
Vol.:(0123456789)1 3

Metabolomics (2017) 13:73 
DOI 10.1007/s11306-017-1208-9

ORIGINAL ARTICLE

Serum metabolomic study for detecting biomarkers of non-
traumatic osteonecrosis of the femoral head

Zhongwei Xu1 · Kaimin Xu2 · Shijia Ding3 · Jiao Luo4 · Tingmei Chen3 · Aiguo Zhou1 · 
Zhenxing Wen1 · Jian Zhang1  

Received: 26 October 2016 / Accepted: 17 April 2017 / Published online: 22 April 2017 
© Springer Science+Business Media New York 2017

identification, metabolic pathway analysis and biomarker 
analysis.
Results In total, 33 serum metabolites were found altered 
between NTONFH group and control group. In addition, 
glycerophospholipid metabolism and pyruvate metabolism 
were highly associated with the disease.
Conclusion The combination of LysoPC (18:3), l-tyros-
ine and l-leucine proved to have a high diagnostic value for 
early-stage NTONFH. Our findings may contribute to the 
protocol for early diagnosis of NTONFH and further eluci-
date the underlying mechanisms of the disease.

Keywords Metabolomics · UPLC-MS/MS · Early 
diagnosis · Osteonecrosis of the femoral head

1 Introduction

Osteonecrosis of the femoral head is a progressive disorder 
that can lead to femoral head collapse and hip dysfunction 
(Gangji et  al. 2004). Although traumatic osteonecrosis of 
the femoral head has a direct cause, the pathophysiology 
is uncertain for most cases which are generally called non-
traumatic osteonecrosis of the femoral head (NTONFH). 
Risk factors for osteonecrosis include corticosteroids use, 
alcohol intake, smoking, and several chronic diseases, etc 
(Mont et  al. 2006). Despite NTONFH can be induced by 
various individual or multiple causes, the prognosis is not 
closely related to its subtype unless some idiopathic dis-
eases accompanied, but hugely dependent on the stage of 
the disease and whether early intervention is applied (Mont 
et al. 2010). Treatments for early-stage NTONFH with core 
decompression or autologous implantation of mesenchymal 
stem cells turn out to be effective in delaying or avoiding 
femoral head collapse (Floerkemeier et al. 2011; Zhao et al. 
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2012), while patients have to be faced with total hip arthro-
plasty once it progresses to advanced or end stage. There 
is therefore an urgent need for early diagnosis in order to 
undertake relevant actions to prevent further progression.

The diagnosis of NTONFH is primarily based upon 
imaging findings (Choi et  al. 2015). Plain radiographs 
are commonly obtained, but magnetic resonance imaging 
(MRI) is now considered the best diagnostic approach as 
it has highest sensitivity and specificity for the early-stage 
osteonecrosis (Pierce et al. 2015; Zalavras and Lieberman 
2014). However, the high costs and complexities make it 
unrealistic to perform MRI for all patients with less-severe 
symptoms or signs, which have led to an increasing proba-
bility of missed diagnosis. Fortunately, meaningful proteins 
found in serums of NTONFH patients indicated that the 
involved might be discriminated by detecting some specific 
substances which were significantly different in individu-
als with or without NTONFH (Tan et  al. 2006; Wu et  al. 
2008).

Rapid developments in metabolomics have renewed 
hopes in discovering blood-borne biomarkers for early 
detection of diseases. As one of the most widely used 
technologies of metabolomics, ultra-performance liquid 
chromatography-tandem mass spectrometry (UPLC-MS) 
technique, with high sensitivity, good reproducibility of 
retention time, wide dynamic range, and coverage of a 
wide chemical diversity (Zhao et al. 2012), has been proved 
appropriate for metabolic profiling. Based on the platform 
of UPLC-MS/MS, this serum metabolomic study was 
aimed to exploit potential serum molecular biomarkers of 
early-stage NTONFH, which might contribute to the proto-
col of early diagnosis of NTONFH.

2  Materials and methods

2.1  Chemical and materials

HPLC-grade methanol was purchased from Tedia (Fair-
field, OH, USA); HPLC-grade acetonitrile and formic acid 
were purchased from Sigma-Aldrich (St.Louis, MO, USA). 
Ultrapure water was acquired by a Milli-Q Ultra-pure water 
system (Millipore, Billerica, USA). All of the involved 
standards were purchased from MCGBW (Beijing, China). 
Pressure blowing concentrator MTN-2800D was manufac-
tured by AUTO & SCIENCE (Tianjing, China).

2.2  Study participants

The study subjects consisted of 50 outpatients and 25 vol-
unteers. Patients diagnosed with NTONFH and healthy 
controls were respectively recruited from Orthopaedic 
Outpatient Department and Health Examination Center, 

the First Affiliated Hospital of Chongqing Medical Uni-
versity between December 23rd, 2015 and April 22nd, 
2016. Diagnostic criteria for NTONFH were according 
to the recommended standards for Japanese population 
(Sugano et  al. 1999), and the stage of the disease was 
based on the modified Ficat-Arlet classification of oste-
onecrosis of the femoral head (Banaszkiewicz 1985). 
Erythrocyte sedimentation rate (ESR), C-reactive pro-
tein (CRP), X-ray of pelvis, and MRI of both hip joints 
were performed in all of the participants. Inclusive crite-
ria for NTONFH group were as followed: (1) diagnosed 
with osteonecrosis of the femoral head; (2) no history of 
hip trauma; (3) staged between 0 and II using Ficat-Arlet 
classification; (4) not any inflammatory arthritis compli-
cated (e.g., rheumatic arthritis); (5) not any metabolic 
disease complicated (e.g., rickets); (6) no drug taken in 
last 4 weeks. Inclusive criteria for control group were as 
followed: (1) never suffered from hip pain or dysfunction; 
(2) no osteonecrosis or any other joint diseases observed 
on radiographs or MRI scans; (3) with normal values of 
ESR and CRP; (4) not any inflammatory or metabolic 
disease complicated. Finally, there were 22 NTONFH 
patients and 23 healthy controls eligible to be included 
under above criteria.

This study was approved by the Ethics Committee of 
Chongqing Medical University. Written informed con-
sents were obtained from all participants. This work was in 
accordance with The Code of Ethics of the World Medi-
cal Association (Declaration of Helsinki) for experiments 
involving humans.

2.3  Sample preparation

Blood samples (2-mL) were collected using vacuum tubes 
without any coagulants or anticoagulants. General infor-
mation of all participants was recorded simultaneously. 
After 30-min standing at 4 °C, samples were centrifuged at 
3000  rpm for 10 min and then serums were obtained and 
stored at −80 °C. Before extraction, serums were thawed at 
4 °C for 60  min and 200-μL aliquots of them were trans-
ferred into 2-mL microtubes. Acetonitrile (600-μL for 
each) was added to precipitate proteins. Subsequently, the 
mixtures were vortex-mixed at 4 °C for 2  min, incubated 
at −20 °C for 30 min, and then centrifuged at 10,000 rpm 
for 10 min. Supernate (400-μL for each) was transferred to 
new microtubes and blow-dried under continuous nitrogen 
at 40 °C, and then ultrapure water (200-μL for each) was 
added to redissolve dried samples. Solutions were further 
centrifuged at 12,000  rpm for 10  min and then supernate 
(60-μL for each) was transferred into auto-sampler vials. A 
mixture of all samples (20-μL for each) constitutes a qual-
ity-control (QC) sample.
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2.4  UPLC-MS/MS analysis

UPLC-QTOF-MS/MS analysis was performed by using 
a Shimadzu UFLC-equipped AB-Sciex Triple TOF 
4600 mass spectrometry in both positive and nega-
tive ionization mode using the Turbo V ESI ion source. 
Samples were injected into a Kinetex XB-C18 column 
(100  mm × 2.1  mm, 2.6  µm, Phenomenex) and a Kinetex 
HILIC column (100 mm × 2.1 mm, 2.6 µm, Phenomenex) 
respectively with a same flow rate of 0.35  mL/min. The 
mobile phase for reversed phase liquid chromatography 
(RPLC) methods consisted of 0.1% formic acid in purified 
water and 0.1% formic acid in purified acetonitrile. The 
constituent ratio of the mobile phase was according to for-
mic acid acetonitrile solution which was changed by time 
(held constant at 5% for 1  min, increased from 5 to 85% 
by 8 min, held constant at 85% by 12 min, decreased to 5% 
by 12.1 min, held constant at 5% by 15 min). The mobile 
phase for hydrophilic interaction liquid chromatography 
(HILIC) methods consisted of acetonitrile and ammonium 
acetate/acetic acid, and the latter was changed by time 
(held constant at 5% for 1 min, increased from 5 to 30% by 
2 min, increased from 30 to 40% by 10 min, returned to 5% 
by 12.1 min, and held constant at 5% by 15 min). The ion 
spray voltage was set to 5500 V for ESI (+) and −4500 V 
for ESI (−). The nebulizer gas (air) and turbo gas (air) were 
set to 55 psi, and the heater temperature was set at 600 °C. 
The curtain gas (nitrogen) was set at 25 psi, and the roll-
ing collision energy 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 ranged 50 to 1000 Da by using scan 
rate of 0.25 s, and the MS/MS screening was accomplished 
in the combinational mode of information dependent acqui-
sition with a scan rate of 0.1 s. Ten QCs (10-μL for each) 
were successively injected to adjust and guarantee the sys-
tem’s consistency, and then 10-µL aliquot of each experi-
mental sample was injected to analyze in turn. One QC was 
used to estimate system reproducibility and one blank was 
used to flush the column after each five samples injected 
(Dunn et al. 2012). Experimental samples analyzed in same 
ion mode were completed continuously to decrease inter-
day error, and same QC samples were analyzed in same ion 
mode throughout the whole procedure.

2.5  Data analysis

All of the raw data were initially processed and normalized 
by Markerview software (version 1.2.1, ABScix). Features 
detected in more than 80% samples in either group were 
selected for multivariate statistical analysis by simca-P 
software (version 13.0, Umetrics) (Bijlsma et  al. 2006). 

Unsupervised principal component analysis (PCA) was 
employed to depict an overview of the two groups after 
pareto scaling. Supervised orthogonal partial least-squares 
discriminant analysis (OPLS-DA) was applied to model 
all features (peaks of intensity) of the two groups, and the 
sevenfold cross-validation was carried out to avoid overfit-
ting. Model parameters were adjusted repeatedly to ensure 
that the models were both appropriate and predicable, 
and permutation tests were performed to further validate 
the OPLS-DA models by simca-P software (version 14.1, 
Umetrics) (Triba et al. 2015). Values of variable important 
in the projection (VIP) of all variables were exported from 
the best fitted OPLS-DA models. In addition, univariate 
statistical analysis was performed by using Wilcoxon rank 
sum test with a statistical significance of 0.05 (Diaz et al. 
2011), and Bonferroni correction was adopt to reduce false 
positives (Vashi et al. 2016). Variables with both multivari-
ate statistical significance (VIP >1) and univariate statisti-
cal significance (P < 0.05) were considered markedly dif-
ferent between the two groups (Gao et al. 2016; Tan et al. 
2013; Zhao et al. 2009).

Potential altered variables were putatively identified by 
matching them with known substances acquired from data-
bases of endogenous metabolites (HMDB, http://www.
hmdb.ca/; Massbank, http://www.massbank.jp), and those 
failed to match any known metabolite were deleted while 
matched ones were further validated by using standards. 
Validated altered metabolites were selected for pathway 
analysis by searching KEGG database (http://www.kegg.
jp/) and MetaboAnalyst database (http://www.metabo-
analyst.ca/). In addition, receiver operating characteristic 
(ROC) curve analysis was utilized to determine the diag-
nostic value of the above metabolites, and when the area 
under curve (AUC) was much closer to 1, the diagnostic 
performance was better.

3  Results

3.1  Clinical characteristics

There were 23 NTONFH patients and 22 healthy controls 
included eventually with 27 patients (21 classfied Ficat III 
or IV, four influenced by recent NSAIDs intake, one accom-
panied with rheumatoid arthritis, and one with uncertain 
history of trauma) and three controls (with abnormal levels 
of both ESR and CRP) excluded. No statistical significance 
was detected in terms of age (NTONFH 51.86 ± 12.2, con-
trol 53.43 ± 16.78, p = 0.72), sex (NTONFH 16M + 6F, con-
trol 15M + 8F, p = 0.75), or BMI (NTONFH 23.23 ± 3.27, 
control 24.53 ± 3.64, p = 0.22) between the two groups. 
Image manifestations of the two groups were displayed in 
Fig. 1.

http://www.hmdb.ca/
http://www.hmdb.ca/
http://www.massbank.jp
http://www.kegg.jp/
http://www.kegg.jp/
http://www.metaboanalyst.ca/
http://www.metaboanalyst.ca/
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3.2  Stability evaluation

The stability and repeatability of the tandem instruments 
was evaluated by performing PCA analysis and calculat-
ing relative standard deviations (RSDs) including all QC 
samples which were from the same vial and analyzed 
repeatedly throughout the process. Variations within QC 
samples analyzed in same ion mode reflected the insta-
bility of the instruments which must be controlled within 
a permissible range. PCA analysis showed that QC sam-
ples clustered together significantly but other samples 
scattered over a large area (Fig. 2). The maximum values 
of RSDs of the four ion modes were respectively 6.29%, 
9.05%, 4.11%, and 7.83%, which were calculated by 
using a random sampling strategy. Both results revealed 
a good repeatability and stability of the instruments.

3.3  Data processing

Variable features between the two groups were picked out 
by using multivariate statistical analysis combined with 
univariate statistical analysis. PCA analysis of the four 
ion modes was firstly carried out (Fig. S1), but no signifi-
cant difference was found in sample distribution. In Fig. 3, 
NTONFH samples and healthy controls were significantly 
distinguished in all ion modes by using OPLS-DA analy-
sis. With  R2 and  Q2 both scoring more than 0.5, the four 
models were further evaluated by permutation tests and 
proved valid (Fig. S2, 999 permutations, one component). 
Variables with VIP >1 in the validated OPLS-DA models 
were exported, and then Wilcoxon rank sum test was car-
ried out to determine univariate statistical significance of 
the variables. Finally, the metabolic variations were puta-
tively identified based on the results of MS match, MS/
MS match, and standard match. In total, 33 variations were 
identified matching well with known metabolites (Table 1). 

Fig. 1  X-ray and MRI scan for NTONFH patient (a, b) and healthy 
control (c, d). a No obvious osteosclerosis or collapse of femoral 
head was observed; b low-signal banding area was observed inside 

the femoral head, but no collapse was found; c normal X-ray image; d 
normal MRI image

Fig. 2  PCA analysis of intra-day QC samples (a) and inter-day QC samples (b). All of the QC samples clustered together
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A heatmap including all these substances was performed 
and displayed in Fig. 4.

3.4  Metabolic pathway analysis

Pathway analysis including all of the identified metabolites 
showed that two pathways were associated with the serum 
variation of NTONFH (Fig.  S3). Both glycerophospho-
lipid metabolism and pyruvate metabolism achieved a high 
pathway impact (>0.1) of enrichment analysis and a low P 
value (<0.05) of topology analysis. A list of the first four 
pathways was showed in Table S1.

3.5  Biomarker analysis

All of the altered metabolites were analyzed individually 
by using ROC curve in Metaboanalyst (http://www.metabo-
analyst.ca). A metabolite was regarded as a potential bio-
marker for NTONFH when its corresponding AUC was not 
<0.8. To obtain a high diagnostic value, a combination of 
three biomarkers [LysoPC (18:3), l-tyrosine and l-leucine] 
was proposed and an overall ROC analysis was performed 
(Fig.  5a). The results of the three individual biomarkers 

were displayed in Fig.  5b–d, and the results of remaining 
biomarkers were showed in Fig. S4.

4  Discussion

Numerous metabolomic studies were proved significantly 
helpful to determine diagnostic biomarkers and to study 
metabolic mechanisms of diseases (Beauclercq et al. 2016; 
RoyChoudhury et  al. 2016; Zafeiridis et  al. 2016). This 
study was carried out based on the platform of UPLC-
MS/MS as well as the accepted methodology of substance 
selecting and identifying. In total, 33 metabolic variations 
and two pathways were identified associated with the serum 
metabolic changes of NTONFH. Glycerophospholipid 
metabolism and pyruvate metabolism were found relevant 
to the progressive and irreversible disease. The combina-
tion of LysoPC(18:3), l-tyrosine and l-leucine had a high 
diagnostic value among these metabolites.

Glycerophospholipids, the overwhelming majority of 
the metabolic variations, were essential in constituting cell 
membranes and mediating signal transduction (Castro-
Gomez et al. 2015). Phosphatidylcholines (PC) are ubiqui-
tous in nature and are key components of the lipid bilayer 

Fig. 3  Validated OPLS-DA models of the four ion modes, the 
two groups were separated from each other significantly. a HILIC 
positive mode,  R2Y = 0.986,  Q2 = 0.783; b HILIC negative mode, 

 R2Y = 0.973,  Q2 = 0.845; c RPLC positive mode,  R2Y = 0.994, 
 Q2 = 0.826; d RPLC negative mode,  R2Y = 0.977,  Q2 = 0.815

http://www.metaboanalyst.ca
http://www.metaboanalyst.ca
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of cells, as well as being involved in metabolism and sign-
aling, and lysophospholipids (LysoPC) have a role in lipid 
signaling by acting on lysophospholipid receptors. Apop-
tosis was always accompanied by changes in the compo-
sition of glycerophospholipids in various cells (Farooqui 
et  al. 2007; Fuchs et  al. 2007; Lee et  al. 2006), and the 
widespread programmed cell death of osteoblasts and 
osteocytes was observed in steroid- and alcohol-induced 
osteonecrosis patients (Calder et  al. 2004). It was there-
fore reasonable that many kinds of glycerophospholipids 
were detected altered in the serums of NTONFH patients. 
Specifically, a cell experiment uncovered that LysoPC 
could induce a cytotoxicity effect on osteoblast-like cells 

by the involvement of transient receptor potential vanil-
loid 2 channels (Fallah et al. 2013), which implied that the 
elevated lysoPC due to NTONFH might further inhibit the 
bone regeneration of the necrosis area.

Three amino acids were detected elevated in the early-
stage NTONFH patients’ serums, which was in accord-
ance with the results of our previous study on bone tis-
sues of advanced NTONFH patients (Zhu et  al. 2016). 
The first elevated amino acid was l-tyrosine which was 
critical for the activity of tyrosine kinases and phos-
phatases, involved in the control of osteoblast and osteo-
cyte metabolism (Pallu et al. 2012). Protein tyrosine kinase 
activation proved, in genetic studies, to be associated with 

Table 1  List of the altered metabolites between NTONFH patients and healthy controls

m/z mass-to-charge ratio, RT retention time
a Compared NTONFH group with control group

Metabolites Ion type m/z RT VIP P Change  folda

Androsterone sulfate M − H 369.1721 0.69 1.11264 0.003 2.95
Deoxycholic acid glycine conjugate M + H 450.3218 4.06 1.15022 <0.001 3.36
MG(0:0/18:2(9Z,12Z)/0:0) M + H 355.2838 5.53 1.21608 0.016 1.95
Hypoxanthine M + H 137.0456 0.51 1.42878 0.008 1.91
l-Lactic acid M−H 89.0241 1.18 1.45497 0.003 2.45
LysoPC(18:3(6Z,9Z,12Z)) M + H 518.3215 3.97 3.21161 <0.001 7.02
LysoPC(18:2(9Z,12Z)) M + H 520.3383 3.88 3.00544 <0.001 9.23
PC(22:4(7Z,10Z,13Z,16Z)/16:0) M + H 810.5989 3.57 2.84591 <0.001 11.38
PG(16:0/22:5(4Z,7Z,10Z,13Z,16Z)) M + H 797.5321 3.48 2.70756 < 0.001 9.98
PC(22:4(7Z,10Z,13Z,16Z)/14:0) M + H 782.5668 3.94 2.56796 <0.001 5.76
LysoPC(20:5(5Z,8Z,11Z,14Z,17Z)) M + H 542.3207 3.94 2.25384 <0.001 3.13
PC(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/16:0) M + H 806.5693 3.65 1.6366 0.003 3.23
PC(14:0/20:1(11Z)) M + H 760.5819 6.52 1.79157 0.001 2.53
LysoPC(16:0) M + H 496.3409 5.1 1.25032 0.004 1.74
LysoPC(18:0) M + H 524.3717 5.73 1.17758 0.012 1.77
LysoPC(18:1(9Z)) M + H 522.3554 5.26 1.15782 0.022 1.9
ysoPC(P-16:0) M + H 480.3447 5.29 1.0152 0.004 1.69
PC(14:0/22:1(13Z)) M + H 788.6078 8.31 1.43726 <0.001 14.86
LysoPC(22:5(7Z,10Z,13Z,16Z,19Z)) M + H 570.3526 5.44 1.22611 0.001 2.52
LysoPC(20:3(5Z,8Z,11Z)) M + H 546.351 5.93 1.06736 <0.001 2.43
PC(16:0/16:0) M + H 734.5671 3.47 2.15976 0.006 1.42
PE(14:0/22:1(13Z)) M + NH4 763.5929 3.44 1.896 0.009 1.42
PG(18:1(11Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) M + H 821.53 3.34 1.2821 0.012 1.31
9-Hexadecenoylcarnitine M + H 398.326 1.27 1.59809 0.004 1.84
Leukotriene F4 M + NH4 586.3099 5.08 1.60529 0.006 1.61
l-Tyrosine M−H 180.0658 2.75 1.71336 <0.001 7.56
l-Leucine M + H 132.1021 3.23 2.50677 <0.001 9.88
5-Aminopentanoic acid M + H 118.0864 4.44 1.25695 0.006 2.33
l-Valine M + H 118.0865 0.44 1.13849 0.009 1.72
LysoPC(20:3(8Z,11Z,14Z)) M + H 546.3479 4.89 1.05456 <0.001 0.44
Stearic acid M-H 283.2649 7.04 1.01925 0.003 0.55
l-Palmitoylcarnitine M + H 400.3417 1.27 2.21945 <0.001 0.50
Acetic acid M−H 59.0156 0.96 1.34625 <0.001 0.48
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alcoholism that could increase the risk of NTONFH (Pastor 
et  al. 2009; Schumann et  al. 2003), while receptor tyros-
ine kinase was found positive in osteoblast differentiation 
in vivo and bone formation ex vivo (Liu et al. 2007). Ani-
mal experiments showed protein tyrosine phosphatases 
were essential to osteoblast differentiation and bone forma-
tion as well (Chengalvala et al. 2001; Schinke et al. 2008). 
The other two amino acids were branched chain amino 
acids (BCCAs), l-leucine and l-valine. They had differ-
ent metabolic routes, with valine going solely to carbohy-
drates and leucine solely to fats. Leucine could stimulate 
insulin release, which in turn stimulate protein synthesis 
and inhibit protein breakdown. Small leucine-rich proteins 
were considered as a kind of mineralized tissue-specific 
protein complicated in controlling collagen fibrillogenesis, 
matrix mineralization and osteoblast differentiation (Chen 
et al. 2004; Mochida et al. 2011; Sugars et al. 2013). Simi-
larly, the substitution from some amino acids to valine in 
receptor-related proteins would achieve a higher bone mass 
in mutants than controls (Akhter et al. 2004; Kasten et al. 
2010), indicating that valine was also related to bone for-
mation. In addition, over-expression of a tripeptide of 
leucine-proline-valine could stimulate the export of secre-
tory dentin matrix protein 1 which played a role in bone 
homeostasis because of its high calcium ion-binding capac-
ity (Liang et al. 2016; Toyosawa et al. 2001). Therefore, the 
above three amino acids, detected elevated in NTONFH 
patients’ serums as well as bone tissues, all turned out to be 
highly associated with the progressive disease of osteone-
crosis, especially in osteoblast differentiation. However, the 
remaining amino acids found altered in bone tissues were 

not detected increased or decreased in serums as before. 
This could result from the different stages of the disease, 
substances being metabolized in situ, or they being limited 
to pass through the blood capillaries.

There were three of the other altered metabolites rec-
ognized to be associated with energy metabolism, pal-
mitoylcarnitine, l-lactic acid and l-acetic acid. The dis-
turbance in energy metabolism resulting from ischemic 
insult could contribute to the occurrence and development 
of osteonecrosis (Dai et  al. 2008). Palmitoylcarnitine is a 
kind of long-chain acyl fatty acid derivative ester of car-
nitine that facilitates the transfer of long-chain fatty acids 
from cytoplasm into mitochondria during the oxidation 
of fatty acids. So the up-regulated oxidation of fatty acids 
induced by the elevated palmitoylcarnitine could be aimed 
to guarantee sufficient energy supply for tissues, possibly 
due to the abnormality of carbohydrate metabolism which 
was reflected by the excess lactic acid being detected, and 
meanwhile, more pyruvic acid was generated. The accu-
mulation of pyruvic acid would facilitate the conversion 
to lactic acid under hypoxia condition, leading to the over-
production of lactic acid again. Acetic acid is central to 
the metabolism of carbohydrates and fats when bound to 
coenzyme A, and the decrease of the metabolite will be dis-
cussed later.

Pathway analysis revealed potential relation between 
NTONFH and two pathways, glycerophospholipid metab-
olism and pyruvate metabolism. In glycerophospholipid 
metabolism, phosphatidylethanolamine (PE) and PC 
both played an important role with either value of path-
way impact larger than 0.1. However, the composition of 

Fig. 4  Heatmap analysis 
including all of the altered 
metabolites. A majority of 
substances were elevated in 
NTONFH group
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glycerophospholipids always changed significantly in vari-
ous diseases (Lin et  al. 2016; Peterson et  al. 2016; Rao 
et  al. 2016), leading to a relatively low specificity of PEs 
or PCs. In pyruvate metabolism, l-lactic acid could be 
converted into d-lactic acid, pyruvic acid, and acetic acid. 
Over-produced l-lactic acid that might derive from partly 
ischemia femoral head indicated that early-stage NTONFH 
tissues could have been suffering from insufficient oxygen 

supply. The elevated lactic acid and decreased acetic acid 
suggested that the process of indirect conversion (from lac-
tic acid to pyruvic acid to acetic acid) could be inhibited, as 
the direct one required specific enzymes that human lacked 
of. In addition, much acetic acid could be utilized to gener-
ate enough acetyl-CoA.

According to the above evidences, we proposed a com-
bination of serum LysoPC(18:3), l-tyrosine and l-leucine 

Fig. 5  ROC analysis of the combination of the three biomarkers (a) 
and the individuals (b, c, d). a ROC curves from all models averaged 
from all cross validation runs when combining the three biomarkers; 

b ROC analysis for LysoPC (18:3); c ROC analysis for l-leucine; d 
ROC analysis for l-tyrosine
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to serve as an early-diagnosis strategy for NTONFH after 
integrating the sensitivity and specificity of individual bio-
markers, the overall diagnostic yield, and the economic 
cost. The scheme required a simplified process of sample 
preparation, followed by HILIC only, for the three biomark-
ers were all detected by using HILIC column. To validate 
the value of the scheme, 20 new participants (ten patients 
and ten controls) were recruited and their serums were ana-
lyzed by using HILIC-MS/MS under the same experimen-
tal condition. A sensitivity of 0.9 and a specificity of 1.0 
were achieved when adopting the strategy that all of the 
three biomarkers should be in accordance with their pro-
files in the previous two groups. However, there were still 
some limitations in this study. First, all of the samples were 
collected and stored at −80 °C for analyzing within limited 
days to guarantee a high stability of the instruments, so that 
some of them had to be stored for a relatively long time. 
Second, the sample size was small. It was because that the 
symptom of early-stage NTONFH was not severe enough 
to force patients to go to hospital, and a MRI scan was too 
costly to be contained in a routine physical examination. 
Therefore few patients were qualified to be recruited even 
though more than 200 patients were engaged daily in our 
department. Third, the putative process could be faulty as 
no approach for structure identification was applied. Lastly, 
the metabolic profiles of NTONFH migh share some in 
common with other chronic diseases, but we were unable to 
collect various kinds of serums of patients suffering these 
diseases and then distinguish them by using metabolomic 
approaches. Thus, more studies were needed to identify the 
results and to further optimize the diagnostic scheme.

5  Conclusions

In this UPLC-MS/MS based metabolomic study, NTONFH 
serums showed different profiles from controls, which 
might provide us with a feasible approach to pick out 
underlying biomarkers for the early diagnosis of the dis-
ease. There were 33 substances detected altered in serums 
of NTONFH patients, and among these, LysoPC(18:3), 
l-tyrosine and l-leucine were found elevated significantly. 
The combination of the three biomarkers had also achieved 
a high diagnostic value. In addition, glycerophospholipid 
metabolism and pyruvate metabolism were found highly 
associated with early-stage NTONFH, especially in osteo-
blast differentiation and anaerobic metabolism.
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