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Objectives: To identify and validate a biomarker panel by serum metabolic profiling for
improvement of PCa diagnosis.

Materials and Methods: Totally, 134 individuals were included in this study. Among
them, 39 PCa patients and 45 control patients (negative prostate biopsy) were involved in
the discovery phase and 50 healthy controls were enrolled for validation phase of
metabolomics study. LC-MS Analysis was used for the identification of the serum
metabolites of patients.

Results: Logistics regression analysis shows that 5 metabolites [dMePE(18:0/18:2), PC
(16:0/20:2), PS(15:0/18:2), SM(d16:0/24:1], Carnitine C14:0) were significantly changed in
PCa patients compared with control patients. A metabolic panel (MET) was calculated,
showing a significantly higher diagnostic performance than PSA in differentiating PCa from
control patients [AUC (MET vs. PSA): 0.823 ± 0.046 vs. 0.712 ± 0.057, p<0.001]. Moreover,
this panel was superior to PSA in distinguishing PCa from negative prostate biopsies when
PSA levels were less than 20 ng/ml [AUC (MET vs. PSA]: 0.836 ± 0.050 vs. 0.656 ± 0.067,
p<0.001]. In the validation set, the MET panel yielded an AUC of 0.823 in distinguishing PCa
patients from healthy controls, showing a significant improvement of PCa detection.

Conclusions: The metabolite biomarker panel discovered in this study presents a good
diagnostic performance for the detection of PCa.

Keywords: prostate cancer, metabolic profiling, early diagnosis, biomarker, metabolic panel
INTRODUCTION

Prostate cancer (PCa) is the second most common malignant tumor in the male worldwide (1).
Although the prognosis for PCa at early stage is well performed, the prognosis for patients
diagnosed at an advanced stage is poor (2). Now, the early detection mainly depends on the level of
prostate specific antigen (PSA) followed by prostate biopsy which is the gold standard for the PCa
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diagnosis. However, only 25% of men who take prostate biopsy
due to an elevated PSA are proved to have PCa after the prostate
biopsy (3). Therefore, it is still urgent to discover novel
biomarkers or panels for the improvement of PCa diagnosis.

Circulation biomarkers is of great importance for the PCa
diagnosis which can facilitate understanding of tumor biology
and development (4). The peripheral blood based liquid biopsy is
a powerful tool being used for the discovery of novel biomarkers
for many diseases, including malignant tumors. More
importantly, it provides evidences for the better understanding
of the initiation and development of diseases. As one of the most
widely used liquid biopsy, metabolic profiling plays significant
role in the cancer diagnosis. As is known, metabolism
reprograming is the key signature of cancer, which can be
driven by oncogenes. Moreover, the metabolite has also
been shown to change the gene expression epigenetically.
The metabolites can be produced by tumors or regulated by
the whole-body condition, which has been proved to change the
gene epigenetic modification (5). Otherwise, metabolic factors
themselves are able to change the disease progression (6). In this
way, the serum metabolite is not only the result but also the
reason for cancer development. Thus, the metabolomic panel can
be employed as a novel approach to gain further insight into
cancer diagnosis and potential therapeutic targets. Though our
group having presented the metabolic profiling of the analysis
between PCa tissues and adjacent normal tissues (ANT) (7, 8),
there is still no such studies to investigate the metabolic changes
in circulation, to our knowledge. Moreover, the spectrometry
technology has been improved a lot recently. More details of
molecular structure tend to be observed by using this method
and specific protocol (9–11). For example, the use of nanoflow
liquid chromatography-mass spectrometry (nanoLC-MS) makes
it possible to do the profiling of the glycans and the glycolipids
which can be used in the clinic studies, including glycan-based
biomarker discovery and therapeutics.

In this study, we used the GC-MS based metabolomics, LC-
MS based metabolomics and LC-MS based lipidomic for the
analysis of serum metabolites, which might provide a novel
method for PCa detection and a better understanding of the
metabolic reprogramming of PCa.
MATERIALS AND METHODS

Sample Collection
Thisprojectwasapprovedby theClinicalResearchEthicsCommittee
of Shanghai Changhai Hospital of Second Military Medical
University. All of the clinical samples were obtained from Shanghai
Changhai Hospital (Shanghai, China). Written informed consents
were obtained from the participants before sampling.
Abbreviations: ANT, adjacent normal tissues; AUC, area under curve; DAG,
diacylglycerol; GC-MS, gas chromatography-mass spectrometry; H&E,
hematoxylin and eosin; LC-MS, liquid chromatography-mass spectrometry PCa,
prostate cancer; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS,
phosphatidylserine; PSA, prostate specific antigen; SM, sphingomyelin.
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Totally, 39 PCa patients and 45 control patients were involved
in the discovery phase and 50 healthy controls were enrolled for
validation phase of metabolomics study, respectively. The
samples of three groups ran at the same time and analyzed
separately. Blood samples were collected from patients
undergoing prostate biopsy from January 2018 to November
2018. Patients who underwent biopsy were assessed to have a
PSA increase greater than 4 ng/ml or PSA that was not elevated,
but the rectal examination revealed a nodule or imaging
examination abnormality. On the first day of admission, each
patient signed an informed consent form, the label was printed
and attached to the BD serum collection tube. On the second
morning of admission, 3 to 5 ml of fasting peripheral blood was
collected from the patient. Samples were stored at 4°C,
transported to the laboratory with ice to separate the serum,
centrifuged at 1500g for 20 min, and the serum was collected.
The serum was placed in a 1.5 ml centrifuge tube and numbered
with the admission number and specimen type. All of the serum
was immediately stored at −80°C until further processing to
make sure the metabolites were unchanged before analysis. The
hematoxylin and eosin (H&E) stained slides of specimens after
biopsies were examined by two pathologists to confirm the
diagnosis and Gleason Score.
THREE PLATFORMS FOR THE ANALYSIS
OF SERUM METABOLITES

Reagent
Internal standards, including lysophosphatidylcholine C19:0 (LPC
19:0), phosphatidylcholine C38:0 (PC 38:0), phosphatidyletha
nolamine C30:0 (PE 30:0), sphingomyelin C12:0 (SM 12:0),
ceramide C17:0 (Cer 17:0), fatty acid C16:0-d3 (FA 16:0-d3), fatty
acid C18:0-d3 (FA 18:0-d3) and triglyceride 45:0 (TG 45:0) were
purchased from Avanti Polar Lipids (Alabaster, AL). Internal
standards, including acetylcarnitine-d3 (carnitine C2:0-d3),
carnitine C10:0-d3, carnitine C16:0-d3, tryptophan-d5,
phenylalanine-d5, cholic acid-d4, chenodeoxycholic acid-d4)
were purchased from Sigma company (US). Ammonium acetate
and tert-butyl methyl ether (MTBE) were purchased from Sigma
company (US). Acetonitrile, methanol and isopropanol were
purchased from Merk company (German). Milli-Q water was
made from a Milli-Q system (Millipore,Billerica,MA). Pyridine,
methoxyamine hydrochloride, and N-Methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA) for GC-MS derivatization were
obtained from Sigma-Aldrich (St. Louis, MO, USA).
Sample Preparation
For GC-MS based metabolomics. The serum samples were
thawed at room temperature and vortex for 5 sec. Then 50 ml
serum sample was drawn into to 1.5 ml Eppendorf tubes, and 200
ml methanol containing internal standard (10 mg/ml tridecanoic
acid) was added subsequently for metabolite extraction and
protein precipitation. After full vortex for another 5 min at
room temperature, the supernatant was removed and lyophilized
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in new 1.5 ml Eppendorf tubes. Each aliquot was reconstituted in
50 ml methoxyamine pyridine solution (20 mg/ml). After full
vortex, the tubes with the solutions were incubated in water bath
at 37°C for 1.5 h. Then, silylation reaction lasted for 1 h at 37°C
in water bath after adding 40 ml of MSTFA. The tubes were
centrifuged at 13,000g for 10 min at 4°C, and the supernatants
were drawn for GC-MS injections.

For LC-MS based metabolomics. A 96-well filter protein
precipitation plate was used for sample preparation. An aliquot of
50ml serumwas drawn into eachwell, and 200ml extraction solvent
was added subsequently for metabolite extraction and protein
precipitation. This extraction solvent was methanol containing
internal standards (0.5 µg/ml fatty acid (FFA) C16:0-d3, 0.5 µg/
ml FFAC18:0-d3, 0.16 µg/ml carnitineC2:0-d3, 0.1 µg/ml carnitine
C10:0-d3, 0.075 µg/ml carnitine C16:0-d3, 0.75 µg/ml LPC 19:0,
4.25µg/ml tryptophan-d5,3.61µg/mlphenylalanine-d5, 0.37µg/ml
cholic acid-d4, 0.3µg/ml chenodeoxycholic acid-d4).Then theplate
was coveredwithaluminumfoil andvortexed for10min, then itwas
centrifuged for collecting supernatant. The extracts were
lyophilized and stored at −80°C before LC-MS analysis.

For LC-MS based lipidomics. An aliquot of 40 ml of serum for
each sample was drawn into Eppendorf tube. And 300 ml of
methanol containing LPC 19:0 (0.80 mg/ml), PC 38:0 (1.00 mg/ml),
PE 30:0 (0.75 mg/ml), SM 12:0 (0.65 mg/ml), Cer 17:0 (0.80 mg/ml),
FFA 16:0-d3 (0.50 mg/ml), FFA18:0-d3 (0.20 mg/ml), TG 45:0
(0.60 mg/ml) was added, followed by vortex mixing for 30 sec and
protein denaturation. Then, 1 ml of MTBE and 250 ml of water
were added into the mixture followed by vortex mixing for 30 sec
to extract lipid compounds. After centrifugation at 14000 rpm at
10°C for 10 min, 400 ml of organic supernatant was collected and
lyophilized, then stored at −80°C.
Data Acquisition
For GC-MS based metabolomics. One microliter of the above
derivatized products were injected into a gas chromatograph
coupled to a plus quadrupole mass spectrometer detector
(GCMS 5977A; Agilent, US). The split ratio of 1:10 was
employed. A DB-5 MS capillary column (length 30 m × ID
0.25 mm, film thickness 0.25 mm) (J&W Scientific, Folsom, CA,
USA) was employed for metabolite separation. The flow rate of
the helium gas was 1 ml/min; the oven temperature began at
80°C and maintained for 1 min, which was linearly increased to
210°C at 30°C/min, and then linearly increased to 320°C at
20 °C/min, and holding for 4 min at 320°C. The temperature of
the ion source was 230°C. The data was acquired in full scan
mode with the scan range set at 33 to 600 Dalton.

For LC-MS based metabolomics. The dried powder was
reconstituted in 80 ml acetonitrile/water (1:4) and centrifuged at
13000 g for 10minat 4°C. 5ml of the supernatantwas injected into a
Vanquish UPLC- Q Exactive (Thermo Fisher Scientific, Rockford,
IL, USA) system. For positive ionizationmode, a 50mm× 2.1mm,
1.7mmWatersBEHC8(Waters,Milford,MA)columnwasused for
separation; Mobile phase A was 0.1% formic acid in water and
mobile phase B was 0.1% formic acid in acetonitrile. The elution
gradient program started from 5% B and kept for 0.5 min,
Frontiers in Oncology | www.frontiersin.org 3
then linearly increased to 40% B within 1.5 min, continued to
100% B in 6min andmaintained at 100% B for 2 min, then back to
5%Bwithin 0.1min.A post- equilibrationwas kept for 2.5min. For
negative ionizationmodeA, a 50mm×2.1mm, 1.8mmACQUITY
UPLC HSS T3 (Waters, Milford, MA) column was used for
separation. Mobile phase A was 6.5 mM ammonium bicarbonate
inwaterandmobilephaseBwas6.5mMammoniumbicarbonate in
95% methanol/water. The elution gradient program started from
2% B and kept for 0.5 min, then linearly increased to 40% B within
2 min, and further increased to 100% B within another 6 min and
maintained at 100% B for 2 min, then back to 2%B in 0.1 min. A
post-equilibration was maintained for 2 min. In both positive and
negative ionization mode, the oven temperature was 60 °C and the
flow rate was 0.4 ml/min. For MS detection, resolution was set at
120 K and full scan mode was employed with m/z scan range 80 to
1200. The spray voltagewas3.5 kV for positive ionizationmode and
3.0 kV for negative ionization mode, respectively. The capillary
temperature was 300 °C and auxiliary gas heater temperature was
set at 350°C.Theflowratesof sheathgas andauxiliary gaswere set at
45 and 10 in arbitrary units.

For LC-MS lipidomics. The dried sample was reconstituted in
30 ml chloroform/methonal (v/v, 2:1) and 60 ml acetonitrile/
isopropanol/MilliQ water (v/v/v, 65: 30: 5). An aliquot of 5 ml
reconstituted solution was injected into a Waters UPLC system
(ThermoFisher, US) coupled to a Q Exactive™HF (ThermoFisher,
US). A ACQUITYUPLC C8 column (100mm × 2.1 mm × 1.7 mm)
wasused for separation.MobilephaseAwas60%acetonitrile inwater
containing 10 mM ammonium acetate. Mobile phase B was 10%
acetonitrile in isopropanol containing 10 mM ammonium acetate.
Elution gradient startedwith 32%B and kept for 1.5min. Then itwas
linearly up to 85%within next 14min, then to 97% Bwithin 0.1 min
and kept for 2.4 min. The gradient was back to 32% B within next
0.1 min and kept for 1.9 min. Flow rate was set at 0.26 ml/min.
Column temperaturewas 55 °C. ForMSdetection, resolutionwas set
up 120 K and full scanmode was employed. The scan range was 200
to 1,100 Da for positive ionizationmode, 120 – 1600 Da for negative
ionizationmode. The spray voltagewas 3.5 kV for positive ionization
mode and 3.0 kV for negative ionization mode, respectively. The
capillary temperature was 300 °C and auxiliary gas heater
temperature was set at 350 °C. The flow rates of sheath gas and
auxiliary gas were set at 45 and 10 in arbitrary units.
Data Preprocessing
For GC-MS metabolomics data preprocessing, to increase the
detection of the low-abundance metabolites, two-fold QC
samples was used for metabolite identification via library
searching (NIST). Both comparison of mass spectrum similarity
and retention index distance of reference standards in our in-house
library were employed for metabolite identification. Then, the
identified table was used for the next peak integration by
MassHunter Workstation software (Agilent, US).

For LC-MS metabolomics data preprocessing, after automated
peak detection, alignment, and integration, peaks were identified
according to our in-house database containing more than 2,000
metabolite standards.
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For lipidomics data preprocessing, lipid identification was
performed followed by peak integration for individual lipid
molecule. Lipid Search™ 4.1 (ThermoFisher, US) was employed
to obtain general information of lipid candidates, including m/z,
retention time, (sub)class, feature fragments andmass accuracy (in
ppm).Then,manual checkd fordetailed structural informationand
known peak extraction were performed. The details in annotation
can be referred to our previous publication (12).

Mass spectrometry responses of metabolites or lipids were
normalized to internal standards. For LC-MS metabolomics and
lipidomics analyses, internal standards were chosen firstly
according to their corresponding classes. If no, then internal
standards were chosen according to similarity in structure or
retention time.
Statistical Analysis
The correlations between pre-surgical characteristics and
perioperative outcomes were assessed by using Pearson and
Spearman correlation analysis. Logistics analysis was
performed to estimate the different metabolite level and the
PCa diagnosis. Moreover, the receiver operating characteristic
(ROC) curves were plotted to assess the predictive ability of the
panel we got in the discovery study. In the validation set, One-
way ANOVA analysis, t-test and ROC were used. All analysis
was performed by using SPSS, version 19.0 (IBM Corp., Armonk,
NY, USA) and all tests of statistical significance were based on
two-side probability.
RESULTS

Study Design
There are two steps in this study. The first step is discovery and
test set and the second is validation set. In the discovery set, 85
individuals, including 46 BPH and 39 PCa patients, were
recruited for the discovery of the significant biomarkers.
Totally, there 539 metabolites involved in this analysis. 35
metabolites (shown in Supplemental Table) were selected to
be significantly changed with t-test and the P value< 0.05. All of
the 35 metabolites were analyzed with Logistics regression
analysis and 5 metabolites (dMePE [18:0/18:2], PC [16:0/20:2],
PS [15:0/18:2], SM [d16:0/24:1], Carnitine [C14:0]) were
significantly changed accordingly. A metabolic panel (MET)
was calculated using the metabolites above. In the validation
set, 50 normal individuals were enrolled andMET was confirmed
between normal individuals and PCa patients enrolled in the first
step. The workflow is shown in Figure 1.
Individual Characteristics
There was no significant difference in the distribution of age
between the PCa and BPH individuals (68.8 ± 7.7 vs. 65.6 ± 7.3,
p=0.083). The normal individuals were enrolled from Physical
Examination Center with the age 57.2 ± 10.3. Total PSA level
(tPSA) in PCa patients is 15.6 (8.6–21.3) ng/ml and 9.7 (5.7–11.8)
ng/ml in BPH patients with the p value less than 0.001. In the 39 PCa
Frontiers in Oncology | www.frontiersin.org 4
patients, 11 patients are with the Gleason’s Score (GS) =6, 12
individuals with GS =7, 15 patients with the GS level ≥8 and 1
patient’s GS data was missing.
Establishing the Metabolic Panel for PCa
Data from quality control (QC) samples shows that the present
analysis was stable and repeatable. A stepwise logistic regression
model to estimate the risk of being diagnosed with PCa was
applied on this data set. All of the metabolites turned out to be
significant predictors. Logit (p=PCa) =0.211*dMePE (18:0/18:2)-
0.587* PC (16:0/20:2)-0.173* PS (15:0/18:2)-1.59* SM(d16:0/
24:1) +334.9*Carnitine (C14:0) +12.299 was used for the ROC
curve. The diagnostic performance for the established
metabolism panel was evaluated by using ROC analysis. The
MET panel showed a higher diagnostic performance than the
PSA in differentiating PCa from control patients [AUC (MET vs.
PSA): 0.823 ± 0.046 vs. 0.712 ± 0.057, p<0.001; Figure 2].
Moreover, this panel was superior to PSA in distinguishing
PCa from controls when PSA levels were less than 20 ng/ml
[AUC (MET vs. PSA): 0.836 ± 0.050 vs. 0.656 ± 0.067, p<0.001;
Figure 3A] or less than 10 ng/ml [AUC (MET vs. PSA): 0.909 ±
FIGURE 1 | Design of the study.
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0.060 vs. 0.519 ± 0.101, p<0.001; Figure 3B]. The details of PSA
levels with corresponding MET panel scores of each group were
shown in Figure 3C and the AUC of PSA andMET panel of each
group were shown in Figure 3D.

Validating of the Metabolic Panel
50 samples from normal individuals collected from Physical
Examination Center were included for the validation of MET
panel for PCa detection. The score of MET panel in PCa is
significantly higher than the score in healthy controls (p<0.001)
and control patients with negative prostatic biopsies (p<0.001)
while there are no significant changes between BPH and normal
samples (p=0.325) according to the one-way ANOVA analysis
(Figure 4A). Notably, this MET panel presents a favorable
diagnostic performance in differentiating PCa from healthy
controls (AUC, 0.823, range 0.735 to 0.911, p<0.001; Figure 4B).
We then combined the data from control patients with normal
individuals. TheMET panel also yielded an AUC of 0.823 (ranging
from 0.75 to 0.896) in detecting PCa from controls (Figure 4C).
DISCUSSION

Currently, the gold standard for the diagnosis of PCa is still biopsy.
The traditional two main methods for the screening diagnosis of
cancers are imaging and biomarker. However, the diagnostic
performance of these modalities, including PSA level which is the
most widely used, is unsatisfactory. In this study, we analyzed 46
BPH individuals and 39PCa patients in the discovery and test set to
get the MET pane consisting of dMePE, PC, PS, SM and Carnitine,
for thediagnosisofPCa.Thispanelwas thenvalidatedusingnormal
individuals, which still present a high accuracy. All of these
Frontiers in Oncology | www.frontiersin.org 5
metabolites participate in the lipid metabolism, especially the
phosphatidic acid metabolism, which also may indicate that
phosphatidic acid in circulation may play important role in the
PCa detection and development.

As is widely accepted, metabolism reprogramming is one of
the most remarkable switches of cancer. In prostate cancer, lipid
metabolism is rewired significantly. One of the most typical
hallmarks of prostate cancer is the dependance of androgens,
which has been shown to regulate the lipid metabolism through
the SREBP involved pathway (13). As is accepted, the de novo
lipogenesis is up-regulated significantly in PCa and PCa cells
tend to rely more on the fatty acid oxidation process to produce
energy (14–16). In recent years, the methodology for LC-MS
technology is deeply developed (9–11). More details have been
revealed about the target metabolite. For example, quantitative
LC–tandem MS (LC-MS/MS) analysis has been used for the
study of comprehensive structural glycomic characterization
(11). LC-MS might be more widely used in clinic work in the
future to observe the specific molecular changes in liquid biopsy.

In this study, we, for the first time, report the serum metabolite
changes in PCa patients, which indicates lipidmetabolism as themost
significant changes among the serum metabolite profiling. Enhanced
lipidmetabolismisobserved inPCaindividuals.However,unlikemany
solid tumors, PCa are more dependent on lipid metabolism with
increased cholesterol synthesis and steroid genesis (17, 18). In our
previous study which combines metabolomics and transcriptomics
profiles, we found the impaired sphingosine-1-phosphate receptor 2
signaling, downstream of sphingosine (7, 8). In addition, as the
membrane synthesis in malignant cells is augmented, the
phosphatidic acid in PCa tissue is significantly altered in different
stages of the malignant progression. It plays critical role in the
proliferation, metastasis and pathologic progression of cancer cells
(19). Moreover, phosphatidic acid is also a group of metabolites
participating in the cell signaling pathways. As is reported, lipid
metabolism is able to regulate PI3K–mTOR signaling pathway,
which involves in the oncogenic signaling pathways as well as
androgen deprivation treatment (ADT) resistance (20).

Themetabolites related to phosphatidic pathway are significantly
altered in the serum of PCa patients according to our research.
Metabolites in circulation might be affected by many different ways,
including the solid tumor treatment, hormone generation and so on.
In prostate cancer, phosphatidic acid may be uptake by solid tumor,
which contributes to the down regulation of the serum level.
Moreover, prostate cancer, especially in the early stage, is
androgen-dependent, suggesting that androgen level might also
affect the metabolic concentration. As is reported, androgens
influence both synthesis and uptake of fatty acids in prostate cells.
By activating SREBP1 which is one of the most important master of
lipidmetabolism, androgengets involved in the lipidmetabolismand
stimulate the transcription of enzymes required for lipidmetabolism
(17, 21). During the development, different oncogenes play various
roles in the regulation of lipid metabolism. P53, as one of the most
important oncogenes, is reported to orchestrate the regulation of
metabolism, especially glycolysis and lipogenesis (22). It is also
observed an increased glucose uptake in c-myc cMyc/Adrb2ecKO-
isolated endothelial cells, which might contribute to the lipogensis
FIGURE 2 | The ROC curve for PCa detection using PSA or MET methods.
A metabolic panel (MET) consists of dMePE (18:0/18:2), PC (16:0/20:2), PS
(15:0/18:2), SM(d16:0/24:1) and Carnitine C14:0).
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and lipid storgage (23). As a feedback, c-myc–mediated tumor
genesis can be remarkably attenuated by the inhibition of CPT1
(24),whichgives evidence to thatoncogenes canalsobe influencedby
the serum lipid metabolism. All of the above indicates that the tissue
and serum level of various metabolites can present the cancer stage
and development.
Frontiers in Oncology | www.frontiersin.org 6
Currently, the screening of early-stage PCa remains a
challenge. PSA is still the most widely used marker for PCa
screening. However, men with a PSA level between 4 and 10 ng/
ml have about 20% of having prostate cancer. With the PSA level
being from 10 to 20 ng/ml 32.7% of those are PCa patients (25,
26). Thus, this might lead to a large group of unnecessary
A B

DC

FIGURE 3 | The PCa detection in different PSA levels. (A) ROC curve for the patients with PSA level less than 20 ng/ml. (B) ROC curve for patients with PSA level
less than 10 ng/ml. (C) The accuracy of diagnosis using serum PSA or MET panel in different PSA levels. (D) The AUC of PCa diagnosis using PSA or MET panel in
different PSA levels.
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biopsies, for whom the PSA level over 4 ng/ml is recognized as
the criteria for prostate biopsy. In the present study, we presented
that the MET panel effectively discriminated patients with PCa
from the control patients with negative prostatic biopsies,
presenting a higher AUC than that of PSA (0.823 ± 0.046 vs.
0.712 ± 0.057, p=0.001). Remarkably, among the individuals with
PSA level less than 20 ng/ml, this metabolite panel shows the
AUC with 0.836 ± 0.050 which is significantly higher than the
AUC of PSA (0.656 ± 0.067). Therefore, our results indicated
that the MET panel could be served as a novel method for
PCa diagnosis.

Intriguingly, as is shown in Figure 5, all of the metabolites
included in the MET panel, are gathered in the phospholipid
metabolism pathway. Phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) are the most abundant
phospholipids in cell membranes, which has been implicated
in cancer metastasis, invasion and proliferation. Recently, the
Frontiers in Oncology | www.frontiersin.org 7
importance of phospholipid metabolism in regulating lipid,
lipoprotein and the energy metabolism has been illustrated in
in vivo and in vitro studies (19). The concentration of PC and PE
regulates the size and dynamics of lipid droplets, which may
affect energy production as well as the cellular signal. PC is the
central metabolite in this pathway and can be made in two ways:
CDP-choline pathway and PC biosynthetic pathway (PE is
converted to PC) (19, 27–29). In the synthesis pathway, PS,
PE, PC and SM are involved in the MET panel. The detailed
mechanism for the reason why serum phospholipid metabolism
related metabolites is still needed more research.

This study provides a new insight into the diagnosis of PCa.
However, there still are some limitations. Firstly, this study is not
a multicenter study. All the BPH and PCa individuals were
collected from Changhai Hospital and the samples from normal
males are enrolled from the Physical examination center. More
studies should be proceeded for further validation. Secondly,
A

B C

FIGURE 4 | The detection of MET panel in validation phase. (A) ROC curve for the comparation between BPH and PCa patients. (B) AUC of ROC between the
comparation of normal, BPH and PCa individuals. (C) ROC curve for the comparation between normal individuals and PCa patients.
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PSA data for normal group were not involved in this study.
Thirdly, the mechanism for the change of phosphatidic acid
should stilled be further studied. Fourthly, this panel could be
utilized in the diagnosis of PCa while there are no significant
changes between Gleason’s Score and this panel.
CONCLUSIONS

In conclusion, we identified and validated a novel serummetabolite
panel for the diagnosis of prostate cancer, which presents good
diagnostic performance for PCa detection. Meanwhile, it also
provides a new perspective for a better understanding of the
initiation and development of prostate cancer.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
Frontiers in Oncology | www.frontiersin.org 8
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Clinical Research Ethics Committee of Shanghai
Changhai Hospital of Second Military Medical University. The
patients/participants provided their written informed consent to
participate in this study.
AUTHOR CONTRIBUTIONS

FW led the study. HX and FW contributed to the conception of
the study. HX, JC, LZ, and GX performed the experiment. JJ, ZC,
XC, YX, and JYH contributed significantly to analysis and
manuscript preparation. HX and FW performed the data
analyses and wrote the manuscript. XW, ZW, and BY helped
perform the analysis with constructive discussions. JQH and XH
critically reviewed the manuscript. All authors contributed to the
article and approved the submitted version.
FUNDING

NationalNatural Science Foundation ofChina (NSFC) (81902616 to
FW), Science and Technology Support Project in the field of
biomedicine of Shanghai Science and Technology Action Plan
(19441909200, FW), Clinical Research Project of Shanghai
Municipal Commission of Health and Family Planning
(20184Y0130, FW), Precision Medicine Program of Second
Military Medical University (2017JZ35, FW), Youth Startup
Program of Second Military Medical University (2016QN12, FW),
and Jiangsu ProvincialMedical YouthTalent (QNRC2016739, XW).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
666320/full#supplementary-material

Supplementary Figure 1 | ROCcurves for themetabolites involved in theMETpanel.
REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2019. CA: Cancer J Clin
(2019) 69:7–34. doi: 10.3322/caac.21551

2. Trewartha D, Carter K. Advances in Prostate Cancer Treatment. Nat Rev
Drug Discovery (2013) 12:823–4. doi: 10.1038/nrd4068

3. Barry MJ. Clinical Practice. Prostate-Specific-Antigen Testing for Early
Diagnosis of Prostate Cancer. New Engl J Med (2001) 344:1373–7. doi:
10.1056/NEJM200105033441806

4. Nandagopal L, Sonpavde G. Circulating Biomarkers in Bladder Cancer.
Bladder Cancer (2016) 2:369–79. doi: 10.3233/BLC-160075

5. Wong CC, Qian Y, Yu J. Interplay Between Epigenetics and Metabolism in
Oncogenesis: Mechanisms and Therapeutic Approaches. Oncogene (2017)
36:3359–74. doi: 10.1038/onc.2016.485
6. Xu H, Fu S, Chen Y, Chen Q, Gu M, Liu C, et al. Oxytocin: Its Role in the
Benign Prostatic Hyperplasia (BPH) Via the ERK Pathway. Clin Sci (2017)
131(7):595–607. doi: 10.1042/CS20170030

7. Li J, Ren S, Piao HL, Wang F, Yin P, Xu C, et al. Integration of Lipidomics and
Transcriptomics Unravels Aberrant Lipid Metabolism and Defines
Cholesteryl Oleate as Potential Biomarker of Prostate Cancer. Sci Rep
(2016) 6:20984. doi: 10.1038/srep20984

8. Ren S, Shao Y, Zhao X, Hong CS, Wang F, Lu X, et al. Integration of
Metabolomics and Transcriptomics Reveals Major Metabolic Pathways and
Potential Biomarker Involved in Prostate Cancer. Mol Cell Proteomics MCP
(2016) 15:154–63. doi: 10.1074/mcp.M115.052381

9. Spinelli JB, Kelley LP, Haigis MC. An LC-MS Approach to Quantitative
Measurement of Ammonia Isotopologues. Sci Rep (2017) 7:10304. doi:
10.1038/s41598-017-09993-6
FIGURE 5 | Pathways involved in the MET panel. The metabolites involved in
the panel are mainly focused on the phosphorylation pathway. PC,
Phosphatidylcholine; PE, phosphatidylethanolamine; SM, sphingomyelin; PS,
phosphatidylserine; DAG, diacylglycerol.
May 2021 | Volume 11 | Article 666320

https://www.frontiersin.org/articles/10.3389/fonc.2021.666320/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.666320/full#supplementary-material
https://doi.org/10.3322/caac.21551
https://doi.org/10.1038/nrd4068
https://doi.org/10.1056/NEJM200105033441806
https://doi.org/10.3233/BLC-160075
https://doi.org/10.1038/onc.2016.485
https://doi.org/10.1042/CS20170030
https://doi.org/10.1038/srep20984
https://doi.org/10.1074/mcp.M115.052381
https://doi.org/10.1038/s41598-017-09993-6
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xu et al. Serum Metabolic Profiling in PCa
10. Gao WN, Yau LF, Liu L, Zeng X, Chen DC, Jiang M, et al. Microfluidic Chip-
LC/MS-Based Glycomic Analysis Revealed Distinct N-Glycan Profile of Rat
Serum. Sci Rep (2015) 5:12844. doi: 10.1038/srep12844

11. Li Q, Xie Y, Wong M, Barboza M, Lebrilla CB. Comprehensive Structural
Glycomic Characterization of the Glycocalyxes of Cells and Tissues. Nat
Protoc (2020) 131(7):595–607. doi: 10.1038/s41596-020-0350-4

12. Xuan Q, Zheng F, Yu D, Ouyang Y, Zhao X, Hu C, et al. Rapid Lipidomic
Profiling Based on Ultra-High Performance Liquid Chromatography-Mass
Spectrometry and Its Application in Diabetic Retinopathy. Analytical
bioanalytical Chem (2020) 412:3585–94. doi: 10.1007/s00216-020-02632-6

13. Butler LM, Centenera MM, Swinnen JV. Androgen Control of Lipid
Metabolism in Prostate Cancer: Novel Insights and Future Applications.
Endocrine-related Cancer (2016) 23:R219–27. doi: 10.1530/ERC-15-0556

14. Schlaepfer IR, Rider L, Rodrigues LU, Gijon MA, Pac CT, Romero L, et al.
Lipid Catabolism Via CPT1 as a Therapeutic Target for Prostate Cancer. Mol
Cancer Ther (2014) 13:2361–71. doi: 10.1158/1535-7163.MCT-14-0183

15. Reilly PT,MakTW.Molecular Pathways: TumorCells Co-Opt the Brain-Specific
MetabolismGeneCPT1C toPromote Survival.ClinCancer Res anOff J AmAssoc
Cancer Res (2012) 18:5850–5. doi: 10.1158/1078-0432.CCR-11-3281

16. Young CD, Anderson SM. Sugar and Fat—That’s Where It’s At: Metabolic
Changes in Tumors. Breast Cancer Res BCR (2008) 10:202. doi: 10.1186/
bcr1852

17. Chen M, Zhang J, Sampieri K, Clohessy JG, Mendez L, Gonzalez-Billalabeitia
E, et al. An Aberrant SREBP-Dependent Lipogenic Program Promotes
Metastatic Prostate Cancer. Nat Genet (2018) 50:206–18. doi: 10.1038/
s41588-017-0027-2

18. Mitsuzuka K, Arai Y. Metabolic Changes in Patients With Prostate Cancer
During Androgen Deprivation Therapy. Int J Urol Off J Japanese Urological
Assoc (2017) 25(1):45–53. doi: 10.1007/978-981-10-7013-6_17

19. van der Veen JN, Kennelly JP, Wan S, Vance JE, Vance DE, Jacobs RL. The
Critical Role of Phosphatidylcholine and Phosphatidylethanolamine
Metabolism in Health and Disease. Biochim Biophys Acta Biomembranes
(2017) 1859:1558–72. doi: 10.1016/j.bbamem.2017.04.006

20. Koundouros N, Poulogiannis G. Reprogramming of Fatty Acid Metabolism in
Cancer. Br J Cancer (2020) 122:4–22. doi: 10.1038/s41416-019-0650-z

21. Tennakoon JB, Shi Y, Han JJ, Tsouko E, White MA, Burns AR, et al.
Androgens Regulate Prostate Cancer Cell Growth Via an AMPK-PGC-
1alpha-Mediated Metabolic Switch. Oncogene (2014) 33:5251–61. doi:
10.1038/onc.2013.463
Frontiers in Oncology | www.frontiersin.org 9
22. Napoli M, Flores ER. The P53 Family Orchestrates the Regulation of
Metabolism: Physiological Regulation and Implications for Cancer Therapy.
Br J Cancer (2017) 116:149–55. doi: 10.1038/bjc.2016.384

23. Zahalka AH, Arnal-Estape A, Maryanovich M, Nakahara F, Cruz CD, Finley
LWS, et al. Adrenergic Nerves Activate an Angio-Metabolic Switch in Prostate
Cancer. Science (2017) 358:321–6. doi: 10.1126/science.aah5072

24. Pacilli A, Calienni M, Margarucci S, D’Apolito M, Petillo O, Rocchi L, et al.
Carnitine-Acyltransferase System Inhibition, Cancer Cell Death, and
Prevention of Myc-Induced Lymphomagenesis. J Natl Cancer Inst (2013)
105:489–98. doi: 10.1093/jnci/djt030

25. Pinsky PF, Andriole GL, Kramer BS, Hayes RB, Prorok PC, Gohagan JK, et al.
Prostate Biopsy Following a Positive Screen in the Prostate, Lung, Colorectal
and Ovarian Cancer Screening Trial. J Urol (2005) 173:746–50. doi: 10.1097/
01.ju.0000152697.25708.71

26. Hayes JH, Barry MJ. Screening for Prostate Cancer With the Prostate-Specific
Antigen Test: A Review of Current Evidence. Jama (2014) 311:1143–9. doi:
10.1001/jama.2014.2085

27. Brasky TM, Darke AK, Song X, Tangen CM, Goodman PJ, Thompson IM,
et al. Plasma Phospholipid Fatty Acids and Prostate Cancer Risk in the
SELECT Trial. J Natl Cancer Inst (2013) 105:1132–41. doi: 10.1093/jnci/djt174

28. Mapstone M, Cheema AK, Fiandaca MS, Zhong X, Mhyre TR, MacArthur
LH, et al. Plasma Phospholipids Identify Antecedent Memory Impairment in
Older Adults. Nat Med (2014) 20:415–8. doi: 10.1038/nm.3466

29. Brasky TM, Till C, White E, Neuhouser ML, Song X, Goodman P, et al. Serum
Phospholipid Fatty Acids and Prostate Cancer Risk: Results From the Prostate
Cancer Prevention Trial. Am J Epidemiol (2011) 173:1429–39. doi: 10.1093/
aje/kwr027

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Xu, Chen, He, Ji, Cao, Chen, Xu, He, Xu, Zhou, Wei, Hou, Wang,
Yang and Wang. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
May 2021 | Volume 11 | Article 666320

https://doi.org/10.1038/srep12844
https://doi.org/10.1038/s41596-020-0350-4
https://doi.org/10.1007/s00216-020-02632-6
https://doi.org/10.1530/ERC-15-0556
https://doi.org/10.1158/1535-7163.MCT-14-0183
https://doi.org/10.1158/1078-0432.CCR-11-3281
https://doi.org/10.1186/bcr1852
https://doi.org/10.1186/bcr1852
https://doi.org/10.1038/s41588-017-0027-2
https://doi.org/10.1038/s41588-017-0027-2
https://doi.org/10.1007/978-981-10-7013-6_17
https://doi.org/10.1016/j.bbamem.2017.04.006
https://doi.org/10.1038/s41416-019-0650-z
https://doi.org/10.1038/onc.2013.463
https://doi.org/10.1038/bjc.2016.384
https://doi.org/10.1126/science.aah5072
https://doi.org/10.1093/jnci/djt030
https://doi.org/10.1097/01.ju.0000152697.25708.71
https://doi.org/10.1097/01.ju.0000152697.25708.71
https://doi.org/10.1001/jama.2014.2085
https://doi.org/10.1093/jnci/djt174
https://doi.org/10.1038/nm.3466
https://doi.org/10.1093/aje/kwr027
https://doi.org/10.1093/aje/kwr027
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Serum Metabolic Profiling Identifies a Biomarker Panel for Improvement of Prostate Cancer Diagnosis
	Introduction
	Materials and Methods
	Sample Collection

	Three Platforms For The Analysis Of Serum Metabolites
	Reagent
	Sample Preparation
	Data Acquisition
	Data Preprocessing
	Statistical Analysis

	Results
	Study Design
	Individual Characteristics
	Establishing the Metabolic Panel for PCa
	Validating of the Metabolic Panel

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


