin test responses for the developent of tuberculosis in 
patients treated with TNF-α inhibitors are also needed. Reports on treatment and outcomes of 
tuberculosis and NTM disease in the setting of TNF-α inhibitor therapy are also necessary.  
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1. Introduction 
Synovitis-acne-pustulosis-hyperostosis-osteitis (SAPHO) syndrome is a rare disorder 
characterized by osteoarticular and dermatological manifestations. The denotation was first 
proposed by Chamot et al. in 1987 after investigation of 85 cases (Chamot et al., 1987). The 
most common site of SAPHO syndrome is the upper anterior chest wall, characterized by 
predominantly osteosclerotic lesions and hyperostosis. The axial skeleton and peripheral 
bones can be involved. Peripheral synovitis is also common. Skin manifestations include 
palmoplantar pustulosis (PPP), severe acne and various patterns of psoriasis. 
The pathogenesis of SAPHO syndrome has not been determined. Most of the reported series 
to date are anecdotal, small or uncontrolled, thus a variety of therapeutic approaches exist. 
Treatment remains empirical with several drugs including non-steroidal anti-inflammatory 
drugs (NSAIDs), corticosteroids, antibiotics, disease modifying anti-rheumatic drugs 
(DMARDs) and/or bisphosphonates (BPs), but results are inconsistent and usually variable. 
Recently, some successful experiences with anti-tumor necrosis factor-alpha (TNF-α) agents 
for refractory cases have been reported (Asmussen, 2003; Ben Abdelghani et al., 2010; 
Castellvi et al., 2010; Deutschmann et al., 2005; Iqbal & Kolodney, 2005; Kyriazis et al., 2004; 
Massara et al., 2006; Moll et al., 2008; Olivieri et al., 2002; Sabugo et al., 2008; Wagner et al., 
2002; Widmer et al., 2003). The therapeutic strategy was largely originated from that for 
spondyloarthropathies, because accumulated arguments indicate that SAPHO syndrome 
can be classified with the inflammatory spondyloarthropathies (Takigawa et al., 2008) and 
treatment with anti-TNF-α agents is now well established in spondyloarthropathies or 
rheumatoid arthritis (RA). Chronic proliferative synovitis is one of the most important 
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pathological features in RA, and proliferated synovium is a major source of 
proinflammatory cytokines and proteinases. TNF-α is a key cytokine, which triggers the 
inflammatory cascade and stimulates the production of matrix degradable proteinases such 
as matrix metalloproteinases (MMPs) (Okada, 2005). TNF-α converting enzyme (TACE) 
processes a membrane form of TNF-α to a soluble form (Moss et al., 1997), and the binding 
of the latter form to TNF receptors triggers pathological events in RA (Christodoulou & 
Choi, 2006; Horiuchi et al., 2010; Ohta et al., 2001). Although synovitis is one of the major 
manifestations of SAPHO syndrome, detailed information on the pathological features is 
still lacking. 
In this chapter, we describe a patient with SAPHO syndrome accompanied by marked knee 
synovitis and acrodermatitis continua of Hallopeau (ACH) as a skin manifestation. ACH is a 
rare acropustular eruption, characterized by sterlile pustules, paronychia and atrophic skin 
changes, onychodystrophy and osteolysis of the distal phalanges of the fingers and toes 
(Ryan et al., 2009). ACH is considered to be a localized subtype of pustular psoriasis 
(Yerushalmi et al., 2000) and our report is a first case of ACH as a skin manifestation of 
SAPHO syndrome. We focused on synovitis, analyzed synovial tissues histopathologically 
and demonstrated the expression of TNF-α, TACE and MMP-3 in SAPHO syndrome 
synovium. We also concisely review cases treated with anti-TNF-αagents in the literature 
and discuss the therapeutic strategy for SAPHO syndrome. 

2. Case report  
A 76-year-old Japanese man first presented to a neighborhood university hospital in 1993 with 
subungal pustules, erythema and onychodystrophy on all fingers and toes. A diagnosis of 
ACH was histologically confirmed at the time. He had been treated with topical corticosteroid 
and vitamin D3. In January 2006, he presented to our department for the first time with 
persistent swelling and pain in his left knee. Physical examination showed marked patellar 
ballottement with local heat. A knee puncture yielded 60mL of yellow cloudy joint fluid, but 
cultures for bacteria were negative. For other osteoarticular symptoms, moderate lower back 
and buttock pain existed but no other joint pain, costa-sterno-clavicular joint included, was 
found. At the time, dermatological symptoms of ACH still remained on all fingers and toes 
(Figure 1a, b). Laboratory tests showed almost within normal value including indices of 
inflammation (erythrocyte sedimentation rate 10mm/hour, C-reactive protein level 
0.19mg/dL [normal <0.30mg/dL]) and rheumatoid factor was negative. Radiographic study 
revealed characteristic osteolysis in phalanges of fingers and toes (Figure 1c, d). Magnetic 
resonance imaging revealed knee synovitis and bone marrow edema at the second lumbar 
vertebral body (Figure 2), compatible with sterile osteitis.  
We made a diagnosis of SAPHO syndrome because the presence of ACH (a variant of 
pustular psoriasis), knee synovitis, and osteitis of the vertebral body were sufficient to the 
criteria. The patient was treated with NSAIDs for osteoarticular symptoms and topical 
treatment for skin lesions. 
In October 2007, arthroscopic surgery was performed for knee synovitis. Intra-operative 
findings showed marked proliferation of villous contoured synovial tissues with rich blood 
circulation (Figure 3a). Continuous paraffin sections of biopsied synovial tissues were used 
for histopathological analyses, and standard microscopic study showed hyperplastic 
synovitis with lymphocytes infiltration and many blood vessels similar to RA (Figure 3b, c, 
d). Immunohistochemistry revealed the expression of TNF-α (Figure 3e), TACE (Figure 3f) 
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Fig. 1. Clinical findings of fingers (a), toes (b), and radiographs of bilateral fingers (c) and 
toes (d) in a patient with SAPHO syndrome accompanied by acrodrmatitis continua of 
Hallopeau. Erythema, pustules and onychodystrophy are present on all fingers and toes, 
which are compatible with the dermatological features of acrodermatitis continua of 
Hallopeau (a, b). Characteristic osteolysis of acrodermatitis continua of Hallopeau are 
observed in phalanges of fingers (c) and toes (d). 
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pathological features in RA, and proliferated synovium is a major source of 
proinflammatory cytokines and proteinases. TNF-α is a key cytokine, which triggers the 
inflammatory cascade and stimulates the production of matrix degradable proteinases such 
as matrix metalloproteinases (MMPs) (Okada, 2005). TNF-α converting enzyme (TACE) 
processes a membrane form of TNF-α to a soluble form (Moss et al., 1997), and the binding 
of the latter form to TNF receptors triggers pathological events in RA (Christodoulou & 
Choi, 2006; Horiuchi et al., 2010; Ohta et al., 2001). Although synovitis is one of the major 
manifestations of SAPHO syndrome, detailed information on the pathological features is 
still lacking. 
In this chapter, we describe a patient with SAPHO syndrome accompanied by marked knee 
synovitis and acrodermatitis continua of Hallopeau (ACH) as a skin manifestation. ACH is a 
rare acropustular eruption, characterized by sterlile pustules, paronychia and atrophic skin 
changes, onychodystrophy and osteolysis of the distal phalanges of the fingers and toes 
(Ryan et al., 2009). ACH is considered to be a localized subtype of pustular psoriasis 
(Yerushalmi et al., 2000) and our report is a first case of ACH as a skin manifestation of 
SAPHO syndrome. We focused on synovitis, analyzed synovial tissues histopathologically 
and demonstrated the expression of TNF-α, TACE and MMP-3 in SAPHO syndrome 
synovium. We also concisely review cases treated with anti-TNF-αagents in the literature 
and discuss the therapeutic strategy for SAPHO syndrome. 

2. Case report  
A 76-year-old Japanese man first presented to a neighborhood university hospital in 1993 with 
subungal pustules, erythema and onychodystrophy on all fingers and toes. A diagnosis of 
ACH was histologically confirmed at the time. He had been treated with topical corticosteroid 
and vitamin D3. In January 2006, he presented to our department for the first time with 
persistent swelling and pain in his left knee. Physical examination showed marked patellar 
ballottement with local heat. A knee puncture yielded 60mL of yellow cloudy joint fluid, but 
cultures for bacteria were negative. For other osteoarticular symptoms, moderate lower back 
and buttock pain existed but no other joint pain, costa-sterno-clavicular joint included, was 
found. At the time, dermatological symptoms of ACH still remained on all fingers and toes 
(Figure 1a, b). Laboratory tests showed almost within normal value including indices of 
inflammation (erythrocyte sedimentation rate 10mm/hour, C-reactive protein level 
0.19mg/dL [normal <0.30mg/dL]) and rheumatoid factor was negative. Radiographic study 
revealed characteristic osteolysis in phalanges of fingers and toes (Figure 1c, d). Magnetic 
resonance imaging revealed knee synovitis and bone marrow edema at the second lumbar 
vertebral body (Figure 2), compatible with sterile osteitis.  
We made a diagnosis of SAPHO syndrome because the presence of ACH (a variant of 
pustular psoriasis), knee synovitis, and osteitis of the vertebral body were sufficient to the 
criteria. The patient was treated with NSAIDs for osteoarticular symptoms and topical 
treatment for skin lesions. 
In October 2007, arthroscopic surgery was performed for knee synovitis. Intra-operative 
findings showed marked proliferation of villous contoured synovial tissues with rich blood 
circulation (Figure 3a). Continuous paraffin sections of biopsied synovial tissues were used 
for histopathological analyses, and standard microscopic study showed hyperplastic 
synovitis with lymphocytes infiltration and many blood vessels similar to RA (Figure 3b, c, 
d). Immunohistochemistry revealed the expression of TNF-α (Figure 3e), TACE (Figure 3f) 
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Fig. 1. Clinical findings of fingers (a), toes (b), and radiographs of bilateral fingers (c) and 
toes (d) in a patient with SAPHO syndrome accompanied by acrodrmatitis continua of 
Hallopeau. Erythema, pustules and onychodystrophy are present on all fingers and toes, 
which are compatible with the dermatological features of acrodermatitis continua of 
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Fig. 2. Radiographic study (a, b) and magnetic resornance imaging (c, d, e) of lumber spine in a 
patient with SAPHO syndrome accompanied by acrodrmatitis continua of Hallopeau. Bone 
marrow edema at the second lumbar vertebral body (arrow) is compatible with sterile osteitis.  

and MMP-3 (Figure 3g) in synovial cells of the lining layer. TNF-α and TACE were 
expressed dominantly in CD68 positive synovial cells of the lining and sublining layer, 
whereas MMP-3 was expressed dominantly in CD68 negative synovial cells of the lining 
layer (Figure 3e-h). Primary antibodies used for these analyses were polyclonal antibodies 
for TNF-α (654250; Calbiochem, Germany), TACE (sc-25782; Santa Cruz Biotechnology, 
USA), monoclonal antibodies for MMP-3 (55-2A2; Daiichi Fine Chemical Co., Japan) and 
CD68 (M0814; DakoCytomation, Denmark). After arthroscopic synovectomy, his knee 
symptoms immediately diminished. In 2008, additional administration of alendronate (35 
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Fig. 3. Macro- and microscopic findings of knee synovitis in a patient with SAPHO 
syndrome accompanied by acrodrmatitis continua of Hallopeau. Arthroscopy reveals RA 
like villous contoured synovial tissues with rich blood circulation (a). Continuous paraffin 
sections (b-h) were stained with hematoxylin and eosin (b-d) or immunostained with 
antibodies against TNF-α (e), TACE (f), MMP-3 (g), or CD68 (h). Note that hyperplastic 
synovitis with lymphocytes infiltration, rich blood vessels similar to RA (b, c, d), and TNF-α, 
TACE and MMP-3 are expressed in synovial lining cells (e-g).  
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Fig. 3. Macro- and microscopic findings of knee synovitis in a patient with SAPHO 
syndrome accompanied by acrodrmatitis continua of Hallopeau. Arthroscopy reveals RA 
like villous contoured synovial tissues with rich blood circulation (a). Continuous paraffin 
sections (b-h) were stained with hematoxylin and eosin (b-d) or immunostained with 
antibodies against TNF-α (e), TACE (f), MMP-3 (g), or CD68 (h). Note that hyperplastic 
synovitis with lymphocytes infiltration, rich blood vessels similar to RA (b, c, d), and TNF-α, 
TACE and MMP-3 are expressed in synovial lining cells (e-g).  
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mg/week) was started. In the four year follow-up period, there has been no recurrence of 
knee synovitis, no exacerbation of dermatological symptoms of ACH, and the patient has 
had only mild low back pain which have responded to NSAIDs and alendronate. 

3. Discussion 
In the present case, we investigated the histopathological features of SAPHO syndrome 
synovitis. Arthroscopic findings showed moderate proliferation of villous contoured 
synovial tissues with rich blood circulation. Microscopic findings showed hyperplastic 
synovitis with lymphocytes infiltration and many blood vessels. Further 
immunohistochemistry showed that TNF-α and TACE were expressed dominantly in 
CD68 positive macrophage like synovial cells of lining and sublining layer while MMP-3 
was expressed dominantly in CD68 negative fibroblast like synovial cells of lining layer. 
These histopathological features were overlapped with those of RA synovitis. But the extent 
of each microscopic feature, such as hyperplasticity of lining layers, lymphocytes infiltration 
and vascular density, seemed to be more marked in RA than SAPHO syndrome. 
Furthermore, in our previously reported a case of SAPHO syndrome accompanied by 
marked knee synovitis and PPP as a skin manifestation, the histopathological features of 
synovitis were also similar to this case (Komiya et al., 2009). Although it is difficult to 
compare with past cases for lack of reports with detailed histopathological analyses of 
SAPHO syndrome synovitis, it is speculated that TNF-α may be produced abundantly and 
well activated by TACE in SAPHO synovitis, and this condition at least partially have a 
common with RA synovial pathogenesis. 
SAPHO syndrome is characterized by the osteoarticular and dermatological symptoms that 
were compiled by French rheumatologists after a national survey carried in 1987 (Chamot et 
al., 1987). The acronym SAPHO stands for synovitis, acne, pustulosis,  hyperostosis, osteitis 
(Chamot et al., 1987). As described by Kahn et al. in 1994, three diagnostic criteria 
characterize SAPHO syndrome: 1) multifocal osteomyelitis with or without skin 
manifestations; 2) sterlile acute or chronic joint inflammation associated with either pustular 
psoriasis or palmo-plantar pustulosis, or acne, or hidradenitis; 3) sterlile osteitis in the 
presence of one of the skin manifestations (Kahn et al., 1993, 1994). According to Kahn, one 
of the criteria is sufficient for the diagnosis of SAPHO syndrome. 
The etiology and prevalence of SAPHO syndrome has not been determined because of the 
variety in clinical appearance. Although the osteoarticular symptoms of SAPHO syndrome 
are most commonly observed in the anterior chest wall and the spine, the taxonomic concept 
of spinal lesions of SAPHO syndrome is still confused and controversial; whether SAPHO 
synrdome is classified in to seronegative spondyloarthropathy (SNSA) or not (Hayem et al., 
1999; Higashi et al., 2005). Accumulated data suggested that SAPHO syndrome can be 
classified into SNSA; a high prevalence of axial involvement (up to 90%), an increased 
frequency of positive HLA-B27 (15%), and an association with psoriasis and inflammatory 
bowel syndrome in 13% of cases (Ben Abdelghani et al., 2010; Kahn et al., 1992). 
Furthermore, many researchers have supported a link between SAPHO syndrome and 
SNSA. Maugars reported that 43% and 33% of 19 SAPHO syndrome patients fullfilled the 
criteria of European Spondylarthropathy Study Group (ESSG) (Dougados et al., 1991) and 
Amor (Amor et al., 1990), respectively (Maugars et al., 1995). Hukuda et al. reported that 
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4.7% and 0.3% of Japanese 990 SNSA patients showed PPP and SAPHO syndrome, 
respectively (Hukuda et al., 2001). Takigawa et al. reported that 23% of 13 SAPHO 
syndrome patients met the criteria of SNSA regardless of whether ESSG or Amor criteria 
were used (Takigawa et al, 2008). In their series, if PPP is added as a skin lesion to the 
criteria of spondyloarthropathy, 100% and 92% of their cases would fullfill the diagnostic 
criteria of ESSG and Amor, respectively. Sonozaki proposed pustulotic arthro-osteitis is one 
subtype of SNSA (Sonozaki et al., 1981). Thus Takigawa et al. proposed that SAPHO 
syndrome, especially spinal lesions related to PPP, should be recognized as a subtype of 
SNSA (Takigawa et al., 2008). 
The treatment of SAPHO syndrome remains empirical. In practice, NSAIDs are applied 
for osteoarticular symptoms and topical treatment for skin lesions. This first-line 
treatment is effective in two-thirds of cases (Hayem et al., 1999). In cases not respond to 
the first-line treatment, the second-line treatment, including glucocorticoids, BPs, and 
DMARDs such as methotrexate and sulfasalazine, is considered, but results are usually 
inconsistent and insufficient (Hayem et al., 1999). Recently some successful experiences 
with anti-TNF-α agents for recalcitrant cases of SAPHO syndrome have been reported 
(Asmussen, 2003; Ben Abdelghani et al., 2010; Castellvi et al., 2010; Deutschmann et al., 
2005; Iqbal & Kolodney, 2005; Kyriazis et al., 2004; Massara et al., 2006; Moll et al., 2008; 
Olivieri et al., 2002; Sabugo et al., 2008; Wagner et al., 2002; Widmer et al., 2003). This 
therapeutic strategy was largely originated from that for spondyloarthropathies in which 
the efficacy and safety of anti-TNF-α therapy is well established (Davis et al., 2003; Mease 
et al., 2000; Moreland et al., 1999). 
TNF-α is a proinflammatory cytokine found in increased concentrations in the joints and 
skin of patients with RA, pasoriatic arthritis and psoriasis, and plays crucial roles in the 
pathogenesis of these chronic inflammatory disease (Bradley, 2008; Ettehadi et al., 1994; 
Feldmann & Maini, 2001; Partsch et al., 1997; Tutrone et al., 2001). In RA synovium, TNF-α is 
produced abundantly and contribute to the pathogenesis by inducing the production of 
other proinflammatory cytokines, chemokines, and MMPs (Brennan et al., 1995; Ivashkiv, 
1996; MacNaul et al., 1990). TNF-α is generated as a proform called transmembrane TNF-α 
that is consist of 233 amino acid residues (26kDa) and expressed on TNF-α-producing cells 
as a homotrimer (Kriegler et al., 1988; Luettiq et al., 1989; Pennica et al., 1984). This 
transmembrane TNF-α is cleaved between alanine76-valine77 bond by TACE, resulting in 
the release of soluble TNF-α that is consist of 157 amino acid residues (17kDa). Soluble TNF-
α is a homotrimer of 17-kDa cleaved monomers and transmembrane TNF-α also exists as a 
homotrimer of 26-kDa uncleaved monomers (Tang et al., 1996). Both soluble and 
transmembrane TNF-α mediate pleiotrophic effects (apoptosis, cell proliferation and 
cytokine production) through binding to type 1 and type 2 TNF receptors (TNF-R1 and 
TNF-R2), but transmembrane TNF-α is supposed to mediate its biological activities mainly 
through TNF-R2 (Bazzoni & Beutler, 1996; Black et al., 1997; Grell et al., 1995; Moss et al., 
1997; Vandenabeele et al., 1995). The remaining of cytoplasmic domain of transmembrane 
TNF-α after cleavage with TACE migrated back into the nucleus of the transmembrane 
TNF-α-expressing cells and is supposed to mediate cytokine production (Domonkos et al., 
2001). It is very interesting that transmembrane TNF-α transmits signals both as a ligand 
and as a receptor. Differential clinical efficacies of anti-TNF-α agents may be explained by 
their different action on transmembrane TNF-α-expressing cells (Horiuchi et al., 2010). 
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mg/week) was started. In the four year follow-up period, there has been no recurrence of 
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frequency of positive HLA-B27 (15%), and an association with psoriasis and inflammatory 
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Furthermore, many researchers have supported a link between SAPHO syndrome and 
SNSA. Maugars reported that 43% and 33% of 19 SAPHO syndrome patients fullfilled the 
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respectively (Hukuda et al., 2001). Takigawa et al. reported that 23% of 13 SAPHO 
syndrome patients met the criteria of SNSA regardless of whether ESSG or Amor criteria 
were used (Takigawa et al, 2008). In their series, if PPP is added as a skin lesion to the 
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criteria of ESSG and Amor, respectively. Sonozaki proposed pustulotic arthro-osteitis is one 
subtype of SNSA (Sonozaki et al., 1981). Thus Takigawa et al. proposed that SAPHO 
syndrome, especially spinal lesions related to PPP, should be recognized as a subtype of 
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treatment is effective in two-thirds of cases (Hayem et al., 1999). In cases not respond to 
the first-line treatment, the second-line treatment, including glucocorticoids, BPs, and 
DMARDs such as methotrexate and sulfasalazine, is considered, but results are usually 
inconsistent and insufficient (Hayem et al., 1999). Recently some successful experiences 
with anti-TNF-α agents for recalcitrant cases of SAPHO syndrome have been reported 
(Asmussen, 2003; Ben Abdelghani et al., 2010; Castellvi et al., 2010; Deutschmann et al., 
2005; Iqbal & Kolodney, 2005; Kyriazis et al., 2004; Massara et al., 2006; Moll et al., 2008; 
Olivieri et al., 2002; Sabugo et al., 2008; Wagner et al., 2002; Widmer et al., 2003). This 
therapeutic strategy was largely originated from that for spondyloarthropathies in which 
the efficacy and safety of anti-TNF-α therapy is well established (Davis et al., 2003; Mease 
et al., 2000; Moreland et al., 1999). 
TNF-α is a proinflammatory cytokine found in increased concentrations in the joints and 
skin of patients with RA, pasoriatic arthritis and psoriasis, and plays crucial roles in the 
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TNF-R2), but transmembrane TNF-α is supposed to mediate its biological activities mainly 
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1997; Vandenabeele et al., 1995). The remaining of cytoplasmic domain of transmembrane 
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TACE plays a crucial role in post-translational regulation of TNF-α. Binding of soluble TNF-
α to TNF receptors activate various pathological events including the production of MMPs. 
TACE is a member of the ADAM (a disintegrin and metalloproteinase) family proteins, 
which possess characteristics of both cell surface adhesion molecules and proteinases. Some 
of the ADAM family proteins, including TACE, are considered to be responsible for the 
proteolytic processing of ectodomain of various cell surface molecules such as cytokines, 
cytokine receptors, adhesion molecules, and enzymes (Klein & Bischoff, 2011; Okada, 2005; 
Seals & Courtneidge, 2003). Several studies indicate that TACE levels are elevated in RA 
joints compared with osteoarthritis or normal articulations, suggesting that abnormal TACE 
activity contributes to TNF-α action in RA pathogenesis (Ohta et al, 2001). In the present 
case and in our previously reported case (Komiya et al., 2009), we demonstrated the 
expression of TNF-α, TACE and MMP-3 in SAPHO syndrome synovitis, thus it is speculated 
that TACE play roles in the pathogenesis of SAPHO syndrome synovitis through the 
processing of TNF-α, which triggers a cascade of pathological events through a mechanism 
similar to RA. 
To our knowledge, 26 cases of SAPHO syndrome treated with anti-TNF-α agents 
(infliximab, etanercept or adalimumab) have been described, all of them showing a 
sustained response of osteoarticular manifestations (Asmussen, 2003; Ben Abdelghani et al., 
2010; Castellvi et al., 2010; Deutschmann et al., 2005; Iqbal & Kolodney., 2005; Kyriazis et al., 
2004; Massara et al., 2006; Moll et al., 2008; Olivieri et al., 2002; Sabugo et al., 2008; Wagner et 
al, 2002; Widmer et al., 2003), but not favorable for cutaneous manifestations in some cases 
(Ben Abdelghani et al., 2010; Massara et al., 2006). In the 26 previously reported cases in the 
literature, clinical response was rapid after within 2 infusions of anti-TNF-α agent in most of 
cases (24/26 cases, 92%). Clinical response was maintained in all cases, and clinical 
remission, which usually described as no recurrence of osteoarticular pain, was maintained 
with a follow up 8 to 42 months during treatment. Thus it is considered that the efficacy of 
anti-TNF-α agents on osteoarticular symptoms is reliable. Whereas, relapse or worsening of 
the skin lesion after anti-TNF-α therapy was observed in 5/26 cases (19%) (Ben Abdelghani 
et al., 2010; Massara et al., 2006). ACH, a skin lesion of this case, is a rare chronic pustular 
eruption of the distal portions of the hands and feet, characterized by sterlile pustules, 
paronychia and atrophic skin changes, onychodystrophy and osteolysis of the distal 
phalanges (Puig et al., 2010; Ryan et al., 2009). It is considered by many to be a localized 
variant of pustular psoriasis. (Kurooka et al., 2010; Yerushalmi et al., 2000). ACH is 
notoriously difficult to treat, with limited success with numerous agents including topical 
treatments, photochemotherapy, ciclosporin, methotrexate, retinoids, dapson and 
tetracyclines (Nikkels et al., 1999). Recently successful treatment of ACH with anti-TNF-α 
agents have been reported (Ahmad & Rogers, 2007; Bonish et al., 2006; Kazinski et al., 2005; 
Mang et al., 2004; Ryan et al., 2009). But in some cases of ACH, failed treatment with anti-
TNF-α agents have been also reported (Adisen et al., 2007; Thielen et al., 2008; Ryan et al., 
2009). In a recent review, 120 patients (with RA, ankylosing spondylitis, psoriasis, Crohn 
disease, SAPHO syndrome, psoriatic arthritis, and other diagnosis) from the literature who 
developed pustular lesions during treatment with anti-TNF-α agents were reported 
(Wollina et al., 2008). Psoriasis (except palmoplantar pustular type) was the most common 
adverse effect during anti-TNF-α agent treatment (n=73), followed by PPP (n=37). The 
reasons for these negative or paradoxical effects of anti-TNF-α agents on cutaneous 
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manifestations have not yet been determined. One possible reason is that TNF-α is a pivotal 
mediator of the activation of neutrophils (Lebwohl, 2003), because in SAPHO syndrome, 
skin lesions are usually characterized by nuetrophil infiltration similar to those of pustular 
psoriasis. Another possible reason for deterioration of skin pustules could be activation of 
Propionibacterium acnes with anti TNF-α. P. acnes is anaerobic skin saprophyte, which has 
been strongly implicated in SAPHO syndrome (Perry & Lambert, 2006). Assmann et al. 
showed positive bacteriological cultures for P. acnes in 14 of 21 (67%) patients who had 
undergone a needle biopsy of ostitis lesions (Assmann et al., 2009). Rozin reported that P. 
acnes was positive in 38/90 cases (42%) in bone lesions in cases of SAPHO syndrome in the 
literature (Rozin, 2009). Bacterial or viral infections induces rheumatic condition, thus 
P.acnes could be an important pathogen in SAPHO syndrome. Thus, taking into 
consideration of P. acnes, combination of anti-TNF-α agents and antibiotics may prevent the 
exacerbation of skin lesion.  
In cases not respond to the first-line treatment, BPs could be a good therapeutic modality 
except anti-TNF-α agents. Recently some successful treatments of SAPHO syndrome with 
BPs have been reported (Amital et al., 2004; Colina et al., 2009; Siau & Laversuch, 2010). BPs 
are potent inhibitors of osteoclastic bone resorption and are an important therapeutic 
modality in the management of Paget’s disease, multiple myeloma, malignancy-associated 
hypercalcaemia, bone metastasis and osteoporosis. Not only the effect on bone 
remodeling, BPs have also an anti-inflammatory effect by suppressing the production of 
proinflammatory cytokines, such as interleukin (IL)-1, TNF-α, IL-6, and by inhibiting the 
antigen-presenting capacity of macrophages (de Vries et al., 1982; Pennanen et al., 1995). 
Amital et al. reported successful treatment with pamidronate in 10 patients with SAPHO 
syndrome (Amital et al., 2004). Intravenous administration of pamidronate was effective for 
not only osteoarticular manifestations but also skin lesions (Amital et al., 2004). Oral 
administration of BPs is also effective in treating SAPHO syndrome (Ichikawa et al., 2009). 
The modulation ability of BPs for anti-inflammatory cytokines, including TNF-α, could be a 
reason for their efficacy in several rheumatological conditions, such as ankylosing 
spondylitis, hypertrophic osteoarthropathy, reflex sympathetic dystrophy, diabetic 
neuropathic arthropathy and the SAPHO syndrome (de Vries et al., 1982; Garske & Bell, 
2002; Guignard et al., 2002; Kubalek et al., 2001; Maksymowych et al., 2002; Marshall et al., 
2002; Maugars et al., 1995; Pennanen et al., 1995; Selby et al., 1994). Ben Abdelghani et al. 
reported five cases not respond to BPs and four of these cases responded to anti-TNF-α 
therapy (Ben Abdelghani et al., 2010). Thus, anti-TNF-α therapy seems effective even for 
cases resistant to BPs. 
The difficulties in the treatment of SAPHO syndrome are integrated into its complicated, not 
single, pathogenesis. Our experience support the importance of TNF-α and TACE in the 
pathogenesis of SAPHO syndrome, but further investigations are clearly needed to elucidate 
this rare and complicated disorder. 

4. Conclusion 
We describe a rare case of SAPHO syndrome accompanied by marked knee synovitis and 
ACH as a skin manifestation. We demonstrated the expression of TNF-α, TACE and MMP-3 
in SAPHO syndrome synovium and also shown the similarity between SAPHO syndrome 
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TACE plays a crucial role in post-translational regulation of TNF-α. Binding of soluble TNF-
α to TNF receptors activate various pathological events including the production of MMPs. 
TACE is a member of the ADAM (a disintegrin and metalloproteinase) family proteins, 
which possess characteristics of both cell surface adhesion molecules and proteinases. Some 
of the ADAM family proteins, including TACE, are considered to be responsible for the 
proteolytic processing of ectodomain of various cell surface molecules such as cytokines, 
cytokine receptors, adhesion molecules, and enzymes (Klein & Bischoff, 2011; Okada, 2005; 
Seals & Courtneidge, 2003). Several studies indicate that TACE levels are elevated in RA 
joints compared with osteoarthritis or normal articulations, suggesting that abnormal TACE 
activity contributes to TNF-α action in RA pathogenesis (Ohta et al, 2001). In the present 
case and in our previously reported case (Komiya et al., 2009), we demonstrated the 
expression of TNF-α, TACE and MMP-3 in SAPHO syndrome synovitis, thus it is speculated 
that TACE play roles in the pathogenesis of SAPHO syndrome synovitis through the 
processing of TNF-α, which triggers a cascade of pathological events through a mechanism 
similar to RA. 
To our knowledge, 26 cases of SAPHO syndrome treated with anti-TNF-α agents 
(infliximab, etanercept or adalimumab) have been described, all of them showing a 
sustained response of osteoarticular manifestations (Asmussen, 2003; Ben Abdelghani et al., 
2010; Castellvi et al., 2010; Deutschmann et al., 2005; Iqbal & Kolodney., 2005; Kyriazis et al., 
2004; Massara et al., 2006; Moll et al., 2008; Olivieri et al., 2002; Sabugo et al., 2008; Wagner et 
al, 2002; Widmer et al., 2003), but not favorable for cutaneous manifestations in some cases 
(Ben Abdelghani et al., 2010; Massara et al., 2006). In the 26 previously reported cases in the 
literature, clinical response was rapid after within 2 infusions of anti-TNF-α agent in most of 
cases (24/26 cases, 92%). Clinical response was maintained in all cases, and clinical 
remission, which usually described as no recurrence of osteoarticular pain, was maintained 
with a follow up 8 to 42 months during treatment. Thus it is considered that the efficacy of 
anti-TNF-α agents on osteoarticular symptoms is reliable. Whereas, relapse or worsening of 
the skin lesion after anti-TNF-α therapy was observed in 5/26 cases (19%) (Ben Abdelghani 
et al., 2010; Massara et al., 2006). ACH, a skin lesion of this case, is a rare chronic pustular 
eruption of the distal portions of the hands and feet, characterized by sterlile pustules, 
paronychia and atrophic skin changes, onychodystrophy and osteolysis of the distal 
phalanges (Puig et al., 2010; Ryan et al., 2009). It is considered by many to be a localized 
variant of pustular psoriasis. (Kurooka et al., 2010; Yerushalmi et al., 2000). ACH is 
notoriously difficult to treat, with limited success with numerous agents including topical 
treatments, photochemotherapy, ciclosporin, methotrexate, retinoids, dapson and 
tetracyclines (Nikkels et al., 1999). Recently successful treatment of ACH with anti-TNF-α 
agents have been reported (Ahmad & Rogers, 2007; Bonish et al., 2006; Kazinski et al., 2005; 
Mang et al., 2004; Ryan et al., 2009). But in some cases of ACH, failed treatment with anti-
TNF-α agents have been also reported (Adisen et al., 2007; Thielen et al., 2008; Ryan et al., 
2009). In a recent review, 120 patients (with RA, ankylosing spondylitis, psoriasis, Crohn 
disease, SAPHO syndrome, psoriatic arthritis, and other diagnosis) from the literature who 
developed pustular lesions during treatment with anti-TNF-α agents were reported 
(Wollina et al., 2008). Psoriasis (except palmoplantar pustular type) was the most common 
adverse effect during anti-TNF-α agent treatment (n=73), followed by PPP (n=37). The 
reasons for these negative or paradoxical effects of anti-TNF-α agents on cutaneous 
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manifestations have not yet been determined. One possible reason is that TNF-α is a pivotal 
mediator of the activation of neutrophils (Lebwohl, 2003), because in SAPHO syndrome, 
skin lesions are usually characterized by nuetrophil infiltration similar to those of pustular 
psoriasis. Another possible reason for deterioration of skin pustules could be activation of 
Propionibacterium acnes with anti TNF-α. P. acnes is anaerobic skin saprophyte, which has 
been strongly implicated in SAPHO syndrome (Perry & Lambert, 2006). Assmann et al. 
showed positive bacteriological cultures for P. acnes in 14 of 21 (67%) patients who had 
undergone a needle biopsy of ostitis lesions (Assmann et al., 2009). Rozin reported that P. 
acnes was positive in 38/90 cases (42%) in bone lesions in cases of SAPHO syndrome in the 
literature (Rozin, 2009). Bacterial or viral infections induces rheumatic condition, thus 
P.acnes could be an important pathogen in SAPHO syndrome. Thus, taking into 
consideration of P. acnes, combination of anti-TNF-α agents and antibiotics may prevent the 
exacerbation of skin lesion.  
In cases not respond to the first-line treatment, BPs could be a good therapeutic modality 
except anti-TNF-α agents. Recently some successful treatments of SAPHO syndrome with 
BPs have been reported (Amital et al., 2004; Colina et al., 2009; Siau & Laversuch, 2010). BPs 
are potent inhibitors of osteoclastic bone resorption and are an important therapeutic 
modality in the management of Paget’s disease, multiple myeloma, malignancy-associated 
hypercalcaemia, bone metastasis and osteoporosis. Not only the effect on bone 
remodeling, BPs have also an anti-inflammatory effect by suppressing the production of 
proinflammatory cytokines, such as interleukin (IL)-1, TNF-α, IL-6, and by inhibiting the 
antigen-presenting capacity of macrophages (de Vries et al., 1982; Pennanen et al., 1995). 
Amital et al. reported successful treatment with pamidronate in 10 patients with SAPHO 
syndrome (Amital et al., 2004). Intravenous administration of pamidronate was effective for 
not only osteoarticular manifestations but also skin lesions (Amital et al., 2004). Oral 
administration of BPs is also effective in treating SAPHO syndrome (Ichikawa et al., 2009). 
The modulation ability of BPs for anti-inflammatory cytokines, including TNF-α, could be a 
reason for their efficacy in several rheumatological conditions, such as ankylosing 
spondylitis, hypertrophic osteoarthropathy, reflex sympathetic dystrophy, diabetic 
neuropathic arthropathy and the SAPHO syndrome (de Vries et al., 1982; Garske & Bell, 
2002; Guignard et al., 2002; Kubalek et al., 2001; Maksymowych et al., 2002; Marshall et al., 
2002; Maugars et al., 1995; Pennanen et al., 1995; Selby et al., 1994). Ben Abdelghani et al. 
reported five cases not respond to BPs and four of these cases responded to anti-TNF-α 
therapy (Ben Abdelghani et al., 2010). Thus, anti-TNF-α therapy seems effective even for 
cases resistant to BPs. 
The difficulties in the treatment of SAPHO syndrome are integrated into its complicated, not 
single, pathogenesis. Our experience support the importance of TNF-α and TACE in the 
pathogenesis of SAPHO syndrome, but further investigations are clearly needed to elucidate 
this rare and complicated disorder. 

4. Conclusion 
We describe a rare case of SAPHO syndrome accompanied by marked knee synovitis and 
ACH as a skin manifestation. We demonstrated the expression of TNF-α, TACE and MMP-3 
in SAPHO syndrome synovium and also shown the similarity between SAPHO syndrome 
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and RA synovitis. These new findings support the recently reported successful treatment of 
osteoarticular manifestations of SAPHO syndrome with anti-TNF-α agents. 
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1. Introduction   
Despite the advent of biologics, rheumatoid arthritis continues to be closely linked with 
pain, functional impairment, and depression, and a significant number of those with 
moderate to severe rheumatoid arthritis are too disabled to work several years after onset 
(Sokka et al., 1999). Furthermore, biologics have increased medical costs to nearly 
$20,000/patient/year and side effects have hindered use by those with more advanced 
symptoms (Lundkvist et al., 2008). “Old” disease modifying anti-rheumatic drugs 
(DMARDs) are also linked to negative consequences as a result of non-specific organ 
toxicity. The exact cause of rheumatoid arthritis has not yet been identified and, 
consequently, treatment methods have not been optimally effective. Drug delivery systems 
may serve to reduce the necessary dosage and increase therapeutic efficacy of old and new 
rheumatoid arthritis treatments.  
Numerous materials have been proposed as drug delivery systems for cancer, and, in recent 
years, the use of such materials has been increasingly extended to the treatment of 
rheumatoid arthritis. Liposomes, nanoparticles, micelles, and macromolecule-drug 
conjugates can be used to increase a drug’s circulatory stability and thereby raise the 
probability for passive accumulation within the pannus, where permeability is enhanced. 
Both the specificity and therapeutic efficacy of these drug delivery systems can be further 
improved by combination with an active targeting moiety, such as an antibody, peptide, or 
polysaccharide that is specific for receptors concentrated on the surface of cells located 
within tissue affected by rheumatoid arthritis. The combination of passive and active 
targeting strategies can be used to optimize delivery of therapeutic agents to reduce toxicity 
and unwanted side effects and improve patient outcome. This chapter is intended to 
provide an overview of emerging techniques aimed at improving the efficacy of DMARDs, 
whilst simultaneously reducing the adverse consequences associated with non-specific 
targeting. Due to the nature of the disease, this review will focus only on drug delivery 
systems intended for systemic, rather than local/intra-articular, administration.  

2. History and challenges of rheumatoid arthritis treatment 
Historically, rheumatoid arthritis has been treated with a combination of anti-inflammatory 
drugs and immunosuppressants. Although treatment has evolved from non-steroidal anti-
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inflammatory drugs (NSAIDs) to  disease modifying anti-rheumatic drugs (DMARDs), 
including modern biologics, all of the drugs in use have severe, potentially life threatening, 
consequences due to non-specific targeting, often in combination with impaired immune 
function.  
Rheumatoid arthritis treatment originated wtih NSAIDs, such as aspirin and other 
salicylates, which act as anti-inflammatory agents by interfering with the activity of 
cyclooxygenase (COX) enzymes and, consequently, the production of prostaglandins (PGs), 
which are key mediators of the inflammatory response. Despite a lack of efficacy relative to 
conventional DMARDs or biologics, NSAID use in combination therapy has continued 
(Mottram, 2003). The long term side effects of NSAIDs include gastrointestinal and 
cardiovascular complications, as well as impaired renal function (Dijkmans et al., 1995).  
Similar to NSAIDs, glucocorticoids (GCs), including cortisone, dexamethasone, 
prednisolone, and prednisone, primarily act through inhibition of PG production and are 
still used in current rheumatoid arthritis treatment strategies. Additionally, GCs reduce the 
expression of several proinflammatory proteins, including interleukin-1, -2, and -6, 
granulocyte macrophage-colony stimulating factor (GM-CSF), and tumor necrosis factor- 
(TNF-) (Moreland & O'Dell, 2002). Although high doses can be immunosuppressive, as 
well as anti-inflammatory, doses are typically kept low in rheumatoid arthritis treatment to 
minimize the adverse consequences that include gastrointestinal complications, an increased 
risk of osteoporosis, visual problems, and negative skin effects (Strand & Simon, 2003).  
In the 1920s, gold salts were used to treat rheumatoid arthritis based upon the belief that the 
disease was triggered by an infection (Mottram, 2003). Although the link to a bacterial origin 
has been dispelled, gold has been classified as the earliest form of  DMARD. The  side effects 
of gold include reduced liver and renal function, as well as pulmonary complications. 
Consequently, the use of gold as a treatment is now limited to only severe rheumatoid 
arthritis patients who do not respond to other  DMARDs.,  
Several cytotoxic, anti-cancer agents have been adapted as DMARDs. For example, 
methotrexate has been in use as an oncology drug since 1950 and as a DMARD since 1970. 
Although the mechanism of action in rheumatoid arthritis remains largely unclear, 
methotrexate is speculated to either reduce proliferation  of  infiltrating inflammatory cells 
or suppress the release of pro-inflammatory cytokines (Mottram, 2003). Despite periodic 
liver function tests and biopsies for patients undergoing methotrexate treatment, cirrhosis 
and fibrosis are known side effects, and fatalities have been reported (Goodman & Polisson, 
1994; Wolverton & Remlinger, 2007).  
Other common DMARDs include immunosuppressants originally developed to prevent 
organ transplant rejection, such as cyclosporine, tacrolimus, and sirolium. The 
immunosuppressive properties of the latter drugs appear to be primarily due to inhibition 
of T-cell activation (Mottram, 2003).  All of these therapeutics are nephrotoxic; consequently, 
creatinine levels must be monitored during treatment to assess renal dysfunction and 
kidney damage (Schiffelers et al., 2006; Zachariae, 1999). 
A better understanding of disease progression, particularly as pertains the imbalance in pro- 
and anti-inflammatory cytokines, has led to the recent development of a number of biologic 
therapies as DMARDs, for example anti-TNF−α monoclonal antibodies such as infliximab and 
adalimumab. Although the latter agents are intended to be more specific, systemic inhibition 
of key inflammatory molecules can also have negative consequences. In particular, patients 
receiving treatment with biologics have an increased incidence of serious infections. 
Furthermore, the efficacy in individual patients is often unpredictable (Strand et al., 2007).  

 
The Development of Targeted Drug Delivery Systems for Rheumatoid Arthritis Treatment 113 

The pharmacokinetic profiles of most DMARDs are unfavorable (Tarner & Muller-Ladner, 
2008). For example, the bioavailability, peak serum concentration, and half life of orally 
administered methotrexate varies considerably between patients. The large variability in 
pharmacokinetic parameters likely contributes to the toxicity observed in some patients 
(Weinblatt & Kremer, 1988). Given the high incidence of adverse side effects, in addition to 
variability in drug effectiveness, the application of drug delivery srategies would be a 
significant advancement in rheumatoid arthritis treatment. 

3. Principles of drug delivery 
3.1 Passive targeting 
In cancer treatment, drug carrier systems with a large hydrodynamic radius to prevent renal 
filtration and increase circulation time can passively target diseased tissue as a result of 
leaky vasculature and inadequate lymphatic drainage, an effect known as ”enhanced 
permeation and retention” (EPR) (Gillies & Frechet, 2005; Lee et al., 2006; Padilla De Jesus et 
al., 2002). Although inflammatory tissue, as found with rheumatoid arthritis,  does not 
display abnormal lymphatic drainage (Xu et al., 2003), long-circulating delivery systems 
have been shown to selectively accumulate within the inflamed synovial tissue, i.e. the 
pannus (Fiehn et al., 2004; Metselaar et al., 2002; Schiffelers et al., 2006; Vanniasinghe et al., 
2008; Wunder et al., 2003). The pannus possesses an increased vascular permeability similar 
to that of solid tumors and, consequently, the vasculature can be exploited for passive 
targeting in an analogous manner (Walsh, 1999). Fig. 1 illustrates the principles behind 
passive and active targeting of inflamed joint tissue. 
 

 
Fig. 1. Drug delivery strategies in the treatment of rheumatoid arthritis. Passive targeting of 
the pannus can be achieved by creating carriers that can only pass through leaky 
vasculature, while active targeting can be facilitated by a ligand that is specific for receptors 
of rheumatoid arthritis synovial fibroblasts (RASFs), rheumatoid arthritis synovial 
macrophages (RASMs), or activated vascular endothelial cells (VECs).  
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3.2 Active targeting 
In addition to the potential for passive targeting, the two primary cell types found within 
the pannus tissue, rheumatoid arthritis synovial fibroblasts (RASFs) and rheumatoid 
arthritis synovial macrophages (RASMs) selectively express surface receptors, such as CD44 
(Haynes et al., 1991; Johnson et al., 1993), folate receptor (Nagayoshi et al., 2005; van der 
Heijden et al., 2009), and integrin V3 (Wilder, 2002) that are candidates for active targeting. 
Angiogenic vascular endothelial cells (VECs) are also present as a result of 
neovascularization, and the E-selectin adhesion molecule has been identified as another 
viable target for drug delivery (Jamar et al., 2002). 

3.3 Carrier systems 
In general, drug delivery systems can be divided into two categories: polymer-drug 
conjugates and nanoparticulate carrier systems. “Nanoparticles” in this sense include 
liposomes and micelles, as well as traditional metallic and polymeric nanoparticles. As drug 
delivery systems have become increasing advanced, the distinction between these two 
categories has become less clear.   

3.3.1 Polymer-drug conjugates 
In 1975, Ringsdorf proposed a model for polymer-based drug delivery wherein discrete 
sections of a polymer backbone are used for attachment of therapeutics, solubilizers, and 
targeting moieties (Fig. 2) (Ringsdorf, 1975). Since this seminal manuscript, numerous 
macromolecular therapeutics have been synthesized and evaluated. Although initial 
research focused on the use of N-(2-hydroxypropyl) methacrylamide (HPMA) based upon 
similarity to Ringsdorf’s Model, polymers with a variety of architectures and structural 
elements are currently being explored, including linear mono- and di-functional polymers, 
star polymers, and dendrimers (Fig. 3) (Kopecek et al., 2000; Peterson et al., 2003). 
Dendrimers can alternatively be classified as nanoparticulate carriers when drug molecules 
are entrapped within the interior rather than covalently linked to the surface functional 
groups (Gillies & Frechet, 2005; M. Liu & Frechet, 1999). Mono- and di-hydroxyl terminated 
poly(ethylene glycol) (PEG) have proven to be the most versatile polymers for increasing the 
stability, solubility, and pharmacokinetic properties of associated therapeutics, with several 
PEG-drug conjugates on the market for a number of indications (Joralemon et al., 2010). 
Only recently has this research translated to the development of macromolecular 
therapeutics for the treatment of rheumatoid arthritis, as discussed further in Section 4. 
Despite demonstrated success, polymer-drug conjugates suffer from the necessity to 
chemically modify the drug molecule and the potential to reduce therapeutic activity and 
efficacy by such modification (Haag & Kratz, 2006; Kim et al., 2009).  
 

 
Fig. 2. (A) Ringsdorf’s model of polymer-drug conjugates for drug delivery. (B)  HPMA was 
investigated for use due to similarity to Ringsdorf’s model.  
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Fig. 3. Various polymer architectures investigated for use in drug delivery via polymer-drug 
conjugates. (A) Linear polymers, with PEG as an example, (B) star, polymers and (C) 
dendrimers.  

3.3.2 Nanoparticulate carrier systems 
Nanoparticulate carrier systems permit entrapment/encapsulation of therapeutics without 
modification, as is requisite for polymer-drug conjugates. The colloidal particles can range 
in size from 10 nm to 1 m; however, sizes are more typically between 20 and 300 nm, 
thereby minimizing uptake by macrophages of the reticuloendothelial system, while 
permitting passive targeting of tissue with leaky vasculature. Liposomes, micelles, metallic 
nanoparticles, and polymeric nanoparticles constitute the most commonly used 
nanoparticulate carrier systems for drug delivery (Fig. 4) (Jain, 2008).  
 

 
Fig. 4. Various nanoparticulate carrier systems. (A) Micelles, (B) liposomes, and (C) 
polymeric nanoparticles.  

Liposomes are vesicles formed from phospholipid bilayers with aqueous centers. 
Consequently, liposomes are used to encapsulate both hydrophobic and hydrophilic drugs 
within the bilayer and the aqueous core, respectively.  Liposomal properties are largely 
controlled through the choice of phospholipids, as well as the addition of sterols, 
particularly cholesterol, and glycolipids (Jain, 2008). Although conventional liposomes 
suffer from rapid uptake by the reticuloendothelial system, incorporation of PEG into the 
bilayer yields so called “stealth” liposomes with enhanced circulation times. Starting with 
the anticancer compound Doxil (Gabizon, 2001), several PEG-modified liposomes with 
encapsulated therapeutics have reached commercialization (Joralemon, et al., 2010). As a 
consequence, liposomal use has been widely studied as a potential carrier system for drug 
delivery for rheumatoid arthritis (Foong & Green, 1993; Konigsberg et al., 1999; Monkkonen 
et al., 1993; Monkkonen & Heath, 1993; Monkkonen et al., 1994; Shaw et al., 1979) .  
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Above a certain concentration, referred to as the critical micelle concentration (CMC), 
molecules that possess both hydrophobic and hydrophilic segments, such as amphipathic 
block-co-polymers, will self assemble to form colloidal particles with hydrophobic interiors 
and hydrophilic exteriors. Micelles are typically smaller than liposomes (20-50 nm) and the 
hydrophobic cores are used to entrap drugs that possess low aqueous solubility (Haag & 
Kratz, 2006). The CMC provides an indicator of stability, where systems with low CMCs are 
not easily disrupted or disintegrated (Oerlemans et al., 2010). Only a handful of 
investigators have used micelle-based drug delivery systems to improve the efficacy of 
DMARDs that have historically suffered from unpredictable pharmacokinetics resultant 
from poor solubility (Bader et al., 2011; Koo et al., 2011; Zhang et al., 2007).  
Both metallic and polymeric nanoparticles are used to encapsulate drugs within the solid 
core. Although nanoparticles are defined as any system with a submicron ( 1 m) size (van 
Vlerken & Amiji, 2006), most typically have sizes below 200 nm (Jain, 2008). Metallic 
nanoparticles include iron-oxide nanoparticles, silica-gold nanoshells, gold nanoparticles, 
and Quantum dots (cadmium, selenium, and zinc) (Riehemann et al., 2009; van Vlerken & 
Amiji, 2006). Although originally developed for cancer treatment, these technologies are 
currently being translated to rheumatoid arthritis treatment applications (Corthey et al., 
2010). The use of metals can yield multifunctional nanoparticles whereby both therapeutic 
delivery and imaging are facilitated (Riehemann et al., 2009). Polymer-based nanoparticles, 
are advantageous in that modification permits the ready addition of the following elements: 
targeting ligands, environment-sensitive drug release, and biologically functional polymers.   
The carrier systems discussed above can be further modified to optimize disease treatment. 
For example, co-administration of multiple therapeutics from one convenient platform is 
feasible.  Additional modification with ligands specific for receptors found on diseased cells 
can facilitate active targeting. Furthermore, surface coating with PEG can be used to tailor 
circulation time (Riehemann et al., 2009; van Vlerken & Amiji, 2006). As detailed in Section 
4, these technologies have only recently been applied in the realm of drug delivery for 
rheumatoid arthritis treatment.   

3.3.3 Therapeutic release from carrier systems  
Most drugs are inactive when bound to/encapsulated within the carrier system; therefore, a 
method that permits drug release at the diseased site is often requisite. Cellular uptake of 
therapeutic-loaded carrier systems typically proceeds by fluid-phase endocytosis, 
adsorptive endocytosis, or receptor-mediated endocytosis (Fig. 5). During each of these 
endocytotic processes, the pH drops from that within the extracellular space (pH ≈ 7.4 for 
healthy tissue and pH < 7.4 for diseased tissue) to pHs of ~6.0 and ~4.0 in the endosomes 
and lysosomes, respectively (Haag & Kratz, 2006; Petrak, 2005). Thus, the conjugate and 
particulate carriers can be formulated such that release is only permitted at a specified pH. 
Alternatively, drugs may be released after enzymes cause non-specific hydrolysis (Haag & 
Kratz, 2006; Kim et al., 2009). An ideal carrier system will only respond to environmental 
features unique to the diseased tissue, such as elevated levels of a specific enzyme. Stimuli-
responsive drug delivery systems that are currently in development for the treatment of 
rheumatoid arthritis will be discussed in Section 5.  

4. Current drug delivery systems and strategies for rheumatoid arthritis 
A number of carrier systems have been designed to to improve rheumatoid arthritis 
treatment based upon the principles described in Section 3. These carrier systems provide an 
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opportunity to increase the efficacy of existing rheumatoid arthritis therapeutics while 
reducing adverse effects.   A summary of current drug delivery strategies that encompasses 
Sections 4 and 5 is given in Table 1.     

4.1 Polymer-drug conjugates for rheumatoid arthritis treatment 
Several polymer-drug conjugates have been developed to improve the therapeutic efficacy 
of both conventional DMARDs and biologics. A number of these compounds were only 
recently applied to rheumatoid arthritis after originally being developed for cancer. For 
example, methotrexate conjugated to human serum albumin (MTX-HSA) was shown to 
passively accumulate within the inflamed paws of arthritic mice. Further study revealed a 
reduction in cellular invasion, a downregulation of proinflammatory cytokine levels, and a 
decrease in cartilage damage for arthritic mice treated with MTX-HSA relative to untreated, 
arthritic mice. The conjugates were also useful in preventing the onset of arthritis in mice 
when administered prior to induction (Fiehn et al., 2004; Wunder et al., 2003). Due to the 
limitations of exogenous albumin, a methotrexate pro-drug has recently been developed 
that will react with endogenous albumin upon administration (Fiehn et al., 2008). 
 

 
Fig. 5. Cellular uptake of carrier systems occurs by an endocytotic process.   Systems can be 
designed to release their therapeutic payload within the extracellular space, the endosome, 
or the lysosome.  

As mentioned in Section 3, PEG has been used extensively in all areas of drug delivery. 
PEG-dexamethasone conjugates were recently synthesized that reduced joint inflammation 
when administered intravenously to arthritis rats (Liu et al., 2010). PEGylation has been 
applied to biologics, in addition to conventional, small molecule therapeutics. To the 
authors‘ knowledge, the only polymer-drug conjugate to reach clinical trials for rheumatoid 
arthritis treatment thus far is certolizumab pegol (CDP870), a PEG conjugated TNF- 
antibody fragment originally developed for treatment of Chron’s disease (Barnes & Moots, 
2007). Administration to a number of patients who did not respond well to conventional 
DMARDs, particularly methotrexate, led to a reduction in disease activity and joint damage. 
Unfortunately, an increase in adverse side effects was also observed (Ruiz Garcia et al.,  
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opportunity to increase the efficacy of existing rheumatoid arthritis therapeutics while 
reducing adverse effects.   A summary of current drug delivery strategies that encompasses 
Sections 4 and 5 is given in Table 1.     

4.1 Polymer-drug conjugates for rheumatoid arthritis treatment 
Several polymer-drug conjugates have been developed to improve the therapeutic efficacy 
of both conventional DMARDs and biologics. A number of these compounds were only 
recently applied to rheumatoid arthritis after originally being developed for cancer. For 
example, methotrexate conjugated to human serum albumin (MTX-HSA) was shown to 
passively accumulate within the inflamed paws of arthritic mice. Further study revealed a 
reduction in cellular invasion, a downregulation of proinflammatory cytokine levels, and a 
decrease in cartilage damage for arthritic mice treated with MTX-HSA relative to untreated, 
arthritic mice. The conjugates were also useful in preventing the onset of arthritis in mice 
when administered prior to induction (Fiehn et al., 2004; Wunder et al., 2003). Due to the 
limitations of exogenous albumin, a methotrexate pro-drug has recently been developed 
that will react with endogenous albumin upon administration (Fiehn et al., 2008). 
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antibody fragment originally developed for treatment of Chron’s disease (Barnes & Moots, 
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Type of 
Carrier  
 
 

Material(s) 
 
 

Targeting 
Group 
 

Therapeutic 
 
 

Reference(s) 
 
 
 

Polymer-
Drug 
Conjugate 

Albumin ― Methotrexate (Wunder et al., 2003) 

PEG ― Cathepsin-K 
Inhibitor 

(Wang et al., 2004) 

 HPMA ― Cathepsin-K 
Inhibitor 

(Wang et al., 2004) 

 PEG ― TNF- 
Antibody 
Fragment

(Barnes & Moots, 2007) 

 PEG  ― Dexamethasone (Liu, et al., 2010) 

 HPMA ― Dexamethasone (Quan et al., 2010) 

 PAMAM Dendrimer Folate Methotrexate (Thomas et al., 2011) 

Liposome Phospholipids 
Cholesterol 

― Clondronate (Camilleri et al., 1995; 
Love et al., 1992)  

 Phospholipids (with 
and without 
covalently linked 
methotrexate) 
Cholesterol

― Methotrexate  (A. S. Williams, Camilleri, 
& Williams, 1994) 

 Phospholipids 
Cholesterol 
PEG  

― Superoxide 
Dismutase  

Corvo et al., 1999) 

 Phospholipids 
Cholesterol  
PEG 

― Prendisolone (Metselaar et al., 2002; 
Metselaar et al., 2003) 

 Phospholipids 
Cholesterol 

Sialyl 
Lewis X  

 (Hirai et al., 2007) 

 Phosphogliv ― Methotrexate (Zykova et al., 2007) 

 PEG-Phospholipids Vasoactive 
Intenstinal 
Peptide 

Camptothecin (Koo et al., 2011) 

 Cationic 
Phospholipids 

― anti-TNF-IL-
1 IL-6/ IL-18 
siRNA

(Khoury et al., 2008; 
Khoury et al., 2006) 
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Micelle PEG-
Poly(caprolactone)  

― Cyclosporine A (Aliabadi et al., 2005) 

 Dextran-
Polyoxyethylene Cetyl 
Ether (POE-C16) 

― Cyclosporine A (Francis et al., 2005) 

 Hydroxypropyl-
cellulose-(POE-C16) 

― Cyclosporine A (Francis et al., 2005) 

 Polysialic Acid-
Decylamine 

― Cyclosporine A (Bader et al., 2011) 

Nanoparticle PLGA ― Betamethasone (Higaki et al., 2005) 

 PLGA-PEG ― Betamethasone (Ishihara et al., 2009) 

 PAMAM Dendrimer Folate Indomethacin (Chandrasekar et al., 
2007b) 

 Polyester Ligand for 
E-Selectin 

― (Banquy et al., 2008). 

 Cyclodextrin ― Methyl-
prendisolone 

(Hwang et al., 2008)  

 PLGA-PEG cLABL 
Peptide 

― (Zhang et al., 2008) 

 PEG-TRAIL
Hyaluronic Acid 

Hyaluronic 
Acid 

TRAIL (Kim et al., 2010), 

 Gold Core-Gold(I)-
Thiomalate 

― Gold (Corthey, et al., 2010) 

 Chitosan Folate IL-1R Agonist (Fernandes et al., 2008) 

 Lipid
PEG 

Folate NF-B Decoy (Hattori et al., 2006), 

Table 1. Current drug delivery strategies for rheumatoid arthritis  

2011), suggesting that PEGylation may not be the ideal method to improve the efficacy of 
rheumatoid arthritis therapeutics.  
Other polymer-drug conjugates have shown some promise in vitro, such as PEG and HPMA 
conjugated cathepsin-K inhibitor (Wang et al., 2004).  Furthermore, as will be desribed in 
more detail in Section 5, systems such as PEG and HPMA dexamethasone conjugates are 
now being developed that, not only target the pannus tissue, but also selectively release the 
therapeutic in the targeted region (Liu, et al., 2010; Quan et al., 2010).  

4.2 Liposomal carrier systems for rheumatoid arthritis treatment 
Several liposome systems have been tried for improved efficacy of rheumatoid arthritis 
treatments. This work was pioneered by Williams, et. al., who demonstrated that 



 
Rheumatoid Arthritis – Treatment 118 

 
Type of 
Carrier  
 
 

Material(s) 
 
 

Targeting 
Group 
 

Therapeutic 
 
 

Reference(s) 
 
 
 

Polymer-
Drug 
Conjugate 

Albumin ― Methotrexate (Wunder et al., 2003) 

PEG ― Cathepsin-K 
Inhibitor 

(Wang et al., 2004) 

 HPMA ― Cathepsin-K 
Inhibitor 

(Wang et al., 2004) 

 PEG ― TNF- 
Antibody 
Fragment

(Barnes & Moots, 2007) 

 PEG  ― Dexamethasone (Liu, et al., 2010) 

 HPMA ― Dexamethasone (Quan et al., 2010) 

 PAMAM Dendrimer Folate Methotrexate (Thomas et al., 2011) 

Liposome Phospholipids 
Cholesterol 

― Clondronate (Camilleri et al., 1995; 
Love et al., 1992)  

 Phospholipids (with 
and without 
covalently linked 
methotrexate) 
Cholesterol

― Methotrexate  (A. S. Williams, Camilleri, 
& Williams, 1994) 

 Phospholipids 
Cholesterol 
PEG  

― Superoxide 
Dismutase  

Corvo et al., 1999) 

 Phospholipids 
Cholesterol  
PEG 

― Prendisolone (Metselaar et al., 2002; 
Metselaar et al., 2003) 

 Phospholipids 
Cholesterol 

Sialyl 
Lewis X  

 (Hirai et al., 2007) 

 Phosphogliv ― Methotrexate (Zykova et al., 2007) 

 PEG-Phospholipids Vasoactive 
Intenstinal 
Peptide 

Camptothecin (Koo et al., 2011) 

 Cationic 
Phospholipids 

― anti-TNF-IL-
1 IL-6/ IL-18 
siRNA

(Khoury et al., 2008; 
Khoury et al., 2006) 

 
The Development of Targeted Drug Delivery Systems for Rheumatoid Arthritis Treatment 119 

Micelle PEG-
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2011), suggesting that PEGylation may not be the ideal method to improve the efficacy of 
rheumatoid arthritis therapeutics.  
Other polymer-drug conjugates have shown some promise in vitro, such as PEG and HPMA 
conjugated cathepsin-K inhibitor (Wang et al., 2004).  Furthermore, as will be desribed in 
more detail in Section 5, systems such as PEG and HPMA dexamethasone conjugates are 
now being developed that, not only target the pannus tissue, but also selectively release the 
therapeutic in the targeted region (Liu, et al., 2010; Quan et al., 2010).  

4.2 Liposomal carrier systems for rheumatoid arthritis treatment 
Several liposome systems have been tried for improved efficacy of rheumatoid arthritis 
treatments. This work was pioneered by Williams, et. al., who demonstrated that 
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technecium labelled liposomes accumulated within the synovial tissue of rheumatoid 
arthritis patients upon intravenous administration (Williams et al., 1986, 1987). A similar 
phenomenon was observed for phosphatidylcholine and cholesterol based liposomes given 
to arthritic rats (Love et al., 1989), and encapsulation of clondronate, an anti-inflammatory 
therapeutic that reduces bone resorption, resulted in a halt in disease progression and a 
reversal in inflammation (Camilleri et al., 1995; Love et al., 1992). The efficacy of the 
liposomal clondronate was attributed to depletion of the synovial macrophages (Love et al., 
1992; Richards et al., 1999).  Comparable results were obtained with liposomal methotrexate 
that was prepared by conjugation of the the γ-carboxylic acid residue to the phospholipid. 
The resultant liposomes yielded a significant reduction of established joint inflammation, in 
combination with a decrease in toxicity, relative to comparable doses of free drug (Williams 
et al., 1994b. Furthermore, peritoneal macrophages isolated from the liposomal methotrexate 
treated arthritic rats were shown to express less TNF- and prostaglandin (PGE2) (Williams 
et al., 1994a). Conventional (i.e. not PEGylated) liposomes have also been used by other 
investigators to improve the efficacy of aurothiomalate (Konigsberg et al., 1999). 
Stealth liposomes have been used to improve the therapeutic efficacy of glucocorticoids, the 
use of which is often hindered by the necessity for frequent intravenous administration and 
by non-specific organ toxicity. Following on studies that showed an accumulation of PEG 
liposomes within the inflamed tissue of arthritic rats (Gabizon et al., 1994; Hong & Tseng, 
2003), Metselaar et al. (2002; 2003; 2004) investigated the efficacy of prednisolone loaded 
liposomes. Upon administration to arthritic rats and mice, the prednisolone liposomes 
reversed the inflammatory response, while free prednisolone had little effect on the course 
of the disease. The results were attributed purely to the passive targeting capacity of the 
stealth liposomes (Metselaar et al., 2004; Metselaar et al., 2002; Metselaar et al., 2003). 
Current research is focused upon extending the use of the stealth liposomes to other 
glucocorticoids, including dexamethasone and budesonide, and optimizing the therapeutic 
index (van den Hoven et al., 2011). PEG modified liposomes have also been used to improve 
the efficacy of superoxide dismutase (SOD), a free radical scavenger which suffers from a 
short half life. When encapsulated in small, stealth liposomes, the circulation of SOD was 
significantly extended, and the drug passively accumulated within the joint tissue (Corvo et 
al., 1999). 

4.3 Micelle carrier systems for rheumatoid arthritis treatment 
Despite  the low aqueous solubility of a number of DMARDs and glucocorticoids, micelles 
are a relatively unexplored drug delivery system for rheumatoid arthritis treatment. 
Camptothecin, originally developed as an anti-cancer drug, has recently been proposed as a 
new method of controlling pannus formation and reducing cartilage degradation. To 
circumvent problems with solubility and stability, micelles prepared from PEG-
phospholipids (Ashok et al., 2004) were used for drug encapsulation. The camptothecin 
micelles proved to be more effective than free camptothecin at abrogating inflammation 
when administered to arthritic mice. The efficacy of the micelles was further increased by 
modification with vasoactive intenstinal peptide (VIP) due to the over expression of VIP 
receptor by activated synovial macrophages (Koo et al., 2011). Similarly, micelles generated 
from a phospholipid preparation (Phosphogliv) and loaded with methotrexate were better 
able to reduce inflammation when administered to arthritic rats than the drug alone 
(Zykova et al., 2007).  
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Cyclosporine A is indicated for several different conditions; therefore, micelle-based 
methods for improving the solubility of of this DMARD have been more thoroughly 
researched. Cyclosporine has been successfully encapsulated by block copolymers of PEG 
and poly(caprolactone) (Aliabadi et al., 2005), PEG phospholipids (Lee et al., 1999), and 
hydrophobically modified polysaccharides, specifically dextran and hydroxypropylcellulose 
(Francis et al., 2005). Recently, polysialic acid, a relatively uninvestigated polysaccharide 
with propertiers similar to those of PEG in regards to minimizing uptake by the 
reticuloendotheial system, was used to encapsulate cyclopsorine for future use in 
rheumatoid arthritis treatment (Bader et al., 2011). The utility of the above cyclosporine 
micelles in vivo has not yet been demonstrated.  

4.4 Nanoparticle carrier systems for rheumatoid arthritis treatment 
Nanoparticle systems for delivery of rheumatoid arthritis therapeutics have primarily been 
based upon polymers. Numerous researchers have explored the use of poly(D,L-
lactic/glycolic acid) (PLGA) nanoparticles based upon their capacity to extend the circulation 
time and control the release of encapsulated drugs. In the realm of rheumatoid arthritis drug 
delivery, a glutocorticoid, betamethasone, was incorporated into PLGA nanoparticles with a 
size of 100-200 nm. Intravenous administration to arthritic rats and mice showed that the 
PLGA-betamethasone system was more effective at reducing the inflammatory response than 
the free glutocorticoid (Higaki et al., 2005). Targeting ability and, consequently, efficacy of the 
betamethasone was further improved by modifying the PLGA nanoparticles with PEG, 
forming so-called “stealth nanosteroids“ (Ishihara et al., 2009).   
Other polymeric nanoparticle systems involve covalently linking the drug molecule to one 
of the components so as to slow down therapeutic release, as occurs for polymer-drug 
conjugates, while still protecting the drug via encapsulation. For example, -
methylprednisolone was conjugated to cyclodextrin, and the resultant compound self-
assembled to yield nanoparticles with a size of approximately 27 nm. When administered 
intravenously at a frequency of one dose per week to arthritic mice, a significantly greater 
reduction in synovitis and pannus formation was acheieved than that obtained for free 
methylprednisolone administered daily at an equivalent cumulative dose (Hwang et al., 
2008). Another example is the ionic complexation of tumor necrosis factor (TNF)-related 
apoptosis inducing ligand (TRAIL) conjugated to PEG (PEG-TRAIL), which bears a positive 
charge, with negatively charged hyaluronic acid (HA) with sizes that range from 100 to 270 
nm, dependent upon the relative concentration of the two components. One formulation of 
the HA-PEG-TRAIL complex was capable of signficantly reducing the secretion of 
proinflammatory mediators relative to PEG-TRAIL alone when administered 
subcutaneously to arthritic mice (Kim et al., 2010), thereby emphasizing the importance of 
nanoparticulate carrier systems. The HA may also serve as an active targeting (Section 5). 
Despite the demonstrated efficacy of gold as a DMARD (Section 2), and the approval of gold 
nanoparticles for the treatment of rheumatoid arthritis by the FDA, little research has been 
conducted specifically directed towards the use of metallic nanoparticles for passive targeting 
in rheumatoid arthritis. The decline in the use of gold as a rheumatoid arthritis therapeutic 
was largely based on adverse side effects caused by non-specific toxicity.  However, the 
synthesis of gold core-gold(I)-thiomalate nanoparticles (Au@AU(I)-TM) was recently 
completed. Au@Au(I)-TM bears surface carboxylate groups which may be further modified 
for specific drug delivery applications (Corthey et al., 2010); therefore, these nanoparticles may 
pave the way to a renewed interest in the use of gold in the treatment of rheumatoid arthritis.   
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technecium labelled liposomes accumulated within the synovial tissue of rheumatoid 
arthritis patients upon intravenous administration (Williams et al., 1986, 1987). A similar 
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liposomal clondronate was attributed to depletion of the synovial macrophages (Love et al., 
1992; Richards et al., 1999).  Comparable results were obtained with liposomal methotrexate 
that was prepared by conjugation of the the γ-carboxylic acid residue to the phospholipid. 
The resultant liposomes yielded a significant reduction of established joint inflammation, in 
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et al., 1994b. Furthermore, peritoneal macrophages isolated from the liposomal methotrexate 
treated arthritic rats were shown to express less TNF- and prostaglandin (PGE2) (Williams 
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Stealth liposomes have been used to improve the therapeutic efficacy of glucocorticoids, the 
use of which is often hindered by the necessity for frequent intravenous administration and 
by non-specific organ toxicity. Following on studies that showed an accumulation of PEG 
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of the disease. The results were attributed purely to the passive targeting capacity of the 
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Current research is focused upon extending the use of the stealth liposomes to other 
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index (van den Hoven et al., 2011). PEG modified liposomes have also been used to improve 
the efficacy of superoxide dismutase (SOD), a free radical scavenger which suffers from a 
short half life. When encapsulated in small, stealth liposomes, the circulation of SOD was 
significantly extended, and the drug passively accumulated within the joint tissue (Corvo et 
al., 1999). 
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Despite  the low aqueous solubility of a number of DMARDs and glucocorticoids, micelles 
are a relatively unexplored drug delivery system for rheumatoid arthritis treatment. 
Camptothecin, originally developed as an anti-cancer drug, has recently been proposed as a 
new method of controlling pannus formation and reducing cartilage degradation. To 
circumvent problems with solubility and stability, micelles prepared from PEG-
phospholipids (Ashok et al., 2004) were used for drug encapsulation. The camptothecin 
micelles proved to be more effective than free camptothecin at abrogating inflammation 
when administered to arthritic mice. The efficacy of the micelles was further increased by 
modification with vasoactive intenstinal peptide (VIP) due to the over expression of VIP 
receptor by activated synovial macrophages (Koo et al., 2011). Similarly, micelles generated 
from a phospholipid preparation (Phosphogliv) and loaded with methotrexate were better 
able to reduce inflammation when administered to arthritic rats than the drug alone 
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Cyclosporine A is indicated for several different conditions; therefore, micelle-based 
methods for improving the solubility of of this DMARD have been more thoroughly 
researched. Cyclosporine has been successfully encapsulated by block copolymers of PEG 
and poly(caprolactone) (Aliabadi et al., 2005), PEG phospholipids (Lee et al., 1999), and 
hydrophobically modified polysaccharides, specifically dextran and hydroxypropylcellulose 
(Francis et al., 2005). Recently, polysialic acid, a relatively uninvestigated polysaccharide 
with propertiers similar to those of PEG in regards to minimizing uptake by the 
reticuloendotheial system, was used to encapsulate cyclopsorine for future use in 
rheumatoid arthritis treatment (Bader et al., 2011). The utility of the above cyclosporine 
micelles in vivo has not yet been demonstrated.  

4.4 Nanoparticle carrier systems for rheumatoid arthritis treatment 
Nanoparticle systems for delivery of rheumatoid arthritis therapeutics have primarily been 
based upon polymers. Numerous researchers have explored the use of poly(D,L-
lactic/glycolic acid) (PLGA) nanoparticles based upon their capacity to extend the circulation 
time and control the release of encapsulated drugs. In the realm of rheumatoid arthritis drug 
delivery, a glutocorticoid, betamethasone, was incorporated into PLGA nanoparticles with a 
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5. Future of drug delivery for rheumatoid arthritis 
The exploration of drug delivery systems for improved treatment of rheumatoid arthritis is 
still in the early stages. More advanced concepts that have been applied to other diseases, 
particularly cancer, are only beginning to be explored by rheumatoid arthritis researchers. 

5.1 Active targeting strategies 
Current drug delivery systems for rheumatoid arthritis have almost exclusively been 
developed based upon the principles of passive targeting. Specificity and, consequently, 
efficacy can be further improved by employing an active targeting moiety. As indicated 
previously, RASFs and RASMs possess receptors that can potentially be used to increase the 
ability of the drug carrier systems to discern pannus tissue from healthy tissue. Those 
receptors that have the highest potential for success are discussed in this section.  
Folate receptor β (FRβ) has been identified as a viable candidate for active targeting of RASMs. 
Several transport mechanisms exist whereby folate and folate antagonists, including 
methotrexate, can enter a cell. Numerous cell types throughout the body constitutively express 
the reduced folate carrier (RFC), a transmembrane protein. In contrast, membrane associated 
folate receptors (MFRs) are restricted in expression and facilitate uptake by endocytosis. The 
beta isoform of MFR (FRβ) is expressed selectively by activated macrophages within the 
pannus tissue (Nagayoshi et al., 2005; van der Heijden et al., 2009). Thus, folate may serve as 
an effective means of actively targeting the pannus tissue. In support of this, folate-tagged 
cationic and anionic poly(amidoamine) (PAMAM) dendrimers loaded with indomethacin 
were more effective at treating arthritic rats than indomethacin-loaded dendrimers that were 
folate-free (Chandrasekar et al., 2007a; Chandrasekar et al., 2007b; Chauhan et al., 2004). 
Furthermore, a recent study demonstrated that PAMAM dendrimers covalently linked to both 
folate and methotrexate could be used to selectively deliver methotrexate to synovial 
macrophages (Thomas et al., 2011). Although the antifolate MTX does not have a high affinity 
for any MFRs, several other folate analogs have been identified that possess high affinity for 
FRβ with low affinities for other MFRs and the RFC (van der Heijden et al., 2009). These 
analogs, therefore, have strong potential to be used as active targeting moieties in the future 
and may possess inherent anti-rheumatic properties.  
RASFs also possess an active targeting receptor in the cell surface adhesion molecule CD44, 
the hyaluronic acid receptor. Several studies have indicated that CD44 is upregulated in the 
pannus tissue relative to healthy, normal tissue (Haynes et al., 1991; Johnson et al., 1993). 
Furthermore, RASFs express numerous CD44 alternatively spliced variants, including long 
isoforms CD44v3 and CD44v6 that are associated with an enhanced invasive capacity (Croft 
et al., 1997). CD44 is critical to rheumatoid arthritis pathogenesis, facilitating inflammatory 
cell migration and signaling activation of lymphocytes (Naor & Nedvetzki, 2003). Despite 
evidence of upregulation and/or selective expression, the CD44 receptor has not yet been 
used as an active target for drug delivery in the treatment of rheumatoid arthritis. Some 
cancer cells also upregulate CD44, and the potential for success using this active targeting 
strategy has previously been illustrated by anti-cancer drug carrier systems modified with 
hyaluronic acid oligomers (Ossipov, 2010).  
As indicated by the feasibility of passive targeting, neovascularization is a critical 
component of rheumatoid arthritis pathogenesis (Szekanecz & Koch, 2008). Adhesion 
molecules, including intercellular cell-adhesion molecule-1 (ICAM-1) and E-selectin, are 
upregulated within the newly formed vasculature and; therefore, the endothelium serves as 

 
The Development of Targeted Drug Delivery Systems for Rheumatoid Arthritis Treatment 123 

another possibility for active targeting (Banquy et al., 2008; Zhang et al., 2008). Preliminary 
studies demonstrated that a large number of PLGA-PEG nanoparticles surface modified 
with a peptide specific for ICAM-1 were endocytosed by vascular endothelial cells as 
compared to unmodified particles (Zhang et al., 2008). A similar phenomenon was observed 
for polyester-based polymeric nanoparticles labeled with ligand specific for E-selectin 
(Banquy et al., 2008). Likewise, liposomes surface modified with the polysaccharide Sialyl 
Lewis X, which is known to bind selectively to E-selectin, were shown to accumulate within 
inflamed regions when administered intravenously to arthritic mice (Hirai et al., 2007). The 
vitronectin receptor, overexpressed by both angiogenic endothelial cells and RASMs 
(Tandon et al., 2005; Wilder, 2002), is an attractive target  based upon the extensive use of 
Arg-Glyc-Asp (RGD) tripeptide labeled carrier systems for drug delivery to invasive tumor 
tissue (Hsu et al., 2007). An antibody to V3, Vitaxin (ME-522), is currently being clinically 
developed for rheumatoid arthritis (Wilder, 2002); however, the RGD peptide sequence has 
not yeen been applied towards increasing the targeting ability and efficacy of existing 
DMARDs.  

5.2 Multifunctional carrier systems 
A recent push in the realm of drug delivery for cancer treatment has been the development 
of multifunctional carrier systems whereby a single platform can be used for the release of 
multiple therapeutics in a controlled fashion or for both therapeutic release and diagnostic 
imaging (Jabr-Milane et al., 2008; van Vlerken & Amiji, 2006). Some of the success achieved 
in this “theranostic” approach to cancer treatment has spilled over into the study of 
improved treatment methods for rheumatoid arthritis. For example, folate-conjugated 
radiopharmaceuticals designed to target malignant tissue showed significant accumulation 
in the joints of patients who also had rheumatoid arthritis (Paulos et al., 2004). Radiolabelled 
biologics have provided an additional example of the potential for theranostics to improve 
rheumatoid arthritis treatment. 99m-technetium labelled infliximab (99mTc-infliximab) was 
used to show a strong correlation between the amount of infliximab taken up by inflamed 
tissue and a reduction in symptoms and swelling (Malviya et al., 2010).  

5.3 Stimuli-responsive carrier systems 
As discussed in brief above, in order to be optimally effective, the drug delivery systems 
must release their payloads at the desired site of action, i.e. the pannus tissue. In the realm 
of cancer drug delivery, numerous pH- and temperature-responsive  carrier systems, in the 
form of conjugates, dendrimers, liposomes, and micelles,  have been developed (Ganta et al., 
2008). Although the same potential also exists for rheumatoid arthritis drug delivery, 
particularly in light of the lower pH of the pannus tissue relative to native tissue, to the 
authors’ knowledge, only two pH-responsive systems, dexamethasone-HPMA conjugates 
(P-Dex) and dexamethasone-PEG conjugates (PEG-DEX), have been reported. Drug release 
was shown to increase as the pH decreased. In vitro and in vivo tests were used to 
demonstrate that P-Dex and PEG-DEX are more effective than free dexamethasone in 
regards to reducing the production of proinflammatory mediators, preventing joint damage, 
and targeting inflamed tissue (Liu et al., 2010; Quan et al., 2010). In addition to temperature 
and pH, other environmental triggers may be used. For example, elevated elastace levels 
have been closely linked with inflammation and the increased enzymatic activity maybe be 
used for cleavage. The upregulation in enzymes may additionally serve as a means of active 
targeting (Meers, 2001).    
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5.4 Gene therapy 
Given the nature of rheumatoid arthritis, gene therapy, whereby nucleic acids are 
introduced to a cell to either “turn off” select genes or upregulate therapeutic genes, is an 
attractive alternative treatment strategy (Jorgensen & Apparailly, 2010). This approach is 
limited, however, by the necessity for local administration and low transfection efficiency; 
therefore, for practical use, drug delivery systems for gene therapy will be required. Small 
interfering RNA (siRNA), in particular, may be used to knockdown the expression of 
proinflammatory proteins at the mRNA level. Cationic liposomes, referred to as lipoplexes, 
have been designed to facilitate systemic delivery of siRNA for rheumatoid arthritis 
treatment (Khoury et al., 2006, 2008). When administered intravenously to arthritic mice, 
anti-TNF-, anti-IL-1, anti IL-6, and anti IL-18 siRNA successfully reduced inflammation, 
bone and cartilage degradation, and secretion of a number of proinflammatory cytokines, 
including TNF-and IL-1 (Khoury et al., 2006, 2008). Similarly, intraperitoneal 
administration of anti-TNF- siRNA complexed with chitosan nanoparticles to arthritic 
mice resulted in a significant reduction in joint swelling, cartilage degradation, and 
inflammatory cell infiltration (Fernandes et al., 2008). Chitosan nanoparticles were also used 
to deliver the IL-1 receptor antagonist (IL-1Ra) gene to arthritic rats (Fernandes et al., 2008). 
Rats treated with the chitosan-gene delivery system showed reduced bone turnover, as well 
as decreased expression of IL-1and PGE2, relative to control rats. The efficacy of the 
chitosan-IL-1Ra nanoparticles was further improved by modification with folate for active 
targeting (Fernandes et al., 2008). An innovative strategy towards gene therapy was 
designed by encapsulating a nuclear factor kappa B (NF-B) decoy into stealth lipid-based 
nanoparticles that were surface modified with folate (Hattori et al., 2006). NF-B regulates 
proinflammatory gene expression and is, therefore, a critical component of rheumatoid 
arthritis pathogenesis (Brown et al., 2008; Simmonds & Foxwell, 2008).  In vitro, the 
nanoparticles were shown to release the NF-B into the cytoplasm, as indicated by a 
reduction in NF-B translocation into the nucleus (Hattori et al., 2006), which presumably 
will result in a decreased expression of proinflammatory cytokines and growth factors.  

6. Conclusion 
Although the advent of biologics markedly increased the number of available treatment 
options, numerous rheumatoid arthritis patients still use, either alone or in combination, 
NSAIDs, GCs, and conventional DMARDs. All of these compounds are associated with 
severe negative side effects resultant from non-specific organ toxicity. In some cases, the 
side effects necessitate the cessation of a treatment option that may be effectively altering the 
course of the disease. The application of drug delivery strategies, as outlined herein, 
promises to improve patient outcome by reducing the likelihood of an adverse reaction to 
NSAIDs, GCs, and biologic and conventional DMARDs. These same strategies may be 
extended in the future to facilitate diagnostic imaging and gene therapy, thereby further 
increasing the possibility of successfully controlling the progression of the disease in all 
people that suffer from rheumatoid arthritis.  
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1. Introduction  
Rheumatoid arthritis (RA) is a chronic, systemic, autoimmune disease that primarily affects 
the joints. Approximately 0.5% of the adult population worldwide suffer from RA. The 
functional disability that results from progressive joint destruction is associated with 
substantial cost, significant morbidity and premature mortality [Carmona et al, 2010]. Pain 
and inflammation are initial symptoms followed by various degree of bone and cartilage 
destruction. During the last few decades’ tremendous improvements have been made in 
search of therapies against RA. Disease modifying anti-rheumatic drugs (DMARDs) and 
biological therapies such as antagonists against TNF-α or IL-1 have provided efficient 
treatments and changed the shape of this disorder. However, the side effects, availability, 
and their focused approach to reduce inflammation have limited their scope. Thus there is a 
need of therapies targeting inflammation as well as reducing inflammatory pain and joint 
destruction in RA.  
Cytokines are key players in pathogenesis of RA [Brennan & McInnes, 2008]. Synovial fluid 
from RA joints contains large quantities of cytokines secreted by macrophages, dendritic 
cells, neutrophils and synovial fibroblasts [Raza et al, 2005]. Cytokines such as tumor 
necrosis factor-α (TNF-α), interleukin-1 (IL-1) and interleukin-17 (IL-17) stimulate the 
production of destructive proteases. Synthesis of these pro-inflammatory mediators is 
regulated by the transcription factor NF-κB, controlled by the ubiquitin proteasome system 
(UPS) [Baldwin, 1996]. UPS is a multicatalytic system of protein degradation and present in 
all cell types including neurons and glia cells and regulates numerous cellular functions by 
selectively degrading cellular proteins.  

2. Ubiquitin proteasome system 
The degradation and processing of cellular proteins is critical for cell survival, growth, and 
cell division. Proteolysis via the proteasome pathway plays an important role in a variety of 
basic cellular processes. These processes are regulation of cell cycle and division, 
modulation of the immune and inflammatory responses, intracellular signaling, and 
development and differentiation [Goldberg, 2003].  
Cellular proteins are mainly degraded in two ways: lysosomal degradation and ubiquitin-
mediated degradation. Proteolysis in lysosomes is a non-specific process. In higher 



 
Rheumatoid Arthritis – Treatment 132 

Zhang, N., Chittasupho, C., Duangrat, C., Siahaan, T. J., & Berkland, C. (2008). PLGA 
nanoparticle--peptide conjugate effectively targets intercellular cell-adhesion 
molecule-1. Bioconjug Chem, 19, 1, pp. 145-152. 

Zykova, M. G., Prozorovskii, V. N., Ipatova, O. M., Torkhovskaia, T. I., & Glazatov, V. V. 
(2007). [Antirheumatoid activity of methotrexate in phospholipid nanoparticles 
(Phosphogliv)]. Biomed Khim, 53, 4, pp. 435-441. 

7 

Proteasome Targeted Therapies  
in Rheumatoid Arthritis 

Aisha Siddiqah Ahmed 
Karolinska Institutet 

Sweden 

1. Introduction  
Rheumatoid arthritis (RA) is a chronic, systemic, autoimmune disease that primarily affects 
the joints. Approximately 0.5% of the adult population worldwide suffer from RA. The 
functional disability that results from progressive joint destruction is associated with 
substantial cost, significant morbidity and premature mortality [Carmona et al, 2010]. Pain 
and inflammation are initial symptoms followed by various degree of bone and cartilage 
destruction. During the last few decades’ tremendous improvements have been made in 
search of therapies against RA. Disease modifying anti-rheumatic drugs (DMARDs) and 
biological therapies such as antagonists against TNF-α or IL-1 have provided efficient 
treatments and changed the shape of this disorder. However, the side effects, availability, 
and their focused approach to reduce inflammation have limited their scope. Thus there is a 
need of therapies targeting inflammation as well as reducing inflammatory pain and joint 
destruction in RA.  
Cytokines are key players in pathogenesis of RA [Brennan & McInnes, 2008]. Synovial fluid 
from RA joints contains large quantities of cytokines secreted by macrophages, dendritic 
cells, neutrophils and synovial fibroblasts [Raza et al, 2005]. Cytokines such as tumor 
necrosis factor-α (TNF-α), interleukin-1 (IL-1) and interleukin-17 (IL-17) stimulate the 
production of destructive proteases. Synthesis of these pro-inflammatory mediators is 
regulated by the transcription factor NF-κB, controlled by the ubiquitin proteasome system 
(UPS) [Baldwin, 1996]. UPS is a multicatalytic system of protein degradation and present in 
all cell types including neurons and glia cells and regulates numerous cellular functions by 
selectively degrading cellular proteins.  

2. Ubiquitin proteasome system 
The degradation and processing of cellular proteins is critical for cell survival, growth, and 
cell division. Proteolysis via the proteasome pathway plays an important role in a variety of 
basic cellular processes. These processes are regulation of cell cycle and division, 
modulation of the immune and inflammatory responses, intracellular signaling, and 
development and differentiation [Goldberg, 2003].  
Cellular proteins are mainly degraded in two ways: lysosomal degradation and ubiquitin-
mediated degradation. Proteolysis in lysosomes is a non-specific process. In higher 



 
Rheumatoid Arthritis – Treatment 134 

eukaryotes, membrane-associated and extracellular proteins captured during endocytosis 
(e.g. viral, bacterial) are destroyed in lysosomes. Degradation of the vast majority (80-90%) 
of intracellular proteins is proteasome mediated [Ciechanover, 2005]. The ubiquitin 
proteasome system (UPS) controls the degradion of proteins in the cytosol, nucleus as well 
as in the luminal endoplasmic reticulum in eukaryotic cells (Goldberg, 2003).  
Ubiquitin-mediated degradation of a protein involves two discrete and successive steps: 
first, the conjugation of multiple moieties of ubiquitin (Ub) to the protein substrate; multiple 
copies of ubiquitin covalently bind to available lysine residues on target proteins in a three-
step process. Second, recognition of polyubiquitinated proteins by the 19S proteasome 
complex; Ub chain is cleaved by deubiquitinated enzymes (DUB), the substrate protein is 
unfolded and enters the 20S core for degradation. Then the substrate protein is cleaved into 
smaller peptide chains (5-20 amino acids), which are further degraded into constituent 
amino acids and are recycled by the cell [Goldberg, 2003]. The polyubiquitin chain is also 
broken down by the hydrolase enzymes and free Ub molecules are recycled by the cell 
[Kisselev et al., 1999] (Fig. 1).  
 

 
Fig. 1. The ubiquitin-dependent degradation of protein 

This process has been named the “ubiquitin-dependent degradation of protein” and was 
first discovered by A. Ciechanover, A. Hershko, and I. Rose who were later awarded the 
Nobel Prize in 2004 [Sorokin et al., 2009].  
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2.1 Enzymatic cascade 
Ubiquitin is a 76 amino acid protein conserved across eukaryotic cells. The covalent 
attachment of ubiquitin to a substrate protein is a highly regulated process and can be 
controlled at multiple points. Ubiquitin is first activated by an activating enzyme, E1. This 
step requires ATP to generate a high-energy thioester intermediate, E1-S~ubiquitin. The 
thioester attachment induces a conformational change in the E1 that promotes association 
with an ubiquitin carrier protein, E2. Next, activated ubiquitin is transferred to the E2 via 
formation of an additional high-energy thiol intermediate, E2-S~ubiquitin, leading to 
dissociation from the E1 [Huang et al, 2007]. In the third step, a substrate-specific ubiquitin 
E3 ligase interacts with the target protein-E2 ubiquitin complex to transfer ubiquitin to the 
target protein (Fig 2). Additional ubiquitin proteins are attached to the initial ubiquitin via a 
lysine linkage forming polyubiquitin chains that may be linear or branched [Kim et al, 2007; 
Pickart et al, 2004]. The protein must be polyubiquitinated for Ub-dependent protein 
degradation by the proteasome. 
 

 
Fig. 2. Polyubiquitination of substrate protein. Ubiquitin (Ub) is activated by enzyme E1 and 
translocated to enzyme E2. In the last stage, E3 ligase conjugates Ub to the substrate protein.  

In mammals, there are only two E1 ligases [Jin et al, 2007], but dozens of E2 ligases, and 
hundreds of E3 ligases. Ubiquitination specificity is determined principally by this large 
variety of E3 ligases, which generate the vast number of E2/E3 combinations that each 
target specific groups of protein substrates. 

2.2 Proteasome structure 
The proteasome is a cylindrical shaped structure with a molecular weight of 1,500 to 2,000 
kD, located both in the cytoplasm and in nucleus in eukaryotes. It consists of two 19S 
regulatory complex and a core 20S catalytic complex (Fig. 3). It is also denoted the 26S 
proteasome [Orlowski, 1990; Ciechanover, 1998]. 

2.2.1 The 19S regulatory complex 
Ubiquitin-tagged proteins are recognized by the 19S regulatory complex, where the 
ubiquitin tags are removed. ATPases with chaperone-like activity at the base of the 19S 
regulatory complex then unfold the protein substrates and feed them into the inner catalytic 
compartments of the 20S proteasome cylinder [Ciechanover, 2005]. The opening into the 20S 
catalytic chamber is small (approximately 1.3 nm), and significant unfolding of the substrate 
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Fig. 1. The ubiquitin-dependent degradation of protein 

This process has been named the “ubiquitin-dependent degradation of protein” and was 
first discovered by A. Ciechanover, A. Hershko, and I. Rose who were later awarded the 
Nobel Prize in 2004 [Sorokin et al., 2009].  
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2.1 Enzymatic cascade 
Ubiquitin is a 76 amino acid protein conserved across eukaryotic cells. The covalent 
attachment of ubiquitin to a substrate protein is a highly regulated process and can be 
controlled at multiple points. Ubiquitin is first activated by an activating enzyme, E1. This 
step requires ATP to generate a high-energy thioester intermediate, E1-S~ubiquitin. The 
thioester attachment induces a conformational change in the E1 that promotes association 
with an ubiquitin carrier protein, E2. Next, activated ubiquitin is transferred to the E2 via 
formation of an additional high-energy thiol intermediate, E2-S~ubiquitin, leading to 
dissociation from the E1 [Huang et al, 2007]. In the third step, a substrate-specific ubiquitin 
E3 ligase interacts with the target protein-E2 ubiquitin complex to transfer ubiquitin to the 
target protein (Fig 2). Additional ubiquitin proteins are attached to the initial ubiquitin via a 
lysine linkage forming polyubiquitin chains that may be linear or branched [Kim et al, 2007; 
Pickart et al, 2004]. The protein must be polyubiquitinated for Ub-dependent protein 
degradation by the proteasome. 
 

 
Fig. 2. Polyubiquitination of substrate protein. Ubiquitin (Ub) is activated by enzyme E1 and 
translocated to enzyme E2. In the last stage, E3 ligase conjugates Ub to the substrate protein.  

In mammals, there are only two E1 ligases [Jin et al, 2007], but dozens of E2 ligases, and 
hundreds of E3 ligases. Ubiquitination specificity is determined principally by this large 
variety of E3 ligases, which generate the vast number of E2/E3 combinations that each 
target specific groups of protein substrates. 

2.2 Proteasome structure 
The proteasome is a cylindrical shaped structure with a molecular weight of 1,500 to 2,000 
kD, located both in the cytoplasm and in nucleus in eukaryotes. It consists of two 19S 
regulatory complex and a core 20S catalytic complex (Fig. 3). It is also denoted the 26S 
proteasome [Orlowski, 1990; Ciechanover, 1998]. 

2.2.1 The 19S regulatory complex 
Ubiquitin-tagged proteins are recognized by the 19S regulatory complex, where the 
ubiquitin tags are removed. ATPases with chaperone-like activity at the base of the 19S 
regulatory complex then unfold the protein substrates and feed them into the inner catalytic 
compartments of the 20S proteasome cylinder [Ciechanover, 2005]. The opening into the 20S 
catalytic chamber is small (approximately 1.3 nm), and significant unfolding of the substrate 
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Fig. 3. The 26S proteasome, composed of two regulatory 19S and one catalytic 20S subunits.  

is required for successful entering into the 20S subunit [Pickart, 2000]. A molecular gate (N-
terminal tail of the α3-subunit) also guards the opening, but it is constitutively open when 
the 19S regulatory units are bound to the 20S proteasome [Groll, et al., 2000]. There are also 
multiple different 11S regulatory complexes that can replace the 19S regulator [Hill et al, 
2002]. These alternate regulators do not have ATPase function and do not bind 
polyubiquitin chains. Proteasomes with 11S substitutions for 19S regulators have higher 
levels of proteolytic activity [Cascio et al, 2002; Fruh et al, 1994]. 

2.2.2 The 20S proteasome subunit  
The 20S proteasome subunit consists of two outer and two inner rings that are stacked to 
form a cylindrical structure with three compartments [Lowe et al., 1995]. Each outer ring has 
seven alpha-subunits (α1 to α7), whereas each inner ring contains seven beta-subunits (β1 to 
β7) (Fig 4).  
 

 
Fig. 4. The 20S proteasome. 
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The 20S proteasome complex has chymotryptic, tryptic, and peptidylglutamyl-like activities 
[Ciechanover, 2005; Orlowski, 1990]. It is conformationally flexible with active catalytic sites 

located on the inner surface of the cylinder where protein substrates bind. Proteins unfolded 
and without Ub tag, enter the inner chamber, where they are hydrolyzed by six active 
proteolytic sites on the - β subunits (two sites each on the β1-, β2-, and β5-subunits) into 
small polypeptides ranging from three to 22 amino acids in length. Proteins cannot enter the 
inner cylinder through the outer walls of the 20S proteasome because the gaps between the 
rings are tight [Lowe et al., 1995; Stein et al., 1996]. In eukaryotic cells, 26S proteasome are 
localized both in the cytoplasm and in the nucleus. This distribution is tissue-specific [Lowe 
et al., 1995]. 

3. UPS in immune and inflammatory response 
A role for UPS in the pathogenesis of human diseases was first suggested some two decades 
ago. With the broad spectrum of protein substrates and the complex enzymatic machinery 
involved in targeting them and practically all intracellular processes being controlled by the 
UPS, it is not surprising that the proteasome pathway is involved in the pathogenesis of 
malignant, autoimmune, and neurodegenerative diseases.  
The UPS plays significant role in immune and inflammatory processes. It has been shown 
that UPS takes part in the antigen processing in antigen presenting cells, regulates the 
transmission of signals from T-cell antigen receptors and the co-stimulatory CD28 molecule 
and is involved in activation of transcription factor-ĸB (NF-κB). NF-κB is the key regulator 
of the activity of genes of many inflammatory cytokines, chemokines and cell adhesion 
molecules [Sorokin, 2009]. The function of UPS in the activation of NF-kB is the most 
important and will be discussed here in details.  
NF-kB is a family of dimeric transcription factors. The NF-kB family consists of five 
members: p50, p52, p65/RelA, c-rel, and RelB [Neumann & M. Neumann, 2007]. p50 and 
p52 are formed as a result of processing from precursors p105 and p100, respectively. The 
processing of p105 can be performed both by the Ub-dependent pathway by the 26S 
proteasome [Coux & Goldberg, 1998] and by the ATP-/Ub-independent pathway by the 20S 
proteasome [Moorthy, 2006]. NF-ĸB activation promotes the expression of variety of target 
genes involved in the immune response, reparation reactions, and apoptosis. These include 
the pro-inammatory cytokines IL-1β and TNF-α, extracellular matrix metalloproteinase 
(MMPs), prostaglandins and nitric oxide. IL-1β and TNF-α, in particular,  have been shown 
to play pivotal roles in the pathogenesis of RA both in preclinical [Han et al., 1998] and 
clinical studies using biological agents such as etanercept  and iniximab [Carteron, 2000; 
Cunnane, 2001].  
The UPS activate NF-κB in two stages. At first, the proteasome performs ubiquitin 
dependent processing of phosphorylated precursors p105 and p100 with the formation of 
active subunits of transcription factors p50 (NF-κB1) and p52 (NF-κB2). NF-κB is composed 
of p50 and p65 subunits, and in non-stimulated cells it is retained in the cytoplasm in a 
latent form associated with inhibitory protein IĸB. Following exposure of the cell to a variety 
of extracellular stimuli such as cytokines, viral and bacterial products and stress, IκB is 
phosphorylated, poly-ubiquitinated (which is recognized by the 19S regulatory subunit of 
Proteasome) and is finally rapidly degraded by the 26S proteasome. The released active 
heterodimer is translocated into the nucleus where it activates the transcription of 
corresponding genes [Van Waes et al., 2007] (Fig 5).  
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Fig. 3. The 26S proteasome, composed of two regulatory 19S and one catalytic 20S subunits.  
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corresponding genes [Van Waes et al., 2007] (Fig 5).  



 
Rheumatoid Arthritis – Treatment 138 

 
Fig. 5. Activation of Nuclear factor-ĸB by the proteasome system 

NF-κB promotes transcription of genes which encode cytokines (TNF-α, IL-6, IL-1), stress 
response factors (Cyclooxygenase-2, NO), cell cycle regulators, and anti-apoptotic proteins 
(IAP-1, Bcl-2 family) [Delhalle et al., 2004]. The pathological activation of NF-κB is a cause of 
many inflammatory diseases including RA and has been an important target for therapeutic 
drug research in recent years [Elliott et al., 2003]. 

3.1 Activation of NF-κB in RA 
NF-κB is one of the best-characterized transcription factors and regulates the expression 
of many genes, most of which encode proteins that play crucial roles in the processes of 
immunity and inflammation. The activation of NF-ĸB has been associated with the up-
regulation of pro-inflammatory genes involved in several inflammatory conditions 
[Baldwin, 1996], and has been implicated in pathogenesis of RA [Firestein, 2004]. NF-κB 
activation has been studied in animal models of arthritis [Han et al., 1998; Palombella et 
al., 1998] and in the synovium of RA patients [Handel et al., 1995; Firestein, 2004]. NF-κB 
is essential for TNF-induced synovial cell activation and proliferation as several studies 
indicated that treatment of synovial cells with an antioxidant agent inhibited TNF-α 
induced NF-κB activation and transcription [Fujisawa et al., 1996]. Moreover, nuclear 
extracts from IL-1β stimulated human synovial broblasts contained p65 DNA-binding 
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NF-κB complexes and both the NF-κB classical oligonucleotide decoy and antisense 
oligonucleotide specic to p65, and they produced a concentration dependent decrease in 
IL-1-stimulated PGE2 production [Handel, 1995]. Additionally, NF-κB activator, IL-18 can 
indirectly stimulate osteoclast formation through up-regulation of RANKL production 
from T cells in RA synovitis [Dai et al., 2004]. Blocking of IKKβ in vitro with a dominant 
negative adenoviral construct was shown to inhibit the induction of IL-6, IL-8, and 
intercellular adhesion molecule-1 (ICAM-1) after stimulation with IL-1 or TNF-α 
[Aupperle et al., 2001].  
The signicance of NF-κB in inammatory joint disease has been validated by numbers of 
arthritis models such as carrageenan-induced paw edema, collagen-induced arthritis and 
adjuvant-induced arthritis [Min et al, 2009, Campo et al, 2011, Ahmed et al., 2010]. In animal 
models of arthritis the activation of NF-κB appears to precede the onset of disease, and the 
blockade of NF-κB decreases arthritis severity [Tsao et al., 1997; Ahmed et al., 2010]. Intra-
articular gene transfer of IKKβ-wild type into the joints of normal rats resulted in signicant 
paw swelling and accompanied synovial inammation. Increased IKK activity was 
detectable in the IKKβ-wt-injected ankle joints which was coincident with enhanced NF-κB-
DNA-binding activity. Intra-articular gene transfer of IKKβ-dominant negative signicantly 
ameliorated the severity of adjuvant arthritis, accompanied by a signicant decrease in NF-
κB DNA expression in the joints of adenoviral IKKb-dominant negative-treated animals 
[Tak et al., 2001]. 

3.1.1 NF-κB in RA joint destruction 
Progressive destruction of bone and articular cartilage plays a pivotal role in the 
pathogenesis of RA. During joint inflammation, the inflamed synovium forms a pannus 
tissue, which grows into the bone and causes destruction, initially as marginal erosions at 
the site of synovial proliferation where bone is unprotected by hyaline cartilage. Subsequent 
bone destruction leads to sublaxation and deformity. Cytokines such as TNF-α, IL-1β and 
IL-17 stimulate the activation of bone destroying osteoaclasts, and the production of 
destructive proteases - matrix metalloproteinases (MMPs). MMPs have been suggested to be 
involved in the pathogenesis of RA and OA through their ability to degrade proteoglycans 
[Flannery et al., 1992; Humbry et al., 1995]. 
NF-κB is essential for osteoclast formation and survival through the receptor activator of the 
nuclear factor kappa-B ligand (RANKL) pathway [Soysa et al., 2009]. Abnormal activation of 
NF-κB signalling in osteoclasts has been observed in osteolytic conditions, including 
arthritis, Paget's disease of bone, and periodontitis [Xu et al., 2009]. Inhibition or deletion of 
RANKL prevents bone destruction [Zwerina et al., 2004]. Further, it is demonstrated that 
inhibition of IκB-kinase complex can suppress RANKL stimulated NF-κB activation and 
osteoclastogenesis both in vitro and in vivo. Additionally, this peptide signicantly reduced 
the severity of collagen-induced arthritis in mice by reducing levels of TNF-α and IL-1β, and 
thereby abrogating joint swelling and reducing destruction of bone and cartilage [Jim et al., 
2004]. Elevated levels of MMP-1 (collagenase-1) in the synovial fluid and serum of RA 
patients [Green et al., 2003; Yamanaka et al., 2000] and MMP-3 (stromelysin) in the synovial 
fluid from RA patients has been determined [Hembry et al., 1995]. Interestingly, it has been 
reported that NF-κB regulates synthesis of MMPs including MMP-I and MMP-3 [Thurberg 
et al., 1998].  
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et al., 1998].  



 
Rheumatoid Arthritis – Treatment 140 

4. UPS in neuronal signalling 
In the nervous system, UPS is present in neurons, glia and synapses and regulates 
numerous functions including neuronal signalling, synapse assembly, maintenance, and 
function [Mengual et al., 1996]. Recent work utilizing the powerful genetic tools in C. 
elegans and Drosophila as well as synaptic assays in mammalian neuronal culture systems 
has unravelled the critical role of UPS in neuronal signaling. Active E3 ligases are identified 
at the synapse which participates in synaptic plasticity [Myat et al., 2002]. Moreover, 
localization of many E3 ligases in nucleus and synapse suggests the interplay between UPS 
regulation of transcriptional programs that function in synaptic modulation and local 
synaptic regulation of protein degradation.  
UPS regulates synaptic functions by controlling levels of pre-synaptic proteins [Speese et al., 
2003]. At the post-synaptic levels, the UPS regulates the surface expression and 
internalization of NMDA- and AMPA-glutamate receptors [Moriyoshi et al., 2004]. It has 
been implicated that mechanical allodynia and hyperalgesia can be prevented with NMDA-
receptor antagonists [Laughlin et al., 1997]. During pathological pain UPS regulates 
neuronal signalling by controlling levels of synaptic proteins [Ossipov et al, 2007]. Much 
future work is needed to identify exact role of UPS in acute and chronic pain conditions. 

5. Proteasome inhibition 
Proteasome inhibitors are considered as a potential remedy for cancer, inflammation-related 
disorders and neurodegenerative diseases. Proteasome inhibitors can cause cellular 
apoptosis in proliferating cancer cells by affecting various short-lived proteins, resulting in 
inhibition of NF-ĸB activity, increased activity of p53 and Bax proteins, and accumulation of 
cyclin- dependent kinase inhibitors p27 and p21 [Moriyoshi et al., 2004; Van Waes et al., 
2007]. Preclinical studies show that malignant, transformed, and proliferating cells are more 
susceptible to proteasome inhibition than cells in a resting state [Adams, 2002; Sherr, 1996]. 
Bortezomib is the first inhibitor of the ubiquitin-proteasome pathway to enter clinical studies 
[Adams et al., 1999; Richardson et al., 2003]. On the basis of a large, multicenter phase II 
clinical trial in which approximately one third of patients with advanced multiple myeloma 
(MM) had a significant response to therapy with bortezomib, on May 13th 2003, the US Food 
and Drug Administration granted approval for use of this drug in the treatment of patients 

with MM [Richardson et al., 2003]. The promising preclinical and clinical activity exhibited 
by bortezomib in MM and non-Hodgkin lymphomas (NHL) has confirmed the proteasome 

as a relevant and important target in the treatment of cancer. Several proteasome inhibitors 
are being tested and are in the pre-clinical and clinical phase of testing. 
In the case of RA, up-regulation of the most important pro-inflammatory mediators such as 
TNF-α, IL-1β, IL-6, iNOS and endothelial cell adhesion molecules (e.g. vascular cell 
adhesion molecule 1 (VCAM-1)) are regulated by NF-κB [Van Waes et al., 2007; Han et al 
1998]. Therefore RA qualifies as a potential target for proteasome inhibitors. In vitro and in 
vivo studies have presented encouraging results by the use of different proteasome 
inhibitors to reduce the NF-κB activation.  

5.1 Proteasome inhibitors 
Proteasome inhibitors include a variety of natural and chemically synthesized molecules 
which exclusively inhibit proteasome activity. The structure and function of some important 
classes of proteasome inhibitors are described here. 
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5.1.1 Peptide aldehydes 
Peptide aldehydes were the first proteasome inhibitors to be developed [Palombella et al., 
1994; Rock et al., 1994]. These include MG132 (Z-Leu-Leu- Leucinal-) (Fig 5), MG115 (Z-Leu-
Leu-norvalinal-) and calpain inhibitor I (N-acetyl-Leu-Leu-norleucinal). These compounds 
are potent, reversible and cell permeable. MG132 is a reversible inhibitor of the 
chymotrypsin like activity of the proteasome.  

5.1.2 Boronic acid peptides 
Boronate inhibitors are much more potent than their structurally analogous peptide 
aldehydes [Adams et al., 1998]. These includes MG262 (Z-Leu-Leu-Leu-boronate; analogous 
to MG132) and PS-341 (pyrazylcarbonyl-Phe-Leu-boronate; analogous to the aldehyde PS-
402). MG262 is a cell permeable and reversible inhibitors of the chymotrypsin like activity of 
the proteasome. PS-341 is clinically the most advanced proteasome inhibitor and inhibits the 
chymotrypsin like active site of the proteasome β-subunit. Its boronic acid group binds the 
active site threonine in the proteasome with high affinity and specificity (Fig 5). 

5.1.3 Lactacystin 
Lactacystin is a naturally occurring compound produced by Streptomyces lactacystinaeus. It 
selectively targets the β5 subunit of the proteasome [Fenteany et al., 1995] by covalent 
acylation of the amino-terminal threonine residues and is considered as an irreversible 
inhibitor of the proteasome. The active component of lactacystin is the highly reactive clasto-
lactacystin β-lactone and PS-519 (Fig 5). 
 

 
Fig. 6. Structures of selected proteasome inhibitors [Elliott et al., 2003]. 
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as a relevant and important target in the treatment of cancer. Several proteasome inhibitors 
are being tested and are in the pre-clinical and clinical phase of testing. 
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5.1 Proteasome inhibitors 
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which exclusively inhibit proteasome activity. The structure and function of some important 
classes of proteasome inhibitors are described here. 
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5.1.1 Peptide aldehydes 
Peptide aldehydes were the first proteasome inhibitors to be developed [Palombella et al., 
1994; Rock et al., 1994]. These include MG132 (Z-Leu-Leu- Leucinal-) (Fig 5), MG115 (Z-Leu-
Leu-norvalinal-) and calpain inhibitor I (N-acetyl-Leu-Leu-norleucinal). These compounds 
are potent, reversible and cell permeable. MG132 is a reversible inhibitor of the 
chymotrypsin like activity of the proteasome.  

5.1.2 Boronic acid peptides 
Boronate inhibitors are much more potent than their structurally analogous peptide 
aldehydes [Adams et al., 1998]. These includes MG262 (Z-Leu-Leu-Leu-boronate; analogous 
to MG132) and PS-341 (pyrazylcarbonyl-Phe-Leu-boronate; analogous to the aldehyde PS-
402). MG262 is a cell permeable and reversible inhibitors of the chymotrypsin like activity of 
the proteasome. PS-341 is clinically the most advanced proteasome inhibitor and inhibits the 
chymotrypsin like active site of the proteasome β-subunit. Its boronic acid group binds the 
active site threonine in the proteasome with high affinity and specificity (Fig 5). 

5.1.3 Lactacystin 
Lactacystin is a naturally occurring compound produced by Streptomyces lactacystinaeus. It 
selectively targets the β5 subunit of the proteasome [Fenteany et al., 1995] by covalent 
acylation of the amino-terminal threonine residues and is considered as an irreversible 
inhibitor of the proteasome. The active component of lactacystin is the highly reactive clasto-
lactacystin β-lactone and PS-519 (Fig 5). 
 

 
Fig. 6. Structures of selected proteasome inhibitors [Elliott et al., 2003]. 
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5.1.4 Epoxyketones 
These are naturally product proteasome inhibitors isolated from actinomycete fermentation 
broths by screening for antitumor activity in mice. Examples of this class include 
Epoxomicin and eponemycin. These compounds inhibit the chymotrypsin like site only or 
the chymotrypsinlike and caspaselike, respectively. In contrast to previously mentioned 
inhibitors, epoxomicin initially forms a covalent bond between the proteasome’s amino-
terminal threonine hydroxyl at its C-terminal ketone carbonyl. This primary adduct 
formation is followed by formation of a stable six-membered ring adduct by a second attack 
by the terminal free amino group [Groll et al., 2000]. 

5.2 Proteasome inhibition in animal model of arthritis 
Proteasome inhibitors exhibit anti-inflammatory and anti-proliferative effects. Their use in 
diseases characterized by these processes is thought to be promising but the effects of 
proteasome inhibitors on the pathogenesis of inflammatory join disorder such as RA remain 
quite limited. To date the effects of proteasome inhibition have been studied only in animal 
models of arthritis; streptococcal cell wall induced polyarthritis in rats, collagen induced 
arthritis and adjuvant induced arthritis (Table 1). These animal models have several clinical 
and pathological similarities with human rheumatoid arthritis regarding inflammation, 
pain, swelling, synovial hyperplasia and destruction of cartilage and bone [Kannan et al., 
2005]. 
 

Animal models Proteasome inhibitor References  

streptococcal cell wall induced 
polyarthritis in rat PS-341 Palombella et al., 1998 

collagen induced arthritis in mice PS-341 Lee et al., 2009 
Adjuvant induced arthritis in rat MG132 Ahmed et al, 2010 
Adjuvant induced arthritis in rat PS-341 Yannaki et al., 2010 

Table 1. List of proteasome inhibitors used in animal models of RA.  

5.2.1 Proteasome inhibition and joint inflammation 
Proteasome inhibitors PS-341 and MG132 have been tested in different animal models of 
arthritis (Table 1) with pronounced anti-inflammatory effects. Here effects of proteasome 
inhibitor MG132 in adjuvant induced arthritis (AIA) rat model will be discussed in details. 
MG132 was administered subcutaneously daily at the onset of arthritis. Two weeks of 
administration significantly reduced signs of inflammation including swelling, redness and 
warmth in ankle joints compared to vehicle treated arthritis animals. Similar effects were 
observed in studies where proteasome inhibitor PS-341 was administered in different 
arthritis models. PS-341 significantly attenuated the arthritis severity and the clinical 
progression of the T cell dependent chronic phase of the disease. The chronic phase of 
arthritis was also associated with increased serum levels of NF-κB dependent pro-
inflammatory factors such as IL-1, IL-6, and nitric oxide metabolites [Palombella et al., 1998]. 
The expression of TNF-α, IL-1β, IL-6, MMP-3, COX-2 and iNOS were decreased in PS-341-
treated animals compared to untreated [Lee et al., 2009]. 
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Fig. 7. Effects of proteasome inhibitor MG132 on (A) arthritis index; severity of arthritis was 
scored using a macroscopic scoring system according to changes in erythema and oedema in 
each paw (B) NF-κB and p50 activation in arthritic ankle joint of AIA rat. (a) autoradiograph 
of electrophoretic mobility shift assay. The upper two bands represent NF-κB and p50 
homodimer complexes (indicated by arrows), (b) and (c) semi-quantification of the NF-κB 
and (p50)2 levels. 

MG132 treatment significantly down-regulated the expression of NF-κB1 (p50) in inflamed 
ankle joints as well as the DNA binding activity of both NF-κB and p50 homodimer in 
arthritic ankle joints (Fig 7 A and B). These results indicate that MG132 hinders the nuclear 
localization of NF-ĸB by retaining them in the cytosol in an inactive form bound to the 
inhibitory protein IκB, and also blocks UPS-mediated processing of the p105 precursor to 
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mature p50 [Magnani et al., 2000], which is a subunit of mature NF-κB. Significantly lower 
levels of NF-κB dependent proinflammatory factors such as IL-1, IL-6, and nitric oxide 
metabolites were found in PS-341-treated animals than in control rats. Thus supporting the 
concept that the profound anti-inflammatory effects of PS-341 result, in part, from inhibition 
of NF-κB activity [Palombella et al., 1998]. Proteasome inhibitor MG132 and PS-341 treated 
animals gained significantly more body weight than the vehicle treated controls indicating 
that proteasome inhibitors given at therapeutically relevant doses were well tolerated.  

5.2.2 Proteasome inhibition and joint destruction 
Progressive destruction of bone and cartilage plays a pivotal role in the pathogenesis of RA. 
Effect of proteasome inhibitor MG132 on joint destruction was studied in AIA model 
[Ahmed et al., 2010]. The radiographic and histological analysis revealed that augmented 
cartilage and bone resorption, which is a characteristic feature of arthritis, was mitigated by 
the MG132 (Fig 8).  
Bone resorption is a collective result of osteoclast stimulation and suppression of osteoblast 
precursors within the bone marrow. Previous studies have shown that NF-κB controls 
osteoclast activation through RANKL signalling [Soysa & Alles, 2009], while inhibition or 
deletion of RANKL prevents bone destruction [Zwerina et al., 2004; Pettit et al., 2001]. The 
protective effect of MG132 may be a consequence of with interfering osteoclast activation 
through the RANKL signalling pathway that is under control of NF-κB, or by enhancing the 
osteoblast activity. This assumption is supported by in vitro and in vivo studies indicating 
that the proteasome inhibitor bortezomib directly suppressed human osteoclast formation 
and promoted maturation of osteoblasts [Zangari et al., 2006; Mukharjee et al., 2008] and 
reduced joint destruction and preserved bone density in CIA mice [Lee et al., 2009].  

5.2.3 Proteasome inhibition and inflammatory pain 
Chronic pain is a major feature of RA and is maintained in part by long-lasting 
neuroplastic changes in the central and peripheral nervous system. Recent, pre-clinical 
studies demonstrated that the UPS is one of the systems involved in the maintenance of 
chronic pain by regulating proteins at pre- and post-synaptic levels [Speese, 2003; 
Mengual et al., 1996]. Effects of proteasome inhibitor MG132 on inflammatory pain was 
studied in the AIA animal model. Inflammation in joints significantly reduced the pain 
bearing capacity in arthritic animals as measured by the paw withdrawal threshold 
(PWT). Administration of MG132 significant increased PWT in arthritic animals compared 
to vehicle treated group (Fig 9).   
Central and peripheral neuronal mechanisms are thought to play a critical role in 
inflammatory joint disorders, particularly with regard to inflammation and pain [Benrath, et 
al., 1995; Levine et al., 1985]. Sensory neuropeptides, substance P (SP) and calcitonin gene-
related peptide (CGRP), are shown to participate not only in pain modulation but also in 
inflammatory processes. An up-regulation in the SP and CGRP expression in ankle joints 
and their corresponding dorsal root ganglia was demonstrated in adjuvant arthritis [Ahmed 
et al., 1995]. The development and progress of joint inflammation in adjuvant arthritis was 
significantly attenuated by using the neurotoxin capsaicin, which specifically down 
regulates sensory innervation [Ahmed et al., 1995]. The beneficial effects of capsaicin on 
joint inflammation were correlated with reduced levels of SP and CGRP in the ankle joints 
and corresponding DRG. Methotrexate treatment has been shown to reduce the severity of 
joint inflammation and destruction, partly due to its inhibitory effect on sensory  
 

 
Proteasome Targeted Therapies in Rheumatoid Arthritis 145 

 
Fig. 8. Radiologic and histologic analysis of bone and cartilage destruction. A, 
Representative lateral view radiographs of ankle joint of (a) normal, and (b) vehicle- or (c) 
MG132-treated arthritic animals. B, Changes in the radiographic parameters of osteoporosis, 
bone erosion and joint space in ankle joints of arthritic animals treated with vehicle or 
MG132. C, Photomicrographs of haematoxylin and eosin stained ankle joints from (d) 
control rat; (e) vehicle-treated arthritic rat; and (f) MG132-treated arthritic rat. D, Changes in 
histologic parameters of cartilage and bone resorption and synovial infiltration in arthritic 
rats treated with vehicle or MG132. (c; articular cartilage, s; synovial membrane, Ti; tibia and 
Ta; talus). Modified results from Ahmed et al, 2010. 
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Fig. 9. Hind paw withdrawal threshold (PWT) in control and arthritic groups treated with 
MG132 and vehicle.  

neuropeptides [Ahmed et al., 1995]. In the AIA model, strong up-regulation of SP and CGRP 
in the periosteum and synovium structures, which are pain sensitive and prone to 
inflammation, was observed. This increased SP and CGRP expression coincided with 
decreased pain thresholds. Administration of MG132 resulted in the normalization of pain 
responses as well as significantly down-regulating the expression of SP and CGRP in 
arthritic ankle joints (Fig 10). Results also indicate that UPS regulates inflammation induced 
pain behaviour and that UPS-mediated protein degradation is involved in the peripheral 
sensitization. 
Previously it has been shown that proteasome inhibitors MG132 and epoxomicin can 
prevent the development of behavioural signs of neuropathic pain and abolish abnormal 
pain induced by sustained morphine exposure [Ossipov et al., 2009; Moss et al., 2008]. These 
compounds inhibited the release of DYNA and CGRP and normalized molecular changes in 
the spinal cord contributing to central sensitization [Ossipov et al., 2009; Moss et al., 2008]. 
Although the cause and neurobiological mechanisms underlying neuropathic and 
inflammatory pain are different, the common mechanism for the effects of proteasome 
inhibitors in these pathological conditions is the similar central neuronal mechanism and the 
activation of neurotransmission mediated by the sensory neuropeptides including SP, CGRP 
and dynorphins. 
The dorsal root ganglia (DRG) and the spinal cord actively participate in the peripheral and 
central sensitization. DRG neurons have very long t-shaped axons with one end forming a 
sensory terminal at the skin or joints and other end synapsing in the dorsal horn of the 
spinal cord. In the spinal cord these neurons project to the outermost region of the spinal 
dorsal horn (lamina I and outer lamina II) and terminate largely on spinal neurons that 
project to higher-order pain centers such as the cortex and the hypothalamus in the brain. 
In AIA rats, a significant increase in the SP and CGRP expression has been reported in the 
DRG [Ahmed et al, 1995a]. In the spinal cord an enhanced release of SP and CGRP has been 
recorded in the lumber dorsal horn during inflammation [Garry & Hargreaves, 1992]. Up-
regulated SP expression in the DRG correlated with arthritis severity and nociceptive 
behavior of arthritic rats [Ahmed et al, 1995a]. This agrees with other observations that the 
altered expression of SP and CGRP is critical for the modulation of pain and inflammation 
(Ambalavanar et al., 2006; Hutchins et al., 2000). Moreover, it has been reported that  
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Fig. 10. Immunofluorescence micrographs and semi-quantitative analysis of SP and CGRP in 
rat ankles. A, Nerve fibres positive to SP in the vehicle-treated control rats (a), and in the 
vehicle- (b) or MG132- (c) treated arthritis rats. B, Semi-quantitative analysis of SP 
immunoreactive nerve fibres (immunofluorescent area) in ankle joints of the control and 
arthritic rats treated with vehicle or MG132. C, Nerve fibres positive to CGRP in the vehicle-
treated control rats (d), and in the vehicle- (e) or MG132- (f) treated arthritis rats. D, Semi-
quantitative analysis of CGRP immunoreactive nerve fibres (immunofluorescent area) in 
ankle joints of the control and arthritic rats treated with vehicle or MG132. (s; synovial 
membrane, p; periosteum and v; blood vessel). Modified results from Ahmed et al, 2010. 
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peripheral inflammation induces a dramatic up-regulation of PDYN biosynthesis in 
nociceptive neurons of the spinal dorsal horn (Przewlocki, 1987; Marvizon et al., 2009). As a 
future perspective it will be interesting to observe the effects of proteasome inhibition in the 
DRG and SC in inflammation. In the monosodium-induced model of osteoarthritis, which is 
a well-recognized model of osteoarthritis, MG132 treatment has normalized the up-
regulated expression of SP and CGRP in the inflamed knee joints and their corresponding 
DRG, with reduced pain behavior [Ahmed et al, unpublished data].  

6. Toxicity  
The clinical application of proteasome inhibitors might be limited due to potential side 
effects of available compounds following chronic administration. Toxic affects might result 
from the accumulation of ubiquitinated proteins after inhibition of the 26S proteasome. The 
proteasome inhibitor bortezomib (PS-341) induced mild-to-moderate neurotoxic effects in 
rats [Cavaletti et al., 2007] and peripheral sensory neuropathy in cancer patients when given 
this compound chronically [Cata et al., 2006]. The features of bortezomib neuropathy are 
characteristic for a small fiber neuropathy and are characterized by a more sensory than 
motor neuropathy. Several observations, however, argue against these possibilities. First, in 
rats, the neurotoxic effects were observed when bortezomib was administered at maximum 
tolerated, sub-lethal doses in rats [Cavaletti et al., 2007]. Bortezomib might have induced 
neurotoxic effects because of the presence of a component in its activity that is blocked by 
the polyhydroxyl compound Tiron, this component is not involved in MG132 activity 
[Fernandez et al., 2006]. No effects of MG132 toxicity were apparent on motor performance 
during rotarod, posture, gait, exploratory and locomotor activity, or on cell death in the 
spinal cord, when MG132 was administered at higher doses [Ossipov et al., 2006]. Moreover, 
MG132 treated animals gained significantly more body weight than the vehicle treated 
arthritic controls [Ahmed et al., 2010]. These results indicate that proteasome inhibitor 
MG132 given at therapeutically relevant doses was well tolerated. This is a significant 
finding as the proteasome plays a central role in many intracellular functions and its 
inhibition might theoretically be expected to induce numerous side effects.  

7. Future perspectives 
Taking into account that the UPS controls important functions in eukaryotic cell, 
proteasome inhibitors could have been considered as toxins without any therapeutic 
value. Unexpectedly, proteasome inhibitors are well-tolerated drugs and do not produce 
adverse effects in normal cells even at high doses. Though, clinical trials indicate that use 
of bortezomib induces peripheral sensory neuropathy in patients, which might limit its 
therapeutic use. However, the reversible proteasome inhibitor such as MG132 apparently 
did not produce any toxic effect and was well tolerated. The use of reversible proteasome 
inhibitors can therefore be considered as a better alternative. It will be a future challenge 
to develop drugs specifically targeting the UPS, or more specifically UPS E3 ligases that 
select proteins for the UPS-mediated degradation, in order to treat inflammatory joint 
disorders. Non-toxic proteasome inhibitors alone and/or in combination with 
conventional RA therapies might be more effective to treat patients with this painful and 
debilitating arthritic disease. 
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peripheral inflammation induces a dramatic up-regulation of PDYN biosynthesis in 
nociceptive neurons of the spinal dorsal horn (Przewlocki, 1987; Marvizon et al., 2009). As a 
future perspective it will be interesting to observe the effects of proteasome inhibition in the 
DRG and SC in inflammation. In the monosodium-induced model of osteoarthritis, which is 
a well-recognized model of osteoarthritis, MG132 treatment has normalized the up-
regulated expression of SP and CGRP in the inflamed knee joints and their corresponding 
DRG, with reduced pain behavior [Ahmed et al, unpublished data].  

6. Toxicity  
The clinical application of proteasome inhibitors might be limited due to potential side 
effects of available compounds following chronic administration. Toxic affects might result 
from the accumulation of ubiquitinated proteins after inhibition of the 26S proteasome. The 
proteasome inhibitor bortezomib (PS-341) induced mild-to-moderate neurotoxic effects in 
rats [Cavaletti et al., 2007] and peripheral sensory neuropathy in cancer patients when given 
this compound chronically [Cata et al., 2006]. The features of bortezomib neuropathy are 
characteristic for a small fiber neuropathy and are characterized by a more sensory than 
motor neuropathy. Several observations, however, argue against these possibilities. First, in 
rats, the neurotoxic effects were observed when bortezomib was administered at maximum 
tolerated, sub-lethal doses in rats [Cavaletti et al., 2007]. Bortezomib might have induced 
neurotoxic effects because of the presence of a component in its activity that is blocked by 
the polyhydroxyl compound Tiron, this component is not involved in MG132 activity 
[Fernandez et al., 2006]. No effects of MG132 toxicity were apparent on motor performance 
during rotarod, posture, gait, exploratory and locomotor activity, or on cell death in the 
spinal cord, when MG132 was administered at higher doses [Ossipov et al., 2006]. Moreover, 
MG132 treated animals gained significantly more body weight than the vehicle treated 
arthritic controls [Ahmed et al., 2010]. These results indicate that proteasome inhibitor 
MG132 given at therapeutically relevant doses was well tolerated. This is a significant 
finding as the proteasome plays a central role in many intracellular functions and its 
inhibition might theoretically be expected to induce numerous side effects.  

7. Future perspectives 
Taking into account that the UPS controls important functions in eukaryotic cell, 
proteasome inhibitors could have been considered as toxins without any therapeutic 
value. Unexpectedly, proteasome inhibitors are well-tolerated drugs and do not produce 
adverse effects in normal cells even at high doses. Though, clinical trials indicate that use 
of bortezomib induces peripheral sensory neuropathy in patients, which might limit its 
therapeutic use. However, the reversible proteasome inhibitor such as MG132 apparently 
did not produce any toxic effect and was well tolerated. The use of reversible proteasome 
inhibitors can therefore be considered as a better alternative. It will be a future challenge 
to develop drugs specifically targeting the UPS, or more specifically UPS E3 ligases that 
select proteins for the UPS-mediated degradation, in order to treat inflammatory joint 
disorders. Non-toxic proteasome inhibitors alone and/or in combination with 
conventional RA therapies might be more effective to treat patients with this painful and 
debilitating arthritic disease. 
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1. Introduction 
Enkorten is a new potential drug for the treatment of rheumatoid arthritis, with an 
immunomodulatory and anti-inflammatory effect. It is a combination of two peptide 
components of endogenous origin: methionine-enkephalin of 5 mg and tridecactide of 1 mg 
(Picture 1 and 2). According to the chemical structures, these components correspond to 
amino acid sequences of the neuropeptide precursor proopiomelanocortin.  
 

Generic name:  tridecactide 
Chemical name:  (des-acetyl)--MSH-(de-amid) - -MSH 
Gross formula:  C75H106N20O19S 
Molecular weight: 1623.85 
Amino acid sequence: H-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-OH  

Picture 1. Chemical characteristics of tridecactide 

Generic name:  met-enkephalin 1-5 adrenorphin  
Gross formula:  C27H35N5O7S 
Molecular weight: 573.67 
Amino acid sequence: H-Tyr-Gly-Gly-Phe-Met-OH 

Picture 2. Chemical characteristics of met-enkephalin 

The holder of effects of the tested combination is alpha 1-13 corticotrophin–tridecactide 
(ACTH 1-13), composed of 13 amino acids, identical to the amino acid sequence of the 
alpha-melanostimulating hormone (-MSH), but without the acetyl and amide ending. 
Some studies suggest that -MSH is synthesized in the pituitary, other parts of the CNS, the 
placenta, and some endocrine organs – especially the adrenal, the skin and the 
gastrointestinal tract (Star et al, 1995; Catania et al, 2000). The presence of this neuropeptide 
in the mucous membrane of the gastrointestinal tract and keratinocytes of the skin suggests 
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that it is a component of natural immunity (Catania et al, 2000a). The supposed connection 
between alpha-MSH and immune processes is confirmed by the clinical data on changes of 
its plasma level under certain pathological conditions (Lipton and Catania, 1997; Lipton et 
al, 2000). An increased concentration of -MSH has been recorded in patients with an acute 
myocardial infarction who received thrombolytic therapy, probably as an endogenous anti-
inflammatory response. This peptide has been identified in the synovial fluid of patients 
with rheumatoid arthritis (Star et al, 1995) and it is believed that the inflammation and joint 
destruction in this disease occur due to imbalances of production of proinflammatory and 
anti-inflammatory cytokines such as -MSH. A higher concentration of -MSH has been 
found in patients suffering from arthropathy accompanied by heavy inflammation (Lipton et 
al, 2000). Since -MSH is a natural modulator peptide, its concentration is subject to intensive 
control to avoid excessive inhibition of the immune response. It is assumed that the increased 
concentration of peptides leads to downregulation of receptors in cells, which could explain 
the biphasic curve of the anti-inflammatory effects -MSH (Catania et al, 2000).  
The other component contained in the drug is met-enkephalin, which belongs to a group of 
endogenous opioid peptides, widely distributed in the CNS. All opioid peptides contain one 
or more copies of the simplest opioid peptides: methionine-enkefalin (tyrosine-glycine-
glycine-phenylalanine-methionine) and leucine-enkephalin (tyrosine-glycine-glycine-
phenylalanine-leucine) (Janković, 1991). They participate in, and modulate 
neurotransmission. Opioid peptides also act as growth factors that control proliferation and 
differentiation of cells and may participate in the process of wound healing, tissue 
regeneration and immune response. Enkephalins show antidepressant, antianxiety and 
anticonvulsive effects. They are produced in the adrenal and the hypothalamus. Met-
enkephalin belongs to a group of enkephalins that are involved in transmitting signals in the 
nervous system, intestines, endocrine glands, bronchial tree, lymphatic and other tissues 
(Štambuk et al, 1996). The highest concentrations are present in the core of adrenal, 
hypothalamus, autonomic ganglia and the gastrointestinal tract (Janković, 1991).  
Met-enkephalin as an inhibitory peptide modulates the proliferation and migration of cells, 
as well as the organization of tissues during development, homeostatic cell renewal, wound 
healing, angiogenesis, and in malignant neoplasms (Zagon et al, 2000). Physiologically, 
enkephalins have a signalling function in the nervous system, intestine, endocrine glands, 
bronchial tree, cardiovascular system, lymphatic and other tissues, and participate in the 
regulation of haematopoiesis (Štambuk et al, 1996). It is assumed that they participate in 
maintaining homeostasis of the organism exposed to stress (Mulabegović et Rakanović-
Todić, 2008).  

2. The place and importance of -MSH and met-enkephalin in 
immunomodulation  
Immunomodulatory effects of a combination of -MSH and met-enkephalin involve several 
mechanisms that support the modern trend in the development of new anti-inflammatory 
drugs. The method of selective immunomodulation using peptides has only recently been 
used in immune-mediated diseases and malignant neoplasm. Immunomodulation with 
antigens and peptides is directed towards achieving a satisfactory long-term remission 
without the occurrence of toxic side effects typical for immunosuppressive drugs. It is based 
on two approaches: the first approach is to block the initial activation of antigen recognition 
of autoreactive T cells, while the second is based on downregulation of specific antigenic 
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inflammatory response of T cells through the activation of regulatory physiological 
mechanisms (Štambuk et al, 1997). 
Until recently it was thought that the immune/inflammatory reaction develops exclusively 
in the periphery. Today it is known that the nervous, endocrine and immune systems are 
interconnected, and that they communicate by signals that are transmitted through 
neuropeptides. In this way, central neurogenic influences can either enhance or modulate 
the peripheral response, so by analogy the treatment of inflammatory reactions could be 
improved by the influence of the proinflammatory signals in the central nervous system. 
Thus, Catania et al. (1999) suggest that one of these strategies could be based on the action of 
-MSH.  
In the past several years, particular attention has been given to the anti-inflammatory effects 
of this peptide, as a result of the introduction of -MSH and related peptides in clinical 
practice for the treatment of inflammatory diseases (Getting, 2006). Undoubtedly, -MSH, 
administered systemically or locally, expresses strong anti-inflammatory effects. Anti-
inflammatory effects of this peptide are mediated by direct effects on cells of the immune 
system, as well as by indirect effects that are achieved by changing the function of non-
resident immune cells of peripheral tissues (Luger and Brzoska, 2007).  
Three basic mechanisms of -MSH anti-inflammatory action can be distinguished: direct 
effects through melanocortin receptors on cells in the periphery (monocytes/macrophages 
and neutrophils); effects on glial cells; and descendent anti-inflammatory effects through 
melanocortin receptors on neurons (Lipton et al, 2000). These mechanisms of action 
correspond to the concept of neuroimmunomodulation in which nerves, endocrine and 
immune systems are independent networks that mutually communicate through soluble 
mediators such as cytokines and neuropeptides. 
Multiple anti-inflammatory effects that -MSH has have been identified in various in vitro 
systems of cell cultures. Studies of anti-inflammatory effects of -MSH on cellular level were 
primarily concentrated on the issue whether and to what degree -MSH suppresses the 
production of pro-inflammatory cytokines. In this respect, several studies have shown that 
treatment with -MSH results in significant downregulation of pro-inflammatory cytokines 
such as IL-1, IL-2, IL-4, IL-6, IL-13 and TNF-, as well as chemokines such as IL8, Gro and 
interferon  (IFN) (Brzoska et al, 2008). Furthermore, chemotaxis induced by IL8 in the cells 
of human neutrophils and monocytes has been suppressed under the influence of -MSH 
(Manna et al, 2006), which indicates that the function of these types of phagocytic cells 
during the inflammatory response is blocked by the peptide via multiple effector pathways.  
Contrary to the inhibitory effects of -MSH on the production and activity of pro-
inflammatory mediators, it has been found that -MSH induces IL-10, a cytokine with a 
potent anti-inflammatory activity. Specifically, in monocytes of human peripheral blood and 
cultivated human monocytes, -MSH increases the production and expression of IL-10 
(Bhardway et al, 1996). Since IL-10 reduces the production of pro-inflammatory cytokines in 
macrophages, its upregulation could result in anti-inflammatory influences.  
Studies on different cell types of human skin, including pigment cells, fibroblastic cells and 
dermal microvascular endothelial cells, as well as rat mast cells, showed that -MSH is able 
to suppress the expression of several intracellular adhesion molecules (interstitial adhesion 
molecule-1 - ICAM-1 and P-selectin) induced by proinflammatory stimuli such as IFN-, 
LPS and TNF-Böhm et al, 2005; Hill et al, 2006; Sarkar et al, 2003). Finally, the inhibition 
of adhesion and transmigration of inflammatory cells may contribute to the anti-
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inflammatory potential of -MSH (Böhm et al, 2005; Scholzen et al, 2003). Moreover, it was 
found that -MSH inhibits the maturation of dendritic cells and downregulates the 
expression of co-stimulatory molecules on antigen-presenting dendritic cells, such as CD86, 
CD40 and CD54 (Luger, 2003; Capsoni et al, 2007).  
One of the mechanisms that could explain the anti-inflammatory action of -MSH is the 
suppression of pro-inflammatory non-cytokine mediators under the influence of this 
peptide. The inhibitory effect of -MSH on the synthesis of prostaglandin has long been 
known. This peptide suppressed the synthesis of PGE in the fibroblast of foetal human lung 
stimulated with IL-1 (Cannon et al, 1986). The effect of -MSH on the synthesis of PGE is 
cell specific. Confirmation of this is the fact that under the influence of -MSH, 
TNFinduced production of PGE2 in FM55 melanoma cells was blocked, but not in HaCaT 
keratinocytes (Nicolaou et al, 2004).  
The induction of the inducible form of the enzyme nitric oxide synthase (iNOS) and the 
release of gaseous vasodilator nitric oxide (NO) after the stimulation of cells with various 
pro-inflammatory stressors, i.e. LPS, -IFN and -amiloid, can also be suppressed under the 
influence of -MSH (Tsatmali et al, 2000; Gupta et al, 2000; Caruso et al, 2007; Jung et al, 
2007). The increased expression of NOS, and nitration of cellular proteins in the blood and 
synovial fluid of a patient with rheumatoid arthritis has been registered. 
Immunomodulatory effects of -MSH realized through NO may be more important in 
rodent than in human cells, since human monocytes are known to contain only marginal 
amounts of this gaseous mediator. 
Recent studies have shown that -MSH inhibits the production of superoxide radicals in 
neutrophils of rats treated with LPS or forbolester (Oktar et al, 2004). Similarly, -MSH 
reduced the amount of oxidative burst in HL-60 cells, a cell line of human monocytes 
(Manna et al, 2006). Although there is no evidence to suggest that -MSH itself is a real 
radical quencher, these findings are in accordance with other reports that indicate an effect 
of this peptide on cellular redox balance and the process of apoptosis as well.  
Regarding the release of histamine by mast cells, various effects of -MSH have been 
described which are likely related to species-specific differences, the type of mast cells and 
experimental conditions. In mast cells obtained from rat bone marrow, -MSH inhibited the 
antigen-induced histamine release together with the suppression of other pro-inflammatory 
cytokines (Adachi et al, 1999).   
There are only a few studies that have researched the effect of -MSH on the function of 
lymphocytes, probably due to the fact that the total expression of melanocortin receptors in 
several lymphocyte lines is low or undetectable (Andersen et al, 2005). It is known that -
MSH induces subpopulation of regulatory T lymphocytes. Regulatory T cells induced with 
-MSH are characterized by the expression of CD25, CD4 and CTLA4 and production of 
increased levels of TGF-2 (Namba et al, 2002). In the human system, -MSH also expresses 
modulator effects on T cells. Cooper and associates (2005) found that -MSH suppresses the 
proliferation of human T lymphocytes stimulated by streptokinase/streptodornase. This 
inhibitory effect of -MSH was independent of the genotype MC-1R, which is highly 
polymorphous with more than 35 genetic variations. 
Numerous effects of -MSH on the production of inflammation mediators were a mystery 
to researchers until it was found that this peptide inhibits the activation of the nuclear factor 
kappa B (NF-B) (Mandrika et al, 2001; Hassoun et al, 2002). This essential nuclear factor 
induces the transcription of many molecules involved in the inflammatory process, and 
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therefore its inhibition results in the alteration of mediators’ production and cell functions. 
NF-B participates in the regulation of hundreds of genes, including those for cytokines, 
chemokines, factors for haematopoietic system growth, antiapoptotic factors and the 
inducible synthesis of nitric oxide (iNOS). Therefore, the discovery that -MSH inhibits 
activation of NF-B provides an explanation for numerous effects of this peptide on the 
production of mediators.  
Anti-inflammatory effects of -MSH in vitro have  also been identified  in vivo in various 
animal models. These have confirmed a number of effects of melanocortin on the production 
of mediators of inflammation. The anti-inflammatory activity of -MSH in animal models of 
arthritis is of special interest. Repeated intraperitoneal application of the peptide twice daily 
resulted in a significant reduction of clinical and histological signs of adjuvant-induced 
experimental arthritis as compared to control animals. The efficiency of -MSH was similar 
to that of prednisolone, but -MSH did not cause significant weight loss (Ceriani et al, 1994). 
Some data indicate that the melanocortin receptor MC-3R may be a relevant target for the 
treatment of arthritis. 
During the early phase of inflammation (associated with tissue destruction and activation of 
nociceptors) mediators of inflammation, including cytokines, chemokines, bradykinin, 
prostaglandins act as mediators of hyperalgesia. At the same time, the expression of 
peripheral opioid receptors on sensory nerve endings increases during inflammation 
(Rittner et al, 2003), which leads to the release of pain mediators, such as opioid peptides, 
somatostatin, endocannabinoids and certain cytokines. Endogenous opioid peptides, leucine 
and met-enkephalin act presynaptically when they inhibit the release of neurotransmitters, 
and postsynpatically when they suppress the activity of the postsynaptic neurone, and block 
the transmission of ascending pain signals (Rang, 2005).  
In addition to the central nervous system, met-enkephalin influences the function of the 
immune system (Vujić-Redžić, 2000). It is released from polymorph nuclear cells during 
inflammation and periods of stress (Rittner et al, 2006). In inflammation, there is a migration 
of leukocytes that contain opioid peptides, and also the upregulation of opioid receptors of 
afferent fibres. This is supported by the fact that IL-1 is a specific inductor of expression of 
kappa opioid receptors (Puehler et al, 2006). Interleukin-1, together with TNF-α, is the main 
proinflammatory cytokine released from macrophages and many other cells, which initiates 
the release of other cytokines (Rajora et al, 1997).  
In in vitro studies, it was found that T lymphocytes have opioid receptors on their surface 
(Wybran et al, 1985), and according to Plotnikoff and associates (1991), the effects of 
enkephalin are precisely related to the immune response mediated by T cells. In addition, 
the corticotropin-releasing hormone, similarly to the pituitary gland, appears dose-
dependent locally, through delta opioid receptors, and leads to the release of opioid 
peptides from leukocytes and the induction of endogenous analgesia (Menzebach et al, 2003; 
Cabot et al, 2001). 
Met-enkephalin manifests central, bimodal and dose dependent immunomodulatory effects. 
A bi-phasic effect was registered in in vivo studies on rats. High doses have suppressed, 
while low doses potentiated a humoral immune response (Janković and Marić, 1994). The 
studies in vivo of the immunomodulatory effect of met-enkephaline on rats showed a 
suppressive action of high doses of met-enkaphalin on inflammatory reactions, such as the 
systemic anaphylactic shock (Janković and Marić, 1987), Arthus phenomenon and 
postponed skin reactions to protein antigens (Marić and Janković, 1987), the rejection of 
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inflammatory potential of -MSH (Böhm et al, 2005; Scholzen et al, 2003). Moreover, it was 
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inhibitory effect of -MSH was independent of the genotype MC-1R, which is highly 
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allograph (Janković, 1991), arthritis (Janković, 1991) and the experimentally induced allergic 
encephalomyelitis (Veljić et al, 1991).  
In studies conducted at the Charité University in Berlin on the effect of intraarticular 
application of opioids in comparison to the intraarticular application of glucocorticoids in 
patients with the chronic inflammatory arthritis accompanied by pain and functional 
impairment, according to the established hypothesis, local application of opioids led to a 
significant reduction of pain and inflammation, which can be explained by the activation of 
peripheral opioid receptors (that have been identified on peripheral sensory nerve endings), 
and subsequent decreases in neural excitability, transmission of nociceptive impulses, and 
reduced release of proinflammatory neurotransmitters (Stein et al, 2001; Mousa et al, 2001).  
In summary, preclinical studies indicate that the activation of melanocortin receptors could 
be a new strategy to control inflammation (Catania et al, 2004). Similarly to any new 
therapeutic approaches, this strategy may have both advantages and disadvantages in 
comparison to the currently available medications. The main advantage of melanocortin in 
the treatment of inflammation is that its anti-inflammatory activity is not restricted to a 
specific mediator or a chemical process.  In fact, as a consequence of reduced activation of 
the nuclear factor NF-B, the collective reduction of all important molecules involved in the 
inflammatory process is evident.  
Another positive aspect is the fact that the treatment with melanocortin peptides never 
reverses the inflammatory response, but modulates it. It is well known that the 
inflammatory response is a crucial reaction of the host that contributes to the elimination of 
pathogens and harmful molecules. Cytokines, which are a major component of the 
inflammatory process, also have a significant function in regulating the recovery of tissues, 
haematopoiesis and immune responses. Any agent that completely inhibits their production 
or action would have a detrimental impact on the host defence mechanism. Melanocortin 
peptides modulate the increased production of cytokines during infection or inflammation, 
but do not prevent their release. Besides, they do not affect the production of mediators of 
inflammation when being on complete rest. So, for example, alpha-1-13 corticotrophin 
modulates the febrile response caused by pyrogens, while on the other side, it does not 
cause any changes to the non-febrile temperature of the body. 
The main advantage of the melanocortin in relation to the currently used anti-inflammatory 
drugs, particularly corticosteroids, is that neuropeptides do not reduce the microbicidal 
activity of neutrophils, but  instead increase it. This feature could be very important in the 
treatment of inflammation in immunecompromised persons.  
The lack of selectivity could be a potential problem when it comes to the use of natural 
melanocortin peptides. Today, it is clear that the melanocortins affect many body functions, 
including the regulation of food consumption, sexual behaviour and pigmentation. Systemic 
injection of non-selective peptide could, therefore, cause adverse effects by stimulating all 
subtypes of receptors. However, the design and synthesis of new melanocortin analogues 
with a selective affinity for specific receptors could greatly facilitate the achievement of 
target effects. Knowledge of amino acid substitution that reduces binding to all receptors 
can also help prevent unwanted receptor activation. (Catania et al, 2004). Another potential 
problem lies in the rapid splitting, or degradation of peptide molecules in the circulation 
and other body fluids, and natural melanocortins are no exception.  
The relatively short half-life could be a problem if it is necessary to maintain the 
concentration in the blood. On the other hand, the fact that the peptides are not accumulated 
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in the body reduces the likelihood of toxicity and tolerance, and allows for better control of 
the pharmacological effects (Catania et al, 2004).    

3. Preclinical toxicological studies 
Enkorten toxicity testing was conducted according to the Instructions and Rules of Good 
Laboratory Practice (GLP) and Harmonized Tripartite Guideline issued in 1998.  
Objectives of preclinical toxicological studies were to determine the degree of toxicity of 
the investigated substance; to identify the target organs of toxicity and to determine the 
reversibility of the toxic effects; to detect the toxic effects that may help in the 
identification of the parameters for subsequent clinical trials and to determine the 
maximum tolerated dose. 
Preclinical toxicological studies were carried out in rats and rabbits. The experimental 
animals were Wistar albino rats bred in the breeding quarters in Harlan, Italy, and the rabbit 
strain was HY plus giant PS 19 gene, from France. Environmental conditions for animals in 
the vivarium were maintained constant with daily temperature and humidity monitoring. 
Semisynthetic food for laboratory animals ad libitum and the tap water that meets the 
Sarajevo city water-supply criteria for drinking water were used during study. Animals 
were randomly divided in groups according to dose levels. Three dose levels were 
determined using the method of multiplication of the anticipated maximum human 
therapeutic dose of 10 mg of met-enkephalin (substance a) and 2 mg of alpha-MSH 
(substance b): the dose equivalent to the anticipated human therapeutic dose (0.071 mg /kg 
a + 0.014 mg/kg b); 5 times higher dose (0.355 mg/kg a + 0.07 mg/kg b); 10 times higher 
dose (0.71 mg/kg a + 0.14 mg/kg b). Enkorten was applied as a constant volume dose of 
0.0005 ml/g according to the following dosage regime: during the first month - three times a 
week; during the second month - twice a week, and during the third month - once a week. 
The control group was treated by 0.9% of physiological NaCl solution. 
Treatment was followed by a 10-day observation period. The appearance of toxic signs was 
monitored on a daily basis. Weighing of individual animals was performed before dosing, 
once a week, and before the animals were sacrificed. Daily food and water consumption per 
cage, as well as the stool mass were recorded on a weekly basis.  
In subchronic and chronic studies, haematological and biochemical analyses were 
performed of the fasting blood samples taken from 12 animals from each of the 
experimental groups and from 24 animals from the control group, before the animals were 
sacrificed. The following haematological analyses were performed: hematocrit, haemoglobin 
concentration, red blood cell count, red blood cell morphology, total and differential white 
blood cell count, platelets. The following biochemical analyses were performed: Calcium 
(Ca+2), Potassium (K+), Sodium (Na+), Chloride (Cl -), Phosphorus (PO24-), glucose, Aspartal 
aspartate aminotransferase (AST) , Alanine aminotransferase (ALT), alkaline phosphatase 
(AP), Gamma-glutamyl transpeptidase (GGT), blood urea nitrogen (BUN), total proteins, 
albumin, globulin, total bilirubin, creatinine, lipids, and cholinesterase. 
Necropsy was performed only on the sacrificed animals (no lethality observed). Upon 
completion of the experiment, animals were sacrificed and both external and internal 
examinations of the sacrificed animals were performed. The following organs: brain, heart, 
lungs, liver, spleen, thymus, kidneys and adrenal glands, as well as samples of other 
macroscopically changed tissues were subjected to histopathological analysis.  
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Collected data were statistically analyzed using the Microsoft® Excel 2002 and SigmaStat 
programs for statistical analysis.  

3.1 Acute toxicity study 
The acute toxicity study was performed as the initial step of the prospective drug 
toxicological evaluation. Acute toxicity provides the important safety parameters for the 
prospective human overdose scenario and its expected clinical presentation. Traditionally, 
international authorities and governmental agencies had adopted the mean lethal dose as 
the sole measurement of acute toxicity. Testing of the rationally high doses, without 
detected lethality, is also acceptable and complies with the Limit Test concept (ICH, 2009; 
EMA, 2010).  
Acute toxicity was assessed on Wistar albino rats. The study was performed as the single 
dose testing following intravenous (i.v.), subcutaneous (s.c.) and intraperitoneal (i.p.) 
application, in accordance with the Limit Test methodology. The administered 
multiplications were: via i.v. route 50, 100 and 200 times; via s.c. route 100, 250 and 500 
times; and via i.p. route 100, 250, 500 times plus 1000 times in and additional group of males. 
Neither lethality, nor significant macroscopic and microscopic changes were observed at the 
necropsy following planned sacrificing. The necropsy and histopathological evaluation 
revealed no significant changes. No statistically significant differences in post-mortem organ 
weights were noted. 
The most prominent clinical signs were noted on day 1 of the observation period.  Following 
all three application routes, slightly reduced motor activity and the horizontal positioning of 
the tail was observed in all animals treated with the highest i.v. dose. There was a slight 
ptosis (eyelids down ¼) in a few animals in all i.v. treatment groups. Slight cyanosis and 
general vasoconstriction was noted in one male treated with the highest i.v. dose, and one 
male treated with the medium i.v. dose. Slightly slower motor activity of all treated and 
control animals was observed following the s.c. application. Also, slight muscular hypotonia 
was noted on day 3 in three males treated with the highest dose and one male treated with 
the lowest dose. Irregular breathing, decrease in motor activity, somnolence, ataxia, 
catalepsy and muscular hypotonia were observed in all males from the additional group 
administered i.p. with 1000 dose multiplication. A proportion of the effects noted could be 
attributed to the application of the large amount of fluid, since the constant volume was not 
respected for this group. Afterwards, the frequency and character of breathing were 
observed once a week and were found to remain within the physiological limits. 
Intensive phonation during the manipulation with animals was registered for i.v. dosed 
groups. The frequency of intensive phonation intensified between days 9 and 14 of the 
observation period, which was not noted in control animals. Statistically significant 
difference was detected for increased phonation in all treatment groups of males, IVF3 and 
IVF2, compared to controls (p  0.000001). Following the s.c. application, each phonation 
was registered, and there was no prominent difference in phonation in males, while a 
statistically significant difference in phonation was noted for group SCF3 (p = 0.000001), 
compared to the control.  
The tested combination induced no lethality and demonstrated a low level of toxicity in high 
doses. The fact that neither organ or tissue damage, nor organ mass ratio differences in 
control and experimental groups were detected indicates that the application of the tested 
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combination to the rats did not result in a permanent adverse toxicological effect on the 
examined organs. Reversible signs of toxicity disappeared with substance elimination and 
usually were not followed by a permanent tissue damage.   
High doses of met-enkephalins produce effects on OP3 () receptors in the range of sedation, 
mood changes, miosis, respiratory depression and gastrointestinal disturbances (Plotnikoff 
et al., 1997; Brunton and Parker, 2008). The evidence of ptosis, motor activity changes, 
horizontal positioning of the tail or increased phonation could suggest opioid pathway 
engagement. Increased intensity of phonation was clearly noted for all i.v. dosed treatment 
groups, but not at all in control animals (Rakanović-Todić et al, 2011).  

3.2 Subacute toxicity study 
The subacute toxicity study with the subcutaneous (s.c.) administration of Enkorten was 
conducted with three experimental groups, each of 10 Wistar albino rats (both males and 
females) and the control group of 20 Wistar albino rats (both males and females) during four 
weeks. Neither lethal outcomes nor toxic signs were observed during the study. The absence 
of pronounced toxicity of the substances was confirmed by the body weight gain in both 
experimental and control groups of animals during the study period. The ability of 
gaining or maintaining the body weight is considered to be a non-specific indicator of the 
health status of the animal (Gad and Chengelis, 1998), especially in toxicity studies with 
multiple applications. Furthermore, the average food and water consumption as well as 
the percentage ratio of stool mass were balanced between male and female groups. 
Neither external nor internal examination of animals sacrificed at the end of the study 
revealed any macroscopic pathological changes. Histopathological analysis revealed no 
microscopic pathological changes in tissue samples of liver, kidneys, lungs, heart, brain, 
spleen and thymus. All examined tissues showed a normal structure. No statistically 
significant differences in post-mortem organ weights were noted between male and 
female groups. The results of subacute toxicity study indicated that the tested 
combination of substances was not toxic when administered s.c. and repeatedly during 
four weeks (Todić et al, 2007).  

3.3 Subchronic toxicity study  
The subchronic toxicity study with intramuscular administration of Enkorten was 
conducted with three experimental groups, each of 10 Wistar albino rats (both males and 
females) and the control group of 15 Wistar albino rats (both males and females) during 
three month.  
As a part of this study, the electrocardiogram (ECG) was recorded in 6 animals from each of 
the experimental groups (3 males + 3 females) and from the control group (3 males + 3 
females), which in total amounts to 24 animals. The ECG was recorded on the day before the 
study commenced, as well as during the third, fifth, seventh, ninth and the eleventh week of 
the study and on the day before the planned sacrificing of animals. The electrocardiograph 
Schiller Resting ECG, connected to a personal computer was used for ECG registration. The 
computer program SEMA - 200 Vet (a program for ECG analysis in veterinary medicine) 
was used for the analysis of the registered curves. This program calculated the average 
values of the heart rate (FSR bits/min) and the duration of the RR interval (ms), P wave 
(ms), PQ interval (ms), QRS complex (ms) and QT interval (ms).  
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Collected data were statistically analyzed using the Microsoft® Excel 2002 and SigmaStat 
programs for statistical analysis.  

3.1 Acute toxicity study 
The acute toxicity study was performed as the initial step of the prospective drug 
toxicological evaluation. Acute toxicity provides the important safety parameters for the 
prospective human overdose scenario and its expected clinical presentation. Traditionally, 
international authorities and governmental agencies had adopted the mean lethal dose as 
the sole measurement of acute toxicity. Testing of the rationally high doses, without 
detected lethality, is also acceptable and complies with the Limit Test concept (ICH, 2009; 
EMA, 2010).  
Acute toxicity was assessed on Wistar albino rats. The study was performed as the single 
dose testing following intravenous (i.v.), subcutaneous (s.c.) and intraperitoneal (i.p.) 
application, in accordance with the Limit Test methodology. The administered 
multiplications were: via i.v. route 50, 100 and 200 times; via s.c. route 100, 250 and 500 
times; and via i.p. route 100, 250, 500 times plus 1000 times in and additional group of males. 
Neither lethality, nor significant macroscopic and microscopic changes were observed at the 
necropsy following planned sacrificing. The necropsy and histopathological evaluation 
revealed no significant changes. No statistically significant differences in post-mortem organ 
weights were noted. 
The most prominent clinical signs were noted on day 1 of the observation period.  Following 
all three application routes, slightly reduced motor activity and the horizontal positioning of 
the tail was observed in all animals treated with the highest i.v. dose. There was a slight 
ptosis (eyelids down ¼) in a few animals in all i.v. treatment groups. Slight cyanosis and 
general vasoconstriction was noted in one male treated with the highest i.v. dose, and one 
male treated with the medium i.v. dose. Slightly slower motor activity of all treated and 
control animals was observed following the s.c. application. Also, slight muscular hypotonia 
was noted on day 3 in three males treated with the highest dose and one male treated with 
the lowest dose. Irregular breathing, decrease in motor activity, somnolence, ataxia, 
catalepsy and muscular hypotonia were observed in all males from the additional group 
administered i.p. with 1000 dose multiplication. A proportion of the effects noted could be 
attributed to the application of the large amount of fluid, since the constant volume was not 
respected for this group. Afterwards, the frequency and character of breathing were 
observed once a week and were found to remain within the physiological limits. 
Intensive phonation during the manipulation with animals was registered for i.v. dosed 
groups. The frequency of intensive phonation intensified between days 9 and 14 of the 
observation period, which was not noted in control animals. Statistically significant 
difference was detected for increased phonation in all treatment groups of males, IVF3 and 
IVF2, compared to controls (p  0.000001). Following the s.c. application, each phonation 
was registered, and there was no prominent difference in phonation in males, while a 
statistically significant difference in phonation was noted for group SCF3 (p = 0.000001), 
compared to the control.  
The tested combination induced no lethality and demonstrated a low level of toxicity in high 
doses. The fact that neither organ or tissue damage, nor organ mass ratio differences in 
control and experimental groups were detected indicates that the application of the tested 
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combination to the rats did not result in a permanent adverse toxicological effect on the 
examined organs. Reversible signs of toxicity disappeared with substance elimination and 
usually were not followed by a permanent tissue damage.   
High doses of met-enkephalins produce effects on OP3 () receptors in the range of sedation, 
mood changes, miosis, respiratory depression and gastrointestinal disturbances (Plotnikoff 
et al., 1997; Brunton and Parker, 2008). The evidence of ptosis, motor activity changes, 
horizontal positioning of the tail or increased phonation could suggest opioid pathway 
engagement. Increased intensity of phonation was clearly noted for all i.v. dosed treatment 
groups, but not at all in control animals (Rakanović-Todić et al, 2011).  

3.2 Subacute toxicity study 
The subacute toxicity study with the subcutaneous (s.c.) administration of Enkorten was 
conducted with three experimental groups, each of 10 Wistar albino rats (both males and 
females) and the control group of 20 Wistar albino rats (both males and females) during four 
weeks. Neither lethal outcomes nor toxic signs were observed during the study. The absence 
of pronounced toxicity of the substances was confirmed by the body weight gain in both 
experimental and control groups of animals during the study period. The ability of 
gaining or maintaining the body weight is considered to be a non-specific indicator of the 
health status of the animal (Gad and Chengelis, 1998), especially in toxicity studies with 
multiple applications. Furthermore, the average food and water consumption as well as 
the percentage ratio of stool mass were balanced between male and female groups. 
Neither external nor internal examination of animals sacrificed at the end of the study 
revealed any macroscopic pathological changes. Histopathological analysis revealed no 
microscopic pathological changes in tissue samples of liver, kidneys, lungs, heart, brain, 
spleen and thymus. All examined tissues showed a normal structure. No statistically 
significant differences in post-mortem organ weights were noted between male and 
female groups. The results of subacute toxicity study indicated that the tested 
combination of substances was not toxic when administered s.c. and repeatedly during 
four weeks (Todić et al, 2007).  

3.3 Subchronic toxicity study  
The subchronic toxicity study with intramuscular administration of Enkorten was 
conducted with three experimental groups, each of 10 Wistar albino rats (both males and 
females) and the control group of 15 Wistar albino rats (both males and females) during 
three month.  
As a part of this study, the electrocardiogram (ECG) was recorded in 6 animals from each of 
the experimental groups (3 males + 3 females) and from the control group (3 males + 3 
females), which in total amounts to 24 animals. The ECG was recorded on the day before the 
study commenced, as well as during the third, fifth, seventh, ninth and the eleventh week of 
the study and on the day before the planned sacrificing of animals. The electrocardiograph 
Schiller Resting ECG, connected to a personal computer was used for ECG registration. The 
computer program SEMA - 200 Vet (a program for ECG analysis in veterinary medicine) 
was used for the analysis of the registered curves. This program calculated the average 
values of the heart rate (FSR bits/min) and the duration of the RR interval (ms), P wave 
(ms), PQ interval (ms), QRS complex (ms) and QT interval (ms).  
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In the subchronic toxicity study, not a single lethal outcome was registered. No statistically 
significant differences between experimental and control groups in body weight of animals, 
in food and water consumption were documented. No statistically significant differences 
between experimental and control groups in the sensitivity to pain, frequency of breathing, 
were detected, nor differences in post-mortem organ weights during macroscopic 
examination and histopathological analysis of the tissue samples. No statistically significant 
differences were found between experimental and control groups in the average duration of 
ECG parameters and biochemical parameters in males. The results of the investigation of the 
Enkorten influence on the biochemical parameters in females showed the following 
statistically significant differences: in the values of calcium (p = 0.046) between the third and 
the first group (FG3 vs. FG1); in the values of sodium (p = 0.044) although no statistically 
significant differences were documented in the sodium values between the individual 
experimental groups and the control group; in the values of urea (p = 0.049) although no 
statistically significant differences in the urea values between the individual experimental 
groups and the control group were documented; in the values of ASAT (p = 0.020) between 
the first and the control group; in the values of cholinesterase (p = 0.036) between the first 
and the control group (FG1 vs. FGK). It may be concluded that Enkorten probably affected 
the values of ASAT and cholinesterase in females, whereas the differences in the values of 
calcium, sodium and urea were probably due to chance. The results of the haematological 
parameters showed no statistically significant differences. It can be concluded that the tested 
substance had no impact on haematological parameters. Test results of the toxic effect 
investigation suggested that the maximum tolerated dose for male and female rats 
approximately corresponds to the dose 10 times higher than the anticipated human 
therapeutic dose. Based on the estimates obtained, we can conclude that in the study 
conducted in male and female Wistar albino rats, the investigated product showed no 
subchronic toxicity when the multiple i.m. application of animal doses equivalent to the 
either anticipated human therapeutic dose, or 5 or 10 times higher dose was performed. 
During the implementation of the subchronic Enkorten toxicity study in rabbits, individual 
cases of mortality, that cannot be linked with the activity of the test substance, have been 
documented in all experimental groups. 

3.4 Chronic toxicity study 
Based upon results of the chronic toxicity study performed on rats after the subcutaneous 
administration of Enkorten (three experimental groups, each of 40 Wistar albino rats and a 
control group) during six months, it was concluded that test substance did not show any 
toxic effects. In the course of the chronic toxicity study, not one lethal outcome was 
registered. In the course of pain sensitivity testing, the tested substance did not demonstrate 
a significant analgesic effect. Moreover, it was found that the tested substance increases the 
irritability of animals in the sense that it increases the frequency of phonation. The 
histopathology laboratory reports recorded no changes with respect to the mass of single 
organs or with respect to the macroscopic and microscopic structure of organs and tissues of 
experimental animals. The difference is noted in the mass of the left adrenal in the control 
and the first group in relation to administering the combination to male rats. Impact of 
tested substances on biochemical parameters in males showed statistically significant 
difference between the first and the control groups, as well as between the second and the 
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control group in the values of phosphorous, alkaline phosphates, and urea. The difference in 
triglycerides between the first and the control group, the AST values between the second 
and third group and the first and the third group, the ALT values between the second and 
the control group were also noticed. The sifnificant difference in the values of these 
parameters for males may be coincidental, because the difference between the groups 
treated by the highest dose level and the control group was not registered. In females a 
statistically significant difference in calcium and potassium was registered between the 
treated and the control groups. The values of phosphorus and alkaline phosphatase 
significantly differed between the first and the control group, and urea value between the 
first and the control group. Triglyceride statisticaly levels of all three treated groups 
significantly differed from the control group values. Also, there was a significantly 
difference in the values of ALT between the second and the control group. These data 
suggest that tested substance affects the value of calcium, potassium and triglycerides in 
females. The value difference of other parameters can be random, because the difference 
between the groups treated with the highest dose level and the control group was not 
registered. The data on the volume and biochemical parameters of urine showed 
statistically non significant difference between control and other groups of animals. 
Statistically significant difference between the control and first group of animals was 
found only in glucose during the second measurement. Registered difference is probably 
a consequence of stress.  
Statistical analyses of the results obtained after biochemical analyses were not statistically 
significant (including both male and female groups) for the following parameters: Ca+2, K+, 
Na+, Cl-, glucose, total proteins, albumins, globulins, total bilirubin, creatinine, cholesterol, 
cholinesterase, AST, GGT.  
The tested substance has no effect on the parameters of erythrocytes, leukocytes, 
granulocytes, thrombocytes and lymphocytes. However, the tested substance has effects on 
the value of monocytes when compared to the control group, and, as far as males are 
concerned, also in the values of lymphocytes. The tested substance did not have effects on 
the volume and biochemical parameters of urea, except for the glucose report. The noted 
difference is, probably, the result of stress (Bečić et al, 2007).  

3.5 A pilot study of the reproductive toxicity in rats 
Testing was conducted at the Institute following the NTP, 2002 (NTP - National Toxicology 
Program - Good Science and Good Decisions - NIEHS, USA, 2002), in five months old, adult 
male and female laboratory Wistar albino rats (the Institute's own breeding colony).  
In the first phase, Enkorten in a doubled human therapeutic dose (2HD; α-MSH 0.028 
mg/kg + met-enkephalin 0.143 mg/kg) was administered once intraperitoneally (i.p.). 
Afterwards, animals were administered a bilateral intranasal (i.n.) dose of Enkorten eight 
times higher than the human therapeutic dose (8HD) per day, within two consecutive days. 
Administration of the substance in the above doses was carried out using the methods of 
crossing and gender matching. In the second phase, the same dosing protocol but with the 
i.n. dose increased to twenty times human therapeutic dose (20HD) was administered to the 
F1 generation of male and female rats, after they reached sexual maturity. By applying the 
same protocol, the control group received a physiological solution. During the first and the 
second phase, the typical parameters of the reproductive capacity of the animals from the F0 
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In the subchronic toxicity study, not a single lethal outcome was registered. No statistically 
significant differences between experimental and control groups in body weight of animals, 
in food and water consumption were documented. No statistically significant differences 
between experimental and control groups in the sensitivity to pain, frequency of breathing, 
were detected, nor differences in post-mortem organ weights during macroscopic 
examination and histopathological analysis of the tissue samples. No statistically significant 
differences were found between experimental and control groups in the average duration of 
ECG parameters and biochemical parameters in males. The results of the investigation of the 
Enkorten influence on the biochemical parameters in females showed the following 
statistically significant differences: in the values of calcium (p = 0.046) between the third and 
the first group (FG3 vs. FG1); in the values of sodium (p = 0.044) although no statistically 
significant differences were documented in the sodium values between the individual 
experimental groups and the control group; in the values of urea (p = 0.049) although no 
statistically significant differences in the urea values between the individual experimental 
groups and the control group were documented; in the values of ASAT (p = 0.020) between 
the first and the control group; in the values of cholinesterase (p = 0.036) between the first 
and the control group (FG1 vs. FGK). It may be concluded that Enkorten probably affected 
the values of ASAT and cholinesterase in females, whereas the differences in the values of 
calcium, sodium and urea were probably due to chance. The results of the haematological 
parameters showed no statistically significant differences. It can be concluded that the tested 
substance had no impact on haematological parameters. Test results of the toxic effect 
investigation suggested that the maximum tolerated dose for male and female rats 
approximately corresponds to the dose 10 times higher than the anticipated human 
therapeutic dose. Based on the estimates obtained, we can conclude that in the study 
conducted in male and female Wistar albino rats, the investigated product showed no 
subchronic toxicity when the multiple i.m. application of animal doses equivalent to the 
either anticipated human therapeutic dose, or 5 or 10 times higher dose was performed. 
During the implementation of the subchronic Enkorten toxicity study in rabbits, individual 
cases of mortality, that cannot be linked with the activity of the test substance, have been 
documented in all experimental groups. 

3.4 Chronic toxicity study 
Based upon results of the chronic toxicity study performed on rats after the subcutaneous 
administration of Enkorten (three experimental groups, each of 40 Wistar albino rats and a 
control group) during six months, it was concluded that test substance did not show any 
toxic effects. In the course of the chronic toxicity study, not one lethal outcome was 
registered. In the course of pain sensitivity testing, the tested substance did not demonstrate 
a significant analgesic effect. Moreover, it was found that the tested substance increases the 
irritability of animals in the sense that it increases the frequency of phonation. The 
histopathology laboratory reports recorded no changes with respect to the mass of single 
organs or with respect to the macroscopic and microscopic structure of organs and tissues of 
experimental animals. The difference is noted in the mass of the left adrenal in the control 
and the first group in relation to administering the combination to male rats. Impact of 
tested substances on biochemical parameters in males showed statistically significant 
difference between the first and the control groups, as well as between the second and the 
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control group in the values of phosphorous, alkaline phosphates, and urea. The difference in 
triglycerides between the first and the control group, the AST values between the second 
and third group and the first and the third group, the ALT values between the second and 
the control group were also noticed. The sifnificant difference in the values of these 
parameters for males may be coincidental, because the difference between the groups 
treated by the highest dose level and the control group was not registered. In females a 
statistically significant difference in calcium and potassium was registered between the 
treated and the control groups. The values of phosphorus and alkaline phosphatase 
significantly differed between the first and the control group, and urea value between the 
first and the control group. Triglyceride statisticaly levels of all three treated groups 
significantly differed from the control group values. Also, there was a significantly 
difference in the values of ALT between the second and the control group. These data 
suggest that tested substance affects the value of calcium, potassium and triglycerides in 
females. The value difference of other parameters can be random, because the difference 
between the groups treated with the highest dose level and the control group was not 
registered. The data on the volume and biochemical parameters of urine showed 
statistically non significant difference between control and other groups of animals. 
Statistically significant difference between the control and first group of animals was 
found only in glucose during the second measurement. Registered difference is probably 
a consequence of stress.  
Statistical analyses of the results obtained after biochemical analyses were not statistically 
significant (including both male and female groups) for the following parameters: Ca+2, K+, 
Na+, Cl-, glucose, total proteins, albumins, globulins, total bilirubin, creatinine, cholesterol, 
cholinesterase, AST, GGT.  
The tested substance has no effect on the parameters of erythrocytes, leukocytes, 
granulocytes, thrombocytes and lymphocytes. However, the tested substance has effects on 
the value of monocytes when compared to the control group, and, as far as males are 
concerned, also in the values of lymphocytes. The tested substance did not have effects on 
the volume and biochemical parameters of urea, except for the glucose report. The noted 
difference is, probably, the result of stress (Bečić et al, 2007).  

3.5 A pilot study of the reproductive toxicity in rats 
Testing was conducted at the Institute following the NTP, 2002 (NTP - National Toxicology 
Program - Good Science and Good Decisions - NIEHS, USA, 2002), in five months old, adult 
male and female laboratory Wistar albino rats (the Institute's own breeding colony).  
In the first phase, Enkorten in a doubled human therapeutic dose (2HD; α-MSH 0.028 
mg/kg + met-enkephalin 0.143 mg/kg) was administered once intraperitoneally (i.p.). 
Afterwards, animals were administered a bilateral intranasal (i.n.) dose of Enkorten eight 
times higher than the human therapeutic dose (8HD) per day, within two consecutive days. 
Administration of the substance in the above doses was carried out using the methods of 
crossing and gender matching. In the second phase, the same dosing protocol but with the 
i.n. dose increased to twenty times human therapeutic dose (20HD) was administered to the 
F1 generation of male and female rats, after they reached sexual maturity. By applying the 
same protocol, the control group received a physiological solution. During the first and the 
second phase, the typical parameters of the reproductive capacity of the animals from the F0 
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and F1 generations (gestation, litter and lactation) as well as the litter of the F1 and F2 
generations (number of offspring per litter, size, weight, growth, development and 
advancement until the age of 8 weeks) were followed. At the end of the study, post mortem 
analysis was performed on the tissue and reproductive organs of young male and female 
rats from the F2 generation. 
Comparing to controls, Enkorten did not cause any changes in the first phase of testing. In 
the second phase of the study, no gestation appeared in the experimental group from the F1 
generation, whereas in the remaining four groups the reproduction process was completely 
in accordance with the control. The number of offspring per litter ranged from 8 to 12. The 
size and weight of youth as well as gender contribution were fully in compliance with the 
control group. The development, growth, advancement of youth and lactation were 
progressing normally. Development was monitored until the age of 8 weeks of life, after 
which histopathological analysis of tissues and reproductive organs was performed. Post 
mortem analyses did not reveal significant changes in any of the young animals. No signs of 
teratogenicity were documented in the two generations of young rats. 
Based on the observed results, it can be concluded that Enkorten did not significantly affect 
the process of reproduction in rats. Enkorten did not cause any teratogenic changes. 
Histopathological reports were completely normal. 

3.6 Investigation of the effect on skin 
The investigation of the effect of Enkorten on skin was conducted using the mouse ear 
model (according to: Hypersensitivity Test Methods: NTP-National Toxicology Program - 
Good Science and Good Decisions - NIEHS, USA, 2002). 
Adult BALB/c male and female mice, divided into groups of 6 animals (the Institute's own 
breeding colony) were receiving Enkorten in 2HD (α-MSH 0.028 mg/kg + met-enkephalin 
0.143 mg/kg) per day, by i.p. route, during 4 days. As an irritant, croton oil (3%, in acetone) 
was applied topically, in a volume of 25 μL, once, at the fifth day of the first Enkorten 
application. By applying the dose of Enkorten in such conditions, the 
irritation/inflammation process on the mouse skin caused by croton oil was inhibited by 
35% compared to the control group that received the physiological solution. Enkorten action 
was slightly more pronounced in males during the first 24 hours.  
The doubled human therapeutic dose of Enkorten, applied topically to skin in a volume of 
25 μL, 6 hours prior to the irritant application (3% croton oil in acetone, in the volume of 25 
μL, topically), led to the inhibition of the irritation/inflammation processes by 57% to 60%, 
compared to both male and female control mice. 
It can be concluded that Enkorten administered preventively, in a dose equivalent to the 
doubled human therapeutic dose, by i.p. route, during 4 days, reduced the 
irritation/inflammation processes for about 35%. Compared to the control, this drug, 
applied once, topically, reduced irritation/inflammation processes caused on the mouse 
skin by 60%. 

4. Pharmacokinetic study 
The aim of this study was to assign the range of values of α-MSH and met-enkephalin 
plasma concentrations before and after the Enkorten application and to determine 
pharmacokinetic parameters of the test preparation (Cmax, Tmax, AUC, T½).  Cmax (Maximum 
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Plasma Concentration) is the highest concentration of drug in the blood that is measured 
after a dose; Tmax (Time to Reach Cmax)  is the time at which the highest plasma drug 
concentration occurs Cmax; AUC (Area Under the Curve) is the measure of total plasma 
exposure of drug over a given time period; T½ (Half-life) is the time required for a given 
drug concentration to decrease by 50%. 
The study was carried out on a group of 14 healthy volunteers, ages from 18 to 30, males, of 
body weight and height within the standard values. 
All volunteers received subcutaneously one dose of Enkorten preparation in the presumed 
therapeutic dose for human application. No serious side-effects were observed during the 
study. The available kit is not specific for the determination of α-MSH of the test 
preparation; thus, the cross-reactivity of physiologically present α-MSH and α-MSH 
component of the preparation was determined. Significant interindividual differences of α-
MSH plasma concentration were found. Mean values were 21.31 - 47.56 pg/ml. Mean 
plasma concentration of endogenous met-enkephalin was 50.40 pg/ml. Maximum plasma 
concentration after Enkorten application, measured 5 minutes after the application, was 
1551.86 pg/ml. The plasma half-life was 15 minutes. The concentration/time curve of met-
enkephalin implies first-order kinetics (Kusturica et al, 2009). 

5. Conclusion 
Enkorten is an immunomodulatory preparation containing two components, α-melanocyte 
stimulating hormone (α-MSH) and methionine-enkefalin (met-enkephalin). α-MSH and 
met-enkephalin are endogenous substances of the neuropeptide group. They participate in 
the homeostatic processes, maintaining the biochemical link between the brain, 
neuroendocrine system and the immune system. The mechanism of action of both peptides 
directly reclines on both mechanisms of immune response development. The effect also 
includes analgesia, antipyretic and anti-inflammatory activities. 
Pharmacodynamics of the combination shown in the studies imply great therapeutic 
possibilities. The presumed indication range of Enkorten encompasses diseases with 
inflammatory processes as the primary pathophysiological aspect (asthma, inflammatory 
bowel disease, rheumatoid arthritis, multiple sclerosis). 
Preclinical findings indicate that the tested combination was nontoxic and well tolerated in 
doses applied by i.v., s.c., i.m., and i.p. routes, and therefore have the potential for safe 
future use as a medicine.  
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and F1 generations (gestation, litter and lactation) as well as the litter of the F1 and F2 
generations (number of offspring per litter, size, weight, growth, development and 
advancement until the age of 8 weeks) were followed. At the end of the study, post mortem 
analysis was performed on the tissue and reproductive organs of young male and female 
rats from the F2 generation. 
Comparing to controls, Enkorten did not cause any changes in the first phase of testing. In 
the second phase of the study, no gestation appeared in the experimental group from the F1 
generation, whereas in the remaining four groups the reproduction process was completely 
in accordance with the control. The number of offspring per litter ranged from 8 to 12. The 
size and weight of youth as well as gender contribution were fully in compliance with the 
control group. The development, growth, advancement of youth and lactation were 
progressing normally. Development was monitored until the age of 8 weeks of life, after 
which histopathological analysis of tissues and reproductive organs was performed. Post 
mortem analyses did not reveal significant changes in any of the young animals. No signs of 
teratogenicity were documented in the two generations of young rats. 
Based on the observed results, it can be concluded that Enkorten did not significantly affect 
the process of reproduction in rats. Enkorten did not cause any teratogenic changes. 
Histopathological reports were completely normal. 

3.6 Investigation of the effect on skin 
The investigation of the effect of Enkorten on skin was conducted using the mouse ear 
model (according to: Hypersensitivity Test Methods: NTP-National Toxicology Program - 
Good Science and Good Decisions - NIEHS, USA, 2002). 
Adult BALB/c male and female mice, divided into groups of 6 animals (the Institute's own 
breeding colony) were receiving Enkorten in 2HD (α-MSH 0.028 mg/kg + met-enkephalin 
0.143 mg/kg) per day, by i.p. route, during 4 days. As an irritant, croton oil (3%, in acetone) 
was applied topically, in a volume of 25 μL, once, at the fifth day of the first Enkorten 
application. By applying the dose of Enkorten in such conditions, the 
irritation/inflammation process on the mouse skin caused by croton oil was inhibited by 
35% compared to the control group that received the physiological solution. Enkorten action 
was slightly more pronounced in males during the first 24 hours.  
The doubled human therapeutic dose of Enkorten, applied topically to skin in a volume of 
25 μL, 6 hours prior to the irritant application (3% croton oil in acetone, in the volume of 25 
μL, topically), led to the inhibition of the irritation/inflammation processes by 57% to 60%, 
compared to both male and female control mice. 
It can be concluded that Enkorten administered preventively, in a dose equivalent to the 
doubled human therapeutic dose, by i.p. route, during 4 days, reduced the 
irritation/inflammation processes for about 35%. Compared to the control, this drug, 
applied once, topically, reduced irritation/inflammation processes caused on the mouse 
skin by 60%. 

4. Pharmacokinetic study 
The aim of this study was to assign the range of values of α-MSH and met-enkephalin 
plasma concentrations before and after the Enkorten application and to determine 
pharmacokinetic parameters of the test preparation (Cmax, Tmax, AUC, T½).  Cmax (Maximum 
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Plasma Concentration) is the highest concentration of drug in the blood that is measured 
after a dose; Tmax (Time to Reach Cmax)  is the time at which the highest plasma drug 
concentration occurs Cmax; AUC (Area Under the Curve) is the measure of total plasma 
exposure of drug over a given time period; T½ (Half-life) is the time required for a given 
drug concentration to decrease by 50%. 
The study was carried out on a group of 14 healthy volunteers, ages from 18 to 30, males, of 
body weight and height within the standard values. 
All volunteers received subcutaneously one dose of Enkorten preparation in the presumed 
therapeutic dose for human application. No serious side-effects were observed during the 
study. The available kit is not specific for the determination of α-MSH of the test 
preparation; thus, the cross-reactivity of physiologically present α-MSH and α-MSH 
component of the preparation was determined. Significant interindividual differences of α-
MSH plasma concentration were found. Mean values were 21.31 - 47.56 pg/ml. Mean 
plasma concentration of endogenous met-enkephalin was 50.40 pg/ml. Maximum plasma 
concentration after Enkorten application, measured 5 minutes after the application, was 
1551.86 pg/ml. The plasma half-life was 15 minutes. The concentration/time curve of met-
enkephalin implies first-order kinetics (Kusturica et al, 2009). 

5. Conclusion 
Enkorten is an immunomodulatory preparation containing two components, α-melanocyte 
stimulating hormone (α-MSH) and methionine-enkefalin (met-enkephalin). α-MSH and 
met-enkephalin are endogenous substances of the neuropeptide group. They participate in 
the homeostatic processes, maintaining the biochemical link between the brain, 
neuroendocrine system and the immune system. The mechanism of action of both peptides 
directly reclines on both mechanisms of immune response development. The effect also 
includes analgesia, antipyretic and anti-inflammatory activities. 
Pharmacodynamics of the combination shown in the studies imply great therapeutic 
possibilities. The presumed indication range of Enkorten encompasses diseases with 
inflammatory processes as the primary pathophysiological aspect (asthma, inflammatory 
bowel disease, rheumatoid arthritis, multiple sclerosis). 
Preclinical findings indicate that the tested combination was nontoxic and well tolerated in 
doses applied by i.v., s.c., i.m., and i.p. routes, and therefore have the potential for safe 
future use as a medicine.  
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1. Introduction 
The mechanism of arthritis including rheumatoid arthritis (RA) has not been clarified 
enough in terms of its molecular biology. However, owing to advances in techniques to 
produce monoclonal antibodies and genetic engineering techniques to produce recombinant 
proteins, targeted therapies have progressed. Tumor necrosis factor-alpha (TNF-), 
interleukin-1 (IL-1), interleukin-6 (IL-6), and T-cells (CD28) are representative targets, and 
therapies targeting them have produced epoch-making results in the treatment of RA. In 
this text, we report the role and effects of therapy with adrenomedullin as a novel, 
promising targeted therapy.  
Adrenomedullin (ADM) is a peptide that was discovered by the assay-based monitoring of 
platelet cAMP activity (Kitamura et al., 1993). This protein shows not only marked 
vasodilatory but also in vivo and in vitro anti-inflammatory activities (Isumi et al., 1998). 
To determine the efficacy of ADM in patients with RA, we researched the plasma level of 
ADM and its correlation with the plasma CRP level. The result showed that the plasma 
ADM level in patients with RA was twice that in healthy controls and strongly correlated 
with the blood CRP level, and the ADM level in synovial tissue in patients with RA was 3 
times that in patients with osteoarthritis (Chosa et al., 2003). Then, thorough research is 
needed to examine whether the cultured RA synoviocytes are related to the ADM in vitro. 
The result showed that ADM was produced from RA synoviocytes and reduced the IL-6 
level in cultured media (Fig. 5). These results suggest the close involvement of ADM in 
arthritis in RA. Therefore, to examine the therapeutic efficacy of intra-articular ADM 
injection, we injected ADM into the joint of a rabbit model of adjuvant arthritis, and 
confirmed the inhibition of arthritis at an early stage. These findings suggest the 
potentiality of ADM as a novel drug for the treatment of arthritis in RA (Okura et al., 
2008). 

2. Measured adrenomedullin (ADM) in patients with RA 
2.1 Patient background 
For measurement of plasma ADM, the study population consisted of 26 patients with RA 
aged 58–73 years (mean ± SD 62 ± 4 yrs), 10 with osteoarthritis (OA) aged 59–76 years  



 
Rheumatoid Arthritis – Treatment 

 

172 

Zagon, I.S., Wu, Y., McLaughlin, P.J. (1997). Opioid growth factor is present in human and 
mouse gastrointestinal tract and inhibits DNA synthesis. Am J Physiol 272 (4Pt 2): 
1094-1104 

9 

Role of Adrenomedullin in Patients with 
Rheumatoid Arthritis 

Etsuo Chosa, Hiroaki Hamada and Toshiyuki Ohkura 
Division of Orthopaedic Surgery, Department of Medicine of Sensory and  

Mortor Organs, Faculty of Medicine, University of Miyazaki 
Japan 

1. Introduction 
The mechanism of arthritis including rheumatoid arthritis (RA) has not been clarified 
enough in terms of its molecular biology. However, owing to advances in techniques to 
produce monoclonal antibodies and genetic engineering techniques to produce recombinant 
proteins, targeted therapies have progressed. Tumor necrosis factor-alpha (TNF-), 
interleukin-1 (IL-1), interleukin-6 (IL-6), and T-cells (CD28) are representative targets, and 
therapies targeting them have produced epoch-making results in the treatment of RA. In 
this text, we report the role and effects of therapy with adrenomedullin as a novel, 
promising targeted therapy.  
Adrenomedullin (ADM) is a peptide that was discovered by the assay-based monitoring of 
platelet cAMP activity (Kitamura et al., 1993). This protein shows not only marked 
vasodilatory but also in vivo and in vitro anti-inflammatory activities (Isumi et al., 1998). 
To determine the efficacy of ADM in patients with RA, we researched the plasma level of 
ADM and its correlation with the plasma CRP level. The result showed that the plasma 
ADM level in patients with RA was twice that in healthy controls and strongly correlated 
with the blood CRP level, and the ADM level in synovial tissue in patients with RA was 3 
times that in patients with osteoarthritis (Chosa et al., 2003). Then, thorough research is 
needed to examine whether the cultured RA synoviocytes are related to the ADM in vitro. 
The result showed that ADM was produced from RA synoviocytes and reduced the IL-6 
level in cultured media (Fig. 5). These results suggest the close involvement of ADM in 
arthritis in RA. Therefore, to examine the therapeutic efficacy of intra-articular ADM 
injection, we injected ADM into the joint of a rabbit model of adjuvant arthritis, and 
confirmed the inhibition of arthritis at an early stage. These findings suggest the 
potentiality of ADM as a novel drug for the treatment of arthritis in RA (Okura et al., 
2008). 

2. Measured adrenomedullin (ADM) in patients with RA 
2.1 Patient background 
For measurement of plasma ADM, the study population consisted of 26 patients with RA 
aged 58–73 years (mean ± SD 62 ± 4 yrs), 10 with osteoarthritis (OA) aged 59–76 years  



 
Rheumatoid Arthritis – Treatment 174 

(68 ±8), and 10 healthy volunteer controls aged 50–66 years (57 ± 5). All subjects were  
female. 
To clarify further the reason for the increase in plasma ADM, joint fluid, synovial tissue, and 
cartilage were measured by radioimmunoassay (RIA). These were acquired from surgical 
subjects during total knee arthroplasty in patients with RA (n = 6) and OA (n = 6). All 
patients with RA were classified as stage 4, functional class 2, according to the criteria of the 
American Rheumatism Association (ARA) (Clegg & Ward, 1987); they were medicated with 
only DMARDs and NSAIDs without steroid. All patients with OA were classified as stage 4 
to 5, according to the Kellgren-Lawrence radiographic staging system (Kellgren & 
Lawrence, 1958). Since plasma ADM concentration has been reported to be elevated in 
patients with hypertension, renal failure, systemic infections, myocardial infarction, and 
heart failure (Ishimitsu et al., 1994; Nishikimi et al., 1995; Kobayashi et al., 1996), patients 
and controls with these conditions were excluded. 

2.2 Methods of measuring ADM levels in plasma, joint fluid and joint tissues 
2.2.1 Methods measuring the plasma and joint fluid ADM level  
Blood and joint fluid samples were transferred into tubes containing 1 mg/ml EDTA-2Na 
and 500 kallikrein inhibitory units/ml of aprotinin for measurement of ADM. The plasma 
was kept at –30°C until assayed. Levels of plasma ADM and joint fluid ADM were 
measured by IRMA using specific kits (AM RIA Shionogi) developed by Shionogi 
Pharmaceutical Co. Ltd., Osaka, Japan. The limit of detection of human AM is 0.5 pmol/l for 
these kits.  

2.2.2 Extraction of ADM in joint tissues 
For measuring ADM levels of acquired joint fluids, samples were acidified with acetic acid 
to a final concentration of 1.0 M and centrifuged at 3000 rpm for 5 min, while synovium and 
cartilage specimens were acidified with acetic acid to a final concentration of 1.0 M and 
boiled for 10 min to inactivate proteases. The samples were then homogenized and 
centrifuged for 90 min at 12,000 rpm. The supernatant of samples was applied to a Sep-Pak 
C18 cartridge (Millipore-Waters, Milford, MA, USA). After the cartridge was washed with 
10% CH3CN in 0.1% trifluoroacetic acid, the absorbed materials were eluted with 50% 
CH3CN in 0.1% trifluoroacetic acid. The eluted samples were dried by speed vacuum, 
freeze-dried and stored at –30°C until assayed. 

2.2.3 Radioimmunoassay for ADM  
The RIA for ADM was performed as described previously (Kitamura et al., 1994). The 
incubation buffer for RIA was 0.05 M sodium phosphate buffer (pH 7.4), containing 0.5% 
BSA, 0.5% Triton X-100, 0.08 M NaCl, 0.025 M EDTA 2Na, 0.05% NaN3, and 500 KIU/ml 
trasylol. A disposable plastic tube (10 × 75 mm) was used for assaying. All assay procedures 
were performed at 4°C. Both standard ADM and unknown samples (100 μl) were incubated 
with anti-ADM antiserum diluent (200 μl) for 12 h before the tracer solution (125I-AM, 
18,000–20,000 counts/min in 100 μl) was added. After incubation for 16 h, anti-rabbit IgG 
goat serum diluent (100 μl) was added. After standing for 24 h, the tubes were centrifuged at 
3000 rpm for 30 min at 4°C and the radioactivity of the precipitate was measured using an 
Aloka ARC-600 gamma counter. 
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2.3 Result of ADM in plasma, joint fluid and joint tissues in patients with RA 
Discussion of joint ADM level in patients with RA 
It has been reported that some collagenous disorders show increased levels of plasma ADM 
(Yudoh et al., 1999). We measured and compared plasma ADM concentrations in patients 
with RA and healthy controls, finding that patients with RA exhibited a 1.7-fold increase in 
plasma ADM levels (Table 1). 
 

 Tolal ADM (fmol / ml) Mature ADM (fmol / ml) 
Healthy controls  11.64±2.8 1.34±0.9 
RA patients  18.35±6.9 1.80±1.4 
OA patients  12.88±1.9 1.42±0.8 

Table 1. Blood adrenomedullin (ADM) levels in RA and OA patients and healthy controls 

All values are expressed as means ± SD.※p < 0.01. Patients with RA demonstrated high 
plasma concentration of ADM (18.35 ± 6.9 fmol/ml) compared to healthy controls (11.64 ± 
2.8 fmol/ml) and OA patients (12.88 ± 1.9 fmol/ml)  
Moreover, plasma ADM levels in patients with RA were also found to be significantly 
correlated to CRP levels (Fig. 1). In RA, CRP correlates with disease activity and response to 
therapy. Our patient data did not include RA disease activity, excluding RA functional class 
classification. Hamada et al. (2010) stated that no autologous antibody such as rheumatoid 
factor or anti-CCP antibody showed significant correlation with plasma ADM level. In 
addition, there was no correlation with disease activity scores such as DAS-28. DAS-28 is not 
only dependent on the inflammatory level, so the plasma ADM level may escalate before 
escalation of the activity in synovitis or the amount of actual synovial inflammation 
(Hamada et al., 2010). Therefore, our results suggest that ADM levels are increased in 
patients with RA and investigated that they might be correlated with disease activity. 
Moreover, ADM concentration in the joint fluid of RA patients (10.8 ± 4.3 fmol/ml) was 
significantly higher than that of OA patients (7.2 ± 1.8 fmol/ml) (Fig. 2).  
 

 
Fig. 1. Correlation between plasma AM and C-reactive protein 

A significant positive correlation was observed between AM and CRP (correlation 
coefficient = 0.685, p < 0.01). Plasma ADM and plasma CRP levels were found to be well 
correlated. The correlation coefficient between CRP and AM was 0.685, p < 0.01.  
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Fig. 2. Concentration of ADM between RA and OA in plasma and joint fluid  

Patients with RA demonstrated high plasma concentration of ADM (18.35 ± 6.9 fmol/ml) 
compared to OA patients (12.88 ± 1.9 fmol/ml). ADM concentration in the joint fluid of RA 
patients (10.8 ± 4.3 fmol/ml) was significantly higher than that of OA patients (7.2 ± 1.8 
fmol/ml)  
We applied conventional radioimmunoassay (RIA) to determine ADM concentration in 
tissues. RA is characterized by the presence of inflammatory synovitis accompanied by 
destruction of joint cartilage and bone. The concentration of ADM in the synovium of RA 
patients was 3.2-fold higher than that of OA patients (Fig. 3). In addition, the concentration 
of ADM in plasma of RA patients was 1.4-fold higher than that of OA patients (Table 2). To 
determine the relationship between plasma ADM and arthritis in patients with RA, we 
compared ADM levels in joint fluid of RA and OA patients. Joint fluid is similar in 
composition to plasma, which explains the similarly significant increases in ADM 
concentration in both plasma and joint fluid in patients with RA compared with those with 
OA (p < 0.01) (Fig. 2). These observations indicate that the reason for this high concentration 
of ADM might be secretion from synovial stromal cells or secretion from synovial vascular 
wall cells. However, the mechanism by which plasma and joint fluid ADM levels increase in 
patients with RA remains unknown.  
Several tissues including vessels secrete ADM, and elevated ADM could conceivably be 
caused by secretion from vascular cells in general. When we consider the results, in which 
ADM levels in the synovium of RA patients were higher than those of OA patients, we may 
assume that synovitis is one reason for the increased ADM concentration in synovium and 
joint fluid, and may partially contribute to the increase in ADM levels in plasma. Our results 
indicate the possibility that ADM participates in the pathophysiology of joint lesions in 
patients with RA. Together with the fact that ADM is known to inhibit the secretion of 
cytokines from several cell lines (Isumi et al., 1999; Kamoi et al., 1995), the findings seem to 
validate the assumption that production and secretion of ADM in synovium are strongly 
correlated with anti-inflammation in arthritis. Thus, the elevation of plasma ADM levels 
may be related to the anti-inflammatory response. Clementi et al. (1999) investigated the 
anti-inflammatory effect of ADM in rats, finding that ADM production in several cell lines 
was strongly induced by stimulation of a group of inflammatory cytokines including 
interleukin 1 and tumor necrosis factor-α (TNF-α) (Hofbauer et al., 2002). Some studies 
report that ADM acts as a circulating vasoactive hormone in blood, and plays an anti-
inflammatory role in the prevention of local infection and inflammation, thus contributing 
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to host defense systems (Ueda et al., 1999; Elsasser & Kahl, 2002). From these observations, 
we speculate that ADM may play a role in the pathophysiology of inflammation as well as 
in the regulation of joint disorders.  
Synovitis inevitably plays a role in the destruction of joint surface, so we measured the 
concentration of ADM in articular cartilage. We found the ADM concentration in cartilage 
was lower than that of other tissues (Fig. 2). While the concentration of ADM in normal 
human articular cartilage has not been determined, an immunohistochemical study has 
reported that normal human articular chondrocytes produce ADM (Fig. 4) (Asada et al., 
1999). No statistically significant difference was found in the articular cartilage 
concentration of ADM in RA and OA patients (Fig. 3). We therefore speculate that this may 
be because our samples were from cases that consisted of end-stage arthritis, with advanced 
degeneration and differentiation of the cartilage. A thorough investigation of the role of 
ADM in cartilage pathophysiology is necessary.  
 

 
Fig. 3. Concentration of ADM for synovium and articular cartilage in patients with OA and RA 

RA patients showed higher concentrations of ADM in synovium compared to OA patients. 
*p < 0.01; **not significant. In cartilage, there is no significantly difference between the 
concentration of OA and RA  
 

 
Fig. 4. Novel distribution of adrenomedullin-immunoreactive cells in human cartilage 

Hyaline cartilage: Chondrocytes are positive for ADM. (donated from Prof. Asada, Miyazaki 
University) 
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was lower than that of other tissues (Fig. 2). While the concentration of ADM in normal 
human articular cartilage has not been determined, an immunohistochemical study has 
reported that normal human articular chondrocytes produce ADM (Fig. 4) (Asada et al., 
1999). No statistically significant difference was found in the articular cartilage 
concentration of ADM in RA and OA patients (Fig. 3). We therefore speculate that this may 
be because our samples were from cases that consisted of end-stage arthritis, with advanced 
degeneration and differentiation of the cartilage. A thorough investigation of the role of 
ADM in cartilage pathophysiology is necessary.  
 

 
Fig. 3. Concentration of ADM for synovium and articular cartilage in patients with OA and RA 

RA patients showed higher concentrations of ADM in synovium compared to OA patients. 
*p < 0.01; **not significant. In cartilage, there is no significantly difference between the 
concentration of OA and RA  
 

 
Fig. 4. Novel distribution of adrenomedullin-immunoreactive cells in human cartilage 

Hyaline cartilage: Chondrocytes are positive for ADM. (donated from Prof. Asada, Miyazaki 
University) 
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We observed that plasma ADM concentration in patients with RA was higher than that of 
healthy controls, and plasma ADM and plasma CRP levels were found to be well correlated. 
Our data suggest that plasma ADM levels increase with the activity of RA. We conclude that 
ADM probably plays a part in the regulation of the inflammatory process of RA, and its 
plasma and/or joint fluid levels could be used as an index of the degree of RA. Therefore, 
we investigated the role of ADM in inflammation in cultured RA synoviocytes (fibroblast-
like synovium) in a subsequent investigation.  

3. Effiency of ADM in cultured synovia (fibroblast-like synoviocytes)  
3.1 Methods of ADM study in cultured FLS  
3.1.1 Fibroblast-like synoviocytes (FLS) culture 
Synovial tissue specimens were collected under sterile conditions from 6 patients with 
RA. Specimen collection occurred during total knee arthroplasty in all patients with RA. 
All RA patients fulfilled 1987 American College of Rheumatology criteria for RA. All of 
them were treated with only NSAIDs, DMARDs and hyaluronic acid injection into the 
joint before samples were obtained. The methods of FLS culture was described previously 
(Nanki, et al., 2001).  

3.1.2 Characterization of secreted ADM 
To examine the molecular forms of ADM, extracts of cells cultured on a 100-mm dish and 15 
ml of the conditioned medium (1%FBS) were analyzed by reverse-phase high-performance 
liquid chromatography (HPLC) with a column of TSK ODS 120 A (Tosoh, Tokyo, Japan). A 
linear gradient of 10% to 60% acetonitrile was run in 0.1% trifluoroacetic acid for 60 minutes 
and the ir-AM level in each fraction was measured by RIA. The recovery of ir-ADM from 
this HPLC system was greater than 80%. 

3.2 IL-6 secretion was inhibited in cultured FLS after addition of ADM 
The present study demonstrated that cultured RA synoviocytes expressed the mRNA for 
ADM and also actively secreted ADM (Fig. 5). The active secretion of ADM by RA 
synoviocytes seems to be similar to its active secretion by endothelial cells (Hojo et al., 2001; 
Uemura et al., 2002). ADM in the culture medium seemed to be actual AM because reverse-
phase HPLC revealed that most of the ADM secreted into the medium emerged at the  
 

 
Fig. 5. Time course curve for secretion of AM and intracellular ADM  

The cells were incubated for the indicated time-periods in serum free medium, and the 
ADM was determined by RIA. Intracellular ADM was too low to be determined. 
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identical elution position to that of authentic human ADM (1-52), which is the full-length 
human ADM peptide (Fig. 6). The minor peak that was eluted earlier was thought to be 
oxidized ADM containing methione sulfoxide. The intracellular ADM concentration 
remained extremely low in RA synoviocytes (Fig. 5), suggesting that these cells 
constitutively secrete ADM. Thus, RA synoviocytes seem to secrete ADM rapidly after its 
synthesis, with little intracellular storage.  
 

 
Fig. 6. Analysis by reverse-phase HPLC of immunoreactive adrenomedullin (ir-ADM) 
secreted into the media  

A linear gradient of acetonitrile of 10% to 60% was made in 0.1% trifluoroacetic acid for 60 
minutes at a flow rate of 1.0mL/min. The arrow indicates the elution position of synthetic 
human AM. The specificity of the RIA was clarified. 
 

 
Fig. 7. Inhibitory effect of ADM about the IL-6 secretion into the media in cultured FLS  

Effects of ADM 22-52 10-6M (ADM blocker) on control level of IL-6 secretion in cultured 
fibroblast like synoviocytes (FLS) donated from RA patients. Serum-starved FLS were 
incubated 24 hours. Values are the means±SEM of six wells examined. Each was compared 
with the cells incubated with 1%FBS media (control). Each set of experiments was repeated 
three times and identical results were obtained.  
When the synoviocytes reached confluence, ADM (10-8 M) was added to the culture media. 
After 24 hours, the level of IL-6 in culture media significantly decreased. Moreover, ADM 
(22-52), which is an ADM antagonist, elevated the level of IL-6 in culture media (Fig. 7). 
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identical elution position to that of authentic human ADM (1-52), which is the full-length 
human ADM peptide (Fig. 6). The minor peak that was eluted earlier was thought to be 
oxidized ADM containing methione sulfoxide. The intracellular ADM concentration 
remained extremely low in RA synoviocytes (Fig. 5), suggesting that these cells 
constitutively secrete ADM. Thus, RA synoviocytes seem to secrete ADM rapidly after its 
synthesis, with little intracellular storage.  
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After 24 hours, the level of IL-6 in culture media significantly decreased. Moreover, ADM 
(22-52), which is an ADM antagonist, elevated the level of IL-6 in culture media (Fig. 7). 
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These observations lead us to conclude that ADM inhibited the secretion of IL-6 and 
regulated the IL-6 production in the cultured RA synoviocytes.  
Besides the findings in our study, a similar report stated that ADM reduced constitutive 
production of IL6 from RA synoviocytes in a dose-dependent manner. A high concentration 
of ADM (>10-8 mmol/l) significantly reduced constitutive production of IL6 compared with 
a low concentration of ADM (<10-9 mmol/l) (p=0.0029) (Nanke et al., 2003). Then, we tried 
to inject ADM into the knee in antigen-induced arthritis in rabbits. 

4. Adrenomedullin injection to the knee in antigen-induced arthritis (AIA) in 
rabbits 
4.1 Methods 
4.1.1 Induction of antigen-induced arthritis 
The AIA rabbit model was developed as described by Consden and colleagues (Consden et 
al., 1971). Briefly, rabbits were anesthetized by an intravenous injection of pentobarbital 
sodium and were immunized by 1.2 ml intradermal injections of 6 mg/ml ovalbumin 
(Sigma-Aldrich, St Louis, MO, USA) in saline emulsified with an equal volume of TiterMax 
Gold (TiterMax, Norcross, GA, USA). The rabbits were re-immunized in the same manner 
30 days later. Seven days after the second immunization, the rabbits underwent skin testing 
following a 0.1 ml intradermal injection of a solution of 200 μg/ml ovalbumin in saline. 
Animals exhibiting a welt of 13 mm or greater after 24 hours were confirmed as 
'immunized'. Twelve days after the second immunization, the 'immunized' rabbits were 
anesthetized and arthritis was induced by 0.5 ml bilateral knee intra-articular injections of a 
solution of 20 mg/ml ovalbumin in saline. 

4.1.2 Treatment protocol 
Twenty-four hours after arthritis induction, the rabbits were anesthetized and different 
doses of ADM (1 ng to 3 μg; Peptide Institute Inc., Osaka, Japan) dissolved in 0.3 ml saline 
were injected into the knee joint spaces or 0.3 ml saline was injected into the contralateral 
knee joint spaces as controls. For time-course experiments, ADM and saline were injected 
into the knee joint spaces daily for 7 days and 20 days. The rabbits were sacrificed on day 8 
(n = 5 in each group) and day 21 (n = 3 in each group). 

4.1.3 Joint swelling 
To evaluate the grade of arthritis/inflammation, joint swelling was assessed by measuring 
the maximum diameter of the swollen joint using calipers. The swelling was compared with 
that at the same level on the contralateral knee, treated with saline. 

4.1.4 Histological evaluation 
For histological evaluation, rabbits were given an overdose of pentobarbital 8 days and 21 
days after arthritis induction. The infrapatellar fat pads were harvested from dissected 
knees and were cut longitudinally, perpendicular to the patella ligament in the middle of 
the infrapatellar fat pad. The tissues were fixed in 10% buffered formaldehyde and 
embedded in paraffin wax, and sections 3 μm thick were obtained. The specimens were 
stained with H & E and Mallory–Azan stains. The area of the infrapatellar fat pad was 
measured using AxioVision software (release 4.3; ZEISS, Oberkochen, Germany). 
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Inflammatory cells, including lymphocytes and plasma cells, were counted in the 
superficial and deep portions of the infrapatellar fat pads (three fields under ×200 
magnification in each portion) in H & E-stained specimens. The inflammatory cell count 
was performed by two independent observers. 
To measure the collagen volume, the images of sections with Mallory–Azan stain were 
projected onto a color imaging analysis system (Mac SCOPE version 2.3.2; Mitani, Fukui, 
Japan). In each section, 10 separate sites were analyzed at ×40 magnification. The collagen 
volume fraction was obtained by calculating the mean ratio of connective tissue to the total 
tissue area. 

4.1.5 Measurement of cytokine mRNA 
Total RNA was extracted from the infrapatellar fat pad with TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer's protocol and was then reverse-
transcribed into cDNA with the SuperScript First-Strand Synthesis System for RT-PCR kit 
(Invitrogen). To measure rabbit TNFα, IL-6, vascular endothelial growth factor (VEGF), 
transforming growth factor beta (TGFβ), and β-actin mRNA levels, we used the quantitative 
RT-PCR method of real-time quantitative PCR. 

4.2 Result after joint injection of ADM in AIA rabbit 
4.2.1 Adrenomedullin concentration in plasma  
We measured the plasma ADM concentration before and 15, 30, 60 and 120 minutes after 
intra-articular injection of 3 μg ADM (n = 6). No significant change, however, was observed 
in the plasma concentration of ADM (Figure (Figure1).1). The intra-articular injection of 
ADM did not therefore increase the level of ADM in plasma. 
 

 
Fig. 8. Sequential concentrations of plasma ADM following intra-articular ADM injection in 
rabbits with antigen-induced arthritis.  

Whole-blood samples (total 1 ml) were taken from a peripheral artery in the rabbit ear using 
a 22-gauge needle before and 15, 30, 60 and 120 minutes after intra-articular injection of 3 μg 
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Inflammatory cells, including lymphocytes and plasma cells, were counted in the 
superficial and deep portions of the infrapatellar fat pads (three fields under ×200 
magnification in each portion) in H & E-stained specimens. The inflammatory cell count 
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To measure the collagen volume, the images of sections with Mallory–Azan stain were 
projected onto a color imaging analysis system (Mac SCOPE version 2.3.2; Mitani, Fukui, 
Japan). In each section, 10 separate sites were analyzed at ×40 magnification. The collagen 
volume fraction was obtained by calculating the mean ratio of connective tissue to the total 
tissue area. 
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transcribed into cDNA with the SuperScript First-Strand Synthesis System for RT-PCR kit 
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Fig. 8. Sequential concentrations of plasma ADM following intra-articular ADM injection in 
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adrenomedullin (AM). The plasma AM concentration was measured using an 
immunoenzymometric assay kit (n = 6). White circles, plasma AM levels in rabbits; black 
circles, average plasma AM levels at each time point after intra-articular injection of 3 μg 
AM. Data expressed as the mean ± SEM. Each of plasma ADM level was not significantly. 

4.2.2 Joint swelling 
To evaluate the anti-inflammatory effect of ADM on arthritis, we used calipers to measure 
joint swelling in ADM-treated knees and compared the swelling with that at the same level 
on the contralateral knees, treated with saline. In rabbits with AIA treated with daily 
injections of ADM or saline into the knee joint spaces for 7 days, 3 μg ADM significantly 
reduced joint swelling compared with contralateral knees after day 5. No significant 
decrease in joint swelling was observed, however, in knees treated with <0.1 μg ADM (Fig. 
9a and 10).  
 

 
Fig. 9. Adrenomedullin reduced joint swelling in rabbits with antigen-induced arthritis.  

(a) Joint swelling progress in rabbits with AIA treated with daily intra-articular injections of 
ADM or saline for 7 days (n = 5 in each group). Daily intra-articular injections of 3 μg ADM 
significantly decreased joint swelling compared with contralateral knees after day 5. No 
significant decrease in joint swelling was observed in knees treated with <0.1 μg ADM.  
(b) Joint swelling progress in rabbits with AIA treated with daily intra-articular injections of 
ADM or saline for 20 days (n = 3 in each group). Daily intra-articular injections of 0.1 μg and 
3 μg ADM showed a tendency to reduce joint swelling throughout the experiment, and 
significantly decreased joint swelling on days 12 and 16 and on days 8, 12 and 16, 
respectively, compared with contralateral control knees. Daily intra-articular injections of 1 
ng and 0.01 μg ADM did not ameliorate joint swelling throughout the experiments (data not 
shown). Data expressed as the mean ± standard error of the mean. *P < 0.05 and **P < 0.01, 
compared with contralateral knees. 
In rabbits with AIA treated for 20 days with daily injections of ADM or saline into the 
knee joint spaces, 0.1 μg and 3 μg ADM showed a tendency to reduce joint swelling 
throughout the experiment – and significantly decreased joint swelling on days 12 and 16 
and on days 8, 12 and 16, respectively, compared with contralateral knees (Fig. 9b). Daily 
intra-articular injections of 1 ng and 0.01 μg ADM, however, did not ameliorate joint 
swelling (data not shown). 
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Fig. 10. Macroscopic pathology of joint swelling in rabbits with antigen-induced arthritis  

(a) Photograph taken before arthritis onset. (b) Photograph taken 24 hours after arthritis 
onset. (c) The left knee of the rabbit with antigen-induced arthritis (AIA) was treated with 
daily intra-articular injections of 1 ng ADM for 7 days and the right knee was treated with 
daily intra-articular injections of saline for 7 days. Photograph taken 8 days after arthritis 
onset. (d) The left knee of the rabbit with AIA was treated with daily intra-articular 
injections of 3 μg ADM for 7 days and the right knee was treated with daily intra-articular 
injections of saline for 7 days. Photograph taken 8 days after arthritis onset. 

4.2.3 Histological findings 
The infrapatellar fat pads harvested from control knees on day 8 showed a dense 
inflammatory reaction, including edematous changes in the synovial interstitium, 
intracellular edema in the infrapatellar fat pads, hyperplasia of synovial surface cells and 
widespread infiltration of inflammatory cells in the infrapatellar fat pads (Fig. 11d,e,f). In 
contrast, these inflammatory reactions were suppressed in the knees treated with ADM 
for 7 days. In particular, edematous changes in the synovial interstitium, intracellular 
edema in the infrapatellar fat pads and infiltration of inflammatory cells in the deep 
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The infrapatellar fat pads harvested from control knees on day 8 showed a dense 
inflammatory reaction, including edematous changes in the synovial interstitium, 
intracellular edema in the infrapatellar fat pads, hyperplasia of synovial surface cells and 
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contrast, these inflammatory reactions were suppressed in the knees treated with ADM 
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portion of the infrapatellar fat pads were significantly reduced (Fig. 11a,b,c). The 
infrapatellar fat pads harvested from control knees on day 21 also showed a severe 
inflammatory reaction. Edematous changes in the synovial interstitium, hyperplasia of 
synovial surface cells and widespread infiltration of inflammatory cells throughout the 
infrapatellar fat pads were observed (Fig. 12d,e,f). In the knees treated with ADM for 20 
days, these inflammatory reactions were ameliorated. ADM treatment significantly 
suppressed infiltration of inflammatory cells in the deep portion of the infrapatellar fat 
pads (Fig. 12a,b,c). 
 

 
Fig. 11. Histological analysis of infrapatellar fat pad harvested from rabbit knees 8 days after 
arthritis onset  

Rabbits with antigen-induced arthritis (AIA) were treated with daily injections of ADM or 
saline (control) into the knee joint spaces for 7 days. Tissues were sectioned longitudinally 
perpendicular to the patella ligament in the middle of the tissue, and were stained with H & 
E. (a), (b), (c) AIA rabbit knee was treated with daily intra-articular injections of 3 μg ADM 
for 7 days. (a) Low-magnification image (×100). (b), (c) High-magnification images (×400) of 
the superficial portion and the deep portion of (a), respectively. (d), (e), and (f) the 
contralateral knee of (a), (b) and (c) was treated with daily intra-articular injections of saline 
for 7 days. (d) Low-magnification image (×100). (e), (f) High-magnification images (×400) of 
the superficial portion and the deep portion of (d), respectively. Arrows indicate 
inflammatory cells. Bar = 50 μm. 
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Fig. 12. Histological analysis of infrapatellar fat pad harvested from rabbit knees 21 days 
after arthritis onset  

Rabbits with antigen-induced arthritis (AIA) were treated with daily injections of ADM or 
saline (control) into the knee joint spaces for 20 days. (a), (b), (c) AIA rabbit knee was 
treated with daily intra-articular injections of 3 μg AM for 20 days. (a) Low-magnification 
image (×100). (b), (c) High-magnification images (×400) of the superficial portion and the 
deep portion of (a), respectively. (d), (e), and (f) the contralateral knee of (a), (b) and (c) 
was treated with daily intra-articular injections of saline for 20 days. (d) Low-
magnification image (×100). (e), (f) High-magnification images (×400) of the superficial 
portion and the deep portion of (d), respectively. Arrows indicate inflammatory cells. Bar 
= 50 μm. 

4.2.4 Collagen volume in infrapatella fat pads treated with Adrenomedullin 
To observe the effect of ADM on fibrosis of the infrapatellar fat pads harvested on day 21, 
we examined the collagen volume ratio of the infrapatellar fat pad histologically using 
Mallory–Azan staining. The collagen volume ratio was significantly increased in ADM-
treated knees by 39% and 31% at 0.1 μg and 3 μg ADM, respectively, compared with control 
knees (Fig. 13 and 14). The effects of ADM on these pathological tissue changes, however, 
were not observed in knees treated with low-dose ADM. 
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portion of the infrapatellar fat pads were significantly reduced (Fig. 11a,b,c). The 
infrapatellar fat pads harvested from control knees on day 21 also showed a severe 
inflammatory reaction. Edematous changes in the synovial interstitium, hyperplasia of 
synovial surface cells and widespread infiltration of inflammatory cells throughout the 
infrapatellar fat pads were observed (Fig. 12d,e,f). In the knees treated with ADM for 20 
days, these inflammatory reactions were ameliorated. ADM treatment significantly 
suppressed infiltration of inflammatory cells in the deep portion of the infrapatellar fat 
pads (Fig. 12a,b,c). 
 

 
Fig. 11. Histological analysis of infrapatellar fat pad harvested from rabbit knees 8 days after 
arthritis onset  

Rabbits with antigen-induced arthritis (AIA) were treated with daily injections of ADM or 
saline (control) into the knee joint spaces for 7 days. Tissues were sectioned longitudinally 
perpendicular to the patella ligament in the middle of the tissue, and were stained with H & 
E. (a), (b), (c) AIA rabbit knee was treated with daily intra-articular injections of 3 μg ADM 
for 7 days. (a) Low-magnification image (×100). (b), (c) High-magnification images (×400) of 
the superficial portion and the deep portion of (a), respectively. (d), (e), and (f) the 
contralateral knee of (a), (b) and (c) was treated with daily intra-articular injections of saline 
for 7 days. (d) Low-magnification image (×100). (e), (f) High-magnification images (×400) of 
the superficial portion and the deep portion of (d), respectively. Arrows indicate 
inflammatory cells. Bar = 50 μm. 
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Fig. 12. Histological analysis of infrapatellar fat pad harvested from rabbit knees 21 days 
after arthritis onset  

Rabbits with antigen-induced arthritis (AIA) were treated with daily injections of ADM or 
saline (control) into the knee joint spaces for 20 days. (a), (b), (c) AIA rabbit knee was 
treated with daily intra-articular injections of 3 μg AM for 20 days. (a) Low-magnification 
image (×100). (b), (c) High-magnification images (×400) of the superficial portion and the 
deep portion of (a), respectively. (d), (e), and (f) the contralateral knee of (a), (b) and (c) 
was treated with daily intra-articular injections of saline for 20 days. (d) Low-
magnification image (×100). (e), (f) High-magnification images (×400) of the superficial 
portion and the deep portion of (d), respectively. Arrows indicate inflammatory cells. Bar 
= 50 μm. 

4.2.4 Collagen volume in infrapatella fat pads treated with Adrenomedullin 
To observe the effect of ADM on fibrosis of the infrapatellar fat pads harvested on day 21, 
we examined the collagen volume ratio of the infrapatellar fat pad histologically using 
Mallory–Azan staining. The collagen volume ratio was significantly increased in ADM-
treated knees by 39% and 31% at 0.1 μg and 3 μg ADM, respectively, compared with control 
knees (Fig. 13 and 14). The effects of ADM on these pathological tissue changes, however, 
were not observed in knees treated with low-dose ADM. 
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Fig. 13. Histological analysis of infrapatellar fat-pad sections stained with Mallory – Azan 
from rabbits with antigen-induced arthritis 

The tissues were sectioned longitudinally perpendicular to the patella ligament in the 
middle of the tissue, and were stained with Mallory – Azan. (a) AIA rabbit knee was treated 
with daily intra-articular injections of 3 μg ADM for 20 days. (b) AIA rabbit knee was 
treated with daily intra-articular injections of 1 ng ADM for 20 days. (c) The contralateral 
knee of (a) was treated with daily intra-articular injections of saline for 20 days. Photographs 
taken at ×40 magnification. Bar = 500 μm. 
 

 
Fig. 14. Quantitative evaluation of collagen volume in the infrapatellar fat pad  
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The collagen volume ratio was increased in ADM-treated knees by 39% and 31% at 0.1 μg 
and 3 μg ADM, respectively. Data expressed as the mean ± standard error of the mean. *P < 
0.05, compared with contralateral knees. 

4.2.5 Cytokines 
To elucidate the mechanism of the anti-inflammatory effects of AM in inflamed joints, we 
investigated the effect of AM on cytokine mRNA expression linked to AIA. Treatment with 
AM reduced TNFα mRNA expression in a dose-dependent manner. Daily intra-articular 
injections of 3 μg AM significantly suppressed the TNFα mRNA level by 21% and 49% at 
day 8 and day 21, respectively, compared with controls (Fig. 15a). In contrast, AM dose-
dependently increased IL-6 mRNA expression. Daily intra-articular injections of 3 μg AM 
significantly increased the IL-6 mRNA level by 45% and 121% at day 8 and day 21, 
respectively, compared with controls (Fig. 15b). Although the VEGF mRNA level was 
suppressed by 10% at 3 μg AM on day 8, we did not observe a dose-dependent effect of AM 
on VEGF mRNA expression (Fig. 15d). AM treatment did not significantly alter the TGFβ 
mRNA level (Fig. 15c).  
 
 

 
 

Fig. 15. Effect of adrenomedullin on cytokine mRNA expression linked to antigen-induced 
arthritis  
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The collagen volume ratio was increased in ADM-treated knees by 39% and 31% at 0.1 μg 
and 3 μg ADM, respectively. Data expressed as the mean ± standard error of the mean. *P < 
0.05, compared with contralateral knees. 

4.2.5 Cytokines 
To elucidate the mechanism of the anti-inflammatory effects of AM in inflamed joints, we 
investigated the effect of AM on cytokine mRNA expression linked to AIA. Treatment with 
AM reduced TNFα mRNA expression in a dose-dependent manner. Daily intra-articular 
injections of 3 μg AM significantly suppressed the TNFα mRNA level by 21% and 49% at 
day 8 and day 21, respectively, compared with controls (Fig. 15a). In contrast, AM dose-
dependently increased IL-6 mRNA expression. Daily intra-articular injections of 3 μg AM 
significantly increased the IL-6 mRNA level by 45% and 121% at day 8 and day 21, 
respectively, compared with controls (Fig. 15b). Although the VEGF mRNA level was 
suppressed by 10% at 3 μg AM on day 8, we did not observe a dose-dependent effect of AM 
on VEGF mRNA expression (Fig. 15d). AM treatment did not significantly alter the TGFβ 
mRNA level (Fig. 15c).  
 
 

 
 

Fig. 15. Effect of adrenomedullin on cytokine mRNA expression linked to antigen-induced 
arthritis  
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Expression levels of TNFα, IL-6, transforming growth factor beta (TGFβ), and vascular 
endothelial growth factor (VEGF) mRNA in the infrapatellar fat pads were determined by 
real-time quantitative PCR. (a) ADM treatment reduced TNFα mRNA expression in a dose-
dependent manner. Daily intra-articular injections of 3 μg ADM significantly suppressed the 
TNFα mRNA level by 21% and 49% at day 8 and day 21, respectively. (b) ADM increased 
IL-6 mRNA expression in a dose-dependent manner. Daily intra-articular injections of 3 μg 
AM significantly increased the IL-6 mRNA level by 45% and 121% at day 8 and day 21, 
respectively. (c) ADM treatment did not alter the TGFβ mRNA level. (d) Although the VEGF 
mRNA level was suppressed by 10% at 3 μg AM on day 8, a dose-dependent effect of ADM 
on VEGF mRNA expression was not observed. Open and closed columns represent the data 
at day 8 (n = 5 in each group) and day 21 (n = 3 in each group), respectively. Data expressed 
as the mean ± SEM. *P < 0.05 and **P < 0.01, compared with contralateral knees 

4.3 Therapeutic efficacy of ADM injection to the knee in AIA in rabbits 
In the present study we have shown that daily injections of ADM into the knee joint spaces 
of rabbits with AIA ameliorated the inflammatory response associated with the disease. 
Treatment with ADM reduced joint swelling, and reduced the expression of TNFα mRNA, 
edematous changes and the number of infiltrating inflammatory cells in the synovial tissue.  
We observed that ADM suppressed joint swelling (Fig. 9 and 10). Histologically, ADM 
treatment reduced edematous changes and increased the ratio of connective tissue in the 
infrapatellar fat pad (Fig. 13 and 14). A previous study showed that TNFα induced 
cytoskeletal reorganization of endothelial cells and increased endothelial permeability by 
stimulating TNF receptors 1 and 2 (Ferrero et al., 2001). In addition, TNFα facilitates the 
ability of VEGF to promote excessive vascular permeability (Clauss et al., 2001). TNFα also 
suppresses the expression of matrix genes and the induction of connective tissue growth 
factor by TGFβ during the wound healing response (Leask & Abraham, 2004). TNFα 
therefore aggravates edematous changes and suppresses the fibrotic response of the tissue. 
Moreover, ADM was shown to reduce endothelial hyperpermeability induced by hydrogen 
peroxide, thrombin, and Escherichia coli hemolysin (Hippenstiel et al., 2002). 
Two research groups reported recently that ADM signaling deficiency in mice resulted in 
midgestation death and massive edema. The cause of this edema was shown to be a result of 
fragility and hyperpermeability of blood vessels in one group and to be a failure of 
lymphatic vessel growth in the other (Ichikawa et al., 2008; Fritz et al., 2008). The evidence 
from these studies suggests that ADM plays an important role in preventing edema. From 
these observations, we speculate that ADM not only suppresses the production of TNFα, but 
also directly and indirectly inhibits edematous changes in the inflamed joint. 
Although RA is a chronic and systemic inflammatory disorder of unknown etiology, TNFα 
has been shown to play a central role in the pathogenesis of RA (Moreland et al., 1997; 
Elliott et al., 1993; Arend et al., 1995). TNFα stimulates the proliferation of synovial cells and 
the production of matrix metalloproteinases by chondrocytes and synovial cells, and 
induces the release of other proinflammatory cytokines, leading to joint destruction (Arend 
et al., 1995; Nishimoto et al., 2000). We have shown that daily injections of ADM into the 
knee joint spaces of rabbits with AIA suppressed the expression of TNFα mRNA in the 
synovial tissue in a dose-dependent manner (Fig. 15a). It has been reported that ADM 
suppressed the secretion of TNFα from lipopolysaccharide-stimulated RAW 264.7 
macrophages and NR8383 macrophages (Wong et al., 2005; Kubo et al., 1998; Wu et al., 
2003). Because the major source of TNFα in inflamed synovial tissue of RA is due to 
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macrophages (Chu et al., 1991) it is plausible that ADM suppresses the production of TNFα 
from activated macrophages in inflamed synovial tissue. 
On the contrary, we found that ADM increased IL-6 mRNA expression in the synovial tissue 
(Fig.15b). Our results agree with previous findings on the effects of ADM on IL-6 
production. ADM is reported to augment the production of IL-6 from NR8383 cells and 
Swiss 3T3 fibroblast cells stimulated with lipopolysaccharide or cytokines (Isumi et al., 
1998). Several observations support the concept that IL-6 is an anti-inflammatory cytokine 
(Tilg et al., 1997). IL-6 has been shown to have a suppressive effect on TNFα and IL-1β 
production in peripheral blood mononuclear cells and exerts its anti-inflammatory effects in 
hepatitis by reducing the production of TNF (Schindler et al., 1990; Mizuhara et al., 1994). 
Our results therefore lead us to speculate that the mechanism involved in the anti-
inflammatory effects of ADM is related to suppression of TNFα in inflamed synovial tissue 
directly or through IL-6 production. 
Overproduction of IL-6 has been observed and is known to cause unfavorable clinical 
symptoms in immune-inflammatory diseases such as RA. Overproduction of IL-6 induces 
the production of rheumatoid factors and increases antibody levels, the platelet count, C-
reactive protein levels, and serum amyloid A protein levels in RA (Nishimoto et al., 2000). 
Treatment with a humanized anti-IL-6 receptor antibody has also been shown to reduce RA 
disease activity (Nishimoto et al., 2004). The effect of ADM on IL-6 production might 
therefore be an undesirable adverse effect in RA therapy. Plasma ADM levels have been 
reported to increase with RA disease activity and in the acute or flare phase of myocardial 
infarction and sepsis (Chosa et al., 2003; Yudoh et al., 1999; Kobayashi et al., 1996; Hirata et 
al., 1996). Recent studies have shown that ADM administration in the acute phase reaction 
of several disease models produced significant protective effects in organs against 
inflammation and oxidative stress (Kawai et al., 2004; Nakamura et al., 2004; Yang et al., 
2002). Miyashita and colleagues reported that ADM administration to prevent ischemic 
brain damage in mice less than 72 hours after the ischemic event showed significant 
therapeutic effects, whereas ADM administration more than 72 hours after stroke onset 
produced no significant therapeutic effects (Miyashita et al., 2006). 
From these observations and our study findings, we speculate that the effects of ADM 
may be dependent on the tissue environment and the disease state; that is, the role and 
effects of ADM in inflammation may change during the inflammatory process. ADM acts 
as a strong anti-inflammatory agent in the acute or flare phase of inflammation, but in the 
chronic phase of inflammation ADM may act not only as an anti-inflammatory agent but 
also as a proinflammatory agent. It is therefore important to consider the time of 
administration, the route of administration and the dosage schedule of ADM in the 
treatment of RA. 

5. Conclusions 
In our study, plasma ADM level was found to be elevated in patients with RA and the 
origin of ADM was shown to be synovial tissue. ADM may exert anti-inflammatory effects 
because the cultured RA synoviocytes secrete ADM, have ADM receptors, and inhibit IL-6 
production. Therefore, the effects of daily intra-articular injections of ADM into the knees of 
rabbits with AIA were examined. The results suggest that ADM suppresses the 
inflammatory response in inflamed joints by inhibiting the expression of TNFα mRNA and 
increasing IL-6 mRNA level. 
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Expression levels of TNFα, IL-6, transforming growth factor beta (TGFβ), and vascular 
endothelial growth factor (VEGF) mRNA in the infrapatellar fat pads were determined by 
real-time quantitative PCR. (a) ADM treatment reduced TNFα mRNA expression in a dose-
dependent manner. Daily intra-articular injections of 3 μg ADM significantly suppressed the 
TNFα mRNA level by 21% and 49% at day 8 and day 21, respectively. (b) ADM increased 
IL-6 mRNA expression in a dose-dependent manner. Daily intra-articular injections of 3 μg 
AM significantly increased the IL-6 mRNA level by 45% and 121% at day 8 and day 21, 
respectively. (c) ADM treatment did not alter the TGFβ mRNA level. (d) Although the VEGF 
mRNA level was suppressed by 10% at 3 μg AM on day 8, a dose-dependent effect of ADM 
on VEGF mRNA expression was not observed. Open and closed columns represent the data 
at day 8 (n = 5 in each group) and day 21 (n = 3 in each group), respectively. Data expressed 
as the mean ± SEM. *P < 0.05 and **P < 0.01, compared with contralateral knees 

4.3 Therapeutic efficacy of ADM injection to the knee in AIA in rabbits 
In the present study we have shown that daily injections of ADM into the knee joint spaces 
of rabbits with AIA ameliorated the inflammatory response associated with the disease. 
Treatment with ADM reduced joint swelling, and reduced the expression of TNFα mRNA, 
edematous changes and the number of infiltrating inflammatory cells in the synovial tissue.  
We observed that ADM suppressed joint swelling (Fig. 9 and 10). Histologically, ADM 
treatment reduced edematous changes and increased the ratio of connective tissue in the 
infrapatellar fat pad (Fig. 13 and 14). A previous study showed that TNFα induced 
cytoskeletal reorganization of endothelial cells and increased endothelial permeability by 
stimulating TNF receptors 1 and 2 (Ferrero et al., 2001). In addition, TNFα facilitates the 
ability of VEGF to promote excessive vascular permeability (Clauss et al., 2001). TNFα also 
suppresses the expression of matrix genes and the induction of connective tissue growth 
factor by TGFβ during the wound healing response (Leask & Abraham, 2004). TNFα 
therefore aggravates edematous changes and suppresses the fibrotic response of the tissue. 
Moreover, ADM was shown to reduce endothelial hyperpermeability induced by hydrogen 
peroxide, thrombin, and Escherichia coli hemolysin (Hippenstiel et al., 2002). 
Two research groups reported recently that ADM signaling deficiency in mice resulted in 
midgestation death and massive edema. The cause of this edema was shown to be a result of 
fragility and hyperpermeability of blood vessels in one group and to be a failure of 
lymphatic vessel growth in the other (Ichikawa et al., 2008; Fritz et al., 2008). The evidence 
from these studies suggests that ADM plays an important role in preventing edema. From 
these observations, we speculate that ADM not only suppresses the production of TNFα, but 
also directly and indirectly inhibits edematous changes in the inflamed joint. 
Although RA is a chronic and systemic inflammatory disorder of unknown etiology, TNFα 
has been shown to play a central role in the pathogenesis of RA (Moreland et al., 1997; 
Elliott et al., 1993; Arend et al., 1995). TNFα stimulates the proliferation of synovial cells and 
the production of matrix metalloproteinases by chondrocytes and synovial cells, and 
induces the release of other proinflammatory cytokines, leading to joint destruction (Arend 
et al., 1995; Nishimoto et al., 2000). We have shown that daily injections of ADM into the 
knee joint spaces of rabbits with AIA suppressed the expression of TNFα mRNA in the 
synovial tissue in a dose-dependent manner (Fig. 15a). It has been reported that ADM 
suppressed the secretion of TNFα from lipopolysaccharide-stimulated RAW 264.7 
macrophages and NR8383 macrophages (Wong et al., 2005; Kubo et al., 1998; Wu et al., 
2003). Because the major source of TNFα in inflamed synovial tissue of RA is due to 
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macrophages (Chu et al., 1991) it is plausible that ADM suppresses the production of TNFα 
from activated macrophages in inflamed synovial tissue. 
On the contrary, we found that ADM increased IL-6 mRNA expression in the synovial tissue 
(Fig.15b). Our results agree with previous findings on the effects of ADM on IL-6 
production. ADM is reported to augment the production of IL-6 from NR8383 cells and 
Swiss 3T3 fibroblast cells stimulated with lipopolysaccharide or cytokines (Isumi et al., 
1998). Several observations support the concept that IL-6 is an anti-inflammatory cytokine 
(Tilg et al., 1997). IL-6 has been shown to have a suppressive effect on TNFα and IL-1β 
production in peripheral blood mononuclear cells and exerts its anti-inflammatory effects in 
hepatitis by reducing the production of TNF (Schindler et al., 1990; Mizuhara et al., 1994). 
Our results therefore lead us to speculate that the mechanism involved in the anti-
inflammatory effects of ADM is related to suppression of TNFα in inflamed synovial tissue 
directly or through IL-6 production. 
Overproduction of IL-6 has been observed and is known to cause unfavorable clinical 
symptoms in immune-inflammatory diseases such as RA. Overproduction of IL-6 induces 
the production of rheumatoid factors and increases antibody levels, the platelet count, C-
reactive protein levels, and serum amyloid A protein levels in RA (Nishimoto et al., 2000). 
Treatment with a humanized anti-IL-6 receptor antibody has also been shown to reduce RA 
disease activity (Nishimoto et al., 2004). The effect of ADM on IL-6 production might 
therefore be an undesirable adverse effect in RA therapy. Plasma ADM levels have been 
reported to increase with RA disease activity and in the acute or flare phase of myocardial 
infarction and sepsis (Chosa et al., 2003; Yudoh et al., 1999; Kobayashi et al., 1996; Hirata et 
al., 1996). Recent studies have shown that ADM administration in the acute phase reaction 
of several disease models produced significant protective effects in organs against 
inflammation and oxidative stress (Kawai et al., 2004; Nakamura et al., 2004; Yang et al., 
2002). Miyashita and colleagues reported that ADM administration to prevent ischemic 
brain damage in mice less than 72 hours after the ischemic event showed significant 
therapeutic effects, whereas ADM administration more than 72 hours after stroke onset 
produced no significant therapeutic effects (Miyashita et al., 2006). 
From these observations and our study findings, we speculate that the effects of ADM 
may be dependent on the tissue environment and the disease state; that is, the role and 
effects of ADM in inflammation may change during the inflammatory process. ADM acts 
as a strong anti-inflammatory agent in the acute or flare phase of inflammation, but in the 
chronic phase of inflammation ADM may act not only as an anti-inflammatory agent but 
also as a proinflammatory agent. It is therefore important to consider the time of 
administration, the route of administration and the dosage schedule of ADM in the 
treatment of RA. 

5. Conclusions 
In our study, plasma ADM level was found to be elevated in patients with RA and the 
origin of ADM was shown to be synovial tissue. ADM may exert anti-inflammatory effects 
because the cultured RA synoviocytes secrete ADM, have ADM receptors, and inhibit IL-6 
production. Therefore, the effects of daily intra-articular injections of ADM into the knees of 
rabbits with AIA were examined. The results suggest that ADM suppresses the 
inflammatory response in inflamed joints by inhibiting the expression of TNFα mRNA and 
increasing IL-6 mRNA level. 



 
Rheumatoid Arthritis – Treatment 190 

Although ADM may have anti-inflammatory properties, the effect of ADM on IL-6 
production in inflamed synovial tissue might be an undesirable adverse effect in RA 
therapy. Further research is necessary to investigate the drug effects, the time of 
administration, and the dosage schedules of intra-articular injection of ADM in the 
treatment of RA.  
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1. Introduction 
Sphingolipids belong to a major class of lipids that are ubiquitously synthesized by 
eukaryotic cells and are characterized by their sphingoid backbone and primary structural 
roles in membrane formation. Over the past two decades, sphingolipids have emerged as a 
source of important signalling molecules in addition to their structural functions (Merrill et 
al., 1997). In particular, sphingosine-1-phosphate (S1P), is a unique signalling molecule that 
has the ability to act as an intracellular second messenger, as well as an extracellular 
stimulus through specific G protein-coupled receptor (GPCRs) (Pyne and Pyne, 2000; 
Spiegel and Milstien, 2003; Van Brocklyn et al., 1998). S1P has been shown to mediate a 
variety of fundamental biological processes including cell proliferation, migration, invasion, 
angiogenesis, vascular maturation and lymphocyte trafficking. The intracellular level of S1P 
is tightly regulated by the equilibrium between its synthesis by sphingosine kinases (SphKs) 
and its degradation by S1P phosphatases (SPPs) and S1P lyase (SPL) (Saba and Hla, 2004). 
Activation of SphKs by a variety of agonists, including growth factors, cytokines and 
hormones, increases intracellular S1P. Once generated, S1P can either act intracellularly as a 
second messenger or be secreted out of the cell and act extracellularly by binding to and 
signalling through S1P receptors expressed on the surface of the same cell or nearby cells in 
autocrine and/or paracrine manners (Alvarez et al., 2007). Many of the biological effects of 
S1P are mediated by its binding to and activation of its specific receptors S1P1–S1P5 (Ishii et 
al., 2004). Alterations in S1P signalling, as well as in the enzymes involved in its synthesis 
and metabolism, have been observed in many types of pathological situations such as 
angiogenesis, metastasis, and autoimmunity.  
The role played by S1P in the autoimmune disease rheumatoid arthritis (RA) has recently 
emerged. Activated SphK and elevated levels of S1P have been detected in the synovium 
and synovial fluids of patients with RA, respectively (Kamada et al., 2009; Kitano et al., 2006; 
Lai et al., 2008). In addition, exogenously applied S1P in cultured synovial fibroblasts from 
RA patients causes cell migration, production of cytokines/chemokines, expression of 
cyclooxygenase-2 and prostaglandins, as well as cell proliferation and survival (Kitano et al., 
2006; Zhao et al., 2008). These results suggest a biological function for the SphK/S1P/S1P 
receptor (S1PR) axes in RA disease progression. In this review we summarize the current 
understanding of how S1P metabolism and signalling impact the biology of inflammation in 
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RA. We also discuss the potential therapeutic benefit of modulators of S1P metabolism and 
S1P receptors, including SphK/SPL inhibitors, FTY-720, S1P receptor antagonists, and anti-
S1P monoclonal antibodies, in the treatment of RA.  

2. S1P biosynthesis, metabolism and secretion 
All cells are able to generate S1P during the normal physiologic metabolism of 
sphingolipids (Hla, 2004). Generally, systemic and local concentrations of S1P are tightly 
regulated by the balance between its synthesis and degradation via three enzyme families, 
including SphKs (SphK1 and SphK2), SPPs (SPP1 and SPP2), and SPL (Fig. 1). SphKs 
generate S1P through phosphorylation of its precursor, sphingosine, while SPPs 
reversibly convert S1P back to sphingosine by removing the phosphate (Xia et al., 2000). 
Irreversible degradation of S1P is carried out by a single enzyme SPL, which cleaves S1P 
into ethanolamine phosphate and hexadecenal, representing the last step in the 
sphingolipid degradation pathway (Xia et al., 2000).  
 

 
Fig. 1. S1P metabolism pathway. S1P homeostasis is tightly regulated by the balance 
between its synthesis and degradation via three enzyme families: (1) sphingosine kinases 
(SphK1 and SphK2), which generate S1P through phosphorylation of its precursor, 
sphingosine, (2) S1P phosphatases (SPP1 and SPP2), which reversibly convert S1P back to 
sphingosine, and (3) S1P lyase (SPL), which irreversibly degrades S1P to generate 
ethanolamine phosphate and hexadecenal. 

SphK is represented by two different isoforms (SphK1 and SphK2). Although both SphK1 
and SphK2 can phosphorylate sphingosine, SphK1 produces the majority of S1P in cells 
(Kohama et al., 1998). SphKs can be activated by a large variety of agonists, including 
growth factors (such as platelet-derived growth factor, vascular endothelial growth factor, 
epidermal growth factor and hepatocyte growth factor), cytokines (such as TNF-), steroid 
hormones (such as estradiol), and GPCR ligands (such as lysophosphatidic acid (LPA) and 
S1P) (reviewed in (Alvarez et al., 2007; Spiegel and Milstien, 2003; Taha et al., 2006)). 
Following cellular activation by these agonists, SphK1 can be activated through: 1) 
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phosphorylation and translocation to the plasma membrane, 2) interaction with acidic 
phospholipids such as phosphatidic acid produced by phospholipase D (Delon et al., 2004), 
and 3) possible association with other proteins. All or parts of these mechanisms may be 
required for full activation of SphK1 (Takabe et al., 2008). Phosphorylation of SphK1 leads to 
its translocation to the plasma membrane where its substrate sphingosine is located, 
resulting in the production of S1P (Johnson et al., 2002; Pitson et al., 2005). S1P, in turn, 
activates specific S1P receptors present on the surface of the same cell or on nearby cells in 
autocrine and/or paracrine manners (Alvarez et al., 2007). The “inside-out” export of 
intracellularly generated S1P is crucial for many S1P functions (Takabe et al., 2008). 
The mechanism by which S1P is exported from the inside to the outside of cells after 
synthesis is not fully understood. Several lines of evidence suggest the involvement of the 
ATP-binding cassette (ABC) family of transporters in S1P secretion (Kobayashi et al., 2006; 
Mitra et al., 2006; Sato et al., 2007). Mitra et al. (2006) revealed that the release of S1P from 
mast cells is regulated by ABCC1. Similarly, the ABCA1 transporter is critical for the release 
of S1P from astrocytes (Sato et al., 2007). In breast cancer the export of S1P mediated by 
ABCC1 and ABCG2 transporters is stimulated by estrogen receptor- (Takabe et al., 2010). 
Altogether, these studies suggest that members of the family of ABC transporters may be 
important for export of S1P out of cells. 

3. S1P receptors and downstream signalling pathways 
S1P evokes diverse biological functions by binding to its ubiquitously-expressed and 
specific cell surface receptors. So far, five S1P receptors, designated as S1P1/Edg1, 
S1P2/Edg5, S1P3/Edg3, S1P4/Edg6, and S1P5/Edg8, have been identified (An et al., 1997; 
Im et al., 2000; Lee et al., 1998; Van Brocklyn et al., 2000; Yamazaki et al., 2000). These 
receptors were initially named ‘‘Edg’’ receptors as they belong to the so-called endothelial 
differentiation gene (Edg) family; however ‘‘S1P receptors’’ is now preferred (Chun et al., 
2002). S1P receptors are GPCRs that share high similarity with each other and with LPA 
receptors. S1P receptors exhibit variable tissue distribution, for example, S1P1, S1P2, and 
S1P3 are widely expressed in various tissues, whereas the expression of S1P4 and S1P5 is 
more restricted to cells of the immune system and nervous system, respectively (reviewed in 
(Sanchez and Hla, 2004)). Upon binding to S1P receptors, S1P activates downstream 
signalling pathways, leading to a variety of cellular responses such as proliferation, cell 
migration, actin cytoskeletal rearrangement, and adherens junction assembly (Kluk and Hla, 
2002; Taha et al., 2004). Each S1P receptor is coupled to a specific heterotrimeric G protein 
(Gi/o, Gq and G12/13), which, when activated, dissociates into its  and  subunits and 
transduces signals toward the downstream pathways. Particularly, S1P1 is coupled 
predominantly to Gi/o, through which it activates: 1) Rho kinase and tyrosine kinases, 
leading to cytoskeletal rearrangement (Garcia et al., 2001); 2) MAPK, leading to angiogenesis 
(Lee et al., 1999); and 3) Akt, leading to cell chemotaxis (Lee et al., 2001). On the other hand, 
S1P2 and S1P3 are linked predominantly to Gq and G12/13, through which they activate 
phospholipase C leading to Ca2+ mobilization (Ancellin and Hla, 1999) and positive or 
negative modulation of Rho and thus of cell migration (Sugimoto et al., 2003). More detailed 
information on the various signalling pathways turned on by S1P receptor activation is 
discussed in previous reviews (Choi et al., 2008; Rosen et al., 2009). 
It is known that S1P can also act intracellularly to enhance cell proliferation and suppress 
apoptosis independently of S1P receptors (Rosenfeldt et al., 2001; Van Brocklyn et al., 1998). 
In plants and yeast, which do not express S1P receptors, for instance, intracellular S1P 
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RA. We also discuss the potential therapeutic benefit of modulators of S1P metabolism and 
S1P receptors, including SphK/SPL inhibitors, FTY-720, S1P receptor antagonists, and anti-
S1P monoclonal antibodies, in the treatment of RA.  

2. S1P biosynthesis, metabolism and secretion 
All cells are able to generate S1P during the normal physiologic metabolism of 
sphingolipids (Hla, 2004). Generally, systemic and local concentrations of S1P are tightly 
regulated by the balance between its synthesis and degradation via three enzyme families, 
including SphKs (SphK1 and SphK2), SPPs (SPP1 and SPP2), and SPL (Fig. 1). SphKs 
generate S1P through phosphorylation of its precursor, sphingosine, while SPPs 
reversibly convert S1P back to sphingosine by removing the phosphate (Xia et al., 2000). 
Irreversible degradation of S1P is carried out by a single enzyme SPL, which cleaves S1P 
into ethanolamine phosphate and hexadecenal, representing the last step in the 
sphingolipid degradation pathway (Xia et al., 2000).  
 

 
Fig. 1. S1P metabolism pathway. S1P homeostasis is tightly regulated by the balance 
between its synthesis and degradation via three enzyme families: (1) sphingosine kinases 
(SphK1 and SphK2), which generate S1P through phosphorylation of its precursor, 
sphingosine, (2) S1P phosphatases (SPP1 and SPP2), which reversibly convert S1P back to 
sphingosine, and (3) S1P lyase (SPL), which irreversibly degrades S1P to generate 
ethanolamine phosphate and hexadecenal. 

SphK is represented by two different isoforms (SphK1 and SphK2). Although both SphK1 
and SphK2 can phosphorylate sphingosine, SphK1 produces the majority of S1P in cells 
(Kohama et al., 1998). SphKs can be activated by a large variety of agonists, including 
growth factors (such as platelet-derived growth factor, vascular endothelial growth factor, 
epidermal growth factor and hepatocyte growth factor), cytokines (such as TNF-), steroid 
hormones (such as estradiol), and GPCR ligands (such as lysophosphatidic acid (LPA) and 
S1P) (reviewed in (Alvarez et al., 2007; Spiegel and Milstien, 2003; Taha et al., 2006)). 
Following cellular activation by these agonists, SphK1 can be activated through: 1) 
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activates specific S1P receptors present on the surface of the same cell or on nearby cells in 
autocrine and/or paracrine manners (Alvarez et al., 2007). The “inside-out” export of 
intracellularly generated S1P is crucial for many S1P functions (Takabe et al., 2008). 
The mechanism by which S1P is exported from the inside to the outside of cells after 
synthesis is not fully understood. Several lines of evidence suggest the involvement of the 
ATP-binding cassette (ABC) family of transporters in S1P secretion (Kobayashi et al., 2006; 
Mitra et al., 2006; Sato et al., 2007). Mitra et al. (2006) revealed that the release of S1P from 
mast cells is regulated by ABCC1. Similarly, the ABCA1 transporter is critical for the release 
of S1P from astrocytes (Sato et al., 2007). In breast cancer the export of S1P mediated by 
ABCC1 and ABCG2 transporters is stimulated by estrogen receptor- (Takabe et al., 2010). 
Altogether, these studies suggest that members of the family of ABC transporters may be 
important for export of S1P out of cells. 
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receptors were initially named ‘‘Edg’’ receptors as they belong to the so-called endothelial 
differentiation gene (Edg) family; however ‘‘S1P receptors’’ is now preferred (Chun et al., 
2002). S1P receptors are GPCRs that share high similarity with each other and with LPA 
receptors. S1P receptors exhibit variable tissue distribution, for example, S1P1, S1P2, and 
S1P3 are widely expressed in various tissues, whereas the expression of S1P4 and S1P5 is 
more restricted to cells of the immune system and nervous system, respectively (reviewed in 
(Sanchez and Hla, 2004)). Upon binding to S1P receptors, S1P activates downstream 
signalling pathways, leading to a variety of cellular responses such as proliferation, cell 
migration, actin cytoskeletal rearrangement, and adherens junction assembly (Kluk and Hla, 
2002; Taha et al., 2004). Each S1P receptor is coupled to a specific heterotrimeric G protein 
(Gi/o, Gq and G12/13), which, when activated, dissociates into its  and  subunits and 
transduces signals toward the downstream pathways. Particularly, S1P1 is coupled 
predominantly to Gi/o, through which it activates: 1) Rho kinase and tyrosine kinases, 
leading to cytoskeletal rearrangement (Garcia et al., 2001); 2) MAPK, leading to angiogenesis 
(Lee et al., 1999); and 3) Akt, leading to cell chemotaxis (Lee et al., 2001). On the other hand, 
S1P2 and S1P3 are linked predominantly to Gq and G12/13, through which they activate 
phospholipase C leading to Ca2+ mobilization (Ancellin and Hla, 1999) and positive or 
negative modulation of Rho and thus of cell migration (Sugimoto et al., 2003). More detailed 
information on the various signalling pathways turned on by S1P receptor activation is 
discussed in previous reviews (Choi et al., 2008; Rosen et al., 2009). 
It is known that S1P can also act intracellularly to enhance cell proliferation and suppress 
apoptosis independently of S1P receptors (Rosenfeldt et al., 2001; Van Brocklyn et al., 1998). 
In plants and yeast, which do not express S1P receptors, for instance, intracellular S1P 
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regulates stomatal aperture (Coursol et al., 2005) or stress responses and survival (Jenkins 
and Hannun, 2001), respectively. Similarly, in mammalian cells intracellular S1P regulates 
calcium release independently of inositol trisphosphate formation and of S1P receptor 
activation (Blom et al., 2005). S1P also signals within the nucleus by binding to and 
inhibiting histone deacetylases HDAC1 and HDAC2, leading to the epigenetic regulation of 
gene expression (Hait et al., 2009). Further studies are needed, however, to reveal the 
intracellular second messenger functions of S1P. 

4. Role of SphK/S1P/S1PR signalling in rheumatoid arthritis 
4.1 Rheumatoid arthritis 
Rheumatoid arthritis (RA) is an autoimmune disease characterized by chronic inflammation 
of the joint synovium, synovial hyperplasia and a massive infiltration of inflammatory cells 
into the affected joints, leading to the progressive destruction of cartilage and bone 
(Feldmann et al., 1996a). The inciting agent that triggers the development of RA is unknown; 
however, the disease is clearly an inflammatory process since the critical events in RA are 
largely coordinated by complex interplays of proinflammatory cytokines, chemokines, and 
matrix metalloproteinases produced by both synovial resident cells and infiltrating cells 
(Feldmann et al., 1996b; McInnes and Schett, 2007). These inflammatory mediators are 
involved in many pathological processes in RA. Increasing evidence demonstrates,  
 

 
Fig. 2. S1P metabolism and signalling in RA synoviocytes. A range of agonists including 
growth factors, hormones, angiogenic factors and other stimuli activate SphKs through 
phosphorylation. S1P is then generated and exported out of the cells by ABC transporters to 
act on the same cell (autocrine) or on nearby cells (paracrine). S1P engages with its receptors 
(S1P1-3) to mediate a diverse array of signalling pathways, impacting fundamental 
biological processes that are integral to the pathogenesis of RA, such as cell proliferation and 
survival, cell migration, and inflammatory mediator secretion.   
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however, that the activation of RA synoviocytes can be maintained in the absence of 
inflammatory cytokines (Muller-Ladner et al., 1996), indicating the involvement of 
biologically active mediators other than inflammatory cytokines in RA disease progression.  
Emerging evidence suggests a role for S1P metabolism and signalling in various aspects of 
the pathogenesis of RA. Recent in vitro and in vivo studies evaluated the potential role of S1P 
synthesis, catabolism enzymes and S1P signalling in RA (Fig. 2).  

4.2 S1P expression and SphK activity in RA synovium and synovial fluids 
Several studies reveal high levels of S1P in RA synovial tissues and fluids (Kitano et al., 
2006; Lai et al., 2008). Kitano et al. (2006) reported elevated levels of S1P in synovial fluids of 
RA patients (1078 pM/ml) in comparison to those of osteoarthritis (OA) patients (765 
pM/ml). The S1P content in RA synovial fluids was significantly higher than those in serum 
(400 pM/ml) or plasma (100 pM/ml) from normal people. Lai et al. (2008) also measured the 
amount of S1P by a competitive ELISA and detected up to 17 M S1P in RA synovial fluids, 
which was more than five fold higher than that found in OA synovial fluids (3 M). The 
increased level of S1P could be responsible for the recruitment and the infiltration of 
immune cells into the synovium (see section 4.2.2). Pi et al. (2006) also showed that 
peripheral blood B lymphoblastoid cell lines derived from patients with RA exhibit a high 
level of S1P synthesis.  
SphK expression and activity were also demonstrated in RA. Increased SphK1 expression 
and activity were found in RA B lymphoblastoid cell lines, which were implicated as the 
underlying mechanism of impaired Fas-mediated death signalling in RA (Pi et al., 2006). 
More recently, SphK2 was shown to be expressed in rheumatoid synovial fibroblasts in vivo 
and in vitro and associated with the up-regulation of S1P production (Kamada et al., 2009). 
Surprisingly, FTY-720 (2-amino-2-[2-(4-octylphenyl) ethyl] propane-1, 3-diol hydrochloride), 
a sphingosine analog that is phosphorylated to the active metabolite FTY-720-phosphate 
(FTY-720-P) by SphK2 (Brinkmann et al., 2002; Mandala et al., 2002), induces apoptosis of 
synovial fibroblasts. This effect could be due, at least in part, to FTY-720-P-mediated 
degradation of specific S1P receptors (Matloubian et al., 2004). Corroborating this 
observation, we reported that S1P protects synovial fibroblasts from ongoing apoptosis 
(Zhao et al., 2008). Using the mouse model of collagen-induced arthritis (CIA), Lai et al. 
(2009) highlighted distinct roles for SphK1 and SphK2 in regulating cell growth and 
survival. The in vivo administration of SphK1 siRNA reduced inflammation whereas mice 
treated with SphK2 siRNA resulted in a more aggressive disease and greater secretion of 
proinflammatory cytokines (IL-6, TNF- and IFN-) by immune cells. How and why SphK1 
and SphK2 exert distinct opposing roles in the regulation of inflammatory arthritis remains 
unclear and may be related to the location of S1P production (Maceyka et al., 2005). The role 
of SphK2 in chronic inflammatory diseases remains ambiguous since the selective inhibitor 
of SphK2 ABC249640 has been reported to reduce bone and cartilage degradation in the 
mouse models of adjuvant-induced arthritis (AIA) and of CIA (Fitzpatrick et al., 2011). The 
SphK1 signalling pathway is activated in RA (Limaye et al., 2009). In the mouse model of 
CIA, administration of a non-specific pharmacological inhibitor of SphKs, N,N-
dimethylsphingosine (DMS), and a siRNA approach to knockdown the SphK1 isoform, 
markedly suppressed joint pathologies such as adjacent cartilage and bone erosion, synovial 
hyperplasia, and infiltration of inflammatory cells into the joint compartment (Lai et al., 
2008). Moreover, SphK1 deficiency in hTNF- transgenic mice that develop arthritis at an 
early age was related to less synovial inflammation and bone erosion (Baker et al., 2010). To 
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regulates stomatal aperture (Coursol et al., 2005) or stress responses and survival (Jenkins 
and Hannun, 2001), respectively. Similarly, in mammalian cells intracellular S1P regulates 
calcium release independently of inositol trisphosphate formation and of S1P receptor 
activation (Blom et al., 2005). S1P also signals within the nucleus by binding to and 
inhibiting histone deacetylases HDAC1 and HDAC2, leading to the epigenetic regulation of 
gene expression (Hait et al., 2009). Further studies are needed, however, to reveal the 
intracellular second messenger functions of S1P. 
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of the joint synovium, synovial hyperplasia and a massive infiltration of inflammatory cells 
into the affected joints, leading to the progressive destruction of cartilage and bone 
(Feldmann et al., 1996a). The inciting agent that triggers the development of RA is unknown; 
however, the disease is clearly an inflammatory process since the critical events in RA are 
largely coordinated by complex interplays of proinflammatory cytokines, chemokines, and 
matrix metalloproteinases produced by both synovial resident cells and infiltrating cells 
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however, that the activation of RA synoviocytes can be maintained in the absence of 
inflammatory cytokines (Muller-Ladner et al., 1996), indicating the involvement of 
biologically active mediators other than inflammatory cytokines in RA disease progression.  
Emerging evidence suggests a role for S1P metabolism and signalling in various aspects of 
the pathogenesis of RA. Recent in vitro and in vivo studies evaluated the potential role of S1P 
synthesis, catabolism enzymes and S1P signalling in RA (Fig. 2).  

4.2 S1P expression and SphK activity in RA synovium and synovial fluids 
Several studies reveal high levels of S1P in RA synovial tissues and fluids (Kitano et al., 
2006; Lai et al., 2008). Kitano et al. (2006) reported elevated levels of S1P in synovial fluids of 
RA patients (1078 pM/ml) in comparison to those of osteoarthritis (OA) patients (765 
pM/ml). The S1P content in RA synovial fluids was significantly higher than those in serum 
(400 pM/ml) or plasma (100 pM/ml) from normal people. Lai et al. (2008) also measured the 
amount of S1P by a competitive ELISA and detected up to 17 M S1P in RA synovial fluids, 
which was more than five fold higher than that found in OA synovial fluids (3 M). The 
increased level of S1P could be responsible for the recruitment and the infiltration of 
immune cells into the synovium (see section 4.2.2). Pi et al. (2006) also showed that 
peripheral blood B lymphoblastoid cell lines derived from patients with RA exhibit a high 
level of S1P synthesis.  
SphK expression and activity were also demonstrated in RA. Increased SphK1 expression 
and activity were found in RA B lymphoblastoid cell lines, which were implicated as the 
underlying mechanism of impaired Fas-mediated death signalling in RA (Pi et al., 2006). 
More recently, SphK2 was shown to be expressed in rheumatoid synovial fibroblasts in vivo 
and in vitro and associated with the up-regulation of S1P production (Kamada et al., 2009). 
Surprisingly, FTY-720 (2-amino-2-[2-(4-octylphenyl) ethyl] propane-1, 3-diol hydrochloride), 
a sphingosine analog that is phosphorylated to the active metabolite FTY-720-phosphate 
(FTY-720-P) by SphK2 (Brinkmann et al., 2002; Mandala et al., 2002), induces apoptosis of 
synovial fibroblasts. This effect could be due, at least in part, to FTY-720-P-mediated 
degradation of specific S1P receptors (Matloubian et al., 2004). Corroborating this 
observation, we reported that S1P protects synovial fibroblasts from ongoing apoptosis 
(Zhao et al., 2008). Using the mouse model of collagen-induced arthritis (CIA), Lai et al. 
(2009) highlighted distinct roles for SphK1 and SphK2 in regulating cell growth and 
survival. The in vivo administration of SphK1 siRNA reduced inflammation whereas mice 
treated with SphK2 siRNA resulted in a more aggressive disease and greater secretion of 
proinflammatory cytokines (IL-6, TNF- and IFN-) by immune cells. How and why SphK1 
and SphK2 exert distinct opposing roles in the regulation of inflammatory arthritis remains 
unclear and may be related to the location of S1P production (Maceyka et al., 2005). The role 
of SphK2 in chronic inflammatory diseases remains ambiguous since the selective inhibitor 
of SphK2 ABC249640 has been reported to reduce bone and cartilage degradation in the 
mouse models of adjuvant-induced arthritis (AIA) and of CIA (Fitzpatrick et al., 2011). The 
SphK1 signalling pathway is activated in RA (Limaye et al., 2009). In the mouse model of 
CIA, administration of a non-specific pharmacological inhibitor of SphKs, N,N-
dimethylsphingosine (DMS), and a siRNA approach to knockdown the SphK1 isoform, 
markedly suppressed joint pathologies such as adjacent cartilage and bone erosion, synovial 
hyperplasia, and infiltration of inflammatory cells into the joint compartment (Lai et al., 
2008). Moreover, SphK1 deficiency in hTNF- transgenic mice that develop arthritis at an 
early age was related to less synovial inflammation and bone erosion (Baker et al., 2010). To 
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our knowledge the effect of specific inhibitors of SphK1, such as BML-258 (Paugh et al., 
2008), has not been tested in animal models of arthritis. 
At present, evidence for roles of SPPs and SPL in RA is limited. However, up-regulation of 
SPP2 was detected in samples of skin lesions from patients with psoriasis, a chronic 
inflammatory skin disease (Mechtcheriakova et al., 2007). Interestingly, elevated mRNA 
expression of SPP1 and SPL was observed in RA synoviocytes compared to non-arthritic 
synoviocytes (Zhao et al., unpublished data).  

4.3 S1P receptor expression in RA synovial fibroblasts 
In RA, the abnormal growth and erosive activity of synovial fibroblasts suggest that these cells 
are important contributors to chronic inflammation. During RA disease progression, synovial 
fibroblasts become hyperplasic and closely interact with infiltrated immune cells to form the 
aggressive pannus tissue that eventually promotes joint destruction (reviewed in (Feldmann et 
al., 1996a)).  Synovial fibroblasts have been reported to express three of five known S1P 
receptors, S1P1-3 (Kitano et al., 2006; Nochi et al., 2008; Zhao et al., 2008). Expression of S1P1 in 
RA synovial tissues was significantly higher compared to that of OA synovial tissues (Kitano 
et al., 2006). Moreover, pretreatment of synovial fibroblasts with TNF-, the well-recognized 
critical cytokine in RA, resulted in up-regulation of S1P3 receptor expression in synovial 
fibroblasts, which likely contributes to the synergistic production of inflammatory 
cytokines/chemokines upon subsequent exposure to S1P (Zhao et al., 2008).     

4.4 S1P signalling in RA pathophysiology  
4.4.1 S1P signalling in migration of synovial fibroblasts and osteoclasts  
As constituents of the synovial pannus in RA, synovial fibroblasts have long been 
considered as key players in the aggressive destruction of cartilage and bone (Shiozawa et 
al., 1983). Using an in vitro wound-closing assay, we previously reported that S1P could 
induce synoviocyte migration (Zhao et al., 2008). S1P-induced cell migration is mediated 
through the activation of extracellular signal-regulated kinase-1 and -2 (ERK1/2), as well as 
p38 mitogen-activated protein kinase (MAPK) and of Rho kinase. S1P-driven motility of 
synoviocytes was mainly via S1P1 and S1P3 receptor activation since the effect of S1P was 
mimicked by the S1P1 receptor agonist (SEW2871) but abolished by S1P1/3 (VPC23019) and 
S1P3 (CAY10444) receptor antagonists.  
S1P has also been shown to induce chemotaxis and regulate migration of osteoclasts and 
their precursors in vitro and in vivo (Ishii et al., 2009). Cells bearing the properties of 
osteoclast precursors express S1P1 receptors and migrate along an S1P gradient in vitro. The 
S1P1 agonist, SEW2871, stimulated motility of osteoclast precursors-containing monocytoid 
populations in vivo. In addition, osteoclast/monocyte lineage-specific conditional S1P1 
knockout mice show osteoporotic changes due to increased osteoclast attachment to the 
bone surface, suggesting a crucial role of the S1P-S1P1 receptor axis in regulating the 
migratory behaviour of osteoclast precursors and bone mineral homeostasis. 

4.4.2 S1P signalling in the secretion of cytokines/chemokines and lipid mediators 
In the inflamed RA synovium, large amounts of pro-inflammatory cytokines and 
chemokines may contribute directly to cartilage and bone erosion by promoting matrix 
metalloproteinase (MMP) production and suppressing chondrocyte/osteoclast functions 
(Feldmann et al., 1996b). Previous studies from our group and others demonstrated that 
exogenously applied S1P could stimulate synovial fibroblasts to release various 
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inflammatory mediators, including cytokines, chemokines, and prostaglandin E2 (PGE2) 
(Kitano et al., 2006; Zhao et al., 2008). S1P administration strongly stimulated the secretion of 
IL-8 (interleukin-8), IL-6, MCP-1 (monocyte chemotactic protein-1), and RANTES (regulated 
on activation normal T cells expressed and secreted) via S1P2 and S1P3 receptors. The 
signalling pathways involved in S1P-mediated cytokine/chemokine secretion were 
dependent on ERK1/2, p38 MAPK, and Rho kinase activation. These cytokines/chemokines 
may subsequently increase the recruitment of inflammatory cells such as neutrophils into 
the synovium, as chemokines such as IL-8 exhibit selective chemotactic activity for 
neutrophils, whereas MCP-1, MIP-1 (macrophage inflammatory protein-1), MIP-1 
(macrophage inflammatory protein-1), and RANTES primarily attract monocytes (Koch, 
2005). S1P may therefore contribute to the regulation and maintenance of the inflammatory 
response in RA, in part through stimulation of multiple cytokine/chemokine secretion by 
synovial fibroblasts. SphK/S1P signalling was also implicated in cell-contact-mediated 
proinflammatory cytokine/chemokine secretion in RA synovium without additional 
exogenous stimulation. Lai et al. (2008) used peripheral blood mononuclear cells from RA 
patients in cell-cell contact experiments. They discovered that activated peripheral T 
lymphocytes from RA patients induced substantial production of TNF-, IL-1, IL-6, MCP-1 
and MMP-9 by autologous peripheral monocytes. Importantly, treatment with a potent 
SphK inhibitor, DMS, significantly suppressed production of these cytokines. The results 
suggest the importance of SphK/S1P signalling in cell-contact-mediated inflammatory 
mediators, which is relevant to RA pathology. 
Regarding PGE2, S1P was reported to stimulate COX-2 expression and super-production of 
PGE2 by RA synovial fibroblasts (Kitano et al., 2006; Nochi et al., 2008). PGE2 is an autocrine 
lipid mediator derived from arachidonic acid metabolism by cyclooxygenases (COX-1 or COX-
2) (Ghosh et al., 2004). High levels of PGE2 were detected in synovial fluids of RA patients 
(Hidaka et al., 2001; Lettesjo et al., 1998). PGE2 has pro-inflammatory properties and 
contributes to the pathogenesis of arthritis, since PGE2 stimulates angiogenesis in the 
rheumatoid synovium (Ben-Av et al., 1995) and triggers bone resorption by osteoclasts (Mino 
et al., 1998). Thus, S1P may aggravate synovial hyperplasia, inflammation and angiogenesis 
through the induction of COX-2 and PGE2 in RA synovial tissues. Indeed, the COX-2-PGE2 
axis has been suggested to play an important role in arthritic diseases by stimulating 
inflammation, angiogenesis, and osteoclastic bone destruction (Martel-Pelletier et al., 2003). 

4.4.3 S1P signalling in the proliferation and survival of RA synovial fibroblasts, B 
lymphoblastoid cells and chondrocytes  
Abnormal proliferation and resistance to apoptosis of synovial fibroblasts have been 
suggested to contribute directly to the hyperplasia of the rheumatoid synovium (Ospelt et 
al., 2004). Indeed, S1P appears capable of increasing cell survival and inhibiting apoptosis of 
various cell types, including B lymphoblastoid cells derived from RA patients (Pi et al., 
2006). We previously demonstrated that S1P, through S1P1, protected synovial fibroblasts 
from apoptosis (Zhao et al., 2008). In our study we were not able to demonstrate a 
significant effect of S1P on RA synoviocyte proliferation, although Kitano et al. (2006) 
reported a small stimulatory effect of S1P on cell proliferation. Nonetheless these studies 
suggest that S1P can induce the proliferation of synovial fibroblasts, which may contribute 
to synovial hyperplasia (Knedla et al., 2007). S1P was also reported to aggravate arthritis by 
inducing chondrocyte proliferation through the stimulation of COX-2 and PGE2 production 
and via the activation of ERK (Kim et al., 2006; Masuko et al., 2007).  
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our knowledge the effect of specific inhibitors of SphK1, such as BML-258 (Paugh et al., 
2008), has not been tested in animal models of arthritis. 
At present, evidence for roles of SPPs and SPL in RA is limited. However, up-regulation of 
SPP2 was detected in samples of skin lesions from patients with psoriasis, a chronic 
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considered as key players in the aggressive destruction of cartilage and bone (Shiozawa et 
al., 1983). Using an in vitro wound-closing assay, we previously reported that S1P could 
induce synoviocyte migration (Zhao et al., 2008). S1P-induced cell migration is mediated 
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exogenously applied S1P could stimulate synovial fibroblasts to release various 
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inflammatory mediators, including cytokines, chemokines, and prostaglandin E2 (PGE2) 
(Kitano et al., 2006; Zhao et al., 2008). S1P administration strongly stimulated the secretion of 
IL-8 (interleukin-8), IL-6, MCP-1 (monocyte chemotactic protein-1), and RANTES (regulated 
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et al., 1998). Thus, S1P may aggravate synovial hyperplasia, inflammation and angiogenesis 
through the induction of COX-2 and PGE2 in RA synovial tissues. Indeed, the COX-2-PGE2 
axis has been suggested to play an important role in arthritic diseases by stimulating 
inflammation, angiogenesis, and osteoclastic bone destruction (Martel-Pelletier et al., 2003). 

4.4.3 S1P signalling in the proliferation and survival of RA synovial fibroblasts, B 
lymphoblastoid cells and chondrocytes  
Abnormal proliferation and resistance to apoptosis of synovial fibroblasts have been 
suggested to contribute directly to the hyperplasia of the rheumatoid synovium (Ospelt et 
al., 2004). Indeed, S1P appears capable of increasing cell survival and inhibiting apoptosis of 
various cell types, including B lymphoblastoid cells derived from RA patients (Pi et al., 
2006). We previously demonstrated that S1P, through S1P1, protected synovial fibroblasts 
from apoptosis (Zhao et al., 2008). In our study we were not able to demonstrate a 
significant effect of S1P on RA synoviocyte proliferation, although Kitano et al. (2006) 
reported a small stimulatory effect of S1P on cell proliferation. Nonetheless these studies 
suggest that S1P can induce the proliferation of synovial fibroblasts, which may contribute 
to synovial hyperplasia (Knedla et al., 2007). S1P was also reported to aggravate arthritis by 
inducing chondrocyte proliferation through the stimulation of COX-2 and PGE2 production 
and via the activation of ERK (Kim et al., 2006; Masuko et al., 2007).  
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4.4.4 Synergistic action of S1P and TNF- on synovial fibroblast functions 
TNF- is central to RA pathogenesis as the pro-inflammatory cytokine not only stimulates 
the production of other inflammatory mediators but also directly triggers the activation of 
synovial cells and osteoclasts leading to the irreversible damage of soft tissues and bone 
(Olsen and Stein, 2004). Several studies have suggested that S1P and TNF- might synergize 
in their regulation of synovial fibroblast functions. On the one hand, the expression of S1P3 
receptor was enhanced by TNF-, leading to amplified secretion of cytokines/chemokines, 
including IL-6, IL-8, MCP-1, and RANTES (Zhao et al., 2008). On the other hand, S1P 
enhanced TNF--mediated COX-2 expression and production of PGE2 by RA synoviocytes 
(Kitano et al., 2006). Thus, the elevated levels of TNF- seen in RA synovium may increase 
S1P synthesis via activation of SphKs and make synovial fibroblasts more responsive to S1P 
possibly through up-regulation of S1P receptor expression. The synergy between TNF- and 
S1P may eventually exacerbate the clinical manifestations of RA, including enhanced 
synovial tissue invasion by aggressive fibroblasts (due to enhanced cell mobility), synovial 
hyperplasia (due to proliferation and survival of synoviocytes), and exacerbated 
inflammation (due to over production of inflammatory mediators). 

5. Potential S1P-targeted therapy for RA 
Despite great efforts devoted to the development of new therapeutic targets for RA, 
currently used drugs have limitations in their use for the treatment of RA. As discussed in 
the above sections, S1P appears to be an important modulator of many aspects of the 
pathogenesis of RA. Manipulation of endogenous local and systemic amounts of bioactive 
S1P by inhibiting metabolic enzymes such as SphKs and SPL, by applying S1P-blocking 
agents such as FTY-720, VPC23019 and JTE-013 or anti-S1P antibodies is thus a promising 
approach for the treatment of RA. Studies targeting S1P metabolism and signalling for the 
treatment of RA are summarized in Table 1. 

5.1 Targeting S1P metabolism 
5.1.1 Reducing S1P formation with sphingosine kinase inhibitors   
Blockade of SphK1 activity in the mouse model of CIA significantly suppressed articular 
inflammation and joint destruction, reduced disease severity, and down-regulated 
proinflammatory cytokine production and inflammatory cell recruitment into the synovium 
(Lai et al., 2009). Decreasing S1P production by inhibiting SphK activity is, therefore, a 
promising therapeutic option in chronic inflammatory arthritis. Indeed, the inhibition of S1P 
synthesis by blocking SphKs activity has proven useful as an anti-inflammation strategy in 
cancer therapy in vitro and in animal models (Billich et al., 2005; Bonhoure et al., 2006; 
French et al., 2006; Gamble et al., 2006; Leroux et al., 2007).  

5.1.2 Downregulation of S1P receptor activity with S1P lyase inhibitors 
SPL catalyzes the irreversible degradation of intracellular S1P to hexadecenal and 
phosphoethanolamine. It is the major and constitutively active S1P-degrading enzyme in 
cells and tissues (Fig. 1). As a result, S1P concentrations in tissues are maintained at very 
low levels. Inhibition of SPL leads to the accumulation of S1P in various tissues (Schwab et 
al., 2005). Treatment with SPL inhibitor results in accumulation of S1P in lymphoid tissues  
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Approach and 
reagent 

Mechanism of 
action  

Target Experimental 
system 

Reference 

Inhibition of 
SphK activity 

    

N,N-
dimethylsphingo
sine (DMS, SphK 
inhibitor) 

Reduces S1P 
formation 

SphK1 and 
SphK2 

In vivo Lai et al., 2008 

ABC249640 
(SphK2 inhibitor)

Reduces S1P 
formation 

SphK2 In vivo Fitzpatrick et al., 
2011 

siSphK1 Reduces S1P 
formation 

SphK1 In vivo Lai et al., 2008 

Inhibition of SPL 
activity 

    

SPL inhibitor Downregulates 
S1PR activity 

SPL Clinical trial Bagdanoff et al., 
2010 

Sequestration of 
S1P 

    

S1P specific 
antibody 

Depletes 
extracellular S1P 

S1P In vivo Visentin et al., 
2006 

Blocking S1PR     
FTY-720 
(sphingosine 
analogue) 

Down-regulates 
S1PRs and  
renders cells 
unresponsive to 
S1P 

S1P1, S1P3, S1P4 
and S1P5 

In vivo Matsuura et al., 
2000; Tsunemi et 
al.; Wang et al., 
2007 

VPC23019 
(S1P1/3 
antagonist), 
CAY10444 (S1P3 
antagonist) and 
JTE-013 (S1P2 
antagonist) 

Block S1P 
binding to S1PR 

S1P1-3 In vitro Kitano et al., 
2006; Zhao et al., 
2008 

Table 1. Targeting the SphK/S1P/S1PR signalling pathway in RA. 

and induces premature internalization of the exit-signal-sensing S1P1 receptor on 
lymphocytes (Schwab et al., 2005). S1P1 receptor internalization renders lymphocytes 
unresponsive to S1P, preventing their egress from the thymus and lymph nodes (Lo et al., 
2005). One physiological outcome of this systemic redistribution of lymphocytes is potent 
immunosuppression, which offers new opportunities for developing immunoregulatory 
agents to treat autoimmune and inflammatory diseases (Gardell et al., 2006; Huwiler and 
Pfeilschifter, 2008; Mandala et al., 2002; Rosen et al., 2003; Zhang and Schluesener, 2007). 
Indeed, SPL-deficient mice showed resistance to various inflammatory and autoimmune 
challenges (Bagdanoff et al., 2009; Bandhuvula et al., 2007; Vogel et al., 2009). The evaluation 
of a synthetic SPL inhibitor, LX2931, is currently underway in phase II clinical trials in RA 
patients (Bagdanoff et al., 2010).  
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4.4.4 Synergistic action of S1P and TNF- on synovial fibroblast functions 
TNF- is central to RA pathogenesis as the pro-inflammatory cytokine not only stimulates 
the production of other inflammatory mediators but also directly triggers the activation of 
synovial cells and osteoclasts leading to the irreversible damage of soft tissues and bone 
(Olsen and Stein, 2004). Several studies have suggested that S1P and TNF- might synergize 
in their regulation of synovial fibroblast functions. On the one hand, the expression of S1P3 
receptor was enhanced by TNF-, leading to amplified secretion of cytokines/chemokines, 
including IL-6, IL-8, MCP-1, and RANTES (Zhao et al., 2008). On the other hand, S1P 
enhanced TNF--mediated COX-2 expression and production of PGE2 by RA synoviocytes 
(Kitano et al., 2006). Thus, the elevated levels of TNF- seen in RA synovium may increase 
S1P synthesis via activation of SphKs and make synovial fibroblasts more responsive to S1P 
possibly through up-regulation of S1P receptor expression. The synergy between TNF- and 
S1P may eventually exacerbate the clinical manifestations of RA, including enhanced 
synovial tissue invasion by aggressive fibroblasts (due to enhanced cell mobility), synovial 
hyperplasia (due to proliferation and survival of synoviocytes), and exacerbated 
inflammation (due to over production of inflammatory mediators). 

5. Potential S1P-targeted therapy for RA 
Despite great efforts devoted to the development of new therapeutic targets for RA, 
currently used drugs have limitations in their use for the treatment of RA. As discussed in 
the above sections, S1P appears to be an important modulator of many aspects of the 
pathogenesis of RA. Manipulation of endogenous local and systemic amounts of bioactive 
S1P by inhibiting metabolic enzymes such as SphKs and SPL, by applying S1P-blocking 
agents such as FTY-720, VPC23019 and JTE-013 or anti-S1P antibodies is thus a promising 
approach for the treatment of RA. Studies targeting S1P metabolism and signalling for the 
treatment of RA are summarized in Table 1. 

5.1 Targeting S1P metabolism 
5.1.1 Reducing S1P formation with sphingosine kinase inhibitors   
Blockade of SphK1 activity in the mouse model of CIA significantly suppressed articular 
inflammation and joint destruction, reduced disease severity, and down-regulated 
proinflammatory cytokine production and inflammatory cell recruitment into the synovium 
(Lai et al., 2009). Decreasing S1P production by inhibiting SphK activity is, therefore, a 
promising therapeutic option in chronic inflammatory arthritis. Indeed, the inhibition of S1P 
synthesis by blocking SphKs activity has proven useful as an anti-inflammation strategy in 
cancer therapy in vitro and in animal models (Billich et al., 2005; Bonhoure et al., 2006; 
French et al., 2006; Gamble et al., 2006; Leroux et al., 2007).  

5.1.2 Downregulation of S1P receptor activity with S1P lyase inhibitors 
SPL catalyzes the irreversible degradation of intracellular S1P to hexadecenal and 
phosphoethanolamine. It is the major and constitutively active S1P-degrading enzyme in 
cells and tissues (Fig. 1). As a result, S1P concentrations in tissues are maintained at very 
low levels. Inhibition of SPL leads to the accumulation of S1P in various tissues (Schwab et 
al., 2005). Treatment with SPL inhibitor results in accumulation of S1P in lymphoid tissues  
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system 
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SphK activity 
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S1PR activity 
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Sequestration of 
S1P 

    

S1P specific 
antibody 

Depletes 
extracellular S1P 

S1P In vivo Visentin et al., 
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Blocking S1PR     
FTY-720 
(sphingosine 
analogue) 

Down-regulates 
S1PRs and  
renders cells 
unresponsive to 
S1P 

S1P1, S1P3, S1P4 
and S1P5 

In vivo Matsuura et al., 
2000; Tsunemi et 
al.; Wang et al., 
2007 

VPC23019 
(S1P1/3 
antagonist), 
CAY10444 (S1P3 
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JTE-013 (S1P2 
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Block S1P 
binding to S1PR 
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2006; Zhao et al., 
2008 

Table 1. Targeting the SphK/S1P/S1PR signalling pathway in RA. 

and induces premature internalization of the exit-signal-sensing S1P1 receptor on 
lymphocytes (Schwab et al., 2005). S1P1 receptor internalization renders lymphocytes 
unresponsive to S1P, preventing their egress from the thymus and lymph nodes (Lo et al., 
2005). One physiological outcome of this systemic redistribution of lymphocytes is potent 
immunosuppression, which offers new opportunities for developing immunoregulatory 
agents to treat autoimmune and inflammatory diseases (Gardell et al., 2006; Huwiler and 
Pfeilschifter, 2008; Mandala et al., 2002; Rosen et al., 2003; Zhang and Schluesener, 2007). 
Indeed, SPL-deficient mice showed resistance to various inflammatory and autoimmune 
challenges (Bagdanoff et al., 2009; Bandhuvula et al., 2007; Vogel et al., 2009). The evaluation 
of a synthetic SPL inhibitor, LX2931, is currently underway in phase II clinical trials in RA 
patients (Bagdanoff et al., 2010).  
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5.1.3 Depletion of extracellular S1P with S1P antibody 
Specific antibodies against S1P have been developed and are currently being tested in 
clinical studies for the treatment of cancer, fibrosis, inflammation, macular degeneration, 
diabetic retinopathy, glaucoma, and other diseases (Graler and Goetzl, 2004). The antibodies 
are thought to bind S1P and reduce the extracellular pool of bioactive S1P (Sabbadini, 2006). 
Indeed, a preclinical study using blocking S1P antibodies to prevent tumor progression was 
recently reported (Visentin et al., 2006). In this hallmark study, a specific monoclonal 
antibody recognizing S1P was administered to mice harboring human cancer xenografts. 
The intervention reduced, and in some cases completely eliminated, tumour formation and 
accompanying tumour angiogenesis. The results suggest that antibody-mediated inhibition 
of S1P signalling may be developed as a strategy for inhibiting pannus formation and 
angiogenesis in RA. 

5.2 Targeting S1P receptors 
S1P and its receptors are powerful regulators of various critical functions of RA 
synoviocytes. Targeting these cells with specific S1P receptor agonists or antagonists can 
modulate specific inflammatory responses locally and systemically by altering cell 
migration, cytokine and chemokine secretion, and proliferation/survival. RP-001, a potent 
S1P1 receptor agonist with properties similar to those reported for FTY-720 on S1P1 receptor 
degradation and lymphocyte sequestration from the blood, was recently characterized 
(Cahalan et al., 2011). The short half-life of RP-001 in vivo, however, disqualifies this 
compound for clinical use.  

5.2.1 S1P receptor agonists, FTY-720 
The immunosuppressant drug FTY-720 (fingolimod) was  originally described as a 
sphingosine analogue that is phosphorylated in vivo by SphK2 to a S1P agonist for all S1P 
receptors except S1P2 (Brinkmann et al., 2002; Mandala et al., 2002). Further studies revealed 
that FTY-720-P not only activates S1P receptors, it also down-regulates them and 
consequently renders cells unresponsive to S1P (Matloubian et al., 2004). FTY-720 has been 
suggested to play a major role in autoimmune disease, such as multiple sclerosis [reviewed 
in (Nicholas et al., 2011)]. Multiple sclerosis is a common neurological disability, in which 
autoreactive T-cells migrate across the blood–brain barrier and attack myelin sheaths, 
leading to demyelination and axonal damage. FTY-720 deprives thymocytes and 
lymphocytes by downregulating S1P receptors and interfering with S1P signalling necessary 
for their egress from secondary lymphoid tissues (Cyster, 2005; Graler and Goetzl, 2004; 
Kappos et al., 2006; Matloubian et al., 2004). The results of a Phase II clinical trial evaluating 
the efficacy and safety of FTY-720 for treating relapsing multiple sclerosis showed that the 
annualized relapse rate of the FTY-720 group was significantly decreased (Kappos et al., 
2006). FTY-720 was recently FDA-approved for the treatment of multiple sclerosis (Strader 
et al., 2011).  
The effects of FTY-720 have been examined in several animal models of arthritis (Matsuura 
et al., 2000; Tsunemi et al., 2010; Wang et al., 2007). In the study of Wang et al. (2007), CIA 
rats were treated daily with FTY-720 for 28 days and the arthritis index was measured. 
Radiological analysis revealed that FTY-720-treated CIA rats had less joint damage in 
comparison to untreated CIA rats. Moreover, while histological assessment showed that 
CIA rats suffered from inflammatory cell infiltration and synovial hyperplasia in their joints, 
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FTY-720 treatment clearly reduced these pathological parameters. Similarly, Matsuura et al. 
(2000) compared FTY-720 with two other anti-rheumatic compounds, mizoribine and 
prednisolone, in the rat models of CIA and AIA. FTY-720 completely suppressed the 
increase in hind paw volume and bone destruction to normal control levels by inhibiting 
leukocyte accumulation in the arthritic joint. Moreover, FTY-720 was shown to possess anti-
arthritic activity with a wider margin of safety in AIA and CIA models as compared to 
mizoribine and prednisolone. A recent study by Tsunmi et al. (2010) revealed that FTY-720 
administration suppressed the progression of laminarin-induced arthritis in SKG mice. FTY-
720 treatment decreased IL-6 and TNF- expression by synovial fibroblasts, diminished the 
number of inflammatory cells migrating into the�joints, and suppressed bone destruction. 

5.2.2 S1P receptor antagonists 
Blocking S1P receptor activity by using S1P receptor antagonists may lead to promising 
therapeutic strategies for patients suffering from RA. Despite the lack of more 
comprehensive in vivo data, considerable progress has been made in the identification of 
the S1P receptors regulating synovial fibroblast migration, production of 
cytokines/chemokines and PGE2, proliferation, and survival. Several compounds 
targeting S1P receptors have also been used to decipher the biological roles of S1P 
receptors. The S1P1/3 antagonist VPC23019 and S1P3 antagonist CAY10444 blocked S1P-
mediated synoviocyte migration and cytokine secretion, whereas the S1P2 antagonist JTE-
013 attenuated S1P-mediated cytokine secretion (Kitano et al., 2006; Zhao et al., 2008). The 
pharmacokinetics, bioavailability and metabolic characteristics of these S1P antagonists 
are essential to advance in vivo studies and for therapeutic intervention. Indeed, 
pharmacological approaches have been developed to block the action of S1P in the context 
of cancer progression (reviewed in Peyruchaud, 2009).  

6. Conclusion 
In summary, SphKs and S1P/S1PR signalling appear to play essential roles in modulating 
RA pathogenesis. The SphK1 pathway is activated and likely plays a pro-inflammatory role 
in mouse models of inflammatory arthritis. It is fascinating that the blockade of SphK1 
activity results in the simultaneous reduction of several inflammatory responses such as 
pro-inflammatory cytokines and inflammatory cell infiltration into the synovium. Excessive 
S1P and enhanced S1P receptor expression are detected in the synovium of RA patients. S1P 
and signalling through S1P receptors induce expression of inflammatory cytokines and 
suppress apoptosis of B lymphoblastoid cells and fibroblast-like synoviocytes. Although the 
possible mechanism by which S1P exerts its activity in RA remains to be fully characterized, 
further understanding of S1P metabolism and S1P receptor expression by synovial tissues 
represents an exploitable objective for the development of novel chemotherapeutic agents in 
the treatment of RA. 
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Specific antibodies against S1P have been developed and are currently being tested in 
clinical studies for the treatment of cancer, fibrosis, inflammation, macular degeneration, 
diabetic retinopathy, glaucoma, and other diseases (Graler and Goetzl, 2004). The antibodies 
are thought to bind S1P and reduce the extracellular pool of bioactive S1P (Sabbadini, 2006). 
Indeed, a preclinical study using blocking S1P antibodies to prevent tumor progression was 
recently reported (Visentin et al., 2006). In this hallmark study, a specific monoclonal 
antibody recognizing S1P was administered to mice harboring human cancer xenografts. 
The intervention reduced, and in some cases completely eliminated, tumour formation and 
accompanying tumour angiogenesis. The results suggest that antibody-mediated inhibition 
of S1P signalling may be developed as a strategy for inhibiting pannus formation and 
angiogenesis in RA. 

5.2 Targeting S1P receptors 
S1P and its receptors are powerful regulators of various critical functions of RA 
synoviocytes. Targeting these cells with specific S1P receptor agonists or antagonists can 
modulate specific inflammatory responses locally and systemically by altering cell 
migration, cytokine and chemokine secretion, and proliferation/survival. RP-001, a potent 
S1P1 receptor agonist with properties similar to those reported for FTY-720 on S1P1 receptor 
degradation and lymphocyte sequestration from the blood, was recently characterized 
(Cahalan et al., 2011). The short half-life of RP-001 in vivo, however, disqualifies this 
compound for clinical use.  

5.2.1 S1P receptor agonists, FTY-720 
The immunosuppressant drug FTY-720 (fingolimod) was  originally described as a 
sphingosine analogue that is phosphorylated in vivo by SphK2 to a S1P agonist for all S1P 
receptors except S1P2 (Brinkmann et al., 2002; Mandala et al., 2002). Further studies revealed 
that FTY-720-P not only activates S1P receptors, it also down-regulates them and 
consequently renders cells unresponsive to S1P (Matloubian et al., 2004). FTY-720 has been 
suggested to play a major role in autoimmune disease, such as multiple sclerosis [reviewed 
in (Nicholas et al., 2011)]. Multiple sclerosis is a common neurological disability, in which 
autoreactive T-cells migrate across the blood–brain barrier and attack myelin sheaths, 
leading to demyelination and axonal damage. FTY-720 deprives thymocytes and 
lymphocytes by downregulating S1P receptors and interfering with S1P signalling necessary 
for their egress from secondary lymphoid tissues (Cyster, 2005; Graler and Goetzl, 2004; 
Kappos et al., 2006; Matloubian et al., 2004). The results of a Phase II clinical trial evaluating 
the efficacy and safety of FTY-720 for treating relapsing multiple sclerosis showed that the 
annualized relapse rate of the FTY-720 group was significantly decreased (Kappos et al., 
2006). FTY-720 was recently FDA-approved for the treatment of multiple sclerosis (Strader 
et al., 2011).  
The effects of FTY-720 have been examined in several animal models of arthritis (Matsuura 
et al., 2000; Tsunemi et al., 2010; Wang et al., 2007). In the study of Wang et al. (2007), CIA 
rats were treated daily with FTY-720 for 28 days and the arthritis index was measured. 
Radiological analysis revealed that FTY-720-treated CIA rats had less joint damage in 
comparison to untreated CIA rats. Moreover, while histological assessment showed that 
CIA rats suffered from inflammatory cell infiltration and synovial hyperplasia in their joints, 
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FTY-720 treatment clearly reduced these pathological parameters. Similarly, Matsuura et al. 
(2000) compared FTY-720 with two other anti-rheumatic compounds, mizoribine and 
prednisolone, in the rat models of CIA and AIA. FTY-720 completely suppressed the 
increase in hind paw volume and bone destruction to normal control levels by inhibiting 
leukocyte accumulation in the arthritic joint. Moreover, FTY-720 was shown to possess anti-
arthritic activity with a wider margin of safety in AIA and CIA models as compared to 
mizoribine and prednisolone. A recent study by Tsunmi et al. (2010) revealed that FTY-720 
administration suppressed the progression of laminarin-induced arthritis in SKG mice. FTY-
720 treatment decreased IL-6 and TNF- expression by synovial fibroblasts, diminished the 
number of inflammatory cells migrating into the�joints, and suppressed bone destruction. 

5.2.2 S1P receptor antagonists 
Blocking S1P receptor activity by using S1P receptor antagonists may lead to promising 
therapeutic strategies for patients suffering from RA. Despite the lack of more 
comprehensive in vivo data, considerable progress has been made in the identification of 
the S1P receptors regulating synovial fibroblast migration, production of 
cytokines/chemokines and PGE2, proliferation, and survival. Several compounds 
targeting S1P receptors have also been used to decipher the biological roles of S1P 
receptors. The S1P1/3 antagonist VPC23019 and S1P3 antagonist CAY10444 blocked S1P-
mediated synoviocyte migration and cytokine secretion, whereas the S1P2 antagonist JTE-
013 attenuated S1P-mediated cytokine secretion (Kitano et al., 2006; Zhao et al., 2008). The 
pharmacokinetics, bioavailability and metabolic characteristics of these S1P antagonists 
are essential to advance in vivo studies and for therapeutic intervention. Indeed, 
pharmacological approaches have been developed to block the action of S1P in the context 
of cancer progression (reviewed in Peyruchaud, 2009).  

6. Conclusion 
In summary, SphKs and S1P/S1PR signalling appear to play essential roles in modulating 
RA pathogenesis. The SphK1 pathway is activated and likely plays a pro-inflammatory role 
in mouse models of inflammatory arthritis. It is fascinating that the blockade of SphK1 
activity results in the simultaneous reduction of several inflammatory responses such as 
pro-inflammatory cytokines and inflammatory cell infiltration into the synovium. Excessive 
S1P and enhanced S1P receptor expression are detected in the synovium of RA patients. S1P 
and signalling through S1P receptors induce expression of inflammatory cytokines and 
suppress apoptosis of B lymphoblastoid cells and fibroblast-like synoviocytes. Although the 
possible mechanism by which S1P exerts its activity in RA remains to be fully characterized, 
further understanding of S1P metabolism and S1P receptor expression by synovial tissues 
represents an exploitable objective for the development of novel chemotherapeutic agents in 
the treatment of RA. 
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1. Introduction 
Inflammation is a necessary response to infection and injury by which the invading 
pathogen and/or damaged cells are cleared. Under normal circumstances this is a tightly 
controlled and transient process. However, in conditions such as rheumatoid arthritis (RA) 
these regulatory mechanisms appear inactive or ineffective such that inflammation 
progresses unchecked. This results in the pain, swelling and bone and cartilage destruction 
that define this disease.  
The etiology of RA initiation is still uncertain, but increasing evidence points to a key role 
for the toll-like receptor (TLR) family in driving aberrant inflammation in the joint. TLRs 
were originally identified as receptors for exogenous pathogen associated molecular 
patterns (PAMPs) of bacterial, fungal or viral origin, which initiate inflammation in 
response to microbial infection.  Perhaps of more interest in the context of RA however, is 
the role that these molecules play in the recognition of endogenous danger signals or 
DAMPs (damage associated molecular patterns).  
DAMPs are generated by both infection-induced and sterile tissue damage. They include 
a wide range of molecules including intracellular proteins such as high mobility group 
protein 1 (HMGB1), cell derived nucleic acids and extracellular matrix molecules such 
 as tenascin-C and fibrinogen. High levels of DAMPs are present in both the RA synovium 
and in the peripheral circulation in RA patients. Accumulating evidence from both 
human studies and experimental animal models now suggests that these molecules may 
be critical to the persistence of the inflammatory state in RA. Moreover, targeting TLRs 
and their downstream signalling pathways is emerging as a potentially tractable means 
for treating a range of inflammatory conditions, including RA and its associated 
pathologies. 
Here we focus on the current literature that demonstrates a role for DAMPs in driving 
chronic inflammation in RA. We will discuss the mechanistic differences between PAMP 
and DAMP mediated activation of TLRs; and highlight how these data have already 
informed novel pathways to develop improved therapies for RA and how future therapeutic 
strategies may further evolve. 
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2. The cellular basis of RA and current therapies  
RA is a systemic, chronic, progressive autoimmune inflammatory disease which affects 
approximately 1% of the population worldwide. The disease is polyarticular, and is 
characterised by synovitis, pannus formation, neovascularisation and hyperplasia caused by 
the infiltration of leukocytes. This in turn leads to the destruction of cartilage, tendon and 
bone, and the associated joint stiffness, swelling and pain that is the hallmark of this disease. 
Systemic symptoms also include inflammation in distil areas of the body, including the 
lungs, pericardium and pleura. Vasculitis, atherosclerosis, myocardial infarction and stroke 
are consequently commonly linked to RA. 
The cells infiltrating the affected joint space are central to the pathology of RA, and include 
B cells, T cells, and cells of the monocyte/macrophage lineage as well as fibroblast-like 
synoviocytes. In their activated state within the affected joint these cells produce auto-
antibodies such as those against citrullinated proteins (CCP) and immunoglobulin 
(Rheumatoid factor (RF)), tissue degrading enzymes such as the matrix metalloproteaes 
(MMPs), as well as pro-inflammatory molecules such as TNF, Interleukin (IL)-6 and IL-1 
that are central to tissue destruction, disease chronicity, and the maintenance of the 
inflammatory state. The ability of some cell types (B cells and RA synovial fibroblasts) to 
migrate to other sites has also been proposed as a precipitating event in the spread of 
disease to other joints (Lefevre et al., 2009).  
 

TARGET NAME FORM STATUS 
All rapidly 
dividing cells 

Methotrexate 
Other DMARDs eg 

Sulphalazine, 
Cyclosporin, 

Corticosteriods 

Drugs (anti-
metabolites, anti-

inflammatory) 
Clinical use 

B cells 1Rituximab (CD 20), 
2MDX-1342 (CD19), 
3anti-BAFF, 4anti-
CD16, 5Eculizumab 
(complement C5),  

1, 2, 5Humanised Ig, 
2human non-
glycosylated Ig,  

1Clinical use 
2,3,4 Pre-clinical 
5Approved for 
human use – not 
RA 

T cells Abatacept (CTLA4) Fusion protein Clinical use 
Cytokines 
1-5TNF, 6IL-
6R, 7IL-1, 
8VEGF 

1Etanercept, 
2Adalimumab, 
3Infliximab, 
4Golimumab, 
5Certolizumab, 
6Tocilizumab, 
7Anakinra, 
8Bevacizumab 

1Fusion protein. 
2,4,5,6Human Ig, 
3chimeric 
mouse/human Ig, 7IL-
1R antagonist 

Clinical use 

Signalling 
molecules 
1IKK2, 2PDE4, 
3p38, 4Btk, 
5Syk, 6JAK3 

1, 2,3 Multiple, 
4CG11746, 4PC132765, 
6CP-690550, 5R788 
(anti-Syk) 

Small molecule 
inhibitors 

Pre-clinical 

Table 1. Current RA therapies 
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Knowledge of the processes responsible for disease activity and progression has lead to 
significant advances in the treatment of RA in the last 30 years. Early treatment, within 
months of the onset of persistent symptoms, is recommended, and at the present time 
usually takes the form of disease modifying anti-rheumatic drugs (DMARD) such as 
methotrexate. In more recent years however, the choice of treatment for RA has expanded 
significantly, and importantly now utilises agents that are less globally immunosuppressive 
than methotrexate (Weinblatt et al., 1985) (Table 1). These newer therapies target either 
specific cell types, such as B and T cells that present within the inflamed synovium, or their 
products (Genovese et al., 2008; Tedder, 2009; Townsend et al., 2010; Buch et al., 2011). 
Indeed, anti-cytokine therapies have revolutionised the treatment of RA in recent years. In 
particular, the use of anti-TNF biologicals such as Adalimumab, Etanercept and Infliximab 
have become the treatment of choice in those who do not respond to conventional DMARDs 
(Taylor et al., 2009), although biologicals that target other pro-inflammatory cytokines are 
also approved for use. These include Tocilizumab (anti-IL-6R) (Fleischmann et al., 2006; 
Jones et al., 2010) and Anakinra, a recombinant IL-1 receptor antagonist, as well as 
Bevacizumab, an antibody that targets vascular endothelial growth factor (VEGF) and hence 
may reduce neovascularisation that pannus formation depends upon. A variety of small 
molecule inhibitors designed to target critical elements of the B cell receptor, T cell receptor 
or cytokine signalling pathways such as inhibitors of IKK2, PDE4 and Btk (Bruton’s tyrosine 
kinase), have shown interesting results in some animal models of arthritis, as have clinical 
trials with the syk inhibitor R788 (Podolin et al., 2005; Lindstrom et al., 2010; Di Paolo et al., 
2011). The p38 inhibitors however, which showed such promise in animal models have not 
lived up to expectations in clinical trials and have not progressed beyond phase II 
(Genovese, 2009).  
Despite the significant advances made with this arsenal of therapies, the goal of achieving 
sustained remission of RA has remained elusive and even with long term DMARD and 
biologic therapy is relatively uncommon. The efficacy of treatments is also unpredictable. 
Thus, a significant proportion of patients do not respond adequately to first line DMARD 
treatment and are then moved on to biologics. Even here, approximately 40% of patients do 
not respond to anti-TNF therapy for example. Moreover, many of these treatments are 
accompanied by significant side-effects, ranging from injection site reactions, increased 
infection rates and neutropenia to the potential for an increased risk of malignancies (van 
Vollenhoven, 2009).  
When taking a global view of all the therapies for RA, either in use in the clinic, in early 
trials, in animal models, or in in vitro studies, it becomes clear that all are designed to target 
the ongoing process of inflammation. Namely the cells present in the joint during the 
inflammatory process, or their soluble products (cytokines), rather than targeting a 
causative agent for RA. However, for RA sufferers a single causative agent has not, and 
probably will never, be defined. Rather, RA is a complex disease with a multi-factorial 
etiology. It’s prevalence in women (3:1 female to male ratio) suggests a hormonal 
contribution, and there are clear links to environmental factors such as smoking as well as a 
predisposition to RA with certain HLA haplotypes (Bax et al., 2011). Genetic and twin 
studies also suggest a strong environmental influence as well as a genetic link. As a tractable 
causative agent or single predisposing gene is therefore unlikely to be identified, a therapy 
that will treat disease in the early stages, that will prevent progression to a chronic state and 
thereby allow the inflammatory state to resolve, thereby preventing tissue damage, bone 
and cartilage destruction and progression, remains the holy grail of many researchers. 
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Given that RA is an inflammatory condition it is likely that a precipitating event initiates a 
state of inflammation. In the normal individual, inflammation is invariably initiated in 
response to danger signals sensed by a series of cellular receptors known as pattern 
recognition receptors (PRRs). PRRs were originally defined by their ability to recognise and 
respond to invading pathogens (bacterial, viral, fungal) but are now increasingly linked to 
the detection of damaged ‘self’ molecules known as DAMPs. A large body of evidence has 
emerged in the last decade implicating one particular family of PRRs, the TLRs, in driving 
inflammation during RA. 

3. The toll-like receptors  
TLRs are a highly conserved family of PRRs. With the most recent addition of murine TLR13 
(Shi et al., 2011), 14 mammalian TLRs have been reported to date, with 10 human subtypes.  
All TLRs are type I transmembrane proteins comprising an extracellular domain of multiple 
leucine rich repeats (LRRs), a single membrane spanning -helix and a cytoplasmic Toll/IL-
1 receptor (TIR) homology signalling domain. 
TLRs can be classified according to their subcellular localization: the endosomal TLRs 3, 7, 8 
and 9 reside in intracellular compartments, whilst the others are found at the plasma 
membrane. This distribution also reflects the ligand specificity of TLRs; the cell surface 
receptors predominantly recognize pathogenic and self surface elements, whereas 
endosomal receptors primarily sense nucleic acids. Recognition of ligand triggers receptor 
dimerization which in turn triggers a multitude of signalling cascades leading to the 
expression of pro-inflammatory mediators such as cytokines and chemokines, which are 
designed to combat the perceived danger.  In this way the body mounts an effective 
immune response (reviewed in (Piccinini et al., 2010). The TLR ligands that induce such a 
response include both PAMPs and DAMPs, and a more detailed list of them, with particular 
reference to those found in RA, can be found in Table 2.  Thus, TLRs are critical for both the 
response to invading pathogens and the response to ‘sterile’ tissue damage. 

3.1 TLRs and RA pathology  
TLRs are expressed on a variety of different cell types, many of which are found within the 
inflamed rheumatoid joint, including myeloid cells, fibroblasts, epithelial and endothelial 
cells. In humans the first evidence linking the presence of TLRs with RA pathology arose 
from the comparison of TLR expression between normal or non-inflamed joints and RA 
joints.  Significant up-regulation of a number of TLRs was observed in both synovial tissue 
and circulating immune cells isolated from RA patients. Table 3 depicts the specific pattern 
of expression of these TLRs in RA.   
 
TLR PAMP SOURCE DAMP SOURCE 
TLR1 Triacyl lipoprotein Bacteria -defensin 3 Released from 

activated/necrotic 
cells 

TLR2 Lipoprotein Bacteria, 
Viruses, 
Parasites 

HSP60, 70, Gp96, HMGB1, 
HMGB1-nucleosome 

complexes, -defensin 3, 
surfactant proteins A and 

Released from 
activated/necrotic 

cells 
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D, eosinophil derived 
neurotoxin, 

antiphospholipid 
antibodies, serum amyloid 
A,cardiac myosin, PAUF, 
CEP, monosodium urate 

crystals 
 

Biglycan, versican 
 

Hyaluronic acid fragments

 
 
 
 

 
 
 

Induced upon tissue 
damage 

 

Degradation of 
tissue 

TLR3 dsRNA Viruses mRNA Released from 
activated/necrotic 

cells 
TLR4 Lipopolysaccharide

(LPS) 
Bacteria, 
Viruses 

HMGB1, surfactant 
proteins A and D, -

defensin 2, HSP60, 70, 72, 
22, Gp96, S100A8, S100A9, 

neutrophil elastase, 
antiphospholipid 

antibodies, lactoferrin, 
serum amyloid A, oxidised 
LDL, saturated fatty acids, 

resistin, PAUF, 
monosodium urate crystals

 

Biglycan, fibronectin EDA, 
fibrinogen, tenascin-C 

 

Heparin sulphate 
fragments, hyaluronic acid 

fragments 

Released from 
activated/necrotic 

cells 
 
 
 
 
 
 

 
 

Induced upon tissue 
damage 

 
 
 
 

Degradation of 
tissue 

TLR5 Flagellin Bacteria Unknown Unknown 
TLR6 Diacyl lipoprotein Bacteria, 

Viruses 
Unknown Unknown 

TLR7/8 ssRNA Bacteria, 
Viruses 

Antiphospholipid 
antibodies, ssRNA, cardiac 

myosin 

Released from 
activated/necrotic 

cells 
TLR9 CpG-DNA Bacteria, 

Viruses, 
Protazoa 

IgG-chromatin complexes, 
mitochondrial DNA 

Released from 
activated/necrotic 

cells 
TLR10 Unknown Unknown Unknown Unknown 
TLR11 Profilin-like 

molecule 
Protazoa Unknown Unknown 

DAMPs in red have been reported in the RA joint. 

Table 2. Exogenous and endogenous activators of human TLRs. 
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TLR EXPRESSION F REFERENCE 
TLR1 Protein in DCs> macrophages > fibroblasts from RA 

joint 
nd (Tamaki et al., 2011) 

TLR2 mRNA in RA synovial tissue, protein in DCs and 
macrophages but not T cells or fibroblasts from RA 
joint 

yes (Sacre et al., 2007) 
(Tamaki et al., 2011). 

mRNA in RA > OA or non arthritic joints, at synovial 
lining, sites of attachment and invasion into cartilage 
or bone, around small vessels and in areas of 
infiltrating lymphocytes (fibroblasts not macrophages 
or T cells) 

yes (Seibl et al., 2003) 

Protein in RA > OA or healthy joints in synovial 
lining, sublining and perivascular regions  

nd (Radstake et al., 
2004) 

Protein in RA blood monocytes, tissue macrophages yes (Iwahashi et al., 
2004; Huang et al., 
2007) 

Protein in fibroblasts from RA > OA joints > healthy 
skin 

yes (Kim et al., 2007) 

TLR3 mRNA and protein in RA > OA or healthy synovium, 
in fibroblasts of the synovial lining and sublining, 
and in the perivascular areas 

yes (Brentano et al., 
2005; Roelofs et al., 
2005) 

Protein in fibroblasts from early RA > OA or healthy 
synovium  

yes (Ospelt et al., 2008) 

TLR4 mRNA in RA synovial tissue, protein in DCs and 
macrophages but not T cells or fibroblasts from RA 
joint 

yes (Sacre et al., 2007) 
(Tamaki et al., 2011) 
(Huang et al., 2007) 

Protein in synovial tissue from RA > OA > healthy 
joints, in early and longstanding RA 

yes (Radstake et al., 
2004) (Ospelt et al., 
2008) 

Protein in RA synovial fibroblasts yes (Kim et al., 2007; 
Wu et al., 2010) 

TLR5 Protein in DCs> macrophages > fibroblasts from RA 
joint 

nd (Tamaki et al., 2011) 

TLR6 Protein in DCs> macrophages > fibroblasts from RA 
joint 

nd (Tamaki et al., 2011) 

TLR7 Protein in RA synovium > OA or healthy joints yes (Roelofs et al., 2005; 
Roelofs et al., 2009) 

TLR9 Protein in DCs> macrophages > fibroblasts from RA 
joint 

nd (Tamaki et al., 2011) 

nd = not determined 
F= function = the ability of the TLR to respond to its cognate ligand in each cell/tissue type 

Table 3. Distribution of TLR expression in the RA joint  
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Further studies using ex vivo human disease models have provided evidence of a functional 
role for TLRs in driving inflammation in RA. Adenoviral over expression of dominant 
negative Myd88, an adaptor molecule required for signalling by all TLRs except TLR3, 
inhibited cytokine synthesis in RA synovial cells (Sacre et al., 2007). The naturally occurring 
TIR signalling antagonist single-immunoglobulin interleukin-1 receptor-related (SIGIRR) is 
also efficacious in suppressing cytokine synthesis in these cells (Drexler et al., 2010). 
Together these data suggest that TLRs may contribute to synovial inflammation but do not 
rule out the possibility that IL-1-mediated signalling, which shares the TIR-myd88 derived 
framework, is responsible for these findings, nor do they pinpoint any specific TLR.  

3.2 Which TLRs are important in RA? 
Evidence of a role in RA for both cell surface TLRs and endosomal TLRs in human disease is 
accumulating. In particular, over expression of dominant negative Mal, an adaptor protein 
required exclusively by TLR2 and 4, has been shown to inhibit cytokine and protease 
synthesis in RA synovial cells, supporting the contribution of these two family members to 
the synthesis of pro-inflammatory mediators in the RA joint (Sacre et al., 2007). Blockade of 
the function of TLR2 and 4 using neutralizing antibodies has also been reported, and while 
commercially available antibodies to either TLR2 or TLR4 had no effect on cytokine 
production in isolated RA synovial cells at 10 g/ml (Sacre et al., 2007), 1 g/ml of an anti-
TLR2 antibody (OPN301) inhibited spontaneous cytokine release in RA tissue explants as 
effectively as anti-TNF antibodies (Nic An Ultaigh et al., 2011). Inhibition of TLR4 by the 
naturally occurring antagonist LPS isolated from Bartonella Quintana, also partially inhibited 
cytokine release in RA synovial biopsies (Abdollahi-Roodsaz et al., 2008). Stimulation of 
TLRs 2, and 4 has also been shown to induce cytokine synthesis in cell cultures isolated from 
RA synovia (Sacre et al., 2008). While the same workers found that TLRs 7 and 9 were not 
responsive to their respective ligands in RA cultures, stimulation of TLRs 3 and 8 did 
increase cytokine production.  
The contribution of endosomal TLRs to cytokine synthesis in RA is also supported by other 
studies; chloroquine, which prevents intracellular TLR function by inhibiting endosomal 
acidification, reduces cytokine release in synovial cells (Sacre et al., 2008). The selective 
serotonin reuptake inhibitors, antidepressant drugs fluoxetine and citalopram and the 
antidepressant small molecule mianserin are also efficacious in inhibiting synovial cell 
cytokine release (Sacre et al., 2010).  These drugs also inhibit TLR3, -7, -8 and -9 activity, by 
mechanisms which are yet unknown. More specifically, the small molecule imiquimod, 
which targets TLR8, also inhibited the production of TNF from human RA synovial 
membranes (Sacre et al., 2008).  There have also been anecdotal reports of improved 
symptoms in RA patients taking anti-depressants (Krishnadas et al., 2011). Taken together 
these studies suggest a significant role for TLR2 and 4 as well as the endosomal TLRs 3 and 
8 in human disease. 

3.3 The role of TLRs in animal models of RA 
In addition to studies in human tissue, the contribution of TLRs to inflammation and joint 
destruction has been examined in rodent models of arthritis. Mice with targeted deletions in 
TLRs have demonstrated that specific family members are important in driving disease 
pathogenesis in vivo.  
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TLRs have demonstrated that specific family members are important in driving disease 
pathogenesis in vivo.  
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Many experimental models of joint disease utilize TLR ligands to initiate or sustain disease 
induction, making interpretation of the contribution of each TLR to disease induction or 
progression difficult (Joosten et al., 2003; Frasnelli et al., 2005; Lee et al., 2005). However, in a 
serum transfer model where induction of arthritis occurs independently of TLR 
administration, disease was not sustained in TLR4 null mice (Choe et al., 2003). Likewise, 
the severity of spontaneous, IL-17 driven arthritis in mice lacking IL-1RA is significantly 
reduced when crossed with TLR4 null mice, concomitant with blunted expression of IL-17 
suggesting a key role for TLR4. In this model TLR2 null mice showed increased disease 
severity whereas TLR9 knockout had no effect on disease (Abdollahi-Roodsaz et al., 2008).  
Whilst most data point towards a role for TLR4 in disease progression in mice in vivo, recent 
data have also suggested a role for the endosomal TLRs. Fluoxetine and citalopram reduce 
disease progression in murine collagen induced arthritis (Sacre et al., 2010). TLR3 was found 
to be the most significantly up-regulated TLR during pristine induced arthritis in rats, 
where it appeared in the spleen early after disease initiation. Stimulation of TLR3 with 
polyI:C also exacerbated disease severity and silencing TLR3 expression reduced disease 
severity in these animals (Meng et al., 2010).  
Despite evidence from human studies highlighting the contribution of TLR8 in synovial 
inflammation, the lack of activation of murine TLR8 by its cognate ligand suggests this 
PRR is not biologically active in mice (Heil et al., 2004). Nor is TLR10 present in mice 
(Hasan et al., 2005). This makes investigation of the in vivo function of these TLRs 
challenging. Combined with the fact that TLR signalling and gene activation is species-
specific, notably most recently highlighted by examination of the differences in human 
and murine TLR4-mediated nickel recognition that confers contact hypersensitivity 
specifically to man (Schmidt et al., 2010), extrapolation of data between species should be 
undertaken cautiously. 

3.4 Targeting TLRs as a therapy in RA 
Studies examining the blockade of TLRs in mouse models have confirmed the importance of 
TLRs in disease and have provided evidence that TLR antagonism may be a viable means to 
reduce inflammation in RA. Treatment with LPS from Bartonella quintana and ST2 protein 
expressed by mast cells and T helper cell type 2 (Th2) inhibits TLR4-mediated signalling in 
experimental models of arthritis, resulting in disease amelioration (Leung et al., 2004; 
Abdollahi-Roodsaz et al., 2007). Further evidence for a role for the endosomal TLRs in CIA 
has also come from studies with short DNA oligonucleotides (ODNs). These act as 
Immunoregulatory Sequences (IRS) and inhibit endosomal TLR activity (Barrat et al., 2005; 
Ranjith-Kumar et al., 2008; Lenert, 2010). Prophylactic administration of ODNs in CIA and 
CpG-induced arthritis has been shown to abrogate disease progression (Zeuner et al., 2002; 
Dong et al., 2004).   
In the light of the wealth of evidence implicating TLRs in both animal models of RA and in 
human disease considerable commercial, pharmaceutical activity has also been focused on 
designing TLR inhibitors for use in treating RA. TLR antagonists in preclinical development 
for RA include NI-0101, a TLR4 specific antibody developed by NovImmune, OPN305, a 
TLR2 specific antibody developed by Opsona, VTX-763, a small molecule inhibitor targeting 
TLR8 developed by VentiRx Pharmaceuticals and DV-1179, a DNA based TLR7/9 
antagonist, developed by Dynavax. There are also several compounds currently in trial. For 
example, Heat shock protein 10 (HSP10) (chaperonin 10) which can inhibit LPS mediated 
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TLR4 activation, has improved symptoms in all RA patients tested, causing disease 
remission in 3 out of 23 in a small clinical trial (Vanags et al., 2006).  Cbio et al are also 
examining the recombinant analogue of HSP10, XToll®, in a phase II clinical trial for RA. 
The DNA-based TLR7/9 antagonist, IMO-3100, developed by Idera, has also shown 
promising results in vivo for several autoimmune disease models. Phase I clinical trials of 
IMO-3100 in healthy subjects are underway and it appears to be well tolerated with no 
major adverse effects; in addition to reducing the release of cytokines such as TNF and IL-1 
in these subjects.   
Taken together, data from human, animal and pharmaceutical studies suggests a 
significant role for TLRs 2 and 4, in addition to the endosomal TLRs in synovial 
inflammation, in RA. Intriguingly however, the identity of the factor or factors that 
mediate this activation is not clear.  

4. Which TLR activators drive chronic inflammation in RA? 
Infection has long been purported to be a key underlying factor in RA pathogenesis. 
However, whilst pathogenic stimuli may trigger inflammation in RA, a causative infectious 
agent for RA has not been found and there is little evidence to suggest that PAMPs generate 
sustained joint inflammation (Schumacher et al., 1999; Chen et al., 2003). In contrast, data 
implicating DAMPs in RA pathogenesis have emerged from a number of independent 
studies in which factors derived from the serum, synovial fluid or synovial cells of RA 
patients can activate TLR mediated signalling pathways (Brentano et al., 2005; Roelofs et al., 
2005; Sacre et al., 2007).  
DAMPs are endogenous molecules that are immunologically silent in healthy tissues but 
become active upon tissue injury. They include intracellular molecules released from 
necrotic cells or secreted from activated cells, extracellular matrix molecule fragments 
created by tissue damage or proteolysis and extracellular matrix molecules that are 
specifically expressed upon tissue injury. In normal circumstances they act as danger signals 
that alert the organism to tissue damage and initiate the process of tissue repair. In addition 
to this physiological role however, there is evidence which indicates that DAMPS also 
contribute to the pathogenesis of many inflammatory and autoimmune diseases 
characterized by aberrant TLR activation including RA.  
High levels of some DAMPs are detected in the destructive milieu of the RA joint (Table 2) 
(reviewed in (Piccinini et al., 2010), where they are hypothesized to drive chronic 
inflammation by invoking a perpetual destructive cycle where inflammation leads to the 
creation of new stimulators of inflammation (Roelofs et al., 2008). A number of approaches 
have been taken to examine the effect of DAMP administration, deletion or blockade in 
animal models of arthritis and data supporting the role of specific molecules in such models 
are summarized in Table 4.   
In particular, the administration of the fibronectin EDA domain (FNEDA), fibrinogen, 
HMGB-1 and tenascin-C intra-articularly to mice provokes pathological inflammation in 
vivo, (Pullerits et al., 2003; Gondokaryono et al., 2007; Midwood et al., 2009). Moreover, 
targeted deletion of tenascin-C protects mice from experimental disease; synovial 
inflammation is induced but is transient and little tissue destruction occurs in contrast to 
wild type mice (Midwood et al., 2009) suggesting that tenascin-C plays a crucial role in 
disease chronicity.  
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TLR4 activation, has improved symptoms in all RA patients tested, causing disease 
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DAMP Effect of intra-articular administration in mice Reference 
Fibrinogen Induced joint inflammation that is inhibited by 

CTLA4-Ig 
(Ho et al., 2010; Yue 
et al., 2010) 

FNEDA  Induced TLR4 dependent transient ankle 
swelling, cytokine synthesis, synovial 
inflammation 

(Gondokaryono et al., 
2007) 

HMGB1  Induced synovial inflammation, some pannus 
formation 

(Pullerits et al., 2003) 

Tenascin-C  Induced TLR4 dependent joint inflammation and 
tissue erosion 

(Midwood et al., 
2009) 

 Effect of targeted deletion in mice  
Tenascin-C Protected from persistent synovial inflammation, 

joint erosion and tissue destruction in antigen 
induced arthritis 

(Midwood et al., 
2009) 

 Effect of blockade in murine disease model  
HMBG1 Polyclonal antibodies or the DNA binding box A 

domain reduced severity of established joint 
disease in collagen induced arthritis 

(Andersson et al., 
2004) 

HSP90 SNX-7081 (inhibitor) ameliorated disease, joints 
returned to normal in collagen induced arthritis 

(Rice et al., 2008) 

Neutrophil 
elastase 

ONO-5046 (inhibitor) reduced incidence and 
severity of disease, ablated cartilage destruction 
in collagen induced arthritis 

(Kakimoto et al., 
1995) 

Table 4. Evidence supporting the role of specific DAMPs in driving inflammation in RA 

5. The role of citrullination 
The mechanism underlying the switch from DAMPs that initiate controlled tissue repair, to 
those that mediate chronic, uncontrolled inflammation is still unclear, but recent evidence 
suggests that the process of citrullination may play a key role in this event. Citrullination is 
a post-translational event whereby peptidyl arginine deaminase enzymes convert arginine 
residues on susceptible molecules to citrulline. 
Fibrinogen, a DAMP and TLR4 agonist, has been shown to be citrullinated in the RA joint 
(Sebbag et al., 2006; van Beers et al., 2010), which potentiates its activation of TLR4 and 
enhances its activity within immune complexes (Sokolove et al., 2011). Moreover, 
immunization with citrullinated, but not native, fibrinogen induces a T cell dependent 
murine arthritis (Ho et al., 2010; Yue et al., 2010). In addition, citrullination modifies the 
antigenicty of fibrinogen by creating new epitopes preferentially recognized by HLA DR 
(James et al., 2010). Whilst the accumulation of citrullinated proteins is a hallmark of many 
autoimmune diseases, unique to RA is the loss of tolerance to these epitopes. Anti-
citrullinated protein antibodies (ACPAs) are present in ~65% of RA patients but are found in 
only <1% of individuals who do not have RA. Appearing before any evident symptoms, 
they correlate with poor prognosis; progressive joint destruction and low remission (Scott et 
al., 2010). Largely used diagnostically, emerging evidence suggests that ACPAs actively 
contribute to disease pathogenesis as their adoptive transfer enhances experimental murine 
arthritis (Kuhn et al., 2006; Uysal et al., 2009). Investigation of which DAMPs are 
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pathologically post translationally modified in this and other ways may reveal the antigens 
that drive autoimmunity; thereby shedding light on RA disease pathogenesis. 
 In summary therefore, the presence of DAMPs within the RA synovia or their elevated 
levels within the peripheral circulation of patients, implicates their involvement in disease 
pathology. This hypothesis is now underscored by evidence in animal models of RA that 
includes the effects on disease after targeted deletion of DAMPs, the induction of disease by 
administration of DAMPS as well as the manipulation of DAMP function / expression. 
However, whilst targeted deletion of a particular DAMP is possible in the mouse it is clearly 
not a viable therapeutic option in the clinic. A more achievable goal is to target the receptors 
or signalling pathways involved in DAMP activity, an approach that requires a detailed 
understanding of both. 

6. Distinct mechanisms of DAMP versus PAMP-mediated TLR activation 
Whilst there is now clear evidence for a role for endosomal TLRs -3 and -8, their ligands are 
still to be defined; all DAMPS that have been implicated in RA to date mediate their effects 
via either TLR2 or 4 (Tables 2 and 4).  However, despite considerable evidence implicating 
TLRs -2 and -4 in RA, there is also conflicting evidence. In particular, the inability of some 
function blocking antibodies to prevent spontaneous cytokine production in isolated RA 
synovial cells (Sacre et al., 2007), and the protective effect of TLR2 deletion in murine 
arthritis (Abdollahi-Roodsaz et al., 2008) might suggest that these TLRs are not important in 
RA. Moreover, SNPs of TLR2 and TLR4 or polymorphisms in human TLR4 that prevent LPS 
responsiveness do not correlate with RA disease susceptibility. For example, the Asp299Gly 
mutation in TLR4 (Kilding et al., 2003; Radstake et al., 2004) or Arg677Trp and Arg753Gln 
polymorphisms in TLR2 (Sanchez et al., 2004) that prevent PAMP induced activation of cells 
show no significant association with RA. 
However, the apparent discordance with SNP data and some antibody studies may be 
accounted for by the idea that the mechanism of TLR activation by DAMPs is unlikely to be 
the same as that used by the pathogenic activation of TLRs. LPS-relevant SNPs and 
antibodies that prevent LPS-TLR4 association may therefore not be applicable to 
TLR4:DAMP association. Indeed, studies with HMGB1, HSPs and tenascin-C, all DAMPS 
that have been implicated in RA, have revealed differences in the gene expression profiles 
and cytokines produced by these DAMPs when compared to LPS. This disparity was 
despite the uniform use of the TLR4 receptor. Thus, whilst HMGB1 and LPS induce many of 
the same genes in neutrophils from septic patients, there are also distinct differences, in 
particular in the expression of IL-8 (Silva et al., 2007). HSP60 is able to induce IFN alpha 
production in peritoneal macrophages and bone marrow derived DCs where LPS cannot 
(Osterloh et al., 2007), and tenascin-C exhibits a different profile of cytokine induction in RA 
synovial fibroblasts to LPS, being unable to induce IL-8 in these cells (Midwood et al., 2009). 
The induction of different gene patterns implies that the DAMPS are using TLR4 in a 
different way from the PAMPs. This is perhaps not surprising when we consider that TLR4 
recognises a wide variety of ligands, ranging from HSPs to lipids to breakdown products of 
the extracellular matrix (Piccinini et al., 2010) and it is unlikely that the TLR4 molecule 
would be able to recognise such a diverse repertoire of molecules in the same way. This is 
borne out by findings from crystallography studies which have revealed three basic 
mechanisms for TLR:PAMP association. Thus, the crystal structure of the extracellular 
domain of TLR3 complexed with ds RNA reveals that this molecule interacts directly with 
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residues on the external surface of the TLR3 homodimer (Liu et al., 2008). More recent 
modelling of TLRs 7 and 9 also suggests direct ligand binding to the TLR molecule 
(Kubarenko et al., 2010). In contrast, TLR1:TLR2 hetero-dimerisation results in the formation 
of a hydrophobic pocket into which the lipopeptide PAM3Cys fits (Jin et al., 2007). Lastly, 
the structure of the TLR4:MD2:LPS complex reveals that LPS does not initially make direct 
contact with TLR4, but rather first binds to MD2, altering its conformation and allowing it to 
bind to and cause homodimerisation of TLR4 (Park et al., 2009). In this case, TLR4 residues 
important for LPS activity include those required for MD2 binding and those required for 
receptor homodimerisation. TLR4 responses to LPS also require the presence of CD14 which 
facilitates the transfer of LPS to MD2.  
Our knowledge of the receptor complexes used by DAMPs is far from complete, but it is 
already clear that these molecules have a further level of complexity in their receptor 
organisation. Thus, of those that require TLR4, some, such as HSP70, biglycan and s100 also 
require both CD14 and MD2 for activity. Others, such as Gp96, HMGB1 and fibronectin 
EDA require only MD2, whilst another group that includes surfactant protein A and 
lactoferrin require only CD14 (Piccinini et al., 2010). The last, and probably the most diverse 
group of DAMPs use co-receptors or accessory molecules that are distinct from CD14 and 
MD2. Immune complexes of citrullinated fibrinogen for example have recently been shown 
to use a combination of Fcgamma receptors and TLR4 (Sokolove et al., 2011), and may also 
use CD11b/ CD18 (Barrera et al., 2011). A-SAA, which has been associated with RA and 
uses the TLR2 receptor has been shown to also use both CD36 and FPRL-1 as co-receptors, 
while low molecular weight hyaluronan forms complexes with TLR2 and CD44, and 
biglycan, which may use both TLR2 and TLR4, uses a variety of molecules including CD14, 
MD2, P2x4 and NLRP3 (Babelova et al., 2009). Other DAMPs such as tenascin-C do not use 
CD14 or MD2 (Midwood et al., 2009). Whether they bind directly to TLR4 or use an as yet 
undefined co-receptor molecule(s) is unclear at present. 
Because of their alternative use of co-receptor molecules, DAMPs are therefore likely to use 
different residues on the TLR4 molecule than those used by LPS, so it may not be surprising 
that SNPs that affect LPS binding and antibodies designed to prevent LPS activation of 
TLR4 are inactive in RA where DAMP mediated activation of TLR4 may be critical to 
disease pathology. This hypothesis is confirmed by studies of the D299G and T399I 
mutations in TLR4. These have been shown to prevent LPS activation, but to enhance the 
ability of TLR4 to respond to fibrinogen. (Hodgkinson et al, 2008) 
The signalling mechanisms used by DAMPs are also not well defined, and there is very little 
data available at present to suggest therapeutic targets for DAMPs. However, the use of TLR 
molecules suggests that many of the same pathways activated by PAMPs may be relevant. 
This has been confirmed by recent studies of oxidised LDL signalling (a TLR4 DAMP), which 
shows activation of many familiar pathways such as those involving IKK and the MAP 
kinases. Studies with tenascin-C also show that MyD88 signalling is important in response to 
this molecule (Midwood et al., 2009). Any differences between DAMP and LPS mediated 
signalling pathways are likely to come from the DAMP use of alternative co-receptors. 
Molecules such as CD36, CD44 and integrins already have defined signalling pathways. 
Whether DAMP signalling will prove to be simply a combination of TLR:MyD88 driven 
pathways and those emanating from any co-receptor molecules remains to be defined. It is 
more likely however, that the signal transduction mechanism of DAMPs will be a result of a 
combination of both pathways, where each is able to modulate / modify the other.  
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Examples of other molecules able to modify TLR signalling pathways, and consequently 
TLR-induced cytokine production are already established in the literature, and in particular 
a number of molecules that contain ITAM motifs have been shown to modulate TLR 
signalling pathways (Ivashkiv, 2008). Some such as TREM1 appear to cooperate with TLR 
molecules, amplifying the production of pro-inflammatory cytokines (Bleharski et al., 2003) 
whilst others such as the FcR and the CD300F molecule inhibit TLR signalling (Wang et al., 
2010). Other cell surface molecules able to modulate TLR activity include the TAM (Tyro3, 
Axl, Mer) receptors and SIGIRR (Rothlin et al., 2007; Drexler et al., 2010). The mechanisms 
responsible for these activities are varied and include ITAM mediated changes in IL-10 
production and the induction of inhibitory signalling molecules. Conversely, recent data has 
emerged detailing a requirement for TLR4 in CD16 signalling revealing that TLRs in their 
turn can modulate other signalling pathways (Rittirsch et al., 2009).  

7. Conclusion 
In conclusion, it is clear that whilst the advent of specific biological therapies for the 
treatment of RA has significantly improved treatment of this disease in the last 10 years, 
there is still a significant un-met clinical need for therapies that target the cause of disease 
chronicity rather than its consequences.  
 Increasing evidence from in vitro studies, murine models of disease, and human studies, 
suggests that the TLRs play a significant role in RA. In particular, TLRs 2 and 4 and the 
intracellular TLRs 3 and 8 are increasingly regarded as key to the pathogenesis of this 
disease. However, PAMPs derived from infectious agents are not found in RA joints and are 
unlikely to be the causative TLR ligands in RA. Rather, there is now increasing evidence that 
endogenously derived DAMPs, either in their native form or in a citrullinated state, are able 
to drive the chronicity of RA. DAMPs comprise an enormously diverse subset of molecules 
and targeting them as a form of RA therapy could be achieved in a number of different 
ways. Many of these approaches have already found some success in other fields, but have 
yet to be tested in RA.  
For example, for DAMPs whose expression is specifically up-regulated during inflammation it 
may be possible to manipulate this induction of expression at the genetic level. This approach 
has been taken in a murine lung carcinoma model where knockdown of versican expression in 
Lewis lung carcinoma cell lines (LLC) ablated their tumorigenic capability, promoting mouse 
survival and reduced metastasis. Conversely, over expression of versican in LLC lines with 
low innate metastatic potential increased lung metastasis (Kim et al., 2009).  
The use of micro RNAs (miRNAs) to manipulate gene expression is also attracting 
considerable attention. MicroRNAs are endogenous RNAs that post-transcriptionally 
modulate gene expression (reviewed in (Guo et al., 2010). Not surprisingly, regulation of 
gene expression by microRNAs has also been extended to the TLR signalling paradigm 
(reviewed in (O'Neill et al., 2011)) where they impose several levels of regulation on the TLR 
signalling axis. For example, miR-155, miR-21 and miR-147 regulate the expression of TLRs 
2-4, downstream signalling mediators such as MyD88 and TRIF, as well as transcription 
factors NF-B and IRF3 (reviewed in (O'Neill et al., 2011)). Recent studies have reported that 
miR-155, miR-146a and miR-203 are upregulated in RA synovial fibroblasts, resulting in 
altered cytokine and MMP synthesis (Stanczyk et al., 2008; Li et al., 2010; Stanczyk et al., 
2011). These insights may create a novel approach to limiting excessive TLR activation 
during inflammation.  
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7. Conclusion 
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chronicity rather than its consequences.  
 Increasing evidence from in vitro studies, murine models of disease, and human studies, 
suggests that the TLRs play a significant role in RA. In particular, TLRs 2 and 4 and the 
intracellular TLRs 3 and 8 are increasingly regarded as key to the pathogenesis of this 
disease. However, PAMPs derived from infectious agents are not found in RA joints and are 
unlikely to be the causative TLR ligands in RA. Rather, there is now increasing evidence that 
endogenously derived DAMPs, either in their native form or in a citrullinated state, are able 
to drive the chronicity of RA. DAMPs comprise an enormously diverse subset of molecules 
and targeting them as a form of RA therapy could be achieved in a number of different 
ways. Many of these approaches have already found some success in other fields, but have 
yet to be tested in RA.  
For example, for DAMPs whose expression is specifically up-regulated during inflammation it 
may be possible to manipulate this induction of expression at the genetic level. This approach 
has been taken in a murine lung carcinoma model where knockdown of versican expression in 
Lewis lung carcinoma cell lines (LLC) ablated their tumorigenic capability, promoting mouse 
survival and reduced metastasis. Conversely, over expression of versican in LLC lines with 
low innate metastatic potential increased lung metastasis (Kim et al., 2009).  
The use of micro RNAs (miRNAs) to manipulate gene expression is also attracting 
considerable attention. MicroRNAs are endogenous RNAs that post-transcriptionally 
modulate gene expression (reviewed in (Guo et al., 2010). Not surprisingly, regulation of 
gene expression by microRNAs has also been extended to the TLR signalling paradigm 
(reviewed in (O'Neill et al., 2011)) where they impose several levels of regulation on the TLR 
signalling axis. For example, miR-155, miR-21 and miR-147 regulate the expression of TLRs 
2-4, downstream signalling mediators such as MyD88 and TRIF, as well as transcription 
factors NF-B and IRF3 (reviewed in (O'Neill et al., 2011)). Recent studies have reported that 
miR-155, miR-146a and miR-203 are upregulated in RA synovial fibroblasts, resulting in 
altered cytokine and MMP synthesis (Stanczyk et al., 2008; Li et al., 2010; Stanczyk et al., 
2011). These insights may create a novel approach to limiting excessive TLR activation 
during inflammation.  
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A second method of modulating DAMP activity in RA may be to block their production or 
level of expression. Indeed, ethyl pyruvate, stearoyl lysophosphatidylcholine and nicotine 
have already been shown to be efficacious in ameliorating experimental sepsis by 
preventing HMGB1 release (Ulloa et al., 2003; Wang et al., 2004; Chen et al., 2005). However, 
the mechanism by which they do so is unclear and these compounds are likely also to affect 
numerous other cell processes. HMGB1 is released from cells by two distinct mechanisms: it 
is either liberated from cells undergoing necrosis (Scaffidi et al., 2002), or it is 
hyperacetylated and then actively secreted from stimulated cells. Other DAMPs including 
the S100 proteins are also secreted in the same way (Foell et al., 2007) and targeting this 
pathway therefore may potentially offer a means to modulate the release of intracellular 
DAMPs. Other DAMPs are generated by the degradation of extracellular matrix and 
inhibition of this process may also be therapeutically beneficial. This has already been tested 
in the case of immune stimulatory heparin sulphate (HS) fragments which are released from 
the ECM as a result of elastase activity (Brunn et al., 2005). Injection of elastase into the 
peritoneal cavity of mice caused the release of HS and induced sepsis, nearly as effectively 
as direct injection of HS or LPS (Johnson et al., 2004). Thus therapeutic measures aimed at 
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blocking elastase could reduce the production of endogenous TLR4 activators. Indeed, pre-
treatment with neutrophil elastase inhibitor before induction of hepatic ischemia-
reperfusion injury has already been shown to ameliorate liver damage (Uchida et al., 2009).  
Thirdly, as we have discussed here, targeting the TLRs that are critical for DAMP 
recognition is increasingly considered as a viable therapeutic option in RA. This can take the 
form of agents that antagonise DAMP:TLR association as has been tested with the 
antagonistic TLR2 and TLR4 antibody studies and the DNA based TLR7/9 antagonist IMO-
3100 and with the studies on Bartonella Quintana LPS and the ST2 protein. Other approaches 
tested so far include the use of antagonistic bent oligonucleotides that have a high affinity 
for HMGB1 and suppress HMGB1-induced proliferation and migration of smooth muscle 
cells in vitro (Musumeci et al., 2007). An engineered mutant fragment of HMGB1 (HMGB1 
Mut (102-105)) that carries two glycine substitutions has also been shown to decrease TNF 
release induced by the full-length HMGB1 protein in human monocyte cultures (Yuan et al., 
2008). In addition, the N-terminal domain of thrombomodulin, an endothelial anticoagulant 
cofactor, has been shown to exert anti-inflammatory effects in a model of lethal endotoxemia 
partly by binding to and sequestering HMGB1 (Abeyama et al., 2005). Targeting the DAMP 
co-receptor molecules may also prove to be a viable therapeutic approach.  
TLR signalling pathways, activated during DAMP recognition, would also represent 
tractable targets in RA and the success in in vitro studies and animal models of RA of small 
molecule inhibitors directed against signalling molecules such as p38, IKK2, PDE4, Syk and 
Btk may in large part be due to their effect on DAMP mediated signalling pathways. In 
addition, it will be interesting to see if DAMP-mediated signalling pathways are subject to 
the same control mechanisms as PAMP-mediated TLR signals. The role of naturally 
occurring molecules such as SIGIRR and SARM which are reported to modulate TLR 
signalling, as are the TAM receptors Tyro3, Axl and Mer. Many of these have not been 
examined in the context of DAMP:TLR activity and may yield further areas of study. 
In summary, it is now clear that the TLR:DAMP axis represents a key point in RA 
pathology that will be susceptible to therapeutic attack. However, in order to mount such 
an attack we need to understand a number of key points: which DAMPs are relevant to 
RA pathology?; how are these DAMPs produced and / or modulated to become 
pathogenic?; how do the TLRs recognise DAMPs, including the role of co-receptor 
molecules?; and which signals are generated? The field of DAMP research in RA should 
prove to be an exciting one for many years. 
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1. Introduction  
Preclinical research on animal models of rheumatoid arthritis (RA) is very important for 
alerting the healthcare and scientific community and pharmaceutical companies of the 
existence of new or “forgotten” molecules. Most antirheumatics have side-effects when used 
in higher doses and/or within long-term dosage. Combinatory therapy is expected to have a 
higher efficacy without increased toxicity. Methotrexate (MTX) has become the main 
immunosuppressive substance used in the treatment of patients with RA. However, the use 
of MTX has to be limited due to its toxic manifestations, e.g. abdominal disorder, alopecia, 
oral ulcers, and cytopenia (Alarcon et al., 1989). Ineffectiveness of treatment can be also 
observed. In the survey of McKendry and Dale (McKendry & Dale, 1993), due to the  risk of 
treatment, termination was substantiated in 75% of patients with RA taking MTX for 60 
months. An adverse drug effect proved to be a more common reason for treatment 
termination (53%) compared to loss/lack of beneficial effect (22%), other reasons (16%), or 
lost of follow-up (9%). On the other hand, the therapeutic efficacy of MTX can be increased 
by combination with other synthetic drugs or inhibitors of TNF-α (Smolen et al., 2010).  
Application of biological therapy (antibodies or soluble receptors of TNF-α, IL-1 and IL-6) 
represents a great progress in the therapy of RA. Yet biological treatment is also frequently 
combined with MTX (Maini et al., 1998; Weinblatt et al., 1999). There are countless 
possibilities for combinations with MTX. Many substances were neglected when they failed 
to show good efficacy in monotherapy compared to standard antirheumatics. They would 
not get a second chance if the expected reduction of clinical parameters (mainly edema of 
joints) did not materialize, despite the fact that they improved many biochemical disease 
markers. Our research in the last years was focused on evaluation of new therapeutics for 
the combinations of the classical immunosuppressive treatment with immunomodulators 
and compounds affecting reduction/oxidation homeostasis.  
Development of drugs for the therapy of RA has been very intensive in recent years. 
Biological therapy targeted on neutralizing the effect of antiinflammatory cytokines, 
particularly TNF-α, IL-1 and IL-6, by using antibodies or soluble receptors provided a great 
progress in RA therapy. However, not even these expensive drugs are able to cure RA 
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definitely, although they remarkably inhibit the development of arthritis and improve the 
life quality of patients. Following treatment interruption, a fast development of RA occurs. 
Biological therapy also has adverse effects, such as development of resistance and secondary 
infections. For these reasons, the search for new drugs which could avoid these infections or 
suppress them is still an up-to-date problem. As already mentioned, the most frequently 
applied conventional drug for RA has been MTX. Its application is usually additional to the 
biological therapy or it is used in combination with other conventional drugs. Intensive 
immunosuppressive treatment with MTX or biological therapy adversely affects 
immunological homeostasis of the organism and increases the risk of infections. For these 
reasons, there is a search for alternative immunomodulatory approaches, which could 
minimize side effects of immunosuppressive therapy on cellular and humoral immunity. 
One possibility is represented by the combination of immunosuppressive and 
immunostimulatory substances or compounds regulating redox balance of the organism. 
Their application can establish immunological and redox homeostasis and increase 
resistance of the organism to infections.  
The focus of this chapter is mostly on substances of natural origin possessing 
antiinflammatory, antioxidative or immunomodulating properties along with minimal side 
effects when administered to animals. The safety of long-term therapy of RA is very 
important, because patients with RA are usually treated for two or more decades. We 
describe our results obtained in adjuvant arthritis (AA) with endogenous antioxidants as 
carnosine and coenzyme Q10, glucomannan and Imunoglukan®, as well as selected extracts 
and compounds from plants. These results will be confronted with results of other authors 
from preclinical and clinical studies. The aim is to present an overview of the potential of 
new compounds for the therapy of RA with the focus on approving their ability for 
combination therapy with methotrexate.  

2. Adjuvant arthritis: An animal model for preclinical evaluation of new 
antirheumatics  
In AA the injection of rats with complete or incomplete adjuvant induces polyarthritis, 
possibly by way of a mechanism involving heat shock proteins. Arthritis induced in rats 
with intradermal injection of adjuvants containing mycobacteria is an animal model often 
used for evaluation of potential antirheumatic drugs. This model is also a good 
methodological tool for investigation of pathological mechanisms in RA. An intradermal 
injection, into the base of the tail, with heat-killed Mycobacterium tuberculosis in incomplete 
Freund´s adjuvant (IFA) results in destructive arthritis within 14 days in susceptible Dark 
Agouti or Lewis inbred rat strains. AA can also be induced with cell walls from other 
bacterial types in IFA, although the arithrogenicity varies (Joe et al., 1999). In many 
experiments, the induction of arthritis is achieved also with Mycobacterium butyricum in IFA 
(Akiyama et al., 2005; Bauerova et al., 2006, 2009). Basic clinical manifestations of AA are 
paw swelling, infiltration of mononuclear and polymorphonuclear phagocytes into joints, 
formation of pannus, periostitis and erosions of cartilage and bone (Williams et al., 1998). 
The intensity of AA development is described by so-called “basic clinical parameters”, i.e. 
arthritic score, hind paw edema, which are usually measured once a week over the whole 
duration of the experiment. Increased synthesis of TNF- α, IL-1 and IL-6 is detected as early 
as day four after adjuvant injection. The disease progresses rapidly over several weeks in 
what appears clinically to be a monophasic process. Granulocytes and autoreactive CD41 
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cells play major roles in the disease. Humoral immune mechanisms appear not to contribute 
to the disease process (Joe et al., 1999). 
AA has been extensively used for pharmaceutical testing, and therefore much data exists for 
comparison in humans. While this model does not mimic perfectly the condition of human 
arthritis, it is easily reproducible, well defined and has proven useful for the development of 
new therapies for arthritis, as exemplified also by cytokine blockade therapies (Bendele et 
al., 1999). AA has been used in the evaluation of nonsteroidal inflammatory drugs, such as 
phenylbutazone and aspirin during the early 1960s, and later COX-2 inhibitors such as 
celecoxib were studied. AA in rats shares many features with human arthritis, including 
genetic linkage, synovial CD4+ cells and T cell dependence. On the contrary, one of the 
major differences between the AA model and human arthritis is simply that the inciting 
agent is known in the model, though the need for any specific antigen is controversial.  

2.1 Markers applied in adjuvant arthritis  
The parameters characterizing efficacy of the substances tested on the immunological, 
oxidative and inflammatory processes will be reported in this chapter. The spectrum of 
these parameters is suitable for the description of AA development and provides optimal 
possibilities for studying pharmacological influence of the substances tested as well as for 
the elucidation of the mechanisms of their action. In our laboratory, plasma and blood 
samples were collected regularly from animals in light anesthesia. Tissue samples were 
collected at the end of the experiment after sacrificing the anesthesised animals. The end of 
the experiment was mostly day 28 after injection of Mycobacterium butyricum. All 
characteristics monitored could be divided into three groups: clinical, biochemical and 
immunological parameters. For data interpretation and statistical analysis the data were 
expressed in terms of arithmetic mean ± S.E.M. In all cases the untreated arthritis group was 
compared with healthy control animals (*-symbol), the treated arthritis groups were 
compared with the untreated arthritis animals (+-symbol). For significance calculations the 
unpaired Student’s t-test (two samples unequal variance) was used with the following 
significance designations extremely significant (p < 0.001), highly significant (p < 0.01), 
significant (p < 0.05); not significant (p > 0.05). 

2.1.1 Clinical markers   
We monitored one basic clinical parameter: the hind paw volume (HPV). The HPV increase 
was calculated as the percentage increase in the HPV on a given experimental day relative to 
the HPV at the beginning of the experiment. The hind paw volume was recorded on days 1, 
14, 21, and 28 with the use of an electronic water plethysmometer (UGO BASILE, Comerio-
Varese, Italy). In one of our previous experiments, we confirmed that this clinical parameter 
became significantly modified starting around day 14 and its significant increase in 
comparison with healthy controls is maintained until the end of the experiment (Bauerova et 
al., 2007). 

2.1.2 Biochemical markers  
Numerous studies have suggested an important role of oxidative stress (OS) in the 
pathogenesis of RA (Bauerova & Bezek, 1999; Bohanec et al., 2009). Several clinical studies as 
well as preclinical studies using animal models of RA have documented an imbalance in the 
body’s redox homeostasis to a more pro-oxidative environment, suggesting that therapies 
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which restore the redox balance may have beneficial effects on the disease process. The role 
of reactive oxygen species (ROS) in the etiology of RA is supported by numerous studies 
documenting that not only the damaging effects of ROS but also the role that ROS play in 
regulating various inflammatory processes contributes to the pathogenesis of the disease 
(Kunsch et al., 2005). The net effect of redox signaling is highly specific changes in gene 
expression and in the cellular phenotype. Therefore, by serving as second messengers, 
ROS/reactive nitrogen species are not only toxic agents but also mediators of physiological 
function (Giustarini et al., 2004; Poli et al., 2004). Considering these facts, we  monitored 
parameters of OS together with the inflammatory marker plasma C-reactive protein (CRP). 
For the determination of rat plasma CRP concentration, the ELISA kit from Immunology 
Consultant Laboratories, Inc. (ICL) was used. CRP comparable to HPV was already 
significantly increased in arthritic rats on day 14 (Bauerova et al., 2010). 
γ-Glutamyltransferase (GGT), as a non-specific marker of inflammation and OS, has been 
assessed in different cells and tissues of the lymphatic system — T-lymphocytes, 
macrophages, spleen and thymus tissue (Koner et al., 1997). The ectoenzyme form of GGT is 
not present on non-active peripheral T-lymphocytes, but its expression rises after activation 
of native T-lymphocytes. In other tissues, GGT is essential for ”scavenging” glutathione 
metabolites (mostly γ-glutamyl) and their transport into cells, where GSH is synthesized de 
novo (Carlisle et al., 2003). GGT is an important component of inflammatory processes since 
its activity is closely connected with the overall antioxidant status of the organism. In our 
experiments, GGT in the joint from the hind paw (cartilage and soft tissue without bone) 
and in spleeen tissue was determined at the end of the experiment, on day 28. The activity of 
GGT was measured by the method of (Orlowski & Meister, 1970), modified by 
(Ondrejickova et al., 1993). We found that the activity of GGT was approximately 3–6 times 
higher in AA animals than in healthy controls in the spleen and 1.4–2.3 times higher in the 
joint (Bauerova et al., 2006, 2008b, 2009; Sotnikova et al., 2009). We assume that the increased 
activity of GGT in AA is a result of elevated systemic OS. The finding that the GGT activity 
is also elevated in peripheral joint tissue is in good agreement with clinical studies of 
patients with RA who had increased levels of GGT not only in the serum and urine but also 
in synovial fluid (Rambabu et al., 1990). In one of our studies we showed a good correlation 
between GGT activity in joint tissue and the HPV of arthritic animals (Bauerova et al., 2006). 
GGT expression has been detected in active lymphocytes that accumulate at the 
inflammation region, as observed in RA. Ishizuka et al. (2007) found that neutralizing 
antibodies against GGT had a therapeutic effect on joint destruction in collagen-induced 
arthritis in mice. Elevated expression and activity of GGT in joint tissue is a good marker for 
synovial inflammation and bone resorption. Substances able to reduce the activity and/or 
expression of GGT could be important for RA therapy. OS, a consequence of chronic 
inflammatory processes occurring in AA, increased after the experimental day 14, which 
was also the onset of clinical manifestations of the disease. OS increased the consumption of 
endogenous antioxidants in plasma and thus caused a lowering of the plasma antioxidant 
capacity, measured as the total antioxidant status with RANDOX® TAS kit (Bauerova et al., 
2009, Mihalova et al., 2007). A frequently used marker of lipid peroxidation is 
malondialdehyde (MDA), assessed as an adduct with thiobarbituric acid (TBA). We used 
the substances reacting with thiobarbituric acid measured in plasma at 535nm (Brown & 
Kelly, 1996). Clinical studies have shown increased plasmatic levels of MDA in patients with 
RA (Baskol et al., 2005, 2006; Sarban et al., 2005). The level of MDA in the plasma of arthritic 
animals was also elevated (Bauerova et al., 2008b, 2009; He et al., 2006; Sotnikova et al., 2009; 
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Strosova et al., 2008, 2009; Tastekin et al., 2007). In recent years, methods based on 
chemiluminescence and fluorescence measurements have been widely used for 
determination of ROS, RNS and lipid peroxidation metabolites. Fluorescent protein adducts 
are derivatives formed by reaction of secondary metabolites of lipid peroxidation (especially 
HNE and MDA) with free amino groups of proteins (Aldini et al., 2007; Requena et al., 
1996). In murine and human serum, albumin protein fraction was identified as the most 
fluorescent fraction of proteins (Tsuchida et al., 1985). Several authors have suggested that 
protein adducts with secondary metabolites of lipid peroxidation also have immunogenic 
properties and may play a significant role in the pathogenesis of auto-immune diseases 
including RA (Kurien et al., 2006; Tuma, 2002). This highlights the importance of monitoring 
these adducts in auto-immune, chronic inflammatory diseases. The presence of oxidative 
damage in AA plasma was evaluated in our experiments also by measurement of 
fluorescence adducts in plasma. Two types of aldehydes were measured: HNE and MDA 
adducts of proteins (Biasi et al., 1995; Tsuchida et al., 1985). In rat AA, we were the first to 
monitor the HNE and MDA protein adducts in a time profile (Ponist et al., 2010). The level 
of HNE adducts was slightly increased already on day 7. The maximal level of HNE adducts 
was reached on day 14, and then it slowly decreased to the control level (day 28). Similar 
changes were recorded in the level of MDA adducts during the experiment, except that they 
were still significantly elevated on day 21 (Ponist et al., 2010). The time course of lipid 
peroxidation measured by the MDA protein adducts resembles the temporal pattern of ROS 
production by phorbol myristate acetate (PMA) - stimulated neutrophils measured by 
chemiluminescence of whole blood of arthritic animals, with maximum on day 14 and 21 
(Nosal et al., 2007). Recent evidence from animal models of RA emphasizes the importance 
of neutrophils in the initiation and progression of AA (Cross et al., 2006). There are multiple 
experimental studies dedicated to neutrophil-generated chemiluminescence of whole blood 
(Arnhold et al., 1994; Cedergren et al., 2007; Miesel et al., 1996) and of synovial fluid 
(Arnhold et al., 1994; Cedergren et al., 2007), depending on the disease severity in patients 
with RA. An increase in whole blood chemiluminescence (2–8 fold) was shown in RA 
patients compared with healthy volunteers (Miesel et al., 1996). The results published by 
Nosal (Nosal et al., 2007) are in good agreement with this finding. Arthritic animals had 
significantly elevated spontaneous chemiluminescence from the seventh experimental day 
until the end of experiment (day 28). Neutrophils in whole blood of AA animals reacted 
excessively to stimulation with PMA and produced 6–9 times more ROS. The development 
of AA in rats was also accompanied with an increase in blood neutrophil count when 
compared with control animals (Nosal et al., 2007). Oxidative damage to the tissues in AA 
was demonstrated - ROS levels in the joint and the spleen were analysed by 
chemiluminiscence assessment (Drabikova et al., 2009). Measurements in the joint were 
completed by spectrophotometric analysis of myeloperoxidase activity in an experiment 
focused on evaluation of therapeutic effects of two stilbenoids in AA (Macickova et al., 
2010). In this study, myeloperoxidase (MPO) activity in the hind paw joint homogenate of 
arthritic rats was approx. 3-times higher than in healthy controls. This finding is of 
importance as MPO is the most abundant enzyme in neutrophils. It is a marker of OS and 
ROS generated by MPO can deplete the NO level in vascular endothelium (Brennan & 
Hazen, 2003). MPO enhances the binding of leukocytes, including monocytes and 
neutrophils, to the endothelium (Johansson et al., 1997). Vascular endothelial cells are also 
capable of secreting various cytokines, which are potent chemoattractants for neutrophils. 
Both MPO and cytokines participate in the recruitment of cells into the area of 
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2009, Mihalova et al., 2007). A frequently used marker of lipid peroxidation is 
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Strosova et al., 2008, 2009; Tastekin et al., 2007). In recent years, methods based on 
chemiluminescence and fluorescence measurements have been widely used for 
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focused on evaluation of therapeutic effects of two stilbenoids in AA (Macickova et al., 
2010). In this study, myeloperoxidase (MPO) activity in the hind paw joint homogenate of 
arthritic rats was approx. 3-times higher than in healthy controls. This finding is of 
importance as MPO is the most abundant enzyme in neutrophils. It is a marker of OS and 
ROS generated by MPO can deplete the NO level in vascular endothelium (Brennan & 
Hazen, 2003). MPO enhances the binding of leukocytes, including monocytes and 
neutrophils, to the endothelium (Johansson et al., 1997). Vascular endothelial cells are also 
capable of secreting various cytokines, which are potent chemoattractants for neutrophils. 
Both MPO and cytokines participate in the recruitment of cells into the area of 
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inflammation. Lefkowitz et al. (1999) reported that MPO may be an important mediator in 
the inflammatory response. 
Moreover, in the scale of systemic OS parameters, phagocytosis, oxidative burst and 
metabolic activity of rat granulocytes isolated from peripheral blood were monitored. Flow 
cytometric analysis was used for these measurements, according to the method published 
by Kronek et al. (2010) and modified for the model of AA (Bauerova et al., 2010a). 
Interestingly, increased production of ROS by neutrophils recorded by whole blood 
chemiluminiscence measurements emerged already in an early phase of disease, on the day 
7. We therefore decided to investigate this finding more precisely using flow cytometry. 
Another reason was that the changes in neutrophils occur before the clinical parameter HPV 
starts to be increased. Due to arthritis, both phagocytosis and oxidative burst were already 
significantly increased on experimental day 7. Metabolic activity of neutrophils as the 
percentage of double positive cells (simultaneously phagocytotic and positive for oxidative 
burst) was decreased. This finding could be explained by an increased number of “arthritic” 
neutrophils, which are positive only for oxidative burst and therefore are not counted as 
double positive cells (Bauerova et al., 2010a). Further we analyzed in plasma the level of one 
of the most important endogenous antioxidants in rats – coenzyme Q9 (CoQ9). Significant 
changes in the levels of CoQ9 and/or CoQ10 have been noted in a wide variety of diseases in 
both animal and human studies. These changes may be caused by impairment in CoQ 
biosynthesis or excessive utilization of CoQ by the body, or any combination of these 
processes (Bauerova et al., 2008a; Littarru et al., 1991). In this experiment, we focused on 
evaluating the CoQ9 plasmatic levels as the dominant form of CoQ in rats. Its concentration 
is about 10 times higher than the concentration of CoQ10 (Dallner & Sindelar, 2000). In AA 
the arthritis process increases significantly the level of CoQ9 in comparison with healthy 
controls. Evidently, the arthritic processes stimulate the synthesis of CoQ9 and its transport 
to plasma. In addition to monitoring lipid peroxidation, also protein oxidation was followed 
up in AA. Arthritis, similarly to many other diseases, is accompanied by oxidative damage 
of plasma proteins induced by the action of free radicals. Protein carbonyls (aldehydes and 
ketones) are produced directly by oxidation or via reactions with other molecules generated 
by the oxidation process. The assay of protein carbonyls as biomarkers of OS in various 
diseases is with advantage used in diagnostics because of the relatively early formation and 
relative stability of carbonylated proteins (Dalle-Donne et al., 2003). The ability of certain 
compounds to reduce the amount of carbonyls is considered as one of the indirect proofs of 
their antioxidant activity. In our AA experiments, enzyme linked immunosorbent assay 
(ELISA) was used most frequently for quantitative determination of protein carbonyls in 
plasma (Buss et al., 1997).  The first measurement of protein carbonyls in our experiments 
with AA was performed in a study with carboxymethyl (1/3)-b-D-glucan isolated from 
Saccharomyces cerevisiae administered to arthritic rats (Kogan et al., 2005). In this study, the 
content of carbonyls in the arthritic animals increased significantly in comparison with 
healthy controls and protein carbonyl determination in plasma was performed according to 
the method described by (Levine et al., 1990) and modified in agreement with the previously 
applied experimental conditions (Bauerova et al., 2002). Also in the following experiments 
with AA we found significant damage of proteins caused by oxidative stress accompanying 
arthritis (Bauerova et al., 2005b; Strosova et al., 2009). In addition to determination of protein 
carbonyls in plasma, we performed an assay of carbonyls in brain tissue and applied it as a 
marker of antioxidative properties of carnosine evaluated for monotherapy of AA (Ponist et 
al., 2011). Protein carbonyls in brain tissue homogenates were significantly elevated, 
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comparable to protein carbonyls in plasma. This novel finding emphasizes the systemic role 
of OS in chronic inflammatory diseases such as AA, with oxidatively modified proteins, not 
only in directly affected tissues (cartilage, bone and skeletal muscle). 

2.1.3 Immunological markers 
RA is associated with elevated levels of IL-1 in the synovium. IL-1 is closely related to 
inflammation and articular damage in several arthritis models and it is therefore generally 
accepted that IL-1 has a pivotal role in the pathophysiology of RA. In particular, IL-1 is a 
potent stimulator of synoviocytes, chondrocytes and osteoblasts. Moreover, IL-1 is a key 
mediator of synovial inflammation and pannus formation (Dinarello & Moldawer, 2002). It 
has a severe impact on different cell populations and exerts biological effects, e.g. increased 
synthesis of acute phase reactants. IL-1α is secreted by monocytes/macrophages activated 
via TNF-α and/or bacterial endotoxin. Furthermore, IL-1α markedly potentiates the toxic 
effect of TNF-α in animal experiments (Waage, et al., 1991). In the AA model used in our 
experiments, IL-1α was significantly increased in plasma on day 14 and also on day 28 
(Bauerova et al., 2007, 2009; Bauerova et al., 2010a). The course of plasma levels of both pro-
inflammatory cytokines IL-1α and TNF-α in AA was very similar, with the maximum on 
day 14 and with decreasing levels on days 21 and 28 in comparison to day 14 (Bauerova et 
al., 2009). These results are of importance as TNF-α controls the gene expression of various 
cytokines and chemokines in different cell types engaged in the host immune response to 
infection and triggers the cascade of cytokines acting in the inflammatory response. The 
efficient biological activities of TNF-α include direct activation of T- and B-lymphocytes, 
macrophages, and natural killer cells, release of acute-phase proteins, and endothelial cell 
activation. The activated monocyte or macrophage represents the primary source for TNF-α, 
especially after IFN-γ priming. TNF-α is a key regulator of other pro-inflammatory 
cytokines such as IL-1α, IL-6, and IL-8. Further, we followed the course of monocyte 
chemoattractant protein 1 (MCP-l) (Bauerova et al., 2009). This chemokine is mainly 
expressed by macrophages in response to a wide range of cytokines, e.g. TNF-α and IL-1.  
In this experiment, the significant maximum of MCP-1 plasma level measured on day 21 
and the following decrease is in close association with kinetics of both TNF-α and IL-1α. 
According to the target cell specificity, MCP-1 was postulated to play a pathognomonic role 
in various diseases with monocyte cell infiltration. MCP-1 is a member of the CC chemokine 
subfamily that modulates monocyte chemotaxis both in vitro (Oppenheim et al., 1991) and in 
vivo (Rollins, 1996; Volejnikova et al., 1997). MCP-1 displays chemotactic activity for 
monocytes and basophils but not for neutrophils or eosinophils. Expression of MCP-1 has 
been detected in a number of pathologic conditions associated with monocyte aggregation, 
including atherosclerosis, arthritis, and glomerulonephritis (Rollins, 1996). The synovial 
fluid (SF) and serum MCP-1 concentrations are significantly higher in RA patients. This 
suggests that MCP-1 is mainly produced locally by activated cells, where it may exacerbate 
and sustain inflammation by attracting proinflammatory leukocytes, predominantly 
monocytes (Stankovic et al., 2009). Substances that can suppress the production of MCP-1 
have shown beneficial effects in animal models of arthritis (Guglielmotti et al., 2002; Inoue et 
al., 2001). A completely different picture was revealed for IL-4. The level of this anti-
inflammatory cytokine was increasing with time with the maximum observed on day 28 in 
AA animals (Bauerova et al., 2009). IL-4 is a pleiotropic cytokine produced by mature Th2 
cells and mastocyte- and/or basophil-derived cells. IL-4 has marked inhibitory effects on the 
expression and release of monocyte-derived pro-inflammatory cytokines, e.g. IL-1, TNF-α, 
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inflammation. Lefkowitz et al. (1999) reported that MPO may be an important mediator in 
the inflammatory response. 
Moreover, in the scale of systemic OS parameters, phagocytosis, oxidative burst and 
metabolic activity of rat granulocytes isolated from peripheral blood were monitored. Flow 
cytometric analysis was used for these measurements, according to the method published 
by Kronek et al. (2010) and modified for the model of AA (Bauerova et al., 2010a). 
Interestingly, increased production of ROS by neutrophils recorded by whole blood 
chemiluminiscence measurements emerged already in an early phase of disease, on the day 
7. We therefore decided to investigate this finding more precisely using flow cytometry. 
Another reason was that the changes in neutrophils occur before the clinical parameter HPV 
starts to be increased. Due to arthritis, both phagocytosis and oxidative burst were already 
significantly increased on experimental day 7. Metabolic activity of neutrophils as the 
percentage of double positive cells (simultaneously phagocytotic and positive for oxidative 
burst) was decreased. This finding could be explained by an increased number of “arthritic” 
neutrophils, which are positive only for oxidative burst and therefore are not counted as 
double positive cells (Bauerova et al., 2010a). Further we analyzed in plasma the level of one 
of the most important endogenous antioxidants in rats – coenzyme Q9 (CoQ9). Significant 
changes in the levels of CoQ9 and/or CoQ10 have been noted in a wide variety of diseases in 
both animal and human studies. These changes may be caused by impairment in CoQ 
biosynthesis or excessive utilization of CoQ by the body, or any combination of these 
processes (Bauerova et al., 2008a; Littarru et al., 1991). In this experiment, we focused on 
evaluating the CoQ9 plasmatic levels as the dominant form of CoQ in rats. Its concentration 
is about 10 times higher than the concentration of CoQ10 (Dallner & Sindelar, 2000). In AA 
the arthritis process increases significantly the level of CoQ9 in comparison with healthy 
controls. Evidently, the arthritic processes stimulate the synthesis of CoQ9 and its transport 
to plasma. In addition to monitoring lipid peroxidation, also protein oxidation was followed 
up in AA. Arthritis, similarly to many other diseases, is accompanied by oxidative damage 
of plasma proteins induced by the action of free radicals. Protein carbonyls (aldehydes and 
ketones) are produced directly by oxidation or via reactions with other molecules generated 
by the oxidation process. The assay of protein carbonyls as biomarkers of OS in various 
diseases is with advantage used in diagnostics because of the relatively early formation and 
relative stability of carbonylated proteins (Dalle-Donne et al., 2003). The ability of certain 
compounds to reduce the amount of carbonyls is considered as one of the indirect proofs of 
their antioxidant activity. In our AA experiments, enzyme linked immunosorbent assay 
(ELISA) was used most frequently for quantitative determination of protein carbonyls in 
plasma (Buss et al., 1997).  The first measurement of protein carbonyls in our experiments 
with AA was performed in a study with carboxymethyl (1/3)-b-D-glucan isolated from 
Saccharomyces cerevisiae administered to arthritic rats (Kogan et al., 2005). In this study, the 
content of carbonyls in the arthritic animals increased significantly in comparison with 
healthy controls and protein carbonyl determination in plasma was performed according to 
the method described by (Levine et al., 1990) and modified in agreement with the previously 
applied experimental conditions (Bauerova et al., 2002). Also in the following experiments 
with AA we found significant damage of proteins caused by oxidative stress accompanying 
arthritis (Bauerova et al., 2005b; Strosova et al., 2009). In addition to determination of protein 
carbonyls in plasma, we performed an assay of carbonyls in brain tissue and applied it as a 
marker of antioxidative properties of carnosine evaluated for monotherapy of AA (Ponist et 
al., 2011). Protein carbonyls in brain tissue homogenates were significantly elevated, 
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comparable to protein carbonyls in plasma. This novel finding emphasizes the systemic role 
of OS in chronic inflammatory diseases such as AA, with oxidatively modified proteins, not 
only in directly affected tissues (cartilage, bone and skeletal muscle). 

2.1.3 Immunological markers 
RA is associated with elevated levels of IL-1 in the synovium. IL-1 is closely related to 
inflammation and articular damage in several arthritis models and it is therefore generally 
accepted that IL-1 has a pivotal role in the pathophysiology of RA. In particular, IL-1 is a 
potent stimulator of synoviocytes, chondrocytes and osteoblasts. Moreover, IL-1 is a key 
mediator of synovial inflammation and pannus formation (Dinarello & Moldawer, 2002). It 
has a severe impact on different cell populations and exerts biological effects, e.g. increased 
synthesis of acute phase reactants. IL-1α is secreted by monocytes/macrophages activated 
via TNF-α and/or bacterial endotoxin. Furthermore, IL-1α markedly potentiates the toxic 
effect of TNF-α in animal experiments (Waage, et al., 1991). In the AA model used in our 
experiments, IL-1α was significantly increased in plasma on day 14 and also on day 28 
(Bauerova et al., 2007, 2009; Bauerova et al., 2010a). The course of plasma levels of both pro-
inflammatory cytokines IL-1α and TNF-α in AA was very similar, with the maximum on 
day 14 and with decreasing levels on days 21 and 28 in comparison to day 14 (Bauerova et 
al., 2009). These results are of importance as TNF-α controls the gene expression of various 
cytokines and chemokines in different cell types engaged in the host immune response to 
infection and triggers the cascade of cytokines acting in the inflammatory response. The 
efficient biological activities of TNF-α include direct activation of T- and B-lymphocytes, 
macrophages, and natural killer cells, release of acute-phase proteins, and endothelial cell 
activation. The activated monocyte or macrophage represents the primary source for TNF-α, 
especially after IFN-γ priming. TNF-α is a key regulator of other pro-inflammatory 
cytokines such as IL-1α, IL-6, and IL-8. Further, we followed the course of monocyte 
chemoattractant protein 1 (MCP-l) (Bauerova et al., 2009). This chemokine is mainly 
expressed by macrophages in response to a wide range of cytokines, e.g. TNF-α and IL-1.  
In this experiment, the significant maximum of MCP-1 plasma level measured on day 21 
and the following decrease is in close association with kinetics of both TNF-α and IL-1α. 
According to the target cell specificity, MCP-1 was postulated to play a pathognomonic role 
in various diseases with monocyte cell infiltration. MCP-1 is a member of the CC chemokine 
subfamily that modulates monocyte chemotaxis both in vitro (Oppenheim et al., 1991) and in 
vivo (Rollins, 1996; Volejnikova et al., 1997). MCP-1 displays chemotactic activity for 
monocytes and basophils but not for neutrophils or eosinophils. Expression of MCP-1 has 
been detected in a number of pathologic conditions associated with monocyte aggregation, 
including atherosclerosis, arthritis, and glomerulonephritis (Rollins, 1996). The synovial 
fluid (SF) and serum MCP-1 concentrations are significantly higher in RA patients. This 
suggests that MCP-1 is mainly produced locally by activated cells, where it may exacerbate 
and sustain inflammation by attracting proinflammatory leukocytes, predominantly 
monocytes (Stankovic et al., 2009). Substances that can suppress the production of MCP-1 
have shown beneficial effects in animal models of arthritis (Guglielmotti et al., 2002; Inoue et 
al., 2001). A completely different picture was revealed for IL-4. The level of this anti-
inflammatory cytokine was increasing with time with the maximum observed on day 28 in 
AA animals (Bauerova et al., 2009). IL-4 is a pleiotropic cytokine produced by mature Th2 
cells and mastocyte- and/or basophil-derived cells. IL-4 has marked inhibitory effects on the 
expression and release of monocyte-derived pro-inflammatory cytokines, e.g. IL-1, TNF-α, 
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IL-6, IL-8, and MIP- 1α. It was shown to suppress macrophage cytotoxic activity, parasite 
killing, and macrophage-derived nitric oxide production (Vannier, et al., 1992). In our 
experiments, detection of plasma IL-1α, IL-4, TNF-α, and MCP-1 was done by the 
flowcytometric (Cytomics FC 500, Beckman Coulter Inc. Fullerton, USA) fluorescent bead-
based multiplex assay Rat Cytokine Flow Cytomix Multiplex (Bender Med System, GmbH., 
Austria). Additionally for determination of IL-1α in plasma an ELISA kit from Bender 
MedSystems or from R&D Systems Quantikine® was used and to as assessed MCP in 
plasma by Instant ELISA kit from eBioscience®. 

3. Newer experimental therapies with antioxidants evaluated in AA  
Oxygen metabolism has an important role in the pathogenesis of RA. ROS produced in the 
course of cellular oxidative phosphorylation and by activated phagocytic cells during 
oxidative bursts exceed the physiological buffering capacity and result in OS. The excessive 
production of ROS can damage proteins, lipids, nucleic acids, and matrix components. They 
also serve as important intracellular signaling molecules that amplify the synovial 
inflammatory–proliferative response. Repetitive cycles of hypoxia and reoxygenation 
associated with changes in synovial perfusion are postulated to activate hypoxia-inducible 
factor-1α and nuclear factor-κB, two key transcription factors that are regulated by changes 
in cellular oxygenation and cytokine stimulation, and that in turn orchestrate the expression 
of a spectrum of genes critical to the persistence of synovitis. Understanding of the complex 
interactions involved in these pathways might allow the development of novel therapeutic 
strategies for RA (Hitchon & El-Gabalawy, 2004). Free radicals from oxygen metabolism 
destroy antioxidant systems (Harris, 2003). Researchers such as Heliovaara et al. (1994) have 
suggested that enzymatic and/or nonenzymatic antioxidant systems are impaired in RA. 
RA patients are therefore exposed to oxidant stress (Harris, 2003). Consequently, a number 
of different activities of antioxidant enzymes, such as superoxide dismutase, glutathione 
peroxidase, catalase, and glutathione reductase have been reported to be effective in treating 
RA (Blake et al., 1981; Mazetti et al., 1996; Shah & Vohora, 2002). Some other researchers 
found that RA patients were more inclined to lipid peroxidation because of the reduced 
antioxidant defense system (Rowley et al., 1984; Gambhir et al., 1997). The synovial fluids 
from patients with RA were found to present high levels of antioxidant damage (Miyata et 
al., 1998; Chapman et al., 1999). According to Babior (2000) reactive oxidants are essential 
tools for the pathogenesis of RA. 
There is widespread availability and interest in the use of antioxidant supplementation by 
patients with inflammatory arthritis, although proof of efficacy is modest. A traditional 
Mediterranean diet relatively high in antioxidants improved RA disease and functional 
status after 3 months compared with a standard ‘Western’ diet, although clinical  
improvement was not associated with any significant change in plasma levels of 
antioxidants (Heliovaara et al., 1994; Skoldstam et al., 2003). In a separate study of patients 
with RA, supplementation with the antioxidants vitamin A, E, and C increased plasma 
antioxidant levels with a corresponding decrease in MDA, a key marker of OS; however, a 
clinical response was not reported (Jaswal et al., 2003). Specific supplementation of oral 
vitamin E, the major lipid-soluble antioxidant in human plasma, erythrocytes, and tissue, 
had no effect on RA disease activity or indices of inflammation but did improve pain, 
suggesting a role in central analgesia mechanisms (Edmonds et al., 1997). Various forms of 
antioxidant therapy have demonstrated promising results in experimental arthritis models 
(Bandt et al., 2002; Cuzzocrea et al., 2000; Venkatraman & Chu, 1999). 
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As resulted also from our previous experiments (Bauerova et al., 2005a, 2005b, 2008a, 2008b, 
2009, Drabikova et al., 2009; Drafi et al., 2010; Jancinova et al., 2009; Kogan et al., 2005; 
Macickova et al., 2010; Ponist et al., 2010; Sotnikova et al., 2009; Strosova et al., 2008, 2009), 
all performed in the AA model, substances with antioxidant properties have a high potency 
to be used in therapy of RA.  They decreased the progression of AA when administered to 
rats with AA over the period of 28 days. For our experiments, we chose substances with 
antioxidative properties and low toxicity. These antioxidative substances were synthetic 
antioxidants, as pyridoindol derivatives, and natural substances possessing antioxidative 
properties. We chose compounds and extracts isolated from plants, polysaccharides isolated 
from yeast and mushrooms and finally also endogenous antioxidants. An overview of some 
selected results is given below along with new unpublished data to provide complex 
information about administration of antioxidants in AA. 

3.1 Natural substances isolated from plants 
The world of plants is an unlimited source of compounds with healing effects, including 
antiinflammtory, antioxidative and immunomodulating properties. We chose some of them 
for our experiments with AA. Figure 1 compares all these plant ingredients concerning their 
effect on the basic clinical parameter – change of hind paw volume (HPV), together with 
selected parameters of OS as plasmatic TBARS and GGT assessed in spleen and joint tissue 
homogenates. We compared the effect of Boswellia serrata extract (Bo), Arctostaphylos uva-ursi 
extract (UV), Zingiber officinale extract (Zg) in combination with two previous extracts (Bo-
UV-Zg),  sesame oil in combination with Arctostaphylos uva-ursi extract (Bo-So), arbutin (Ar),  
curcumin (CU), Pycnogenol® (PYC) and two stilbenoids – pinosylvin (PIN) and 
pterostilbene (PTE). The compounds and extracts were all given per os in a single dose 
immediately after induction of AA and were administered daily until the end of the 
experiment – experimental day 28.  The experimental protocol was approved by the Ethics 
Committee of the Institute of Experimental Pharmacology and Toxicology and by the Slovak 
State Veterinary and Food Administration. AA was induced by a single intradermal 
injection of heat-inactivated Mycobacterium butyricum in incomplete Freund’s adjuvant 
(Difco Laboratories, Detroit, MI, USA) to male Lewis rats. The injection was performed near 
the tail base. All experiments included healthy animals (HC), arthritic animals not treated 
(AA), arthritic animals treated with the compounds/extracts studied. The oral daily doses 
used were 30 mg/kg b.w for AA-PIN and AA-PTE, 10 mg /kg b.w for A-PYC, 50 mg/kg 
b.w  for  AA-UV, AA-Bo, AA-Bo-So, AA-Ar and AA-CU, 50+25+25 mg/kg b.w  for  the 
mixture AA-Bo-UV-Zg and 0.1 ml/kg b.w. for sesame oil. For statistical analysis of the 
obtained data the same procedure was applied in all experimental cases. The data for all 
parameters are expressed as arithmetic mean ± S.E.M. For significance calculations unpaired 
Student`s t-test was used with *p<0.05 (significant), **p<0.01 (very significant), ***p<0.001 
(extremely significant). The arthritis group was compared with healthy control animals (*-
symbol). The treated arthritis groups were compared with untreated arthritis (+-symbol). In 
each experimental group 8–10 animals were used. In Figure 1 the reduction of HPV and OS 
parameters is illustrated in relation to untreated arthritic rats (100% represented by dot-and-
dash line). The situation for AA is complicated due to the dominant involvement of Th 1-
driven autoimmune etiopathology. OS in this animal model occurs as a reaction to 
autoimmune processes. Under these conditions, control of OS is of secondary importance, 
although it could enhance immunomodulatory therapy of RA (Bauerova et al., 2011). Figure 
1 clearly shows that plant-related treatment is not enough for successful improvement of 
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Austria). Additionally for determination of IL-1α in plasma an ELISA kit from Bender 
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of a spectrum of genes critical to the persistence of synovitis. Understanding of the complex 
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suggested that enzymatic and/or nonenzymatic antioxidant systems are impaired in RA. 
RA patients are therefore exposed to oxidant stress (Harris, 2003). Consequently, a number 
of different activities of antioxidant enzymes, such as superoxide dismutase, glutathione 
peroxidase, catalase, and glutathione reductase have been reported to be effective in treating 
RA (Blake et al., 1981; Mazetti et al., 1996; Shah & Vohora, 2002). Some other researchers 
found that RA patients were more inclined to lipid peroxidation because of the reduced 
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from patients with RA were found to present high levels of antioxidant damage (Miyata et 
al., 1998; Chapman et al., 1999). According to Babior (2000) reactive oxidants are essential 
tools for the pathogenesis of RA. 
There is widespread availability and interest in the use of antioxidant supplementation by 
patients with inflammatory arthritis, although proof of efficacy is modest. A traditional 
Mediterranean diet relatively high in antioxidants improved RA disease and functional 
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As resulted also from our previous experiments (Bauerova et al., 2005a, 2005b, 2008a, 2008b, 
2009, Drabikova et al., 2009; Drafi et al., 2010; Jancinova et al., 2009; Kogan et al., 2005; 
Macickova et al., 2010; Ponist et al., 2010; Sotnikova et al., 2009; Strosova et al., 2008, 2009), 
all performed in the AA model, substances with antioxidant properties have a high potency 
to be used in therapy of RA.  They decreased the progression of AA when administered to 
rats with AA over the period of 28 days. For our experiments, we chose substances with 
antioxidative properties and low toxicity. These antioxidative substances were synthetic 
antioxidants, as pyridoindol derivatives, and natural substances possessing antioxidative 
properties. We chose compounds and extracts isolated from plants, polysaccharides isolated 
from yeast and mushrooms and finally also endogenous antioxidants. An overview of some 
selected results is given below along with new unpublished data to provide complex 
information about administration of antioxidants in AA. 

3.1 Natural substances isolated from plants 
The world of plants is an unlimited source of compounds with healing effects, including 
antiinflammtory, antioxidative and immunomodulating properties. We chose some of them 
for our experiments with AA. Figure 1 compares all these plant ingredients concerning their 
effect on the basic clinical parameter – change of hind paw volume (HPV), together with 
selected parameters of OS as plasmatic TBARS and GGT assessed in spleen and joint tissue 
homogenates. We compared the effect of Boswellia serrata extract (Bo), Arctostaphylos uva-ursi 
extract (UV), Zingiber officinale extract (Zg) in combination with two previous extracts (Bo-
UV-Zg),  sesame oil in combination with Arctostaphylos uva-ursi extract (Bo-So), arbutin (Ar),  
curcumin (CU), Pycnogenol® (PYC) and two stilbenoids – pinosylvin (PIN) and 
pterostilbene (PTE). The compounds and extracts were all given per os in a single dose 
immediately after induction of AA and were administered daily until the end of the 
experiment – experimental day 28.  The experimental protocol was approved by the Ethics 
Committee of the Institute of Experimental Pharmacology and Toxicology and by the Slovak 
State Veterinary and Food Administration. AA was induced by a single intradermal 
injection of heat-inactivated Mycobacterium butyricum in incomplete Freund’s adjuvant 
(Difco Laboratories, Detroit, MI, USA) to male Lewis rats. The injection was performed near 
the tail base. All experiments included healthy animals (HC), arthritic animals not treated 
(AA), arthritic animals treated with the compounds/extracts studied. The oral daily doses 
used were 30 mg/kg b.w for AA-PIN and AA-PTE, 10 mg /kg b.w for A-PYC, 50 mg/kg 
b.w  for  AA-UV, AA-Bo, AA-Bo-So, AA-Ar and AA-CU, 50+25+25 mg/kg b.w  for  the 
mixture AA-Bo-UV-Zg and 0.1 ml/kg b.w. for sesame oil. For statistical analysis of the 
obtained data the same procedure was applied in all experimental cases. The data for all 
parameters are expressed as arithmetic mean ± S.E.M. For significance calculations unpaired 
Student`s t-test was used with *p<0.05 (significant), **p<0.01 (very significant), ***p<0.001 
(extremely significant). The arthritis group was compared with healthy control animals (*-
symbol). The treated arthritis groups were compared with untreated arthritis (+-symbol). In 
each experimental group 8–10 animals were used. In Figure 1 the reduction of HPV and OS 
parameters is illustrated in relation to untreated arthritic rats (100% represented by dot-and-
dash line). The situation for AA is complicated due to the dominant involvement of Th 1-
driven autoimmune etiopathology. OS in this animal model occurs as a reaction to 
autoimmune processes. Under these conditions, control of OS is of secondary importance, 
although it could enhance immunomodulatory therapy of RA (Bauerova et al., 2011). Figure 
1 clearly shows that plant-related treatment is not enough for successful improvement of 
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HPV (excluding pinosylvin) although some of the compounds and extracts tested (e.g. UV, 
Ar , CU, Bo-So or  Bo-UV-Zg) achieved a biochemical improvement in the body redox state 
expressed as reduction of plasmatic TBARS and GGT activity assessed in joint and spleen.  
Moreover, CU was found to be a potent inhibitor of neutrophil functions in experimental 
arthritis. AA was accompanied by an increased number of neutrophils in blood and by a 
more pronounced spontaneous as well as PMA stimulated chemiluminescence. Whereas the 
arthritis-related alterations in neutrophil count and in spontaneous chemiluminescence were 
not modified by CU, the increased reactivity of neutrophils to PMA was less evident in CU-
treated animals. The effects of CU were comparable with those of methotrexate. CU was 
found to be a potent inhibitor of neutrophil functions (Jancinova et al., 2009). As neutrophils 
are considered to be cells with the greatest capacity to inflict damage within diseased joints, 
the observed effects could support the beneficial use of CU in RA treatment. Further the 
beneficial effect of sesame oil (So) administered alone on markers of OS accompanying AA 
was demonstrated not only by decrease of plasma TBARS, decrease of GGT activity in the 
joint and spleen tissues, but also the level of protein carbonyls, TAC in plasma and activity 
of NAGA in serum and in the kidney were improved, yet not significantly. In HPV the 
maximal increase was found on day 28 of AA, and at the same time we observed a  
 

 
Fig. 1. Comparison of the effect of different plant treatments in adjuvant arthritis (AA) on 
reduction of hind paw volume (HPV) and on GGT (-glutamyltransferase) activity in spleen 
and joint and level of TBARS (thiobarbituric acid reactive substances) in plasma measured 
on experimental day 28. Changes in parameters are illustrated in relation to untreated 
arthritic rats (100% represented by dot-and-dash line). The data were expressed as 
arithmetic mean ± S.E.M. Statistical significance was evaluated applying Student’s t-test for 
independent variables: +P < 0.05, ++P < 0.01, and +++P < 0.001 compared to untreated 
arthritic animals. Boswellia serrata extract (Bo), Arctostaphylos uva-ursi extract (UV), Zingiber 
officinale extract (Zg), combination of three previous extracts (Bo-UV-Zg),  sesame oil in 
combination with Arctostaphylos uva-ursi extract (Bo-So), arbutin (Ar),  curcumin  (CU), 
Pycnogenol® (PYC), pinosylvin (PIN) and pterostilbene (PTE). 
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significant decrease of aortic endothelium-dependent relaxation. Administration of So 
resulted in mild, non-significant decrease of hind paw swelling and in significantly 
increased acetylcholine-evoked relaxation of aorta (Sotnikova et al., 2009). 

3.1.1 Pinosylvin and methotrexate combination in AA  
PIN [3´,5´-dihydroxystilbene] and PTE [3,5-dimethoxy-4´-hydroxystilbene] used in our 
experiments were synthesized and purified by Šmidrkal et al. (2010) and Harmatha et al. 
(2011). PIN and PTE are natural substances from the stilbenoid group, wide-spread in a 
variety of plants. They are chemically related to resveratrol. Both substances studied 
inhibited significantly the chemiluminescence (CL) of whole human blood and the CL of 
isolated human neutrophils (Perečko et al. 2008). The new information on the inhibitory 
effect of PIN and PTE on HPV, production of ROS and MPO activity suggests that the 
protective effect of PIN may be beneficial in controlling inflammation in experimental AA 
(Macickova et al., 2010). PIN was also the most effective in reducing HPV on day 28, when 
administered in the dose of 30 mg/kg b.w. per os (Fig. 1). According to these findings we 
chose PIN as a suitable candidate for combination therapy with methotrexate (MTX). In the 
combination AA-PIN+MTX, arthritic animals were treated twice a week with MTX in the 
oral dose of 0.4 mg/kg b.w. and daily with PIN in the oral dose of 50 mg/kg b.w. 
Monotherapy was performed with the same doses. In addition to the routine statistical 
analysis the combination treatment was compared to individual MTX treatment (#-symbol). 
In arthritic rats, PIN potentiated the antiarhritic effect of MTX on days 14 and 21, evaluated 
as decrease of HPV (Table 1). Activity of GGT in spleen homogenate (Table 2), plasma levels 
of MCP-1 and CRP (Table 3) were not improved by addition of PIN to MTX, due to the 
prominent effect of MTX alone on these parameters. Arthritic animals showed an increase in 
OS, evaluated as plasma levels of TBARS. PIN enhanced the antioxidant effect of MTX 
(Table 2) (Bauerova et al., 2010b).  
 

HPV 
(%) Day 14 Day 21 Day 28 

CO 8.48 ±0.69 
 

12.98 ±0.97 
 

17.05 ±0.83 
 

AA 33.68 ±5.22 
*** 

87.24 ±7.50 
*** 

81.62 ±7.20 
*** 

AA-PIN 26.30 ±2.61 
 

86.02 ±4.56 
 

84.03 ±5.51 
 

AA-MTX 7.57 ± 0.87 
+++ 

13.14 ± 2.22 
+++ 

16.22 ± 2.10 
+++ 

AA-PIN-MTX 4.34 ± 0.79 
+++ / ## 

7.49 ± 1.14 
+++ / # 

11.44 ± 1.16 
+++ 

Table 1. Hind paw volume (HPV) changes in an experiment with methotrexate (MTX) and 
pinosylvine (PIN) in monotherapy and in combination therapy PIN+MTX measured in time 
profile. The data were expressed as arithmetic mean ± S.E.M. Statistical significance was 
evaluated applying Student’s t-test for independent variables: *P < 0.05, **P < 0.01, and ***P 
< 0.001 compared to control healthy animals (CO); +P < 0.05, ++P < 0.01, and +++P < 0.001 
compared to untreated arthritic animals (AA); #P < 0.05, ##P < 0.01,  and ###P < 0.001 
compared to  methotrexate monotherapy (AA-MTX).  
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significant decrease of aortic endothelium-dependent relaxation. Administration of So 
resulted in mild, non-significant decrease of hind paw swelling and in significantly 
increased acetylcholine-evoked relaxation of aorta (Sotnikova et al., 2009). 

3.1.1 Pinosylvin and methotrexate combination in AA  
PIN [3´,5´-dihydroxystilbene] and PTE [3,5-dimethoxy-4´-hydroxystilbene] used in our 
experiments were synthesized and purified by Šmidrkal et al. (2010) and Harmatha et al. 
(2011). PIN and PTE are natural substances from the stilbenoid group, wide-spread in a 
variety of plants. They are chemically related to resveratrol. Both substances studied 
inhibited significantly the chemiluminescence (CL) of whole human blood and the CL of 
isolated human neutrophils (Perečko et al. 2008). The new information on the inhibitory 
effect of PIN and PTE on HPV, production of ROS and MPO activity suggests that the 
protective effect of PIN may be beneficial in controlling inflammation in experimental AA 
(Macickova et al., 2010). PIN was also the most effective in reducing HPV on day 28, when 
administered in the dose of 30 mg/kg b.w. per os (Fig. 1). According to these findings we 
chose PIN as a suitable candidate for combination therapy with methotrexate (MTX). In the 
combination AA-PIN+MTX, arthritic animals were treated twice a week with MTX in the 
oral dose of 0.4 mg/kg b.w. and daily with PIN in the oral dose of 50 mg/kg b.w. 
Monotherapy was performed with the same doses. In addition to the routine statistical 
analysis the combination treatment was compared to individual MTX treatment (#-symbol). 
In arthritic rats, PIN potentiated the antiarhritic effect of MTX on days 14 and 21, evaluated 
as decrease of HPV (Table 1). Activity of GGT in spleen homogenate (Table 2), plasma levels 
of MCP-1 and CRP (Table 3) were not improved by addition of PIN to MTX, due to the 
prominent effect of MTX alone on these parameters. Arthritic animals showed an increase in 
OS, evaluated as plasma levels of TBARS. PIN enhanced the antioxidant effect of MTX 
(Table 2) (Bauerova et al., 2010b).  
 

HPV 
(%) Day 14 Day 21 Day 28 

CO 8.48 ±0.69 
 

12.98 ±0.97 
 

17.05 ±0.83 
 

AA 33.68 ±5.22 
*** 

87.24 ±7.50 
*** 

81.62 ±7.20 
*** 

AA-PIN 26.30 ±2.61 
 

86.02 ±4.56 
 

84.03 ±5.51 
 

AA-MTX 7.57 ± 0.87 
+++ 

13.14 ± 2.22 
+++ 

16.22 ± 2.10 
+++ 

AA-PIN-MTX 4.34 ± 0.79 
+++ / ## 

7.49 ± 1.14 
+++ / # 

11.44 ± 1.16 
+++ 

Table 1. Hind paw volume (HPV) changes in an experiment with methotrexate (MTX) and 
pinosylvine (PIN) in monotherapy and in combination therapy PIN+MTX measured in time 
profile. The data were expressed as arithmetic mean ± S.E.M. Statistical significance was 
evaluated applying Student’s t-test for independent variables: *P < 0.05, **P < 0.01, and ***P 
< 0.001 compared to control healthy animals (CO); +P < 0.05, ++P < 0.01, and +++P < 0.001 
compared to untreated arthritic animals (AA); #P < 0.05, ##P < 0.01,  and ###P < 0.001 
compared to  methotrexate monotherapy (AA-MTX).  
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Parameters CO AA AA-PIN AA-MTX AA-PIN-
MTX 

TBARS 
(nmol/ml) 10.59±0.23 

 
19.10±0.53

*** 

 
17.89±0.47

 

 
14.33±0.95

+++ 

 
11.78±0.47 

+++/# 
Activity of 

GGT in 
spleen (†) 

19.977±1.843 90.45±4.52
*** 85.90±4.07 37.38±2.95

+++ 
35.47±1.89 

+++ 

† - nmol 4-nitroaniline /min /g tissue 

Table 2. Plasmatic level of TBARS (thiobarbituric acid reactive substances) and activity of 
GGT (-glutamyltransferase) in spleen measured on experimental day 28 in an experiment 
with methotrexate (MTX) and pinosylvine (PIN) in monotherapy and in combination 
therapy PIN+MTX. For statistical analysis of data see table 1. 

 

Parameters CO AA AA-PIN AA-MTX AA-PIN-
MTX 

MCP-1  
(µg/ml) 

6.896±0.438
 

14.089±1.159
*** 

9.470±0.603
++ 

8.446±0.616
++ 

8.316±0.257 
++ 

CRP 
(µg/ml) 337.4±14.8 

 
722.6±49.3 

*** 
662.7±19.6 

 
385.4±27.4 

+++ 

 
366.2±8.8 

+++ 

Table 3. Plasmatic level of MCP-1 (monocyte chemotactic protein-1) and CRP (C-reactive 
protein) measured on experimental day 14 in an experiment with methotrexate (MTX) and 
pinosylvine (PIN) in monotherapy and in combination therapy PIN+MTX. For statistical 
analysis of data see table 1. 

Effect of PIN and MTX, applied separately or in combination, was further studied on 
spontaneous and stimulated chemiluminescence and neutrophil count in blood of arthritic 
rats. In rats treated with MTX, all the arthritis-induced changes were significantly reduced 
and this inhibition became more pronounced when MTX was applied along with PIN. MTX 
alone decreased neutrophil count, spontaneous and stimulated chemiluminescence by 28%, 
41% and 43%, respectively, whereas in combination with PIN, it inhibited these parameters 
by 59%, 69% and 63%, respectively. Monotherapy with PIN failed to induce any detectable 
changes either in the number of neutrophils or in oxidant concentration (Jancinova et al., 
2010). 
RA is a common severe joint disease affecting all age groups. It is thus of great importance 
to develop new strategies for its treatment. As disease modifying anti-rheumatic drugs 
(DMARDs) often have side effects at high doses and/or during long-term administration, 
increased efficacy without increased toxicity is expected for combination therapy of RA. 
MTX, a folic acid antagonist, has become the predominant immunosuppressive agent used 
in the treatment of patients with RA (Williams et al., 1985). MTX acts mainly on actively 
proliferating cells during the S-phase of proliferation, suppresses macrophage function, 
modulates interleukin-1 (IL-1) and superoxide anion production, and inhibits neutrophil 
chemotaxis (Moreland et al., 1997). Furthermore, MTX treatment was shown to decrease 
synovial collagenase gene expression in patients with RA (Genestier et al., 2000). The effects 
of MTX in vivo may be mediated by reducing cell proliferation, increasing the rate of 
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apoptosis of T cells, increasing endogenous adenosine release, altering the expression of 
cellular adhesion molecules, influencing production of cytokines, humoral responses and 
bone formation (Wessels et al., 2008). The use of MTX has been limited by some of its toxic 
manifestations, such as abdominal discomfort, alopecia, oral ulcerations, and cytopenia 
(Alarcon et al., 1989).  In this case a lowering of the dose could be beneficial and this could 
be achieved by combination therapy, for which we could recommend PIN, as indicated by 
the results of our studies. 

3.2 Natural substances isolated from yeast and mushrooms   
The control of inflammation in RA patients by natural and synthetic substances with anti-
inflammatory and/or antioxidant and immunomodulatory effects, which are safe also 
during long-term administration, could become a relevant part of RA therapy. Modulation 
of OS accompanying RA can offer a new approach and crucially modify treatment of this 
disease. The key goal of this proposal will be the investigation of the combination of 
immunosuppressive therapy of MTX with immunomodulators-antioxidants with the aim to 
achieve enhancement of its efficacy in RA treatment, which would enable dosage reduction 
in clinical conditions and, consequently, decrease the frequency of occurrence of its dose-
dependent side effects. Thus new ways of supplementary or combinatory RA therapy are of 
great importance. The aim is to find an alternative or additive to classical RA therapy with 
natural molecules without side effects possessing immunomodulatory, antiinflammatory, 
and antioxidative properties.  
In recent decades, polysaccharides isolated from botanical sources (mushrooms, algae, 
lichens, and higher plants) have attracted a great deal of attention in the biomedical arena 
because of their broad spectrum of therapeutic properties and relatively low toxicity 
(Tzianabos, 2000). Plant and mushroom polysaccharides reveal immunomodulatory effects 
that depend on polysaccharide structure and molecular weight (low molecular weight – 
inhibition, high molecular weight – activation) (Schepetkin & Quinn, 2006). Prokopova 
(Prokopova et al., 1993) were the first to describe a therapeutic effect of simple 
carbohydrates on AA. We were first to report on the protective antioxidant and 
antiinflammatory activities of carboxylated (1-3)-beta-D-glucan isolated from Saccharomyces 
cerevisiae in Lewis rats with AA (Kogan et al., 2005). Glucomannans (GM) from Candida utilis 
were evaluated in the same model. The antiarthritic activity for cell-wall GM was associated 
with antioxidant activity in vivo (Bauerova et al., 2006; Mihalova et al., 2007).  In the 
following experiment, the beneficial action of GM was revealed mainly in HPV decrease. 
Further a decrease of the activity of GGT in the spleen, hind paw joint and muscle tissue 
homogenates, decrease of the plasmatic activity of N-acetyl-beta-D-glucosaminidase 
(NAGA), and finally suppression of lysozyme and peroxidase activity assessed in peritoneal 
macrophages were observed in arthritic animals treated with GM. All these findings speak 
in favor of the antiinflammatory activity of GM. Moreover, a significant improvement of the 
arthritis induced suppression of total antioxidant status and decrease of the level of the 
arthritis-associated protein carbonyls in plasma were detected. In this experiment two doses 
of GM – 5 and 7.5 mg/kg b.w. were evaluated successfully. Peroral and intraperitoneal 
ways of administration were also compared (Bauerova et al., 2008b).  In the following study, 
we tested the effect of GM in a higher dose of 15 mg/kg b.w. administered per os. On day 28 
after Mycobacterium butyricum induced AA, GM was found to reduce HPV. Neutrophil count 
in whole blood was significantly increased on day 28 after induction of AA, yet GM in the 
dose of 15 mg/kg b.w. did not change it significantly. The spontaneous and PMA-induced 
CL was significantly increased in whole blood of rats with AA in comparison with healthy 
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increased efficacy without increased toxicity is expected for combination therapy of RA. 
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chemotaxis (Moreland et al., 1997). Furthermore, MTX treatment was shown to decrease 
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homogenates, decrease of the plasmatic activity of N-acetyl-beta-D-glucosaminidase 
(NAGA), and finally suppression of lysozyme and peroxidase activity assessed in peritoneal 
macrophages were observed in arthritic animals treated with GM. All these findings speak 
in favor of the antiinflammatory activity of GM. Moreover, a significant improvement of the 
arthritis induced suppression of total antioxidant status and decrease of the level of the 
arthritis-associated protein carbonyls in plasma were detected. In this experiment two doses 
of GM – 5 and 7.5 mg/kg b.w. were evaluated successfully. Peroral and intraperitoneal 
ways of administration were also compared (Bauerova et al., 2008b).  In the following study, 
we tested the effect of GM in a higher dose of 15 mg/kg b.w. administered per os. On day 28 
after Mycobacterium butyricum induced AA, GM was found to reduce HPV. Neutrophil count 
in whole blood was significantly increased on day 28 after induction of AA, yet GM in the 
dose of 15 mg/kg b.w. did not change it significantly. The spontaneous and PMA-induced 
CL was significantly increased in whole blood of rats with AA in comparison with healthy 
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controls. GM 15 mg/kg b.w. decreased spontaneous as well as PMA-stimulated CL.  CL of 
spleen and joint in rats with AA was significantly increased in comparison with controls 
(3.38±1.07 mV/1mg wet weight vs. 1.33±0.16 mV/1mg wet weight, and 6.63±1.34 
mV/100mg wet weight vs. 1.11±0.11 mV/100mg wet weight). GM significantly decreased 
CL of joints, while CL of the spleen was not affected by GM. The obtained results showed 
that GM reduced ROS generation in arthritic rats. The predominant decrease of extracellular 
ROS production suggests a protective effect of GM against tissue damage, especially in the 
hind paw joint of arthritic rats (Drabikova et al., 2009).  
Further we decided to compare the effect of GM to Imunoglukan®, a beta-(1,3/1,6)-D-glucan 
(IMG), which was isolated from Pleurotus ostreatus. Figure 2 shows a comparison of the 
effect of GM and IMG on HPV as well as on OS parameters. GM was tested in two doses: 7.5 
(GM1) and 15 mg/kg b.w (GM2). IMG was evaluated also in two doses: 1 (IMG1) and 2 
mg/kg b.w. (IMG2). The experimental and statistical design was the same as described in 
section 3.1. of this chapter. Both GM as IMG were effective in reducing HPV and improving 
the oxidative status. As no clear dose dependency was shown, we chose for the next 
experiment higher doses with the aim to detect the more effective immunomodulator for 
combinatory therapy with MTX. The experiment included healthy intact animals as 
reference controls (CO), arthritic animals without any drug administration (AA), and 
arthritic animals with the administration of GM (AA-GM) in the oral daily dose of 15 mg/kg 
b.w. and of IMG (AA-IMG) in the oral daily dose of 2 mg/kg b.w. Table 4 shows that as to 
the capability of lowering the HPV no differences between GM and IMG were found. 
However, as to the antioxidant potential expressed as a more prominent decrease of  
 

 
Fig. 2. Comparison of the effect of different glucomannan (GM) and Imunoglukan® (IMG) 
doses used as monotherapy in adjuvant arthritis (AA) on hind paw volume (HPV), GGT     
(-glutamyltransferase)  activity in spleen and joint and level of TBARS (thiobarbituric acid 
reactive substances) in plasma measured on experimental day 28. Changes in parameters are 
illustrated in relation to untreated arthritic rats (100% represented by dot-and-dash line). For 
statistical analysis of data see Fig. 1. 
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TBARS accompanied with a more pronounced increase of TAS measured in plasma on day 
28, IMG was more effective than GM. 
 

Parameters CO AA AA-GM AA-IMG 

HPV (%) 17.20±1.81 
 

91.45±10.61 
***

66.57±3.84 
+

54.50±7.77 
+

TAS (mmol/l) 1.02±0.21 
 

0.52±0.20 
*

0.89±0.18 1.16±0.13 
+

TBARS 
(nmol/ml) 3.50±0.20 

 
5.90±0.20 

***
5.70±0.30 4.70±0.30 

++

Table 4. Changes in hind paw volume (HPV), plasmatic TAS (total antioxidant status) and 
plasmatic TBARS (thiobarbituric acid reactive substances) in an experiment with 
glucomannan (GM) and Imunoglukan® (IMG) measured on experimental day 28. For 
statistical analysis of data see table 1. 

The good antioxidative and antiinflammatory effect of IMG stimulated us to study in a more 
complex way its effect on the course of the main cytokines/chemokines in AA. Daily 
administration of IMG suppressed significantly the levels of pro-inflammatory cytokines  
IL-1α (Table 5) and TNF-α (Table 6) on all days monitored. Moreover, the observed  
 

IL-1α 
(pg/ml) Day 14 Day 21 Day 28 

CO 186.44±77.42 N.M. N.M.

AA 732.90±128.56
*** 588.58±272.50 633.06±117.40 

*

AA-IMG 339.80±117.40
+

168.88±38.98
+

184.40±18.44 
+

N.M. - not measured 

Table 5. Plasma level of IL-1  (interleukin-1) in an experiment with Imunoglukan® (IMG) 
analyzed in time profile. For statistical analysis of data see table 1. 

 

TNF-α 
(pg/ml) Day 14 Day 21 Day 28 

CO 59.64±13.58 N.M. N.M.

AA 202.10±26.23
*** 100.15±28.35 100.65±42.85 

AA-IMG 98.58±27.43
++

49.50±4.30
+

29.45±2.90 
+

N.M. - not measured 

Table 6. Plasma level of TNF- (tumor necrosis factor-) in an experiment with 
Imunoglukan® (IMG) analyzed in time profile. For statistical analysis of data see table 1. 
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inhibitory effect of IMG became stronger with time. After IMG treatment, the MCP-1 level 
was also decreasing significantly on days 14 and 21 (Table 7). The time course of the MCP-1 
level was found to be comparable for treated and untreated arthritis animals. The level of  
cytokine IL-4 was increasing with time – the maximum was observed on day 28 in AA 
animals. IMG exerted probably an indirect time dependent inhibitory effect on this cytokine 
(Table 8). 
 

MCP-1 
(pg/ml) Day 14 Day 21 Day 28 

CO 229.44±4.87 N.M. N.M.

AA 360.62±51.26
**

559.52±98.22
***

363.28±89.57 
*

AA-IMG 187.42±28.06
++

363.28±89.57
+ 287.42±108.02 

N.M. - not measured 

Table 7. Plasma level of MCP-1 (monocyte chemotactic protein-1) in an experiment with 
Imunoglukan® (IMG) analyzed in time profile. For statistical analysis of data see table 1. 

 

IL-4 
(pg/ml) Day 14 Day 21 Day 28 

CO 10.50±4.90 N.M. N.M.

AA 25.00±10.75 31.78±11.26
* 

40.43±4.58 
*** 

AA-IMG 23.05±4.50 10.15±4.15
+

7.70±3.85 
+++

N.M. - not measured 

Table 8. Plasma level of IL-4 (interleukin-4) in an experiment with Imunoglukan® (IMG) 
analyzed in time profile. For statistical analysis of data see table 1. 

On the basis of all the obtained results with GM and IMG, we finally chose IMG for 
combinatory treatment of AA with MTX. 

3.2.1 Imunoglukan® and methotrexate combination in AA  
The study of Rovensky et al (Rovensky et al., 2011) was focused on the effect of IMG on 
inflammatory and arthritic markers in rats with AA during basal treatment with MTX. The 
treatment was prophylactic, which means that the animals were treated immediately after 
administration of the adjuvant, with the same design as used in our previous experiments. 
The results of our investigation confirmed the already reported effect of MTX treatment in 
rats with AA (Connolly et al., 1988; Welles et al., 1985). MTX at a dose of 1 mg/kg/week (0.5 
mg/kg twice a week) suppressed but did not prevent arthritis development. In our study, 
MTX significantly suppressed the hind paw swelling and decreased arthrogram scores. IMG 
alone decreased both the hind paw swelling and the arthrogram on days 21 and 28. The 
remarkable finding was that IMG potentiated the beneficial effect of MTX; reduction of hind 
paw swelling and arthrogram scores on days 21 and 28 were more significant compared to 
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the rats treated with MTX alone. Hetland et al. (1998) showed that β-glucan reduced growth 
of Mycobacterium tuberculosis in macrophage cultures and had a protective effect against 
Mycobacterium bovis, BCG infection in BALB/c mice (Hetland &  Sandven, 2002). Certain 
microbes, fungi and viruses led to the generation and activation of autoimmune T cells 
resulting in the development of a particular autoimmune disease in genetically susceptible 
individuals. Thus IMG, an effective activator of the immune system may also be beneficial 
in humans in preventing or eliminating bacterial infections, which are known to induce 
reactive arthritis. In our studies, we tested the pure β-glucan - Imunoglukan® isolated from 
Pleurotus ostreatus. This β-glucan decreased arthritis development in rats and had an 
additional and beneficial effect to that of MTX treatment. 

3.3 Endogenous antioxidants 
Inflammation is one of the leading causes of mortality in the western world. Much evidence 
suggests a major role for dysregulation of the immune response to toxic stress (Itoh et al., 
2003; Lynn & Golenbock, 1992). The intensive production of ROS associated with 
inflammation generally results in OS (Macdonald et al., 2003). Under conditions of high OS, 
the abilities of cells to eliminate ROS become exhausted, and dietary sources of antioxidants 
are requirered (Novoselova et al., 2009). We studied two important endogenous 
antioxidants – coenzyme Q10  (CoQ) and carnosine (CARN) as supplementary therapy in AA 
with the aim to contribute to the alternatives for dietetary complementary healing of RA. In 
Figure 3, two dose of CoQ  - 20 (CoQ1) and 200 mg/kg b.w. (CoQ2) are compared with one 
dose of CARN – 150 mg/kg b.w. The experimental and statistical design was the same as 
described in section 3.1.   
 

 
Fig. 3. Comparison of the effect of carnosine (CARN) and two different doses of coenzyme 
Q10 (CoQ) used as monotherapy in adjuvant arthritis (AA) on hind paw volume (HPV), 
GGT (-glutamyltransferase) activity in spleen and joint and level of TBARS (thiobarbituric 
acid reactive substances) in plasma measured on experimental day 28. Changes in 
parameters are illustrated in relation to untreated arthritic rats (100% represented by dot-
and-dash line). For statistical analysis of data see Fig. 1. 
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inhibitory effect of IMG became stronger with time. After IMG treatment, the MCP-1 level 
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Fig. 3. Comparison of the effect of carnosine (CARN) and two different doses of coenzyme 
Q10 (CoQ) used as monotherapy in adjuvant arthritis (AA) on hind paw volume (HPV), 
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Both antioxidants tended to improve HPV (not significantly) and significantly corrected the 
parameters of OS.  No dose dependency was shown with exception of CoQ influence on 
GGT in spleen.  In the next experiments we evaluated CARN in monotherapy of AA and 
CoQ in the lower dose for combinatory therapy with MTX in AA. The obtained results are 
described below. 

3.3.1 Carnosine in monotherapy of AA  
Carnosine (CARN) is a dipeptide consisting of β-alanine and L-histidine. It was shown to be 
a specific constituent of excitable tissues of all vertebrates accumulating in amounts 
exceeding that of ATP (Boldyrev & Severin, 1990). The antioxidant capacity of this 
compound is well documented, as well as its pH buffering, osmoregulating, and metal-
chelating abilities (Boldyrev, 1990). A potentially useful characteristic of CARN is its ability 
to act as an anti-glycating agent (Boldyrev, 2002; Boldyrev, 2005; Hipkiss et al., 1998; Hipkiss 
& Brownson, 2000), to quench superoxide anion and hydroxide radical (Pavlov, et al. 1993; 
Rubtsov et al., 1991) and to neutralize 4-hydroxy-nonenal (HNE) and other toxic aldehydes 
(Aldini et al., 2002, 2011, Liu et al., 2003). In order to study the efficiency of carnosine as 
geroprotector, senescence accelerated mice (SAM), which have increased levels of ROS and 
deficiency of antioxidant capacity, was used (Boldyrev et al., 2001; Yuneva et al., 2002). 
CARN decreased the content of protein carbonyls and lipid peroxides in their blood, 
demonstrating normalization of oxidative metabolism in SAM tissues as a cause of 
increased life span. Oxygen metabolism has an important role in the pathogenesis of RA. 
ROS produced in excessive amounts under some pathological states, exceed the 
physiological ROS buffering capacity and result in OS. Excessive production of ROS can 
damage proteins, lipids, nucleic acids, and matrix components (Bauerova & Bezek, 1999). 
With respect to this fact we evaluated CARN in AA. The aim of this study was to assess 
whether administration of CARN in AA would ameliorate inflammation and disease 
progression. CARN beneficially affected the clinical parameter HPV in the model of AA 
measured in time profile (days 14, 21 and 28), significantly on day 14 (Table 9).  
 

HPV 
(%) Day 14 Day 21 Day 28 

CO 8.81±1.91 11.67±2.54 13.09±2.61 

AA 40.84±4.53 
*** 

91.32±6.00 
*** 

88.42±5.44 
*** 

AA-CARN 
 

23.58±4.88 
+ 

72.76±12.91 74.19±9.60 

Table 9. Hind paw volume (HPV) changes in an experiment with carnosine (CARN) 
evaluated as monotherapy in time profile. For statistical analysis of data see table 1. 

Activity of GGT in joint was significantly reduced by CARN administration (Table 10). 
Markers of redox imbalance in plasma (TBARS, and protein carbonyls) were significantly 
decreased (Table 10). Protein carbonyls in brain tissue homogenates were significantly 
elevated and were decreased by CARN to control values (Table 10). The reduction of 
immunological markers of inflammation (IL-1α and MCP-1) in plasma by CARN is a result 
supporting its anti-inflammatory activity (Table 11). 
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In the present experiment, the GGT activity was elevated in peripheral joint tissue. This 
finding is in good agreement with clinical studies of patients with RA who had increased 
levels of GGT not only in serum and urine but also in synovial fluid (Rambabu et al., 1990). 
CARN effectively reduced the activity of GGT in joint. Administration of CARN lowered 
the level of secondary products of lipid peroxidation in plasma measured as TBARS. Cheng 
(Cheng et al., 2011) showed that CARN, but not other conventional antioxidants, could 
protect neurons against MDA-induced injury through decomposition of protein cross-
linking and may serve as a novel agent in the treatment of neurodegenerative diseases. The 
“anti-carbonyl” effect of CARN administration was also evidenced by other authors (Aldini 
et al., 2010). 
 

Parameters CO AA AA-CARN 

Activity of 
GGT in joint 

(†) 
11.03±1.81 

 
26.30±2.04 

*** 

 
21.22±1.28 

+ 

Protein 
carbonyls in 

plasma 
(nmol/mg 
protein) 

0.15±0.01 
 

0.20±0.01 
** 

 
0.14±0.02 

+ 

Protein 
carbonyls in 
brain tissue 
(nmol/mg 
protein) 

10.68±0.78 
 

17.57±0.96 
*** 

12.98±0.53 
+ 

TBARS 
(nmol/ml) 1.60±0.12 

 
2.38±0.10 

** 

 
1.44±0.12 

++ 

† - nmol 4-nitroaniline /min /g tissue 

Table 10. Activity of GGT(-glutamyltransferase) in joint, plasmatic TBARS (thiobarbituric 
acid reactive substances), and protein carbonyls in plasma and brain measured on 
experimental day 28 in an experiment with carnosine (CARN) evaluated as monotherapy. 
For statistical analysis of data see table 1. 

We found that CARN was effective in decreasing protein carbonyls in plasma as well as in 
brain tissue homogenate of arthritic rats. These findings might provide, at least partially, an 
explanation for the antiinflammatory activity of CARN in chronic autoimmune disease, such 
as RA. The action of CARN resulted in decreased systemic inflammation in AA, monitored 
by plasmatic level of proinflammatory cytokine IL-1α and chemokine MCP-1. CARN was 
also effective in reducing the MCP-1 level in plasma in our experiment, suggesting that it 
may have a good potential in the treatment of chronic inflammatory diseases including RA 
where IL-1 and MCP-1 are involved. 
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23.58±4.88 
+ 

72.76±12.91 74.19±9.60 

Table 9. Hind paw volume (HPV) changes in an experiment with carnosine (CARN) 
evaluated as monotherapy in time profile. For statistical analysis of data see table 1. 

Activity of GGT in joint was significantly reduced by CARN administration (Table 10). 
Markers of redox imbalance in plasma (TBARS, and protein carbonyls) were significantly 
decreased (Table 10). Protein carbonyls in brain tissue homogenates were significantly 
elevated and were decreased by CARN to control values (Table 10). The reduction of 
immunological markers of inflammation (IL-1α and MCP-1) in plasma by CARN is a result 
supporting its anti-inflammatory activity (Table 11). 
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In the present experiment, the GGT activity was elevated in peripheral joint tissue. This 
finding is in good agreement with clinical studies of patients with RA who had increased 
levels of GGT not only in serum and urine but also in synovial fluid (Rambabu et al., 1990). 
CARN effectively reduced the activity of GGT in joint. Administration of CARN lowered 
the level of secondary products of lipid peroxidation in plasma measured as TBARS. Cheng 
(Cheng et al., 2011) showed that CARN, but not other conventional antioxidants, could 
protect neurons against MDA-induced injury through decomposition of protein cross-
linking and may serve as a novel agent in the treatment of neurodegenerative diseases. The 
“anti-carbonyl” effect of CARN administration was also evidenced by other authors (Aldini 
et al., 2010). 
 

Parameters CO AA AA-CARN 

Activity of 
GGT in joint 

(†) 
11.03±1.81 

 
26.30±2.04 

*** 

 
21.22±1.28 

+ 

Protein 
carbonyls in 

plasma 
(nmol/mg 
protein) 

0.15±0.01 
 

0.20±0.01 
** 

 
0.14±0.02 

+ 

Protein 
carbonyls in 
brain tissue 
(nmol/mg 
protein) 

10.68±0.78 
 

17.57±0.96 
*** 

12.98±0.53 
+ 

TBARS 
(nmol/ml) 1.60±0.12 

 
2.38±0.10 

** 

 
1.44±0.12 

++ 

† - nmol 4-nitroaniline /min /g tissue 

Table 10. Activity of GGT(-glutamyltransferase) in joint, plasmatic TBARS (thiobarbituric 
acid reactive substances), and protein carbonyls in plasma and brain measured on 
experimental day 28 in an experiment with carnosine (CARN) evaluated as monotherapy. 
For statistical analysis of data see table 1. 

We found that CARN was effective in decreasing protein carbonyls in plasma as well as in 
brain tissue homogenate of arthritic rats. These findings might provide, at least partially, an 
explanation for the antiinflammatory activity of CARN in chronic autoimmune disease, such 
as RA. The action of CARN resulted in decreased systemic inflammation in AA, monitored 
by plasmatic level of proinflammatory cytokine IL-1α and chemokine MCP-1. CARN was 
also effective in reducing the MCP-1 level in plasma in our experiment, suggesting that it 
may have a good potential in the treatment of chronic inflammatory diseases including RA 
where IL-1 and MCP-1 are involved. 
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Parameters CO AA AA-CARN 

IL-1α (pg/ml) 47.55±3.63 70.5±5.94 
* 

49.87±4.13 
+ 

MCP-1 
(pg/ml) 5345.70±734.30 7946.50±878.70 

* 
5422.00±658.50 

+ 

Table 11. IL-1α (interleukin-1α) and MCP-1 (monocyte chemotactic protein-1) measured on 
experimental day 28 in an experiment with carnosine (CARN) evaluated as monotherapy. 
For statistical analysis of data see table 1. 

3.3.2 Coenzyme Q10 in combination with MTX in AA  
Based on our results with mitochondrial energetics modification and the observed anti-
inflammatory and antioxidant effects (Bauerova et al., 2005a, 2008a; Gvozdjakova et al., 
2004; Ponist et al., 2007), we chose CoQ10 as a candidate for combinatory therapy of RA. 
Patients with RA often suffer muscle weakness and atrophy. It is assumed that progressive 
muscle atrophy in RA patients is caused by damaged myofibrils and impaired mitochondria 
(De Palma et al., 2000). Disruption of mitochondrial bioenergetics caused by free radicals is 
involved in the development of myopathies. OS-caused alteration of mitochondrial 
functions can manifest in different manners (Cardoso et al., 1999). Leakage of free radicals 
from the respiratory chain leads to damaged mitochondrial membrane, proteins, DNA and 
inhibits oxidative phosphorylation (Luft, 1995; Miesel et al., 1996). Maneiro et al. (2003) 
found inhibition of functions of complex II and III of the respiratory chain and higher 
frequency of energetically “exhausted” mitochondria in chondrocytes of patients with 
osteoarthritis compared to healthy donors. In light of these findings, we decided to support 
the impaired mitochondrial functions by CoQ10 supplementation and thus to reduce the 
increased OS in AA. Some evidence from the literature showed that antirheumatic therapies 
which increased the level of CoQ10 were able to slow down RA progression (Comstock et al., 
1997; Knekt et al., 2000; Kucharska et al., 2005). The hind-paw muscle of arthritic animals lies 
very close to the inflamed joint and could be also sensitive to joint inflammation (Ponist et 
al., 2007). Moreover, AA is a systemic inflammatory disease and we might also expect 
impairment in myocardial mitochondrial functions. We found that the reactions of skeletal 
muscle and myocardium muscle on CoQ supplementation in AA were different, which was 
not so surprising in view of their different structure and functions in the organism 
(Gvozdjakova et al., 2007). The results with solubilized CoQ10 (water-soluble form) indicated 
its therapeutic effect in the experimental model of AA (Bauerova et al., 2005a, 2008a; 
Gvozdjakova et al., 2004; Ponist et al., 2007). These findings are of potential significance in 
the treatment of patients with RA.  
The aim of the present study was to examine the combined effect of CoQ10 and MTX on 
the progression of AA. For this purpose, we used monitoring of HPV along with 
evaluation of OS and inflammation markers assessed in plasma and tissues. The 
experiments included healthy animals (CO), arthritic animals not treated (AA), arthritic 
animals treated with coenzyme Q10 (AA-CoQ), arthritic animals treated with methotrexate 
(AA-MTX), and arthritic animals treated with the combination of CoQ10 and methotrexate 
(AA-MTX+CoQ). The two latter groups received a daily oral dose of 20 mg/kg b.w. of 
CoQ10 either alone or with methotrexate in the oral dose of 0.3 mg/kg b.w. twice a week. 
AA-MTX was performed as a reference treatment. CoQ10 supplementation to arthritis 
animals slightly decreased the HPV on all experimental days (Table 12). In the present 
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study, the decreasing effect of MTX monotherapy on hind paw swelling was evident on 
all monitored days (Table 12). The significance of this effect was a confirmation of its well 
known antiarthritic effect, which we proved also previously on the AA model 
(Jurcovicova et al., 2009; Nosal et al., 2007; Rovensky et al., 2009). As shown in Table 12, 
the combination therapy was the most effective in decreasing the HPV of arthritic animals 
on all experimental days selected. Moreover, for day 14, we found a statistically 
significant difference between MTX monotherapy and its combination with CoQ10. These 
promising clinical results were further completed by measurements of HNE- and MDA-
protein adducts and protein carbonyls in plasma (Table 13). Changes in all groups with 
arthritis were calculated with respect to the control value assessed for healthy control 
animals on experimental day 28. The dashed line represents the value of control as 100%. 
We obtained a good agreement of HPV with the parameters of OS: the effect was 
increasing in the order CoQ10 alone, MTX alone, combination of CoQ10 and MTX. The 
most pronounced effect found for the combination of MTX and CoQ10 was significant for 
all OS parameters compared with non-treated arthritic animals. Moreover, the 
combination decreased all parameters close to the control group values, being more 
effective than the individual substances (Table 13). 
 

HPV 
(%) Day 14 Day 21 Day 28 

CO 6.228±0.942 13.64±1.891 14.874±1.744 

AA 42.411±7.411 
*** 

81.083±7.901 
*** 

68.629±8.952 
*** 

AA-CoQ 28.094±4.515 77.635±3.599 59.949±6.039 

AA-MTX 13.307±2.673 
++ 

23.793±4.946 
+++ 

26.996±8.201 
++ 

AA-CoQ+MTX 4.965±1.026 
+++ / # 

12.552±2.328 
+++ 

19.571±2.426 
++ 

Table 12. Hind paw volume (HPV) changes in an experiment with coenzyme Q10 (CoQ) and 
methotrexate (MTX) evaluated as monotherapy and combination therapy (CoQ+MTX) in 
time profile. For statistical analysis of data see table 1. 

As shown in Table 14, the arthritis process increases significantly the level of CoQ9 in 
comparison with healthy controls. The effect of therapy on this phenomenon unveils 
a picture comparable to that found for other OS parameters (Table 13). The combination 
therapy was again the most effective and significant in comparison to the untreated 
arthritis group and the improvement was on the level of CO (Table 14). Table 14 shows 
also that the effects of the given treatments on the AA-increased IL-1α levels are very 
close to the effects illustrated in table 13. The improving effect on the increased cytokine 
plasmatic levels is raising in the order CoQ10, MTX and CoQ10+MTX. Furthermore, a 
statistically significant difference was found between MTX monotherapy and its 
combination with CoQ10. For the local inflammatory parameter — the activity of GGT in 
joint homogenate — an approximately double increase was recorded on comparing 
arthritic animals with CO (Table 14). The treated groups presented similar results as 
already described for IL-1α. All these findings suggest that the cycles of GGT and CoQ are 
not directly coupled. 
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Parameters CO AA AA-CARN 

IL-1α (pg/ml) 47.55±3.63 70.5±5.94 
* 

49.87±4.13 
+ 

MCP-1 
(pg/ml) 5345.70±734.30 7946.50±878.70 

* 
5422.00±658.50 

+ 

Table 11. IL-1α (interleukin-1α) and MCP-1 (monocyte chemotactic protein-1) measured on 
experimental day 28 in an experiment with carnosine (CARN) evaluated as monotherapy. 
For statistical analysis of data see table 1. 

3.3.2 Coenzyme Q10 in combination with MTX in AA  
Based on our results with mitochondrial energetics modification and the observed anti-
inflammatory and antioxidant effects (Bauerova et al., 2005a, 2008a; Gvozdjakova et al., 
2004; Ponist et al., 2007), we chose CoQ10 as a candidate for combinatory therapy of RA. 
Patients with RA often suffer muscle weakness and atrophy. It is assumed that progressive 
muscle atrophy in RA patients is caused by damaged myofibrils and impaired mitochondria 
(De Palma et al., 2000). Disruption of mitochondrial bioenergetics caused by free radicals is 
involved in the development of myopathies. OS-caused alteration of mitochondrial 
functions can manifest in different manners (Cardoso et al., 1999). Leakage of free radicals 
from the respiratory chain leads to damaged mitochondrial membrane, proteins, DNA and 
inhibits oxidative phosphorylation (Luft, 1995; Miesel et al., 1996). Maneiro et al. (2003) 
found inhibition of functions of complex II and III of the respiratory chain and higher 
frequency of energetically “exhausted” mitochondria in chondrocytes of patients with 
osteoarthritis compared to healthy donors. In light of these findings, we decided to support 
the impaired mitochondrial functions by CoQ10 supplementation and thus to reduce the 
increased OS in AA. Some evidence from the literature showed that antirheumatic therapies 
which increased the level of CoQ10 were able to slow down RA progression (Comstock et al., 
1997; Knekt et al., 2000; Kucharska et al., 2005). The hind-paw muscle of arthritic animals lies 
very close to the inflamed joint and could be also sensitive to joint inflammation (Ponist et 
al., 2007). Moreover, AA is a systemic inflammatory disease and we might also expect 
impairment in myocardial mitochondrial functions. We found that the reactions of skeletal 
muscle and myocardium muscle on CoQ supplementation in AA were different, which was 
not so surprising in view of their different structure and functions in the organism 
(Gvozdjakova et al., 2007). The results with solubilized CoQ10 (water-soluble form) indicated 
its therapeutic effect in the experimental model of AA (Bauerova et al., 2005a, 2008a; 
Gvozdjakova et al., 2004; Ponist et al., 2007). These findings are of potential significance in 
the treatment of patients with RA.  
The aim of the present study was to examine the combined effect of CoQ10 and MTX on 
the progression of AA. For this purpose, we used monitoring of HPV along with 
evaluation of OS and inflammation markers assessed in plasma and tissues. The 
experiments included healthy animals (CO), arthritic animals not treated (AA), arthritic 
animals treated with coenzyme Q10 (AA-CoQ), arthritic animals treated with methotrexate 
(AA-MTX), and arthritic animals treated with the combination of CoQ10 and methotrexate 
(AA-MTX+CoQ). The two latter groups received a daily oral dose of 20 mg/kg b.w. of 
CoQ10 either alone or with methotrexate in the oral dose of 0.3 mg/kg b.w. twice a week. 
AA-MTX was performed as a reference treatment. CoQ10 supplementation to arthritis 
animals slightly decreased the HPV on all experimental days (Table 12). In the present 
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study, the decreasing effect of MTX monotherapy on hind paw swelling was evident on 
all monitored days (Table 12). The significance of this effect was a confirmation of its well 
known antiarthritic effect, which we proved also previously on the AA model 
(Jurcovicova et al., 2009; Nosal et al., 2007; Rovensky et al., 2009). As shown in Table 12, 
the combination therapy was the most effective in decreasing the HPV of arthritic animals 
on all experimental days selected. Moreover, for day 14, we found a statistically 
significant difference between MTX monotherapy and its combination with CoQ10. These 
promising clinical results were further completed by measurements of HNE- and MDA-
protein adducts and protein carbonyls in plasma (Table 13). Changes in all groups with 
arthritis were calculated with respect to the control value assessed for healthy control 
animals on experimental day 28. The dashed line represents the value of control as 100%. 
We obtained a good agreement of HPV with the parameters of OS: the effect was 
increasing in the order CoQ10 alone, MTX alone, combination of CoQ10 and MTX. The 
most pronounced effect found for the combination of MTX and CoQ10 was significant for 
all OS parameters compared with non-treated arthritic animals. Moreover, the 
combination decreased all parameters close to the control group values, being more 
effective than the individual substances (Table 13). 
 

HPV 
(%) Day 14 Day 21 Day 28 

CO 6.228±0.942 13.64±1.891 14.874±1.744 

AA 42.411±7.411 
*** 

81.083±7.901 
*** 

68.629±8.952 
*** 

AA-CoQ 28.094±4.515 77.635±3.599 59.949±6.039 

AA-MTX 13.307±2.673 
++ 

23.793±4.946 
+++ 

26.996±8.201 
++ 

AA-CoQ+MTX 4.965±1.026 
+++ / # 

12.552±2.328 
+++ 

19.571±2.426 
++ 

Table 12. Hind paw volume (HPV) changes in an experiment with coenzyme Q10 (CoQ) and 
methotrexate (MTX) evaluated as monotherapy and combination therapy (CoQ+MTX) in 
time profile. For statistical analysis of data see table 1. 

As shown in Table 14, the arthritis process increases significantly the level of CoQ9 in 
comparison with healthy controls. The effect of therapy on this phenomenon unveils 
a picture comparable to that found for other OS parameters (Table 13). The combination 
therapy was again the most effective and significant in comparison to the untreated 
arthritis group and the improvement was on the level of CO (Table 14). Table 14 shows 
also that the effects of the given treatments on the AA-increased IL-1α levels are very 
close to the effects illustrated in table 13. The improving effect on the increased cytokine 
plasmatic levels is raising in the order CoQ10, MTX and CoQ10+MTX. Furthermore, a 
statistically significant difference was found between MTX monotherapy and its 
combination with CoQ10. For the local inflammatory parameter — the activity of GGT in 
joint homogenate — an approximately double increase was recorded on comparing 
arthritic animals with CO (Table 14). The treated groups presented similar results as 
already described for IL-1α. All these findings suggest that the cycles of GGT and CoQ are 
not directly coupled. 
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Oxidative 
stress 

parameters 
(%) 

Protein 
carbonyls 

HNE-protein 
adducts 

MDA-protein 
adducts 

AA 189.49±3.19 
*** 

125.80±8.74 
*** 

131.56±13.13 
*** 

AA-CoQ 169.74±3.19 
+ 114.03±9.41 112.92±4.49 

AA-MTX 146.50±4.78 
+++ 

111.31±7.85 
+ 

101.49±7.45 
++ 

AA-CoQ+MTX 122.93±3.886 
+++ 

91.66±8.571 
+++ / # 

85.376±5.129 
+++ / # # # 

Table 13. Protein carbonyls, HNE (4-hydroxynonenal) and MDA (malondialdehyde)-protein 
adducts levels in plasma measured on experimental day 28 in an experiment with coenzyme 
Q10 (CoQ) and methotrexate (MTX) evaluated as monotherapy and combination therapy 
(CoQ+MTX). Changes in all groups with arthritis were calculated compared to the control 
value assessed for healthy control animals on experimental day 28. For statistical analysis of 
data see table 1. 

 

Parameters CO AA AA-CoQ AA-MTX AA-CoQ 
+MTX 

IL-1α 
(pg/ml) 42.95±7.88

 
87.11±8.52

** 
67.76±13.59 38.27±4.21

++ 

 
14.83±0.90 
++ / # # 

Activity of 
GGT in 
joint (†) 

9.38±0.76 
 

16.08±0.96
*** 

16.16±1.07 
 

6.83±1.21 
+++ 

 
9.60±1.05 

+++ 
CoQ9 in 
plasma 
(nmol/l) 

154±7.70 
** 241±21.28 189±16.51 209±21.75 158±12.65 

+ 

† - nmol 4-nitroaniline /min /g tissue 

Table 14. GGT (-glutamytransferase) activity in joint, IL-1α (interleukin-1) and CoQ9 
(coenzyme Q9) levels in plasma measured on experimental day 28 in an experiment with 
coenzyme Q10 (CoQ) and methotrexate (MTX) evaluated as monotherapy and combination 
therapy (CoQ+MTX). For statistical analysis of data see table 1. 

The functionality of peripheral blood neutrophils in AA was evaluated by phagocytosis, 
oxidative burst and metabolic activity (Table 15).  
Both phagocytosis and oxidative burst were increased due to arthritis. The 
immunosuppressive effect of MTX was demonstrated in lowering all characteristics of the   
functionality of peripheral blood neutrophils, not only in comparison with arthritis but also 
with CO. The addition of CoQ10 to MTX modulated all processes back to the level of CO. 
The observed immunoenhancing activity of CoQ10 may prove beneficial in MTX routine 
treatment. In this experiment, flow cytometric determination of the functionality of 
neutrophils was first applied for an experimental model on rats. 
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Parameters CO AA AA-CoQ AA-MTX AA-CoQ 
+MTX 

Phagocytosis 
(%) 41.90±3.56

 
51.28±3.51

* 
55.48±4.07

 
30.07±1.44

++ 

 
46.60±7.38 

## 

Oxidative 
burst (%) 27.36±3.44

 
43.70±3.97

* 
42.95±6.29

 
19.97±0.47

++ 
31.07±8.98 

Metabolic 
activity (%) 40.38±2.04

 
30.56±5.10

* 
39.13±3.07

 
21.20±0.61

++ 

 
34.79±7.81 

## 

Table 15. Functional parameters of neutrophils measured on experimental day 7 in an 
experiment with coenzyme Q10 (CoQ) and methotrexate (MTX) evaluated as monotherapy 
and combination therapy (CoQ+MTX) of AA. For statistical analysis of data see table 1. 

In summary, combined administration of CoQ10 and MTX suppressed arthritic progression 
in rats more effectively than did MTX alone. This finding may become a beneficial 
contribution to the treatment of RA. Restoration of redox homeostasis in chronic 
inflammatory diseases may be of significant importance in new therapeutic strategies. 

4. Conclusion  
In the past our research team, using the AA model, has monitored OS and inflammation in 
time course using different clinical and biochemical/immunological markers, and at the 
same time we have assessed the efficacy of the administered experimental substances with 
regard to their ability to reduce OS and inflammatory processes. In our experiments on AA 
rats we observed a beneficial effect of administration of low molecular weight antioxidants 
(coenzyme Q and carnosine), high molecular weight immunomodulators/antioxidants 
(glucomannan, Imunoglukan®) and compounds related to plants (curcumin, arbutin, 
pinosylvin, sesame oil, and extracts from Boswellia serrata, Arctostaphylos uva-ursi and 
Zingiber officinale).   
In light of these results, we proceeded in the search for the most suitable therapeutic 
substance (an antioxidant/immunomodulator) with the ability to improve the therapy of 
RA with MTX. The aim was to find a potential enhancement of the antirheumatic effect of 
MTX in particular combinations compared to monotherapy. Carnosine, coenzyme Q, 
pinosylvin and Imunoglukan® were selected for assessment of a combinatory therapy with 
MTX. The already performed experiments on arthritic rats with pinosylvin, Imunoglukan® 
and coenzyme Q confirmed the hypothesis about the beneficial effect of adding a suitable 
immunomodulator/antioxidant to the therapy with MTX. Final safety and efficacy of these 
approaches calls for further more detailed research not only in preclinical but also in clinical 
conditions. 
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Oxidative 
stress 

parameters 
(%) 

Protein 
carbonyls 

HNE-protein 
adducts 

MDA-protein 
adducts 

AA 189.49±3.19 
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131.56±13.13 
*** 

AA-CoQ 169.74±3.19 
+ 114.03±9.41 112.92±4.49 
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101.49±7.45 
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Table 13. Protein carbonyls, HNE (4-hydroxynonenal) and MDA (malondialdehyde)-protein 
adducts levels in plasma measured on experimental day 28 in an experiment with coenzyme 
Q10 (CoQ) and methotrexate (MTX) evaluated as monotherapy and combination therapy 
(CoQ+MTX). Changes in all groups with arthritis were calculated compared to the control 
value assessed for healthy control animals on experimental day 28. For statistical analysis of 
data see table 1. 

 

Parameters CO AA AA-CoQ AA-MTX AA-CoQ 
+MTX 

IL-1α 
(pg/ml) 42.95±7.88

 
87.11±8.52
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67.76±13.59 38.27±4.21
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14.83±0.90 
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Activity of 
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16.08±0.96
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Table 14. GGT (-glutamytransferase) activity in joint, IL-1α (interleukin-1) and CoQ9 
(coenzyme Q9) levels in plasma measured on experimental day 28 in an experiment with 
coenzyme Q10 (CoQ) and methotrexate (MTX) evaluated as monotherapy and combination 
therapy (CoQ+MTX). For statistical analysis of data see table 1. 

The functionality of peripheral blood neutrophils in AA was evaluated by phagocytosis, 
oxidative burst and metabolic activity (Table 15).  
Both phagocytosis and oxidative burst were increased due to arthritis. The 
immunosuppressive effect of MTX was demonstrated in lowering all characteristics of the   
functionality of peripheral blood neutrophils, not only in comparison with arthritis but also 
with CO. The addition of CoQ10 to MTX modulated all processes back to the level of CO. 
The observed immunoenhancing activity of CoQ10 may prove beneficial in MTX routine 
treatment. In this experiment, flow cytometric determination of the functionality of 
neutrophils was first applied for an experimental model on rats. 
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Parameters CO AA AA-CoQ AA-MTX AA-CoQ 
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experiment with coenzyme Q10 (CoQ) and methotrexate (MTX) evaluated as monotherapy 
and combination therapy (CoQ+MTX) of AA. For statistical analysis of data see table 1. 

In summary, combined administration of CoQ10 and MTX suppressed arthritic progression 
in rats more effectively than did MTX alone. This finding may become a beneficial 
contribution to the treatment of RA. Restoration of redox homeostasis in chronic 
inflammatory diseases may be of significant importance in new therapeutic strategies. 

4. Conclusion  
In the past our research team, using the AA model, has monitored OS and inflammation in 
time course using different clinical and biochemical/immunological markers, and at the 
same time we have assessed the efficacy of the administered experimental substances with 
regard to their ability to reduce OS and inflammatory processes. In our experiments on AA 
rats we observed a beneficial effect of administration of low molecular weight antioxidants 
(coenzyme Q and carnosine), high molecular weight immunomodulators/antioxidants 
(glucomannan, Imunoglukan®) and compounds related to plants (curcumin, arbutin, 
pinosylvin, sesame oil, and extracts from Boswellia serrata, Arctostaphylos uva-ursi and 
Zingiber officinale).   
In light of these results, we proceeded in the search for the most suitable therapeutic 
substance (an antioxidant/immunomodulator) with the ability to improve the therapy of 
RA with MTX. The aim was to find a potential enhancement of the antirheumatic effect of 
MTX in particular combinations compared to monotherapy. Carnosine, coenzyme Q, 
pinosylvin and Imunoglukan® were selected for assessment of a combinatory therapy with 
MTX. The already performed experiments on arthritic rats with pinosylvin, Imunoglukan® 
and coenzyme Q confirmed the hypothesis about the beneficial effect of adding a suitable 
immunomodulator/antioxidant to the therapy with MTX. Final safety and efficacy of these 
approaches calls for further more detailed research not only in preclinical but also in clinical 
conditions. 

5. Acknowledgment  
The authors wish to thank Dr. Magda Kouřilova, PhD. for correction of the English 
language. Experimental work was supported by grants VEGA 2/0045/11; VEGA 
2/0090/08; VEGA 2/0003/10; APVV-51-017905; APVV-3015-07, APVV-21-055205 and 



 
Rheumatoid Arthritis – Treatment 

 

256 

APVV-0052-10. Study with Coenzyme Q10 was performed in the frame of CNR/SAS 
bilateral project 2010-2012: "In vitro and in vivo models of arthritic processes for studying the 
mechanisms of inflammation and oxidative stress link-up. New perspectives for arthritis”. 
Study with carnosine was performed in the frame of RAMS/SAS bilateral project 2010-2012: 
“Regulation of cytokine synthesis during inflammation development in brain and other 
tissues” 
Imunoglukan® was donated from Pleuran s.r.o. company (Bratislava, Slovak Republic). 
Glucomannan was isolated by Martin Pajtinka (Institute of Chemistry, Slovak Academy of 
Sciences, Bratislava, Slovak Republic). Pinosylvin and pterostilbene were prepared by Prof. 
Jan Šmidrkal (Institute of Chemical Technology, Prague, Czech Republic) and Ing. Juraj 
Harmatha, PhD (Institute of Organic Chemistry and Biochemistry, Academy of Sciences of 
Czech Republic). Coenzyme Q10 in the form of Li-Q-Sorb® was purchased from Tishcon 
Corp., USA and carnosine was purchased from Hamary Chemicals Ltd., Japan. Pycnogenol® 
was obtained from VULM, s.r.o., Modra, Slovak Republic. All other used plant-related 
compounds and extracts were provided by assoc. Prof. Daniela Kostalova (Faculty of 
Pharmacy, Comenius University, Bratislava, Slovak Republic). 

6. References  
Akiyama, T., Mori, S., Mashiba, T., Miyamoto, K., Komatsubara, S., Cao, Y., Manabe, T., 

Norimatsu, H., Dobashi, H. & Tokuda, M. (2005) Incadronate disodium inhibits 
joint destruction and periarticular bone loss only in the early phase of rat adjuvant-
induced arthritis. Journal of Bone and Mineral Metabolism, Vol. 23, No. 4, (December 
2004) pp. 295-301, ISSN 1435-5604 

Alarcon, G. S., Tracy, I. C. &  Blackburn, W.D. Jr. (1989) Methotrexate in rheumatoid 
arthritis. Toxic effects as the major factor in limiting long-term treatment. Arthritis 
& Rheumatism, Vol. 32, No.6,  (Jun 1989) pp. 671-676, ISSN 1529-0131 

Aldini, G., Carini, M., Beretta, G., Bradamante, S. & Facino, R.M. (2002) Carnosine as a 
quencher of 4-hydroxynonenal: through what mechanism of reaction? Biochemical 
and Biophysical Research Communications,Vol. 298, No. 5, (November 2002) pp. 699–
706, ISSN 0006-291X 

Aldini, G., Dalle-Donne, I., Facino, R.M., Milzani, A. & Carini, M. (2007) Intervention 
strategies to inhibit protein carbonylation by lipoxidation derived reactive 
carbonyls. Medical Care Research and Review, Vol. 27, No. 6, (November 2007) pp. 
817–868, ISSN 1552-6801 

Aldini, G., Orioli, M., Rossoni, G., Savi, F., Braidotti, P., Vistoli, G., Yeum, K.J., Negrisoli, G. 
& Carini, M. (2010) The carbonyl scavenger carnosine ameliorates dyslipidemia and 
renal function in zucker obese rats. Journal of Cellular and Molecular Medicine,Vol. 15, 
No. 6, (Jun 2010) pp. 1339-54, ISSN 1582-4934 

Arnhold, J., Sonntag, K., Sauer, H., Häntzschel, H. & Arnold. K. (1994) Increased native 
chemiluminescence in granulocytes isolated from synovial fluid and peripheral 
blood of patients with rheumatoid arthritis. Journal of Bioluminescence and 
Chemiluminescence, Vol. 9, No. 2, (March – April 1994) pp. 79–86, ISSN 1099-1271 

Babior, B.M. (2000) Phagocytes and oxidative stres. American Journal of Medicine, Vol. 109, 
No. 1, (Jul 2000) pp. 33-44, ISSN 0002-9343 

Bandt, M.D., Grossin, M., Driss, F., Pincemail, J., Babin-Chevaye, C. & Pasquier, C. (2002) 
Vitamin E uncouples joint destruction and clinical inflammation in a transgenic 

Modern Pharmacological Approaches to Therapies: 
Substances Tested in Animal Models of Rheumatoid Arthritis 

 

257 

mouse model of rheumatoid arthritis. Arthritis Rheumatism, Vol. 46, No. 2, 
(February 2002) pp. 522-532, ISSN 1529-0131 

Baskol, G., Demir, H., Baskol, M., Kilic, E., Ates, F., Kocer, D. & Muhtaroglu, S. (2005)  
Assessment of paraoxonase 1 activity and malondialdehyde levels in patients with 
rheumatoid arthritis. Clinical Biochemistry, Vol. 38, No. 10, (October 2005) pp. 951–
955, ISSN 0009-9120 

Baskol, G., Demir, H., Baskol, M., Kilic, E., Ates, F., Karakukcu, C. & Ustdal, M. (2006) 
Investigation of protein oxidation and lipid peroxidation in patients with 
rheumatoid arthritis. Cell Biochemistry and Function, Vol. 24, No. 4, (Jul-August 2006) 
pp. 307–311, ISSN 1099-0844 

Bauerova, K. & Bezek, S. (1999) Role of reactive oxygen and nitrogen species in 
etiopathogenesis of rheumatoid arthritis. General Physiology and Biophysics, Vol. 18, 
(October 1999) pp. 15-20, ISSN 0231-5882 

Bauerova, K., Neradova, B., Zitnanova, I., Horakova, L. & Stefek, M. (2002). Oxidative 
protein damage in rats with adjuvant arthritis. Comparison of carbonyl assay 
performed by ELISA and a spectrophotometricmethod. In J. Timko, J. Turna, & J. 
Pastorek (Eds.), Abstracts of the XVIII. Biochemical congress held in Vysoke Tatry, 
Stara Lesna, Slovakia, 10–13 September 2002, VEDA-Publishing House of 
Slovakcademy of Sciences, p. 256, Bratislava 

Bauerova, K., Kucharska, J., Mihalova, D., Navarova, J., Gvozdjakova, A. & Sumbalova, Z. 
(2005a). Effect of coenzyme Q(10) supplementation in the rat model of adjuvant 
arthritis. Biomedical papers of the Medical Faculty of the University Palacký, Olomouc, 
Czech Republic, Vol. 149, No. 2, (December 2005) pp. 501–503, ISSN 1213-8118 

Bauerova, K., Valentova, J., Ponist, S., Navarova, J., Komendova, D., Mihalova, D. (2005b)  
Effect of copper complexes on the development of adjuvant arthritis: Therapeutic 
and toxicological aspects. Biologia, Vol. 60, No. 17, (2005) pp. 65–68,  ISSN 0006-3088 

Bauerova, K., Ponist, S., Ondrejickova, O., Komendova, D. & Mihalova, D. (2006) 
Association between tissue gamma-glutamyl-transferase and clinical markers of 
adjuvant arthritis in Lewis rats. Neuroendocrinology letters, Vol. 27, No. 2, (December 
2006) pp. 172-175, ISSN 0172-780X 

Bauerova, K., Paulovicova, E., Mihalova, D., Komendova, D. & Ponist, S. (2007) Monitoring 
of pro-inflammatory cytokines in the development of adjuvant arthritis. Chemické 
listy, Vol. 101, (2007) pp. 166–167, ISSN 1213-7103 

Bauerova, K., Kucharska, J., Ponist, S. & Gvozdjakova, A. (2008a) Coenzyme Q10 
supplementation in adjuvant  arthritis  (pre-clinical  study). In: Mitochondrial 
medicine: mitochodrial metabolism, diseases,diagnosis and therapy. Gvozdjakova, A., 
(eds), pp. 340–342, Springer, ISBN 9781402067143, Netherlands. 

Bauerova, K., Ponist, S., Navarova, J., Dubnickova, M., Paulovicova, E., Pajtinka, M., Kogan, 
G. & Mihalova, D. (2008b) Glucomannan in prevention of oxidative stress and 
infammation occuring in adjuvant arthritis. Neuroendocrinology letters, Vol. 29, No. 
5, (October 2008) pp. 691–696, ISSN 0172-780X 

Bauerova, K., Paulovicova, E., Mihalova, D., Svik, K. & Ponist, S. (2009) Study of new ways 
of supplementary and combinatory therapy of rheumatoid arthritis with 
immunomodulators. Glucomannan and Imunoglukán in adjuvant arthritis. 
Toxicology and Industrial Health, Vol. 25, No 4-5, (May-Jun 2009) pp. 329-335, ISSN 
1477-0393 



 
Rheumatoid Arthritis – Treatment 

 

256 

APVV-0052-10. Study with Coenzyme Q10 was performed in the frame of CNR/SAS 
bilateral project 2010-2012: "In vitro and in vivo models of arthritic processes for studying the 
mechanisms of inflammation and oxidative stress link-up. New perspectives for arthritis”. 
Study with carnosine was performed in the frame of RAMS/SAS bilateral project 2010-2012: 
“Regulation of cytokine synthesis during inflammation development in brain and other 
tissues” 
Imunoglukan® was donated from Pleuran s.r.o. company (Bratislava, Slovak Republic). 
Glucomannan was isolated by Martin Pajtinka (Institute of Chemistry, Slovak Academy of 
Sciences, Bratislava, Slovak Republic). Pinosylvin and pterostilbene were prepared by Prof. 
Jan Šmidrkal (Institute of Chemical Technology, Prague, Czech Republic) and Ing. Juraj 
Harmatha, PhD (Institute of Organic Chemistry and Biochemistry, Academy of Sciences of 
Czech Republic). Coenzyme Q10 in the form of Li-Q-Sorb® was purchased from Tishcon 
Corp., USA and carnosine was purchased from Hamary Chemicals Ltd., Japan. Pycnogenol® 
was obtained from VULM, s.r.o., Modra, Slovak Republic. All other used plant-related 
compounds and extracts were provided by assoc. Prof. Daniela Kostalova (Faculty of 
Pharmacy, Comenius University, Bratislava, Slovak Republic). 

6. References  
Akiyama, T., Mori, S., Mashiba, T., Miyamoto, K., Komatsubara, S., Cao, Y., Manabe, T., 

Norimatsu, H., Dobashi, H. & Tokuda, M. (2005) Incadronate disodium inhibits 
joint destruction and periarticular bone loss only in the early phase of rat adjuvant-
induced arthritis. Journal of Bone and Mineral Metabolism, Vol. 23, No. 4, (December 
2004) pp. 295-301, ISSN 1435-5604 

Alarcon, G. S., Tracy, I. C. &  Blackburn, W.D. Jr. (1989) Methotrexate in rheumatoid 
arthritis. Toxic effects as the major factor in limiting long-term treatment. Arthritis 
& Rheumatism, Vol. 32, No.6,  (Jun 1989) pp. 671-676, ISSN 1529-0131 

Aldini, G., Carini, M., Beretta, G., Bradamante, S. & Facino, R.M. (2002) Carnosine as a 
quencher of 4-hydroxynonenal: through what mechanism of reaction? Biochemical 
and Biophysical Research Communications,Vol. 298, No. 5, (November 2002) pp. 699–
706, ISSN 0006-291X 

Aldini, G., Dalle-Donne, I., Facino, R.M., Milzani, A. & Carini, M. (2007) Intervention 
strategies to inhibit protein carbonylation by lipoxidation derived reactive 
carbonyls. Medical Care Research and Review, Vol. 27, No. 6, (November 2007) pp. 
817–868, ISSN 1552-6801 

Aldini, G., Orioli, M., Rossoni, G., Savi, F., Braidotti, P., Vistoli, G., Yeum, K.J., Negrisoli, G. 
& Carini, M. (2010) The carbonyl scavenger carnosine ameliorates dyslipidemia and 
renal function in zucker obese rats. Journal of Cellular and Molecular Medicine,Vol. 15, 
No. 6, (Jun 2010) pp. 1339-54, ISSN 1582-4934 

Arnhold, J., Sonntag, K., Sauer, H., Häntzschel, H. & Arnold. K. (1994) Increased native 
chemiluminescence in granulocytes isolated from synovial fluid and peripheral 
blood of patients with rheumatoid arthritis. Journal of Bioluminescence and 
Chemiluminescence, Vol. 9, No. 2, (March – April 1994) pp. 79–86, ISSN 1099-1271 

Babior, B.M. (2000) Phagocytes and oxidative stres. American Journal of Medicine, Vol. 109, 
No. 1, (Jul 2000) pp. 33-44, ISSN 0002-9343 

Bandt, M.D., Grossin, M., Driss, F., Pincemail, J., Babin-Chevaye, C. & Pasquier, C. (2002) 
Vitamin E uncouples joint destruction and clinical inflammation in a transgenic 

Modern Pharmacological Approaches to Therapies: 
Substances Tested in Animal Models of Rheumatoid Arthritis 

 

257 

mouse model of rheumatoid arthritis. Arthritis Rheumatism, Vol. 46, No. 2, 
(February 2002) pp. 522-532, ISSN 1529-0131 

Baskol, G., Demir, H., Baskol, M., Kilic, E., Ates, F., Kocer, D. & Muhtaroglu, S. (2005)  
Assessment of paraoxonase 1 activity and malondialdehyde levels in patients with 
rheumatoid arthritis. Clinical Biochemistry, Vol. 38, No. 10, (October 2005) pp. 951–
955, ISSN 0009-9120 

Baskol, G., Demir, H., Baskol, M., Kilic, E., Ates, F., Karakukcu, C. & Ustdal, M. (2006) 
Investigation of protein oxidation and lipid peroxidation in patients with 
rheumatoid arthritis. Cell Biochemistry and Function, Vol. 24, No. 4, (Jul-August 2006) 
pp. 307–311, ISSN 1099-0844 

Bauerova, K. & Bezek, S. (1999) Role of reactive oxygen and nitrogen species in 
etiopathogenesis of rheumatoid arthritis. General Physiology and Biophysics, Vol. 18, 
(October 1999) pp. 15-20, ISSN 0231-5882 

Bauerova, K., Neradova, B., Zitnanova, I., Horakova, L. & Stefek, M. (2002). Oxidative 
protein damage in rats with adjuvant arthritis. Comparison of carbonyl assay 
performed by ELISA and a spectrophotometricmethod. In J. Timko, J. Turna, & J. 
Pastorek (Eds.), Abstracts of the XVIII. Biochemical congress held in Vysoke Tatry, 
Stara Lesna, Slovakia, 10–13 September 2002, VEDA-Publishing House of 
Slovakcademy of Sciences, p. 256, Bratislava 

Bauerova, K., Kucharska, J., Mihalova, D., Navarova, J., Gvozdjakova, A. & Sumbalova, Z. 
(2005a). Effect of coenzyme Q(10) supplementation in the rat model of adjuvant 
arthritis. Biomedical papers of the Medical Faculty of the University Palacký, Olomouc, 
Czech Republic, Vol. 149, No. 2, (December 2005) pp. 501–503, ISSN 1213-8118 

Bauerova, K., Valentova, J., Ponist, S., Navarova, J., Komendova, D., Mihalova, D. (2005b)  
Effect of copper complexes on the development of adjuvant arthritis: Therapeutic 
and toxicological aspects. Biologia, Vol. 60, No. 17, (2005) pp. 65–68,  ISSN 0006-3088 

Bauerova, K., Ponist, S., Ondrejickova, O., Komendova, D. & Mihalova, D. (2006) 
Association between tissue gamma-glutamyl-transferase and clinical markers of 
adjuvant arthritis in Lewis rats. Neuroendocrinology letters, Vol. 27, No. 2, (December 
2006) pp. 172-175, ISSN 0172-780X 

Bauerova, K., Paulovicova, E., Mihalova, D., Komendova, D. & Ponist, S. (2007) Monitoring 
of pro-inflammatory cytokines in the development of adjuvant arthritis. Chemické 
listy, Vol. 101, (2007) pp. 166–167, ISSN 1213-7103 

Bauerova, K., Kucharska, J., Ponist, S. & Gvozdjakova, A. (2008a) Coenzyme Q10 
supplementation in adjuvant  arthritis  (pre-clinical  study). In: Mitochondrial 
medicine: mitochodrial metabolism, diseases,diagnosis and therapy. Gvozdjakova, A., 
(eds), pp. 340–342, Springer, ISBN 9781402067143, Netherlands. 

Bauerova, K., Ponist, S., Navarova, J., Dubnickova, M., Paulovicova, E., Pajtinka, M., Kogan, 
G. & Mihalova, D. (2008b) Glucomannan in prevention of oxidative stress and 
infammation occuring in adjuvant arthritis. Neuroendocrinology letters, Vol. 29, No. 
5, (October 2008) pp. 691–696, ISSN 0172-780X 

Bauerova, K., Paulovicova, E., Mihalova, D., Svik, K. & Ponist, S. (2009) Study of new ways 
of supplementary and combinatory therapy of rheumatoid arthritis with 
immunomodulators. Glucomannan and Imunoglukán in adjuvant arthritis. 
Toxicology and Industrial Health, Vol. 25, No 4-5, (May-Jun 2009) pp. 329-335, ISSN 
1477-0393 



 
Rheumatoid Arthritis – Treatment 

 

258 

Bauerova, K., Paulovicova, E., Mihalova, D., Drafi, F., Strosova, M., Mascia, C., Biasi, F., 
Rovensky, J., Kucharska, J., Gvozdjakova, A. & Ponist, S. (2010a) Combined 
methotrexate and coenzyme Q10 therapy in adjuvant-induced  arthritis evaluated 
using parameters of inflammation and oxidative stress. Acta Biochimica Polonica, 
Vol. 57, No. 3, (September 2010) pp. 347-354, ISSN 0001-527X 

Bauerova, K., Ponist, S., Drafi, F., Mihalova, D., Paulovičova, E., Jancinova, V. & Nosal, R. 
(2010b) Study of combination of pinosylvin and methotrexate in the model of 
adjuvant arthritis: beneficial effect on clinical and non-clinical parameters. 
Interdisciplinary Toxicology, Vol. 3, No. 3, (2010) pp. 32-33, ISSN 1337-9569 

Bauerova, K., Ponist, S., Mihalova, D., Drafi, F. & Kuncirova, V. (2011) Utilization of 
adjuvant arthritis model for evaluation of new approaches in rheumatoid arthritis 
therapy focused on regulation of immune processes and oxidative stress. 
Interdisciplinary Toxicology, Vol. 4, No. 1, (March 2011) pp. 33-39, ISSN 1337-9569 

Bendele, A., McComb, J., Gould, T., McAbee, T., Sennello, G., Chlipala, E. & Guy, M. (1999) 
Animal models of arthritis: relevance to human disease. Toxicologic Pathology, Vol. 
27, No. 1, (January – February 1999) pp.134-142, ISSN 1533-1601 

Biasi, F., Bosco, M., Lanfranco, G. & Poli G (1995) Cytolysis does not per se induce lipid 
peroxidation: Evidence in man. Free Radical Biology and Medicine, Vol. 18, No. 5, 
(May 1995) pp. 909–912, ISSN 0891-5849 

Blake, D.R., Hall, N.D., Treby, D.A., Halliwell, B. & Gutteridge, J.M. (1981) Protection 
against superoxide and hydrogen peroxide in synovial fluid from rheumatoid 
patients. Clinical Science, Vol. 61, No. 4, (October 1981) pp. 483–486, ISSN 1470-8736 

Bohanec, G.P., Logar, D., Tomsic, M., Rozman, B. & Dolzan, V. (2009) Genetic  
polymorphisms modifying oxidative stress are associated with disease activity in 
rheumatoid arthritis patients. Disease Markers, Vol. 26, No. 1, (March 2009) pp. 41–
48, ISSN 0278-0240 

Boldyrev, A.A. (1990) Retrospectives and perspectives on the biological activity of histidine-
containing dipeptides. International Journal of Biochemistry, Vol. 22, No. 2, (1990) 
pp.129–132,  ISSN 0020-711X. 

Boldyrev, A. A. & Severin, S.E. (1990) The histidine-containing dipeptides, carnosine, and 
anserine: distribution, properties, and biological significance. Advances in Enzyme 
Regulation, Vol. 30, (1990) pp. 175–193, ISSN 0065-2571 

Boldyrev, A.A., Yuneva, M.O., Sorokina, E.V., Kramarenko, G.G., Fedorova, T.N., 
Konovalova, G.G. & Lankin, V.Z. (2001) Antioxidant systems in tissues of 
senescence accelerated mice (SAM). Biochemistry Moscow, Vol. 66, No. 10, (October, 
2001) pp.1157–1163, ISSN 1608-3040 

Boldyrev, A. (2002) Carnosine as natural antioxidant and neuroprotector: biological 
functions and possible clinical use. In: Free Radicals, Nitric Oxide, and Inflammation: 
Molecular, Biochemical, and Clinical Aspects. Tomasi, A., Ozben, T. & Skulachev, V. 
(Eds), 202–217. IOS Press, ISBN 1-58603-198-8, Amsterdam 

Boldyrev, A. (2005) Protection of Proteins from Oxidative Stress A New Illusion or a Novel 
Strategy? Annals of the New York Academy of Sciences, Vol.1057, (December 2005) pp. 
193–205, ISSN 1749-6632 

Brennan, M.L. & Hazen, S.L. (2003) Emerging role of myeloperoxidase and oxidant stress  
markers in cardiovascular risk assessment. Current Opinion in Lipidology, Vol. 14, 
No. 4, (August 2003) pp. 353–359, ISSN 1473-6535 

Modern Pharmacological Approaches to Therapies: 
Substances Tested in Animal Models of Rheumatoid Arthritis 

 

259 

Brown, R. K. & Kelly, F.J. (1996) Peroxides and other products, In: Free Radicals, a Practical 
Approach. Punchard, N.A. & Kelly, F.J., (eds) pp. 119–131, Oxford University Press, 
ISBN 0-19-963559-5, Oxford  

Buss, H., Chan, T.P., Sluis, K.B., Domigan, N.M. & Winterbourn, C.C. (1997) Protein  
carbonyl measurement by a sensitive ELISA method. Free Radical Biology and 
Medicine, Vol. 23, No. 3, (1997) pp. 361–366, ISSN 0891-5849  

Cardoso,  S.M.,  Pereira,  C. & Oliveira,  C.R.  (1999)  Mitochondrial  function  is differently  
affected  upon  oxidative  stress. Free Radical Biology and Medicine, Vol. 26, No. 1-2, 
(January 1999) pp. 3–13, ISSN 0891-5849 

Carlisle, M.L., King, M.R. & Karp, D.R. (2003) Gamma-glutamyl  transpeptidase activity 
alters the T cell response to oxidative stress and Fas-induced apoptosis. International 
Immunology, Vol. 15, No. 1, (January 2003) pp. 17–27,  ISSN 1460-2377 

Cedergren, J., Forslund, T., Sundqvist, T. & Skogh, T. (2007) Intracellular oxidative 
activation in synovial fluid neutrophils from patients with rheumatoid arthritis but 
not from other arthritis patients. The Journal of Rheumatology, Vol. 34, No. 11, 
(November 2007) pp. 2162-2170, ISSN 1499-2752 

Chapman, A.P., Antoniw, P., Spitali, M., West, S., Stephens, S. & King, D. J. (1999) 
Therapeutic antibody fragments with prolonged in vivo half-lives. Nature 
Biotechnology, Vol 17, No. 8, (August 1999)  pp. 780–783,  ISSN 1087-0156 

Cheng, J., Wang, F., Yu, D.F., Wu, P.F. & Chen, J.G. (2011) The cytotoxic mechanism of 
malondialdehyde and protective effect of carnosine via protein cross-
linking/mitochondrial dysfunction/reactive oxygen species/MAPK pathway in 
neurons. European Journal of Pharmacology, Vol. 650, No. 1, (January 2011) pp. 184-
94, ISSN 0014-2999 

Comstock,  G.W.,  Burke,  A.E.,  Hoffman,  S.C.,  Helzlsouer,  K.J.,  Bendich,  A., Masi,  A.T.,  
Norkus,  E.P.,  Malament,  R.L., & Gershwin,  M.E.  (1997)  Serum concentrations  of  
alpha-tocopherol,  beta-carotene,  and  retinol  proceeding  the  diagnosis  of  
rheumatoid  arthritis  and  systemic  lupus erythematosus. Annals of Rheumatic 
Disease, Vol. 56, No. 5, (May 1997) pp. 323–325, ISSN 1468-2060 

Connolly, K.M., Stecher, V.J., Danis, E., Pruden, D.J. & LaBrie, T. (1988) Alteration   of   
interleukin-1   production   and   the   acute   phase response  following  medication  
of  adjuvant  arthritic  rats  with cyclosporin-A or methotrexate. International 
Immunopharmacology, Vol. 10, No. 6, (1988) pp. 717–728, ISSN 1878-1705 

Cross, A., Barnes, T., Bucknall, R.C., Edwards, S.W. & Moots, R.J. (2006) Neutrophil 
apoptosis in rheumatoid arthritis is regulated by local oxygen tensions within 
joints. Journal of Leukocyte Biology, Vol. 80, No. 3, (September 2006) pp. 521–528, 
ISSN 0741-5400 

Cuzzocrea, S., McDonald, M.C., Mota-Filipe, H., Mazzon, E., Costantino, G., Britti, D., 
Mazzullo, G., Caputi, A.P. & Thiemermann, C. (2000) Beneficial effects of tempol, a 
membrane-permeable radical scavenger, in a rodent model of collagen-induced 
arthritis. Arthritis Rheumatism, Vol. 43, No. 2, (February 2000) pp. 320-328, ISSN 
1529-0131 

Dalle-Donne, I., Rossi, R., Giustarini, D., Milzani, A., & Colombo, R. (2003). Protein carbonyl 
groups as biomarkers of oxidative stress. Clinica Chimica Acta, Vol. 329, No. 1-2, 
(March 2003) pp. 23–38, ISSN 0009-8981 



 
Rheumatoid Arthritis – Treatment 

 

258 

Bauerova, K., Paulovicova, E., Mihalova, D., Drafi, F., Strosova, M., Mascia, C., Biasi, F., 
Rovensky, J., Kucharska, J., Gvozdjakova, A. & Ponist, S. (2010a) Combined 
methotrexate and coenzyme Q10 therapy in adjuvant-induced  arthritis evaluated 
using parameters of inflammation and oxidative stress. Acta Biochimica Polonica, 
Vol. 57, No. 3, (September 2010) pp. 347-354, ISSN 0001-527X 

Bauerova, K., Ponist, S., Drafi, F., Mihalova, D., Paulovičova, E., Jancinova, V. & Nosal, R. 
(2010b) Study of combination of pinosylvin and methotrexate in the model of 
adjuvant arthritis: beneficial effect on clinical and non-clinical parameters. 
Interdisciplinary Toxicology, Vol. 3, No. 3, (2010) pp. 32-33, ISSN 1337-9569 

Bauerova, K., Ponist, S., Mihalova, D., Drafi, F. & Kuncirova, V. (2011) Utilization of 
adjuvant arthritis model for evaluation of new approaches in rheumatoid arthritis 
therapy focused on regulation of immune processes and oxidative stress. 
Interdisciplinary Toxicology, Vol. 4, No. 1, (March 2011) pp. 33-39, ISSN 1337-9569 

Bendele, A., McComb, J., Gould, T., McAbee, T., Sennello, G., Chlipala, E. & Guy, M. (1999) 
Animal models of arthritis: relevance to human disease. Toxicologic Pathology, Vol. 
27, No. 1, (January – February 1999) pp.134-142, ISSN 1533-1601 

Biasi, F., Bosco, M., Lanfranco, G. & Poli G (1995) Cytolysis does not per se induce lipid 
peroxidation: Evidence in man. Free Radical Biology and Medicine, Vol. 18, No. 5, 
(May 1995) pp. 909–912, ISSN 0891-5849 

Blake, D.R., Hall, N.D., Treby, D.A., Halliwell, B. & Gutteridge, J.M. (1981) Protection 
against superoxide and hydrogen peroxide in synovial fluid from rheumatoid 
patients. Clinical Science, Vol. 61, No. 4, (October 1981) pp. 483–486, ISSN 1470-8736 

Bohanec, G.P., Logar, D., Tomsic, M., Rozman, B. & Dolzan, V. (2009) Genetic  
polymorphisms modifying oxidative stress are associated with disease activity in 
rheumatoid arthritis patients. Disease Markers, Vol. 26, No. 1, (March 2009) pp. 41–
48, ISSN 0278-0240 

Boldyrev, A.A. (1990) Retrospectives and perspectives on the biological activity of histidine-
containing dipeptides. International Journal of Biochemistry, Vol. 22, No. 2, (1990) 
pp.129–132,  ISSN 0020-711X. 

Boldyrev, A. A. & Severin, S.E. (1990) The histidine-containing dipeptides, carnosine, and 
anserine: distribution, properties, and biological significance. Advances in Enzyme 
Regulation, Vol. 30, (1990) pp. 175–193, ISSN 0065-2571 

Boldyrev, A.A., Yuneva, M.O., Sorokina, E.V., Kramarenko, G.G., Fedorova, T.N., 
Konovalova, G.G. & Lankin, V.Z. (2001) Antioxidant systems in tissues of 
senescence accelerated mice (SAM). Biochemistry Moscow, Vol. 66, No. 10, (October, 
2001) pp.1157–1163, ISSN 1608-3040 

Boldyrev, A. (2002) Carnosine as natural antioxidant and neuroprotector: biological 
functions and possible clinical use. In: Free Radicals, Nitric Oxide, and Inflammation: 
Molecular, Biochemical, and Clinical Aspects. Tomasi, A., Ozben, T. & Skulachev, V. 
(Eds), 202–217. IOS Press, ISBN 1-58603-198-8, Amsterdam 

Boldyrev, A. (2005) Protection of Proteins from Oxidative Stress A New Illusion or a Novel 
Strategy? Annals of the New York Academy of Sciences, Vol.1057, (December 2005) pp. 
193–205, ISSN 1749-6632 

Brennan, M.L. & Hazen, S.L. (2003) Emerging role of myeloperoxidase and oxidant stress  
markers in cardiovascular risk assessment. Current Opinion in Lipidology, Vol. 14, 
No. 4, (August 2003) pp. 353–359, ISSN 1473-6535 

Modern Pharmacological Approaches to Therapies: 
Substances Tested in Animal Models of Rheumatoid Arthritis 

 

259 

Brown, R. K. & Kelly, F.J. (1996) Peroxides and other products, In: Free Radicals, a Practical 
Approach. Punchard, N.A. & Kelly, F.J., (eds) pp. 119–131, Oxford University Press, 
ISBN 0-19-963559-5, Oxford  

Buss, H., Chan, T.P., Sluis, K.B., Domigan, N.M. & Winterbourn, C.C. (1997) Protein  
carbonyl measurement by a sensitive ELISA method. Free Radical Biology and 
Medicine, Vol. 23, No. 3, (1997) pp. 361–366, ISSN 0891-5849  

Cardoso,  S.M.,  Pereira,  C. & Oliveira,  C.R.  (1999)  Mitochondrial  function  is differently  
affected  upon  oxidative  stress. Free Radical Biology and Medicine, Vol. 26, No. 1-2, 
(January 1999) pp. 3–13, ISSN 0891-5849 

Carlisle, M.L., King, M.R. & Karp, D.R. (2003) Gamma-glutamyl  transpeptidase activity 
alters the T cell response to oxidative stress and Fas-induced apoptosis. International 
Immunology, Vol. 15, No. 1, (January 2003) pp. 17–27,  ISSN 1460-2377 

Cedergren, J., Forslund, T., Sundqvist, T. & Skogh, T. (2007) Intracellular oxidative 
activation in synovial fluid neutrophils from patients with rheumatoid arthritis but 
not from other arthritis patients. The Journal of Rheumatology, Vol. 34, No. 11, 
(November 2007) pp. 2162-2170, ISSN 1499-2752 

Chapman, A.P., Antoniw, P., Spitali, M., West, S., Stephens, S. & King, D. J. (1999) 
Therapeutic antibody fragments with prolonged in vivo half-lives. Nature 
Biotechnology, Vol 17, No. 8, (August 1999)  pp. 780–783,  ISSN 1087-0156 

Cheng, J., Wang, F., Yu, D.F., Wu, P.F. & Chen, J.G. (2011) The cytotoxic mechanism of 
malondialdehyde and protective effect of carnosine via protein cross-
linking/mitochondrial dysfunction/reactive oxygen species/MAPK pathway in 
neurons. European Journal of Pharmacology, Vol. 650, No. 1, (January 2011) pp. 184-
94, ISSN 0014-2999 

Comstock,  G.W.,  Burke,  A.E.,  Hoffman,  S.C.,  Helzlsouer,  K.J.,  Bendich,  A., Masi,  A.T.,  
Norkus,  E.P.,  Malament,  R.L., & Gershwin,  M.E.  (1997)  Serum concentrations  of  
alpha-tocopherol,  beta-carotene,  and  retinol  proceeding  the  diagnosis  of  
rheumatoid  arthritis  and  systemic  lupus erythematosus. Annals of Rheumatic 
Disease, Vol. 56, No. 5, (May 1997) pp. 323–325, ISSN 1468-2060 

Connolly, K.M., Stecher, V.J., Danis, E., Pruden, D.J. & LaBrie, T. (1988) Alteration   of   
interleukin-1   production   and   the   acute   phase response  following  medication  
of  adjuvant  arthritic  rats  with cyclosporin-A or methotrexate. International 
Immunopharmacology, Vol. 10, No. 6, (1988) pp. 717–728, ISSN 1878-1705 

Cross, A., Barnes, T., Bucknall, R.C., Edwards, S.W. & Moots, R.J. (2006) Neutrophil 
apoptosis in rheumatoid arthritis is regulated by local oxygen tensions within 
joints. Journal of Leukocyte Biology, Vol. 80, No. 3, (September 2006) pp. 521–528, 
ISSN 0741-5400 

Cuzzocrea, S., McDonald, M.C., Mota-Filipe, H., Mazzon, E., Costantino, G., Britti, D., 
Mazzullo, G., Caputi, A.P. & Thiemermann, C. (2000) Beneficial effects of tempol, a 
membrane-permeable radical scavenger, in a rodent model of collagen-induced 
arthritis. Arthritis Rheumatism, Vol. 43, No. 2, (February 2000) pp. 320-328, ISSN 
1529-0131 

Dalle-Donne, I., Rossi, R., Giustarini, D., Milzani, A., & Colombo, R. (2003). Protein carbonyl 
groups as biomarkers of oxidative stress. Clinica Chimica Acta, Vol. 329, No. 1-2, 
(March 2003) pp. 23–38, ISSN 0009-8981 



 
Rheumatoid Arthritis – Treatment 

 

260 

Dallner, G. & Sindelar, P.J. (2000) Regulation of ubiquinone metabolism. Free Radical Biology 
and Medicine, Vol. 29, No. 3-4, (August 2000) pp. 285–294, ISSN 0891-5849 

De  Palma,  L.,  Chillemi,  C.,  Albanelli,  S.,  Rapali,  S. & Bertoni-Freddari,  C. (2000) Muscle 
involvement in rheumatoid arthritis: an ultrastructural study. Ultrastructural 
Pathology, Vol. 24, No. 3, (May-Jun 2000) pp. 151–156, ISSN 1521-0758  

Dinarello, C.A. & Moldawer, L.L.  (2002) Pro-infammatory  and  anti-infammatory cytokines  in  
rheumatoid  arthritis:  a  primer  for  clinicians.  3rd  ed.,  pp  351, Thousand Oaks, CA: 
Amgen 

Drabikova, K., Perecko, T., Nosal, R., Bauerova, K., Ponist, S., Mihalova, D., Kogan, G. &  
Jancinova, V. (2009) Glucomannan reduces neutrophil free radical production in 
vitro and in  rats with adjuvant arthritis. Pharmacological Research, Vol. 59, No. 6, 
(Jun 2009) pp. 399–403, ISSN 1096-1186 

Drafi, F., Bauerova, K., Valachova, K., Poništ, S., Mihalova, D., Juranek, I., Boldyrev, A., 
Hrabarova, E. & Soltes, L. (2010). Carnosine inhibits degradation of hyaluronan 
induced  by  free  radical  processes  in  vitro  and  improves  the  redox  imbalance 
in adjuvant arthritis in vivo. Neuroendocrinology letters, Vol. 31, No. 2, (2010) pp. 96–
100, ISSN 0172-780X 

Edmonds, S.E., Winyard, P.G., Guo, R., Kidd, B., Merry, P., Langrish-Smith, A., Hansen, C., 
Ramm, S. & Blake, D.R. (1997) Putative analgesic activity of repeated oral doses of 
vitamin E in the treatment of rheumatoid arthritis. Results of a prospective placebo 
controlled double blind trial. Annals of the Rheumatic Diseases, Vol. 56, No. 11, 
(November 1997) pp. 649-655, ISSN 1468-2060 

Gambhir, J.K., Lali, P. & Jain, A.K. (1997) Correlation between blood antioxidant levels and 
lipid peroxidation in rheumatoid arthritis. Clinical Biochemistry, Vol. 30, No. 4, (Jun 
1997) pp. 351–355, ISSN 0009-9120 

Genestier, L., Paillot, R., Quemeneur, L., Izeradjene, K. & Revillard, J.P. (2000). Mechanisms 
of action of methotrexate. Immunopharmacology, Vol. 47, No. 2-3, (May 2000) pp. 
247– 257, ISSN 0162-3109 

Giustarini, D., Rossi, R., Milzani, A., Colombo, R. & Dalle-Donne, I. (2004) S-
Glutathionylation: from redox regulation of protein functions to human diseases. 
Journal of Cellular and Molecular Medicine, Vol. 8, No. 2, (April-June 2004) pp.  201–
212, ISSN 1582-4934 

Guglielmotti, A., D'Onofrio, E., Coletta, I., Aquilini, L., Milanese, C. & Pinza, M. (2002) 
Amelioration of rat adjuvant arthritis by therapeutic treatment with bindarit, an 
inhibitor of MCP-1 and TNF-alpha production. Inflammation Research, Vol. 51, No. 5, 
(May 2002) pp. 252-258, ISSN 1420-908X. 

Gvozdjakova,  A.,  Kucharska,  J.,  Tanaka , S.,  Neradova,  B. &  Bauerova,  K. (2004)  
Coenzyme  Q 10   supplementation  differently  modulated  heart and  skeletal  
muscle  mitochondrial  function  induced  by  adjuvant  arthritis. Mitochondrion, 
Vol. 4, (2004) pp. 20–21, ISSN 1567-7249 

Gvozdjaková,  A.,  Kucharska,  J.,  Ponist,  S. & Bauerova,  K.  (2007) Coenzyme Q 10  
supplementation in an experimental model of adjuvant arthritis. Kobe,  Japan, 
November 9–12,The  fifth  conference  of  the  International  Coenzyme  Q 10   
Association,   p. 180 

Hagfors, L., Leanderson, P., Skoldstam, L., Andersson, J. & Johansson, G. (2003)  
Antioxidant intake, plasma antioxidants and oxidative stress in a randomized, 

Modern Pharmacological Approaches to Therapies: 
Substances Tested in Animal Models of Rheumatoid Arthritis 

 

261 

controlled, parallel, Mediterranean dietary intervention study on patients with 
rheumatoid arthritis. Nutrition Journal, Vol. 2, No. 5, (Jul 2003) p. 5, ISSN 1475-2891  

Harmatha, J., Zídek, Z., Kmoníčková, E. & Šmidrkal, J. (2011) Immunobiological properties 
of selected natural and chemically modified phenylpropanoids. Interdisc. Toxicol., 
Vol. 4, No. 1, p. 5-10, ISSN 1337-6853 

Harris, E.D. (1993). Etiology and pathogenesis of rheumatoid arthritis. In: Textbook of 
rheumatology, Kelley, W.N., Harris, E.D., Ruddy, S., Sledge, C.B. (Ed.), pp. 833–873, 
WB Saunders, ISBN 9780721631554, Philadelphia 

He, Y.H., Zhou J., Wang, Y.S., Xiao, C., Tong, Y., Tang, J.C., Chan, A.S., Lu, A.P. (2006)  Anti-
infammatory and anti-oxidative effects of cherries on Freund’s adjuvant-induced 
arthritis  in rats. Scandinavian Journal of Rheumatology, Vol. 35, No. 5, (September-
October 2006) pp. 356–358, ISSN 1502-7732 

Heliovaara, M., Knekt, P., Aho, K., Aaran, R.K., Alfthan, G. & Aromaa, A. (1994) Serum 
antioxidant and risk of rheumatoid arthritis. Annals of the Rheumatic Diseases, Vol. 
53, No. 1, (January 1994) pp. 51–53, ISBN 1468-2060 

Hetland, G., Lovik, M. &Wiker, H.G. (1998) Protective effect of beta-glucan against 
mycobacterium bovis, BCG infection in BALB/c mice. Scandinavian Journal of 
Immunology, Vol. 47, No. 6, (Jun 1998) pp. 548–553, ISSN 1365-3083. 

Hetland, G. & Sandven, P. (2002) Beta-1,3-glucan reduces growth of Mycobacterium   
tuberculosis   in   macrophage   cultures.   FEMS Immunology and Medical 
Microbiology, Vol. 33, No. 1, (March 2002) pp. 41–45, ISSN 1574-695X. 

Hipkiss, A.R., Worthington, V.C., Himsworth, D.T. & Herwig, W. (1998) Protective effect of 
carnosine against protein modification mediated by malondialdehyde and 
hypochlorite. Biochimica et Biophysica Acta, Vol. 1380, No. 1, (March 1998) pp. 46–54, 
ISSN 0005-2736 

Hipkiss, A.R. & Brownson, C. (2000) Carnosine reacts with protein carbonyl groups: another 
possible role for the anti-ageing peptide? Biogerontology, Vol. 1, No. 3, (2000) pp. 
217–223, ISSN 1573-6768 

Hitchon, C.A. & El-Gabalawy, H.S. (2004) Oxidation in rheumatoid arthritis. Arthritis 
Research and Therapy, Vol. 6, No. 6, (October 2004) pp. 265-278, ISSN 1478-6362 

Inoue, T., Yamashita, M. & Higaki, M. (2001) The new antirheumatic drug KE-298 
suppresses monocyte chemoattractant protein (MCP)-1 and RANTES production in 
rats with adjuvant-induced arthritis and in IL-1beta-stimulated synoviocytes of 
patients with rheumatoid arthritis. Rheumatology International, Vol 20, No. 4, (May 
2001) pp. 149-153, ISSN 1437-160X 

Ishizuka, Y., Moriwaki, S., Kawahara-Hanaoka, M., Uemura, Y., Serizawa, I., Miyauchi, M., 
Shibata, S., Kanaya, T., Takata, T., Taniguchi, N. & Niida, S. (2007) Treatment with 
anti-gamma-glutamyl transpeptidase antibody attenuates osteolysis in collagen-
induced arthritis mice. Journal of Bone and Mineral Research, Vol. 22, No. 12, 
(December 2007) pp. 1933-1942, ISSN 0884-0431 

Itoh, K., Udagawa, N., Kobayashi, K., Suda, K., Li, X., Takami, M., Okahashi, N., Nishihara, 
T. & Takahashi, N. (2003) Lipopolysaccaride promotes the survival of osteoclasts 
via Tool-Like Receptor 4, but cytokine production of osteoclasts in response to 
lipopolysaccaride is different from that of macrophages. Journal of Immunology, Vol. 
170, No. 7, (April 2003) pp. 3688–3695, ISSN 1550-6606 



 
Rheumatoid Arthritis – Treatment 

 

260 

Dallner, G. & Sindelar, P.J. (2000) Regulation of ubiquinone metabolism. Free Radical Biology 
and Medicine, Vol. 29, No. 3-4, (August 2000) pp. 285–294, ISSN 0891-5849 

De  Palma,  L.,  Chillemi,  C.,  Albanelli,  S.,  Rapali,  S. & Bertoni-Freddari,  C. (2000) Muscle 
involvement in rheumatoid arthritis: an ultrastructural study. Ultrastructural 
Pathology, Vol. 24, No. 3, (May-Jun 2000) pp. 151–156, ISSN 1521-0758  

Dinarello, C.A. & Moldawer, L.L.  (2002) Pro-infammatory  and  anti-infammatory cytokines  in  
rheumatoid  arthritis:  a  primer  for  clinicians.  3rd  ed.,  pp  351, Thousand Oaks, CA: 
Amgen 

Drabikova, K., Perecko, T., Nosal, R., Bauerova, K., Ponist, S., Mihalova, D., Kogan, G. &  
Jancinova, V. (2009) Glucomannan reduces neutrophil free radical production in 
vitro and in  rats with adjuvant arthritis. Pharmacological Research, Vol. 59, No. 6, 
(Jun 2009) pp. 399–403, ISSN 1096-1186 

Drafi, F., Bauerova, K., Valachova, K., Poništ, S., Mihalova, D., Juranek, I., Boldyrev, A., 
Hrabarova, E. & Soltes, L. (2010). Carnosine inhibits degradation of hyaluronan 
induced  by  free  radical  processes  in  vitro  and  improves  the  redox  imbalance 
in adjuvant arthritis in vivo. Neuroendocrinology letters, Vol. 31, No. 2, (2010) pp. 96–
100, ISSN 0172-780X 

Edmonds, S.E., Winyard, P.G., Guo, R., Kidd, B., Merry, P., Langrish-Smith, A., Hansen, C., 
Ramm, S. & Blake, D.R. (1997) Putative analgesic activity of repeated oral doses of 
vitamin E in the treatment of rheumatoid arthritis. Results of a prospective placebo 
controlled double blind trial. Annals of the Rheumatic Diseases, Vol. 56, No. 11, 
(November 1997) pp. 649-655, ISSN 1468-2060 

Gambhir, J.K., Lali, P. & Jain, A.K. (1997) Correlation between blood antioxidant levels and 
lipid peroxidation in rheumatoid arthritis. Clinical Biochemistry, Vol. 30, No. 4, (Jun 
1997) pp. 351–355, ISSN 0009-9120 

Genestier, L., Paillot, R., Quemeneur, L., Izeradjene, K. & Revillard, J.P. (2000). Mechanisms 
of action of methotrexate. Immunopharmacology, Vol. 47, No. 2-3, (May 2000) pp. 
247– 257, ISSN 0162-3109 

Giustarini, D., Rossi, R., Milzani, A., Colombo, R. & Dalle-Donne, I. (2004) S-
Glutathionylation: from redox regulation of protein functions to human diseases. 
Journal of Cellular and Molecular Medicine, Vol. 8, No. 2, (April-June 2004) pp.  201–
212, ISSN 1582-4934 

Guglielmotti, A., D'Onofrio, E., Coletta, I., Aquilini, L., Milanese, C. & Pinza, M. (2002) 
Amelioration of rat adjuvant arthritis by therapeutic treatment with bindarit, an 
inhibitor of MCP-1 and TNF-alpha production. Inflammation Research, Vol. 51, No. 5, 
(May 2002) pp. 252-258, ISSN 1420-908X. 

Gvozdjakova,  A.,  Kucharska,  J.,  Tanaka , S.,  Neradova,  B. &  Bauerova,  K. (2004)  
Coenzyme  Q 10   supplementation  differently  modulated  heart and  skeletal  
muscle  mitochondrial  function  induced  by  adjuvant  arthritis. Mitochondrion, 
Vol. 4, (2004) pp. 20–21, ISSN 1567-7249 

Gvozdjaková,  A.,  Kucharska,  J.,  Ponist,  S. & Bauerova,  K.  (2007) Coenzyme Q 10  
supplementation in an experimental model of adjuvant arthritis. Kobe,  Japan, 
November 9–12,The  fifth  conference  of  the  International  Coenzyme  Q 10   
Association,   p. 180 

Hagfors, L., Leanderson, P., Skoldstam, L., Andersson, J. & Johansson, G. (2003)  
Antioxidant intake, plasma antioxidants and oxidative stress in a randomized, 

Modern Pharmacological Approaches to Therapies: 
Substances Tested in Animal Models of Rheumatoid Arthritis 

 

261 

controlled, parallel, Mediterranean dietary intervention study on patients with 
rheumatoid arthritis. Nutrition Journal, Vol. 2, No. 5, (Jul 2003) p. 5, ISSN 1475-2891  

Harmatha, J., Zídek, Z., Kmoníčková, E. & Šmidrkal, J. (2011) Immunobiological properties 
of selected natural and chemically modified phenylpropanoids. Interdisc. Toxicol., 
Vol. 4, No. 1, p. 5-10, ISSN 1337-6853 

Harris, E.D. (1993). Etiology and pathogenesis of rheumatoid arthritis. In: Textbook of 
rheumatology, Kelley, W.N., Harris, E.D., Ruddy, S., Sledge, C.B. (Ed.), pp. 833–873, 
WB Saunders, ISBN 9780721631554, Philadelphia 

He, Y.H., Zhou J., Wang, Y.S., Xiao, C., Tong, Y., Tang, J.C., Chan, A.S., Lu, A.P. (2006)  Anti-
infammatory and anti-oxidative effects of cherries on Freund’s adjuvant-induced 
arthritis  in rats. Scandinavian Journal of Rheumatology, Vol. 35, No. 5, (September-
October 2006) pp. 356–358, ISSN 1502-7732 

Heliovaara, M., Knekt, P., Aho, K., Aaran, R.K., Alfthan, G. & Aromaa, A. (1994) Serum 
antioxidant and risk of rheumatoid arthritis. Annals of the Rheumatic Diseases, Vol. 
53, No. 1, (January 1994) pp. 51–53, ISBN 1468-2060 

Hetland, G., Lovik, M. &Wiker, H.G. (1998) Protective effect of beta-glucan against 
mycobacterium bovis, BCG infection in BALB/c mice. Scandinavian Journal of 
Immunology, Vol. 47, No. 6, (Jun 1998) pp. 548–553, ISSN 1365-3083. 

Hetland, G. & Sandven, P. (2002) Beta-1,3-glucan reduces growth of Mycobacterium   
tuberculosis   in   macrophage   cultures.   FEMS Immunology and Medical 
Microbiology, Vol. 33, No. 1, (March 2002) pp. 41–45, ISSN 1574-695X. 

Hipkiss, A.R., Worthington, V.C., Himsworth, D.T. & Herwig, W. (1998) Protective effect of 
carnosine against protein modification mediated by malondialdehyde and 
hypochlorite. Biochimica et Biophysica Acta, Vol. 1380, No. 1, (March 1998) pp. 46–54, 
ISSN 0005-2736 

Hipkiss, A.R. & Brownson, C. (2000) Carnosine reacts with protein carbonyl groups: another 
possible role for the anti-ageing peptide? Biogerontology, Vol. 1, No. 3, (2000) pp. 
217–223, ISSN 1573-6768 

Hitchon, C.A. & El-Gabalawy, H.S. (2004) Oxidation in rheumatoid arthritis. Arthritis 
Research and Therapy, Vol. 6, No. 6, (October 2004) pp. 265-278, ISSN 1478-6362 

Inoue, T., Yamashita, M. & Higaki, M. (2001) The new antirheumatic drug KE-298 
suppresses monocyte chemoattractant protein (MCP)-1 and RANTES production in 
rats with adjuvant-induced arthritis and in IL-1beta-stimulated synoviocytes of 
patients with rheumatoid arthritis. Rheumatology International, Vol 20, No. 4, (May 
2001) pp. 149-153, ISSN 1437-160X 

Ishizuka, Y., Moriwaki, S., Kawahara-Hanaoka, M., Uemura, Y., Serizawa, I., Miyauchi, M., 
Shibata, S., Kanaya, T., Takata, T., Taniguchi, N. & Niida, S. (2007) Treatment with 
anti-gamma-glutamyl transpeptidase antibody attenuates osteolysis in collagen-
induced arthritis mice. Journal of Bone and Mineral Research, Vol. 22, No. 12, 
(December 2007) pp. 1933-1942, ISSN 0884-0431 

Itoh, K., Udagawa, N., Kobayashi, K., Suda, K., Li, X., Takami, M., Okahashi, N., Nishihara, 
T. & Takahashi, N. (2003) Lipopolysaccaride promotes the survival of osteoclasts 
via Tool-Like Receptor 4, but cytokine production of osteoclasts in response to 
lipopolysaccaride is different from that of macrophages. Journal of Immunology, Vol. 
170, No. 7, (April 2003) pp. 3688–3695, ISSN 1550-6606 



 
Rheumatoid Arthritis – Treatment 

 

262 

Jancinova, V., Perecko, T., Nosal, R., Kostalova, D., Bauerova, K. & Drabikova, K. (2009) 
Decreased  activity  of  neutrophils  in  the  presence  of  diferuloylmethane 
(curcumin) involves protein kinase C inhibition. European Journal of Pharmacology, 
Vol. 612, No. 1–3, (Jun 2009) pp. 161–6, ISSN 0014-2999 

Jancinova, V., Nosal, R., Lojek, A., Ciz, M., Ambrozova, G., Mihalova, D., Bauerova, K., 
Harmatha, J. & Perecko, T. (2010). Formation of reactive oxygen and nitrogen 
species in the presence of pinosylvin – an analogue of resveratrol. 
Neuroendocrinology letters, Vol. 31, No. 2, (2010) pp. 79–83, ISSN 0172-780X 

Jaswal, S., Mehta, H.C., Sood, A.K. & Kaur, J. (2003) Antioxidant status in rheumatoid 
arthritis and role of antioxidant therapy. Clinica Chimica Acta, Vol. 338, No. 1-2, 
(December 2003) pp. 123-129, ISSN 0009-898 

Joe, B., Griffiths, M.M., Remmers, E.F. & Wilder, R.L. (1999) Animal models of rheumatoid 
arthritis and related inflammation. Current Rheumatology Reports, Vol. 1, No. 2, 
(December 1999) pp. 139-148, ISSN 1534-6307 

Johansson, M.W., Patarroyo, M., Oberg, F., Siegbahn, A. & Nilsson, K. (1997) 
Myeloperoxidase mediates cell adhesion via the alpha M beta 2 integrin (Mac-1, 
CD11b/CD18). Journal of Cell Science, Vol. 110, No. 9, (May 1997) pp. 1133–1139, 
ISSN  0021-9533 

Jurcovicova,  J.,  Svik,  K.,  Scsukova,  S.,  Bauerova,  K.,  Rovensky,  J. & Stancikova,  M.  
(2009)  Methotrexate  treatment  ameliorated  testicular  suppression  and  anorexia  
related  leptin  reduction  in  rats  with  adjuvant arthritis. Rheumatology 
International, Vol. 29, No. 10, (August 2009) pp. 1187–1191, ISSN 1437-160X 

Kalpakcioglu, B. & Senel, K. (2008) The interrelation of glutathione reductase, catalase, 
glutathione peroxidase, superoxide dismutase, and glucose-6-phosphate in the 
pathogenesis of rheumatoid arthritis. Clinical Reumatology, Vol. 27, No. 2, (February 
2008) pp.141-145, ISSN 1434-9949 

Knekt,  P.,  Heliovaara,  M.,  Aho,  K.,  Alfthan,  G.,  Marniemi,  J. &  Aromaa,  A. (2000)  
Serum  selenium,  serum  alpha-tocopherol,  and  the  risk  of rheumatoid arthritis. 
Epidemiology, Vol. 11, No. 4, (Jul 2000) pp. 402–405, ISSN 1531-5487 

Kogan, G., Staško, A., Bauerova, K., Polovka, M., Šoltés, L., Brezova, V., Navarova, J., 
Mihalova, D. (2005). Antioxidant properties of yeast (1/3)-β-D-glucan studied  by  
electron  paramagnetic  resonance  spectroscopy  and  its  activity  in adjuvant 
arthritis. Carbohydrate Polymers, Vol. 61, (2005) pp.18–28, ISSN 0144-8617. 

Koner, B.C., Banerjee, B.D. & Ray, A. (1997) Effects of stress on gamma glutamyl 
transpeptidase (GGT) activity in lymphoid system of rats: modulation by drugs. 
Indian Journal of Experimental Biology, Vol. 35, No. 3, (March 1997) pp. 222–224, ISSN 
0019-5189 

Kronek, J., Luston, J., Kronekova, Z., Paulovicova, E., Farkas, .P, Petrencikova, N., 
Paulovicova, L. & Janigov, I. (2010) Synthesis and bioimmunological efficiency of 
poly(2-oxazolines) containing a free amino group. Journal of Materials Science: 
Materials in Medicine. Vol 21, No. 3, (March 2009) pp. 879-86, ISSN 1573-4838 

Kucharska,  J.,  Gvozdjakova,  A.,  Sumbalova,  Z.,  Mihalova,  D. & Bauerova,  K. (2005)  
Can  coenzyme  Q10  supplementation  protect  heart  and  skeletal  muscle  
mitochondrial  function  and  antioxidants  dysbalance  in adjuvant  arthritis? Los 
Angeles USA, Fourth Conference of  the  International  Coenzyme  Q10 
Association, 2005, Abstr. p. 125 

Modern Pharmacological Approaches to Therapies: 
Substances Tested in Animal Models of Rheumatoid Arthritis 

 

263 

Kunsch, C.H., Sikorski, J.A. & Sundell, C.L. (2005) Oxidative stress and the use of 
antioxidants for the treatment of rheumatoid arthritis. Current Medicinal Chemistry - 
Immunology, Endocrine & Metabolic Agents, Vol. 5, No. 3, (June 2005) pp. 249–258, 
ISSN 1568-0134 

Kurien, B.T., Hensley, K., Bachmann, M. & Scofeld, R.H. (2006) Oxidatively modifed 
autoantigens in autoimmune diseases. Free Radical Biology and Medicine, Vol. 41, No. 
4, (August 2006) pp. 549–556, ISSN 0891-5849 

Lefkowitz, D.L., Gelderman, M.P., Fuhrmann, S.R., Graham, S., Starnes, J.D. 3rd, Lefkowitz, 
S.S., Bollen, A. & Moguilevsky, N. (1999). Neutrophilic myeloperoxidase-
macrophage interactions perpetuate chronic inflammation associated with 
experimental arthritis. Clinical  Immunology, Vol. 91, No. 2, (May 1999) pp. 145–155, 
ISSN 1521-6616 

Levine, R. L., Garland, D., Oliver, C. N., Amici, A., Climent, I., Lenz, A. G., Ahn, B.W., 
Shaltiel, S. & Stadtman, E.R. (1990). Determination of carbonyl content in 
oxidatively modified proteins. Methods in Enzymology, Vol. 186, (1990) pp. 464–478, 
ISSN 0076-6879 

Littarru, G.P.,  Lippa,  S., Oradei, A.,  Fiorni,  R.M. & Mazzanti,  L.  (1991) Metabolic  and  
diagnostic  implications  of  blood CoQ10  levels. In: Biomedical  and  clinical  aspects  
of  coenzyme Q. Folkers, K., Yamagami, T. & Littarru, G.P.,(eds), pp. 167–178. 
Elsevier Science, ISBN 0444808019, Amsterdam. 

Liu, Y., Xu, G. & Sayre, L.M. (2003) Carnosine inhibits (E)-4-hydroxy-2-nonenalinduced 
protein cross-linking: structural characterization of carnosine-HNE adducts. 
Chemical Research in Toxicology, Vol. 16, No. 12, (December 2003) pp. 1589–1597, 
ISSN 1520-5010 

Luft, R.  (1995)  The  development  of  mitochondrial  medicine.  Biochimica et Biophysica Acta, 
Vol. 1271, No. 1, (May 1995) pp. 1–6, ISSN 0005-2736 

Lynn, W.A. & Golenbock, D.T. (1992) Lipopolysaccaride antagonists. Immunology Today, Vol. 
13, No. 7, (Jul 1992)  pp. 271–282, ISSN 0167-5699 

Macdonald, J., Galley, H.F. & Webster, N.R. (2003) Oxidative stress and gene expression in 
sepsis. British Journal of Anaesthesia, Vol. 90, No. 2, (February 2003) pp. 221–232, 
ISSN 1471-6771. 

Macickova, T., Drabikova, K., Nosal, R., Bauerova, K., Mihalova, D., Harmatha, J. & 
Pecivova, J. (2010) In vivo effect of pinosylvin and pterostilbene in the animal 
model of adjuvant arthritis. Neuroendocrinology letters, Vol. 31, No. 2, (2010) pp. 91-
95, ISSN 0172-780X 

Maini. R.N., Breedveld, F.C., Kalden, J.R., Smolen, J.S., Davis, D., Macfarlane, J.D., Antoni, 
C., Leeb, B., Elliott, M.J., Woody, J.N., Schaible, T.F. & Feldmann M. (1998) 
Therapeutic efficacy of multiple intravenous infusions of anti-tumor necrosis factor 
alpha monoclonal antibody combined with low-dose weekly methotrexate in 
rheumatoid arthritis. Arthritis & Rheumatism, Vol. 41, No. 9, (September 1998) pp. 
1552-1563, ISSN 1529-0131 

Maneiro, E., Martin, M.A., deAndres, M.C., Lopez-Armada, M.J., Fernandez-Sneiro,  J.L.,  
delHoyo,  P.,  Galdo,  F.,  Arenas,  J. & Blanco,  J.  (2003)  Mitochondrial  respiratory  
activity  is  altered  in  osteoarthritic  human  articular chondrocytes. Arthritis 
Rheumatism, Vol. 48, No. 3, (March 2003) pp. 700–708, ISSN 1529-0130 



 
Rheumatoid Arthritis – Treatment 

 

262 

Jancinova, V., Perecko, T., Nosal, R., Kostalova, D., Bauerova, K. & Drabikova, K. (2009) 
Decreased  activity  of  neutrophils  in  the  presence  of  diferuloylmethane 
(curcumin) involves protein kinase C inhibition. European Journal of Pharmacology, 
Vol. 612, No. 1–3, (Jun 2009) pp. 161–6, ISSN 0014-2999 

Jancinova, V., Nosal, R., Lojek, A., Ciz, M., Ambrozova, G., Mihalova, D., Bauerova, K., 
Harmatha, J. & Perecko, T. (2010). Formation of reactive oxygen and nitrogen 
species in the presence of pinosylvin – an analogue of resveratrol. 
Neuroendocrinology letters, Vol. 31, No. 2, (2010) pp. 79–83, ISSN 0172-780X 

Jaswal, S., Mehta, H.C., Sood, A.K. & Kaur, J. (2003) Antioxidant status in rheumatoid 
arthritis and role of antioxidant therapy. Clinica Chimica Acta, Vol. 338, No. 1-2, 
(December 2003) pp. 123-129, ISSN 0009-898 

Joe, B., Griffiths, M.M., Remmers, E.F. & Wilder, R.L. (1999) Animal models of rheumatoid 
arthritis and related inflammation. Current Rheumatology Reports, Vol. 1, No. 2, 
(December 1999) pp. 139-148, ISSN 1534-6307 

Johansson, M.W., Patarroyo, M., Oberg, F., Siegbahn, A. & Nilsson, K. (1997) 
Myeloperoxidase mediates cell adhesion via the alpha M beta 2 integrin (Mac-1, 
CD11b/CD18). Journal of Cell Science, Vol. 110, No. 9, (May 1997) pp. 1133–1139, 
ISSN  0021-9533 

Jurcovicova,  J.,  Svik,  K.,  Scsukova,  S.,  Bauerova,  K.,  Rovensky,  J. & Stancikova,  M.  
(2009)  Methotrexate  treatment  ameliorated  testicular  suppression  and  anorexia  
related  leptin  reduction  in  rats  with  adjuvant arthritis. Rheumatology 
International, Vol. 29, No. 10, (August 2009) pp. 1187–1191, ISSN 1437-160X 

Kalpakcioglu, B. & Senel, K. (2008) The interrelation of glutathione reductase, catalase, 
glutathione peroxidase, superoxide dismutase, and glucose-6-phosphate in the 
pathogenesis of rheumatoid arthritis. Clinical Reumatology, Vol. 27, No. 2, (February 
2008) pp.141-145, ISSN 1434-9949 

Knekt,  P.,  Heliovaara,  M.,  Aho,  K.,  Alfthan,  G.,  Marniemi,  J. &  Aromaa,  A. (2000)  
Serum  selenium,  serum  alpha-tocopherol,  and  the  risk  of rheumatoid arthritis. 
Epidemiology, Vol. 11, No. 4, (Jul 2000) pp. 402–405, ISSN 1531-5487 

Kogan, G., Staško, A., Bauerova, K., Polovka, M., Šoltés, L., Brezova, V., Navarova, J., 
Mihalova, D. (2005). Antioxidant properties of yeast (1/3)-β-D-glucan studied  by  
electron  paramagnetic  resonance  spectroscopy  and  its  activity  in adjuvant 
arthritis. Carbohydrate Polymers, Vol. 61, (2005) pp.18–28, ISSN 0144-8617. 

Koner, B.C., Banerjee, B.D. & Ray, A. (1997) Effects of stress on gamma glutamyl 
transpeptidase (GGT) activity in lymphoid system of rats: modulation by drugs. 
Indian Journal of Experimental Biology, Vol. 35, No. 3, (March 1997) pp. 222–224, ISSN 
0019-5189 

Kronek, J., Luston, J., Kronekova, Z., Paulovicova, E., Farkas, .P, Petrencikova, N., 
Paulovicova, L. & Janigov, I. (2010) Synthesis and bioimmunological efficiency of 
poly(2-oxazolines) containing a free amino group. Journal of Materials Science: 
Materials in Medicine. Vol 21, No. 3, (March 2009) pp. 879-86, ISSN 1573-4838 

Kucharska,  J.,  Gvozdjakova,  A.,  Sumbalova,  Z.,  Mihalova,  D. & Bauerova,  K. (2005)  
Can  coenzyme  Q10  supplementation  protect  heart  and  skeletal  muscle  
mitochondrial  function  and  antioxidants  dysbalance  in adjuvant  arthritis? Los 
Angeles USA, Fourth Conference of  the  International  Coenzyme  Q10 
Association, 2005, Abstr. p. 125 

Modern Pharmacological Approaches to Therapies: 
Substances Tested in Animal Models of Rheumatoid Arthritis 

 

263 

Kunsch, C.H., Sikorski, J.A. & Sundell, C.L. (2005) Oxidative stress and the use of 
antioxidants for the treatment of rheumatoid arthritis. Current Medicinal Chemistry - 
Immunology, Endocrine & Metabolic Agents, Vol. 5, No. 3, (June 2005) pp. 249–258, 
ISSN 1568-0134 

Kurien, B.T., Hensley, K., Bachmann, M. & Scofeld, R.H. (2006) Oxidatively modifed 
autoantigens in autoimmune diseases. Free Radical Biology and Medicine, Vol. 41, No. 
4, (August 2006) pp. 549–556, ISSN 0891-5849 

Lefkowitz, D.L., Gelderman, M.P., Fuhrmann, S.R., Graham, S., Starnes, J.D. 3rd, Lefkowitz, 
S.S., Bollen, A. & Moguilevsky, N. (1999). Neutrophilic myeloperoxidase-
macrophage interactions perpetuate chronic inflammation associated with 
experimental arthritis. Clinical  Immunology, Vol. 91, No. 2, (May 1999) pp. 145–155, 
ISSN 1521-6616 

Levine, R. L., Garland, D., Oliver, C. N., Amici, A., Climent, I., Lenz, A. G., Ahn, B.W., 
Shaltiel, S. & Stadtman, E.R. (1990). Determination of carbonyl content in 
oxidatively modified proteins. Methods in Enzymology, Vol. 186, (1990) pp. 464–478, 
ISSN 0076-6879 

Littarru, G.P.,  Lippa,  S., Oradei, A.,  Fiorni,  R.M. & Mazzanti,  L.  (1991) Metabolic  and  
diagnostic  implications  of  blood CoQ10  levels. In: Biomedical  and  clinical  aspects  
of  coenzyme Q. Folkers, K., Yamagami, T. & Littarru, G.P.,(eds), pp. 167–178. 
Elsevier Science, ISBN 0444808019, Amsterdam. 

Liu, Y., Xu, G. & Sayre, L.M. (2003) Carnosine inhibits (E)-4-hydroxy-2-nonenalinduced 
protein cross-linking: structural characterization of carnosine-HNE adducts. 
Chemical Research in Toxicology, Vol. 16, No. 12, (December 2003) pp. 1589–1597, 
ISSN 1520-5010 

Luft, R.  (1995)  The  development  of  mitochondrial  medicine.  Biochimica et Biophysica Acta, 
Vol. 1271, No. 1, (May 1995) pp. 1–6, ISSN 0005-2736 

Lynn, W.A. & Golenbock, D.T. (1992) Lipopolysaccaride antagonists. Immunology Today, Vol. 
13, No. 7, (Jul 1992)  pp. 271–282, ISSN 0167-5699 

Macdonald, J., Galley, H.F. & Webster, N.R. (2003) Oxidative stress and gene expression in 
sepsis. British Journal of Anaesthesia, Vol. 90, No. 2, (February 2003) pp. 221–232, 
ISSN 1471-6771. 

Macickova, T., Drabikova, K., Nosal, R., Bauerova, K., Mihalova, D., Harmatha, J. & 
Pecivova, J. (2010) In vivo effect of pinosylvin and pterostilbene in the animal 
model of adjuvant arthritis. Neuroendocrinology letters, Vol. 31, No. 2, (2010) pp. 91-
95, ISSN 0172-780X 

Maini. R.N., Breedveld, F.C., Kalden, J.R., Smolen, J.S., Davis, D., Macfarlane, J.D., Antoni, 
C., Leeb, B., Elliott, M.J., Woody, J.N., Schaible, T.F. & Feldmann M. (1998) 
Therapeutic efficacy of multiple intravenous infusions of anti-tumor necrosis factor 
alpha monoclonal antibody combined with low-dose weekly methotrexate in 
rheumatoid arthritis. Arthritis & Rheumatism, Vol. 41, No. 9, (September 1998) pp. 
1552-1563, ISSN 1529-0131 

Maneiro, E., Martin, M.A., deAndres, M.C., Lopez-Armada, M.J., Fernandez-Sneiro,  J.L.,  
delHoyo,  P.,  Galdo,  F.,  Arenas,  J. & Blanco,  J.  (2003)  Mitochondrial  respiratory  
activity  is  altered  in  osteoarthritic  human  articular chondrocytes. Arthritis 
Rheumatism, Vol. 48, No. 3, (March 2003) pp. 700–708, ISSN 1529-0130 



 
Rheumatoid Arthritis – Treatment 

 

264 

Mazetti, I., Grigolo, B., Borzi, R.M., Meliconi, R. & Facchini, A. (1996) Serum copper/zinc 
superoxide dismutase levels in patients with rheumatoid arthritis. International 
Journal of Clinical and Laboratory Research, Vol. 26, No. 4, (1996) pp. 245–249, ISSN 
1434-4467 

McKendry, R.J. & Dale, P. (1993) Adverse effects of low dose methotrexate therapy in 
rheumatoid arthritis. The Journal of Rheumatology, Vol. 20, No. 11, (November 1993), 
pp. 1850-1856, ISSN 1499-2752 

Miesel, R., Hartung, R. & Kroeger, H. (1996) Priming of NADPH oxidase by tumor necrosis  
factor alpha in patients with infammatory and autoimmune rheumatic diseases. 
Infammation, Vol. 20, No. 4, (August 1996) pp. 427–438, ISSN 1573-2576 

Miesel, R., Murphy, M.P. & Kroger H (1996) Enhanced mitochondrial radical production in 
patients which rheumatoid arthritis correlates with elevated  levels  of  tumor  
necrosis  factor  alpha  in  plasma. Free Radical Research, Vol. 25, No. 2, (August 
1996) pp. 161–169, ISSN 1029-2470 

Mihalova, D., Ponist, S., Kucharska, J., Komendova, D. & Bauerova, K. (2007) Total 
antioxidant status-systemic marker of oxidative stress in adjuvant arthritis. 
Chemické listy,  Vol. 101, No. 14, (2007) pp. 225-226, ISSN 1215-7103 

Miyata, T., Ishiguro, N., Yasuda, Y., Ito, T., Nangaku, M., Iwata, H. & Kurokawa, K. (1998) 
Increased pentosidine, an advanced glycation end product, in plasma and synovial 
fluid from patients with rheumatoid arthritis and its relation with inflammatory 
markers. Biochemical and Biophysical Research Communications, Vol. 244, No. 1, 
(March 1998) pp. 45–49, ISSN 1090-2104 

Moreland, L.W., Heck, L.W. Jr & Koopman, W.J. (1997). Biologic agents for treating 
rheumatoid arthritis: concepts and progress. Arthritis Rheumatism, Vol. 40, No. 3, 
(March 1997) pp. 397–409, ISSN 1529-0131 

Nosal, R., Jancinova, V., Petríkova, M., Ponist, S. & Bauerova, K. (2007) Suppression of 
oxidative burst of neutrophils with methotrexate in rat adjuvant arthritis. Chemické  
Listy,  Vol. 101, (2007) pp. 243–244, ISSN 1215-7103 

Novoselova, E.G., Lunin, S.M., Novoselova, T.V., Khrenov, M.O., Glushkova, O.V., 
Avkhacheva, N.V., Safronova, V.G. & Fesenko, E.E. (2009) Naturally occurring 
antioxidant nutrients reduce inflammatory response in mice.  European Journal of 
Pharmacology, Vol. 615, No. 1-3, (August 2009) pp. 234-240, ISSN: 0014-2999 

Ondrejickova, O., Ziegelhoeffer, A., Gabauer, I., Sotnikova, R., Styk, J., Gibala, P., Sedlak, J. 
& Horakova,  L. (1993) Evaluation of  ischemia-reperfusion injury by 
malondialdehyde, glutathione and gamma-glutamyl transpeptidase: lack of specifc 
local effects in diverse parts of the dog heart following acute coronary occlusion. 
Cardioscience, Vol. 4, No. 4, (December 1993) pp. 225–230, ISSN 1015-5007 

Oppenheim, J.J., Zachariae, C.O., Mukaida, N. & Matsushima, K. (1991) Properties of the 
novel proinflammatory supergene “intercrine” cytokine family. Annual Review of 
Immunology, Vol. 9, (1991) pp. 617–48, ISSN 0732-0582. 

Orlowski, M. & Meister, A. (1970) The γ-glutamyl cycle: a possible transport system for 
amino acids. Proceedings of the National Academy of Sciences of the United States of 
America, Vol. 67, No. 3, (November 1970) pp. 1248–1255, ISSN 1091-6490 

Pavlov, A.R., Revina, A.A., Dupin, A.M., Boldyrev, A.A. & Yaropolov, A.I. (1993) The 
mechanism of interaction of carnosine with superoxide radicals in water solutions. 

Modern Pharmacological Approaches to Therapies: 
Substances Tested in Animal Models of Rheumatoid Arthritis 

 

265 

Biochimica et Biophysica Acta, Vol. 1157, No. 3, (Jun 1993) pp. 304– 312, ISSN 0006-
3002 

Perecko, T., Jancinova, V., Drabikova, K., Nosal, R. & Harmatha, J. (2008). Structure 
efficiency relationship in derivatives of stilbene. Comparison of resveratrol, 
pinosilvin and pterostilbene. Neuroendocrinology letters,Vol. 29, No. 5, (October 
2008) pp. 802–805, ISSN 0172-780X 

Poli, G., Leonarduzzi, G., Biasi, F. & Chiarpotto, E. (2004) Oxidative  stress  and cell  
signalling. Current Medicinal Chemistry, Vol. 11, No. 9, (May 2004) pp. 1163–1182, 
ISSN 0929-8673 

Ponist, S., Kucharska, J., Gvozdjakova, A., Komendova, D., Mihalova, D. &Bauerova, K. 
(2007) Mitochondrial bioenergetics of skeletal musclestudied in adjuvant arthritis. 
Chemicke Listy, Vol. 101, (2007) pp. 256–257, ISSN 1213-7103 

Ponist, S., Mihalova, D., Jancinova, V., Snirc, V., Ondrejickova, O., Mascia, C., Poli, G., 
Stancikova, M., Nosal, R. & Bauerová, K. (2010) Reduction of oxidative stress in 
adjuvant arthritis. Comparison of efficacy of two pyridoindoles: stobadine 
dipalmitate and SMe1.2HCl. Acta Biochimica Polonica, Vol. 57, No. 2, (Jun 2010) pp. 
223-228, ISSN 0001-527X 

Ponist, S., Drafi, F., Kuncirova, V., Mihalova, D., Ondrejickova, O., Trunova, O., Fedorova, 
T., Boldyrev, A., Bauerova, K. (2011) Anti-inflammatory effect of carnosine on rat 
adjuvant arthritis. International Congress on Carnosine in Exercise and Disease, 
July 10-12, 2011 Ghent (Belgium), Programme and abstract book p. 41 

Prokopova, A., Kery, V., Stancikova, M., Grimova J., Capek, P., Sandula, J. & Orvisky E. 
(1993) Methyl-α- D -mannopyranoside, mannooligosaccharides and yeast mannans  
inhibit  development  of  rat  adjuvant  arthritis. Journal of Rheumatology, Vol. 20, 
No. 4, (April 1993) pp. 673–677, ISSN 1499-2752 

Rambabu, K., Ansari, A.A., Shaafe, I.A., Chelvam A.P., Ziu, M.M. (1990) Gamma-glutamyl  
transpeptidase in synovial fluid, serum, and urine of patients with rheumatoid 
arthritis.  Biochemical Medicine and Metabolic Biology, Vol. 43, No. 3, (Jun 1990) pp. 
183–192, ISSN 0885-4505 

Requena, J.R., Fu, M.X., Ahmed, M.U., Jenkins, A.J., Lyons, T.J. & Thorpe, S.R. (1996) 
Lipoxidation products as biomarkers of oxidative damage to proteins during lipid 
peroxidation reactions. Nephrology Dialysis Transplantation, Vol. 11, No. 5, (1996) pp. 
48–53, ISSN 1460-2385 

Rollins, B.J. (1996) Monocyte chemoattractant protein 1: a potential regulator of monocyte 
recruitment in inflammatory disease. Molecular Medicine Today, Vol. 12, No. 5, (May 
1996) pp. 198–204, ISSN 1357-4310 

Rovensky, J., Stancikova, M., Svik, K., Uteseny, J., Bauerova, K. & Jurcovicova, J.  (2009)  
Treatment  of  adjuvant-induced  arthritis  with  the  combination  of  methotrexate  
and  probiotic  bacteria  Escherichia  coli  O83 (Colinfant). Folia Microbiologica, Vol. 
54, No. 4, (2009) pp. 359–363, ISSN 1874-9356  

Rovensky, J., Stancikova, M., Svik, K., Bauerova, K. & Jurcovicova, J. (2011) The effects of b-
glucan isolated from Pleurotus ostreatus on methotrexate treatment in rats with 
adjuvant arthritis. Rheumatology International, Vol. 31, No. 4, (April 2011) pp.507-11, 
ISSN 1437-160X 

Rowley, D., Gutteridge, M.C., Blake, D., Farr, M. & Halliwell, B. (1984) Lipid peroxidation in 
rheumatoid arthritis: thiobarbituric acid-reactive material and catalytic iron salts in 



 
Rheumatoid Arthritis – Treatment 

 

264 

Mazetti, I., Grigolo, B., Borzi, R.M., Meliconi, R. & Facchini, A. (1996) Serum copper/zinc 
superoxide dismutase levels in patients with rheumatoid arthritis. International 
Journal of Clinical and Laboratory Research, Vol. 26, No. 4, (1996) pp. 245–249, ISSN 
1434-4467 

McKendry, R.J. & Dale, P. (1993) Adverse effects of low dose methotrexate therapy in 
rheumatoid arthritis. The Journal of Rheumatology, Vol. 20, No. 11, (November 1993), 
pp. 1850-1856, ISSN 1499-2752 

Miesel, R., Hartung, R. & Kroeger, H. (1996) Priming of NADPH oxidase by tumor necrosis  
factor alpha in patients with infammatory and autoimmune rheumatic diseases. 
Infammation, Vol. 20, No. 4, (August 1996) pp. 427–438, ISSN 1573-2576 

Miesel, R., Murphy, M.P. & Kroger H (1996) Enhanced mitochondrial radical production in 
patients which rheumatoid arthritis correlates with elevated  levels  of  tumor  
necrosis  factor  alpha  in  plasma. Free Radical Research, Vol. 25, No. 2, (August 
1996) pp. 161–169, ISSN 1029-2470 

Mihalova, D., Ponist, S., Kucharska, J., Komendova, D. & Bauerova, K. (2007) Total 
antioxidant status-systemic marker of oxidative stress in adjuvant arthritis. 
Chemické listy,  Vol. 101, No. 14, (2007) pp. 225-226, ISSN 1215-7103 

Miyata, T., Ishiguro, N., Yasuda, Y., Ito, T., Nangaku, M., Iwata, H. & Kurokawa, K. (1998) 
Increased pentosidine, an advanced glycation end product, in plasma and synovial 
fluid from patients with rheumatoid arthritis and its relation with inflammatory 
markers. Biochemical and Biophysical Research Communications, Vol. 244, No. 1, 
(March 1998) pp. 45–49, ISSN 1090-2104 

Moreland, L.W., Heck, L.W. Jr & Koopman, W.J. (1997). Biologic agents for treating 
rheumatoid arthritis: concepts and progress. Arthritis Rheumatism, Vol. 40, No. 3, 
(March 1997) pp. 397–409, ISSN 1529-0131 

Nosal, R., Jancinova, V., Petríkova, M., Ponist, S. & Bauerova, K. (2007) Suppression of 
oxidative burst of neutrophils with methotrexate in rat adjuvant arthritis. Chemické  
Listy,  Vol. 101, (2007) pp. 243–244, ISSN 1215-7103 

Novoselova, E.G., Lunin, S.M., Novoselova, T.V., Khrenov, M.O., Glushkova, O.V., 
Avkhacheva, N.V., Safronova, V.G. & Fesenko, E.E. (2009) Naturally occurring 
antioxidant nutrients reduce inflammatory response in mice.  European Journal of 
Pharmacology, Vol. 615, No. 1-3, (August 2009) pp. 234-240, ISSN: 0014-2999 

Ondrejickova, O., Ziegelhoeffer, A., Gabauer, I., Sotnikova, R., Styk, J., Gibala, P., Sedlak, J. 
& Horakova,  L. (1993) Evaluation of  ischemia-reperfusion injury by 
malondialdehyde, glutathione and gamma-glutamyl transpeptidase: lack of specifc 
local effects in diverse parts of the dog heart following acute coronary occlusion. 
Cardioscience, Vol. 4, No. 4, (December 1993) pp. 225–230, ISSN 1015-5007 

Oppenheim, J.J., Zachariae, C.O., Mukaida, N. & Matsushima, K. (1991) Properties of the 
novel proinflammatory supergene “intercrine” cytokine family. Annual Review of 
Immunology, Vol. 9, (1991) pp. 617–48, ISSN 0732-0582. 

Orlowski, M. & Meister, A. (1970) The γ-glutamyl cycle: a possible transport system for 
amino acids. Proceedings of the National Academy of Sciences of the United States of 
America, Vol. 67, No. 3, (November 1970) pp. 1248–1255, ISSN 1091-6490 

Pavlov, A.R., Revina, A.A., Dupin, A.M., Boldyrev, A.A. & Yaropolov, A.I. (1993) The 
mechanism of interaction of carnosine with superoxide radicals in water solutions. 

Modern Pharmacological Approaches to Therapies: 
Substances Tested in Animal Models of Rheumatoid Arthritis 

 

265 

Biochimica et Biophysica Acta, Vol. 1157, No. 3, (Jun 1993) pp. 304– 312, ISSN 0006-
3002 

Perecko, T., Jancinova, V., Drabikova, K., Nosal, R. & Harmatha, J. (2008). Structure 
efficiency relationship in derivatives of stilbene. Comparison of resveratrol, 
pinosilvin and pterostilbene. Neuroendocrinology letters,Vol. 29, No. 5, (October 
2008) pp. 802–805, ISSN 0172-780X 

Poli, G., Leonarduzzi, G., Biasi, F. & Chiarpotto, E. (2004) Oxidative  stress  and cell  
signalling. Current Medicinal Chemistry, Vol. 11, No. 9, (May 2004) pp. 1163–1182, 
ISSN 0929-8673 

Ponist, S., Kucharska, J., Gvozdjakova, A., Komendova, D., Mihalova, D. &Bauerova, K. 
(2007) Mitochondrial bioenergetics of skeletal musclestudied in adjuvant arthritis. 
Chemicke Listy, Vol. 101, (2007) pp. 256–257, ISSN 1213-7103 

Ponist, S., Mihalova, D., Jancinova, V., Snirc, V., Ondrejickova, O., Mascia, C., Poli, G., 
Stancikova, M., Nosal, R. & Bauerová, K. (2010) Reduction of oxidative stress in 
adjuvant arthritis. Comparison of efficacy of two pyridoindoles: stobadine 
dipalmitate and SMe1.2HCl. Acta Biochimica Polonica, Vol. 57, No. 2, (Jun 2010) pp. 
223-228, ISSN 0001-527X 

Ponist, S., Drafi, F., Kuncirova, V., Mihalova, D., Ondrejickova, O., Trunova, O., Fedorova, 
T., Boldyrev, A., Bauerova, K. (2011) Anti-inflammatory effect of carnosine on rat 
adjuvant arthritis. International Congress on Carnosine in Exercise and Disease, 
July 10-12, 2011 Ghent (Belgium), Programme and abstract book p. 41 

Prokopova, A., Kery, V., Stancikova, M., Grimova J., Capek, P., Sandula, J. & Orvisky E. 
(1993) Methyl-α- D -mannopyranoside, mannooligosaccharides and yeast mannans  
inhibit  development  of  rat  adjuvant  arthritis. Journal of Rheumatology, Vol. 20, 
No. 4, (April 1993) pp. 673–677, ISSN 1499-2752 

Rambabu, K., Ansari, A.A., Shaafe, I.A., Chelvam A.P., Ziu, M.M. (1990) Gamma-glutamyl  
transpeptidase in synovial fluid, serum, and urine of patients with rheumatoid 
arthritis.  Biochemical Medicine and Metabolic Biology, Vol. 43, No. 3, (Jun 1990) pp. 
183–192, ISSN 0885-4505 

Requena, J.R., Fu, M.X., Ahmed, M.U., Jenkins, A.J., Lyons, T.J. & Thorpe, S.R. (1996) 
Lipoxidation products as biomarkers of oxidative damage to proteins during lipid 
peroxidation reactions. Nephrology Dialysis Transplantation, Vol. 11, No. 5, (1996) pp. 
48–53, ISSN 1460-2385 

Rollins, B.J. (1996) Monocyte chemoattractant protein 1: a potential regulator of monocyte 
recruitment in inflammatory disease. Molecular Medicine Today, Vol. 12, No. 5, (May 
1996) pp. 198–204, ISSN 1357-4310 

Rovensky, J., Stancikova, M., Svik, K., Uteseny, J., Bauerova, K. & Jurcovicova, J.  (2009)  
Treatment  of  adjuvant-induced  arthritis  with  the  combination  of  methotrexate  
and  probiotic  bacteria  Escherichia  coli  O83 (Colinfant). Folia Microbiologica, Vol. 
54, No. 4, (2009) pp. 359–363, ISSN 1874-9356  

Rovensky, J., Stancikova, M., Svik, K., Bauerova, K. & Jurcovicova, J. (2011) The effects of b-
glucan isolated from Pleurotus ostreatus on methotrexate treatment in rats with 
adjuvant arthritis. Rheumatology International, Vol. 31, No. 4, (April 2011) pp.507-11, 
ISSN 1437-160X 

Rowley, D., Gutteridge, M.C., Blake, D., Farr, M. & Halliwell, B. (1984) Lipid peroxidation in 
rheumatoid arthritis: thiobarbituric acid-reactive material and catalytic iron salts in 



 
Rheumatoid Arthritis – Treatment 

 

266 

synovial fluid from rheumatoid patients. Clinical Science, Vol. 66, No. 6, (Jun 1984) 
pp. 691–695, ISSN 1470-8736 

Rubtsov, A.M., Schara, M., Sentjurc, M. & Boldyrev, A. (1991) Hydroxyl radical-scavenging 
activity of carnosine: a spin trapping study. Acta pharmaceutica Jugoslavica. Vol. 41, 
(1991) pp. 401–407, ISSN 0001-6667 

Sarban, A., Kocyigit, A., Yazar, M. & Isikan, U.E. (2005) Plasma total antioxidant capacity,  
lipid peroxidation, and erythrocyte antioxidant enzyme activities in patients with 
rheumatoid arthritis and osteoarthritis. Clinical Biochemistry, Vol. 38, No. 11, 
(November 2005) pp. 981–986, ISSN 0009-9120 

Schepetkin, I.A. & Quinn, M.T. (2006) Botanical polysaccharides: macrophage 
immunomodulation and therapeutic potential. International Immunopharmacology, 
Vol. 6, No. 3, (March 2006) pp. 317–333, ISSN 1878-1705 

Shah, Z.A. & Vohora, S.B. (2002) Antioxidant/restorative effects of calcined gold 
preparations used in indian systems ofmedicine against global and focal models of 
ischaemia. Pharmacology & Toxicology, Vol. 90, No. 5, (May 2002) pp. 254–259, ISSN 
1600-0773 

Skoldstam, L., Hagfors, L. & Johansson, G. (2003) An experimental study of a Mediterranean 
diet intervention for patients with rheumatoid arthritis. Annals of the Rheumatic 
Diseases, Vol. 62, No. 3, (March 2003) pp. 208-214, ISSN 1468-2060 

Smolen, J.S., Aletaha D., Bijlsma, J.W., Breedveld, F.C., Boumpas, D., Burmester, G., Combe, 
B., Cutolo, M., de Wit, M., Dougados, M., Emery, P., Gibofsky, A., Gomez-Reino, 
J.J., Haraoui, B., Kalden, J., Keystone, E.C., Kvien, T.K., McInnes, I., Martin-Mola, E., 
Montecucco, C., Schoels, M. & van der Heijde, D. (2010) Treating rheumatoid 
arthritis to target: recommendations of an international task force. Annals of the 
Rheumatic Diseases, Vol. 69, No. 4, (April 2010) pp. 631-637, ISSN 1468-2060 

Sotnikova, R., Ponist S., Navarova, J., Mihalova, D., Tomekova, V., Strosova, M., & 
Bauerova, K. (2009) Effects of sesame oil in the model of adjuvant arthritis. 
Neuroendocrinology letters, Vol. 30, No. 1, (2009) pp. 22–24, ISSN 0172-780X 

Stankovic, A., Slavic, V., Stamenkovic, B., Kamenov, B., Bojanovic, M. & Mitrovic, D.R. 
(2009) Serum and synovial fluid concentrations of CCL2 (MCP-1) chemokine in 
patients suffering rheumatoid arthritis and osteoarthritis reflect disease activity. 
Bratislavské Lekárske Listy, Vol. 110, No. 10, (2009) pp. 641-6, ISSN 1336-0345 

Strosova, M., Tomaskova, I., Ponist, S., Bauerova, K., Karlovska J., Spickett, C.M. & 
Horakova, L. (2008) Oxidative impairment of plasma and skeletal muscle 
sarcoplasmic reticulum in rats with adjuvant arthritis - effects of pyridoindole 
antioxidants. Neuroendocrinology letters,Vol. 29, No. 5, (October 2008) pp. 706–711, 
ISSN 0172-780X 

Strosova, M., Karlovska, J., Spickett, C. M., Orszaghova, Z., Ponist, S., Bauerova, K., 
Mihalova, D. & Horakova, L. (2009) Modulation of SERCA in the chronic phase of 
adjuvant  arthritis as a possible adaptation mechanism of redox imbalance. Free 
Radical Research, Vol. 43, No. 9, (September 2009) pp. 852–864, ISSN 1029-2470 

Smidrkal, J., Harmatha, J., Budesinsky, M., Vokac, K., Zidek, Z., Kmonickova, E., Merkl, R. & 
Filip, V. (2010) Modified approach for preparing (E)-stilbens related to resveratrol, 
and evaluation of their potential immunobiological effects. Collection of Czechoslovak 
Chemical Communications, Vol. 75, No. 2, p. 175-186, ISSN 0010-0765 

Modern Pharmacological Approaches to Therapies: 
Substances Tested in Animal Models of Rheumatoid Arthritis 

 

267 

Tastekin, N., Aydogdu, N., Dokmeci, D., Usta, U., Birtane, M., Erbas, H. &Ture, M. (2007) 
Protective effects of L-carnitine and alpha-lipoic acid in rats with adjuvant 
arthritis. Pharmacological Research, Vol. 56, No. 4, (October 2007) pp. 303–310, ISSN 
1096-1186 

Tsuchida, M., Miura, T., Mizutani, K. & Aibara, K. (1985) Fluorescent substances in mouse  
and human sera as a parameter of in vivo lipidperoxidation. Biochimica et Biophysica 
Acta, Vol. 834, No. 2, (April 1985) pp. 196–204,  ISSN 0006-3002 

Tuma, D.J. (2002) Role of malondialdehyde-acetaldehyde adducts in liver injury. Free 
Radical Biology and Medicine, Vol. 32, No. 4, (February 2002) pp. 303–308, ISSN 
0891-5849 

Tzianabos, A.O. (2000) Polysaccharide immunomodulators as therapeutic agents: structural 
aspects and biological function. Clinical Microbiology Reviews,Vol. 13, No. 4, 
(October 2000) pp. 523–533, ISSN 1098-6618 

Vannier, E., Miller, M.C. & Dinarello, C.A. (1992) Coordinated anti-inflammatory  effects of 
interleukin  4: interleukin  4 suppresses interleukon1 production but up regulates 
gene expression and synthesis of interleukin 1 receptor antagonist. Proc Natl Acad 
Sci Unit States Am, Vol. 89, No. 9, (May 1992) pp. 4076–4080, ISSN 1091-6490 

Venkatraman, J.T. & Chu, W.C. (1999) Effects of dietary omega-3 and omega-6 lipids and 
vitamin E on serum cytokines, lipid mediators and anti-DNA antibodies in a mouse 
model for rheumatoid arthritis. Journal of the American College of Nutrition, Vol. 18, 
No 6, (December 1999) pp. 602-613, ISSN 1541-1087 

Volejnikova, S., Laskari, M., Marks, S.C. Jr. & Graves, D.T. (1997) Monocyte recruitment and 
expression of monocyte chemoattractant protein-1 are developmentally regulated 
in remodeling bone in the mouse. American Journal of Pathology, Vol. 150, No. 5, 
(May 1997) pp. 1711–21, ISSN 1525-2191 

Waage, A., Brandtzaeg, P., Espevik, T. & Halstensen, A. (1991) Current understanding of the 
pathogenesis of gram-negative shock. Infectious Disease Clinics of North America, Vol. 
5, No. 4, (1991) pp. 781–791, ISSN 0891-5520 

Weinblatt, M.E., Kremer, J.M., Bankhurst, A.D., Bulpitt, K.J., Fleischmann, R.M., Fox, R.I., 
Jackson, C.G., Lange, M. & Burge, D.J. (1999) A trial of etanercept, a recombinant 
tumor necrosis factor receptor:Fc fusion protein, in patients with rheumatoid 
arthritis receiving methotrexate. The New England Journal of Medicine, Vol. 340, No. 
4, (January 1999) pp. 253-259, ISSN 1533-4406 

Welles, W.L., Silkworth, J., Oronsky, A.L., Kerwar, S.S. & Galivan, J. (1985) Studies on the 
effect of low dose methotrexate in adjuvant arthritis. Journal of Rheumatology,Vol. 12, 
No. 5, (October 1985) pp. 904–906, ISSN 1499-2752 

Wessels, J.A., Huizinga T.W., Guchelaar H.J. (2008) Recent insights in the pharmacological 
actions of methotrexate in the treatment of rheumatoid arthritis. Rheumatology 
(Oxford), Vol. 47, No. 3, pp. 249-55, ISSN 1462-0324. 

Williams, H.J.,  Willkens, R.F.,  Samuelson, C.O.  Jr.,  Alarcon,  G.S.,  Guttadauria,  M.,  
Yarboro, C., Polisson, R.P., Weiner, S.R., Luggen, M.E., Billingsley, L.M., Dahl, S.L., 
Egger, M.J., Reading, J.C. & Ward, J.R. (1985). Comparison of low-dose oral pulse 
methotrexate and placebo in the treatment of rheumatoid arthritis: a controlled 
clinical trial. Arthritis Rheumatism,  Vol. 28, No. 7, (Jul 1985) pp. 721–730, ISSN 1529-
0131 



 
Rheumatoid Arthritis – Treatment 

 

266 

synovial fluid from rheumatoid patients. Clinical Science, Vol. 66, No. 6, (Jun 1984) 
pp. 691–695, ISSN 1470-8736 

Rubtsov, A.M., Schara, M., Sentjurc, M. & Boldyrev, A. (1991) Hydroxyl radical-scavenging 
activity of carnosine: a spin trapping study. Acta pharmaceutica Jugoslavica. Vol. 41, 
(1991) pp. 401–407, ISSN 0001-6667 

Sarban, A., Kocyigit, A., Yazar, M. & Isikan, U.E. (2005) Plasma total antioxidant capacity,  
lipid peroxidation, and erythrocyte antioxidant enzyme activities in patients with 
rheumatoid arthritis and osteoarthritis. Clinical Biochemistry, Vol. 38, No. 11, 
(November 2005) pp. 981–986, ISSN 0009-9120 

Schepetkin, I.A. & Quinn, M.T. (2006) Botanical polysaccharides: macrophage 
immunomodulation and therapeutic potential. International Immunopharmacology, 
Vol. 6, No. 3, (March 2006) pp. 317–333, ISSN 1878-1705 

Shah, Z.A. & Vohora, S.B. (2002) Antioxidant/restorative effects of calcined gold 
preparations used in indian systems ofmedicine against global and focal models of 
ischaemia. Pharmacology & Toxicology, Vol. 90, No. 5, (May 2002) pp. 254–259, ISSN 
1600-0773 

Skoldstam, L., Hagfors, L. & Johansson, G. (2003) An experimental study of a Mediterranean 
diet intervention for patients with rheumatoid arthritis. Annals of the Rheumatic 
Diseases, Vol. 62, No. 3, (March 2003) pp. 208-214, ISSN 1468-2060 

Smolen, J.S., Aletaha D., Bijlsma, J.W., Breedveld, F.C., Boumpas, D., Burmester, G., Combe, 
B., Cutolo, M., de Wit, M., Dougados, M., Emery, P., Gibofsky, A., Gomez-Reino, 
J.J., Haraoui, B., Kalden, J., Keystone, E.C., Kvien, T.K., McInnes, I., Martin-Mola, E., 
Montecucco, C., Schoels, M. & van der Heijde, D. (2010) Treating rheumatoid 
arthritis to target: recommendations of an international task force. Annals of the 
Rheumatic Diseases, Vol. 69, No. 4, (April 2010) pp. 631-637, ISSN 1468-2060 

Sotnikova, R., Ponist S., Navarova, J., Mihalova, D., Tomekova, V., Strosova, M., & 
Bauerova, K. (2009) Effects of sesame oil in the model of adjuvant arthritis. 
Neuroendocrinology letters, Vol. 30, No. 1, (2009) pp. 22–24, ISSN 0172-780X 

Stankovic, A., Slavic, V., Stamenkovic, B., Kamenov, B., Bojanovic, M. & Mitrovic, D.R. 
(2009) Serum and synovial fluid concentrations of CCL2 (MCP-1) chemokine in 
patients suffering rheumatoid arthritis and osteoarthritis reflect disease activity. 
Bratislavské Lekárske Listy, Vol. 110, No. 10, (2009) pp. 641-6, ISSN 1336-0345 

Strosova, M., Tomaskova, I., Ponist, S., Bauerova, K., Karlovska J., Spickett, C.M. & 
Horakova, L. (2008) Oxidative impairment of plasma and skeletal muscle 
sarcoplasmic reticulum in rats with adjuvant arthritis - effects of pyridoindole 
antioxidants. Neuroendocrinology letters,Vol. 29, No. 5, (October 2008) pp. 706–711, 
ISSN 0172-780X 

Strosova, M., Karlovska, J., Spickett, C. M., Orszaghova, Z., Ponist, S., Bauerova, K., 
Mihalova, D. & Horakova, L. (2009) Modulation of SERCA in the chronic phase of 
adjuvant  arthritis as a possible adaptation mechanism of redox imbalance. Free 
Radical Research, Vol. 43, No. 9, (September 2009) pp. 852–864, ISSN 1029-2470 

Smidrkal, J., Harmatha, J., Budesinsky, M., Vokac, K., Zidek, Z., Kmonickova, E., Merkl, R. & 
Filip, V. (2010) Modified approach for preparing (E)-stilbens related to resveratrol, 
and evaluation of their potential immunobiological effects. Collection of Czechoslovak 
Chemical Communications, Vol. 75, No. 2, p. 175-186, ISSN 0010-0765 

Modern Pharmacological Approaches to Therapies: 
Substances Tested in Animal Models of Rheumatoid Arthritis 

 

267 

Tastekin, N., Aydogdu, N., Dokmeci, D., Usta, U., Birtane, M., Erbas, H. &Ture, M. (2007) 
Protective effects of L-carnitine and alpha-lipoic acid in rats with adjuvant 
arthritis. Pharmacological Research, Vol. 56, No. 4, (October 2007) pp. 303–310, ISSN 
1096-1186 

Tsuchida, M., Miura, T., Mizutani, K. & Aibara, K. (1985) Fluorescent substances in mouse  
and human sera as a parameter of in vivo lipidperoxidation. Biochimica et Biophysica 
Acta, Vol. 834, No. 2, (April 1985) pp. 196–204,  ISSN 0006-3002 

Tuma, D.J. (2002) Role of malondialdehyde-acetaldehyde adducts in liver injury. Free 
Radical Biology and Medicine, Vol. 32, No. 4, (February 2002) pp. 303–308, ISSN 
0891-5849 

Tzianabos, A.O. (2000) Polysaccharide immunomodulators as therapeutic agents: structural 
aspects and biological function. Clinical Microbiology Reviews,Vol. 13, No. 4, 
(October 2000) pp. 523–533, ISSN 1098-6618 

Vannier, E., Miller, M.C. & Dinarello, C.A. (1992) Coordinated anti-inflammatory  effects of 
interleukin  4: interleukin  4 suppresses interleukon1 production but up regulates 
gene expression and synthesis of interleukin 1 receptor antagonist. Proc Natl Acad 
Sci Unit States Am, Vol. 89, No. 9, (May 1992) pp. 4076–4080, ISSN 1091-6490 

Venkatraman, J.T. & Chu, W.C. (1999) Effects of dietary omega-3 and omega-6 lipids and 
vitamin E on serum cytokines, lipid mediators and anti-DNA antibodies in a mouse 
model for rheumatoid arthritis. Journal of the American College of Nutrition, Vol. 18, 
No 6, (December 1999) pp. 602-613, ISSN 1541-1087 

Volejnikova, S., Laskari, M., Marks, S.C. Jr. & Graves, D.T. (1997) Monocyte recruitment and 
expression of monocyte chemoattractant protein-1 are developmentally regulated 
in remodeling bone in the mouse. American Journal of Pathology, Vol. 150, No. 5, 
(May 1997) pp. 1711–21, ISSN 1525-2191 

Waage, A., Brandtzaeg, P., Espevik, T. & Halstensen, A. (1991) Current understanding of the 
pathogenesis of gram-negative shock. Infectious Disease Clinics of North America, Vol. 
5, No. 4, (1991) pp. 781–791, ISSN 0891-5520 

Weinblatt, M.E., Kremer, J.M., Bankhurst, A.D., Bulpitt, K.J., Fleischmann, R.M., Fox, R.I., 
Jackson, C.G., Lange, M. & Burge, D.J. (1999) A trial of etanercept, a recombinant 
tumor necrosis factor receptor:Fc fusion protein, in patients with rheumatoid 
arthritis receiving methotrexate. The New England Journal of Medicine, Vol. 340, No. 
4, (January 1999) pp. 253-259, ISSN 1533-4406 

Welles, W.L., Silkworth, J., Oronsky, A.L., Kerwar, S.S. & Galivan, J. (1985) Studies on the 
effect of low dose methotrexate in adjuvant arthritis. Journal of Rheumatology,Vol. 12, 
No. 5, (October 1985) pp. 904–906, ISSN 1499-2752 

Wessels, J.A., Huizinga T.W., Guchelaar H.J. (2008) Recent insights in the pharmacological 
actions of methotrexate in the treatment of rheumatoid arthritis. Rheumatology 
(Oxford), Vol. 47, No. 3, pp. 249-55, ISSN 1462-0324. 

Williams, H.J.,  Willkens, R.F.,  Samuelson, C.O.  Jr.,  Alarcon,  G.S.,  Guttadauria,  M.,  
Yarboro, C., Polisson, R.P., Weiner, S.R., Luggen, M.E., Billingsley, L.M., Dahl, S.L., 
Egger, M.J., Reading, J.C. & Ward, J.R. (1985). Comparison of low-dose oral pulse 
methotrexate and placebo in the treatment of rheumatoid arthritis: a controlled 
clinical trial. Arthritis Rheumatism,  Vol. 28, No. 7, (Jul 1985) pp. 721–730, ISSN 1529-
0131 



 
Rheumatoid Arthritis – Treatment 

 

268 

Williams, R.O., Mauri, C., Mason, L.J., Marinova-Mutafchieva, L., Ross, S.E., Feldmann, M. 
& Maini, R.N. (1998) Therapeutic actions of cyclosporine and anti-tumor necrosis 
factor alpha in collagen-induced arthritis and the effect of combination therapy. 
Arthritis & Rheumatism, Vol. 41, No. 10, (October 1998) pp.1806-1812, ISSN 1529-
0131 

Yuneva, A.O., Kramarenko, G.G., Vetreshchak, T.V., Gallant, S. & Boldyrev, A.A. (2002) 
Effect of carnosine on Drosophila melanogaster lifespan. Bulletin of Experimental 
Biology and Medicine, Vol. 133, No. 6, (Jun 2002) pp. 559–561, ISSN 1573-8221 

13 

Resveratrol: A Candidate Drug for  
Treating Rheumatoid Arthritis 

Tomoyuki Nishizaki and Takeshi Kanno 
Division of Bioinformation, Department of  
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Japan 

1. Introduction  
Rheumatoid arthritis is a systemic autoimmune disease characterized by chronic 
inflammation of multiple joints, with disruption of joint cartilage. Accumulating evidence 
has pointed to inflammatory cytokines inducing hyperplasia of synovial cells in joints as an 
etiology for rheumatoid arthritis. High concentrations of cytokines such as tumor necrosis 
factor- (TNF-) and interleukin-1 (IL-1) are found in synovial fluid and plasma from 
patients with rheumatoid arthritis (Eastgate et al., 1988; Saxne et al., 1998) and those 
cytokines produce matrix metalloproteinases or activate osteoclasts, causing irreversible 
damage to soft tissues and bones (Olsen & Stein, 2004). Challenges for rheumatoid arthritis 
treatment, therefore, have been attempted using TNF- inhibitors, anti-TNF antibodies, a 
soluble TNF receptor-fusion protein, or an IL-1 receptor antagonist. A concern with these 
therapies, however, are side effects such as serious infections and inducible malignant 
tumors (den Broeder et al., 2002). 
Resveratrol (Fig. 8), a phytoalexin that is present in grape skin and red wine, exerts a 
variety of actions to reduce superoxides, suppress carcinogenesis and angiogenesis, 
prevent diabetes mellitus, inhibit inflammation, and prolong life span (Elliott & Jirousek, 
2008). Furthermore, resveratrol decreases plaque formation relevant to neurodegenerative 
diseases such as Alzheimer’s disease and Huntington’s disease (Karuppagounder et al., 
2009). Of particular interest is that resveratrol is a potent and specific inhibitor of NF-B 
activation induced by TNF- or IL-1, and therefore, resveratrol might be a potential 
therapy for rheumatoid arthritis (Elmali et al., 2007; Molnar & Garai, 2005; Penberthy, 
2007).  

2. Materials and methods 
2.1 Cell culture 
MH7A human rheumatoid arthritis synovial cells were obtained from the Riken cell bank 
(Ibaraki, Japan). Cells were cultured in a culture medium; RPMI-1640 (Wako, Osaka, Japan) 
supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin (final 
concentration, 100 U/ml), and streptomycin (final concentration, 0.1 mg/ml), in a 
humidified atmosphere of 5% CO2 and 95% air at 37°C. 
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2.2 Cell viability 
Cell viability was evaluated by the method of Mosmann (1983) using 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT). 

2.3 Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) 
assay 
MH7A cells were fixed with 4% paraformaldehyde. After inactivating endogenous 
peroxidase with methanol containing 0.3% H2O2, a Permeabilization Buffer (Takara Bio 
Inc., Otsu, Japan) was applied to cells and stood on ice for 5 min. Then, a Labeling 
Reaction Mixture (Takara Bio Inc.) was added and incubated in a humidified chamber at 
37°C for 60 min. Reactive cells were stained with 3% methyl green and detected with a 
light microscope.  

2.4 H2A phosphorylation assay 
MH7A cells were incubated in a chemiluminescence detection assay kit (Upstate, 
Charlottesville, Virginia, USA) and reacted with an anti-phospho-H2A.X (Ser139) followed 
by an anti-mouse-HRP conjugate. Phosphorylation of H2A.X at Ser139 was identified by 
staining with chemiluminescent HRP substrate LumiGLO, and signals were detected with a 
microplate luminometer (ARVO mx/light, Perkinelmer, Waltham, MA, USA). 

2.5 Assay of mitochondrial membrane potentials 
Mitochondrial membrane potentials were measured using a DePsipherTM kit. MH7A cells 
were untreated and treated with resveratrol (100 M) in the absence and presence of sirtinol 
(10 M) for 24 h. After washing with cold phosphate-buffered saline (PBS), cells were 
incubated in a DePsipherTM solution at 37°C for 20 min. Then, cells were washed with 1 ml 
of a reaction buffer containing a stabilizer solution. The fluorescent signals were observed 
with a laser scanning microscopes (LSM 510, Carl Zeiss Co., Ltd, Germany) equipped with 
an epifluorescence device using a fluorescein long-pass filter (fluorescein and rhodamine) at 
an absorbance of 590 nm for red aggregations and at an absorbance of 530 nm for green 
aggregations. 

2.6 Reverse transcription-polymerase chain reaction (RT-PCR) 
Total RNAs of MH7A cells before and after treatment with resveratrol (100 M) were 
purified by an acid/guanidine/thiocyanate/chloroform extraction method using a Sepasol-
RNA I Super kit (Nacalai Tesque, Kyoto, Japan). After purification, total RNAs were treated 
with RNase free-DNase I (2 unit) at 37°C for 30 min to remove genomic DNAs, and 10 g of 
RNAs were resuspended in water. Then, oligo dT primers, dNTP, 5 x First Strand buffer, 
and SuperScript III RNase H-Reverse Transcriptase were added to the RNA solution and 
incubated at 65°C for 5 min followed by 60°C for 1 min, 56°C for 60 min, 58°C for 60 min, 
85°C for 5 min to synthesize the first strand cDNA. Subsequently, 1 l of the reaction 
solution was diluted with water and mixed with 10 x PCR reaction buffer, dNTPs, MgCl2, 
oligonucleotide, dimethylsulfoxide [final concentration, 5% (v/v)] and 1 unit of Taq 
polymerase (Fermentas, St. Leon-Roth, Germany) (final volume, 20 l). RT-PCR was carried 
out with a Takara Thermal cycler Dice (Takara Bio Inc.) programmed as follows: the first 
one step, 94°C for 2 min and the ensuing 30 cycles, 94°C for 1 s, 62°C for 15 s, and 72°C for 
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30 s using primers shown in Table 1. PCR products were stained with ethidium bromide 
and visualized by 2% agarose electrophoresis. 
 
Gene 
name 

Sense primer Anti-sense primer Base 
pair 

Bad CTGGGGCTGTGGAGATCCGGAGTCGCC TCACTGGGAGGGGGCGGAGCTTCCCC 320 
Bak GAGCCCATTCCCACCATTCTACCT AGAGAGGAAGGGAGAGAACTGAGAGGAC 381 
Bax GGGAGACACCTGAGCTGACC GGACTCCAGCCACAAAGATGG 404 
Bcl-2 GAACTGGGGGAGGATTGTGGCC TCGACGTTTTGCCTGAAGACTGTTAA 486 
Bcl-XL AGGGAGGCAGGCGACGAGTTT TGAAGAGTGAGCCCAGCAGAACCA 421 
Sirtuin 1 ATTACTGAAAAACCTCCACGAACACAAAA GCCTACTAATCTGCTCCTTTGCCACTCT 379 

Table 1. Primers used for RT-PCR 

2.7 Real-time RT-PCR 
Total RNA was isolated from MH7A cells with Sepasol RNA I super kit (Nacalai Tesque, 
Kyoto, Japan). Total RNA (5 g) was reverse-transcribed to cDNA using the High Capacity 
cDNA Reverse Transcription kit (Applied Biosystems, Tokyo, Japan), and quantitative real-
time RT-PCR was performed with Applied Biosystems 7900HT real-time PCR system 
(Applied Biosystems, Foster City, CA, USA) using the SYBR Green realtime Master Mix 
(TOYOBO, Osaka, Japan) protocol. Primers used for real-time RT-PCR are shown in Table 2. 
The PCR cycling conditions were 95C for 4 min, followed by 40 cycles at 95C for 15 s and 
62C for 15 s and 72C for 45 s. A standard curve was made by amplifying 0.5, 1, 2, 4, and 8 
μl of the GAPDH mRNA diluted at 1:250. The mRNA quantity for each target gene was 
calculated from the standard curve using an SDS 2.1 Software (Applied Biosystems, Foster 
City, CA, USA). 
 
Gene 
name Sense primer Anti-sense primer Base 

pair 
AIF TCACAAAGACACTGCGATTCAAACAGT GTTGCTGAGGTATTCGGGGAGGAT 491 
FOXO-1 TATGGACACTTTGCGTTTCTTATTTAGGATAAC GGCAGAAGGGAGAATGAGATGAAGTATG 366 
FOXO-3 TGGATGCTGATGGGTTGGATTTTAA TGGTGCTGAGGGGTGCTGTCC 415 
P21 ACCGAGTGGGGGCATCATCAA GGATGGGGTGGATGAGGAAGGTC 534 
P27 CGTGGCTCGTCGGGGTCTGT CCCTTCTCCACCTCTTGCCACTC 393 
P53 GCCATCTACAAGCAGTCACAGCACAT GGCACAAACACGCACCTCAAAGC 348 
GAPDH GACTTCAACAGCGACACCCACTCC AGGTCCACCACCCTGTTGCTGTAG 128 

Table 2. Primers used for real-time RT-PCR 

2.8 Western blotting 
After treatment with resveratrol (100 M) for 6-24 h, MH7A cells were harvested and 
centrifuged at 600 x g for 10 min. After washing-out with 1 ml of PBS, the pellet was 
resuspended in 50 l of buffer A (20 mM Hepes, 10 mM KCl, 1.5 mM MgCI2, 1 mM EDTA, 1 
mM EGTA, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 250 mM sucrose, 
pH 7.5) and homogenized. The lysate was centrifuged at 1000 x g for 10 min and the 
supernatant was further centrifuged at 10000 x g for 1 h. The pellet and supernatant were 
regarded as the mitochondria- and cytosol-enriched fractions, respectively. Each fraction 
was loaded on 12% sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to polyvinylidene difluoride membranes. Blotting membranes were blocked 
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2.2 Cell viability 
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with RNase free-DNase I (2 unit) at 37°C for 30 min to remove genomic DNAs, and 10 g of 
RNAs were resuspended in water. Then, oligo dT primers, dNTP, 5 x First Strand buffer, 
and SuperScript III RNase H-Reverse Transcriptase were added to the RNA solution and 
incubated at 65°C for 5 min followed by 60°C for 1 min, 56°C for 60 min, 58°C for 60 min, 
85°C for 5 min to synthesize the first strand cDNA. Subsequently, 1 l of the reaction 
solution was diluted with water and mixed with 10 x PCR reaction buffer, dNTPs, MgCl2, 
oligonucleotide, dimethylsulfoxide [final concentration, 5% (v/v)] and 1 unit of Taq 
polymerase (Fermentas, St. Leon-Roth, Germany) (final volume, 20 l). RT-PCR was carried 
out with a Takara Thermal cycler Dice (Takara Bio Inc.) programmed as follows: the first 
one step, 94°C for 2 min and the ensuing 30 cycles, 94°C for 1 s, 62°C for 15 s, and 72°C for 
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30 s using primers shown in Table 1. PCR products were stained with ethidium bromide 
and visualized by 2% agarose electrophoresis. 
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with TTBS (150 mM NaCl, 0.05% Tween20, and 20 mM Tris, pH 7.5) containing 5% BSA and 
subsequently reacted with an anti-cytochrome c antibody (1:400) (Chemicon, Billerica, MA, 
USA), followed by an HRP-conjugated goat anti-mouse IgG antibody. Immunoreactivity 
was detected with an ECL kit (GE Healthcare, NJ, USA) and visualized using a 
chemiluminescence detection system (FUJIFILM, Tokyo, Japan). Signal density was 
measured with Image Gauge software (FUJIFILM, Tokyo, Japan).  

2.9 Enzymatic assay of caspase activity 
Caspase activation was measured using a caspase fluorometric assay kit (Ac-Asp-Glu-Val-
Asp-MCA for a caspase-3 substrate peptide; Ac-Ile-Glu-Thr-Asp-MCA for a caspase-8 
substrate peptide; and Ac-Leu-Glu-His-Asp-MCA for a caspase-9 substrate peptide).  

3. Results  
3.1 Resveratrol induces MH7A cell apoptosis 
In the MTT assay, resveratrol reduced MH7A cell viability in a concentration (1-200 M)- 
and treatment time (24-72 h)-dependent manner (Fig. 1A), suggesting that resveratrol 
induces MH7A cell death.  
Resveratrol increased TUNEL-positive cells in a concentration (100-200 M)-dependent 
manner (Fig. 1B), indicating that resveratrol induces MH7A cell apoptosis. DNA damage or 
apoptosis is recognized to stimulate phosphorylation of histone H2A.X. Resveratrol (100 
M) significantly enhanced H2A.X phosphorylation, the extent reaching approximately 13 
fold of control levels (Fig. 1C). This provides further evidence for resveratrol-induced 
MH7A cell apoptosis. 

3.2 Resveratrol disrupts mitochondrial membrane potentials in a sirtuin 1-dependent 
manner 
Resveratrol is shown to regulate mitochondrial functions or energy metabolism by 
interacting with NAD-dependent deacetylase sirtuin 1 (Kaeberlein et al., 2005; Lagouge et 
al., 2006). Interestingly, resveratrol-induced MH7A cell death was inhibited by sirtinol (10 
M), an inhibitor of sirtuin 1 (Fig. 2), suggesting that resveratrol induces MH7A cell death 
in a sirtuin 1-dependent manner. Moreover, the resveratrol effect was inhibited by 
tricostatin A (30 nM), an inhibitor of histone deacetylase (HDAC) (Fig. 2). This may 
account for the implication of sirtuin 1-regulated apoptosis-related gene transcription in 
the resveratrol effect.  
To see whether resveratrol-induced MH7A cell apoptosis is mediated via the mitochondria, 
mitochondrial membrane potentials were monitored. For untreated cells, orange-red 
fluorescent signals alone were found (Fig. 3A,B). In contrast, resveratrol (100 M) 
accumulated green fluorescent signals without orange-red fluorescent signal (Fig. 3C,D), 
indicating that resveratrol disrupts mitochondrial membrane potentials in MH7A cells. The 
resveratrol effect on mitochondrial membrane potentials was abolished by sirtinol (10 M) 
(Fig. 3E,F). This implies that resveratrol disrupts mitochondrial membrane potentials in 
MH7A cells under the control of sirtuin 1. Taken together, these results indicate that 
resveratrol induces MH7A cell apoptosis by damaging the mitochondria in a sirtuin 1-
dependent manner.  
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Fig. 1. Resveratrol induces apoptosis in MH7A cells. (A) MH7A cells were treated with 
resveratrol at concentrations as indicated for 24-72 h in serum-free culture medium, and cell 
viability was quantified with an MTT assay. In the graph, each point represents the mean (± 
SEM) percentage of basal levels (MTT intensities for cells untreated with resveratrol) (n=8). 
(B) Cells were treated with resveratrol at concentrations as indicated for 24 h in serum-free 
culture medium, and TUNEL-positive cells were counted. In the graph, each column 
represents the mean (± SEM) percentage of basal levels (TUNEL-positive cell numbers 
without resveratrol treatment) (n=3-6). P values, unpaired t-test. (C) Cells were treated with 
resveratrol at concentrations as indicated for 24 h in FBS-free culture medium, and H2A.X 
phosphorylation was quantified. In the graph, each column represents the mean (± SEM) 
ratio against basal levels (H2A.X phosphorylation without resveratrol treatment) (n=4). P 
values, unpaired t-test. 
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with TTBS (150 mM NaCl, 0.05% Tween20, and 20 mM Tris, pH 7.5) containing 5% BSA and 
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USA), followed by an HRP-conjugated goat anti-mouse IgG antibody. Immunoreactivity 
was detected with an ECL kit (GE Healthcare, NJ, USA) and visualized using a 
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measured with Image Gauge software (FUJIFILM, Tokyo, Japan).  
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substrate peptide; and Ac-Leu-Glu-His-Asp-MCA for a caspase-9 substrate peptide).  
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and treatment time (24-72 h)-dependent manner (Fig. 1A), suggesting that resveratrol 
induces MH7A cell death.  
Resveratrol increased TUNEL-positive cells in a concentration (100-200 M)-dependent 
manner (Fig. 1B), indicating that resveratrol induces MH7A cell apoptosis. DNA damage or 
apoptosis is recognized to stimulate phosphorylation of histone H2A.X. Resveratrol (100 
M) significantly enhanced H2A.X phosphorylation, the extent reaching approximately 13 
fold of control levels (Fig. 1C). This provides further evidence for resveratrol-induced 
MH7A cell apoptosis. 

3.2 Resveratrol disrupts mitochondrial membrane potentials in a sirtuin 1-dependent 
manner 
Resveratrol is shown to regulate mitochondrial functions or energy metabolism by 
interacting with NAD-dependent deacetylase sirtuin 1 (Kaeberlein et al., 2005; Lagouge et 
al., 2006). Interestingly, resveratrol-induced MH7A cell death was inhibited by sirtinol (10 
M), an inhibitor of sirtuin 1 (Fig. 2), suggesting that resveratrol induces MH7A cell death 
in a sirtuin 1-dependent manner. Moreover, the resveratrol effect was inhibited by 
tricostatin A (30 nM), an inhibitor of histone deacetylase (HDAC) (Fig. 2). This may 
account for the implication of sirtuin 1-regulated apoptosis-related gene transcription in 
the resveratrol effect.  
To see whether resveratrol-induced MH7A cell apoptosis is mediated via the mitochondria, 
mitochondrial membrane potentials were monitored. For untreated cells, orange-red 
fluorescent signals alone were found (Fig. 3A,B). In contrast, resveratrol (100 M) 
accumulated green fluorescent signals without orange-red fluorescent signal (Fig. 3C,D), 
indicating that resveratrol disrupts mitochondrial membrane potentials in MH7A cells. The 
resveratrol effect on mitochondrial membrane potentials was abolished by sirtinol (10 M) 
(Fig. 3E,F). This implies that resveratrol disrupts mitochondrial membrane potentials in 
MH7A cells under the control of sirtuin 1. Taken together, these results indicate that 
resveratrol induces MH7A cell apoptosis by damaging the mitochondria in a sirtuin 1-
dependent manner.  
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Fig. 1. Resveratrol induces apoptosis in MH7A cells. (A) MH7A cells were treated with 
resveratrol at concentrations as indicated for 24-72 h in serum-free culture medium, and cell 
viability was quantified with an MTT assay. In the graph, each point represents the mean (± 
SEM) percentage of basal levels (MTT intensities for cells untreated with resveratrol) (n=8). 
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represents the mean (± SEM) percentage of basal levels (TUNEL-positive cell numbers 
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Fig. 2. Resveratrol-induced MH7A cell death is inhibited by a sirtuin 1 inhibitor or an HDAC 
inhibitor. MH7A cells were treated with resveratrol (100 M) in the absence and presence of 
sirtinol (10 M) or tricostatin A (TSA) (30 nM) for 48 h in serum-free culture medium, and 
cell viability was quantified with an MTT assay. In the graph, each column represents the 
mean (± SEM) percentage of basal levels (MTT intensities for cells untreated with any drug) 
(n=4). P values, unpaired t-test. 

 

 
Fig. 3. Resveratrol disrupts mitochondrial membrane potentials in a sirtuin 1-dependent 
manner. MH7A cells were treated with resveratrol (100 M) in the absence and presence of 
sirtinol (10 M) for 24 h in serum-free culture medium, and mitochondrial membrane 
potentials were monitored. (A,C,E) Orange-red fluorescent images at an absorbance of 590 
nm. (B,D,F) Green fluorescent images at an absorbance of 530 nm. Note that similar results 
were obtained with 3 independent experiments. 

In the RT-PCR analysis, resveratrol (100 M) increased expression of the sirtuin 1 mRNA in 
MH7A cells in a treatment time (20-60 min)-dependent manner (Fig. 4A). This points to 
sirtuin 1 being a significant target in resveratrol-induced MH7A cell death. Accumulating 
evidence has shown that resveratrol upregulates or downregulates expression of the Bcl-2 
family that includes Bcl-2 and Bcl-XL, to prevent from mitochondrial damage, and Bad, Bax, 
and Bak, to induce mitochondrial damage (Shakibaei et al., 2009). Resveratrol (100 M) 
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downregulated expression of the Bcl-XL mRNA in MH7A cells from 1-h through 3-h 
treatment (Fig. 4C), while it had no effect on expression of mRNAs for Bcl-2 (Fig. 4B), Bad 
(Fig. 4D), Bax (Fig. 4E), and Bak (Fig. 4F). Collectively, resveratrol may disrupt 
mitochondrial membrane potentials by reducing Bcl-XL expression through a pathway 
relevant to sirtuin 1-mediated transcription. 
 

 
Fig. 4. Resveratrol upregulates expression of the sirtuin 1 mRNA and downregulates 
expression of the Bcl-XL mRNA. MH7A cells were untreated (Control) and treated with 
resveratrol (100 M) for 20-60 min or 0.5-3 h in serum-free culture medium, and then RT-
PCR was carried out. In the graphs, each point represents the ratio against the intensity at 0 
min/h regarded as 1. Note that similar results were obtained with 3 independent 
experiments. 
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downregulated expression of the Bcl-XL mRNA in MH7A cells from 1-h through 3-h 
treatment (Fig. 4C), while it had no effect on expression of mRNAs for Bcl-2 (Fig. 4B), Bad 
(Fig. 4D), Bax (Fig. 4E), and Bak (Fig. 4F). Collectively, resveratrol may disrupt 
mitochondrial membrane potentials by reducing Bcl-XL expression through a pathway 
relevant to sirtuin 1-mediated transcription. 
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3.3 Resveratrol activates caspase-3 and -9 through mitochondrial damage in a sirtuin 
1-dependent manner 
Mitochondrial damage allows release of apoptosis-related factors including cytochrome c. In 
the Western blot analysis using the mitochondrial and cytosolic component from MH7A 
cells, resveratrol (100 M) increased presence of cytosolic cytochrome c in parallel with a 
treatment time (3-24 h)-dependent decrease in the presence of mitochondrial cytochrome c 
(Fig. 5). This suggests that resveratrol stimulates release of cytochrome c from the 
mitochondria into the cytosol. 
 

 
Fig. 5. Resveratrol stimulates cytochrome c release from the mitochondria. MH7A cells were 
treated with resveratrol (100 M) for 3-24 h in serum-free culture medium, followed by 
fractionation into the mitochondrial (M) and cytosolic component (C), and Western blotting 
was carried out. In the graph, each point represents the ratio against the immunoreactive 
intensity at 0 h for the mitochondrial component regarded as 1. cyto c, cytochrome c. Note 
that similar results were obtained with 3 independent experiments. 

In the enzymatic assay of caspase activity, resveratrol (100 M) significantly activated 
caspase-3 and -9, but no activation of caspase-8 was obtained (Fig. 6). Resveratrol-induced 
activation of caspase-3 and -9 was inhibited by sirtinol (10 M) (Fig. 6). Consequently, the 
results indicate that resveratrol activates caspase-9 and the effector caspase-3 in association 
with mitochondrial damage allowing cytochrome c release in a sirtuin-dependent manner, 
to induce MH7A cell apoptosis. 
Overall, resveratrol appears to downregulate Bcl-XL expression in a sirtuin 1-dependent 
manner, which promotes Bax-Bax complex, causing disruption of mitochondrial membrane 
potentials allowing cytochrome c release from the mitochondria. This is followed by activation 
of caspase-9 and the effector caspase-3, which, in turn, are responsible for apoptosis in MH7A 
human rheumatoid arthritis synovial cells (Nakayama et al., 2010) (Fig. 7). 

 
Resveratrol: A Candidate Drug for Treating Rheumatoid Arthritis 

 

277 

 
Fig. 6. Resveratrol activates caspase-3 and -9 in a sirtuin 1-dependent manner. MH7A cells 
were treated with resveratrol (100 M) in the absence and presence of sirtinol (10 M) for 24 
h in serum-free culture medium, and caspase activities were assayed. In the graph, each 
column represents the mean (± SEM) ratio against basal levels (caspase activities for cells 
untreated with any drug) (n=4-6). P values, unpaired t-test. NS, not significant. 
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3.3 Resveratrol activates caspase-3 and -9 through mitochondrial damage in a sirtuin 
1-dependent manner 
Mitochondrial damage allows release of apoptosis-related factors including cytochrome c. In 
the Western blot analysis using the mitochondrial and cytosolic component from MH7A 
cells, resveratrol (100 M) increased presence of cytosolic cytochrome c in parallel with a 
treatment time (3-24 h)-dependent decrease in the presence of mitochondrial cytochrome c 
(Fig. 5). This suggests that resveratrol stimulates release of cytochrome c from the 
mitochondria into the cytosol. 
 

 
Fig. 5. Resveratrol stimulates cytochrome c release from the mitochondria. MH7A cells were 
treated with resveratrol (100 M) for 3-24 h in serum-free culture medium, followed by 
fractionation into the mitochondrial (M) and cytosolic component (C), and Western blotting 
was carried out. In the graph, each point represents the ratio against the immunoreactive 
intensity at 0 h for the mitochondrial component regarded as 1. cyto c, cytochrome c. Note 
that similar results were obtained with 3 independent experiments. 

In the enzymatic assay of caspase activity, resveratrol (100 M) significantly activated 
caspase-3 and -9, but no activation of caspase-8 was obtained (Fig. 6). Resveratrol-induced 
activation of caspase-3 and -9 was inhibited by sirtinol (10 M) (Fig. 6). Consequently, the 
results indicate that resveratrol activates caspase-9 and the effector caspase-3 in association 
with mitochondrial damage allowing cytochrome c release in a sirtuin-dependent manner, 
to induce MH7A cell apoptosis. 
Overall, resveratrol appears to downregulate Bcl-XL expression in a sirtuin 1-dependent 
manner, which promotes Bax-Bax complex, causing disruption of mitochondrial membrane 
potentials allowing cytochrome c release from the mitochondria. This is followed by activation 
of caspase-9 and the effector caspase-3, which, in turn, are responsible for apoptosis in MH7A 
human rheumatoid arthritis synovial cells (Nakayama et al., 2010) (Fig. 7). 
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Fig. 6. Resveratrol activates caspase-3 and -9 in a sirtuin 1-dependent manner. MH7A cells 
were treated with resveratrol (100 M) in the absence and presence of sirtinol (10 M) for 24 
h in serum-free culture medium, and caspase activities were assayed. In the graph, each 
column represents the mean (± SEM) ratio against basal levels (caspase activities for cells 
untreated with any drug) (n=4-6). P values, unpaired t-test. NS, not significant. 
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3.4 Resveratrol induces MH7A cell apoptosis with higher potency 
We examined the effect of other polyphenols such as piceatannol, rhapontin, (-)-catechin, 
(+)-catechin, (-)-epicatechin, (-)-gallocatechin, (-)-epigallocatechin, (-)-catechin gallate, (-)-
epicatechin gallate, (-)-gallocatechin gallate, and (-)-epigallocatechin gallate on MH7A cell 
death (Fig. 8). Of these, piceatannol, rhapontin, (-)-gallocatechin, (-)-epigallocatechin, (-)-
catechin gallate, (-)-epicatechin gallate, (-)-gallocatechin gallate, and (-)-epigallocatechin 
gallate induced MH7A cell death in a concentration (10-100 M)- and treatment time (24-72 
h)-dependent manner, but with lesser potency than resveratrol, whilst no effect was 
observed for (-)-catechin, (+)-catechin, or (-)-epicatechin (Fig. 9). This indicates that 
resveratrol is capable of inducing apoptosis in MH7A human rheumatoid arthritis synovial 
cells, with much higher potency than other polyphenols. 
 

 
Fig. 8. Chemical structures of resveratrol and a variety of polyphenols. 
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Fig. 9. Effects of resveratrol and a variety of polyphenols on MH7A cell death. MH7A cells 
were treated with resveratrol and polyphenols as indicated at concentrations ranging from 
10-100 M for 24-72 h in serum-free culture medium, and cell viability was quantified with 
an MTT assay. In the graphs, each point represents the mean (± SEM) percentage of basal 
levels (MTT intensities for cells untreated with resveratrol or polyphenols) (n=8). 

3.5 Resveratrol increases expression of mRNAs for FOXO-1, FOXO-3, p21, p27, and 
AIF in MH7A cells 
Sirtuin 1 regulates apoptosis-related gene transcription mediated by FOXO or NF-κB 
(Giannakou & Partridge, 2004; Salminen & Kaarniranta, 2009). In support of this, resveratrol 
induces growth arrest and apoptosis by activating FOXO in prostate cancer cells (Chen et 
al., 2010). In the real-time RT-PCR analysis, resveratrol (100 M) increased expression of 
mRNAs both for FOXO-1 and FOXO-3 in MH7A cells in a bell-shaped treatment time (20-60 
min)-dependent manner, with the peak at 20-min treatment (Fig. 10A), indicating 
involvement of FOXO in resveratrol-induced MH7A cell apoptosis.  
Lines of studies have shown that resveratrol induces apoptosis in a variety of cells by 
activating p53 (Huang et al., 1999; Kuo et al., 2002; She et al., 2001). Resveratrol (100 M) 
here, however, had no effect on expression of the p53 mRNA in MH7A cells (Fig. 10B). This 
suggests that resveratrol induces MH7A cell apoptosis in a p53-independent manner. 
Resveratrol is shown to upregulate expression of p21 and p27 (Ganapathy et al., 2010; 
Ragione et al., 2003). Resveratrol (100 M) increased expression of mRNAs both for p21 and 
p27 still in MH7A cells in a bell-shaped treatment time (20-60 min)-dependent manner, with 
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the peak at 40-min treatment (Fig. 10B). This raises the possibility that resveratrol could 
suppress MH7A cell proliferation and growth by inhibiting cyclin-dependent protein 
kinases (Cdks) via control of p21 and p27. 
Apoptosis-inducing factor (AIF) is released from damaged mitochondria and causes 
chromatin condensation and large-scale (~50 kbp) DNA fragmentation, leading to caspase-
independent apoptosis. Interestingly, resveratrol induces apoptosis in human lung 
adenocarcinoma ASTC-a-1 cells through mitochondria-mediated AIF release (Zhang et al., 
2011). In the present study, a huge increase in the expression of the AIF mRNAs in MH7A 
cells was found after 40-min treatment with resveratrol (100 M) (Fig. 10C), suggesting that 
AIF also participates in resveratrol-induced MH7A cell apoptosis.  
 
 

 
 

Fig. 10. Effects of resveratrol on mRNAs for FOXO-1, FOXO-3, p21, p27, p53, and AIF. 
MH7A cells were treated with resveratrol (100 M) for periods as indicated in serum-free 
culture medium, and then real-time RT-PCR was carried out. The mRNA quantity for each 
gene was calculated from the standard curve made by amplifying different amounts of the 
GAPDH mRNA, and normalized by regarding the average of independent basal mRNA 
quantity at 0 h as 1. In the graphs, each point represents the mean (± SEM) ratio (n=3 
independent experiments). 

4. Discussion 
Accumulating evidence has shown that resveratrol induces apoptosis or suppresses cell 
growth and proliferation by interacting with FOXO, NF-kB, and p53 involving wide-range 
of gene transcriptions such as those for apoptosis-related proteins, p21, p27, and AIF 
(Chen et al., 2010; Ganapathy et al., 2010; Huang et al., 1999; Kuo et al., 2002; Ragione et 
al., 2003; She et al., 2001). Notably, resveratrol is shown to increase expression of sirtuin 1, 
a mammalian NAD+-dependent deacetylase (class III HDAC) (Franco et al., 2010). In the 
present study, resveratrol upregulated expression of mRNAs for FOXO-1, FOXO-3, p21, 
p27, AIF, and sirtuin 1 in MH7A cells but otherwise downregulated expression of the Bcl-
XL mRNA, without affecting expression of mRNAs for p53, Bcl-2, Bad, Bax, or Bak. FOXO 
belongs to the O subclass of the forkhead family of transcription factors, which includes 
FOXO-1, FOXO-3, FOXO-4, and FOXO-6. Evidence has pointed to the role of sirtuin 1 in 
the regulation of apoptosis-related gene transcription mediated by FOXO or NF-B 
(Giannakou & Partridge, 2004; Salminen & Kaarniranta, 2009). FOXO and/or sirtuin 1, 
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therefore, may be a primary target of resveratrol-regulated apoptosis-related gene 
transcription. 
Resveratrol induced MH7A cell apoptosis in a concentration (1-200 M)- and treatment 
time (24-72 h)-dependent manner. Two major pathways for apoptosis are well-recognized, 
i.e., oxidative stress-induced mitochondria-mediated apoptotic pathway and endoplasmic 
reticulum (ER) stress-induced apoptotic pathway. For the former pathway, the Bcl-2 
family such as Bcl-2, Bcl-XL, Bad, and Bax plays a central role; Bcl-2 and Bcl-XL protect the 
mitochondria by capturing Bax, but Bad otherwise disrupts mitochondrial membrane 
potentials by releasing Bax from a Bcl-2/Bax complex or a Bcl-XL/Bax complex. Oxidative 
stress disrupts mitochondrial membrane potentials by making a Bax/Bax pore, thereby 
damaging the mitochondria to allow release of apoptosis-related proteins such as 
cytochrome c, AIF, Smac/DIABLO, Omi/HtrA2, and endonuclease G into the cytosol 
(Wang, 2001). Subsequently, released cytochrome c activates caspase-3 by forming an 
apoptosome complex together with apoptosis proteases activating factor-1 (Apaf-1) and 
caspase-9, leading to apoptosis (Wang, 2001). Resveratrol disrupted mitochondrial 
membrane potentials, stimulated cytochrome c release from the mitochondria into the 
cytosol, and activated caspase-3 and –9 in MH7A cells. This, taken together with the 
finding that resveratrol downregulated the Bcl-XL mRNA, accounts for mitochondria-
mediated caspase-dependent pathway in resveratrol-induced MH7A cell apoptosis. Of 
particular interest is that resveratrol-induced MH7A cell apoptosis, mitochondrial 
damage, and caspase-3/-9 activation were prevented by a sirtuin 1 inhibiter or an HDAC 
inhibitor. This confirms that sirtuin 1 is required for resveratrol-induced MH7A cell 
apoptosis. 
Findings by Byun et al. (2008) suggest that resveratrol induces apoptosis in fibroblast-like 
synoviocytes derived from patients with rheumatoid arthritis by activating caspase-8 as a 
primary target, which cleaves Bid, causing mitochondrial damage that triggers activation of 
caspase-9 and the effector caspase-3, without affecting the levels of Bax, Bcl-XL, and Bcl-2. 
This observation contrasts with our finding that resveratrol does not activate caspase-8 in 
MH7A cells (Nakayama et al., 2010). Thus, resveratrol-induced MH7A cell apoptosis may be 
mediated via a novel apoptotic pathway. 
In contrast, resveratrol upregulated expression of the AIF mRNA in MH7A cells. AIF 
induces apoptosis by causing chromatin condensation and DNA fragmentation. This 
suggests that resveratrol could induce MH7A cell apoptosis via an additional pathway, i.e., 
mitochondria-mediated caspase-independent pathway. 
Resveratrol also increased expression of the p21 and p27 mRNAs in MH7A cells. p21 and 
p27 are recognized to inhibit cyclin E/Cdk2 that proceeds cell growth at the G1 phase of cell 
cycling. Resveratrol, consequently, could suppress MH7A cell growth by inhibiting cyclin 
E/Cdk2 under the control of p21 and/or p27. 
Like resveratrol, some other polyphenols induced apoptosis in MH7A human rheumatoid 
arthritis synovial cells. Of polyphenols examined here resveratrol induced MH7A cell 
apoptosis with the highest potency. This implies that, of the polyphenols, resveratrol could 
be the best target for the development of new drugs for treating rheumatoid arthritis. 
In summary, the results of the present study show that resveratrol upregulates expression of 
FOXO and suirtuin 1 relevant to apoptosis-related gene transcription and its regulation in 
MH7A human rheumatoid arthritis synovial cells. Resveratrol downregulates expression of 
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the Bcl-XL mRNA, possibly mediated by FOXO, which causes disruption of mitochondrial 
membrane potentials, allowing cytochrome c release from the mitochondria into the cytosol, 
leading to activation of caspase-9 and the effector caspase-3 in a sirtuin 1-dependent 
manner. This represents a mitochondria-mediated caspase-dependent apoptotic pathway. 
Upregulation of the AIF mRNA by resveratrol, alternatively, suggests resveratrol-induced 
MH7A cell apoptosis via a mitochondria-mediated caspase-independent pathway. 
Moreover, upregulation of the p21 and p27 mRNAs by resveratrol may account for 
resveratrol-induced inhibition of MH7A cell growth. 

5. Conclusion 
Resveratrol induces apoptosis in MH7A human rheumatoid arthritis synovial cells, and 
does so with much higher potency than other polyphenols. It achieves this effect by 
decreasing Bcl-XL expression, which disrupts mitochondrial membrane potentials, allowing 
cytochrome c release from the mitochondria into the cytosol, thereby activating caspase-9 
and the effector caspase-3 in a sirtuin 1-dependent manner, which induces apoptosis. In 
addition, AIF, p21, and p27 may also participate in resveratrol-induced MH7A cell 
apoptosis and growth inhibition. These findings imply that resveratrol may be capable of 
preventing hyperplasia of synovial cells in human rheumatoid arthritis. Resveratrol, thus, 
could be developed as a promising drug for treatment of rheumatoid arthritis. 
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MH7A cell apoptosis via a mitochondria-mediated caspase-independent pathway. 
Moreover, upregulation of the p21 and p27 mRNAs by resveratrol may account for 
resveratrol-induced inhibition of MH7A cell growth. 

5. Conclusion 
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cytochrome c release from the mitochondria into the cytosol, thereby activating caspase-9 
and the effector caspase-3 in a sirtuin 1-dependent manner, which induces apoptosis. In 
addition, AIF, p21, and p27 may also participate in resveratrol-induced MH7A cell 
apoptosis and growth inhibition. These findings imply that resveratrol may be capable of 
preventing hyperplasia of synovial cells in human rheumatoid arthritis. Resveratrol, thus, 
could be developed as a promising drug for treatment of rheumatoid arthritis. 
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1. Introduction 
Rheumatoid arthritis (RA) is characterised by disability, cachexia, and obesity, and features 
exacerbated risk of both cardiovascular disease (CVD) and osteoporosis.  To deal with RA 
generally and these associated conditions specifically, the World Health Organisation 
(WHO, 2008) and various national health authorities (e.g. American College of 
Rheumatology, ACR, 2002, 2006; European League Against Rheumatism, EULAR, Combe et 
al., 2007; American College of Sports Medicine, ACSM, 2010a, 2010b, 2010c, 2010d; 
American Heart Association, AHA, Williams et al., 2007) have advocated progressive 
resistance training (PRT; i.e. systematic weight training) as adjunct therapy. Additionally, 
two Cochrane Reviews (Hurkmans et al., 2009; van den Ende et al., 2000) have supported 
inclusion of this form of exercise in the routine management of RA patients.  However, 
despite this weighty advocacy regular PRT is rarely prescribed for or undertaken by RA 
patients. 
In this chapter, the efficacy and safety of PRT as a treatment for RA will be discussed, with 
training recommendations and considerations outlined. 

2. Disability, rheumatoid cachexia and osteoporosis in RA patients 
2.1 Disability   
Despite advances in the pharmaceutical treatment of RA, disability remains a feature of the 
disease.  In a recent report from the British Society for Rheumatology Biologics Register 
(Lunt et al., 2010), the median (interquartile range) Health Assessment Questionnaire (HAQ) 
scores for large samples of patients receiving anti-tumor necrosis factor (anti-TNF) 
treatment (n=12,672) or standard disease modifying anti-rheumatic drugs (DMARD’s; 
n=3,522) were 2.1 (1.8-2.5) and 1.6 (0.9-2.1), respectively; which are levels indicative of 
moderate to severe disability.  Such widespread disability, as well as causing enormous 
suffering and reduction of Quality of Life (QoL) on a personal level, also has huge social and 
economic costs (Verstappen et al., 2004; Yelin, 1996).  For example, within 10 years of RA 
diagnosis a prevalence of 35% for work disability is currently reported for both US and 
European populations (Allaire et al., 2008; Eberhardt et al., 2007). 
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Whilst the causes of disability in RA are multifactorial (Escalante & del Rincon, 1999, 2002), 
Giles et al. (2008) has shown that it is strongly associated with adverse changes in body 
composition, with HAQ scores inversely related to appendicular lean mass (ALM; a 
surrogate measure of muscle mass) and directly related to total and appendicular fat 
masses.  Subsequently, Stavropoulos-Kalinoglou et al. (2009) have also shown that obesity is 
significantly and independently associated with disability in RA patients.  Such links 
between body composition and physical function are not surprising as they reflect those 
observed in the general elderly population, whereby classification as either muscle-wasted 
(sarcopenic) or obese significantly exacerbates the likelihood of disability, whilst the co-
incidence of both conditions (sarcopenic-obesity) increases disability risk 12-fold in women 
and 9-fold in men (Morley et al., 2001). 

2.2 Rheumatoid cachexia   
Unfortunately, both reduced muscle mass and elevated adiposity, termed “rheumatoid 
cachexia” (Roubenoff et al., 1992), are characteristic of RA.  Muscle wasting due to RA was 
first observed by Sir James Paget in 1873 and has been consistently reported in recent 
decades (see Summers et al., 2008 for a review); most prolifically and notably by Ronenn 
Roubenoff’s group (Rall & Roubenoff, 1996, 2004; Rall et al., 1996a, 2002; Roubenoff, 2000; 
Roubenoff et al., 1992, 1994, 2002; Walsmith & Roubenoff, 2002; Walsmith et al., 2004).  
Using a definition of significant muscle loss as being below the 50th percentile for arm 
muscle circumference of a reference population, Roubenoff et al. (1994) found that 67% of 
their RA patients were cachectic.  Whilst Munro and Capell (1997), employing the more 
stringent cut-off of the 10th percentile, concluded that 50% of their British RA sample was 
muscle wasted.  More recently, in a series of studies, mostly featuring patients who 
volunteered for high intensity exercise training (Marcora et al., 2005a, 2005b; Lemmey et al., 
2009; Elamanchi et al. and Lemmey et al., manuscripts in preparation), we have identified 
that 2/3’s of our stable RA patients are muscle wasted according to the whole-body dual-
energy x-ray absorptiometry (DXA) definitions of Baumgartner et al. (1998; i.e. ALM (kg) / 
height2 (m2) more than two standard deviations below the mean of a young reference 
group).  Interestingly, using the same methodology we found a similar incidence of 
rheumatoid cachexia in treatment-naïve, recent-onset RA patients (<6 months since 
diagnosis), suggesting that the loss of lean body mass (LBM) occurs early in the course of 
the disease (Marcora et al., 2006).   
The magnitude of this loss in LBM is reported by Roubenoff’s group (using the potassium-
40 method) to be 14-16% in RA patients with controlled disease (Rall et al., 2002; Roubenoff 
et al., 1994, 2002); which agrees with the ≈15% loss we observe in stable RA patients relative 
to age- and sex-matched healthy sedentary controls (Lemmey et al., unpublished 
observations).  Given this magnitude of muscle loss, it is not surprising that RA patients 
have substantially reduced muscle strength, with values ranging from 30-80% of normal 
being reported (Ekblom et al., 1974; Ekdahl & Broman, 1992; Ekdahl et al., 1989; Hakkinen et 
al., 1995; Madsen et al., 1998; Nordesjo et al., 1983).  Also consistent with expectations is the 
very strong relationship Stucki et al. (1998) revealed between muscle weakness and 
disability in RA patients.  In this study, HAQ was significantly correlated with muscle 
strength index (MSI), disease activity, morning stiffness, pain, and joint damage.  However, 
when analysing the effect of change in these predictors with change in HAQ, only MSI and 
pain remained significantly associated.  Thus confirming the importance of strength’s, and 
by extension – muscle mass’s, association with disability in RA. 
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The degree and prevalence of cachexia typically present in RA patients is alarming since it 
represents in excess of a third of the maximal loss of body cell mass or LBM that is 
compatible with survival (i.e. 40%; Walsmith & Roubenoff, 2002).  Additionally, as in other 
catabolic diseases, muscle loss as well as causing weakness and disability is associated with 
osteoporosis, low aerobic capacity, impaired immune and pulmonary function, glucose 
intolerance, depression, loss of independence, compromised QoL, and increased mortality 
(see Kotler, 2000 for a review).    

2.3 Obesity   
Muscle depletion associated with RA, however, is generally undiagnosed (and 
consequently, untreated) as a concomitant increase in fat mass (FM) masks the decrease in 
muscle mass when bodyweight is measured.  Thus, for a given body mass index (BMI), 
Stavropoulos-Kalinoglou et al. (2007) found that RA patients had on average 4.3% more 
body fat than matched, healthy controls.  Alternatively, for a given body fat percentage 
(%BF), RA patients have a BMI almost 2kg/m2 lower than members of the general 
population.  Consequently, these authors have proposed that the BMI cut-offs for defining 
“overweight” and “obesity” in RA patients should be reduced to 23kg/m2  and 28kg/m2, 
respectively (Stavropoulos-Kalinoglou et al., 2007).  This recommendation is supported by 
comparisons of BMI and %BF values reported for RA patients.  Mean BMI’s usually 
reported for RA patients (25.2-29.1 kg/m2) (Gordon et al., 2002; Marcora et al., 2005a, 2005b; 
Saravana & Gillot, 2004; Stavropoulos-Kalinoglou et al., 2007) are consistent with that of the 
entire adult UK population (27.1 kg/m2) (Craig et al., 2009), suggesting that RA patients, 
like the overall population, are generally merely overweight.  However, when body 
composition is assessed (Elkan et al., 2009; Lemmey et al., 2009; Marcora et al., 2005a, 2005b; 
Stavropoulos-Kalinoglou et al., 2007, 2009; Westhovens et al., 1997) RA patients are revealed 
to be significantly fatter than the overall population, with a mean %BF of around 40% and a 
prevalence of obesity (using the criteria of  38%BF or more for women, and 27%BF or more 
for men; Baumgartner et al., 1999) of approximately 80% (Lemmey et al., 2009; Marcora et 
al., 2005a, 2005b; Stavropoulos-Kalinoglou et al., 2009).  Using a stricter criteria, Elkan et al. 
(2009a) found that 33% of female and >50% of male RA patients had a FM index above the 
90th percentile for the whole population.  As with muscle loss, this high prevalence of 
obesity is evident in recently diagnosed RA patients (Marcora et al., 2006), again indicating 
that the body composition perturbations characteristic of rheumatoid cachexia occur early in 
the disease.   
Disturbingly, as well as favouring accumulation of higher total fat, RA appears to 
preferentially predispose to central obesity (Elkan et al., 2009b; Giles et al., 2010; Inaba et al., 
2007; Westhovens et al., 1997).  In the general population, obesity, and in particular central 
obesity, is a well established, independent risk factor for CVD and many of the classical 
CVD risk factors (e.g. Mahabadi et al., 2009; Rosito et al., 2008).  Similarly in RA patients, 
central obesity is linked with hypertension, elevated fasting glucose levels, and metabolic 
syndrome (Giles et al., 2010), and arterial thickening and stiffening (Inaba et al., 2007).  As 
there is an increased risk of CVD in RA patients, with rates of both CVD events and 
mortality increased approximately 50% relative to non-RA controls (Avina-Zubieta et al., 
2008; Naranjo et al., 2008), one would assume that loss of fat, particularly trunk fat, would 
be highly beneficial for the CV health of this population.  
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there is an increased risk of CVD in RA patients, with rates of both CVD events and 
mortality increased approximately 50% relative to non-RA controls (Avina-Zubieta et al., 
2008; Naranjo et al., 2008), one would assume that loss of fat, particularly trunk fat, would 
be highly beneficial for the CV health of this population.  



 
Rheumatoid Arthritis – Treatment 290 

2.4 Osteoporosis  
Another feature of RA is secondary osteoporosis.  RA patients have greater incidence of 
osteoporosis and osteoporotic fractures than matched non-RA controls (e.g. Frank & 
Gottwalt, 2009; Huusko et al., 2001; Sinigaglia et al., 2006); with this increase attributed to 
the disease itself (systemic inflammation), treatment with high dose oral glucocorticoids, 
and sedentary lifestyle (Cantley et al., 2009; Frank & Gottwalt, 2009; Huusko et al., 2001; 
Sinigaglia et al., 2006; ).  Interestingly, after high-dose steroid therapy, the reduced bone 
mineral density (BMD) in RA patients has been found to be most strongly associated with 
low strength (quadriceps and handgrip) and poor physical function (Huusko et al., 2001; 
Madsen et al., 1998, 2001). 

2.5 Treatments for rheumatoid cachexia   
Clearly, interventions capable of reversing cachexia in RA patients (i.e. increasing muscle 
mass and decreasing FM, especially trunk FM) have the potential to improve physical 
function and thus decrease disability, prolong independence, improve QoL, reduce 
comorbidities, and perhaps increase life expectancy.   Such an intervention would also 
significantly reduce the huge economic impact of RA (half of which results from 
production losses caused by functional impairment (McIntosh, 1996)).  Several anabolic 
agents, such as recombinant human GH and anabolic steroids, have been proposed for 
increasing muscle mass in sarcopenic/cachectic states (e.g. Bross et al., 1999; Johansen et 
al., 1999, 2006; Macdonald et al., 2007).  However, GH therapy is expensive and may cause 
carpal tunnel syndrome and insulin resistance, whilst anabolic steroids are associated 
with side effects such as liver disorders, masculinisation in women, and prostate cancer 
and testicular atrophy in men (Bhasin, 2003; Johansen et al., 1999; Korkia & Stimson, 1997; 
Macdonald et al., 2007).  Furthermore, when used alone, despite increasing lean mass, 
these drugs often fail to improve physical function (Bross et al., 1999; Johansen et al., 2006; 
Macdonald et al., 2007; Rodriguez-Arnao et al., 1999).  Consistent with these findings, are 
the findings of an unpublished randomised controlled trial we conducted (Elamanchi et 
al., manuscript in preparation), in which nandrolone decanoate (ND), an anabolic steroid, 
was administered (i.m. injection, 100mg/wk) for 6 months to 20 male RA patients with 
stable disease Despite inducing substantial increases in mean ALM (≈1.5kg), 
administration of ND failed to improve any of the objective measures of physical function 
assessed.   
As rheumatoid cachexia has been attributed to cytokine (principally TNF-α) driven muscle 
catabolism by Roubenoff group ( Rall & Roubenoff, 2004; Rall et al., 1996a; Roubenoff et al., 
1994, 2002), it was anticipated that treatment with anti-TNF drugs could restore a healthier 
body composition to RA patients.  However, Marcora et al. (2006) found that treatment of 
recently diagnosed RA patients for 6 months with etanercept (anti-TNF agent) had no effect 
on body composition relative to treatment with methotrexate (“standard DMARD”).  This 
lack of effect of anti-TNF’s on LBM in RA patients has subsequently been confirmed by 
Metsios et al. (2007).  Of concern was their additional observation of increased trunk fat in 
established RA patients following 3 months on anti-TNF’s.  These findings are further 
supported by a recent report (Engvall et al., 2010), which observed increased FM in recent-
onset RA patients treated with anti-TNF’s for 21 months relative to DMARD treated patients 
(mean±sd; +3.4±1.4kg, p<0.05), and no changes in LBM for either treatment.  
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3. Efficacy of progressive resistance training   
The most, perhaps the only, effective, safe and economical intervention known to increase 
both muscle and bone mass and also improve strength and physical function in subjects of 
various ages is progressive resistance training (PRT) (see Kraemer et al., 1996 for a 
review). 

3.1 Effects on function  
The efficacy of resistance training for improving strength in RA patients (Table 1) was first 
demonstrated by Machover and Sopecky in 1966.  In this pioneering study, 11 male RA 
patients performed maximal isometric contractions of the quadriceps 3 times a day, 5 
days/week for 7 weeks, for an average strength gain of 23%.  Since then, significant 
improvements in strength in RA patients have been elicited by a variety of resistance 
training regimes (Table 1).  The only exception identified being the home-based intervention 
of Komatireddy et al. (1997).   
Consistent with the increases in strength are reports of improvements in physical function 
assessed objectively (e.g. walk tests, stair climbing, bench stepping, balance/coordination, 
hand-grip strength, timed up and go, vertical jump, 30-sec arm curl test, chair test, aerobic 
capacity; Ekdahl et al., 1990; Hakkinen et al., 1994, 1999, 2003, 2004a, 2005; Hoenig et al., 
1993; Komatireddy et al., 1997; Lemmey et al., 2009; Lyngberg et al., 1994; Marcora et al., 
2005a; McMeeken et al., 1999; Nordemar et al., 1976, 1981; Rall et al., 1996b; van den Ende 
et al., 1996, 2000) and subjectively (e.g. 100-point truth-value scale, study generated 
questionnaire, self reported fatigue, HAQ, McMaster Toronto Arthritis (MACTAR) Patient 
Preference Disability Questionnaire; Ekdahl et al., 1990; Hakkinen et al., 1994, 2001, 2004a; 
Komatireddy et al., 1997; Lyngberg et al., 1994; Marcora et al., 2005a; McMeeken et al., 
1999; van den Ende et al., 2000) (Table 1).  Although it is notable that  improvements in 
physical function are usually not observed when it is subjectively assessed by the HAQ 
(de Jong et al., 2003; Hakkinen et al., 1999, 2003, 2004b, 2005; Lemmey et al., 2009; van den 
Ende et al., 1996).  The general inability of HAQ scores to reflect objectively assessed 
improvements in physical function is probably due to the insensitivity of this instrument 
in detecting performance gains in mildly disabled patients i.e. the type of patient likely to 
feature in exercise intervention studies.  This lack of sensitivity is evident in findings from 
the Rheumatoid Arthritis Patients in Training (RAPIT) program (de Jong et al., 2003) 
which showed improvements in patients’ self-reported physical function following high 
intensity exercise training when assessment was by the MACTAR Questionnaire, but not 
when the HAQ was used.  The unsuitability of the HAQ for detecting improvements in 
function following exercise therapy has been highlighted by van den Ende et al. (1997), 
who advocate objective measures related to performing activities of daily living (ADL’s) 
as measures of efficacy. 
As concluded by the 2 Cochrane Reviews conducted to date (Hurkmans et al., 2009; van den 
Ende et al., 2000), the efficacy of resistance training programs in improving strength and 
physical function in RA patients is clear.  In fact, with appropriate training it is not 
unreasonable to expect that patients with established, controlled RA can achieve levels of 
physical function at least as good as sedentary, healthy individuals of the same age and sex.  
In the RCT conducted by our group (Lemmey et al., 2009), patients with established RA (11  
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low strength (quadriceps and handgrip) and poor physical function (Huusko et al., 2001; 
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comorbidities, and perhaps increase life expectancy.   Such an intervention would also 
significantly reduce the huge economic impact of RA (half of which results from 
production losses caused by functional impairment (McIntosh, 1996)).  Several anabolic 
agents, such as recombinant human GH and anabolic steroids, have been proposed for 
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and testicular atrophy in men (Bhasin, 2003; Johansen et al., 1999; Korkia & Stimson, 1997; 
Macdonald et al., 2007).  Furthermore, when used alone, despite increasing lean mass, 
these drugs often fail to improve physical function (Bross et al., 1999; Johansen et al., 2006; 
Macdonald et al., 2007; Rodriguez-Arnao et al., 1999).  Consistent with these findings, are 
the findings of an unpublished randomised controlled trial we conducted (Elamanchi et 
al., manuscript in preparation), in which nandrolone decanoate (ND), an anabolic steroid, 
was administered (i.m. injection, 100mg/wk) for 6 months to 20 male RA patients with 
stable disease Despite inducing substantial increases in mean ALM (≈1.5kg), 
administration of ND failed to improve any of the objective measures of physical function 
assessed.   
As rheumatoid cachexia has been attributed to cytokine (principally TNF-α) driven muscle 
catabolism by Roubenoff group ( Rall & Roubenoff, 2004; Rall et al., 1996a; Roubenoff et al., 
1994, 2002), it was anticipated that treatment with anti-TNF drugs could restore a healthier 
body composition to RA patients.  However, Marcora et al. (2006) found that treatment of 
recently diagnosed RA patients for 6 months with etanercept (anti-TNF agent) had no effect 
on body composition relative to treatment with methotrexate (“standard DMARD”).  This 
lack of effect of anti-TNF’s on LBM in RA patients has subsequently been confirmed by 
Metsios et al. (2007).  Of concern was their additional observation of increased trunk fat in 
established RA patients following 3 months on anti-TNF’s.  These findings are further 
supported by a recent report (Engvall et al., 2010), which observed increased FM in recent-
onset RA patients treated with anti-TNF’s for 21 months relative to DMARD treated patients 
(mean±sd; +3.4±1.4kg, p<0.05), and no changes in LBM for either treatment.  
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3. Efficacy of progressive resistance training   
The most, perhaps the only, effective, safe and economical intervention known to increase 
both muscle and bone mass and also improve strength and physical function in subjects of 
various ages is progressive resistance training (PRT) (see Kraemer et al., 1996 for a 
review). 

3.1 Effects on function  
The efficacy of resistance training for improving strength in RA patients (Table 1) was first 
demonstrated by Machover and Sopecky in 1966.  In this pioneering study, 11 male RA 
patients performed maximal isometric contractions of the quadriceps 3 times a day, 5 
days/week for 7 weeks, for an average strength gain of 23%.  Since then, significant 
improvements in strength in RA patients have been elicited by a variety of resistance 
training regimes (Table 1).  The only exception identified being the home-based intervention 
of Komatireddy et al. (1997).   
Consistent with the increases in strength are reports of improvements in physical function 
assessed objectively (e.g. walk tests, stair climbing, bench stepping, balance/coordination, 
hand-grip strength, timed up and go, vertical jump, 30-sec arm curl test, chair test, aerobic 
capacity; Ekdahl et al., 1990; Hakkinen et al., 1994, 1999, 2003, 2004a, 2005; Hoenig et al., 
1993; Komatireddy et al., 1997; Lemmey et al., 2009; Lyngberg et al., 1994; Marcora et al., 
2005a; McMeeken et al., 1999; Nordemar et al., 1976, 1981; Rall et al., 1996b; van den Ende 
et al., 1996, 2000) and subjectively (e.g. 100-point truth-value scale, study generated 
questionnaire, self reported fatigue, HAQ, McMaster Toronto Arthritis (MACTAR) Patient 
Preference Disability Questionnaire; Ekdahl et al., 1990; Hakkinen et al., 1994, 2001, 2004a; 
Komatireddy et al., 1997; Lyngberg et al., 1994; Marcora et al., 2005a; McMeeken et al., 
1999; van den Ende et al., 2000) (Table 1).  Although it is notable that  improvements in 
physical function are usually not observed when it is subjectively assessed by the HAQ 
(de Jong et al., 2003; Hakkinen et al., 1999, 2003, 2004b, 2005; Lemmey et al., 2009; van den 
Ende et al., 1996).  The general inability of HAQ scores to reflect objectively assessed 
improvements in physical function is probably due to the insensitivity of this instrument 
in detecting performance gains in mildly disabled patients i.e. the type of patient likely to 
feature in exercise intervention studies.  This lack of sensitivity is evident in findings from 
the Rheumatoid Arthritis Patients in Training (RAPIT) program (de Jong et al., 2003) 
which showed improvements in patients’ self-reported physical function following high 
intensity exercise training when assessment was by the MACTAR Questionnaire, but not 
when the HAQ was used.  The unsuitability of the HAQ for detecting improvements in 
function following exercise therapy has been highlighted by van den Ende et al. (1997), 
who advocate objective measures related to performing activities of daily living (ADL’s) 
as measures of efficacy. 
As concluded by the 2 Cochrane Reviews conducted to date (Hurkmans et al., 2009; van den 
Ende et al., 2000), the efficacy of resistance training programs in improving strength and 
physical function in RA patients is clear.  In fact, with appropriate training it is not 
unreasonable to expect that patients with established, controlled RA can achieve levels of 
physical function at least as good as sedentary, healthy individuals of the same age and sex.  
In the RCT conducted by our group (Lemmey et al., 2009), patients with established RA (11  
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women, 2 men; age 55.6±8.3 years; disease duration 74±76 months) whose objectively 
measured physical function at baseline was poor relative to population norms, were able to 
achieve or exceed these performance norms following 24 weeks of high-intensity PRT.  
Restoration of normal levels of strength and function in RA patients following PRT has also 
been observed in the studies of Hakkinen et al. (2003, 2005) which featured healthy, age- and 
sex-matched control subjects, and in our uncontrolled pilot study (Marcora et al., 2005).  In a 
point that will be pursued later, it should be noted that the only investigation that did not 
report significant increases in strength in RA patients following resistance training utilised a 
very low training intensity (Komatireddy et al., 1997). 

3.2 Effects on rheumatoid cachexia (body composition)   
The effects of resistance training on body composition in RA are less well reported (Table 1).  
In 1976, Nordemar et al. observed increased cross-sectional area of type I and especially type 
II fibres in 10 RA patients following 6 weeks of cycling, walking and quadriceps strength 
training.  Similarly, Hakkinen et al. (1994) observed increases in quadriceps muscle cross-
sectional area in RA patients following 6 months PRT.  However, when Rall et al. (1996b) 
reported no changes in whole-body composition (DXA assessed) in 8 RA subjects following 
12 weeks PRT (despite significant improvements in strength), the conclusion was that RA 
patients are resistant to the anabolic effects of exercise.  This concern has subsequently been 
refuted by methodologically more robust trials.  Initially, we (Marcora et al., 2005a) reported 
significant increases in (DXA assessed) LBM, ALM and estimated total body protein (TBP), 
and reductions in %BF, with a trend toward reduced trunk fat (-0.75kg) following 12 weeks 
of high-intensity PRT.  Subsequently, these effects were confirmed by our RCT (Lemmey et 
al., 2009); LBM, ALM (≈1.2kg), and TBP were all significantly increased (p’s=0.002-0.006) 
and total and especially trunk FM (-2.5kg, i.e. 18%) were substantially reduced following 24 
weeks of PRT.  Additionally, Hakkinen et al. (2005) have reported quadriceps femoris 
hypertrophy (p<0.001) and reduced quadriceps subcutaneous fat thickness (p<0.001) in 
female RA patients following 21 weeks of combined PRT and aerobic training. 
Whilst aerobic exercise training, by increasing daily energy expenditure, has been shown to 
be an effective adjunct to restricted energy intake for weight loss in young adults, its efficacy 
in middle aged and elderly individuals is questionable.  This is because sedentary 
individuals of this aged are usually so deconditioned that they are unable to perform 
exercise of sufficient intensity and duration to significantly elevate daily energy expenditure 
(Evans, 1999).  In contrast, in elderly men and women an elevation of approximately 15% in 
resting metabolic rate (RMR) has been observed following 12 weeks PRT as a consequence 
of increased LBM (Campbell et al., 1994).  An increase in RMR of this magnitude is very 
relevant as RMR typically accounts for 60-75% of 24 hr energy expenditure.     
In our PRT studies (Lemmey et al., 2009; Marcora et al., 2005a), the elicited increases in 
muscle mass were significantly associated with improvements in objectively assessed 
physical function (i.e. 30 sec arm curl, 30 sec sit-to-stand, 50’ walk, hand-grip strength, and 
knee extensor strength; tests taken from the Senior Fitness Test (Rikli & Jones, 2001), and 
designed to reflect the ability to perform ADL’s).   Interestingly, the increased muscle mass 
and reduced fat mass in the PRT subjects in our RCT (Lemmey et al., 2009) caused a 
reclassification of the body types of many of these patients.  Wherein, whereas at baseline, 9 
(out of 13) were classified as cachectic, 10 as obese, and 5 as both (i.e. “cachectic-obese”), 
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women, 2 men; age 55.6±8.3 years; disease duration 74±76 months) whose objectively 
measured physical function at baseline was poor relative to population norms, were able to 
achieve or exceed these performance norms following 24 weeks of high-intensity PRT.  
Restoration of normal levels of strength and function in RA patients following PRT has also 
been observed in the studies of Hakkinen et al. (2003, 2005) which featured healthy, age- and 
sex-matched control subjects, and in our uncontrolled pilot study (Marcora et al., 2005).  In a 
point that will be pursued later, it should be noted that the only investigation that did not 
report significant increases in strength in RA patients following resistance training utilised a 
very low training intensity (Komatireddy et al., 1997). 

3.2 Effects on rheumatoid cachexia (body composition)   
The effects of resistance training on body composition in RA are less well reported (Table 1).  
In 1976, Nordemar et al. observed increased cross-sectional area of type I and especially type 
II fibres in 10 RA patients following 6 weeks of cycling, walking and quadriceps strength 
training.  Similarly, Hakkinen et al. (1994) observed increases in quadriceps muscle cross-
sectional area in RA patients following 6 months PRT.  However, when Rall et al. (1996b) 
reported no changes in whole-body composition (DXA assessed) in 8 RA subjects following 
12 weeks PRT (despite significant improvements in strength), the conclusion was that RA 
patients are resistant to the anabolic effects of exercise.  This concern has subsequently been 
refuted by methodologically more robust trials.  Initially, we (Marcora et al., 2005a) reported 
significant increases in (DXA assessed) LBM, ALM and estimated total body protein (TBP), 
and reductions in %BF, with a trend toward reduced trunk fat (-0.75kg) following 12 weeks 
of high-intensity PRT.  Subsequently, these effects were confirmed by our RCT (Lemmey et 
al., 2009); LBM, ALM (≈1.2kg), and TBP were all significantly increased (p’s=0.002-0.006) 
and total and especially trunk FM (-2.5kg, i.e. 18%) were substantially reduced following 24 
weeks of PRT.  Additionally, Hakkinen et al. (2005) have reported quadriceps femoris 
hypertrophy (p<0.001) and reduced quadriceps subcutaneous fat thickness (p<0.001) in 
female RA patients following 21 weeks of combined PRT and aerobic training. 
Whilst aerobic exercise training, by increasing daily energy expenditure, has been shown to 
be an effective adjunct to restricted energy intake for weight loss in young adults, its efficacy 
in middle aged and elderly individuals is questionable.  This is because sedentary 
individuals of this aged are usually so deconditioned that they are unable to perform 
exercise of sufficient intensity and duration to significantly elevate daily energy expenditure 
(Evans, 1999).  In contrast, in elderly men and women an elevation of approximately 15% in 
resting metabolic rate (RMR) has been observed following 12 weeks PRT as a consequence 
of increased LBM (Campbell et al., 1994).  An increase in RMR of this magnitude is very 
relevant as RMR typically accounts for 60-75% of 24 hr energy expenditure.     
In our PRT studies (Lemmey et al., 2009; Marcora et al., 2005a), the elicited increases in 
muscle mass were significantly associated with improvements in objectively assessed 
physical function (i.e. 30 sec arm curl, 30 sec sit-to-stand, 50’ walk, hand-grip strength, and 
knee extensor strength; tests taken from the Senior Fitness Test (Rikli & Jones, 2001), and 
designed to reflect the ability to perform ADL’s).   Interestingly, the increased muscle mass 
and reduced fat mass in the PRT subjects in our RCT (Lemmey et al., 2009) caused a 
reclassification of the body types of many of these patients.  Wherein, whereas at baseline, 9 
(out of 13) were classified as cachectic, 10 as obese, and 5 as both (i.e. “cachectic-obese”), 
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after 24 weeks of PRT the number of patients in these high disability risk categories (Morley 
et al., 2001) were reduced to 4, 7 and 2, respectively.  Given the reported links between 
adverse body composition and physical disability in RA patients (Giles et al., 2008) and the 
general elderly population (Morley et al., 2001), the positive effects of PRT on function in RA 
patients are anticipated. To emphasise the crucial role played by training intensity, in our 
RCT study (Lemmey et al., 2009) range-of-movement (ROM) exercises (i.e. the form of 
exercise most commonly prescribed for RA patients) were performed by the control group.  
Despite good compliance to the intervention, this low intensity exercise failed to have any 
effect on the various measures of body composition or objective physical function. 

3.3 Impact on mechanisms of rheumatoid cachexia  
As mentioned earlier, the precise mechanisms underlying rheumatoid cachexia have not 
been clarified.  However, an additional insight was provided by Lemmey et al’s RCT (2009).  
In this study diminished muscle levels of insulin-like growth factor-I (mIGF-I) were 
identified in our RA patients.  This finding is consistent with reports of reduced mIGF-I 
levels in other conditions characterised by muscle wasting: chronic heart failure (CHF) 
(Hambrecht et al., 2005), chronic obstructive pulmonary disease (COPD) (Vogiatzis et al., 
2007), chronic renal failure (Macdonald et al., 2004, 2005), and advanced aging (Fiatarone 
Singh et al., 1999); and with the proposed role of mIGF-I in regulating the maintenance of 
adult skeletal muscle (Adams, 2002).  Following 24 weeks PRT, along with muscle 
hypertrophy, mIGF-I levels were observed to increase 50% in our RA patients.  Again, this 
finding of coincident increases in mIGF-I levels and muscle mass in cachectic individuals 
following exercise training is consistent with responses in COPD (Vogiatzis et al., 2007) and 
dialysis (Macdonald et al., 2005) patients, and the frail elderly (Fiatarone Singh et al., 1999); 
and the pivotal role put forward for mIGF-I in muscle’s hypertrophic response to loading 
(Adams, 2002). 

3.4 Responsiveness of RA patients to PRT  
The magnitude of effects of PRT on strength and body composition observed in RA patients  
are similar to those reported for healthy middle-aged or older individuals (e.g. Frontera et 
al., 1991; Morse et al., 2007; Nichols et al., 1993; Pedersen & Saltin, 2006). The study by 
Hakkinen et al. (2005) described previously provides a direct comparison of training 
responses. This investigation  featured female RA patients and age-matched healthy women 
who completed the same 21 week combined resistance and aerobic exercise training 
program, and noted remarkably similar improvements in strength and body composition 
(with regard to both absolute and relative increases in quadriceps femoris cross-section and 
reductions in quadriceps femoris subcutaneous fat thickness) following training. This 
similarity in training response is consistent with recent reports that muscle quality (muscle 
force per size) is not compromised in RA patients (Matschke et al., 2010a, 2010b). In these 
studies, a range of skeletal muscle parameters (e.g. specific force, muscle architecture, co-
activation of antagonist muscles, voluntary activation capacity) were observed to be the 
same for well controlled RA patients, including those classified as cachectic, as for matched 
healthy subjects. This finding that rheumatoid muscle is normal both qualitatively and in its 
response to resistance training is important for health professionals involved in prescribing 
exercise for people with RA.  
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3.5 Effects on bone   
The benefit of weight-bearing and strengthening exercise in maximising and maintaining 
BMD, and reducing the risk of falling by improving strength and balance is well accepted in 
the general population (ACSM, 2010a).  With specific reference to RA, a sedentary lifestyle 
confers a relative risk of 1.6 for low BMD in RA patients, and even moderate physical 
activity has been shown to reduce this risk by 50% (Tourinho et al., 2008).  Additionally, de 
Jong et al. (2004) showed that bone loss at the hip was reduced in RA patients participating 
in the 2 year, high-intensity RAPIT exercise program (median -1.1% vs -1.9% for non-
exercising controls, p<0.05).  Further analysis revealed that these changes in BMD were 
significantly and independently associated with changes in strength and aerobic power, and 
that the high-intensity training had a benefit comparable to that of biphosphonate treatment.  
This finding led the investigators to conclude that intense weight-bearing exercise, including 
PRT, is essential for improving BMD in RA patients.  Similar conclusions were made by 
Hakkinen et al. following their RCT (1999, 2001, 2004a).  In this trial, twelve months PRT by 
RA patients resulted in mean BMD gains of +1.10% at the femoral head and +0.19% at the 
lumbar spine in contrast to losses of -0.03% and -1.14%, respectively, in the ROM controls 
(Hakkinen et al., 1999).  Following a further 12 months PRT, the mean differences between 
the groups increased with the changes in BMD at the femoral head and the lumbar spine 
now +0.51% and +1.17%  for the training group and -0.70% and -0.91%, respectively, for the 
controls (Hakkinen et al., 2001).  These observed trends in BMD were noted again at a 3 year 
follow-up (Hakkinen et al., 2004a).  Whilst the differences between the groups were not 
statistically significant, except for the femoral head at 24 months, it was suggested by the 
authors that such an effect would be substantial and of clinical significance if PRT was 
prolonged and its impact on BMD given longer to accrue. 
Treatments for osteopenia or osteoporosis are judged on their ability to increase BMD, or 
failing that, to minimise bone loss.  Thus, although the evidence from RA patients is limited, 
PRT appears to be as efficacious in this population as it is generally (e.g. Dornemann et al., 
1997; Nelson et al., 1994; Rhodes et al., 2000).   
In RCT’s conducted to evaluate the effect of PRT on BMD in the general population, the 
evidence is compelling that intensity (i.e. loading) is the key variable (see Layne and Nelson, 
2001 for a review).  This is consistent with Wolff’s law which states that the magnitude of 
the stress or mechanical load applied to bone via muscles and tendons directly determines 
the osteogenic response (Chamay & Tschantz, 1972).  The results of Kerr et al. (1996) serve to 
illustrate this.  In this study, post-menopausal women (aged 51-62 years) were randomised 
to either high-intensity (HI) “strength” PRT (high load, low repetitions i.e. 3 sets of 8 
repetitions) or low-intensity (LI) “endurance” PRT (low load, high repetitions i.e. 3 sets of 20 
repetitions).  After training 3x’s/week for 12 months, the HI group had increased femoral 
head and distal radial BMD significantly more than the LI group; with the site-specific gains 
in BMD significantly correlated to the site-specific strength increases.  In patients recovering 
from surgery, strength training has also been shown to be effective in countering 
glucocorticoid-induced bone loss (Braith et al., 1996).  However, as for the general 
population, the greatest benefit of PRT in reducing osteoporotic fractures in RA patents is 
likely to be a consequence of lowering the incidence of falling due to improved strength and 
balance (Layne and Nelson, 2001; Nelson et al., 1994; Vanderhoek et al., 2000).  With regards 
to the suitability of high-intensity PRT for individuals with low BMD; Vanderhoek et al. 
(2000) specifically chose osteopenic or osteoporotic elderly women (mean±sd; age = 69.0±1.3 
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after 24 weeks of PRT the number of patients in these high disability risk categories (Morley 
et al., 2001) were reduced to 4, 7 and 2, respectively.  Given the reported links between 
adverse body composition and physical disability in RA patients (Giles et al., 2008) and the 
general elderly population (Morley et al., 2001), the positive effects of PRT on function in RA 
patients are anticipated. To emphasise the crucial role played by training intensity, in our 
RCT study (Lemmey et al., 2009) range-of-movement (ROM) exercises (i.e. the form of 
exercise most commonly prescribed for RA patients) were performed by the control group.  
Despite good compliance to the intervention, this low intensity exercise failed to have any 
effect on the various measures of body composition or objective physical function. 

3.3 Impact on mechanisms of rheumatoid cachexia  
As mentioned earlier, the precise mechanisms underlying rheumatoid cachexia have not 
been clarified.  However, an additional insight was provided by Lemmey et al’s RCT (2009).  
In this study diminished muscle levels of insulin-like growth factor-I (mIGF-I) were 
identified in our RA patients.  This finding is consistent with reports of reduced mIGF-I 
levels in other conditions characterised by muscle wasting: chronic heart failure (CHF) 
(Hambrecht et al., 2005), chronic obstructive pulmonary disease (COPD) (Vogiatzis et al., 
2007), chronic renal failure (Macdonald et al., 2004, 2005), and advanced aging (Fiatarone 
Singh et al., 1999); and with the proposed role of mIGF-I in regulating the maintenance of 
adult skeletal muscle (Adams, 2002).  Following 24 weeks PRT, along with muscle 
hypertrophy, mIGF-I levels were observed to increase 50% in our RA patients.  Again, this 
finding of coincident increases in mIGF-I levels and muscle mass in cachectic individuals 
following exercise training is consistent with responses in COPD (Vogiatzis et al., 2007) and 
dialysis (Macdonald et al., 2005) patients, and the frail elderly (Fiatarone Singh et al., 1999); 
and the pivotal role put forward for mIGF-I in muscle’s hypertrophic response to loading 
(Adams, 2002). 

3.4 Responsiveness of RA patients to PRT  
The magnitude of effects of PRT on strength and body composition observed in RA patients  
are similar to those reported for healthy middle-aged or older individuals (e.g. Frontera et 
al., 1991; Morse et al., 2007; Nichols et al., 1993; Pedersen & Saltin, 2006). The study by 
Hakkinen et al. (2005) described previously provides a direct comparison of training 
responses. This investigation  featured female RA patients and age-matched healthy women 
who completed the same 21 week combined resistance and aerobic exercise training 
program, and noted remarkably similar improvements in strength and body composition 
(with regard to both absolute and relative increases in quadriceps femoris cross-section and 
reductions in quadriceps femoris subcutaneous fat thickness) following training. This 
similarity in training response is consistent with recent reports that muscle quality (muscle 
force per size) is not compromised in RA patients (Matschke et al., 2010a, 2010b). In these 
studies, a range of skeletal muscle parameters (e.g. specific force, muscle architecture, co-
activation of antagonist muscles, voluntary activation capacity) were observed to be the 
same for well controlled RA patients, including those classified as cachectic, as for matched 
healthy subjects. This finding that rheumatoid muscle is normal both qualitatively and in its 
response to resistance training is important for health professionals involved in prescribing 
exercise for people with RA.  
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3.5 Effects on bone   
The benefit of weight-bearing and strengthening exercise in maximising and maintaining 
BMD, and reducing the risk of falling by improving strength and balance is well accepted in 
the general population (ACSM, 2010a).  With specific reference to RA, a sedentary lifestyle 
confers a relative risk of 1.6 for low BMD in RA patients, and even moderate physical 
activity has been shown to reduce this risk by 50% (Tourinho et al., 2008).  Additionally, de 
Jong et al. (2004) showed that bone loss at the hip was reduced in RA patients participating 
in the 2 year, high-intensity RAPIT exercise program (median -1.1% vs -1.9% for non-
exercising controls, p<0.05).  Further analysis revealed that these changes in BMD were 
significantly and independently associated with changes in strength and aerobic power, and 
that the high-intensity training had a benefit comparable to that of biphosphonate treatment.  
This finding led the investigators to conclude that intense weight-bearing exercise, including 
PRT, is essential for improving BMD in RA patients.  Similar conclusions were made by 
Hakkinen et al. following their RCT (1999, 2001, 2004a).  In this trial, twelve months PRT by 
RA patients resulted in mean BMD gains of +1.10% at the femoral head and +0.19% at the 
lumbar spine in contrast to losses of -0.03% and -1.14%, respectively, in the ROM controls 
(Hakkinen et al., 1999).  Following a further 12 months PRT, the mean differences between 
the groups increased with the changes in BMD at the femoral head and the lumbar spine 
now +0.51% and +1.17%  for the training group and -0.70% and -0.91%, respectively, for the 
controls (Hakkinen et al., 2001).  These observed trends in BMD were noted again at a 3 year 
follow-up (Hakkinen et al., 2004a).  Whilst the differences between the groups were not 
statistically significant, except for the femoral head at 24 months, it was suggested by the 
authors that such an effect would be substantial and of clinical significance if PRT was 
prolonged and its impact on BMD given longer to accrue. 
Treatments for osteopenia or osteoporosis are judged on their ability to increase BMD, or 
failing that, to minimise bone loss.  Thus, although the evidence from RA patients is limited, 
PRT appears to be as efficacious in this population as it is generally (e.g. Dornemann et al., 
1997; Nelson et al., 1994; Rhodes et al., 2000).   
In RCT’s conducted to evaluate the effect of PRT on BMD in the general population, the 
evidence is compelling that intensity (i.e. loading) is the key variable (see Layne and Nelson, 
2001 for a review).  This is consistent with Wolff’s law which states that the magnitude of 
the stress or mechanical load applied to bone via muscles and tendons directly determines 
the osteogenic response (Chamay & Tschantz, 1972).  The results of Kerr et al. (1996) serve to 
illustrate this.  In this study, post-menopausal women (aged 51-62 years) were randomised 
to either high-intensity (HI) “strength” PRT (high load, low repetitions i.e. 3 sets of 8 
repetitions) or low-intensity (LI) “endurance” PRT (low load, high repetitions i.e. 3 sets of 20 
repetitions).  After training 3x’s/week for 12 months, the HI group had increased femoral 
head and distal radial BMD significantly more than the LI group; with the site-specific gains 
in BMD significantly correlated to the site-specific strength increases.  In patients recovering 
from surgery, strength training has also been shown to be effective in countering 
glucocorticoid-induced bone loss (Braith et al., 1996).  However, as for the general 
population, the greatest benefit of PRT in reducing osteoporotic fractures in RA patents is 
likely to be a consequence of lowering the incidence of falling due to improved strength and 
balance (Layne and Nelson, 2001; Nelson et al., 1994; Vanderhoek et al., 2000).  With regards 
to the suitability of high-intensity PRT for individuals with low BMD; Vanderhoek et al. 
(2000) specifically chose osteopenic or osteoporotic elderly women (mean±sd; age = 69.0±1.3 
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years) for 32 weeks of HI PRT in which they performed 3 sets of 8 repetitions at 75-80% of 1-
repetition maximum (1-RM, i.e. the maximum load that can be correctly lifted for a given 
exercise) for each exercise.  As anticipated, this high intensity PRT resulted in substantial, 
and correlated, improvements in strength and balance.   More importantly, it also proved to 
be well tolerated and safe with no compression fractures or other training related injuries 
observed.   

3.6 Safety of PRT for RA patients   
For many years, intensive weight-bearing exercise was considered inappropriate for RA 
patients due to concern that this unaccustomed stress on the joints would exacerbate 
inflammation, pain, and joint damage (e.g. Sutej & Hadler, 1991).  Even today, many 
rheumatologists and their multidisciplinary teams retain these anachronistic beliefs and 
advise patients to avoid strenuous physical pursuits in order to protect their joints and 
conserve their energy (i.e. the strategy of “pacing”) (for further discussion on this see 
Metsios et al., 2007; Munneke et al., 2004).  This is despite the unanimity of research 
findings that exercise training, including resistance training (Table 1), irrespective of the 
intensity employed, is safe in RA patients.  In fact, although most studies report no 
changes in disease activity following resistance training, findings of improvements are not 
uncommon; e.g. reductions in: erythrocyte sedimentation rate (ESR; Hakkinen et al., 1994, 
1997, 1999), morning stiffness (Ekdahl et al., 1990), number of tender and swollen joints 
(Ritchie articular index; Ekdahl et al., 1990; Hakkinen et al., 1994, 1997; van den Ende et 
al., 1996),  self-reported joint count (Komatireddy et al., 1997), pain (Komatireddy et al., 
1997; McMeeken et al., 1999; Rall et al., 1996b), and Disease Activity Score (DAS28, DAS4; 
Hakkinen et al., 1999, 2001, 2004a).  High-intensity exercise even appears to be safe in 
patients with active disease; van den Ende et al. (2000) randomly allocated RA patients 
admitted to hospital for RA flares to perform either HI exercise (isokinetic and isometric 
strength training) or LI exercise (ROM and isometric exercises).  After 24 weeks of training 
(3x’s/week), improvements in DAS were observed for both groups with a trend toward 
greater improvement in the HI patients. 
Adherence to PRT over prolonged periods also provides no cause for concern.  Hakkinen et 
al. (2001) in an RCT comparing 2 years of strength training to conventional physiotherapy 
(ROM exercises), found that although DAS28 improved significantly for both groups, the 
strength training group enjoyed greater benefit.  Similarly, de Jong et al. (2003) in their 2 
year RCT (the RAPIT trial) also identified reductions in disease activity (DAS4) in their HI 
exercise (including strength training) group; albeit, this time with no difference between the 
exercise and control (“usual care”) groups. 
In a broader investigation of immune responses to PRT in RA patients, Rall et al. (1996c) 
detected no effects of 12 weeks HI training on peripheral blood mononuclear (PBMC) 
subpopulations, or stimulated proliferation of TNF-α, interleukin (IL)-1β, IL-2, IL-6, or 
prostaglandin E2, or delayed type hypersensitivity skin response. 
Although reassuring effects on joint counts, systemic inflammation, pain, and more 
generalised disease activity are provided by studies of strength training interventions in RA 
patients, relatively few studies have assessed the effects of training on radiographic joint 
damage.  An exception to this was the RAPIT trial.  Initially, reports from this investigation 
(de Jong et al., 2003; Munneke et al., 2005) raised concerns by suggesting that high intensity 
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exercise exacerbated joint damage progression in large joints with extensive pre-existing 
damage.  Results from an 18 month follow-up study (de Jong et al., 2009), however, have 
seen the investigators retract this conclusion.  Instead, they are now confident that long-
term, intense weight-bearing exercise does not cause further damage to large joints, even 
those already extensively damaged.  This revised interpretation thus accords with the 
verdict they had previously made with regard to the small joints of the hands and feet (de 
Jong et al., 2003).  This general conclusion of training not increasing radiological progression 
of joint damage agrees with the findings of others (Hakkinen et al., 1994, 2001, 2004b; 
Nordemar et al., 1981).  In the earliest of these studies, Nordemar et al. (1981) found that RA 
patients who had performed 4-8 years of resistance exercises for the legs had reduced joint 
damage in these limbs relative to non-exercising disease-matched controls.  Whilst in the 
other studies, all by Hakkinen’s group (1994, 2001, 2004b), no acceleration in joint damage 
was detected by x-ray in RA patients performing long-term (up to 5 years; Hakkinen et al., 
2004b), regular, HI PRT relative to patients receiving standard care. 

4. Fundamentals of PRT prescription for RA patients 
“The key factor to successful resistance training at any level of fitness or age is 
appropriate program design” (Kraemer & Ratamess, 2004); and this requires that specific 
needs and goals are addressed.  For RA patients generally, the needs a PRT program 
should address are: counteracting rheumatoid cachexia by restoring muscle mass and 
reducing adiposity (especially central stores); augmenting strength and thus improving 
physical function and the ability to perform ADL’s; and lowering osteoporotic fracture 
risk by stabilizing or increasing bone mass and reducing the likelihood of falling by 
enhancing strength and balance.  In specifying these aims, the intention is not to ignore 
the numerous generic benefits of exercise training such as reduced CVD risk, improved 
insulin-sensitivity, decreased risk of specific cancers, enhanced mood and mental health 
etc., but to concentrate on those aspects of RA-specific health for which PRT is particularly 
appropriate.  Additionally, individuals may also have personal goals and these should be 
taken into account when designing the training program.  Since untrained individuals 
readily respond physiologically to most protocols, it is unnecessary to devise complicated 
or advanced programs.   
To maximise the health and performance benefits, and to best ensure safety, it is important 
that appropriately qualified professionals are involved in designing the PRT program and, 
for the initial weeks at least, in supervising training.  The following training 
recommendations are all consistent with guidelines provided by the ACR (2022, 2006), 
EULAR (Combe et al., 2007), ACSM (1998, 2010a-e) and AHA (Williams et al., 2007) either 
for RA specifically or for the co-morbid conditions common in RA, and by the WHO (2008) 
“for promoting and maintaining health” in the general population.   As with most exercise 
programs, these guidelines are based on the FITT principle: frequency, intensity, time (or 
volume), and type (or modality) (ACSM, 2010e). 

4.1 Frequency   
It is generally recommended that strength training is performed 2-3 days a week with at 
least 48 hours rest between sessions (Evans, 1999; Hass et al., 2001; Kraemer & Ratamess, 
2004). Training on alternate days allows adequate time for recovery and adaptation, and this 
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years) for 32 weeks of HI PRT in which they performed 3 sets of 8 repetitions at 75-80% of 1-
repetition maximum (1-RM, i.e. the maximum load that can be correctly lifted for a given 
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be well tolerated and safe with no compression fractures or other training related injuries 
observed.   
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patients due to concern that this unaccustomed stress on the joints would exacerbate 
inflammation, pain, and joint damage (e.g. Sutej & Hadler, 1991).  Even today, many 
rheumatologists and their multidisciplinary teams retain these anachronistic beliefs and 
advise patients to avoid strenuous physical pursuits in order to protect their joints and 
conserve their energy (i.e. the strategy of “pacing”) (for further discussion on this see 
Metsios et al., 2007; Munneke et al., 2004).  This is despite the unanimity of research 
findings that exercise training, including resistance training (Table 1), irrespective of the 
intensity employed, is safe in RA patients.  In fact, although most studies report no 
changes in disease activity following resistance training, findings of improvements are not 
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1997; McMeeken et al., 1999; Rall et al., 1996b), and Disease Activity Score (DAS28, DAS4; 
Hakkinen et al., 1999, 2001, 2004a).  High-intensity exercise even appears to be safe in 
patients with active disease; van den Ende et al. (2000) randomly allocated RA patients 
admitted to hospital for RA flares to perform either HI exercise (isokinetic and isometric 
strength training) or LI exercise (ROM and isometric exercises).  After 24 weeks of training 
(3x’s/week), improvements in DAS were observed for both groups with a trend toward 
greater improvement in the HI patients. 
Adherence to PRT over prolonged periods also provides no cause for concern.  Hakkinen et 
al. (2001) in an RCT comparing 2 years of strength training to conventional physiotherapy 
(ROM exercises), found that although DAS28 improved significantly for both groups, the 
strength training group enjoyed greater benefit.  Similarly, de Jong et al. (2003) in their 2 
year RCT (the RAPIT trial) also identified reductions in disease activity (DAS4) in their HI 
exercise (including strength training) group; albeit, this time with no difference between the 
exercise and control (“usual care”) groups. 
In a broader investigation of immune responses to PRT in RA patients, Rall et al. (1996c) 
detected no effects of 12 weeks HI training on peripheral blood mononuclear (PBMC) 
subpopulations, or stimulated proliferation of TNF-α, interleukin (IL)-1β, IL-2, IL-6, or 
prostaglandin E2, or delayed type hypersensitivity skin response. 
Although reassuring effects on joint counts, systemic inflammation, pain, and more 
generalised disease activity are provided by studies of strength training interventions in RA 
patients, relatively few studies have assessed the effects of training on radiographic joint 
damage.  An exception to this was the RAPIT trial.  Initially, reports from this investigation 
(de Jong et al., 2003; Munneke et al., 2005) raised concerns by suggesting that high intensity 
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exercise exacerbated joint damage progression in large joints with extensive pre-existing 
damage.  Results from an 18 month follow-up study (de Jong et al., 2009), however, have 
seen the investigators retract this conclusion.  Instead, they are now confident that long-
term, intense weight-bearing exercise does not cause further damage to large joints, even 
those already extensively damaged.  This revised interpretation thus accords with the 
verdict they had previously made with regard to the small joints of the hands and feet (de 
Jong et al., 2003).  This general conclusion of training not increasing radiological progression 
of joint damage agrees with the findings of others (Hakkinen et al., 1994, 2001, 2004b; 
Nordemar et al., 1981).  In the earliest of these studies, Nordemar et al. (1981) found that RA 
patients who had performed 4-8 years of resistance exercises for the legs had reduced joint 
damage in these limbs relative to non-exercising disease-matched controls.  Whilst in the 
other studies, all by Hakkinen’s group (1994, 2001, 2004b), no acceleration in joint damage 
was detected by x-ray in RA patients performing long-term (up to 5 years; Hakkinen et al., 
2004b), regular, HI PRT relative to patients receiving standard care. 

4. Fundamentals of PRT prescription for RA patients 
“The key factor to successful resistance training at any level of fitness or age is 
appropriate program design” (Kraemer & Ratamess, 2004); and this requires that specific 
needs and goals are addressed.  For RA patients generally, the needs a PRT program 
should address are: counteracting rheumatoid cachexia by restoring muscle mass and 
reducing adiposity (especially central stores); augmenting strength and thus improving 
physical function and the ability to perform ADL’s; and lowering osteoporotic fracture 
risk by stabilizing or increasing bone mass and reducing the likelihood of falling by 
enhancing strength and balance.  In specifying these aims, the intention is not to ignore 
the numerous generic benefits of exercise training such as reduced CVD risk, improved 
insulin-sensitivity, decreased risk of specific cancers, enhanced mood and mental health 
etc., but to concentrate on those aspects of RA-specific health for which PRT is particularly 
appropriate.  Additionally, individuals may also have personal goals and these should be 
taken into account when designing the training program.  Since untrained individuals 
readily respond physiologically to most protocols, it is unnecessary to devise complicated 
or advanced programs.   
To maximise the health and performance benefits, and to best ensure safety, it is important 
that appropriately qualified professionals are involved in designing the PRT program and, 
for the initial weeks at least, in supervising training.  The following training 
recommendations are all consistent with guidelines provided by the ACR (2022, 2006), 
EULAR (Combe et al., 2007), ACSM (1998, 2010a-e) and AHA (Williams et al., 2007) either 
for RA specifically or for the co-morbid conditions common in RA, and by the WHO (2008) 
“for promoting and maintaining health” in the general population.   As with most exercise 
programs, these guidelines are based on the FITT principle: frequency, intensity, time (or 
volume), and type (or modality) (ACSM, 2010e). 

4.1 Frequency   
It is generally recommended that strength training is performed 2-3 days a week with at 
least 48 hours rest between sessions (Evans, 1999; Hass et al., 2001; Kraemer & Ratamess, 
2004). Training on alternate days allows adequate time for recovery and adaptation, and this 
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is particularly important for untrained and/or elderly individuals (Hakkinen, 1995).  Whilst 
there are benefits for highly trained individuals in training more frequently (e.g. daily), for 
the previously untrained there is insufficient additional training gain to justify the reduction 
in the recovery period and the additional time commitment (ACSM, 1998; Demichele et al., 
1997).  For example, Demichele et al. (1997) found that training twice a week elicited 80-90% 
of the strength gain achieved when training more frequently.  In addition to facilitating 
recovery, limiting PRT sessions to 2-3 times per week should also enhance adherence to the 
training program, as  “insufficient time” is a common reason for not commencing or 
dropping out of exercise programs (Dishman, 1994).   
In healthy individuals it appears that once the training effects of PRT have been established 
(after 8-12 weeks training), that training once per week, perhaps even once fortnightly is 
sufficient to maintain these benefits (Graves et al., 1990).  A similar maintenance training 
frequency seems to be appropriate for RA patients, as in the RAPIT study (de Jong et al., 
2009), strength gains following 2 years of twice weekly HI training (including strength 
training) were maintained by patients who continued exercising once/week for the 
subsequent 18 months, but completely lost by those who stopped exercising.  . 

4.2 Intensity   
To maximise improvements in strength and muscle hypertrophy, it is necessary to recruit 
the maximal number of motor unit; and since the high-threshold motor units may not be 
activated by light-to-moderate loads, it is essential to use heavy loads to ensure activation 
of all motor units. Thus, maximal or near maximal loads elicit the greatest gains in 
strength and muscle mass (Fleck & Kraemer, 1997). Additionally, as mentioned previously 
bone also responds most favourably to heavy loading (e.g. Chamay & Tschantz, 1972; 
Kerr et al., 1996).   
In resistance training, intensity is determined by the percentage of the 1-RM a load (weight) 
corresponds to.  Although improvements in strength and muscle mass in previously 
untrained subjects have been demonstrated following training with loads of 50% 1-RM, 
multiple studies have shown that loads of ≥ 80% 1-RM are optimal for increasing strength 
and inducing muscle hypertrophy (e.g. ACSM, 1998; Evans, 1999; Hass et al., 2001; Kraemer 
& Ratamess, 2004).  For untrained subjects and clinical populations aiming to enhance 
strength and muscle mass, an intensity of 80% 1-RM is generally prescribed, with higher 
intensities usually the preserve of competition athletes.  For 80% 1-RM, 6-12 repetitions or 
lifts are usually possible.  If less than 6 repetitions can be performed then the weight is too 
heavy, and if more than 12 repetitions can be achieved then the weight is too light.  It should 
be noted that even when the relative intensity is fixed (e.g. 80% 1-RM), the maximum 
number of repetitions that can be performed varies both between individuals and for a 
given individual performing different exercises (Hoeger et al., 1987).  
It is absolutely crucial that for untrained individuals, intensity at the commencement of PRT, 
should start low and progress slowly to allow the musculo-skeletal system sufficient time to 
adapt to the (unaccustomed) demands of training.  For example, in our RCT (Lemmey et al., 
2009), although the aim was for patients to eventually perform 3 sets of 8-12 repetitions at 
80% 1-RM, (primarily to reduce muscle soreness) training was initially performed at much 
lower intensities.  Thus, one set of 15 repetitions at 60% 1-RM was performed for each 
exercise in the first week, increasing to 2 sets at the same intensity in the second week and 3 
sets at the same intensity in the third week.  Intensity then increased to 70% 1-RM (12 
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repetitions per set) for weeks 4-6.  Before finally progressing to 8 repetitions per set at 80% 1-
RM for weeks 7-24 (note: to ensure maintenance of relative intensities, 1-RM’s were 
reassessed every 4 weeks).    By adhering to this protocol substantial training benefits were 
gained (e.g. increased LM and improvements of 119% in training specific strength), with no 
occurrences of training related injuries or dropouts from the program.  

4.3 Time (volume)   
With PRT, training volume is defined as the product of:  number of exercises x number of 
sets per exercise x number of repetitions per set.  Thus, training volume can be manipulated 
by altering any of these variables.  It needs to be stated that there is no “magic number” for 
any of these variables; and if there was it would no doubt vary from individual to 
individual, and vary again within an individual for each exercise performed.   
With regard to the number of exercises; to maximise muscle hypertrophy and to facilitate 
improvement in the performance of ADL’s, resistance training should involve the whole-
body.  Thus, 6-10 exercises each involving large muscle groups are usually prescribed (e.g. 
1) leg press; 2) chest press; 3) leg extension; 4) seated rowing; 5) leg curl; 6) triceps 
extensions; 7) abdominal crunches/curls; 8) standing calf raises; 9) bicep curl (Lemmey et 
al., 2009; Marcora et al., 2005a).  
Numerous studies have tried to determine the optimal number of sets per exercise, with 
comparisons of all permutations from one to 6 sets made, but no single number has 
consistently emerged as the best (e.g. Campos et al., 2002; Kraemer, 1997).  When enhanced 
health and general function is the principle aim of training, for both healthy and clinical 
populations, 2 or 3 sets are usually prescribed (e.g. ACR, 2002, 2006; ACSM, 2010a-d; Combe 
et al., 2007; WHO, 2008, Williams et al., 2007).  And for novice trainers, both 2 and 3 sets are 
very effective in eliciting training effects, with controversy persisting as to whether 
performing 3 sets delivers substantially better returns than performing 2 sets (Ostrowski et 
al., 1997).  Of recent interest is the efficacy of single-set programs.  In a number of studies 
one set of 8-12 repetitions performed to voluntary failure has, in previously untrained 
subjects, produced training gains comparable to those of conventional multiple set 
programs (ACSM, 1998); although there is disagreement with this finding (Paulsen et al., 
2003), particularly in trained individuals (Kraemer, 1997).  Even if single-set protocols are 
marginally less effective than multi-set programs, the time efficiency of the former may 
result in better training compliance, as programs that require in excess of 1 hour per session 
have higher dropout rates (Pollock, 1988).  Thus, if time constraint is an important 
consideration, and especially if the patient wants to additionally perform aerobic training, 
the use of single-set protocols should be considered as, provided the intensity is sufficient, 
these will certainly produce beneficial responses (Hass et al., 2001). 
Another variable that can be manipulated is the duration of the rest period between sets.  
Researchers have found that short rest periods (≤1 min) elicit more pronounced muscle 
hypertrophy (Kraemer, 1997) whilst longer rest periods (2-5 min) produce greater strength 
gains (ACSM, 2002).  These differing effects have been attributed to the extent of ATP-PC 
(phosphagen system) repletion (Kraemer & Ratamess, 2004); hence, for maximal strength 
gains complete restoration of ATP-PC is required to enable maximal lifts, whereas 
incomplete restoration results in metabolic, hormonal, and CV responses that facilitate 
hypertrophy (Kraemer, 1997; Kraemer et al., 1987, 1991).  Not surprisingly, body builders 



 
Rheumatoid Arthritis – Treatment 298 

is particularly important for untrained and/or elderly individuals (Hakkinen, 1995).  Whilst 
there are benefits for highly trained individuals in training more frequently (e.g. daily), for 
the previously untrained there is insufficient additional training gain to justify the reduction 
in the recovery period and the additional time commitment (ACSM, 1998; Demichele et al., 
1997).  For example, Demichele et al. (1997) found that training twice a week elicited 80-90% 
of the strength gain achieved when training more frequently.  In addition to facilitating 
recovery, limiting PRT sessions to 2-3 times per week should also enhance adherence to the 
training program, as  “insufficient time” is a common reason for not commencing or 
dropping out of exercise programs (Dishman, 1994).   
In healthy individuals it appears that once the training effects of PRT have been established 
(after 8-12 weeks training), that training once per week, perhaps even once fortnightly is 
sufficient to maintain these benefits (Graves et al., 1990).  A similar maintenance training 
frequency seems to be appropriate for RA patients, as in the RAPIT study (de Jong et al., 
2009), strength gains following 2 years of twice weekly HI training (including strength 
training) were maintained by patients who continued exercising once/week for the 
subsequent 18 months, but completely lost by those who stopped exercising.  . 

4.2 Intensity   
To maximise improvements in strength and muscle hypertrophy, it is necessary to recruit 
the maximal number of motor unit; and since the high-threshold motor units may not be 
activated by light-to-moderate loads, it is essential to use heavy loads to ensure activation 
of all motor units. Thus, maximal or near maximal loads elicit the greatest gains in 
strength and muscle mass (Fleck & Kraemer, 1997). Additionally, as mentioned previously 
bone also responds most favourably to heavy loading (e.g. Chamay & Tschantz, 1972; 
Kerr et al., 1996).   
In resistance training, intensity is determined by the percentage of the 1-RM a load (weight) 
corresponds to.  Although improvements in strength and muscle mass in previously 
untrained subjects have been demonstrated following training with loads of 50% 1-RM, 
multiple studies have shown that loads of ≥ 80% 1-RM are optimal for increasing strength 
and inducing muscle hypertrophy (e.g. ACSM, 1998; Evans, 1999; Hass et al., 2001; Kraemer 
& Ratamess, 2004).  For untrained subjects and clinical populations aiming to enhance 
strength and muscle mass, an intensity of 80% 1-RM is generally prescribed, with higher 
intensities usually the preserve of competition athletes.  For 80% 1-RM, 6-12 repetitions or 
lifts are usually possible.  If less than 6 repetitions can be performed then the weight is too 
heavy, and if more than 12 repetitions can be achieved then the weight is too light.  It should 
be noted that even when the relative intensity is fixed (e.g. 80% 1-RM), the maximum 
number of repetitions that can be performed varies both between individuals and for a 
given individual performing different exercises (Hoeger et al., 1987).  
It is absolutely crucial that for untrained individuals, intensity at the commencement of PRT, 
should start low and progress slowly to allow the musculo-skeletal system sufficient time to 
adapt to the (unaccustomed) demands of training.  For example, in our RCT (Lemmey et al., 
2009), although the aim was for patients to eventually perform 3 sets of 8-12 repetitions at 
80% 1-RM, (primarily to reduce muscle soreness) training was initially performed at much 
lower intensities.  Thus, one set of 15 repetitions at 60% 1-RM was performed for each 
exercise in the first week, increasing to 2 sets at the same intensity in the second week and 3 
sets at the same intensity in the third week.  Intensity then increased to 70% 1-RM (12 
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repetitions per set) for weeks 4-6.  Before finally progressing to 8 repetitions per set at 80% 1-
RM for weeks 7-24 (note: to ensure maintenance of relative intensities, 1-RM’s were 
reassessed every 4 weeks).    By adhering to this protocol substantial training benefits were 
gained (e.g. increased LM and improvements of 119% in training specific strength), with no 
occurrences of training related injuries or dropouts from the program.  

4.3 Time (volume)   
With PRT, training volume is defined as the product of:  number of exercises x number of 
sets per exercise x number of repetitions per set.  Thus, training volume can be manipulated 
by altering any of these variables.  It needs to be stated that there is no “magic number” for 
any of these variables; and if there was it would no doubt vary from individual to 
individual, and vary again within an individual for each exercise performed.   
With regard to the number of exercises; to maximise muscle hypertrophy and to facilitate 
improvement in the performance of ADL’s, resistance training should involve the whole-
body.  Thus, 6-10 exercises each involving large muscle groups are usually prescribed (e.g. 
1) leg press; 2) chest press; 3) leg extension; 4) seated rowing; 5) leg curl; 6) triceps 
extensions; 7) abdominal crunches/curls; 8) standing calf raises; 9) bicep curl (Lemmey et 
al., 2009; Marcora et al., 2005a).  
Numerous studies have tried to determine the optimal number of sets per exercise, with 
comparisons of all permutations from one to 6 sets made, but no single number has 
consistently emerged as the best (e.g. Campos et al., 2002; Kraemer, 1997).  When enhanced 
health and general function is the principle aim of training, for both healthy and clinical 
populations, 2 or 3 sets are usually prescribed (e.g. ACR, 2002, 2006; ACSM, 2010a-d; Combe 
et al., 2007; WHO, 2008, Williams et al., 2007).  And for novice trainers, both 2 and 3 sets are 
very effective in eliciting training effects, with controversy persisting as to whether 
performing 3 sets delivers substantially better returns than performing 2 sets (Ostrowski et 
al., 1997).  Of recent interest is the efficacy of single-set programs.  In a number of studies 
one set of 8-12 repetitions performed to voluntary failure has, in previously untrained 
subjects, produced training gains comparable to those of conventional multiple set 
programs (ACSM, 1998); although there is disagreement with this finding (Paulsen et al., 
2003), particularly in trained individuals (Kraemer, 1997).  Even if single-set protocols are 
marginally less effective than multi-set programs, the time efficiency of the former may 
result in better training compliance, as programs that require in excess of 1 hour per session 
have higher dropout rates (Pollock, 1988).  Thus, if time constraint is an important 
consideration, and especially if the patient wants to additionally perform aerobic training, 
the use of single-set protocols should be considered as, provided the intensity is sufficient, 
these will certainly produce beneficial responses (Hass et al., 2001). 
Another variable that can be manipulated is the duration of the rest period between sets.  
Researchers have found that short rest periods (≤1 min) elicit more pronounced muscle 
hypertrophy (Kraemer, 1997) whilst longer rest periods (2-5 min) produce greater strength 
gains (ACSM, 2002).  These differing effects have been attributed to the extent of ATP-PC 
(phosphagen system) repletion (Kraemer & Ratamess, 2004); hence, for maximal strength 
gains complete restoration of ATP-PC is required to enable maximal lifts, whereas 
incomplete restoration results in metabolic, hormonal, and CV responses that facilitate 
hypertrophy (Kraemer, 1997; Kraemer et al., 1987, 1991).  Not surprisingly, body builders 
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favour programs which feature short rest periods, whilst strength and power athletes 
generally employ longer rest intervals.  Whether these differential effects of rest period 
duration also operate in middle-aged and elderly previously untrained exercisers is unclear.  
As such, and given that training benefit is unlikely to be significantly compromised but 
training time will be markedly reduced if short rest periods are preferred to long rest 
periods, allocation of 1-2 min rest between sets appears optimal. 

4.4 Type (modality)   
For safety, training on  resistance machines with incremental weight stacks rather than using 
free weights is recommended (ACR, 2002; Pollock et al., 2000).  Machines are also easier and 
quicker to set up.  On the other hand, free weights allow more variety in the exercises 
performed and are better able to simulate ADL’s.  As mentioned previously, an optimal PRT 
program will feature exercises that collectively involve all the major joints and muscle 
groups.  Such whole-body programs, as well as being more effective in increasing overall 
strength and muscle hypertrophy, also produce significant improvements in aerobic 
capacity (VO2max) and endurance performance.  For example, Vincent et al. (2000) noted 
that 6 months whole-body PRT increased peak VO2 by 22% and treadmill time to exhaustion 
by 26% in elderly (60-85 years) men and women.  Similarly, 10-12 weeks of HI PRT has been 
shown to improve time to exhaustion while cycling (47%), running (12%) and walking (38%) 
(Ades et al., 1996; Hickson et al., 1980). 
Exercises should be performed rhythmically, in a slow, controlled movement (≈2 secs to lift 
and ≈4 secs to lower the weight) and, to avoid a Valsalva’s manoeuvre and the resultant 
rises in blood pressure (BP), breathing should be continuous.  When proper technique is 
observed, systolic BP during weight lifting is considerably lower than it is during aerobic 
exercise of similar intensity, and CV stress is minimal (Pollock et al., 2000).  Naturally, with 
RA patients attention to affected joints is essential and joint pain, instability, poor 
proprioception, or reduced ROM may necessitate modification or substitution of prescribed 
exercises (ACSM, 2010c).   

4.5 Progression   
Gains in strength are usually rapid and substantial following commencement of PRT, with 
10-15% increases in strength typically observed each week for the first 8 weeks of training in 
healthy, previously untrained individuals (Evans, 1999).  Initially these improvements are 
due to enhanced neural factors i.e. improved motor unit recruitment, firing rate and 
synchronisation (Sale, 2003), with muscle hypertrophy contributing from about week 4 
onwards (Sale, 2003).  In order to maintain the maximal muscle fibre recruitment necessary 
for optimal increases in strength and muscle hypertrophy to occur, progressively higher 
loads need to be lifted.  This increase in resistance (in accordance with increases in strength) 
to maintain a constant relative intensity is termed “progressive overload”, and is a 
fundamental principle of all exercise training regimes.   
Whilst marked responses to training are expected in untrained or deconditioned 
individuals, after an extended period of training the “law of diminishing returns” applies  
i.e. as an individual’s fitness improves and he/she approaches their genetic ceiling it 
becomes harder to achieve further fitness gains.  Consequently, when PRT is prolonged, 
plateaus in training response should be anticipated.  The usual way of dealing with this 
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situation is to manipulate the training program variables (types of exercises, training 
intensity, number of sets and/or repetitions, rest period between sets), so that the body is 
challenged by an unfamiliar training stimulus. 

4.6 Exclusion criteria and further recommendations   
As discussed previously, appropriately designed PRT is safe, and well tolerated by males 
and females of all ages and most conditions, including RA (ACSM, 1998).  In the 
recommendations made by the AHA regarding resistance training for patients with and 
without CVD (Pollock et al., 2000), the contraindications to PRT are: unstable angina, 
uncontrolled hypertension (≥160/100 mm Hg), recent and untreated episodes of congestive 
heart failure, uncontrolled dysrhythmias, severe stenotic or regurgitant valvular disease, 
and hypertrophic cardiomyopathy.  Additionally, for low to moderate risk cardiac patients 
wanting to participate in PRT programs, they suggest preliminary aerobic exercise training 
for 2-4 weeks (Pollock et al., 2000).  Overall, however, they concluded that “resistance 
training exercise is strongly recommended for implementation in primary and secondary 
cardiovascular disease-prevention programs”  and “…is particularly beneficial for 
improving the function of most cardiac, frail, and elderly patients”( Pollock et al., 2000).  In 
part, this is because increased strength reduces the myocardial demands (i.e. heart rate and 
BP) when patients perform ADL’s because the task requires a lower percentage of functional 
capacity (McCartney et al., 1993).   
Caution must be taken when prescribing PRT to severely osteoporotic patients, with high-
intensity exercise to be avoided (ACSM, 2010a).  In the case of these patients, specialist 
advice with regard to exercise should be sought. 
Despite the apparently beneficial consequences of training during acute flares shown by 
Van den Ende et al. (2000), we discourage training during flares.  Similarly, as healthy 
individuals should be advised, we also discourage training during illness (e.g. colds, 
influenza etc), and tell patients to only resume training when health is restored.  Upon 
resumption of training, loads should be adjusted to account for loss of strength due to 
detraining.  Under these circumstances, pre-illness strength levels are usually rapidly 
regained.  To underline the safety of and tolerance to PRT for RA patients, in our high 
intensity PRT intervention studies (Lemmey et al., 2009; Marcora et al., 2005a), mean 
compliance to training sessions (i.e. sessions attended as a % of those scheduled) was 
around 80%.  Thus, even when advised to avoid training when unwell, patients training 
compliance was similar to that expected of healthy individuals.    

5. Conclusion 
This chapter has described important consequences of RA which are usually untreated (i.e. 
diminished muscle mass and high fat mass, particularly central obesity; rheumatoid 
cachexia) or are still prevalent despite enhanced pharmaceutical treatment (disability, CVD, 
osteoporotic fractures), and then reviewed the research into the efficacy and safety of PRT in 
treating these conditions.  The evidence indicates that PRT is an appropriate adjunct therapy 
for RA patients.  In particular, its efficacy in positively affecting body composition and 
physical function is almost unique, particularly when accessibility and the lack of negative 
side effects are considered.  As such, rheumatologists and allied health professionals 
overseeing the management of RA patients should be encouraging them to undertake PRT, 
ideally in conjunction with aerobic training.  To better inform clinicians in their exercise 
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favour programs which feature short rest periods, whilst strength and power athletes 
generally employ longer rest intervals.  Whether these differential effects of rest period 
duration also operate in middle-aged and elderly previously untrained exercisers is unclear.  
As such, and given that training benefit is unlikely to be significantly compromised but 
training time will be markedly reduced if short rest periods are preferred to long rest 
periods, allocation of 1-2 min rest between sets appears optimal. 

4.4 Type (modality)   
For safety, training on  resistance machines with incremental weight stacks rather than using 
free weights is recommended (ACR, 2002; Pollock et al., 2000).  Machines are also easier and 
quicker to set up.  On the other hand, free weights allow more variety in the exercises 
performed and are better able to simulate ADL’s.  As mentioned previously, an optimal PRT 
program will feature exercises that collectively involve all the major joints and muscle 
groups.  Such whole-body programs, as well as being more effective in increasing overall 
strength and muscle hypertrophy, also produce significant improvements in aerobic 
capacity (VO2max) and endurance performance.  For example, Vincent et al. (2000) noted 
that 6 months whole-body PRT increased peak VO2 by 22% and treadmill time to exhaustion 
by 26% in elderly (60-85 years) men and women.  Similarly, 10-12 weeks of HI PRT has been 
shown to improve time to exhaustion while cycling (47%), running (12%) and walking (38%) 
(Ades et al., 1996; Hickson et al., 1980). 
Exercises should be performed rhythmically, in a slow, controlled movement (≈2 secs to lift 
and ≈4 secs to lower the weight) and, to avoid a Valsalva’s manoeuvre and the resultant 
rises in blood pressure (BP), breathing should be continuous.  When proper technique is 
observed, systolic BP during weight lifting is considerably lower than it is during aerobic 
exercise of similar intensity, and CV stress is minimal (Pollock et al., 2000).  Naturally, with 
RA patients attention to affected joints is essential and joint pain, instability, poor 
proprioception, or reduced ROM may necessitate modification or substitution of prescribed 
exercises (ACSM, 2010c).   

4.5 Progression   
Gains in strength are usually rapid and substantial following commencement of PRT, with 
10-15% increases in strength typically observed each week for the first 8 weeks of training in 
healthy, previously untrained individuals (Evans, 1999).  Initially these improvements are 
due to enhanced neural factors i.e. improved motor unit recruitment, firing rate and 
synchronisation (Sale, 2003), with muscle hypertrophy contributing from about week 4 
onwards (Sale, 2003).  In order to maintain the maximal muscle fibre recruitment necessary 
for optimal increases in strength and muscle hypertrophy to occur, progressively higher 
loads need to be lifted.  This increase in resistance (in accordance with increases in strength) 
to maintain a constant relative intensity is termed “progressive overload”, and is a 
fundamental principle of all exercise training regimes.   
Whilst marked responses to training are expected in untrained or deconditioned 
individuals, after an extended period of training the “law of diminishing returns” applies  
i.e. as an individual’s fitness improves and he/she approaches their genetic ceiling it 
becomes harder to achieve further fitness gains.  Consequently, when PRT is prolonged, 
plateaus in training response should be anticipated.  The usual way of dealing with this 
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situation is to manipulate the training program variables (types of exercises, training 
intensity, number of sets and/or repetitions, rest period between sets), so that the body is 
challenged by an unfamiliar training stimulus. 

4.6 Exclusion criteria and further recommendations   
As discussed previously, appropriately designed PRT is safe, and well tolerated by males 
and females of all ages and most conditions, including RA (ACSM, 1998).  In the 
recommendations made by the AHA regarding resistance training for patients with and 
without CVD (Pollock et al., 2000), the contraindications to PRT are: unstable angina, 
uncontrolled hypertension (≥160/100 mm Hg), recent and untreated episodes of congestive 
heart failure, uncontrolled dysrhythmias, severe stenotic or regurgitant valvular disease, 
and hypertrophic cardiomyopathy.  Additionally, for low to moderate risk cardiac patients 
wanting to participate in PRT programs, they suggest preliminary aerobic exercise training 
for 2-4 weeks (Pollock et al., 2000).  Overall, however, they concluded that “resistance 
training exercise is strongly recommended for implementation in primary and secondary 
cardiovascular disease-prevention programs”  and “…is particularly beneficial for 
improving the function of most cardiac, frail, and elderly patients”( Pollock et al., 2000).  In 
part, this is because increased strength reduces the myocardial demands (i.e. heart rate and 
BP) when patients perform ADL’s because the task requires a lower percentage of functional 
capacity (McCartney et al., 1993).   
Caution must be taken when prescribing PRT to severely osteoporotic patients, with high-
intensity exercise to be avoided (ACSM, 2010a).  In the case of these patients, specialist 
advice with regard to exercise should be sought. 
Despite the apparently beneficial consequences of training during acute flares shown by 
Van den Ende et al. (2000), we discourage training during flares.  Similarly, as healthy 
individuals should be advised, we also discourage training during illness (e.g. colds, 
influenza etc), and tell patients to only resume training when health is restored.  Upon 
resumption of training, loads should be adjusted to account for loss of strength due to 
detraining.  Under these circumstances, pre-illness strength levels are usually rapidly 
regained.  To underline the safety of and tolerance to PRT for RA patients, in our high 
intensity PRT intervention studies (Lemmey et al., 2009; Marcora et al., 2005a), mean 
compliance to training sessions (i.e. sessions attended as a % of those scheduled) was 
around 80%.  Thus, even when advised to avoid training when unwell, patients training 
compliance was similar to that expected of healthy individuals.    

5. Conclusion 
This chapter has described important consequences of RA which are usually untreated (i.e. 
diminished muscle mass and high fat mass, particularly central obesity; rheumatoid 
cachexia) or are still prevalent despite enhanced pharmaceutical treatment (disability, CVD, 
osteoporotic fractures), and then reviewed the research into the efficacy and safety of PRT in 
treating these conditions.  The evidence indicates that PRT is an appropriate adjunct therapy 
for RA patients.  In particular, its efficacy in positively affecting body composition and 
physical function is almost unique, particularly when accessibility and the lack of negative 
side effects are considered.  As such, rheumatologists and allied health professionals 
overseeing the management of RA patients should be encouraging them to undertake PRT, 
ideally in conjunction with aerobic training.  To better inform clinicians in their exercise 
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advice, the fundamental principles of PRT program design have been outlined, with 
particular reference made to experiences with the RA population. 
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1. Introduction  
Rheumatoid arthritis (RA) is an autoimmune disorder that affects approximately 1% of 
adults in the United States (Alamanos and Drosos 2005). Clinically, RA is manifested by 
pain and swelling of joints, disability, and diminished overall patient well-being (Scott et al. 
2010). The etiology of RA remains enigmatic, but a range of genetic and environmental 
factors closely associated with RA have been identified over the past two decades. It is now 
known that the pathogenic process of RA involves the initiation and establishment of 
autoimmunity, followed by an inflammatory response, angiogenesis to maintain the chronic 
inflammatory state, and tissue degradation of the joint (Scott et al. 2010).  
Despite the advances in the pharmacological therapies of RA over the past years, most 
patients (85-90%) do not achieve full remission, with up to 15% showing little clinical 
improvement in outcomes (Geborek et al. 2002; van der Woude et al. 2009). Accumulating 
studies have demonstrated the effectiveness of non-drug treatment modalities, e.g. exercise 
and physical activity, as an adjunct to drug therapy in patients with RA (Stenstrom and 
Minor 2003; Lundberg and Nader 2008). As a result, physical training is now a standard part 
of treatment for RA patients.  
This chapter will first review results from randomized clinical trials which investigated the 
effects of exercise on RA disease activity. In RA patients, exercise was demonstrated to 
improve physical performance, cardiorespiratory fitness and muscle strength without 
worsening joint inflammation (Ekblom et al. 1975). Subsequent clinical studies have not only 
shown that exercise leads to meaningful effects on physical performance and fitness, but 
exercise can also reduce RA disease activity, measured by the number of swollen or tender 
joints (Stenstrom and Minor 2003). At the systemic level, there are several reports indicating 
a reduction in circulating levels of inflammatory biomarkers following long-term physical 
exercise (Dekker et al. 2007; Olson et al. 2007). These beneficial effects of exercise have been 
observed following different types of physical activity, after short-term and long-term (>2 
years) exercise programs, at different phases of the disease course, and even in patients with 
high disease activity (van den Ende et al. 2000; Stenstrom and Minor 2003).  
Next, by focusing on the effects of exercise, delivered in the form of physiologically relevant 
mechanical loading, this review will provide updated insights into exercise at both the 
systemic and local (e.g. cartilage and synovium) levels. Studies indicate that exercise 
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Next, by focusing on the effects of exercise, delivered in the form of physiologically relevant 
mechanical loading, this review will provide updated insights into exercise at both the 
systemic and local (e.g. cartilage and synovium) levels. Studies indicate that exercise 
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activates an anti-rheumatologic response which includes an inhibition of pro-inflammatory 
cytokines such as tumor necrosis factor-alpha (TNF-α) in healthy and diabetic patients 
(Lundberg and Nader 2008). There is also evidence regarding the potential beneficial effects 
of exercise in preventing or suppressing the destructive consequences of inflammation in 
joint tissues (Ferretti et al. 2005; Ferretti et al. 2006). Clearly, the mechanical loading 
component of the exercise stimulus might be one of the mechanisms by which exercise 
exerts a protective anti-inflammatory effect at the local tissue level by preventing the 
expression of pro-inflammatory molecules. For example, studies have shown that moderate 
mechanical loading in vitro and in vivo upregulate production of anti-inflammatory 
cytokines interleukin (IL)-4 and IL-10, and suppress expression of IL-1β (Millward-Sadler 
and Salter 2004; Ferretti et al. 2005).  
This will be followed by a discussion of how anti-inflammatory cytokines may work in 
concert with the anti-catabolic nature of physiologic biomechanical signals to mediate the 
protective effects of exercise. Elevated levels of pro-inflammatory cytokines such as IL-1β 
and TNF-α stimulate production of proteolytic enzymes matrix metalloproteinases (MMPs) 
and A Disintegrin and Metalloproteinase with Thrombospondin Motifs (ADAMTS) which 
mediate the cartilage destruction process in RA (Sun 2010). Studies have demonstrated 
physiological loading suppresses MMP and ADAMTS expression in both inflamed and non-
inflamed joints to exert protective effects on the synovium and articular cartilage (Ferretti et 
al. 2005; Ferretti et al. 2006; Leong et al. 2010). The most recent progress on these 
mechanotransduction pathways which regulate the loading-induced anti-inflammatory and 
anti-catabolic responses will be presented, as well as possible crosstalk between these two 
pathways. 
The chapter will conclude with perspectives on how identification of the signaling pathways 
activated by exercise will lead to the discovery of new treatment targets and development of 
novel treatment strategies which may have significant clinical potential in treating 
rheumatoid arthritis. 

2. Exercise in rheumatoid arthritis treatment 
The primary goals of RA treatment are to suppress inflammation and limit or prevent joint 
damage, while relieving pain and improving the patients’ quality of life (Kowh et al. 2002). 
There is currently no cure for rheumatoid arthritis and treatment strategies involve a 
combination of drugs as well as non-pharmacologic treatments such as exercise and 
physical therapy (Smolen et al. 2010). As soon as the diagnosis for RA is established, 
prescribed medications include disease-modifying antirheumatic drugs (DMARDs), non-
steroidal anti-inammatory drugs, glucocorticoids, and TNF‑α inhibitors (Deighton et al. 
2009; Bijlsma 2010).  
Although drug treatment helps improve disease outcome, exercise is still a vital part of 
rheumatoid arthritis treatment. For the general adult population, the American College of 
Sports Medicine and the Heart Association recommends at least 30 minutes of moderate-
intensity exercise five days a week (Haskell et al. 2007). The benefits of regular exercise for 
healthy adults are well accepted, and include reducing the risk of coronary artery disease 
and improving cardiovascular health (Muller-Riemenschneider et al. 2011), reducing 
adiposity (Brukner and Brown 2005), and increasing muscle strength (Brentano and Martins 
Kruel 2011; Peterson and Gordon 2011). Randomized clinical trials have reported that the 
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health benefits of exercise are also obtained in patients with RA without adverse effects on 
disease activity (van den Ende et al. 2000; de Jong et al. 2003; Bilberg et al. 2005; Melikoglu et 
al. 2006; van den Berg et al. 2006; Neuberger et al. 2007; Baillet et al. 2009; Lemmey et al. 
2009). Furthermore, exercise at a high intensity, but within a physiologic range, was more 
effective in increasing physical function when compared to low intensity exercise (van den 
Ende et al. 2000; Lemmey et al. 2009). 

2.1 Description of prescribed exercises 
Based on the beneficial effects of physical activity in RA clinical trials, exercise programs for 
people with RA typically involve a combination of stretching exercises, aerobic training, and 
strength training (Stenstrom and Minor 2003; Cairns and McVeigh 2009; Forestier et al. 2009; 
Hurkmans et al. 2009; Baillet et al. 2010; Metsios et al. 2010). Table 1 summarizes commonly 
prescribed modes of exercise and their recommended doses (Resnick 2001; Medicine et al. 
2009). Exercise programs are initially prescribed and supervised by an experienced 
professional, who tailors the program according to the patient’s disease activity and 
symptoms (de Jong and Vliet Vlieland 2005). Since many RA patients have severe disability 
and a below average physical capacity, the intensity of training is initially low and gradually 
increased. If pain or swelling appears during exercise, patients are advised to reduce 
exercise intensity and/or duration until the pain or swelling subsides. 
Daily stretching is recommended to decrease joint stiffness and maintain or increase pain-
free range of motion (ROM). Patients with RA should begin their exercise programs with 
two to three daily repetitions of each stretching and ROM exercise, and eventually progress 
to 10 repetitions daily (Nieman 2000; Medicine et al. 2009). Range of motion exercises should 
be performed slowly with appropriate support, and should not be attempted in a rapid 
manner with bouncing movements (Resnick 2001). 
Walking, cycling, rowing, swimming, water aerobics, and dance are examples of aerobic 
exercises prescribed to RA patients. Regular brisk walking in previously sedentary adults 
improved aerobic fitness and reduced cardiovascular risk in healthy adults (Murphy et al. 
2002). Cycling at 70-80% predicted maximum heart rate significantly improved aerobic 
capacity, muscle strength, and joint mobility in RA individuals when compared to patients 
who only performed ROM exercises (van den Ende et al. 1996). Hydrotherapy, which 
combines elements of warm water immersion and exercise, was reported to improve the 
physical and emotional states of RA patients. Specifically, there was a reduction in joint 
tenderness and an improvement in knee range of motion, and emotional and physiological 
well-being (Hall et al. 1996). Moderately intensive pool exercise therapy in patients with RA 
did not improve aerobic capacity, but there were significant improvements in the muscle 
endurance in the lower and upper extremities (Bilberg et al. 2005). Although dance 
programs are not well-studied in the RA population, one study did report that female 
participants in a four week dance-based exercise program involving slow body movements 
exhibited significant improvements in locomotor ability (Moffet et al. 2000). 
Loss of muscle mass and strength is a common characteristic in RA patients (Pedersen and 
Saltin 2006), and therefore muscle strengthening exercises are often recommended. These 
high-intensity training exercises include the leg press, chest press, leg extension, seated 
rowing, leg curl, triceps extension, standing calf raises, and bicep curl (Lemmey et al. 2009). 
Progressive resistance training (PRT) programs involving the large muscle groups as well as 
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health benefits of exercise are also obtained in patients with RA without adverse effects on 
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Based on the beneficial effects of physical activity in RA clinical trials, exercise programs for 
people with RA typically involve a combination of stretching exercises, aerobic training, and 
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Hurkmans et al. 2009; Baillet et al. 2010; Metsios et al. 2010). Table 1 summarizes commonly 
prescribed modes of exercise and their recommended doses (Resnick 2001; Medicine et al. 
2009). Exercise programs are initially prescribed and supervised by an experienced 
professional, who tailors the program according to the patient’s disease activity and 
symptoms (de Jong and Vliet Vlieland 2005). Since many RA patients have severe disability 
and a below average physical capacity, the intensity of training is initially low and gradually 
increased. If pain or swelling appears during exercise, patients are advised to reduce 
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Daily stretching is recommended to decrease joint stiffness and maintain or increase pain-
free range of motion (ROM). Patients with RA should begin their exercise programs with 
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be performed slowly with appropriate support, and should not be attempted in a rapid 
manner with bouncing movements (Resnick 2001). 
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exercises prescribed to RA patients. Regular brisk walking in previously sedentary adults 
improved aerobic fitness and reduced cardiovascular risk in healthy adults (Murphy et al. 
2002). Cycling at 70-80% predicted maximum heart rate significantly improved aerobic 
capacity, muscle strength, and joint mobility in RA individuals when compared to patients 
who only performed ROM exercises (van den Ende et al. 1996). Hydrotherapy, which 
combines elements of warm water immersion and exercise, was reported to improve the 
physical and emotional states of RA patients. Specifically, there was a reduction in joint 
tenderness and an improvement in knee range of motion, and emotional and physiological 
well-being (Hall et al. 1996). Moderately intensive pool exercise therapy in patients with RA 
did not improve aerobic capacity, but there were significant improvements in the muscle 
endurance in the lower and upper extremities (Bilberg et al. 2005). Although dance 
programs are not well-studied in the RA population, one study did report that female 
participants in a four week dance-based exercise program involving slow body movements 
exhibited significant improvements in locomotor ability (Moffet et al. 2000). 
Loss of muscle mass and strength is a common characteristic in RA patients (Pedersen and 
Saltin 2006), and therefore muscle strengthening exercises are often recommended. These 
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Progressive resistance training (PRT) programs involving the large muscle groups as well as 
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hand exercises have demonstrated improvements in physical function, increase in muscle 
mass, and reduction in fat mass (Hakkinen et al. 2005; Marcora et al. 2005; Lemmey et al. 
2009). Early RA patients who enrolled in a two year strength training program exhibited 
significant improvements not only in muscle strength, but also showed reductions in 
systemic inflammation, pain, and disease activity (Hakkinen et al. 2001). With continued 
training, these gains in muscle strength can be maintained (de Jong et al. 2009). 
 

Class of Exercise Type of exercise Recommended 
intensity/frequency/duration 

Flexibility Stretching 
 
 
Range of motion 

Daily, before and after aerobic 
exercise. Hold stretch for 10-30 
seconds, 3-5 repetitions  
Full range of motion for all joints 
daily 

Aerobic Walking 
Cycling 

60-80% maximum heartrate 
Up to 30 minutes/session 

Rowing 3-5 days/week 
Swimming 
Water aerobics 

 

Dance  
Strength Free weights 

Weight machines 
Elastic bands 

At least 1 set of 2-3 reps (up to 3 
sets of 10 reps) at 80% of the 1-
repetition maximum (the 
maximum load lifted for each of 
the prescribed exercises) 
2-3 days/week 

 
 

Table 1. Exercise management guidelines for the treatment of RA (Resnick 2001; Lemmey et 
al. 2009; Medicine et al. 2009) 

2.2 Beneficial effects of exercise in RA  
Many RA patients suffer from cachexia, which is characterized by a decrease in muscle mass 
along with an increase in fat mass. This is unlike the cachexia associated with conditions 
such as HIV-AIDS, cancers, chronic obstructive pulmonary disease (COPD), and old age, 
which is defined by significant muscle wasting alone, and is usually characterized by weight 
loss (Roubenoff et al. 1992). These changes in body composition may increase the risk of 
developing diabetes and cardiovascular disease (Roubenoff et al. 1992; Lavie et al. 2009), as 
well as lead to muscle weakness, decreased physical activity, pain, and fatigue, which 
together further adversely affect skeletal health (Hakkinen 2004). Muscle strengthening is 
important not only to regain normal physical function, but it is also necessary for joint 
stability, which may protect against the development of osteoarthritis (Sun 2010). Exercise 
has been demonstrated to significantly improve many of the symptoms of rheumatoid 
arthritis, including disability, pain, joint stiffness and fatigue (Hakkinen 2004; Marcora et al. 
2005; Neill et al. 2006; Brorsson et al. 2009; Lemmey et al. 2009). Progressive resistance 
training was reported to increase muscle mass, improve physical function, and reduce 
disabilities associated with RA (Marcora et al. 2005; Lemmey et al. 2009). High intensity 
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resistance exercise also has been reported to reverse RA cachexia by restoring muscle mass 
(Marcora et al. 2005).  
Because of RA cachexia, it was hypothesized that patients with RA were resistant to the 
anabolic effects of exercise (Rall et al. 1996). However, no differences in the physiological 
properties of muscle that determine force, including contractile properties, voluntary 
activation capacity, and contraction velocity, were found between cachectic RA patients and 
healthy controls (Matschke et al. 2010). Recent clinical trials have found that the muscle of 
RA patients respond in similar manner to that of muscle in healthy individuals. The 
strengthening effects of PRT in RA patients (Lemmey et al. 2009) are similar to those 
observed in healthy middle-aged subjects (Morse et al. 2007). Studies which directly 
compared RA patients with age-matched healthy patients reported similar findings. 
Following resistance and aerobic exercise training, comparable increases in strength and 
thigh muscle cross-section, and decreases in thigh fat thickness were found in both RA and 
healthy female patients (Hakkinen et al. 2005). Together, these studies demonstrate that 
exercise training increases muscle mass, strength, and improves physical function in a 
similar manner in patients with RA and in healthy individuals. In fact, the inclusion of high-
intensity PRT is recommended in RA treatment strategies to counteract the effects of 
rheumatoid cachexia (Pedersen and Saltin 2006; Lemmey et al. 2009).  

2.3 Anti-inflammatory effects of exercise 
Regular exercise, such as endurance training, can reduce basal levels of many inflammatory 
mediators/markers (King et al. 2003). Consequently, exercise has been recommended as an 
anti-inflammatory therapy in chronic inflammatory disorders such as RA (Kowh et al. 2002), 
and its effects are observed on the systemic and local levels. 

2.3.1 Systemic effects 
Physical inactivity, a common consequence of RA symptoms, leads to the accumulation of 
visceral fat and activation of inflammatory pathways (Walsh et al. 2011). Chronic 
inflammation can also drive the development of insulin resistance and atherosclerosis 
(Handschin and Spiegelman 2008). Increased physical activity has been reported to reduce 
inflammation in non-RA patients, as indicated by a downregulation of inflammation 
markers/mediators (Petersen and Pedersen 2005). In another demonstration of the anti-
inflammatory effects of exercise, a model of low grade inflammation was established in 
healthy volunteers through the administration of a low dose of E. coli endotoxin. While 
circulating levels of TNF-α were increased in resting individuals, this increase was blocked 
in subjects who exercised prior to the endotoxin administration (Starkie et al. 2003), 
suggesting exercise may inhibit the production of TNF-α. Together, it is possible the anti-
inflammatory effects of exercise are due to a decrease in visceral fat mass as well as the 
production of anti-inflammatory factors. 
With exercise, there is a release of inflammatory-related cytokines from muscle into the 
circulation. IL-6 is the first cytokine released during exercise.  Levels of circulating IL-6 
increase exponentially after exercise and then decline post-exercise (Petersen and Pedersen 
2006, Walsh et al. 2011).  It is unclear whether this acute elevation in IL-6 modulates 
inflammatory processes during physical activity.  Although IL-6 is a pro-inflammatory 
cytokine in the rheumatic joint, recent studies suggest the transient response of IL-6 may 
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hand exercises have demonstrated improvements in physical function, increase in muscle 
mass, and reduction in fat mass (Hakkinen et al. 2005; Marcora et al. 2005; Lemmey et al. 
2009). Early RA patients who enrolled in a two year strength training program exhibited 
significant improvements not only in muscle strength, but also showed reductions in 
systemic inflammation, pain, and disease activity (Hakkinen et al. 2001). With continued 
training, these gains in muscle strength can be maintained (de Jong et al. 2009). 
 

Class of Exercise Type of exercise Recommended 
intensity/frequency/duration 

Flexibility Stretching 
 
 
Range of motion 

Daily, before and after aerobic 
exercise. Hold stretch for 10-30 
seconds, 3-5 repetitions  
Full range of motion for all joints 
daily 

Aerobic Walking 
Cycling 

60-80% maximum heartrate 
Up to 30 minutes/session 

Rowing 3-5 days/week 
Swimming 
Water aerobics 

 

Dance  
Strength Free weights 

Weight machines 
Elastic bands 

At least 1 set of 2-3 reps (up to 3 
sets of 10 reps) at 80% of the 1-
repetition maximum (the 
maximum load lifted for each of 
the prescribed exercises) 
2-3 days/week 

 
 

Table 1. Exercise management guidelines for the treatment of RA (Resnick 2001; Lemmey et 
al. 2009; Medicine et al. 2009) 

2.2 Beneficial effects of exercise in RA  
Many RA patients suffer from cachexia, which is characterized by a decrease in muscle mass 
along with an increase in fat mass. This is unlike the cachexia associated with conditions 
such as HIV-AIDS, cancers, chronic obstructive pulmonary disease (COPD), and old age, 
which is defined by significant muscle wasting alone, and is usually characterized by weight 
loss (Roubenoff et al. 1992). These changes in body composition may increase the risk of 
developing diabetes and cardiovascular disease (Roubenoff et al. 1992; Lavie et al. 2009), as 
well as lead to muscle weakness, decreased physical activity, pain, and fatigue, which 
together further adversely affect skeletal health (Hakkinen 2004). Muscle strengthening is 
important not only to regain normal physical function, but it is also necessary for joint 
stability, which may protect against the development of osteoarthritis (Sun 2010). Exercise 
has been demonstrated to significantly improve many of the symptoms of rheumatoid 
arthritis, including disability, pain, joint stiffness and fatigue (Hakkinen 2004; Marcora et al. 
2005; Neill et al. 2006; Brorsson et al. 2009; Lemmey et al. 2009). Progressive resistance 
training was reported to increase muscle mass, improve physical function, and reduce 
disabilities associated with RA (Marcora et al. 2005; Lemmey et al. 2009). High intensity 
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resistance exercise also has been reported to reverse RA cachexia by restoring muscle mass 
(Marcora et al. 2005).  
Because of RA cachexia, it was hypothesized that patients with RA were resistant to the 
anabolic effects of exercise (Rall et al. 1996). However, no differences in the physiological 
properties of muscle that determine force, including contractile properties, voluntary 
activation capacity, and contraction velocity, were found between cachectic RA patients and 
healthy controls (Matschke et al. 2010). Recent clinical trials have found that the muscle of 
RA patients respond in similar manner to that of muscle in healthy individuals. The 
strengthening effects of PRT in RA patients (Lemmey et al. 2009) are similar to those 
observed in healthy middle-aged subjects (Morse et al. 2007). Studies which directly 
compared RA patients with age-matched healthy patients reported similar findings. 
Following resistance and aerobic exercise training, comparable increases in strength and 
thigh muscle cross-section, and decreases in thigh fat thickness were found in both RA and 
healthy female patients (Hakkinen et al. 2005). Together, these studies demonstrate that 
exercise training increases muscle mass, strength, and improves physical function in a 
similar manner in patients with RA and in healthy individuals. In fact, the inclusion of high-
intensity PRT is recommended in RA treatment strategies to counteract the effects of 
rheumatoid cachexia (Pedersen and Saltin 2006; Lemmey et al. 2009).  

2.3 Anti-inflammatory effects of exercise 
Regular exercise, such as endurance training, can reduce basal levels of many inflammatory 
mediators/markers (King et al. 2003). Consequently, exercise has been recommended as an 
anti-inflammatory therapy in chronic inflammatory disorders such as RA (Kowh et al. 2002), 
and its effects are observed on the systemic and local levels. 

2.3.1 Systemic effects 
Physical inactivity, a common consequence of RA symptoms, leads to the accumulation of 
visceral fat and activation of inflammatory pathways (Walsh et al. 2011). Chronic 
inflammation can also drive the development of insulin resistance and atherosclerosis 
(Handschin and Spiegelman 2008). Increased physical activity has been reported to reduce 
inflammation in non-RA patients, as indicated by a downregulation of inflammation 
markers/mediators (Petersen and Pedersen 2005). In another demonstration of the anti-
inflammatory effects of exercise, a model of low grade inflammation was established in 
healthy volunteers through the administration of a low dose of E. coli endotoxin. While 
circulating levels of TNF-α were increased in resting individuals, this increase was blocked 
in subjects who exercised prior to the endotoxin administration (Starkie et al. 2003), 
suggesting exercise may inhibit the production of TNF-α. Together, it is possible the anti-
inflammatory effects of exercise are due to a decrease in visceral fat mass as well as the 
production of anti-inflammatory factors. 
With exercise, there is a release of inflammatory-related cytokines from muscle into the 
circulation. IL-6 is the first cytokine released during exercise.  Levels of circulating IL-6 
increase exponentially after exercise and then decline post-exercise (Petersen and Pedersen 
2006, Walsh et al. 2011).  It is unclear whether this acute elevation in IL-6 modulates 
inflammatory processes during physical activity.  Although IL-6 is a pro-inflammatory 
cytokine in the rheumatic joint, recent studies suggest the transient response of IL-6 may 
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play a metabolic, rather than an immunological role (Walsh et al. 2011).  Following the 
increase of IL-6 in response to exercise in healthy individuals, IL-10 and IL-1 receptor 
antagonist (IL-1ra) are released into the circulation (Petersen and Pedersen 2006). Notably, 
an infusion of IL-6 enhanced plasma levels of IL-1ra and IL-10, (Steensberg et al. 2003). This 
suggests that the anti-inflammatory effect of exercise can be attributed, at least in part, to the 
induction of IL-6 and the creation of an anti-inflammatory environment (Table 2). Of note, 
no changes in serum IL-6 were detected in RA patients after exercise, but this might be 
attributable to a less strenuous exercise regimen when compared to healthy individuals 
(Knudsen et al. 2008). It is also possible that the anti-inflammatory effect of exercise is 
blunted in patients with RA, but this requires further study. 
 

Type of exercise Beneficial effect on health 
Aerobic exercise (humans) Increase plasma levels of IL-10, IL-1ra 

(Walsh et al. 2011) 
Cycling (humans) Suppress endotoxin-induced TNF-α 

(Starkie et al. 2003) 
Strength training (humans) Increase IL-15 

(Pedersen and Febbraio 2008) 
Continuous passive motion (rabbits) Suppression of proteoglycan loss  

Downregulation of MMP-1  
Upregulation of IL-10 
(Ferretti et al. 2005; Ferretti et al. 2006) 

Continuous passive motion (rats) Suppression of proteoglycan loss 
Downregulation of MMP-1, -3  
(Leong et al. 2010; Leong et al. 2011) 

Table 2. Anti-inflammatory and anti-catabolic effects of exercise 

2.3.2 Local effects on cartilage 
Clinical trials investigating the anti-inflammatory effect of exercise in the articular cartilage 
of RA patients are lacking, but results from clinical studies of osteoarthritis patients and 
animal models of RA suggest that moderate exercise has an anti-inflammatory effect on 
cartilage. Following acute resistance exercise, a significant increase in IL-10 was observed in 
the intra-articular and synovial spaces of subjects who exercised when compared to a non-
exercise group (Helmark et al. 2010). Increases in IL-10 expression were also reported in 
chondrocytes in antigen-induced arthritis, an animal model of rheumatoid arthritis, after 
two weeks of continuous passive motion when compared to immobilized joints (Ferretti et 
al. 2005; Ferretti et al. 2006). Continuous passive motion also suppressed expression of IL-1β 
and inflammatory mediator COX-2 (Ferretti et al. 2006). Together, these data suggest that 
physiologic loading has the potential to generate anti-inflammatory biomechanical signals 
in cartilage, at least in part, by inducing IL-10.  
To test the direct effect of IL-10 on rheumatic activity, collagen-induced arthritis mice were 
treated with recombinant IL-10, which resulted in a mild, but significant suppression of 
arthritic phenotype/symptoms (Johansson et al. 2001). Endogenous IL-10 plays a pivotal 
role in the regulation of antigen (streptococcal cell wall)-induced arthritis (Lubberts et al. 
1998), since the blocking of endogenous IL-10 with anti-IL-10 antibodies resulted in a 
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sustained arthritis with denser synovial infiltrates as well as enhanced cartilage damage. 
Adding exogenous IL-10 further enlarged the suppressive effect of endogenous IL-10. 
However, these findings require further investigation in human clinical trials of RA patients. 

2.4 Anti-catabolic effects of exercise on cartilage 
Considering cartilage destruction is a hallmark of RA, the role of exercise in maintaining 
cartilage matrix integrity is of great importance (Table 2) (Maini and Feldmann 2004). 
Articular cartilage functions as a nearly frictionless bearing surface while uniformly 
transferring loads on underlying bone and preventing high stress concentrations. 
Cartilage consists of one cell type, the chondrocyte, embedded in an extracellular matrix 
of mainly type II collagen and proteoglycans (Milner 2008). Physiologic loading of the 
cartilage tissue is required to maintain tissue homeostasis, while non-physiologic loading 
(disuse and overuse) promotes its degradation (Sun 2010). Intensive dynamic and weight-
bearing exercises were originally considered detrimental for patients with RA due to 
concerns of exacerbating disease, (van den Ende et al. 1996), but studies have shown such 
exercise does not cause an increase in the rate of damage to either large (de Jong et al. 
2003) or small joints (de Jong et al. 2004). There were no significant differences in the rate 
of damage of large joints 18 months following the end of a high-intensity program 
between RA patients who discontinued exercise and those who were still exercising (de 
Jong et al. 2009). Furthermore, levels of cartilage oligomeric matrix protein (COMP), a 
measure of cartilage damage were unchanged after 3 months of exercise in RA patients, 
suggesting exercise did not cause significant damage to the cartilage matrix (de Jong et al. 
2008). Exercise may also enhance joint lubrication, further acting to promote the health of 
the RA joint. During joint movement, synovial fluid is squeezed out from between the two 
surfaces of the joint, resulting in fluid film lubrication (Isenberg et al. 2004). Lubricin, a 
mucinous glycoprotein secreted by synovial fibroblasts, is the factor responsible for 
lubrication (Jay et al. 2001), and reduced levels of this protein found in RA patients may 
increase joint friction and promote cartilage degradation (Jay et al. 2004; Elsaid et al. 
2007). However, whether exercise increases lubricin expression in patients with RA has 
not yet been determined. Exercise also promotes adequate strength of the muscles and 
surrounding joint soft tissues, providing optimal joint stability, alignment and attenuation 
of impact and compressive forces (Sun 2010). 
After vigorous exercise in patients with moderate disease activity, a reduction in the 
number of diseased joints is observed (Minor et al. 1989; van den Ende et al. 1996). Animal 
studies have demonstrated physiologic loading of joints exerts beneficial effects by 
suppressing the activity of proteolytic enzymes in healthy and arthritic rats. Passive joint 
motion prevented cartilage destruction due to inactivity and downregulated MMPs 1 and 
3 (Leong et al. 2010; Leong et al. 2011). In antigen-induced rabbits, passive motion 
prevented proteoglycan loss and suppressed expression of MMP-1 (Ferretti et al. 2005; 
Ferretti et al. 2006).  

3. Mechanisms of exercise in rheumatoid arthritis treatment 
Although the beneficial effects of exercise for rheumatoid arthritis patients are well 
documented, the mechanisms are still largely unclear.  As detailed previously, the effects of 
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play a metabolic, rather than an immunological role (Walsh et al. 2011).  Following the 
increase of IL-6 in response to exercise in healthy individuals, IL-10 and IL-1 receptor 
antagonist (IL-1ra) are released into the circulation (Petersen and Pedersen 2006). Notably, 
an infusion of IL-6 enhanced plasma levels of IL-1ra and IL-10, (Steensberg et al. 2003). This 
suggests that the anti-inflammatory effect of exercise can be attributed, at least in part, to the 
induction of IL-6 and the creation of an anti-inflammatory environment (Table 2). Of note, 
no changes in serum IL-6 were detected in RA patients after exercise, but this might be 
attributable to a less strenuous exercise regimen when compared to healthy individuals 
(Knudsen et al. 2008). It is also possible that the anti-inflammatory effect of exercise is 
blunted in patients with RA, but this requires further study. 
 

Type of exercise Beneficial effect on health 
Aerobic exercise (humans) Increase plasma levels of IL-10, IL-1ra 

(Walsh et al. 2011) 
Cycling (humans) Suppress endotoxin-induced TNF-α 

(Starkie et al. 2003) 
Strength training (humans) Increase IL-15 

(Pedersen and Febbraio 2008) 
Continuous passive motion (rabbits) Suppression of proteoglycan loss  

Downregulation of MMP-1  
Upregulation of IL-10 
(Ferretti et al. 2005; Ferretti et al. 2006) 

Continuous passive motion (rats) Suppression of proteoglycan loss 
Downregulation of MMP-1, -3  
(Leong et al. 2010; Leong et al. 2011) 

Table 2. Anti-inflammatory and anti-catabolic effects of exercise 

2.3.2 Local effects on cartilage 
Clinical trials investigating the anti-inflammatory effect of exercise in the articular cartilage 
of RA patients are lacking, but results from clinical studies of osteoarthritis patients and 
animal models of RA suggest that moderate exercise has an anti-inflammatory effect on 
cartilage. Following acute resistance exercise, a significant increase in IL-10 was observed in 
the intra-articular and synovial spaces of subjects who exercised when compared to a non-
exercise group (Helmark et al. 2010). Increases in IL-10 expression were also reported in 
chondrocytes in antigen-induced arthritis, an animal model of rheumatoid arthritis, after 
two weeks of continuous passive motion when compared to immobilized joints (Ferretti et 
al. 2005; Ferretti et al. 2006). Continuous passive motion also suppressed expression of IL-1β 
and inflammatory mediator COX-2 (Ferretti et al. 2006). Together, these data suggest that 
physiologic loading has the potential to generate anti-inflammatory biomechanical signals 
in cartilage, at least in part, by inducing IL-10.  
To test the direct effect of IL-10 on rheumatic activity, collagen-induced arthritis mice were 
treated with recombinant IL-10, which resulted in a mild, but significant suppression of 
arthritic phenotype/symptoms (Johansson et al. 2001). Endogenous IL-10 plays a pivotal 
role in the regulation of antigen (streptococcal cell wall)-induced arthritis (Lubberts et al. 
1998), since the blocking of endogenous IL-10 with anti-IL-10 antibodies resulted in a 
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sustained arthritis with denser synovial infiltrates as well as enhanced cartilage damage. 
Adding exogenous IL-10 further enlarged the suppressive effect of endogenous IL-10. 
However, these findings require further investigation in human clinical trials of RA patients. 

2.4 Anti-catabolic effects of exercise on cartilage 
Considering cartilage destruction is a hallmark of RA, the role of exercise in maintaining 
cartilage matrix integrity is of great importance (Table 2) (Maini and Feldmann 2004). 
Articular cartilage functions as a nearly frictionless bearing surface while uniformly 
transferring loads on underlying bone and preventing high stress concentrations. 
Cartilage consists of one cell type, the chondrocyte, embedded in an extracellular matrix 
of mainly type II collagen and proteoglycans (Milner 2008). Physiologic loading of the 
cartilage tissue is required to maintain tissue homeostasis, while non-physiologic loading 
(disuse and overuse) promotes its degradation (Sun 2010). Intensive dynamic and weight-
bearing exercises were originally considered detrimental for patients with RA due to 
concerns of exacerbating disease, (van den Ende et al. 1996), but studies have shown such 
exercise does not cause an increase in the rate of damage to either large (de Jong et al. 
2003) or small joints (de Jong et al. 2004). There were no significant differences in the rate 
of damage of large joints 18 months following the end of a high-intensity program 
between RA patients who discontinued exercise and those who were still exercising (de 
Jong et al. 2009). Furthermore, levels of cartilage oligomeric matrix protein (COMP), a 
measure of cartilage damage were unchanged after 3 months of exercise in RA patients, 
suggesting exercise did not cause significant damage to the cartilage matrix (de Jong et al. 
2008). Exercise may also enhance joint lubrication, further acting to promote the health of 
the RA joint. During joint movement, synovial fluid is squeezed out from between the two 
surfaces of the joint, resulting in fluid film lubrication (Isenberg et al. 2004). Lubricin, a 
mucinous glycoprotein secreted by synovial fibroblasts, is the factor responsible for 
lubrication (Jay et al. 2001), and reduced levels of this protein found in RA patients may 
increase joint friction and promote cartilage degradation (Jay et al. 2004; Elsaid et al. 
2007). However, whether exercise increases lubricin expression in patients with RA has 
not yet been determined. Exercise also promotes adequate strength of the muscles and 
surrounding joint soft tissues, providing optimal joint stability, alignment and attenuation 
of impact and compressive forces (Sun 2010). 
After vigorous exercise in patients with moderate disease activity, a reduction in the 
number of diseased joints is observed (Minor et al. 1989; van den Ende et al. 1996). Animal 
studies have demonstrated physiologic loading of joints exerts beneficial effects by 
suppressing the activity of proteolytic enzymes in healthy and arthritic rats. Passive joint 
motion prevented cartilage destruction due to inactivity and downregulated MMPs 1 and 
3 (Leong et al. 2010; Leong et al. 2011). In antigen-induced rabbits, passive motion 
prevented proteoglycan loss and suppressed expression of MMP-1 (Ferretti et al. 2005; 
Ferretti et al. 2006).  

3. Mechanisms of exercise in rheumatoid arthritis treatment 
Although the beneficial effects of exercise for rheumatoid arthritis patients are well 
documented, the mechanisms are still largely unclear.  As detailed previously, the effects of 
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exercise are commonly characterized as anti-inflammatory and anti-catabolic. Each of these 
components is mediated by distinct signalling pathways and evidence indicates crosstalk 
between these pathways (see Figure 1 for hypothesized pathways/mechanisms). 

3.1 Anti-inflammatory signaling 
One of the first evidences of anti-inflammatory signalling in chondrocytes was the 
elucidation of the α5β1 integrin/IL-4 pathway. In this pathway, mechanical stimulation 
of normal chondrocytes acts through the α5β1 integrin to release IL-4, which acts in an 
autocrine/paracrine manner. Following IL-4 release, there is a decrease in MMP-3 and an 
increase in aggrecan mRNA, resulting in a net increase in cartilage extracellular matrix 
production (Millward-Sadler and Salter 2004). The transcription factor Signal Transducer 
and Activator of Transcription 6 (STAT6) plays a principal role in IL-4 signaling as 
demonstrated in mice lacking STAT6 that show a similar phenotype as mice lacking the 
IL-4 receptor alpha (IL-4Rα) (Takeda et al. 1996). IL-4 stimulates intracellular signaling 
pathways including the recruitment of STAT6 to the IL-4Rα. STAT6 binds to specic 
phosphotyrosine residues within the IL-4Rα (Ryan et al. 1998). In this complex, STAT6 is 
quickly phosphorylated by a JAK-dependent mechanism. After phosphorylation, STAT6 
leaves the receptor, dimerizes, and migrates to the nucleus where it binds to specic 
DNA sequences in the promoter of genes (Darnell 1997). It is believed that STAT6 is 
tightly regulated, because in the absence of IL-4 stimulation, STAT6 is quickly 
deactivated (Andrews et al. 2002). Methylation of STAT6 is a regulator of STAT6 activity, 
necessary for optimal STAT6 phosphorylation, nuclear translocation, and DNA-binding 
activity (Chen et al. 2004). Accumulating evidence suggests that IL-4 STAT6 is a central 
anti-rheumatoid signaling pathway because it upregulates three factors known to 
antagonize the actions of specific pro-inflammatory agents implicated in RA: (1) soluble 
IL-1 receptor antagonist (sIL-1ra); (2) tristetraprolin (TTP), which antagonizes TNF-α; 
and (3) the β3 integrin, which was shown to antagonize the angiogenic actions of 
vascular endothelial growth factor (VEGF) (Vannier et al. 1992; McHugh et al. 2001; 
Suzuki et al. 2003).  
While the mechanisms underlying the anti-inflammatory effects of IL-10 are largely 
unknown in chondrocytes, studies which overexpress IL-10 provide insight on the 
downstream targets of IL-10. IL-10 treatment in an antigen-induced arthritis animal model 
resulted in a marked reduction of TNF-α levels (Lubberts et al. 1998). In human 
chondrocytes treated with TNF-α, IL-10 overexpression ssuppressed MMP-13 levels and 
antagonized the TNF-α-mediated suppression of aggrecan (Muller et al. 2008). It has been 
hypothesized that IL-10 may exert its effects by stimulating the production of endogenous 
TNF-α inhibitors such as soluble TNF-α receptors (Fernandes et al. 2002). 

3.2 Anti-catabolic signaling 
In vivo, motion-based therapies have been demonstrated to mitigate joint inflammation in 
animal models of antigen-induced arthritis. Mechanical signals generated from these 
passive joint motion therapies were reported to be potent inhibitors of pro-inflammatory 
gene induction and inhibit expression of catabolic mediators, e.g., IL-1β, COX-2, and MMP-1 
(Ferretti et al. 2005; Ferretti et al. 2006). At low magnitudes in vitro, biomechanical signals 
inhibit IL-1β- or TNF-α-induced transcriptional activation of COX-2, MMPs, IL-1β, and 
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other pro-inflammatory molecules (Chowdhury et al. 2003; Agarwal et al. 2004; Ferretti et al. 
2005; Chowdhury et al. 2006; Deschner et al. 2006).  
Exposure of meniscal or articular chondrocytes to proinflammatory cytokines (e.g. IL-1β and 
TNF-α) is reported to result in the expression of cyclo-oxygenase 2, inducible nitric oxide 
synthase, and genes involved in cartilage catabolism, such as matrix metalloproteinases 9 
and 13 (Gassner et al. 1999). By contrast, when cells are subjected to mechanical stimuli in 
the form of cyclic tensile strain, they display a blunted response to cytokine exposure, 
thereby antagonizing the proinflammatory and catabolic effects of these cytokines (Ferretti 
et al. 2006; Madhavan et al. 2006). Interestingly, this anti-catabolic response seems to be 
mediated by inhibition of nuclear translocation of Nuclear factor-kappa B (NF-κB) and 
modulation of upstream signaling events associated with NF-κB, suggesting that mechanical 
activity can act at multiple points within the proinflammatory signaling network to 
counteract cytokine-induced proinflammatory gene expression (Dossumbekova et al. 2007). 
NF-κB transcription factors regulate a wide range of pro-inflammatory and anti-apoptotic 
genes, and are involved in both acute and chronic inflammatory responses. NF-κB is a rapid 
response, multiple-stimuli inducible transcription factor that is controlled by sequential 
signal activation cascades (Seguin and Bernier 2003). In the classical NF-κB signaling 
pathway, binding of pro-inflammatory mediators, such as IL-1β, TNF-α, and/or LPS to their 
cognate receptors leads to activation of a series of receptor-associated signaling molecules 
leading to activated NF-κB, which translocates to the nucleus, where it binds to the 
consensus sequences of several genes including pro-inflammatory cytokines and mediators 
(Ghosh and Karin 2002; Hoffmann et al. 2002; Liacini et al. 2003). Mechanical signals of 
low/physiological magnitudes block the IL-1β-induced transcriptional activity of NF-κB by 
intercepting multiple steps in the NF-κB signaling cascade. In chondrocytes, cyclic tensile 
strain of low magnitudes does not appear to inhibit IL-1β, TNF-α, or LPS receptor-mediated 
pro-inflammatory gene induction (Agarwal et al. 2004; Dossumbekova et al. 2007; 
Madhavan et al. 2007). These findings suggest that mechanical signals use specific target 
sites to trigger NF-κB signaling. 
Another transcriptional regulator which plays a critical role in cartilage homeostasis is 
CBP/p300-interacting transactivator with ED-rich tail 2 (CITED2). CITED2 expression is 
increased by moderate flow shear (5 dyn/cm2), intermittent hydrostatic pressure (1-5 
MPa), and joint motion (Yokota et al. 2003; Leong et al. 2011). The induction of CITED2 in 
vivo by joint motion loading was correlated with the downregulation of MMP-1 and the 
maintenance of cartilage matrix integrity (Leong et al. 2011), suggesting it plays a key role 
in mediating the anti-catabolic effects of moderate loading. The induction of CITED2 by 
physiologic loading was mediated by mitogen-activated protein kinase (MAPK) p38δ, and 
CITED2 regulated the transcription of MMPs (ie. MMP-1) by competing with MMP 
transactivator ETS-1 for binding to limiting amounts of co-activator p300 (Leong et al. 
2011). 

3.3 Crosstalk between anti-inflammatory and anti-catabolic responses 
There is also evidence of crosstalk between the anti-inflammatory and anti-catabolic 
pathways. CITED2, induced by p38δ, has also been demonstrated to be upregulated in 
response to IL-4 (Sun et al. 1998), raising the possibility these two pathways could work in 
synergy. Furthermore, treatment strategies involving gene transfer of IL-4 or IL-10 
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exercise are commonly characterized as anti-inflammatory and anti-catabolic. Each of these 
components is mediated by distinct signalling pathways and evidence indicates crosstalk 
between these pathways (see Figure 1 for hypothesized pathways/mechanisms). 

3.1 Anti-inflammatory signaling 
One of the first evidences of anti-inflammatory signalling in chondrocytes was the 
elucidation of the α5β1 integrin/IL-4 pathway. In this pathway, mechanical stimulation 
of normal chondrocytes acts through the α5β1 integrin to release IL-4, which acts in an 
autocrine/paracrine manner. Following IL-4 release, there is a decrease in MMP-3 and an 
increase in aggrecan mRNA, resulting in a net increase in cartilage extracellular matrix 
production (Millward-Sadler and Salter 2004). The transcription factor Signal Transducer 
and Activator of Transcription 6 (STAT6) plays a principal role in IL-4 signaling as 
demonstrated in mice lacking STAT6 that show a similar phenotype as mice lacking the 
IL-4 receptor alpha (IL-4Rα) (Takeda et al. 1996). IL-4 stimulates intracellular signaling 
pathways including the recruitment of STAT6 to the IL-4Rα. STAT6 binds to specic 
phosphotyrosine residues within the IL-4Rα (Ryan et al. 1998). In this complex, STAT6 is 
quickly phosphorylated by a JAK-dependent mechanism. After phosphorylation, STAT6 
leaves the receptor, dimerizes, and migrates to the nucleus where it binds to specic 
DNA sequences in the promoter of genes (Darnell 1997). It is believed that STAT6 is 
tightly regulated, because in the absence of IL-4 stimulation, STAT6 is quickly 
deactivated (Andrews et al. 2002). Methylation of STAT6 is a regulator of STAT6 activity, 
necessary for optimal STAT6 phosphorylation, nuclear translocation, and DNA-binding 
activity (Chen et al. 2004). Accumulating evidence suggests that IL-4 STAT6 is a central 
anti-rheumatoid signaling pathway because it upregulates three factors known to 
antagonize the actions of specific pro-inflammatory agents implicated in RA: (1) soluble 
IL-1 receptor antagonist (sIL-1ra); (2) tristetraprolin (TTP), which antagonizes TNF-α; 
and (3) the β3 integrin, which was shown to antagonize the angiogenic actions of 
vascular endothelial growth factor (VEGF) (Vannier et al. 1992; McHugh et al. 2001; 
Suzuki et al. 2003).  
While the mechanisms underlying the anti-inflammatory effects of IL-10 are largely 
unknown in chondrocytes, studies which overexpress IL-10 provide insight on the 
downstream targets of IL-10. IL-10 treatment in an antigen-induced arthritis animal model 
resulted in a marked reduction of TNF-α levels (Lubberts et al. 1998). In human 
chondrocytes treated with TNF-α, IL-10 overexpression ssuppressed MMP-13 levels and 
antagonized the TNF-α-mediated suppression of aggrecan (Muller et al. 2008). It has been 
hypothesized that IL-10 may exert its effects by stimulating the production of endogenous 
TNF-α inhibitors such as soluble TNF-α receptors (Fernandes et al. 2002). 

3.2 Anti-catabolic signaling 
In vivo, motion-based therapies have been demonstrated to mitigate joint inflammation in 
animal models of antigen-induced arthritis. Mechanical signals generated from these 
passive joint motion therapies were reported to be potent inhibitors of pro-inflammatory 
gene induction and inhibit expression of catabolic mediators, e.g., IL-1β, COX-2, and MMP-1 
(Ferretti et al. 2005; Ferretti et al. 2006). At low magnitudes in vitro, biomechanical signals 
inhibit IL-1β- or TNF-α-induced transcriptional activation of COX-2, MMPs, IL-1β, and 
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other pro-inflammatory molecules (Chowdhury et al. 2003; Agarwal et al. 2004; Ferretti et al. 
2005; Chowdhury et al. 2006; Deschner et al. 2006).  
Exposure of meniscal or articular chondrocytes to proinflammatory cytokines (e.g. IL-1β and 
TNF-α) is reported to result in the expression of cyclo-oxygenase 2, inducible nitric oxide 
synthase, and genes involved in cartilage catabolism, such as matrix metalloproteinases 9 
and 13 (Gassner et al. 1999). By contrast, when cells are subjected to mechanical stimuli in 
the form of cyclic tensile strain, they display a blunted response to cytokine exposure, 
thereby antagonizing the proinflammatory and catabolic effects of these cytokines (Ferretti 
et al. 2006; Madhavan et al. 2006). Interestingly, this anti-catabolic response seems to be 
mediated by inhibition of nuclear translocation of Nuclear factor-kappa B (NF-κB) and 
modulation of upstream signaling events associated with NF-κB, suggesting that mechanical 
activity can act at multiple points within the proinflammatory signaling network to 
counteract cytokine-induced proinflammatory gene expression (Dossumbekova et al. 2007). 
NF-κB transcription factors regulate a wide range of pro-inflammatory and anti-apoptotic 
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intercepting multiple steps in the NF-κB signaling cascade. In chondrocytes, cyclic tensile 
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pro-inflammatory gene induction (Agarwal et al. 2004; Dossumbekova et al. 2007; 
Madhavan et al. 2007). These findings suggest that mechanical signals use specific target 
sites to trigger NF-κB signaling. 
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CBP/p300-interacting transactivator with ED-rich tail 2 (CITED2). CITED2 expression is 
increased by moderate flow shear (5 dyn/cm2), intermittent hydrostatic pressure (1-5 
MPa), and joint motion (Yokota et al. 2003; Leong et al. 2011). The induction of CITED2 in 
vivo by joint motion loading was correlated with the downregulation of MMP-1 and the 
maintenance of cartilage matrix integrity (Leong et al. 2011), suggesting it plays a key role 
in mediating the anti-catabolic effects of moderate loading. The induction of CITED2 by 
physiologic loading was mediated by mitogen-activated protein kinase (MAPK) p38δ, and 
CITED2 regulated the transcription of MMPs (ie. MMP-1) by competing with MMP 
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2011). 

3.3 Crosstalk between anti-inflammatory and anti-catabolic responses 
There is also evidence of crosstalk between the anti-inflammatory and anti-catabolic 
pathways. CITED2, induced by p38δ, has also been demonstrated to be upregulated in 
response to IL-4 (Sun et al. 1998), raising the possibility these two pathways could work in 
synergy. Furthermore, treatment strategies involving gene transfer of IL-4 or IL-10 
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combined with mechanical stimulation may augment the chondroprotective effects of 
exercise. However, these hypotheses still require further investigation. 
 

 
Fig. 1. Hypothesized anti-inflammatory and anti-catabolic mechanisms underlying the 
effects of exercise in suppressing cartilage destruction in arthritis. 

4. Conclusion 
Compelling evidence suggests that physiologic exercise exerts beneficial effects in 
rheumatoid arthritis patients that not only increases quality of life but also suppresses 
disease activity. The beneficial effects are dependent on the mechanical nature of exercise, 
including the loading intensity, frequency, and duration. Exercise regimens may have 
varying effects with age and stage of disease. Furthermore, elucidating mechanisms 
underlying these beneficial effects of exercise may lead to the development of novel 
therapeutic strategies to prevent joint destruction in rheumatoid arthritis. 
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1. Introduction 
Historically, the recommendation of exercise for patients with rheumatoid arthritis (RA) has 
been avoided by clinicians due to fears that such activity may contribute to joint damage 
and result in worsening of disease. Hence, previous treatment of active RA has included bed 
rest and splinting of the affected joints (Partridge & Duthie, 1962). Over recent decades 
however, the numerous physiological advantages of exercise have become well-established 
and include improved cardiovascular health, increased muscular hypertrophy and 
increased bone mineral density. Enhanced physical function and psychosocial advantages 
have also been shown in followers of a continued exercise programme (Baillet et al., 2009; 
Bilberg et al., 2005; de Jong et al, 2003, 2004; Hakkinen et al., 2001; Lemmey et al., 2009; 
Marcora et al., 2005; Melikoglu et al., 2006; Van Den Berg et al., 2006; van den Ende et al., 
1996, 2000). Importantly, it has also been found that high-intensity exercise training is of 
superior effectiveness, with no detrimental effect on disease activity. This has been 
confirmed in patients with controlled (Ekdahl et al., 1990; Lemmey et al., 2009; van den Ende 
et al., 1996) and active RA (van den Ende et al., 2000). Furthermore, as advances in 
pharmacological treatment work to effectively control disease, this patient group are now 
able to tolerate regular, progressive and intensive exercise (Lemmey, 2011). A recent 
systematic review also provides further information as to the benefits, effectiveness and 
safety of exercise in RA (Hurkmans et al., 2009). 
Patients with RA are also at an increased risk for cardiovascular disease (Metsios et al., 
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limiting the negative consequences inherent to the disease. Furthermore, physical activity 
has been found to be a significant predictor of the number of hospital admissions and the 
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despite this it is apparent that RA patients are less physically active than the general 
population (Sokka et al., 2008), and greater medical costs are coupled with this inactivity 
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1. Introduction 
Historically, the recommendation of exercise for patients with rheumatoid arthritis (RA) has 
been avoided by clinicians due to fears that such activity may contribute to joint damage 
and result in worsening of disease. Hence, previous treatment of active RA has included bed 
rest and splinting of the affected joints (Partridge & Duthie, 1962). Over recent decades 
however, the numerous physiological advantages of exercise have become well-established 
and include improved cardiovascular health, increased muscular hypertrophy and 
increased bone mineral density. Enhanced physical function and psychosocial advantages 
have also been shown in followers of a continued exercise programme (Baillet et al., 2009; 
Bilberg et al., 2005; de Jong et al, 2003, 2004; Hakkinen et al., 2001; Lemmey et al., 2009; 
Marcora et al., 2005; Melikoglu et al., 2006; Van Den Berg et al., 2006; van den Ende et al., 
1996, 2000). Importantly, it has also been found that high-intensity exercise training is of 
superior effectiveness, with no detrimental effect on disease activity. This has been 
confirmed in patients with controlled (Ekdahl et al., 1990; Lemmey et al., 2009; van den Ende 
et al., 1996) and active RA (van den Ende et al., 2000). Furthermore, as advances in 
pharmacological treatment work to effectively control disease, this patient group are now 
able to tolerate regular, progressive and intensive exercise (Lemmey, 2011). A recent 
systematic review also provides further information as to the benefits, effectiveness and 
safety of exercise in RA (Hurkmans et al., 2009). 
Patients with RA are also at an increased risk for cardiovascular disease (Metsios et al., 
2008), cachexia (Walsmith & Roubenoff, 2002) and osteoporotic fracture (Van Staa et al., 
2006). Therefore, the aforementioned improvements associated with exercise are vital in 
limiting the negative consequences inherent to the disease. Furthermore, physical activity 
has been found to be a significant predictor of the number of hospital admissions and the 
length of hospitalisation in RA (Metsios et al., 2011). In light of this evidence, exercise is now 
considered an essential component within the management of this condition. However, 
despite this it is apparent that RA patients are less physically active than the general 
population (Sokka et al., 2008), and greater medical costs are coupled with this inactivity 
(Wang et al., 2001). Therefore it is important for those involved in the care of RA patients to 
be aware of factors that may positively and negatively affect the uptake and maintenance of 
an exercise prescription for this patient group. 
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This chapter will discuss the perceptions of patients and health professionals in relation to 
exercising with RA, alongside the implications and recommendations for patient care. Many 
of these issues have been highlighted as part of our continuing research and it is the findings 
from these novel investigations, alongside others, which form the basis of this chapter. 
Illustrative quotes from patients and practitioners have been included to facilitate 
description of these issues. 

2. Patient perceptions relating to exercise in RA 
Understanding the perceptions of people with RA regarding exercise is vital to assist in the 
initiation of and adherence to effective exercise training (Cooney et al., 2011). Primarily, a 
positive mindset regarding exercise prescription is necessary in order to challenge the long-
standing opinion that exercise exacerbates disease (Gecht et al., 1996). However, many 
patients harbour concerns relating to the potential detrimental effects of exercise and 
perceive specific barriers to uptake and participation. Furthermore, due to uncertainties 
about which exercises to do and how to do them without causing harm, many patients feel 
they are unable to exercise at all. Encouragingly however, qualitative research has revealed 
that patients with arthritis believe exercise to be an important factor in treatment (Lambert 
et al., 2000; Law et al., 2010).  
Qualitative research methods, including the analysis of focus group discussions and one-to-
one interviews, have been successfully utilised in the clinical setting. These methods allow 
the researcher to gather rich, plentiful data and enable an in-depth description of 
experiences, thought-processes and beliefs (Kitzinger, 1995; Ong & Coady, 2006). In patients 
with osteoarthritis, a qualitative study following the onset of disease revealed a subgroup of 
patients who had previously exercised but had stopped because of their symptoms and 
because they believed exercise was damaging their joints (Hendry et al., 2006). As may be 
expected of a condition that presents with similar symptoms (i.e. joint pain, swelling and 
stiffness), comparable perceptions have been confirmed in RA patients (Law et al., 2010). 
This study involved four moderated focus groups of RA patients (n = 18) and included both 
males and females of varied ages and disease duration, thus incorporating a broad range of 
experiences. Systematic content analysis of the discussion transcripts formed the basic 
meaning units for analysis. These quotes were then categorized, smaller constructs or sub-
themes were grouped, and the following main themes were identified: ‘Health professionals 
showing a lack of exercise knowledge’, ‘Not knowing what exercise should be done’, ‘Not 
wanting to exercise as joints hurt’, ‘Worry about causing harm to joints’ and ‘Having to 
exercise because it is helpful’. Following discussion and comprehensive data interrogation, 
an analytical model was then developed (Figure 1).  These themes were then used to 
develop a questionnaire to collect analogous quantitative data. Preliminary results (n = 247) 
from this questionnaire offer confirmatory findings of the prevalence of these issues in a 
larger population (Law et al., manuscript in preparation). 

2.1 Perceived benefits of exercise  
Although RA patients appear to be insufficiently active (Sokka et al., 2008), research 
suggests they are aware that exercise is a beneficial and necessary aspect of their disease 
management (Lambert et al., 2000, Law et al., 2010). This notion is reflected in the theme that 
emerged from focus group research; ‘Having to exercise because it is helpful’, indicating  
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Fig. 1. Analytical model of the issues relating to exercise and joint health in RA patients 
(Law et al., 2010). 
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that patients felt they needed to exercise in order for strength, mobility, pain relief and 
functional benefits to occur. Example quotes are shown below:  

‘I only do it [exercise] because I know it benefits me. I don’t do it because I enjoy it.’ (65 year old 
female) 

‘If you’re strong where the muscles are, it helps to take the weight off the joint.’ (74 year old male) 

 ‘....it [the exercise] improved the pain and it improved the mobility.’ (65 year old female)  

 ‘I’m frightened that if I don’t get up every morning, if I stay in bed it will become progressive.’ (66 
year old female) 

Additionally, the notion of having to exercise because it is helpful was upheld in our 
questionnaire study. Over two thirds of patients either agreed or strongly agreed with items 
relating to this theme. These items included statements such as ‘Exercise helps to keep my 
joints moving’ and ‘I feel exercise relieves joint pain’.  
However, it is important to note that not all patients considered exercise as advantageous 
and some felt that exercise is not ‘helpful’ as it causes pain or makes their condition worse. 
This is shown by the following quotes: 

‘…you come back to this exercise business and you come back, exercise is painful…’ (67 year old 
male) 

 ‘I actually find if you push yourself it makes it [RA] worse.’ (56 year old female) 

These negative perceptions, alongside other barriers, will be discussed in more detail 
throughout this chapter. Overall however, it is apparent that patients do perceive that 
exercise will be of benefit. Yet, if the perception that exercise as a positive feature of RA 
treatment is to supersede any negative connotations, continual emphasis and education of 
the benefits is critical (de Jong et al., 2004, Gecht et al., 1996; Neuberger et al., 2007). 

2.2 Barriers to exercise 
Within the general population, numerous barriers to exercise have been shown to exist 
(Trost et al., 2002). These barriers are broad and also affect the RA population. However, 
there are additional barriers that exist within the RA population, arising as a result of the 
local and systemic characteristics of the disease. Psychosocial aspects also make significant 
contribution. Concerns relating to joint health and limitations in exercise prescription are 
also key issues and are discussed in following sections. 
Specific barriers to exercise in the RA population include musculoskeletal pain and fatigue. 
Medications and physical capabilities have also been highlighted as factors affecting 
patients’ exercise behaviour, alongside complications associated with additional co-
morbidities. Time constraints brought about by lifestyle and other commitments are factors 
common to both the general and RA patient population, often further compounded by the 
distance necessary to travel to an exercise facility, alongside limited methods of 
transportation. Barriers such as a lack of enjoyment, motivation and confidence have also 
been identified, and especially for those on a limited income, concerns about cost and a lack 
of adequate insurance are also prevalent amongst non-exercisers (Gyursik et al., 2009; 
Hutton et al., 2010; Law et al., 2010; Neuberger et al., 2007; Shutzer & Graves, 2004; Wilcox et 
al., 2006). Table 1 displays a summary of these barriers, highlighting in bold those that are 
specific to arthritis. Examples relating to enjoyment, access and fatigue are provided here; 
quotes relating to pain will be provided later: 
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‘Even on days when I do have time, I think I’d rather be doing something else’ (65 year old 
female) 

‘You want something there [somewhere to exercise], something you can access easily.’ (58 year old 
female) 

‘...you get very tired with this. Sometimes in a week you might feel exhausted, doing nothing’. (46 
year old female) 

 
Physical Psychological/ 

behavioural 
Social Environmental 

Pain before 
exercise Lack of time Lack of encouragement No arthritis-

specific facilities 

Pain during 
exercise Lack of enjoyment 

Lack of 
acknowledgement of 

arthritis 
Weather/surfaces 

Pain after 
exercise Not a priority 

Lack of information 
from healthcare 

provider 
Cost 

Fatigue Feeling that ‘physically 
can’t’ 

Nobody to exercise 
with Transportation 

Impaired 
mobility Lacking in skills Competing roles and 

responsibilities  

Co-morbid 
conditions Fear of a flare-up   

Joint swelling/
stiffness Stress   

Muscle/joint 
pain 

Perceived negative 
outcomes   

 Perceived lack of 
positive outcomes   

 Worry about putting 
health at risk   

Table 1. Summary of barriers to exercise in arthritis (adapted from der Anian et al., 2006; 
Gyursik et al., 2009; Hutton et al., 2010; Law et al., 2010; Wilcox et al., 2006;). Those specific 
to arthritis are shown in bold. 

This summary table has been created based upon our focus group research and the work of 
four other groups exploring barriers to exercise in patients with arthritis. Wilcox et al., 
(2006) conducted twelve focus groups including 68 adults with arthritis and described 
differences in barriers to exercise between ‘exercisers’ and ‘non-exercisers’. Various barriers 
to exercise were identified, many of which were similar to those that have been described by 
the general population (Trost et al., 2002). However, as shown in bold in Table 1, others 
were unique to people with a chronic disease such as arthritis. Those patients who were 
already exercising indicated barriers similar to those who were not, but these did not 
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prevent them from exercising. This was mainly because they felt able to make modifications 
and accommodate physical limitations.  
Research by der Anian et al., (2006) also investigated barriers to exercise amongst 
individuals with arthritis and included a subgroup of patients who were defined as 
’insufficiently active’. These patients felt that they could not perform any more exercise 
because of their pain and because they did not know which exercises were safe or 
appropriate to do. In addition, they appeared to lack the knowledge necessary to modify 
exercise routines. It was also more common for these ‘insufficiently active’ individuals to 
express the need for more detailed advice. 
The Obstacles to Action study (New Zealand) (Hutton et al., 2010) used a questionnaire to 
investigate factors influencing exercise participation for individuals with self-reported 
arthritis. These authors also compared participants defined as ‘active’ with those who were 
‘insufficiently active’. Arthritis, fatigue, and discomfort were ranked by both groups as the 
top three barriers. Further confirming the findings by Wilcox et al., (2006), the active 
participants reported significantly lower impact scores for these barriers than the inactive 
group, with these findings persisting after adjustments for occupational status, body mass 
index, and co-morbidities. They also revealed that active people with arthritis believed more 
strongly in the benefits of physical activity, reported significantly higher levels of 
encouragement from others, and had greater overall levels of self-efficacy when compared 
with the less active participants.  
Gyursik et al., (2009) used a web-based survey to explore the frequency of barrier 
occurrence and extent of limitation brought about by barriers to exercise. Arthritis-specific 
personal barriers such as pain (reported by 50% of the sample) and fatigue (reported by 
nearly 40% of the sample), were more commonly reported than generic barriers (e.g. lack 
of time, bad weather). Interestingly, barrier frequency did not predict physical activity, 
further suggesting that it is the individual perception of the impact of the particular 
barriers and the ability to overcome these that is important. Coping strategies, such as 
thinking about the disease-specific health benefits and activity modification, were also 
reported in this study. 
The barriers to exercise that exist in the general population also affect individuals with RA. 
However, our qualitative research highlighted further barriers specific to this patient group, 
including those relating to joint health, limited exercise prescription and pain. Similar to that 
of previous researchers, it appears that those patients who were attendees of a specialised 
exercise class perceived these barriers to exercise as less of a hindrance (Law et al., 2010). 
Nevertheless, and especially for those patients with no prior exercise experience, methods of 
overcoming these barriers are essential to ascertain and implement. This will be discussed in 
later sections. 

2.3 Perceptions relating to exercise and joint health 
RA is often associated with impaired joint health, including joint inflammation, pain and 
damage, and it appears that these physical manifestations create additional barriers to 
exercise for RA patients. Corresponding with this, the perception that exercise may have 
detrimental effects on joint health has been found to exist in many patients with RA (Law et 
al., 2010). In particular, joint pain has been highlighted as a definitive barrier and has also 
been perceived as a prominent factor in determining patients' exercise behaviour (der Anian 
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et al., 2006; Gyursik et al., 2009; Hutton et al., 2010; Wilcox et al., 2006;). The negative 
influence of pain on patients’ exercise behaviour was also described during our focus 
groups, forming the theme ‘Not wanting to exercise as joints hurt’. This was discussed in 
terms of disease-related pain before, during and after exercise. Example quotes are shown 
below: 

‘There’s only one word that affects my exercise behaviour and that’s pain.’ (66 year old female) 

 ‘I mean you can’t exercise if you are in pain can you. You can’t really do anything.’ (57 year old 
female) 

 ‘ … if it hurts you don’t want to move.’ (46 year old female) 
This patient described how she felt in terms of her RA in the days after exercising:  
 ‘Immediately it would ache for a bit, then ease off and then the day after, it would still be, I know that 
was what aggravated it.’      (40 year old female) 
An interesting contrast is also provided with regards to this theme, with some patients 
(especially those who had previously been involved in exercise), suggesting that they would 
continue exercising even if it was painful as they felt it was ‘worth the risk’ (69 year old male). 
Furthermore and as previously mentioned, perceptions indicating that patients have 
experienced feelings of reduced pain have been noted (Wilcox et al., 2006). This was also 
indicated in our focus group research, as shown by the following quote: 

‘… best way to relieve pain is to do something and it [exercise] seems to soothe it and it goes away.’ 
(67 year old male) 
As became clear in our focus group study, it is evident that patients with RA have concerns 
about the effects of exercise on joint health. Empirical evidence from a randomised 
controlled trial investigating the effects of a 2 year, high-intensity exercise programme also 
brought attention to this issue (de Jong & Vliet Vlieland, 2005). Whilst there was no evidence 
of further damage to the small joints of the hands and feet (de Jong et al., 2003), radiological 
evidence from a subgroup of exercisers indicated accelerated progression in large joints 
which had extensive, pre-existing damage (Munneke et al., 2005). However, the authors 
have since retracted this conclusion after a follow-up study at eighteen months was not able 
to confirm this trend (de Jong et al., 2009). Nonetheless, apprehension felt by patients in our 
focus groups regarding joint damage as a consequence of exercise was reflected in the theme 
‘Worry about causing harm to joints’. The dialogue below provides an example: 
‘The worry is whether you are damaging yourself really.’ (66 year old male)  

‘Yeah.’ (44 year old female)    

‘Am I going to be worse as a result of it?’ (73 year old male)   

‘That’s a significant anxiety for me.’ (66 year old male) 
As highlighted in the following quotes, it also became clear that previous damage and pain 
provoked additional concern: 
‘You can do all the exercises out, it won’t affect what’s at the back of your head saying, if I do that, 
will I do any damage to what’s already been damaged?’ (67 year old male) 

‘ … if you do something and it’s that painful, it must be doing your joints some damage.’ (66 year 
old female) 
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damage, and it appears that these physical manifestations create additional barriers to 
exercise for RA patients. Corresponding with this, the perception that exercise may have 
detrimental effects on joint health has been found to exist in many patients with RA (Law et 
al., 2010). In particular, joint pain has been highlighted as a definitive barrier and has also 
been perceived as a prominent factor in determining patients' exercise behaviour (der Anian 
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et al., 2006; Gyursik et al., 2009; Hutton et al., 2010; Wilcox et al., 2006;). The negative 
influence of pain on patients’ exercise behaviour was also described during our focus 
groups, forming the theme ‘Not wanting to exercise as joints hurt’. This was discussed in 
terms of disease-related pain before, during and after exercise. Example quotes are shown 
below: 

‘There’s only one word that affects my exercise behaviour and that’s pain.’ (66 year old female) 

 ‘I mean you can’t exercise if you are in pain can you. You can’t really do anything.’ (57 year old 
female) 

 ‘ … if it hurts you don’t want to move.’ (46 year old female) 
This patient described how she felt in terms of her RA in the days after exercising:  
 ‘Immediately it would ache for a bit, then ease off and then the day after, it would still be, I know that 
was what aggravated it.’      (40 year old female) 
An interesting contrast is also provided with regards to this theme, with some patients 
(especially those who had previously been involved in exercise), suggesting that they would 
continue exercising even if it was painful as they felt it was ‘worth the risk’ (69 year old male). 
Furthermore and as previously mentioned, perceptions indicating that patients have 
experienced feelings of reduced pain have been noted (Wilcox et al., 2006). This was also 
indicated in our focus group research, as shown by the following quote: 

‘… best way to relieve pain is to do something and it [exercise] seems to soothe it and it goes away.’ 
(67 year old male) 
As became clear in our focus group study, it is evident that patients with RA have concerns 
about the effects of exercise on joint health. Empirical evidence from a randomised 
controlled trial investigating the effects of a 2 year, high-intensity exercise programme also 
brought attention to this issue (de Jong & Vliet Vlieland, 2005). Whilst there was no evidence 
of further damage to the small joints of the hands and feet (de Jong et al., 2003), radiological 
evidence from a subgroup of exercisers indicated accelerated progression in large joints 
which had extensive, pre-existing damage (Munneke et al., 2005). However, the authors 
have since retracted this conclusion after a follow-up study at eighteen months was not able 
to confirm this trend (de Jong et al., 2009). Nonetheless, apprehension felt by patients in our 
focus groups regarding joint damage as a consequence of exercise was reflected in the theme 
‘Worry about causing harm to joints’. The dialogue below provides an example: 
‘The worry is whether you are damaging yourself really.’ (66 year old male)  

‘Yeah.’ (44 year old female)    

‘Am I going to be worse as a result of it?’ (73 year old male)   

‘That’s a significant anxiety for me.’ (66 year old male) 
As highlighted in the following quotes, it also became clear that previous damage and pain 
provoked additional concern: 
‘You can do all the exercises out, it won’t affect what’s at the back of your head saying, if I do that, 
will I do any damage to what’s already been damaged?’ (67 year old male) 

‘ … if you do something and it’s that painful, it must be doing your joints some damage.’ (66 year 
old female) 
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On the other hand, qualitative research has revealed that some patients feel that their joints 
benefit from exercise, with quotes indicating the view that joints are ‘lubricated’ as a result 
of movement and patients have expressed that they feel more agile (Kamwendo et al., 1999; 
Law et al., 2010). This is demonstrated by the quote below: 
‘...it helps to keep them lubricated doesn’t it. It helps keep you moving, exercise. If you don’t they seize 
up...’ (65 year old female) 

Overall, however, as factors salient to individual beliefs regarding the effects of exercise, 
patient perceptions relating to joint health, pain and damage are important to consider when 
addressing the issue of exercise for this population. Moreover, just under half of the patients 
involved in our follow-up questionnaire study indicated agreement with items relating to 
the themes ‘worry about causing harm to joints’ and ‘not wanting to exercise as joints hurt’ 
(Law et al., manuscript in preparation). Therefore, it is evident that RA patients need 
continued reassurance and encouragement that exercise is a vital part of disease 
management and that the aforementioned benefits are achievable without unfavourable 
effects for joint health or disease activity.  

2.4 Perceptions relating to exercise prescription 
The pharmacological treatment of RA involves a clear and specific prescription for 
medication. However, despite recommendations by the British Society for Rheumatology 
(BSR; Luqmani et al., 2006; 2009), National Institute of Health and Clinical Excellence (NICE, 
2009), European League Against Rheumatism (EULAR; Combe et al., 2007) and the 
American College of Sports Medicine (ACSM; Nelson et al., 2007), that exercise should be 
incorporated into the treatment of people with RA, specific recommendations are less clear. 
Corresponding with this limited clarity, research suggests that a perceived uncertainty 
about which exercises to do, and how to do them, may be inhibiting patients from 
participating in regular exercise (Lambert et al. 2000, Law et al. 2010). Emerging from our 
focus group research, the theme ‘Not knowing what exercise should be done’ reflects 
patients’ concerns about not knowing enough about exercise with respect to their disease. 
Patients discussed doubts about the best forms of exercise to undertake and were unclear 
how much exercise they should do. Discussion relating to sufficient exercise intensity and 
heart rate also took place, with questions arising as to whether fast walking would be 
enough, and how breathless they should feel. Example quotes are provided below: 
‘If you do it fast it does raise your heart rate. And how much do you need to raise your heart rate, you 
don’t know how much. Do you raise your heart rate until you can’t breathe?’ (65 year old female) 
‘...It’s just the type of exercise that you do. Obviously not something too strenuous, but sometimes 
you need reassurance as well before you do something. You think well, is that good for me or is that 
bad for me?’ (23 year old female) 

‘Do you think you have to do different exercises for muscle to joints?’ (65 year old female) 

‘Do you know, I haven’t got a clue’ (56 year old female) 

Furthermore, patients also showed concern about the possibility that they might do 
something wrong. This is demonstrated by the following quotes: 
‘Yeah, it’s, what is the exercise about. How do I do it, will it affect my worse little bits. You’ve got to 
go through the bit about it, you’ve got to read what the exercise is, you’ve got to look at what the 
exercise is, will I be alright with it … ’ (67 year old male) 
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‘It’s difficult to know where to draw the line between ‘oh for goodness sake, give it a bit of effort’ … or 
‘you know this is harmful, it’s time to stop.’ (57 year old female) 

‘Only if you do too much I think.’ (62 year old male) 

‘Or if you do the wrong thing as well, I think you could easily do the wrong thing.’ (46 year old 
female) 

Furthermore, repetitive, impact-based exercise and pain provoked additional concern as 
shown in the quotes below: 

‘ … . got to be careful of a repetitive move.’ (58 year old female) 

‘I think impact is really disastrous … ’ (66 year old female) 

‘ … . I don’t think weight impact, I don’t think that would be very helpful.’ (62 year old male) 

As previously mentioned, high-intensity exercise is now considered to provide the greatest 
benefit. However, in a study by Munneke et al., (2003), the outcome expectations of patients 
for a high-intensity exercise programme were found to be significantly less positive when 
compared to a conventional exercise programme. In this study, conventional exercise was 
described as ‘calmly performed exercises for the joints not leading to tiredness, e.g. bending 
and stretching of the arm’ and high-intensity exercise as ‘individually tailored and 
supervised physical fitness and strength training exercises for the whole body leading to 
tiredness’. As will be discussed later, it was found that health professionals also held the 
view that conventional exercise was preferable for a patient with RA. Despite this however, 
the majority of patients indicated that they thought an intensive exercise programme would 
be attainable for at least half of their patient group.  
An additional theme that emerged from our focus groups offered further insight into patient 
perceptions relating to exercise prescription. The theme ‘Health professionals showing a 
lack of exercise knowledge’ reflected patient perceptions that, while health professionals 
advocated exercise, there were uncertainties regarding the specifics of exercise prescription. 
Furthermore, when exploring this issue on a larger scale, our questionnaire study revealed 
that less than 20% of patients agreed that health professionals showed exercise knowledge. 
Patients were also unsure whether or not current disease state (i.e. pain and fatigue levels) 
affected the overall benefit of exercise. As previously mentioned, further uncertainties were 
perceived in relation to concerns within the health profession about exercise and joint 
health. These views are demonstrated in the following extract: 

‘ … if I do that sort of thing and I get pain, I can go on doing it, now my next question [to a health 
professional] is am I doing myself harm if I get pain? (66 year old male) 

‘...mmmm’ (73 year old male) 

‘Yeah’ (44 year old female) 

‘[The health professional] can’t tell me, right’ (66 year old male) 

‘No, that’s what worries me’ (65 year old female) 

‘Nobody knows’ (66 year old male) 

These perceptions relating to exercise prescription suggest that patients require education 
to include specific exercise recommendations that are of sufficient intensity to provide 
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On the other hand, qualitative research has revealed that some patients feel that their joints 
benefit from exercise, with quotes indicating the view that joints are ‘lubricated’ as a result 
of movement and patients have expressed that they feel more agile (Kamwendo et al., 1999; 
Law et al., 2010). This is demonstrated by the quote below: 
‘...it helps to keep them lubricated doesn’t it. It helps keep you moving, exercise. If you don’t they seize 
up...’ (65 year old female) 

Overall, however, as factors salient to individual beliefs regarding the effects of exercise, 
patient perceptions relating to joint health, pain and damage are important to consider when 
addressing the issue of exercise for this population. Moreover, just under half of the patients 
involved in our follow-up questionnaire study indicated agreement with items relating to 
the themes ‘worry about causing harm to joints’ and ‘not wanting to exercise as joints hurt’ 
(Law et al., manuscript in preparation). Therefore, it is evident that RA patients need 
continued reassurance and encouragement that exercise is a vital part of disease 
management and that the aforementioned benefits are achievable without unfavourable 
effects for joint health or disease activity.  

2.4 Perceptions relating to exercise prescription 
The pharmacological treatment of RA involves a clear and specific prescription for 
medication. However, despite recommendations by the British Society for Rheumatology 
(BSR; Luqmani et al., 2006; 2009), National Institute of Health and Clinical Excellence (NICE, 
2009), European League Against Rheumatism (EULAR; Combe et al., 2007) and the 
American College of Sports Medicine (ACSM; Nelson et al., 2007), that exercise should be 
incorporated into the treatment of people with RA, specific recommendations are less clear. 
Corresponding with this limited clarity, research suggests that a perceived uncertainty 
about which exercises to do, and how to do them, may be inhibiting patients from 
participating in regular exercise (Lambert et al. 2000, Law et al. 2010). Emerging from our 
focus group research, the theme ‘Not knowing what exercise should be done’ reflects 
patients’ concerns about not knowing enough about exercise with respect to their disease. 
Patients discussed doubts about the best forms of exercise to undertake and were unclear 
how much exercise they should do. Discussion relating to sufficient exercise intensity and 
heart rate also took place, with questions arising as to whether fast walking would be 
enough, and how breathless they should feel. Example quotes are provided below: 
‘If you do it fast it does raise your heart rate. And how much do you need to raise your heart rate, you 
don’t know how much. Do you raise your heart rate until you can’t breathe?’ (65 year old female) 
‘...It’s just the type of exercise that you do. Obviously not something too strenuous, but sometimes 
you need reassurance as well before you do something. You think well, is that good for me or is that 
bad for me?’ (23 year old female) 

‘Do you think you have to do different exercises for muscle to joints?’ (65 year old female) 

‘Do you know, I haven’t got a clue’ (56 year old female) 

Furthermore, patients also showed concern about the possibility that they might do 
something wrong. This is demonstrated by the following quotes: 
‘Yeah, it’s, what is the exercise about. How do I do it, will it affect my worse little bits. You’ve got to 
go through the bit about it, you’ve got to read what the exercise is, you’ve got to look at what the 
exercise is, will I be alright with it … ’ (67 year old male) 
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‘It’s difficult to know where to draw the line between ‘oh for goodness sake, give it a bit of effort’ … or 
‘you know this is harmful, it’s time to stop.’ (57 year old female) 

‘Only if you do too much I think.’ (62 year old male) 

‘Or if you do the wrong thing as well, I think you could easily do the wrong thing.’ (46 year old 
female) 

Furthermore, repetitive, impact-based exercise and pain provoked additional concern as 
shown in the quotes below: 

‘ … . got to be careful of a repetitive move.’ (58 year old female) 

‘I think impact is really disastrous … ’ (66 year old female) 

‘ … . I don’t think weight impact, I don’t think that would be very helpful.’ (62 year old male) 

As previously mentioned, high-intensity exercise is now considered to provide the greatest 
benefit. However, in a study by Munneke et al., (2003), the outcome expectations of patients 
for a high-intensity exercise programme were found to be significantly less positive when 
compared to a conventional exercise programme. In this study, conventional exercise was 
described as ‘calmly performed exercises for the joints not leading to tiredness, e.g. bending 
and stretching of the arm’ and high-intensity exercise as ‘individually tailored and 
supervised physical fitness and strength training exercises for the whole body leading to 
tiredness’. As will be discussed later, it was found that health professionals also held the 
view that conventional exercise was preferable for a patient with RA. Despite this however, 
the majority of patients indicated that they thought an intensive exercise programme would 
be attainable for at least half of their patient group.  
An additional theme that emerged from our focus groups offered further insight into patient 
perceptions relating to exercise prescription. The theme ‘Health professionals showing a 
lack of exercise knowledge’ reflected patient perceptions that, while health professionals 
advocated exercise, there were uncertainties regarding the specifics of exercise prescription. 
Furthermore, when exploring this issue on a larger scale, our questionnaire study revealed 
that less than 20% of patients agreed that health professionals showed exercise knowledge. 
Patients were also unsure whether or not current disease state (i.e. pain and fatigue levels) 
affected the overall benefit of exercise. As previously mentioned, further uncertainties were 
perceived in relation to concerns within the health profession about exercise and joint 
health. These views are demonstrated in the following extract: 

‘ … if I do that sort of thing and I get pain, I can go on doing it, now my next question [to a health 
professional] is am I doing myself harm if I get pain? (66 year old male) 

‘...mmmm’ (73 year old male) 

‘Yeah’ (44 year old female) 

‘[The health professional] can’t tell me, right’ (66 year old male) 

‘No, that’s what worries me’ (65 year old female) 

‘Nobody knows’ (66 year old male) 

These perceptions relating to exercise prescription suggest that patients require education 
to include specific exercise recommendations that are of sufficient intensity to provide 
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beneficial effects. Furthermore, there is a perception amongst patients that health 
professionals lack clarity and certainty regarding exercise, especially in relation to joint 
health. This perception of health professionals is also an important area to explore in 
order to determine if and where uncertainties exist, alongside the best way to deliver a 
clear and consistent message to the patient population. It may be that a firm and assertive 
approach to recommending exercise is important when prescribing exercise to people 
with RA. 

3. The impact of the health professional 
The health professional has an important role when prescribing exercise to a patient with 
RA. Due to the nature of their condition, RA patients are in frequent contact with their 
healthcare team and place great value on the information they provide (Lambert et al., 2000; 
Kamwendo et al., 1999). Hence, this regular contact forms an integral part of patient 
perceptions relating to exercise. However, evidence suggests that this is not a source from 
which they consistently get appropriate information (Lambert et al., 2000; Law et al., 2010). 
For example: 

‘I would really like to know what they call exercise and whether or not it conforms to what I think is 
exercise’ (66 year old male).  

On the other hand, health professionals are increasingly involved in conducting or 
referring to an exercise programme and those focus group patients who attended a 
specialised exercise class (an 8-week circuit-based exercise programme of 8–12 stations) 
demonstrated more experiential and education-derived knowledge of the types of 
exercise they could do. This is also consistent with findings comparing the views of active 
and inactive people with arthritis, with the active patients found to have additional 
exercise knowledge and the ability to draw from past experiences (Wilcox et al., 2006). An 
example is provided in a quote from a 65 year old female patient: 

‘There are lots of exercises that you can do at home…I’ll go to the stairs and spend 10 minutes as fast 
as I can up one step down, up down. Just that little exercise that we did.’ (65 year old female 
patient) 

In contrast, the knowledge of non-attendees appeared to be mainly speculative. 
Nonetheless, whilst exercise class attendees did not highlight disadvantages to the same 
extent, queries relating to pain and its link with harm were still expressed, especially 
regarding exercises of a higher intensity. Therefore, it remains necessary that health 
professionals address these concerns, even with those who are currently exercising or have 
done so in the past. 
It is also important to note further ways in which the health professional may impact 
upon patient perceptions and exercise behaviour. Unfortunately, interventions designed 
to provide advice and support for increasing physical activity levels have been largely 
unsuccessful in increasing long-term participation (Hillsden et al., 2002; van der Bij et al., 
2002). Iversen et al. (2004a) examined the predictors of exercise behaviour in RA patients 
at six months following consultation with their rheumatologist and found that patients 
were more likely to be engaged in exercise if their rheumatologist was currently 
performing aerobic exercise themselves. This research also concluded that discussions 
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about exercise were four times more likely to occur when the rheumatologist initiated 
exercise discussion (Iversen et al., 2004a). These findings draw attention to the 
significance of health professionals and the influence they have on the exercise 
perceptions of this patient group. 

3.1 Perceptions of health professionals 
When working towards a successful exercise prescription, it is important to consider the 
perceptions of health professionals involved in the care of people with RA. Common 
barriers cited for a lack of exercise-based intervention have included a lack of time during 
the patient visit, limited reimbursement, lack of training and perceived ineffectiveness as a 
behavioural counsellor (Calfas et al., 1996). In the study by Iversen et al. (1999), many 
rheumatologists felt that exercise prescription would take more time than they had available 
and also doubted their patients’ interest in and ability to comply with an exercise 
programme. Further research by this group indicated that only 51% of rheumatologists 
reported feeling confident that they knew when exercises were appropriate for their patients 
with RA with only 22% reporting that they felt confident to instruct patients as to 
appropriate exercises (Iversen et al., 2004b). 
The perceptions of health professionals in relation to exercise type may also be limiting 
recommendation and consequent uptake of exercise. Rheumatologists have reported 
negative attitudes towards aerobic exercise, with 29% of the belief that aerobic exercises 
were rarely useful in the management of RA (Iversen et al., 1999; 2004a). Furthermore and 
as previously mentioned, the outcome expectations of rheumatologists and 
physiotherapists for high intensity exercise have been found to be significantly less 
positive than those for a conventional exercise programme. Despite this, the majority of 
rheumatologists (and patients) felt that a high-intensity exercise programme would be 
attainable. Interestingly, the physiotherapists in this study were even more conservative 
than rheumatologists regarding high-intensity exercise with only a minority of 
physiotherapists of the view that intensive exercise would be attainable for half of all RA 
patients (Munneke et al., 2004). 
Limitations within the existing literature may partially explain these perceptions as 
reservations regarding exercise and joint health were in existence (Munneke et al., 2005). 
However, as previously discussed, the most recent study by de Jong and colleagues (2009) 
refuted this, offering further substantiation of the earlier studies that showed no 
exacerbation of joint damage with prolonged, high-intensity exercise (Hakkinen et al., 
1994; 2001; 2004; Nordemar et al., 1981;). Consequently, it may be that supplementary 
education for health professionals involved in the treatment of patients with RA is 
necessary to ensure they are sufficiently informed with respect to current scientific 
evidence (Munneke et al., 2004). Furthermore, it appears that further research and 
information dissemination, with the aim of addressing deficiencies in knowledge of 
specific exercise prescription for this population is required. As shown in the quotes 
below, our ongoing research investigating the perceptions of health professionals with 
regards to exercise has given an initial insight into the difficulties of providing an exercise 
prescription to individuals with RA.  
‘I don’t know specific recommendations for aerobic exercise in RA because journal articles on this 
never specify or describe exactly what exercise was prescribed…’ (Rheumatologist) 
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beneficial effects. Furthermore, there is a perception amongst patients that health 
professionals lack clarity and certainty regarding exercise, especially in relation to joint 
health. This perception of health professionals is also an important area to explore in 
order to determine if and where uncertainties exist, alongside the best way to deliver a 
clear and consistent message to the patient population. It may be that a firm and assertive 
approach to recommending exercise is important when prescribing exercise to people 
with RA. 

3. The impact of the health professional 
The health professional has an important role when prescribing exercise to a patient with 
RA. Due to the nature of their condition, RA patients are in frequent contact with their 
healthcare team and place great value on the information they provide (Lambert et al., 2000; 
Kamwendo et al., 1999). Hence, this regular contact forms an integral part of patient 
perceptions relating to exercise. However, evidence suggests that this is not a source from 
which they consistently get appropriate information (Lambert et al., 2000; Law et al., 2010). 
For example: 

‘I would really like to know what they call exercise and whether or not it conforms to what I think is 
exercise’ (66 year old male).  

On the other hand, health professionals are increasingly involved in conducting or 
referring to an exercise programme and those focus group patients who attended a 
specialised exercise class (an 8-week circuit-based exercise programme of 8–12 stations) 
demonstrated more experiential and education-derived knowledge of the types of 
exercise they could do. This is also consistent with findings comparing the views of active 
and inactive people with arthritis, with the active patients found to have additional 
exercise knowledge and the ability to draw from past experiences (Wilcox et al., 2006). An 
example is provided in a quote from a 65 year old female patient: 

‘There are lots of exercises that you can do at home…I’ll go to the stairs and spend 10 minutes as fast 
as I can up one step down, up down. Just that little exercise that we did.’ (65 year old female 
patient) 

In contrast, the knowledge of non-attendees appeared to be mainly speculative. 
Nonetheless, whilst exercise class attendees did not highlight disadvantages to the same 
extent, queries relating to pain and its link with harm were still expressed, especially 
regarding exercises of a higher intensity. Therefore, it remains necessary that health 
professionals address these concerns, even with those who are currently exercising or have 
done so in the past. 
It is also important to note further ways in which the health professional may impact 
upon patient perceptions and exercise behaviour. Unfortunately, interventions designed 
to provide advice and support for increasing physical activity levels have been largely 
unsuccessful in increasing long-term participation (Hillsden et al., 2002; van der Bij et al., 
2002). Iversen et al. (2004a) examined the predictors of exercise behaviour in RA patients 
at six months following consultation with their rheumatologist and found that patients 
were more likely to be engaged in exercise if their rheumatologist was currently 
performing aerobic exercise themselves. This research also concluded that discussions 
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about exercise were four times more likely to occur when the rheumatologist initiated 
exercise discussion (Iversen et al., 2004a). These findings draw attention to the 
significance of health professionals and the influence they have on the exercise 
perceptions of this patient group. 

3.1 Perceptions of health professionals 
When working towards a successful exercise prescription, it is important to consider the 
perceptions of health professionals involved in the care of people with RA. Common 
barriers cited for a lack of exercise-based intervention have included a lack of time during 
the patient visit, limited reimbursement, lack of training and perceived ineffectiveness as a 
behavioural counsellor (Calfas et al., 1996). In the study by Iversen et al. (1999), many 
rheumatologists felt that exercise prescription would take more time than they had available 
and also doubted their patients’ interest in and ability to comply with an exercise 
programme. Further research by this group indicated that only 51% of rheumatologists 
reported feeling confident that they knew when exercises were appropriate for their patients 
with RA with only 22% reporting that they felt confident to instruct patients as to 
appropriate exercises (Iversen et al., 2004b). 
The perceptions of health professionals in relation to exercise type may also be limiting 
recommendation and consequent uptake of exercise. Rheumatologists have reported 
negative attitudes towards aerobic exercise, with 29% of the belief that aerobic exercises 
were rarely useful in the management of RA (Iversen et al., 1999; 2004a). Furthermore and 
as previously mentioned, the outcome expectations of rheumatologists and 
physiotherapists for high intensity exercise have been found to be significantly less 
positive than those for a conventional exercise programme. Despite this, the majority of 
rheumatologists (and patients) felt that a high-intensity exercise programme would be 
attainable. Interestingly, the physiotherapists in this study were even more conservative 
than rheumatologists regarding high-intensity exercise with only a minority of 
physiotherapists of the view that intensive exercise would be attainable for half of all RA 
patients (Munneke et al., 2004). 
Limitations within the existing literature may partially explain these perceptions as 
reservations regarding exercise and joint health were in existence (Munneke et al., 2005). 
However, as previously discussed, the most recent study by de Jong and colleagues (2009) 
refuted this, offering further substantiation of the earlier studies that showed no 
exacerbation of joint damage with prolonged, high-intensity exercise (Hakkinen et al., 
1994; 2001; 2004; Nordemar et al., 1981;). Consequently, it may be that supplementary 
education for health professionals involved in the treatment of patients with RA is 
necessary to ensure they are sufficiently informed with respect to current scientific 
evidence (Munneke et al., 2004). Furthermore, it appears that further research and 
information dissemination, with the aim of addressing deficiencies in knowledge of 
specific exercise prescription for this population is required. As shown in the quotes 
below, our ongoing research investigating the perceptions of health professionals with 
regards to exercise has given an initial insight into the difficulties of providing an exercise 
prescription to individuals with RA.  
‘I don’t know specific recommendations for aerobic exercise in RA because journal articles on this 
never specify or describe exactly what exercise was prescribed…’ (Rheumatologist) 
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‘…patients are given a lot of conflicting advice and I am not sure how good the evidence is for advising 
exercise or exercise avoidance. It would be good to have clear advice/evidence/guidelines…exercise is 
good for RA patients especially when inflammation is controlled but I expect that it is much more 
difficult when disease is active’ (Rheumatologist) 

‘…never prescribe, often recommend.’ (Rheumatologist) 

The following quote demonstrates some of the considerations when deciding how to 
approach an exercise prescription for this patient group: 
‘…The amount of pain a patient is in, whether synovitis is present and if there is joint damage will all 
affect the type, duration and number of ‘reps’ of exercise I would prescribe.’ (Physiotherapist) 

Despite the superior effectiveness of intensive exercise (de Jong et al., 2003; Ekdahl et al., 
1990; Hakkinen et al., 2001; Lemmey, 2009; van den Ende et al., 1996, 2000;) and a lack of 
detrimental consequences for disease activity and progression (deJong et al., 2003; Hakkinen 
et al., 2001; Lemmey et al., 2009; Strenstrom & Minor, 2003), it appears that health 
professionals may still struggle with the concept of recommending high-intensity exercise to 
patient with RA. Considering the increased risks to this population in terms of 
cardiovascular health, bone mineral density and rheumatoid cachexia, it is important to 
foster positive perceptions for both strength and aerobic-based exercise amongst health 
professionals. Thus, improved education is necessary to overcome any existing negative 
perceptions and enhance overall confidence to make a worthwhile exercise recommendation 
for health.  

4. Recommendations for improving patient perceptions 
It is evident that perceptions relating to exercise need to be improved in order to increase 
physical activity levels amongst RA patients and enhance the success of exercise 
recommendations. At present however, overall exercise education is insufficient and further 
support is required to overcome the physical, psychological, social and environmental 
barriers common to this patient group. The model previously discussed (Figure 1) presents 
the issues indicated by patients in relation to exercising with RA and Table 1 summarises 
the barriers to exercise for this patient group. On the other hand, Table 2 summarises the 
and factors that could be used encourage patients with arthritis to exercise. In addition to 
the pivotal role of the rheumatologist in influencing exercise prescription (Iversen et al., 
1999; 2004a and 2004b), these implications are also relevant to other health professionals 
involved in the treatment of RA patients (i.e. nurse specialists, physiotherapists, 
occupational therapists).  
Continual emphasis and communication of the known benefits of exercise for RA patients is 
necessary. It is also important to acknowledge the challenges that are faced by patients 
when attempting to exercise appropriately. For example, especially at the onset of their 
disease, it is important for patients to understand and feel able to make decisions about how 
to modify their exercise according to their fluctuating symptoms (Iversen et al., 1999). It is 
also important to consider methods of overcoming potential barriers when promoting the 
maintenance of an exercise programme. For example, working towards strengthening 
patient beliefs that they are able to continue exercise outside of the healthcare environment 
may be valuable (Swardh et al., 2008).  
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Table 2. Summary of benefits and factors encouraging a patient to exercise in arthritis 
(adapted from der Anian et al., 2006; Gyursik et al., 2009; Hutton et al., 2010; Law et al., 
2010; Wilcox et al., 2006).   

Factors encouraging patients to exercise are also important considerations. Low cost, easy 
access, and weight reduction have been highlighted, alongside receiving assistance from 
instructors and the opportunity for social interaction. Examples quotes are provided from 
our focus group research:  

‘...that for me was the secret. Was to find a good instructor and be in the company of others...’ (58 
year old female) 

‘...there’s a lot of people at the moment complaining of the cost...’ (65 year old female) 

‘That’s another thing it [exercise] does, it helps you to keep the weight off.’ (62 year old male) 

It is also evident from our research that difficulties arise as a result of incomplete 
information being provided, with health professionals advising exercise but lacking a 
definitive explanation of how to do so. It is also important that efforts are made to ensure 
that a consistent message is given. For example, during our focus group study, patients 
were introduced to the quote ‘Many people are afraid to exercise because they believe that it 
will cause further damage to their joints’. The discussion extract below was from a patient in 
response to this: 

‘...a symptom of misinformation and no information. That’s why people believe that. They are not 
educated on Day 1 to believe that things are possible with the right help … ’ (58 year old female).  
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to modify their exercise according to their fluctuating symptoms (Iversen et al., 1999). It is 
also important to consider methods of overcoming potential barriers when promoting the 
maintenance of an exercise programme. For example, working towards strengthening 
patient beliefs that they are able to continue exercise outside of the healthcare environment 
may be valuable (Swardh et al., 2008).  
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This highlights the importance of emphasising the benefits of exercise and giving specific 
exercise recommendations early in treatment. Furthermore, within the Obstacles to Action 
study (Hutton et al., 2010) ’insufficient advice from a healthcare provider’ was a theme for 
the insufficiently active individuals, with queries relating to the type, frequency, and 
intensity of appropriate exercise. These correspond with recommendations by the American 
College of Sports Medicine, who describe exercise prescription using the ‘FITT’ principle 
(Swain, 2010). This incorporates the following: how often per week the patient should 
exercise (Frequency), how energetically or vigorously the patient should exercise (Intensity), 
how long the patient should exercise to obtain benefits (Time) and what type of exercises 
should be prescribed to the patient (Type) (Tancred & Tancred, 1996). This acronym offers a 
useful and simple framework upon which to base an exercise prescription.  
An interesting point also stems from the quote below, indicating that means of continuing 
assessment and feedback may benefit patients. 

‘...I would love to have some measurement that shows me that it’s doing me some good.’ (66 year old 
male) 

However, whilst working to develop these areas would be worthwhile, barriers for the 
health professional also exist. As previously mentioned, limited knowledge may hinder 
their ability and confidence to discuss the topic of exercise.  Moreover, the time constraint of 
a standard appointment often means that medication and symptom control is prioritised 
(Calfas et al., 1996). In a study by Podl et al. (1999) involving family physicians, it was 
highlighted that an average of 45 seconds of consultation time involved conversation about 
exercise. This lack of consultation time was confirmed by Iversen et al., (1999) who found 
that when a medical regime was more complicated, there was less talk about exercise. 
Therefore, quick and effective means of prescribing exercise and providing continual follow-
up and feedback would be of benefit. Future direction could also include referral to a 
trained clinical exercise physiologist, who would possess the skills to make physiological 
assessments and prescribe exercise. Additionally, as local communities vary widely in the 
availability of resources and programmes for individuals with arthritis (Wilcox et al., 2006), 
incorporating home-based recommendations may be of value.  
In summary, clear exercise guidelines and prescription advice is necessary to address the 
fact that RA patients are often faced with ambiguous and incomplete information. This may 
mean that further information for those health professionals involved in the care of this 
patient group is necessary to instil the confidence and allegiance required to positively 
shape the perceptions of this patient group. 

5. Conclusions 
The benefits of continued, regular exercise of a sufficient intensity for RA patients are clear. 
Furthermore, it appears that many patients are aware that exercise forms an advantageous 
part of their disease management. However, negative perceptions relating to joint health, 
pain and the clarity of exercise prescription for this patient group add to the barriers to 
exercise uptake that already exist in the general population. Therefore, to improve patient 
perceptions, the benefits require continual emphasis and the additional concerns regarding 
joint health, pain symptoms the specificity of exercise recommendations need to be 
acknowledged and addressed. Initiation of exercise discussion by the health professional 
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alongside a motivational and assertive approach to exercise prescription is also important to 
implement. 
Further research and use of evidence-based practice within the health profession will 
address limitations in current exercise knowledge. The most effective method of enhancing 
transfer of this information and educating patients and health professionals in this area 
needs to be utilised, an area which may also require further investigation. With more 
specific exercise information and an effectual method of education and delivery, exercise 
can become akin to a medical prescription. Working to build upon perceptions that exercise 
is an essential part of disease management and lifelong health promotion will facilitate this 
process. 
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1. Introduction  
Treatment of rheumatoid arthritis, a systemic, diverse and dynamic disorder, has made 
major progress over the past few decades. Early active treatment with disease-modifying 
anti-rheumatic drugs and biological agents can be highly beneficial for controlling 
inflammatory activity and preventing disability in many patients. However, the most 
effective new drugs are expensive and many patients with rheumatoid arthritis continue to 
have significant pain, restricted mobility, reduced muscle strength and low endurance. In 
addition, it is increasingly recognized that co-morbid conditions play a pivotal role in 
rheumatoid arthritis outcomes. For example, cardiovascular complications are the leading 
contributor to mortality in rheumatoid arthritis, accounting for approximately one half of all 
deaths. Osteoporosis, resulting in bone fractures, also represents a major source of 
morbidity in rheumatoid arthritis. Complementary and alternative medicine treatment and 
lifestyle behavioral modification may play a role in preventing rheumatoid arthritis-
associated comorbidities and their complications.  
Rheumatoid arthritis is characterized by synovial inflammation that leads to joint 
destruction, resulting in substantial long-term disability and a significantly shorter life 
expectancy. Many patients with rheumatoid arthritis experience high levels of pain, 
functional impairment, psychological distress and negative emotions, but these symptoms 
have limited pharmacological therapeutic options. Given the complexity of the therapeutic 
armamentarium used in rheumatoid arthritis, non-pharmacological therapies are 
increasingly attractive to those with chronic rheumatic pain conditions. Recently, 
complementary and alternative medicine therapies for arthritis have been heavily 
advertised and increasing numbers of chronic pain patients report utilizing alternative 
therapies. At the same time, clinical trials and observational studies have provided 
encouraging evidence that Acupuncture, Mind-body Therapy, Chinese herbs and Tibetan 
Medicine have some benefits for patients with rheumatoid arthritis. Indeed, integrative 
approaches combine the best of conventional medicine and the wisdom of complementary 
and alternative medicine. Thus, this chapter synthesizes the current body of knowledge on 
the therapeutic benefits of several types of Complementary and Alternative Medicine on 
pain and symptom relief in patients with rheumatoid arthritis to better inform clinical 
decision-making for our patients.  
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2. Acupuncture for rheumatoid arthritis  
2.1 Acupuncture therapeutics  
Acupuncture, originating in China more than 3,000 years ago, is one of the most popular 
sensory stimulation therapies. It is an ancient technique of inserting and manipulating fine 
needles to stimulate specific anatomic points, also known as acupuncture points or meridian 
points. There have been extensive investigations into the biological mechanisms of 
acupuncture  (Cho et al., 1998; Darras et al., 1992; Dhond et al., 2008; Gao et al., 1997; Han & 
Terenius, 1982; Han, 1997; Harris et al., 2009; Hui et al., 2000; Hui et al., 2005; Kaptchuk, 
2002; Kovacs et al., 1992; Langevin et al., 2001a; Langevin et al., 2001b; Langevin et al., 2007; 
Li et al., 2007; Napadow et al., 2005; Napadow et al., 2007; Napadow et al., 2008; Pariente et 
al., 2005; Wu et al., 1999; Zhang et al., 2005). Some of the best evidence is in relation to 
treatment of pain. Three previous systematic reviews examined the efficacy of acupuncture 
in patients with rheumatoid arthritis and reported that acupuncture has conflicting evidence 
for treatment of RA in the placebo-controlled trials (Casimiro et al., 2005; Lee et al., 2008; 
Wang et al., 2008a). Another narrative review examined 63 Chinese studies with a variation 
of acupuncture therapies in patients with rheumatoid arthritis and concluded that 
acupuncture is helpful for rheumatoid arthritis (Suzuki et al., 2005). However, in addition to 
the complexities revealed by an evaluation of this sort of intervention, many of these prior 
studies have methodological concerns that limit their interpretation.  Therefore, this section 
performs an updated review of all currently available data, including Chinese publications.    

2.2 Clinical evidence  
Explanatory mechanisms from eastern and western biological theory provide a supposed 
rationale for the effectiveness of acupuncture to treat the chronic inflammatory nature of 
rheumatoid arthritis (Han et al., 1986; Han, 2004; Wang et al., 1985; Zijlstra et al., 2003). 
Considerable evidence has shown that acupuncture analgesia may be imitated by 
stimulation of nerves, which, in turn, trigger endogenous opioid mechanisms. Recent 
functional magnetic resonance imaging studies also demonstrated that acupuncture has 
regionally specific, quantifiable effects on relevant structures of the human brain (Hsieh et 
al., 2001; Hui et al., 2000; Napadow et al., 2005; Pariente et al., 2005; Wu et al., 1999; Yoo et 
al., 2004). However, clinical research into the effects of acupuncture on chronic pain is 
challenged by methodological concerns, including finding appropriate inactive controls. For 
example, the larger literature on clinical trials of acupuncture on pain has failed to show a 
significant improvement over sham acupuncture (Brinkhaus et al., 2006; Linde et al., 2006; 
Melchart et al., 2005).  Indeed, there are troublesome findings of non-superiority of 
acupuncture over shams.  
To update the current clinical evidence regarding the effects of acupuncture on rheumatoid 
arthritis, a comprehensive search of 10 western and Chinese databases and reference lists 
was performed based on our previous work (Wang et al., 2008a). The review included 
clinical trials with pain as an endpoint being measured by tender joint count or a pain scale. 
The effects of acupuncture on morning stiffness, erythrocyte sedimentation rate and C-
reactive protein were also reported. Nine studies met eligibility criteria with a total of 597 
subjects. There were 4 placebo-controlled trials and 5 active-controlled trials (Table 1). The 
average study duration was 11 weeks. Mean (SD) numbers of acupuncture points and 
sessions were 11 (8) and 42 (62), respectively. The average duration of needle insertion was 
24 minutes. Eight trials used traditional acupuncture (TA) (Cui et al., 2001; David et al., 
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1999; Jiang & Fan, 2003; Liu et al., 2003; Tam et al., 2007; Wang, 2002; Zanette Sde et al., 2008; 
Zhou & Zhu, 2000), two used electroacupuncture, (EA) (Man & Baragar, 1974; Tam et al., 
2007) and one used both (Tam et al., 2007). Four trials used placebo needles (sham 
acupuncture or incorrectly placed needles) as the control (David et al., 1999; Man & Baragar, 
1974; Tam et al., 2007; Zanette Sde et al., 2008). The other five studies published in China 
used a variety of active interventions in the control groups, including methotrexate, topical 
Votalin ointment, and non-steroidal anti-inflammatory drugs.   

2.1.1 Placebo-controlled trials 
The four placebo-controlled trials involved 160 participants. Of those, two had optimal 
quality and two had moderate quality (David et al., 1999; Man & Baragar, 1974; Tam et al., 
2007; Zanette Sde et al., 2008). Two high quality double-blind randomized, placebo-
controlled trials and two moderate quality trials evaluated the effects of either traditional 
or electroacupuncture versus sham acupuncture. Tam et al (2007) conducted a trial in 
Hong Kong among 36 patients with RA and a disease duration of 9.3 years. Patients were 
randomly assigned to three groups: traditional acupuncture (TA), electroacupuncture 
(EA), and sham acupuncture (placebo needles). Patients received a total of 20 sessions for 
10 weeks using six acupuncture points. The authors found that tender joint count 
improved for both EA and TA groups compared with the control group (tender joint 
count 5.5 vs. 0.5, p<0.05 and tender joint count  4 vs. 0.5, p<0.05, respectively). 
Physician’s global score significantly improved for the EA group while patient’s global 
score significantly improved for the TA group.  Of note, the pain score remained 
unchanged in all three groups. The ACR core disease measures and DAS 28 score were 
not achieved at week 10.  
In a contemporaneous high quality study conducted by Zanette Sde et al (2008), 40 
patients with long-standing RA were randomized to traditional acupuncture or a control 
group using superficial acupuncture at non-acupuncture points. All participants received 
a total of 10 sessions, twice a week for five consecutive weeks. Tender joint count 
improved for the TA group compared with the control group (tender joint count 8.35 vs. 
2.45, p=0.145). There was no significant difference between groups regarding ACR 20 
improvement criteria (primary outcome) after the 5th and 10th sessions. At the last visit, 
there was a trend in favor of the acupuncture intervention compared with the control 
group (40% vs. 10% of each group achieved ACR20 criteria, p=0.07, respectively). In 
addition, there was a significant difference favoring the TA group on physician’s global 
assessment of the treatment (p=0.012), and patient’s (p=0.003) and physician’s global 
assessment of disease activity (p=0.011), but there was no difference for other endpoints. 
The authors concluded that the negative result could be related to the small sample size, 
selection of patients, type of acupuncture protocol applied, and difficulties in establishing 
an appropriate control group.  
A double-blind randomized placebo-controlled trial conducted by David et al (1999) used a 
six-week crossover design comparing traditional acupuncture with sham acupuncture in 64 
patients. There was a total of five weekly sessions. After a washout period of six weeks, 
participants were crossed-over into the other intervention arm (acupuncture or control) for 
an additional five weeks. The tender joint count, swollen joints count, pain scale, patient’s 
and physician’s global assessments, modified DAS, ESR, and C-reactive protein were 
assessed at baseline and at the end of both intervention periods. The authors found no 
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Melchart et al., 2005).  Indeed, there are troublesome findings of non-superiority of 
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was performed based on our previous work (Wang et al., 2008a). The review included 
clinical trials with pain as an endpoint being measured by tender joint count or a pain scale. 
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reactive protein were also reported. Nine studies met eligibility criteria with a total of 597 
subjects. There were 4 placebo-controlled trials and 5 active-controlled trials (Table 1). The 
average study duration was 11 weeks. Mean (SD) numbers of acupuncture points and 
sessions were 11 (8) and 42 (62), respectively. The average duration of needle insertion was 
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1999; Jiang & Fan, 2003; Liu et al., 2003; Tam et al., 2007; Wang, 2002; Zanette Sde et al., 2008; 
Zhou & Zhu, 2000), two used electroacupuncture, (EA) (Man & Baragar, 1974; Tam et al., 
2007) and one used both (Tam et al., 2007). Four trials used placebo needles (sham 
acupuncture or incorrectly placed needles) as the control (David et al., 1999; Man & Baragar, 
1974; Tam et al., 2007; Zanette Sde et al., 2008). The other five studies published in China 
used a variety of active interventions in the control groups, including methotrexate, topical 
Votalin ointment, and non-steroidal anti-inflammatory drugs.   

2.1.1 Placebo-controlled trials 
The four placebo-controlled trials involved 160 participants. Of those, two had optimal 
quality and two had moderate quality (David et al., 1999; Man & Baragar, 1974; Tam et al., 
2007; Zanette Sde et al., 2008). Two high quality double-blind randomized, placebo-
controlled trials and two moderate quality trials evaluated the effects of either traditional 
or electroacupuncture versus sham acupuncture. Tam et al (2007) conducted a trial in 
Hong Kong among 36 patients with RA and a disease duration of 9.3 years. Patients were 
randomly assigned to three groups: traditional acupuncture (TA), electroacupuncture 
(EA), and sham acupuncture (placebo needles). Patients received a total of 20 sessions for 
10 weeks using six acupuncture points. The authors found that tender joint count 
improved for both EA and TA groups compared with the control group (tender joint 
count 5.5 vs. 0.5, p<0.05 and tender joint count  4 vs. 0.5, p<0.05, respectively). 
Physician’s global score significantly improved for the EA group while patient’s global 
score significantly improved for the TA group.  Of note, the pain score remained 
unchanged in all three groups. The ACR core disease measures and DAS 28 score were 
not achieved at week 10.  
In a contemporaneous high quality study conducted by Zanette Sde et al (2008), 40 
patients with long-standing RA were randomized to traditional acupuncture or a control 
group using superficial acupuncture at non-acupuncture points. All participants received 
a total of 10 sessions, twice a week for five consecutive weeks. Tender joint count 
improved for the TA group compared with the control group (tender joint count 8.35 vs. 
2.45, p=0.145). There was no significant difference between groups regarding ACR 20 
improvement criteria (primary outcome) after the 5th and 10th sessions. At the last visit, 
there was a trend in favor of the acupuncture intervention compared with the control 
group (40% vs. 10% of each group achieved ACR20 criteria, p=0.07, respectively). In 
addition, there was a significant difference favoring the TA group on physician’s global 
assessment of the treatment (p=0.012), and patient’s (p=0.003) and physician’s global 
assessment of disease activity (p=0.011), but there was no difference for other endpoints. 
The authors concluded that the negative result could be related to the small sample size, 
selection of patients, type of acupuncture protocol applied, and difficulties in establishing 
an appropriate control group.  
A double-blind randomized placebo-controlled trial conducted by David et al (1999) used a 
six-week crossover design comparing traditional acupuncture with sham acupuncture in 64 
patients. There was a total of five weekly sessions. After a washout period of six weeks, 
participants were crossed-over into the other intervention arm (acupuncture or control) for 
an additional five weeks. The tender joint count, swollen joints count, pain scale, patient’s 
and physician’s global assessments, modified DAS, ESR, and C-reactive protein were 
assessed at baseline and at the end of both intervention periods. The authors found no 
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significant differences between the intervention and control groups for any of the endpoints 
at the end of both intervention periods and at the follow-up assessment. 
An early RCT conducted by Man & Baragar (1974) used a parallel design among 20 
participants with seropositive RA. Patients were randomly assigned to either 
electroacupuncture or control groups. The pain was assessed with a pain scale ranging from 
0 to 4 at 24 hours after treatment. The authors reported that EA had a significant moderate 
and marked decrease in knee pain for 80% of the participants (60% and 20%, respectively) 
compared with no pain reduction in the control group. At three months, 70% of the 
participants in the EA group reported a significant minimal or moderate decrease in pain 
compared with no pain reduction in the control group. However, as no baseline data was 
reported, we estimated the following percentage improvements on the pain scale from the 
published figure (51% and 23%, at 24 hours and 3 months, respectively) for the EA group 
compared with no change in the control group (Man & Baragar, 1974).   

2.1.2 Active-controlled trials 
Since 2000, five active drug-controlled Chinese studies of modest quality have been 
conducted in China and include 468 subjects (Cui et al., 2001; Jiang & Fan, 2003; Liu et al., 
2003; Wang, 2002; Zhou & Zhu, 2000). The mean study duration was 7 weeks, with 14 to 180 
sessions. The number of acupuncture points varied from 8 to 24.  In the control groups, two 
studies used indomethacin (25 mg tid for 4 weeks) (Jiang & Fan, 2003; Zhou & Zhu, 2000), 
one study used indomethacin (50 mg tid) plus triptolide (20 mg tid) for three weeks (Wang, 
2002), one study used methotrexate (5 mg/week 1, 10 mg/week 2, 15 mg/week 3) and 
diclofenac (20 mg bid for 3 months) (Liu et al., 2003), and one study compared acupuncture 
with topical Votalin ointment (bid) (Cui et al., 2001), which may be considered as an NSAID. 
All five Chinese publications consistently reported that acupuncture treatment was 
associated with a significant decrease in pain (tender joint count mean change: -3.9) 
compared with controls. Three studies reported a significant reduction in morning stiffness 
(mean change: - 29 minutes) compared with controls (Jiang & Fan, 2003; Liu et al., 2003; 
Zhou & Zhu, 2000). In addition, three studies observed a reduction in ESR (mean change: -
5.5 mm/hour) (Jiang & Fan, 2003; Liu et al., 2003; Zhou & Zhu, 2000) and 2 noted a C-
reactive protein reduction (mean change: -3.0 mg/dl) (Jiang & Fan, 2003; Zhou & Zhu, 2000), 
but only one showed a significant difference for ESR and C-reactive protein (Jiang & Fan, 
2003). No dropouts were reported. Although these trials concluded that acupuncture was 
effective in relieving symptoms of RA, the long-term benefits remain unknown. 

2.1.3 Summary of clinical evidence 
Collectively, seven studies reported a decrease in pain for acupuncture compared with 
controls, and five showed a statistically significant improvement (Cui et al., 2001; Jiang & 
Fan, 2003; Liu et al., 2003; Tam et al., 2007; Zhou & Zhu, 2000). Compared with controls, the 
mean or median changes of acupuncture-decreased tender joint count pain ranged from 1.5 
to 6.5.  In addition, four studies reported a significant reduction in morning stiffness (mean 
change -29 minutes) but the difference was non-significant compared with controls (Jiang & 
Fan, 2003; Liu et al., 2003; Zanette Sde et al., 2008; Zhou & Zhu, 2000). With regards to 
inflammatory markers, five studies observed a reduction in ESR (mean –3.9 mm/hour) 
(Jiang & Fan, 2003; Liu et al., 2003; Tam et al., 2007; Zanette Sde et al., 2008; Zhou & Zhu, 
2000) and three noted a reduction in C-reactive protein (mean -2.9 mg/dl) (Jiang & Fan, 
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2003; Zanette Sde et al., 2008; Zhou & Zhu, 2000); but only 1 study showed a significant 
difference for both erythrocyte sedimentation rate and C-reactive protein (Jiang & Fan, 
2003).  
Three decades worth of cumulative literature on acupuncture for the treatment of RA have 
been evaluated in both Chinese and western populations. Despite some favorable results in 
one placebo-controlled and 5 active-controlled trials, conflicting evidence remains regarding 
the efficacy of acupuncture for RA in the placebo-controlled trials. While an early RCT 
reported that compared to sham, 1 EA session significantly improved knee pain in 20 
patients with seropositive RA (Man & Baragar, 1974), a later randomized crossover study 
with 56 patients with RA reported no significant differences between traditional and sham 
acupuncture in pain relief or inflammation (David et al., 1999).  A recent systematic review 
which utilized these two trials in their analysis concluded that the evidence was limited due 
to methodological considerations, such as the type of acupuncture (acupuncture vs. 
electroacupuncture), the site of intervention and the small sample size of the studies 
included (Casimiro et al., 2005).  
All five active comparator trials published in China concluded that acupuncture treatment was 
associated with a significant decrease in tender joint count and was effective in relieving other 
symptoms of RA compared with controls. However, the methodological limitations of the 
Chinese studies included inappropriate control interventions (non-comparable), no double-
blind interventions, inadequate description of the randomization process, and scarce use of 
validated outcome measures.  The Chinese studies also used active drugs in place of placebo 
acupuncture, which makes comparisons across studies difficult.   
Accurate quantitative estimates of treatment effects were not obtained due to the 
heterogeneity of the studies, as well as differences in acupuncture interventions, including 
dose/intensity and treatment duration. For instance, the number of acupuncture points 
ranged from 1 to 24, the duration of needle insertion ranged from 4 to 40 minutes, and the 
number of sessions varied from 1 to 180. The time elapsed between sessions also 
fluctuated.  
For all these reasons, the evidence for the efficacy of acupuncture for pain relief in RA is 
modest and uncertain. Furthermore, the long-term benefits remain unknown. Because it is 
difficult to compare such divergent trials and there is a lack of standardized treatment 
protocols, future studies should focus on the optimum dose for acupuncture therapy in 
persons with RA, such as effective evidence-based dose/intensity , and number of 
acupuncture points, duration of needle insertion, frequency of acupuncture sessions, and 
intervention duration. It is possible that some studies, while designed correctly from a 
western scientific approach, do not have the correct Chinese medical approach (i.e. 
inappropriate dose/intensity and duration of acupuncture, insufficient expertise of 
acupuncturist leading to inappropriate needle insertion and manipulation techniques, or 
inappropriate acupuncture point selection by a standardized protocol that may neglect the 
individualized Chinese medical diagnosis). These reasons might explain why no specific 
effects were observed in western studies.  
This comprehensive review of acupuncture for rheumatoid arthritis illustrates the need for 
methodologically rigorous acupuncture study designs that adhere to both the high 
standards of western scientific randomized controlled trials and accommodate the correct 
Chinese medical approach. Further research is needed to understand the effects of 
acupuncture on RA and how patients may or may not benefit from its inclusion in their 
treatment.  
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2003; Zanette Sde et al., 2008; Zhou & Zhu, 2000); but only 1 study showed a significant 
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which utilized these two trials in their analysis concluded that the evidence was limited due 
to methodological considerations, such as the type of acupuncture (acupuncture vs. 
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acupuncture on RA and how patients may or may not benefit from its inclusion in their 
treatment.  



 
Rheumatoid Arthritis – Treatment 

 

356 

Ref.  RA  Patients Duration 
(weeks) Acupuncture

 
Control* 
 

Findings a 

Placebo-controlled Randomized Controlled Trials 

Tam, 2007 
Hong 
Kong  
 

Active RA, mean 
disease duration 
9.3 years 
 
N= 36  
Age= 58 

10 

Group 1: EA 
Group 2: TA 
(20 sessions) 
Needle 
insertion 
time: 30 min 

Sham 
acupuncture 
Placebo 
needles 
(20 sessions) 

EA:  5.5 
TA:   4 
Control group:  
0.5 
Difference between 
groups at week 10:  
EA vs. control:  
 5.0 
TA vs. control:  
 3.5 

Zanette 
Sde,  
2007 
Brazil 
 
 

RA for at least 6 
months with 
stable drug 
treatment for at 
least 1 month  
 
N= 40 Age>50 

9 

TA 
(10 sessions) 
 
Needle 
insertion 
time: 20 min 
 

Superficial 
acupuncture at 
non-
acupuncture 
points  
(10 sessions) 

TA:  8.35 
Control group:  
2.45 
Difference between 
groups:  5.9 
 

David, 
1999 
UK  
 
 
 

RA, mean 
disease duration 
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N= 64 
Age=18-75 

22 
 

TA 
(5 sessions) 
 
Needle 
insertion 
time:  4 min 

Placebo 
needles 
( 5 sessions) 

Treatment effect: ↑ 
0.5    (-1, 1.5)** 
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seropositive RA 
for ≥ 5 years, for 
whom bilateral 
knee pain was a 
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N= 64 
Age=18-75 
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(3 AP/ 1 
session) 
 
Needle 
insertion 
time: 15 min 

Placebo 
needles 
(1 session) 

EA (24h): 51% 
improvement 
EA (3 months): 
23% improvement 
Control group: 0% 
improvement 
in pain scale (0-4) 

Randomized Controlled Trials Compared to Active Comparators 

Liu, 2003 
China  
 

RA with mean 
disease duration 
3.6 years. 
N= 240 
Age=42 
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TA 
(180 sessions)
 
Needle 
insertion 
time: 30 min 

Methotrexate 
IM injection 
- week 1: 5 mg
- week 2: 10 mg
- week 3: 15 mg
+ Diclofenac 
(20 mg/day) 

TA:  16.6 
Control group:  
10.1 
Difference between 
groups:  6.5 

Jiang, 
2003 
China  

Functional class 
1 and 2 patients 
with RA with 

4 
TA 
(15 sessions) 
 

Indomethacin 
(25 mg tid) 

TA:  5.1 
Control group: + 
0.6 

 
Complementary and Alternative Medicine in the Treatment of Rheumatoid Arthritis 

 

357 

 mean disease 
duration 4.5 
years. 
N= 60 
Age=45 

Needle 
insertion 
time: 30 min 

Difference between 
groups:  4.5 

Wang, 
2002 
China  

RA with mean 
disease duration 
10 years. 
N= 61 
Age=ND 
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TA 
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insertion 
time: 30 min 
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(50 mg tid) 
plus triptolide 
(20 mg tid) 
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total effective rate  

Cui, 2001 
China  
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(1987 ACR 
criteria and no 
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duration. 
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insertion 
time: 20-
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Votalin 
ointment 
(bid)b  
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groups:  1.5 
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2000  
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1 and 2 patients 
with RA, with 
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3.1 Tai Chi mind-body therapeutics  
In the past two decades, the literature has consistently recognized the potential therapeutic 
benefits of Tai Chi mind-body exercise. Significant improvements have been reported in 
balance, strength, flexibility, cardiovascular and respiratory function, mood, depression and 
anxiety, self-efficacy, pain reduction and health-related quality of life in diverse eastern and 
western populations for a variety of chronic conditions (Wang et al., 2004). Several recent 
reviews have further suggested that Tai Chi appears to improve a variety of medical 
conditions (Adler & Roberts, 2006; Jahnke et al., 2010; Rogers et al., 2009; Wang et al., 2010a; 
Yeh et al., 2009).  
Tai Chi, a traditional Chinese mind-body exercise, has grown in popularity in the United 
States. According to the 2007 National Health Interview Survey, around 2.5 million 
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benefits of Tai Chi mind-body exercise. Significant improvements have been reported in 
balance, strength, flexibility, cardiovascular and respiratory function, mood, depression and 
anxiety, self-efficacy, pain reduction and health-related quality of life in diverse eastern and 
western populations for a variety of chronic conditions (Wang et al., 2004). Several recent 
reviews have further suggested that Tai Chi appears to improve a variety of medical 
conditions (Adler & Roberts, 2006; Jahnke et al., 2010; Rogers et al., 2009; Wang et al., 2010a; 
Yeh et al., 2009).  
Tai Chi, a traditional Chinese mind-body exercise, has grown in popularity in the United 
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Americans have practiced Tai Chi for health reasons and that number is increasing (Barnes et 
al., 2009). Furthermore, individuals with musculoskeletal conditions are more likely to practice 
Tai Chi (Birdee et al., 2009). It is clear that our patients with rheumatic disease are interested in 
seeking this type of complementary and alternative treatment. Thus, it is important to examine 
the evidence base for mind-body medicine to provide the clinician with an overview of these 
new sources of knowledge for the best care for our rheumatic patients.  

3.2 Scientific evaluation of Tai Chi for rheumatoid arthritis   
One early publication by Kirsteins and colleagues reported on two non-randomized controlled 
trials of 47 and 28 rheumatoid arthritis patients with 10 weeks Tai Chi training. Disease 
activity (joint tenderness, number of swollen joints), 50 foot walks, handgrip strength, a 
written functional assessment, and exacerbation of joint symptoms were measured. The 
studies showed that Tai Chi appears to be safe for rheumatoid arthritis  patients and may 
serve as a suitable weight-bearing exercise with the additional potential advantages of 
stimulating bone growth and strengthening connective tissue (Kirsteins et al., 1991). 
Two randomized controlled trials were recently published in Korea. A study of 31 patients 
reported by Lee showed that compared with a usual care group, 6 weeks of Tai Chi training 
significantly improved mood and sleep disturbance (Lee, 2005). Another trial of 61 patients 
showed that 50 minutes per week of Tai Chi training for 12 weeks significantly decreased 
pain and fatigue compared to usual care controls (Lee & Jeong, 2006).  
To obtain preliminary data on the effects of Tai Chi on rheumatoid arthritis, the author’s 
research group conducted a pilot randomized controlled trial (Wang, 2008b). Twenty patients 
with functional Class I or II rheumatoid arthritis were randomly assigned to Tai Chi or 
attention control in twice-weekly sessions for 12 weeks. The American College Rheumatology 
20 response criteria, functional capacity, health-related quality of life and the depression index 
were assessed. At 12 weeks, 5/10 patients (50%) randomized to Tai Chi achieved an American 
College Rheumatology 20% response compared with 0/10 (0%) in the control (p= 0.03). Tai 
Chi had greater improvement in the Disability Index (p = 0.01), Vitality subscale of the SF-36 (p 
= 0.01) and the Depression Index (p = 0.003). Similar trends to improvement were also 
observed for disease activity, functional capacity and health related quality of life. No adverse 
events were observed and no patients withdrew from the study, suggesting that Tai Chi is safe 
and may be beneficial for Functional Class I or II rheumatoid arthritis.  
A subsequent study of Tai Chi in rheumatoid arthritis patients by Uhlig and colleagues, 
however, has produced inconsistent results. A with-in group comparison study involving 15 
female patients with rheumatoid arthritis aged 40-70 years, participating in 8-week Tai Chi 
training showed no improvements in disease activity, muscle strength, flexibility, balance 
and health status (Uhlig et al., 2005).  The second study from the same group of 
investigators overcame the previous limitations, using a 12-week Tai Chi program for 
another 15 patients. They found that Tai Chi improved lower-limb muscle function and 
endurance at 12 weeks follow-up (Uhlig et al., 2010).  A Cochrane review, examining the 
evidence from 4 clinical trials, suggested that Tai Chi does not exacerbate symptoms of 
rheumatoid arthritis and has some benefits on lower extremity range of motion for people 
with rheumatoid arthritis, in particular ankle range of motion (Han et al., 2004).  
Chronic pain in rheumatoid arthritis is commonly accompanied by psychosocial stress, 
anxiety and depression. Therapeutic approaches with psychological and behavioral impact, 
such as Tai Chi mind-body therapy, could better patients’ emotional health outcomes 
(Bradley & Alberts, 1999).  
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The author’s group systematically reviewed the evidence of the effects of Tai Chi on stress, 
anxiety, depression and mood disturbance in various eastern and western populations 
(Wang et al., 2010a).  Specifically, the results of 33 randomized and nonrandomized trials 
suggest that regular Tai Chi practice is significantly associated with improvements in 
psychological well-being including reduced stress (effect size, 0.66; 95% confidence interval 
[CI], 0.23 to 1.09), anxiety (effect size, 0.66; 95% CI, 0.29 to 1.03), depression (effect size,  0.56; 
95% CI, 0.31 to 0.80), and mood disturbance (effect size, 0.45; 95% CI, 0.20 to 0.69) in healthy 
participants and patients with chronic conditions. Seven observational studies with relatively 
large sample sizes reinforced the beneficial association between Tai Chi practice and 
psychological health. Notably, the review found that Tai Chi tended to reduce depression 
compared to various controls among individuals with osteoarthritis (Fransen et al., 2007; 
Wang et al., 2009), rheumatoid arthritis (Wang, 2008b) fibromyalgia (Taggart et al., 2003; Wang 
et al., 2010b), depression disorders (Chou et al., 2004), sedentary obese women (Dechamps et 
al., 2009), and elderly participants with cardiovascular disease risk factors (Taylor-Piliae et al., 
2006). This positive result was associated with improvement in symptoms and physical 
function in patients with rheumatoid arthritis and other chronic conditions. Interestingly, the 
benefits were also associated with an improvement in the immune respons. A 50% 
improvement in varicella zoster virus-specific cell-mediated immunity (T cell-dependent 
response) after 15 and 25 weeks of Tai Chi in healthy elderly Americans (Irwin et al., 2003; 
Irwin et al., 2007) was observed.  
However, the vast majority of the studies suffer from less rigorous designs with only two 
studies reporting results on participants diagnosed with clinical depression. Nevertheless, 
the potential mental health benefits of Tai Chi mind-body therapy support its inclusion as a 
key component of a multidisciplinary medical approach to promote psychological health, 
treat chronic pain, and better inform clinical decision-making for rheumatoid arthritis.   
As a chronic disorder characterized by inflammation leading to joint destruction, 
rheumatoid arthritis has increased clinically important comorbidities including 
cardiovascular complications and osteoporosis. Numerous studies have evaluated the 
effects of Tai Chi on cardiovascular and respiratory function (Lai et al., 1993; Lai et al., 1995; 
Lan et al., 1996; Lan et al., 1998; Lan et al., 1999). Since 1979, results related to the effect of 
Tai Chi on cardiovascular and pulmonary function have been reported in 43 eastern and 
western publications (Wang et al., 2004; Yeh et al., 2008; Yeh et al., 2009). Among them, one 
study (Zhuo et al., 1984) reported that the metabolic intensity of the activity seems 
insufficient to generate improvements of cardiorespiratory fitness in healthy young adults. 
Yet, all other studies suggested that regular Tai Chi practice may preserve cardiorespiratory 
function in older individuals and may be prescribed as a suitable exercise for older adults. 
Our systematic reviews of literature have shown that Tai Chi can reduce blood pressure and 
increase cardiovascular exercise capacity (Yeh et al., 2008; Yeh et al., 2009).  A very recent 
large single-blind, multisite, randomized controlled trial evaluated a 12 week Tai Chi 
exercise in patients with heart failure (Yeh et al., 2011). At completion of the study, patients 
in the Tai Chi group had greater improvements in quality of life (P=0.02), exercise self-
efficacy (P<0.001) and mood (P=0.01). The authors concluded that Tai Chi exercise, a multi-
component mind-body training modality that is safe and has good rates of adherence, may 
provide value in improving daily exercise, quality of life, mood, and exercise self-efficacy in 
patients with chronic heart failure. Thus, encouraging evidence suggests that Tai Chi may be 
a safe and beneficial adjunctive therapy to conventional care for patients with rheumatoid 
arthritis-associated cardiovascular disease and related complications.  
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Taken together, these trials show that Tai Chi may provide some important components in 
the treatment of Rheumatoid Arthritis. Further research should focus on ideal dose and 
duration of intervention to provide valuable information about how Tai Chi may be best 
used in clinical practice. 

4. Benefit of tripterygium wilffordii hook F in patients with rheumatoid 
arthritis  
4.1 Tripterygium wilffordii hook F therapeutics  
In traditional Chinese medicine, extracts of the roots of Tripterygium Wilffordii Hook F 
(TwHF, Lei Gong Teng) has been widely used for the treatment of autoimmune and 
inflammatory disease in China. Several clinical trials have examined the therapeutic effects of 
TwHF in patients with rheumatoid arthritis (Cibere et al., 2003; Goldbach-Mansky et al., 2009; 
Tao et al., 2001; Tao et al., 2002; Vitetta et al., 2008). In an early nonrandomized controlled 
clinical trial, Tao and colleagues evaluated 13 patients with established rheumatoid arthritis 
who received a maximum dosage of 180 mg/day of TwHF. There were no adverse effects or 
disease improvements observed at that dosage and nine patients tolerated the extract up to a 
dosage of 570 mg/day. Eight of the nine patients who received the extract at doses over 360 
mg/day experienced improvement in both clinical manifestations and laboratory findings and 
one patient met American College of Rheumatology criteria for remission (Tao et al., 2001). 
The results of this small trial suggested that the ethyl acetate extract of the Chinese herbal 
remedy was safe with tolerable side effects for most patients with rheumatoid arthritis who 
achieved clinical benefits.  Subsequently, the same group of investigators used a prospective, 
double-blind, placebo-controlled trial for another 35 patients and found that eight patients in 
the 20-week low-dose (180 mg/day) group and four patients in the high-dose (360 mg/day) 
group met criteria for clinical response. The authors also concluded that the ethanol/ethyl 
acetate extract of TwHF, at a dosage of 360 mg/day, appeared to be safe in patients with 
rheumatoid arthritis (Tao et al., 2002). Another Chinese randomized double-blind placebo-
controlled trial of 61 patients with rheumatoid arthritis suggested that six weeks of TwHF 
significantly improves American College of Rheumatology 20% response rate compared with 
placebo (TwHF 58% vs placebo 20%; P=0.002) (Cibere et al., 2003).  
Recently, to compare the benefits and side effects of TwHF extract with those of 
sulfasalazine, a large randomized, controlled trial of 121 patients with active rheumatoid 
arthritis used TwHF extract 60mg, three times daily or sulfasalazine 1g, twice daily. Patients 
could continue stable doses of oral prednisone and non-steroidal anti-inflammatory drugs 
but not disease-modifying antirheumatic drugs. Among patients who continued treatment 
for 24 weeks, achievement of 20% improvement in American College of Rheumatology 
criteria was greater with TwHF than with sulfasalazine. Adverse event rates were similar. 
Also, patients receiving TwHF had significantly higher response rates for American College 
of Rheumatology 50% and American College of Rheumatology 70% criteria. In the TwHF 
group, significant improvement was demonstrated in all individual components of the 
American College of Rheumatology response, including the Health Assessment 
Questionnaire score. Interleukin-6 levels rapidly and significantly decreased in the TwHF 
group (Goldbach-Mansky et al., 2009).   
The long-term effects and toxicities of TwHF and the potential combination of TwHF with 
other antirheumatic therapies need to be further investigated. However, evidence 
demonstrates that treatment with a standardized extract from the peeled roots of the 
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Chinese herbal remedy TwHF administered from four weeks to over 24 weeks may be both 
effective and safe in treating patients with active rheumatoid arthritis.  

5. Tibetan Five Nectar Formula medicated bath therapy for pain relief in 
patients with RA  
Tibetan Five Nectar Formula is derived from five types of plants and has been considered 
to have anti-inflammatory and immunomodulating effects for rheumatoid arthritis when 
used as bath therapy. To understand the beneficial effect of Tibetan Five Nectar Formula 
Medicated-Bath Therapy on patients with rheumatoid arthritis, the author’s research 
group has recently conducted a comprehensive review of the literature of Tibetan Five 
Nectar Formula Medicated-Bath Therapy on patients with rheumatoid arthritis (Jacobson 
et al., 2010). 
Eighty-seven potentially relevant studies were identified. Nine non-randomized controlled 
trials of 757 subjects met eligibility criteria (Jacobson et al., 2010). All the trials were 
conducted in the Tibetan area of China and used the Five Nectar formula in the Tibetan 
Medicated-Bath. Bath temperatures were of 35-46 0C for 10-15 min, once or twice a day. 
Mean treatment duration ranged from 7-30 days per course, for 1-3 courses. Two studies 
stopped some or all western medications during treatment. The 9 studies also used 
supplemental oral Tibetan herbal therapy. The effect of the Tibetan Five Nectar Formula 
Medicated-Bath Therapy on clinical symptoms was measured with Physician-assessed 
composite outcomes. All studies reported a positive association between the Tibetan Five 
Nectar Formula Medicated-Bath Therapy and improved clinical pain symptoms within 
group comparisons. In addition, three studies reported an improvement in immune 
function. There are discordant trial designs and lack of reported qualitative outcomes 
measure were among other methodological limitations. The overall study quality was poor 
with no controls or randomization, blinding or reports of dropout rates. However, these 
studies suggest that Tibetan Five Nectar Formula Medicated-Bath Therapy may be helpful 
in the treatment of pain symptoms due to rheumatoid arthritis. However, they are of only 
weak evidentiary value due to uniformly poor methodological quality. Future studies with 
more rigorous design and adequate statistical analysis are warranted. 

6. Conclusion 
In summary, as a complex immunologically mediated disorder, rheumatoid arthritis is still a 
therapeutically challenging chronic condition to control. Emerging evidence from clinical 
trials reviewed here support that evidence-based complementary and alternative medicine 
or integrative medicine therapies may offer effective treatments for patients with 
Rheumatoid Arthritis. Integrative approaches combine the best of conventional medicine 
and the wisdom of complementary and alternative medical approaches. These modalities 
may lead to the development of better lifestyle modifying strategies, while mind-body 
medicine such as Tai Chi exercise could affect progression of disease and decrease 
morbidity and mortality among individuals with rheumatoid arthritis. While existing 
evidence regarding complementary and alternative medicine on rheumatoid arthritis 
remains limited and inconclusive, the promising results suggest that these complementary 
and alternative medicine treatments may be a safe adjunctive therapy for rheumatoid 
arthritis and warrant further exploration. 
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Taken together, these trials show that Tai Chi may provide some important components in 
the treatment of Rheumatoid Arthritis. Further research should focus on ideal dose and 
duration of intervention to provide valuable information about how Tai Chi may be best 
used in clinical practice. 

4. Benefit of tripterygium wilffordii hook F in patients with rheumatoid 
arthritis  
4.1 Tripterygium wilffordii hook F therapeutics  
In traditional Chinese medicine, extracts of the roots of Tripterygium Wilffordii Hook F 
(TwHF, Lei Gong Teng) has been widely used for the treatment of autoimmune and 
inflammatory disease in China. Several clinical trials have examined the therapeutic effects of 
TwHF in patients with rheumatoid arthritis (Cibere et al., 2003; Goldbach-Mansky et al., 2009; 
Tao et al., 2001; Tao et al., 2002; Vitetta et al., 2008). In an early nonrandomized controlled 
clinical trial, Tao and colleagues evaluated 13 patients with established rheumatoid arthritis 
who received a maximum dosage of 180 mg/day of TwHF. There were no adverse effects or 
disease improvements observed at that dosage and nine patients tolerated the extract up to a 
dosage of 570 mg/day. Eight of the nine patients who received the extract at doses over 360 
mg/day experienced improvement in both clinical manifestations and laboratory findings and 
one patient met American College of Rheumatology criteria for remission (Tao et al., 2001). 
The results of this small trial suggested that the ethyl acetate extract of the Chinese herbal 
remedy was safe with tolerable side effects for most patients with rheumatoid arthritis who 
achieved clinical benefits.  Subsequently, the same group of investigators used a prospective, 
double-blind, placebo-controlled trial for another 35 patients and found that eight patients in 
the 20-week low-dose (180 mg/day) group and four patients in the high-dose (360 mg/day) 
group met criteria for clinical response. The authors also concluded that the ethanol/ethyl 
acetate extract of TwHF, at a dosage of 360 mg/day, appeared to be safe in patients with 
rheumatoid arthritis (Tao et al., 2002). Another Chinese randomized double-blind placebo-
controlled trial of 61 patients with rheumatoid arthritis suggested that six weeks of TwHF 
significantly improves American College of Rheumatology 20% response rate compared with 
placebo (TwHF 58% vs placebo 20%; P=0.002) (Cibere et al., 2003).  
Recently, to compare the benefits and side effects of TwHF extract with those of 
sulfasalazine, a large randomized, controlled trial of 121 patients with active rheumatoid 
arthritis used TwHF extract 60mg, three times daily or sulfasalazine 1g, twice daily. Patients 
could continue stable doses of oral prednisone and non-steroidal anti-inflammatory drugs 
but not disease-modifying antirheumatic drugs. Among patients who continued treatment 
for 24 weeks, achievement of 20% improvement in American College of Rheumatology 
criteria was greater with TwHF than with sulfasalazine. Adverse event rates were similar. 
Also, patients receiving TwHF had significantly higher response rates for American College 
of Rheumatology 50% and American College of Rheumatology 70% criteria. In the TwHF 
group, significant improvement was demonstrated in all individual components of the 
American College of Rheumatology response, including the Health Assessment 
Questionnaire score. Interleukin-6 levels rapidly and significantly decreased in the TwHF 
group (Goldbach-Mansky et al., 2009).   
The long-term effects and toxicities of TwHF and the potential combination of TwHF with 
other antirheumatic therapies need to be further investigated. However, evidence 
demonstrates that treatment with a standardized extract from the peeled roots of the 
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Chinese herbal remedy TwHF administered from four weeks to over 24 weeks may be both 
effective and safe in treating patients with active rheumatoid arthritis.  

5. Tibetan Five Nectar Formula medicated bath therapy for pain relief in 
patients with RA  
Tibetan Five Nectar Formula is derived from five types of plants and has been considered 
to have anti-inflammatory and immunomodulating effects for rheumatoid arthritis when 
used as bath therapy. To understand the beneficial effect of Tibetan Five Nectar Formula 
Medicated-Bath Therapy on patients with rheumatoid arthritis, the author’s research 
group has recently conducted a comprehensive review of the literature of Tibetan Five 
Nectar Formula Medicated-Bath Therapy on patients with rheumatoid arthritis (Jacobson 
et al., 2010). 
Eighty-seven potentially relevant studies were identified. Nine non-randomized controlled 
trials of 757 subjects met eligibility criteria (Jacobson et al., 2010). All the trials were 
conducted in the Tibetan area of China and used the Five Nectar formula in the Tibetan 
Medicated-Bath. Bath temperatures were of 35-46 0C for 10-15 min, once or twice a day. 
Mean treatment duration ranged from 7-30 days per course, for 1-3 courses. Two studies 
stopped some or all western medications during treatment. The 9 studies also used 
supplemental oral Tibetan herbal therapy. The effect of the Tibetan Five Nectar Formula 
Medicated-Bath Therapy on clinical symptoms was measured with Physician-assessed 
composite outcomes. All studies reported a positive association between the Tibetan Five 
Nectar Formula Medicated-Bath Therapy and improved clinical pain symptoms within 
group comparisons. In addition, three studies reported an improvement in immune 
function. There are discordant trial designs and lack of reported qualitative outcomes 
measure were among other methodological limitations. The overall study quality was poor 
with no controls or randomization, blinding or reports of dropout rates. However, these 
studies suggest that Tibetan Five Nectar Formula Medicated-Bath Therapy may be helpful 
in the treatment of pain symptoms due to rheumatoid arthritis. However, they are of only 
weak evidentiary value due to uniformly poor methodological quality. Future studies with 
more rigorous design and adequate statistical analysis are warranted. 

6. Conclusion 
In summary, as a complex immunologically mediated disorder, rheumatoid arthritis is still a 
therapeutically challenging chronic condition to control. Emerging evidence from clinical 
trials reviewed here support that evidence-based complementary and alternative medicine 
or integrative medicine therapies may offer effective treatments for patients with 
Rheumatoid Arthritis. Integrative approaches combine the best of conventional medicine 
and the wisdom of complementary and alternative medical approaches. These modalities 
may lead to the development of better lifestyle modifying strategies, while mind-body 
medicine such as Tai Chi exercise could affect progression of disease and decrease 
morbidity and mortality among individuals with rheumatoid arthritis. While existing 
evidence regarding complementary and alternative medicine on rheumatoid arthritis 
remains limited and inconclusive, the promising results suggest that these complementary 
and alternative medicine treatments may be a safe adjunctive therapy for rheumatoid 
arthritis and warrant further exploration. 
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