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Abstract 

Synovial fluid (SF) has unique properties regarding the maintenance of joint homeostasis.  It 

consists mainly of proteins, but also small molecules, which are metabolic derivatives of these 

proteins. These molecules can be assessed by metabolic profiling using techniques such as 

nuclear magnetic resonance (NMR) spectroscopy and Mass Spectrometry (MS).  

A systematic review identified over 200 metabolites, from which 26 were putative biomarkers 

in osteoarthritis, inflammatory arthropathies and trauma. The molecular composition of 

osteoarthritic and infected SF was examined using NMR spectroscopy. Due to ethical 

constraints, it was not possible to collect samples from normal joints. 

It was hypothesised that SF of hip and knee joints have different metabolic characteristics. 

Osteoarthritic hip and knee samples were taken and assessed for differences in their metabolic 

composition. Four metabolites presented in significantly greater quantities in the knee 

compared to the hip group (N-acetylated molecules, glycosaminoglycans, citrate, glutamine). 

These are involved in collagen degradation, the tricarboxylic acid cycle and oxidative 

metabolism in diseased joints. These findings may represent a combination of intra and extra-

articular factors. 

Another promising application was to examine infected versus non-infected SF. Three classes of 

metabolites presented in higher relative concentrations (lipids, cholesterol and N-acetylated 

molecules) and 13 in lower relative concentrations in the infected group. Metabolites in 

significantly greater concentrations in the infected cohort represented those having a defensive 

role against pathogenic microorganisms, a role in lipid metabolism and the inflammatory 

response. Those in significantly reduced concentrations were involved in carbohydrate (citrate, 

glucose and mannose) and nucleoside metabolism (glycine, glutamine and valine), the 

glutamate metabolic pathway (glutamine, proline and lysine), increased oxidative stress in the 

diseased state (dimethylsulfone) and reduced articular cartilage breakdown 

(glycosaminoglycans). 

Future studies should include larger cohorts to confirm these findings and validation of the 

identified metabolites using other metabolic profiling techniques with more targeted analysis, 
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such as MS. This may ultimately lead to identifying putative biomarkers that form the bases of 

new diagnostic tests. 

Abbreviations 
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1 Articular cartilage, joint disease, joint biomechanics and infection 

1.1 Articular cartilage 

Articular cartilage is specialised form of connective tissue unique to diarthrodial joints. It is 

avascular, alymphatic and aneural. Consequently, it has a limited ability to undergo intrinsic 

repair and healing. 

1.1.1 Composition of articular cartilage 

Articular or hyaline cartilage is typically 2-4mm thick and composed of cells, which are 

predominantly chondrocytes, and a dense extracellular matrix (ECM). The ECM itself is 

composed of principally of collagen, proteoglycans and water, with smaller quantities of 

glycoproteins and non-collagenous proteins(1, 2). There are a number of zones, which contain 

different amounts of the aforementioned components. 

1.1.2 Zones of articular cartilage 

The superficial (tangential) zone represents 10-20% of the thickness of articular cartilage. The 

collagen fibres (primarily type II and IX) are found in high concentrations and run parallel to the 

joint surface, thus helping to minimise sheer stresses. The chondrocytes themselves are found 

in relatively high numbers and flattened. The integrity of this layer is important to protect and 

maintain the deeper layers. 

The middle (transitional) zone represents 40-60% of the articular cartilage. It contains thicker 

collagen fibrils and proteoglycans. The chondrocytes are more rounded and in fewer numbers 

with the collagen fibres organised obliquely. This layer helps to protect the cartilage against 

compressive forces. 

The deep zone represents 30% of the articular cartilage, with the highest concentration of 

proteoglycans and the lowest concentration of water. It has the largest diameter of collagen 

fibres which are organised perpendicular to the articular surface, thus helping to resist 

compressive forces across the cartilage. 

The tidemark separates the deep zone from the calcified cartilage. The calcified cartilage 

anchors the collagen fibres of the deep zone to the underlying subchondral bone, thus securing 
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the cartilage to bone. There are very few cells in the calcified cartilage and the chondrocytes 

are hypertrophic. 

1.1.3 Chondrocytes 

Chondrocytes arise from the mesenchymal cell line and contribute 2% of the articular cartilage 

volume(3). Their number, shape and size vary based on their location within the articular 

cartilage. They are each responsible for the turnover of ECM in their immediate vicinity. There 

is typically no cell-to-cell contact for direct communication and signal transduction between 

adjacent cells. However, they respond to various stimuli including hydrostatic pressures, growth 

factors, mechanical loads and piezoelectric forces(2). Their limited ability for replication 

contributes to the reduced intrinsic healing capacity of articular cartilage as a result of injury. 

1.1.4 Extracellular Matrix 

The ECM accounts for 65 to 80% of the total weight of articular cartilage(4). The remaining dry 

weight is accounted for predominantly by collagen fibres and proteoglycans. 

1.1.5 Water 

Water contributes 80% of the wet weight of articular cartilage. The majority of this water is 

located within the pore space of the matrix, with approximately 30% associated with the 

intrafibrillar space within the collagen(5, 6). The water concentration decreases with depth 

from 80% in the superficial zone to 65% in the deep zone(1). 

The majority of interfibrillar water is gel-like. Movement of this fluid through the ECM can occur 

by compression of the articular cartilage or by applying a pressure gradient across the tissue(4, 

7). The permeability of the tissue remains low as the frictional resistance against flow through 

the ECM is high. The combination of water pressurisation within the matrix and this frictional 

resistance to water flow provide the basic mechanisms, which allow articular cartilage to 

withstand significant loads. 

1.1.6 Collagens 

Collagen is responsible for 60% of the dry weight of articular cartilage. There are many types of 

collagen, with type II responsible for 90-95% of the collagen in ECM. Collagen types I, IV, V, VI, 
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IX and XI are also present in much smaller amounts. Their role is to help form and stabilise the 

type II collagen fibril network(8).  

All types of collagen consist of a region containing three polypeptide chains (α-chains) wound 

into a triple helix. This structure of the polypeptide chains provides articular cartilage with 

important tensile and shear properties, which improve stability of the matrix (figure 1). The 

amino acid composition of these chains is mainly glycine and proline, with hydroxyproline 

providing stability along the length of the molecule through hydrogen bonds(9). 

1.1.7 Proteoglycans 

Proteoglycans account for 10-15% of the wet weight of articular cartilage. They are heavily 

glycosylated protein monomers consisting of a protein core “backbone” with a number of 

glycosaminoglycan (GAG) chains attached via covalent bonds (figure 1).  The commonest of 

these proteoglycans in articular cartilage is aggrecan, but others include biglycan, decorin and 

fibromodulin. Aggrecan consist of over 100 chondroitin and keratin sulfate GAG chains attached 

via link proteins to a hyaluronan protein core(10, 11). Aggrecan is hydrophilic in nature, 

meaning it has an affinity for water. It occupies the interfibrillar space of the ECM, providing the 

cartilage with its osmotic properties, which are essential in enabling the cartilage to resist 

compressive loads. 

1.1.8 Noncollagenous proteins and glycoproteins 

There are many glycoproteins and non-collagenous proteins found within articular cartilage, 

but their function has yet to be clarified. A few of these molecules, such as fibronectin, may 

have a role in preserving and organising the macromolecular structure of the ECM. 

1.1.9 Metabolism of articular cartilage 

As articular cartilage is avascular and alymphatic, its nutrition takes place by diffusion from the 

synovial fluid across the articular surface. Chondrocytes have an important role on the 

synthesis of various matrix components including GAGs and other proteins. Their metabolic 

activity can be altered by a variety of factors within their surrounding environment, including 

proinflammatory cytokines, such as interleukin-1 (IL-1) and tumour necrosis factor-α (TNF- α). 
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These cytokines have both anabolic and catabolic roles that are involved in the synthesis and 

degradation of matrix macromolecules(11). 

Chondrocytes are also responsible for producing proteoglycans, with various regulatory 

peptides and growth factors responsible for regulating their metabolism. These include IL-1, 

TNF- α, transforming growth factor-β (TGF- β) and insulin like growth factors. However, little is 

known about how these substances exert an effect on proteoglycan metabolism. 

Homeostasis of ECM metabolism is responsible for regulating both the degradation and 

synthesis of various macromolecules. Proteoglycan turnover itself can take up to 25 years(12). 

The metalloproteinases (collagenase, stromelysin and gelatinase) and cathepsins (B and D) are 

the main proteinases involved in articular cartilage turnover. The metalloproteinases are 

involved in degrading the various collagen types and the cathepsins are involved in aggrecan 

degradation(13, 14). 

Loading and motion of the joint have important roles in maintaining normal metabolism of the 

articular cartilage, with joint inactivity leading to cartilage degradation(1). 
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Figure 1. Illustration of cartilage and its constituent proteoglycan and collagen fibres. Image reproduced 

with permission by Mr Matthew Jaggard. 
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1.1.10 Biomechanical function of articular cartilage 

The main purpose of articular cartilage is to provide a smooth, lubricated and low friction 

articular surface plus to facilitate load transmission to the underlying subchondral bone. It is 

able to withstand high cyclical loads with minimal or no evidence of degenerative changes(15, 

16). The initial contact forces during joint loading results in increased interstitial fluid pressure. 

This leads to fluid flowing out of the ECM, which applies a large frictional drag to the ECM. The 

opposing bones surround the articular surfaces of the joint and confine the cartilage, thus 

restricting mechanical deformation. Like other biological substances, articular cartilage exhibits 

viscoelastic properties. These are time-dependent behavioural properties, which occur when 

the cartilage is subjected to deformation or a constant load(17). Articular cartilage can undergo 

creep and stress-relaxation. Creep is a time-dependent decrease in strain at constant stress, 

which occurs until an equilibrium value is reached(18). Stress-relaxation is a time-dependent 

decrease in stress at constant strain, which again occurs until an equilibrium value is 

reached(19). 

1.2 Synovial fluid 

The commonest joints in the human body are synovial joints and they allow low friction wear-

resistant movement between opposing bone surfaces(20). These joints typically have a cavity 

filled with synovial fluid (SF) (figure 2). Articular cartilage covers the bone surface of the joint 

cavity, which also has a fibrous capsule, including the synovium (inner lining). SF has unique 

properties and functions regarding the maintenance of joint homeostasis, which are secondary 

to its molecular and cellular constituents. It is an ultrafiltrate of blood plasma with additional 

molecules, which are secreted by cells lying the synovium. These include hyaluronan, lubricant 

molecules and proteoglycan 4, also known as lubricin(21, 22). Other functions of SF include its 

metabolic roles of transporting nutrients, waste products and other metabolites from within 

the joint and synovium, plus enzymes which have a function on these tissues. SF also contains a 

variety of other molecules, which aid in cell communication within the joint. These include 

cytokines, growth factors and morphogens(23-25). Cytokines have a wide variety of molecular 

weights ranging from 6-70kDa. They act as modulators and mediators within highly localised 

environments and help with cell-to-cell communication and regulate immunological responses 
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to inflammatory stimuli and infectious agents(26). Morphogens describe specific signalling 

molecules that induce particular cellular responses by acting directly on the cell. 

 

Figure 2. Schematic representation of a typical synovial joint lined with hyaline cartilage. 

The synovium itself is the main barrier to molecular transport within SF and plasma. It is a thin 

sheet of vascularised connective tissue with macrophage-like (type A) and fibroblast-like (type 

B) cells within an ECM made up predominately of collagen, HA and proteoglycans. It has been 

modelled as a double barrier consisting of a macrovascular endothelium that limits protein 

transport and a synovial interstitial space that limits diffusion of small molecules(27-30). 
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SF is considered the best lubricant for the joints and it has unique properties that protect the 

bone surfaces and cartilage from high contact pressures during the majority of the patient’s life. 

There are four major biological components making SF an efficient lubricant: Albumin, 

Hyaluronic acid (HA), globulin and mucinous glycoproteins (mostly lubricin)(31). Each of these 

components has been found to have a different role in SF: 

Albumin:  Protects the joint from articular cartilage wear(32) 

HA:  Increases SF viscosity(33)  

Globulin: Important role in boundary lubrication(34) 

Lubricin: Reduces the amount of shear at the contact interface of the joints(35) 

Synovial fluid provides a film lubrication between two cartilage surfaces, but chemical and 

mechanical analysis has shown it to be so much more. 

Table 1 lists the concentrations of the main constituents found in normal SF. 

Table 1. Concentrations of the main constituents found in normal synovial fluid. HA – hyaluronic acid, PRG4 

– proteoglycan 4. Modified from Martin-Alarcon and Schmidt(36). 

Constituent type Constituent Concentration (mg/ml) Molecular weight 

(kDa) 

Glycosaminoglycans HA 2 - 4 6000 – 7000 

Glycoprotein PRG4 0.035 – 0.250 220 

Serum protein Albumin 

ɣ-Globulin 

8 – 12 

2 – 7 

69 

155 

Ion (electrolyte) Na+ 

Cl- 

3.335 

3.94 

 

Lipid Phospholipids 

Cholesterol 

Triglycerides 

0.1 – 0.2 

0.07 – 0.08 

0 

 

Small molecule Urea 

Urate 

Glucose 

0.082 

0.0155 

0.66 
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There are many similarities in the protein composition of SF and blood plasma (29, 30). The 

most prominent protein in SF is albumin, with various globulins forming some of the other 

major protein components(27). The ability of a plasma protein to be filtered through the 

synovial membrane and enter the SF is largely dependent on its size, which has an important 

bearing on the concentration of these proteins relative to the plasma concentration. For 

example, plasma proteins with a lower molecular weight such as albumin (69kDa) and 

transferrin (90kDa) are found in relatively higher concentrations in SF(27, 37, 38). 

HA and lubricin are the main lubricant macromolecules in SF. HA has a high molecular weight 

(6-7MDa), an important role in maintaining SF viscosity and provides SF with viscoelastic 

properties beyond a simple lubricant. It is a non-sulfated GAG consisting of repeating 

disaccharide units of D-N-acetylglucosamine and D-glucuronic acid(39). Lubricin is a mucinous 

glycoprotein with multiple O-linked β(1-3)Gal-GalNAc oligosaccharides, which has an important 

role in mediating boundary lubrication in articular cartilage(40). Its molecular weight is 220kDa. 

In cases of joint inflammation, there is an increase in the concentration and content of various 

proteins. This is a result of structural and functional changes within the synovium secondary to 

joint injury or disease, such as that which occurs in patients with osteoarthritis (OA), 

rheumatoid arthritis (RA) and traumatic arthritis(27, 38). This is because the ability of synovium 

to selectively filter and retain various proteins is affected by synovial inflammation in different 

diseases. There are also characteristic changes in SF lubricant macromolecules associated with 

these conditions with decreased concentrations of HA (41, 42). However, the effects of injury 

on lubricin concentrations within SF are more variable. They may be altered post-injury 

secondary to changes in rates of degradation, synthesis, secretion and/or loss from the joint, 

not to mention changes in SF volumes. At this time however, the exact effects of injury on 

human lubricin concentrations remains unknown(20). 

1.3 Osteoarthritis 

Osteoarthritis is one of the most disabling conditions in the Western world, effecting 

approximately 10% of the United Kingdom (UK) population and presenting a major healthcare 

burden. It is a heterogenous disease, which manifests in a number of different phenotypes, due 
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to various pathogenic factors, ultimately leading to an alteration of the whole joint 

structure(43). It results in progressive degradation of ligaments, cartilage and menisci, synovial 

inflammation and changes to the subchondral bone with common clinical and radiological 

manifestations(44). A number of different classification systems have been proposed, 

depending on the main driving force responsible for the disease, the joint involved, degree of 

inflammation and the patient characteristics(45-48).  

The Kellgren-Lawrence (KL) classification is one of the commonest used radiological 

classification systems(49). It has been used for the hip and the hand as well as the tibiafemoral 

joint of the knee. It is graded from 0-4 as follows: 0. No radiological evidence of OA; 1. Mild 

joint space narrowing and possible small osteophytes; 2. Possible joint space narrowing with 

definite osteophyte formation; 3. Definite joint space narrowing, moderately sized osteophytes, 

subchondral sclerosis and possible deformity of the bony ends; 4. Bone on bone arthritis with 

large osteophytes, significant subchondral sclerosis and definite deformities of the bony ends. 

The risk factors for OA are multifactorial and involve a complex interplay between biochemical, 

cellular and mechanical factors ultimately leading to the same endpoint (Table 2). 

Consequently, the risk factors for OA can vary amongst individuals(50). 
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Table 2. Possible risk factors for the development of OA. Modified from Johnson and Hunter 2014(50). OA 

– osteoarthritis. 

 

1.4 Risk factors for Osteoarthritis 

1.4.1 Age and Gender 

One of the strongest predictors of OA is age (51), although the mechanism(s) underpinning the 

increased prevalence of OA with age remains poorly understood. There are a number of 

proposed biological changes responsible for this including cellular senescence, increased bone 

resorption and age-related sarcopenia, all of which reduce the ability of the joint to adapt to 

biomechanical insults.   

There is a higher prevalence and severity of OA in females, involving the hand, foot and knee 

joints(52). Furthermore, the risk of radiographically severe OA of the knee is higher in women 

following the menopause (52). Consequently, oestrogen has been hypothesised to have a role 

in the pathogenesis of OA. However, the results from a number of studies have been 

conflicting(53, 54). Other potential causes for this gender disparity include pregnancy, 

differences in ligamentous laxity, neuromuscular strength, alignment and bone strength. 
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1.4.2 Genetics 

Contribution from genetic factors account for up to 40% of knee OA and 60% of both hip and 

hand OA(55). A number of genes have been identified to have a potential role in OA 

pathophysiological pathways. These include genes for type II collagen(56), insulin-like growth 

factor(51), vitamin D receptors and growth differentiation factor 5. These may provide a 

potential drug target for future treatment. 

1.4.3 Obesity 

Obesity has become a global epidemic and there is evidence to suggest that it is a strong risk 

factor for OA in joints such as the hip and knee(57). Therefore, it stands to reason that as the 

incidence of obesity rises, so does the incidence of lower limb OA. Not only does obesity 

predate the development of OA, it is also associated with an increased risk of radiographic 

progression (51). A recent meta-analysis demonstrated a linear relationship between obesity 

and knee OA(57) with a 35% increase in the risk of knee OA for every 5 unit increase in body 

mass index (BMI). This association was more prominent in women. Additionally, a Swedish 

population study demonstrated the relative risk of knee OA to be 8.1 in patients with a BMI 

over 30(58). 

On the other hand, the Framingham study(59) demonstrated a 50% risk reduction in knee OA 

when patients reduced their weight by 5kg, which is also supported by a more recent meta-

analysis(60). 

However, the relationship between hip OA and body weight is less consistent than for knee OA 

(51, 61). There may also be systemic metabolic and inflammatory effects associated with 

obesity, due to the fact that obesity is also associated with OA of the small bones in the 

hand(62). 

1.4.4 Diet 

Oxygen free radicals, generated intraarticularly, can cause damage to the articular cartilage(63). 

Furthermore, due to the role of vitamin D in regulating bone metabolism, it has been suggested 

that hypovitaminosis D may have a role in the increased incidence and progression of both hip 

and knee OA(63-65). However, the evidence surrounding this relationship is conflicting. A 



31 
 

number of other vitamins have also been postulated to have a role in the development of OA. 

For example, vitamin C intake has been shown to have a role in OA, with a reduced intake being 

associated with an increased risk of knee OA progression(63), and a high intake associated with 

reduced radiographic progression of knee OA and a lower risk of developing knee pain(66). 

Furthermore, vitamin K plays an important role in regulating the mineralisation of bone and 

cartilage. Increased rates of radiographic changes in the hand and knee associated with OA are 

related to low plasma levels of one of the K vitamins known as phylloquinone (<0.5nmol/l)(67). 

1.4.5 Physical Activity 

An increased risk of OA is associated with repetitive use of a joint. Studies have demonstrated 

that occupations requiring a greater deal of activity, such as kneeling and squatting, are 

associated with a two-fold increase in the risk of developing knee OA than occupations which 

are less physically demanding(68). Following the same principle, occupations involving a greater 

amount of manual dexterity are associated with features of hand OA(69). Prolonged standing 

and lifting has also been associated with hip OA(70). In essence, physical activity can be viewed 

as a double-edged sword. On the one hand it helps to strengthen the periarticular muscles, thus 

reducing the pressure on the joint, but on the other hand it could have a detrimental effect by 

placing unnecessary force on the joint. However, a recent review did not show a causal 

relationship between OA of the hip and/or knee and low- or moderate-distance running in the 

general population(71). The same review also failed to demonstrate a conclusive relationship 

between long distance running and the development of OA. They suggested that in the non-

injured knee, there is no significant relationship between the development of knee or hip OA 

and running. However, in elite athletes an association has been shown between the 

development of OA and high intensity/high impact sports such as tennis and team sports. This 

cohort has been shown to have a greater rate of hip/knee OA when compared to an age-

matched control group(72). What is not clear, is whether this is purely due to the level of 

activity or as a direct result of sports-related injury. 

1.4.6 Post-traumatic knee injury 

There are a number of factors aiding the joints ability to resist damage including the thickness 

of the articular cartilage, intrinsic and extrinsic ligaments, periarticular muscles and the bone 
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adjacent to the joint surface. Despite this, the knee remains one of the commonest injured 

joints. With respect to OA, the commonest injuries are those resulting in rupture of the anterior 

cruciate ligament (ACL). This is often accompanied by other injuries such as damage to the 

articular cartilage, collateral ligaments, subchondral bone and most importantly, damage to the 

meniscus, which is seen in 65-75% of ACL injuries(73). Such injuries have been linked to the 

development of OA, with radiographic and functional changes being evident by as early as 10 

years following the initial injury(73, 74). 

1.4.7 Muscle strength 

Muscle strength has an important role in the aetiology of OA. Deficiency in muscle strength can 

be both a cause and consequence of OA. A recent review suggested that muscle weakness has a 

precipitative role in the onset and progression of OA. Conversely, disuse of a limb secondary to 

the pain associated with knee OA leads to reduced activation, proprioception and strength of 

the muscles(75). A relationship has been demonstrated between the cross-sectional area of the 

quadriceps muscle and the rate of asymptomatic knee OA in a cohort of women when 

compared to a BMI and age-matched control group(76). More severe cases have been 

associated with signs of muscle fibre atrophy(77), with one study demonstrating a 12% 

reduction in the quadriceps cross-sectional area compared to the contralateral leg, in patients 

undergoing a knee replacement(78). These findings suggest a relationship between loss of 

strength and the cross-sectional area of the quadriceps muscle in patients with OA. 

Furthermore, a relationship has been demonstrated between quadriceps strength and the risk 

of structural damage. Slemenda et al(79) showed that for every 5kg increase in extensor muscle 

strength there was a 20% and 29% reduction in the risk of developing radiographic and 

symptomatic knee OA respectively. 

1.4.8 Local pathologic changes 

Whereas previously OA was thought of as a primary, degenerative disorder of articular 

cartilage, it is now widely recognised that the development of OA involves multiple structures. 

Disruption of the collagen network may lead to increased tissue turgor in OA cartilage. There is 

also evidence to suggest upregulation of synthetic activity and cellular proliferation leading to 

increased concentration of chondrocytes(80). However, these cells are unable to respond to 
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growth factors and consequently increase the destruction of type II collagen and worsen matrix 

degradation(80). 

Synovial inflammation may be caused by damage to the articular cartilage and bone. This leads 

to the release of inflammatory cytokines, matrix metalloproteinases (MMP), proteinases and 

aggrecanase, which in turn results in accelerated cartilage degradation(81). Together with the 

formation of osteophytes, these inflammatory mediators can cause pain by irritating the 

sensory nerve endings within the synovium. 

Bone has a greater ability to modify its surrounding extracellular matrix and undergo self-repair 

than articular cartilage(82). During the development of OA, there are various adaptations to 

subchondral bone. These include subchondral sclerosis and increased plate thickness, 

osteophyte formation at the joint margins, narrowing of the joint space, increased cancellous 

bone volume, reduced matrix mineralisation and the formation of bone cysts. These changes 

ultimately lead to disease progression by causing changes in the adjacent joint surfaces, which 

itself causes a change in joint congruity(82). 

1.5 Differences in hip and knee biomechanics 

Degenerative changes in articular cartilage are due to biomechanical and genetic factors, as 

well as age progression(83, 84). The final common pathway is abnormal chondrocyte 

metabolism and matrix degradation.  The hip has classically been thought of as a ball and 

socket joint with a high level of conformity (figure 3) (85). Abnormal contact stresses can lead 

to hip OA with contributing factors including femeroacetabular impingement and dysplasia (86, 

87). The labrum increases the conformity of the hip joint but has not been shown to affect the 

contact pressure of the normal hip(88). However, it does have a role in the dysplastic hip, 

where it has been shown to provide significantly more mechanical support (89).  

On the other hand, the knee joint is less conforming with greater contact stresses, due to a 

smaller area of contact between the tibio-femoral articulations (figure 3) (90). The cartilage of 

the tibio-femoral articulations is thicker in the posterior portion of the lateral compartment and 

anterior portion of the medial compartment. These are the areas, which are typically in contact 

during walking. The most important factors influencing knee OA include the mechanical axis of 
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the lower limb and abnormal kinematics secondary to ACL dysfunction (91, 92). Malalignment 

of the knee mechanical axis is one of the strongest predictors of knee OA progression, with a 

prospective cohort study demonstrating a strong association between abnormal alignment and 

increased degenerative changes in the compartment under the greatest compressive load(93). 

A number of studies have demonstrated a greater degree of varus deformity and articular 

cartilage wear in ACL deficient knees(94, 95). This gives further weight to the hypothesis that 

the loss of the ACL determines the antero-posterior position of the tibio-femoral contact area 

(96). The degenerative changes can be worsened by damage to the medial meniscus, which has 

been shown to have a protective role, even in an ACL deficient knee (95). 

 

 

Figure 3. Illustration of conformity between the knee and hip joints. A. There is increased contact loading 

in an osteoarthritic knee joint where the meniscus is no longer present or has been defunctioned. B. There 

is a greater degree of conformity and therefore a greater dissipation of load in the knee joint where the 

meniscus is intact and functioning well. C. There is a greater degree of conformity in the hip joint resulting 

in the dissipation of load over a larger surface area. 

1.6 Joint lubrication profiles 

Joint lubrication can broadly be divided into boundary and fluid film lubrication(97). In 

boundary lubrication there is typically some surface-to-surface contact with a thin film of fluid a 
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few molecules thick between the two opposing articular surfaces. The lubricant surface 

molecules determine the associated frictional properties between the joint surfaces. It is 

typically the type of lubrication found in weight bearing joints at rest. However, there is 

decreased resistance both during steady motion and at the start-up of motion(98). In fluid film 

lubrication there is a thin film of fluid, which provides separation of the two opposing articular 

surfaces. The coefficient of friction, which is a measure of the resistance between the two 

opposing surfaces, is less in fluid film compared to boundary lubrication. There are many 

different models of fluid film lubrication (table 3). 

 

Table 3. The mechanism of action of the different types of fluid film lubrication. HA – hyaluronic acid; SF – 

synovial fluid. 

Type of lubrication Mechanism of action 

Hydrodynamic A wedge of fluid is created when two non-parallel opposing forces slide 

against each other. 

Weeping The articular surfaces are held apart by a film of fluid, which is maintained 

under pressure. 

Squeeze-film As two opposing surfaces move towards each other, fluid is squeezed out of 

the articular cartilage creating a fluid film between the two surfaces, which 

can be maintained for a short time by the fluid’s viscosity. 

Elastohydrodynamic The elasticity of the articular cartilage causes it to deform slightly, which taps 

pressurised fluid and helps maintain an adequate layer of fluid between the 

opposing joint surfaces. 

Micro-

elastohydrodynamic 

Deformation of the articular cartilage causes the release of small pools of 

trapped SF that can then contribute to fluid film lubrication particularly at 

higher loads. 

Boosted Under load, much of the SF constituents are forced into the articular 

cartilage, increasing the HA concentration in the joint space, making it a 

more effective lubricant. 
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1.7 Infected Synovial Fluid 

Infection is a problem, which can affect both the native and prosthetic joint. Septic arthritis is 

infection of a native joint and, if untreated, it can lead to chondrolysis with destruction of the 

articular cartilage secondary to the production of proteolytic enzymes. This can occur as quickly 

as five days from the onset of infection and long term can lead to degenerative changes in the 

joint. Like with other infections, it can also become systemic resulting in increased patient 

morbidity and a risk to life. 

Periprosthetic joint infection (PJI) is one of the most devastating complications of joint 

arthroplasty affecting between 0.7% and 2.4% of patients undergoing joint arthroplasty(99-

101). In the United States, the incidence is 1-2% and it remains the commonest indication for 

revision joint arthroplasty(102). Despite its low incidence, the prevalence of PJI is increasing 

with projections suggesting in excess of 60 to 70,000 cases in the United States by 2023. This is 

in part due to an increase in prevalence of diabetes mellitus, obesity and other co-morbidities 

in the population and the emergence of resistant infecting organisms(102). 
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1.7.1 Definition of periprosthetic joint infection 

The first step in effectively managing PJI remains accurate and early diagnosis. In order for this 

to occur, there needs to be an accepted definition. In 2011, the Musculoskeletal Infection 

Society (MSIS) propose a “gold standard” definition, which could be universally adopted(103). 

Based on their criteria, PJI exists when: 

1. A sinus tract exists, which communicates with the prosthesis, OR 

2. A pathogen is isolated by cultures taken from two separate fluid or tissue samples 

obtained from the prosthetic joint, OR 

3. Four out of the following six criteria are present: 

a. Raised serum Erythrocyte Sedimentation Rate (ESR>30 mm/hr) or serum C-

Reactive Protein (CRP>10 mg/l) concentration 

b. Elevated synovial white blood cell (WBC) count 

c. Elevated synovial neutrophil percentage (PMN%) 

d. Purulence found in the affected joint 

e. Microorganism isolated in one culture of periprosthetic fluid or tissue, OR 

f. Greater than five neutrophils per high power field in five high power fields 

observed from histological analysis of periprosthetic tissue at 400 times 

magnification 

The importance of early diagnosis is to prevent the formation of a biofilm, which can occur less 

than three weeks from the onset of an acute PJI. This is a complex structure comprised of 

sessile bacteria embedded within a multi-layered glycocalyx made up of glycolipids, 

polysaccharides, proteins and nucleic acid, which serves to protect the organisms from the 

host’s immune response and is impenetrable to antibiotics(103). The phenotype of these sessile 

bacteria is different from their planktonic relatives due to differential gene expression, which is 

under the control of the “quorum sensing system”. This allows the organisms to communicate 

within the glycocalyx(104). Extracellular DNA (eDNA) is also an important component of the 

biofilm. It has structural properties and is important for the initial attachment of bacteria to 

surfaces. It also allows for sharing of virulence factors including those responsible for antibiotic 

resistance and participates in the horizontal transfer of mobile genetic elements. The quorum 
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sensing system controls the formation of eDNA by selective lysis of bacterial 

subpopulations(105). 

1.7.2 Markers of infection 

Serological markers of infection, such as CRP and ESR, have been widely used as screening tests 

for PJI, due to the ease in which they can be obtained, their low cost and relatively high 

sensitivity. Threshold values of 1mg/dl for CRP and 30mm/hr for ESR have been widely 

accepted(106, 107). However, their specificity is not high, and they are often found elevated in 

the early postoperative period and in non-infectious inflammatory conditions. They may also be 

falsely low in low-grade infection secondary to biofilm-producing bacteria. Consequently, 

Parvizi et al questioned whether measuring the CRP of synovial fluid itself would be a more 

reliable method of identifying infection than serological testing, as it is closer to the source of 

inflammation(108). In a subsequent study, they demonstrated greater sensitivity and specificity 

using enzyme-linked immunosorbent assay (ELISA) (0.84 and 0.971 respectively) for quantifying 

synovial CRP compared with serological CRP assaying (0.76 and 0.93)(109). 

Other markers of infection, such as interleukin-6 (IL-6), procalcitonin (PCT) and tumour necrosis 

factor alpha (TNF-α) remain under investigation as potential alternative or complementary 

markers of infection. IL-6 is produced by both lymphoid and non-lymphoid cells, and it has a 

role in the inflammatory response(110). An important advantage of IL-6 is that levels typically 

revert to normal 2-3 days following the index procedure(111). A recent meta-analysis 

demonstrated a pooled sensitivity and specificity for IL-6 of 0.72 and 0.89 in serum and 0.91 

and 0.90 in synovial fluid. They concluded that although synovial fluid IL-6 has a high diagnostic 

value for PJI, serum IL-6 is still a useful test due to its high specificity(112).  

PCT is a protein produced under physiological conditions by the parafollicular cells and 

neuroendocrine cells of the thyroid. Although PCT is the prehormone for calcitonin, it has 

distinctly different biological activities. The only recognised biological effect of calcitonin is to 

inhibit bone resorption, thereby reducing the serum calcium concentration(113). The main 

producers of PCT in sepsis are monocytes and macrophages of different organs, particularly the 

liver(114). PCT levels are markedly elevated as quickly as 2-4 hours following severe bacterial 
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infections or systemic inflammation, with levels persisting until recovery(115). Its biological 

half-life is approximately 24 hours giving it a distinct time point advantage compared to CRP 

and other acute-phase reactants(116). Despite the suggestion that a combination of CRP and IL-

6 may provide the best combined sensitivity and specificity for differentiating between PJI and 

non-infected causes, this has yet translated into widespread clinical practice. PCT in the context 

of systemic bacterial infection has the greatest specificity (0.98) of any single serological 

test(117). However, its diagnostic value for detecting PJI remains uncertain. A recent meta-

analysis, consisting of six studies, evaluated the diagnostic effectiveness of PCT in PJI. It 

demonstrated a pooled sensitivity and specificity of 53% and 92% respectively(118).  Due to its 

low sensitivity, PCT is currently not a suitable biomarker for the identification of PJI.  

TNF-α is a cytokine released by monocytes and macrophages, which is involved in systemic 

inflammation and belongs to a group of cytokines that stimulate the acute phase response, and 

is released in response to local infection(119). Two studies have evaluated TNF-α and 

demonstrated similar diagnostic parameters with low sensitivity (43% and 35%) and high 

specificity (94% and 86%). However, it also has a number of drawbacks including its long 

processing time (over two hours) and sample instability, meaning it needs to be processed 

within one hour of being drawn(117). Although it has yet to be demonstrated as a convincing 

marker in joint sepsis, it may have a role as a diagnostic marker in other forms of sepsis(120). 

D-dimer is a widely available serum biomarker that is well known for its role in helping to 

diagnose fibrinolytic activities in thromboembolic events and has also demonstrated high 

sensitivity in diagnosing PJI. In an ongoing prospective cohort of 154 patients, D-Dimer has been 

shown to have a better sensitivity (97.7%) and specificity (93.6%) than CRP and ESR(121). 

However, further studies that reproduce these findings are required to confirm its superiority 

to conventionally used CRP and ESR. 

Intercellular adhesion molecule-1 (ICAM-1) is a membrane glycoprotein with a key role in 

leucocyte activation and migration that has been investigated in the context of PJI. A study of 

52 patients undergoing revision hip or knee surgery demonstrated significantly increased levels 

of ICAM-1 in PJI patients compared with noninfected patients(122). A similar study also 
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demonstrated increased ICAM-1 levels in PJI patients. However, they did not describe the 

diagnostic parameters used to confirm PJI(123). More studies are required to confirm the 

diagnostic importance of ICAM-1 before it can be considered a clinically relevant serum 

biomarker for diagnosing PJI. 

1.7.3 Promising biomarkers for joint infection 

The search for a single synovial fluid based diagnostic test for PJI has yielded a number of 

biomarkers as potential candidates, as discussed above. However, the most promising are 

currently Alpha-defensin (α-defensin) and leucocyte esterase. 

Alpha-defensin has been claimed to be the most accurate single biomarker for PJI(118, 124). It 

is an antimicrobial peptide released by activated neutrophils. It then integrates and destroys 

the cell membrane of pathogens(125). A recent systematic review and meta-analysis performed 

by Wyatt et al demonstrated a pooled diagnostic sensitivity and specificity, from six studies, of 

1.00 (95% confidence interval [CI] 0.82 – 1.00) and 0.96 (95% CI 0.89 – 0.99)(124). The 

laboratory α-defensin immunoassay (CD Diagnostics, Wynnewood, Pennsylvania) was 

developed from both proteomic and genomic studies, providing a qualitative result specific for 

synovial fluid. This has been developed into an on-table quick lateral flow test kit by Zimmer 

Biomet (Warsaw, Indiana). Its trade name is Synovasure both to market the laboratory 

immunoassay and the lateral flow test, which is used to test intra-operative synovial fluid for 

PJI. However, the product has been marketed using results from the laboratory-based 

immunoassay studies, rather than studies that have used the lateral flow test. The laboratory-

based test involves centrifugation to remove cellular and particulate matter before testing, 

whereas the lateral flow test has a filter to remove cellular material. These methods may not be 

equivalent and therefore reduce the accuracy of the lateral flow test. A systematic review and 

meta-analysis consisting of ten studies (seven evaluating the laboratory-based immunoassay 

study and three looking at the lateral flow test) has been performed comparing the accuracies 

of these two methods(126). The pooled sensitivity and specificity of the α-defensin laboratory 

immunoassay was 0.953 (CI 0.87 – 0.984) and 0.965 (CI 0.943 – 0.979) respectively. Conversely, 

the pooled sensitivity and specificity of the lateral flow test was 0.774 (CI 0.637 – 0.87) and 
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0.913 (0.828 – 0.958) respectively. Therefore, the lateral flow test is less accurate than the 

laboratory immunoassay technique and its results must be interpreted carefully. 

Leukocyte esterase is an enzyme secreted by neutrophils, which have been recruited to the cite 

of an infection. Since the early 1980s, a colorimetric strip test for this enzyme has been used to 

identify the presence of urinary tract infections(127). Parvizi et al expanded the use of this test 

to include PJI of the knee demonstrating a sensitivity and specificity of 81% and 100% 

respectively(128). More recently, Wang et al used the same colorimetric strips to test the 

synovial fluid of 72 patients undergoing hip or knee revision arthroplasty for aseptic loosening 

or PJI. They demonstrated a sensitivity and specificity of 84.2% and 97.1% respectively(129). A 

recent systematic review and meta-analysis of five studies demonstrated a pooled diagnostic 

sensitivity and specificity of 0.81 (CI 0.49 – 0.95) and 0.97 (CI 0.82 – 0.99)(124). This test will 

allow for improved accuracy of diagnosis and more timely management of the underlying 

infection. Of note, this test is also more accurate than the lateral flow test for α-defensin, based 

on the outcome of the meta-analysis by Suen et al outlined above(126). 
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1.7.4 Gold standard for diagnosing joint infection 

Microbiological culture remains the current gold standard for the identification of the infecting 

organisms in both septic arthritis and PJI. However, diagnosis is becoming increasingly 

challenging due to the increased incidence of polymicrobial infections and PJIs due to biofilm 

producing bacteria and slow growing, fastidious organisms(130-132). Consequently, there has 

been increased awareness to optimise culture techniques to guide appropriate treatment. In 

order to improve the diagnostic yield and accuracy of cultures, a systematic review(133) has 

identified the following steps, which should be adhered to: 

1. Collect a number of tissue samples (≥3) from all the affected areas 

2. Incubate cultures for a minimum period of 14 days 

3. Direct inoculation of synovial fluid in blood culture vials 

4. Consider a broad range of bacteriological media 

5. Utilise selective media to control overgrowth of certain bacteria 

6. Use semi-solid media and nutrient agar to facilitate biofilm adapted phenotypes 

7. Maintain strict anaerobic precautions during sample processing and transportation 

1.7.5 Role of metabolic profiling in joint infection 

As described above, two important biomarkers have been identified, which have been shown to 

be useful in the diagnosis of PJI. These are α-defensin and leukocyte esterase. However, some 

of the studies outlined above have shown that there is still room to develop tests with a greater 

sensitivity and specificity. Furthermore, although these tests are useful at identifying the 

presence of infection, they do not provide any information regarding the responsible organism. 

Consequently, there is currently an unmet need to examine the smaller molecules in SF to 

identify metabolites or groups of metabolites that may prove to be putative biomarkers for 

infection as well as potentially being organism specific. 

Molecular techniques are a promising frontier in the diagnosis of both septic arthritis and PJI. 

They are particularly suited for the diagnosis of PJI caused by a biofilm and are culture 

independent techniques. Early attempts required the a priori selection of appropriate primers 

and relied on DNA amplification using polymerase chain reaction (PCR). There has been a more 
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recent move towards using mass spectrometry (MS) for semi-quantitative analysis of genetic 

elements and bacterial proteins. The Ibis T5000 Universal Biosensor based on PCR-electrospray 

ionisation/mass spectrometry (PCR-ESI/MS) technology is able to identify a number of different 

organisms in addition to bacteria, including fungi, protozoa and viruses(134). This technique is 

founded on the fact that each microbe produces its own unique spectrum based on its mass 

and charge when ionised. The microbe is then identified by comparison with an existing 

database. Furthermore, it is capable of detecting the bacterial genes that are responsible for 

antibiotic resistance (e.g. mecA for methicillin-resistant staphylococcus aureus [MRSA]) as well 

as having the same sensitivity for detecting biofilm cells and planktonic cells. It can detect all 

the bacteria within a sample in under six hours(132). A subsequent study demonstrated the 

ability of the Ibis T5000 in identifying a pathogen in 17 of 44 (38%) presumed aseptic failure 

cases in patients undergoing revision knee arthroplasty. Two of these 17 patients later 

developed a deep joint infection. This brings to light another potential problem, which is that 

some presumed aseptic joint failures may in fact be caused by low virulence organisms that are 

difficult to isolate(135). As the molecular techniques described above continue to be refined, 

they may have an important role to play in the identification of septic arthritis and PJI. 

However, due to the high sensitivity of these molecular techniques, care should be taken when 

using them as a primary detector of infection, as it may lead to an increased rate of false 

positive infections being identified.,Instead, they may be more useful in the identification of 

unknown pathogens in patients with a proven PJI(136). Palmer et al(137) looked at a cohort of 

65 patients with clinical suspicion of septic arthritis (n=44) and those undergoing primary knee 

arthroplasty for OA (n=21). All samples were sent for routine microbiological culture and crystal 

analysis as well as PCR-ESI/MS to characterise the bacterial content, using the Ibis T5000 

platform. They demonstrated that PCR-ESI/MS was able to identify bacteria in 50% of suspected 

septic arthritis cases. Furthermore, they detected bacteria in 28% (n=6/21) of patients 

undergoing primary arthroplasty for OA. However, the bacterial species identified in this cohort 

were different to the septic arthritis group and the clinical implications of this are uncertain. 

Conversely, routine culture identified bacteria in only 16% of the septic arthritis group and 0% 

of the arthroplasty group. 
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Nuclear magnetic resonance (NMR) spectroscopy has also been used to identify potential 

biomarkers for septic arthritis. Wiener et al(138) examined the synovial fluid of a cohort of 30 

patients (10 with septic arthritis, 20 with osteoarthritis). Using 1H magnetic resonance 

spectroscopy, they found a significantly greater lactate content in the septic arthritis cohort. 

However, it is unclear from the paper whether the groups were matched for age and gender. 

Furthermore, they included synovial fluid from three different joints (knees, hips and 

glenohumeral joints) and therefore the groups were not matched for this variable. These 

findings were confirmed in a subsequent study by Hügle et al(139). They looked at a cohort of 

59 knee patients, which included 4 patients with septic arthritis. Using 1H-NMR, they 

demonstrated a significantly greater lactate content in the septic arthritis cohort. However, this 

study was limited by only four patients with septic arthritis. Furthermore, there is no 

information on age, gender or other potential confounding factors, nor is the organism 

responsible for the underlying infection quoted in the paper. Wook et al(140) looked at a 

cohort of 84 patients with knee effusions. In 38 of these patients, the cause of the effusion was 

confirmed using clinical data, pathology reports or joint fluid analysis as follows: degenerative 

OA (21 patients), traumatic disease (12 patients), infectious disease (four patient) and 

inflammatory disease (one patient). Using 1H-magnetic resonance spectroscopy, they identified 

three distinct lipid peaks. Although none of the lipid metabolites could significantly differentiate 

between the various disease states, the infection group had a large CH2 and CH3 lipid peak with 

a low CH=CH lipid peak. This may suggest different mechanisms amongst the various disease 

states. As with the other studies, the infection group was very small (n=4), the groups were not 

matched for age, gender and other confounding factors, nor were the underlying organism 

quoted in the paper. 

1.8 Conclusion: 

Synovial fluid is essential for the normal functioning of any joint, particularly weight-bearing 

joints such as the hip and knee. Synovial fluid consists mainly of proteins but also has small 

molecules, which are metabolic derivatives of these proteins as chondral tissue metabolites. 

These molecules can be assessed by many methods, all of which fall under the umbrella of 

metabolic profiling. This is a relatively novel technique used to identify the small molecule 
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composition of various tissues and biofluids. The methods employed are very powerful in 

analysing many metabolites and combinations of metabolites. They have their disadvantages 

particularly in signal-to-noise ratio. This technique has an important role in looking at the small 

molecule composition of synovial fluid. In the next chapter, we explore the basics of metabolic 

profiling including the various methods involved and the statistical analysis required to help 

interpret the large complex datasets. 
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2 Introduction to metabolic profiling and statistical analysis 

2.1 Metabolic Profiling 

Metabonomics or metabolomics has undergone fast development over the past two decades to 

establish itself as a resilient and well utilised technique in the analysis of biofluids or tissue.  

Metabonomics is defined as “the quantitative measurement of the dynamic multiparametric 

response of a living system to pathophysiological stimuli or genetic modification”(141).  Its 

relationship to the -omics is demonstrated in Figure 4.  

Metabolomics is the “Non-biased identification and quantification of all metabolites in a 

biological system”(142). These terms have occasionally been used interchangeably, leading to 

some confusion.  

Therefore, in this thesis, the term “metabolic profiling” will be used, which is defined as “An 

individual’s metabolic pattern that would be reflected in the constituents of their biological 

fluids”(143). 

This technique is a top-down method of analysis, as it is looking at the metabolites, which are 

the end-products. Therefore, it takes into account various environmental factors, such as diet, 

medication, smoking, disease, etc (figure 4). Typically, it is conducted with biofluids, the 

commonest of which are blood and urine. It can lead to the acquisition of a “metabolic 

fingerprint”, which is unique to a particular biochemical perturbation, characteristic of a 

particular disease process or toxic stimulus amongst other things(142). 

There are a number of techniques used in metabolic profiling including nuclear magnetic 

resonance (NMR) spectroscopy, mass spectrometry (MS), Fourier transform infrared (IR) 

spectroscopy (FT-IR) and Raman spectroscopy. In this thesis, NMR spectroscopy has been used 

to identify all the metabolites. The principles of this technique are explained below. However, 

as many studies using MS have been discussed in the literature review, a briefer outline of this 

technique has also been provided below. 
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Figure 4. Biosystems organization demonstrating the role of metabolic profiling and metabolomics 

compared to the other “-omics”. Image kindly provided by Dr Gonçalo Graça. 

2.2 Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is a technique, whose physical principles are 

similar to those of magnetic resonance imaging (MRI). It utilises the magnetic properties of 

atomic nuclei to provide information about molecules, including their structure and dynamics. 

Atomic nuclei have nuclear spin (I), which may be zero, a half or a whole integer (0, ½, 1, 3/2, 2, 

5/2, etc). However, only nuclei with a positive integer or half integer are NMR active, such as 1H 

and 13C. Nuclei such as 12C have I=0 and are therefore not NMR active(144). 

At rest, nuclei are orientated in random directions. The sample is then subjected to an external 

magnetic field (B0), which causes the nuclear spins to undergo precession along an axis parallel 

to B0 (Figure5). An excess of nuclear spins orientated with the magnetic field gives rise to the 
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magnetisation vector (M) (Figure 6). A radiofrequency pulse is applied via an input coil causing a 

change in direction of the magnetisation (Figure 6) and an induced voltage in a receiver 

radiofrequency coil(145). 

 

Figure 5. The effect of an external magnetic field on the alignment of nuclei. This causes the nuclei to 

undergo precession along an axis parallel to B0. Adapted from an online book called “the principles of 

magnetic resonance imaging” http://www.pixelmeasure.io/pages/84/the-principles-of-magnetic-

resonance-imaging. 

 

Figure 6. An excess of nuclei orientated with the external magnetic field (B0) gives rise to the magnetisation 

vector (M). Adapted from Claridge (2009)(145). From an online book called “the principles of magnetic 

resonance imaging” http://www.pixelmeasure.io/pages/84/the-principles-of-magnetic-resonance-

imaging. 
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Once the pulse ceases, the nuclei gradually realign themselves with B0 and the magnetisation 

vector gradually returns to its original orientation. The change in magnetisation as the nuclear 

spins precess and return to the B0 direction induces a current in the receiver, which is measured 

as a decaying oscillating signal or free induction decay (FID) (Figure 7). Providing the molecule 

contains an atom with at least spin ½ (e.g. 1H or 13C) then the FID can be converted into a 

spectrum of frequencies by the application of a mathematical process called Fourier 

transformation. The spectrum is composed of a plot of the resonance frequency of each 

nucleus against the intensity of the signal, which is proportional to the abundance of each 

nucleus. The magnitude of the radiofrequency scale depends on the B0 field strength and so is 

usually presented as a relative scale and it is referenced against the resonance frequency of a 

standard molecule, using a unit of parts per million from the reference value. This is termed the 

“chemical shift” (Figure 8).  

 

Figure 7. Following a radiofrequency pulse, the magnetisation vector (M) shifts direction from the z-axis 

to lie in the x-y plane, and precesses about the z-axis (left). Time domain free induction decay (FID) 

following the application of a radiofrequency pulse (right). Adapted from Keller, 1988(146). 
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Figure 8. Illustration of the absolute and relative (chemical shift) frequency scales. The spectrum displayed 

is from 3-hydroxybutyrate. (A) corresponds to the absolute scale of frequencies in Hz with a field strength 

of 14.1 Tesla and an observation frequency of 600 MHz for 1H.  (B) is the same spectrum using the relative 

scale known as the chemical shift. The peak at 0 Hz and 0 ppm is that of 3-(trimethylsilyl)propionic-2,2,3,3-

d4 acid (TSP), the internal standard. The splitting of the 3 signals from 3-hydroxybutyrate are clearly 

demonstrated. Hz, hertz; ppm, parts per million. Image kindly provided by Dr Gonçalo Graça. 

High resolution nuclear magnetic resonance (H1 NMR) spectroscopy is a powerful method of 

examining biofluids. It produces a comprehensive profile of metabolic signals without 

derivatization and separation(147). Its potential lies in the ability to detect hundreds of small 

molecules simultaneously and it is one of the commonly used techniques for metabolite 

identification and quantification (Figure 9). It is fast and non-destructive allowing over 100 

samples to be measured in a day, and the same sample can be analysed multiple times(148). 

Water is typically present in large concentrations in biofluids, leading to a large peak that can 

obscure other molecules. Therefore, radiofrequency irradiation at the water resonance 

frequency is included in the pulse sequence to effectively suppress the water signal. An 

example of a 1D NMR spectrum of a biofluid, in this case urine, is demonstrated in Figure 10, 

which also illustrates the problem of overlapping peaks. The intention of this figure is to 

illustrate the application of 1H NMR spectroscopy in the study of a complex biofluid in a broader 

sense. 
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Figure 9. The role of NMR spectroscopy in metabolic profiling including its various applications. Image 

reproduced with permission of the rights holder, Elsevier. From Simmler et al, Current Opinion in 

Biotechnology, 25, 51-59 (2014)(149). 
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Figure 10. A 950-MHz 1H NMR spectrum of human urine with expansions showing the degree of spectral 

complexity. Image reproduced with permission of the rights holder, Annual Reviews. From Lindon and 

Nicholson Annual Review of Analytical Chemistry, 1, 49-69 (2008)(148) (Annual Reviews). 

In two-dimensional (2D) NMR spectra the signals are spread over two frequency dimensions to 

enhance spectral resolution and increase the amount of available information, helping identify 

biochemical substances. For proton detected NMR spectroscopy, the most commonly used 2D 

experiments are 1H-1H correlation spectroscopy (COSY) and 1H-1H total correlation spectroscopy 

(TOCSY), which enable the identification of the signals from adjacent protons from the same 

molecule separated by three or more chemical bonds, respectively; and 1H-13C Heteronuclear 

Single-Quantum Correlation (HSQC) spectroscopy which enable the detection signals from 

protons and their directly attached 13C nuclei, remembering that 13C is only 1.1% naturally 

abundant (Figure 11). 
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Figure 11. Two-dimensional (2D) NMR spectra of a human synovial fluid sample used for metabolite 

identification acquired on a 14.1 T spectrometer. (a) 1H-1H Total Correlation Spectrum (TOCSY); (b) 1H-13C 

Heteronuclear Single-Quantum Correlation (HSQC) spectrum. ppm – parts per million. The 13C chemical 

shifts are on the vertical axis and the 1H chemical shifts are on the horizontal axis. 

2.3 Mass spectrometry 

Mass spectrometry (MS) is another powerful technique used in metabolic phenotyping. Initially, 

it involved the detection of charged molecules whilst in their gaseous phase. Over time, new 

ionisation techniques were developed, which allowed direct ionisation of molecules from liquid 

and solid samples into the gas phase. Once ionised, the molecules are accelerated in an electric 

field with a high vacuum, which allows the measurement of their mass to charge ratio 

(m/z)(150). The advantages of MS over NMR are that it is more sensitive and requires a smaller 

quantity of sample material. It is able to detect compounds down to the picomolar level. 

Furthermore, in terms of compound concentrations, it has a greater dynamic range to allow 

detection(151). However, since the ions are lost after reaching the detector, the sample is 

consumed after a single use and it is therefore not possible to perform multiple tests on the 

same sample, as is the case with NMR. 

The mass spectrum of a pure compound can appear very simple (Figure 12). However, when a 

more complex biofluid is used, the spectra can be difficult to interpret as it is often more 

convoluted. Aside from the presence of overlapping peaks, the more abundant ions can supress 
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ionisation of those ions found in smaller quantities. In order to overcome these problems, MS is 

typically coupled to an online compound physical separation such as liquid- or gas-

chromatography. This gives rise to the techniques more commonly known as liquid- or gas-

chromatography – MS (LC-MS or GC-MS respectively). LC-MS is typically used to analyse liquid 

and solid sample extracts, whereas GC-MS is often utilised to analyse the more volatile 

compounds of complex biofluids(152, 153). Ionization techniques, such as electrospray 

ionization (ESI), has enabled the direct ionization of molecules from the liquid into the gas 

phase(150). It does this by generating charged micro-particles following passing of the sample 

through a charged needle, thus enabling the generation of ions from liquid samples. This can be 

performed in positive (ESI+) or negative (ESI-) modes. Examples of MS are illustrated in Figure 

12 below. 

 

 

 

Figure 12. Examples of mass spectrometry data sets: (a) A spectrum of a peptide, Leucine enkephalin, 

acquired by electrospray ionization in negative ion mode (ESI−); (b) spectrum of a human blood serum lipid 

extract acquired in ESI−, (c) LC-MS chromatogram of human blood serum lipid extract acquired in positive 

ion mode (ESI+), where mass spectra is acquired continuously during chromatographic separation; ESI – 

electrospray ionisation; RT – retention time; m/z – mass-to-charge ratio. Image kindly provided by Dr 

Gonçalo Graça. 



55 
 

2.4 Contrasting Nuclear Magnetic Resonance Spectroscopy and Mass Spectrometry 

As described above, NMR spectroscopy and MS are two complementary analytical techniques. 

While both techniques are used for the identification and structural characterisation of 

molecules, there are some key differences between them to highlight. 

NMR spectroscopy is based on the magnetic properties of atomic nuclei, particularly those with 

a non-zero nuclear spin (e.g. 1H, 13C), while MS is based on the mass-to-charge ratio of ionized 

molecules. With NMR spectroscopy, the whole sample can be analysed in one measurement, 

whereas different LC packings and conditions are required for different classes of metabolites in 

MS. In other words, MS requires a more targeted approach and poor chromatographic 

separation can be problematic.  

NMR spectroscopy typically requires a relatively large amount of sample (in the milligram to 

gram range) in a solvent, whilst MS can analyse much smaller amounts of sample (in the 

microgram to nanogram range) and can be used for the analysis of both volatile and non-

volatile compounds. There is minimal sample preparation in NMR spectroscopy, which requires 

the addition of buffer solution, whereas sample preparation with MS may be more substantial 

with different LC columns and protein precipitations. 

MS is generally more sensitive than NMR spectroscopy, allowing for the detection of trace 

amounts of analyte. However, variable ionisation and ion suppression effects may impair 

analyte detection in MS, which is an important limitation in its use(148). NMR spectroscopy can 

also cover a wide range of metabolite classes in one assay. Furthermore, analysis by MS 

involves destruction of the samples, thus preventing further testing of the same sample from 

taking place. As described above, in order to improve metabolite resolution, MS is typically 

coupled with prior separation of the fluid using chromatography or capillary electrophoresis, 

which can introduce unwanted inter-run and inter-sample variability.  

Despite NMR spectroscopy having a sparser metabolite coverage and lower sensitivity than MS, 

it does have a number of important strengths over MS. It is widely used for small molecule 

struture elucidation, hence provides ease of annotation of spectral features in comparison to 

MS. It is a fast, non-destructive technique that is more reproducible than MS(148). NMR 
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spectroscopy typically has a higher spectral resolution than MS, allowing for the detection of 

subtle differences in molecular structure. 

For these reasons, NMR spectroscopy was chosen over MS as the technique for metabolic 

profiling in this thesis. 

2.5 Statistical analysis 

The techniques involved in metabolic profiling typically lead to the formation of large and 

complex datasets, with hundreds or even thousands of variables. These can be difficult to 

summarise and interpret without appropriate tools to extract meaningful biological and 

biochemical information. Both univariate and multivariate techniques aim to assess group-wise 

differences and have important roles in identifying significant metabolic differences between 

groups. In this section, the various statistical techniques commonly used in metabolic profiling 

are discussed. 

2.5.1 Univariate analysis 

Univariate analysis techniques can be used to reduce a potentially large number of metabolites 

to only those that demonstrate the strongest response under the investigated conditions. Such 

techniques include Analysis of Variance (ANOVA), Mann-Whitney test and the Student’s t-test, 

which all involve individual analysis of each variable. Examples for such techniques include a 

two-way ANOVA to investigate different concentrations of individual metabolites in relation to 

a specific medication(154) or a Wilcoxon rank-sum test combined with ANOVA to identify 

different disease states in an osteoarthritic joint ranging from early (mild) to late (severe) OA. 

However, these techniques can be impractical when looking at large metabolic datasets. They 

can fail to differentiate between groups if only minor differences exist on a single molecule 

level, even if multi-molecule combinations would differentiate them on a system level(155). 

2.5.2 False discovery rate testing 

The application of univariate analysis to multiple variable metabolic profiling data involves 

performing multiple statistical tests on the same dataset to identify metabolic differences. 

However, when more than one statistical test is performed on the same dataset, many 

statisticians and journal editors demand more stringent criteria for a result to be classed as 
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“statistically significant” than the conventional p<0.05(156). There are two main types of errors 

encountered with multiple statistical testing. These are referred to as type I and type II errors. If 

a null hypothesis is true, for example no difference is found between two treatments when no 

difference truly exists, there is still a chance that a significant difference (p<0.05) will be 

identified once in twenty trials. This is referred to as a type I error or α. On the other hand, a 

type II error or β refers to the probability of accepting the null hypothesis, when it is not 

true(157). 

In order to reduce the risk of false positives, or type II errors, various techniques have been 

developed. One such technique commonly used in metabolic profiling is the false discovery rate 

(FDR) adjusted p-values, which can be calculated using the Benjamini-Hochberg method (158). 

This is performed to account for multiple testing of identified metabolic differences between 

groups. FDR refers to the proportion of the rejected null hypotheses, which are incorrectly 

rejected. In metabolic profiling, this would refer to incorrectly demonstrating particular 

metabolites are found in significantly different concentrations between groups, when no true 

difference exists. 

2.5.3 Multivariate analysis 

Multivariate analysis can analyse all the variables at once and also produce predictive models. 

The main methods employed in metabolic profiling are principal component analysis (PCA) and 

partial least squares (PLS)(159). These techniques can help reduce the dimensionality of 

complex datasets into something, which can be more easily visualised. 

2.5.4 Principal component analysis 

PCA allows the multivariate dataset to be represented by a lower number of variables, the 

principal components. It provides a summary/overview of all samples within the dataset. 

Furthermore, trends, clustering of data points and outliers can be visualised(160).  It represents 

an “unsupervised” method of looking at the data. This implies there is no prior information 

about the sample classes for the observations being considered. For example, it is unknown 

which samples belong to a control or disease group. Each point on the PCA plot represents all 

the variables for an individual sample in lower dimensional space. The X-matrix represents a 2-
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dimensional construct of the data. It does this by stacking each variable on top of each other. 

Each principal component (PC) is orthogonal to the rest. The “first principal component” (PC1) 

is a regression line representing the variables, which explains as much of the data variance as 

possible. The “second principal component” (PC2) is another regression line orthogonal to PC1, 

which represents the variables that incorporates the data variance not explained by PC1. Each 

consecutive PC explains a lower percentage of the global variation. The PC loadings represents 

those variables from each PC that representing the link to the original X matrix variables (148). 

As an example, a PCA scores plot of PC1 versus PC2 provides a two-dimensional plot that 

explains as much of the data variance as possible in two dimensions. This highlights the 

metabolic differences between the samples. The Hotelling’s T2 region is an ellipse on the scores 

plot and represents the 95% confidence interval of the modelled variation(161) (Figure 13). This 

can also help to identify outlier samples, which can be investigated and/or removed as deemed 

appropriate by the researcher. 
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Figure 13. A) PCA scores plot of PC1 vs PC2 with each data point representing the NMR spectrum of an 

individual human synovial fluid sample and demonstrating separation between the control and disease 

groups. B) Loadings plot for PC1 and PC2 demonstrating the direction of variation of each original spectral 

variable in relation to the scores distribution. The percentage variation explained in figure A is 34.1% for 

PC1 and 17.2% for PC2. CI – confidence interval, PC – principal component. 
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2.5.5 Partial least squares 

Following an “unsupervised” method of looking at the data, the next step would be to employ 

“supervised” methods. This involves assigning each sample to a particular class, such as a 

control or disease group, before calculating the model. 

Partial least squares (PLS) is a supervised method, where a quantitative relationship between 

two data tables is sought. These include an X matrix, which represents the spectral intensity 

values that are independent variables from the samples, to a Y matrix, which is a dependent 

variable containing continuous quantitative values, such as BMI, or discrete values to represent 

different classes (159, 162). For example, the X matrix represents 1H-NMR spectral intensities 

from a particular biofluid in both the control and disease group, and the Y matrix represents the 

vector of class identifiers or observations (e.g. 0 for control and 1 for disease). In this way, 

discriminant analysis (DA) can be combined with PLS to calculate the optimal model for class 

discrimination. This utilises linear regression modelling of the component axes to represent the 

variables. It attempts to identify the variance and therefore the metabolic differences between 

the two classes (e.g. control and disease groups)(159). Orthogonal signal correction (OCS) can 

be incorporated into PLS modelling to remove the portions of data that are not relevant and do 

not correlate (i.e. are orthogonal) with the Y class identifiers, or the disease trait (163). This 

variant of PLS is known as orthogonal partial least squares discriminant analysis (O-PLS-DA). 

This method can enhance the visualisation of the metabolic differences between the disease 

traits(164). It separates the data into the predictive components that explains the differences 

between the two groups and the orthogonal component that contains the remaining unrelated 

information (Figure 14). 
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Figure 14. Scores plot of the cross-validated O-PLS-DA model demonstrated good separation between the 

control and disease groups with differences in the spectra of each sample explained by whether the sample 

was taken from the control or disease biofluid. The Y matrix represents the vector of class identifiers or 

observations, which here would be illustrated by 0 for control and 1 for diseased biofluid.  SC – separating 

component, OC – orthogonal component. 

2.5.6 Cross validation 

Despite the rigorous statistical methods already mentioned, there is still a chance that a model 

may identify false positives; in other words, metabolic differences that have occurred by 

chance. In order to assess the model validity, cross validation should be performed. This 

consists of producing PLS or O-PLS models several times using the same dataset. Each time a 

model is calculated, a proportion of the samples is left out. The classes of left-out samples are 

then predicted using the obtained model. This process is repeated several times until all 

samples have been left out at least once. The predictions of all the models are then used to 

calculate the goodness of prediction of the model built on the full dataset. The goodness of 

prediction, or the error between the real and predicted score (Q2Y), measures the predictability 

of the model. The goodness of fit (R2Y) is the proportion of the data that explains the 

differences between the two groups (Y variable). Additionally, the robustness of the model can 
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be assessed by calculating the Q2Y 100 times by randomly assigning the cross-validation groups 

(the samples predicted in each of the seven cross-validation rounds). The Q2Y values can then 

be compared with Q2Y values obtained after performing 100 permutations of the Y variable. A 

model is considered reliable if the Q2Y confidence intervals of the permuted and non-permuted 

models do not overlap. Consequently, there is a low chance of model overfitting and false 

positive results. If the Q2Y is positive and the closer it is to one, the greater the probability that 

the model is predictive. However, a negative or low Q2Y suggests the model is not predictive 

and should be disregarded(165). A p-value can also be obtained from model permutation 

testing. The Q2Y values of these permuted models are compared to the Q2Y value of the original 

model with a view to validating the model if it is significantly different from the original model 

(p<0.05)(165). 

2.5 Conclusion 

Metabolic profiling comprises a group of relatively novel techniques, which are used to identify 

metabolic differences in various tissues and biofluids. It is a top-down method of analysis as it 

looks at the metabolites, which are the end-product. Consequently, it is useful for analysing 

various biofluids including SF due to its ability to identify numerous metabolites, including 

differing metabolite concentrations between samples and/or predetermined cohorts. It may 

lead to the acquisition of a unique “metabolic fingerprint”. Some of the commonest techniques 

employed include NMR spectroscopy and MS. Due to the complexity of the datasets, 

multivariate statistical analysis is required, providing a robust method to identify differences 

between two groups of metabolites, making it useful in the analysis of SF. Numerous studies 

have been performed identifying the small molecule composition of SF and suggesting potential 

biomarkers relating to osteoarthritis and inflammatory arthropathies. There are many 

metabolic profiling studies looking at human SF, but no systematic review of the literature. In 

the next chapter, a systematic review was performed specifically looking at metabolic profiling 

studies from human SF samples. 

  



63 
 

3 Literature Review 

An adaptation of this chapter has been published in Bone and Joint Research in May 2020(166). 

3.1 Aim and Scope of the Systematic Literature Review 

The primary aim of this systematic literature review was to identify small molecule metabolites 

in human synovial fluid (HSF), which have been categorised by different metabolic profiling 

techniques, especially those including Mass Spectrometry (MS) and Nuclear Magnetic 

Resonance (NMR) Spectroscopy. The secondary aim was to identify any metabolites that may 

represent putative biomarkers of various orthopaedic diseases. 

3.2 Method 

A systematic review was undertaken in accordance with the Preferred Reporting Items for 

Systematic Reviews and Meta-Analysis (PRISMA) guidelines(167). 

3.2.1 Eligibility Criteria 

Inclusion criteria consisted of published articles and abstracts in English looking at the 

metabolites of HSF in any disease state using the techniques of MS and NMR spectroscopy. The 

exclusion criteria were articles not in English, patients < 18 years, review articles, expert 

opinions and studies using the same cohort of patients. 

3.2.2 Identification of Studies 

A systematic literature review was conducted of the Cochrane, Embase (Exerpta Medica 

Database, Amsterdam, The Netherlands), MEDLINE (Medical Literature Analysis and Retrieval 

System Online) and PUBMED databases without date restrictions on the 1st August 2018. The 

search terms used are detailed below in table 4. 
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Table 4. Search string for systematic review on the role of metabolic profiling in human synovial fluid. 

Search term 

metabo#omic* 

metabolome* 

metabolic adj profil* 

metabolite* 

biomarker* 

biologic* adj marker* 

exp Metabolomics/ 

exp Metabolome/ 

AND 

synovia* 

joint fluid* 

articular fluid* 

synovium 

NOT 

exp animals/ not humans.sh 

exp child/ not (exp adult/ or exp aged/) 

exp review/ 

3.2.3 Screening and Assessment of Eligibility 

Two independent reviewers (P.A and U.K) examined the article titles identified in the 

preliminary literature search. If the reviewers had any disagreement about whether or not the 

article was relevant, it resulted in the article proceeding to the next stage of review. The 

abstracts of the remaining articles were then read by the same reviewers. As before, if there 
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was any disagreement, the articles proceeded to full-text review. Once the final articles were 

reviewed by the same authors, any conflict was discussed to achieve consensus. 

3.2.4 Risk of Bias (Quality) Assessment 

The articles were evaluated for relevance, the underlying disease process, sample numbers, 

quality of evidence, analytical validity, statistical power, and conclusions. The study design was 

evaluated using the Newcastle-Ottawa score. The relevant metabolites were highlighted, and 

significance was quoted when statistical analysis was available. The metabolites identified in 

the articles were checked and confirmed by looking at published databases including the 

Biological Magnetic Resonance Bank(168), the Human Metabolome Database (169) and various 

in-house databases. 

3.3 Results 

3.3.1 Literature Search  

The electronic database searches identified 4477 articles. From these, 4391 articles were 

excluded following exclusion of any duplicates and review of the titles. The abstracts of the 

remaining 86 articles were reviewed and a further 14 were excluded as they contained 

duplicate data. Of the remaining 72 articles, 32 were excluded. Twenty-five did not meet the 

entry criteria, three did not involve human SF, two contained data from the same cohort and 

two looked specifically at synovial membranes and not SF. Of the remaining 40 articles, a 

further 19 were excluded. In 11, the metabolites were not clearly identified or only a portion of 

them were presented. In four, it was unclear from which cohort the metabolites were present 

in larger quantities. Two articles did not use the techniques of metabolic profiling, one had 

duplicate data and one investigated serum as opposed to SF. This left 21 studies (17 articles and 

four conference abstracts). Figure 15 summarises this process. 
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Figure 15. Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) search and 

screening flowchart for the role of metabolic profiling in human synovial fluid research. *Excerpta Medica 

Database, Amsterdam, The Netherlands. 

3.3.2 Study Characteristics and Quality 

The Cochrane criteria for bias and the Newcastle-Ottawa score were used to assess the 

methodology of the published studies. The designs and metabolic profiling techniques were 

similar in all the studies. As all studies were looking at specific disease processes, it was not 

possible for patient selection to be random. Furthermore, due to the nature of the studies, it 
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was not possible for blinding to take place at sample collection for either the researcher or the 

patient. The more abundant metabolites may be represented more disproportionately by 

multivariate statistical analysis techniques regardless of significance. Additionally, the data 

cannot be blinded as such supervised statistical methods require information about the sample 

class. There is also the possibility of reporting bias towards studies that reported p-values, as 

they were not consistently stated in all the articles. Furthermore, studies which assayed 

hundreds of metabolites may have overestimate the significance of the p-values, unless false 

discovery rate (FDR) or validation data sets were utilised. Table 5 lists all the identified studies. 

The complete list of identified metabolite can be found in appendix 2. 

 

Table 5. Baseline description of all the studies included in this systematic review.  1H-NMR, nuclear 

magnetic resonance spectroscopy; ACR, American College of Rheumatology; AS, ankylosing spondylitis; 

ASAS, Assessment of SpondyloArthritis international Society; BD, Behçet’s disease; C, control group; ESOA, 

end-stage osteoarthritis; GC-MS, gas chromatograph-mass spectrometry; GC/TOF MS, gas 

chromatography/time-of-flight mass spectrometry; ISG, International Study Group; KL, Kellgren and 

Lawrence; LC-MS, liquid-chromatography mass spectrometry; MSU, monosodium urate; N/A, not 

available;  NOS, Newcastle-Ottawa score; OA, osteoarthritis; RA, rheumatoid arthritis; ReA, reactive 

arthritis; SSA, seronegative spondyloarthropathy; TQ MS, triple quadrupole mass spectrometry; 

UHLC/MS/MS, ultra-high performance liquid chromatography/tandem mass spectrometry; UPLC-MS/MS, 

ultra-high performance liquid chromatography-tandem mass spectroscopy; UPLC-QTOF-MS, 

ultraperformance liquid chromatography quadruple time-of-flight mass spectrometer; UPLC-TQ-MS, ultra-

high performance liquid chromatography triple quadrupole mass spectrometry; UspA, undifferentiated 

spondyloarthropathy. 
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First Author & 
year 

Study design Country 
of origin 

Joint Diagnosis Disease staging Sample size Type of analysis Validated 
analysis 

Controls Statistical 
validity 

NOS 

Adams et al, 
2014(170) 

Case control 
study 

USA Ankle Radiological Takakura grading n=20; c=20 UHLC/MS/MS Weak Healthy asymptomatic 
patients 

Adequate 7 

Ahn et al, 
2015 (171) 

Case series South 
Korea 

Not 
stated 

Clinical N/A n=24 GC/TOF MS  Strong None Adequate 3 

Anderson et 
al, 2018 (172) 

Cohort study UK Knee Not stated N/A n=10 (OA); n=14 (RA) 1H-NMR N/A None Adequate 0 

Carlson et al, 
2018 (173) 

Case control 
study 

USA Not 
stated 

Not stated N/A n=5 (OA); n=3 (RA); c=5 LC-MS Weak Post-mortem samples Adequate 3 

Chen et al, 
2018 (174) 

Case control 
study 

China Knee Clinical & 
radiological 

KL n=32; c=35 UPLC-TQ-MS Weak Healthy asymptomatic 
patients 

Adequate 8 

Dubey et al, 
2019(175) 

Case series India Knee Not stated N/A n=8 1H-NMR N/A None Adequate 0 

Dubey et al, 
2017 (176) 

Cohort study India Knee Clinical N/A n=19(ReA); n=13 (USpA) 1H-NMR N/A None Adequate  

Dubey et al, 
2019 (177) 

Case control 
study 

India Knee Clinical Braun’s, ASAS and ACR 
criteria 

n=52(SSA); n=29(RA); c=82 1H-NMR Weak Healthy asymptomatic 
patients 

Adequate 6 

Furman et al, 
2017 (178) 

Case control 
study 

USA Knee Clinical Not applicable n=8; c=8 UPLC-MS/MS N/A Contralateral non-
injured knee 

Adequate 7 

Hwang et al, 
2013 (179) 

Cohort study South 
Korea 

Not 
stated 

Not stated N/A n=18(RA); n=11(OA) GC/TOF MS N/A None Adequate 6 

Kang et al, 
2015 (180) 

Case series South 
Korea 

Knee Clinical & 
radiological 

KL (OA); ACR (RA) n=10 (OA); n=10 (RA) UPLC-QTOF-MS Weak None Adequate 5 

Khatib et al, 
2018(181) 

Case series UK Knee Not stated N/A n=13 1H-NMR N/A None Adequate 3 

Kim et al, 
2017(182) 

Case series South 
Korea 

Knee Clinical & 
radiological 

KL n=8 (KL1-2); n=7 (KL3-4) GC/TOF MS Strong None Adequate 4 

Kim et al, 
2014 (183) 

Case series South 
Korea 

Not 
stated 

Clinical & 
radiological 

ACR for RA; ASAS for AS; 
criteria of the 1990 ISG 
for BD; MSU crystals in 
joint fluid for gout. 

N=13(RA); n=7(AS); n=5(BD); 
n=13(gout) 

GC/TOF MS Adequate None Adequate 4 

Leimer et al, 
2017 (184) 

Cohort study USA Ankle Radiological N/A n=19; c=19 UPLC-MS/MS Adequate Contralateral non-
injured ankle 

Adequate 8 

Meshitsuka et 
al, 1999 (185) 

Case series Japan Knee Clinical & 
radiological 

ACR n=14 (RA); n=16 (OA) 1H-NMR Adequate None Adequate 2 

Mickiewicz et 
al, 2015(186) 

Cohort study Canada Knee Clinical & 
radiological 

N/A n=55; c=13 (cadaveric – 6 
bilateral & 1 unilateral sample) 

1H-NMR; GC-
MS 

Strong Cadaveric controls Adequate 6 

Naughton et 
al, 1993 (187) 

Cohort study UK Knee Not stated N/A n=22 (RA); c=6 1H-NMR Adequate Healthy asymptomatic 
patients 

Adequate 5 

Yang et al, 
2015 (188) 

Case control 
study 

China Knee ACR N/A n=25 (RA); c=10 GC/TOF MS Adequate Above knee 
amputated patients 

Adequate 6 

Zhang et al, 
2014 (189) 

Case series Canada hip & 
Knee 

ACR ESOA n=80 LC-MS Adequate None Adequate 5 

Zhang et al, 
2015 (190) 

Case series Canada Knee Not stated ESOA n=69 LC-MS Adequate None Adequate 5 

Zhang et al, 
2016 (191) 

Case control 
study 

Canada Knee ACR criteria & 
clinical judgement 

ESOA n=97 LC-MS Adequate No SF sample controls 
(only serum) 

Adequate 6 

Zheng et al, 
2017 (192) 

Cohort study China Knee KL KL2 & KL4 n=49, c=21 GC-TOF/MS & 
LC-MS/MS 

Adequate Asymptomatic 
patients 

Adequate 7 
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In the sections below, the identified studies have been subdivided into those including healthy 

controls that have identified putative biomarkers and those looking at specific disease 

processes. 

3.3.3 Studies with a healthy control group 

Cytokine and metabolic differences were examined from the SF of a group of healthy and end-

stage post-traumatic arthritic ankle (PTAA) joints(170). Twenty-nine metabolites were identified 

as being in significantly different concentrations between these two groups, with glutamate 

being the most important. They suggest an imbalance in both lipid and amino acid (AA) 

metabolism, amongst other factors, with the presence of a predominantly proinflammatory and 

oxidative environment. 

Chen et al(174) investigated the metabolic changes that take place in the physiological 

responses of early knee OA. Twenty-two metabolites were found to be significantly different 

between the two groups. They suggested that OA is precipitated and accompanied by changes 

in AA metabolism. They based this suggestion on the fact that the majority of serum AA levels 

were found to be altered in the OA group compared to the healthy control group. Three 

potential biomarkers were identified: γ-aminobutyric acid (GABA), alanine and 4-hydroxy-L-

proline (Hyp). Alanine and Hyp were increased and GABA was reduced in the OA group.  

The hypothesis that metabolic profiling would identify a distinctive metabolic signature of 

seronegative spondyloarthropathy (SSA) not affected by age and gender was explored by Dubey 

et al(177). They had two subgroups of healthy patients, which were stratified by age, creating a 

young and older control group. There were a few patient cohorts consisting of those with RA, 

SSA and reactive arthritis (ReA). They suggested acetone, creatine, leucine, lysine/arginine, 

glycine, glucose, low-density lipoprotein (LDL), very low-density lipoprotein (VLDL), 

polyunsaturated fatty acids (PUFA) and phenylalanine as putative biomarkers for ReA when 

compared to age-matched controls. Conversely, phenylalanine, valine, leucine and 

lysine/arginine were suggested as putative biomarkers for discriminating between RA and ReA. 

Furman et al(178) published an abstract looking at any metabolic pathways affected by knee 

injury and identifying any discriminatory SF biomarkers between this cohort and a cohort of 

healthy knees. They demonstrated significantly increased 2-hydroxy-fatty acids and 
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sphingomyelin (SPM) in the injury group. The authors then suggested these may be putative SF 

biomarkers of knee injury and possible prognostic indicators of the risk of post-traumatic 

arthritis. 

The global metabolic profile of SF after intra-articular ankle fractures was described by Leimer 

et al(184).  Sixteen lipid-based metabolites were identified in significantly greater 

concentrations following an intra-articular ankle fracture, which subsequently decreased six 

months post-surgery. The majority of PUFAs and long chain fatty acids (FA) were acutely 

increased in the fractured ankles at baseline compared to the control group. However, the 

authors did not suggest these as putative biomarkers. They did however suggest the distinctive 

lipid signature identified is reflective of fracture, injury and early changes associated with OA. 

Naughton et al(187) qualitatively assessed the metabolic status of normal and RA SF. Increased 

levels of LDL in RA compared to the control group were identified and this was suggested to be 

secondary to increased synovial membrane permeability and inflammation. However, it is 

important to note the controls were younger (25-42 years old) and hence not age-matched 

compared to the RA group (40-67 years old)). As it is known from other studies that metabolic 

profiles can depend on age(193), this may have implications for the validity of the conclusions. 

Zheng et al explored the metabolites of OA(192). They identified 6 metabolites as significantly 

different between the two groups. Three were found in significantly increased concentrations 

and three in significantly lower concentrations in the OA group. Threonine, gluconic lactone and 

1,5-Anhydroglucitol (1,5-AG) were in significantly increased concentrations in OA SF compared 

to the control group. Tyramine, glutamine and 8‐aminocaprylic acid were in significantly lower 

concentrations in OA SF compared to the control group. They concluded that a new diagnostic 

model, which combines two metabolites offers a more sensitive method of diagnosing OA than 

a single metabolite alone. Furthermore, as gluconic lactone was found in significantly different 

concentrations between OA and RA, it may prove to be a novel benchmark for the differential 

diagnosis of these conditions with a high level of sensitivity and specificity between them. 

Unfortunately, none of the aforementioned studies performed any analysis to account for 

multiple testing of the data. This may affect the validity of the results, which must be viewed 
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with caution. The metabolites identified in this section, which have been proposed to serve as 

putative biomarkers are listed in Table 6. 

Table 6. Putative biomarkers identified from studies with an asymptomatic control group. All metabolites 

were identified from human knee synovial fluid. OA – osteoarthritis; RA – rheumatoid arthritis; ReA – 

reactive arthritis; FC – fold change; variable importance on projection score (VIP); N/A – not available; FDR 

– false discovery rate; Hyp – 4-hydroxy-L-proline; 1-5 AG – 1,5-Anhydroglucitol; GABA - ɣ-aminobutyric 

acid; VLDL – very low-density lipoprotein; LDL – low-density lipoprotein; PUFA – polyunsaturated fatty 

acids; SPM – sphingomyelin. 

Underlying pathology Metabolite Change Multivariate analysis 

OA Alanine(174) Increased in OA VIP 3.31, p<0.001 

Hyp(174) VIP 1.75, p<0.001 

Gluconic lactone(192) FC 1.54, p<0.05 

Threonine(192) FC 2.71, p<0.05 

1,5-AG(192) FC 1.67, p<0.05 

GABA(174) Decreased in OA VIP 2.61, p<0.001 

Glutamine(192) FC 0.28, p<0.05 

Tyramine(192) FC 0.30, p<0.05 

8‐Aminocaprylic acid(192) FC  0.27, p<0.05 

Inflammatory 
arthropathies 

Acetone(177) Increased in ReA FC 1.54, p<0.006  

Creatine(177) FC 0.63, p<0.001 

VLDL(177) N/A 

Glucose(177) FC 1.12, p<0.367 

Glycine(177) FC 1.03, p<0.02 

LDL(177) N/A 

Leucine(177) FC 0.83, p<0.051 

Lysine/arginine(177) FC 0.78/1.21, p<0.002/p<0.46 

Phenylalanine(177) FC 1.33, p<0.122 

PUFA(177) N/A 

Leucine(177) Increased in ReA vs 
RA 

FC 1.88, p < 0.001 

Lysine/arginine(177) FC 1.46/2.07, p < 0.005/ 
p<0.001 

Phenylalanine(177) FC 2.56, p < 0.001 

Valine(177) FC 1.57, p < 0.001 

RA LDL(187) Increased in RA No value 

Knee injury SPM(178) Increased in knee 
trauma 

p<0.0065 following FDR 

2-hydroxy-fatty acids(178) p<0.0065 following FDR 

3.3.4 Osteoarthritis studies 

In a study looking at OA SF, Mickiewicz et al(186) identified two metabolites found in 

significantly greater concentrations in OA SF (citrate and fructose) and nine metabolites 

(creatine, ethanol, ethanolamine, 3-hydroxybutyrate, malate, methionine, O-acetylcarnitine, 
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hexanoylcarnitine and N-phenylacetylglycine) found in lower concentrations in OA SF compared 

to a cadaveric control group.  

The metabolite differences between early and late-stage OA were characterised by Kim et 

al(182). Twenty-eight metabolites were found to be significantly different between the groups, 

with all of these metabolites significantly increased in late-stage OA.  

Zhang et al(189) looked at various metabolic markers in SF that could be used to classify 

patients with OA into specific subgroups and. They described many metabolites including 

hexoses (>90% was glucose), nine biogenic amines, 11 sphingolipids, 20 AAs, 40 acylcarnitines, 

carnitine and 87 glycerophospholipids. Following multivariate statistical analysis, they found 

two main OA subgroups (A and B), which differed in fat metabolism and levels of acylcarnitine. 

Group B was further subdivided into B1 and B2 based on observed differences in 

concentrations of sphingomyelins and glycophospholipids. However, the lack of age matched 

controls and correlation to clinical factors made it difficult to draw definitive conclusions. 

The same authors then looked at differences between OA and type II diabetes mellitus, in a 

study using similar methodology. They found that phosphatidylcholine (PC) and leucine 

metabolism were influenced by both OA and diabetes mellitus. PC is involved in many 

membrane-related processes including signal transduction, regulation of membrane trafficking 

and forming the essential lipid bilayer of all biological membranes. 

In an abstract, Khatib et al(181) looked at a group of patients with ACL deficient knees. They 

investigated whether mechanical loading of the joint during pivot shift revealed a profile of 

mechanically regulated metabolic biomarkers. Using 1H-NMR spectroscopy, they found 

significant differences in alanine and choline between pre- and post-pivot shift testing of these 

ACL deficient knees. When accounting for multiple testing, these metabolites remained 

significant and the authors suggest they might be useful for targeting early rehabilitation or 

surgical intervention in patients with knee injuries who may have an increased risk of 

developing post-traumatic OA. 

3.3.5 Inflammatory arthropathy studies 

Yang et al recently analysed the metabolic profile of knee SF from RA patients and a control 

group to look for RA-related biochemical abnormalities(188). The control group consisted of 
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patients who had a “high-level” amputation. However, the reason for the amputation was not 

stated in the paper nor when the sample was taken in relation to the timing of the amputation, 

which may have critical metabolic consequences. Thirteen metabolites remained significantly 

different between the two groups following multivariate analysis and using a variable 

projection of importance score (VIP) >1 plus p<0.05. Lactate was increased and levels of 

glucose, glucose-1-phosphate and D-mannose were decreased in RA SF. 

Ahn et al(171) conducted a study looking at the metabolic profile of SF in patients with Behcet’s 

disease (BD) with arthritis compared to those with seronegative arthritis (SNA). Eleven 

metabolites were identified as being significantly increased in BD with arthritis compared to 

SNA. These include citramalate, glutamate, branched chain AAs (BCAA: valine, leucine, and 

isoleucine), and methionine sulfoxide.  

In an earlier study, Kim et al(183) evaluated putative biomarkers for RA. The underlying 

diagnosis of the patients included were BD (n=5), Ankylosing Spondylitis (AS) (n=7), RA (n=13) 

and gout (n=13). These patients were pooled into two larger groups, which were RA and non-

RA. Following robust statistical analysis, 20 metabolites were identified as remaining 

significantly different between the two groups, which they proposed could be putative 

biomarkers. A total of 14 metabolites were found in significantly greater concentrations in the 

RA group and six were in greater concentrations in the non-RA group. 

3.3.6 Osteoarthritis vs Rheumatoid arthritis studies 

Using global liquid chromatography coupled to mass spectrometry (LC-MS), Carlson et al(173) 

sought to quantify biomarkers within SF. There were five purchased post-mortem samples in 

their control group. However, the paper does not state how long after death these samples 

were harvested and this time interval may have crucial metabolic consequences, making it a 

major confounding factor. They identified one metabolite (L-citrulline) that was found in 

greater concentrations in OA compared to RA plus controls and five metabolites (D-lactic acid 

methyl ester, L-methionine, L-isoleucine, citric acid and hydroxyl-L-proline) found in significantly 

lower concentrations in OA and RA SF, compared to controls. The authors also performed FDR 

analysis to account for multiple testing. 
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Anderson et al recently published an abstract exploring the role of NMR spectroscopy in 

producing analysable spectra from a low volume of SF taken in a clinical environment(172). 

Significantly different concentrations of 11 metabolites were identified between OA and RA SF. 

Seven of these metabolites were more abundant in OA and six were more abundant in RA SF. 

Their analysis suggested the metabolic pathways most impacted were taurine and hypotaurine 

metabolism, glycine, serine and threonine metabolism, leucine and isoleucine biosynthesis, 

nitrogen metabolism and aminoacyl-tRNA biosynthesis. Despite the authors suggesting their 

method could be useful for analysing low volume SF, they state in their methodology that each 

sample consists of approximately 100mL, a quantity more than sufficient for standard NMR 

spectroscopy and vastly more than needed for MS. However, this is likely a typographical error. 

In a different abstract, Hwang et al attempted to identify metabolites that differentiated 

between OA and RA SF(179). Using gas chromatography/time-of-flight mass spectrometry 

(GC/TOF MS) and following multivariate analysis, 17 metabolites were found in significantly 

different concentrations between the two groups. Eleven were upregulated in OA (alanine, 

asparagine, citrulline, hydroxylamine, glycerol, glutamate, glyceric acid, glycerol, tyrosine, 

tryptophan and valine) and six were upregulated in RA (lignoceric acid, maltose, mannitol, 

uracil, phosphoric acid and pyrophosphate). 

Twenty-one metabolites were found in significantly different concentrations between RA and 

OA SF in a study by Kang et al(180) . Lipid metabolites were typically found in greater 

concentrations in RA than OA SF, which has previously been demonstrated(194). Tryptophan 

metabolites also differed significantly in concentration between the two groups.  

The ratios of alanine and lactate have also been shown to be significantly greater in RA than in 

OA SF(185). 

3.4 Discussion 

Metabolic profiling provides relatively novel and useful techniques of identifying patients with 

various pathologies and separating them from healthy individuals in the clinical setting. In this 

systematic review, various metabolites have been identified in different pathologies. Some of 

these metabolites have also been suggested as putative biomarkers associated with specific 

pathologies. Furthermore, some of the studies have shown the important role of lipid 
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mediators and metabolism in both OA and RA. However, its role in inflammatory arthropathies, 

including RA, is more significant. Furthermore, this systematic review has summarised some of 

the putative biomarkers identified in the published literature, although further research is 

required to determine their significance (Table 6). Focusing specifically on these metabolites, 

this review illustrates how metabolic changes may be interlinked in both OA and inflammatory 

arthropathies, whilst suggesting the potential metabolic pathways, which may be affected. This 

is illustrated in Figure 16 which shows a network of how the putative metabolic biomarkers are 

linked mechanistically, produced using the software Metabonetworks(195). 
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Figure 16. Metabolic network analysis of all the putative biomarkers identified in this systematic review demonstrating the associated metabolic pathways. All metabolites with a red outline were putative 

biomarkers.  a. Putative biomarkers identified in osteoarthritic synovial fluid. Those in green were raised and those in orange were reduced in osteoarthritic synovial fluid compared to an asymptomatic 

control group. b. Putative biomarkers identified in inflammatory arthropathies. Those in green and blue were raised in reactive arthritis compared to an asymptomatic control group; those in blue were 

also raised in reactive arthritis compared to rheumatoid arthritis; valine (in yellow) was raised in reactive arthritis compared to rheumatoid arthritis. GSH, reduced glutathione; Gly, glycine; Neu5Ac, N-

Acetylneuraminic acid; GD1a, N-Acetylneuraminyl-D-galactosyl-N-acetyl-D-galactosaminyl-(N-acetylneuraminyl)-D-galactosyl-D-glucosylceramide; GM1, D-Galactosyl-N-acetyl-D-galactosaminyl-(N-

acetylneuraminyl)-D-galactosyl-D-glucosylceramide; GM2, N-Acetyl-D-galactosaminyl-(N-acetylneuraminyl)-D-galactosyl-D-glucosylceramide; GM3, (N-Acetylneuraminyl)-D-galactosyl-D-

glucosylceramide; GM4, N-Acetylneuraminyl-galactosylceramide; NH3, Ammonia; R-COOH, Carboxylic acid; LacCer, Lactosylceramide; PRPP,  5-Phosphoribosyl 1-pyrophosphate; L-Asp, L-Aspartic acid; 

CoA, Coenzyme A; TPP, Thiamin pyrophosphate; ADP, Adenosine 5'-diphosphate; AMP, Adenosine 5'-monophosphate; ThPP, Thiamin pyrophosphate. 
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Inflammation and stress, which are often present in the disease state, can lead to metabolic 

abnormalities within a joint resulting in an anaerobic state. However, when contemplating the 

importance of diagnostic or prognostic putative biomarkers, it is important to consider whether 

these changes differ between the normal and diseased joints. 

3.4.1 Role of the identified putative biomarkers  

The identified putative biomarkers in OA can broadly be classified into two main groups: AAs 

plus related metabolites (tyramine, threonine, GABA, glutamate, Hyp, alanine) and sugars plus 

related metabolites (1,5-AG, gluconic lactone). Hyp, alanine and threonine are found in articular 

cartilage(196). Increased concentrations in osteoarthritic SF may be associated with greater 

catabolism of the articular cartilage. This could also represent an increase in energy 

consumption secondary to the increased bone turnover and subchondral sclerosis seen in OA. 

1,5-AG is a monosaccharide occasionally used as a short-term marker of glycaemia(197). A 

reduction in the glucose concentration of osteoarthritic SF(198) is consistent with elevation of 

1,5-AG, secondary to increased energy expenditure. Increased levels of reactive oxygen species 

(ROS) can result in auto-oxidation, which may be responsible for raised concentrations of 

gluconic lactone in osteoarthritic SF. Through the activation of matrix metalloproteinases 

(MMP), the cleaving of aggrecan plus collagen, ROS can directly induce cartilage degradation. 

Both GABA and glutamate have been suggested to have a role in increasing energy expenditure 

within diseased joints. GABA arises from glutamic acid(199), which is a glucose regulator, 

suggesting increased energy consumption due to less residual glucose in the diseased joint. 

Glutamine has a role in oxidative metabolism, with reduced levels suggesting an alteration in 

oxidative metabolism within the diseased joints secondary to an increase in energy 

expenditure(200). Glutamine is known to supress inflammatory cytokines(201) and also protect 

chondrocytes from heat stress and nitrous oxide (NO) induced apoptosis(202). As a 

consequence of these effects, chondrocytes may be protected from various types of stress and 

prevented from progressive cartilage degeneration in OA. The AA tyrosine give rise to tyramine, 

which has been suggested to have a role in promoting osteophyte formation. Increased levels 

have been demonstrated in subchondral bone(203, 204). 
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There are four main categories for the putative biomarkers increased in inflammatory 

arthropathies: AAs and related metabolites (arginine, phenylalanine, creatine, glycine, valine, 

leucine, lysine), ketone bodies (acetone), lipids and lipoproteins (PUFA, VLDL, LDL) and sugars 

(glucose). The identified AAs are all constituents of articular cartilage with glycine, glutamic acid, 

proline and leucine specifically being constituents of proteoglycans(196). The increased 

concentration of these metabolites suggests breakdown of the articular cartilage, which is likely 

related to the underlying inflammatory process. Low concentrations of FAs have been 

demonstrated in human SF. The increased levels of PUFA, VLDL and LDL are a consequence of 

increased inflammation and synovial membrane permeability associated with underlying 

inflammatory arthropathies(187). 

3.4.2 Metabolic changes seen in osteoarthritis 

The upregulation of glucose phosphate isomerase has been demonstrated to be a consequence 

of hypoxia, which catalyses the conversion of glucose-6-phosphate (G6P) into fructose-6-

phosphate (F6P) in inflammatory arthritis(205). For this reason, a hypoxic condition within an 

inflamed and diseased joint has been suggested by an increased concentration on fructose 

within the joint itself. Lower concentrations of N-phenylacetylglycine, hexanoylcarnitine, O-

acetylcarnitine and ethanolamine indicate protracted lipid and FA metabolism in SF of OA 

patients compared to controls(169). Decreased methionine concentrations indicate its use, 

where it is likely converted to S-adenosylmethionine (SAM), which is a proposed factor for 

inflammatory reduction and cartilage damage repair. 

In a study by Kim et al(206), three unique pathways were identified, which corresponded to the 

metabolic differences they discovered. These were the Tricarboxylic Acid (TCA) cycle, glycolipid 

metabolism and FA metabolism. The authors suggested that an increasing degree of severity in 

OA may be associated with these pathways. Various FA and glycerol concentrations were more 

prominent in the late-stage OA group. Their findings suggested energy generation in late-stage 

OA is predominantly a result of FA biosynthesis. Furthermore, increased concentrations of 

malate in the early versus late-stage OA groups suggested a possible difference in the energy 

level between the two groups. 
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Furthermore, the development of OA has been shown to be associated with alterations in the 

composition and concentration of phospholipids covering articular cartilage(207). 

3.4.3 Metabolic changes seen in inflammatory arthropathies 

Lactic acid was increased and glucose decreased in RA SF(188). Levels of D-mannose and 

glucose-1-phosphate were also decreased. The increased energy demands caused by 

inflammation in RA may be responsible for these observed decreases. Furthermore, increased 

lactic acid production may be caused by the increased consumption of glucose. Levels of citric 

acid were decreased in RA SF. This is an important component of the TCA cycle and provides 

the complete oxidation of acetyl-CoA derived from carbohydrates, AAs and fats. Consequently, 

this results in decreased ATP production from aerobic oxidation. Yang et al(188) have suggested 

that high lactic acid and low glucose concentrations in RA SF may represent potential 

biomarkers of RA. 

Ahn et al(171) identified greater concentrations of BCAAs, resulting in increased production of 

TNF-α and/or IL-1, which are typically raised in SNA and RA(208). A disturbed metabolism of 

glutamate has been suggested to be indicated by increased expression of citramalate in the 

setting of active inflammation(209). Elevated expression of methionine sulfoxide and citrulline 

were also identified in this study. This may be a reflection of neutrophil hyperactivity 

documented in BD(210). Ahn et al(171) suggested these metabolites may be putative 

biomarkers for discriminating BD with arthritis from SNA. However, their study did not have a 

control group. 

Kim et al(183) identified a number of metabolites that are major intermediates of AA and FA 

metabolism, the urea and TCA cycles. The authors suggest that AA metabolism, the urea and 

TCA cycles had greater activity in the RA compared with the non-RA group. Despite the authors 

suggesting these metabolites may be putative biomarkers, there were no control groups and 

many different disease processes were being compared. Consequently, it cannot be stated with 

any certainty whether these metabolites are indeed putative biomarkers. 

3.4.4 Metabolic changes seen between osteoarthritis and rheumatoid arthritis 

Twenty-one metabolites were identified by Kang et al(180) as being in significantly different 

concentrations between OA and RA SF. Concentrations of lipid metabolites were typically 
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higher in RA than OA SF, which has previously been demonstrated(194). Furthermore, 

regulation of inflammation includes the roles of prostaglandins and lipid mediators. 

Prostaglandins and leukotrienes are vital in the development of arthritic diseases(211). 

Concentrations of tryptophan metabolites also differed significantly between the RA and OA 

groups. This is an essential AA, which must be provided in the diet. Tryptophan and its 

associated metabolites are involved in inflammation. One of the metabolites, kynurenine, has 

known anti-inflammatory effects that are toxic to T cells and result in apoptosis(212). 

3.4.5 Limitations 

Despite the identification of many metabolites in a multitude of diseases, including some 

putative biomarkers, there are important limitations. Only seven studies were identified in the 

literature with a healthy control group(170, 174, 177, 178, 184, 187, 192). Furthermore, only 

two studies performed a robust statistical analysis by accounting for multiple testing, and 

neither of these studies had a healthy control group(172, 173). Multiple confounding factors 

present in many of the studies was another important limitation. Not all studies accounted for 

age or gender and few considered medical co-morbidities. Consequently, the results need to be 

viewed with caution. The solution would be to conduct a large-scale epidemiological metabolic 

profiling study incorporating multiple confounding factors such as age, gender, medications and 

medical co-morbidities with the intent to address correlations between clinical features of 

disease, metabolism and inflammation. Furthermore, the majority of the studies reported here 

are untargeted metabolic profiling studies, where the identity of any putative biomarker is 

initially unknown. In those cases where metabolites were annotated, no level of confidence in 

the annotation, as those set by the Metabolomics Standards Initiative (MSI), was reported(213). 

Consequently, the occurrence of incorrect metabolite annotations is possible hence affecting 

further metabolic interpretation and biomarker validation. Another important limitation is that 

some of these studies did not provide quantitative changes, such as percentage or fold change, 

but only the direction of change. This is very important in metabolic profiling studies as without 

quoting fold changes, no measure can be made of sensitivity or specificity. Consequently, any 

study that does not demonstrate this cannot reliably identify any biomarkers. In this systematic 

review, only two of the studies with an asymptomatic control group that suggested putative 



82 
 

biomarkers (table 6) had performed fold changes to quantify their results, and neither of these 

studies had performed an FDR correction or used another method of accounting for multiple 

testing of the same dataset. Consequently, it is difficult to draw any meaningful conclusions 

from these studies. 

3.5 Conclusion 

The role of metabolic profiling in the field of orthopaedics is proving to be an invaluable 

method of identifying putative biomarkers unique to different pathologies. Despite many 

studies being performed using these techniques in human SF, there is still a need for larger 

studies to be performed. These should ideally include healthy controls, account for multiple 

confounding factors and use robust statistical analysis to identify putative biomarkers. Until 

fully quantified metabolic levels can be derived and measures of specificity and sensitivity are 

available, the utility of metabolic biomarkers is limited. The culmination of such studies may 

result in the development of new diagnostic techniques and possible treatment strategies. 

Recent advances in both genomic and proteomic studies have demonstrated the importance of 

these techniques in improving disease understanding and biomarker identification(214, 215). 

Future studies integrating proteomic, genomic and metabolic profiling techniques may provide 

the greatest hope for the advancement of biomarker discovery. 

This thesis includes two discovery studies examining the metabolic composition of 

osteoarthritic and infected synovial fluid. The hope was that specific metabolites would be 

identified in significantly different concentrations upon which targeted analysis could be 

performed in the future, to investigate whether any may represent putative biomarkers for 

osteoarthritis and/or joint infections. In the next chapter, the methodology for these studies is 

explained in detail. 
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4 Materials and Methods 

4.1 Ethical approval and constraints 

Ethical approval was granted by the Imperial College London local research ethics committee 

(Project 15/LO/0388) and all patients gave informed consent to participate in this research 

project. Due to ethical constraints, it was not possible to collect SF from control patients, 

without any underlying pathology or joint injury. However, there was an abundance of samples 

from patients with end-stage osteoarthritis undergoing joint replacement surgery. Therefore, 

the decision was taken to look at the metabolic differences between hip and knee 

osteoarthritic SF. Similar osteoarthritic SF samples were used as a non-infected control group 

when comparing differences between infected and non-infected SF.  

There were two main discovery experiments performed in this thesis and the procedures used 

for differences in the acquisition and preparation of samples for these experiments is detailed 

in the sections below. The theory of and background to the analytical methods and statistical 

approaches used has already been summarised in Chapters 1 and 2. All of the technical aspects 

and parameters used for the metabolic phenotyping experiments, using NMR spectroscopy for 

the processes of metabolite identification and the statistical analyses that were performed, 

were similar between the two investigations and are explained in this chapter. Figure 17 

demonstrates a flow chart of the main methodological steps. 
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Figure 17. Flow chart illustrating the main methodological steps that took place to conduct the 

experimental work in this thesis. 

4.2 Sample selection and preparation for spectroscopic analysis 

4.2.1 Sample details for chapter 5: Metabolic differences between hip and knee synovial fluid 

(SF) in osteoarthritis  

SF was harvested from 24 patients undergoing primary knee (12 patients) or hip (12 patients) 

arthroplasty for end-stage OA (ESOA) at Imperial College NHS Trust. Patients were matched 

exactly for gender and within five years for age and five units for body mass index (BMI). In a 

further attempt to reduce the number of confounding factors, patients with similar medical 

comorbidities were selected. ESOA was confirmed based on the patient’s radiographs, 

symptoms and findings at the time of surgery.  
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A questionnaire was completed by all patients, which included information on demographics, 

medical co-morbidities, medications, diet, lifestyle, duration and severity of symptoms and 

previous intra-articular corticosteroid injections. Co-morbidities included metabolic-related 

diseases (ischaemic heart disease, hypertension, gout, osteoporosis, diabetes, raised 

cholesterol and stroke). Data on BMI was also collected from the patient’s records. 

Samples were collected intraoperatively using a standardised protocol. A posterior approach 

was used for the hip joint, whereas the knee joint was approached using a midline incision and 

medial parapatellar approach(216). Following skin incision but prior to knee arthrotomy or hip 

capsulotomy, a 14G syringe was inserted along the femoral neck of the hip or into the 

suprapatellar pouch of the knee and SF was aspirated. The sampling technique was similar 

between the groups.  

4.2.2 Sample details for chapter 6: Metabolic differences between infected and non-infected 

synovial fluid 

SF was harvested from eight patients with MC&S proven infection and eight matched patients 

with uninfected joints at Imperial College Healthcare NHS Trust. The infected cohort consisted 

of four native knees, two total hip replacements (THR) and two total knee replacements (TKR). 

The non-infected cohort consisted of three native knees, one native elbow, two THRs and two 

TKRs. Similar joints were chosen for the non-infected cohort, as differences between the 

metabolic profiles of osteoarthritic hip and knee HSF have been demonstrated(217). As before, 

all patients provided informed consent and completed a questionnaire. Exclusion criteria 

included patients unable to consent, those under the age of 18, pregnancy or a dry aspirate. 

Samples in the septic arthritis cohort were collected during diagnostic aspiration at the bedside 

or intraoperatively using a standardised protocol. For bedside aspirates, the knee area was 

prepped with chlorhexidine and a 16G needle was inserted in a standard superolateral 

approach. When samples were taken intraoperatively, a posterior approach was used for the 

hip joint, whereas the knee joint was approached using a medial parapatellar approach through 

a midline incision(216) in exactly the same manner as described earlier in this section. Samples 

were divided into two aliquots, with the first being sent for routine MC&S. 
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The subsequent methodology was identical for both experiments and is detailed in the sections 

below. 

4.3 Sample preparation and metabolic phenotyping 

In line with other work carried out at Imperial College, the collected samples were left 

refrigerated at 4oC for no longer than four hours, as it has been shown that after this time, 

changes took place in the concentrations of some of the metabolites(218). All samples were 

then aliquoted and centrifugated at 10000 x g for 15 minutes. The supernatant was aliquoted, 

thus removing any cellular material or debris. All samples were stored at -80oC for a maximum 

of 6 months before analysis (figure 18). 

 

Figure 18. Photograph of centrifuge and -80oC freezer used to conduct the methodology in this thesis. 

Samples were defrosted within one of hour of being assayed. Each sample (400 µl) was 

combined with an equal amount of 75 mmol/L sodium dihydrogen phosphate (NaH2PO4) buffer 

at pH 7.4 containing 6.2 mmol/L sodium azide (NaN3)  and 4.6 mmol/L of 3-(trimethylsilyl)-

2,2,3,3-tetradeuteropropionic acid sodium salt (TSP) and 20% deuterium oxide (D2O) as 

published by Dona et al (figure 19) (219). 
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Figure 19. Photographs demonstrating preparation of the buffer solution and combining the buffer with 

the synovial fluid samples. 

Potential chemical contaminants were identified and excluded by running control samples 

containing only buffer in tandem with the HSF. Such contamination may have occurred at any 

stage during sample preparation. 

4.4 NMR spectroscopic analysis 

Experiments were performed in a Bruker® Avance III 600 MHz spectrometer equipped with a 

Samplejet 96 well autosampler (figure 20). Standard one dimensional (1D) high resolution NMR 

(1H-NMR) spectra were acquired for each sample at 25 oC using the standard NOESY 1D pulse 

sequence with optimised water presaturation, as a sum of 128 free induction decays, with 128 

k complex points using a spectral width of 20 ppm, a mixing time of 10ms, a delay between the 

first two 90o radiofrequency pulses of 4µs and a relaxation time of 4s. The water presaturation 

irradiation was applied during the relaxation delay and the mixing time. 
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Figure 20. Photograph showing the NMR spectroscopy racks used to analyse the samples in this thesis. 

NMR – nuclear magnetic resonance. 

An exponential function was applied to the NMR spectroscopy free induction decays (FIDs) 

prior to Fourier transformation providing a line broadening of 0.3Hz. The resulting NMR spectra 

were automatically phased and baseline corrected and chemical shifts were internally 

referenced to that of H1 of α-glucose (at 5.23 ppm). Spectra processing was performed using 

Topspin 3.2 (Bruker, Germany). The NMR spectra were then imported into MatlabTM 

(Matlab2016b, Mathworks, Massachusetts, United States) and consisted of 27,492 data points. 

Spectra were aligned according to the method developed by Veselkov et al to remove any 

expected small changes in peak positions between spectra so as to allow comparison of peaks 

between samples(220).  The probabilistic quotient normalisation method was used to 

normalise the spectra(221). Following normalisation, the data was scaled to unit variance(222). 
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4.5 Metabolite Identification 

Metabolite assignment took place by matching the peak chemical shifts, relative peak 

intensities and multiplicities to metabolite NMR spectral information from the literature and 

databases (Human Metabolome Database (169), Biological Magnetic Resonance Bank(168)). 

However, it may be difficult to interpret 1D spectra alone, primarily due to peak overlap. For 

this reason, statistical total correlation spectroscopy (STOCSY) (223) was used to aid metabolite 

identification by demonstrating peaks (or variables), which show statistical correlations with 

other peaks (or variables) in the spectra, and thus belong to the same molecule or originate 

from another molecule related functionally(223). Two-dimensional NMR spectra, namely 1H-1H 

total correlation spectroscopy (TOCSY) and 1H-13C heteronuclear single-quantum correlation 

spectroscopy (HSQC), were acquired for representative samples to further confirm the 

identified metabolites. All metabolites were confirmed by comparing spectral signals to those 

of pure metabolite standards from public databases (Metabolomics Standards Initiative) via 

analysis of 2D NMR spectra (213). 

4.6 Statistical analysis 

To analyse the large dataset (27,492 variables per sample) generated by NMR spectroscopy, 

Principal Component Analysis (PCA) and Orthogonal Partial Least Squares-Discriminate Analysis 

(O-PLS-DA), are the most prominent multivariate analysis techniques (155). PCA was performed 

to obtain an overview of the study samples, highlight clusters and identify outliers. O-PLS-DA 

modelling was used to further investigate the differences between the groups under 

investigation. In this method, the NMR spectral data (X matrix) was regressed against a class 

variable (Y matrix). The Y variable consists in a binary numerical vector, which encodes the 

group information, for instance controls (as 0) and cases (as 1). Differences between groups 

under study were sought using this procedure. In order to assess the model validity, seven-fold 

cross validation was performed to obtain the parameters goodness of prediction (Q2Y) and 

goodness of fit (R2Y), which were evaluated as measures of model fitting. The goodness of 

prediction (Q2Y) measures the predictability of the model and the goodness of fit (R2Y) is the 

proportion of the NMR spectral data that explains the differences between the two groups (Y 

variable). The O-PLS-DA model robustness was further assessed by calculating the Q2Y 100 
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times by randomly assigning samples predicted in each of the seven cross-validation rounds. 

The Q2Y values thus obtained were compared with the Q2Y values obtained by performing 100 

random permutations of the Y variable. The model was considered reliable if the Q2Y 

confidence intervals of the permuted and non-permuted models did not overlap. 

The metabolite signals responsible for the separation between the two groups were identified 

from the corresponding O-PLS-DA loadings plot. Only signals with a correlation coefficient to 

the Y variable >0.6 were considered to have a significant impact on group separation. 

Multivariate analysis was performed using the SIMCA 14TM statistical software (Sartorius Stedim 

Biotech, Umeå, Sweden). 

To better identify the peaks, back transformation of the loadings was performed by multiplying 

each variable by its standard deviation (obtained before scaling). The NMR spectral signals 

related to the predictive components are then individually analysed to demonstrate the 

differences between the two groups for the identified metabolites. The individual peaks of all 

the spectra were also plotted for visual inspection of obvious differences between the two 

groups. The area under each metabolite peak was obtained by integration and analysed by 

univariate analysis, using the Student’s t-test. 

The false discovery rate (FDR) adjusted p-values were calculated using the Benjamini-Hochberg 

method (158) and was performed to account for multiple testing of the identified metabolites. 

The MetaboNetworks software package (195) within MatlabTM (Matlab2016b, Mathworks, 

Massachusetts, United States), was used to map the identified metabolites in a network of 

metabolic substrates from the human metabolic pathways from the Kyoto Encyclopaedia of 

Genes and Genomes (KEGG) database (224). 

The KEGG database was designed to link genomic information with functional information by 

standardised gene annotations and computerised knowledge on cellular processes. The most 

organised portion of the KEGG database pertains to metabolism, which consists of 

approximately 90 diagrams that graphically represent the reference metabolic pathways. The 

nodes represent the metabolites, and the lines correspond to the enzyme-catalysed reactions 

(biotransformations) that occur between them. (224). 
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4.7 Conclusion 

The complex methodology employed in this thesis has been explained in detail including the 

statistical techniques required to analyse the complex datasets. In the next chapter, the 

metabolic differences between osteoarthritic hip and knee SF are identified and the differences 

explained in detail. 
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5 Metabolic differences in the composition of hip and knee synovial fluid 

in osteoarthritis 

An adaptation of this chapter has been published in Osteoarthritis and Cartilage in December 

2019(217). 

5.1 Summary 

The hip and knee joints have important biomechanically differences with respect to fluid 

lubrication, contact stresses and wear patterns.  There are also a number of other 

aetiopathological differences, which can be intra- or extra-articular. These variations may be 

reflected in the synovial fluid (SF) composition of the two joints, but the nature of these 

differences remains unknown. Chapter 3 identified a number of putative biomarkers in patients 

with osteoarthritis. However, to date, no studies have looked at potential metabolic variations 

between different joints. The objective of this study was to identify metabolic differences in 

osteoarthritic hip and knee SF using the techniques of metabolic phenotyping with Nuclear 

Magnetic Resonance (NMR) spectroscopy. 

Twenty-four SF samples (12 hip, 12 knee) were collected from patients with end-stage 

osteoarthritis (ESOA) undergoing hip/knee arthroplasty. Samples were matched for age, 

gender, ethnicity and medical comorbidities. The metabolites present in each sample were 

analysed using NMR spectroscopy. Multivariate analysis of NMR spectra was undertaken by 

PCA and OPLS-DA, using the SIMCA 14TM statistical software, to investigate metabolic 

differences between the hip and knee groups. Metabolites were identified using 2D NMR 

spectra, statistical spectroscopy and by comparison to entries in published databases. 

This study identified significant differences in the metabolic profile between the hip and knee 

groups (P=0.023). Following vigorous statistical analysis, four metabolites were found in 

significantly greater concentrations in the knee group compared to the hip group (citrate, 

glutamate, glycosaminoglycans and N-acetylated molecules). 

This study is the first to reveal differences in the metabolic profile of hip and knee SF in ESOA. 

The identified metabolites can broadly be grouped into those involved in the tricarboxylic acid 

cycle, collagen degradation and oxidative metabolism in diseased joints. These findings may 
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reflect differing lubrication and wear profiles between these joints, resulting from many intra- 

or extra-articular aetiopathalogical factors.  

5.2 Introduction 

Osteoarthritis (OA) most commonly involves the hip and knee joints, and its treatment results 

in significant socioeconomic costs (225).  The aetiology is multifactorial, but the final pathway 

results in progressive degradation of chondral cartilage and may involve changes to 

subchondral bone and synovial inflammation.  This wear of intra-articular tissues leads to the 

presence of metabolites in the synovial fluid (SF) that represent degradation and inflammatory 

products(226). 

As discussed in chapter 1, there are differing biomechanical profiles between the hip and knee 

joints (85, 90). Consequently, the wear patterns differ in these joints both clinically and 

radiologically. As a result, there may be differences in the fluid components related to these 

wear patterns, although the evidence for this remains limited (226-229). A number of studies 

have demonstrated differences in protein, enzyme and cytokine concentrations of SF between 

these joints (227-229). Another possibility is that small molecule metabolite levels may be 

different between the SF of the two joints and contribute to the explanation of the variations in 

wear. 

Metabolic phenotyping is a relatively novel technique, which studies the low molecular weight 

metabolites within a cell, tissue or biofluid using a variety of techniques. It has the ability to 

analyse hundreds or even thousands of small molecules simultaneously, which is what makes it 

so appealing. The techniques involved have been employed in several conditions to influence 

clinical practice (230-232). Recently, they have been used to identify metabolites within the SF, 

blood and urine of both human and animal models with OA (233, 234).  In addition to 

identifying individual biomarkers for a specific pathological process, this approach has yielded 

unique metabolic “signatures” consisting of numerous metabolites that may identify a 

particular pathology based on relative concentrations of these molecules (235). 

Despite recent developments in this field, with improvements in the detection of small 

molecules in various biological tissues and fluids, very few studies have been performed 
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examining the small molecule composition of human SF (HSF) (189, 191, 204, 234, 236-238). 

The majority of these studies have used mass spectrometry (MS). Although MS has good 

sensitivity, as explained in chapter 2, it is limited by variable ionisation and ion suppression 

effects, which may impair analyte detection (148). Furthermore, the technique involves 

destruction of the samples, thus preventing repeat testing from taking place. Furthermore, in 

order to improve metabolite resolution, MS is also typically coupled with prior separation of the 

fluid using capillary electrophoresis or chromatography, which can introduce unwanted inter-

sample and inter-run variability.  

Despite NMR spectroscopy having a sparser metabolite coverage and lower sensitivity than MS, 

its strengths lie in ease of quantitation, universality of detection and the ability to annotate 

spectral features. It is non-destructive and fast, allowing multiple samples to be measured daily, 

and the same sample can be analysed numerous times (148).  

Previous metabolic profiling studies of OA in HSF have identified some putative OA biomarkers 

such as arginine and the ratio of branched chain amino acids (BCAAs) to histidine (234, 238-

240).  However, these studies have examined hip and knee SF as a homogeneous group (189, 

191, 204, 234, 236-238). Currently, no studies in the literature have utilised NMR spectroscopy 

to assess the differences in the small molecule composition between hip and knee SF in patient 

with ESOA. 

In the present study, human SF samples from the knee and hip joints in patients with ESOA 

have been analysed using 1H NMR spectroscopy (where the technical details have been 

summarised in Chapter 2). 

5.2 Aims and hypothesis 

1. To investigate the metabolic profile of human SF (HSF) from native hip and knee joints in 

patients with ESOA using NMR spectroscopy. 

2. To assess metabolic differences between the fluids using multivariate and univariate 

statistical analysis. 

3. To evaluate the metabolic pathways involved that are implicated in the metabolic 

differences between hip and knee HSF. 
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The null hypothesis states that no significant differences exist in the metabolite concentrations 

between native hip and knee joint HSF in patients with ESOA. 

5.4 Materials and Methods 

The methodology used for this experiment is detailed in chapter 4. In summary, the samples 

were centrifuged for 15 minutes and the supernatant was aliquoted, before the samples were 

stored at -80oC. Following defrosting, all samples were mixed with buffer solution in a one to 

one ratio before undergoing NMR spectroscopic analysis. Subsequently, the data was 

transformed before univariate and multivariate analysis took place. The metabolic differences 

between the hip and knee groups were then identified and the results are detailed below. 

5.5 Results 

5.5.1 Patient Demographics 

 No significant differences were identified between the two groups in terms of age (p=0.27), 

gender or BMI (p=0.71). Furthermore, the common medical co-morbidities also remained 

similar (table 7). The full list of medical co-morbidities and medications are included in table 8. 

It is important to note that some of the medications listed could have passed into the SF either 

by diffusion or through various transport mechanisms. For example, paracetamol 

(acetaminophen) glucuronide was found in some of the SF samples in this study. However, this 

did not have any significance to the metabolitic differences discussed later in this chapter. 

Steroid injections had previously been performed in two hip and three knee patients. All 

injections were performed over a year before HSF sample collection, except for one injection in 

the knee group, which was performed six months before the sample was collected. No 

synthetic hyaluronic acid injections had been performed in any of the patients. 
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Table 7. Patient demographics. There was no significant difference in age (p=0.27), gender, BMI (p=0.71) 

or medical co-morbidities between the groups. IHD, Ischaemic heart disease; DM, Diabetes Mellitus; CVA, 

Cerebrovascular Accident. 

 Hip Knee  

Number of patients 12 12  
Age (Mean ± SD) 67.7 (12.2) 63.3 (21.2)  
Gender (Male: Female) 3:9 3:9  
BMI (Mean ± SD) 30.4 (5.1) 29.9 (4.6)  
Ethnicity 11 Caucasian 

1 Asian 
9 Caucasian 

2 Afro-Caribbean 
1 Asian 

 

Disease (Number of patients per 
group) 

   

IHD 2 0  
Hypertension 9 8  
Hypercholesterolaemia 7 6  
DM 4 2  
CVA 1 0  

 

 

Table 8. Demographic information for all patients including all medical co-morbidities and regular 

medications. BMI – body mass index; PMH – past medical history; F – female; M – male; T2 DM – type II 

diabetes mellitus; HTN – hypertension; COPD – chronic obstructive pulmonary disease; AVN – avascular 

necrosis; SLE – systemic lupus erythromatosus; CVA – cerebrovascular accident; AF – atrial fibrillation; CA 

– carcinoma; IHD – ischaemic heart disease; OA – osteoarthritis; GORD – gastro-oesophageal reflux 

disease; MI – myocardial infarction; BPH – benign prostatic hypertrophy; PVD – peripheral vascular 

disease; CKD – chronic kidney disease; HH – hiatus hernia. 
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 Gender Age BMI PMH Medications 

hip F 78 34.7 T2 DM, HTN, COPD, Hypothyroid, 
hypercholesterolaemia, Frey’s 
syndrome, vitamin D deficiency 

Metformin, atenolol, atorvastatin, lorartidine, 
gabapentin, beclomethasone, aspirin, Iron tablets, 
esomeprazole, paracetamol, losartan, budesomide, 
levothyroxine 

hip F 48 25.7 Renal transplant, AVN, asthma, SLE, 
depression, HTN 

Tacrolimus, mycofenolate mofetil, betamethasone, 
citalopram, aspirin, nifedipine, simvastatin 

hip F 72 29.6 Asthma, hypercholesterolaemia, iron 
deficient anaemia, endometriosis 

Salbutamol 

hip M 72 33.7 Asthma, CVA (2008), HTN, epilepsy, AF, 
iron deficient anaemia 

Amlodipine, doxazosin, carbamazepine, salbutamol 

hip F 73 26 HTN, hypercholesterolaemia, breast CA Paracetamol, naproxen, tamoxifen, amlodipine, 
cholecalciferol, loratadine, omeprazole 

hip F 67 24 OA Paracetamol, cholecalciferol 

hip M 70 22.1 T2 DM, HTN, hypercholesterolaemia, CA 
prostate (radical prostatectomy), 
depression 

Metformin, gliclazide, simvastatin, perindopril, 
citalopram 

hip F 74 40.9 GORD, MI, HTN, temporal arteritis, 
hypercholesterolaemia, angina, IHD 

Atenolol, aspirin, Lipitor, prednisolone 

hip F 68 34.8 Lumbar spine OA, depression Paracetamol 

hip M 85 29.6 T2 DM, HTN, hypercholesterolaemia, 
deafness, BPH, appendicectomy 

Insulin, metformin, amlodipine, pravastatin, 
ramipril, paracetamol 

hip F 77 27.1 HTN, multinodular goitre, hiatus hernia Ramipril, Bendroflumethiazide 

hip F 61 27 T2 DM, HTN, hypercholesterolaemia, 
PVD 

Diltiazem, aspirin, atorvastatin, 
bendroflumethiazide, enalapril, metformin, 
tramadol, fentanyl, sitagliptin 

knee M 71 26.1 BPH, diverticulitis, meniscal tear, HTN Frusemide, tamsulosin 

knee F 82 29.5 HTN, PE, breast CA, CKD stage 3, 
depression, spinal stenosis 

Senna, sertraline, zopiclone, tolfedine, alendronic 
acid, Adcal D3, amitriptyline, co-codamol, 
perindopril, indapamide 

knee F 84 31.1 GORD, T2 DM, anaemia, anxiety, biliary 
cirrhosis, HTN, vit D deficiency, 
fibromyalgia 

omeprazole, metformin, citalopram, rosuvastatin, 
tramadol, paracetamol, loratadine, omeprazole, 
ursodeoxycholic acid, propanolol 

knee M 88 29.5 HTN, hypercholesterolaemia, vit D 
deficiency 

Gabapentin, co-dydramol, simvastatin, ramipril 

knee F 64 39.6 Radical nephrectomy (donor), HTN, 
GORD, hypothyroidism 

Amlodipine, enalapril, thyroxine, lansoprazole, 
atorvastatin, aspirin 

knee F 66 28.1 Hypercholesterolaemia, cutaneous 
lupus, vit D deficiency, HTN 

Simvastatin 

knee F 74 29.6 Sjogren’s syndrome, HTN, HH, cystic lung 
lesion, parathyroid lesion 

Prednisolone, felodipine, omeprazole 

knee F 75 26.5 T2 DM, hypercholesterolaemia, 
appendicitis 

lactulose, metformin, gliclazide, aspirin, 
simvastatin, beclomethasone 

knee M 76 29.5 BPH, anaemia, renal impairment finasteride, indapamide, atorvastatin, tamsulosin, 
sildenafil 

knee F 60 28 Hypothyroid, GORD, 
hypercholesterolaemia, GORD 

omeprazole, levothyroxine, simvastatin, cetirizine, 
ibuprofen 

knee F 72 24 Hypothyroid, migraine, 
hypercholesterolaemia 

alendronic acid, levothyroxine, cholecalciferol, 
sumatriptan 

knee 
 

F 65 32.4 HTN, hypothyroid, GORD, 
hypercholesterolaemia, vit D deficiency 

amlodipine, losartan, omeprazole, levothyroxine, 
atorvastatin 
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5.5.2 PCA and O-PLS-DA analysis of differences between hip and knee metabolites 

Figure 21 demonstrates a typical 1H-NMR spectra of hip and knee SF from this cohort. Tables 9 

and 10 lists the assignment of the metabolite peaks, which were consistently identified in all 

the samples. There is some separation evident on the PCA scores plot (figure 22) between the 

1H-NMR spectra in the hip and knee groups. This leads to the suggestion that metabolic 

differences exist between the HSF composition of the two joints. The scores plot of the first 

principal component (PC1) vs PC2 demonstrated that the percentage of variation in the data 

explained was 24% for PC1 and 15% for PC2. An additional PCA scores plot of PC1 vs PC3 

revealed that a further 11% of the data variance was explained by PC3 (figure 23). There was 

greater variability within the hip group, whereas the knees were grouped into a tighter cluster 

of points. Although the two patient groups were well-matched in terms of possible confounding 

variables – age, gender and BMI – the PCA scores plots were also examined to investigate 

whether any of these factors could account for some or all of the patient group clustering. 

Thus, as can be seen in Figure 24a, 24b and 24c where the PCA scores plots were labelled 

according to age, gender or BMI respectively, there was no discernible clustering based on 

these parameters and this demonstrates that these factors were not responsible for the 

differences seen in figure 22. 
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Figure 21. Typical 1H-NMR spectra taken from the study cohort demonstrating some of the identified 

metabolites. A. Knee synovial fluid. b. Hip synovial fluid. GAGs – glycosaminoglycans. 
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Table 9. Metabolites from both hip and knee synovial fluid consistently identified in all samples. S – singlet; 

bs – broad singlet;  d – doublet; t – triplet; m – multiplet; ppm – parts per million. 

Metabolite Chemical shift (ppm) 

Cholesterol/cholesterol esters (C18) 0.58(bs), 0.65(bs) 
CH3 (fatty acyl residues, lipids) 0.85(bs) 
CH2 (fatty acyl residues, lipids) 1.25(bs) 
2-Hydroxybutyrate 0.89(t), 1.66(m), 1.71(m) 
Isoleucine 0.93(t), 1.00(d), 1.25(m), 1.46(m), 1.96(m), 3.66(d) 
Leucine 0.95(d), 0.96(d), 2.00(m) 
Valine 0.98(d), 1.03(d), 2.26(m), 3.60(d) 
3-Hydroxyisobutyrate 1.06(d), 2.48(m) 
2-ketoisovalerate 1.11(d), 3.00(m) 
3-Hydroxybutyrate 1.19(d), 2.35(dd), 4.14(m) 
Lactate 1.32(d), 4.10(q) 
Threonine 1.31(d), 3.56(d), 4.24(dd) 
Alanine 1.47(d), 3.78(q) 
Lysine 1.47(m), 1.71(m), 1.89(m), 3.03(t), 3.72(t) 
Arginine 1.69(m), 1.90(m), 3.23(t) 
Acetate 1.91(s) 
CH2C=C (fatty acyl chains, lipids) 1.99(bs) 
N-acetyl groups (GAG and Glycoproteins) 2.03(bs) 
N-acetyl groups (Glycoproteins) 2.06(bs) 
Glutamate 2.06(m), 2.34(m) 
Methionine 2.14(s), 2.16(m), 2.65(t) 
Acetone 2.22(s) 
Acetoacetate 2.27(s), 3.44(s) 
Pyruvate 2.37(s) 
Succinate 2.40(s) 
Glutamine 2.12(m), 2.45(m), 3.74(dd) 
Citrate 2.53(d), 2.67(d) 
Dimethylamine 2.72(s) 
Asparagine 2.82(dd), 2.93(dd), 3.97(dd) 
N,N-dimethylglycine 2.92(s) 
Creatine 3.03(s), 3.91(s) 
Creatinine 3.04(s), 4.05(s) 
Dimethylsulfone 3.14(s) 
Choline 3.19(s) 
Choline (Phospholipids) 3.21(s) 
Glucose 3.23(dd), , 3.46(dd), 3.49(t), 3.53(dd), 3.71(t), 3.72 (dd), 

3.76(dd), 3.82(m), 3.85(m), 3.90(dd), 4.64(d), 5.23(d) 
Glycine 3.55(s) 
Myo-inositol 3.28(t), 3.60(t), 4.06(t) 
Gluconate 3.66(dd), 3.77(m), 3.82(m), 4.04(m), 4.13(d) 
CH=CH (fatty acyl residues, lipids) 5.28(bs) 
Tyrosine 6.89(d), 7.19(d) 
Histidine 7.05(s), 7.77(s) 
Paracetamol glucuronide 2.16(s), 5.09(d), 7.15(d), 7.36(d) 
GAGs 2.02(s), 3.34(bs), 4.46(bs), 7.97(bs) 
Hypoxanthine 8.18(s), 8.20(s) 
Formate 8.45(s) 
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Table 10. Unknown metabolites from both hip and knee synovial fluid consistently identified in all samples. 

S – singlet; bs – broad singlet; d – doublet; t – triplet; m – multiplet; ppm – parts per million; UN – unknown. 

Metabolite Chemical shift (ppm) 

UN 0.97(t), 1.88(m) 
UN 1.12(d), 4.12 
UN 1.15 (s) 
UN 3.18(s) 
UN 3.798 (s), 3.876(d) 
UN 5.90(bs) 
UN 7.24(d) 

 

 

Figure 22. PCA scores plot of PC1 vs PC2 with each data point representing the NMR spectrum of an 

individual human synovial fluid sample and demonstrating separation between the hip and knee groups. 

The ellipse represents Hotelling T2 with 95% confidence interval. The percentage variation explained is 

24% for PC1 and 15% for PC2. PC – principal component. 
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Figure 23. PCA scores plot of PC1 vs PC3 with each data point representing the NMR spectrum of an 

individual human synovial fluid sample and demonstrating separation between the hip and knee groups. 

The ellipse represents Hotelling T2 with 95% confidence interval. The percentage variation explained is 

24% for PC1 and 11% for PC3. PC – principal component. 
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Figure 24. PCA scores plots demonstrating that age, gender and BMI are not driving the changes seen between the 

hip and knee groups. The ellipse represents Hotelling T2 with 95% confidence interval. a. Age; numbers represent age 

in years. B. Gender; M – male; F – female. C. body mass index (BMI); numbers represent the BMI. 
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By using seven-fold cross-validation, a robust O-PLS-DA model was obtained (Q2Y = 0.360 [95% 

CI 0.348 – 0.373], R2Y = 0.873). This was further confirmed by running permutation analyses on 

the model (Q2Y -0.234 [95% CI -0.298 – -0.170] and R2Y 0.705 [95% CI was 0.693 – 0.716]) 

(figure 25a). The scores from the O-PLS-DA showed separation between hip and knee HSF 

(figure 25b). The metabolite resonances responsible for the separation of the hip and knee 

groups were inspected in the back-scaled O-PLS-DA loadings plot (Figure 26a and 26b). 
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Figure 25. O-PLS-DA model of osteoarthritic SF comparing hip and knee groups. a. Graphical 

representation of the permutation analysis demonstrating that all the permuted models have a Q2Y value 

lower than the values obtained in the hip vs knee synovial fluid model. B. Scores plot of the cross-validated 

O-PLS-DA model demonstrated a good separation between the hip and knee groups with differences in the 

spectra of each sample explained by whether the fluid was taken from the hip or knee joint. The ellipse 

represents Hotelling T2 with 95% confidence interval. SC – separating component; OC – orthogonal 

component. 

HSF from the knee joint showed greater levels of alanine, citrate, dimethylsulfone, glucose, 

glutamine, glycosaminoglycans (GAGs), histidine, lysine, N-acetylated molecules, pyruvate and 
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valine compared to the hip group. HSF from the hip group showed greater levels of choline 

compared to the knee group (figures 26a and 26b). 

 

 

Figure 26. Back-scaled loadings plot of the SC from the O-PLS-DA model. A. The significant metabolites are red peaks, 

with those pointing upwards significantly increased in knee and those pointing downwards significantly increased in 

hip synovial fluid. b. Expansion of the back-scaled loadings plot demonstrating the difference between the glucose 

and choline peaks. GAGs – glycosaminoglycans; SC – separating component; ppm – parts per million. 
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5.5.3 Evaluation of individual spectra 

All metabolic differences identified from the back-scaled loadings plot of the O-PLS-DA were 

confirmed by visual spectral inspection. Additionally, this revealed greater quantities of 

hypoxanthine in the hip and tyrosine in the knee groups (figure 27).  Table 11 lists all identified 

metabolites that were present in different concentrations between the 2 groups. Following FDR 

adjustment of the p-values, four of these metabolites remained significant (table 11). These 

were citrate, GAGs, glutamine and N-acetylated molecules. A network analysis of all the 

identified metabolites was performed to identify the potential metabolic pathways (figure28). 

 

Figure 27. Metabolite analysis from spectral inspection. Figure demonstrates differences in signal intensity 

between the groups. Valine & glutamine were identified from the back-scaled loadings but have been 

inserted to demonstrate they still show a difference between the groups on spectral inspection. Tyrosine 

& hypoxanthine did not show significant differences on the back-scaled loadings, but the differences are 

apparent when comparing the individual spectra.  SF – synovial fluid; ppm – parts per million. 
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Table 11. Metabolites identified from the back-scaled loadings, univariate analysis and confirmed by 2D 

NMR spectra. Following FDR adjustment, only four of the 14 identified metabolites remained significant 

and they were all found in greater quantities in the knee group (*). The chemical shift indicates which 

metabolite peaks were integrated and used for metabolite comparison between the two groups. The peak 

area for the two cohorts is also provided, but the units are arbitrary and hence not included. GAG – 

glycosaminoglycans; ppm – parts per million; 95%CIs – 95% confidence intervals; FDR – false discovery 

rate. 

Metabolite ID NMR  
spectra 

chemical 
shift (ppm) 

Joint containing 
larger quantity 
of metabolite 

Peak area: knee 
cohort 

(mean[95%CIs]) 

Peak area: 
hip cohort 

(mean[95%CIs]) 

p-value 
(Student’s 

T-test) 

FDR-
adjusted 
p-value 

N-Acetylated 
molecules* 

2.02 knee 1674.9 
[1365.6 – 1984.1] 

625.7 
[386.7 – 864.7] 

0.000034 0.001 

GAG* 7.97 knee 2615.1 
[2352.4 – 2877.8] 

1669.9 
[1371.6 – 1968.2] 

0.00012 0.004 

Citrate* 2.53 knee 1243.2 
[1065.2 – 1421.2] 

766.1 
[639.4 – 892.7] 

0.00037 0.012 

Glutamine* 2.45 knee 2759.4 
[2366.2 – 3152.6] 

1837.5 
[1622.2 – 2052.8] 

0.0009 0.028 

Hypoxanthine 8.18 hip 33.7 
[27.8 – 39.5] 

54.8 
[44.2 – 65.5] 

0.003 0.110 

Dimethylsulfone 3.15 knee 139.8 
[104.0 – 175.5] 

71.8 
[50.1 – 93.5] 

0.005 0.167 

Tyrosine 7.19 knee 254.8 
[207.6 – 301.9] 

166.8 
[139.0 – 194.6] 

0.006 0.183 

Lysine 3.03 knee 608.2 
[540.3 – 676.0] 

483.4 
[444.0 – 522.8] 

0.006 0.200 

Pyruvate 2.37 knee 529.8 
[444.3 – 615.3] 

350.6 
[259.4 – 441.8] 

0.010 0.339 

Valine 1.04 knee 1506.4 
[1219.2 – 1793.7] 

1047.8 
[924.1 – 1171.6] 

0.012 0.384 

Glucose 5.23 knee 4113.4 
[3448.2 – 4778.6] 

2742.3 
[2000.9 – 3483.6] 

0.013 0.436 

Choline 3.19 hip 
160.5 

[130.2 – 190.8] 

 
254.8 

[203.7 – 305.9] 

0.014 0.461 

Histidine 7.05 knee 166.3 
[139.2 – 193.4] 

125.7 
[113.6 – 137.9] 

0.017 0.566 

Alanine 1.47 knee 2666.4 
[2121.0 – 3211.8] 

1829.8 
[1452.1 – 2207.5] 

0.023 0.751 
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Figure 28. Network of all the identified metabolites illustrating the 

potential metabolic pathways. a. Network analysis of all the identified 

metabolites. The two metabolites found in greater concentrations in the 

hip group relative to the knee group have a red border. The remaining grey 

metabolites were raised in the knee group compared to the hip group. b. 

Network analysis of the remaining metabolites following FDR correction. 

This network highlights a pathway connecting citrate to glutamate via two 

intermediate metabolites. Glycosaminoglycans could not be mapped to 

any human pathway in the KEGG database. 

 

 

 

 

5.6 Discussion 

Synovial fluid of hips and knees with end-stage OA (ESOA) were examined for small metabolites 

using NMR spectroscopy. The metabolic profile of the 2 groups were discriminated with O-PLS-

DA, and significant differences in 14 metabolites were found between the hip and knee OA 

groups. Twelve metabolites (alanine, citrate, dimethylsulfone, glucose, glutamine, 

glycosaminoglycans (GAGs), histidine, lysine, N-acetylated species, pyruvate, tyrosine and 

valine) were found in greater proportion in the knee group. Two metabolites (choline and 

hypoxanthine) were found in greater proportion in the hip group. Following FDR adjusted p-

values, only 4 metabolites remained significant (N-acetylated molecules, GAGs, citrate and 

glutamine), which were all found in greater quantities in the knee group. This is an expected 

outcome related to the small number of samples in this study compared with the number of 

detected metabolites. These 4 metabolites, which remained significant following FDR 

adjustment are the most promising putative biomarkers identified in this study. 

The purpose of the FDR analysis was to ensure that any differences detected are unlikely to be 

due to chance. However, this may lead to false negative results when the sample number is 
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low. Consequently, all of the 14 identified metabolites are considered in the discussion. These 

may also contribute to the understanding of the disease processes. 

This is the first study to examine the metabolic differences in HSF between the hip and knee 

joints in patients with ESOA. All of the identified metabolites can broadly be grouped into those 

involved in collagen and proteoglycan (PG) degradation, the tricarboxylic acid (TCA) cycle, BCAA 

and lipid metabolism. 

5.6.1 Analysis of metabolite differences following FDR correction 

Table 12 lists the possible functions of the four metabolites, which remained significant 

following FDR adjustment. 

Table 12. List of identified metabolites, the joint in which they are found in significantly greater 

concentrations and the function of the metabolites in osteoarthritis. GAGs – glycosaminoglycans; NO – 

Nitrous Oxide; PG – proteoglycan; TCA tricarboxylic acid. 

Metabolite ID Joint containing larger 
quantity of metabolite 

Function of metabolite Reference 

N-Acetylated 
molecules 

knee Marker of PG breakdown & 
cartilage degradation. 

Schiller et al(241) 

GAGs knee Marker of articular cartilage 
breakdown. 

Thompson et al(242) 

Citrate knee Major intermediary in the TCA 
cycle, urea cycle, amino acid & 
fatty acid metabolism. Role in 
altered energy metabolism with 
elevated levels suggesting altered 
oxidative metabolism in diseased 
joints. 

Berg et al(243) 
Kim et al(236) 

Glutamine knee Key role in oxidative metabolism. 
Elevated levels suggest altered 
oxidative metabolism in diseased 
joints. It also suppresses the 
formation of inflammatory 
cytokines and protects 
chondrocytes from NO induced 
apoptosis and heat stress. 

Handley et al(200) 
Kim et al(201) 
Tonomura et al(202) 

 

GAGs are commonly found in the extracellular matrix (ECM) of articular cartilage(244). They 

attach to a core protein leading to the formation of PGs. They have an important function in 

helping to maintain the turgor pressure of articular cartilage(245). Therefore, the greater 

concentration of GAGs present in the knee group suggests an increased rate of articular 
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cartilage catabolism compared to the hip group. This results in altered mechanical and 

tribological responses, culminating in matrix degradation(242). Furthermore, as the principal N-

acetyl-glucosamine containing polymer in SF is hyaluronic acid (HA), greater rates of PG and 

hence cartilage degradation are suggested by the greater intensity of N-acetylated molecule 

signal in the knee group.(241). 

Citrate is a major intermediary in amino acid and fatty acid metabolism, the TCA and urea 

cycles(243). The TCA cycle has an important role in providing cellular energy through Adenosine 

Triphosphate (ATP) via a biochemical pathway, which involves oxidative conversion of 

carbohydrates. The majority of the carbon contributes to the TCA cycle through the conversion 

of glucose to pyruvate. Furthermore, glutamine provides a contribution to the TCA intermediary 

alpha-ketoglutarate. Since it also has an important function in oxidative metabolism, elevated 

levels suggest that diseased joints may have alterations in their oxidative metabolism(200). The 

results in this study agree with those in the published literature, demonstrating that OA 

patients have alterations in the metabolic profile of their SF, which suggests a possible role for 

altered energy metabolism in OA(236, 237, 239). Furthermore, as the TCA cycle functions 

within the mitochondria itself, the greater abundance of TCA intermediaries within the knee 

group could be related to mitochondrial dysfunction (246). 

5.6.2 Analysis of the remaining metabolite differences 

The functions of the remaining metabolites will be considered in this section, as they may 

provide useful insight into the OA disease process. 

5.6.3 Metabolites with increased concentrations in knee synovial fluid 

Eight further metabolites (alanine, dimethylsulfone, glucose, histidine, lysine, pyruvate, tyrosine 

and valine) were found in greater proportion in the knee group (table 13). 

Alanine and tyrosine are non-essential amino acids (NEAA). Alanine is known to inhibit pyruvate 

kinase, thus regulating gluconeogenesis and glycolysis ultimately leading to increased glucose 

production(247). Using H1-NMR spectroscopy, tyrosine has been detected in greater 

proportions in the SF of Ovine with early OA(203). Studies have also demonstrated that alanine 

is increased in the synovium, SF and urine of OA animal models(139, 248, 249). Recently, Yang 

et al demonstrated an increase of tyrosine in the subchondral bone of 42 OA patients (250). 
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Tyrosine is also thought to have a role in promoting osteophyte formation(204). Both tyrosine 

and alanine were found in greater levels in the knee group. This may suggest more severe 

subchondral sclerosis in the knee group. 

Dimethylsulfone is a metabolite commonly found in plasma. An ovine study demonstrated 

increased levels following meniscal destabilisation(248). Its role in OA is unclear as it has 

previously been investigated as a potential therapeutic agent in OA(251) and has also been 

demonstrated to possess anti-inflammatory properties in the chondrocyte cell lineage(252). 

Histidine is an essential amino acid (EAA). This study demonstrated greater levels of histidine in 

the knee group. However, a number of other studies looking specifically at knee OA patients 

demonstrated lower histamine levels(233, 234, 237). Histidine is known to be metabolised into 

histamine, which is responsible for stimulating the metabolism of articular chondrocytes into 

clusters, a known feature of osteoarthritic cartilage(253). Although the results in this chapter 

demonstrated increased levels of histidine in the knee group, this may represent its role as a 

precursor for articular chondrocyte metabolism. Further studies are required to confirm this 

hypothesis. The ratio of BCAA to histidine has also been suggested as a biomarker for OA(234). 

Lysine is an EAA. Schiller et al performed a study looking at bovine and guinea pig nasal 

cartilage treated with collagenase. They demonstrated increased levels of lysine, along with 

glutamate, glycine, hydroxyproline and proline, in bovine-collagenase-treated cartilage(241). As 

these amino acids are abundant in collagen, their presence suggests increased collagen 

breakdown, and in the context of this study may represent a greater degree of articular 

cartilage breakdown in the knee group. 

Valine is a BCAA and the results demonstrated greater levels in the knee group. This could 

suggest a greater rate of collagen degradation compared to the hip group. Furthermore, BCAAs 

increase the production of cytokines including IL-1, IL-2, interferon and tumour necrosis 

factor(254). As increased concentrations of cytokines have been associated with OA(255, 256), 

it is possible that increased levels of BCAAs lead to the production of cytokines that ultimately 

leads to the destruction of articular cartilage. A subsequent study demonstrated increased 

serum BCAA correlated with greater severity of knee OA(257). Both studies suggest a role for 

altered BCAA metabolism in OA that may prove to be a marker for disease progression. 
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Consequently, the greater levels of valine in the knee group may represent a greater severity of 

OA in this cohort. 

5.6.4 Metabolites with increased concentrations in hip synovial fluid 

Two metabolites (choline and hypoxanthine) were found in greater proportion in the hip group. 

Choline was found in significantly greater quantities in the hip group compared to the knee 

group. Choline is a building block of important phospholipid classes, namely 

phosphatidylcholines and sphingomyelins. Articular cartilage is covered by a thin layer of 

phospholipid that is thought to contribute to the lubrication(258) and load bearing functions of 

the joint(259). Lipid metabolism has significant clinical relevance with emerging evidence for a 

link between OA and the use of statins. OA is known to have a variable inflammatory 

component, but it is still unclear whether this is a response to pathological change or a driving 

factor in the disease process(187, 260). An equine study demonstrated increased levels of high-

density lipoprotein (HDL), choline and unsaturated fatty acids in osteoarthritic SF(240). Young et 

al examined the metabolic profile of serum collected from patients with established 

rheumatoid arthritis (RA) and early OA patients. They attempted to correlate their findings with 

inflammatory markers, such as CRP, and demonstrated differences in phospholipid metabolism 

with elevation of cholesterol, choline, fatty acids and low-density lipoproteins (LDLs)(261). 

Together with the known inflammatory component of OA, these findings suggest a potential 

role for lipids as a biomarker for OA. 

Hypoxanthine is an oxypurine and has a role in purine metabolism. Animal studies have 

suggested a role for hypoxanthine in the osteoarthritic process(203, 249). Zhang et al compared 

the SF of 40 patients with knee OA to 20 controls, and amongst other things, found an increase 

in hypoxanthine in the OA group(237). Studies have also demonstrated increased levels of 

hypoxanthine in the SF of RA and inflamed knee joints(262, 263). 
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Table 13. List of identified metabolites, which were no longer significant following FDR adjustment of the p-values. The joint in which they are 
found in significantly greater quantities and the function of the metabolites in osteoarthritis has been described. TCA – Tricarboxylic acid; SF –
synovial fluid; RA – rheumatoid arthritis; BCAA – branched chain amino acid; EAA – essential amino acid; LDLs – low-density lipoproteins. 

Metabolite ID Joint containing 
larger quantity 
of metabolite 

Function of metabolite Reference 

Dimethylsulfone Knee An ovine study demonstrated increased levels following meniscal destabilisation. Its role in OA is 
unclear as it has previously been investigated as a potential therapeutic agent in OA. 

Maher et al(248) 
Hadipour-Jahromy et al(251) 

Tyrosine Knee Detected in greater proportions in SF of Ovine with early OA. Thought to have a role in promoting 
osteophyte formation. Increased levels in subchondral bone. 

Mickiewicz et al(203) 
Xu et al(204) 
Yang et al(250) 

Lysine Knee An EAA associated with collagen & cartilage degradation. Schiller et al(241) 

Pyruvate Knee The majority of carbon contributes to the TCA cycle through the conversion of glucose to pyruvate. 
Elevated levels suggest altered oxidative metabolism in diseased joints. 

June et al (264) 

Valine Knee One of the BCAAs. Associated with greater severity of knee OA. Increased levels may also be secondary 
to collagen degradation or suggest an increased rate of protein breakdown. Also increase the 
production of cytokines including IL-1, IL-2, interferon and tumour necrosis factor. 

Adams et al (257) 
Bassit et al (254) 

Glucose Knee Major source of energy for chondrocytes. Its metabolism involves glycolysis, the pentose phosphate 
pathway (PPP) and the TCA cycle, which is responsible for a number of precursors to amino acids. The 
majority of carbon contributes to the TCA cycle through the conversion of glucose to pyruvate. Elevated 
levels suggest altered oxidative metabolism in diseased joints. 

Peansukmanee et al (265) 
June et al (264) 

Histidine Knee Metabolised into histamine, which is responsible for stimulating the metabolism of articular 
chondrocytes into clusters, a known feature of osteoarthritic cartilage. The ratio of BCAA to histidine 
has also been suggested as a biomarker for OA. 

Tetlow et al(253) 
Zhai et al(234) 

Alanine Knee Increased in the synovium, SF & urine of OA animal models. Also inhibits pyruvate kinase, thus 
regulating gluconeogenesis & glycolysis ultimately leading to increased glucose production(247). 

Lamers et al(249) 
Maher et al(248) 
Hugle et al(139) 
Wu et al(247) 

Hypoxanthine Hip Role in purine metabolism. Both animal and human studies have suggested a role for hypoxanthine in 
the osteoarthritic process. 
Increased levels of hypoxanthine have also been shown in the SF of RA and inflamed knee joints. 
 

Lamers et al(249) 
Mickiewicz et al(203) 
Zhang et al(237) 
Gudbjornsson et al(262) 
Herbert et al(263) 

Choline Hip Increased levels in osteoarthritic SF. OA is known to have a variable inflammatory component. 
Differences in phospholipid metabolism with elevation of cholesterol, choline, fatty acids and LDLs have 
been demonstrated in patients with early OA and RA. 

Lacitignola et al(240) 
Young et al(261) 
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A network analysis of all the identified metabolites, including those that did not survive FDR 

correction, illustrated a number of different pathways involved in hip (phospholipid metabolism 

via choline) and knee (amino acids, TCA and glucose metabolism) osteoarthritic HSF 

metabolism. This correlates with the potential functions of these metabolites as described 

above and in table 13. 

5.6.5 Possible causes of differences in hip and knee synovial fluid metabolites 

It is important to remember that OA is a heterogenous syndrome with various aetiopathogenic 

phenotypes. Consequently, when considering the pathological processes involved, a more 

integrated approach is required. The same philosophy should be adopted when considering the 

metabolic variations between the hip and knee groups. Generally speaking, these differences 

may be due to or a combination of intra- and extra-articular factors. 

As explained in chapter 1, the hip joint has a high level of conformity and has classically been 

thought of as a ball and socket joint(85). The knee joint however, is much less conforming 

resulting in greater contact stresses, due to a smaller area of contact between the tibio-femoral 

articulations. The meniscus present within the knee joint has a number of important functions. 

One of these functions is to increase the contact area in the knee, thus making the joint more 

conforming by helping to dissipate the joint forces over a larger surface area, reducing the 

direct femoral-tibial cartilage contact region (90). However, in severe knee OA, the meniscus 

loses its ability to function normally due to calcification or meniscal tears, thus reducing its 

ability to increase joint conformity. As a consequence, the knee joint may have greater point 

loading resulting in higher contact stresses due to a larger force passing through a smaller area, 

whereas the increased conformity seen within the hip joint produces a more volumetric wear 

pattern.  

The surrounding tissues within the joint, as well as systemic sources, also contribute to the 

metabolites found in SF. Synovial inflammation present in OA may have an important role. A 

number of mediators and pathways may also be responsible, including matrix 

metalloproteinases  and proinflammatory mediators, such as transforming growth factor-β 

(TGF-β) and interleukin-10 (IL-10), which ultimately result in changes to the metabolic profile of 

SF(266). Increased mitochondrial activity may also be expected in local cells (chondrocytes) 
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secondary to the presence of osteoarthritic SF (266). Furthermore, SF and plasma bone 

morphogenic protein-2 (BMP-2) levels have been positively correlated to the severity of knee 

OA(267). A significantly increased level of cartilage turnover has been demonstrated in the knee 

compared with the hip joint, suggesting different mechanisms of disease progression between 

these joints(268). Differences in protein turnover was thought to be the cause for this, more 

specifically, the attempted cartilage repair response.  

Extra-articular factors, which may be responsible for identified metabolic differences include 

age, BMI and medical co-morbidities. Obesity has been linked to OA in both these joints, but its 

effect is more profound in the knee joint(269). However, in this study, patients were matched 

for age and BMI in an attempt to remove these as confounding factors. For the same reason, 

both groups in this study included patients with comparable medical co-morbidities to reduce 

their effects as possible confounding factors.  

Despite the possibility that all the metabolic differences identified in this study may primarily 

be a result of the disease process itself or reflect alterations in normal cartilage and SF biology, 

the likelihood is that the differences observed are represented by a complex interplay of all 

these factors. 

5.6.6 Limitations 

The rigorous matching of samples in both groups for age, gender, BMI, medical comorbidities 

and ethnicity resulted in the overall numbers being small, with 12 patients in each group. 

However, despite this fact, the validated O-PLS-DA model demonstrated 14 metabolites that 

were significantly different between the two groups, with four remaining significant following 

univariate testing and FDR adjustment. Secondly, there were no non-arthritic control groups, 

although it would not have been possible to acquire such samples due to ethical constraints. 

Finally, the number of compartments in the knee affected with OA was not considered in this 

study. However, unpublished analysis from the metabolic profiling lab at Imperial College, 

London has not identified any metabolic differences between OA affecting one or more 

compartments of the knee joint (P Akhbari unpublished data). 



118 
 

5.7 Conclusion 

To the author’s knowledge, this discovery study is the first to indicate that differences exist in 

the metabolic profile of HSF between the hip and knee joints in patients with end-stage OA. 

Four metabolites were found in significantly greater proportions in the knee group (citrate, 

GAGs, glutamine and N-acetylated molecules). These metabolites have a role in the TCA cycle, 

collagen degradation and oxidative metabolism in diseased joints. 

Further research with a larger cohort of patients and a non-arthritic age and gender matched 

control group is required to see if the metabolites identified in this study may serve as putative 

biomarkers for diagnosing OA of the knee, monitoring of disease progression and/or future 

treatment strategies. 

Another area of interest was infection. Therefore, a discovery study was performed looking at 

the metabolic differences between infected and non-infected HSF. 
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6 Metabolic differences in the composition of infected and non-infected 

synovial fluid 

An adaptation of this chapter has been published in Bone and Joint Research in January 

2021(270). 

6.1 Summary 

Diagnosing joint infections is an inexact science using combinations of serum inflammatory 

markers and microscopy, culture and sensitivity of synovial fluid (SF). Small molecule 

metabolites in infected SF have the potential to act as infection markers that could improve the 

speed and accuracy of detection. The objective was to use Nuclear Magnetic Resonance (NMR) 

spectroscopy to identify small molecule differences between infected and non-infected human 

SF. 

Sixteen SF samples (eight infected, eight non-infected) were collected from patients. The 

metabolites present in each sample were analysed using NMR spectroscopy. Both multivariate 

and univariate statistical analysis were undertaken to investigate metabolic differences 

between the two groups. 

Sixteen metabolites were identified in significantly different concentrations between the two 

groups. Three were in higher relative concentrations (cholesterol, lipids, and N-acetylated 

molecules) and thirteen were in lower relative concentrations in the infected group (citrate, 

creatinine, dimethylsulfone, formate, glucose, glutamine, glycine, glycosaminoglycans, histidine, 

lysine, mannose, proline and valine). 

Metabolites identified in significantly greater concentrations in the infected cohort represented 

those which have a role in the inflammatory response, lipid metabolism and are markers of 

inflammation and infection. Those identified in significantly reduced concentrations were 

involved in carbohydrate and nucleoside metabolism, the glutamate metabolic pathway, 

reduced articular cartilage breakdown and increased oxidative stress in the diseased state. This 

study is the first to reveal differences in the metabolic profile of infected and non-infected 
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human SF, using a non-infected matched cohort, and may represent putative biomarkers that 

form the basis of new diagnostic tests for infected SF. 

6.2 Introduction 

Periprosthetic joint infection (PJI) remains one of the most devastating complications of joint 

arthroplasty affecting between 0.7% and 2.4% of arthroplasty patients(100). It is also one of the 

commonest indication for revision arthroplasty(102). Native joint infections are also 

problematic and, left untreated, can lead to irreversible degenerative changes in the joint. As 

with other infections, it can also become systemic resulting in increased patient morbidity and a 

risk to life. The rapid identification of bacterial species in synovial fluid (SF) is vital for a number 

of reasons. It aids in the diagnostic process, provides valuable information to help identify the 

probable source of infection and can recognise any potential antibiotic resistance leading to 

suitably targeted antibiotic therapy(137). 

As discussed in chapter 1, the gold standard for identifying infecting organisms in both PJI and 

septic arthritis remains microscopy, culture and sensitivity (MC&S). However, the increased 

prevalence of polymicrobial infections and PJIs secondary to biofilm producing bacteria and 

slow growing, fastidious organisms makes the diagnosis of the infective organism(s) increasingly 

challenging(130). Serological markers of infection, which include Erythrocyte Sedimentation 

Rate (ESR) and C-Reactive Protein (CRP), have commonly been used as screening tests for PJI, 

due to their low cost, relatively high sensitivity and the ease in which they can be obtained. The 

widely accepted threshold values for ESR and CRP are 30mm/hr and 1mg/dl respectively(106). 

However, they have a low specificity and are often found elevated in non-infectious 

inflammatory conditions and the early postoperative period. 

Many other markers are still being investigated as potential complementary or alternative 

markers of infection. Amongst these are interleukin-6, tumour necrosis factor alpha, 

procalcitonin(117), D-Dimer(121) and Intercellular adhesion molecule-1(122). However, the 

most promising biomarkers remain Alpha-defensin (α-defensin) and leucocyte esterase, with α-

defensin being claimed to be the single most accurate biomarker for PJI(124). A pooled 

diagnostic sensitivity and specificity, from six studies, of 1.00 (95% confidence interval [CI] 0.82 
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– 1.00) and 0.96 (95% CI 0.89 – 0.99) was identified in one particular systematic review and 

meta-analysis(124). However, mixed results have been demonstrated for Synovasure, the on-

table quick lateral flow test kit by Zimmer Biomet (Warsaw, Indiana), with one meta-analysis 

having shown it to be significantly less accurate than the α-defensin laboratory 

immunoassay(126). Therefore, its results must be interpreted carefully. The Leukocyte esterase 

colorimetric strip test has also been shown to provide improved accuracy of diagnosis and more  

expeditious management of the underlying infection, with one systematic review and meta-

analysis of five studies revealing a pooled diagnostic sensitivity and specificity of 0.81 (CI 0.49 – 

0.95) and 0.97 (CI 0.82 – 0.99)(124). 

A number of recent articles have provided useful summaries of some of the serum biomarkers 

for PJI and also demonstrate a shift towards proteomics and genomics as important techniques 

in identifying putative biomarkers(271, 272). However, the role of molecular techniques in 

identifying putative biomarkers in infected SF is less clearly defined. They are a promising 

frontier in the diagnosis of both PJI and septic arthritis and are particularly suited for diagnosing 

PJI caused by a biofilm. Furthermore, they are culture independent techniques. Metabolic 

phenotyping is a novel technique, which studies the metabolites within a cell, tissue or biofluid 

using either mass spectrometry (MS) or nuclear magnetic resonance (NMR) spectroscopy. It has 

been utilised in many conditions to influence clinical practice (273). It is able to analyse 

hundreds or even thousands of small molecules and mobile moieties within macromolecules, 

such as glyco- and lipo-proteins, simultaneously, which is what gives it such great potential.  

Not only can this provide individual biomarkers for a specific pathological process, but also 

identify a unique metabolic “signature” made up of numerous metabolites that may identify a 

distinctive pathology based on the relative concentrations of these molecules. 

In contrast to MS, NMR spectroscopy can be performed more rapidly, requires little sample 

preparation and does not involve destruction of the individual samples. Few NMR spectroscopy 

studies have been performed to date looking for biomarkers of SF infection(138-140), with all 

of those performed containing unmatched cohorts or results that are not statistically 

significant. 
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6.3 Aims and hypothesis 

1. To investigate the metabolic profile of human SF (HSF) from infected and non-infected 

HSF using NMR spectroscopy. 

2. To assess metabolic differences between the fluids using multivariate and univariate 

statistical analysis. 

3. To evaluate the metabolic pathways involved that are implicated in the metabolic 

differences between infected and non-infected HSF. 

6.4 Materials and Methods 

The methodology used for this experiment is detailed in chapter 4. In summary, the samples 

were all centrifuged for 15 minutes and the supernatant was aliquoted, before the samples 

were stored at -80oC. Following defrosting, all samples were mixed with buffer solution in a one 

to one ratio before undergoing NMR spectroscopic analysis. The data was then transformed 

before univariate and multivariate analysis took place. Finally, the metabolic differences 

between the infected and non-infected groups were identified. The results are detailed below. 

6.5 Results  

6.5.1 Patient Demographics 

The patient demographics have been summaries in table 14. No significant differences were 

identified between the two groups in terms of age (p=0.223), gender or common medical co-

morbidities. 
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Table 14.Patient demographics. There was no significant difference in age (p=0.22), gender, or medical co-

morbidities between the groups. IHD, Ischaemic heart disease; DM, Diabetes Mellitus; CVA, 

Cerebrovascular Accident; TKR, total knee replacement; THR, total hip replacement; SF, synovial fluid; S 

aureus, staphylococcus aureus; strep, streptococcus; sp, species; coag neg, coagulase negative. There was 

no elbow non-infected control and therefore a knee control was used instead. 

 Infected SF Non-infected SF 
(control group) 

P value 

Number of patients 8 8 - 
Joint involved Elbow 1 

Knee 3 
TKR 2 
THR 2 

Knee 4 
TKR 2 
THR 2 

- 

Responsible organism Coag positive S. Aureus (n=1) 
Group B Meningococcus (n= 2) 

Β-haemolytic strep group C 
(n=1) 

Bacillus sp (n=1) 
Rothia sp (n=1) 

Coag negative S. Aureus (n=2) 

- - 

Age (Mean ± SD) 66.6 (12.0) 58.9 (11.6) 0.223 
Gender (Male: Female) 6:2 6:2 - 
Ethnicity 5 Caucasian 

2 Asian 
1 Afro-Caribbean 

3 Caucasian 
2 Asian 

2 Afro-Caribbean 

- 

Disease (Number of patients per 
group) 

   

IHD 0 1 1.00 
Hypertension 3 2 1.00 
Hypercholesterolemia 0 2 0.48 
DM 1 2 1.00 
CVA 1 0 1.00 

6.5.2 PCA analysis of differences between infected and non-infected metabolites 

Separation between the 1H-NMR spectra of the infected and non-infected groups was 

demonstrated in PC1 on the PCA scores plot (figure 29), although there still remained some 

overlap between the groups. This led to the suggestion that metabolic differences may exist in 

the HSF composition between the two groups. These differences were independent of the joint 

type from which the fluid was taken, as was demonstrated in an additional PCA scores plot with 

the involved joints labelled (figure 30). Furthermore, a third PCA scores plot containing four 

subgroups (native and prosthetic non-infected SF plus native and prosthetic infected SF) was 

created (figure 31), which demonstrated separation of the infected and non-infected groups, 
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that appeared to be independent from the type of joint (native or prosthetic). However, the O-

PLS-DA model obtained was not significant following cross-validation. This result contrasts with 

the PCA results and may reflect the low ratio of samples to variables and a lower strength of 

metabolite variation between groups. Therefore, univariate analysis was conducted to 

investigate the differences between the groups shown by the PCA scores plot(274). 

 

 

Figure 29. PCA scores plot of PC1 vs PC2 with each data point representing the NMR spectrum of an 

individual human synovial fluid sample and demonstrating separation between the infected and non-

infected groups. Data were scaled to unit variance. The percentage variation explained is 38% for PC1 and 

21% for PC2. PC – principal component. 
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Figure 30. PCA scores plot of PC1 vs PC2 with each data point representing the NMR spectrum of an 

individual human synovial fluid sample and demonstrating separation between the infected and non-

infected groups. Data were scaled to unit variance. The percentage variation explained is 38% for PC1 and 

21% for PC2. The joint from which the synovial fluid was taken has also been labelled for each sample. This 

demonstrates that the separation was independent of the joint type from which the fluid was taken. PC – 

principal component. 
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Figure 31. PCA scores plot of PC1 vs PC2 with each data point representing the NMR spectrum of an 

individual human synovial fluid sample and demonstrating that the tendency for separation is driven by 

the presence of infection rather than joint type (native or prosthetic). Data were scaled to unit variance. 

The percentage variation explained is 38% for PC1 and 21% for PC2. PC – principal component. 

6.5.3 Univariate analysis and metabolite identification 

Table 15 lists all the metabolites, which were consistently identified from the NMR spectra of all 

the samples. The Student’s t-test was used to test the integral of each metabolite peak, which is 

proportional to the concentration of each metabolite. Following univariate analysis, 16 

metabolites remained significantly different between the groups, and these are illustrated in 

figure 32. Following FDR correction, only one metabolite, citrate (decreased in the infected 

group) remained significant (Table 16). However, multiple testing correction can lead to a 

number of false positive as well as true positive discoveries being discarded, particularly in the 

presence of a small sample size (274). Therefore, all the identified metabolites were considered 

in the analysis. This is clearly illustrated in Figure 32, where signals from NAc-1 and GAGs for 

example are evidently different between the groups but were no longer significant following FDR 

correction. Therefore, all metabolites, which remained significant following univariate analysis 

will be summarised and discussed. 
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Table 15. Metabolites from both infected and non-infected synovial fluid consistently identified in all 

samples. GAGs – glycosaminoglycans; S – singlet; bs – broad singlet; d – doublet; dd – doublet of doublet; 

q – quartet; t – triplet; m – multiplet; ppm – parts per million. 

Metabolite Chemical shift (ppm) 

Cholesterol (C18) 0.58(bs), 0.65(bs) 
CH3 (fatty acyl residues, lipids) 0.85(bs) 
CH2 (fatty acyl residues, lipids) 1.25(bs) 
Isoleucine 0.93(t), 1.00(d), 1.25(m), 1.46(m), 1.96(m), 

3.66(d) 
Leucine 0.95(d), 0.96(d), 2.00(m) 
Valine 0.98(d), 1.03(d), 2.26(m), 3.60(d) 
3-Hydroxyisobutyrate 1.06(d), 2.48(m) 
3-Hydroxybutyrate 1.19(d), 2.35(dd), 4.14(m) 
Lactate 1.32(d), 4.10(q) 
Alanine 1.47(d), 3.78(q) 
Lysine 1.47(m), 1.71(m), 1.89(m), 3.03(t), 3.72(t) 
Arginine 1.69(m), 1.90(m), 3.23(t) 
Acetate 1.91(s) 
GAGs 2.02(s), 3.34(bs), 4.46(bs), 7.97(bs) 
N-acetyl groups (Glycoproteins) 2.04(bs) 
Glutamate 2.06(m), 2.34(m) 
Acetone 2.22(s) 
Pyruvate 2.37(s) 
Glutamine 2.12(m), 2.45(m), 3.74(dd) 
Citrate 2.53(d), 2.67(d) 
Creatine 3.03(s), 3.91(s) 
Creatinine 3.04(s), 4.05(s) 
Dimethylsulfone 3.14(s) 
Choline 3.19(s) 
Glucose 3.23(dd), 3.46(dd), 3.49(t), 3.53(dd), 3.71(t), 3.72 

(dd), 3.76(dd), 3.82(m), 3.85(m), 3.90(dd), 
4.64(d), 5.23(d) 

Proline 3.34 (m) 
Glycine 3.55(s) 
Mannose 5.18(d) 
CH=CH (fatty acyl residues, lipids) 5.28(bs) 
Tyrosine 6.89(d), 7.19(d) 
Histidine 7.05(s), 7.77(s) 
Formate 8.45(s) 
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Figure 32. Stacked spectra of all sixteen samples demonstrating the significant metabolites, with those in red having a higher concentration in the 

infected group and those in blue having a higher concentration in the non-infected group. The CH=CH group represents protons from the 

unsaturated fatty acid residues. NOESY spectra acquired in a spectrometer operating at frequency of 600 MHz for 1H. GAGs – glycosaminoglycans; 

ppm – parts per million; NAc – N-acetylated group. 
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Table 16. Metabolites identified from univariate analysis. Three of the metabolites were found in 

significantly greater quantities in the infected synovial fluid group. The chemical shift indicates which 

metabolite peaks were integrated and used for metabolite comparison between the two groups. HSF – 

human synovial fluid; GAGs – glycosaminoglycans; ppm – parts per million; NAc – N-acetylated group. 

Metabolite ID NMR spectra 

chemical 

shift (ppm) 

Higher in 

infected/non-

infected HSF 

p-value 

(Student's T-test) 

FDR 

Citrate 2.53 Non-infected 0.00137 0.041093 

Glycine 3.55 Non-infected 0.001775 0.053242 

GAGs 7.97 Non-infected 0.002503 0.07508 

NAc-1 2.02 Non-infected 0.004712 0.141364 

Creatinine 4.05 Non-infected 0.007372 0.221156 

Lysine 3.03 Non-infected 0.008382 0.251463 

Histidine 7.05 Non-infected 0.010865 0.325937 

Formate 8.45 Non-infected 0.011967 0.35901 

Glucose 5.23 Non-infected 0.01497 0.449114 

Fatty acyl residues 

(CH=CH)  5.28 

Infected 

0.016659 0.499766 

Cholesterol (C18) 0.65 Infected 0.022633 0.679 

Proline 3.34 Non-infected 0.023079 0.692367 

Valine 1.035 Non-infected 0.027658 0.829732 

Dimethylsulfone 3.15 Non-infected 0.038742 1.00 

Mannose 5.18 Non-infected 0.038921 1.00 

Glutamine 2.45 Non-infected 0.039291 1.00 

NAc-2 2.04 Infected 0.049718 1.00 

 

Significantly higher relative concentrations of N-acetylated groups (based on a NAc peak, NAc-

2), cholesterol and cholesteryl esters from lipoproteins (based on the C18 methyl peak) and fatty 

acyl residues (based on the CH=CH peak), were found in the infected SF group compared to the 

non-infected group. Conversely, significantly lower levels of citrate, creatinine, dimethylsulfone, 

formate, glucose, glutamine, glycine, GAGs (based on a broad amide resonance), histidine, lysine, 
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mannose, N-acetylated groups (based on a different N-acetyl peak, NAc-1), proline and valine 

were found in the infected group compared to the non-infected group. 

The intensity of the broad peak at 7.97 ppm, attributed to the amide protons of GAGs, was 

highly correlated with the intensity of the NAc-1 peak. Consequently, NAc-1 was not considered 

as a separate metabolite in the subsequent analysis as it may have originated from the N-acetyl 

groups of GAGs. The NAc-2 peak, which relates to an N-acetyl group is a broad peak and should 

be associated with macromolecules, possibly N-acetylated glycoproteins(275). A subgroup 

analysis of prosthetic and native joints in both the infected and non-infected groups revealed 

lower concentrations of GAGs in the infected group, which was independent of whether the 

joint was prosthetic or native (figure 33). 

 

Figure 33. Boxplot of the area under the curve of the GAGs peak at 7.97 ppm. The samples are grouped 

according to the type of joint and presence of infection. This demonstrates lower concentrations of GAGs 

in the infected groups, which appears independent of whether the joint was native or prosthetic. GAGs – 

glycosaminoglycans. 
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6.5.4 Evaluation of individual spectra 

Figure 34 demonstrates two identified metabolites found in significantly lower concentration in 

the infected group (GAGs and citrate). These can be compared to the individual spectral 

analysis of the three metabolites, N-acetylated groups (based on a NAc peak, NAc-2), 

cholesterol and cholesteryl esters from lipoproteins (based on the C18 methyl peak) and fatty 

acyl residues (based on the CH=CH peak) found in higher concentration in the infected group. 

This figure nicely demonstrates the spectral analysis of these metabolites and how their 

concentrations differ between the two groups. 
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Figure 34. Metabolite analysis from spectral inspection. The figure demonstrates differences in signal 

intensity between the infected (red) and non-infected (blue) synovial fluid samples. Citrate and GAGs are 

included as examples of metabolites found in significantly lower concentrations in the infected compared 

to the non-infected group. GAGs were considered false negatives after FDR, although visually and 

following statistical testing, differences can be seen between the two groups. Fatty acyl residues, 

cholesterol and N-acetylated groups were found in significantly greater quantities in the infected 

compared to the non-infected group. FDR – false discovery rate; GAGs – glycosaminoglycans; NAc – N-

acetylated group; ppm – parts per million. 

The remaining fatty acyl residues in the stacked spectra were also pictured to identify any 

difference between the cohorts. The peak at 0.85 ppm from fatty acyl CH3 groups had a p value 

of 0.068 and the peak at 1.26 ppm from fatty acyl CH2 groups gave a p-value of 0.051 (Figure 35). 

Whilst these values remained insignificant at the arbitrarily chosen p cut-off value, they showed 

the same trend and reinforced the assignment as lipids (fatty acyl residues). 
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Figure 35. Further metabolite analysis from spectral inspection of the remaining fatty acyl residue regions. 

The figure demonstrates the same trend in peak intensities for both the infected (red) and non-infected 

(blue) synovial fluid samples. p values are p=0.068 (0.85 parts per million (ppm)) and p=0.051 (1.26ppm). 

ppm –parts per million. 

Using the KEGG database, a network analysis was performed, illustrating the connections 

between the significantly changed metabolites in infected SF and their possible connections in 

the human metabolic pathway (figure 36). This network analysis demonstrates the complex 

relationships between all the metabolites found in significantly different concentrations 

between infected and non-infected SF. For example, the connections between the metabolites 

found in lower concentrations in infected SF (green in figure 36) demonstrate that a complex 

relationship may occur through several metabolic pathways.
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Figure 36. Network analysis of all the identified metabolites from the KEGG database illustrating the potential metabolic pathways. Metabolites 

found in greater concentrations in infected synovial fluid are in red. Metabolites found in lower concentrations in infected synovial fluid are in blue. 

Metabolic connections between the metabolites found in lower concentrations in infected synovial fluid in green reveal that a complex relationship 

might occur through several metabolic pathways. The variation in molecules such as lipids (fatty acyls), GAGs and glycoproteins (NAc-2) were not 

taken into account to build this map, as these assignments are unspecific and do not correspond to unique entries in the KEGG database.
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6.6 Discussion  

The small molecule composition of HSF from patients with infected joints was analysed and 

compared with matched samples from patients with non-infected joints, using NMR 

spectroscopy. Following statistical analysis (PCA and univariate analysis), three metabolites were 

found in relatively higher concentrations (NAc-2, cholesterol (C18) and lipids) and thirteen in 

relatively lower concentrations in the infected group (citrate, creatinine, dimethylsulfone, 

formate, glucose, glutamine, glycine, GAGs, histidine, lysine, mannose, proline and valine). These 

may represent different metabolic pathways between infected and non-infected SF. 

This discovery study is the first of its kind to examine the metabolic differences in HSF between 

infected and non-infected joints with the samples matched for gender, age and common medical 

co-morbidities. The metabolites found in significantly greater concentrations in the infected 

cohort can broadly be grouped into those having a role in the inflammatory response, lipid 

metabolism and are markers of infection and inflammation. Those found in significantly reduced 

concentrations in the infected cohort can broadly be grouped into those involved in 

carbohydrate and nucleoside metabolism, the glutamate metabolic pathway, reduced articular 

cartilage breakdown and increased oxidative stress in the diseased state. 

6.6.1 Analysis of metabolites with increased concentrations in infected synovial fluid 

Table 17 proposes the possible functions of the three metabolites found in significantly greater 

concentrations in the infected group. 
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Table 17. List of identified metabolites found in significantly higher concentrations in infected synovial fluid 

and their proposed function. PG, proteoglycan; SCFA, short chain fatty acids; HDL, high-density lipoprotein; 

apo A-1, apolipoprotein A-1; SF, synovial fluid; RA, rheumatoid arthritis; NAc, N-acetylated groups. 

Metabolite ID Function of metabolite Reference 

NAc-2 (N-

acetylated 

glycoprotein) 

 NAc-2 may correspond to an acute phase glycoprotein. Such acute 

phase proteins are markers of inflammation and infection. 

Naughton et 

al(187) 

Unsaturated 

lipids (CH=CH)  

Increased levels of lipoprotein-associated fatty acids are found in 

inflamed joints. 

Wook et 

al(140) 

 

Cholesterol 

and 

cholesterol 

esters 

VLDL-associated Apo B was present in significantly greater 

concentrations in the CSF of TBM patients. Lipid metabolism 

related molecules have also been found in increased 

concentrations in the CSF of TBM patients. 

Mu et al(276) 

Li et al(277) 

 

When compared with blood serum, acute phase glycoproteins, such as α1-acid glycoprotein 

have N-acetyl signals around 2.00-2.05 ppm region(275). NAc-2 may correspond to an acute 

phase glycoprotein. Such acute proteins are known to be markers of infection and 

inflammation(187). 

Lipids have an important role in energy production, both at rest and during muscle activity, 

acting as a crucial substrate. Consequently, measuring their peak signals may provide important 

information on the effusion mechanisms, thus helping to improving understanding of disease 

progression(278). The presence of fatty acyl residues and lipoproteins in SF was demonstrated 

in a canine study using NMR spectroscopy at the same chemical shift as that identified in this 

study(279). The remaining unsaturated lipids in the stacked spectra were also visualised, but no 

significant difference was found between the cohorts (figure 36). This may be because the 

unsaturated lipids with a peak at 5.28 ppm had the best resolved peak compared to the peaks 

at 1.26 and 0.85 ppm. However, since the p-values were close to the arbitrary level of 

significance, with more samples, the resolution of the peaks may improve. 
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In this discovery study, evidence of cholesterol/cholesterol esters originating from SF 

lipoproteins, increased in the infected group, was identified. Although unequivocal attribution 

of these signals to a particular group of lipoproteins is not trivial from 1D NMR spectral 

information, there is evidence of involvement of lipoproteins in the context of both infection 

and inflammation(280). 

High-density lipoprotein (HDL)-associated apolipoprotein A-1 (apo A-1) is a negative acute-phase 

protein, with acute inflammation causing a reduction in its levels by at least 25%. A number of 

conditions can give rise to changes in the plasma concentration of acute-phase proteins, including 

various infections and inflammatory conditions(281). In rheumatoid arthritis (RA), levels of 

circulating apo A-1 and HDL cholesterol in untreated patients are less than in normal 

controls(282). However, in the SF of RA patients, concentrations of apo A-1 are increased, 

although it is still substantially below what is found in the plasma(283). This is accompanied by 

increased levels of cholesterol in the SF giving rise to the suggestion that there is infiltration of 

HDL within inflamed joints. As explained above, HDL-associated apo A-1 may function to inhibit 

lymphocyte/monocyte interactions in order to try and mediate the inflammatory response 

associated with infection. However, this remains speculation at the current time.  An increase in 

abnormal lipid metabolism in the CSF of patients with tuberculosis meningitis (TBM) has been 

demonstrated in a proteomic study(276). Apolipoprotein B (Apo B), which is the major structural 

protein of very-low-density lipoprotein (VLDL), was found in significantly greater concentrations 

in the CSF of TBM patients. A similar study identified three molecules associated with lipid 

metabolism (glycine, lipoprotein and choline) at increased concentrations in the CSF of TBM 

patients, using the techniques of 1H NMR spectroscopy(277). The increased glycine and choline 

concentrations in TBM patients was suggested by the authors to be consequences of greater 

glycerolipid and glycophospholipid metabolism to meet the increased energy demand in TBM. 

6.6.2 Analysis of metabolites with decreased concentrations in infected synovial fluid 

Table 18 proposes the possible functions of the metabolites found in significantly decreased 

concentrations in the infected group. 

Table 18. List of identified metabolites found in significantly lower concentrations in infected synovial 
fluid and their proposed function. CSF – cerebrospinal fluid; TBM – tuberculosis meningitis; SF – synovial 
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fluid; TCA – tricarboxylic acid cycle; GAGs – glycosaminoglycans; BCAA – branched chain amino acid; OA 
– osteoarthritis; ESOA – end-stage osteoarthritis; NAc, N-acetylated groups. 

Metabolite ID Function of metabolite Reference 

Citrate 
Glucose 
Mannose 

Citrate is a major intermediary in the TCA cycle, urea cycle, amino acid 
and fatty acid metabolism. Increased carbohydrate metabolism has been 
demonstrated in the CSF of TBM patients. This is thought to be 
secondary to the increased energy expenditure in the infected SF. 

Li et al(277) 
Berg et al(243) 

Glycine 
Glutamine 
Valine  

Glycine and Glutamine are involved in nucleoside metabolism. Increased 
nucleoside metabolism has been demonstrated in the CSF of TBM 
patients. Valine is a BCAA and is also involved in the synthesis of 
glutamine. This is thought to be secondary to the increased energy 
expenditure in the infected SF. 

Li et al(277) 
Wu et al(247) 

Glutamine 
Proline 
Lysine 

Glutamine, lysine and proline are involved in the metabolic pathway of 
glutamate, which bridges the urea cycle with the TCA cycle. Therefore, 
reduced concentrations of these metabolites may be secondary to 
increased energy expenditure in the infected SF. 

Wu et al(247) 
Weiner et al(284) 
Revelles et al(285) 

Creatinine 
Histidine 

Reduced concentrations of creatine and histidine were identified in TBM 
patients. Creatinine is a metabolite of creatine. This may explain the 
reduced concentration of creatinine in the infected SF group. 

Weiner et al(284) 

Dimethylsulfone Dimethylsulfone is a powerful scavenger of oxygen free-radicals, induces 
macrophage apoptosis and stimulates granulocyte differentiation. 
Reduced concentrations in infected SF may be a response to increased 
oxidative stress, differentiation and induced apoptosis of macrophages. 

Rosenblum et 
al(286) 
Marthyn et 
al(287) 
Watson et al(288) 

GAGs 
 

GAGs are markers of articular cartilage and proteoglycan breakdown, 
which occur in OA. Staphylococcal infections also lead to GAG 
breakdown with subsequent destruction of the articular cartilage. The 
reduced concentration of these metabolites in the infected group may 
be due to increased articular cartilage degradation in the matched non-
infected group secondary to chronic ESOA versus acute cartilage 
degradation in the infected group. 

Thompson et 
al(242) 
Schiller et al(241) 
Smith and 
Schurman(289) 

Formate Formate is a short-chain fatty acid produced during BCAA catabolism. 
Such short-chain fatty acids are the major end-products of bacterial 
metabolism in human large intestine. Its role in infected SF is unclear. 
According to the network analysis performed, using the KEGG database, 
formate is also involved in nucleotide and amino acid metabolism. 

Macfarlane et 
al(290) 

 

Lower concentrations of carbohydrates including glucose and mannose plus the intermediate 

metabolite, citrate, were found in infected HSF. These changes in carbohydrate metabolism 

suggested increased aerobic and anaerobic energy metabolism in infected HSF compared with 

non-infected HSF. Although no study has previously demonstrated this in SF, similar findings 

have been identified in the CSF of bacterial meningitis patients(277). However, there may be 

the involvement of other metabolic pathways, which can cause changes in these metabolites 
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such as the synthesis of glycolipids (figure 36). Two metabolites involved in purine metabolism 

(glutamine and glycine) were also found in significantly reduced concentrations in infected HSF. 

This led to the suggestion of altered nucleoside metabolism in the presence of infection. As 

before, there were similar findings in the CSF of bacterial meningitis patients(277). 

Furthermore, as valine has a role in the synthesis of glutamine(247), it is to be expected that its 

concentration is reduced in infected HSF. 

Lysine, proline and glutamine have a role in the metabolic pathway of glutamate, which 

accounts for the decreased concentration of proline in infected SF(247, 285). The TCA and urea 

cycles are bridged by glutamate(247). Therefore, increased energy expenditure in the infected 

HSF may be due to reduced concentrations of these metabolites. A similar finding was 

demonstrated in another study where reduced glutamine concentrations were identified in the 

serum of patients with active TB(284). Furthermore, a reduced concentration of creatine and 

histidine amongst other amino acids (AAs) were also identified in the serum of patients with TB. 

Since creatine is metabolised to creatinine, this may provide an explain for the reduced 

concentrations of creatinine in the infected HSF group. The metabolism of AAs is a complex 

process, involving numerous metabolites. Proteolysis, gluconeogenesis and oxidative 

catabolism all contribute to the balance of AAs. Furthermore, greater protein synthesis 

secondary to increased bacterial(291) and/or macrophage activity(292) as part of the immune 

response, may provide another explanation for reduced concentrations of AAs seen in infected 

SF. 

Dimethylsulfone is derived from intestinal bacterial metabolism, endogenous human 

methanethiol metabolism and dietary sources(293). It is a powerful scavenger of oxygen free-

radicals(286), induces macrophage apoptosis(287) and stimulates granulocyte 

differentiation(288). Reduced concentrations of this metabolite in infected HSF may be 

secondary to differentiation and induced apoptosis of macrophages plus increased oxidative 

stress. 

Four of the patients in the matched non-infected group had ESOA of the knee. GAGs are 

markers of proteoglycan and articular cartilage breakdown(242). In vitro animal studies have 
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also demonstrated GAG breakdown with subsequent destruction of the articular cartilage 

secondary to staphylococcal infections(289). The reduced concentration of GAGs in the infected 

group may be due to increased proteoglycan and articular cartilage degradation in the matched 

non-infected group secondary to ESOA, which is greater than the degree of degradation 

occurring in the infected group. A possible explanation could be the chronicity of articular 

cartilage degradation secondary to ESOA in the non-infected group, compared to the acute and 

more short-term degradation occurring in the infected group secondary to proteolysis. 

Formate is a short-chain fatty acid produced during BCAA catabolism. These short-chain fatty 

acids are the major end-products of bacterial metabolism in human large intestine(290). 

However, their role in infected SF remains unclear. The network analysis performed highlights 

the connection of formate to other metabolites involved in AA and nucleotide metabolism and 

therefore that those pathways are affected in SF infection (figure 36). 

6.6.3 Potential of NMR spectroscopy in further analysis of SF in health and disease 

As discussed in chapter 2, 1H-NMR remains one of the preferred analytical techniques to study 

complex biological samples as it produces a comprehensive profile of metabolic signals without 

separation, derivatization and preselected measurement parameters (273). 

Over the past decade, 1H-NMR-based spectroscopy metabolic phenotyping has become a 

powerful tool for identifying biochemical markers and metabolites for a multitude of human 

disorders(273). Metabolic phenotyping of SF provides a direct representation of end stage 

biochemistry making metabolites good candidates for biomarker screening. The metabolites 

themselves are the final product of enzyme catalysis and other biotransformations as well as 

being much smaller in number than the proteome(273). They provide a “top down” view of a 

biological system, with the advantage of representing the genetic disease traits but also other 

secondary factors, such as environmental interactions, as well as being sensitive to gut 

microbiome activity(273). NMR spectroscopy provides sharp well-resolved peaks for small 

molecule metabolites (usually defined as < 1500 Dalton) but yields only broad unresolved bands 

for proteins and other macromolecules. Therefore, enzymes such as α-defensin cannot be 
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detected. The techniques utilised in this discovery study could be used in larger cohorts to help 

identify putative biomarkers in native and PJIs, acting as an adjunct to α-defensin. 

6.6.4 Clinical relevance  

This discovery study demonstrates the potential role of metabolic phenotyping of HSF using NMR 

spectroscopy to identify important metabolites in the context of joint infection. Some of these 

metabolites will require further validation in larger cohorts of HSF samples to determine whether 

they provide useful putative biomarkers of infection, leading to the tantalising prospect of 

developing bedside diagnostic tests for joint infection.  

Future studies should utilise larger groups of HSF samples with a more targeted analysis of 

specific metabolites for a particular patient group or disease category.  The fundamental purpose 

of these studies would be to identify concentrations and combinations of metabolites for 

individual bacterial species that would provide a “metabolic fingerprint” for the organism, thus 

enabling early diagnosis, appropriate antibiotic therapy and surgical treatment. 

6.6.5 Limitations 

Despite all the samples in each group being matched for gender, age and common medical 

comorbidities, the overall numbers remained small with only eight samples in each group. 

However, at the time this thesis was written, this was the largest cohort of infected HSF analysed 

by NMR spectroscopy with a non-infected comparison group of matched controls. Although, it 

would have been desirable to have an age/gender-matched non-arthritic, non-infected control 

group, ethical constraints would make acquisition of such samples difficult. Further validation of 

the identified metabolites could have taken place by performing additional tests, such as an 

enzyme-linked immunosorbent assay (ELISA). However, lack of funding and other resources 

meant this was not possible at the time. 

6.7 Conclusion 

To the author’s knowledge, this discovery study is the first to demonstrate differences in the 

metabolic profile of infected and non-infected HSF with matched controls. Three molecules 

were found in significantly greater proportions in the infected cohort (glycoproteins, 

cholesterol/cholesterol esters and unsaturated lipids). These substances have a role in the 
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inflammatory response, lipid metabolism and are markers of inflammation and infection. There 

were thirteen metabolites found in significantly reduced concentrations in the infected cohort 

(citrate, creatinine, dimethylsulfone, formate, glucose, glutamine, glycine, GAGs, histidine, 

lysine, mannose, proline and valine). These can broadly be grouped into those involved in 

carbohydrate and nucleoside metabolism, the glutamate metabolic pathway, reduced articular 

cartilage breakdown and increased oxidative stress in the diseased state. 

Although more studies are required with a larger cohort of HSF, these metabolites may serve as 

putative biomarkers for the diagnosis of native and PJIs, plus could be used as adjuncts with 

other recognised biomarkers, such as α-defensin. 

Now that the metabolic differences have been explained between infected and non-infected 

human synovial fluid, in the next and final chapter of this thesis, the main findings are discussed 

including future studies to take this research forward and validate the results by performing 

larger and more complex studies. 
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7 Summary and future work 

7.1 Introduction 

Metabolic profiling, also known as metabonomics or metabolomics, is emerging as a useful 

method of identifying various metabolites associated with different diseases. It has also 

identified specific biomarkers unique to particular conditions, which play an important role in 

disease prediction, monitoring and early detection. In contrast to the other -omics, including 

genomics or proteomics, which often do not provide real biological end points, such as the 

benefits or adverse effects of medications on a biological system, metabolic profiling is able to 

achieve this outcome. It is the quantitative measurement of a living systems’ metabolic 

response to time related genetic modification or pathophysiological stimuli. Specifically, with 

regards to this thesis, it can provide the time dependent metabolic response of the joints and 

SF to a complex interplay of aetiopathophysiological factors and the presence of infective 

organisms.  

Simply put, it provides a top-down method of analysis, as it is looking at the metabolites, which 

are the end-products of the metabolic process. Consequently, it accounts for a variety of 

external and environmental factors, such as diet, disease, medication, smoking, etc. It has the 

capacity to identify hundreds and even thousands of metabolites from biofluids such as blood, 

urine and of course synovial fluid. 

There are many complex analytical methods available, which include, but are not limited to, 

nuclear magnetic resonance (NMR) spectroscopy, liquid chromatography mass spectroscopy 

(LC-MS), gas chromatography mass spectroscopy (GC-MS), capillary electrophoresis mass 

spectroscopy, Fourier transform infrared (IR) spectroscopy (FT-IR) and Raman spectroscopy. 

These techniques can lead to the acquisition of a “metabolic fingerprint”, which may be 

characteristic of a particular disease process or unique to a particular biochemical perturbation. 

In this thesis, the techniques of NMR spectroscopy have been employed. This has many 

advantages and disadvantages over the various techniques involving MS. It is fast and non-

destructive allowing numerous samples to be measured daily, with the same sample analysed 

multiple times(148). Furthermore, many of the metabolites detected by NMR spectroscopy 
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have previously been identified. Consequently, less effort is required to determine the 

metabolites from the spectral analysis. In essence, it is where the “low hanging fruit” can be 

found. 

The role of metabolic profiling in Orthopaedics is still in its early stages, but there is a lot of 

potential to identify putative biomarkers, which are disease specific. In this thesis, a literature 

review was conducted, which identified 21 studies (17 published articles and four meeting 

abstracts) that looked at the role of metabolic profiling using human SF (HSF). In addition to the 

many metabolites that were identified in both osteoarthritis and inflammatory arthropathies, a 

select few were identified as putative biomarkers, as they had been identified in studies with a 

normal control group(166). These have been discussed in chapter 3. However, none of these 

studies performed a robust statistical analysis accounting for multiple testing. Furthermore, 

many of these studies had multiple confounding factors affecting the validity of the results. 

These included age, gender and medical co-morbidities, which were not considered in all 

studies. 

This lack of robust statistical analysis and consideration of confounding factors meant there was 

room for further research looking at the role of various metabolites in orthopaedic conditions. 

This led to the development of two discovery studies, which were conducted as part of this MD 

thesis. 

7.2 Results 

The first study, detailed in chapter 5, investigated the metabolic profile of HSF from native hip 

and knee joints in patients with end-stage OA (ESOA) using NMR spectroscopy. The aims were 

to assess metabolic differences between the fluids using multivariate and univariate statistical 

analysis and to evaluate the metabolic pathways involved that are implicated in the metabolic 

differences between hip and knee HSF. 

This study accounted for a number of confounding factors including age, gender, ethnicity and 

common medical co-morbidities. Following both multivariate and univariate analysis, 14 

metabolites were identified as being found in significantly different concentrations between hip 

and knee osteoarthritic SF. Twelve of these were found in significantly greater concentrations in 
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knee SF (alanine, citrate, dimethylsulfone, glucose, glutamine, glycosaminoglycans (GAGs), 

histidine, lysine, N-acetylated species, pyruvate, tyrosine and valine) and two in hip SF (choline 

and hypoxanthine). 

The potential role of these metabolites is described fully in chapter 5. However, in essence, 

they can broadly be grouped into those responsible for branched chain amino acid catabolism, 

proteoglycan and articular cartilage degradation, having a role in the tricarboxylic acid (TCA) 

cycle and lipid metabolism. 

Following false discovery rate (FDR) correction, four of these metabolites remained significant 

(citrate, glutamate, GAGs and N-acetylated molecules). These were all found in significantly 

greater concentrations in the knee group compared to the hip group. Their roles can broadly be 

grouped into those involved in the TCA cycle, collagen degradation and oxidative metabolism in 

diseased joints. 

The identified differences may be due to or a combination of intra- and extra-articular factors. 

Intra-articular factors include anatomic and biomechanical differences between the joints plus 

differences in cartilage turnover and the presence of various mediators including matrix 

metalloproteinases and proinflammatory mediators.  Extra-articular factors include age, BMI 

and medical co-morbidities. 

However, although the metabolic differences identified in this discovery study may primarily be 

a result of the disease process itself or reflect alterations in normal cartilage and SF biology, the 

probability is that the observed differences are represented by a complex interplay of all these 

aetiopathalogical factors. 

 

The second discovery study, detailed in chapter 6, investigated the metabolic profile of HSF 

from infected and non-infected HSF using NMR spectroscopy. The aims were to assess 

metabolic differences between the fluids using multivariate and univariate statistical analysis 

and to evaluate the metabolic pathways involved that are implicated in the metabolic 

differences between infected and non-infected HSF. 
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This study accounted for a number of confounding factors including age, gender and common 

medical co-morbidities. Following both multivariate and univariate analysis, 16 metabolites 

were identified as being found in significantly different concentrations between infected and 

non-infected HSF groups. Three metabolites (cholesterol, lipids, and N-acetylated molecules) 

were found in significantly increased concentrations and thirteen (citrate, creatinine, 

dimethylsulfone, formate, glucose, glutamine, glycine, GAGs, histidine, lysine, mannose, proline 

and valine) in significantly decreased concentrations in the infected compared to the non-

infected HSF group. 

The potential role of these metabolites is described fully in chapter 6. Broadly, those found in 

significantly greater concentrations in the infected cohort represented metabolites, which have 

a role in the inflammatory response, lipid metabolism and are markers of inflammation and 

infection. Those identified in significantly reduced concentrations were involved in 

carbohydrate and nucleoside metabolism, the glutamate metabolic pathway, reduced articular 

cartilage breakdown and increased oxidative stress in the diseased state. 

Following FDR correction, only one metabolite (citrate) remained significant, and this was 

present in decreased concentrations in the infected compared to the non-infected HSF group. 

However, multiple testing correction can lead to a number of false positive as well as true 

positive discoveries being discarded, particularly in the presence of a small sample size (274). 

Therefore, all the identified metabolites were considered in the analysis. 

7.3 Clinical Applications 

Although these studies have demonstrated significant results, it is important to consider their 

clinical implications and how they may help to lead to a change in practice. 

Chapter 5 demonstrated metabolic differences between hip and knee osteoarthritic HSF using 

NMR spectroscopy. With further research, these metabolites may prove to be putative 

biomarkers of OA that may be joint specific. They may lead to the development of a diagnostic 

test for OA that could help identify this condition early in the disease process, where various 

preventative measures could be implemented to delay the progression of the disease. 
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Chapter 6 demonstrates the potential role of metabolic phenotyping of HSF using NMR 

spectroscopy to identify important metabolites in the context of joint infection. Currently, 

microscopy, culture and sensitivity (MC&S) remains the gold standard for identifying joint 

infection. However, delays in results could lead to some patients waiting longer before being 

given appropriate antibiotics and/or surgical intervention. This could lead to irreversible changes 

to the native joint, the formation of a biofilm in prosthetic joints, and in some cases an increased 

mortality risk.  

Some of the metabolites identified in this discovery study will require further validation in larger 

cohorts of HSF samples to determine whether they provide useful putative biomarkers of 

infection, leading to the tantalising prospect of developing bedside diagnostic tests for joint 

infection that may be specific to a particular organism by providing a “metabolic fingerprint”. 

7.4 Limitations 

Whilst this thesis has yielded some useful data with important clinical implications, it is 

important to acknowledge that there are some inherent limitations. 

Due to ethical constraints, it was not possible to collect samples from healthy volunteers. As 

such, neither of the discovery studies had a healthy control group for comparative purposes. 

This makes it more difficult to interpret the metabolic differences, as it is less clear whether the 

identified metabolites are secondary to the underlying disease or some other process. 

The number of patients in both discovery studies was small, with 24 HSF samples in the hip and 

knee OA study (12 hip and 12 knee HSF samples) and 16 HSF samples in the infection study 

(eight infected and eight non-infected HSF samples). However, this was partly due to the 

rigorous matching of samples that took place to account for potential confounding factors 

including, age, gender BMI and common medical co-morbidities. Consequently, fewer 

metabolites survived FDR correction, meaning the possibility of some of the metabolic 

differences identified occurring by chance was greater. Having said that, as stated previously, 

FDR or multiple testing correction has been shown to result in a number of false discoveries in 

metabolomics data, particularly in the presence of a small sample size. Therefore, all the 

identified metabolic differences were considered in the analysis and discussion. 
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Another important limitation from the results in chapter 5 was that the number of 

compartments in the knee affected with OA was not considered. However, as discussed in the 

chapter itself, unpublished analysis has not identified any metabolic differences between OA of 

the knee joint associated with the number of compartments affected (P Akhbari unpublished 

data). 

An important limitation to the data from chapter 6 was the lack of additional tests to further 

validate the identified metabolites, such as an enzyme-linked immunosorbent assay (ELISA). 

However, as explained, lack of funding and other resources meant this was not possible at the 

time. 

Despite these limitations, the data produced from this thesis is still useful, and the standards 

employed are similar to those in the published literature. This was demonstrated from the 

literature review in Chapter 3. Only seven of the identified articles had matched controls. 

Furthermore, the majority of studies did not account for potential confounding factors, 

whereas the discovery studies performed in this thesis were matched for a number of other 

variables in an attempt to remove them as confounding factors. Therefore, the results 

produced in this thesis still add to the body of medical science and have already been 

published. 

7.5 Future work 

The discovery studies performed in this thesis have yielded some valuable results with 

important clinical implications. They have provided further insight into the role of metabolic 

profiling in identifying metabolites with important functions in various orthopaedic disease 

processes. 

Further research would involve utilising a larger group of SF samples with a non-arthritic age 

and gender matched control group to see whether the identified metabolites from this thesis 

may serve as putative biomarkers for diagnosing OA of the knee, monitoring of disease 

progression and/or future treatment strategies. 

Such larger studies with a matched control group would also allow a more targeted analysis of 

specific metabolites for a particular patient group or disease category.  Where possible, these 
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studies should include other techniques to further validate the identified metabolites in order to 

identify concentrations and combinations of metabolites for individual bacterial species that 

would provide a “metabolic fingerprint” for the organism. This would enable early diagnosis, 

appropriate antibiotic therapy and surgical treatment, plus lead to better patient care. 

Correlations between microbiome and metabolites could help clarify the metabolic fingerprint 

of the organism. This would require a more sensitive technique such as an MS method to 

measure low abundance metabolites and get better insights into the changes in metabolite 

composition. The commonest infective organism found in human joints is Staphylococcus 

aureus, followed by Streptococcus species(294). Larger studies looking specifically at these 

organisms may yield molecular differences that lead to the identification of putative biomarkers 

that are organism specific. 

Recent advances in both genomic and proteomic studies have demonstrated the importance of 

these techniques in improving disease understanding and biomarker identification(214, 215). 

Future studies integrating proteomic, genomic and metabolic profiling techniques may provide 

the greatest hope for the advancement of biomarker discovery, although this is a very big 

undertaking, requiring collaborations between different departments and a large amount of 

funding. 
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Table 19. List of all the identified metabolites by article in human synovial fluid identified from the 
systematic review detailed in chapter 3. PTAA – posttraumatic ankle arthritis; OA – osteoarthritis; RA – 
rheumatoid arthritis; BD – Behçet’s disease; SNA – seronegative arthritis; SSA – seronegative 
spondyloarthropathy; AS – ankylosing spondylitis; ACL – anterior cruciate ligament. 

Underlying 
pathology 

Metabolite Change Joint Author & year 

PTAA Glutamate 
DSGEGDFXAEGGGVR  
2-hydroxypalmitate 
Arachidonate 
Palmitoyl-sphingomyelin 
2-hydroxystearate 
1-stearoylglycerophosphoinositol 
1-oleoylglycerophosphoethanolamine 
Tryptophan 
1-arachidonoylglycerophosphoinositol 
Kynurenine 
Dihomo-linoleate-20-2n6 
Androsterone sulfate 
1-stearoylglycerophosphoethanolamine 
4-androsten-3beta-17beta-diol-disulfate-1-
bilirubin E-E 
Mannose 
Cis-4-decenoyl-carnitine 
Lactate 
Pseudouridine 
Urate 
Alpha-tocopherol 
5-dodecenoate (12:1n7) 
1-arachidonoylglycerophosphoethanolamine 
Cortisol 
3-indoxyl-sulfate 
Uridine 
Carnitine 
ADSGEGDFXAEGGGVR 
Cystine 

Increased Ankle Adams et al 
2014(170) 

Behcet's disease Glutamate 
Citramalate 
Valine 
Leucine 
Methionine sulfoxide 
Glycerate 
Phosphate 
Lysine 
Isoleucine 
Urea 
Citrulline 

Increased in BD 
with arthritis 
compared to 
SNA 

Not 
stated 

Ahn et al 2015(171) 
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OA or RA Citrate 
Creatine 
Glucose 
Glutamine 
Glycerol 
Pyruvate 
Taurine 

Increased in OA 
compared to 
RA 

Knee Anderson et al 
2018(172) 

3-hydroxybutarate 
Acetate 
Isoleucine 
Leucine 
Sarcosine 
Threonine 

Increased in RA 
compared to 
OA 

OA or RA Citric acid 
D-lactic acid methyl ester 
hydroxyl-L-proline 
L-isoleucine 
L-methionine 

Decreased in 
OA & RA 
compared to 
controls 

Not 
stated 

Carlson et al 
2018(173) 

L-citrulline Increased in OA 
compared to 
RA & controls 

Not 
stated 

OA 4-hydroxy-L-proline (Hyp) 
Alanine 
Arginine 
Creatine 
Isoleucine 
Leucine 
Lysine 
Tryptophan 
Tyrosine 
Valine 

Increased in OA Knee Chen et al 
2018(174) 

Acetyl-carnitine 
Aminobutyric acid 
Asparagine 
Citrulline 
Creatinine 
Dimethylglycine 
Glutamine 
Phenylalanine 
Proline 
Serine 
Taurine 
γ-aminobutyric acid (GABA) 

Decreased in 
OA 

Inflammatory 
arthropathies 

3-HB 
Citrulline 
Glucose 
Glutamate 
Glycine 
Histidine 
Isoleucine 
Leucine 

Increased in 
SSA & RA 

Knee Dubey et al 
2019(177) 

LDL 
VLDL 
Choline 
PUFA 

Decreased in 
SSA & RA 
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Valine 
Lysine 
Arginine 
Acetate 
Acetoacetate 
Creatinine 
Phenylalenine 

Increased in 
SSA 

Acute fracture Sphingomyelin 
2-hydroxy-fatty acids 

Increased with 
acute fracture 

Knee Furman et al 
2017(178) 

RA or OA Maltose 
Lignoceric acid 
Uracil 
Mannitol 
Pyrophosphate 
Phosphoric acid 

Increased in RA 
compared to 
OA 

Not 
stated 

Hwang et al 
2013(179) 

Lysine 
Tyrosine 
Valine 
Glyceric acid 
Alanine 
Asparagines 
Hydroxylamine 
Tryptophan 
Glycerol 
Glutamine 
Citrulline 

Increased in OA 
compared to 
RA 

Inflammatory 
arthropathies 

Succinic acid 
Octadecanol 
Asparagine 
Terephtalic acid 
Salicylaldehyde 
Glutamine 
Citrulline 
Tyrosine 
Uracil 
Lysine 
Phenylalanine 
Ribitol 
Tryptophan 
Xylose 
Pyrophosphate 

Increased in RA 
compared to 
other 
inflammatory 
arthropathies 
(AS, BD, gout) 

Not 
stated 

Hwang et al 
2013(296) 

Isopalmitic acid 
Glycerol 
Myristic acid 
Palmitoleic acid 
Hydroxylamine 
Ethanolamine 
Alanine 
Serine 

Decreased in 
RA compared 
to other 
inflammatory 
arthropathies 
(AS, BD, gout) 
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OA or RA N6,N6,N6-Trimethyl-L-lysine 
L-Carnitine 
3-Hydroxymandelic acid 
Kynurenine 
Indolelactic acid 
Indoleacetaldehyde 
N′-Formylkynurenine 
Phenylactic acid 
Trihydroxyeicosatrienoic acid/13,14-
Dihydrolipoxin A4 
12,20-Dioxoleukotriene B4 
11b-Hydroxy-3,20-dioxopregn4-en-21-oic acid 
LysoPC(18:1) 

Increased in OA 
compared to 
RA 

Knee Kang et al 
2015(180) 

5-L-Glutamyltaurine 
Taurine 
(S)-Ureidoglycolic acid 
Methylguanine 
CE[24:1(15Z)] 
Trimethyltridecanoic acid 
Docosapentaenoic acid 
Galactosylceramide (d18:1/16:0) 

Decreased in 
OA compared 
to RA 

ACL deficient 
knee (trauma) 

Alanine 
Choline 

Increased 
following pivot 
shift test in ACL 
deficient knee 

Knee Khatib et al 
2018(181) 

Early vs late OA Squalene 
Palmitoleic acid 
Pentadecanoic acid 
Glycerol 
Myristic acid 
Lignoceric acid 
α-tocopherol 
Heptadecanoic acid 
Oleic acid 
Linolenic acid 
Threose 
3-hydroxypropionate 
Lanosterol 
Ethanolamine 
Putrescine 
N-carbamoylaspartate 
Capric acid 
Malate 
Asparagine 
Arachidonic acid 
Pelargonic acid 
Benzoate 
Palmitic acid 
1-monostearin 
Salicylaldehyde 
Stearic acid 
Adipate 
Phenylalanine 

Increased in 
late OA 
compared to 
early OA 

Knee Kim et al  
2017(182) 
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Inflammatory 
arthropathies 

Succinate 
Octadecanol 
Asparagine 
Terephthalate 
Salicylaldehyde 
Glutamine 
Citrulline 
Tyrosine 
Uracil 
Lysine 
Ribitol 
Tryptophan 
Xylose 
Ribose 

Increased in RA 
compared to 
other 
inflammatory 
arthropathies 
(AS, BD, gout) 

Not 
stated 

Kim et al  
2014(183) 

Isopalmitic acid 
Glycerol 
Myristic acid 
Palmitoleic acid 
Hydroxylamine 
Ethanolamine 

Decreased in 
RA compared 
to other 
inflammatory 
arthropathies 
(AS, BD, gout) 

Acute fracture vs 
control 

Oleate 
Eicosenoate 
10-heptadecenoate 
Myristoleate 
Palmitoleate 
Linoleate 
Dihomo-linoleate 
Arachidonate 
Linolenate 
Dihomo-linolenate 
Stearoyl sphingomyelin 
Palmitoly sphingomyelin 
Octadecanedioate 
5-dodecenoate 
Oleoylcarnitine 
Cis-4-decenoyl carnitine 

Increased 
following intra-
articular ankle 
fracture & 
Decreased 6 
months post-
surgery 

Ankle Leimer et al 
2017(184) 

OA vs cadaveric 
controls 

Fructose 
Citrate 

Increased in OA 
compared to 
cadaveric 
controls 

Knee Mickiewicz et al 
2015 (186)  

Malate 
Methionine 
N-Phenylacetylglycine 
O-Acetylcarnitine 
Hexanoylcarnitine 
Creatine 
Ethanol 
Ethanolamine 
3-Hydroxybutyrate 

Decreased in 
OA compared 
to cadaveric 
controls 

RA vs healthy 
controls 

LDL Increased in RA 
comparted with 
control samples 

Knee Naughton et al 
1993(187) 
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RA vs controls beta-Mannosylglycerate 
Carnitine 
Diglycerol 
Lactic acid 
Pipecolinic acid 

Increased in RA 
comparted with 
control samples 

Knee Yang et al 
2015(188) 

5-Methoxytryptamine 
Citric acid 
Gluconic lactone 
D-glucose 
Glucose-1-phosphate 
Mannose 
Ribitol 
L-valine 

Decreased in 
RA comparted 
with control 
samples 

OA vs controls 1,5-Anhydroglucitol 
Gluconic lactone 
Threonine 

Increased in OA 
compared to 
healthy 
controls 

Knee Zheng et al 
2017(192) 

8‐Aminocaprylic acid 
Glutamine 
Tyramine 

Decreased in 
OA compared 
to healthy 
controls 
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Looking for Biomarkers in Human Joint Fluid 

 

 

 

Principal Investigator:  Chimnay Gupte  

 

You are being invited to take part in a research study.  Before you do so it is important that you 

understand the research being undertaken and what it involved.   

 

Please take time to read the following and raise any queries you may have: 

“Looking for Biomarkers in Human Joint Fluid” v1.5 date 17/04/2015 

 

Purpose of this Study 

Diagnosing joint problems remains a challenge to your doctors.  We aim to investigate the human 

response to joint disease by studying the joint fluid.  It is hoped the results may assist doctors by 

providing ways to detect joint diseases and predict the patients’ response to treatment. 

Failure of joint replacements is a widespread problem. Some patients wear out joint 

replacements sooner than others.  We hope to study the joint fluid to help understanding of what 

causes early failure of joint replacements. 

In patients with joint disease, our aim is to find substances released by the body which may be 

helpful in diagnosing joint conditions.  Furthermore, we aim to improve the understanding of 

joint diseases. 

Why have I been chosen? 

We are looking to recruit patients to conduct a study about joint fluid and how it can used to 

improve treatment and understanding of joint diseases.  Unfortunately, you require treatment 

for your joint problem at Imperial College Healthcare NHS Trust. 
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Do I have to take part? 

It is entirely your decision whether or not you participate.  As a patient who met certain criteria 

you are being asked if you wish to enter the study.  If you decide to take part you will be given an 

information sheet to read and shall be asked to sign the consent form.  You may withdraw from 

the study at any time and do not have to supply a reason.  This will not affect your medical or 

legal rights.  If you withdraw from the study all body fluid samples and medical information 

gathered will be destroyed. 

What will happen to me if I take part? 

If you agree to take part you will be provided with an information sheet and consent form to sign.  

Any questions you may have can be answered initially or at any time during the study.  You will 

be asked to consider the information sheet.  If you agree you will be asked to sign the consent 

form.   

A small proportion of the samples you provide as part of your medical care will be taken for 

research purposes.  This is likely to provide enough results for your study.  In rare cases when this 

is not diagnostic and we would like to study something in more detail, we may ask if you would 

consent to returning and providing samples for a second occasion.  We would like to stress that 

the chances of further samples being needed is very low. 

A medical history will be taken and your medical notes will be screened for further information.  

You will be asked to fill in a questionnaire about your diet and lifestyle. 

What do I have to do? 

We would be grateful if you would complete our questionnaire.   

If your samples are being taken in the operating theatre then nothing is required on your part 

except consent.   

As part of your medical care at Imperial College NHS Trust, samples of blood, urine and joint fluid 

are required.  We will merely be taking a few millilitres of these samples.  In the vast majority of 

cases, no additional samples are required.  In very rare cases a sample may be requested at a 

later date once you have recovered from your hospital treatment. 
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What is being tested? 

We are analysing your body fluids and find body substances related to joint disease.  We then 

hope to use these results to suggest better ways of detecting and monitoring joint conditions, 

thereby improving treatment.   

We will also be analysing the joint fluid to try and understand what makes it a better lubricant.  

It is hoped this knowledge will allow us to improve the lifetime of joint replacements. 

What are the possible disadvantages and risks of taking part? 

The risks of taking part are minimal.  Removing fluid from the joint (when not having an 

operation) requires an injection to numb the area and fluid to be aspirated.  The numbness may 

persist for a few hours.  On rare occasions this can cause bleeding into the joint.  On very rare 

occasions infection can be introduced into the joint.  Should this unlikely event occur then you 

would receive the appropriate medical treatment from the speciality teams at the most 

appropriate treating hospital. 

We may take blood and/or urine for analysis.  There are no risks of sampling urine.  The taking of 

blood can sometimes cause a small bruise which usually resolves relatively quickly.  There is a 

very small theoretical risk of infection after taking blood.  In this unlikely event you would receive 

the appropriate medical treatment from the speciality teams at the most appropriate treating 

hospital. 

What are the benefits to taking part? 

There are not direct personal (including financial) benefits from participation in this study, 

however you may help us to further improve joint disease treatment in the future. 

What will happen when the research study stops? 

We aim to publish our results.  Further investigation may be taken into any key body substances 

identified in this study. 

What if something goes wrong? 

If you have a complaint about conduct or any aspect of the study then it should be addressed 

directly to the principal investigator. 

Imperial College holds Public Liability (“negligent harm”) and Clinical Trial (“non-negligent harm”) 

insurance policies which apply to this trial.  If you can demonstrate that you experienced harm 
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or injury as a result of your participation in this trial, you will be eligible to claim compensation 

without having to prove that Imperial College is at fault.  If the injury resulted from any procedure 

which is not part of the trial, Imperial College will not be required to compensate you in this way. 

Your legal rights to claim compensation for injury where you can prove negligence are not 

affected. 

Will my taking part in this study be kept confidential?  

In the analysis of data we may use any information from your medical history, diet and lifestyle.  

The information allows us to compare any relationship between lifestyle, medical factors and the 

results we generate.  In order to guarantee your confidentiality, only clinicians involved in the 

study will have access to your medical history.  Any data associated with your name and details 

will not leave the treating hospital or Imperial College.  At a time when data is published, any 

reference to you personally will be removed.  

What will happen to the results of the Research Study? 

The study is being conducted in part as fulfilment of an educational project.  Therefore, the final 

results may be compiled in a thesis or published. 

Your results will be available to you afterwards should you wish to be informed. We are aiming 

to publish the results of the study.  You will not be identified personally within the results. 

Who is organising and funding the research? 

The study is being organised and funded by Imperial College.  Funding support is being sought 

through the Medical Research Council and various Osteoarthritis charities. 

Who has reviewed the study? 

This study has been reviewed and received favourable opinion by London-Chelsea Research 

Ethics Committee. 

Who can I ask if I have more questions? 

If you have any questions about the project, feel free to discuss them with your doctor and/or 

the research team. 

 

The principal investigator of study can be contacted should any serious concerns arise: 

Principal Investigator: Chinmay Gupte 
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Contact details: 02074835160 

Contact details: Secretary  +44 (0)203 312 1150 

St Mary’s Hospital  

London 

W2 1NY 

 

It is important to remember that: 

• Your input is voluntary and you can withdraw at any time without affecting your medical or 

legal rights 

• All data is anonymous for the purposes of publication. 

• Only clinicians directly involved in the study will have access to medical data 

• No amount of money will be paid to you or us for your input. We believe this is the most 

ethical way of doing our research. 

• We are not in a position to offer any money from treatments or tests we develop as a result 

of your input. 

• Your participation will be appreciated and may help us to further improve joint disease 

treatment 

 

This information sheet is for your information and yours to keep.  You will also be supplied with 

a copy of the consent form for the study. 

 

Thank you for your time and generosity in considering whether to take part in our study. 
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Principal Investigator: Chinmay Gupte 

Sponsor: Imperial College London 

Looking for biomarkers in Human Joint Fluid 

Please initial 

I have read the patient information sheet version  
  

I have had the opportunity to ask questions.  

  

My questions have been answered to my satisfaction.  

  

I understand that I may choose not to take part in this study and can withdraw at 
any time with my legal or medical rights being protected.  I can withdraw without  
having to give reason and without affecting my medical or legal rights.  At such a 
time all data and samples will be destroyed. 

 

  

I understand that data generated from this study may be published in the future, 
but that my identity will be protected by anonymisation. 

 

  

I give permission for my medical history to be taken for the purposes of data 
analysis 

 

  

I agree to take part in this study.  
  
I understand that sections of my research notes may be looked at by responsible 
individuals from Imperial College Healthcare NHS Trust or from regulatory 
authorities where it is relevant to my taking part in this research 

 

Thank you for your time. 
 
Name of patient in block letters………………………………………………………... 
 
Signature………….…………………………………. Date…………………….. 
 
Name of person obtaining consent……………………………………………………... 
 
Signature………….…………………………………. Date…………………….. 
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Looking for Biomarkers in Human Joint Fluid 

 

 

 

 

 

 

Principal Investigator:  Chinmay Gupte  

FOR THE RESEARCHER TO COMPLETE ON BEHALF OF THE PATIENT – SECTIONS 1&5 TO BE COMPLETED 
WITH THE PATIENT 
Patient Questionnaire: Please delete as appropriate 
JOINT ASPIRATED …………………………………………….. 

Section 1 – Diet and Lifestyle 

1. “Are you known to be?”  Pre-menopause 
Experiencing menopause 
Post menopause 
 

2. “Are you Vegetarian?”  Yes    
No 

3. “How much of the following have you consumed in the last 24hours and do you consume regularly in your 
diet?” STATE QUANTITIES 

 Last 24hrs Regularly 

Red Meat   

White Meat   

Fish   

Coffee   

Black tea   

Herbal tea   

Cherries   

Cheese   

Grapefruit   

Liquorice   

Walnuts   

Vanilla   

Carbonated 
(fizzy) drinks 

  

Yoghurt   

Berries   

Alcohol (units)   

PLACE PATIENT 

STICKER HERE 

PLACE RESEARCH 

SAMPLE LABEL 

HERE 
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4. “What was your last meal?”    ………………………………………………….. 
 

5. “How many hours ago did you eat your last meal?”      ………..…..hrs 
 

6. “How many units of alcohol do you drink in an average week?”........................... 
 

7. “Do you smoke (including nicotine replacement)?”  Yes / No 
 

8. “How many hours of exercise do you do in an average week?”      …..hrs 
 

9. “Please list any herbal or over the counter medication you take?”.......................... 
 

10. “Please list any vitamin or other food supplements you take?”............................... 
 

Section 2 – Past Medical History 

 

11. Please list the patient’s complete past medical history – augment with notes if necessary 
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Section 3 – Drug History 

12. Please list the patient’s complete current medication history including dosages. (or attach a copy 

of their prescription)  Please also indicate if the patient has taken his/her prescription as 

prescribed in the last 48hrs. 

Drug Dosage Freq Taken as prescribed 

(last 48hrs) 

    

    

    

    

    

    

    

    

    

    

    

    

    

    

 

Section 4 – Joint Diseases 

 

13. “Which of the following do you suffer with?” 

a. Osteoarthritis     Yes / No 

b. Rheumatoid Arthritis    Yes / No 

c. Psoariatic Arthritis    Yes / No 

d. Septic Arthritis     Yes / No 

e. Gout      Yes / No 

 

14. “Do you have pain free days from your joint?”  Yes / No 
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15. “Is the joint painful at the moment?”   Yes / No 
 

16. “Do you find great variation in the symptoms they feel on a daily basis?”   
Yes  / No 

 

17. Is your joint ever so painful that you cannot walk/get out of bed/use the joint at all? 
Yes  /  No 

 

18. “Have you injured the joint recently?”  Yes 
No     go to section 5 

  

19. “How long ago did you injure the joint?”........................weeks 
  

Section 5 – Injections (ONLY COMPLETE IF PATIENT HAS RECEIVED INJECTIONS OR WILL 

RECEIVE TODAY) 

 

20. “How long ago did you receive the last injection?” ……………..months 
 

21. “Was the injection a Steroid?” Yes    No go to question 22 
 

22. “Did the steroid injection relieve any symptoms and if so how long for?”...................weeks   
go to question 24 

 

23. “Was the injection an artificial lubricant (e.g. Duralane)?”    Yes 
No  go to section 6 

 

24. “Did the lubricant injection relieve your symptoms and if so how long for?”.....................weeks  
 

  

Section 6 – The Joint Sampled (CAN BE COMPLETED WITHOUT PATIENT) 

 

25. Did the patient receive an injection today?        Yes /  No  
 

26. Please give the drug and dosage injected today ……………………………… 
 

27. Was a large joint effusion present?  Yes  /  No 
 

28. Does the patient have any indications of an active synovitis from the history? Yes  / No 
 

29. Does the patient have any signs of active synovitis on examination?        Yes / No 
 

30. Is the patient suspected to have a septic joint? Yes 
No        go to section 7 

 

31. Is the organism known and what is it?  ………………….. 
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Section 7 – Prosthetic Joints (ONLY COMPLETE IF PROSTHETIC JOINT IN SITU) 

  

32. Are there concerns or signs of excessive wear or debris from the prosthetic joint?   Yes  /  No 
 

33. What are the bearing surfaces?     
Metal / Metal      Metal / Poly     Ceramic / Poly   Ceramic / Ceramic 

 

34. How long has the prosthetic joint been in situ?..............................…….yrs 
 

35. What is the make and model of prosthetic joint?.............................................  
 

36. Was this sample taken as part of an operation being performed to revise a joint? Yes / No 
 

37. What was the reason for revision?         Loosening         Wear          Dislocation         Fracture 
 

38. Was bone cement used? Yes / No  
 

39. Is a hybrid fixation used?  Yes 
No     go to section 8 

  

40. What is the uncemented interface?    Grit blasted  /  Hydroxyapatite 
 

Section 8 – Operative findings (ONLY COMPLETE IF SAMPLE TAKEN AT THE TIME OF 

OPERATION) 

 

41. Please list the grade of joint destruction seen and comment which part of the joint was affected 
(draw diagram if helpful)? 
 

 

 

 

 

 

 

 

 

 

42. Was any other joint pathology seen and what was it? …………………………. 
 

43. Was there any prosthetic material (not a joint) remaining in the joint from a previous procedure 
e.g. meniscal repair or suture material?        Yes  /  No 
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Section 9 – Operative findings (ONLY COMPLETE IF SAMPLE TAKEN AT THE TIME OF 

OPERATION) 

 

44. Please list the patients ethnic group 
 

What is your ethnic group? Choose one option that best describes your ethnic group or 

background 

 

White  

1. English / Welsh / Scottish / Northern Irish / British  

2. Irish  

3. Gypsy or Irish Traveller  

4. Any other White background, please describe   

 

Mixed / Multiple ethnic groups  

5. White and Black Caribbean  

6. White and Black African  

7. White and Asian  

8. Any other Mixed / Multiple ethnic background, please describe   

 

Asian / Asian British  

9. Indian  

10. Pakistani  

11. Bangladeshi 

 

 

12. Chinese  

13. Any other Asian background, please describe   

 

Black / African / Caribbean / Black British  

14. African  

15. Caribbean  

16. Any other Black / African / Caribbean background, please describe   

 

Other ethnic group  

17. Arab  

18. Any other ethnic group, please describe 

 

 

Please ensure the samples of blood urine and joint fluid are labelled with the research label 

provided. 

 

Please ensure you have placed an NHS patient sticker on the front of the questionnaire 
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Article focus
 � To identify all metabolites in human syno

vial fluid (hSF), which have been catego
rized by metabolic profiling techniques.

 � To recognize any metabolites that may 
represent potential biomarkers of ortho
paedic disease processes.

Key messages
 � over 200 metabolites have been identi

fied in hSF from the published literature.
 � a total of 26 putative biomarkers have 

been demonstrated in osteoarthritis, inf
lam matory arthropathies, and trauma.

can joint fluid metabolic profiling (or 
“metabonomics”) reveal biomarkers for 
osteoarthritis and inflammatory joint 
disease? 
a SySTeMaTic review

Aims
Metabolic profiling is a top-down method of analysis looking at metabolites, which are the 
intermediate or end products of various cellular pathways. our primary objective was to 
perform a systematic review of the published literature to identify metabolites in human 
synovial fluid (HsF), which have been categorized by metabolic profiling techniques. A sec-
ondary objective was to identify any metabolites that may represent potential biomarkers of 
orthopaedic disease processes.

Methods
A systematic review was conducted in accordance with preferred Reporting Items for system-
atic Reviews and Meta-Analysis (pRIsMA) guidelines using the MeDLIne, embase, pubMed, 
and cochrane databases. studies included were case series, case control series, and cohort 
studies looking specifically at HsF.

Results
The primary analysis, which pooled the results from 17 published studies and four meet-
ing abstracts, identified over 200 metabolites. seven of these studies (six published stud-
ies, one meeting abstract) had asymptomatic control groups and collectively suggested 
26 putative biomarkers in osteoarthritis, inflammatory arthropathies, and trauma. These 
can broadly be categorized into amino acids plus related metabolites, fatty acids, ketones, 
and sugars.

Conclusion
The role of metabolic profiling in orthopaedics is fast evolving with many metabolites already 
identified in a variety of pathologies. However, these results need to be interpreted with 
caution due to the presence of multiple confounding factors in many of the studies. Future 
research should include largescale epidemiological metabolic profiling studies incorporat-
ing various confounding factors with appropriate statistical analysis to account for multiple 
testing of the data.
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 � The results should be interpreted with caution due to 
the presence of multiple confounding factors.

Strengths and limitations
 � The study methodology was robust.
 � The search criteria were broad to ensure all relevant 

articles were captured.
 � There was notable heterogeneity between studies.

introduction
osteoarthritis (oa) is one of the most disabling condi
tions in the western world, affecting approximately 10% 
of the uk population and presenting a major healthcare 
burden. it is a heterogenous disease, which manifests in a 
number of different phenotypes due to various patho
genic factors, ultimately leading to an alteration of the 
whole joint structure.1 it results in progressive degrada
tion of ligaments, cartilage and menisci, synovial inflam
mation, and changes to the subchondral bone with 
common clinical and radiological manifestations.2

The risk factors for oa are multifactorial and involve a 
complex interplay between biochemical, cellular, and 
mechanical factors that ultimately lead to the same end
point. consequently, the risk factors for oa can vary 
among individuals.3

rheumatoid arthritis (ra) is a chronic autoimmune dis
ease characterized by autoantibodies, systemic inflam
mation, and synovitis leading to damage of the affected 
joints.4 early diagnosis is important to delay disease pro
gression by starting early intervention. a wellknown bio
marker of ra is rheumatoid factor (rF). however, this is 
nonspecific and detected in other rheumatic and non
rheumatic conditions such as malignancy, infection, and 
even in some normal individuals.5 anticitrullinated pro
tein antibodies (acPas) are other biomarkers that have 
been suggested as a useful tool to differentiate ra from 
other types of arthritis in the 2010 american college of 
rheumatology/european league against rheumatism 
(acr/eular) classification criteria.6 however, as not all 
ra patients are seropositive for acPa more reliable diag
nostic biomarkers are still required.

various ‘omics’ technologies including proteomics, 
transcriptomics, and genomics have been increasingly 
utilized for the identification of disease biomarkers includ
ing those for ra. Transcriptomics has helped discover 
defencerelated and immunity genes in ra patients and to 
predict the effectiveness of infliximab, the antitumour 
necrosis factorα (TNFα) biological agent, in ra patients.7,8 
Furthermore, genomics has demonstrated differences 
between acPapositive and acPanegative diseases.9

Metabolic profiling (also known as metabolic phenotyp
ing, metabolomics, and metabonomics) is an increasingly 
used approach, which studies the lowmolecularweight 
metabolites within a cell, tissue, or biofluid. These terms 
have been used interchangeably, leading to some confu
sion. Therefore, in this article, the term ‘metabolic profiling’ 

will be used, which is defined as “an individual’s metabolic 
pattern that would be reflected in the constituents of their 
biological fluids.”10

Metabolic profiling is a topdown method of analysis as 
it is looking at the metabolites, which are the intermediate 
or end products of various cellular pathways.11 analyzing 
their concentrations provides a useful avenue to under
standing the relationship of their cellular processes and 
biological reactions.12 as well as genetic factors, this pro
cess accounts for various environmental factors such as 
diet, medication, smoking, and disease. Typically, it is con
ducted with biofluids, the most common of which are 
blood serum/plasma and urine. it can lead to the formation 
of a ‘metabolic fingerprint’, which is unique to a particular 
biochemical perturbation, characteristic of a particular dis
ease process, or toxic stimulus among other things.13

Metabolic profiling has the ability to detect and poten
tially quantify hundreds or even thousands of small mol
ecules simultaneously. The most common techniques 
employed are nuclear magnetic resonance (NMr) spec
troscopy and mass spectrometry (MS). NMr spectroscopy 
is based on the same physical principles as Mri. it uses the 
magnetic property of the nuclei called spin to study the 
interaction of nuclei of the different atoms in a molecule, 
being therefore useful to determine the structures of mol
ecules. The most commonly used nuclei is the proton 
(1h) due to its natural abundance in nature (close to 
100%).14 NMr spectroscopy is fast and nondestructive, 
allowing multiple samples to be measured daily, and the 
same sample can be analyzed multiple times.15 MS is 
more sensitive with greater metabolite coverage than 
NMr spectroscopy, but it often requires prior separation 
of the different types of compounds using chromatogra
phy. liquid chromatography (lc), particularly ultrahigh
performance liquid chromatography (uPlc) is being 
more frequently used due to its increased compound 
resolution and higher throughput. other techniques 
include gas chromatographymass spectrometry (gc
MS), which is more useful for volatile compounds. 
regarding biofluids, lcMS is typically employed, usually 
with both positive and negative ion detection modes 
using standard protocols.16 however, MS does involve 
sample consumption, thus preventing multiple testing of 
the same sample.15 it has been used successfully in clinical 
medicine, toxicology, environmental science, and plant 
science.17–21 it has also been employed in a number of 
conditions to influence clinical practice.19,22,23 The various 
metabolic profiling techniques are often used together to 
provide a wider coverage of the metabolic space.

Metabolic profiling may be well suited for the purposes 
of orthopaedic research due to the great heterogeneity of 
the different disease processes including oa and inflam
matory arthropathies such as ra, with recognition that no 
single biomarker is capable of explaining the breadth of 
pathological and temporal processes associated with 
these conditions.24 combining several biomarkers would 
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also increase its discriminatory capacity.25 Furthermore, as 
metabolic perturbations occur in real time, they indicate 
the current disease state, thus providing a distinct advan
tage over other disease monitoring and diagnostic tech
niques such as radiography.

More recently, metabolic profiling has been used to 
identify metabolites within the urine, blood, and synovial 
fluid (SF) of both animal models and patients with oa.26–28 
changes in joint metabolism may be a contributing fac
tor to the pathogenesis of oa.29 Previous metabolic analy
sis of SF has led to a better understanding of the metabolic 
processes associated with oa and to the identification of 
some of the biomarkers of oa.30,31

The aim of this systematic review was to identify 
metabolites in human SF (hSF), which have been catego
rized by metabolic profiling techniques. The secondary 
aim was to identify any metabolites that may represent 
potential biomarkers of orthopaedic disease processes.

The scope of this systematic review is to look at the role 
of metabolic profiling in identifying the small molecule 
metabolites in hSF and identify any that may represent 
putative biomarkers, specifically using the techniques 
associated with metabolic profiling including MS and 
NMr spectroscopy. Therefore, studies looking at macro
molecules including cytokines and interleukins (ils), plus 
studies utilizing the techniques of genomics, proteomics, 
and transcriptomics, were considered outside the scope 
of this article.32–35

Methods
a systematic review was undertaken in accordance with 
the Preferred reporting items for Systematic reviews and 
Metaanalysis (PriSMa) guidelines.36

eligibility criteria. inclusion criteria consisted of pub
lished articles and abstracts in english looking at small 
molecule metabolism of hSF in any disease state using 
metabolic profiling techniques. The exclusion criteria 
were articles not written in english, patients less than 18 
years old, expert opinions, review articles, and studies 
using the same cohort of patients.
identification of studies. a systematic literature review was 
conducted of the MedliNe (Medical literature analysis 
and retrieval System online), embase (excerpta Medica 
database, amsterdam, The Netherlands), PubMed, and  
cochrane databases without date restrictions on 1 august 
2018. The search terms used are detailed in Supple
mentary Table i.
Screening and assessment of eligibility. Two independent 
reviewers (Pa and uk) looked at the titles of the articles 
identified in the preliminary literature search. any dis
agreement resulted in the article proceeding to the next 
stage of review. The same authors then read the abstracts 
of the remaining articles. any disagreement resulted in 
the articles proceeding to fulltext review. The fulltext 
articles were then reviewed by the same authors and any 
conflict was discussed to achieve consensus.

Risk of bias (quality) assessment. The articles were evalu
ated for relevance, sample numbers, the underlying dis
ease process, statistical power, analytical validity, quality 
of evidence, and conclusions. The Newcastleottawa Scale 
was used to evaluate the study design. relevant meta
bolites were highlighted and where statistical testing 
was performed, significance was quoted. The metabolites 
themselves were identified using various commercial soft
ware packages such as chenomx NMr Suite (chenomx, 
edmonton, canada), as well as by identifying them from 
published databases including the human Metabolome 
database,37 the Biological Magnetic resonance Bank,38 
and various inhouse databases.

Results
Literature search. The electronic database searches 
identified 4,477 articles. Following exclusion of any 
duplicates and reviewing the titles, 4,391 articles were 
excluded. The abstracts of the remaining 86 articles were 
reviewed and a further 14 were excluded as they con
tained duplicate data. of the remaining 72 articles, 25 
were excluded for not meeting the entry criteria, two 
were removed as they contained data from the same 
cohort, three were excluded because they did not look 
at hSF, and two were removed as they looked specifically 
at synovial membranes and not SF. of the remaining 40 
articles, one article was excluded as it had duplicate data, 
one was excluded as it only looked at serum and not 
SF, two were excluded for not using metabolic profiling 
techniques, 11 were removed because the metabolites 
were not clearly identified or only a portion of them were 
presented, and four were excluded as it was unclear in 
these articles which cohort the metabolites were found in 
greater quantities. as a result, 21 studies were eventually 
used (17 articles and four abstracts) (Figure 1).
Study characteristics and quality. The methodology of 
the published studies was assessed using the cochrane 
criteria for bias and the Newcastleottawa Scale. The 
studies included had similar designs and metabolic pro
filing techniques. Patient selection was not random, as 
all studies were looking at specific disease processes. 
Furthermore, blinding was not possible at sample col
lection for either the researcher or the patient. Multi
variate analysis was performed to detect patterns of 
changes in the metabolites detected, which did not 
necessarily involve significance testing. These types of 
analyses were performed mostly using supervised meth
ods, which required information about the sample 
class, and therefore the data could not be blinded. as 
pvalues were not consistently reported in all the stud
ies, reporting bias may exist towards those that do so. 
Furthermore, studies that involve assaying hundreds of 
metabolites may have overestimated the significance of 
the pvalues, unless false discovery rate (Fdr) or valida
tion datasets were utilized. all the identified studies are 
listed in Table i.39–61
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all the identified metabolites have been listed in 
Supplementary Table ii. The identified studies have been 
subdivided into those with healthy controls that have 
identified putative biomarkers and those looking at spe
cific disease processes.
Studies with a healthy control group. adams et al39 exam
ined the cytokine and metabolic differences between 
healthy and endstage posttraumatic arthritic ankle 
(PTaa) joint SF. They identified 29 metabolites in sig
nificantly different concentrations between the PTaa and 
control groups, the most important of which is gluta
mate. Their findings suggest a mainly oxidative and pro
inflammatory environment with an imbalance in amino 
acid (aa) and lipid metabolism among other factors. 
however, there are no pvalues stated in the paper and 

no Fdr or other analysis was performed to account for 
multiple testing.

The metabolic changes in the physiological responses 
of early knee oa were performed by chen et al.43 They 
identified 22 significant metabolic differences between 
the two groups. Most serum aa levels were found to be 
altered in the oa group, suggesting that oa is accom
panied and precipitated by changes in aa metabolism. 
They identified three potential biomarkers: alanine, γ
aminobutyric acid (gaBa), and 4hydroxylproline (hyp). 
alanine and hyp were increased in the oa group and 
gaBa was reduced in the oa group.

dubey et al46 explored whether metabolic profiling 
would identify a distinctive metabolic signature of seron
egative spondyloarthropathy (SSa) that is not influenced 

Records identified through database searching
MEDLINE (n = 2,058)
Embase* (n = 2,274)
Cochrane (n = 145)

Total: 4,477

Literature search title review (n = 4,040)

Duplicate records removed (n = 437)

Records excluded based on title (n = 3,954)

Abstracts containing duplicate data removed (n = 14)

Records based on animal studies excluded (n = 3)
Records based on analysis of synovial membrane excluded (n = 2)

Records consisting of review articles excluded (n = 2)
Records not looking specifically at metabolites excluded (n = 25)

Studies excluded (n = 19):
• Records containing duplicate data (n = 1)
• Records based on serum analysis excluded (n = 1)
• Records not using metabolic profiling techniques (n = 2)
• Records where metabolites are not clearly identified in study
 (n = 11)
• Records with unclear information regarding which cohort the
 metabolites were present in (n = 4)

Literature search abstract review (n = 86)

Literature search abstract review (n = 72)

Literature search full-text review (n = 40)

Total eligible (n = 21):
• Published articles (n = 17)
• Meeting abstracts (n = 4)

Fig. 1

Preferred reporting items for Systematic reviews and Metaanalysis (PriSMa) search and screening flowchart for the role of metabolic profiling in human syno
vial fluid research. *excerpta Medica database, amsterdam, The Netherlands.
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table i. Baseline description of all the studies included in this systematic review

First author/
year

Study design Country of 
origin

Joint Diagnosis Disease 
staging

Sample size type of 
analysis

validated 
analysis

Controls Statistical 
validity

NOS

adams et al, 
201439

case control 
study

uSa ankle radiological Takakura 
grading

n = 20; c = 20 uhPlcMS/MS weak healthy 
asymptomatic 
patients

adequate 7

ahn et al, 
201540

case series South korea N/a clinical N/a n = 24 gcToFMS Strong None adequate 3

anderson et al, 
201841

cohort study uk knee N/a N/a n = 10 (oa); n 
= 14 (ra)

1hNMr N/a None adequate 0

carlson et al, 
201842

case control 
study

uSa N/a N/a N/a n = 5 (oa); n = 
3 (ra); c = 5

lcMS weak Postmortem 
samples

adequate 3

chen et al, 
201843

case control 
study

china knee clinical/
radiological

kl n = 32; c = 35 uhPlcTQMS weak healthy 
asymptomatic 
patients

adequate 8

dubey et al, 
201944

case series india knee N/a N/a n = 8 1hNMr N/a None adequate 0

dubey et al, 
201745

cohort study india knee clinical N/a n = 19 (rea); n 
= 13 (uSpa)

1hNMr N/a None adequate  

dubey et al, 
201946

case control 
study

india knee clinical Braun's, aSaS, 
and acr 
criteria

n = 52 (SSa); 
n = 29 (ra); c 
= 82

1hNMr weak healthy 
asymptomatic 
patients

adequate 6

Furman et al, 
201747

case control 
study

uSa knee clinical Not applicable n = 8; c = 8 uhPlcMS/MS N/a contralateral 
noninjured knee

adequate 7

hwang et al, 
201348

cohort study South korea N/a N/a N/a n = 18 (ra); n = 
11 (oa)

gcToFMS N/a None adequate 6

kang et al, 
201549

case series South korea knee clinical/
radiological

kl (oa); acr 
(ra)

n = 10 (oa); n 
= 10 (ra)

uPlcQToF
MS

weak None adequate 5

khatib et al, 
201850

case series uk knee N/a N/a n = 13 1hNMr N/a None adequate 3

kim et al, 201751 case series South korea knee clinical/
radiological

kl n = 8 (kl1 to 
2); n = 7 (kl3 
to 4)

gcToFMS Strong None adequate 4

kim et al, 201452 case series South korea N/a clinical/
radiological

acr for ra; 
aSaS for aS; 
criteria of 
the 1990 iSg 
for Bd; MSu 
crystals in joint 
fluid for gout.

n = 13 (ra); n 
= 7 (aS); n = 
5 (Bd); n = 13 
(gout)

gcToFMS adequate None adequate 4

leimer et al, 
201753

cohort study uSa ankle radiological N/a n = 19; c = 19 uhPlcMS/MS adequate contralateral 
noninjured 
ankle

adequate 8

Meshitsuka et al, 
199954

case series Japan knee clinical/
radiological

acr n = 14 (ra); n = 
16 (oa)

1hNMr adequate None adequate 2

Mickiewicz et al, 
201555

cohort study canada knee clinical/
radiological

N/a n = 55; c = 13  
(cadaveric  6 
bilateral/1 
unilateral 
sample)

1hNMr; 
gcMS

Strong cadaveric 
controls

adequate 6

Naughton et al, 
199356

cohort study uk knee N/a N/a n = 22 (ra); 
c = 6

1hNMr adequate healthy 
asymptomatic 
patients

adequate 5

yang et al, 
201557

case control 
study

china knee acr N/a n = 25 (ra); c 
= 10

gcToFMS adequate above knee 
amputated 
patients

adequate 6

Zhang et al, 
201458

case series canada hip/
knee

acr eSoa n = 80 lcMS adequate None adequate 5

Zhang et al, 
201559

case series canada knee N/a eSoa n = 69 lcMS adequate None adequate 5

Zhang et al, 
201660

case control 
study

canada knee acr criteria 
and clinical 
judgement

eSoa n = 97 lcMS adequate No SF sample 
controls (only 
serum)

adequate 6

Zheng et al, 
201761

cohort study china knee kl kl2 and kl4 n = 49, c = 21 gcToFMS 
and lcMS/MS

adequate asymptomatic 
patients

adequate 7

1hNMr, nuclear magnetic resonance spectroscopy; acr, american college of rheumatology; aS, ankylosing spondylitis; aSaS, assessment of Spondyloarthritis international Society; Bd, 
Behçet’s disease; c, control group; eSoa, endstage osteoarthritis; gcMS, gas chromatographmass spectrometry; gcToFMS, gas chromatography/timeofflight mass spectrometry; 
iSg, international Study group; kl, kellgren and lawrence; lcMS, liquidchromatography mass spectrometry; MSu, monosodium urate; N/a, not available; NoS, Newcastleottawa 
Scale; oa, osteoarthritis; ra, rheumatoid arthritis; rea, reactive arthritis; SSa, seronegative spondyloarthropathy; TQ MS, triple quadrupole mass spectrometry; uhPlcMS/MS, ultrahigh 
performance liquid chromatography/tandem mass spectrometry; uPlcQToFMS, ultraperformance liquid chromatography quadruple timeofflight mass spectrometer; uhPlcTQMS, 
ultrahigh performance liquid chromatography triple quadrupole mass spectrometry; uSpa, undifferentiated spondyloarthropathy.
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by age and sex. Their control group consisted of two sub
groups of healthy patients, who were stratified by age, 
creating a young and older control group. There were  
a number of patient cohorts consisting of those with 
reactive arthritis (rea), SSa, and ra. They suggested low 
density lipoprotein (ldl), very lowdensity lipoprotein 
(vldl), leucine, lysine/arginine, acetone, glycine, glu
cose, creatine, polyunsaturated fatty acids (PuFas), and 
phenylalanine as putative biomarkers for rea when com
pared to an agematched control group. conversely, leu
cine, lysine/arginine, phenylalanine, and valine were 
suggested as putative biomarkers for discriminating 
between rea and ra.

an abstract published by Furman et al47 analyzed 
healthy and injured knees to identify any metabolic path
ways affected by the knee injury and identify any discrimi
natory SF biomarkers. They demonstrated significantly 
increased sphingomyelin (SPM) and 2hydroxyfatty acids 
in the injury group. They suggested that these may be 
potential SF biomarkers of knee injury and may be prog
nostic indicators of the risk of posttraumatic arthritis.

leimer et al53 attempted to characterize the global 
metabolic profile of SF after intraarticular ankle fractures 
with an emphasis on changes in the lipid profile. They 
identified 16 lipidbased metabolites found in signifi
cantly greater quantities following an intraarticular ankle 
fracture, which subsequently decreased six months post
surgery. Most longchain fatty acids (Fas) and PuFas 
were acutely elevated in the fractured ankles at baseline 
compared to the control group. however, none of these 
were suggested as potential biomarkers. They suggest 
the distinctive lipid signature identified is reflective of 
injury, fracture, and early changes associated with oa.

The metabolic status of normal and ra SF was assessed 
qualitatively by Naughton et al.56 They demonstrated 
increased levels of ldl in ra compared to the control 
group and suggested this to be secondary to inflamma
tion and increased synovial membrane permeability. 
however, the controls were not agematched (25 to 42 
years old) and were younger than the ra group (40 to 67 
years old), which may result in important metabolic 
differences.

Zheng et al61 explored the metabolites of oa. Six 
metabolites were significantly different between the two 
groups. Three were found in significantly greater concen
trations in the oa group and three in the control group. 
gluconic lactone, threonine, and 1,5anhydroglucitol 
(1,5ag) were in significantly greater concentrations in 
oa SF compared to the control group. glutamine, 
tyramine, and 8aminocaprylic acid were in significantly 
lower concentrations in oa SF compared to the control 
group. The authors concluded that a new diagnostic 
model combining two metabolites provides greater sen
sitivity in diagnosing oa than a single metabolite alone. 
Furthermore, gluconic lactone may prove to be a novel 
benchmark for the differential diagnosis of oa from ra 

due to the significant differences in the concentration of 
this metabolite between these conditions with a high 
level of sensitivity and specificity between them.

None of these studies performed Fdr or other analysis 
to account for multiple testing of the data. consequently, 
the results must be reviewed with caution. The metabolites 
identified in this section, which have been proposed to 
serve as putative biomarkers, are listed in Table ii.43,46,47,56,61

Osteoarthritis studies. Mickiewicz et al62 identified two 
metabolites found in significantly greater concen trations 
in oa SF (fructose and citrate) and nine meta bolites 
(oacetylcarnitine, hexanoylcarnitine, Npheny lace
tylglycine, ethanol, ethanolamine, methionine, malate, 
creatine, and 3hydroxybutyrate) found in lower concen
trations in oa SF compared to cadaveric controls.

kim et al51 characterized the metabolite differences bet
ween early and latestage oa. They identified 28 metabo
lites as being significantly different between the groups, 
with all 28 increased significantly in latestage oa.

Zhang et al58 examined the metabolic markers in SF 
that can be used to classify patients with oa into distinct 

table ii. Putative biomarkers identified from studies with an asymptomatic 
control group. all metabolites were identified from human knee synovial fluid.

Underlying 
pathology

Metabolite Change Multivariate 
analysis

oa alanine43 increased in oa viP 3.31, p < 0.001
 hyp43 viP 1.75, p < 0.001
 gluconic lactone61 Fc 1.54, p < 0.05
 Threonine61 Fc 2.71, p < 0.05
 1,5ag61 Fc 1.67, p < 0.05
 gaBa43 decreased in oa viP 2.61, p < 0.001
 glutamine61 Fc 0.28, p < 0.05
 Tyramine61 Fc 0.30, p < 0.05
 8aminocaprylic 

acid61
Fc 0.27, p < 0.05

inflammatory 
arthropathies

acetone46 increased in rea Fc 1.54, p < 0.006

 creatine46 Fc 0.63, p < 0.001
 vldl46 N/a
 glucose46 Fc 1.12, p < 0.367
 glycine46 Fc 1.03, p < 0.02
 ldl46 N/a
 leucine46 Fc 0.83, p < 0.051
 lysine/arginine46 Fc 0.78/1.21, p < 

0.002/p < 0.46
 Phenylalanine46 Fc 1.33, p < 0.122
 PuFa46 N/a
 leucine46 increased in rea 

vs ra
Fc 1.88, p < 0.001

 lysine/arginine46 Fc 1.46/2.07, p < 
0.005/p < 0.001

 Phenylalanine46 Fc 2.56, p < 0.001
 valine46 Fc 1.57, p < 0.001
ra ldl56 increased in ra N/a
knee injury SPM47 increased in 

knee trauma
p < 0.0065 
following Fdr

 2hydroxyfatty 
acids47

p < 0.0065 
following Fdr

15 ag, 1,5anhydroglucitol; Fc, fold change; Fdr, false discovery rate; gaBa, 
γaminobutyric acid; hyp, 4hydroxylproline; ldl, lowdensity lipoprotein; N/a, not 
available; oa, osteoarthritis; PuFa, polyunsaturated fatty acid; ra, rheumatoid arthritis; 
rea, reactive arthritis; SPM, sphingomyelin; viP, variable importance on projection 
score; vldl, very lowdensity lipoprotein.
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subgroups. Broadly speaking, they identified numerous 
metabolites included 40 acylcarnitines (one free carnitine), 
20 aas, nine biogenic amines, 87 glycerophospholipids, 
11 sphingolipids, and one hexose (> 90% was glucose). 
Following multivariate analysis, they identified subgroups 
of oa, which differed in acylcarnitine levels and fat metab
olism. They observed distinctions in the glycophospholip
ids and SPMs. however, as no agematching and no 
correlation to clinical factors took place, it is difficult to 
draw definitive conclusions.

using a similar methodology, Zhang et al63 later inves
tigated the differences between oa and type ii diabetes 
mellitus. of note, leucine and phosphatidylcholine (Pc) 
metabolism were influenced by both diabetes mellitus and 
oa. Phosphatidylcholine is involved in many membrane
related phenomena including forming the essential lipid 
bilayer of all biological membranes, regulation of mem
brane trafficking, and signal transduction.64

an abstract by khatib et al50 investigated whether the 
mechanical loading of the joint during pivot shift will 
reveal a profile of mechanically regulated metabolic 
biomarkers in patients with acl deficient knees. using 
nuclear magnetic resonance spectroscopy (1hNMr), 
they identified a significant difference in alanine and cho
line between pre and postpivot shift testing of acl defi
cient knees. These metabolites remained significant when 
accounting for multiple testing and the authors suggest 
they might be useful for rehabilitation or surgical inter
vention in patients with knee injuries who may be at risk 
of posttraumatic oa.
inflammatory arthropathy studies. a recent study explored 
rarelated biochemical abnormalities by analyzing the 
metabolic profile of knee SF from ra patients and a control 
group.57 These controls were patients who had a ‘high
level’ amputation. however, the paper does not state the 
reason for the amputation nor whether the sample was  
taken before or after amputation, which may have impor
tant metabolic consequences. Following multivariate analy
sis and using a variable projection of importance score 
(viP) > 1 plus p < 0.05, 13 of these metabolites were sig
nificant between the two groups. glucose was decreased 
and lactic acid was increased in ra SF. levels of glucose
1phosphate and dmannose were also decreased.

ahn et al40 evaluated the metabolomic profile of SF in 
patients with Behçet’s disease (Bd) with arthritis com
pared to those with seronegative arthritis (SNa). They 
identified 11 metabolites as being significantly increased 
in Bd with arthritis compared to SNa. These include 
branchedchain aas (Bcaa: valine, leucine, and isoleu
cine), citramalate, glutamate, and methionine sulfoxide.

in an earlier study, kim et al52 also evaluated potential 
biomarkers for ra. Their study consisted of patients with 
ra (n = 13), ankylosing spondylitis (aS) (n = 7), Bd (n = 5), 
and gout (n = 13). These patients were then combined 
into two groups, which were ra and nonra. They identi
fied 20 metabolites that remained significantly different 

between the two groups following robust statistical analy
sis, which they proposed could be putative biomarkers. 
of these, 14 were in significantly greater concentrations 
in the ra group and six were in greater concentrations in 
the nonra group.
Osteoarthritis versus rheumatoid arthritis studies. carlson 
et al42 evaluated global liquid chromatography coupled 
to mass spectrometry (lcMS) based metabolic profi
les as a tool for quantifying biomarkers within SF. Their 
control group consisted of five purchased postmor
tem samples. it is unclear how long after death these 
samples were harvested and the death to postmortem 
interval is likely to be a major confounding variable, 
so this uncertainty might have important metabolic 
consequences.65 They identified five metabolites (cit
ric acid, dlactic acid methyl ester, hydroxyllproline, 
lisoleucine, and lmethionine) found in significantly 
lower concentrations in oa and ra SF, compared to con
trols and one metabolite (lcitrulline) found in greater 
concentrations in oa compared to ra and controls. 
The authors also performed Fdr analysis to account for 
multiple testing.

a recently published abstract explored the role of NMr 
spectroscopy in producing analyzable spectra from a low 
volume of SF taken in a clinical environment.41 They identi
fied 11 metabolites found in significantly different concen
trations between oa and ra SF. Seven were more abundant 
in oa and six were more abundant in ra SF. Their analysis 
suggested the metabolic pathways most impacted were: 
aminoacyltransfer rNa (trNa); biosynthesis; nitrogen 
metabolism; valine, leucine, and isoleucine biosynthesis; 
glycine, serine, and threonine metabolism; and taurine 
and hypotaurine metabolism. The authors allude to their 
methodology being useful for analyzing lowvolume SF. 
however, in their methodology they state that each sample 
consists of approximately 100 ml. Furthermore, although 
the authors mention the term “Fdr < 0.05”, it is unclear 
exactly what analysis took place.

another abstract investigated the metabolites of SF in 
patients with ra and oa to identify the characteristic 
metabolites differentiating the two diseases.48 using gas 
chromatography/timeofflight mass spectrometry (gc/
ToF MS) and following multivariate analysis, they identi
fied 17 metabolites as being found in significantly differ
ent concentrations between the two groups. Six were 
upregulated in ra (maltose, lignoceric acid, uracil, man
nitol, pyrophosphate, and phosphoric acid) and 11 in oa 
(lysine, tyrosine, valine, glyceric acid, alanine, aspara
gine, hydroxylamine, tryptophan, glycerol, glutamine, 
and citrulline).

kang et al49 identified 21 metabolites as being in sig
nificantly different concentrations between ra and oa 
SF. concentrations of lipid metabolites were typically 
higher in ra than oa SF, which has previously been dem
onstrated.66 concentrations of tryptophan metabolites 
also differed significantly between the two groups.
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The ratios of lactate and alanine have also been shown 
to be significantly greater in ra than in oa SF.54

Discussion
Metabolic profiling is an invaluable method of differenti
ating patients with various pathologies from healthy indi
viduals in the clinical setting. This systematic review has 
identified numerous metabolites in different pathologies. 
Specifically, a few putative biomarkers have been illus
trated. The studies identified have further demonstrated 
the important role of lipid mediators and metabolism in 
both oa and ra. however, its role in ra and other inflam
matory arthropathies is more prominent. Furthermore, 
this article has summarized some of the putative biomark
ers identified in the literature, although further studies are 
required to confirm and determine their significance 
(Table ii). looking specifically at these metabolites, colla
tion of these results illustrates how metabolic changes 
may be interlinked in oa and inflammatory arthropathies, 
while postulating the potential metabolic pathways that 
may be affected (Figure 2).

The metabolic homeostasis within a joint is often dis
turbed in the disease state leading to an anaerobic state 
secondary to stress and inflammation. whether these 
changes differ between the diseased joint and the normal 
joint is an important question when considering the impor
tance of diagnostic or prognostic putative biomarkers.
Role of the identified putative biomarkers. Broadly speak
ing, the putative biomarkers in oa can be classified into 
two main groups: aas plus related metabolites (alanine, 
hyp, threonine, gaBa, glutamine, tyramine); and sug
ars plus related metabolites (gluconic lactone, 1,5ag). 
alanine, hyp, and threonine are found in articular carti
lage.67 Their increase in oa SF could be associated with 
increased catabolism of the articular cartilage. This may 
also represent increased energy consumption to account 
for the increased bone turnover and subchondral sclero
sis seen in oa. 1,5ag is a monosaccharide occasionally 
used as a shortterm marker of glycaemia.68 elevation of 
this metabolite in SF is consistent with the reduced glu
cose concentration in oa SF,69 secondary to increased 
energy expenditure. increased gluconic lactone in oa 
SF may be due to autooxidation induced by increased 
levels of reactive oxygen species (roS). roS are able to 
directly induce cartilage degradation by cleaving aggre
can and collagen plus activating matrix metalloprotein
ases (MMPs).70

gaBa arises from glutamic acid,71 which regulates glu
cose, also suggesting increased energy consumption in 
the diseased joint due to less residual glucose. glutamine 
has a role in oxidative metabolism, and reduced levels 
suggest altered oxidative metabolism in diseased joints 
secondary to increased energy expenditure.72 glutamine 
has been shown to supress inflammatory cytokines73 and 
protect chondrocytes from heat stress and nitrous oxide 

(No)induced apoptosis.74 These effects may protect 
chondrocytes from various types of stress and prevent 
progressive cartilage degeneration in oa. Tyramine is 
derived from the aa tyrosine, which is thought to have a 
role in promoting osteophyte formation. increased levels 
have been seen in subchondral bone.55,75

The putative biomarkers increased in inflammatory 
arthropathies can be classified into four main groups: aas 
and related metabolites (creatine, glycine, leucine, lysine, 
arginine, phenylalanine, valine); lipids and lipoproteins 
(ldl, vldl, PuFa); sugars (glucose); and ketone bodies 
(acetone). They identified that aas are all constituents of 
articular cartilage with leucine, proline, glutamic acid, 
and glycine specifically being constituents of proteogly
cans.67 Their increase suggests breakdown of the articular 
cartilage, likely related to the underlying inflammatory 
process. low concentrations of Fas have been demon
strated in hSF. The increased levels of ldl, vldl, and 
PuFa identified here are secondary to increased synovial 
membrane permeability and inflammation associated 
with underlying inflammatory arthropathies.56

Metabolic changes seen in osteoarthritis. Fructose eleva
tion suggests a hypoxic condition of the diseased and 
inflamed knee joint. hypoxia has been shown to result 
in the upregulation of glucose phosphate isomerase, 
which catalyzes the conversion of glucose6phosphate 
(g6P) into fructose6phosphate (F6P) in inflammatory 
arthritis.76 lower concentrations of oacetylcarnitine, 
hexanoylcarnitine, Nphenylacetylglycine, and ethanol
amine indicate protracted Fa and lipid metabolism in 
the SF of oa patients compared to controls.37 decreased 
methionine concentrations indicate its use, where it is 
likely converted to Sadenosylmethionine (SaM), a pro
posed factor for cartilage damage repair and inflamma
tory reduction.77

kim et al51 identified three unique pathways in their 
study, which corresponded to the metabolic differences 
they identified. These were Fa metabolism, glycolipid 
metabolism, and the tricarboxylic acid (Tca) cycle. These 
pathways may be associated with an increasing degree in 
the severity of oa. glycerol and various Fa concentra
tions were more prominent in the latestage oa group. 
Their findings suggest that Fa biosynthesis is predomi
nantly responsible for energy generation in latestage 
oa. Furthermore, increased concentrations of malate in 
the latestage oa group compared to the earlystage 
group suggest a possible difference in the energy level 
between the two groups.

Furthermore, alterations in the concentration and 
composition of phospholipids covering articular cartilage 
has been shown to be associated with the development 
of oa.78

Metabolic changes seen in inflammatory arthropathies.  
glucose was decreased and lactic acid was increased in 
ra SF.57 levels of glucose1phosphate and dmannose 
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Metabolic network analysis of all the putative biomarkers identified in this systematic review demonstrating the associated metabolic pathways. all metabolites 
with a red outline were putative biomarkers. a) Putative biomarkers identified in osteoarthritic synovial fluid (SF). Those in green were raised and those in orange 
were reduced in osteoarthritic SF compared to an asymptomatic control group. b) Putative biomarkers identified in inflammatory arthropathies. Those in green 
and blue were raised in reactive arthritis (rea) compared to an asymptomatic control group; those in blue were also raised in rea compared to rheumatoid 
arthritis (ra); valine (in yellow) was raised in rea compared to ra. adP, adenosine 5'diphosphate; aMP, adenosine 5'monophosphate; coa, coenzyme a; 
gd1a, NacetylneuraminyldgalactosylNacetyldgalactosaminyl(Nacetylneuraminyl)dgalactosyldglucosylceramide; gly, glycine; gM1, dgalactosylN
acetyldgalactosaminyl(Nacetylneuraminyl)dgalactosyldglucosylceramide; gM2, Nacetyldgalactosaminyl(Nacetylneuraminyl)dgalactosyldgluco
sylceramide; gM3, (Nacetylneuraminyl)dgalactosyldglucosylceramide; gM4, Nacetylneuraminylgalactosylceramide; gSh, reduced glutathione; laccer, 
lactosylceramide; lasp, laspartic acid; Neu5ac, Nacetylneuraminic acid; Nh3, ammonia; PrPP, 5phosphoribosyl 1pyrophosphate; rcooh, carboxylic acid; 
ThPP, thiamin pyrophosphate; TPP, thiamin pyrophosphate.
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were also decreased. These decreases may be explained 
by the increased energy demands caused by inflamma
tion in ra. Furthermore, the increased consumption of 
glucose can lead to increased lactic acid production. 
levels of citric acid were decreased in ra SF. citric acid 
is an important component of the Tca cycle, which pro
vides the complete oxidation of acetylcoenzyme a (coa) 
derived from aas, carbohydrates, and fats. consequently, 
this leads to decreased adenosine triphosphate (aTP) pro
duction from the aerobic oxidation process. yang et al57 
suggest that low glucose and high lactic acid concentra
tions in ra SF may represent potential biomarkers of ra.

The increased levels of Bcaas, identified in the study 
by ahn et al,40 result in increased production of il1 and/
or TNFα, which are typically increased in ra and SNa.79 
elevated expression of citramalate has been suggested to 
indicate disturbed metabolism of glutamate in the setting 
of active inflammation.80 elevated expression of citrulline 
and methionine sulfoxide were also identified in this 
study. This may reflect neutrophil hyperactivity docu
mented in Bd.81 ahn et al40 suggest that these metabo
lites may act as potential biomarkers for discriminating 
Bd with arthritis from SNa. however, there are no normal 
controls in their study.

The metabolites identified in a study by kim et al52 are 
major intermediates of Fa and aa metabolism, the Tca 
cycle, and the urea cycle. The authors suggest that aa 
metabolism, the Tca cycle, and the urea cycle were more 
activated in the ra group compared with those in the 
nonra group. although the authors suggest these 
metabolites may be potential biomarkers, there are no 
normal controls and several different disease processes 
were compared. consequently, it is difficult to say with 
any certainty whether any of these metabolites are indeed 
potential biomarkers.
Metabolic changes seen between osteoarthritis and rheu-
matoid arthritis. kang et al49 identified 21 metabolites as 
being in significantly different concentrations between ra 
and oa SF. concentrations of lipid metabolites were typi
cally higher in ra than in oa SF, which has previously been 
demonstrated.66 Furthermore, regulation of inflammation 
includes the roles of lipid mediators and prostaglandins 
(Pgs). leukotrienes and Pgs are crucial in the develop
ment of arthritic diseases.82 concentrations of tryptophan 
metabolites also differed significantly between the oa and 
ra groups. This is an exogenous aa that must be provided 
in the diet. Tryptophan and its metabolites are involved 
in inflammation. one of the metabolites, kynurenine, has 
well known antiinflammatory effects that are toxic to T 
cells and which cause apoptosis.83

although this systematic review has identified many 
metabolites present in different disease states, including 

some putative biomarkers, there are some important 
limitations. There were only seven studies identified in 
the literature with healthy controls.39,43,46,47,53,56,61 Further
more, only two studies performed an analysis to account 
for multiple testing of their dataset and neither of these 
studies had healthy controls.41,42 The presence of multi
ple confounding factors in many of the studies was 
another important limitation. Not all studies accounted 
for age or sex and certainly very few considered medi
cal comorbidities. consequently, the results must be 
viewed with caution. The solution to these limitations 
would be to conduct a largescale epidemiological met
abolic profiling study incorporating multiple confound
ing factors such as age, sex, medical comorbidities, and 
medications with a view to addressing the correlations 
between clinical features of disease, inflammation, and 
metabolism. it should be noted that the majority of 
the reported works are untargeted metabolic profiling 
studies, where the identity of any putative biomarker is 
unknown at the outset. in those cases where metabo
lites were identified or annotated, no parameter of iden
tification certainty, such as the Metabolomics Standards 
initiative (MSi) level of identification, was reported.84 
Therefore, the occurrence of incorrect identifications is 
possible hence affecting further metabolic interpreta
tion and biomarker validation. another important limi
tation of some of the studies is that they do not provide 
quantitative percentage or fold change, but only the 
direction of change.

in conclusion, metabolic profiling is proving to be an 
invaluable method of identifying putative biomarkers in 
the field of orthopaedics unique to different patholo
gies. although numerous studies have been performed 
using these techniques in human SF, larger studies are 
required with healthy controls accounting for multiple 
confounding factors and using robust statistical analysis 
to identify putative biomarkers. This may lead to the 
development of new diagnostic techniques and possible 
treatment strategies. recent advances in both proteomic 
and genetic studies have demonstrated the importance 
of these techniques to improve disease understanding 
and identify biomarkers.85,86 Future studies integrating 
genomic, proteomic, and metabolic profiling techniques 
may provide the greatest hope for the advancement of 
biomarker discovery.

Supplementary Material
Tables showing search terms used for this systematic 
review on the role of metabolic profiling in human 

synovial fluid (hSF) (Supplementary Table i), and a list of 
all identified metabolites by article in hSF (Supplementary 
Table ii).
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s u m m a r y

Objective: The hip and knee joints differ biomechanically in terms of contact stresses, fluid lubrication
and wear patterns. These differences may be reflected in the synovial fluid (SF) composition of the two
joints, but the nature of these differences remains unknown. The objective was to identify differences in
osteoarthritic hip and knee SF metabolites using metabolic profiling with Nuclear Magnetic Resonance
(NMR) spectroscopy.
Design: Twenty-four SF samples (12 hip, 12 knee) were collected from patients with end-stage osteo-
arthritis (ESOA) undergoing hip/knee arthroplasty. Samples were matched for age, gender, ethnicity and
had similar medical comorbidities. NMR spectroscopy was used to analyse the metabolites present in
each sample. Principal Component Analysis and Orthogonal Partial Least Squares Discriminant Analysis
were undertaken to investigate metabolic differences between the groups. Metabolites were identified
using 2D NMR spectra, statistical spectroscopy and by comparison to entries in published databases.
Results: There were significant differences in the metabolic profile between the groups. Four metabolites
were found in significantly greater quantities in the knee group compared to the hip group (N-acetylated
molecules, glycosaminoglycans, citrate and glutamine).
Conclusions: This is the first study to indicate differences in the metabolic profile of hip and knee SF in
ESOA. The identified metabolites can broadly be grouped into those involved in collagen degradation, the
tricarboxylic acid cycle and oxidative metabolism in diseased joints. These findings may represent a
combination of intra and extra-articular factors.

© 2019 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

Osteoarthritis (OA) most commonly involves the hip and knee
joints, and treatment of this condition leads to significant social and
economic costs1. The aetiology of OA is multifactorial, but the final
pathway results in progressive degradation of chondral cartilage
and may involve synovial inflammation and changes to the sub-
chondral bone. This wear of intra-articular tissues results in me-
tabolites in the synovial fluid (SF) that represent inflammatory and
degradation products2.

Hip and knee joints have different biomechanical profiles3,4.
Thus, the wear patterns in these joints is different both clinically
and radiologically. This may in turn lead to differences in the fluid
metabolites related to these wear patterns, although there is

* Address correspondence and reprint requests to: P. Akhbari, Department of
Trauma and Orthopaedics Imperial College NHS Trust Praed Street St Mary's Hos-
pital Salton House London, W2 1NY United Kingdom. Tel.: 44-20-33121930; fax:
44-20-33121471.

E-mail addresses: pakhbari@nhs.net (P. Akhbari), m.jaggard@nhs.net
(M.K. Jaggard), c.boulange09@imperial.ac.uk (C.L. Boulang�e), uddhav.vaghela14@
imperial.ac.uk (U. Vaghela), g.gomes-da-graca@imperial.ac.uk (G. Graça), rajarshi.
bhattacharya@imperial.ac.uk (R. Bhattacharya), j.lindon@imperial.ac.uk
(J.C. Lindon), h.williams@imperial.ac.uk (H.R.T. Williams), c.gupte00@imperial.ac.
uk (C.M. Gupte).

a H.R.T. Williams and C.M. Gupte are joint senior authors.

https://doi.org/10.1016/j.joca.2019.07.017
1063-4584/© 2019 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Osteoarthritis and Cartilage 27 (2019) 1768e1777

mailto:pakhbari@nhs.net
mailto:m.jaggard@nhs.net
mailto:c.boulange09@imperial.ac.uk
mailto:uddhav.vaghela14@imperial.ac.uk
mailto:uddhav.vaghela14@imperial.ac.uk
mailto:g.gomes-da-graca@imperial.ac.uk
mailto:rajarshi.bhattacharya@imperial.ac.uk
mailto:rajarshi.bhattacharya@imperial.ac.uk
mailto:j.lindon@imperial.ac.uk
mailto:h.williams@imperial.ac.uk
mailto:c.gupte00@imperial.ac.uk
mailto:c.gupte00@imperial.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.joca.2019.07.017&domain=pdf
https://doi.org/10.1016/j.joca.2019.07.017
https://doi.org/10.1016/j.joca.2019.07.017
https://doi.org/10.1016/j.joca.2019.07.017


limited evidence of this2,5e7. Several studies have demonstrated
differences in cytokine, enzyme and protein concentrations of SF
between these joints5e7.

Metabolic profiling is a novel technique, which studies the low
molecular weight metabolites within a cell, tissue or biofluid using
either mass spectrometry (MS) or nuclear magnetic resonance
(NMR) spectroscopy. Its potential lies in the ability to analyse
hundreds or even thousands of small molecules simultaneously.
This technique has been employed in several conditions to influ-
ence clinical practice8e10. More recently, it has been used to identify
metabolites within the urine, blood and SF of both animal models
and in humans with OA11,12. This has yielded not only individual
biomarkers for a specific pathological process, but also unique
metabolic “signatures” consisting of many metabolites that may
identify a distinct pathology based on relative concentrations of
these molecules13.

Although recent developments in the field of metabolic profiling
have improved the detection of small molecules in various bio-
logical tissues and fluids, there are few studies examining the small
molecule composition of human SF (HSF)12,14e19. The majority of
these have used MS, which has good sensitivity. However, MS is
limited by variable ionisation and ion suppression effects, which
impair analyte detection20 and involves destruction of the samples
such that repeat testing is precluded. Furthermore, in order to
improve metabolite resolution, MS is usually coupled with prior
separation of the fluid using chromatography or capillary
electrophoresis.

Whilst NMR spectroscopy has a lower sensitivity and a sparser
metabolite coverage than MS, its strengths lie in universality of
detection, ease of quantitation and the ability to annotate spectral
features. It is fast and non-destructive allowing multiple samples to
be measured in a day, and the same sample can be analysed
numerous times, unlike with MS20.

Previous analysis of SF has led to a better understanding of
the metabolic processes associated with OA and also led to the
identification of some of the biomarkers of OA such as arginine
and the ratio of branched chain amino acids (BCAAs) to histi-
dine12,19,21,22. However, these studies have examined hip and
knee SF as a homogeneous group12,14e19. There are currently no
studies in the literature utilising NMR spectroscopy to assess the
differences in small molecule composition between hip and knee
SF.

Aims and hypothesis

Our hypothesis was that there were differences in the metabolic
composition of SF of end-stage osteoarthritic hip and knee joints.
The aim of this study was therefore to identify these differences
using NMR spectroscopy.

Materials and methods

Ethical approval was granted by our local research ethics
committee (Project 15/LO/0388) and all patients gave informed con-
sent to participate in this study. From the available samples, pa-
tients were matched exactly for gender and within 5 units for
body mass index (BMI) and 5 years for age. From this cohort,
patients with similar medical comorbidities were selected in an
attempt to remove these as confounding factors. SF was harvested
from 24 patients undergoing primary hip (12 patients) or knee (12
patients) arthroplasty for end-stage osteoarthritis (ESOA) at our
institution. ESOA was confirmed based on the patient's symptoms,

radiographs and intraoperative findings. All patients completed a
questionnaire, which included information on demographics, diet,
lifestyle, medical co-morbidities, medications, duration and
severity of symptoms and previous intra-articular injections. Co-
morbidities included metabolic-related diseases (diabetes, hyper-
tension, ischaemic heart disease, gout, osteoporosis, raised
cholesterol and stroke). Data was also collected from the patient's
records on BMI.

Sample preparation and metabolic profiling

Samples were collected intraoperatively using a standardised
protocol. The knee joint was approached using a midline inci-
sion and medial parapatellar approach, whilst a posterior
approach was used for the hip23. Following skin incision but
prior to hip capsulotomy/knee arthrotomy, a 14G syringe was
inserted into the suprapatellar pouch of the knee/along the
femoral neck of the hip and SF was aspirated. The sampling
technique was similar between the groups. Samples were ali-
quoted and centrifugated at 10,000 g for 15 min. The superna-
tant was aliquoted, thus removing any cellular material or
debris. All samples were stored at �80�C for a maximum of 6
months before analysis.

Samples were defrosted no more than 1 h before being assayed.
Each sample (400 ml) was combined with an equal amount of
75 mmol/L sodium dihydrogen phosphate (NaH2PO4) buffer at pH
7.4 containing 6.2 mmol/L sodium azide (NaN3) and 4.6 mmol/L of
3-(trimethylsilyl)-2,2,3,3-tetradeuteropropionic acid sodium salt
(TSP) and 20% deuterium oxide (D2O) as published by Dona
et al.24.

Control samples containing only buffer were run in tandem
with the HSF samples to identify and exclude potential contami-
nation, which may have occurred at any stage during sample
preparation.

Experiments were performed using a Bruker® Avance III
600 MHz spectrometer with a Samplejet 96 well autosampler. One
dimensional (1D) high resolution NMR (1H-NMR) spectra were
acquired for each sample using the NOESY 1D pulse sequence with
optimised water presaturation, as a sum of 128 free induction de-
cays, with 128 k complex points, a mixing time of 10 ms, a delay
between the two 90

̊

radiofrequency pulses of 4ms and a relaxation
time of 4s.

NMR spectral chemical shifts were internally referenced to
glucose (5.23 ppm), automatically phased and baseline corrected.
An exponential functionwas applied to the NMR FIDs prior to being
Fourier transformed providing a line broadening of 0.3 Hz, using
Topspin 3.2 (Bruker, Germany). The NMR spectra were then im-
ported into Matlab™ (Matlab2016b, Mathworks, Massachusetts,
United States) and consisted of 27,492 data points. Spectra were
aligned according to the method developed by Veselkov et al. to
allow comparison of peaks between samples25. A median-fold
change normalisation method was used to normalise the
spectra26. Following normalisation, the data was scaled to unit
variance27.

Metabolite identification

Metabolite identification was achieved by matching chemical
shift and peak multiplicity with information in the literature and
databases (Human Metabolome Database28, Biological Magnetic
Resonance Bank29). Statistical total correlation spectroscopy
(STOCSY)30 was used to aid metabolite identification by
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demonstrating peaks (or variables), which show statistical corre-
lations with other peaks (or variables) in the spectra, and thus
belong to the same molecule or originate from another molecule
related functionally30. Two-dimensional NMR spectra, namely
1He1H total correlation spectroscopy (TOCSY) and 1He13C hetero-
nuclear singleequantum correlation spectroscopy (HSQC), were
acquired for representative samples to further confirm the identi-
fied metabolites.

Statistical analysis

To analyse the large dataset (27,492 variables per sample)
generated by NMR, Principal Component Analysis (PCA) and
Orthogonal Partial Least Squares-Discriminate Analysis (O-PLS-
DA), are the most prominent multivariate analysis techniques31.
The different data points of the NMR spectra can be thought of
being part of a multidimensional graph representing “metabolic
coordinates”. A more detailed explanation can be found in the
article by Lindon et al.20 and in Appendix 1. Analysis was per-
formed using the SIMCA 14™ statistical package (Sartorius Ste-
dim Biotech, Umea, Sweden). PCA provides an overview of the
samples, highlights clustering, and identifies outliers. O-PLS-DA
modelling was used to further investigate the differences be-
tween the groups. In this method, we regress the NMR data (X
matrix) against class variables for the two groups or Y variable.
The Y variable is a numerical vector, which encodes the group
information. Using this procedure, we identified differences be-
tween the two groups. In order to assess the model validity,
seven-fold cross validation was performed. The parameters Q2Y
and R2Y were evaluated as measures of model fitting. The
goodness of prediction (Q2Y) measures the predictability of the
model. The goodness of fit (R2Y) is the proportion of the NMR
data that explains the differences between the two groups (Y
variable). The robustness of the model was assessed by calcu-
lating the Q2Y 100 times by randomly assigning the cross-
validation groups (the samples predicted in each of the seven
cross-validation rounds). The Q2Y values were compared with
Q2Y values obtained after performing 100 permutations of the Y
variable. The model was considered reliable if the Q2Y confi-
dence intervals of the permuted and non-permuted models did
not overlap.

The metabolite signals responsible for the separation between
the two groups were identified from the O-PLS-DA model loadings
plot. The O-PLS-DA separates the data into predictive components
that explains the differences between the two groups and the
orthogonal component that contains the remaining unrelated in-
formation. Only signals with a correlation coefficient to the Y var-
iable >0.6 were considered to have a significant impact on group
separation. To better identify the peaks, back transformation of the
loadings was performed by multiplying each variable by its stan-
dard deviation. The NMR signals related to the predictive compo-
nents are then integrated to demonstrate the differences between
the two groups for the identified metabolites. The individual peaks
of all the spectra were also visualised to see if there were any
obvious differences between the two groups. The area under each
metabolite peak was analysed by univariate analysis, using the
Student's t-test.

The false discovery rate (FDR) adjusted p-values were calculated
using the Benjamini-Hochberg method32 and was performed to
account for multiple testing of the identified metabolites. Network
analysis was performed on the identified metabolites to further the

interpretation of metabolic changes, using the MetaboNetworks
software in Matlab™33.

Results

Patient demographics

There were no significant differences in age (P ¼ 0.27), gender
or BMI (P ¼ 0.71) between the groups and the common medical
co-morbidities were also similar (Table I). Two hip and three knee
patients had received a steroid injection. One injection in the
knee group was performed 6 months before the HSF sample was
taken and the remaining four injections were performed over a
year before the samples were taken. None of the patients had
received a synthetic hyaluronic acid injection. The full list of
medical co-morbidities and medications are included in
Appendix 2.

PCA and O-PLS-DA analysis of differences between hip and knee
metabolites

A typical 1H-NMR spectra of hip and knee SF from the cur-
rent cohort is demonstrated in Fig. 1. The PCA scores plot (Fig. 2)
demonstrated some separation between the 1H-NMR spectra in
the hip and knee groups in PC1 (24%). This suggested that there
may be metabolic differences in the HSF composition of the two
joints. Although PC2 (15%) and PC3 (11%) are still associated
with variability within the data, no separation is observed in the
scores of those components (Fig. 2 and Appendix 3). The knee
group demonstrated tighter clustering whereas the hip group
showed more variability based on the NMR spectra of HSF.
Further inspection of the PCA scores plots showed that the
heterogeneity of the hip group is not motivated by age, gender
or BMI (Appendix 4).

By using seven-fold cross-validation, an O-PLS-DA model with
good predictive ability was obtained (Q2Y ¼ 0.360 [95% CI
0.348e0.373], R2Y ¼ 0.873). This was further confirmed by running
permutation analyses on the model (Q2Y �0.234 [95% CI -0.298
to �0.170] and R2Y 0.705 [95% CI was 0.693e0.716]) [Fig. 3(a)]. O-
PLS-DA analysis showed separation between hip and knee SF
[Fig. 3(b)] and allowed identification of the metabolite resonances,
which were responsible for the separation of the hip and knee

Table I
Patient demographics. There was no significant difference in age (P ¼ 0.27), gender,
BMI (P ¼ 0.71) or medical co-morbidities between the groups. IHD, Ischaemic heart
disease; DM, Diabetes Mellitus; CVA, Cerebrovascular Accident

Hip Knee

Number of patients 12 12
Age (Mean ± SD) 67.7 (12.2) 63.3 (21.2)
Gender (Male: Female) 3:9 3:9
BMI (Mean ± SD) 30.4 (5.1) 29.9 (4.6)
Ethnicity 11 Caucasian 9 Caucasian

1 Asian 2 Afro-Caribbean
1 Asian

Disease (Number of patients per group)
IHD 2 0
Hypertension 9 8
Hypercholesterolaemia 7 6
DM 4 2
CVA 1 0
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groups through inspection of the back-scaled O-PLS-DA loadings
plot.

All the metabolites consistently identified in all samples are
listed in Appendix 5. HSF from the knee group showed greater
levels of alanine, citrate, dimethylsulfone, glucose, glutamine, gly-
cosaminoglycans (GAGs), histidine, lysine, N-acetylated molecules,
pyruvate and valine compared to the hip group. HSF from the hip
group showed greater levels of choline compared to the knee group
[Fig. 4(a) and (b)].

Evaluation of individual spectra

The individual spectral analysis confirmed the metabolic dif-
ferences identified from the back-scaled loadings plot of the O-PLS-
DA and additionally revealed greater quantities of tyrosine in the
knee and hypoxanthine in the hip group (Fig. 5). All the metabolites
identified that were found in different quantities between the 2
groups are listed in Table II. Following FDR adjustment of the p-
values, four of these metabolites remained significant (Table II).

Fig. 1. Typical 1H-NMR spectra taken from the study cohort demonstrating some of the identified metabolites. a. Knee synovial fluid. b. Hip synovial fluid. GAGs e

glycosaminoglycans.

Fig. 2. PCA scores plot of PC1 vs PC2 with each data point representing the NMR spectrum of an individual human synovial fluid sample and demonstrating separation between the
hip and knee groups. The ellipse represents Hotelling T2 with 95% confidence interval. The percentage variation explained is 24% for PC1 and 15% for PC2. PC e principal component.
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Fig. 3. O-PLS-DA model of osteoarthritic SF comparing hip and knee groups. a. Graphical representation of the permutation analysis demonstrating that all the permuted models
have a Q2Y value lower than the values obtained in the hip vs knee synovial fluid model. b. Scores plot of the cross-validated O-PLS-DA model demonstrated a good separation
between the hip and knee groups with differences in the spectra of each sample explained by whether the fluid was taken from the hip or knee joint. The ellipse represents
Hotelling T2 with 95% confidence interval. SC e separating component; OC e orthogonal component.

Table II
Metabolites identified from the back-scaled loadings, univariate analysis and confirmed by 2D-NMR spectra. Following FDR adjustment, only four of the 14 identified me-
tabolites remained significant and theywere all found in greater quantities in the knee group (*). The chemical shift indicates whichmetabolite peaks were integrated and used
for metabolite comparison between the two groups. The peak area for the two cohorts is also provided, but the units are arbitrary and hence not included. GAG e glycos-
aminoglycans; ppm e parts per million; 95%CIs e 95% confidence intervals; FDR e false discovery rate

Metabolite ID NMR chemical
shift (ppm)

Joint containing
higher concentration
of metabolite

Peak area: knee
cohort (mean [95%CIs])

Peak area: hip cohort
(mean [95%CIs])

P-value (Student's
t-test)

FDR-adjusted
P-value

N-Acetylated
molecules*

2.02 knee 1,674.9 [1365.6e1984.1] 625.7 [386.7e864.7] 0.000034 0.001

GAG* 7.97 knee 2,615.1 [2,352.4e2,877.8] 1,669.9 [1371.6e1968.2] 0.00012 0.004
Citrate* 2.53 knee 1,243.2 [1065.2e1421.2] 766.1 [639.4e892.7] 0.00037 0.012
Glutamine* 2.45 knee 2,759.4 [2,366.2e3,152.6] 1,837.5 [1622.2e2052.8] 0.0009 0.028
Hypoxanthine 8.18 hip 33.7 [27.8e39.5] 54.8 [44.2e65.5] 0.003 0.110
Dimethylsulfone 3.15 knee 139.8 [104.0e175.5] 71.8 [50.1e93.5] 0.005 0.167
Tyrosine 7.19 knee 254.8 [207.6e301.9] 166.8 [139.0e194.6] 0.006 0.183
Lysine 3.03 knee 608.2 [540.3e676.0] 483.4 [444.0e522.8] 0.006 0.200
Choline 3.19 hip 160.5 [130.2e190.8] 254.8 [203.7e305.9] 0.006 0.200
Pyruvate 2.37 knee 529.8 [444.3e615.3] 350.6 [259.4e441.8] 0.010 0.339
Valine 1.04 knee 1,506.4 [1219.2e1793.7] 1,047.8 [924.1e1171.6] 0.012 0.384
Glucose 5.23 knee 4,113.4 [3,448.2e4,778.6] 2,742.3 [2000.9e3,483.6] 0.013 0.436
Histidine 7.05 knee 166.3 [139.2e193.4] 125.7 [113.6e137.9] 0.017 0.566
Alanine 1.47 knee 2,666.4 [2,121.0e3,211.8] 1,829.8 [1452.1e2,207.5] 0.023 0.751
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These were N-acetylated molecules, GAGs, citrate and glutamine. A
network analysis of all the identifiedmetabolites was created and is
included in Appendix 6.

Discussion

SF of hips and knees with end-stage OA (ESOA) was examined
for small metabolites using NMR spectroscopy. After appropriate
statistical analysis (PCA, O-PLS-DA, FDR adjustment of P-values),
there were significant differences in four metabolites (N-acetylated
molecules, GAGs, citrate and glutamine), which were found in
greater quantities in knee SF.

FDR analysis ensures that detected differences are unlikely
to be due to chance, but this can lead to false negatives when
small numbers of samples are used. For this reason, the
remaining metabolites are also considered in the discussion.
Eight further metabolites (alanine, dimethylsulfone, glucose,
histidine, lysine, pyruvate, tyrosine and valine) were found in

greater proportion in the knee group and two metabolites
(choline and hypoxanthine) were found in greater proportion in
the hip group. The possible functions of these metabolites are
listed in Appendix 7.

This is the first study to examine the metabolic differences in
HSF between the hip and knee joints in patients with ESOA. All
the identified metabolites can broadly be grouped into those
involved in proteoglycan (PG) and collagen degradation, the
tricarboxylic acid (TCA) cycle, lipid metabolism and BCAA
catabolism.

Analysis of metabolite differences

Table III lists the possible functions of the four metabolites,
which remained significant following FDR adjustment.

GAGs are typically found in the extracellular matrix (ECM)34.
They attach to a core protein leading to the formation of PGs. Due to
their important role in maintaining the turgor pressure of articular

Fig. 4. Back-scaled loadings plot of SC from the O-PLS-DA model. a. The significant metabolites are red peaks, with those pointing upwards significantly increased in knee and those
pointing downwards significantly increased in hip synovial fluid. b. Expansion of the Back-scaled loadings plot demonstrating the difference between the glucose and choline peaks.
GAGs e glycosaminoglycans; SC e separating component; ppm e parts per million.
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cartilage35, the greater proportion of GAGs in the knee group sug-
gests a greater rate of articular cartilage breakdown compared to
the hip group. This results in altered tribological and mechanical
responses, ultimately leading to matrix degradation36. As hyal-
uronic acid (HA) is the principal N-acetyl-glucosamine containing
polymer in SF, a greater intensity of the N-acetylated molecule
signal in the knee group suggests greater PG and hence cartilage
degradation37.

Citrate is a major intermediary in the TCA cycle, urea cycle,
amino acid and fatty acid metabolism38. The TCA cycle is a key
biochemical pathway that provides cellular energy in the form of
Adenosine Triphosphate (ATP) by oxidative conversion of carbo-
hydrates. Most of carbon contributes to the TCA cycle through the
conversion of glucose to pyruvate, but there is also a contribution of
glutamine to the TCA intermediary alpha-ketoglutarate. Glutamine
has an important role in oxidative metabolism, and therefore
elevated levels suggest altered oxidative metabolism in diseased
joints39. Our results agree with other studies, demonstrating that
alterations in the metabolic profile of SF from OA patients also
suggests a role for altered energy metabolism in OA15,17,21. The
greater abundance of TCA intermediaries in the knee group could
also be related to mitochondrial dysfunction, where the TCA cycle
functions40.

A network analysis of all the identified metabolites was per-
formed, including those that did not survive FDR correction
(Appendix 6). This illustrates several different pathways involved in
hip (phospholipid metabolism via choline) and knee (amino acids,
TCA and glucose metabolism) osteoarthritic HSF metabolism. This
correlates with the potential functions of these metabolites
described above and in Appendix 7.

Possible causes of differences in hip and knee synovial fluid
metabolites

It is important to realise that OA is a heterogenous syndrome
with various aetiopathogenic phenotypes. Therefore, a more inte-
grated approach is required when thinking about the pathological

processes involved in this condition. This remains true when
considering the metabolic differences between the hip and knee
groups. Broadly speaking, these differences may be due to or a
combination of intra and extra-articular factors.

The hip has classically been thought of as a ball and socket
joint with a high level of conformity3. On the other hand, the
knee joint is less conforming with greater contact stresses, due
to a smaller area of contact between the tibio-femoral articula-
tions. One of the functions of the meniscus is to increase the
contact area in the knee to help distribute joint forces to a larger
surface area than the direct tibio-femoral cartilage contact re-
gion4. However, in severe knee OA, the meniscus does not always
function normally due to meniscal tears or calcification, thus
reducing its ability to act in this capacity. Consequently, there
may be greater point loading in the knee resulting in a larger
force through a smaller area, whereas in the hip there is a more
volumetric wear pattern due to the greater conformity. In
addition, SF incorporates metabolites from the surrounding tis-
sues within the joint, as well as systemic sources. Synovial
inflammation in OA may have an important role. There are
numerous pathways and mediators, which may be responsible,
including proinflammatory mediators, such as interleukin-10
(IL-10) and transforming growth factor-b (TGF-b), and matrix
metalloproteinases, ultimately resulting in changes to the
metabolic profile of SF41. Mitochondrial activity has also been
shown to increase when exposed to osteoarthritic SF41.
Furthermore, plasma and SF bone morphogenic protein-2 (BMP-
2) levels have been positively correlated to the severity of knee
OA42. Cartilage turnover has been demonstrated to be signifi-
cantly greater in the knee than the hip, suggesting different
mechanisms of disease progression between these joints43. This
was felt to be due to differences in protein turnover, more spe-
cifically, the attempted cartilage repair response.

Extra-articular factors include age, BMI and medical co-
morbidities. Obesity has been linked to OA in both the hip and
knee, but its effect is more profound in the knee joint44. However,
in this study, patients were matched for age and BMI in attempt to

Fig. 5. Metabolite analysis from spectral inspection. Figure demonstrates differences in signal intensity between the groups. Valine & glutamine were identified from the back-
scaled loadings but have been inserted to demonstrate they still show a difference between the groups on spectral inspection. Tyrosine & hypoxanthine did not show signifi-
cant differences on the back-scaled loadings, but the differences are apparent when comparing the individual spectra. SF e synovial fluid; ppm e parts per million.

P. Akhbari et al. / Osteoarthritis and Cartilage 27 (2019) 1768e17771774



remove these as confounding factors. Similarly, there were com-
parable medical co-morbidities in both groups to reduce their ef-
fects as potential confounding factors.

Although the metabolic differences identified in this study may
soley be due to the disease process or reflect differences in normal
cartilage and SF biology, it is more likely to be represented by a
complex interplay of all these factors.

Potential of NMR and MS in further analysis of SF in health and
disease

There are a few spectroscopic methods available to analyse
metabolites and generatemetabolic datasets for complex biological
samples. 1H-NMR spectroscopy produces a comprehensive profile
of metabolic signals without derivatization, separation and pre-
selected measurement parameters45.

In the past decade, 1H-NMR-based metabolic profiling has
developed into a powerful tool for the identification of metabolites
and biochemical markers for a variety of human disorders46.
Metabolic profiling of SF provides a direct representation of what is
taking place in the joint and yields the most accurate and joint
specific metabolic profile that is relevant to OA47.

There is some evidence in the literature that biomarkers exist in
SF for numerous conditions including OA degradation
products12,14,17e19,21,22, prosthetic joint infection48,49, and bacterial
infection in native joints50. The techniques utilised in this study could
be used in larger groups to further analyse the relevance of previ-
ously found biomarkers in joint disease and to identify new meta-
bolic patterns of diseases such as OA and inflammatory arthritis.

Our study demonstrates the potential of metabolic profiling of
joint fluid using NMR spectroscopy to identify important metabo-
lites in these conditions.

At present the above speculations remain little more than hy-
potheses with a modicum of evidence already in the literature.
Further studies should utilise a larger group of fluid samples with a
more targeted analysis of individual metabolites for a specific pa-
tient group or disease category.

Limitations

Despite the samples in both groups being matched for age,
gender, BMI, with similar medical comorbidities and ethnicity, the
overall numbers were small (12 in each group). However, the
validated O-PLS-DA model demonstrated 14 metabolites that were
significantly different between the hip and knee groups, four of
which remained significant following univariate testing and FDR
adjustment. Secondly, there was no age/gender-matched non-
arthritic control groups, although such samples would be difficult
to acquire because of ethical constraints. Furthermore, this study
did not take into account the number of compartments in the knee
affected with OA. However, our unpublished analysis has not

demonstrated any metabolic differences between OA affecting one
or more compartments.

Conclusion

To our knowledge, this is the first study to indicate differences in
the metabolic profile of HSF between the hip and knee joints in
patients with end-stage OA. There were four metabolites found in
significantly greater proportions in the knee group (N-acetylated
molecules, GAGs, citrate and glutamine). These metabolites have a
role in collagen degradation, the TCA cycle and oxidative meta-
bolism in diseased joints.

Further research is requiredwith a larger group of patients and a
control group to see if these metabolites may serve as putative
biomarkers for the diagnosis of knee OA, monitoring of disease
progression and/or future treatment strategies.
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�� SynoViUM

Differences between infected and 
noninfected synovial fluid

An oBseRvAtionAl study using metABoliC PhenotyPing (oR 
“metABonomiCs")

Aims
The diagnosis of joint infections is an inexact science using combinations of blood inflamma-
tory markers and microscopy, culture, and sensitivity of synovial fluid (SF). There is potential 
for small molecule metabolites in infected SF to act as infection markers that could improve 
accuracy and speed of detection. The objective of this study was to use nuclear magnetic 
resonance (NMR) spectroscopy to identify small molecule differences between infected and 
noninfected human SF.

Methods
In all, 16 SF samples (eight infected native and prosthetic joints plus eight noninfected joints 
requiring arthroplasty for end- stage osteoarthritis) were collected from patients. NMR spec-
troscopy was used to analyze the metabolites present in each sample. Principal component 
analysis and univariate statistical analysis were undertaken to investigate metabolic differ-
ences between the two groups.

Results
A total of 16 metabolites were found in significantly different concentrations between the 
groups. Three were in higher relative concentrations (lipids, cholesterol, and N- acetylated 
molecules) and 13 in lower relative concentrations in the infected group (citrate, glycine, 
glycosaminoglycans, creatinine, histidine, lysine, formate, glucose, proline, valine, di-
methylsulfone, mannose, and glutamine).

Conclusion
Metabolites found in significantly greater concentrations in the infected cohort are markers 
of inflammation and infection. They play a role in lipid metabolism and the inflammatory re-
sponse. Those found in significantly reduced concentrations were involved in carbohydrate 
metabolism, nucleoside metabolism, the glutamate metabolic pathway, increased oxidative 
stress in the diseased state, and reduced articular cartilage breakdown. This is the first study 
to demonstrate differences in the metabolic profile of infected and noninfected human SF, 
using a noninfected matched cohort, and may represent putative biomarkers that form the 
basis of new diagnostic tests for infected SF.

Cite this article: Bone Joint Res 2021;10(1):85–95.

Keywords: metabolic profiling, metabonomics, nuclear magnetic resonance spectroscopy, infection, synovial fluid

Article focus
�� to identify metabolic differences between 

infected and noninfected human synovial 
fluid using nuclear magnetic resonance 
spectroscopy.

Key messages
�� A total of 16 metabolites were found in 

significantly different concentrations 
between the infected and noninfected 
human synovial fluid.
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�� three metabolites were in higher relative concentra-
tions in the infected group (lipids, cholesterol, and 
n- acetylated molecules).
�� A total of 13 were in lower relative concentrations in 

the infected group (citrate, glycine, glycosaminogly-
cans, creatinine, histidine, lysine, formate, glucose, 
proline, valine, dimethylsulfone, mannose, and 
glutamine).

Strengths and limitations
�� this is the first study to identify important metabolic 

differences between infected and noninfected human 
synovial fluid.
�� the samples in both groups are matched for age, sex, 

and medical comorbidities, which is a strength.
�� the small number of samples (16) used in this study 

is a limitation.

introduction
Periprosthetic joint infection (PJi) is one of the most 
devastating complications of joint arthroplasty, affecting 
between 0.7% and 2.4% of arthroplasty patients,1 and 
remains the commonest indication for revision arthro-
plasty.2 infection in the native joint is also problematic 
and, left untreated, can lead to irreversible degenera-
tive changes in the joint. Joint infections can also lead to 
systemic sepsis, resulting in increased patient morbidity 
and a risk to life. therefore, rapid identification of bacte-
rial species in synovial fluid (sF) is important for several 
reasons. it provides important diagnostic information, 
critical information for identifying the likely source of 
infection, and identification of antibiotic resistance and 
sensitivity that facilitates appropriately targeted antibiotic 
therapy.3

microscopy, culture, and sensitivity remain the gold 
standard for identification of infecting organisms in both 
septic arthritis and PJi. however, diagnosis is becoming 
increasingly challenging due to the increased incidence 
of polymicrobial infections and PJis due to biofilm- 
producing bacteria and slow- growing, fastidious organ-
isms.4 serological markers of infection, such as CRP and 
esR, have been widely used as screening tests for PJi, 
due to the ease by which they can be obtained, their low 
cost, and relatively high sensitivity. threshold values of 1 
mg/dl for CRP and 30 mm/hr for esR have been widely 
accepted.5 however, their specificity is not high and they 
are often found elevated in the early postoperative period 
and in noninfectious inflammatory conditions.

other markers remain under investigation as potential 
alternative or complementary markers of infection. these 
include interleukin-6, procalcitonin, tumour necrosis 
factor alpha,6 d- dimer,7 and intercellular adhesion mole-
cule-1.8 however, the most promising biomarkers are 
currently alpha- defensin (α-defensin) and leucocyte 
esterase. Alpha- defensin has been claimed to be the most 
accurate single biomarker for PJi.9 A systematic review 

and meta- analysis demonstrated a pooled diagnostic 
sensitivity and specificity, from six studies, of 1.00 (95% 
confidence interval (Ci) 0.82 to 1.00) and 0.96 (95% Ci 
0.89 to 0.99).9 however, synovasure, the on- table quick 
lateral flow test kit by Zimmer Biomet (Warsaw, indiana, 
usA), has mixed results, and one meta- analysis has 
shown it to be much less accurate than the α-defensin 
laboratory immunoassay.10 therefore, its results must be 
interpreted carefully. the leucocyte esterase colorimetric 
strip test also allows for improved accuracy of diagnosis 
and more timely management of the underlying infec-
tion. A systematic review and meta- analysis of five studies 
demonstrated a pooled diagnostic sensitivity and speci-
ficity of 0.81 (95% Ci 0.49 to 0.95) and 0.97 (95% Ci 0.82 
to 0.99).9

Recent articles have summarized some of the serum 
biomarkers for PJi and discuss a shift towards genomics 
and proteomics as important techniques in identifying 
putative biomarkers.11,12 however, less is known about 
the role of molecular techniques in identifying putative 
biomarkers in infected sF. molecular techniques are a 
promising frontier in the diagnosis of both septic arthritis 
and PJi. they are particularly suited for the diagnosis 
of PJi caused by a biofilm and are culture- independent 
techniques. metabolic phenotyping is a novel technique, 
which studies the metabolites within a cell, tissue, or 
biofluid using either mass spectrometry (ms) or nuclear 
magnetic resonance (nmR) spectroscopy. this technique 
has been employed in a number of conditions to influ-
ence clinical practice.13 its potential lies in the ability to 
analyze hundreds or even thousands of small molecules 
and mobile moieties within macromolecules, such as 
lipo- and glycoproteins, simultaneously. this can provide 
not only individual biomarkers for a specific pathological 
process, but also identify a unique metabolic “signa-
ture” consisting of many metabolites that may identify 
a distinct pathology based on relative concentrations of 
these molecules.

in contrast to ms, nmR requires little sample prepara-
tion and can be performed more rapidly. there are few 
nmR studies looking for biomarkers of sF infection, all of 
which contain unmatched cohorts or results that are not 
statistically significant.14–16

our hypothesis was that there were differences in the 
metabolic composition of infected and noninfected sF 
manifesting as small molecule differences. the aim of this 
study was therefore to identify these differences using 
nmR spectroscopy.

Methods
ethical approval was granted by the local research ethics 
committee (Project 15/lo/0388) and informed written 
consent to participate in this study was provided by 
all patients. sF was harvested from eight patients with 
microscopy, culture, and sensitivity (mC&s) - proven 
infection and eight matched patients with noninfected 
joints at our institution. the infected cohort consisted of 
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Table i. Patient demographics. there was no elbow noninfected control and 
therefore a knee control was used instead.

Characteristic infected SF
noninfected SF
(control group) p- value

number of patients 8 8 n/A

Joint involved, n n/A

elbow 1 0

Knee 3 4

tKA 2 2

thA 2 2

Responsible organism, n n/A

Coag- positive Staphylococcus 
aureus 1 n/A

group B Meningococcus 2 n/A

Β-haemolytic Streptococcus 
group C 1 n/A

Bacillus species 1 n/A

Rothia species 1 n/A

Coag- negative Staphylococcus 
aureus 2 n/A

mean age, yrs (sd) 66.6 (12.0) 58.9 (11.6) 0.223*

sex (male:female) 6:2 6:2 n/A

Ethnicity, n n/A

Caucasian 5 4

Asian 2 2

Afro- Caribbean 1 2

Disease, n
ihd 0 1 1.00†

hypertension 3 2 1.00†

hypercholesterolaemia 0 2 0.480†

dm 1 2 1.00†

CvA 1 0 1.00†

*independent- samples t- test.
†Fisher's exact test.
coag, coagulase; CvA, cerebrovascular accident; dm, diabetes 
mellitus; ihd, ischaemic heart disease; sF, synovial fluid; thA, total 
hip arthroplasty; tKA, total knee arthroplasty.

Fig. 1

Principal component (PC) analysis scores plot of PC1 versus PC2, with 
each data point representing the nuclear magnetic resonance spectrum of 
an individual human synovial fluid sample and demonstrating separation 
between the infected and noninfected groups. data were scaled to unit 
variance. the percentage variation explained is 38% for PC1 and 21% for 
PC2.

sF from four native knee joints, two prosthetic total knee 
arthroplasties (tKAs), and two prosthetic total hip arthro-
plasties (thAs). the noninfected cohort consisted of sF 
from three native knee joints, one native elbow joint, 
two prosthetic tKAs, and two thAs undergoing primary 
joint arthroplasty for end- stage osteoarthritis (esoA) or 
revision arthroplasty for aseptic loosening. similar joints 
were chosen for the noninfected cohort, as our previous 
research has demonstrated statistically significant differ-
ences between the metabolic profiles of osteoarthritic hip 
and knee human synovial fluid (hsF).17

in addition to providing informed consent, all patients 
completed a questionnaire, which included information 
on demographics, diet, lifestyle, medical comorbidities, 
and medications. Comorbidities included seven meta-
bolic diseases (diabetes, hypertension, ischaemic heart 
disease, gout, osteoporosis, raised cholesterol, and 
stroke). exclusion criteria included pregnancy, patients 
unable to consent, those under the age of 18 years, or a 
dry aspirate.

Sample preparation and metabolic phenotyping. samples 
in the septic arthritis cohort were collected during diag-
nostic aspiration at the bedside or intraoperatively using 
a standardized protocol. For bedside aspirates, the knee 
area was prepared with chlorhexidine, and a 16 g needle 
was inserted in a standard superolateral approach. For 
intraoperative samples, a posterior approach was used 
for the hip joint, whereas the knee joint was approached 
using a medial parapatellar approach through a midline 
incision.18 Following skin incision but prior to knee ar-
throtomy/hip capsulotomy, a 14 g needle and syringe 
was inserted into the suprapatellar pouch of the knee/
along the femoral neck of the hip and sF was aspirated. 
samples were divided into two aliquots. the first was 
sent for routine mC&s and the second was centrifuged at 
10,000 g for 15 minutes. the supernatant was aliquoted, 
thus removing any cellular material or debris. All samples 
were stored at -80°C for a maximum of six months before 
analysis.

samples were defrosted no more than one hour before 
being assayed. each sample was prepared for nmR anal-
ysis by adding 400 µl of 75 mmol/l sodium dihydrogen 
phosphate (nah2Po4) buffer at ph 7.4 containing 6.2 
mmol/l sodium azide (nan3), 4.6 mmol/l of 3- (trimethylsi
lyl)-2,2,3,3- tetradeuteropropionic acid sodium salt (tsP), 
and 20% deuterium oxide (d2o) to an equal amount 
of sample, as described by dona et al.19 to identify and 
exclude potential contamination at the sample prepara-
tion stage, blank samples containing only buffer were 
run in tandem with sF samples.

experiments were performed in a Bruker Avance iii 
600 mhz spectrometer equipped with a samplejet refrig-
erated autosampler (Bruker Biospin, Billerica, massa-
chusetts, usA). For each sample, one- dimensional (1d) 
1h- nmR spectra were acquired for each sample using 
the noesy 1d pulse sequence with gradients for opti-
mized water presaturation, as a sum of 128 free induc-
tion decays (Fids), with 128 k complex data points each, 
using a mixing time of 10 ms, a delay between two 90 
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Fig. 2

stacked spectra of all 16 samples demonstrating the significant metabolites, with those in red having a higher concentration in the infected group and those 
in blue having a higher concentration in the noninfected group. Ch=Ch, protons from the unsaturated fatty acid residues; gAg, glycosaminoglycan; nAc, 
n- acetylated group; ppm, parts per million; a.u., arbitrary units.

radiofrequency pulses of 4 µs, and a relaxation delay of 
4 s.

each Fid was multiplied by an exponential function 
prior to being Fourier transformed, providing a line broad-
ening of 0.3 hz. the nmR spectra were automatically 
phased and baseline corrected and the chemical shifts 
were internally referenced to the alpha- glucose anomeric 
doublet at 5.23 ppm. spectral regions containing only 
noise and the residual water peak were excluded. spectra 
processing was done in topspin 3.2 (Bruker, Rheinstetten, 
germany). the nmR spectra, each consisting of 27,492 
data points, were imported to matlab (matlab2016b, 
mathworks, natick, massachusetts, usA). spectra were 
aligned to allow comparison of peaks between samples 
using methodology developed by veselkov et al.20 spectra 
were then normalized using median- fold change normal-
ization methods21 and scaled to unit variance (each vari-
able is divided by its sd) in order to avoid a dominance 
effect of highly intense variables over the less intense vari-
ables in multivariate analysis.17

Metabolite identification. the putative biomarkers de-
rived from the statistical analysis were identified by 
matching chemical shift and peak multiplicity with in-
formation from the literature and human metabolome 
database (hmdB).22 statistical total correlation spectros-
copy (stoCsy),23 which highlights statistical correlations 
of a peak (or variable) with other peaks (or variables) in 
the spectra belonging to the same molecule or biochem-
ically related molecule, was also used to aid metabolite 
identification. two- dimensional nmR spectra, namely 

1h-1h total correlation spectroscopy (toCsy) and 1h-13C 
heteronuclear single- quantum correlation spectroscopy 
(hsQC), were acquired for representative samples to fur-
ther confirm the identified metabolites. All metabolites 
were annotated to level 2 confidence level, according to 
metabolomics standards initiative.24

Patient demographics. table  i summarizes the demo-
graphics of the patients. there was no significant differ-
ence in age (p = 0.223, independent- samples t- test), sex, 
or medical comorbidities between the groups.
Statistical analysis. differences due to medical comor-
bidities between the two groups were investigated using 
Fisher’s exact test and differences in patient age were test-
ed using the independent- samples t- test.

the nmR dataset, consisting of 27,492 variables per 
sample, was analyzed using the most commonly applied 
multivariate analysis techniques, namely principal 
component analysis (PCA) and orthogonal partial least 
squares- discriminate analysis (o- Pls- dA).25 in these anal-
yses, the nmR data points can be considered as part of a 
multidimensional graph representing 'metabolic coordi-
nates'. A more detailed explanation of the methods can 
be found in the article by lindon et al.25 PCA provides 
an overview of the samples, highlights clustering, and 
identifies outliers. o- Pls- dA was also performed on the 
dataset. sample identities were included in the o- Pls- dA 
modelling. Cross- validation was used to assess model 
robustness to over- fitting. multivariate analysis was 
performed in simCA 14 statistical package (sartorius 
stedim Biotech, umeå, sweden).
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Table ii. metabolites identified from univariate analysis. three of the metabolites were found in significantly greater quantities in the infected synovial fluid 
group. the chemical shift indicates which metabolite peaks were integrated and used for metabolite comparison between the two groups.

Metabolite iD nMR chemical shift (ppm)
Higher in infected/
noninfected HSF p- value* FDR

Citrate 2.53 noninfected 0.001 0.041

glycine 3.55 noninfected 0.002 0.053

gAgs 7.97 noninfected 0.003 0.075

nAc-1 2.02 noninfected 0.005 0.141

Creatinine 4.05 noninfected 0.007 0.221

lysine 3.03 noninfected 0.008 0.251

histidine 7.05 noninfected 0.011 0.326

Formate 8.45 noninfected 0.012 0.359

glucose 5.23 noninfected 0.015 0.449

Fatty acyl residues (Ch=Ch) 5.28 infected 0.017 0.500

Cholesterol (C18) 0.65 infected 0.023 0.679

Proline 3.34 noninfected 0.023 0.692

valine 1.035 noninfected 0.028 0.830

dimethylsulfone 3.15 noninfected 0.039 1.00

mannose 5.18 noninfected 0.039 1.00

glutamine 2.45 noninfected 0.039 1.00

nAc-2 2.04 infected 0.050 1.00

*independent- samples t- test.
FdR, false discovery rate; gAgs, glycosaminoglycan; hsF, human synovial fluid; nAc, n- acetylated group; nmR, nuclear magnetic resonance; 
ppm, parts per million.

Fig. 3

metabolite analysis from spectral inspection. Figure demonstrates differences in signal intensity between the infected (red) and noninfected (blue) synovial 
fluid samples. Citrate and glycosaminoglycans (gAgs) are included as examples of metabolites found in significantly lower concentrations in the infected 
group compared to the noninfected group. gAgs were considered false negatives after false discovery rate (FdR) correction, although visually, and following 
statistical testing, differences can be seen between the two groups. Fatty acyl residues, cholesterol, and n- acetylated (nAc) groups were found in significantly 
greater quantities in the infected group compared to the noninfected group. ppm, parts per million.

nmR peaks of the identified metabolites were sepa-
rately integrated and further tested by univariate analysis 
(independent- samples t- test) using R statistical software 

(R Foundation for statistical Computing, vienna, Austria). 
the resulting p- values were adjusted for false discovery 
rate (FdR) using the Benjamini–hochberg method.26 
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network analysis was performed using the statistically 
significant metabolites to further the interpretation of 
metabolic changes, using the metabonetworks software 
in matlab.27

Results
PCA analysis of differences between infected and noninfect-
ed metabolites. the PCA scores plot (Figure  1) demon-
strated separation in PC1 between the 1h- nmR spectra in 
the infected and noninfected groups, although there was 
still some overlap. this suggested that there may be met-
abolic differences in the sF composition between the two 
groups. An additional PCA scores plot with the involved 
joints labelled has been included (supplementary Figure 
a), which demonstrated that the separation was inde-
pendent of the joint type from which the fluid was taken. 
Furthermore, a third PCA scores plot containing four sub-
groups (native and prosthetic noninfected sF plus native 
and prosthetic infected sF) was created (supplementary 
Figure b), further demonstrating that the tendency for 
separation is driven by the presence of infection rather 
than joint type. the o- Pls- dA model obtained was not 
significant following cross- validation. this result con-
trasts with that obtained by PCA, and might reflect the 
low ratio of samples to variables and a lower strength of 
metabolite variation between groups. univariate analysis 
was conducted to investigate the differences shown by 
PCA.28

Univariate analysis and metabolite identification. A total 
of 32 metabolites were identified from the nmR spectra 
(supplementary table i). the integral (area under the 
curve) of each metabolite peak, which is proportion-
al to the concentration of each metabolite, was tested 
using the independent- samples t- test. Figure  2 depicts 
all the metabolites that were significantly different be-
tween the groups in univariate analysis. After correc-
tion for multiple testing, only one metabolite, citrate 
(decreased in the infected group) remained significant 
(table ii). however, multiple testing correction can lead 
to a number of false positive as well as true positive dis-
coveries being discarded, particularly in the presence of 
a small sample size.28 this is demonstrated in Figure 3, 
where signals from glycosaminoglycans (gAgs) and n- 
acetylated group 1 (nAc-1) for instance are clearly differ-
ent between groups, but were non- significant after FdR 
correction. therefore, all significant metabolites will be 
summarized and discussed.

the infected sF group showed a significantly higher 
relative concentration of fatty acyl residues (based on 
the corresponding Ch=Ch peak; Figure  2), cholesterol 
and cholesteryl esters from lipoproteins (based on the 
C18 methyl peak), and n- acetylated groups (based on a 
nAc peak, nAc-2) compared to the noninfected group. 
the noninfected sF showed significantly greater levels 
of citrate, glycine, gAgs (based on a broad amide reso-
nance), n- acetylated groups (based on a different n- acetyl 
peak, nAc-1), creatinine, lysine, histidine, formate, 

glucose, proline, valine, dimethylsulfone, mannose, and 
glutamine compared to the infected group.

the 7.97 broad peak attributed to the amide protons of 
gAgs was found to be highly correlated with the nAc-1 
peak and therefore nAc-1 is not considered as a separate 
metabolite in the subsequent analysis. therefore, it is 
possible that nAc-1 originates from the n- acetyl groups 
of gAgs. the nAc-2 peak, which relates to an n- acetyl 
group, is a broad peak and should be associated with 
macromolecules, possibly n- acetylated glycoproteins.29 
A subgroup analysis comparing the native and pros-
thetic joints in both the infected and noninfected groups 
revealed that the concentration of gAgs remained lower 
in the infected group. this difference was independent of 
whether the joint was native or prosthetic (supplemen-
tary Figure c).
Evaluation of individual spectra. two identified metabo-
lites found in lower concentrations in the infected group 
(citrate and gAgs) are demonstrated in Figure 3. these 
can be compared to the individual spectral analysis of the 
three metabolites (lipids (fatty acyl residues), cholesterol, 
and n- acetylated glycoproteins (nAc-2)) found in higher 
concentrations in the infected group.

the other fatty acyl residues in the stacked spectra were 
also visualized to see if there was a difference between the 
cohorts: the peak at 1.26 ppm from fatty acyl Ch2 groups 
gave a p- value of 0.051 (independent- samples t- test), 
and the peak at 0.85 ppm from fatty acyl Ch3 groups had 
a p- value of 0.068 (independent- samples t- test; supple-
mentary Figure d). While not significant at the arbitrarily 
chosen cut- off p- value, they do show the same trend and 
reinforce the assignment as lipids (fatty acyl residues).

A network analysis was performed using the Kyoto 
encyclopedia of genes and genomes (Kegg) database, 
illustrating the connections between the significantly 
changed metabolites in infected sF and their possible 
connections in the human metabolic pathway (Figure 4). 
this network of relationships between metabolites 
demonstrates the complex relationship between all the 
metabolites that significantly changed in infected sF. 
For example, the connections between the metabolites 
found in lower concentrations in infected sF (as shown 
by green lines in Figure 4) reveal that a complex relation-
ship might occur through several metabolic pathways.

Discussion
We sought to analyze, by nmR spectroscopy, the small 
molecule composition of hsF from patients with infected 
joints and compare these with matched samples from 
patients with uninfected joints. After appropriate statis-
tical analysis (PCA and univariate analysis of spectra), 
three metabolites were found in relatively higher concen-
trations (lipids, cholesterol (C18), and nAc-2) and 13 
in relatively lower concentrations in the infected group 
(citrate, glycine, gAgs, creatinine, histidine, lysine, 
formate, glucose, proline, valine, dimethylsulfone, 
mannose, and glutamine). these may reflect different 
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Table iii. list of identified metabolites found in significantly higher concentrations in infected synovial fluid and their proposed function.

Metabolite iD Function of metabolite Reference

nAc-2 (n- acetylated glycoprotein) nAc-2 may correspond to an acute phase glycoprotein. such acute phase proteins are markers 
of inflammation and infection.30

naughton et al30

unsaturated lipids (Ch=Ch) increased levels of lipoprotein- associated fatty acids are found in inflamed joints. Fatty acids 
have also been found in the CsF of infected rhesus monkeys.

Wook et al16

Wikoff et al31

Cholesterol and cholesterol esters vldl- associated Apo B was present in significantly greater concentrations in the CsF of tBm 
patients. lipid metabolism related molecules have also been found in increased concentrations 
in the CsF of tBm patients.

mu et al32

li et al33

apo- A1, apolipoprotein A-1; CsF, cerebrospinal fluid; hdl, high- density lipoprotein; nAc, n- acetylated groups; Pg, proteoglycan; RA, rheumatoid 
arthritis; sCFA, short chain fatty acids; sF, synovial fluid; tBm, tuberculosis meningitis; vldl, very low density lipoprotein.

Fig. 4

network analysis of all the identified metabolites from the Kyoto encyclopedia of genes and genomes (Kegg) database illustrating the potential metabolic 
pathways. metabolites found in greater concentrations in infected synovial fluid are shown in red. metabolites found in lower concentrations in infected 
synovial fluid are in blue. metabolic connections between the metabolites found in lower concentrations in infected synovial fluid in green reveal that a 
complex relationship might occur through several metabolic pathways. the variation in molecules such as lipids (fatty acyls), glycosaminoglycans (gAgs), 
and glycoproteins (n- acetylated group 2 (nAc-2)) were not taken into account to build this map, as these assignments are unspecific and do not correspond 
to unique entries in the Kegg database. CoA, coenzyme A; dhA, docosahexaenoic acid; gABA, gamma aminobutyric acid; gdP, guanosine diphosphate; 
gm1-3, gangliosides gm1-3; gsh, glutathione; gtP, guanosine-5'-triphosphate; nAAg, n- acetylaspartylglutamic acid; nh3, ammonia; R- Cooh, carboxyl 
group; thF, tetrahydrofuran; tPP, thiamine pyrophosphate; udP, uridine diphosphate.

metabolic processes between infected and noninfected 
sF.

this is the first study to examine the metabolic differ-
ences in sF between infected and noninfected joints 
where the samples are matched for age, sex, and medical 
comorbidities. the metabolites found in significantly 
greater quantities in the infected cohort can broadly 
be grouped into those having a defensive role against 
pathogenic microorganisms, a role in lipid metabo-
lism, and the inflammatory response. those found in 
significantly reduced concentrations in the infected 
cohort can broadly be grouped into those involved in 
carbohydrate metabolism, nucleoside metabolism, the 

metabolic pathway of glutamate, increased oxidative 
stress in the diseased state, and reduced articular carti-
lage breakdown.
Analysis of metabolites with increased concentrations 
in infected synovial fluid. the possible functions of the 
three metabolites found in significantly greater quantities 
in the infected cohort are listed in table iii.

in comparison with blood serum, acute phase glyco-
proteins, such as α1- acid glycoprotein, have n- acetyl 
signals around 2.00 to 2.05 ppm region.29 there is a 
possibility that nAc-2 might correspond to an acute phase 
glycoprotein. such acute phase proteins are markers of 
inflammation and infection.30
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Table iV. list of identified metabolites found in significantly lower concentrations in infected synovial fluid and their proposed function.

Metabolite iD Function of metabolite Reference

Citrate
glucose
mannose

Citrate is a major intermediary in the tCA cycle, urea cycle, and amino acid and fatty acid metabolism.40 
increased carbohydrate metabolism has been demonstrated in the CsF of tBm patients. this is thought to 
be secondary to the increased energy expenditure in the infected sF.

li et al33

Berg et al40

glycine
glutamine
valine

glycine and glutamine are involved in nucleoside metabolism. increased nucleoside metabolism has 
been demonstrated in the CsF of tBm patients. valine is a BCAA and is also involved in the synthesis of 
glutamine. this is thought to be secondary to the increased energy expenditure in the infected sF.

li et al33

Wu et al41

glutamine
Proline
lysine

glutamine, lysine, and proline are involved in the metabolic pathway of glutamate, which bridges the urea 
cycle with the tCA cycle. therefore, reduced concentrations of these metabolites may be secondary to 
increased energy expenditure in the infected sF.

Wu et al41

Weiner et al42

Revelles et al43

Creatinine
histidine

Reduced concentrations of creatine and histidine were identified in tBm patients. Creatinine is a metabolite 
of creatine. this may explain the reduced concentration of creatinine in the infected sF group.

Weiner et al42

dimethylsulfone dimethylsulfone is a powerful scavenger of oxygen free radicals, induces macrophage apoptosis, and 
stimulates granulocyte differentiation. Reduced concentrations in infected sF may be a response to 
increased oxidative stress, differentiation, and induced apoptosis of macrophages.

Rosenblum et al44

marthyn et al45

Watson et al46

gAgs gAgs are markers of articular cartilage and proteoglycan breakdown, which occur in oA. staphylococcal 
infections also lead to gAg breakdown with subsequent destruction of the articular cartilage. the reduced 
concentration of these metabolites in the infected group may be due to increased articular cartilage 
degradation in the matched noninfected group, secondary to chronic esoA versus acute cartilage 
degradation in the infected group.

thompson et al47

schiller et al48

smith and schurman49

Formate Formate is a short- chain fatty acid produced during BCAA catabolism. such short- chain fatty acids are 
the major end products of bacterial metabolism in human large intestine. its role in infected sF is unclear. 
According to the network analysis performed, using the Kegg database, formate is also involved in 
nucleotide and amino acid metabolism.

macfarlane et al50

BCAA, branched chain amino acid; CsF, cerebrospinal fluid; esoA, end- stage osteoarthritis; gAg, glycosaminoglycan; Kegg, Kyoto encyclopedia 
of genes and genomes; nAc, n- acetylated groups; oA, osteoarthritis; sF, synovial fluid; tBm, tuberculosis meningitis; tCA, tricarboxylic acid 
cycle.

lipids are an important substrate for energy produc-
tion, both at rest and during muscle activity. they 
may flow from muscles into the joint space. therefore, 
measurement of lipid peak signals may provide important 
information on effusion mechanisms, improving under-
standing of disease progression.34 A canine study demon-
strated the presence of fatty acyl residues and lipoproteins 
in sF using nmR spectroscopy at the same chemical shift 
as that seen in this study.35 Wikoff et al31 looked at cere-
brospinal fluid (CsF) in a group of rhesus monkeys inoc-
ulated with a cell- free stock of simian immunodeficiency 
virus (siv). they collected samples before and after inoc-
ulation. using ms, they identified several metabolites in 
significantly greater quantities in infected CsF, including 
several fatty acids. this would agree with our findings 
of increased unsaturated lipids in the infected cohort. 
the other unsaturated lipids in the stacked spectra were 
also visualized, but no significant difference was found 
between the cohorts (Figure 4). this may be due to the 
unsaturated lipids at 5.28 ppm having the best resolved 
peak compared to the peaks at 0.85 ppm and 1.26 ppm. 
however, the p- values were close to significance and with 
more samples, the resolution of the peaks may improve.

We have found evidence of cholesterol/cholesterol 
esters originating from sF lipoproteins, increased in the 
infected group. Although unequivocal attribution of 
these signals to a particular group of lipoproteins from 
1d nmR spectra information is made difficult (due to the 
overlap between spectral peaks from the different lipids 
present in the same spectral region), there is evidence of 

involvement of lipoproteins in the context of both inflam-
mation and infection.36

high- density lipoprotein (hdl)- associated apolipo-
protein A-1 (apo A-1) is a negative acute- phase protein, 
with a reduction in its levels by at least 25% during acute 
inflammation. Conditions that result in changes to the 
plasma concentration of acute- phase proteins include 
various inflammatory conditions and infection.37 in rheu-
matoid arthritis (RA), circulated levels of apo A-1 and hdl 
cholesterol in untreated patients are lower than normal 
controls.38 however, in the sF of RA patients, apo A-1 levels 
are increased, although its concentration still remains 
well below what is found in the plasma.39 this change 
is accompanied by increased cholesterol levels in the sF, 
suggesting infiltration of hdl within inflamed joints. As 
detailed above, it may be that hdl- associated apo A-1 
functions to inhibit lymphocyte/monocyte interaction in 
an attempt to mediate the inflammatory response asso-
ciated with infection, although this currently remains 
speculative. A proteomic study demonstrated increased 
abnormal lipid metabolism in the CsF of patients with 
tuberculosis meningitis (tBm).32 Apolipoprotein B (Apo 
B), the major structural protein of very- low- density 
lipoprotein (vldl), was present in significantly greater 
concentrations in the CsF of tBm patients. using 1h 
nmR spectroscopy, a similar study identified three lipid 
metabolism- related molecules (choline, glycine, and 
lipoprotein) at increased concentrations in the CsF of 
tBm patients.33 the authors suggested that the increased 
choline and glycine concentrations in tBm patients may 
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be consequences of greater glycophospholipid and glyc-
erolipid metabolism to meet the increased demand for 
energy in tBm.
Analysis of metabolites with decreased concentrations in 
infected synovial fluid. the possible functions of the me-
tabolites found in significantly decreased concentrations 
in the infected cohort are listed in table iv.

Carbohydrates including glucose and mannose, as well 
as the intermediate metabolite citrate, were present in 
lower levels in infected hsF. this overall change in carbo-
hydrate metabolism suggests increased metabolism in 
infected hsF compared with noninfected hsF. Although 
this has not been demonstrated in sF before, similar 
findings have been demonstrated in the CsF of bacte-
rial meningitis patients.33 nevertheless, other metabolic 
pathways might be involved, causing changes in these 
metabolites such as the synthesis of glycolipids (Figure 4). 
two metabolites involved in purine metabolism (glycine 
and glutamine) were also reduced in infected hsF. this 
suggests altered nucleoside metabolism in the presence 
of infection. similar findings were demonstrated in the 
CsF of bacterial meningitis.33 Furthermore, as valine is 
involved in the synthesis of glutamine,41 it is not unex-
pected that its concentration is reduced in infected hsF.

glutamine, lysine, and proline are involved in the 
metabolic pathway of glutamate, which accounts for 
reduced concentration of proline in infected fluid.41,43 
glutamate bridges the urea cycle with the tCA cycle.41 
therefore, reduced concentrations of these metabolites 
may be secondary to increased energy expenditure in the 
infected sF. similar findings were also demonstrated in 
the serum of patients with tB, where reduced concen-
trations of glutamine were identified in the serum of 
patients with active tB.42 Furthermore, reduced concen-
trations of histidine and creatine among other amino 
acids (AAs) were also identified in the serum of patients 
with tB. As creatinine is a metabolite of creatine, this may 
explain the reduced concentrations of creatinine in the 
infected sF group. Amino acid metabolism is complex, 
involving numerous metabolites. gluconeogenesis, 
proteolysis, and oxidative catabolism all contribute to 
AA balance. Another explanation for reduced concentra-
tions of AAs seen in infected sF may be due to increased 
protein synthesis secondary to increased bacterial51 and/
or macrophage activity52 as part of the immune response.

dimethylsulfone is derived from dietary sources, 
endogenous human methanethiol metabolism, and 
intestinal bacterial metabolism.53 it is a powerful scav-
enger of oxygen free radicals,44 induces macrophage 
apoptosis,45 and stimulates granulocyte differentiation.46 
Reduced concentrations in infected sF may be a response 
to increased oxidative stress, differentiation, and induced 
apoptosis of macrophages.

Four of the patients in the matched noninfected 
group had end- stage osteoarthritis (esoA) of the knee. 
gAgs are markers of articular cartilage and proteoglycan 
breakdown.47 however, in vitro animal studies have also 

demonstrated that staphylococcal infections lead to gAg 
breakdown with subsequent destruction of the articular 
cartilage.49 the reduced concentration of this metabolite 
in the infected group may be due to increased articular 
cartilage degradation in the matched noninfected group 
secondary to esoA, which is greater than the amount of 
articular cartilage degradation occurring in the infected 
group. A possible explanation for this could be the greater 
chronicity of cartilage degradation secondary to esoA in 
the noninfected group, compared to the acute and more 
short- term degradation occurring in the infected group.

Formate is a short- chain fatty acid produced during 
BCAA catabolism. such short- chain fatty acids are the 
major end- products of bacterial metabolism in human 
large intestine.50 however, its role in infected sF remains 
unclear. According to the network analysis performed, 
formate can also be involved in nucleotide and AA metab-
olism (Figure 4).
Potential of nMR in further analysis of SF in health and 
disease. 1h nmR is one of the preferred analytical tech-
niques to study complex biological samples, as it produc-
es a comprehensive profile of metabolic signals without 
derivatization, separation, and preselected measurement 
parameters.13

over the past decade, 1h- nmR- based metabolic 
phenotyping has developed into a powerful tool for the 
identification of metabolites and biochemical markers for 
a variety of human disorders.13 metabolic phenotyping of 
sF provides a direct representation of end- stage biochem-
istry, making metabolites good candidates for biomarker 
screening. they are the final product of enzyme catalysis 
and other biotransformations, as well as being smaller in 
number than the proteome.13 they provide a 'top down' 
view of a biological system, with the advantage of repre-
senting the genetic disease traits but also environmental 
interactions, as well as being sensitive to gut microbiome 
activity.13 nmR spectroscopy gives sharp well- resolved 
peaks for small molecule metabolites (usually defined 
as molecules with a molecular weight < 1500 daltons), 
but yields only broad unresolved bands for proteins and 
other macromolecules. therefore, enzymes such as α-de-
fensin cannot be detected, which might also be outside 
the detection limit of nmR. the techniques utilized in this 
study could be used in larger groups to further identify 
and analyze molecular biomarkers in PJi and native joint 
infections, acting as an adjunct to α-defensin.
Clinical relevance. our study demonstrates the potential 
of metabolic phenotyping of joint fluid using nmR spec-
troscopy to identify important metabolites in the context 
of infection. some of these metabolites will drive further 
studies to determine whether they provide biomarkers 
of infection, leading to the prospect of developing bed-
side diagnostic tests for joint infection. this observational 
study is certainly preliminary and the putative biomark-
ers will require further validation in larger cohorts.

Further studies should utilize a larger group of fluid 
samples with a more targeted analysis of individual 
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metabolites for a specific patient group or disease cate-
gory. the ultimate purpose of these studies would be to 
identify combinations and concentrations of metabolites 
for each bacterial species that would provide a 'metabolic 
fingerprint' for the organism, thus facilitating early diag-
nosis and expeditious antibiotics and surgical treatment.

this study had several limitations. despite the samples 
in both groups being matched for age, sex, and medical 
comorbidities, the overall numbers were small (eight in 
each group). however, to our knowledge, this is the largest 
cohort of infected sF analyzed by nmR, with a nonin-
fected comparison group of matched controls. it would 
also have been preferable to have an age-/sex- matched 
nonarthritic, noninfected control group, although ethical 
constraints would make such samples difficult to acquire. 
the significance of the identified metabolites could have 
been further validated by performing additional tests, 
such as an enzyme- linked immunosorbent assay (elisA). 
however, due to a lack of resources, this was not possible 
at this time.

in conclusion, to our knowledge this is the first article 
to demonstrate differences in the metabolic profile of 
infected and noninfected sF with matched controls. three 
molecules were found in significantly greater concentra-
tions in the infected cohort (unsaturated lipids, choles-
terol/cholesterol esters, and glycoproteins). these have 
a defensive role against pathogenic microorganisms, a 
role in lipid metabolism, and the inflammatory response. 
there were 13 metabolites found in significantly reduced 
concentrations in the infected cohort (citrate, glycine, 
gAgs, creatinine, histidine, lysine, formate, glucose, 
proline, valine, dimethylsulfone, mannose, and gluta-
mine). these can broadly be grouped into those involved 
in carbohydrate metabolism, nucleoside metabolism, 
the metabolic pathway of glutamate, increased oxidative 
stress in the diseased state, and reduced articular carti-
lage breakdown.

Although more research is required with a larger 
group of patients, these metabolites may serve as novel 
biomarkers for the diagnosis of PJi and native joint infec-
tion and could be used as adjuncts with other recognized 
biomarkers, such as α-defensin.

instagram
Follow P. Akhbari on instagram at  doctor. pouya

Supplementary material
  Principal component analysis scores plots demon-

strating whether the differences between the in-
fected and noninfected groups were secondary to 

the joint from which the fluid was taken, or whether the 
joint was native or prosthetic; a table listing the metabo-
lites consistently identified in all samples; a box plot com-
paring the concentrations of glycosaminoglycans be-
tween the two groups; and univariate analysis spectra 
looking for differences in fatty acyl residues at different 
signal intensities between the two groups.
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