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Abstract

Purpose of the Review Osteoarthritis (OA) is a multifactorial and progressive disease affecting whole synovial joint. The extract
pathogenic mechanisms and diagnostic biomarkers of OA remain unclear. In this article, we review the studies related to
metabolomics of OA, discuss the biomarkers as a tool for early OA diagnosis. Furthermore, we examine the major studies on
the application of metabolomics methodology in the complex context of OA and create a bridge from findings in basic science to
their clinical utility.

Recent Findings Recently, the tissue metabolomics signature permits a view into transitional phases between the healthy and OA
joint. Both nuclear magnetic resonance spectroscopy (NMR) and mass spectrometry-based metabolomics approaches have been
used to interrogate the metabolic alterations that may indicate the complex progression of OA. Specifically, studies on alterations
pertaining to lipids, glucose, and amino acid metabolism have aided in the understanding of the complex pathogenesis of OA.
Summary The discovery of identified metabolites could be important for diagnosis and staging of OA, as well as for the
assessment of efficacy of new drugs.
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Introduction

Osteoarthritis (OA) represents the most common musculo-
skeletal disease worldwide characterised by the degradation
of articular cartilage, subchondral bone sclerosis, osteophyte
formation, and synovial inflammation leading to pain and
limitation of joint movement [1] and increasing disability in
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late stages [2]. OA has a multifactorial etiology, due to an
interplay between systemic and local factors. Old age, female
gender, high bodyweight index and obesity, injury, repetitive
use, low bone density, muscle weakness, and joint laxity all
play roles in the development of OA in joints [3—5]. Metabolic
syndrome components (abdominal obesity, dyslipidaemia,
high blood pressure, insulin resistance, and glucose
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intolerance) are involved in OA pathophysiology, as seen with
the connection of leptin and adipokines with OA in the hand
[6]. Genetic predisposition can also influence the appearance
of OA in a proportion of the population, with implication of
genes associated with the thyroid regulatory pathway (e.g.,
DIO2) [7], the bone morphogenetic protein pathway (e.g.,
GDF5) [8], apoptotic pathways [9], inflammation-related
genes (e.g., PTGS2 and PLA2G4A) [10], and structural genes
such as collagen type VI (COL6A4) [10].

At present, there is no effective drug for treating OA or
protecting joints from degradation. However, non-steroidal
anti-inflammatory drugs (NSAIDs) are considered as an op-
tion for managing the pain and inflammation associated with
OA. IL-1 beta and anti-TNF alpha are the two major cytokines
involved in the physiopathology of OA [11, 12]. Although,
there is clear evidence that blockade of IL-1 beta and TNF-
alpha reduces the pathophysiology of OA from in vitro [13]
and animal model studies [14], there is only limited data avail-
able from clinical studies in human OA showing the efficacy
of these anti-cytokine treatments [15]. Among surgical op-
tions for OA treatment, total joint replacement [16] provides
significant to moderate improvement in physical function and
pain reduction within the first 6 months of follow-up [17].
However, a disadvantage of joint replacement is increased
incidence of failure, predominantly due to infection. In some
cases, revision of total knee surgeries in patients younger than
55 years of age is needed. This is because around third of
those patients may experience either a post-operative difficul-
ty or early failure [18].

There is a need for OA prevention and/or cure, due to sig-
nificant effects on the health and life quality of the affected
patients and downstream costs to society. Approaches of iden-
tifying early disease processes and tracking the response to
treatment are lacking. This situation would be improved if we
could identify biomarkers of OA before an irreversible stage is
reached [19]. Metabolomics offers one approach with the po-
tential to assist in identification of better biomarkers for facili-
tating diagnosis of disease and assessment of therapy.
Metabolomics analysis provides a “snapshot” of chemical com-
ponents of an organism [20]. This technique has been used to
detect the metabolite profiles from bio-fluids and tissues in a
number of different medical conditions. It is a technique that
can provide information on health, disease, and the response to
environmental factors, including changes during OA disease’

Articular Cartilage

Articular cartilage is a weight-bearing connective tissue that
covers the diarthrodial joints such as knees. It is hypocellular
and it is free from nerves, lymphatics, and blood vessels [21]. It
consists of four zones (superficial, middle, deep and calcified
zones), classified according to the shape of the chondrocytes
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and collagen fibril orientation within the extracellular matrix
(ECM), and the tidemark which is the transition between non-
calcified cartilage zones and calcified cartilage [21, 22].
Cartilage ECM primarily contains water, proteoglycans, colla-
gens, and non-collagenous proteins. Chondrocytes are found in
the articular cartilage within the ECM. It comprises 2 to 5 % of
the total tissue. They synthesise and/or degrade collagens, pro-
teoglycans and non-collagenous proteins [23]. There are several
types of collagen, with type II being the major form, making up
about half of the components of hyaline cartilage ECM, 15—
25% of the cartilage weight, and 80-90% of the total collagen
[21]. The collagen alpha chain has three major amino acids:
glycine, proline and hydroxyproline, with a repetitive gly-X-
Y arrangement that permits formation of a triple helix from
alpha chains to form a collagen molecule [24]. Proteoglycans
(PG) are composed of core protein with glycosaminoglycan
side chains. The dominant type that constitutes 90% of the total
proteoglycans is aggrecan, consisting of a large core protein
attached to hyaluronate polymers through link protein and dec-
orated with keratan sulphate and chondroitin sulphate side
chains. The proteoglycan network not only provides elasticity
and compressive strength of the cartilage but also attracts cat-
ions from the fluid [21].

Biomarkers

The term “biomarker” refers to a characteristic that is objective-
ly measured and evaluated as an indicator of normal or patho-
genic biological processes or pharmacological responses to a
therapeutic intervention [25]. Ideally, a biomarker will assist in
recognizing early-stage abnormalities and could be particularly
useful in degenerative diseases such as OA. Despite significant
research efforts aimed at detecting an OA biomarker, only a few
potential candidates have been identified for clinical use. Those
identified in blood, urine and synovial fluid of OA patients
include markers of inflammation, metabolism and DNA poly-
morphisms. The majority of these biomarkers arise from the
alteration of the metabolism in OA patients [26].

Metabolomics

Metabolomics is one of the “-omics” family of techniques that
is an approach to studying biochemical profiles associated
with the anatomy, physiology and reactions of low molecular
weight metabolites in an organism [27]. It has been used to
detect biomarkers for several disorders such as cardiovascular
disease [28], cancer [29] and OA [30], as well as to study
autophagy [31], drug intake and/or response [32], and the
profiles of sugars [33], lipids [34] and amino acids [35].
Although metabolomics is still an emerging research field, this
approach is well suited to study the pathophysiology of OA.
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OA is known to be a heterogeneous disease with multiple
phenotypes and involvement of multiple joint tissue interac-
tions. Considering this tremendous heterogeneity, a single bio-
marker may not reflect the pathological status of OA.
Therefore, identification of multiple markers in to a single
panel will be more appropriate to avoid the false positives
and to determine the disease severity accurately. The applica-
tion of metabolomics particularly in context of OA is interest-
ing because subtle changes in genes, transcripts or protein
levels can mirror the dynamics of metabolites and can be
casily detected in bone [36°], cartilage [37] and synovium or
body fluids, including urine [38], serum [39], synovial fluid
[30] and plasma [40]. Technologies used to examine the met-
abolic phenotype include nuclear magnetic spectroscopy [37],
liquid chromatography mass spectrometry (LCMS) [41], gas
chromatography mass spectrometry (GCMS) [42], enzymatic
assays [43], ultraviolet-visible spectrophotometry [44], infra-
red spectroscopy [45] and RAMAN spectroscopy [46]. Of the
analytical techniques that were mentioned in metabolomics,
NMR and LCMS are the two most commonly used ap-
proaches. Both have low operating cost, capable to investigate
various sample type and have high ability for metabolite iden-
tification [47]. In this review, we will focus on the NMR
spectroscopic- and LCMS-based metabolomics.

A scheme of the most common metabolomics approaches
is shown in Fig. 1. The LCMS technique has two stages: mass
spectroscopy (MS) and liquid chromatography (LC). MS
needs the ionisation as the first requirement for detecting ions

Biological samples

that are released from the sample. It is generally equipped with
triple quadrupoles that enable detection of parent ion frag-
ments and is capable of multiple selected reaction monitoring
(SRM) in a single run [48]. These two components permit
high sensitivity and reliable quantitation of a broad range of
targeted metabolites. Retention time plays an integral role in
molecular identification and increases the throughput efficien-
cy [49]. Most of the metabolomics methods that use LCMS
rely on electrospray ionisation and, therefore, cannot detect
non-ionised metabolites such as cholesterol [50]. Reversed-
phase (RP) is an effective approach to distinguish imbalances
in biological metabolites [49]. An alternative method such as
atmospheric pressure chemical ionisation is necessary for de-
tection of non-ionised material [50]. LCMS, which may be the
most selective technique for untargeted metabolomics [51],
can be used in targeted metabolomics [52].

In particular, LCMS and NMR metabolomics have
emerged as the most powerful platform to recognise metabolic
anomalies in urine, serum and tissue samples of OA. In par-
ticular, by using NMR and GC-MS techniques significant
changes in energy metabolism in synovial fluid were revealed
in normal vs. OA patient samples [30, 53¢+, 54, 55¢¢]. Another
study has identified the differences between urine NMR spec-
tra of OA cases and controls [56, 57]. Furthermore,
metabolomic approaches were employed on OA tissues to
explore potential mechanisms of osteophyte formation and
have identified phenylalanine metabolism correlative to carti-
lage degenerative [58¢]. The main purpose of chromatography
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Fig. 1 Schematic diagram showing the flow of metabolomics study by NMR, LCMS or GCMS
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is to decrease ion suppression, which is an alteration of the MS
signal due to another co-eluting ion [49]. Identification of
metabolites with LCMS relies on the analysis of the retention
time and mass of the parent ion derived from the raw data.
However, peak mis-annotation remains a problem with LCMS
because the retention time can vary between runs and interfer-
ing peaks can often elute close to targeted peaks [59].

GCMS is one of the most commonly used techniques for
analysis and identification of components of biological sam-
ples [60]. It detects low-molecular weight, volatile analytes
and uncharged species, which are ionised by electrospray,
such as volatile compounds and oils [61]. To obtain broad
metabolic profiles, GCMS technique must be combined with
a derivatisation procedure. This essential step is used to mod-
ify an analyte’s features in order to enable the separations
using gas chromatography. Derivatisation aims to enhance
the resolution, reduce tailing of polar compounds, reduce the
volatility of the compound prior to gas chromatography anal-
ysis, increase detectability, improve the analytical efficiency
and stabilise the compounds. Derivatisation reactions are clas-
sified into three types; alkylation, acylation and silylation.
They are used to provide sufficient volatility of organic acids,
amino acids, poly-hydroxy compounds, and amides [62]. One
potential problem associated with the GCMS is the break-
down of compounds due to the heat during injections, such
as the guanidinium group of arginine converting to ornithine
[63]. A second issue is the complicated analytical process
required for unknown compounds. The third issue is the quan-
tification robustness aimed at some metabolite classes due to
the combination of vapour and carrier gas [50].

Both LCMS and GCMS techniques require complicated
sample preparation steps that may lead to metabolite loss.
Moreover, metabolite profiles could differ from one technique
to another based on the ionisation technique used [34, 64].
NMR has been used to detect between 40 and 150 metabolites
in biological samples [65¢]. NMR is a method that allows the
study of atoms within molecules or parts of those molecules
within a liquid or intact tissue sample (using high-resolution
magic angle spinning (HRMAS), which is explained below)
[66]. It is considered a non-destructive method and it is highly
appreciated by scientists due to its ability to identify not only
known metabolites, but also new metabolites in metabolomics
studies, based on analysis of the chemical signal. NMR iden-
tifies differences in the metabolite profile that result from a
complex sequence of events, beginning with gene translation,
based on genotype, through to enzyme interactions that pro-
duce the metabolite distribution, resulting in the metabolic
phenotype of a sample [67]. NMR is a tool used commonly
for studying the metabolic phenotype of articular cartilage
[23] and any associated tissue or bio-fluid to identify novel
biomarker(s) in OA [60].

NMR spectroscopy (NMR) has several advantages that
contribute to providing high throughput metabolite
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“fingerprints” [50]. It needs minimum sample preparation,
has a non-discriminating nature and is non-destructive. It is a
reliable, fast and non-invasive technique that can be used in
studies in vivo. It is also used for unexpected or unknown
compounds [50] (Fig. 1).

NMR Physics Overview

Atoms with asymmetry in the number of protons and/or neu-
trons result in a magnetic moment that is spinning at a
nucleus-specific frequency, thus, making an object behave
like a tiny magnet. When an object is placed in an external
magnetic field (By), not only do protons align with or against
it, but also they spin with movement called precession around
the direction of By. The rate of precession is proportional to
Bo. The frequency is calculated using the Larmor equation
[68], wo =7V By, where wy is the precession frequency, y is
the gyromagnetic ratio ('H has 42.5 MHz/T, which is the
highest gyromagnetic ratio among nuclei used in NMR) and
By is the external magnetic field. Radio frequency (RF) ap-
plied at the same frequency of the proton precession results in
energy absorption, and when the applied RF is turned off, the
resonating nuclei induce a current in a receiver coil that can be
measured as an NMR signal. The RF in NMR is most com-
monly between 60 MHz and 1100 MHz [69, 70].

By nature, the nuclei of atoms in materials spin in a random
movement and alignment. Within different metabolites, they
are bound to different atoms and are surrounded by different
orbital electrons in different shells. This phenomenon pro-
duces local magnetic fields that shield and protect each nucle-
us from the external magnetic field (By) to different extents.
As a consequence, nuclei resonate at diverse frequencies de-
pending on the local environment. This leads to a population
of NMR signals [71, 72], which reflect the local environments
of the nuclei and provide comprehensive information about
the structure of the parent molecule [70]. Several nuclei such
as 'H, 3C, 3'P and '"°F have been used in NMR for this
purpose [73]. 'H is the most common nucleus used in NMR
due to its high sensitivity compared to other nuclei. High
sensitivity is the greatest advantage for application to biolog-
ical tissues [74].

There are several metabolites that can be identified by
using liquid NMR spectroscopy or high-resolution magic an-
gle spinning (HRMAS) NMR spectroscopy for non-liquid
samples. Liquid state NMR provides not only well-defined
spectral lines but also clear multiplets. This is a result of the
interactions between nuclei and electrons. This phenomenon
is sometimes observed in solid-state NMR spectroscopy by
using HRMAS [75]. Spectra derived from non-liquid state
NMR are normally composed of wide lines. In the non-
liquid state, NMR spectra are normally composed of wide
lines due to chemical shielding because of anisotropic,
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dipole-dipole coupling and for spin greater than "2, quadru-
pole coupling. To solve this issue, there are several ways could
be applied: magic angle spinning, high-power decoupling,
multiple pulse sequences, cross-polarisation and quadrupole
echo sequence [72]. HRMAS NMR spectroscopy is a power-
ful and highly sensitive technique, in which signal-broadening
dipolar coupling is minimised in non-solution state NMR
spectroscopy [76] and the motion of molecules is restricted
[77]. Tt is characterised by the magic angle (54.74°) spinning
(MAS), which is an angle of combined magnetic field
resulting from the solenoid coil winding and one dipole wind-
ing [78]. HRMAS can be used for detecting and quantifying
metabolite profiles in biological tissues for the study of phys-
iological regulation or disease processes [23, 37].

Metabolomics of Serum in OA

It is convenient to use serum samples for OA research [39]. In
a comparative study between two groups of mice, the first
group consumed a high maize diet of 56% type 2-resistant
starch—a diet that resists the bile-acid-enzyme digestion in
the small intestine allowing the food to escape to the colon,
which provides the bacteria in the colon with additional ener-
gy [79]. The second group was fed a high fat diet containing
Amioca corn starch; the serum concentrations of branched-
chain amino acids (BCAA) were lower in the mice fed high
maize diet than the high fat diet group [80]. In another study,
the sera of sheep were analysed at 4 weeks and 12 weeks after
meniscal destabilisation (MD) or following anterior cruciate
ligament transection (ACL) compared to sham-operated. The
differences in the metabolite profiles are listed in Table 1 [81].

Metabolomics of Synovial Fluid in OA

Synovial fluid (SF) is considered a key to the study OA because
it occupies the space among the tissues in the entire joint [82]. It
is a bathing solution that contains metabolites released from and
available to the cartilage, as well as from the synovium and
other periarticular tissues. The chondrocytes and synoviocytes
in the respective tissues synthesise metalloproteases, which
play an important role in extracellular matrix remodelling
[83]. Metalloproteases (MMPs) are enzymes that play an inte-
gral role in extracellular matrix resorption and degradation of

cartilage [84]. Although the relative importance of the
synovium for MMPs secretion is less clear in OA than in RA,
there is an increasing body of evidence that the production of
proinflammatory and destructive mediators from the OA
synovium are of importance for the symptoms and progression
of OA. For example, in a previous study evaluating protein
expression profiles in synovial fluid proteins in health and in
showed a series of novel proteins differentially expressed in SF
from OA patients such as serine protease inhibitors, S100 cal-
cium binding proteins and mitogen-activated protein kinase by
using one-dimensional gel electrophoresis and LC-MS/MS,
which is contributed to elevation of MMPs and inflammatory
mediator expression in OA [85]. A more recent study demon-
strated that concordant expression of gelsolin and many com-
plement proteins in synovial tissue and SF suggesting that the
synovium are important sources of some of the differentially
regulated proteins in OA [86]. Balakrishnan et al. have contrib-
uted further evidence of a correlation between synovial fluid
proteome and pathophysiology of OA [87]. In this study, 677
proteins from synovial fluid of patients with OA were identi-
fied, of these, 545 proteins have not been previously reported,
including ADAM-like decysin 1 (ADAMDECI), alanyl
(membrane) aminopeptidase (ANPEP), CD84, fibulin 1
(FBLN1), matrix remodelling associated 5 (MXRAS5), secreted
phosphoprotein 2 (SPP2) and spondin 2 (SPON2). The proteo-
lytically active metzincin metalloprotease ADAMDECI has
been found to play a critical role in macrophages-mediated
inflammation [88].

Indeed, synovial macrophage has been considered as the key
effector for both inflammatory and destructive responses in OA
[89]. Infiltration of inflammatory cells especially with macro-
phages in synovium is the principal characteristic of OA-related
synovitis [90-92]. Monocyte/macrophages play a major ho-
meostatic role in tissue remodelling, repairing, regeneration
and maintenance [93] facilitated by opsonins like CRP, serum
amyloid P, Clq, C3b, IgM, ficolin and surfactant proteins [94].
The altered expression of portion of these proteins has been
found in OA specimens using proteomic techniques [85] and
time-resolved immuno-fluorometric assay [95]. Macrophages
have the ability to produce a broad spectrum of matrix metal-
loproteinase MMPs and may contribute to the erosion of carti-
lage [84]. In vivo macrophage depletion resulted in decreased
production of inflammatory cytokines, growth factors and
MMPs which resulted in decreased formation of osteophytes
[84]. Moreover, two alarmins of activated macrophages,

Table 1 Differences in the

metabolite profiles among three Sham

Weeks post-operation

MD ACL

different types of surgery (sham),

meniscal destabilisation (MD) 4 Weeks
and anterior cruciate ligament
(ACL)

12 Weeks

As a control sample

As a control sample

Decrease in:
Trimethylamine,
Choline, Acetate

Decrease in tyrosine,
BCAA, choline, TMA and acetate
Increase in glycine, 3-methylhistidine

Same as control Decrease in TMAO, BCAA
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S100A8 and S100A9 are associated with increased expression
and activation of MMPs, thereby inducing cartilage matrix deg-
radation and osteophyte formation in OA [96].

A study using NMR spectroscopy-based metabolomics
identified 33 metabolites in SF collected from sheep following
ACL and sham surgeries and from non-operated control
sheep. Twenty-four metabolites (alanine, lysine, tyrosine,
threonine, arginine, phenylalanine, serine, leucine,
isoleucine, valine, hypoxanthine, methionine,
hydroxyproline, proline, aspartate, asparagine, glutamate 2-
hydroxybutyrate, choline, lactate, succinate, formate,
tryptophan and acetate) were increased in the samples from
anterior cruciate ligament (ACL, experimental OA model) and
sham-operated animals. The other metabolites (2-oxovalerate,
2-oxoglutarate, ethanol, glucose, pyruvate and 3-
hydroxybutyrate) were decreased compared with the SF from
non-operated sheep. Interestingly, glucose and isobutyrate
were higher, while serine, hydroxyproline, uridine and aspar-
agine were lower in ACL compared to sham-operated [30].

In an another NMR study, using standard 1D spectroscopy
with water pre-saturation at a 600-MHz Bruker, compared SF
from OA patients (n = 55) with SF from post mortem samples
from subjects without OA (n =13) and identified 11 metabo-
lites considered as potential biomarkers of OA. The concen-
trations of methionine, N-phenylacetylglycine, ethanol, crea-
tine, O-acetyl-carnitine and 3-hydroxybutyrate were lower in
OA compared to non-OA samples, while citrate concentra-
tions were higher in OA than in non-OA controls [30]. In a
different set of human SF samples, saturated triglycerides
were detected in SF from 11 patients with traumatic effusions
at higher levels than in 10 OA patients [97].

Synovial fluid collected from 28 dogs in which half had
been subjected to ACL surgery and the second half were
unoperated controls. Alanine, isoleucine, lactate, lipoprotein-
associated fatty acid, ketone bodies (3-D-hydroxyisobutyrate
and 3-D-hydroxybutyrate), pyruvate, acetate, glycerol and N-
acetyl-glycoproteins were increased in ACL-OA SF samples.
On the other hand, glucose was the only metabolite that was
decreased in ACL-OA compared with unoperated control
samples [98]. Another study by the same researchers in seven
dogs subjected to ACL and unilateral joint denervation [98]
showed that the concentrations of 3-D-hydroxybutyrate, ace-
tate, creatine/creatinine, glutamine/glutamate, N-acetyl-glyco-
proteins, glycerol lactate, pyruvate citrate, tyrosine and ala-
nine were higher than in sham controls.

Metabolomics of Urine in OA

Metabolomics of urine provide a unique “fingerprint”. It is
easy to collect, as it is non-invasive [99], no patient prepara-
tion needed [100]. One study examined metabolite variations
in human urine samples from knees and hips of both male and
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female OA patients [98], classified by bilateral radiological
assessment of OA using the Kellgren-Lawrence (K-L) grading
criteria (K-L) [101]. Because the group represented several K-
L grades, samples were separated into two groups based on
OA severity, one with K-L grades from 4 to 10 and the control
group with K-L grades from 0 to 2 [38]. Hydroxybutyrate,
pyruvate, creatine/creatinine and glycerol were detected at
higher concentrations in OA, while histidine and
methylhistidine were found at lower concentrations in OA,
compared to the control group [38]. Another study used
NMR spectroscopy of urine from 22 OA patients and 22 con-
trol patients [57]. Both groups were exposed to intensive diet
and exercise for arthritis (IDEA) [57], a diet and exercise
program undertaken for 18 months and designed for arthritis
patients. IDEA leads to loss of body weight, reduction of pain
[102] and improvement of muscle strength [103] by decreas-
ing the level of plasma pro-inflammatory cytokine IL-6 in
arthritis patients [102]. This study described higher levels of
hydroxybutyrate, pyruvate, glycerol and an increased creatine/
creatinine ratio in OA patients. It also showed lower levels of
methylhistidine and histidine in OA patient urine [57].

Metabolomics of Tissue in OA

A study conducted by Shet et al. [37] using '"H HRMAS NMR
spectroscopy compared human knee cartilage collected from
patients between 57 and 81 years old. Samples were obtained
after a total knee replacement for end-stage OA. Control group
samples were collected from gender-matched subjects post
mortem (n=15) with an age range of 37-48 years.
Differences between the two groups were identified [37].
There was a significant decrease in the concentrations of N-
acetyl groups, glycine, alanine, lactate methyne and choline
metabolites in OA knees [37]. From another study conducted
on the synovial tissues taken from middle to late-stage OA
patients, 7 metabolites showed increased concentrations of
pro-hydroxyproline, acetylcarntine, myo-inositol, n-
acetylornithine, succinate, glutamine and urea compared to
control samples from healthy individuals or early OA patients.
In contrast, gamma-glutamylleucine, 4-methyl-2-
oxopentanoate, 5-oxoproline and phenylacetyglcine de-
creased in the synovial tissues from OA patients [104].

Metabolite Differences Between OA
and Non-OA

In summary, of several types of bio-fluids and tissues that
have been examined, all have shown metabolite differences
between samples from OA patients and non-OA samples.
Both increased and decreased levels and concentrations of
metabolites have been observed, as listed in Table 2.
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Table 2  Summary of the metabolites altered in OA samples

Specimen Upregulated metabolites Downregulated metabolites References

Mouse serum BCAA Barouei, J. et al. [80]
Sheep serum Glycine and 3-methylhistidine BCAA and tyrosine Maher, A.D. et al. [81]

Sheep synovial fluid ~ Alanine, lysine, tyrosine, threonine, arginine,

2-Oxovalerate, 2-oxoglutarate, ethanol,

Mickiewicz, B. et al. [30]

phenylalanine, serine, BCAA,
hypoxanthine, methionine,
hydroxyproline, proline, aspartate,
asparagine, glutamate 2-hydroxybutyrate,

glucose, pyruvate and
3-hydroxybutyrate, serine,
hydroxyproline, uridine and
asparagine

choline, lactate, succinate, formate,
tryptophan, acetate, glucose and
isobutyrate

Human synovial fluid Citrate.

Methionine, N-phenylacetylglycine,
ethanol, creatine, O-acetyl-carnitine
and 3-hydroxybutyrate

Mickiewicz, B. et al. [30]

Human synovial fluid Saturated triglycerides Williamson, M.P., G.
Humm and A.J. Crisp [97]
Dog synovial fluid Alanine, isoleucine, lactate, Glucose Damyanovich, A.Z., J.R.

lipoprotein-associated fatty acid,
3-D-hydroxyisobutyrate,
3-D-hydroxybutyrate, pyruvate, acetate,
glycerol, N-acetyl-glycoproteins,
3-Dhydroxybutyrate, acetate,
creatine/creatinine, glutamine/glutamate,
N-acetyl-glycoproteins, glycerol lactate,
pyruvate citrate, tyrosine and alanine
Hydroxybutyrate, pyruvate,
creatine/creatinine and glycerol

Human urine

Human knee cartilage

Histidine and methylhistidine

N-acetyl group, glycine, alanine, lactate

Staples, and K.W. Marshall [105]

Lamers, R.J.AN. et al.
and Loeser, R.F. et al. [38, 57]

Shet, K. et al. [37]

Human synovium

Pro-hydroxyproline, acetylcarntine,

myo-inositol, n-acetylornithine, succinate,
glutamin and urea

methyne and choline

Gamma-glutamylleucine,

4-methyl-2-oxopentanoate,
5-oxoproline and phenylacetyglcine

Priori, R. et al. [104]

Common Metabolites Detected by Different
Metabolomics Approaches

In a study comparing NMR and GCMS to analyse synovial
fluid, citrate was increased while 3-hydroxybutyrate was de-
creased in samples from OA patients compared with control
samples [30]. In rabbits subjected to anterior cruciate ligament
(ACL) reconstruction after injury, markedly decreased in plas-
ma levels of alanine, threonine and methionine were observed
with increasing severity of OA [106]. Analysis of 20 urine
samples obtained from OA patients and 17 from non-OA in-
dividuals using GCMS-based approach showed significant
elevation of histamine, isocitrate, aconitate and citrate while
glutamine and histidine were marked decreased, in OA com-
pared to non-OA urine samples [107].

SF were collected from 80 patients undergoing total knee
replacement due to OA and examined by targeted LCMS-
based metabolomics, which identified a large number of the me-
tabolites. Accordingly, the researchers [108] applied principle
component analysis to differentiate the patients and they were
able to classify the OA patients in two groups. Higher levels of

acylcarnitines were detected in one group, whereas free carnitine
levels were lower level, suggesting that there is energy metabo-
lism alteration. [108]. Carnitine plays a role not only in the cre-
ation of high energy bonds that result in the acylcarnitine forma-
tion but also as transportation of fatty acids in the mitochondria
[109]. Accordingly, fatty acids will be oxidised by [3-oxidation
resulting a major source of energy [108].

Conclusion

The majority of metabolomic profiling approaches in OA
reveal changes associated with energy metabolism indicat-
ed by perturbation in amino acid metabolism, glycolysis,
TCA cycle and ATP biosynthesis. The identified metabo-
lites may be of special clinical relevance for the diagnosis of
subtypes of OA, which could lead to a better understanding
of, and improvement in, personalised interventions for OA.
This approach can potentially serve as a novel tool for met-
abolic syndrome detection and monitoring, and provide
useful information for future interventions targeting

@ Springer



26 Page 8of 11

Curr Rheumatol Rep (2019) 21: 26

obesity-associated OA and also for disease staging. Future
investigations are needed with standardised protocols with
open access databases for metabolomics to be successful
and broadly applied in the clinic setting.
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