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Cerebral infarction (Cl) is one of the most common cerebrovascular diseases and remains a major health
problem worldwide. In this study, we evaluated the potential diagnostic biomarkers and important
relevant metabolic pathways associated with Cl. Metabolomics based on gas chromatography-mass
spectrometry coupled with the multivariate pattern recognition technique were used to characterize the
potential serum metabolic profiles of Cl. Forty healthy controls and thirty-three cerebral infarction
patients were recruited for the nontargeted global metabolites’ study and subsequent targeted fatty acid
analysis. Overall, thirty-four endogenous metabolites were found in serum from the untargeted global
study, four of which were detected to be significantly different between the Cl group and healthy
controls, including L-lysine, octadecanoic acid (fatty acid), L-tyrosine and lactic acid. Additionally,
fourteen free fatty acids were identified by the subsequent targeted fatty acid analysis, and seven of
them were detected to be significantly different between the CI group and healthy controls, which were
mainly associated with arachidonic acid metabolism and fatty acid metabolism. Our results suggest

Received 12th April 2018
Accepted 5th June 2018

DOI: 10.1039/c8ra03132k several potential diagnostic biomarkers, and serum metabolism research is demonstrated as a powerful

Open Access Article. Published on 21 June 2018. Downloaded on 1/10/2026 9:42:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

1. Introduction

Cerebral infarction (CI) refers to ischemic necrosis or the soft-
ening of localized brain tissue, which is caused by ischemia,
hypoxia and blood supply disorder in the brain." It is one of the
most common cerebrovascular diseases with characteristics of
high morbidity, disability and mortality, and is one of the
leading causes of adult disability and death.”* The main clinical
manifestation of CI includes sudden collapse, unconscious,
hemiplegia, speech disorder and intellectual disability.>® CI not
only threatens human health and life, but also causes great pain
and heavy burden to patients, families and the society. Many
survivors suffer from severe disability, which makes CI a serious
threat to the survival of patients. Medical evidence indicates
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tool to explore the pathogenesis of Cl.

that early intervention in risk factors can effectively reduce the
incidence and recurrence rate of this disease.” However, the
diagnosis of stroke is currently based on clinical history, phys-
ical examination, neuroimaging and laboratory tests.® Addi-
tionally, its early diagnosis is intricate and imperfect, and its
pathogenesis is still unclear.

Biomarkers are recommended to play the following roles in
the stroke research field: diagnosing the disease, predicting its
outcome, providing information about the risk of future stroke,
giving possible stroke mechanism for biomarker-guided treat-
ment or drug response and surrogate endpoints in clinical
trials. Although various types of biomarkers have been explored,
extensively available, rapid and sensitive diagnostic tests have
not been achieved. Thus, comprehensive analysis of the
different types of biomarkers and suitable metabolomics
studies are highly needed.’

Metabolomics is a powerful and safe approach that directly
represents the molecular phenotype of organisms, which has been
increasingly utilized in clinical research for uncovering sensitive
biomarkers for disease diagnosis.'” Gas chromatography-mass
spectrometry (GC-MS)-based metabolomics is ideal for identi-
fying and quantitating small molecular metabolites, such as small
acids, alcohols, hydroxyl acids, amino acids, sugars, fatty acids,
sterols, catecholamines, drugs, and toxins, where chemical
derivatization is usually employed to make these compounds

This journal is © The Royal Society of Chemistry 2018
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volatile enough for gas chromatography.™ Mass spectra from GC/
MS provide reference libraries such as the National Institute of
Standards and Technology (NIST) for metabolite identification
and tracking, which is a strong point in metabolomic profiling
analysis.” Some previous related studies have been reported. Sun
et al. proposed the identification of serum biomarkers and
exploration of the metabolic alterations of ischemic stroke using
UPLC/Q-TOF MS/MS. They found twelve metabolites with signif-
icant alterations, which were closely related to ischemic stroke,
and three metabolites (uric acid, sphinganine, and adrenoyl
ethanolamide) were identified as potential biomarkers.”® Jung
et al. investigated the metabolic profiles of plasma and urine
samples from patients with cerebral infarctions using "H-NMR
spectroscopy coupled with multivariate statistical analysis. The
data displayed that the excretion of lactate, pyruvate, glycolate,
and formate increased, and excretion of glutamine and methanol
decreased in the plasma of stroke patients, and the levels of
citrate, hippurate, and glycine decreased in the urine of stroke
patients. These results demonstrated that a metabolomics
approach may be useful for the understanding of stroke patho-
genesis and the effective diagnosis of cerebral infarction.* Wang
et al. developed a metabolomics method using GC-MS to charac-
terize the metabolite features of acute ischemic stroke. Their
results showed that amino acids are the most important affected
metabolites, and tyrosine, lactate, and tryptophan may be
considered as potential biomarkers of AIS.*” In addition, Wan
et al. studied the correlation between the metabolism of fatty acids
and ischemia stroke in rat brains based on metabolomics using
GC-MS. Eleven fatty acids were obtained, and nine of them were
confirmed as potential biomarkers."

The aim of this study was to comprehensively analyze the
discovered potential diagnostic biomarkers in metabolism
research and evaluate the important metabolites in the relevant
metabolic pathways associated with cerebral infarction.

2. Materials and methods

2.1. Equipment, chemicals and reagents

Data were obtained on a GCMS-QP2010 (Shimadzu Co., Tokyo,
Shimadzu). Chromatographic grade chemicals including pyri-
dine, methoxyamine hydrochloride, N,O-bis(trimethylsilyl) tri-
fluoroacetamide (BSTFA) containing 1% trimethylchlorosilane
(TMCS), 2-isopropylmalic acid, heptadecanoic acid (internal
standard), n-hexane and methanol were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Sodium sulfate anhydrous was
obtained from ChinaSun Specialty Products Co., Ltd. 20 refer-
ence standards, namely, methyl hexanoate (C6:0), methyl octa-
noate (C8:0), methyl decanoate (C10:0), methyl undecanoate
(C11:0), methyl dodecanoate (C12:0), methyl tridecanoate
(C13:0), methyl myristate (C14:0), methyl myristoleate (C14:1),
methyl pentadecanoate (C15:0), methyl cis-10-pentadecenoate
(C15:1), methyl palmitate (C16:0), methyl palmitoleate (C16:1),
methyl heptadecanoate (C17:0), methyl cis-10-heptadecenoate
(C17:1), methyl stearate (C18:0), methyl linolelaidate
(C18:2n6t), methyl linoleate (C18:2n6¢c), methyl y-linolenate
(C18:3n3), methyl linolenate (C18:3n6) and cis-4,7,10,13,16,19-
docosahexaenoic acid methyl ester (C22:6ns) were purchased
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from Nanjing SenBeiJia Biological Technology Co., Ltd., China,
and were used to validate the analysis method and identify the
metabolites. Drying was carried out using an HGC-24 nitrogen
blowing instrument (Tianjin Hen'ao Company, China).

2.2. Samples collection

This study included seventy-three Chinese individuals (forty
healthy participants and thirty-three cerebral infarction patients)
who were treated at the First People's Hospital of Huaihua
(Huaihua, Hunan, China). All participants were informed of the
research procedure and signed informed consent documents
before inclusion in our study. All protocols involving the use of
human subjects were reviewed and approved by the Ethics
Committee of the People's Hospital of Huaihua (Huaihua,
Hunan, China), and all experiments were performed in accor-
dance with the guidelines of the National Institutes of Health
(NIH). The detailed information for these patients and healthy
participants are displayed in Table S1 in the ESL.f

2.3. Serum collection and preparation

All subjects fasted for at least 12 h before their blood was drawn
and excluded the effect of alcohol, cigarettes, greasy food and
excess physical activity. Serum was collected before breakfast in
the morning and placed in 1.5 mL Eppendorf tubes without
anticoagulant and stored at —80 °C in a refrigerator until GC-MS
analysis.

In the nontargeted global metabolites' study, aliquots (150
pL) of serum were thawed at 4 °C and spiked with internal
standard (75 pL, 1.06 mg mL~"' 2-isopropylmalic acid). For
protein removal, 450 pL methanol was added, and the sample
was vortex-mixed for 15 s and centrifuged at 15 800 rpm for
15 min. Subsequently, the supernatant was transferred to
a derivatization reaction glass tube and dried under nitrogen.
The dry residue was dissolved in 75 pL of methoxyamine solu-
tion (20 mg mL " in pyridine), vortex-mixed for 15 s and placed
in a 70 °C water bath for 1 h to perform the oximation reaction
for protecting the carbonyl. Subsequently, silylation reaction to
increase the volatility of the metabolites was performed by
adding a mixture of 150 uL BSTFA and 1% TMCS to the sample
and incubating it for 1 h in a 70 °C water bath. After centrifu-
gation at 15 800 rpm for 8 min, the supernatant was transferred
to a conical insert (200 pL) of a 1.5 mL glass vial for subsequent
GC/MS analysis. Quality control (QC) samples,” which were
used to assess the performance of the method and promote the
credibility of the data analysis, were prepared by combining 20
pL aliquots from each serum sample of two groups and vortex-
mixing them for 1 min. The sample preparation for the QC
samples was performed as described above, and the samples
were divided into 150 pL aliquots equally. All samples were
analyzed randomly, and the QC samples were injected once
every 5 samples to monitor the stability of the analytical system.

In the targeted fatty acid analysis, the preparation of the
serum samples was performed according to previously
described procedures.' The serum samples (each 100 pL) were
thawed at 4 °C and mixed with 15 pL internal standard of
heptadecanoic acid (dissolved in methanol at a concentration of
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0.68 mg mL "), and a small amount of sodium sulfate anhy-
drous was added to remove the water in the serum. Then, 1 mL
of 5% sulfuric acid solution in methanol was used to dissolve
the serum, and it was placed in a 70 °C water bath for 30 min for
derivatization, and then extracted twice with n-hexane (each
time 1 mL). The supernatant was transferred to a glass tube and
dried under nitrogen, then diluted with 100 uL n-hexane and
transferred to gas vials for GC-MS analysis. Similar to the non-
targeted global metabolite study, to monitor the data quality
and process variations, quality control (QC) samples' were
prepared by combining 10 pL aliquots from each serum sample
of all seventy three serum samples and vortex-mixing them for
1 min and equally dividing them into 100 uL aliquots.

2.4. Chromatographic and mass spectrometric conditions

A DB-5MS capillary column (30 m x 0.25 mm x 0.25 um, Agi-
lent, USA) was used for the first nontargeted global metabolites’
study in the GC system. The temperature program was opti-
mized as follows: initial temperature was held at 70 °C for
4 min, programmed to 110 °C at a heating rate of 20 °C min™,
and programmed to 270 °C at a rate of 8 °C min " and then held
for 5 min. The total program time was 31 min with a 6.50 min
solvent cut time. Helium (99.999%) was used as the carrier gas
with a flow rate of 1.0 mL min~". The injection volume was 1 pL
with a split ratio of 10:1. The temperature of the injector, ion
source and interface was 280 °C, 200 °C and 275 °C, respectively.
The mass spectrometer was operated under electron impact (EI)
mode at an energy of 70 eV and detector voltage of 0.94 kV in
full-scan mode at 0.2 s per scan (m/z 35-800).

For the subsequent targeted fatty acid analysis, 1 pL aliquot
of the derivatized sample was injected into a VF-23ms capillary
column (30 m x 0.25 mm x 0.25 um, Agilent, EU) using the
split mode at a ratio of 30 : 1. The oven temperature was initially
set to 70 °C, then increased to 170 °C at a heating rate of
30 °C min~! and increased to 180 °C at a rate of 8 °C min™*,
then held for 2 min, programmed to 200 °C at a rate of
4 °C min™ ", increased to 215 °C at a rate of 20 °C min ™", then
maintained for 1.5 min, and finally programmed to 225 °C at
a rate of 40 °C min ' for 5 min before cooling. Helium
(99.999%) was used as the carrier gas with a flow rate of 0.98
mL min~", and the temperature of the injector, ion source and
interface was set to 250 °C, 200 °C and 250 °C, respectively. The
mass spectrometer was operated in electron impact (EI) mode at
energy of 70 eV and detector voltage of 0.90 kV in full-scan mode
at 0.2 s per scan (m/z 30-450).

2.5. Qualitative and quantitative analysis

Based on a total ion chromatogram (TIC), the NIST (National
Institute of Standards and Technology) MS database was used
for identifying the structures of the common peaks. The full
scan mass spectra of these metabolites were searched and
analyzed using biochemical databases including the Human
Metabolome Database (HMDB) and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database.

The GC-MS Postrun analysis software (Shimadzu) was
directly used for the quantitative analysis. The internal
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standards 2-isopropylmalic acid and heptadecanoic acid were
used for normalization in the relative quantitative analysis for
the nontargeted global metabolites’ study and subsequent tar-
geted fatty acid analysis, respectively.

2.6. Multivariate statistical analysis

The raw data acquired by the analytical instruments were pro-
cessed for peak detection and alignment using the profiling
solution software Minitab 17 to exclude the abnormal value.
The multivariate pattern recognition technique called random
forest (RF) was carried out to cluster analyze the metabolites
results. Its programs were written in Matlab by our own group.*
Also, a Mann-Whitney U test with a false discovery rate (FDR)
adjustment was used to compare the differences between the
cerebral infarction patients (CIP) group and healthy group (HP),
which were considered statistically significant when the g-value
was less than 0.05. MetaboAnalyst 3.0 was used for the pathway
analysis based on the metabolites information.

3. Results

3.1. GC-MS-based metabolomics method

Before analysis, the reliability of the GC-MS method was eval-
uated using all the standard parameters including precision,
stability and reproducibility. Instrumental precision was eval-
uated by analyzing mixed reference standards six times within
a single day. For the evaluation of sample stability, a QC sample
was selected randomly and repeatedly analyzed six times at 2 h
intervals. Reproducibility was determined by analyzing six
independent QC samples using the above described procedure
within one day. Relative standard deviation (RSD) was used to
express variations in the retention time and contents of all
common metabolites (Table S2 and 37). Precision, stability and
reproducibility of the retention time were less than 0.0059 min,
0.0098 min, and 0.0120 min, respectively. Also, their RSD
ranged from 0.58-5.66%), 3.50-8.96%, and 0.70-6.14% respec-
tively. It is worth mentioning that a downward trend was
observed because of material degradation in these six analyses
except for docosahexaenoic acid during the stability measure-
ment. The increase in concentration of docosahexaenoic acid
may be due to solvent evaporation. The results indicate good
instrumental precision, good stability of the samples at least for
a 10 h period at room temperature and good reproducibility of
the sample processing method.

The typical total ion chromatograms (TICs) from the serum
metabolic profiling of the CI patients group (CIP), healthy
participants’ group (HP) and QC group from the nontargeted
global metabolites’ study are shown in Fig. S1.f Thirty-four
endogenous metabolites were identified using reference stan-
dards and NIST 08, which were double-checked via HMDB and
KEGG and further quantitatively analyzed using the internal
standard 2-isopropylmalic acid (shown in Table 1).

The TICs from the serum metabolite profiling of the CIP, HP
and QC from the subsequent fatty acid analysis are shown in
Fig. 1, which demonstrate that the serum FFAs of the three
groups were similar, but the concentrations of some

This journal is © The Royal Society of Chemistry 2018
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Table 1 Qualitative and quantitative analysis of the metabolic profiles of HP and CIP (mean + SD)
Concentration (mg mL ")

Peak no. Retention time Metabolite HP (n = 40) CIP (n = 33) KEGG HMDB

1 6.725 Oxalic acid 0.022 + 0.008 0.027 £ 0.012 C00209 HMDBO02329
2 7.24 Lactic acid 0.325 £ 0.134 0.376 £ 0.230 C00186 HMDB00190
3 7.733 L-Valine 0.006 £ 0.003 0.006 £ 0.003 C00183 HMDBO00883
4 8.301 Butyric acid 0.003 £ 0.001 0.007 £ 0.005 C00246 HMDB00039
5 8.541 Oxalic acid 0.120 £ 0.078 0.172 £ 0.088 C00209 HMDB02329
6 8.852 (R)-3-Hydroxybutyric acid 0.006 £ 0.003 0.010 £ 0.007 C01089 HMDB00011
7 10.245 Urea 0.238 £ 0.140 0.250 £ 0.148 C00086 HMDB00294
8 10.683 Phosphoric acid 0.082 £ 0.026 0.104 £ 0.042 C00009 HMDB02142
9 11.248 Glycine 0.007 £ 0.007 0.005 £ 0.005 C00037 HMDB00123
10 12.203 L-Serine 0.001 £ 0.001 0.004 £ 0.005 C00065 HMDB00187
11 12.512 t-Threonine 0.003 £ 0.002 0.008 £ 0.007 C00188 HMDBO00167
12 14.728 1-Proline 0.044 £ 0.022 0.047 £ 0.016 C00148 HMDB00162
13 15.245 Erythronic acid 0.008 £ 0.003 0.007 £ 0.002 — HMDBO00613
14 16.213 t-Glutamine 0.005 £ 0.003 0.007 £ 0.005 C00064 HMDB00641
15 16.358 t-Phenylalanine 0.006 + 0.004 0.007 £ 0.005 C00079 HMDB00159
16 19.076 Ornithine 0.015 £ 0.013 0.019 £ 0.016 C00077 HMDB00214
17 19.554 N-Acetyl-p-glucosamine 0.033 £ 0.016 0.037 £ 0.026 C00140 HMDB00215
18 19.972 p-Galactose 0.010 £ 0.004 0.019 £ 0.010 C00124 HMDB00143
19 20.145 p-Glucose 1.087 £ 0.371 1.197 + 0.543 C00031 HMDB00122
20 20.396 Mannitol 0.236 £ 0.099 0.245 £ 0.118 C00392 HMDB00765
21 20.523 L-Lysine 0.003 £ 0.001 0.014 +£ 0.013 C00047 HMDB00182
22 20.647 L-Tyrosine 0.005 £ 0.004 0.006 £ 0.004 C00082 HMDB00158
23 20.935 p-Turanose 0.008 + 0.004 0.007 £ 0.003 C19636 HMDB11740
24 21.163 p-Arabinose 0.011 £ 0.009 0.009 £ 0.008 C00216 HMDB29942
25 21.812 Stearic acid 0.002 + 0.001 0.013 £ 0.016 C01530 HMDB00827
26 22.165 Hexadecanoic acid 0.196 £ 0.148 0.235 £ 0.168 C00249 HMDB00220
27 22.644 Myoinositol 0.011 + 0.004 0.012 +£ 0.005 C00137 HMDB00211
28 24.08 L-Tryptophan 0.009 £ 0.007 0.011 £ 0.007 C00078 HMDB00929
29 24.174 Linoleic acid 0.072 £ 0.024 0.084 + 0.032 C01595 HMDBO00673
30 24.24 Oleic acid 0.068 £ 0.028 0.090 £ 0.039 C00712 HMDB00207
31 24.534 Stearic acid 0.119 +£ 0.096 0.144 £ 0.120 C01530 HMDB00827
32 25.948 Arachidonic acid 0.018 £ 0.009 0.023 £ 0.013 C00219 HMDB01043
33 26.662 Cholesterol 0.168 £ 0.081 0.186 £ 0.102 C00187 HMDBO00067
34 28.629 Glycerol 1-hexadecanoate 0.074 + 0.092 0.086 + 0.102 — HMDB31074

75]
704
6.5]
6.04
5.5]
5.0
45]

Fig. 1 Typical total ion chromatograms (TICs) of the serum samples from the fatty acid analysis of the healthy participants (red), cerebral
infarction patients (blue) and quality control (black). (1) Myristic acid; (2) pentadecanoic acid; (3) palmitic acid; (4) palmitoleic acid; (5) hepta-
decanoic acid (internal standard); (6) stearic acid; (7) 9-octadecenoic acid; (8) linoleic acid; (9) 6,9,12-octadecatrienoic acid; (10) 9,12,15-
octadecatrienoic acid; (11) 8,11,14-eicosatrienoic acid; (12) arachidonic acid; (13) eicosapentaenoic acid; (14) docosapentaenoic acid; and (15)

docosahexaenoic acid.

This journal is © The Royal Society of Chemistry 2018
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metabolites were different. After the qualitative and quantita-
tive analyses, fourteen fatty acids were collected, and the
detailed information is shown in Table 2. Seven of them were
found to be significantly different between the CIP and HP with
P values from the Mann-Whitney U test less than 0.05. Among
them, myristic acid, palmitic acid, 9-octadecenoic acid, 6,9,12-
octadecatrienoic acid, arachidonic acid and docosapentaenoic
acid remained significant after FDR correction for multiple
comparisons (g < 0.05) (Table 3).

3.2. Metabolites data analysis

In the current study, random forest (RF) was used to analyze the
metabolites information and identify the latent makers between
CIP and HP. Its advantages in dealing with this metabolomics
data was demonstrated in our previous studies.”** RF can

View Article Online
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provide two useful tools: proximity matrix and variable impor-
tance calculation. Proximity matrix coupled with MDS displayed
the cluster situation of the samples from different groups

(Fig. 2).

3.3. Potential biomarkers discovery between CIP and HP

From the plots of the variables importance (VIP) measure,
several metabolites play a great role in the classification of the
CIP and HP samples in the nontargeted global metabolites’
study (Fig. S27), including r-lysine, octadecanoic acid, -tyrosine
and lactic acid. Also, the subsequent fatty acid analysis was
conducted in this research. The VIP measure shows that myr-
istic acid, 9-octadecenoic acid, linoleic acid and 6,9,12-octade-
catrienoic acid play a great role in the model classification

(Fig. 3).

Table 2 Qualitative and quantitative analysis of the metabolic profiles of the healthy participants and cerebral infarction groups (mean + SD)

Concentration (mg mL™")

Peak no. Retention time Metabolite HP (n = 40) CIP (n = 33) KEGG HMDB

1 4.665 Myristic acid 0.0217 + 0.0064 0.0159 + 0.0047 C06424 HMDB00806
2 5.091 Pentadecanoic acid 0.0036 + 0.0010 0.0031 + 0.0009 C16537 HMDB00826
3 5.605 Palmitic acid 0.6772 £ 0.2024 0.7599 + 0.1354 C00249 HMDB00220
4 5.851 Palmitoleic acid 0.0777 £ 0.0222 0.0932 + 0.0279 C08362 HMDB03229
5 7.01 Stearic acid 0.2972 + 0.0811 0.3087 £ 0.0894 C01530 HMDB00827
6 7.314 9-Octadecenoic acid 0.8948 + 0.2613 1.0746 + 0.2652 C01712 HMDBO00573
7 7.901 Linoleic acid 0.8509 + 0.1831 0.8926 + 0.1901 C01595 HMDB00673
8 8.303 6,9,12-Octadecatrienoic acid 0.0097 + 0.0028 0.0158 + 0.0044 C06426 HMDBO03073
9 8.654 9,12,15-Octadecatrienoic acid 0.0422 + 0.0117 0.0491 + 0.0147 C06427 HMDB01388
10 10.426 8,11,14-Eicosatrienoic acid 0.0350 + 0.0100 0.0404 + 0.0117 C03242 HMDB02925
11 10.776 Arachidonic acid 0.2149 + 0.0616 0.2760 =+ 0.0820 C00219 HMDB01043
12 11.71 Eicosapentaenoic acid 0.0152 + 0.0043 0.0157 + 0.0046 C06428 HMDB01999
13 13.681 Docosapentaenoic acid 0.0143 + 0.0040 0.0226 + 0.0064 C16513 HMDB06528
14 13.963 Docosahexaenoic acid 0.0838 + 0.0229 0.0827 + 0.0239 C06429 HMDB02183

Table 3 The peak area quantitative normalization to the internal standard for potential biomarkers in the cerebral infarction patients (CIP) and

healthy participants (HP)

Potential Peak area in HP Peak area in CIP P value of
Peak no. biomarker (mean + SD) (mean + SD) Mann-Whitney U FDR Related pathway
1 Myristic acid 0.0217 + 0.0064 0.0159 + 0.0047 0.002“ 0.014” Fatty acid biosynthesis
3 Palmitic acid 0.6772 + 0.2024 0.7599 + 0.1354 0.011¢ 0.026° Fatty acid biosynthesis
Fatty acid elongation
Fatty acid degradation
4 Palmitoleic acid 0.0777 £ 0.0222 0.0932 + 0.0279 0.032¢ 0.064 Fatty acid biosynthesis
6 9-Octadecenoic acid 0.8948 + 0.2613 1.0746 + 0.2652 0.005¢ 0.017° —
8 6,9,12-Octadecatrienoic 0.0097 + 0.0028 0.0158 + 0.0044 0.005“ 0.017” Linoleic acid metabolism
acid Biosynthesis of unsaturated
fatty acids
11 Arachidonic acid 0.2149 + 0.0616 0.2760 + 0.0820 0.009“ 0.025° Arachidonic acid metabolism
Linoleic acid metabolism
Biosynthesis of unsaturated
fatty acids
13 Docosapentaenoic 0.0143 + 0.0040 0.0226 + 0.0064 0.001° 0.010” Biosynthesis of unsaturated
acid fatty acids

“P<0.05.7 g<0.05.
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control (QC) groups: (A) nontargeted global metabolite study and (B) fatty acid analysis.

Furthermore, MetaboAnalyst 3.0 was used to identify the
metabolic pathways associated with the identified combina-
tions of metabolites in the fatty acid analysis. MetaboAnalyst 3.0
(http://www.metaboanalyst.ca/) is a comprehensive tool suite
for metabolomic data analysis, which combines the results
from a powerful pathway enrichment analysis concerning the
conditions under study and uses the high-quality KEGG
pathway database as its back end knowledge base.”® It was
found that two metabolic pathways of arachidonic acid
metabolism and fatty acid metabolism play important roles in
the incidence of CI (Fig. 4). Their impact indices are 0.21 and

This journal is © The Royal Society of Chemistry 2018

0.03. The detailed relevant metabolic pathways are shown in
Table S4, and Fig. S3 and S4 in the ESL¥

4. Discussion

CI is caused by a sudden blockage in an artery that provides
blood to the brain, which causes the brain cells at the blockage
site to die rapidly due to the lack of oxygen or nutrients in the
brain. Additionally, the surrounding brain tissue is damaged
owing to the release of toxic substances. These changes in
metabolome levels in the biofluids are considered to be asso-
ciated with the metabolic alterations in the brain.’

RSC Aadv., 2018, 8, 22866-22875 | 22871
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In the current study, the nontargeted serum metabolomics
analysis and targeted fatty acid analysis based on GC-MS
coupled with the multivariate pattern recognition technique
in CI were profiled. The results show the reliability of the GC-MS
method, which has high precision, stability and reproducibility.
Multivariate analysis was used to identify the potential
biomarkers of CI by establishing a classification model to
distinguish CIP from HP. The random forest (RF) method was
applied to analyze these metabolites. The RF model is a classi-
fier that contains multiple decision trees, and each tree casts

22872 | RSC Adv., 2018, 8, 2286622875

a vote to classify the samples; then, RF selects the majority vote
to decide the final classification result.>” The samples from the
three groups were totally separated, as observed in Fig. 2A.
Fig. 2B shows the good separation trend of the samples among
the three groups. These results indicate that the metabolic
pattern samples are different in all three groups. The variables
importance (VIP) measure of RF can reveal the potential
biomarkers with the highest importance values, which can be
very useful in disease diagnosis and further exploration of
pathogeneses. In the nontargeted serum metabolomics anal-
ysis, the VIP (Fig. S27) results indicate that 1-lysine, octadeca-
noic acid, r-tyrosine and lactic acid play a great role in the
classification of CI and healthy samples. In the targeted fatty
acid analysis, the results indicate that the contributions of
myristic acid, 9-octadecenoic acid, linoleic acid and 6,9,12-
octadecatrienoic acid play a great role in the model classifica-
tion. Moreover, myristic acid, palmitic acid, 9-octadecenoic
acid, 6,9,12-octadecatrienoic acid, arachidonic acid and doco-
sapentaenoic acid have values of less than 0.05 (Table 3), and
myristic acid, 9-octadecenoic acid and 6,9,12-octadecatrienoic
acid are also found in the VIP measure of RF, which indicates
that they might participate in the global metabolic alteration of
CL

In the nontargeted serum metabolomics analysis, L-lysine,
octadecanoic acid (fatty acid), i-tyrosine and lactic acid were
detected to be significantly different between the CI group and
healthy controls. Among them, r-tyrosine and lactic acid were
considered as potential biomarkers for acute ischemic stroke
(AIS) in serum according to the study reported by Wang et al.*®
Octadecanoic acid was confirmed by Wan et al., who investi-
gated the correlation between the metabolism of fatty acids and
ischemia stroke in rat brains based on metabolomics using GC-
MS." In addition, they also performed a study to determine the
potential biomarkers after analyzing the relationship between
the metabolism of amino acids and ischemic cerebral stroke in

This journal is © The Royal Society of Chemistry 2018
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rats by methods involving GC-MS and principal component
analysis (PCA). Thirteen potential biomarkers of ischemic
stroke were determined, which contain 1-lysine and r-tyrosine.*
However, Wang et al. focused on AIS and the studies by Wan
et al. were based on rats.” In our subsequent targeted fatty acid
analysis, myristic acid, palmitic acid, 9-octadecenoic acid,
linoleic acid, 6,9,12-octadecatrienoic acid, arachidonic acid and
docosapentaenoic acid are the special fatty acids that distin-
guished the CI and healthy group.

Fatty acids exist in the blood in the form of free fatty acids
(FFAs) and esterified fatty acids (EFAs). In human blood, there is
a dynamic transformation process between FFAs and EFAs.
EFAs can be rapidly decomposed into FFAs in the presence of
lipase. FFAs are the products of triglycerides in adipose tissue
and the primary source of human organ energy, including that
of the heart, liver, and skeletal muscle. The concentration of
free fatty acids in the blood is very low and easily affected by
lipid metabolism, glucose metabolism, endocrine function and
other factors.>?® In addition, FFAs are very important
substances for the human body and play a role of signal
molecules in a variety of life activities. Thus, their content in the
serum can reflect a certain clinical significance.””

Atherosclerosis is the basic incentive factor of CI, which
leads to the formation of cerebral vascular stenosis and cerebral
thrombosis. The formation of atherosclerosis is mainly associ-
ated with lipid metabolism disorder and chronic inflammatory
reaction after the damage of blood vessels. FFAs can be involved
in inflammatory responses in various ways. First, FFA metabo-
lites can stimulate the expression of various inflammatory
factors such as tumor necrosis factor-o (TNF-a), interleukin (IL-
1 and IL-8) and plasminogen activator inhibitor-1 (PAI-1), which
can accelerate the inflammatory response of atherosclerosis.
Second, metabolites can regulate the expression of the relevant
genes involved in the formation of atheromatous plaques such
as NF-kb transcription factor. Moreover, FFA metabolites can
induce vascular smooth muscle cells, releasing reactive
nitrogen, reactive oxygen and oxidative stress by a cascade effect
to accelerate the formation of CI.>**

The level of FFAs is extremely small in normal brain tissue.
However, the occurrence of cerebral infarction causes hypoxia
in brain cells. Sequentially, this leads to an increase in glycolysis
and the incomplete oxidation of fatty acids, resulting in acidosis
in the cytochylema due to an increase in ketone concentration.
Phospholipases can lead to the degradation of various
membranous structures that are rich in phospholipids in
neurons. Phospholipases are activated when the intracellular
pH value decreases, which weaken the cell membrane and
damage the brain tissue, therefore causing the release of a large
amount of FFAs. Hence, the contents of palmitic acid, 9-octa-
decenoic acid, linoleic acid, 6,9,12-octadecatrienoic acid,
arachidonic acid, and docosapentaenoic acid increased in the
CI group. Moreover, they may further promote the occurrence of
CL**** The membrane phospholipid in the biofilm contains
arachidonic acid, which is released after the hydrolysis of
phospholipase A2, and a high concentration of arachidonic acid
can cause cell apoptosis. Arachidonic acid can produce
a thrombus A2 after a series of enzymatic reactions, which can

This journal is © The Royal Society of Chemistry 2018
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promote platelet aggregation, vasoconstriction and the
promotion of coagulation and thrombosis. Furthermore,
oxygen free radicals are produced in the metabolic process of
arachidonic acid, which can affect the structure and function of
red blood cells in the blood and other various of pathological
processes such as damaging the vascular endothelial cells,
affecting the capillaries and destroying the blood-brain barrier,
thus leading to further brain damage.***

According to the metabolic pathway analysis based on
MetaboAnalyst 3.0, arachidonic acid metabolism and fatty acid
metabolism are highly correlated with CI. In previous research,
it was also found that arachidonic acid metabolic pathway-
related gene interactions increase the incidences of stroke
and vulnerable plaques.* Also, by searching the KEGG data-
base, these important fatty acids are associated with relevant
fatty acid pathways such as fatty acid biosynthesis, as shown in
Table 3, unsaturated fatty acids biosynthesis, fatty acid elon-
gation, fatty acid degradation, arachidonic acid metabolism
and linoleic acid metabolism. Furthermore, it was found that
myristic acid is connected with fatty acid biosynthesis path-
ways, which might be involved in the synthesis of other fatty
acids and may be the cause for the decrease in the level of
myristic acid in CIP.

The limitations of the present study are as follows: only
a relatively small number of CI samples was analyzed, and the
recruited patients do not rule out other recessive confounding
factors such as mental state since depression is associated with
CI in young adults aged 15-49 years.” In addition, although
significant differences in the contents of these serum FFAs were
found in this study, which were associated with arachidonic
acid metabolism and fatty acid metabolism, larger subject
number and further studies are proposed to validate these
findings. Also, a study with CI patients at different stages is
recommended to be conducted.

5. Conclusion

In conclusion, the presented GC-MS method is a simple,
quick and accurate analysis method for determining serum
free fatty acid metabolic profiles. Serum metabolites play
a great role in the separation of the cerebral infarction and
healthy groups. r-lysine, octadecanoic acid (fatty acid), t-
tyrosine and lactic acid were highly considered as important
metabolites for CI. Furthermore, myristic acid, palmitic acid,
9-octadecenoic acid, 6,9,12-octadecatrienoic acid, arach-
idonic acid, docosapentaenoic acid and linoleic acid were
screened as potential fatty acids biomarkers related to CI. To
some degree, the concentration of FFAs in the serum can
explain the occurrence of CI and these variations maybe
highly associated with arachidonic acid metabolism and fatty
acid metabolism, which may have great significance for the
diagnosis and clinical treatment of CI.
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