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Abstract

Background: Osteoarthritis (OA) is one of the costliest and most disabling forms of arthritis, and it poses a major
public health burden; however, its detailed etiology, pathophysiology, and metabolism remain unclear. Therefore, the
purpose of this study was to investigate the key plasma metabolites and metabolic pathways, especially focusing on
radiographic OA severity and synovitis, from a large sample cohort study.

Methods: We recruited 596 female volunteers who participated in the lwaki Health Promotion Project in 2017. Stand-
ing anterior-posterior radiographs of the knee were classified by the Kellgren-Lawrence (KL) grade. Radiographic OA
was defined as a KL grade of > 2. Individual effusion-synovitis was scored according to the Whole-Organ Magnetic
Resonance Imaging Scoring System. Blood samples were collected, and metabolites were extracted from the plasma.
Metabolome analysis was performed using capillary electrophoresis time-of-flight mass spectrometry. To investigate
the relationships among metabolites, the KL grade, and effusion-synovitis scores, partial least squares with rank order
of groups (PLS-ROG) analyses were performed.

Results: Among the 82 metabolites examined in this assay, PLS-ROG analysis identified 42 metabolites that cor-
related with OA severity. A subsequent metabolite set enrichment analysis using the significant metabolites showed
the urea cycle and tricarboxylic acid cycle as key metabolic pathways. Moreover, further PLS-ROG analysis identified
cystine (p = 0.009), uric acid (p = 0.024), and tyrosine (p = 0.048) as common metabolites associated with both OA
severity and effusion-synovitis. Receiver operating characteristic analyses showed that cystine levels were moderately
associated with radiographic OA (p < 0.001, area under the curve 0.714, odds ratio 3.7).

Conclusion: Large sample metabolome analyses revealed that cystine, an amino acid associated with antioxidant
activity and glutamate homeostasis, might be a potential metabolic biomarker for radiographic osteoarthritis and
early phase synovitis.
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highly prevalent and posing a major public health bur-
den [4, 5]. Although prevention and an early diagnosis
are prerequisites for a favorable outcome, the detailed
etiology, pathophysiology, and metabolism of OA
remain unclear [6].

Recently, there has been increased interest in the
early stages of knee OA [7, 8]. In this condition, the
synovial joints present with various minute pathologi-
cal changes in the cartilage, ligaments, menisci, sub-
chondral bone, and synovium of the knee, even without
radiographic abnormalities [9]. A longitudinal large
sample cohort study revealed that bone marrow lesions,
effusion-synovitis, and meniscal lesions are key pathol-
ogies of OA progression [10]. Additional epidemiologi-
cal studies using magnetic resonance imaging (MRI)
have reported that mild-to-moderate inflammation is
detectable in people with early-stage knee OA [3, 11].
Pathophysiologically, synovitis has a strong impact on
joint degeneration because the inflamed synovium
secretes a variety of proteases and cytokines [12]. How-
ever, the precise biological and biomechanical mecha-
nisms of OA are not fully understood yet.

Recent omics profiling approaches combined with
clinical measures can comprehensively assess the
health status and identify deviations from healthy base-
lines; these approaches may improve disease risk pre-
diction and early detection [13]. Metabolomics detects
many small-molecule metabolites in body fluids or tis-
sues and quantifies these molecules in a single step.
This approach promises an immense potential for early
diagnosis, therapy monitoring, and understanding of
the pathogenesis of many diseases [14]. However, previ-
ous omics analyses were affected by limitations in the
sample size owing to the high running costs. Large sam-
ple cohort studies are necessary to analyze the severity-
related changes and assess the influence of confounders
like anthropometric factors, bone strength, hormonal
condition, or synovitis. After recent improvements
in analytical techniques had made it possible to con-
duct large sample metabolome analyses [15], several
large-scale cohort studies successfully identified the
etiologies and biomarkers in various fields of health
maintenance [16, 17].

We employed targeted plasma metabolome analyses in
this large sample cohort study to identify the metabolites
and metabolic pathways associated with radiographic
severity in OA of the knee. Additionally, we investigated
the metabolic pathways related to synovitis and effusion
to better understand the etiology of early-stage knee OA
and identify the risk factors for the progression of knee
OA. We expected that a novel inflammation-related bio-
marker associated with both synovitis and radiographic
severity of knee OA would be identified and that the
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underlying metabolic pathways related to the etiology of
early-stage knee OA would be revealed.

Materials and methods

This was a cross-sectional study with volunteer par-
ticipants from the Iwaki Health Promotion Project. The
Iwaki Health Promotion Project, an annual program for
the general population living in the Iwaki area of Hirosaki
City located in the western Aomori prefecture, is a pre-
ventive medicine program that aims at improving average
life expectancy by performing general health checkups
[3, 8, 18]. The study of knee OA began in 2008, with
annual checkups that followed the natural progression
of the condition. At each checkup, physical examination,
functional tests, laboratory findings, basic lifestyle infor-
mation, and imaging data were registered. Furthermore,
to discover the disease in its early phase, we performed
MRIs on middle-aged female patients, who are known
to have the highest risk for knee OA and its progression.
The participants were community-dwelling residents
who were recruited using mass media advertisements
and with the help of public health nurses. All partici-
pants provided written informed consent. The study was
conducted in agreement with the 1964 Helsinki Decla-
ration and its later amendments or comparable ethical
standards and was approved by the ethics committee of
Hirosaki University Graduate School of Medicine, Japan
(2017-026).

Participants

Out of 10,000 community-dwelling residents, 1073 vol-
unteers who participated in the Iwaki Health Promotion
Project 2017 were enrolled in this study. First, partici-
pants who had not undergone radiographic and blood
examinations were excluded. This study aimed to iden-
tify the biomarkers useful for the detection of early and
advanced stages of OA. Two phases were conducted.
Phase 1 analysis aimed to discover the metabolites related
to increased radiographic severity in high-risk female
participants, who are the definitive high-risk group
for knee OA. Therefore, 441 men were excluded, and a
total of 597 women were assessed (Fig. 1). In phase 2, we
focused on the synovitis without radiographic abnormal-
ity, in order to assess the discovered metabolites in the
early phase of knee OA. MRIs in phase 2 were performed
only on middle-aged women who are at a high risk of
early knee OA [8], resulting in a total of 298 participants.

Blood sampling and metabolite extraction

Blood samples were collected from all participants before
breakfast after a period of 10 or more hours of fasting.
After centrifugation, collected plasma were separately
stored at — 80 °C. Metabolite extraction and metabolome
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lwaki Health promotion project 2017:
n=1073

First step: n=597
Analysis with KL grade

Exclusion:
Male: n=441
Lack of radiographs: n=37 a
Lack of CE-MS analysis: n=18
Females with radiograph and CE-MS:
n=597
Exclusion:
KL grade 2, 3 and 4: N=220 [y
No MRI scanning: n=78

Females with radiograph, CE-MS,
and MRI: n=298

Second step: n=298
Analysis with effusion

>

resonance imaging

Fig. 1 Flowchart of the participant enrollment process. CE-MS, capillary electrophoresis mass spectrometry; KL, Kellgren-Lawrence; MRI, magnetic

analysis were conducted at Human Metabolome Tech-
nologies (HMT, Tsuruoka, Yamagata, Japan). Briefly, 50
pL of plasma was added to 450 pL of methanol contain-
ing internal standards (Solution ID: H3304-1002, HMT,
Inc., Tsuruoka, Japan) at 0 °C to inactivate enzymes. The
extract solution was thoroughly mixed with 500 pL of
chloroform and 200 pL of Milli-Q water and centrifuged
at 2300x g and 4 °C for 5 min; 350 pL of the upper aque-
ous layer was centrifugally filtered through a Millipore
5-kDa cutoff filter to remove the proteins. The filtrate
was centrifugated, the pellet resuspended in 50 pL of
Milli-Q water, and then used for metabolome analysis at
the HMT.

Metabolome analysis

Metabolome analysis was conducted with the Basic
Scan package of the HMT using capillary electropho-
resis time-of-flight mass spectrometry (CE-TOFMS)
based on the methods described previously [19, 20].
Briefly, CE-TOFMS analysis was carried out using an
Agilent CE capillary electrophoresis system equipped
with an Agilent 6210 time-of-flight mass spectrom-
eter, Agilent 1100 isocratic HPLC pump for sheath
liquid, Agilent G1603A CE-MS adapter kit, and Agi-
lent G1607A CE-ESI-MS sprayer kit (Agilent Tech-
nologies, Waldbronn, Germany). The systems were
controlled by the Agilent G2201AA ChemStation soft-
ware version B.03.01 for CE (Agilent Technologies)
and connected by a fused silica capillary (50 pm inner

diameter x 80 cm total length) with a commercial
electrophoresis buffer (H3301-1001 and H3302-1021
for cation and anion analyses, respectively; HMT) as
the electrolyte. The spectrometer was scanned from
m/z 50 to 1000 [19]. Peaks were extracted using Mas-
terHands, an automatic integration software (Keio
University, Tsuruoka, Yamagata, Japan), to obtain peak
information including m/z, peak area, and migration
time [21]. Signal peaks corresponding to isotopom-
ers, adduct ions, and other product ions of known
metabolites were excluded, and the remaining peaks
were annotated according to the HMT metabolite
database based on their m/z values with the migration
times. Areas of the annotated peaks were then normal-
ized based on internal standard levels and sample vol-
umes to obtain relative levels of each metabolite. The
relative levels were further normalized using control
plasma samples (Sigma-Aldrich Japan, Tokyo, Japan)
when measurement conditions were changed by dif-
ferent analysis equipment or capillary replacement in
CE-MS measurement. The coefficients of variation
(CVs) reported in our previous study were calculated
using a portion of the same sample as in this study
[22]. The minimum and maximum values of CVs were
3.3% and 81.6%, respectively. For the detected metabo-
lites, 61.6% of the number of metabolites had CVs less
than 10%. Moreover, on the basis of the metabolomic
results analysis, plasma cystine concentrations (nmol/
mL, HPLC) were quantified by the LSI Medience Cor-
poration (LSI Medience Corp., Tokyo, Japan).



Sasaki et al. Arthritis Research & Therapy (2022) 24:145

Radiographic evaluation

Radiographic examinations of the knee were performed
using a digital radiographic device (CXDI-40EG, Canon
Inc. Tokyo, Japan). Experienced radiologists and ortho-
pedic surgeons obtained weight-bearing, full-extension,
and anterior-posterior radiographs of both the knees
with foot map positioning on the day of the checkup.
The beam was positioned parallel to the floor and aimed
at the joint space, and the sequencing was set at 60 kV,
50 mAs, and 80 ms for all participants. The images were
converted into Joint Photographic Experts Group for-
mat files. OA severity in each knee was classified by two
trained orthopedic surgeons (D.C. and S.0.) as KL grades
0-4 using the KL radiographic atlas [23]. The interclass
correlation coefficient of the assessment performed by
the two surgeons was 0.815, and the intraclass correlation
coefficient was 0.923. These surgeons were unaware of
the sequence in which the radiographs were acquired and
the clinical status of the participants.

Synovitis evaluated using MRI

Synovitis on MRI was assessed in the right knee. Par-
ticipants were positioned in supine with their knees in
full extension and scanned with a rapid extremity coil
and mobile magnetic resonance unit (1.5 T; ECHELON
RX, Hitachi, Tokyo, Japan) within 1 week of the other
examinations. The scanning sequences were set includ-
ing the sagittal and coronal planes of T2-weighted fat-
suppressed fast-spin echo sequences (repetition time
5000 ms; echo time 80 ms; field of view 16 cm; 288 x
288 matrix; slice thickness of 3 mm with a gap of 1.0 mm
between slices). The image database was transferred to
an independent computer workstation using the Osi-
riX software (Newton Graphic, Inc., Hokkaido, Japan).
According to the Whole-Organ MRI Scoring (WORMS)
method [24], synovitis was semi-quantitatively graded
as an effusion-synovitis score from 0 to 3 in terms of the
estimated maximal distention of the synovial cavity: 0 =
normal, 1 = < 33% of maximum potential distention, 2
= 33-66% of maximum potential distention, and 3 = >
66% of maximum potential distention. Based on the effu-
sion-synovitis scores, participants with KL grades 0 and 1
were divided into low (effusion-synovitis score of 0; n =
205) and high (effusion-synovitis score of 1, 2, and 3; n =
93) eftfusion-synovitis groups to determine the absence or
presence of synovitis, respectively. Furthermore, the effu-
sion-synovitis volume (cm®) was quantified at the supra-
patellar fluid equivalent signal on MRI using the OsiriX
software by an expert orthopedic surgeon (S.0.). To vali-
date the measurements of effusion synovitis volume, the
intra-class correlation coefficient (ICC) was estimated
from two separate measurements. The ICC (1,1) of the
effusion-synovitis volume was 0.984.
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Covariates

The patients’ anthropometric parameters including
height, weight, and body mass index (BMI) values were
recorded. The difference in muscle volume (kg) of partici-
pants was estimated by measuring impedance with the
Tanita MC-190 body composition analyzer (Tanita Co.,
Ltd., Tokyo, Japan), since muscular volume is correlated
to the concentration of some metabolites. In this study,
the muscle volume was evaluated as that of the right
lower extremity, including the thigh, in order to corre-
spond to the side of the obtained MRI.

Furthermore, the serum inflammatory biomarkers were
measured from the collected blood samples. After cen-
trifugation, the collected sera were separately stored at
— 80 °C. Serum samples were analyzed by the LSI Medi-
ence Corporation (LSI Medience Corp., Tokyo, Japan).
The company has an ISO-15189-accredited laboratory;
therefore, serum assays were performed under strict con-
ditions. As biomarkers for inflammation, highly sensi-
tive C-reactive protein (mg/dL, Nephelometry), matrix
metalloproteinase 3 (mg/mL, LA), interleukin-6 (pg/mL,
CLEIA), and hyaluronic acid (ng/mL, LA) levels were
assessed. The reliabilities of these biomarkers, as shown
in the coefficient of variation, were 1.0-1.5%, 2.0—4.8%,
1.5-7.4%, and 2.3—5.0%, respectively.

Statistical analysis

Demographic data and serum inflammation markers
are presented as mean =+ standard deviation. Age, BMI,
muscular volume, and serum inflammation biomarkers
among KL grades were compared by the analysis of vari-
ance. In the phase 1 analysis, partial least squares (PLS)
and PLS with rank order of groups (PLS-ROG) were
used. While PLS considers only group differences, PLS-
ROG considers the group differences as well as informa-
tion about the order of the groups. Therefore, PLS-ROG
is useful when, in addition to information on the groups,
information on the order of groups, such as the KL grade,
is available. We first performed PLS and confirmed the
association between PLS scores and KL grades. If there
was no association between the PLS scores and KL
grades, we performed PLS-ROG analyses. Statistically
significant metabolites related to the KL grade were iden-
tified using PLS or PLS-ROG loading [25] based on Pear-
son’s correlation coefficient (r) between the PLS-ROG
score for the response variable and each metabolite level.
We set the smoothing parameter x as 0.999 in the PLS-
ROG analyses. A previous study that explained the theo-
retical aspects of PLS-ROG [25] reported how the score
changes when the smoothing parameter is varied. For
practical purposes, it is sufficient to set the smoothing
parameter close to 1 (0.999 in this study) and to confirm
whether the scores are associated with the order of the
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groups by visual inspection. Using the identified metabo-
lites, metabolite set enrichment analyses were performed
to detect the related pathways by over-representation
analysis [26] using an HMT proprietary program written
in R [27] and the same metabolite setlist used in our pre-
vious study [27]. A heatmap and dendrograms of metab-
olites were created based on the metabolites’ intensities.
In this analysis, Z-scores of the detected metabolites are
shown in each row, and samples that were sorted with the
Kellgren-Lawrence grade are shown in each column.

In the phase 2 analysis, levels of metabolites between
low and high effusion-synovitis score groups were com-
pared using the Mann-Whitney U test. Furthermore,
PLS-ROG analysis of the effusion-synovitis score and
metabolites was performed, and related metabolites were
identified using PLS-ROG loading. Then, Spearman’s
correlation coefficients (p) were estimated to investigate
the relationship between quantified plasma cystine con-
sentrations and inflammation markers.

Finally, to estimate the cutoff value for detecting knee
OA with KL grade 2 and higher, a receiver operating
characteristic (ROC) curve analysis was performed using
these commonly correlated metabolites. Based on the
calculated areas under the curve (AUC), the strength
with the presence of OA was compared among the
metabolites, and their cutoff values were defined as the
nearest point to the true positive, that is, the left upper
corner of the plot box to maximize the true positive frac-
tion and minimize the false-positive fraction.

Calculations for the statistical analysis were performed
using the HMT proprietary R program, SPSS version
25.0] (SPSS Inc., Chicago, IL, USA), and the statistical
software BellCurve for Excel (version 3.21; Social Survey
Research Information Co., Ltd., Tokyo, Japan). A p-value
and g-value, for multiple comparison testing based on
the Benjamini-Hochberg [28] approach, < 0.05 were con-
sidered statistically significant.
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Results

Among the 597 women, a participant who was an out-
lier, exceeding the 99% confidence interval in a princi-
pal component analysis score plot, was excluded (Fig.
S1) [27]. Finally, the initial phase 1 analysis included
596 female participants (Fig. 1); their demographic and
clinical data are shown in Table 1. In total, 82 metabo-
lites were examined and shown in a heatmap (Fig. S2 and
Additional file 1: Table S1). We performed PLS analyses
(Fig. 2a, b) of the metabolome data, which failed to con-
firm an association of PLS scores with OA severity based
on the KL grade. Therefore, PLS-ROG analysis for the
association between the KL grade and metabolites was
performed (Fig. 2c, d). This analysis confirmed an asso-
ciation of the first PLS-ROG score with the KL grade. Of
the 82 metabolites, 37 were positively and five were nega-
tively correlated with radiographic severity (¢ < 0.05).
The correlated metabolites (from the highest correlation
downwards) were cystine (r = 0.397, p < 0.001, g < 0.001),
urea (r = 0.392, p < 0.001, g < 0.001), cis-aconitic acid (r
= 0.290, p < 0.001, g < 0.001), ornithine (r = 0.254, p <
0.001, g < 0.001), and tyrosine (r = 0.214, p < 0.001, g <
0.001). A subsequent metabolite set enrichment analy-
sis using the significant metabolites (» < 0.05) found no
significantly associated metabolic pathway (Additional
file 1: Table S2), whereas five out of six metabolites in the
urea cycle (p = 0.059, g =1.000) and all the three metab-
olites in the tricarboxylic acid (TCA) cycle (p = 0.085, g
=1.000) were identified as key metabolites.

The phase 2 analysis included 298 women who had
undergone MRI examinations. In this population, the
mean effusion-synovitis volume was 2.6 £ 2.7 (range
0.1-24.6) cm?®, which increased with the effusion-syno-
vitis score (p < 0.001; Additional file 1: Table S3). There
were no significant differences in age, BMI, and muscle
volume in the effusion-synovitis score in the variance test
analysis (Additional file 1: Table S3). In the comparison

Table 1 Demographic and clinical data of participants according to their Kellgren-Lawrence grade

KLO KL1 KL 2 KL3 KL 4 p-value

Number of participants 271 187 79 45 14

Age (years) 459+136 573£116 660+ 114 719+£75 69.6 9.0 <0.001
BMI (kg/mz) 212+32 228 +£35 233 +38 253+43 255+54 < 0.001
Muscle volume (kg) 63+0.7 6.2+09 59408 59407 6.0+ 06 <0.001
hs-CRP (mg/dL) 0.06 £0.16 0.06 £0.13 0.06 £0.13 0.08 £0.16 0.06 £0.11 0918
MMP-3 (mg/mL) 364+ 187 373+ 145 340+ 119 381131 426 +125 0319
IL-6 (pg/mL) 18+63 1.0+12 12+1.1 12407 0.7 £04 0.408
HA (ng/mL) 486 + 64.7 46.8 £49.7 455+ 504 80.3 £86.0 40.7 £932 0.016

Data are presented as the mean =+ standard deviation and were compared using analysis of variance tests. The muscle volume refers to that of the right thigh and

lower leg

BMI body mass index, HA hyaluronic acid, hs-CRP high-sensitive C-reactive protein, IL-6 interleukin-6, KL Kellgren-Lawrence grade, MMP-3 matrix metalloproteinase 3
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between the low and high effusion-synovitis score
groups, alanine (p = 0.016, g = 0.587), cystine (p = 0.039,
q = 0.587), methionine (p = 0.043, ¢ = 0.587), propio-
nylcarnitine (p = 0.046, g = 0.587), and uric acid (p =
0.048, g = 0.587) were identified as metabolites with sig-
nificantly increased levels in patients with high synovitis
scores (p < 0.05; Fig. 3a—e).

Regarding the metabolomics results related to effusion-
synovitis scores in patients with KL grades 0 and 1, the
PLS-ROG analysis detected eight significantly correlated
metabolites, which were alanine, cystine, 2-hydroxy-
valeric acid, uric acid, methionine, tyrosine, 3-hydroxy-
butyric acid, and S-methylcysteine (p < 0.05; Fig. 3f-h).
Among these metabolites, cystine (r = 0.151, p = 0.009, g
= 0.375), uric acid (r = 0.131, p = 0.024, g = 0.403), and
tyrosine (r = 0.115, p = 0.048, ¢ = 0.437) were identi-
fied as common key metabolites associated with both the
KL grade and effusion-synovitis score (Fig. 3h). Further
ROC analyses showed that the cystine level was moder-
ately associated with the presence of radiographic OA
(p < 0.001; AUC 0.714; 95% CI 0.667, 0.761; cutoff value
2.23; odds ratio 3.7; Fig. 4). The quantified plasma cystine

consentration had a mean value of 28.4 £+ 9.1 nmol/mL
and was significantly correlated with the levels of serum
inflammatory markers such as high-sensitive C-reactive
protein (p = 0.252, p < 0.001), matrix metalloproteinase
3 (p = 0.137, p < 0.001), interleukin-6 (p = 0.224, p <
0.001), and hyaluronic acid (p = 0.467, p < 0.001).

Discussion

This cross-sectional study accomplished a large sam-
ple metabolome analysis focusing on both radiographic
knee OA and synovitis on MRI. Our results revealed that
cystine, uric acid, and tyrosine were common metabo-
lites related to both radiographic severity and degree of
synovitis effusion. According to the ROC analysis, cys-
tine highly reflected the presence of OA. High cystine
levels may be a key biomarker in identifying patients at
high risk of knee OA progression caused by synovitis. In
addition, we demonstrated that a metabolomic approach
could identify the key metabolites and metabolic path-
ways related to radiographic severity and effusion-syno-
vitis, although the correlation was extremely weak.
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Metabolomics has become an advanced method for
the identification of OA biomarkers and can be used to
systematically study small-molecule metabolites across
biological systems. The metabolome constitutes the final
downstream product of distinct regulatory complexes
such as the genome, transcriptome, and proteome that
are proximal to the metabolome constituting the dis-
ease phenotype [29]. Synovial fluid is an ideal specimen
for OA studies because metabolite concentrations in the
synovial fluid directly reflect the biological processes of
the synovium or cartilage. However, obtaining synovial
fluid samples is invasive and not practical for patients
without joint effusion. Thus, one of the most frequently
used biological samples in OA research is blood. Zhang
et al. reported that correlations between blood plasma
and synovial fluid metabolite concentrations are mod-
est. Metabolite ratios, which are considered proxies for
enzymatic reaction rates owing to their high correlation,
should be considered when using blood plasma as a sur-
rogate for synovial fluid in OA biomarker identification,
while there are possibilities of including different metab-
olites or concentrations [30].

In our analyses, cystine was identified as a poten-
tial biomarker for identifying patients with both radio-
graphic abnormality and active synovitis. Patients with
active synovitis are considered a high-risk group for OA
progression because synovitis leads to the secretion of
several proteases and subsequent cartilage degeneration
[1, 12]. Cystine is an amino acid formed from two mol-
ecules of the amino acid cysteine, which is well known as
an anti-oxidative agent in the cystine-cysteine cycle [31].
Under excessive oxidative stress, cysteine is oxidized by
hydrogen peroxide to cystine and transported into cells
via the cystine-glutamate exchange transporter in the
plasma membrane (Fig. 5) [31]. In macrophages, this
transporter is also induced and activated by stimulation
with reactive oxygen species [32]. The transported cys-
tine is intracellularly reduced to cysteine and used for the
synthesis of proteins and glutathione [33]. Glutathione
has important roles in reducing reactive oxygen species
[34]. Therefore, increased extracellular cystine levels
reflect the presence of oxidative stress in or around cells.
It is well known that oxidative stress causes inflammation
of the synovium, thereby accelerating chondrocyte death,
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cartilage degeneration, and bone fragility [35]. Based on
the described etiology and metabolism, cystine might be
a novel biomarker for knee OA with synovitis.

Furthermore, glutamate released via the cystine-gluta-
mate transporter is known to damage chondrocytes, and
high glutamate levels in the synovial fluid were accompa-
nied by severe joint destruction in an OA animal model
[36]. In this model, inhibition of the cystine-glutamate
transporter could prevent cartilage destruction [37].
Although excessive oxidative stress can be controlled via
the cystine-cysteine cycle, higher glutamate would also
result in worse metabolic conditions for joint homeosta-
sis. From this perspective, an effective activation of the
cystine-cysteine cycle without causing glutamate accu-
mulation in the synovial fluid might be the key to reduce
inflammation and the damage of chondrocytes and
thereby and to alleviate the progression of the symptoms
in knee OA.

Our metabolome analysis identified urea and TCA
cycles as pathways related to knee OA severity; however,
their correlation was very weak, and further studies on
this would be needed. A previous targeted metabolome
analysis showed that both cycles were key metabolic
pathways for blood and synovial fluid metabolites [30].
The urea cycle, transferring nitrogen of an amino acid to
the end metabolite urea in the mitochondria, is neces-
sary to reduce ammonia toxicity. In progressed stages of
OA, higher levels of synovitis are present [38], requiring
more energy. To maintain the energy balance, for exam-
ple, collagen and amino acid breakdown and TCA cycle
might be upregulated, leading to the release of excessive
amounts of amino groups. These amino groups are usu-
ally converted to ammonia, which also exerts toxicity. To
reduce the excess amino group, the urea cycle might be
activated. In our study, arginine levels in the KL grade 4
group were lower than those in the KL grade 0-3 group.
Thus, our results showed that arginine was depleted in
patients with progressed OA, similar to the findings in a
previous report [39]. In a targeted metabolomics analysis.
Zhang et al. found that depletion of plasma arginine is
highly correlated with knee OA progression and might be
decreased owing to its metabolic consumption [39]. Argi-
nine is a semi-essential amino acid, a collagen precursor,
and a natural inhibitor of cathepsins, which is considered
as an important factor of OA pathogenesis [40].

Previous reports have suggested that the TCA cycle is
one of the major pathways in immunometabolism [41].
The mitochondria are powerhouses of the cell, provid-
ing energy in the form of adenosine triphosphate for
a range of activities including movement, cellular dif-
ferentiation, cell death, regulation of signaling, and cell
cycle control [42]. However, mitochondrial dysfunc-
tion and oxidative stress are hallmarks of OA [43], and
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increased mitochondrial DNA damage can be detected
in chondrocytes from patients with OA compared with
chondrocytes from healthy individuals [44]. Degenera-
tion and inflammation sometimes limit the pyruvate
metabolism in the mitochondrial TCA cycle during
oxidative phosphorylation in the articular cartilage,
subchondral bone, and synovium in patients with OA
owing to the activity of synovial macrophages, even
under aerobic conditions [45], and this may cause a
stagnation of the TCA cycle, leading to a gradual accu-
mulation of TCA intermediates in the blood in patients
with high KL grades.

This study has several limitations. First, the biomarker
candidates are limited to highly polar ionic metabolites
because the metabolome analysis was performed using
only CE-MS. Second, dietary intake, which can influ-
ence the levels of plasma metabolites, was not recorded
in detail [46]. To reduce the risk of bias in our study,
plasma was sampled after at least 10 h of fasting. Third,
all the participants were women, which poses a risk of
selection bias. The etiology of OA in men and women
seems to be partially different [4]. The reduction of
estrogen concentration with menopause is essential,
and it influences the chondrocytes and cartilage [47,
48]. The influence of menopause should be assessed in
future studies. In this study, we focused on middle-aged
and older adult women because the highest prevalence
of early-stage knee OA was observed in this age bracket
[7]. For this reason, our results may not be completely
applicable to men. Furthermore, the relationship with
synovitis through all KL grades was not investigated
in this cohort. Fourth, knee symptoms and functional
tests were not included in this study. Patient-reported
outcomes and functional scores reflect synovitis, knee
symptoms, and severity of knee OA; the analysis of
these data would have supplied important additional
information. Fifth, in the ROC analysis, the AUC of
cystine was below 0.8, which represents a fair correla-
tion with the presence of radiographic OA. This reflects
the difficulty in explaining the multifactorial etiology of
this disease with one metabolite. In addition, the use of
inflammatory markers and serum or plasma measure-
ments has a risk of selection bias in this analysis. Sixth,
while radiographs are very sensitive, they may not be
appropriate for defining the stages of diseases because
their reproducibility is considered to be low. Therefore,
we added MRI evaluations to radiographic evaluations
to investigate synovitis. Additionally, due to the high
cost and time consumption of MRIs, they were only
performed on the right knees. Finally, this was a cross-
sectional study that used data collected in a cohort
study; further studies with a longitudinal design are
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needed to reveal the causal relationships between these
metabolic markers and OA.

Conclusions
In summary, large sample metabolome analyses
revealed that, in women, the plasma cystine level
increased with an increase in both radiographic OA
severity and MRI-based synovitis stage. Thus, cystine
level is a potential biomarker for patients who have
knee OA with active synovitis. In contrast, the urea and
TCA cycles were considered as possible key metabolic
pathways related to the severity of radiographic knee
OA, although the association was very weak. Further
longitudinal observations might reveal the prognostic
power of the identified metabolites.
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