
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Fu Wang,
Xi’an Jiaotong University, China

REVIEWED BY

Long Chen,
Yunnan Cancer Hospital, China
Jiarui Ma,
The Chinese University of Hong Kong,
China

*CORRESPONDENCE

Hanwei Chen
docterwei@sina.com
Yuguang Li
lyg_py@126.com
Jianhao Li
18922238032@163.com

†These authors have contributed
equally to this work

SPECIALTY SECTION

This article was submitted to
Cancer Immunity
and Immunotherapy,
a section of the journal
Frontiers in Immunology

RECEIVED 20 July 2022
ACCEPTED 01 September 2022

PUBLISHED 04 January 2023

CITATION

He J, Han Z, Luo W, Shen J, Xie F,
Liao L, Zou G, Luo X, Guo Z, Li Y, Li J
and Chen H (2023) Serum organic
acid metabolites can be used as
potential biomarkers to identify
prostatitis, benign prostatic
hyperplasia, and prostate cancer.
Front. Immunol. 13:998447.
doi: 10.3389/fimmu.2022.998447

COPYRIGHT

© 2023 He, Han, Luo, Shen, Xie, Liao,
Zou, Luo, Guo, Li, Li and Chen. 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.

TYPE Original Research
PUBLISHED 04 January 2023

DOI 10.3389/fimmu.2022.998447
Serum organic acid metabolites
can be used as potential
biomarkers to identify
prostatitis, benign prostatic
hyperplasia, and prostate cancer
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Background: Noninvasive methods for the early identify diagnosis of

prostatitis, benign prostatic hyperplasia (BPH), and prostate cancer (PCa) are

current clinical challenges.

Methods: The serum metabolites of 20 healthy individuals and patients with

prostatit is, BPH, or PCa were identified using untargeted liquid

chromatography-mass spectrometry (LC-MS). In addition, targeted LC-MS

was used to verify the organic acid metabolites in the serum of a validation

cohort.

Results: Organic acid metabolites had good sensitivity and specificity in

differentiating prostatitis, BPH, and PCa. Three diagnostic models identified

patients with PROSTATITIS: phenyllactic acid (area under the curve [AUC]

=0.773), pyroglutamic acid (AUC=0.725), and pantothenic acid (AUC=0.721).

Three diagnostic models identified BPH: citric acid (AUC=0.859), malic acid

(AUC=0.820), and D-glucuronic acid (AUC=0.810). Four diagnostic models

identified PCa: 3-hydroxy-3-methylglutaric acid (AUC=0.804), citric acid

(AUC=0.918), malic acid (AUC=0.862), and phenyllactic acid (AUC=0.713).

Two diagnostic models distinguished BPH from PCa: phenyllactic acid

(AUC=0.769) and pyroglutamic acid (AUC=0.761). Three diagnostic models

distinguished benign BPH from PROSTATITIS: citric acid (AUC=0.842),

ethylmalonic acid (AUC=0.814), and hippuric acid (AUC=0.733). Six

diagnostic models distinguished BPH from prostatitis: citric acid

(AUC=0.926), pyroglutamic acid (AUC=0.864), phenyllactic acid

(AUC=0.850), ethylmalonic acid (AUC=0.843), 3-hydroxy-3-methylglutaric

acid (AUC=0.817), and hippuric acid (AUC=0.791). Three diagnostic models

distinguished PCa patients with PROSTATITISA < 4.0 ng/mL from those with

PSA > 4.0 ng/mL: 5-hydromethyl-2-furoic acid (AUC=0.749), ethylmalonic
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Abbreviations: PCa, prostate cancer; BPH, benign pro

liquid chromatography; MS, mass spectrometry; P

antigen; UHPLC, ultra high-performance liquid ch
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acid (AUC=0.750), and pyroglutamic acid (AUC=0.929). Conclusions: These

results suggest that serum organic acid metabolites can be used as biomarkers

to differentiate prostatitis, BPH, and PCa.
KEYWORDS

organic acid metabolites, LC-MS, prostatitis, benign prostatic hyperplasia,
prostate cancer
Introduction

Prostate diseases are common disease in adult men and

usually refers to benign prostatic hyperplasia (BPH), prostatitis,

and prostate cancer(PCa) (1). At present, the auxiliary

diagnostic examinations for prostatitis, prostatic hyperplasia,

and prostate cancer mainly include digital rectal examination,

ultrasound, X-ray examination, pathological tissue biopsy,

mechanical examination of urinary activity in the lower

urinary tract, routine prostatic fluid tests, computed

tomography examination, and magnetic resonance imaging

examination. Serum markers include prostate-specific antigen

(PSA). These tests and markers have certain deficiencies (2), and

there are currently no efficient and convenient method or serum

biomarkers with strong specificity and sensitivity. However, the

development of metabolomics in recent years has started to

bridge this gap and is now playing an important role in the

auxiliary diagnosis of diseases.

Metabolomics is a discipline that complements genomics,

proteomics and transcriptomics integrates systems mainly

through high-throughput detection and information

modeling and data processing (3). Metabolomics analytical

techniques can identify metabolites with molecular weights

lower than 1000 D, such as vitamins, lipids and sugars. The

pathophysiological state of the corresponding organism in a

certain period can be determined by changes in metabolic

levels, and the small-molecule metabolites in this state can be

used as biomarkers, providing effective help for the screening

and early diagnosis of diseases (4, 5). Metabolomics analytical

techniques mainly comprise nuclear magnetic resonance

combined with mass spectrometry (MS) and liquid

chromatography-mass spectrometry (LC-MS) technologies

(6). LC-MS has been widely used in the analysis of biological

fluid samples owing to its high resolution, high sensitivity, and

high selectivity (7).
static hyperplasia; LC,

SA, prostate-specific

romatography; AUC,

02
In the present study, we used untargeted and targeted

LC-MS techniques to study metabolites in the serum of

normal individuals and patients with prostatitis, BPH, or

PCa in the hope of identifying a new biomarker and

providing important clues for the early detection and

rapid diagnosis of the disease.
Methods and materials

Inclusion criteria

Prostatitis, prostatic hyperplasia (BPH),and prostate cancer

(PCa) were diagnosed according to European Association

of Urology guidelines (8). Participants were classified as

follows: (i) healthy individuals (control group), with normal

findings on digital rectal examination and prostate B-mode

ultrasound and excluding those with diseases of the urinary

system, all kinds of malignant tumors, and all kinds of chronic

diseases; (ii) prostatitis patients (prostatitis group), with typical

clinical symptoms of urination urgency, frequency, and pain,

with abnormal results on a routine examination of prostatic

fluid, and no abnormalities in liver and kidney function and no

drug treatment or surgical resection; (iii) BPH group, with digital

rectal examination and B-mode ultrasound of the prostate

showing increased prostate volume and the presence of poor

urination, frequent urination, increased nocturia, and

progressive dysuria; some patients may have a history of

urinary retention, but none have a history of other malignant

tumors; all patients underwent urethral resection of the prostate

and the postoperative pathological diagnosis confirmed BPH;

and (iv) prostate cancer group, with serum PSA, digital rectal

examination, prostate ultrasound, multiparametric magnetic

resonance scanning, and other examinations confirming the

diagnosis of prostate biopsy pathology; other systemic diseases

were excluded and there was no history of other malignant

tumors; finally, no patients were treated with radiotherapy,

chemotherapy, surgical castration, drug castration, or surgical

resection. All participants provided signed informed consent.

The study was approved by the Ethics Committee of Panyu

District Central Hospital in Guangzhou.
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Specimen collection

Preoperatively, 3 mL of fasting venous blood was taken from

all participants (digital rectal examination, massage, puncture,

and other exploratory procedures were forbidden 1 week before

blood collection), and the serum was collected and stored at −80°

C for analysis. Patient information and relevant laboratory test

indicators were collected retrospectively from patient records.
Metabolomics analysis

Based on ultra-high-performance liquid chromatography

mass spectrometry (UHPLC-MS) platform analysis, serum

extracts were obtained using methanol, and organic acids were

analyzed by UHPLC-triple quadruple mass spectrometry.

Substances identified by non-targeted liquid chromatography

mass spectrometry (LC-MS) metabolomics include, organic

acids, nucleotides, fatty acids, lipids, amino acids and other

substances. The original MS raw file was converted to mzXML

file format by the msConvert tool in ProteoWizard software

package (V3.0.8789). The RXCMS software package was used

for peak detection, peak filtering, and peak alignment, and a

quantitative list of substances was obtained. The substances were

identified using the HMDB (Human Metabolome Database),

Metlin, MassBank, Lipid Maps, mzCloud, and KEGG(Kyoto

Encyclopedia of Genes and Genomes) and a self-built database.

The lose signal correction method based on quality control

samples can conduct data correction and eliminate systematic

errors. We filtered out material with a relative standard

deviation>30% in quality control samples in data quality control.

Results

Characteristics of the study population

The characteristics of the participants in the discovery

cohort are summarized in Table 1. Total, free, and
Frontiers in Immunology 03
complexed PSA contents were all higher in the prostatitis

group, BPH group, and prostate cancer group than in the

normal control group. Although the mean age of the patients in

the control group was lower than that in the other groups, the

serummetabolic profile of the samples did not differ due to age,

as shown by unsupervised principle component analysis in

Supplemental Material, Figures 1-3. The characteristics of the

participants in the validation cohort are summarized in Table 2

and were generally very similar to those of the discovery

cohort. As shown in Supplemental Material, Figures 4-6, the

samples of the patient and healthy control groups in the

verification cohort could be separated and the same group

was clustered together, indicating good repeatability within

the group.
Analysis of serum metabolites found in
the discovery cohort

Non-targeted LC-MS technology was used to identify

prostatitis, and 20 metabolites with an AUC value of 1 were

obtained, including organic heterocyclic compounds, organic

oxygen compounds, lipids and lipid-like molecules, organic

ac ids and der iva t ives , and phenylpropanoids and

polypeptides (Supplemental Material, Table 1). There were

nine metabolites with an AUC value of 1, which were mainly

organic heterocyclic compounds, lipids and lipid-like

molecules, and organic nitrogen compounds (Supplemental

Material, Table 2). A total of 33 metabolites with an AUC

value of 1 were obtained for identifying prostate cancer,

including phenylpropanoids and polypeptides, lipids and

functional-like molecules, organic acids and derivatives,

o rgan ic oxygen compounds , o rgan ic he te rocyc l i c

compounds, and benzenoids (Supplemental Material,

Table 3). The results showed that metabolites of organic

acids in the peripheral blood of patients with prostatitis,

BPH, and prostate cancer had good sensitivity and

specificity for identifying the respective condition.
TABLE 1 Comparison of PSA levels found in the discovery cohort.

Control prostatitis BPH PC
n 20 20 20 20

Age (years) 32.45±5.8 60.65±7.5* 53.25±8* 67.05±7.8*

TPSA 0.90±0.1 4.03±0.6* 3.31±2.5* 66.83±0.7*

FPSA 0.26±0.1 0.45±0.3* 0.58±1.1* 8.15±0.4*

CPSA 0.65±0.2 3.59±0.4* 2.73±2.2 58.68±0.6*

CPSA/TPSA 0.72±0.1 0.75±0.8 0.77±0.9 0.76±0.7

FPSA/TPSA 0.28±0.1 0.25±0.6 0.22±0.4 0.24±0.6
fron
BPH, benign prostatic hyperplasia; CPSA, complexed prostate-specific antigen; FPCS, free prostate-specific antigen; PC, prostate cancer; PSA, prostate-specific antigen; TPSA, total
prostate-specific antigen.
*p<0.05, compared with the control group.
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Validation analysis of serum organic acid
metabolites in the validation cohort

Three diagnostic models were obtained for identifying

prostatitis, with sensitivities and specificities of 63.2% and

81.1% for phenyllactic acid, 78.9% and 56.8% for pyroglutamic

acid, and 65.8% and 70.3% for pantothenic acid, respectively.

The serum levels of phenyllactic acid, pyroglutamic acid, and

pantothenic acid were significantly higher in the prostatitis

group than in the normal control group (Figure 1A).

Three diagnostic models were obtained for the differential

diagnosis of BPH, with sensitivities and specificities of 81.6% and

73.1% for citric acid, 84.2% and 73.1% for malic acid, and 78.9%

and 71.2% for D-glucuronic acid, respectively. The serum

contents of citric acid, malic acid, and D-glucuronic acid were

significantly higher in the BPH group than in the normal control

group (Figure 1B).

Four diagnostic models were used to identify prostate

cancer, with sensitivities and specificities of 86.8% and 86.5%

for citric acid, 76.3% and 82.7% for malic acid, 84.2% and 71.2%

for 3-hydroxy-3-methylalutaric acid, 73.7% and 63.5% for lactic

acid, respectively. As the degree of malignancy increased, the

sensitivity and specificity of citric acid and malic acid also

increased, suggesting that these metabolites can be used as

good biomarkers for monitoring malignant prostatic

hyperplasia (Figure 1C).

To further distinguish benign and malignant prostatic

hyperplasia, two diagnostic models were obtained through ROC

curve analysis. The sensitivity and specificity of phenyllactic acid

were 86.5% and 63.5% while those of pyroglutamic acid were 84.6%

and 67.3%, respectively (Figure 2A).

Three diagnostic models were obtained to distinguish BPH

and prostatitis. The sensitivities and specificities were 78.4% and

76.9% for citric acid, 73.0% and 82.7% for ethylmalonic acid, and

64.9% and 63.5% for hippuric acid, respectively (Figure 2B).

Six diagnostic models were obtained for distinguishing

prostate cancer from prostatitis. The sensitivities and

specificities were 91.9% and 82.7% for citric acid, 83.8% and

75.0% for pyroglutamic acid, 91.9% and 73.1% for phenyllactic
Frontiers in Immunology 04
acid. 86.5% and 78.8% for ethylmalonic acid, 81.1% and 73.1%

for 3-hydroxy-3-methylglutaric acid, and 73.0% and 75.0% for

hippuric acid, respectively (Figure 3). Thus, serum organic acid

metabolites can be used as potential biomarkers to differentiate

prostatitis, BPH, and prostate cancer.
Analysis of organic acid metabolites in
the serum of PCa patients

PSA is a specific tumor marker for prostate cancer that is

mainly used for the auxiliary diagnosis of PCa. When the serum

total PSA is higher than 4.0 ng/mL, prostate cancer is highly

suspected. However, the serum PSA content of some prostate

cancer patients is less than 4.0 ng/mL, and the definitive

diagnosis of prostate cancer should be combined with clinical

imaging and pathological examinations (9, 10). To further

distinguish prostate cancer patients with PSA < 4.0 ng/mL

from those with PSA < 4.0 ng/mL, ROC curve analysis was

used to obtain three diagnostic models: the sensitivities and

specificities were 56.1% and 100% for 5-hydroxymethyl-2-furoic

acid, 63.4.0% and 100% for ethylmalonic acid, and 87.8% and

90% for pyroglutamic acid, respectively (Figure 4A). The serum

content of pyroglutamic was higher in patients with PSA < 4.0

ng/mL than in patients with PSA > 4.0 ng/mL. The serum

content of 5-hydroxymethyl-2-furoic acid was significantly

higher in patients with PSA > 4.0 ng/mL than in patients with

PSA < 4.0 ng/mL (Figure 4B). These results showed that 5-

hydroxymethyl-2-furoic acid, ethylmalonic acid, and

pyroglutamic acid could be used as biomarkers to differentiate

prostate cancer with PSA < 4.0 ng/mL from that with PSA > 4.0

ng/mL.
Discussion

Increasing evidence indicates that the onset and progression

of disease may influence the release of specific metabolites from

the humeral microenvironment (11, 12). Serum sarcosine has
TABLE 2 Comparison of PSA levels in the validation cohort.

Control Prostatitis BPH PC
n 38 37 52 52

Age (years) 38.82±9.29 52.05±12.35* 66.08±11.02* 77.81±8.49*

TPSA 0.74±0.37 1.7±2.49 11.32±39.31* 181.12±1212.22*

FPSA 0.25±0.11 0.34±0.14 1.44±2.56 215.31±1267.55*

CPSA 0.48±0.31 0.98±0.95 9.06±36.89* 32.9±153.69*

CPSA/TPSA 0.63±0.11 0.67±0.15 0.96±1.09 0.73±0.24

FPSA/TPSA 0.37±0.11 1.97±1.06 2.31±3.28 19.32±29.76*
BPH, benign prostatic hyperplasia; CPSA, complexed prostate-specific antigen; FPCS, free prostate-specific antigen; PC, prostate cancer; PSA, prostate-specific antigen; TPSA, total
prostate-specific antigen.
*p<0.05, compared with the control group.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.998447
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


He et al. 10.3389/fimmu.2022.998447
been identified as a biomarker of invasive prostate cancer. It

increases significantly during prostate cancer progression to

metastasis and can be detected in urine, and increased

sarcosine levels have been found in invasive prostate cancer

cell lines relative to benign prostate epithelial cells (13). N-

acetyl-3-methylhistidine has been implicated in the progression

of prostate cancer (14). Accurate identification of noninvasive

biomarkers remains a challenge. To date, few plasma/serum

metabolomics have been used to identify prostate diseases,

including prostatitis, BPH, and prostate cancer.

In our study, 26 types of serum organic metabolites were

identified based on targeted LC-MS technology. Three

diagnostic models were found to identify patients with

prostatitis: phenyllactic acid (AUC=0.773), pyroglutamic acid

(AUC=0.725), and pantothenic acid (AUC=0.721). Three

diagnostic models identified BPH: citric acid (AUC=0.859),

malic acid (AUC=0.820), and D-glucuronic acid (AUC=0.810).

Four diagnostic models identified prostate cancer: 3-hydroxy-3-

methylglutaric acid (AUC=0.804), citric acid (AUC=0.918),

malic acid (AUC=0.862), and phenyllactic acid (AUC=0.713).
Frontiers in Immunology 05
Two diagnostic models distinguished BPH from prostate cancer:

phenyllactic acid (AUC=0.769) and pyroglutamic acid

(AUC=0.761). Three diagnostic models distinguished BPH

from prostatitis: citric acid (AUC=0.842), ethylmalonic acid

(AUC=0.814), and hippuric acid (AUC=0.733). Six diagnostic

models were obtained for distinguishing prostate cancer from

prostatitis: citric acid (AUC=0.926), pyroglutamic acid

(AUC=0.864), phenyllactic acid (AUC=0.850), ethylmalonic

acid (AUC=0.843), 3-hydroxy-3-methylglutaric acid

(AUC=0.817), and hippuric acid (AUC=0.791). Three

diagnostic models distinguished prostate cancer patients with

PSA < 4.0 ng/mL from those with PSA < 4.0 ng/mL: 5-

hydroxymethyl-2-furoic acid (AUC=0.749), ethylmalonic acid

(AUC=0.750), and pyroglutamic acid (AUC=0.929). Therefore,

serum organic acid metabolites can be used as biomarkers to

differentiate prostatitis, BPH, and prostate cancer.

The serum marker PSA is a glycoprotein produced by

intracytoplasmic vesicles in prostate epithelial cells. When

prostate disease occurs, the tissue barrier between prostate

vesicles and the ductal lumen and the blood circulation system
B

C

A

FIGURE 1

(A) Comparison of the contents of organic acid metabolites in the serum of prostatitis and normal controls and ROC curve analysis. (a, b) The
contents of pantothenic acid, phenyllactic acid, and pyroglutamic acid in the serum of prostatitis patients and normal controls and ROC curve
analysis of lactic acid, used to identify prostatitis. (d) Diagnostic model for identifying prostatitis with serum organic acids. (B) Comparison of the
contents of organic acid metabolites in the serum of patients with BPH and normal controls and ROC curve analysis. (a–c) Content of citric
acid, D-glucuronic acid, and malic acid in the serum of patients with BPH and ROC curve analysis for differentiating BPH. (d) Diagnostic model
of serum organic acid metabolites for differentiating BPH. (C) Comparison of the contents of organic acid metabolites in the serum of prostate
cancer patients and normal controls and ROC curve analysis. (a–d) The contents of 3-hydroxy-3-methylglutaric acid, citric acid, malic acid, and
phenyllactic acid in the serum of prostate cancer patients and normal controls and ROC curve analysis of lactic acid, used to identify prostate
cancer. (e) Diagnostic model of serum organic acid metabolites for differentiating prostate cancer.
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is damaged to varying degrees, resulting in leakage of PSA protein

into the blood and an elevated PSA concentration (15). PSA levels

can be increased by prostate diseases such as prostatitis, prostatic

hyperplasia, and prostate ischemia and prostate stimulation such

as anal finger examination, prostate massage, cystoscopy, and

acute urinary retention. When prostate cancer occurs, the original

tissue barrier is severely damaged due to the abnormal infiltration

and growth of cancer tissue, resulting in massive leakage of PSA

into the blood. PSA is a sensitive marker for the diagnosis of

prostate cancer but does not have specificity (10). To further

distinguish prostate cancer patients with PSA > 4.0 ng/mL and

PSA < 4.0 ng/mL, our results confirmed that the serum content of

pyroglutamic was higher in patients with PSA < 4.0 ng/mL than in

patients with PSA > 4.0 ng/mL. The serum content of 5-

hydroxymethyl-2-furoic acid was significantly higher in the PSA

> 4.0 ng/mL group than in the PSA < 4.0 ng/mL group. Thus, 5-

hydroxymethyl-2-furoic acid, ethylmalonic acid, and

pyroglutamic acid can be used to distinguish prostate cancer

with PSA < 4.0 ng/mL and PSA > 4.0 ng/mL with high

sensitivity and specificity.
Frontiers in Immunology 06
The commonly used examination methods for clinical

prostatitis include digital rectal examination, routine

examination of prostatic fluid, and cumbersome diagnosis

methods (16). Anal examination, B-mode ultrasound,

diffusion-weighted magnetic resonance imaging, and

urodynamics are somewhat helpful for the diagnosis of

prostatic hyperplasia, but they lack specificity and sensitivity

(17). Clinical methods used for prostate cancer diagnosis, such

as transrectal ultrasound prostate examination and transrectal

prostate puncture biopsy, are often invasive and cause great

harm to the human body. PSA is not completely applicable to

the diagnosis of prostate diseases (18). The detection of serum

organic acid metabolites by LC/MC technology has potential

clinical application value in the identification of prostatitis,

prostatic hyperplasia, and prostate cancer, which can reduce

patients’ puncture pain and compensate for the deficiency of

PSA in the diagnosis of prostate diseases (Supplemental

Material, Figure 7).

In conclusion, serum metabolomics analysis is a promising

noninvasive method for the diagnosis of prostatitis, BPH, and
B

A

FIGURE 2

(A) Comparison of the contents of organic acid metabolites in the serum of patients with BPH and patients with prostate cancer and ROC curve
analysis. (a, b) Comparison of the contents of phenyllactic acid and pyroglutamic acid in the serum of patients with BPH and ROC curve
analysis. (c) Diagnostic model of the serum organic acid metabolites used to distinguish prostate cancer from BPH. (B). Comparison of the
contents of organic acid metabolites in the serum of patients with BPH and patients with prostatitis and ROC curve analysis. (a–c) Comparison
of the contents of citric acid, ethylmalonic acid, and hippuric acid in the serum of patients with BPH and patients with prostatitis and ROC curve
analysis. (d) Diagnostic model of serum organic acid metabolites to distinguish BPH from prostatitis.
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B
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E F

G
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FIGURE 3

Comparison of organic acid metabolites in the serum of patients with prostate cancer and patients with prostatitis and ROC curve analysis. (A–
F) Comparison of citric acid, pyroglutamic acid, phenyllactic acid, ethylmalonic acid, 3-hydroxy-3-methylglutaric acid, and hippuric acid content
in the serum of patients with prostate cancer and patients with prostatitis and ROC curve analysis. (G) Diagnostic models of serum organic acid
metabolites used to distinguish prostate cancer from prostatitis.
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PCa and can distinguish patients with prostatitis from those with

BPH and PCa. Larger validation studies in patients with different

conditions and ethnicities will be needed to further determine

the clinical diagnostic value of these biomarkers.
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FIGURE 4

Comparison of the contents of organic acid metabolites in the serum of different prostate cancer groups and ROC curve analysis. (A) ROC
curve analysis of 5-hydroxymethyl-2-furoic acid, ethylmalonic acid, and pyroglutamic acid for distinguishing prostate cancer patients with PSA <
4.0 ng/mL and PSA > 4.0 ng/mL. (B) Comparison of 5-hydroxymethyl-2-furoic acid, ethylmalonic acid, and pyroglutamic acid in the serum of
prostate cancer patients with PSA < 4.0 ng/mL and PSA > 4.0 ng/mL.
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