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Abstract
Introduction  Osteonecrosis of the femoral head (ONFH), one of the widespread orthopedic diseases with a decrease in 
bloodstream to the femoral head, is frequently accompanied by cellular death, trabecula fracture, and collapse of the articular 
surface. The exactly pathological mechanism of ONFH remains to explore and further identify.
Objectives  The aim was to identify the global urinary metabolic profiling of ONFH and to detect biomarkers of ONFH.
Methods  Urine samples were collected from 26 ONFH patients and 26 healthy people. Ultra-performance liquid chromatog-
raphy–quadrupole time of flight tandem mass spectrometry (UPLC-QTOF/MS) in combination with multivariate statistical 
analysis was developed and performed to identify the global urinary metabolic profiling of ONFH.
Results  The urinary metabolic profiling of ONFH group was significantly separated from the control group by multivari-
ate statistical analysis. 33 distinctly differential metabolites were detected between the ONFH patients and healthy people. 
Sulfate, urea, Deoxycholic acid and PE(14:0/14:1(9Z)) were screened as the potential biomarkers of ONFH. In addition, 
the up/down-regulation of sulfur metabolism, cysteine and methionine metabolism, glycerophospholipid metabolism, and 
histidine metabolism were clearly be associated with the ONFH pathogenic progress.
Conclusion  Our results suggested that metabolomics could serve as a promising approach for identifying the diagnostic 
biomarkers and elucidating the pathological mechanism of ONFH.
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1  Introduction

Osteonecrosis of the femoral head (ONFH), also known as 
avascular necrosis, is a widespread orthopedic disease with 
a decrease in bloodstream to the femoral head, frequently 
accompanied by cellular death, trabecula fracture, and 

collapse of the articular surface (Calder et al. 2004; Levas-
seur 2008; Powell et al. 2011). Two categories of ONFH 
are reported, traumatic and nontraumatic (Moya-Angeler 
et al. 2015). It mostly affects relatively young people, result-
ing irreversible dysfunction of the hip joint and impairing 
quality of life (Mankin 1992; Slobogean et al. 2015). Thus, 
the total hip arthroplasty (THA) is the only definitive treat-
ment for this disease (Zalavras et al. 2014). Epidemiologi-
cal study shows that 500–700 million people were suffer-
ing from nontraumatic ONFH in China and approximately 
100,000–200,000 new cases were diagnosed annually (Cui 
et al. 2016; Liu et al. 2017). Predisposing risk factors, such 
as alcohol consumption, trauma, corticosteroid use, autoim-
mune diseases, coagulation disorders, smoking, hemoglo-
binopathies, dysbaric phenomena, hyperlipidemia, storage 
diseases, have been confirmed (Hernigou et al. 2015; Shah 
et al. 2015; Wen et al. 2017). However, the pathogenesis 
and etiology of osteonecrosis are not completely under-
stand. Ischemia, direct cellular toxicity, and altered differ-
entiation of mesenchymal stem cells are recognized three 
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major pathogenic mechanisms (Zalavras et al. 2000; Glueck 
et al. 2008; Lee et al. 2006). Bone marrow cell necrosis, 
marrow structure disturbance, fibrosis invasion, and empty 
lacunae appearance in trabecula are the typical histopatho-
logical changes of ONFH (Kang et al. 2015; Qiang et al. 
2015; Ragab et al. 2008). X-ray, Computed tomography 
(CT) scanning and Magnetic Resonance Imaging (MRI) are 
recommended as the routine diagnostic approaches (Stevens 
et al. 2003). The invasively histopathological examination is 
the diagnostical golden standard (Sugano et al. 1999). Early 
diagnosis for ONFH patient still remains a worldwide prob-
lem, especially the patient with predisposing risk factors. 
Thus, a new non-invasive approach to explore this disease is 
urgently needed to understand ONFH thoroughly.

Systems biology supported by genomics, proteomics, 
metabolomics, and bioinformatics, provides a new logical 
framework to illuminate disease etiology and to discover 
the potential connection between seemingly disparate dis-
ease states (De Preter 2015; Holmes et al. 2008; Wilson 
2014; Loscalzo et al. 2007). Metabolomics, one branch of 
the systems biology, has been widely performed in biomedi-
cal research for more than a decade (Patti et al. 2012; Sny-
der et al. 2013). It allows the quantification of hundreds of 
organic and inorganic metabolites, small molecules down-
stream of biochemical pathways (Issaq et al. 2009). To allow 
rapid and extensive analysis of small molecule metabolites 
with biological sample preparation, Mass Spectrometry 
combined with chromatographic separation and Nuclear 
Magnetic Resonance are the frequently used analytical 
platforms for metabolic analysis (Schuhmacher et al. 2013). 
As a novel strategy for discovery of biomarkers of interest, 
metabolomics has been successfully used in diagnostics, 
physiology, functional genomics, pharmacology, nutrition, 
and toxicology (Puchades et al. 2015; Zhang et al. 2012; 
Winder et al. 2011), because of its sensitivity and quantita-
tive reproducibility. Compared to the conventional liquid 
chromatography, the ultra-performance liquid chromatogra-
phy (UPLC) obtains an even rapid separation, higher resolu-
tion, and higher sensitivity (Grauso et al. 2015).

Metabolic perturbations in plasma and bone tissue from 
ONFH patients had been discovered based on metabolic 
analytical technologies (Liu et al. 2016; Xu et al. 2017; Zhu 
et al. 2016). Plasma samples from patients with ONFH were 
studied using a combination of high-throughput gas- and 
liquid-chromatography equipped with mass spectrometry 
analysis. 123 significantly differential metabolites were 
detected in ONFH patients compared with the control sub-
jects (Liu et al. 2016). Bone trabecula tissue samples from 
patients with ONFH were analyzed based on UPLC–MS/
MS. 67 differential metabolites were identified between 
ONFH patients and normal subjects. l-proline, d-arginine, 
inosine, and l-carnitine, were recommended for diagnos-
tic biomarkers of ONFH (Zhu et al. 2016). In addition, 

serum metabolomic study was performed in non-traumatic 
osteonecrosis of the femoral head (NTONFH) based on 
UPLC–QTOF–MS. 33 significantly differential metabo-
lites were detected in NTONFH group. The combination 
of LysoPC (18:3), l-tyrosine and l-leucine was proved to 
have a high diagnostic value for early-stage NTONFH (Xu 
et al. 2017). In current studies, some evidence of metabolic 
alterations had shown to be highly associated with ONFH. 
However, no systematic and comprehensive analysis has 
been performed to identify the urinary metabolomic char-
acteristics in ONFH patients.

In this study, urine samples from 26 ONFH patients 
and 26 healthy people were collected. Metabolic profiling 
analysis based on ultra-performance liquid chromatography 
coupled with quadrupole-time of flight tandem mass spec-
trometry was performed. The potential metabolites which 
were contributed to the discrimination between ONFH 
patients and healthy people were identified by multivariate 
statistical analysis. The metabolic profiling was performed 
to determine the complex dysregulation of the metabolism in 
ONFH patients, with the purpose to explore the underlying 
pathogenesis and biomarkers of this disease.

2 � Materials and methods

2.1 � Experimental participants

The study participants are composed of 26 ONFH patients 
and 26 healthy people as controls. The ONFH patients were 
recruited from the inpatients of Department of Orthopedics 
of The First Affiliated Hospital of Chongqing Medical Uni-
versity from February 2017 to February 2018. The eligibility 
criteria of participants were as follows: (1) ONFH was diag-
nosed by the X-ray, CT and MRI with a stage III or IV on the 
Ficat classification system, (2) the internal and external rota-
tion functions of hip joint were seriously restricted, needed 
a THA. The exclusion criteria of participants were as fol-
lows: (1) Patients had history or evidence of metabolic bone 
diseases, including serious osteoporosis, Paget’s disease, 
hyper- or hypo-parathyroidism, renal osteodystrophy, bone 
tumors, presence of cancers with bone metastasis, and so on, 
(2) patients who reject to participate in this study project. 
Finally, 26 subjects (9 females/17 males) were included in 
the ONFH group. For the control group, 26 healthy subjects 
(10 females/16 males) were enrolled from the outpatients 
who normally came for the physical examination.

The X-ray, CT, and MRI were commonly used in the 
diagnosis of ONFH patients. Furthermore, the 26 surgi-
cal bone specimens must be immediately collected after 
the ONFH patients undergo the THA surgery. And then 
the surgical bone specimens were processed according to 
the standard histopathological protocols and performed the 
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histopathological examination. Histopathological reviews of 
the corresponding surgical bone specimens were performed 
for all the ONFH patients enrolled in this study. Histo-
pathological examination was used as the gold standard for 
diagnostics.

2.2 � Urine sample preparation

Second morning voided urine specimens were obtained 
from ONFH patients and control subjects before breakfast. 
Sodium azide (0.05% wt/vol) was immediately added in 
urine sample to prevent or inhibit the microbial degradation 
of the sample. The urine specimens were transferred on dry 
ice. And then urine specimens were stored in the refrig-
erator (− 80 °C) to avoid metabolite decay until metabolic 
analysis. With the purpose to minimize potential alteration 
of metabolite compositions in urine sample before the sol-
vent extraction, all urine samples were thawed on ice at room 
temperature for 25 min. 100 µL urine was used for sample 
preparation according to the suggested protocol (Want et al. 
2010). 100 µL acetonitrile was added to precipitate the pro-
teins or other high molecular mass compounds. Ten minutes 
centrifugation at a speed of 12,000 r/min was applied to 
remove particulates (4 °C). And then 40 µL supernatant was 
taken to dilute with 60 µL distilled water. 60 µL of resulting 
supernatant was transferred into the glass auto-sampler vial. 
The QC vial was consist of 10 µL of resulting supernatant 
of each sample.

2.3 � UPLC–QTOF/MS analysis

UPLC–QTOF/MS analysis were performed based on a Shi-
madzu UPLC-equipped AB-Sciex Triple TOF 4600 in both 
negative and positive ionization modes using the Turbo V 
ESI ion source. The Triple TOF samples were injected into 
a Kinetex XB-C18 column (2.1 × 100 mm, 2.6 µm, Phe-
nomenex) and a Kinetex HILIC column (2.1 mm × 100 mm, 
2.6 µm, Phenomenex) at a flow rate of 350 µL/min. For the 
Reversed-phase chromatography, the mobile phase con-
sisted of solvent A (0.1% formic acid in water, v/v) and 
solvent B (0.1% formic acid in acetonitrile, v/v). The elu-
tion conditions were as follows: 0.0–1.0 min, 1% solvent B; 
1.0–8.0 min, 5–85% solvent B; 8.0–12.0 min, 85% solvent B; 
12.0–12.1 min, 85–5% solvent B; and all the method stopped 
at 15 min. For the HILIC chromatography, the mobile phase 
consisted of solvent C [95:5 water–acetonitrile (v/v) with 
0.1% formic acid] and solvent D [5:95 water–acetonitrile 
(v/v) with 0.1% formic acid]. The elution conditions were as 
follows: 0.0–1.0 min, 95% solvent D; 1.0–8.0 min, 95–50% 
solvent D; 8.0–12.0 min, 50% solvent D; 12.0–12.1 min, 
50–95% solvent D; and all the method stopped at 15 min. 
The turbo gas (air) and nebulizer gas (air) were set to 55 
psi, respectively. The heater temperature was set to 600 °C. 

The ion spray voltage was set to 5500 V for positive ion and 
− 4500 V for negative ion mode, respectively. 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 
conducted in the electrospray ionization mass spectrometry 
mode using electrospray ionization technique with cover-
age of mass range 50–1000 Da, with a scan time equal to 
0.25 s for MS scan and 0.1 s for MS/MS scan. 8 data were 
acquired in one acquisition. The injection volume was 5 µL. 
The autosampler was maintained at 4 °C during the analy-
sis. The quality control sample (QC), the mixture of equal 
amounts (10 µL) of each sample, was used for assessing the 
repeatability and stability of the UPLC–QTOF/MS analyti-
cal platform.

2.4 � Assessment of analytical method

The QC sample was used for assessing the repeatability and 
stability of the UPLC–QTOF/MS analytical platform. Ten 
QC samples were performed to ensure that the analytical 
system had reached equilibrium before the sample batch. 
And then, one QC sample was performed at regular five 
samples intervals to monitor the UPLC–QTOF/MS analyti-
cal system. The blank sample (consist of distilled water) was 
then performed following the interval QC sample, with the 
purpose to monitor the lack of cross-contamination and for 
background correction. Principal component analysis (PCA) 
were performed in QC data sets to evaluate the repeatability 
and stability of the analytical system. In addition, relative 
standard deviation (RSD%) of randomly picked peaks from 
the within-run QC samples in RPLC_Neg, HILIC_Neg, 
RPLC_Pos, and HILIC_Pos ion modes was performed to 
assess the reproducibility of the ions, respectively.

2.5 � Data preprocessing and analysis

The ion features of metabolites were extracted, pretreated 
(denoising, baseline correction, alignment, deconvolution) 
and normalized using the MarkerView v1.2.1 software (AB 
SCIEXTM, USA). The ‘‘80% rule’’ was used for removing 
the missing peaks (Bijlsma et al. 2006). Principal compo-
nent analysis (PCA) and Orthogonal Partial Least-squares 
discrimination analysis (OPLS-DA) were performed for 
the multivariate statistical analysis using the SIMCA-P 
13.0 version software (Umetrics AB, Umeå, Sweden). The 
variable importance in projection (VIP) value of OPLS-DA 
models and p value of Mann–Whitney U test were used for 
separating the two groups. The feature ions with VIP > 1 
showed a higher force than average on the classification. 
Those metabolites (VIP > 1) were eventually picked out as 
the potential metabolites. Identification the potential metab-
olites was based on accurate mass, retention time, MS and 
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MS/MS information. The PeakView software was used for 
facilitating the MS and MS/MS spectra analysis process by 
way of chemically intelligent peak-matching algorithms. The 
potential metabolites were identified based on the follow-
ing approaches: (a) comparison with fragmentation reported 
in literature, (b) spectral matching with the Metlin library 
(http://www.metli​n.scrip​ps.edu/) or Mass Bank database 
(http://www.massb​ank.jp/), (c) comparison with the MS 
and MS/MS spectra structure message of the metabolites 
obtained from the HMDB database (http://www.hmdb.ca/) 
based on PeakView software, (d) retention time and MS/
MS spectra matching with standard reference materials. The 
clinical diagnostic performance of all changed metabolites 
were analyzed by performing the receiver operating charac-
teristic (ROC) curve. The statistical analysis of both clinical 
data and metabolomics data was performed by the SPSS19.0 
software. Ultimately, the metabolic pathway analysis was 
conducted using MetaboAnalyst 4.0 (http://www.metpa.
metabolomics.ca./MetPA/faces/Home) based on database 
source including the HMDB, METLIN, KEGG (http://www.
genom​e.jp/kegg/), and SMPD (http://www.smpdb​.ca/) for 
confirming the related metabolic pathways and visualization.

3 � Results

3.1 � Clinical characteristics and demographics

The clinical characteristics and demographics of ONFH 
group and control group were displayed in Table S1. No 
significant difference was found in age, gender and Body 
Mass Index (BMI) between ONFH subjects and control sub-
jects. In ONFH subjects, 12 patients had a history of alcohol 
consumption. 6 patients had a history of fracture of intertro-
chanteric femoral or femoral neck. 5 patients had a history of 
corticosteroid treatment. For the rest three ONFH patients, 
no specific causes were confirmed. ONFH subjects were all 
staged in III or IV according to the Ficat classification sys-
tem and the function of activity was seriously restricted. The 
surgery of THA was conducted in all ONFH patients.

3.2 � Medicine images and histopathological analysis

The results of X-ray, CT and MRI images were typically 
matched with the ONFH histopathological reviews. The 
X-ray, CT, and MRI images of hip joint were used for clini-
cal diagnosis. And the microscopic images (4×) of eosin-
stained and hematoxylin sections of ONFH bone specimen 
were used for histopathological diagnosis. All the images 
were presented in Fig. 1. In Fig. 1a, collapse of the femur 
head was showed in the plain radiograph obtained from the 
ONFH patients. In Fig. 1b, the trabecula fracture of ONFH 
femoral head was presented in CT. In Fig. 1c, the typically 

subchondral fracture as a band of low signal intensity was 
displayed in T1-weighted MRI image. In Fig. 1d, pathologi-
cal section showed the lesion region of ONFH femoral head.

3.3 � Analytical method repeatability and stability

Sixty-four quality control samples were performed to assess-
ing the repeatability and stability of the UPLC–QTOF/MS 
analytical platform. R2Ycum of 0.621 and Q2Ycum of 
0.576 was obtained in the unsupervised principle compo-
nent analysis (PCA) model. In PCA model, the QC sam-
ples were closely clustered in four separately small spaces 
in accordance with the four detection ion modes (Fig. S1). 
The result indicated that the reproducibility of the analyti-
cal system was acceptable. In addition, relative standard 
deviation (RSD%) of eight randomly picked peaks in the 
six within-run QC samples was used for the evaluation of 
ions reproducibility. In RPLC-Neg, RPLC-Pos, HILIC-Neg, 
HILIC-Pos ion modes, the fluctuation range of RSD % was 
3.14–10.72%, 5.95–10.81%, 1.32–4.93%, and 1.46–5.51%, 
respectively (Table  S2). The results indicated that the 
reproducibility of UPLC–QTOF/MS analytical system was 
acceptable for the metabolic profiling study.

3.4 � Discovery and identification of potential 
metabolites

For supervised multivariate statistical analysis, the Orthog-
onal Partial Least Squares-Discriminant Analysis (OPLS-
DA) was performed to identify the differentially expressed 
urinary metabolites (Fig. 2). In this work, the four models 
presented a goodness-of-fit parameter greater than 93.4% 
(R2Y 0.934–0.979) and a predictability parameter greater 
than 67.1% (Q2Y 0.671–0.743), which indicated that these 
OPLS-DA models were established successfully to repre-
sent the differentially expressed urinary metabolites between 
ONFH group and control group. Compared to the controls, 
33 differentially expressed urinary metabolites with critical 
P value < 0.05 and VIP value > 1 in OPLS-DA analysis were 
significantly changed in ONFH group. The identification of 
these potential metabolites is based on accurate mass, reten-
tion time, MS and MS/MS information by way of comparing 
the MS and MS/MS spectra structure message. The identi-
fied metabolites were depicted in Table 1. The correlations 
between the relative abundance of validated metabolites and 
the urine specimens were examined by correlation coeffi-
cients (Fig. 3).

3.5 � Metabolism pathway analysis

With the aim to illuminate the underlying relevance between 
the 33 identified metabolites and the osteonecrosis of the 
femoral head, the most relevant pathways of the tentatively 

http://www.metlin.scripps.edu/
http://www.massbank.jp/
http://www.hmdb.ca/
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
http://www.smpdb.ca/
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assigned metabolites were identified using the metabolic 
pathway analysis (MetPA). Metabolic pathway analysis 
revealed that Sulfur metabolism, Cysteine and methionine 
metabolism, Glycerophospholipid metabolism, and Histidine 
metabolism were most relevant to the ONFH (Fig. 4).

3.6 � Screening for potential biomarkers

In this work, the differential metabolites with VIP > 1 and 
AUC (area under the curve of ROC) > 0.85 in ONFH group 
were picked out as the potential biomarkers. Thus, after the 
binary logistic regression analysis, Sulfate (AUC 0.882, Fold 
− 2.0, VIP 2.11), Urea (AUC 0.891, Fold − 1.5, VIP 2.8), 
Deoxycholic acid (AUC 0.947, Fold − 1.3, VIP 2.66) and 
PE(14:0/14:1(9Z)) (AUC 0.916, Fold − 1.2, VIP 1.44),were 

finally pick out as the potential biomarkers using the receiver 
operating characteristic (ROC) curve to estimate specificity 
and sensitivity via SPSS19.0 version software. The ROC 
curves and discriminatory plots of potential biomarkers were 
displayed in Fig. 5.

4 � Discussion

In this study, urinary metabolomics was performed to iden-
tify the metabolomic characteristics of ONFH patients. The 
urinary metabolic profiling of ONFH group was significantly 
separated from the control group by multivariate statistical 
analysis. It indicated that the metabolic state of necrotic fem-
oral head had been changed. While the causal relationship 

Fig. 1   Radiograph, CT, MRI and histological image (×4) of ONFH samples. a, b, c are the X-ray, CT, MRI images of the femoral head from 
ONFH patients. In d, pathological section showed the lesion region of ONFH femoral head
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between metabolic state changes and ONFH needs further 
research to confirm. Through the unsupervised principle 
component analysis of 64 QC samples and relative stand-
ard deviation (RSD%) of eight randomly picked peaks in 
six within-run QC samples, the repeatability and stability 
of UPLC–QTOF/MS analytical system were acceptable. 
Therefore, the data in this experiment was reliable. 33 dis-
tinctly differential metabolites were identified between the 

ONFH patients and healthy people, by the way of MS match, 
MS/MS match, and standard materials match. In which, 
9-decenoylcarnitine and 2-trans,4-cis-decadienoylcarnitine 
were identified in two different ion modes. Sulfate, urea, 
deoxycholic acid and PE(14:0/14:1(9Z)) were screened as 
the potential biomarkers of ONFH. In addition, The results 
of bioinformatics analysis suggested that sulfur metabolism, 
cysteine and methionine metabolism, glycerophospholipid 

Fig. 2   OPLS-DA score plots of four modes based on urinary meta-
bolic profiling of the ONFH group (triangles) and control group (cir-
cles). HILIC_Neg mode, R2Y = 0.948, Q2 = 0.671; HILIC_Pos mode, 

R2Y = 0.946, Q2 = 0.69; RPLC_Neg mode, R2Y = 0.979, Q2 = 0.737; 
RPLC_Pos mode, R2Y = 0.934, Q2 = 0.743
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metabolism, and histidine metabolism might be associated 
with the pathogenic progress of ONFH. These findings indi-
cated that the urinary metabolomics could be an important 
way for the biomarker discovery and pathological mecha-
nism research of ONFH.

Based on the binary logistic regression analysis, sulfate, 
urea, deoxycholic acid and PE(14:0/14:1(9Z)) were screened 
as the potential biomarkers of ONFH. The sulfate ion is a 
polyatomic anion with the empirical formula SO4

2−, which 
could combine with calcium to form the calcium sulfate 

Table 1   List of the identified metabolites between ONFH patients and healthy controls

 aRetention time of features
 bMass error calculated by using experimental mass minus theoretical mass
 cMatched MS/MS peaks with highest intensity
 dThe variable importance in projection value of OPLS-DA models
 ePerformed using signed-rank test by the SPSS19.0 software
 fCompared ONFH group with control group
 gFound in two or more analytic modes

Metabolites Mode Mass (Da) RTa (min) Errorb (ppm) MS/MSc (Da) VIPd Pe Formula Fold changef

Sulfate H-N 96.9615 3.42 4.6 96.9596 2.10926 0.002 H2O4S 0.495
Citric acid H-N 191.0211 6.3 0.4 111.0082 1.53812 0.028 C6H8O7 1.641
3,7-Dimethyluric acid H-N 195.0522 5.56 − 0.3 41.9985 1.43688 0.040 C7H8N4O3 1.483
2-Methylbutyrylglycine H-N 158.0830 2.47 6.3 57.5290 1.39541 0.000 C7H13NO3 0.469
(S)-3,4-dihydroxybutyric acid H-N 119.0360 1.14 0.2 59.0133 1.37529 0.023 C4H8O4 1.441
 l-Serine H-N 104.0366 4.51 0.5 73.8010 1.1778 0.015 C3H7NO3 1.410
 l-Histidine H-N 154.0636 4.9 0.6 153.9962 1.14513 0.000 C6H9N3O2 1.411
Peroxynitrite H-N 61.99150 3.36 0.5 61.9876 1.50834 0.031 HNO3 1.305
Urea H-P 61.04150 3.67 0.5 61.0427 2.81661 0.000 CH4N2O 0.676
Asymmetric dimethylarginine H-P 203.1523 5.05 − 1 88.0875 2.08443 0.000 C8H18N4O2 0.584
 N2-methylguanine H-P 166.0739 4.06 − 0.7 95.0245 1.90448 0.001 C6H7N5O 0.587
Homocysteine H-P 136.0495 3.82 − 0.8 47.2160 1.82478 0.002 C4H9NO2S 1.754
Succinyladenosine H-P 384.1164 3.56 0.1 204.0521 1.67597 0.005 C14H17N5O8 0.536
3-Hydroxy-N6,N6,N6-trimethyl-

l-lysine
H-P 205.1563 5.37 0.8 74.0964 1.60694 0.007 C9H21N2O3 0.642

Phenylacetylglutamine H-P 265.1197 3.41 − 2.2 28.0187 1.57953 0.008 C13H16N2O4 0.414
 N6-methyladenosine H-P 282.1212 4.49 0.2 150.0768 1.55618 0.009 C11H15N5O4 0.721
 l-Histidine H-P 156.0784 4.87 − 0.4 156.0772 1.53571 0.010 C6H9N3O2 0.638
 o-Tyrosine H-P 182.0805 4.71 − 0.8 79.0542 1.45581 0.016 C9H11NO3 2.168
 N6,N6,N6-trimethyl-l-lysine H-P 189.1613 5.45 0.9 74.0964 1.38362 0.022 C9H20N2O2 0.743
9-Decenoylcarnitineg H-P 314.2334 3.78 0.5 144.1019 1.37003 0.025 C17H31NO4 1.797
2-trans,4-cis-Decadienoylcarnitineg H-P 312.2179 3.75 0.2 155.3255 1.35565 0.025 C17H29NO4 1.669
1-Methylnicotinamide H-P 137.0724 4.59 − 0.5 94.0662 1.32992 0.028 C7H9N2O 0.621
1-Methylhistidine H-P 170.0938 5.98 0.2 109.300 1.29845 0.035 C7H11N3O2 2.372
Creatinine H-P 114.0673 2.52 0.5 114.0667 1.26759 0.040 C4H7N3O 0.341
Sebacic acid R-N 201.1135 3.47 0.8 129.999 1.32794 0.004 C10H18O4 2.005
Dextrorphan O-glucuronide R-N 432.1952 3.36 1 256.1707 1.27361 0.000 C23H31NO7 2.369
Capryloylglycine R-N 200.1295 3.61 0.8 67.6820 1.21748 0.000 C10H19NO3 1.582
Androsterone glucuronide R-N 465.2496 4.06 0.7 289.2168 1.20782 0.000 C25H38O8 1.538
Hippuric acid R-N 178.0520 2.31 − 1 77.0381 1.10295 0.000 C9H9NO3 0.534
Deoxycholic acid R-P 393.2969 7.9 − 0.2 273.7795 2.6632 0.000 C24H40O4 0.755
Dihydrovaltrate R-P 425.2145 6.35 0.9 57.0704 1.78405 0.000 C22H32O8 0.849
PE(14:0/14:1(9Z)) R-P 634.4517 5.97 1 493.4257 1.43856 0.003 C33H64NO8P 0.822
2-trans,4-cis-Decadienoylcarnitineg R-P 312.2170 3.15 − 0.6 142.1317 1.33233 0.006 C17H 29NO4 2.051
9-Decenoylcarnitineg R-P 314.2328 3.33 0.5 144.1019 1.18075 0.017 C17H31NO4 2.030
Glycerol 3-phosphate R-P 173.0127 8.97 − 0.9 149.0261 1.82157 0.000 C3H9O6P 0.847
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Fig. 3   The correlation heatmap 
between the level of identified 
metabolites and the samples

Fig. 4   Metabolic pathway analysis of the identified metabolites in 
urine of ONFH patients. Sulfur metabolism (PI = 0.130), Cysteine 
and methionine metabolism (PI = 0.123), Glycerophospholipid 

metabolism (PI = 0.160) and Histidine metabolism (P = 0.146) were 
recognized by using MetaboAnalyst 4.0
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(CaSO4). In recent years, calcium sulfate (CaSO4)/calcium 
phosphate (CaPO4) are successfully employed as synthetic 
bone graft for the treatment of contained defects in early-
stage ONFH patients by enhancing its bone forming prop-
erties (Sionek et al. 2018; Civinini et al. 2017). Urea is 
the principal end product of protein catabolism, which is 
produced by the deamination of amino acids known simply 
as the urea cycle (Lee et al. 2018). It has no physiological 
function. It may represent the body’s high catabolic state of 
protein. Deoxycholic acid is a secondary bile acid, which 
facilitates fat absorption and cholesterol excretion (Wang 
et al. 2006). Deoxycholic acid was a potent apoptotic inducer 
and had been confirmed as tumor promoter(Qiao et al. 2001; 
Lim et al. 2012), which might be related to the apoptosis of 
bone cells in ONFH patients. PE(14:0/14:1(9Z)) is a glyc-
erophospholipid in which a phosphorylethanolamine moiety 
occupies a glycerol substitution site. The study presented 
by Kilpinen et al. (2013) suggested that aging bone marrow 
mesenchymal stromal cells had altered membrane glycer-
ophospholipids composition and functionality. These dis-
coveries indicated that the disordered glycerophospholipids 
might play a vital role in the intercellular signal transduction 
and bones cell apoptotic process.

The results of bioinformatics analysis indicated that glyc-
erophospholipid metabolism was significantly disturbed in 
ONFH. Metabolic pathway analysis revealed that glycerol 
3-phosphate and phenylacetylglutamine belonged to the 
glycerophospholipid metabolism. Glycerophospholipids 

were synthesized from glycerol 3-phosphate (G3P) in a de 
novo pathway (Hishikawa et al. 2014). Glycerophospholipids 
were ubiquitous cell membrane components and play impor-
tant roles in the development and function of several tissues 
(Chierico et al. 2014). It could modulate transmembrane 
signaling and mediate cell-to-cell and cell-tomatrix interac-
tions (Seito et al. 2012). Glycerophospholipids metabolism 
participated in the regulation of many cellular processes 
such as cell proliferation, growth, differentiation, survival, 
apoptosis, motility, inflammation, membrane homeostasis 
(Huang et al. 2015). In aging bone marrow mesenchymal 
stromal cells, the membrane glycerophospholipid composi-
tion and functionality were altered (Kilpinen et al. 2013). In 
addition, glycerophospholipids occupied a large part of the 
distinctive metabolites in serum and bone tissue of osteone-
crosis femoral head from ONFH patients using UPLC–MS/
MS (Xu et al. 2017; Zhu et al. 2016). Thus, these results sug-
gested that glycerophospholipid metabolism played a vital 
regulation role in the pathological process of osteonecrosis 
femoral head.

The results of bioinformatics analysis indicated that 
histidine metabolism was significantly changed in ONFH. 
Metabolic pathway analysis revealed that l-histidine and 
1-methylhistidine were hit in the histidine metabolism with 
an impact factor of 0.15. Histidine was an essential amino 
acids in mammals. It played enormous biological importance 
in hemoglobin structure and function, protein methylation, 
antioxidative dipeptides, and one-carbon unit metabolism 

Fig. 5   The receiver operating characteristic (ROC) curves and dis-
criminatory plots of potential biomarkers. Sulfate (AUC 0.882, Fold 
− 2.0, VIP 2.11), Urea (AUC 0.891, Fold − 1.5, VIP 2.8), Deoxy-

cholic acid (AUC 0.947, Fold − 1.3, VIP 2.66) and PE(14:0/14:1(9Z)) 
(AUC 0.916, Fold − 1.2, VIP 1.44)
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(Wu et al. 2009; Blachier et al. 2007). Thereby, histidine 
could regulate the gene expression and the biological activ-
ity of proteins. In addition, histidine was an important com-
ponent of mammalian histidine kinases and histidine phos-
phorylated proteins (Klumpp et al. 2002), which are likely 
to contribute to our understanding of the signal transduction 
and cancer formation (Steeg et al. 2003). In the osteoclast, 
the protein T cell ubiquitin ligand-2 (TULA-2), a novel his-
tidine phosphatases, was abundantly expressed. TULA-2 
negatively regulated osteoclast differentiation and function 
(Back et al. 2013). 1-Methylhistidine had be used for moni-
toring the muscle protein catabolism by UPLC-MS/MS in 
human urine (Wang et al. 2012). The results presented by 
Aranibar et al. (2011) indicated that 1-methylhistidine might 
be an useful urine and serum biomarker of hypertrophy and 
drug-induced skeletal muscle toxicity in rat. Overall, the role 
of histidine metabolism in osteonecrosis of the femoral head 
remains to be further studied.

The metabolic pathway analysis revealed that cysteine 
and methionine metabolism was related to ONFH, with 
l-serine, sulfate and homocysteine hitting in this pathway. 
The study presented by Ogawa et al. highlighted a novel 
role for l-serine in RANKL signaling in osteoclastogenesis 
(Back et al. 2006). And l-serine metabolism was indispen-
sable for osteoclasts to form in vitro (Bahtiar et al. 2009). 
By contrast, l-serine promoted osteoclastic differentiation 
in a manner sensitive to the inhibition by d-serine. How-
ever, osteoclastogenesis was negatively regulated by d-serine 
produced by osteoblast (Takarada et al. 2012). In general, 
l-serine played a promotion role in the osteoclast forma-
tion, and thereby inducing bone resorption. Evidence from 
previous studies showed that homocysteine was known to 
modulate bone remodeling via several known mechanisms 
such as increase in osteoclast activity, decrease in osteo-
blast activity (Koh et al. 2006; Vijayan et al. 2013). In addi-
tion, homocysteine performed a detrimental effect on bone 
via decreasing in bone blood flow and increasing in matrix 
metalloproteinases that degraded extracellular bone matrix 
(Blouin et al. 2009; Tyagi et al. 2011). Homocysteine bound 
directly to extracellular matrix and reduced bone strength 
(Herrmann et al. 2005). It was suggested that homocysteine 
was known to cause apoptosis via generation of ROS by 
the mitochondrial mechanism in osteoblast cells and human 
bone marrow stromal cells lines (Kim et al. 2006). These 
discoveries agree with our results of disordered cysteine 
and methionine metabolism, and suggested that l-serine and 
homocysteine play a vital regulation role in the pathology 
process in ONFH.

The subjects included in our study were advanced 
ONFH patients with a stage III or IV on the Ficat clas-
sification. It could not represent the metabolic profiling 
of early ONFH patients. Therefore, its usefulness in early 
diagnosis for ONFH need further identification. Low 

number of ONFH patients was another limitation of this 
study. In addition, four potential biomarkers were detected 
in different conditions. It would theoretically imply some 
practical limitations in the detection of all the potential 
biomarkers in same method. Our future work will dedi-
cate to discover the potential relationships between the 
differential metabolites and the early onset of disease in 
early ONFH patient with a stage I or II on the Ficat clas-
sification. In addition, these differential metabolites will 
be further identified in large amount of urine and serum 
samples, with the aim to confirm the diagnostic biomark-
ers of ONFH.

5 � Conclusions

At present, the approach based on UPLC-QTOF/MS 
metabolomics, highlight the power for studying the uri-
nary metabolic profiling of ONFH patients and healthy 
people. The identified 33 potential metabolites and four 
potential biomarkers, were found to be distinctly differ-
ent between the ONFH patients and healthy people. It is 
noteworthy that the metabolites compositions discovered 
between ONFH patients and controls could suggest the 
variation of the disease. Sulfate, urea, deoxycholic acid 
and PE(14:0/14:1(9Z)) were screened as the potential bio-
markers of ONFH. Our results suggested that sulfur metab-
olism, cysteine and methionine metabolism, glycerophos-
pholipid metabolism, and histidine metabolism might be 
associated with the pathogenic progress of ONFH. The 
results of bioinformatics analysis indicated a disturbance 
in the signal transduction, membrane glycerophospholipid 
composition, bone remodeling, hemodynamics, osteocyte 
formation and apoptosis in ONFH patients. This metabo-
lomic study provided a new feasible way to explore the 
pathological mechanism of ONFH. And more work will 
be needed to clarify the complex pathological mechanism. 
Further validation of these differential metabolites and 
metabolism mechanisms would be considerable in larger 
amount of subjects.
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