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4. Metabolite space of rheumatoid arthritis 

 

Abstract 

Metabolites play numerous roles in the healthy and diseased body, ranging from regulating 

physiological processes to providing building blocks for the body. Therefore, understanding 

the role of metabolites is important  in elucidating the etiology and pathology of diseases and 

finding targets for new treatment options. Rheumatoid arthritis is a complex chronic disease 

for which new disease management strategies are needed. The aim of this review is to bring 

together and integrate information about the various roles that metabolites have in rheumatoid 

arthritis.  

An extensive PubMed search is conducted to collect the relevant manuscripts. The 

metabolites are discussed in relation to rheumatoid arthritis. Subsequently, the metabolites are 

organized according to levels of system organization. In the last section an integrated 

pathway analysis of the metabolites conducted with  Ingenuity Pathway Analysis software is 

presented.  

Literature search resulted in information about vitamins, eicosanoids, fatty acids, lipids, 

hormones and peptides. The metabolites could be related to metabolic processes, oxidative 

stress processes and inflammatory processes. Cell death, lipid metabolism and small 

molecule biochemistry were found by the pathway analysis to be the top functions, 

characterized by the metabolites arachidonic acid, ascorbic acid, beta-carotene, 

cholecalciferol, hydrocortisone, keratan sulfate, melatonin, palmitic acid and stearic acid. 

These nine metabolites are highly connected to a number of canonical pathways related to 

immune functions, the production of nitric oxygen and reactive oxygen species in 

macrophages and pathways involved in arthritis.  

This review indicates groups of metabolites that could be interesting for metabolomics 

studies related to rheumatoid arthritis. Circadian rhythms of metabolite levels are found to be 

important for understanding and treating rheumatoid arthritis. In addition, some key 

processes and pathways are found by integrating the metabolite data. This might offer new 

ideas for studies into the mechanism of and possible treatment options for rheumatoid 

arthritis. 
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Based on: van Wietmarschen HA, van der Greef J (2012) Metabolite space of rheumatoid arthritis. British 

Journal of Medicine and Medical Research 2(3): 469-483. 
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Introduction 

Metabolites, the intermediates and products of metabolism, play numerous roles in the 

healthy and diseased body, ranging from regulating physiological processes to providing 

building blocks for the body. Together with genomics, transcriptomics and proteomics, 

metabolomics provides the biochemical building blocks for understanding the body as a 

complex and dynamic system of interactions (Wishart et al. 2007). Metabolites occupy a 

special place in this systems biology approach in that they are usually close to the phenotype 

(vd Greef et al. 2007). Therefore understanding the role of metabolites is very important in 

elucidating the etiology and pathology of diseases and finding targets for new treatment 

options. Metabolic profiles of cells, tissues or body fluids can provide snap-shot information 

about the current condition of (part of) the system. However, the future will be more 

determined by dynamic metabolic profiling. Measuring changes in metabolism over time and 

in response to challenges to the system provides a more profound insight not only in the 

status of the living system but also in it's capacity to regulate and adapt. 

Especially for chronic diseases such as Rheumatoid Arthritis (RA) of which the etiology is 

unclear but with both genetic and environmental factors playing a role, it is interesting to 

study the metabolome (Glocker et al. 2006). RA is a chronic systemic autoimmune disease 

characterized by inflammatory polyarthritis which affects approximately 0.5 -1% of the 

population worldwide (Hochberg et al. 2007). Although the currently favored treatment 

regime using disease-modifying anti-rheumatic drugs (DMARD's) in an early stage of RA is 

believed to have a favorable result on disease course by influencing inflammation, patients 

assessment of disease activity and functional disability do not always support this result 

(Welsing et al. 2005). Even 30% of the RA patients initiating the most effective treatment 

option available, anti-TNFα therapy, fail to respond (Smolen 2005). New disease 

management strategies are therefore needed. 

In this review the focus is on metabolites involved in RA. Various hypotheses about the role 

of certain metabolites in the etiology and progression of RA are reviewed. Secondly, an 

attempt is made to elucidate relevant interactions between the metabolites identified in the 

RA literature making use of pathway analysis tools. Finally we show the relevance of 

metabolites in the RA field and provide ideas for new insights on tackling this disabling 

disease.  
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Metabolites and metabolic processes involved in RA 

An extensive literature search of the PubMed database was performed using several key 

words related to metabolites in combination with the keyword 'rheumatoid arthritis'. The 

results were screened and categorized, leading to a number of topics with sufficient material 

to be discussed for this review. In this section research is discussed concerning vitamins, 

eicosanoids, fatty acids, lipids, hormones and cartilage breakdown products. Although trace 

elements are not considered metabolites, information about this particular group of 

micronutrients is included because of the importance for RA. 

 

Vitamines 

Vitamin D deficiency is related to several autoimmune diseases including type 1 diabetes, 

multiple sclerosis, SLE and rheumatoid arthritis (Arnson et al. 2007). Vitamin D (a 

secosteroid) is transformed in the liver and kidney into the hormone 1,25 dihydroxyvitamin D 

(1,25(OH)2D3), the active form that stimulates the intestinal absorption of calcium and 

phosphor. Vit D receptor is expressed on mononuclear cells, dendritic cells, activated T and B 

cells, antigen presenting cells. Dendritic cells produce vit D hormone which inhibits T-cell 

proliferation, maturation of dendritic cells, secretion of IL-2 and INF-y by CD4+ T-cells, 

secretion of cytokines by macrophages and B-cell antibody production  (Arnson et al. 2007). 

Low blood levels of vit D hormone also result in increased blood levels of insulin-like growth 

factor (IGF-1), a potent stimulator of cell growth and inhibitor of apoptosis (Huynh et al. 

1998, O'Connor et al. 2008). In short, Vit D hormone stimulates an anti-inflammatory 

environment and particularly affects Th1 driven autoimmunity (Cutolo et al. 2007). 

There is some controversy concerning the association of vit D intake with RA risk. However, 

Cutolo et al. suggest that these differences in results arise from the various ways of measuring 

vit D intake. Vitamine D intake should be measured in serum and not by dietary 

questionnaires (Cutolo et al. 2011).  When this is taken into account, low levels of vitamin D 

can be associated with an increased disease risk as well as increased disease activity (Merlino 

et al. 2004, Oelzner et al. 1998). Several factors can result in lower blood vit D hormone 

levels. Animal protein has been shown to block the kidney enzyme responsible for converting 

vit D to the active vit D hormone by promoting blood acidity (Breslau et al. 1988, Langman 

1989). Secondly, high blood calcium levels decreases vit D hormone which regulates blood 

calcium levels (Chan et al. 1998). 
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Interestingly a circannual rhythm in Vit D levels was found which correlates inversely with 

DAS28 scores of RA patients, which could also provide difficulties in interpreting 

measurements (Cutolo et al. 2006). Taking this into account lower serum levels of vit D seem 

to be associated with higher disease activity. This suggests that vit D might play a role in the 

differences in RA prevalence between northern and southern countries (Cutolo et al. 2006).  

Other vitamins with antioxidant activity such as vitamin C, vitamin E and β-carotene have 

also been implicated in RA. Pattison et al. found a threefold increased risk of developing 

inflammatory polyarthritis when vitamin C intake was very low (Pattison et al. 2005). Low 

serum levels of β-carotene have been detected in blood bank samples of people who later on 

developed RA (Comstock et al. 1997). Low levels of plasma pyridoxal-5-phosphate (PLP) the 

active form of vitamine B6 have been found in RA patients (Roubenoff et al. 1995). In 

general, a low antioxidant status increases the risk of developing RA (Heliovaara et al. 1994). 

No relationships have been found between the progression of RA and plasma vitamin D, 

vitamin C, vitamin E and β-carotene levels. 

 

Eicosanoids and fatty acids 

RA patients have been shown to improve on a diet low in arachidonic acid (AA) and 

supplemented with N-3 fatty acids (Adam et al. 2003). Arachidonic acid and other fatty acids 

are precursors for eicosanoids which are important mediators of inflammation. Interestingly 

N-6 and N-3 fatty acids are competitively metabolized into N-6 and N-3 eicosanoid families 

with different functions. An N-6 dominant diet is implicated in increased prevalence of 

thrombotic vascular events and inflammatory diseases. The modern diet contains over 50 

times the required amount of N-6 fatty acids which markedly shifts the n-6/n-3 ratio (Cleland 

and James 1997). N-3 fatty acids are less pro-inflammatory and have been shown to reduce 

TNF-α and IL-1β levels in RA patients, by competitively inhibiting the production of 

leucotriene B4 (LTB4) from arachidonic acid  (Kremer et al. 1990).  

Arachidonic acid is metabolised in several classes of compounds denoted as eicosanoids 

including prostaglandins, thromboxanes, leukotrienes, hydroxy- and epoxy-fatty acids, 

lipoxins and isoprostanes (Funk 2001). Leukotriene B4 and 5-hydroxy-eicosatetraenoic acid 

(5-HETE) are two strong chemotactic eicosanoids found in synovial fluid of RA patients 

(Klickstein et al. 1980). Dietary AA is exclusively derived from animal based foods of which 

80% is metabolized into eicosanoids. Endogenous AA synthesis from linoleic acid also 
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occurs in the body, which is inhibited by poly-unsaturated fatty acid (Adam et al. 2003). 

These prostaglandin synthesis pathways are the basis of NSAID's and are therefore essential 

in current RA management strategies (ACR 2002). 

 

Lipids 

An atherogenic blood lipid profile has been reported in persons who more than 10 years later 

developed RA, characterized by higher total cholesterol, triglyceride and apolipoprotein B 

levels and lower high-density lipoprotein (HDL) cholesterol levels (van Halm et al. 2007). 

Contradictory observations have been reported concerning changed lipid profiles in RA. 

Dursunogh reported higher levels of Lp(a) lipoprotein, triglyceride (TG), lower levels of  

HDL cholesterol and no changes in total cholesterol and low-density lipoprotein (LDL) 

cholesterol (Drusunoglu et al. 2005). Lazarevic also reported increased TG and decreased 

HDL-c levels, but found lower total cholesterol (TC) and LDL-c levels (Lazarevic et al. 

1993). Lakatos in contrary reported lower TG and higher TC and LDL-c levels, but also 

reported lower HDL-c levels (Lakatos and Hárságyi 1988). Only higher lipoprotein Lp(a) and 

lower HDL-c levels are consistently reported.  

Ethnic, racial and geographic differences are suggested as possible causes for these 

differences in lipid profiles. Both genetic and dietary factors may contribute to higher Lp(a) 

levels, especially increased fat and cholesterol consumption (Cesur et al. 2007). Blood 

cholesterol levels increase most effectively by consuming animal protein, and to a lesser 

extend by consuming saturated fat and cholesterol. In contrast, plant based foods contain no 

cholesterol and decrease blood cholesterol levels (Kritchevsky et al. 1982). 

A high LDL/HDL ratio, which indicates a less favorable lipid profile, has been associated 

with the pro-inflammatory molecules CRP, IL-6 and TNF-α (Hulthe and Fagerberg 2002). In 

contrast HDL cholesterol associated with apolipoprotein A-1 has anti-inflammatory effects. 

Apo A-1 is reported to inhibit IL-1, TNF-α and interactions between T-cells and monocytes 

(Burger and Dayer 2002, Hyka et al. 2001). This suggests that a less favorable lipid profile 

stimulates a pro-inflammatory status which might be related to RA disease activity and RA 

susceptibility. 
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Hormones 

Cortisol is the strongest endogenous anti-inflammatory substance in the human body. 

Inflammation activates the immune system and the hypothalamic-pituitary-adrenal (HPA) 

axis, leading to the secretion of cortisol. However, in RA patients cortisol levels are not 

sufficiently increasing in response to inflammation (Neeck et al. 1990). Even in the presence 

of high serum levels of circulating cytokines, plasma cortisol levels in RA patients are similar 

to that of control subjects. A result of the relatively low plasma cortisol levels and presence of 

vasodilatory cytokines such as TNF-α is an increase in sympathetic activity. This is needed to 

stabilize blood pressure, systemic circulation and glucose homeostasis. However, the higher 

sympathetic tonus does not lead to an increase of noradrenaline, which has an anti-

inflammatory effect, and therefore doesn't compensate the relatively low cortisol levels 

(Capellino and Straub 2008).  

Inflammatory cytokines stimulate the conversion of anti-inflammatory adrenal androgens into 

estrogens. Elevated estrogen and estrone levels in the synovium of RA patients sustains a pro-

inflammatory state. This is thought to be related to the increased prevalence of RA in women 

(Capellino and Straub 2008).  

It is well known that RA symptoms such as stiffness and pain can differ greatly during the 

day and even during the year (Labreque at al. 1995). Cutolo extensively studied metabolic 

processes underlying such circadian, circamensual and circannual rhythms in RA (Cutolo et 

al. 2005). Cortisol, melatonin and prolactin show a marked daily rhythm. Melatonin 

stimulates Th1 type cytokines while cortisol stimulates Th2 type cytokines with a diurnal 

rhythmicity (Cutolo 2008). In patients with a high disease activity cortisol is downregulated 

during the evening and night, leading to an increase of inflammation in the morning. Low 

cortisol levels reduces its IL-6 and TNF inhibitory effects and consequently drives an 

increase in TNF, IFN-γ, IL-2, IL-12 and IL-6 levels. In RA patients, a melatonin plateau of 2-

3 hours is observed and prolactin levels are significantly higher during the night. As a result, 

a Th1 response is induced during the night (Cutolo and Straub 2008). Rhythms in 

concentrations of inflammatory metabolites have to be considered when time-points for 

measurements and treatment are being determined. 
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Cartilage breakdown products 

RA is characterized by extensive degradation and synthesis of joint cartilage which consists 

for a large part of type II collagen fibers, other types of collagen and proteoglycans. 

Consequently, cartilage breakdown products of type II collagen have been extensively studied 

in the synovium, serum and urine of RA patients (Charni et al. 2005). An immunoassay is 

described that detects C-terminal crosslinking telopeptide of type II collagen (CTX-II) 

(Christgau et al. 2001). Elevated urine CTX-II levels have been associated with more rapid 

disease progression in OA and RA patients. Another urine marker for early RA and 

progression of RA is HELIX-II, a sequence arising from degradation of the helical region of 

type II collagen (Charni et al. 2005). 

Another collagen breakdown product that has been used as a biomarker in synovial fluid and 

serum is cross linked carboxyterminal telopeptide of type I collagen (ICTP). Markers for 

collagen synthesis that have been used are the aminoterminal propeptides of type I 

procollagen (PINP) and of type III collagen (PIIINP) (Aman et al. 1999). One study reported 

an increase of serum PIIINP and ICTP levels in 50% of the RA patients. Additionally PINP 

and PIIINP were both increased in synovial fluid indicating collagen synthesis (Hakala et al. 

1995). A disturbed balance of collagen breakdown and synthesis seems to be evident in 

inflamed joints. 

Apart from various types of collagen, cartilage also contains large proteoglycans including 

the glycosaminoglycans keratan sulfate (KS) and chondroitin sulfate (CS). KS and CS 

containing fragments have been measured in synovial fluid as biomarkers of cartilage 

metabolism. In RA patients, the level of 846 fragment of CS is reported to be increased in 

serum and more so in synovial fluid, indicating aggrecan synthesis in the inflamed joint. 

Serum KS levels were reduced in RA (Poole 1994). It is important to note that metabolite 

concentrations and changes can differ markedly between synovium and serum, providing 

multiple sources of information concerning local and systemic aspects of the disease. 

 

Trace elements 

Zinc and copper are two trace elements of which plasma concentrations decrease during acute 

inflammation (Halsted and Smith 1970, Lewis 1984). Plasma zinc levels are found to be 

decreased in RA patients. Especially T-cell function is impaired by reduced zinc availability 
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leading to reduced T-cell numbers and the Th1/Th2 ratio shifting towards Th2 (Honscheid et 

al. 2009). Zinc and copper have antioxidant properties. They are constituents in cytoplasmic 

superoxide dismutase (SOD), a metalloenzyme with anti-inflammatory properties, and copper 

is also found in the serum antioxidant ceruloplasmin (Honkanen et al. 1991). Intracellular 

SOD activity has been shown to be decreased in RA patients (Rister et al. 1978) which 

corresponds with decreased plasma zinc levels. However, the ceruloplasmin levels in serum 

of RA patients is increased. An increase in zinc consumption is correlated with a decrease in 

copper absorption by the intestine (Honkanen et al. 1991). This decrease of copper absorption 

might be a reason for the contradictory results found in studies into the effects of dietary zinc 

supplementation in RA (Rasker and Kardaun 1982, Mattingly and Mowat 1982, Tudor et al. 

2005). 

Selenium (Se) is another trace element that plays a role in regulating ROS through 

incorporation into selenoproteins. Glutathion peroxidase for example catalyzes the 

degradation of peroxides, is involved in arachidonic acid metabolism and can affect 

leukotrine and prostaglandine synthesis (Kalpakcioglu and Senel 2008). Low levels of Se 

have been reported in plasma and cells of RA patients (Tarp et al. 1985). Selenoproteins can 

have various effects on the immune system such as stimulating a Th1-type response more 

than a Th2-type response. However Se supplements only seem to boost the immune system 

for people who already had low Se levels (Hoffmann and Berry 2008). Much still needs to be 

learned about the functions of the various selenoproteins.  

 

Metabolites and levels of system organization 

Van Ommen and others described a health space based on metabolomics phenotypes to 

organize metabolite data (van Ommen et al. 2008). The metabolites reviewed in the previous 

sections can be organized according to this approach in what might be called levels of system 

organization. In this review a distinction could be made between metabolites involved in 

metabolic processes, especially those located in the inflamed joints, oxidative stress processes 

and inflammatory processes (Table 1). As could be expected a number of compounds are 

upregulated or downregulated in RA patients that are involved in the inflammatory process. 

In addition, oxidative stress factors also seem to play an important role in RA. The 

metabolism aspects are mostly represented by the changes in the inflamed joints of RA 

patients.  
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RA and metabolomics 

Metabolomics techniques are recently becoming popular for biomarker discovery, also in the 

field of rheumatoid arthritis. Seven studies were found in PubMed in which metabolomics 

platforms were used to find metabolite profiles that distinguish rheumatoid arthritis patients 

from healthy controls. Four of these papers are dealing with synovial fluid samples 

(Williamson et al. 1989, Naughton et al. 1993a, Naughton et al. 1993b, Meshitsuka et al. 

1999), two papers with human serum samples (Lauridsen et al. 2010, Wietmarschen et al. 

2009) and one paper with mouse serum samples (Weljie et al. 2007). 

The synovial fluid of healthy people show elevated lactate levels, indicating a hypoxic status 
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in the joint. In RA patients this level of lactate is more elevated, glucose levels are diminished 

and ketone bodies are detectable indicating an even more hypoxic state and the utilization of 

fatty acids for energy. The inflamed joint of RA patients also contained lipoprotein associated 

fatty acids such as VLDL triacylglycerols, LDL, HDL, cholesterol and HDL phospholipids, 

which are not able to enter the joint space in healthy conditions (Naughton et al. 1993a). 

In serum of K/BxN arthritis mice several metabolic changes have been found compared to 

healthy control mice using NMR spectroscopy. Some lipid, fatty acid and carbohydrate 

metabolism markers were found: Glycerol, Choline, 2-hydroxybutyrate, acetylcarnitine, 

TMAO. Energy metabolism markers 2-oxoglutarate, acetylcarnitine were detected. The 

markers xanthine, hypoxanthine, uridine, uracil, TMOA are related to nucleic acid 

metabolism. Glutamate, serine, phenylalanine, glycine, methionine, asparagine are related to 

amino acid metabolism. Methionine, glycine, taurine, xanthine, hypoxanthine, TMAO, 

acetylcarnitine are important for dealing with oxidative stress (Weljie et al. 2007). 

Plasma from human RA patients has been shown to contain elevated lactate and cholesterol 

levels and decreased HDL levels. Elevated plasma lactate levels have been associated with 

increased oxidative damage and lowered synovial pH. Lower levels of HDL and 

consequently higher levels of cholesterol support the increased risk of cardiovascular diseases 

in RA patients (Lauridsen et al. 2010). The only study in which gas chromatography mass 

spectrometry (GC-MS) was used to detect metabolic differences between RA patients and 

healthy controls reported higher levels of heptanoic acid, l-Alanine, 2-oxy-butanoic acid, l-

asparagine, palmitic acid and lower levels of 2-butenoic acid, undecanoic acid, d-glucuronic 

acid, ribitol, stearic acid in RA patients (van Wietmarschen et al. 2009). 

 

Connecting the dots 

In the following section we will discuss the literature findings concerning metabolites and RA 

in an attempt to uncover relationships between metabolites and biological mechanisms 

relevant for studying RA. The interpretation of metabolite information from various sources 

is challenging for several reasons. For instance, publications often describe the role of classes 

of metabolites instead of specifying individual metabolites with appropriate database 

identifiers. Pathway analysis tools are not able to handle groups or families of metabolites. A 

second challenge is that many measured metabolites are not yet present in the databases 

connected to pathways analysis software. Therefore the actual list of metabolites that can be 
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analyzed by pathway construction tools usually represents only part of what is actually 

known. 

For 20 of the 25 metabolites related to human plasma changes in RA an identifier could be 

found in the Kyoto Encyclopedia of Genes and Genomes (KEGG). These metabolites were 

imported in the Ingenuity Pathway Analysis software and used for the subsequent analysis 

(Gehlenborg et al. 2010). Metabolites with higher levels in RA patients were given a fold 

change value of 2 while the metabolites with lower levels in RA were given a fold change 

value of minus 2 because the actual values could not be determined and compared between 

studies based on the literature.  

Several of the compounds were found to be involved with the key molecular and cellular 

functions cellular development, cellular growth and proliferation, cell death, lipid metabolism 

and molecular transport. In addition, the set of compounds was found to be mostly related to 

metabolic disease, inflammatory response, cardiovascular disease, endocrine system 

disorders and gastrointestinal disease.     

 

Figure 1. Ingenuity pathway analysis of the metabolites discussed in this review that are related to rheumatoid 

arthritis. Relationships are based on literature mining. Red colored nodes indicate up-regulated metabolites and 

green colored nodes indicate down-regulated metabolites. 
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The network (Figure 1) most closely related to the data set was characterized by the top 

functions cell death, lipid metabolism and small molecule biochemistry containing 9 of the 

reviewed metabolites: arachidonic acid, ascorbic acid, beta-carotene, cholecalciferol, 

hydrocortisone, keratan sulfate, melatonin, palmitic acid and stearic acid. These nine 

metabolites are highly connected to a number of canonical pathways related to immune 

functions, the production of nitric oxygen and reactive oxygen species in macrophages and 

pathways involved in arthritis. Specifically the role of macrophages, fibroblasts, endothelial 

cells, osteoblasts, osteoclasts and chondrocytes in rheumatoid arthritis are connected to this 

network as well as the role of IL-17 in arthritis and IL-12 signaling and production in 

macrophages.  

 

Final remarks 

Many metabolites have been reported to play a role in rheumatoid arthritis. This review 

indicates groups of metabolites that could be interesting for metabolomics studies into the 

mechanism of and possible treatment options for rheumatoid arthritis. Eicosanoids, fatty 

acids, lipids, trace elements, vitamins and several hormones are interesting candidates for 

elucidating the mechanism of RA. Pathway analysis has provided an indication of biological 

processes related to the discussed collection of RA related metabolites. This review suggests 

that more clinical studies are needed to elucidate the effects of vitamin supplementation on 

RA activity and progression. In addition, circadian rhythms in hormone production and other 

metabolite levels are important to consider. For instance, the timing of glucocorticoid 

treatment is essential for obtaining an optimal effect (Cutolo 2008). This review also shows 

the complexity of the immune and hormonal processes that are changed in rheumatoid 

arthritis patients, suggesting that a move from single-target therapy towards multi-target 

therapy is needed. Finally, a more personalized medicine approach is needed to address the 

differences in the expression, severity, progression and metabolic changes of RA for each 

individual. 
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