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Abstract: Background: Prior studies showed that aromatic amino acids (AAAs) could be used as potential gastric
juice biomarkers in screening gastric cancer (GC). To identify new biomarkers for early diagnosis of GC, the charac-
teristics of gastric juice free amino acid (GJFAA) profiling was determined. Method: First, gastric juice was collected
from 130 consecutive patients who underwent gastroscopy. They were divided into GC group (n = 47) and non-
neoplastic gastric disease (NGD) group (n = 83) according to the pathological diagnosis. The concentrations of 34
GJFAAs were examined by amino acid analyzer. Multivariate and univariate analyses were used for comparing the
alterations of GJFAA profiles between the two groups. Then candidate differential GJFAAs were verified by LC-MS/
MS in another set of patients, which included 32 GC patients and 38 NGD patients. The diagnostic performance of
GJFAAs was evaluated by ROC curve. Results: Significant alterations in GJFAA profiles were observed in GC patients
compared to NGD patients in the training set. A total of 14 amino acids were screened as differential GJFAAs. Leu-
cine, threonine and serine were the most frequently altered. Combined AUC of the three non-AAAs [0.869 (95% Cl,
0.805-0.934)] was superior to the combined three AAAs [0.841 (95% Cl, 0.773-0.908)]. In addition, a combined
AUC comprisingthe six ones was further improved to 0.871 (95% Cl, 0.809-0.933) in the diagnosis of GC. A similar
variation trend and diagnostic value were observed in the validation set. Conclusion: This study indicates the poten-
tial of GJFAA profiling as a promising approach for the early detection and screening of GC.

Keywords: Gastric cancer, amino acid profiling, gastric juice free amino acid (GJFAA), aromatic amino acid (AAA),
metabolic biomarker

Introduction

Gastric cancer (GC) is the fifth most common
cancer and third leading cause of cancer-relat-
ed deaths worldwide [1]. The initial phase of GC
remains relatively asymptomatic as most pa-
tients have already been in the progressive
state at the time of diagnosis, and have lost the
chance of receiving radical surgery. Therefore,
early diagnosis plays a vital role in the improve-
ment of curative rate of GC. Nowadays, clinical
diagnosis still relies on endoscopy and his-
tology, whereas GC can be easily missed during
conventional endoscopy, especially early gas-
tric cancer (EGC) due to a minor lesion, endos-
copy-related inadequate biopsy sampling or in-

correct interpretation [2]. Thus, population-bas-
ed screening by reliable biomarkers is desper-
ately required. However, the poor sensitivity
and specificity of conventional tumor markers,
like carcinoembryonic antigen (CEA) and carbo-
hydrate antigen 19-9 (CA19-9) make it difficult
to diagnose GC, while screened EGC alone [3].
Accordingly, more effective biomarkers are
urgently needed.

Recently, utility of metabolism-based technolo-
gies opened a new window to discover potential
biomarkers for metabolic disorders especially
malignant diseases, given that pathological
alterations in cell functions are frequently ac-
companied by metabolic reprogramming [4].
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Figure 1. Flow diagram of the study. GC, gastric cancer; NGD, non-neoplastic gastric diseases; GJFAAs, gastric juice
free amino acids; AAAs, aromatic amino acids; non-AAAs, non-aromatic amino acids; ROC, receiver operating char-
acteristic curve; PCA, principal component analysis; OPLS-DA, orthogonal projections to latent structures discrimi-
nant analysis; LC-MS/MS, liquid chromatography-tandem mass spectrometry.

Nevertheless, some practical limitations still
remain. These include the necessity to mea-
sure a huge number of metabolites, data-re-
dundancy problems, including the false-discov-
ery rate and overfitting, and cost constraints.
One approach to overcoming these problems is
“focused metabolomics”, which limits the
objects of the analysis to those that play roles
in general metabolism and share physical simi-
larities [5]. Amino acids are among the most
suitable candidates as they are either ingested
or synthesized endogenously and play essen-
tial physiological roles both as basic metabo-
lites and metabolic regulators [6, 7]. To mea-
sure amino acids, e.g., plasma free amino acids
(PFAAs), which abundantly circulate as a medi-
um linking all organ systems, which are investi-
gated in numerous studies have noted that
increased levels of PFAAs in several cancer
entities (such as lung, breast, cervix, kidney
and digestive organs) compared to normal
counterparts [8-15]. However, some investiga-
tions have highlighted that a fair number of
PFAAs reflecting metabolic disruptions com-
mon to many cancers, rather than attacking
unique metabolic features in any particular one
[16, 17]. Gastric juice has direct contact with
the gastric epithelium, and it contains meta-
bolic information of gastric epithelial cells.
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Thus, gastric juice free amino acids (GJFAAs)
may be more specific than PFAAs for the diag-
nosis of GC. But there are very few studies that
cover the application of GJFAAs to GC.

Our previous studies have established several
endogenous fluorescence spectra of gastric
juice for diagnosing and screening of GC [18,
19]. Three fluorescent substances (aromatic
amino acids, AAAs) in gastric juice were isolat-
ed and qualitatively identified using liquid chro-
matography-tandem mass spectrometry (LC-
MS/MS) and (1)H-nuclear magnetic resonance
((1)H-NMR) [20]. AAAs in gastric juice can be
applied to distinguish advanced gastric cancer
and EGC from non-neoplastic gastric disease
(NGD) through quantitative measurement us-
ing high-performance liquid chromatography
(HPLC) [21]. Lately, we have built and tested a
prediction model based on the male-to-female
ratio, pH values, and AAA concentrations in
gastric juice for diagnosing GC [22]. Interest-
ingly, the results revealed that the level of multi-
index (gastric juice index, GJI) begins to rise at
the early stage of gastric carcinogenesis. It sug-
gested that GJI has great potential for improv-
ing the early detection of GC. However, this
work has focused on three AAAs that can pro-
duce autofluorescence, and the characteristic
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Table 1. Patients’ disease constitution

ative pathology; (2) > 18 years of age;

GC NGD

Set Patients

AGC EGC GD CAG/IM CSG

(3) who had not received any chemora-

P value diation therapy.

Training 130 26 21 42 24 17
Validation 70 21 11 13 12 13
Total 200 47 32 55 36 30

0.197 Exclusion criteria

Patients (1) whose gastric juice was

All data are shown as count. GC, gastric cancer; NGD, non-neoplastic
gastric diseases; AGC, advanced gastric cancer; EGC, early gastric
cancer; GD, gastric dysplasia; CAG/IM, chronic atrophic gastritis and/or
intestinal metastasis; CSG, chronic superficial gastritis. No statistically
significant difference of disease constitution was found between the

training and validation sets using Pearson’s Chi-square test.

signature for the GJFAA profiling has remained
poorly understood yet. Hence, this study out-
lined the metabolic patterns of GJFAA pro-
files in GC and NGD patients. Then, three most
discrepancy GJFAAs were screened out and
their diagnostic efficiencies were compared to
and combined with three AAAs in gastric juice
we focused on before. Finally, the analysis of
differential GJFAA metabolic pathways was
performed.

Patients and methods
Study design and ethical considerations

This study protocol was approved by the Pek-
ing University Third Hospital Medical Ethics
Committee (IRBOO006761-2016058). Inform-
ed consent was obtained from each patient,
and the entire clinical investigation was con-
ducted according to the Declaration of Helsinki.
Gastric juice samples were collected from con-
secutive patients who underwent gastroscopy
at our institution from December 2015 to April
2017. Altogether 200 patients were included in
our study. Based on the sequence of the
patients enrolled in the study, the first 130
cases were taken as the training set to com-
pare the differences of GJFAA profiles between
the GC and NGD groups and the latter 70 as the
validation set to verify the diagnostic perfor-
mance of the candidate biomarkers screened
from the GJFAA profiles. The demographic and
clinicopathological data were taken. The flow
diagram of this study was presented in Figure
1.

Inclusion criteria
Patients (1) suspected with various benign and

malignant gastric diseases as diagnosed and
confirmed by mucosal biopsy and/or postoper-
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contaminated by blood, bile, or gross
food residue; diluted in the process of
gastroscopy, where < 2 mL was insuf-
ficient to conduct the experiment; (2)
with recurrent, metastatic, neuroendo-
crine carcinoma, or lymphoma in the
stomach; (3) with gastrointestinal sub-
mucosal tumor or gastric polyp; (4) with lesions
that predominantly localized in the esophagus
or duodenum; (5) with organic diseases or con-
current neoplasms diagnosed by clinical exami-
nation; (6) who are pregnant or lactating.

Diagnostic criteria

All patients were histologically confirmed by
mucosal biopsy and/or postoperative patholo-
gy. Biopsies were obtained from the antrum,
corpus and other suspicious sites (= 2).
Abnormal lesions were sampled for histopatho-
logical examination. Diagnosis of each subject
depended on the most severe lesion. In case of
any discrepancy in pathological diagnosis
between biopsy and postoperative specimens,
the diagnostic results were mainly based on the
latter one. GC was confirmed and classified
according to the American Joint Committee on
Cancer guidelines in 2010 [23]. The diagnosis
of gastric dysplasia and chronic gastritis were
according to the Padova International Clas-
sification [24] and the updated Sydney system
[25], respectively.

Sample collection, preservation, and prepara-
tion

Gastric juice (5-10 mL) was collected from
the patients who underwent gastroscopy after
overnight fasting. The samples were centri-
fuged at 3000 rpm, 4°C for 10 min. The super-
natant was then preserved in 2 mL aliquots at
-80°C for subsequent analysis.

GJFAA profiling analysis

The concentrations of 34 amino acids and
biogenic amines in gastric juice were targeted
measured by Sykam automatic amino acid ana-
lyzer S 433-D (Sykam GmbH, Eresing, Germany).

Int J Clin Exp Pathol 2018;11(5):2323-2336
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Table 2. Patients’ baseline characteristics
Training set (n = 130) Validation set (n = 70)

Variable P value P value
GC (n =47) NGD (n = 83) GC (n=32) NGD (n = 38)

Age (years) 59.7+12.9 63.2+11.8 0.451# 69.6 + 115 60.6 £ 15.0 0.0072**

Gender (M/F) 32/15 35/48 0.005** 24/8 16/22 0.006**

H. pylori positive 14 13 0.056 7 (4 missed) 5 0.218

Data on age are shown as mean + standard deviation, other categorical data are shown as count. GC, gastric cancer; NGD,
non-neoplastic gastric diseases; M/F, male/female. * *Statistically significant difference (P < 0.01) using independent t-test (a)
or Pearson’s Chi-square test (others).
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Figure 2. Score scatter plot of PCA model for group GC vs. NGD (A); Score scatter plot of OPLS-DA model for group
GC vs. NGD (B); Permutation test of OPLS-DA model for group GC vs. NGD (C); Volcano plot for group GC vs. NGD
(D); ROC curves for the detection of GC (E) and EGC (F) combined with 14 kinds of differential GJFAAs in the training
set. GC, gastric cancer; EGC, early gastric cancer; NGD, non-neoplastic gastric diseases; ROC, receiver operating
characteristic curve.

It is equipped with refrigerated reagent orga- delivery system S 2100, amino acid reaction
nizer S 7130, autosampler S 5200, solvent module S 4300, and Clarity Amino data analy-
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Table 3. Differential GJFAAs between the GC
and NGD patients in the training set

Median Median
GJFAA ac NGD Pvalue VIP FC

PSer 0.028 0.037 0.002 1.054 0.768
PEtN  0.007 0.018 <0.001 1.028 0.606
Urea 0.178 0.604 <0.001 1.058 0.486
Thr 0.022 0.007 <0.001 1.489 2431
Ser 0.016 0.005 <0.001 1.420 2.671
Ala 0.033 0.016 <0.001 1.238 1.973
Val 0.025 0.013 <0.001 1.025 1.763
Met 0.017 0.007 <0.001 1.178 2.148
lle 0.026 0.007 <0.001 1.343 2.674
Leu 0.075 0.020 <0.001 1.626 2.697
Tyr 0.066 0.026 <0.001 1.580 1.926
Phe 0.069 0.032 <0.001 1.415 1.754
Lys 0.044 0.015 <0.001 1.091 2.321
Arg 0.036 0.008 <0.001 1.332 2.722

P value, Statistically significant difference using Mann-
Whitney U test; VIP, variable importance in the projection;
FC, fold change; GC, gastric cancer; NGD, non-neoplastic
gastric diseases; GJFAA, gastric juice free amino acid.

sis software. Additionally, amino acid standard
solution, ninhydrine, washing and regenerate
solutions were all provided by the manufactur-
er. The composition of amino acid standard
solution was shown in Table S1, and concentra-
tions of them were 1.0 ymol/mL, except for
urea which was 10 uymol/mL.

Gastric juice samples were thawed in a 4°C
water bath. The cryopreserved gastric juice of
0.5 ml was added and mixed with 8% sulfosali-
cylic acid of 1.0 ml, and then centrifuged at 4°C
at 12000 rpm for 15 min to precipitate pro-
teins. The supernatant of 0.2 ml was trans-
ferred to 10 mL glass tube, evaporated to dry-
ness. The sample was dissolved in 2 mL diluent
solution, 100 uL was drawn and filtered by 0.22
pum filter unit (Millipore Corp. Carrigtwohill, Co.
Cork, Ireland), which was then transferred to
the ampere bottle for detection.

Volumes of 50 pL of each sample were injected
into the HPLC system for analysis. Each stan-
dard was individually run on the gradient noted
in the LC parameters program (reaction tem-
perature 130°C, gradient elution analysis). A
LCA KO7/Li column (4.6 x 150 mm, 7 um) was
used for the separation. The flow rate for ninhy-
drine solution was 0.25 mL/min, and the flow
rate for mobile phase was 0.45 mL/min. The
run time for one sample was 110 min, and the
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equilibration time for the column oven was 30
min. Further details like the gradient program
steps were shown in Table S2. Integrated dual-
channel photometer at 440 nm and 570 nm
wavelengths for GJFAA detection was used. The
chromatograms thus obtained were compared
with the standards to record the areas of the
peaks and used for calibration.

LC-MS/MS analysis

Chemicals and reagents: Leucine, threonine,
serine, tyrosine, phenylalanine, tryptophan (pu-
rity 99.9%) and their isotope-labeled internal
standards (IS) (purity 98.0%) were supplied by
Beijing MS Medical Research Co.,Ltd. HPLC-
grade formic acid was obtained from Dikma
(Lake Forest, USA), methanol and acetonitrile
(HPLC grade) were obtained from Fisher Scien-
tific (Fair Lawn, NJ, USA). Water purified by Mil-
li-Q system (Millipore, Bedford, MA, USA) was
used for the analysis.

The chromatography system consisted of a
Dionex Ultimate -3000 Reagent-Free™ lon Ch-
romatograph (Dionex Corporation, Sunnyvale,
CA, USA) with an AS auto sampler. The chro-
matographic system was coupled with an API
3200 Q TRAP instrument (AB SCIEX, USA) oper-
ated in a multiple reaction monitoring mode
(MRM). Data were acquired and processed
using Analyst v1.5.2 software (Applied Bio-
systems).

Sample treatment

The gastric juice specimens were thawed at
room temperature. Before the chromatographic
analysis, 50 pyL samples were deproteinized by
adding 50 pL methanol (contains norvaline),
instantaneous centrifugation at 2000 rpm for
10 s was done, followed by centrifugation at
13200 rpm, 4°C for 4 min. 10 L of the super-
natant was further diluted with 50 uL of buffer
solution (contains isotope-labeled IS), and then
was instantaneously centrifuged at 2000 rpm
for 10 s. Added 20 uL derivatization liquid,
instantaneous centrifugation at 2000 rpm for
10 s, followed by derivatization at 55°C for 15
min was done. The sample should be cooled in
the refrigerator and then 5 pL was injected into
the LC-MS/MS system.

Chromatographic conditions

A Phenomenex synergi MSLab45AA-C18 col-
umn (5 ym, 4.6 mm’ 150 mm) was used for

Int J Clin Exp Pathol 2018;11(5):2323-2336
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Table 4. Discriminating performance of each GJFAA for the GC

and EGC patients in the training set

25.0 umol/L, 50.0 umol/L, 100.0
pmol/L, and 200.0 umol/L for buil-

ding the calibration curves and

GC EGC

GJFAA AUC (SE) 95% Ol AUC (SE) 95% Ol were preserved at -20°C. Six-point

PSer  0.666 (0.054) 0.561-0.771 0.649 (0.076) 0.500-0.798 Cf‘;'t'i;t'(\’Nr;tﬁ“;‘]’gs Z:Lea“rsezdrzgg

PEtN  0.718 (0.052) 0.615-0.820 0.731(0.076) 0.582-0.879 pio . pear .
using a weighted (1/x?) quadratic

Uea  0.804 (0.039) 0.729-0.880 0.788 (0.051) 0.688-0.889 it

Thr  0.835(0.037) 0.764-0.907 0.833(0.052) 0.731-0.935

Ser  0.831(0.037) 0.759-0.903 0.821(0.051) 0.722-0.920 Calibration curves, linearity, and

Ala  0.783(0.042) 0.702-0.865 0.766 (0.057) 0.654-0.877 retention time of the quantifica-

Val 0.717 (0.049) 0.621-0.814 0.695 (0.071) 0.556-0.833 tion system

Met  0.797 (0.041) 0.7180.877 0.745(0.067) 0.613-0.877 o N

lle 0.812 (0.039) 0.736:0.887 0.827 (0.052) 0.724-0.929  'N€ Hca"bl'_rat'or? Cf“”’ehs exhibited

leu  0.868(0.033) 0.803-0.933 0.857 (0.044) 0.771-0.942 excellent linearity for the six amino
acids standards, with low interfer-

Tyr  0.833(0.035) 0.765-0.902 0.853 (0.043) 0.769-0.936 .

0.802 (0.041) 0.720-0.883 0.793 (0.059) 0.677-0.910 ence and high sensitivity. The

Phe -802(0.041) 0.720-0. -193 (0.059) 0.677-0. retention time, linear range of con-

lys  0.804(0.040) 0.725-0.883 0.804 (0.055) 0.697-0.912 centration and linear fitting coeffi-

Arg  0.772(0.044) 0.686-0.859 0.787 (0.066) 0.657-0.917

cients of them were concluded in

AUC, area under the ROC curve; SE, the standard error of AUC; 95% Cl, 95%
confidence interval; GC, gastric cancer; EGC, early gastric cancer; GJFAA,

gastric juice free amino acid.

separation of the samples. The column oven
was maintained at 50°C. LC separation was
performed using a mobile phase consisting of
0.1% formic acid in water (mobile phase A) and
0.1% formic acid in acetonitrile (mobile phase
B). The gradient employed was as follows: 0-1
min maintained at 90% A, 1-12 min linear
decrease from 90-30% A, 12-12.1 min de-
crease from 30%-0 A, and hold at 0% for 2.9
min, 15-15.1 min increase from 0-90% A, and
hold at 90% A for 4.9 min. The flow rate was 1.0
mL/min, and the run time for one sample was
20.0 min.

The LC-MS/MS data acquisition for the above
six amino acids was conducted in a positive
ionization mode. The ion source parameters
included were collision gas (CAD medium), cur-
tain gas (CUR 20), ion source gas 1 (GS1 55),
ion source gas 2 (GS2 60), and temperature
(TEM 500°C). The product ions were monitored
in a single reaction monitoring mode. Detection
of other parameters were summarized in Table
S3.

GJFAA quantification

Standard solutions that contained equivalent
concentrations of the six amino acids were
prepared by diluting the stock solution using
deionized water at 2.5 ymol/L, 12.5 pymol/L,
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Table S4. If some of them fell
beyond the measurement range,
the samples were re-diluted before
injection. In extremely low concen-
tration conditions that was undetectable, the
value was replaced by zero.

Helicobacter pylori infection detection

H. pylori infection was determined by Warthin-
Starry (WS) staining in all specimens using the
H. pylori detection kit (Beijing ShiJi HelLi
Biotechnology Co., Ltd, Beijing, China) accord-
ing to the manufacturer’s instructions. The
background tissue was stained to yellow and
the nucleus was dyed to brown. If there is
H.pylori infection, the bacteria would be stained
to black.

Statistical analysis

Firstly, multivariate analysis of pattern recogni-
tion was performed by using SIMCA 14.1 soft-
ware package (MKS Data Analytics Solutions,
Umea, Sweden), including principal component
analysis (PCA) and orthogonal partial least
squares discriminant analysis (OPLS-DA). After-
wards, a seven-fold cross-validation was per-
formed to further validate the method, and
the goodness of fit parameter (R?) and the
goodness of prediction parameter (Q?) values
were used to estimate the robustness and the
predictive ability of the models. Secondly, uni-
variate analysis was performed by using SPSS
20.0 software (SPSS Inc., Chicago, IL, USA).
The concentrations of GJFAAs were express-

Int J Clin Exp Pathol 2018;11(5):2323-2336
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ed as median (interquartile range, IQR), and
Mann-Whitney U test was used to assess
the differences between the GC and NGD
groups. P-values < 0.05 were considered as
statistically significant. Furthermore, the crite-
ria for selecting differential GJFAAs were a
variable importance in the projection (VIP)
value > 1, and a P-value of Mann-Whitney U
test < 0.05 between the two groups [26].
Subsequently, the differential GJFAAs were
cross-referenced to the pathways by further
searching with a commercial database, KE-GG
(http://www.kegg.jp/kegg/pathway.html) and
a free and web-based tool, MetaboAnalyst
(http://www.metaboanalyst.ca/MetaboAnaly-
st/) [27, 28].

Results

No significant difference was found in the dis-
ease constitution between the training and vali-
dation sets (Table 1). The baseline characteris-
tics of the study population are described in
Table 2. No significant difference was observ-
ed in H. pylori infection rate, but a significant
difference in male/female ratio existed be-
tween the GC and NGD groups both in the train-
ing set (P = 0.005) and validation set (P =
0.006). However, no significant difference was
observed in age between the GC and NGD
groups in the training set, but a significant
difference existed in the validation set (P =
0.007).

Different GJFAA profiles between the GC and
NGD groups in the training set

First, significant alterations in GJFAA profiles
were observed in GC patients when compar-
ed to NGD patients in the training set (Figure
S1). Next, 26 out of 34 GJFAAs were extracted
for subsequent analysis. The other 8 GJFAAs
(alpha amino acid, citrulline, alpha amino-
butyric acid, cystine, 3-methyl histidine, 1-
methyl histidine and carnosine and hydroxy-
proline) were excluded as their median concen-
trations were 0. The data scale conversion
mode used in both GC and NGD samples were
log transformation processing and Ctr-for-
matted (Mean-Centered Scaling) processing.
In addition, the missing values of raw data
were filled up by half of the minimum values.
Thereafter, the normalized data were import-
ed into the SIMCA software for multivariate
analysis.
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Identification of GJFAA characteristic metabolic
perturbation of GC patients in the training set

Initially, PCA was performed using two principal
components: R?X = 0.517 and Q? = 0.339. The
score plot (Figure 2A) demonstrated that each
sample can be clearly divided, and no abnor-
mal sample should be rejected. Certain sam-
ples that could not be clearly distinguished
were further examined through subsequent dis-
criminating analyses. Subsequently, a loading
plot (Figure 2B) was constructed based on
OPLS-DA model using one predictive and one
orthogonal component (R2X = 0.455, R%Y =
0.421 and Q?Y = 0.279). Using this model, the
clearest separation point was produced be-
tween the GC and NGD groups. These values
illustrated that huge variation in the statistic-
al data was attributable to the separation
between the two groups. Then a seven-fold
cross-validation permutation test was applied
(Figure 2C), where the R? and Q2 intercept val-
ues were -0.25 and -0.57, respectively. These
results excluded the random effects in the con-
structed model.

Screening out potential gastric juice biomark-
ers in the training set

In total, 14 amino acids were screened as dif-
ferential GJFAAs (Table 3). Among them, con-
centrations of 11 GJFAAs’ were increased sig-
nificantly, which included threonine, serine, al-
anine, valine, methionine, isoleucine, leucine,
tyrosine, phenylalanine, lysine and arginine,
respectively. The other three GJFAAs’ concen-
trations were decreased significantly, which
included phosphoserine, ethanolamine phos-
phate and urea, respectively. For quick visual
identification of the varied GJFAAs, we dis-
played the statistical results in the form of a
volcano plot as depicted in Figure 2D.

Diagnostic value analysis of 14 differential
GJFAAs in the training set

The area under the curve (AUC) of these differ-
ential GJFAAs ranged from 0.666 to 0.868 for
the diagnosis of GC individually (Table 4). We
created logistic regression model by binary
logistic regression analysis in the training set.
Zero (NGD group) or one (GC group) serves as
dichotomous variable, and fourteen differential
metabolites as the covariates. The predicted
equation was as follows: P = 28.869 * X, -

Int J Clin Exp Pathol 2018;11(5):2323-2336
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Figure 3. ROC curves for the detection of GC (A-C) and box plots of the levels of the six GJFAAs from the GC and NGD
groups (D-l) in the training set. GC, gastric cancer; NGD, non-neoplastic gastric diseases; ROC, receiver operating

characteristic curve.

25.640 * X, + 12.840 * X, + 135.106 * X, -
44.802 * X, + 83.488 * X, - 124.793 * X, -
1.921 * X, + 37750 * X, + 70.130 * X, +
18.240 * X, + 46.077 * X, + 66.500 * X, -
54.718 * X , + 15.324 (Table S5). P referred
to the value of predicted probability of each
sample based on the levels of 14 candidate
metabolites. We used the values of predicted
probability as new variables and produced a
combined ROC curve with a cutoff value of
30.011. The corresponding sensitivity was
0.851, specificity was 0.892 and accuracy was
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0.877. The combined AUC was 0.902 (95% ClI,
0.846-0.959) for the diagnosis of GC (Figure
2E). Importantly, their AUCs ranged from 0.649
to 0.857 (Table 4), and their combined AUCs
reached up to 0.880 (95% Cl, 0.792-0.969) for
the diagnosis of EGC (Figure 2F). Particularly,
leucine, threonine, and serine were the GJFAAs
with the most variance between the two gro-
ups, whose fold change was more than 2 and
AUC value was greater than 0.8. Moreover,
combined AUC of the three non-AAAs [0.869
(95% ClI, 0.805-0.934)] for diagnosing GC was

Int J Clin Exp Pathol 2018;11(5):2323-2336
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Table 5. Discriminating performance of individual and combined detection
of the six GJFAAs for GC and EGC in the validation set

S7 and S8. Among th-
ese pathways, both
aminoacyl-tRNA bio-

GC EGC
GJFAA . . ]
AUC (SE) 95% Cl AUC (SE) 95% Cl synthesis and biosyn
ouo - il 292 1 p— thesis of amino acids
eucine 0.872(0.041) 0.792-0.951 0.895 (0.060) 0.778-1.000 pathways included la-
Threonine 0.901 (0.036) 0.831-0.972 0.897 (0.063) 0.774-1.000 rgest number of sig-
Serine 0.871(0.043) 0.786-0.955 0.866 (0.082) 0.706-1.000 nificantly varied GJF-
Tyrosine 0.838 (0.047) 0.745-0.931 0.866 (0.072) 0.726-1.000 AAs, including all dif-
Phenylalanine 0.830 (0.049) 0.733-0.926 0.842 (0.077) 0.691-0.993 ferential GJFAAs exc-
Tryptophan 0.852 (0.045) 0.764-0.941 0.867 (0.073) 0.724-1.000 ept for _phosphor-eth-
Combined 3 non-AAAs 0.900 (0.035) 0.831-0.969 0.900 (0.056) 0.789-1.000 anolamine and urea.
Combined 3AAAs  0.851 (0.046) 0.761-0.941 0.866 (0.076) 0.718-1.000 To identify the pa-
i thway that is most
Combined all 0.914 (0.032) 0.850-0.977 0.909 (0.050) 0.812-1.000

relevant to GC devel-

AUC, area under the ROC curve; SE, the standard error of AUC; AAAs, aromatic amino acids;
non-AAAs, non-aromatic amino acids; GJFAA, gastric juice free amino acid; GC, gastric cancer;

EGC, early gastric cancer.

slightly higher than the combined three AAAs
[0.841 (95% Cl, 0.773-0.908)]. Combined
detection of the above six GJFAAs could further
improve its AUC value to 0.871 (95% Cl, 0.809-
0.933) (Figure 3).

Validation of the six selected GJFAAs in the
validation set

In the validation set, the combined AUC of the
three non-AAAs [0.900 (95% Cl, 0.831-0.969)]
was also superior to the combined three AAAs
[0.851 (95% ClI, 0.761-0.941)] in the diagnosis
of GC. Combined AUC comprising of the six
GJFAAs was 0.914 (95% CI, 0.850-0.977) for
GC (Table 5; Figure 4). The diagnostic panel
achieved 71.9% sensitivity, 97.4% specificity,
and 85.7% accuracy for the prediction of GC
(Table S6). Similarly, combined AUC of the three
non-AAAs [0.900 (95% ClI, 0.789-1.000)] was
still superior over combined three AAAs [0.866
(95% CI, 0.718-1.000)] for the diagnosis of
EGC. Combined AUC comprising of the six
GJFAAs was 0.909 (95% CI, 0.812-1.000) for
EGC (Table 5; Figure 5). The diagnostic panel
achieved 72.7% sensitivity, 97.4% specificity,
and 91.8% accuracy for the prediction of EGC
(Table S6).

Different metabolites related pathways be-
tween the GC and NGD groups in the training
set

The pathways that matched based on the
KEGG database included aminoacyl-tRNA bio-
synthesis, biosynthesis of amino acids, and
others. More details were described in Tables
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opment, metabolomi-
cs data were comp-
rehensively analyzed
using MetaboAnalyst
3.0, which combined pathway enrichment and
topology analyses to process our screening
data (Table S9). The enrichment analysis
showed that the metabolic pathways with raw P
values < 0.001 included aminoacyl-tRNA bio-
synthesis; valine, leucine and isoleucine bio-
synthesis; and cysteine and methionine metab-
olism. The raw P values < 0.001 indicated that
the altered pathway significantly contributed to
the difference between the two groups. The
topology analysis showed that the impact va-
lue of the metabolic pathways of aminoacyl-
tRNA biosynthesis; glycine serine and threo-
nine metabolism; and phenylalanine metabo-
lism are 0.113, 0.262 and 0.119, respectively.
An impact value > 0.1 indicated that the alter-
ed pathway affected GC carcinogenesis. Fur-
ther, a Google map-style interactive visualiza-
tion system was used to generate Figure 6 to
present the pathway analysis results in an intui-
tive manner.

Discussion

Utility of amino acid analytics in diagnosis of
GC

Employing amino acid metabolomics for diag-
nosing GC had been discussed by many re-
searchers via various types of biofluids and tis-
sue extracts [29-34]. For example, Chen [32]
and colleagues used gas chromatography com-
bined with mass spectrometer for fingerprint-
ing urinary metabolites on 293 urine samples
to find practical and cost-effective biomarkers.
As a result, 17 metabolites are significantly dif-
ferent between patients and healthy controls in

Int J Clin Exp Pathol 2018;11(5):2323-2336
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Figure 4. Scatter plots of the levels of the six GJFAAs from the GC and NGD
patients (A-C) and ROC curves for the detection of GC (D-F) in the validation
set. GC, gastric cancer; NGD, non-neoplastic gastric diseases; ROC, receiver

operating characteristic curve.

the training set. Among them, 14 metabolites
emerged diagnostic value better than tradition-
al serum biomarkers by quantitative assay of
the validation set. Of these, 10 are amino acids
and four are organic metabolites. Their AUC val-
ues ranged between 0.669-0.823, and the
combination AUC can reach up to 0.893. The
diagnostic efficacy displayed in the study was
consistent with ours. In our study, the AUC of
14 differential GJFAAs was between 0.666-
0.868, and their combined AUC was 0.902,
which was slightly higher than that reported by
Chen’s study. This may be related to the tissue
specificity of gastric juice which was higher
than urine.

Wang [33] and colleagues pointed out the met-
abolic profiling of tissue samples on a large
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simple, the expense was com-
paratively low, and the sample
was substantially rich in con-
tent and reproducible.

Additionally, PFAA levels from

56 GC patients and 137 age-
matched healthy controls were monitored by
Gu [17] and colleagues using amino acid ana-
lyzer. In contrast to the healthy control group,
the concentrations of threonine, arginine and
cysteine were increased significantly in the GC
group, and the concentrations of 9 amino acids,
such as aspartic acid, glutamic acid, serine,
etc., were decreased significantly. Instead, the
concentrations of 34 GJFAAs were measured
by amino acid analyzer from 47 GC patients and
83 NGD patients in the training set of this study.
Among the 14 differential GJFAAs, the levels of
11 amino acids, such as threonine, serine, leu-
cine, etc. were increased significantly in the GC
group, and the levels of phosphoserine, etha-
nolamine phosphate and urea were decreased
significantly. This elucidates that a changing
concentration trend between the majority of

Int J Clin Exp Pathol 2018;11(5):2323-2336
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Figure 5. Scatter plots of the levels of the six GJFAAs from the EGC and NGD
patients (A-C) and ROC curves for the detection of EGC (D-F) in the validation
set. EGC, early gastric cancer; NGD, non-neoplastic gastric diseases; ROC,

receiver operating characteristic curve.

PFAAs and GJFAAs in GC participants was just
the opposite. The abnormal accumulation of
“useful” metabolites in tumor microenviron-
ment and their intensive metabolism in GC tis-
sues might explain the inconsistency of the
metabolic phenotypes between the plasma
and gastric juice in GC sufferers.

Screening of differential GJFAAs and their
biological significance

To facilitate the clinical application, 14 differen-
tial GJFAAs were further screened according
to the FC and AUC values. Leucine, threonine,
serine, isoleucine, lysine, and urea are the six
FAAs that meet both FC > 2.0 and AUC > 0.8
values, and are expected to be the candidate
biomarkers for diagnosing GC. We chose the
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tive in GC tissues. Threonine
is a kind of carbohydrate ami-
no acid. Owing to a large
amount of carbohydrate is
required to meet the energy
metabolism of GC tissues,
elevated threonine in gastric juice implies the
unusual activation of gluconeogenesis in GC
tissues. Serine catabolism produces one car-
bon unit, which can be used as raw material for
the synthesis of purines and pyrimidines, so
elevated serine in gastric juice represents the
tremendously active metabolism of nucleic
acids in GC tissues.

Metabolic pathway analysis of differential
GJFAAs

The metabolic pathway of aminoacyl-tRNA bio-
synthesis was excessively activated, which
was significantly responsible for the metabolic
modification in GC. It unveiled that the differ-
ences of GJFAA profiles between the GC and
NGD groups might be closely related to the dra-
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Figure 6. Pathway analysis bubble plot for group GC
vs. NGD in the training set. GC, gastric cancer; NGD,
non-neoplastic gastric diseases.

matic activity in cellular protein biosynthesis
during the rapid proliferation of the malignhant
tumor cells. Another three metabolic pathways
are concurrent between the eight main meta-
bolic pathways in this study that are selected
from 14 differential GJFAAs and six main meta-
bolic pathways in Chen’s study [32] that are
selected from 14 differential metabolites in
urine, including glycine, serine and threonine
metabolism, cystine and methionine metabo-
lism and valine, leucine and isoleucine biosyn-
thesis. This implied that the metabolic patterns
of some small molecular substances (especial-
ly amino acids) in microenvironment-gastric
juice and macroenvironment-urine are more or
less the same in the process of gastric carcino-
genesis. The metabolic studies based on gas-
tric juice and urine samples manifested a great
value for the diagnosis of GC. In addition, com-
bined detection of these might complement
each other, as well as enrich our understanding
concerning the pathogenesis of GC.

In conclusion, our results suggest that GJFAA
profiling might be an ideal tool for improving the
prognosis of GC via its early diagnosis and
treatment. It also brings deeper insights into
the oncogenesis of GC, which will undoubtedly
contribute to proposing novel therapeutic tar-
gets. Meanwhile, joint examination of the three
non-AAAs (leucine, threonine and serine) and
three AAAs in gastric juice could further
upgrade the diagnostic level of GC especially
EGC.
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Table S1. Amino acid standard solution list

Amino acid Compound Abbreviation
AAOL O-Phospho-L-Serine PSer
AAO2 Taurine Tau
AAO3 O-Phospho-Ethanolamine PEtN
AAO4 Urea Urea
AAO5 L-Aspartic acid Asp
AAOG L-Threonine Thr
AAQ7 L-Serine Ser
AAO8 L-Asparagine Asn
AAO9 L-Glutamic acid Glu
AA10 L-a-Amino-Adipic Acid Aad
AA11 L-Glycine Gly
AA12 L-Alanine Ala
AA13 L-Citrulline Cit
AA14 L-a-Amino-n-Butyric Acid Abu
AA15 L-Valine Val
AA16 L-Cystine Cys-Cys
AAL17 L-Methionine Met
AA18 L-Isoleucine lle
AA19 L-Leucine Leu
AA20 L-Tyrosine Tyr
AA21 L-Phenylalanine Phe
AA22 B-Alanine bAla
AA23 D, L-B-Amino-Isobutyric Acid bAib
AA24 y-Amino-n-Butyric Acid GABA
AA25 L-Histidine His
AA26 3-Methyl-L-Histidine 3MHis
AA27 1-Methyl-L-Histidine 1MHis
AA28 L-Carnosine Car
AA29 L-Tryptophan Trp
AA30 L-Ornithine Orn
AA31 L-Lysine Lys
AA32 L-Arginine Arg
AA33 L-Proline Pro

AA34 L-Hydroxyproline Hyp
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Table S2. Gradient elution program steps of amino acid
analyzer

RT (min) Buffer A (%) Buffer B (%) Buffer C (%) Diluent (%)

0 100 0 0 0
10 100 0 0 0
11 79 21 0 0
30 79 21 0 0
41 62 38 0 0
63 0 0 100 0
68 0 0 100 0
78 0 0 100 0
81 0 0 86 14
83 0 0 78 22
95 0 0 76 24
102 0 0 0 100
1021 0 0 0 100
106.4 0 0 0 100
106.5 100 0 0 0
129.8 100 0 0 0

RT, retention time; Buffer A, B and C was lithium citrate buffer solu-
tion at pH 2.90, 4.20 and 8.00, respectively. Additionally, diluent was
lithium citrate buffer solution with pH 2.20.

Table S3. Multiple reaction monitoring (MRM) conditions for LC-MS/MS detection of the six amino

acids
Compound !Drecursor F’roduct Declugtering Entranpe Collision CoIIisi(?n cell
ion (m/z) ion (m/z) potential (DP, V) potential (EP, V) energy (CE, V) potential (CXP, V)

Serine 276.1 171.0 30 10 20 2

Threonine 290.1 171.0 30 10 20 2

Leucine 302.2 171.0 35 10 25 2

Phenylalanine  336.2 171.0 40 10 30 2

Tyrosine 352.2 171.0 35 10 30 2

Tryptophan 375.2 171.0 40 10 30 2

LC-MS/MS, liquid chromatography-tandem mass spectrometry.

Table S4. Retention times, linear range of
concentration, and linear fitting coefficient of
the six amino acid standards

Compound Retentign Linear range 5
time (min) (umol/L)

Serine 3.73 2.5-200 0.9992
Threonine 5.63 2.5-200 0.9997
Leucine 12.35 2.5-200  0.9987
Phenylalanine 12.75 1.25-100 0.9998
Tyrosine 10.61 1.25-100  1.0000
Tryptophan 12.98 1.25-100 0.9997
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Figure S1. Typical chromatograms for 34 amino acids and biogenic amines from amino acid standard solution (A)
and gastric juice samples from a GC patient (B) and a NGD patient (C). GC, gastric cancer; NGD, non-neoplastic
gastric disease.
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Table S5. Logistic regression model for the
diagnosis of GC in the training set

Parameter B S.E. Sig.

X, PSer -28.869 33.959 0.395
X, PEN 25.640 35.173 0.466
X, Urea -12.840 6.885 0.062
X, Thr -135.106 99.257 0.173
X, Ser 44.802 68.337 0.512
X Ala -83.488 53.484 0.119
X, Val 124.793 52.525 0.018
X Met 1.921 71.182 0.978
X, lle -37.750 44.964 0.401
X, Leu -70.130 47.080 0.136
X, Tyr -18.240 43.335 0.674
X,, Phe -46.077 37.167 0.215
X5 Lys -66.500 45.028 0.140
X,, Arg 54.718 31.530 0.083
Constant 15.324 7112 0.031

S.E., standard error; Sig., probability; GC, gastric cancer.

Table S6. Diagnostic performance evaluation of individual and combined
detection of the six GJFAAs for GC and EGC in the validation set

Cutoff value  Sensitivity (%) Specificity (%) Accuracy (%)

GJFAA

GC EGC GC EGC GC EGC GC EGC
Leucine 4540 4735 719 818 86.8 895 80.0 878
Threonine 881 881 938 909 789 789 857 816
Serine 707 10.25 813 818 842 921 829 89.8
Tyrosine 2145 34.00 750 727 789 921 771 878
Phenylalanine 93.65 93.65 594 63.6 974 974 80.0 89.8
Tryptophan 805 1035 781 818 789 842 786 83.7
Combined 3 non-AAAs  3.75 521 875 727 789 947 829 898
Combined 3 AAAs 3.68 439 750 727 816 947 786 89.8
Combined all 497 503 719 727 974 974 85.7 918

Cutoff value, optimized cutoff points were the values yielding maximum sums of sensitivity and
specificity from the ROC curves; AAAs, aromatic amino acids; non-AAAs, non-aromatic amino
acids; GJFAA, gastric juice free amino acid; GC, gastric cancer; EGC, early gastric cancer.
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Table S7. Mapping information of the altered GJFAAs between the GC and NGD

groups in the training set

Query Match HMDB PubChem KEGG Comment
AAO1 DL-O-Phosphoserine HMDBO01721 106 C01005 1
AAO3 O-Phosphoethanolamine HMDB00224 1015 C00346 1
AAO4 Urea HMDB00294 1176 C00086 1
AAO6 L-Threonine HMDB00167 6288 €00188 1
AAQ7 L-Serine HMDB00187 5951 C00065 1
AA12 L-Alanine HMDB00161 5950 C00041 1
AA15 L-Valine HMDB00883 6287 €00183 1
AAL7 L-Methionine HMDBO0696 6137 C00073 1
AA18 L-Isoleucine HMDBO00172 6306 €00407 1
AA19 L-Leucine HMDBO0687 6106 C00123 1
AA20 L-Tyrosine HMDB00158 6057 C00082 1
AA21 L-Phenylalanine HMDB00159 6140 C00079 1
AA31 L-Lysine HMDB00182 5962 €c00047 1
AA32 L-Arginine HMDB00517 6322 C00062 1

Query: substance for metabolic mapping; Match: metabolite name; HMDB: compound ID in
HMDB database; PubChem: compound ID in PubChem database; KEGG: compound ID in KEGG
database; Comment: matching degree. O represents no match, 1 exact match, and 2 fuzzy match.

HMDB, human metabolome database.

Table S8. Representative influenced pathways searched in KEGG database

KEGG Pathway

Compounds

hsa01100 Metabolic pathways - Homo sapiens (human) (14)

hsa00970 Aminoacyl-tRNA biosynthesis - Homo sapiens (human) (12)

hsa01230 Biosynthesis of amino acids - Homo sapiens (human) (12)

hsa04974 Protein digestion and absorption - Homo sapiens (human) (11)

hsa02010 ABC transporters - Homo sapiens (human) (10)

¢pd:C00041 L-Alanine cpd:C00047 L-Lysine cpd:CO0062 L-Arginine
¢cpd:CO0065 L-Serine cpd:CO0073 L-Methionine cpd:CO0079 L-
Phenylalanine cpd:C00082 L-Tyrosine cpd:CO00086 Urea cpd:C00123
L-Leucine cpd:C00183 L-Valine cpd:C00188 L-Threonine cpd:C00346
Ethanolamine phosphate cpd:C00407 L-Isoleucine cpd:C01005 O-
Phospho-L-serine

cpd:C00041 L-Alanine cpd:CO0047 L-Lysine cpd:CO0062 L-Arginine
¢pd:CO0065 L-Serine cpd:CO0073 L-Methionine cpd:CO0079 L-Phe-
nylalanine cpd:C00082 L-Tyrosine cpd:C00123 L-Leucine cpd:C00183
L-Valine cpd:C00188 L-Threonine c¢pd:C00407 L-Isoleucine
¢pd:C01005 O-Phospho-L-serine

cpd:C00041 L-Alanine cpd:CO0047 L-Lysine cpd:CO0062 L-Arginine
¢pd:CO0065 L-Serine cpd:CO0073 L-Methionine cpd:CO0079 L-Phe-
nylalanine cpd:C00082 L-Tyrosine cpd:C00123 L-Leucine cpd:C00183
L-Valine cpd:C00188 L-Threonine cpd:C00407 L-Isoleucine
cpd:C01005 O-Phospho-L-serine

¢cpd:C00041 L-Alanine cpd:CO0047 L-Lysine cpd:CO0062 L-Arginine
¢pd:C00065 L-Serine cpd:CO0073 L-Methionine cpd:CO0079 L-Phe-
nylalanine cpd:C00082 L-Tyrosine cpd:C00123 L-Leucine cpd:C00183
L-Valine cpd:C00188 L-Threonine cpd:CO00407 L-Isoleucine

¢pd:C00041 L-Alanine cpd:CO0047 L-Lysine cpd:CO0062 L-Arginine
¢pd:CO00065 L-Serine cpd:CO0079 L-Phenylalanine cpd:CO0086 Urea
¢pd:C00123 L-Leucine cpd:C00183 L-Valine cpd:C00188 L-Threonine
¢pd:C00407 L-Isoleucine
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Table S9. Comprehensive analysis of differential amino acid pathways

Pathway Total Hits Raw p -log(p) Holm adjust FDR Impact
Aminoacyl-tRNA biosynthesis 75 12 2.95E-17 38.063 2.36E-15 2.36E-15 0.113
Valine, leucine and isoleucine biosynthesis 27 4 1.17E-05 11.359 0.001 < 0.001 0.040
Cysteine and methionine metabolism 56 4 <0.001 8.416 0.017 0.006 0.050
Valine, leucine and isoleucine degradation 40 3 0.001 6.597 0.105 0.027 0.022
Glycine, serine and threonine metabolism 48 3 0.002 6.065 0.177 0.037 0.262
Sphingolipid metabolism 25 2 0.009 4.741 0.655 0.116 0.013
Phenylalanine, tyrosine and tryptophan biosynthesis 27 2 0.010 4.590 0.751 0.116 0.008
Phenylalanine metabolism 45 2 0.027 3.613 1.000 0.240 0.119

FDR, false discovery rate.



