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Osteoarthritis is a prevalent aging disease in the world, and in recent years it has shown a trend toward younger age, which is
becoming a major health problem in the world and seriously endangers the health of the elderly. However, the etiology and
pathogenesis of osteoarthritis are still unclear, causing great trouble for treatment. To screen out candidate biomarkers that
could be used for the identification of osteoarthritis and explore the pathogenesis of osteoarthritis, we performed an untargeted
metabolomics analysis of nine New Zealand rabbit serum samples by LC-MS/MS, including three normal serum samples
(control group) and six osteoarthritis serum samples (case group). Finally, 44 differential metabolites were identified, and the
ROC analysis results indicated that a total of 36 differential metabolites could be used as candidate biomarkers. Further
metabolic pathway enrichment analysis was performed on these differential metabolites, and we found that a total of 17

metabolic pathways were affected, which may provide directions for the study of osteoarthritis mechanisms.

1. Introduction

Osteoarthritis (OA) is a prevalent degenerative disease, and
the incidence rate increases with age. In the current research,
the specific pathogenesis of OA has not yet been investi-
gated. Patients with OA have a slow onset in the early stages,
with no significant systemic symptoms. It takes up to two
years from the onset of pain to the choice to go to the hos-
pital, and more than 90% of these patients only go to the
hospital after they develop knee pain. There are two main
types of conventional methods to examine OA. One is imag-
ing, which includes X-ray film examination, irradiation CT,
and MRI; the other is laboratory tests, including hematocrit
blood tests, thermal agglutination tests, and the examination
of the joint fluid in the joint cavity [1]. Imaging is relatively
easy, but the probability of misdiagnosis is very high and is
often confused with ankylosing spondylitis resulting in
medical misdiagnosis. Laboratory inspections are more
numerous, complex, and challenging to detect.

Considering that a large number of biological processes
are involved in arthritis, further characterization of the

disease mechanisms is needed, which can be used for earlier
diagnosis, intervention, or treatment. Peng et al. designed a
new fluorescence turn-on ADAMTS-4-D-Au probe for
detecting ADAMTS-4 activity, which could be used for the
early diagnosis of cartilage-damage diseases [2]. Leung
et al. developed a deep learning prediction model on knee
radiographs, which can accurately predict OA progression
in some patients [3]. For the diagnosis of OA, many tradi-
tional methods have many defects, and new detection
methods are rarely reported. Therefore, we focus on metabo-
lomics. Metabolomics is an emerging field that looks for
specific metabolic pathways through the study of biomarkers
to determine the causes of various diseases from the perspec-
tive of metabolite analysis, where lifestyle, diet, disease, and
genetics can affect multiple metabolite concentrations simul-
taneously [4]. Some studies in recent years have attempted
to identify biomarkers of arthritis through metabolomics
and have identified many potential targets in urine, synovial
fluid, and serum. However, specific biomarkers have not yet
been identified, so the search for biomarkers through meta-
bolomics is gradually evolving into a breakthrough direction
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[5, 6]. For example, before this study, Maerz et al. performed
a serum metabolomics analysis after anterior cruciate liga-
ment injury in rats. They conducted a preliminary study
on inflammation and immune disorders in traumatic OA
[7]. Some metabolomics analyses for OA showed that OA
affects the metabolism of amino acids [8-10]. Many bio-
markers that could be used for the early diagnosis of OA
have been reported in many studies [10-12]. These corrobo-
rate the merits of metabolomics studies for understanding
the disease mechanism of arthritis.

In recent years, the modified Hulth method and intraar-
ticular injection method are common methods to construct
OA models. In this study, New Zealand white rabbits were
used as the experimental model, three as the control group,
and six were constructed as the experimental group through
the modified Hulth method and intra-articular injection
method. The modified Hulth method is a classic OA model-
ing method, which leads to OA by destructing the bone and
joint tissue. The intraarticular injection method can degrade
chondroitin sulfate of the cartilage matrix, which increases
the amount of free water inside the cartilage and affects the
cartilage elasticity, compressive resistance, and integrity of
cartilage so that stresses in the normal range can also cause
cartilage damage, and eventually leading to the occurrence
of typical OA [13]. Therefore, we collected rabbit blood sam-
ples from the constructed OA models to prepare serum for
metabolomics analysis.

In this project, liquid chromatography-tandem mass
spectrometry (LC-MS/MS) was used to identify the metabo-
lites and compare the levels of metabolites between the two
groups. The differential metabolites were screened by multi-
variate statistical analysis and univariate analysis, and they
were exhibited by clustered heat map and volcano plot.
The diagnostic ability of the screened differential metabolites
was judged by ROC analysis to select candidate biomarkers
for OA. The differential metabolites were finally subjected
to pathway enrichment analysis to determine the metabolic
pathways affected by OA.

2. Materials and Methods

2.1. Sample Information. Nine New Zealand white rabbit
serum samples used for metabolomics analysis were pur-
chased from Guangzhou Huateng Biomedical Technology
Co., Ltd. The samples were divided into control group and
case group. The control group includes three rabbit serum
samples without operation named control-1, control-2, and
control-3, and the case group includes six OA rabbit serum
samples named case-1, case-2, case-3, case-4, case-5, and
case-6. All the samples were stored in a refrigerator at — 80 °C.

The model construction method could be referred to the
following article [14]. Nine male six-month-old New Zeal-
and white rabbits were used for animal experiments. All
the rabbits were raised in separate cages and were able to
eat and drink freely. The ambient temperature was main-
tained at 20°C~25°C, and the humidity was maintained at
40%~60%. The simulated natural light was 12 hours a day.
The animal experiment and research process followed the
3R principle and has been approved by the experimental
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animal ethics committee of Guangzhou Huateng Biological
Medicine Technology Co., Ltd. (htsw201003).

The model construction methods are as follows: the
modified Hulth method and the type II collagenase
method were used to construct 3 rabbit knee OA models,
respectively. The modified Hulth method is to cut off the
medial collateral ligament and anterior cruciate ligament,
remove the medial meniscus, and construct the knee OA
model through the complete rupture of the anterior cruci-
ate ligament. The type II collagenase method is to inject
0.5ml (4mg/ml) of type II collagenase solution into the
articular cavity through the medial depression of the
patellar ligament. All operations require strict aseptic
operation environment.

One week after surgery, the animals in each group were
driven to exercise for 30 minutes every day, and the Interna-
tional OA Lequesne MG Index [15] was used as the standard
for model evaluation, which lasted for 6 weeks. The scoring
was performed twice a week, and a total score greater than or
equal to 3 was considered successful modeling. Blood was
collected from the ear margin vein 6 weeks after the opera-
tion. The blood was collected in procoagulation tubes, and
the serum was collected by centrifuging at 650 rcf for
10 min after standing at 4°C for 30 min.

2.2. Extraction of Metabolites. Serum was stored in —80°C
refrigerator before sample preparation. 100 uL samples were
extracted by directly adding 300 uL of precooled methanol
and acetonitrile (2:1, v/v, Thermo Fisher Scientific, USA).
After vortexing (QL-901, Kylin-bell Lab Instruments Co.,
Ltd., China) for 1 min and incubating at — 20 °C for 2 hours,
the samples were centrifuged at 14800 rcf for 10 min at 4°C,
and the supernatants were then transferred for vacuum
freeze drying (Maxi Vacbeta, GENE COMPANY). The
metabolites were resuspended in 150 uL of 50% methanol
and centrifuged at 14800 rcf for 10 min at 4°C; then, the
supernatants were transferred to autosampler vials for LC-
MS analysis.

2.3. LC-MS/MS Analysis Conditions. Metabolites separation
was performed on a Waters 2D UPLC (Waters, USA) with a
Waters ACQUITY UPLC BEH C18 column (1.7 ym, 2.1
mm x 100 mm, Waters, USA), and the column temperature
was maintained at 45°C. The mobile phase in positive ion
mode is as follows: 0.1% formic acid solution (50144-50 ml,
DIMKA, USA) (A) to 0.1% formic acid methanol solution
(B). The mobile phase in negative ion mode is as follows:
10 mM ammonium formate solution (17843-250G, Honey-
well Fluka, USA )(A) to 10 mM ammonium formate in 95%
methanol (B). The gradient conditions were as follows: 0-
1min, 2% B; 1-9min, 2%-98% B; 9-12min, 98% B; 12-
12.1 min, 98% B to 2% B; and 12.1-15 min, 2% B. The flow rate
was set at 0.35 mL/min, and the injection volume was 5 uL.
Primary and secondary mass spectrometry data were
collected by Q Exactive (Thermo Fisher Scientific, USA).
The mass spectrometric settings for positive and negative
ionization modes were as follows: The full scan range was
70-1050 m/z; spray voltages, 3.80kV/3.20kV; capillary
temp, 320°C; Aux gas heater temp, 350 °C; sheath gas flow
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FIGURE 1: Base peak ion chromatogram. (a) (ESI+) BPC-control. (b) (ESI+) BPC-case. (c) (ESI-) BPC-control. (d) (ESI-) BPC-case.

rate, 40 arbitrary units; Aux gas flow rate, 10 arbitrary units;
and runtime, 13 min.

2.4. Data Processing. Raw data from mass spectrometry was
imported into Compound Discoverer 3.1 (Thermo Fisher
Scientific, USA) for data processing, including peak extrac-
tion, peak alignment, and metabolite identification , and
information about compound molecular weight, retention
time, peak area and identification results were exported.
Metabolites were identified by using the BGI self-built stan-
dard library database, HMDB database, KEGG database,
mzCloud database, and Chemspider database. The basis for
identification includes precursor mass tolerance <5ppm,
fragment mass tolerance <10ppm, and RT tolerance
<0.2 min. The results exported from the Compound Discov-
erer 3.1 were imported into metaX [16] for data preprocess-
ing, statistical analysis, and metabolite analysis. Data was
normalized using the probabilistic quotient normalization
method (PQN [17]) to obtain the relative peak area. Multi-
variate statistical analysis and univariate analysis were
performed on metaX [16]. The distribution and separation
trends of the two groups were observed by multivariate
statistical analysis, and then the fold change (FC) with p
value was obtained by univariate analysis.

2.5. Screening and Analysis of the Differential Metabolites.
Fold change analysis of metabolites was performed between
the two groups, and ¢-test was further performed to deter-

mine whether the differences in metabolites between groups
were significant. Screening for differential metabolites was
based on the results of univariate analysis, the differential
metabolite screening conditions were as follows: fold
change >1.2 or<0.83 and Pvalue <0.05, and metabolites
meeting these conditions could be considered significantly
different. For clustering analysis of differential metabolites,
data was log 2 transformed and Z-score normalized; hierar-
chical clustering was used for clustering algorithms, and
Euclidean distance was used for distance calculation.
Through the cluster analysis, the variation trends of differen-
tial metabolites can be seen, and the metabolites with the
same variation trends can be identified. After that, the
screened metabolites were visual displayed by volcano plots.
The filtered differential metabolites were imported into data-
bases for identification, the identified differential metabolites
were subjected to ROC analysis, and the differential metab-
olites with AUC > 0.9 could be tentatively used as biomark-
ers for OA. The identified differential metabolites were
finally imported into the KEGG database for metabolic path-
way enrichment analysis.

3. Results

3.1. Serum Metabolites Analysis. Herein, we selected a
sample from each group for base peak ion chromatogram
(BPC) inspection. The BPC chart is shown in Figure 1. It
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FiGURE 2: PCA and PLS-DA score plots. (a) (ESI+) PCA. (b) (ESI-) PCA. (c) (ESI+) PLS-DA. (d) (ESI-) PLS-DA. The abscissa is the first
principal component PC1, and the ordinate is the second principal component PC2. The number is the score of the principal component,
which represents the percentage of the explanation on overall variance of the specific principal component.

shows that the samples have good peak shape and large
peak capacity.

We performed the multivariate statistical analysis and
univariate analysis on the processed data by metaX [16].
The PCA and PLS-DA [18, 19] score plots are shown in
Figure 2. The PCA analysis shows that the scores of the
two principal components in the positive ion mode are PC
1 =48.48% and PC2 = 16.04% and the scores in the negative
ion mode are PC1=52.02% and PC2=15.22%. It can be
seen that there is an abnormal point in the control group
and this point comes from the sample control-1, indicating
that the sample has individual differences. Further PLS-DA
[18, 19] analysis was performed on the two groups. Through
the supervised statistical analysis, the differences between the
groups were expanded, and the differences within the groups
were reduced. From the score plots, it can be seen that the
control group is mainly distributed on the right side, while
the OA group is mainly clustered on the left. The two have
a good separation, which indicates that our data can be used
for further analysis.

3.2. Screening of Candidate Biomarkers. After data prepro-
cessing, 1632 and 636 features were detected in positive
and negative ion mode, respectively, and detailed informa-
tion is shown in Table S1 and Table S2. In order to screen

TasLE 1: Differential metabolite statistics.

Total number of differential

Mode  Group metabolites Up Down
case_

pos control 105 72 33
case_

neg control 34 26 8

out differential metabolites, fold change analysis and ¢-test
were performed. The screening conditions of differential
metabolites were set as fold change>1.2 or<0.83 and p
value < 0.05. The statistics of screening results are shown
in Table 1. The cluster heat maps (Figure 3) show that all
differential metabolites are divided into two clusters of co-
regulated metabolites. In the positive ion mode, 33
metabolites in the wupper cluster are significantly
downregulated, and 72 metabolites in the lower cluster are
upregulated. In contrast, in the negative ion mode, 26
metabolites in the upper cluster are upregulated, and 8
metabolites in the lower cluster are downregulated. The
specific calculation results of cluster analysis are shown in
Table S3 and Table S4. The upregulated metabolites include
fructoselysine, otonecine, and carmustine, and the
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F1GURE 3: Clustering heat map. (a) (ESI+) Clustering heat map. (b) (ESI-) Clustering heat map. Each row represents a differential metabolite,
each column represents a sample, color is the amount expressed, and yellow to purple indicates the amount expressed from low to high.

downregulated metabolites include ¢, €, € trimethyllysine,
tranexamic acid, and triethylamine. Draw the differential
metabolites into volcano plots (Figure 4) for visual display,
in which purple is the upregulated differential metabolite,
yellow is the downregulated differential metabolite, and cyan
is the metabolite with no obvious difference.

We further identified the screened differential metabo-
lites through the HMDB database, KEGG database, etc. A
total of 35 differential metabolites can be identified in posi-
tive ion mode, and 9 differential metabolites can be identified
in negative ion mode. ROC analysis was performed on these
44 differential metabolites to evaluate their diagnostic ability.
The metabolites with the area under the curve (AUC) > 0.9
can be used as candidate biomarkers. ROC analysis results
are shown in Table 2, and data about the relative peak area
of each metabolite used for ROC analysis are shown in
Table S5. Finally, we determined 36 metabolites as candidate
biomarkers of OA. The relevant information is shown in
Table 2. These candidate biomarkers include ¢, €, ¢
trimethyllysine, ascorbic acid, otonecine, and tranexamic
acid. All these metabolites have good diagnostic ability for OA.

3.3. Pathway Analysis of Differential Metabolites. The filtered
differential metabolites were imported into the KEGG data-
base for pathway enrichment analysis, from which we found
that 17 metabolic pathways were affected. Circadian rhythm
and vitamin B6 metabolism were detected in positive ion
mode, and the metabolic pathways seen in negative ion

mode included the HIF-1 signaling pathway, pantothenate
and CoA biosynthesis, mineral absorption, and glutathione
metabolism. The total enrichment results are displayed in
the bubble plot for metabolic pathway enrichment analysis
(Figure 5) and the metabolic pathway enrichment results’
table (Table 3), from which it can be seen that the metabolic
pathway with the most significant enrichment factor is circa-
dian rhythm. Circadian rhythm is a regular cycle established
by adapting various physiological functions to changes in the
external environment, reflecting that circadian rhythm has a
particular impact on the development of OA. Kc et al. [20]
have established circadian rhythm disordered mouse models
and found that the disorder of the biological clock system
leads to pathological changes in the knee joint, suggesting
that circadian rhythm disorder will induce OA development.
The report has also shown that the autonomous clock in
chondrocytes regulates key pathways involved in OA [21],
which can provide more new ideas for treating OA by inves-
tigating the molecular mechanisms between circadian
rhythm and OA development. At the same time, it can be
seen that the metabolism of multiple amino acids is affected,
including valine, leucine, isoleucine biosynthesis and degra-
dation, phenylalanine metabolism, and tyrosine metabolism.
Meanwhile, upregulated metabolite L-(+)-valine affects
several metabolic pathways, including valine, leucine, iso-
leucine biosynthesis, pantothenate and CoA biosynthesis,
mineral absorption, and protein digestion and absorption.
Many studies have reported the relationship between
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FIGURE 4: Volcano plots. (a) (ESI+) Volcano plot. (b) (ESI-) Volcano plot. Horizontal axis is log, (FC) and vertical axis is -log,, (P value).
The horizontal and vertical dashed lines were selected as the filtering conditions: P < 0.05, and log, (FC) > 1.2 or < 0.83. The differential
metabolites in the top left and the top right part were obtained after filtering, yellow representing downregulation and purple

representing upregulation.

amino acid metabolism and OA [22, 23], and it can be
seen that OA has an essential impact on the metabolism
of relevant amino acids.

4. Discussion

Osteoarthritis is a gradually progressive chronic disease. The
degenerative damage and reactive hyperplasia of articular
cartilage caused by OA are related to many factors, such as
increasing age, obesity, and strain. OA is often diagnosed
by clinical diagnosis and imaging methods, and standard
imaging methods include radiographs, magnetic resonance
imaging (MRI), ultrasound (US), and optical coherence
tomography (OCT) [24]. However, the diagnosis of OA is
often not confirmed until late in the disease, while approxi-
mately half of those identified by imaging methods do not
have associated symptoms or disability, and the clinical
relevance of some radiological features is not completely
clear [25, 26]. Biomarkers play an essential role in the diag-
nosis and stage judgment of the disease, and it is vital to study
the OA-related biomarkers in the early diagnosis of OA.
Based on this, we hope to screen out the OA-related bio-
markers and provide a basis for the early diagnosis of OA.

This project performed an untargeted metabolomics
analysis of nine New Zealand rabbit serum samples based
on LC-MS/MS to extract and compare serum metabolites
between control and OA groups. We identified 44 differential
metabolites, which were further subjected to ROC analysis. A
total of 36 differential metabolites were screened to serve as
candidate biomarkers to provide some ideas for the early
diagnosis of OA. Through the pathway enrichment analysis
of differential metabolites, we found that 17 metabolic path-
ways were affected, which were worth further study.

The association between OA and circadian rhythms
seems to be expected. In fact, several studies have shed light
on the potential relationship between rheumatoid arthritis
and circadian rhythms [27], primarily due to the body’s
hormone levels varying widely at different times of the
day. Circadian rhythms originate from the central pace-
maker in the brain’s suprachiasmatic nucleus (SCN) and
are regulated by light-sensitive retinal nerves [28]. This
rhythm plays an essential role in regulating endocrine and
immune functions. Some previous studies have shown that
melatonin secretion significantly increases in patients with
rheumatoid arthritis during the night, while endogenous
cortisol synthesis is subsequently activated to counteract
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TaBLE 2: List of candidate biomarkers.

Name Fold-change P value Direction AUC

ESI+
g, €, € trimethyllysine 0.3427 0.0002 Down 1
Otonecine 2.2536 0.0188 Up 0.944
Tranexamic acid 0.0472 0.0431 Down 1
Triethylamine 0.668 0.0219 Down 1
Carmustine 2.8701 0.0022 Up 1
Epiguanine 0.5722 0.003 Down 0.944
Bayer e 39 soluble 6.8063 0.0173 Up 1
Etilevodopa 9.1913 0.023 Up 1
Leu-val 0.6167 0.0006 Down 1
Melatonin 7.3363 0.016 Up 0.944
1,4-naphthoquinone 2.597 0.0428 Up 0.944
Arg-asp 3.3794 0.0177 Up 0.944
Istamycin al 1.4538 0.0165 Up 1
Deferoxamine 2.3565 0.0185 Up 0.944
Codonocarpine 1.5971 0.0196 Up 0.944
Sophoranone 2.3365 0.0478 Up 1
Anecortave 3.1962 0.0036 Up 1
Compactin 2.1724 0.0118 Up 0.944
Quinoline 0.4259 0.0316 Down 1
12-deoxyphorbol 20-acetate 13-(2-methylbutanoate) 2.8926 0.0189 Up 1
Khellin 0.6024 0.0093 Down 0.944
Epelsiban 3.0074 0.0036 Up 1
Nevirapine 0.1551 0.047 Down 0.944
(1r,5r)-3,3,5-trimethylcyclohexyl 5-oxo-l-prolinate 6.7929 0.0362 Up 0.944
Theaspirane 0.3567 0.0397 Down 0.944
2475675 0.1698 0.0309 Down 1
Drostanolone propionate 0.1679 0.0303 Down 1

ESI-
Ascorbic acid 2.2196 0.0004 Up 1
L-(+)-valine 2.2286 0.0345 Up 1
2-hydroxy-1,2-diphenylethyl hydrogen sulfate 1.3409 0.038 Up 1
4-carboxy-2-(tyrosylamino)butanoate 7.7855 0.0339 Up 0.944
Gentisic acid 0.3758 0.0009 Down 1
Benzoic acid 1.9018 0.038 Up 0.944
N-(5-amino-2-[(2,6-diamino-2,6-dideoxyhexopyranosyl)oxy]
-3-{[3-0-(2,6-diamino-2,6-dideoxyhexopyranosyl)-beta-d- 1.7462 0.0136 Up 1
ribofuranosyl]oxy}-4-hydroxycyclohexyl)acetamide
D gyl ok o ows w oo
Probucol 2.3401 0.0132 Up 1

the cascade of symptoms [29]. This rhythmic fluctuation
may play a role in the pathophysiology of rheumatoid
arthritis. Previous studies have found that direct inhibition
of pro-inflammatory factors such as melatonin contributes
to clinical improvement in rheumatoid arthritis [30]. Some
studies revealed that RA risk increases with an unhealthy
daily routine [31, 32]. In addition, OA and rheumatoid
arthritis are chronic inflammatory diseases. The immune

system’s excessive response to OA at night uses up a lot of
energy [33, 34]. This disrupts the balance of energy expen-
diture maintained by the circadian rhythm, which can
lead to discomfort beyond the symptoms of arthritis itself
[35]. In conclusion, the relationship between chronic
inflammation and dysfunctional circadian rhythms in
rheumatoid arthritis and OA appears to be complex, with
many potential interactions.
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FIGURE 5: Bubble plots for metabolic pathway enrichment analysis. Horizontal axis is the enrichment factor and vertical axis is the pathway
name. Dot size represents the number of differential metabolites annotated to that pathway.

TaBLE 3: Affected metabolic pathways in rabbit serum.

Pathway RichFacor KEGG.Name KEGG.ID P value Direction

ESI-
HIF-1 signaling pathway 1/15 Ascorbic acid C00072 0.0049 Up
Valine, leucine, and isoleucine biosynthesis 1/23 L-(+)-valine C00183 0.0074 Up
Pantothenate and CoA biosynthesis 1/28 L-(+)-valine C00183 0.0091 Up
Mineral absorption 1/29 L-(+)-valine C00183 0.0094 Up
Glutathione metabolism 1/38 Ascorbic acid C00072 0.0123 Up
Vitamin digestion and absorption 1/39 Ascorbic acid C00072 0.0126 Up
Valine, leucine, and isoleucine degradation 1/42 L-(+)-valine C00183 0.0136 Up
Protein digestion and absorption 1/47 L-(+)-valine C00183 0.0152 Up
Ascorbate and aldarate metabolism 1/49 Ascorbic acid C00072 0.0158 Up
Aminoacyl-tRNA biosynthesis 1/52 L-(+)-valine C00183 0.0168 Up
Phenylalanine metabolism 1/60 Benzoic acid C00180 0.0193 Up
Tyrosine metabolism 1/78 Gentisic acid C00628 0.0251 Down
ABC transporters 1/124 L-(+)-valine C00183 0.0396 Up
Biosynthesis of amino acids 1/128 L-(+)-valine C00183 0.0408 Up
2-Oxocarboxylic acid metabolism 1/134 L-(+)-valine C00183 0.0427 Up

ESI+
Circadian entrainment 1/9 Melatonin C01598 0.0111 Up

Vitamin B6 metabolism 1/28 4-pyridoxate C00847 0.0343 Down
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Compared with other studies, we also identified that
OA upregulated HIF-1 signaling pathway [36, 37].
Hypoxia-inducible factor 1 (HIF-1) can detect environmen-
tal oxygen content and adapt to hypoxic environment by
activating genes related to oxygen homeostasis [38]. Hyp-
oxia has been proved to be one of the main factors induc-
ing OA, and HIF-1 « subunit has good stability under
hypoxic conditions and can protect chondrocytes [36, 39].
Hu et al. found that HIF-1« can alleviate chondrocyte apo-
ptosis and senescence through mitophagy under hypoxic
conditions to improve the symptoms of OA [37]. In addi-
tion, HIF-1a can promote the formation of chondrocytes,
maintain chondrocyte viability, and support chondrocytes
to adapt to hypoxic environment by mediating a series of
reactions to protect articular cartilage [40]. In short, HIF-
1 is closely related to OA.

The metabolism of ascorbic acid was also affected. The
senescence of chondrocytes is an important factor in the
production of OA, and the oxygen free radicals can
degrade collagen and proteoglycans, which are considered
to be the main inducers of chondrocyte senescence [41,
42]. Ascorbic acid has strong reducibility, so the increase
of ascorbic acid in the serum of the case group is likely
to be a self-protection mechanism. Studies have also shown
that ascorbic acid plays an important role in collagen
synthesis and can stimulate the expression of collagen
and aggrecan in articular cartilage [43, 44]. Liao et al.
found that it could effectively delay cartilage degeneration
by injecting ascorbic acid-ferric chloride mixture into the
articular cavity of OA rats [45]. These all show the close
link between ascorbic acid and OA and provide ideas for
the treatment of OA.

Our results showed that OA significantly impacts amino
acid metabolism, especially on branched-chain amino acid
(BCAA) metabolism, which has been confirmed by previous
reports [8, 10]. BCAA, including valine, leucine, and isoleu-
cine, play an important role in promoting muscle growth
and releasing hormones. Zhai et al. first studied the serum-
based metabolomics of human OA and found that the ratio
of BCAA to histidine has potential clinical use as a bio-
marker of OA [8]. Although our study did not show changes
in histidine content, these studies can reflect the close rela-
tionship between BCAA and OA. BCAA is related to the
increasing number of major pro-inflammatory cytokines
involved in the pathophysiology of OA, which can lead to
the degradation of the articular cartilage matrix [46]. It has
also been reported that BCAA reflects the relationship
between obesity and OA and obesity is an essential factor
in the occurrence of OA [47]. In addition, this project
showed that valine could be used as a potential biomarker
for OA, which had also been reported in a previous study
[48]. This project also reported some new biomarkers, which
have a specific significance for the development of new diag-
nostic methods for OA. In conclusion, the relationship
between amino acid metabolism and OA has always been a
hot topic.

There are some limitations to this study. OA is easily
confused with other types of arthritis, such as rheumatoid
arthritis. We did not investigate the potential relationship

between OA and other arthritic diseases; further validation
of whether the screened biomarkers are also able to identify
other types of arthritis is needed. Second, the sample size in
this study is small, so we could not make a further interpreta-
tion of the screened biomarkers. Meanwhile, we obtained the
differential metabolites by database matching, and no further
validation was done by comparing with standards, which
needs to be done in the future. This study used New Zealand
rabbits as the research object, and the genetic information of
this species is different from that of humans. Future research
needs to be closer to the clinical aspect.

5. Conclusion

In summary, untargeted metabolomics analysis was per-
formed on nine serum samples by LC-MS/MS. This study
finally identified 44 differential metabolites, and 36 of the
44 metabolites were served as candidate biomarkers for
OA by ROC analysis. A total of 17 metabolic pathways were
affected due to OA, including circadian rhythm, amino acid
metabolism, and HIF-1 signaling pathway. These reveal the
potential mechanism of OA and provide new research direc-
tions for future therapeutics and development of new drugs
in the field of OA.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors have declared no conflicts of interest.

Authors’ Contributions

JR.L. and S.X. designed the experiments. Z.X. and Z.Z. did
the calculation of simulation and analyzed the data. S.H.
helped finish the manuscript. Zigian Xiao and Zhenyang
Zhang contributed equally to this work.

Acknowledgments

This work was supported by the Science and the Technology
Planning Project of Guangzhou (201704020151). A preprint
has previously been published in bioRxiv [49].

Supplementary Materials

Supplementary 1. Table S1. Metabolites detected in positive
ion mode.

Supplementary 2. Table S2. Metabolites detected in negative
ion mode.

Supplementary 3. Table S3. Cluster analysis results in posi-
tive ion mode.

Supplementary 4. Table S4. Cluster analysis results in nega-
tive ion mode.

Supplementary 5. Table S5. Data used for ROC analysis.


https://downloads.hindawi.com/journals/dm/2022/1800812.f1.pdf
https://downloads.hindawi.com/journals/dm/2022/1800812.f2.pdf
https://downloads.hindawi.com/journals/dm/2022/1800812.f3.pdf
https://downloads.hindawi.com/journals/dm/2022/1800812.f4.pdf
https://downloads.hindawi.com/journals/dm/2022/1800812.f5.pdf

10

References

(1]

(2]

(8]

9]

(10]

(11]

(12]

(13]

(14]

S. van Beest, F. P. B. Kroon, H. M. Kroon et al., “Assessment of
osteoarthritic features in the thumb base with the newly devel-
oped OMERACT magnetic resonance imaging scoring system
is a valid addition to standard radiography,” Osteoarthritis and
Cartilage, vol. 27, no. 3, pp. 468-475, 2019.

S. Peng, Q. Zheng, X. Zhang et al., “Detection of ADAMTS-4
activity using a fluorogenic peptide-conjugated au nanoparti-
cle probe in human knee synovial fluid,” ACS Applied Mate-
rials & Interfaces, vol. 5, no. 13, pp. 6089-6096, 2013.

K. Leung, B. Zhang, J. Tan et al., “Prediction of Total knee
replacement and diagnosis of osteoarthritis by using deep
learning on knee radiographs: data from the osteoarthritis ini-
tiative,” Radiology, vol. 296, no. 3, pp. 584-593, 2020.

O. Beckonert, H. C. Keun, T. M. D. Ebbels et al., “Metabolic
profiling, metabolomic and metabonomic procedures for
NMR spectroscopy of urine, plasma, serum and tissue
extracts,” Nature Protocols, vol. 2, no. 11, pp. 2692-2703, 2007.

M. Lotz, J. Martel-Pelletier, C. Christiansen et al., “Value of
biomarkers in osteoarthritis: current status and perspectives,”
Annals of the Rheumatic Diseases, vol. 72, no. 11, pp. 1756—
1763, 2013.

A. Mobasheri and Y. Henrotin, “Biomarkers of (osteo)arthri-
tis,” Biomarkers, vol. 20, no. 8, p. 513, 2015.

T. Maerz, E. Sherman, M. Newton et al., “Metabolomic serum
profiling after ACL injury in rats: a pilot study implicating
inflammation and immune dysregulation in post-traumatic
osteoarthritis,” Journal of Orthopaedic Research, vol. 36,
no. 7, pp. 1969-1979, 2018.

G. Zhai, R. Wang-Sattler, D. J. Hart et al, “Serum
branched-chain amino acid to histidine ratio: a novel meta-
bolomic biomarker of knee osteoarthritis,” Annals of the
Rheumatic Diseases, vol. 69, no. 6, pp. 1227-1231, 2010.

K. Shet, S. M. Siddiqui, H. Yoshihara, J. Kurhanewicz, M. Ries,
and X. Li, “High-resolution magic angle spinning NMR spec-
troscopy of human osteoarthritic cartilage,” NMR in Biomedi-
cine, vol. 25, no. 4, pp. 538-544, 2012.

S. B. Adams, L. A. Setton, E. Kensicki, M. P. Bolognesi, A. P.
Toth, and D. L. Nettles, “Global metabolic profiling of human
osteoarthritic synovium,” Osteoarthritis and Cartilage, vol. 20,
no. 1, pp. 64-67, 2012.

B. Mickiewicz, J. J. Kelly, T. E. Ludwig et al., “Metabolic anal-
ysis of knee synovial fluid as a potential diagnostic approach
for osteoarthritis,” Journal of Orthopaedic Research, vol. 33,
no. 11, pp. 1631-1638, 2015.

A. K. Carlson, R. A. Rawle, E. Adams, M. C. Greenwood,
B. Bothner, and R. K. June, “Application of global metabolo-
mic profiling of synovial fluid for osteoarthritis biomarkers,”
Biochemical and Biophysical Research Communications,
vol. 499, no. 2, pp. 182-188, 2018.

M. Molinet, N. Alves, A. Vasconcelos, and N. F. Deana, “Com-
parative study of osteoarthritis induced by monoiodoacetate
and papain in rabbit temporomandibular joints: macroscopic
and microscopic analysis,” Folia Morphologica, vol. 79, no. 3,
pp. 516-527, 2020.

B.F. Ou, Y. N. Bie, Q. Q. Chen et al., “Comparison of the mod-
ified Hulth model and intra-articular type II collagenase injec-
tion as established rabbit models of knee osteoarthritis (in
Chinese),” Chinese Journal of Comparative Medicine, vol. 32,
no. 2, pp. 29-37, 2022.

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

Disease Markers

H. I. Pas, M. Winters, H. J. Haisma, M. J. J. Koenis, J. L. Tol,
and M. H. Moen, “Stem cell injections in knee osteoarthritis:
a systematic review of the literature,” British Journal of Sports
Medicine, vol. 51, no. 15, pp. 1125-1133, 2017.

B. Wen, Z. Mei, C. Zeng, and S. Liu, “metaX: a flexible and
comprehensive software for processing metabolomics data,”
BMC Bioinformatics, vol. 18, no. 1, p. 183, 2017.

R. Di Guida, J. Engel, J. W. Allwood et al., “Non-targeted
UHPLC-MS metabolomic data processing methods: a com-
parative investigation of normalisation, missing value imputa-
tion, transformation and scaling,” Metabolomics, vol. 12, no. 5,
p. 93, 2016.

J. A. Westerhuis, H. C. J. Hoefsloot, S. Smit et al., “Assessment
of PLSDA cross validation,” Metabolomics, vol. 4, no. 1,
pp- 81-89, 2008.

M. Barker and W. Rayens, “Partial least squares for discrimi-
nation,” Journal of Chemometrics, vol. 17, no. 3, pp. 166-173,
2003.

R. K¢, X. Li, R. M. Voigt et al., “Environmental disruption of
circadian rhythm predisposes mice to osteoarthritis-like
changes in knee joint,” Journal of Cellular Physiology,
vol. 230, no. 9, pp. 2174-2183, 2015.

N. Gossan, R. Boot-Handford, and Q. J. Meng, “Ageing and
osteoarthritis: a circadian rhythm connection,” Biogerontology,
vol. 16, no. 2, pp. 209-219, 2015.

Y. Li, W. Xiao, W. Luo et al., “Alterations of amino acid metab-
olism in osteoarthritis: its implications for nutrition and
health,” Amino Acids, vol. 48, no. 4, pp. 907-914, 2016.

R. Chen, S. Han, X. Liu et al., “Perturbations in amino acids
and metabolic pathways in osteoarthritis patients determined
by targeted metabolomics analysis,” Journal of Chromatogra-
phy. B, Analytical Technologies in the Biomedical and Life Sci-
ences, vol. 1085, pp. 54-62, 2018.

H.J. Braun and G. E. Gold, “Diagnosis of osteoarthritis: imag-
ing,” Bone, vol. 51, no. 2, pp. 278-288, 2012.

M. Hiligsmann, C. Cooper, N. Arden et al, “Health eco-
nomics in the field of osteoarthritis: an expert’s consensus
paper from the European Society for Clinical and Economic
Aspects of Osteoporosis and Osteoarthritis (ESCEO),” Sem-
inars in Arthritis and Rheumatism, vol. 43, no. 3, pp. 303-
313, 2013.

J. W. Bijlsma, F. Berenbaum, and F. P. Lafeber, “Osteoarthritis:
an update with relevance for clinical practice,” Lancet, vol. 377,
no. 9783, pp. 2115-2126, 2011.

M. Cutolo, “Circadian rhythms and rheumatoid arthritis,”
Joint, Bone, Spine, vol. 86, no. 3, pp. 327-333, 2019.

R. L. Brown and P. R. Robinson, “Melanopsin-shedding light
on the elusive circadian photopigment,” Chronobiology Inter-
national, vol. 21, no. 2, pp. 189-204, 2004.

M. Cutolo, R. H. Straub, and J. W. Bijlsma, “Neuroendocrine-
immune interactions in synovitis,” Nature Clinical Practice.
Rheumatology, vol. 3, no. 11, pp. 627-634, 2007.

M. Cutolo, L. Foppiani, and F. Minuto, “Hypothalamic-pitui-
tary-adrenal axis impairment in the pathogenesis of rheuma-
toid arthritis and polymyalgia rheumatica,” Journal of
Endocrinological Investigation, vol. 25, 10 Suppl, pp. 19-23,
2002.

S. Puttonen, T. Oksanen, J. Vahtera et al., “Is shift work a risk
factor for rheumatoid arthritis? The Finnish Public Sector
study,” Annals of the Rheumatic Diseases, vol. 69, no. 4,
pp. 779-780, 2010.



Disease Markers

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

[43]

(44]

(45]

(46]

[47]

A. K. Hedstrom, T. Akerstedt, L. Klareskog, and L. Alfredsson,
“Relationship between shift work and the onset of rheumatoid
arthritis,” RMD Open, vol. 3, no. 2, article e000475, 2017.

R. H. Straub, “Concepts of evolutionary medicine and energy
regulation contribute to the etiology of systemic chronic
inflammatory diseases,” Brain, Behavior, and Immunity,
vol. 25, no. 1, pp. 1-5, 2011.

R. H. Straub, M. Cutolo, F. Buttgereit, and G. Pongratz,
“Energy regulation and neuroendocrine-immune control in
chronic inflammatory diseases,” Journal of Internal Medicine,
vol. 267, no. 6, pp. 543-560, 2010.

R. H. Straub, “The brain and immune system prompt energy
shortage in chronic inflammation and ageing,” Nature Reviews
Rheumatology, vol. 13, no. 12, pp. 743-751, 2017.

Y. Chen, B. Zhao, Y. Zhu, H. Zhao, and C. Ma, “HIF-1-VEGF-
notch mediates angiogenesis in temporomandibular joint oste-
oarthritis,” American Journal of Translational Research,
vol. 11, no. 5, pp- 2969-2982, 2019.

S. Hu, C. Zhang, L. Ni et al., “Stabilization of HIF-1a« alleviates
osteoarthritis via enhancing mitophagy,” Cell Death ¢ Disease,
vol. 11, no. 6, p. 481, 2020.

H. Choudhry and A. L. Harris, “Advances in hypoxia-
inducible factor biology,” Cell Metabolism, vol. 27, no. 2,
pp. 281-298, 2018.

A. He, Y. Ning, Y. Wen et al., “Use of integrative epigenetic
and mRNA expression analyses to identify significantly chan-
ged genes and functional pathways in osteoarthritic cartilage,”
Bone Joint Res, vol. 7, no. 5, pp. 343-350, 2018.

F.]. Zhang, W. Luo, and G. H. Lei, “Role of HIF-1a and HIF-
2w in osteoarthritis,” Joint, Bone, Spine, vol. 82, no. 3, pp. 144-
147, 2015.

M. G. Burger, A. Steinitz, J. Geurts et al., “Ascorbic acid atten-
uates senescence of human osteoarthritic osteoblasts,” Interna-
tional Journal of Molecular Sciences, vol. 18, no. 12, p. 2517,
2017.

V. B. Kraus, J. L. Huebner, T. Stabler et al., “Ascorbic acid
increases the severity of spontaneous knee osteoarthritis in a
guinea pig model,” Arthritis and Rheumatism, vol. 50, no. 6,
pp. 1822-1831, 2004.

M. Chojkier, R. Spanheimer, and B. Peterkofsky, “Specifically
decreased collagen biosynthesis in scurvy dissociated from an
effect on proline hydroxylation and correlated with body
weight loss. In vitro studies in guinea pig calvarial bones,”
The Journal of Clinical Investigation, vol. 72, no. 3, pp. 826-
835, 1983.

A. G. Clark, A. L. Rohrbaugh, I. Otterness, and V. B. Kraus,
“The effects of ascorbic acid on cartilage metabolism in guinea
pig articular cartilage explants,” Matrix Biology, vol. 21, no. 2,
pp. 175-184, 2002.

Z.Liao, Z.Xing, Y. Chen, Z. Deng, D. Wu, and L. Zhao, “Intra-
articular injection of ascorbic acid/ferric chloride relieves car-
tilage degradation in rats with osteoarthritis,” Nan Fang Yi
Ke Da Xue Xue Bao, vol. 38, no. 1, pp. 62-68, 2018.

M. Kapoor, J. Martel-Pelletier, D. Lajeunesse, J. P. Pelletier,
and H. Fahmi, “Role of proinflammatory cytokines in the
pathophysiology of osteoarthritis,” Nature Reviews Rheuma-
tology, vol. 7, no. 1, pp. 33-42, 2011.

A. Jennings, A. MacGregor, T. Pallister, T. Spector, and
A. Cassidy, “Associations between branched chain amino acid
intake and biomarkers of adiposity and cardiometabolic health

(48]

(49]

11

independent of genetic factors: a twin study,” International
Journal of Cardiology, vol. 223, pp. 992-998, 2016.

O. Senol, G. Gundogdu, K. Gundogdu, and F. D. Miloglu,
“Investigation of the relationships between knee osteoarthritis
and obesity via untargeted metabolomics analysis,” Clinical
Rheumatology, vol. 38, no. 5, pp. 1351-1360, 2019.

Z.Xiao, Z. Zhang, S. Huang, J. R. Lon, and S. Xie, “Metabolic pro-
filing of serum for osteoarthritis biomarkers,” https://www
.biorxiv.org/content/10.1101/2021.12.04.471213v1.abstract,
2021.


https://www.biorxiv.org/content/10.1101/2021.12.04.471213v1.abstract
https://www.biorxiv.org/content/10.1101/2021.12.04.471213v1.abstract

	Metabolic Profiling of Serum for Osteoarthritis Biomarkers
	1. Introduction
	2. Materials and Methods
	2.1. Sample Information
	2.2. Extraction of Metabolites
	2.3. LC-MS/MS Analysis Conditions
	2.4. Data Processing
	2.5. Screening and Analysis of the Differential Metabolites

	3. Results
	3.1. Serum Metabolites Analysis
	3.2. Screening of Candidate Biomarkers
	3.3. Pathway Analysis of Differential Metabolites

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

