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Abstract The severity and/or progression of osteonecro-
sis of the femoral head (ONFH) are commonly assessed by
radiography, nuclear magnetic resonance image which
aren’t invariably correlated to severity of disease and may
be disturbed by other factors. Consequently, exploring the
novel biochemical signatures of ONFH may be beneficial
for diagnosing and understanding this disease. In this work,
a bone trabecula metabolomics was undertaken to deter-
mine the expression pattern of low molecular mass
metabolites in patients of femoral head necrosis based on
the ultra-performance liquid chromatography/time-of-flight
tandem mass spectrometry (UPLC/TOF MS/MS). Histo-
logical study showed that necrotic bone was characterized
by necrosis, fibrosis and lacuna, but adjacent “normal”
bone was pathologically normal. Principal component
analysis in combination with orthogonal partial least-
squares discrimination analysis was used to find out
changed metabolites. MS/MS was used to speculate the
corresponding molecule. Both osteonecrotic bone trabecula
(ONBT) and adjacent “normal” bone trabecula (ANBT)
showed higher levels of amino acids, such as proline,
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arginine, glutamine, dipeptides and lower levels of
antioxidants. Most disrupted lipids, such as fatty acid
esters, glycerophospholipids, sphingolipids, were found in
osteonecrotic zone. The area under the receiver operating
characteristic curve of combinational biomarkers (p-argi-
nine, L-proline, L-carnitine, inosine) in ONBT and ANBT
was 0.996 and 0.950, respectively. Our findings might
provide a significant insight to understand the metabolic
mechanism and diagnosis biomarkers of ONFH in the
future.

Keywords Metabolomics - UPLC-MS/MS -
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1 Introduction

Osteonecrosis of the femoral head (ONFH) remains a
major cause of total hip arthroplasty and represents a
serious clinical and financial problem because it is a single
great cause of attrition in the young disability (Wu et al.
2008; Shih et al. 2009). In 2014, there were approximately
7 million people with ONFH in China, and nearly 20,000
new cases were diagnosed annually in the United States
(Chen et al. 2015a, b; Gangji et al. 2011). Because ONFH
is considered irreversible in end stage, it is best to perform
diagnostic or therapeutic strategies for ONFH in the early
stage (Wen et al. 2008). Unfortunately, the early diagnosis
and treatment for this disease have not been established
(Chen et al. 2015a, b). ONFH is always associated with
numerous risk factors, such as trauma, excessive corticos-
teroid administration, corticosteroid treatment, sickle cell
disease, coagulopathies, autoimmune diseases and other
factors. And, it is supported that ONFH might be a sys-
temic disease (Hernigou et al. 2015; Seamon et al. 2012;
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Lee et al. 2009; Asano et al. 2003). The histopathological
change of ONFH is bone marrow structure disturbance,
marrow cell necrosis fibrosis invasion, empty lacunae
appearance in trabecula (Kang et al. 2015; Qiang et al.
2015; Ragab et al. 2008). Recent studies suggested that
influenced lipid metabolism, like ApoA5, ApoA6, and
high-density lipoprotein cholesterol, low-density lipopro-
tein cholesterol, plays a role in the process of ONFH
(Gangji et al. 2011; Cui et al. 2014; Qi and Zeng 2015; Yin
et al. Yin et al. 2014). The mechanism of ONFH is closely
related with bone metabolism abnormality. In addition,
complicated bone metabolism is altered not only in
osteonecrosis zone but also in the adjacent zone of the
femoral head, probably (Tingart et al. 2009; Calder et al.
2001). So far, underlying mechanisms regulating bone
metabolism and remodeling in patients with ONFH still
remains unknown, and no metabolite biomarkers in ONFH
bone trabecula were confirmed in previous researches. As a
consequence, a new approach to understand ONFH is
urgently needed to get more insight into this disease.

To comprehend the relationships and interactions
between genetic diversities and environmental triggers of
disease, systems biology powered by genomics, pro-
teomics, bioinformatics, and metabolomics, is providing a
new logical framework to elaborate disease etiology and to
excavate latent connections between seemingly disparate
disease states (Holmes et al. 2008a, b). Metabolome-wide
association studies are capable of linking human metabo-
type variations to disease risk factors in the general pop-
ulation (Holmes et al. 2008a, b). In addition, metabolomic
analysis is furnishing answers to important questions rel-
evant to human health and disease (Chen et al. 2011,
Bjerrum et al. 2014). Metabolomics is a powerful tool to
scan diagnostic biomarkers and to explore disease patho-
genesis (Gertsman et al. 2014). It has been successfully
applied in the study of orthopedic diseases to seek the
biomarkers or metabolism mechanism, such as rheumatoid
arthritis, spondyloarthritis, osteoarthritis, etc. (Priori et al.
2013; Van Wietmarschen et al. 2012; Blanco 2014). For
metabolomic studies, most frequently employed high-
throughout analytical methods are NMR spectroscopy and
MS combined with chromatography technology such as
liquid chromatography (LC) or gas chromatography (GC)
(Gonzalez et al. 2012). Recently the development of ultra-
performance liquid chromatography (UPLC) has made it
possible to achieve higher resolutions, higher sensitivities,
and rapider separations compared with LC. And UPLC
combined with orthogonal acceleration time-of-flight mass
spectrometry, which enables the exact mass measurements,
is undoubtedly a more fitting system for metabolomics
(Gonzalez et al. 2012).

To date, metabolomic technology has not been applied
in the study of ONFH bone trabecula. In this work,
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UPLC-MS/MS-based metabolomics was first used to
determine the metabolic variation between bone of ONFH
and fracture of femoral neck. We identified metabolic
differences between ONFH bone tissue (ONBT and
ANBT) and fracture of femoral neck bone tissue. Fur-
thermore, we tested the efficiency of our approach for the
discrimination between ONFH and femoral neck patients.
The aim is to offer a new insight into the complex dys-
regulation of the metabolism in ONFH patients and to
provide a new way for exploring potential molecular
biomarkers of ONFH.

2 Materials and methods
2.1 Human samples process

This study was approved by the Ethics Committee of
Chongqging Medical University and the First Affiliated
Hospital of Chongqging Medical University. Written
informed consents were obtained from all the subjects.

The study subjects consisted of 28 ONFH patients and
20 patients with fracture of femur (in neck or inter-
trochanteric zone) as controls. Patients with ONFH were
recruited from the Department of Orthopedics of the First
Affiliated Hospital of Chongqging Medical University
between September 2014 and February 2015. Inclusion
criteria: (1) ONFH identified by typical magnetic reso-
nance imaging (MRI) and/or plain radiographs; (2)
patients were in stage 3 or 4 by the Ficat classification
system; (3) patients need a total hip athroplasty (THA)
therapy. The exclusion criteria: (1) proof or history of
metabolic bone diseases such as renal osteodystrophy,
hyper- or hypoparathyroidism, Paget’s disease, and pres-
ence of cancers with bone metastasis; (2) patients with an
MRI that did not meet with diagnosis of ONFH; (3)
patients who did not agree to participate in this research
project. Twenty-eight patients (14 females and 14 males)
were enrolled in the ONFH group. For the control group,
20 patients with fracture of femoral neck or inter-
trochanteric femoral (11 females and 9 males) were
enrolled. Surgically resected bone tissues were obtained
in the operating room from patients with ONFH (n = 28)
and fracture of femoral neck or intertrochanteric femoral
(tissue uninvolved by necrosis) (n = 20). A biopsy
specimen was obtained to analyze the histological per-
formance and confirm the diagnosis. The bone tissues
from ONFH subjects were further divided into osteone-
crotic bone trabecula (ONBT) and adjacent normal bone
trabecula (ANBT) (mainly from normal junction of the
femoral head and neck) according to the facade and his-
tological examination. All specimens were stored in liquid
nitrogen until analysis.
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2.2 Medical image and histological analysis

Radiographs of the femoral head and magnetic resonance
imaging (MRI) are most frequently used for the clinical
diagnosis of ONFH (Fig. 1a, b). In addition, the 48 surgical
specimens of all characters were paraformaldehyde -fixed,
decalcified, paraffin-embedded, sectioned and stained with
hematoxylin and eosin according to the standard protocols.
For all the cases included in the study, histopathological
review of the corresponding surgical samples was per-
formed (Fig. lc, d, e, f).

2.3 Metabolites extraction

Samples were thawed on ice. Tissue (50 mg) was
homogenized in a volume of water at 200 pL in a 2-mL
microtubes with two 1-mm magnetic beads, and one 5-mm
beads on the high throughout tissue grinder (SCIENTZ-48,
China) at 40 Hz for 5 min. The samples were extracted by
a series of following solvent extraction steps: 400 pL
tridecanoic acid (2.5 mg/mL) (Sigma) in ethyl acetate:

! ﬂ \‘é P
Yads .

)

L )) ‘ P ’ h
) s
N AT /4 ;
. 3 7 v
LI

N 7 Lo 7 ~
\‘}‘ e “,'

Fig. 1 Radiograph, MRI and histological image of samples. a, b are
the radiograph and MRI image of the ONFH patients. The histological
performance of ONBT (¢, d), ANBT (e) and controls (f) are shown in
above figures. The black and white arrows show collapse of the head

ethyl alcohol (1:1); 200 pL methanol; 200 pL methanol:
H,O (3:1); and dichloromethane: methanol (1:1). Each
extraction step was conducted by shaking 2 min with the
magnetic beads using the tissue grinder. The samples were
centrifuged and the supernatants were removed after the
each extraction step, followed by re-extraction. Next, the
multiple supernatants were mixed by pipetting up and
down several times and a 1 mL aliquot of each sample was
transferred to one 1.5-mL microtube. The samples were
placed in the MTN-2800D concentrator for drying. Sam-
ples were kept on ice throughout the whole extraction
process.

2.4 UPLC-MS/MS analysis

For UPLC-MS/MS analysis, each sample was reconsti-
tuted by an 80-pL volume of methanol with 20-uL H,O
and centrifuged at 12000 g for 10 min. A 60-pL aliquot of
each supernatant was transferred to the auto-sampler vial.
An aliquot of 10-pL volume of each rest supernatant was
pooled as QC (quality control) group.

and subchondral bone fracture. Triangle shows empty lacunae in bone
trabecula. Pentagram shows necrotic mesenchyme tissue. Cross-star
shows dense fibrosis in canals. No obvious alteration can be seen in
e and f
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UPLC-Q-TOF-MS/MS analyses were conducted using
a Shimadzu UFLC-equipped AB-Sciex Triple TOF 4600 in
both positive and negative ionization mode using the Turbo
V ESI ion source. The Triple TOF samples were injected
onto an Kinetex XB-C18 column (100 mm x 2.1 mm,
2.6 um, Phenomenex) with a flow rate of 0.35 mL/min.
The mobile phase consisted of 0.1 % formic acid in water
(A) and 0.1 % formic acid in acetonitrile (B). The gradient
was as follows: Solvent B was held constant at 1 % for
I min and solvent B was increased from 5 to 85 % over
8 min, following holding constant in solvent B to 85 % by
12 min and then to 5 % by 12.1 min, all the method
stopped at 15 min. The nebulizer gas (air) and turbo gas
(air) were set to 55 psi, respectively, the heater temperature
was 600 °C. The ion spray voltage was set to 5500 V for
positive ion and —4500 V for negative ion mode, respec-
tively. The curtain gas (nitrogen) was set at 25 psi, and the
rolling collision energy (CE) was set at 40 = 15 V for
positive ion mode and —(40 £ 15) V for negative ion
mode. Full scan analysis was performed in the electrospray
ionization mass spectrometry mode using electrospray
ionization technique with coverage of mass range
50-1000 Da by using scan rate of 0.25 s, and the MS/MS
screening was accomplished in the combinational mode of
positive-information dependent acquisition (IDA) with a
scan rate of 0.1 s. A 5 pL aliquot of each sample was
injected onto the column. Before the samples were anal-
ysed, 10 QCs were injected for adjust the system consis-
tency, and one QC was used to estimated system
reproducibility and one blank was used to flush the column
after each 5 samples were analysed.

2.5 Data collection and pretreatment

All the ion features were extracted, pretreated and nor-
malized using Shortcut to MarkerView 1.2.1 and exported
to text file for further analysis. The “80 % rule” (Bijlsma
et al. 2006) was applied to remove the missing values. The
multivariate statistical analysis was performed by the
SIMCA-P software (version 13.0; Umetrics, Umea, Swe-
den). After the Pareto scaling (scaled to square root of
variance and centralization), intrinsic clusters and outliers
within the Pareto-scaled data sets were detected by prin-
cipal component analysis (PCA). The orthogonal partial
least-squares discrimination analysis (OPLS-DA) was
applied to the data for discriminating the specimens
according to different sample groups. The sevenfold cross-
validation was performed to validate models.

2.6 Data analysis

The feature ions which can separate ONBT from controls
and distinguish ANBT from ONBT are selected via the
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variable importance in projection (VIP) values of OPLS-
DA model and p values of univariate statistic analysis.
Then these feature ions are identified and assigned to
corresponding metabolites. Variables, with a VIP value
larger than 1, show a higher force than average on the
classification. Those variables were eventually selected as
potential biomarkers. The univariate test was performed
on measurement data, and p < 0.05 was considered sta-
tistically significant. The R*Y(cum) is used to evaluate
the perfection of fit of the model that indicates the
fraction of explained Y-variation, and Q2(cum) suggests
the ability of prediction. To confirm the potential
biomarkers, their mass spectra and chromatographic
retention times were compared with the available refer-
ence standards. The Shortcut to PeakView was used to
facilitate the MS/MS fragment ion analysis process by
way of chemically intelligent peak-matching algorithms.
Then, the information was presented for database
searching, either in-house or using Mass Bank (http:/
www.massbank.jp/) and the HMDB (http://www.hmdb.
ca/). The receiver operating characteristic (ROC) curve
was employed to evaluate the clinical diagnostic perfor-
mance of all changed metabolites and the combination of
selected metabolites. All the clinical data and metabo-
lomics data analysis were conducted using SPSS17.0
version software. The interaction, construction, and
pathway analysis of potential biomarkers was conducted
with MetPA (http://metpa.metabolomics.ca./MetPA/faces/
Home.jsp) via database source including the Human
Metabolome Database (http://www.hmdb.ca/), SMPD
(http://www.smpdb.ca/), KEGG (http://www.genome.jp/

kegg/), and METLIN (http://metlin.scripps.edu/) for
confirming the impacted metabolic pathways and
visualization.
3 Results

3.1 Demographics and clinical characteristics

The demographics and clinical characteristics of ONFH
and control subjects were depicted in Table S1. No sig-
nificant difference can be seen in age, height, weight and
BMI between control group and ONFH group. In ONFH
group, 13 ONFH patients had a history of alcohol con-
sumption and corticosteroid treatment, respectively. Seven
ONFH patients had the history of Legg-Calve Perthes
disease in childhood. Two ONFH patients had the history
of trauma. In the rest six patients, no clear causes were
determined. According to the Ficat classification system,
all ONFH patients were staged in III or IV. Total hip
arthroplasty was performed in both ONFH group and
control group.
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3.2 Medicine image of subjects and histological
analysis of the samples

The results of the typical MRI or X-ray images were
matched with the ONFH biopsy report (gold standard).
Figure 1 displayed microscopic images of hematoxylin-
and eosin-stained sections of ONFH bone tissue used for
histological examination, as well as, radiograph and MRI
of hip for clinical examination. In Fig. la, a radiograph
obtained from the participants showed collapse of the head,
and in Fig. 1b, T2-weighted MRI image showed the typical
subchondral fracture as a band of low signal intensity. In
ONBT group, Fig. 1c showed the microscopic image (4 x)
of dense fibrosis in canals resulting from the repairment
with disappearing of mesenchymal tissue and empty lacu-
nae in trabecula, and a lot of avascular necrotic mes-
enchyme tissue and hypertrophic trabeculas (Fig. 1d). In
control and ANBT tissues, normal bone tissue feature and
cells were manifested in Fig. le, f.

3.3 Bone metabolite profiles of ONFH and control
group based on UPLC-MS/MS

Totally 76 bone tissues (20 control, 28 ONBT, 28 ANBT)
of the femoral head were analyzed with RPLC (Reversed
Phase Liquid Chromatography)-MS/MS and HILIC (Hy-
drophilic interaction chromatography)-MS/MS in both
positive ion mode and negative ion mode. Fifteen QC
samples were run (one QC after each 5 samples, five QC
before each 20 samples to adjust the stability of the
machine). After aligning peaks, Pareto scaling, normal-
ization, and removing the zero-values by the 80 % rule,
eventually 67 metabolites within measurement errors
(<10 ppm), were annotated from the spectral features from
UPLC-MS/MS using reference standards as well as the
available database (HMDB, Massbank). Several metabo-
lites were confirmed by standards.

The reproducibility of analysis may be affected by
source contamination or the maintenance and cleaning of
the mass spectrometer in large-scale non-targeted LC-MS/
MS metabolomics measurements. The reproducibility of
metabolomics analysis was assessed by QC samples. The
PCA score plots of normalized positive ion mode data set
was shown in Fig. S1. It can be seen that QC samples were
tightly clustered together in the middle zone. This result
demonstrates that the reproducibility is favorable. Fur-
thermore, the reproducibility of the ions was evaluated by
relative standard deviation (RSD %) of 8 randomly picked
peak in the 10 QC samples. In RPLC-POS, HILIC-POS,
RPLC-NEG, HILIC-NEG modes, the fluctuation range of
RSD % was 5.3-12.7, 0.7-5.3, 2.2-10.2 and 1.1-4.2 %,
respectively. The results give rise to that the reproducibility

of our platform was excellent for the metabolomic profile
study.

3.4 Multivariate analysis

To distinguish ONBTs and ANBTSs from the controls, PCA
and orthogonal partial least squares-discriminant analysis
(OPLS-DA) were employed (Fig. S2). There is a separation
between controls and ONFH subjects (including ONBT
and ANBT groups), reflecting the pathophysiological
variations of ONFH. Notably, in PCA and OPLS-DA
recognition models, the metabolic patterns of ONBT and
ANBT were separated from that of the controls. However,
in PCA model, clear distinction can hardly be seen among
the metabolite profiles of the ONBTs and ANBTSs, and in
OPLS-DA model, tight adjacence can be seen between
ONBTSs and ANBTS. Partly-similar variety were shown in
metabolism between the ONBTSs and ANBTs (Fig. S2).

3.5 Metabolite profiles of ONBT, ANBT and control
specimens

Based on VIP value (>1) in OPLS-DA analysis (Q* > 0.5,
R?*X > 0.5, R*Y > 0.5) (Fig. 2) and Mann-Whitney U test
p value(<0.05), 52 metabolites were significantly altered in
ONBT samples compared to the controls. These metabo-
lites were further identified following recently published
strategy (Gonzalez et al. 2012). Accurate mass and mass
spectrometric fragmentation patterns of the changed
metabolites were utilized to search databases including
KEGG, Massbank, METLIN, and HMDB. In addition,
some amino acids were validated by running available
standards. The results were summarized in Table 1. These
metabolites participate in key metabolic pathways, like
amino acid metabolism, lipid metabolism, nucleotide
metabolism and pyrrolidines metabolism. For the metabo-
lite profiles of ANBT and control samples (Fig. 3), 20
differentiated metabolites in ONBT also showed significant
distinctiveness in ANBT group, like uracil, L-carnitine, L-
valine, D-arginine, L-proline, L-tyrosine, phylloquinone,
hypoxanthine, etc. (Table 1). However, there are still 16
changed metabolites in ANBT, such as, guanine, narceine,
DG, germanicol cinnamate, beta-D-galactose, etc.

3.6 Metabolism pathway analysis

By the analysis of MetPA (Fig. S3a), these metabolism
pathway may be considered as the critical points, including
D-Arginine and p-ornithine metabolism, p-Glutamine and
D-gultamate metabolism, proline, valine, leucine and iso-
leucine metabolism. Results of MetPA (Fig. S3b) implied
that although no histopathological altering, metabolism in
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Fig. 2 OPLS-DA scores plot of control and ONBT groups in ESI positive (a) and ESI negative models (b). In a R*X (cum) = 0.526, R*Y
(cum) = 0.944, Q? (cum) = 0.796. In b R*X (cum) = 0.696, R%Y (cum) = 0.820, Q? (cum) = 0.601

adjacent zone show apparent distinction in p-arginine and
D-ornithine metabolism, D-glutamine and D-gultamate
metabolism, pyrimidine and purine metabolism, alamine,
proline, valine, leucine and isoleucine metabolism. It can
be detected that a large part of the metabolism pathways in
ANBT were the same as that between ONBT and control
groups.

3.7 Validation of the metabolic biomarker

All the 67 differentiated metabolites were summarized in
Table 1. The variation trend of metabolites in controls,
ANBTs and ONBTs were shown in the heatmap (Fig. 4).
Compared with the controls, 45 metabolites increased and
22 metabolites decreased in ONFH (ANBTs or ONBTSs)
subjects. The increased metabolites in ANBT group also
increased more obviously in ONBT group, which sug-
gested that ANBT might be intermediate tissue between
normal and necrosis. The metabolites with AUC (area
under the curve of ROC) >0.85, VIP value >2 and fold
change >3 in ANBT and ONBT were picked out as
potential biomarkers. The methods were described in
Sect. 3.5. So, after binary logistic regression analysis, the 4
above mentioned discrepant metabolites were analyzed
using receiver operating characteristic (ROC) curve to
estimate sensitivity and specificity of the potential
biomarkers. The AUC (area under the curve) of combined
biomarkers in ONBT and ANBT were 0.989 and 0.928 and
the ROC curves of combined biomarkers were shown in
Fig. 5. To validate diagnosis capability of the combina-
tional biomarker of ONFH, another batch of samples were
collected including 8 controls, 8 ONBTs, 8 ANBTs. The
metabolites were measured using UPLC-MS/MS with the
same criterion as depicted in contents above. The results
were similar with that in the previous discovery phase
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samples by PCA and OPLS-DA analysis, and the AUC of
the combinational biomarker are 0.900 and 0.990 in ANBT
and ONBT groups (Fig. S4).

4 Discussion

In the present study, we applied a metabolomics approach
to determine the metabolic distinction between ONFH and
control subjects and understand how those metabolic pro-
files were affected by this disease. Metabolomic technol-
ogy has been indicated as a powerful methods for the
identification and relative quantities of metabolites, which
changed resulted from disease or therapeutic intervention
(Sreekumar et al. 2009). The OPLS-DA analysis of the
controls and ONFH (including ONBT and ANBT samples)
subjects revealed that both the tissues from ONBT and
ANBT had a clearly distinct metabolic profile from con-
trols. The partial similarity of varied metabolites in adja-
cent normal bone traubecula and necrotic traubecula may
be suggestive of that adjacent normal traubecula is in early
stage of ONFH. The analysis of MetPA indicated that the
pathways of p-arginine and p-ornithine metabolism (impact
value 0.32 and 0.323), arginine and proline metabolism
(impact value 0.134 and 0.102) and p-glutamine, p-guta-
mate metabolism (impact value 0.123), alanine, aspartate,
glutamate metabolism (impact value 0.207) in ONBT and
ANBT were disturbed, respectively.

In total, 52 metabolites in ONBT and 35 in ANBT were
identified, including prenol lipids, fatty acid esters, alky-
lamines, glycerolipids, peptides, amino acids and deriva-
tives. These results were consistent with popular concepts
of ONFH, including disregulated lipid metabolism and
extensive disordered osteocytes metabolism beyond the
necrosis zone (Tingart et al. 2009, Calder et al. 2001).
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Fig. 4 Heat map of differential
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Glycerophospholipids occupied a large part of the dis-
tinctive metabolites between ONBT and the controls, like
LysoPC (16:0), PC (22:4(72,10Z,13Z,16Z)/14:0), LysoPC
(20:4(52,82,112,147)), PC(20:1(11Z)/18:3(6Z,9Z,127)),
LysoPC (14:0), PE(P-16:0e/0:0), LysoPE (22:6(4Z,7Z2,10Z,
137,167.,197)/0:0), PC(18:1(9Z)/14:0). Most of them are
up-regulated in ONFH characters. The study presented by
Braverman et al. suggested that glycerophospholipids
might protect against ischemic damage and have additional
functions in cardiac sarcolemma (Braverman and Moser
2012). Fukumoto et al. inferred that glycosyltransferase

@ Springer

ABNT

inhibitor D-PDMP inhibited osteclastogenesis and the
RANKL-induced phosphorylation of Akt, located down-
stream of RANK, and disruption of lipid rafts influenced
actin ring formation and lead to apoptosis in osteoclasts. So
glycosphingolipids are important for the RANKL-induced
osteoclastogenesis via lipid rafts (Fukumoto et al. 2006).
Defects in the biosynthesis of plasmalogens, the most
abundant form of alkenyl-glycerophospholipids, seems to
affect the process of endochondral ossification through a
delay or arrest in chondrocyte maturation (da Silva et al.
2012). Taken together, both osteoclast and osteoblast in
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Fig. 5 ROC of combined
biomarkers in ANBT (a) and
ONBT (b) groups. Red curve is
the combined biomarker ROC
curve. AUC in a is 0.928 and in
b is 0.989 (Color figure online)

a0

0.8

o
o

Sensitivity

o
'S

b 1.01

0.8

o
A

Sensitivity

04

1 - Specificity

bone can be affected by glycerophospholipids. These
discoveries agreed with our results of disordered
glycerophospholipids metabolism, and suggest that glyc-
erophospholipids play a vital regulation role in the
pathology process in ONFH.

L-carnitine and L-acetylcarnitine, involved in the trans-
port of acetyl-CoA into mitochondria (Jogl and Tong
2003), are the critical point of carnitine-dependent trans-
port of long-chain fatty acids and indispensable for -ox-
idation (Nada et al. 1995). Carnitine exerted a dominant
effect on osteoblast differentiation and mineralization in
NIH3T3 cells by the IGF-1/PI3K/Akt signaling pathway.
Osteoblast proliferation is positively affected by 10 uM L-
carnitine, but negatively by the higher concentration of L-
carnitine (100 uM) compared with the control (Ge et al.
2015). Also, combination of L-carnitine and taurine is
shown to inhibit the proliferation and osteoblastic differ-
entiation of vascular smooth muscle cells, dose and time-
dependently (Xie et al. 2010). In addition, carnitine is
reported to be capable to effect bone fracture healing due to
the anti-osteoporotic, anti-inflammatory, anticytokine and
antioxidant properties of it (Aydin et al. 2015). According
to the study of Frey JL, specification and differentiation of
osteoblasts in bone and global energy homeostasis is reg-
ulated by inducing the expression of key enzymes required
for fatty acid B-oxidation (Frey et al. 2015). Herein, it can
be suggested that P-oxidation process might act an
important part in ONFH via affecting osteoblasts function.

It is interesting that On some reductant prenol lipids
were measured, such as beta-cryptoxanthin, 3,6-epoxy-
5,5',6,6'-tetrahydro-b,b-carotene-3',5,5’,6'-tetrol, citranax-
anthin and deterrol stearate. B-cryptoxanthin, citranaxan-
thin and reticulataxanthin are in the class of carroteniod.
Among various carotenoids, B-cryptoxanthin was found to
have a stimulatory effect on bone mineralization and has
stimulatory effects on osteoblastic bone formation and

0.6

08 L. 0.6 08

04
1 - Specificity

1.0

contrary effects on osteoclastic bone resorption (Yam-
aguchi 2012, Yamaguchi and Weitzmann 2009). Antiox-
idative carotenoids caused increment in calcium content,
alkaline phosphatase activity and deoxyribonucleic acid
(DNA) content in diaphyseal and metaphyseal tissues.
Carotenoids are associated with improved bone health by
suppressing the osteoclast formation (Tadaishi et al. 2014).
In our study, the decrease of all carotenoids in ANBT and
ONBT group is indicative of bone necrosis responding to
the disease. Vitamine K is able to modestly elevate the
bone mass of the total radius in rabbits by regulating the
calcium and phosphorus metabolism(O’Connor et al.
2015). As well, reduced vitamine K is more likely to have
progression of articular cartilage and bone damage (Shea
et al. 2015). Consistant with previous results, vitamin k is
lessened in the ONFH subjects’ bone tissue, which reflects
the impaired calcium and phosphorus metabolism.

A lot of amino acids and derivatives increased both in
ONBT and ANBT samples, including proline, tyrosine,
arginine, leucine, valine, glutamine, tyrosine, isoleucine,
creatine, L-4-hydroxyglutamate, semialdehyde benzyl
glycinate. It is reported that matrix metalloproteinases
degrading collagen in bone are activated by nutrient stress
to make proline available (Phang et al. 2010). Collagen in
bone is an abundant reservoir for proline and metabolism
of proline generates electrons to produce ROS and initiates
a variety of downstream effects, including blockade of the
cell cycle, autophagy, and apoptosis (Phang et al. 2008).
Hydroxyproline, the product of proline, in serum or urine
has been considered as one the biochemical indicators of
bone necrosis (Shi et al. 2010). In addition, prolidase
activity has been investigated in various disorders
such as Legg—Calve—Perthes disease disease, osteoporosis,
osteoarthritis, uremic bone disease, and osteogenesis
imperfecta (Altay et al. 2011). Proline was correlated with
prolidase and bone collage metabolism (Smith et al. 1979),
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which might become a potentially interesting candidate
biomarker of osteonecrosis. L-arginine, with the osteopro-
tective effects (El-Maraghy and Mehana 2015), is able to
encourage cell attachment, proliferation, and differentia-
tion in bone (Brasinika et al. Brasinika et al. 2015). The
increment of L-arginine may be the result from osteoblasts
compensation. It is reported that glutamine and alanine are
generally involved in carbohydrate metabolism among
different cell types (Sutton-McDowall et al. 2015), and
glutamine catabolism, involving pyrrolidonecarboxylic
acid, mediates bone anabolism (Karner et al. 2015).
Experimental studies have revealed that creatine supple-
mentation can improve bone biomechanical parameters and
bone mineral density (BMD) in Sprague—Dawley rats
(Antolic et al. 2007). Consistent with the results of previ-
ously mentioned study, in our work, p-arginine and D-or-
nithine metabolism, arginine and proline metabolism, and
D-glutamine, D-gutamate metabolism pathways were
inferred critical pathological metabolism involved in
ONFH. More importantly, these promising amino acid and
derivates biomarkers could provide guidance for clinical
diagnosis and therapy of ONFH.

Several dipeptides, like asparaginyl-proline, L-prolyl-L-
phenylalanine, alanyl-aspartate, were up-regulated but
phenylalanyl-methionine and histidinyl-lysine were down-
regulated in ONFH. As the incomplete breakdown products
of protein digestion or protein catabolism, the disturbed
metaholism of dipeptides may reflect the variation of RNA
world (van der Gulik and Speijer 2015), and histidine
containing dipeptides was reported to have protective
effects of histidine-dipeptides against progression of
metabolic syndrome (Song et al. 2014). Increased uric acid,
hypoxanthine, guanine and inosine are involved in purine
metabolism. The disordered purine metabolism causing
decreased osteoclastogenesis and an intrinsic defect of
osteoblast function with subsequent low bone formation
(Sauer et al. 2009). Herein, purine metabolism altering was
considered as a part in ONFH pathology.

Our future study will investigate the relationship
between the concentration of the potential biomarkers in
serum or urine with patients with ONBT early onset of
disease (patients with condition having ANBT like symp-
toms only), and control subjects.

5 Conclusions

In the present experience, based on UPLC-MS/MS meta-
bolomics approach, the metabolic changes of ONFH patients
were investigated. It is noteworthy that the variations in
metabolites compositions observed between ONFH and
control patients could be used to suggest the involvement of
metabolic pathways to the insurgence of the disease. The

@ Springer

identified sixty-seven potential metabolites, potential
biomarkers, associated with sphingolipid metabolism, -
oxidation, p-arginine and D-ornithine metabolism, arginine
and proline metabolism, and bp-glutamine, D-gutamate
metabolism pathways were contributed to ONFH progress.
Combination of biochemistry and histopathology results
suggested that ABNT may stay the interim period between
normality and necrosis. Lipid metabolism is perturbed
mainly in necrotic period, and disturbed amino acid meta-
bolism was infered to occur in the whole disease process.
Four metabolites including p-arginine, L-proline, L-carnitine,
inosine, were picked out as potential biomarkers. A combi-
national biomarker of these 4 metabolites characterized by
AUC >0.85, VIP value >2 and fold change >3 both in ANBT
and ONBT, showed good sensitivity and specificity. More
study will be investigated to excavate the complex patho-
logical mechanisms. Further refinement and validation of
these biomarkers and metabolism mechanism in larger
cohorts of patients would be of considerable interest.
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