
RESEARCH PAPER

Metabolic analysis of osteoarthritis subchondral bone
based on UPLC/Q-TOF-MS

Gang Yang1 & Hua Zhang1 & Tingmei Chen2
& Weiwen Zhu1

& Shijia Ding2 &

Kaiming Xu1
& Zhongwei Xu1

& Yanlei Guo3 & Jian Zhang1

Received: 27 January 2016 /Revised: 20 March 2016 /Accepted: 24 March 2016 /Published online: 13 April 2016
# Springer-Verlag Berlin Heidelberg 2016

Abstract Osteoarthritis (OA), one of the most widespread
musculoskeletal joint diseases among the aged, is character-
ized by the progressive loss of articular cartilage and continu-
ous changes in subchondral bone. The exact pathogenesis of
osteoarthritis is not completely clear. In this work, ultra-
performance liquid chromatography coupled with quadrupole
time-of-flight tandemmass spectrometry (UPLC/Q-TOF-MS)
in combination with multivariate statistical analysis was ap-
plied to analyze the metabolic profiling of subchondral bone
from 42 primary osteoarthritis patients. This paper described a
modified two-step method for extracting the metabolites of
subchondral bone from primary osteoarthritis patients.
Finally, 68 metabolites were identified to be significantly
changed in the sclerotic subchondral bone compared with
the non-sclerotic subchondral bone. Taurine and hypotaurine
metabolism and beta-alanine metabolism were probably rele-
vant to the sclerosis of subchondral bone. Taurine, L-carnitine,
and glycerophospholipids played a vital regulation role in the

pathological process of sclerotic subchondral bone. In the
sclerotic process, beta-alanine and L-carnitine might be related
to the increase of energy consumption. In addition, our find-
ings suggested that the intra-cellular environment of sclerotic
subchondral bone might be more acidotic and hypoxic com-
pared with the non-sclerotic subchondral bone. In conclusion,
this study provided a new insight into the pathogenesis of
subchondral bone sclerosis. Our results indicated that metabo-
lomics could serve as a promising approach for elucidating the
pathogenesis of subchondral bone sclerosis in primary
osteoarthritis.
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Introduction

Osteoarthritis (OA) of knee joint, frequently accompanied by
chronic pain and disability, is one of the most widely muscu-
loskeletal joint diseases among the aged. The progressive loss
of articular cartilage and the continuous changes in
subchondral bone are two major features of OA [1]. Even
though there are pathologic and radiographic evidence of os-
teoarthritis, most of the people have no symptoms.
Epidemiological study shows that 18 % of women and
9.6 % of men of 60 or older probably have symptomatic os-
teoarthritis [2]. Risk factors such as sex, age, obesity, trauma,
overuse, and genetics can make contributions to the process of
lesions in different compartments of the joint respectively [3,
4]. The lesions of osteoarthritis involve the entire synovial
joint, including the soft tissue structures, subchondral bone,
and articular cartilage [5]. To date, the exact pathogenesis of
osteoarthritis is not completely clear. The main characteristic
of pathological changes in OA is the progressive destruction
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of articular cartilage and the sclerosis of subchondral bone [6].
In addition, soft tissue structures in and around the joint are
also involved. Bridging muscles become weak. Ligaments are
often lax. Synovium shows modest inflammatory infiltrates
[7]. Although there are a large number of researches about
the pathological changes of articular cartilage, there is surpris-
ingly little information available on the definition and patho-
genesis of subchondral bone in osteoarthritis. The
subchondral bone is defined as a region which locates be-
tween the articular cartilage and the marrow cavity [8]. In
the joint, the articular cartilage and subchondral bone act as
a functional unit [9]. It has been considered all the time that the
early pathological changes of articular cartilage can result in
the changes of subchondral bone and then induce a series of
pathological changes of the osteoarthritis, so most of funda-
mental researches on the pathogenesis of osteoarthritis are
focused on the articular cartilage. However, inhibiting the ac-
tivity of TGF-β1 in subchondral bone made the pathological
changes of osteoarthritis attenuated and led to less degenera-
tion of articular cartilage compared with control groups in the
osteoarthritis rodent models [10]. It suggested that the patho-
logical changes of subchondral bone may play an important
role in the initiation and development of osteoarthritis.

Metabolomics, a branch of the systems biology, studies the
metabolite compositions of biological fluid, cell, and tissue in
a biological system. The analysis of the complete set of me-
tabolites has been applied to biological research for more than
a decade [11]. Metabolomics has generated great interest for
disease diagnosis, pathological mechanism research, drug tox-
icology research, drug safety evaluation, and so on [12–15].
Metabolomics studies the end-products of bioprocesses.
These end-products cover a diverse group of low molecular
weight (M < 1000) organic and inorganic compounds that
represent the functional status in a biology system under a
given condition [16]. The most frequently used analytical
technologies in metabolomics are nuclear magnetic resonance
spectroscopy (NMR), gas chromatography–mass spectrome-
try (GC-MS), and liquid chromatography-mass spectrometry
(LC-MS) [17]. Each technique has its advantages and disad-
vantages. Compared with the conventional LC methods, the
ultra-performance liquid chromatography (UPLC) achieves
an even higher sensitivities, higher resolutions, and rapid sep-
arations [18, 19]. Therefore, ultra-performance liquid
chromatography-mass spectrometry (UPLC-MS) attracts
more and more interest in metabolomics research.

Metabolic perturbations in urine, blood, synovial fluid
(SF), and synovium from patients and animal models with
osteoarthritis have been detected using metabolic analytical
technologies [20]. Urine from patients with osteoarthritis
was studied using GC-MS. The up-regulated TCA cycle was
identified to be associated with osteoarthritis. Knee joint effu-
sion symptom was accompanied with the histamine metabo-
lism disorder [21]. Serum from patients with osteoarthritis was

analyzed based on NMR. The researchers demonstrated that
the ratios of leucine and valine to histidine were predictive of
osteoarthritis [22]. SF from experimentally induced osteo-
arthritis in canine knee joints was performed metabolomics
analysis via NMR. The investigators concluded that the intra-
articular environment of osteoarthritis was more hypoxic and
acidotic than the normal joint [23]. The conditioned media
collected from the explant cultures of osteoarthritis patients
synovium was studied using GC-MS and LC-MS. Eleven me-
tabolites were obviously increased in the end-stage osteoarthri-
tis patients [24]. Knee joint SF of patients with osteoarthritis
was also studied using NMR and GC-MS. Eleven metabolites
were statistically important for the separation between SF of
osteoarthritis and normal SF [25]. Current researches have
shown some evidence of metabolic alterations associated with
osteoarthritis. However, no research has been done to explore
the metabolic perturbations in subchondral bone from osteoar-
thritis patients using the metabonomics technology. By the
metabolic analysis of subchondral bone, we could find more
metabolic alterations associated with osteoarthritis, thereby
elucidating the molecular mechanism of the subchondral bone
sclerosis in osteoarthritis.

In this study, sclerotic subchondral bone and non-sclerotic
subchondral bone were collected from 42 patients with oste-
oarthritis of knee joint. Non-targeted metabolomic analysis
was performed using ultra-performance liquid chromatogra-
phy coupled with quadrupole time-of-flight tandem mass
spectrometry (UPLC/Q-TOF-MS). Multivariate statistical
analysis was applied to identify the varied metabolites which
were response for the discrimination between the experiment
group and control group. The non-targeted investigation of
metabolites was utilized to analyze the metabolic profiling
of subchondral bone in osteoarthritis and determine the most
relevant metabolic pathways to the sclerosis of subchondral
bone, with the aim to explore the molecular mechanism of the
sclerosis of subchondral bone in osteoarthritis.

Materials and methods

Chemical and materials

The reference standards for taurine, L-tyrosine, hypoxanthine,
L-carnitine, uridine, guanosine, 2-hydroxycinnamic acid,
triethanolamine, 2-phenylacetamide, octadecylamine, and ret-
inol acetate were purchased from MCGBW (Beijing, China).
HPLC-grade acetonitrile and formic acid were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Methanol and
dichloromethane were obtained from Tedia (Fairfield, OH,
USA). Distilled water was acquired by a Milli-Q Ultra-pure
water system (Millipore, Billerica, USA). Scalpel and rongeur
(LZQ, Shanghai, China). Pressure Blowing Concentrator
MTN-2800D from AUTO&SCIENCE, Tianjing, China.
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High-throughput tissue grinder SCIENTZ-48 from
SCIENTZ, Zhejiang, China. UPLC/Q-TOF-MS was pur-
chased from AB SciexTM, USA and GC-MS from Agilent
7890A, USA.

Experimental participants

All of the 42 experimental participants were recruited from
inpatients of The First Affiliated Hospital of Chongqing
Medical University. The diagnosis of knee joint osteoarthritis
was performed according to the American College of
Rheumatology (ACR) criteria for osteoarthritis [26]. The in-
clusive criteria of experimental participants were that all pri-
mary osteoarthritis patients displayed radiological information
(weight-bearing antero-posterior and lateral views) of knee
joint on radiograph with a radiological grade 3 on the
Kellgren-Lawrence (KL) scale [27]. The exclusive criteria of
experimental participants were that patients with history of
drug use and patients with osteoarthritis led by trauma or other
reasons. Based on the above procedures, a total of 60 patients
with knee joint osteoarthritis were recruited, but 18 of them
with history of knee surgery, trauma, or drug use were exclud-
ed. At last, 42 patients with primary osteoarthritis of knee joint
were qualified for this study. The centric subarticular
spongiosa of the medial femoral condyle was sampled as the
experimental group, and the centric subarticular spongiosa of
the lateral medial femoral condyle was sampled as the control
group.

Sample collection and preparation

The samples were immediately collected after patients under-
going total knee replacement and then temporarily stored in a
5-L liquid nitrogen container. All the samples were transferred
to a 50-L liquid nitrogen container and stored at −80 °C until
analysis.

To minimize the potential changes of component in sample
before solvent extraction, all samples were thawed on ice for
20 min. Cartilage was carefully removed from the femoral
condyle by excision with a scalpel. Centric subarticular
spongiosa was sampled from the femoral condyle using a
rongeur. The subarticular spongiosa was crumbed by rongeur
and then grounded into powder in liquid nitrogen. Aweighed
amount of subchondral bone (100 mg) was subaliquotted into
a 2-mL vial. Before the extraction of metabolites, a modified
two-step method to extract the metabolites of subchondral
bone was preliminary tested by GC-MS and UPLC/Q-TOF-
MS [28]. Results revealed that the modified two-step method
was performed successfully to cover the aqueous and organic
metabolites. Thus, the modified two-step extraction method
could be used for extracting the metabolites of subchondral
bone. Firstly, 1 mL methanol–water (3:1, v/v) was added for
protein precipitation and tissue homogenate using a 47-bead-

based high-throughput tissue grinder (twice, 40 Hz, 5 min).
The mixture was vortex-mixed violently for 20 s and subse-
quently centrifuged at 12,000 rpm for 10 min, and then
600 μL supernatant was transferred into a 1.5-mL vial.
Secondly, 1 mL dichloromethane–methanol (1:3, v/v) was
added for performing subsequent extraction. The mixture
was vortex-mixed for 20 s and centrifuged at 12,000 rpm for
10 min, and then 600 μL supernatant was transferred into the
1.5-mL vial again. At last, the mixed supernatant was centri-
fuged at 12,000 rpm for 10 min, and 1 mL mixed supernatant
was transferred into a new 1.5 mL vial. The mixed supernatant
was evaporated to dryness at 45 °C with nitrogen in a pressure
blowing concentrator. Dry residue redissolved in 100 μL ace-
tonitrile–water (50:50, v/v) and centrifuged at 12,000 rpm for
10 min. Sixty microliters of resulting supernatant was trans-
ferred into the autosampler vial. Ten microliters of resulting
supernatant of each sample was transferred into the QC vial.

Validation of analytical method

The quality control sample (QC), the mixture of equal
amounts of each sample, was prepared to monitor the stability
and repeatability of the analytical system [29]. At the start of
the analysis of each sample batch, ten QC samples were run to
ensure that the system had reached equilibrium [28]. Then,
one QC sample was run at regular intervals (six samples)
throughout the analytical process to assess the stability and
repeatability of the system. One blank sample (the distilled
water) was then analyzed after each of the interval QC sample
in order for background correction and to monitor the lack of
cross-contamination [30]. The QC data sets were performed
by principal component analysis (PCA) to assess the stability
and repeatability of the system. Furthermore, the reproducibil-
ity of the ions was evaluated by relative standard deviation
(RSD%) of randomly picked peaks from the 13 within-run
QC samples in RPLC_Neg, RPLC_Pos, HILIC_Neg, and
HILIC_Pos ion modes respectively.

UPLC/Q-TOF-MS analysis

UPLC/Q-TOF-MS (AB SciexTM, USA) analysis was con-
ducted using a Shimadzu UPLC-equipped AB-Sciex Triple
TOF 4600 and operated in both positive and negative ioniza-
tion mode using the Turbo V ESI ion source. The samples
were in jec ted in to an Kine tex XB-C18 column
(100 mm×2.1 mm, 2.6 μm, Phenomenex) with a flow rate
of 0.35 mL/min. Gradient elution was performed using a mix-
ture solvent A (0.1 % formic acid in water) and solvent B
(100 % acetonitrile). The gradient used was as follows: sol-
vent B (acetonitrile) was held at 5 % for 1 min and solvent B
was increased from 5 to 85 % over 5 min, following solvent B
was held at 85 % by 8 min and then was shifted to 5 % by
8.1 min. At last, solvent B was held constantly at 5 % to
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10 min. The ion spray voltage was set to 5500 V for positive
ion and −4500 V for negative ion mode respectively. The
nebulizer gas (air) and turbo gas (air) were both set to
55 psi, and the heater temperature was 600 °C. The curtain
gas (nitrogen) was set at 25 psi, the rolling collision energy
was set to 40±15 (ESI+) or −40±15 V (ESI-), and the colli-
sion cell pressure was set at low or high mode for different
purposes. Full scan analysis was performed in the EMS mode
using the electrospray ionization technique with a coverage of
mass range of 50 to 1000 Da, with a data acquisition rate set to
0.25 s for TOF-MS scan and 0.1 s for MS/MS scan. Eight data
were obtained in one acquisition, and the MS/MS scan was
accomplished in the combinational mode of positive
information-dependent acquisition (IDA). Ten microliters of
sample was injected to be analyzed. The run order of samples
was random. All samples were stored at 4 °C during the
analysis.

Data analysis

Data processing

After the UPLC/Q-TOF-MS analysis, the raw data from all the
samples were processed using MarkerView v1.2.1 software
(AB SCIEXTM, USA). Pre-treatment procedures of baseline
correction, denoising, deconvolution, alignment, and normal-
ization were performed to process the raw data. The relevant
parameters used were retention time (RT) range 0.1–10 min,
minimum spectral peak width 25 ppm, minimum RT peak
width 6 scan, mass tolerance 0.01 kDa, RT tolerance
0.1 min, noise threshold 100, maximum number of peaks
2000, excluding isotopic peaks. The resulting three-
dimensional matrix was composed of sample names, m/z
and RT pairs, and normalized ion intensities. The B80 % rule^
was applied to remove missing peaks [31], and then the re-
maining missing values were imputed using regularized ex-
pectation maximization. The data was then pareto scaled and
mean centered before multivariate data analysis.

Multivariate data analysis and statistics

The final data set was imported into the SIMCA-P 13.0 soft-
ware (Umetrics AB, Umeå, Sweden) to perform the unsuper-
vised principal component analysis (PCA) and supervised or-
thogonal partial least squares-discriminant analysis (OPLS-
DA) [32]. The varied metabolites responsible for the discrim-
ination were identified between the experiment group and
control group. Non-parametric test was applied to evaluate
the significant differences in the variables using the SPSS
17.0 software (IBM, USA). The p values <0.05 were consid-
ered to be statistically significant.

Metabolite identification and metabolic pathway analysis

According to m/z and RT pairs, the metabolites were prelim-
inarily identified via online HMDB (http://www.hmdb.ca/)
database with mass tolerance of less than 0.01 Da. The
potential metabolites can be further identified by the
comparison of MS or MS/MS spectra integrated in
PeakView v1.2 software (Umetrics AB, Umeå, Sweden), with
available reference standard mass spectral databases, such as
HMDB and Mass Bank (http://www.massbank.jp/), and then
part of the potential metabolites was confirmed by analyzing
the authentic chemical standard substances. In order to
explore the molecular mechanism of the sclerosis of
subchondral bone, the KEGG (http://www.kegg.com/) and
PubMed (http://www.ncbi.nlm.nih.gov/) database were
utilized to search the metabolic pathway and biological
function of the metabolites. Ultimately, the metabolic
pathway analysis was performed using MetPA (http://metpa.
metabolomics.ca./MetPA/faces/Home) [33] via database
source including the HMDB, KEGG, SMPD (http://www.
smpdb.ca/) and METLIN (http://metlin.scripps.edu/) for
confirming the impacted metabolic pathways and
visualization. Figure 1 displayed a roadmap for sample col-
lection through to data analysis and metabolites identification.

Results

Demographics and clinical characteristics

The demographics and clinical characteristics of experiment
group and control group were depicted in Table 1. Because
the samples of experiment group and control group were de-
rived from the same patient, there was no difference in age,
height, weight, and BMI between two groups. A common fea-
ture of these participants was that the medial knee joint space
became extremely narrow, and the lateral knee joint space was
relatively normal. There was no articular cartilage covering the
surface of the subchondral bone in the medial femoral condyle.
Besides, the subchondral bone of the medial femoral condyle
had changed in physicochemical property compared with the
subchondral bone of the lateral medial femoral condyle.

Medicine image of subjects and histological analysis
of the samples

The results of the typical X-ray image and the picture of spec-
imen were matched with the subchondral bone biopsy report
(gold standard). Figure 2 displayed the comparison of the
sclerotic subchondral bone and non-sclerotic subchondral
bone in imageology, specimen, and pathology. In imageology
and specimen, letters BE^ and BC^ refer to the sample position.
The sclerotic subchondral bone and non-sclerotic subchondral
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bone were identified by pathological section. The formation of
new extra bone on trabeculae and microfracture, two typical
features of sclerotic subchondral bone, were presented in the
subchondral bone of experiment group. The pathologic picture
of control group displayed a normal structure of subchondral
bone. It revealed that the experiment group was sclerotic
subchondral bone, and the control group was non-sclerotic
subchondral bone.

Analytical method validation

In UPLC/Q-TOF-MS-based metabonomics, analytical perfor-
mance can gradually change over time because of the changes
of temperature and sample pH, contamination, and a decline

in the responses of the MS [28]. Assessing the repeatability
and stability of the analytical system is an extremely important
component of metabolic profiling studies. Ninety-two QC
samples were used to perform the unsupervised principle
component analysis (PCA). A PCA model with R2Xcum of
0.613 and Q2cum of 0.547 was achieved (see Electronic
Supplementary Material (ESM) Fig. S1). In PCA analysis,
the repeated QC samples were separately clustered in four
small spaces in scores plots in accordance with the four detec-
tion ion modes. Because the close degree of QC samples clus-
ter on the score plot was positive correlation with the stable of
the analysis [34], this result indicated that the reproducibility
was favorable. Furthermore, the reproducibility of the ions
was evaluated by relative standard deviation (RSD%) of 8
randomly picked peaks in the 13 within-run QC samples.
The results (see ESM Table S1) indicated that the UPLC/Q-
TOF-MS system had good stability and reproducibility.

Multivariate analyses of the metabolic profiles

As the principal component analysis (PCA) was the most
commonly used unsupervised method in metabolomics stud-
ies, PCA was carried out in this study to obtain an initial
overview of the data set. In PCA analysis, the two groups were
mainly separated in the UPLC/Q-TOF-MS positive and neg-
ative ionmode (see ESM Fig. S2). For supervisedmultivariate
statistical analysis, orthogonal partial least squares-
discriminant analysis (OPLS-DA) was carried out to identify

Fig. 1 UPLC/Q-TOF-MS based roadmap for the metabolic profiling of subchondral bone showing the steps involved in preparing and analyzing both
the QC sample and study samples

Table 1 Demographic description and clinical characteristics of
participants in the study

Experiment group Control group

Age (years) 66.2 ± 6.8 66.2 ± 6.8

Total number 42 42

Female number 37 37

Sclerosis of subchodral bone Yes None

Joint space narrow grade Severely Mild or none

Cartilage coverage None Yes

History of knee trauma None None

History of drug use None None
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the varied metabolites responsible for discrimination in this
study. In UPLC/Q-TOF-MS hydrophilic interaction liquid
chromatography-negative (HILIC_Neg) ion mode analysis,
an OPLS-DA model with R2Ycum of 0.866 and Q2cum of
0.751 was achieved (Fig. 3a). In UPLC/Q-TOF-MS reversed
phase liquid chromatography-negative (RPLC_Neg) ion
mode analysis, an OPLS-DA model with R2Ycum of 0.964
and Q2cum of 0.913 was achieved (Fig. 3b). In UPLC/Q-
TOF-MS hydrophilic interaction liquid chromatography-
positive (HILIC_Pos) ion mode analysis, an OPLS-DAmodel
with R2Ycum of 0.92 and Q2cum of 0.65 was achieved
(Fig. 3c). In UPLC/Q-TOF-MS reversed phase liquid
chromatography-positive (RPLC_Pos) ion mode analysis, an
OPLS-DAmodel with R2Ycum of 0.912 and Q2cum of 0.806
was achieved (Fig. 3d). The quality of OPLS-DA model was
evaluated by the R2 and Q2 values. R2 represents the
goodness-of-fit parameter of the OPLS-DA model. Q2 repre-
sents the predictability parameter of the OPLS-DA model. R2

and Q2 values greater than 0.5 indicate high quality of OPLS-
DA models [35]. In our study, all the models displayed
greater than 86.6 % of the goodness-of-fit (R2Y= 0.866–
0.964) and a predictability greater than 65 % (Q2 = 0.65–
0.913), which indicated that these OPLS-DA models were
performed successfully to represent the differences of the
metabolites in two groups.

Because the potential metabolites with variable impor-
tance in the projection (VIP) greater than 1 were responsi-
ble for the apparent discrimination in OPLS-DA models,
154 metabolites out of 536 variables in RPLC-positive
ionization mode, 88 metabolites out of 235 variables in
RPLC negative ionization mode, 175 metabolites out of
473 variables in HILIC-positive ionization mode, and 52
metabolites out of 146 variables in HILIC-negative ioniza-
tion mode were picked out. In total, 469 metabolites were
picked out for further identification.

Identification of potential metabolites

The metabolites with VIP > 1 were preliminarily identified
via online HMDB database with mass tolerance of less
than 0.01 kDa. The potential metabolites were further iden-
tified by the comparison of MS or MS/MS spectra with
available reference standard mass spectral databases and
then confirmed by analyzing the authentic chemical stan-
dard substances. According to these procedures, 68 out of
469 metabolites in our study were identified (see ESM
Table S2). The content of trichocarposide, LysoPC
(P-16:0), LysoPC (P-18:1 (9Z)), N6,N6,N6-trimethyl-L-ly-
sine, 5-(4′-hydroxyphenyl)-gamma-valerolactone-4′-O-
glucuronide, SM (d18:1/22:1 (13Z)), and SM (d16:1/24:1

Fig. 2 Comparison of the
experiment group (E) and control
group (C) in imageology (a),
specimen (b), and pathology (c).
Letters E and C in imageology
and specimen refer to the sample
position. In pathological section
(4×), the formation of new
extra bone on trabeculae and
microfractures (black arrow) was
found in the subchondral bone
of experimental group and could
not be found in the subchondral
bone of control group. It revealed
that the experiment group was
sclerotic subchondral bone
and the control group was
non-sclerotic subchondral bone
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(15Z)) were found to be decreased in the sclerotic
subchondral bone. Others were found to be increased in
the sclerotic subchondral bone. Identification of taurine
(HMDB00251), L-tyrosine (HMDB00158), hypoxanthine
(HMDB00157), L-carnitine (HMDB00062), uridine
(HMDB00296 ) , g u ano s i n e (HMDB00133 ) , 2 -
hydroxycinnamic acid (HMDB02641), triethanolamine
(HMDB32538), 2-phenylacetamide (HMDB10715),
octadecylamine (HMDB29586), and retinol acetate
(HMDB35185) were confirmed by analysis of standard
solutions under the same instrumental conditions. The cor-
relation between the relative abundance of validated me-
tabolites and the samples was examined using correlation
coefficients (Fig. 4). All the 68 metabolites with P values
less than 0.05 were significant evaluated by non-
parametric test.

Relevant metabolic pathways

In order to explore the relationship between the 68 selected
metabolites and the sclerosis of subchondral bone in

osteoarthritis, the metabolic pathway analysis (MetPA) was
performed to identify the most relevant pathways of the iden-
tified metabolites. The relevant metabolic pathways were pre-
sented on a panel, in which all the matched pathways were
displayed as circles. The size and color of each circle are based
on pathway impact value and p value, respectively. Global test
was performed for pathway enrichment analysis. Relative-
betweeness centrality was performed for pathway topology
analysis. The circles on the top right diagonal region of panel
indicated that the metabolites involved in those pathwayswere
significantly changed. Due to their important positions, these
alterations were more likely to have big impacts on those
pathways. In a general way, the pathway impact value of
greater than or equal to 0.01 indicated that the pathway was
significantly changed.

Metabolic pathway analysis revealed that taurine and
hypotaurine metabolism, beta-alanine metabolism, phenylala-
ninemetabolism, tyrosinemetabolism, lysine degradation, py-
rimidine metabolism, purine metabolism, and sphingolipid
metabolism were related to the sclerosis of subchondral bone
in osteoarthritis (Fig. 5). In which, taurine and hypotaurine

Fig. 3 OPLS-DA score plots of
four modes based on subchondral
bone metabolic profiling of the
experiment group (triangles) and
control group (circles)
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metabolism with an impact factor of 0.33 and beta-alanine
metabolism with an impact factor of 0.10 were found to be
the most relevant pathways to osteoarthritis. Metabolic path-
way analysis revealed that taurine belonged to taurine and

hypotaurine metabolism and 3-aminopropionaldehyde
belonged to beta-alanine metabolism. The metabolites that
supported the metabolic pathway analysis were shown as the
box plots (see ESM Fig. S3).

Fig. 4 The correlation heatmap
between the level of metabolites
and the samples

Fig. 5 Metabolic pathway analysis of the identified metabolites in osteoarthritis. The metabolomics pathways were arranged according to the scores
based on topology (x-axis) and enrichment analysis (y-axis)
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Discussion

The metabolic analysis platforms have been applied to study
osteoarthritis for many years. Metabolic disturbances in
synovium, synovial fluid (SF), blood, and urine of osteoarthri-
tis patients and animal models have been analyzed using
NMR, GC-MS, and LC-MS [20]. Great achievements have
been acquired in these researches. However, the subchondral
bone does not catch the researcher’s close attention due to the
difficulty of obtaining the subchondral bone sample and pro-
cessing bone tissue. The lesions of subchondral bone are ac-
companied with articular cartilage destruction in osteoarthritis.
The formation of new extra bone on trabeculae and
microfractures can occur in subchondral bone during the pro-
gression of osteoarthritis [36]. New bone synthesis exceeds
degradation in patients with knee joint osteoarthritis [37].
Thus, the bone mineral density of subchondral bone with le-
sions is higher than the normal, leading to the sclerosis of
subchondral bone eventually. However, the exact molecular
mechanism of subchondral bone sclerosis in osteoarthritis is
not completely clear. Recent studies have revealed that abnor-
mal subchondral bone cell metabolism plays a potential role in
the initiation and progression of osteoarthritis. This implies that
powerful tools need to be applied to explore the alteration of
sclerotic subchondral bone cell metabolism in osteoarthritis.

In this study, an UPLC/Q-TOF-MS-based metabolomics
analysis was performed to explore the abnormal cellular me-
tabolism in subchondral bone using a modified two-step
extraction method. By applying the multivariate statistical
analysis, 68 metabolites that significantly contributed to this
discrimination were identified, including the fatty acyls, ben-
zene and substituted derivatives, prenol lipids, nucleotides, ste-
roids and steroid derivatives, carboxylic acids and derivatives,
glycerophospholipids, sphingolipids, amines, phenylpropanoic
acids, and so on. Hypoxanthine was detected to be enriched in
urine from guinea pigs with OA using nuclear magnetic reso-
nance [38]. Tyrosine was detected to be enriched in blood from
sheep with OA using nuclear magnetic resonance [39]. Uridine
and tyrosine were detected to be enriched in synovial fluid
from ovine with early OA using nuclear magnetic resonance
[40]. In the present study, an increase of hypoxanthine, tyro-
sine, and uridine were also found in sclerotic subchondral bone
from osteoarthritis patients. In addition, L-palmitoylcarnitine,
monoethylhexyl phthalic acid, L-tyrosine, hypoxanthine, and
9′-carboxy-alpha-chromanol were found to be increased in
sclerotic subchondral bone compared with the control in both
positive and negative ionization modes.

In this work, decanoylcarnitine, alpha-linolenyl carnitine,
trans-hexadec-2-enoyl carnitine, L-palmitoylcarnitine, 9,12-
hexadecadienoylcarnitine, and dodecanoylcarnitine were
found to be up-regulated in the sclerotic subchondral bone,
all of which belonged to the acylcarnitine. Okun’s study re-
vealed that acylcarnitine was useful in the diagnosis of fatty

acid oxidation disorders [41]. Therefore, the up-regulation of
these metabolites in sclerotic subchondral bone suggested that
the intra-cellular environment of sclerotic subchondral bone
might be more hypoxic and acidotic compared with the non-
sclerotic subchondral bone. Damyanovich concluded that the
intra-articular environment of osteoarthritis was more hypoxic
and acidotic compared to the normal joint [23]. Thus, we
could speculate that the abnormal intra-articular environment
of osteoarthritis might be partially caused by the sclerosis of
subchondral bone.

Glycerophospholipids and sphingolipids occupied a large
part of the distinctive metabolites between two groups, such as
LysoPC (P-16:0), LysoPC (P-18:1 (9Z)), LysoPC (18:4 (6Z,
9Z,12Z,15Z)), LysoPC (20:2 (11Z,14Z)), LysoPC (20:1
(11Z)), SM (d18:0/16:1 (9Z)), SM (d18:1/22:1 (13Z)), SM
(d16:1/24:1 (15Z)), SM (d18:1/24:1 (15Z)), SM (d18:1/
14:0). Most of them were up-regulated in sclerotic
subchondral bone. Glycosphingolipids were ubiquitous cell
membrane components and play important roles in the devel-
opment and function of several tissues. It can modulate trans-
membrane signalling and mediate cell-to-cell and cell-to-
matrix interactions [42]. Glycosphingolipids were necessary
for the RANKL-induced osteoclastogenesis [43]. The inhibi-
tion of glycosphingolipid synthesis limited the osteoclast ac-
tivation [44]. It indicated that the catabolism of sclerotic
subchondral bone was enhanced. These discoveries agreed
with Mansell’s results of high bone turnover rate in the scle-
rotic subchondral bone [45]. Glycerophospholipids and
sphingolipids were detected to be enriched in synovial fluid
from patients with early and late stages of OA using LC-MS/
MS. Moreover, sphingolipids can alter synovial inflammation
and the repair responses of damaged joints [46]. In brief,
glycerophospholipids and sphingolipids play a vital regulation
role in the pathological process of sclerotic subchondral bone.

L-Carnitine, involved in the transport of acetyl-CoA into
mitochondria, was the critical point of carnitine-dependent
transport of long-chain fatty acids and indispensable for β-
oxidation [47, 48]. Specification and differentiation of osteo-
blasts in bone and global energy homeostasis was regulated by
inducing the expression of key enzymes required for fatty acid
β-oxidation [49]. L-Carnitine significantly enhanced the pro-
liferation and differentiation of human osteoblast in vitro.
Also, L-Carnitine significantly increased osteoblast activity
[50]. By the IGF-1/PI3K/Akt signalling pathway, L-carnitine
showed an important role in osteoblast differentiation and
mineralization of NIH3T3 fibroblasts. 10 μM L-carnitine pos-
itively affected the proliferation of NIH3T3 cells, but 100 μM
L-carnitine slightly inhibited cell proliferation [51]. According
to the study of Orsal E, carnitine presented a protective bone-
sparing effect on osteoporosis induced by ovariectomy and
inflammation in rats [52]. L-Carnitine protected against apo-
ptosis of rat bone marrow cell and murine MC3T3-E1 osteo-
blastic cells [53, 54]. In addition, L-carnitine expedited the

Metabolic analysis of osteoarthritis 4283



recovery of normal BV/TV level after a hypocalcemic diet
[55]. Under osteoporotic and/or inflammatory conditions, car-
nitine could enhance the healing of bone fracture [56]. Taken
together, L-carnitine acted an important role in energy metab-
olism and bone formation, provided a new reasonable expla-
nation on the sclerosis of subchondral bone in osteoarthritis.

Metabolic pathway analysis revealed that taurine and
hypotaurine metabolism with an impact factor of 0.33 was
clearly found to be relevant to the sclerosis of subchondral
bone in osteoarthritis. Taurine was belonged to the taurine
and hypotaurinemetabolism. Our results showed that the level
of taurine in sclerotic subchondral bone was up-regulated.
Taurine was existed in many kinds of tissues and relevant to
many crucial physiological functions [57]. Taurine was
enriched in the bone cells [58]. In addition, taurine was iden-
tified to be beneficial in the promotion of bone tissue forma-
tion, as evidenced by promoting human mesenchymal stem
cells to differentiate into osteoblast [59] and promoting colla-
gen synthesis and matrix formation [60–62]. Besides promot-
ing bone tissue formation, taurine also restrained bone tissue
degradation through inhibiting the osteoclast formation and
bone resorption [63]. Interestingly, taurine supplementation
had been shown to increase bone mineral density in rats
[64]. Taken together, these studies revealed that taurine could
promote bone tissue formation and inhibit bone tissue degra-
dation at the molecular and cellular level. Besides, Hügle
found that taurine was existed in synovial fluid in osteoarthri-
tis [65]. Thus, it could put the hypothesis that the disturbance
of taurine and hypotaurine metabolism in subchondral bone
has a direct correlation with the sclerosis of subchondral bone
in osteoarthritis. It could provide a new reasonable explana-
tion on the sclerosis of subchondral bone in osteoarthritis be-
cause the sclerosis of subchondral bone is the early clinical
manifestation of osteoarthritis. Thus, taurine could be used as
an early biomarker for the sclerosis of subchondral bone in
osteoarthritis if this change could be detected in urine or
blood. Therefore, further studies are required to confirm this
hypothesis in urine or blood of osteoarthritis.

Many studies supported the result that beta-alanine was in-
creased in urine, synovium, and synovial fluid from the animal
models with osteoarthritis [39, 41, 65]. In this study, metabolic
pathway analysis revealed that beta-alanine metabolism was
found to be relevant to the sclerosis of subchondral bone in
osteoarthri t is , with an impact factor of 0.10. 3-
Aminopropionaldehyde belonged to the beta-alanine metabo-
lism. The level of 3-aminopropionaldehyde was found to be
up-regulated in sclerotic subchondral bone. In the beta-alanine
metabolism pathway, 3-aminopropionaldehyde could be metab-
olized into beta-alanine. Therefore, it had the possibility that
beta-alanine might also be increased in the sclerotic subchondral
bone though we did not detect this change. Numerous studies
revealed that beta-alanine could enhance working capacity and
power output in the muscle cell [66]. However, there was no

report about the function of beta-alanine in the bone cell.
Because the osteoblast and osteoclast activity were increased
in sclerotic subchondral bone, energy consumption was in-
creased in bone cell. Therefore, we could infer that beta-
alanine might have the similar role in both muscle cell and bone
cell. Thus, further studies should be performed to explore the
disturbance of beta-alanine metabolism in bone cell of the scle-
rotic subchondral bone from osteoarthritis patients.

Our future work will dedicate to investigate the relationship
between the concentration of potential metabolites and the
sclerosis degree of subchondral bone in osteoarthritis. In ad-
dition, these potential metabolites will be analyzed in serum
and urine of patients with osteoarthritis, with the aim to iden-
tify the potential biomarkers for the sclerosis of subchondral
bone in osteoarthritis.

Conclusions

Our results highlight the power of UPLC/Q-TOF-MS-based
metabolomics approach in combination with multivariate sta-
tistical analysis for studying the metabolic profile in sclerotic
subchondral bone from osteoarthritis patients. In this work, a
modified two-step extraction method was successfully per-
formed to extract the metabolites of bone tissue. In addition,
68 metabolites were found to be distinctly different between
the sclerotic subchondral bone and non-sclerotic subchondral
bone.Most of themwere increased in the sclerotic subchondral
bone. Our results suggested that the intra-cellular environment
of sclerotic subchondral bone might be more hypoxic and ac-
idotic compared with the non-sclerotic subchondral bone.
Alteration in taurine and beta-alanine metabolism was clearly
found to be associated with the sclerosis of subchondral bone.
Taurine, L-carnitine, and glycerophospholipids played a vital
regulation role in the pathological process of sclerotic
subchondral bone. In the sclerotic process of subchondral
bone, beta-alanine and L-carnitine might be related to the in-
crease of energy consumption. These findings provided a new
reasonable explanation on the sclerosis of subchondral bone in
primary osteoarthritis. Therefore, further studies are required to
confirm these inferences.
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