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A metabolomic study on high-risk stroke patients
determines low levels of serum lysine metabolites:
a retrospective cohort studyf

Yeseung Lee,#? Adnan Khan,#® Seri Hong,” Sun Ha Jee*® and Youngja H. Park (2 *?

Identifying changes in serum metabolites during cerebral ischemia is an important approach for early
diagnosis of thrombotic stroke. Herein, we highlight novel biomarkers for early diagnosis of patients at
high risk of thrombotic stroke using high resolution metabolomics (HRM). In this retrospective cohort
study, serum samples obtained from patients at risk of thrombotic stroke (n = 62) and non-risk individuals
(n = 348) were tested using HRM, coupled with LC-MS/MS, to discriminate between metabolic profiles of
control and stroke risk patients. Multivariate analysis and orthogonal partial least square-discriminant
analysis (OPLS-DA) were performed to determine the top 5% metabolites within 95% group identities,
followed by filtering with p-value <0.05 and annotating significant metabolites using a Metlin database.
Mapping identified features from Kyoto Encyclopedia of Genes and Genomes (KEGG) and Mummichog
resulted in 341 significant features based on OPLS-DA with p-value <0.05. Among these 341 features,
nine discriminated the thrombotic stroke risk group from the control group: low levels of N°-acetyl-L-
lysine, 5-aminopentanoate, cadaverine, 2-oxoglutarate, nicotinamide, L-valine, S-(2-methylpropionyl)-
dihydrolipoamide-E and ubiquinone, and elevated levels of homocysteine sulfinic acid. Further analysis
showed that these metabolite biomarkers are specifically related to stroke occurrence, and unrelated to
other factors such as diabetes or smoking. Lower levels of lysine catabolites in thrombotic stroke risk
patients, as compared to the control, supports targeting these compounds as novel biomarkers for early

rsc.li/molecular-biosystems

1. Introduction

Cerebral ischemia due to thrombotic occlusion causes transient or
permanent reduction in cerebral blood flow, resulting in a brain
stroke because of energy crisis and lack of oxygen. Subsequent
energy depletion activates a cascade of molecular events, such
as release of excess excitatory amino acids in extracellular space,
free-radical formation, and inflammation." Therefore, several
opportunistic biological markers are released into peripheral
blood, providing new insights for metabolomics research for
predicting ischemic lesions and clinical prognosis.

Recent progress in high resolution mass spectrometry has
resulted in a metabolomics approach, currently receiving central

“ Metabolomics Laboratory, College of Pharmacy, Korea University, Sejong City,
30019, Korea. E-mail: yjhwang@korea.ac.kr; Fax: +82-44-860-1606;
Tel: +82-44-860-1621
b Department of Epidemiology and Health Promotion and Institute of Health Promotion,
Graduate School of Public Health, Yonsei University, Seoul, 03722, Korea.
E-mail: jsunha@yuhs.ac; Fax: +82-2365-5118; Tel: +82-22-228-1523
i Electronic supplementary information (ESI) available: Fig. S1-S5 and Table S1.
See DOI: 10.1039/c6mb00732e
1 These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2017

and non-invasive detection of a thrombotic stroke.

attention in advanced research.” It is now possible to identify
biomarkers of thrombotic disorders in body fluids; for example,
cerebrospinal fluid, serum, or blood.? One of the major research
challenges for an early diagnostic tool is to identify a subset of
patients with an increased risk to develop thrombotic stroke,
which has resulted in tremendous research in the last two
decades.* A majority of stroke biomarkers identified in previous
studies were related to tissue damage, acute thrombosis,
and inflammatory response.® These biomarkers were mostly
found as a result of cerebral damage.® Nevertheless, these
identified stroke biomarkers provided insights into the patho-
physiology of ischemic or hemorrhagic stroke and helped in
understanding the basic mechanisms of brain damage and/or
recovery. However, use of stroke biomarkers is still in the
research phase, and none of them has been used in clinical
practice to date.

The role of the acidic amino acid glutamate as an excitatory
neurotransmitter in the brain has been known for the past four
decades.® Under normal circumstances, the concentration of
glutamate in blood and cerebrospinal fluids is lower than those
of basic amino acids, lysine and arginine.” However, during
or after onset of cerebral ischemia, energy depletion results in
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loss of membrane potential and depolarization of neurons.
This results in release of large amounts of glutamate from
presynaptic neurons, and contributes to neuronal injury by
excessive activation of N-methyl-p-aspartate (NMDA) and
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors, thus increasing intracellular Ca®" and activating
catabolic processes, thereby leading to cell death."®° Further-
more, nicotinamide, which is a precursor of nicotinamide
adenine dinucleotide (NAD"),"® acts as a poly(ADP-ribose) poly-
merase (PARP) inhibitor, and helps to prevent DNA damage and
cell death caused by PARP inappropriate activation in response
to rising levels of nitric oxide (NO) during ischemic events.""
However, during ischemic strokes, nicotinamide is over con-
sumed owing to inappropriate activation of PARP'? and ATPs
are over utilized because of excessive activation of glutamate
receptors, leading to cell death."® Thus, glutamate and nicotin-
amide are important factors contributing to thrombotic ischemia.
The excitotoxic activity of glutamate in a cerebral infarction
can act as a diagnostic biomarker for ischemic lesion growth,
final infarct volume, and early neurological deterioration
during cerebral ischemia.”'* However, the time required for
an increase in glutamate levels during a stroke, and the window
of opportunity to detect glutamate during the specific time of a
stroke, was 6 hours in stable ischemic stroke patients,> and
even shorter (less than 2 hours) in animal stroke models.'® The
short duration of higher levels of glutamate enables differen-
tiating patients with an acute stroke at an early stage from the
control group. However, no study has identified putative bio-
markers that may serve as early diagnostic tools to identify a
subset of patients with increased risk of developing thrombotic
ischemia. Therefore, we attempted to identify biomarkers
associated with alteration in glutamate levels in blood from
patients that were at risk of thrombotic stroke and later
diagnosed with stroke.

Previous research on lysine levels provided detailed infor-
mation about the potential application of lysine in different
human developmental and physiological programs,'”'® and
reduced levels of lysine were documented to cause mental and
physical disorders.™ Lysine and arginine are the two basic amino
acids documented to be involved in protection against brain
injury.”® Administration of 1-arginine, a precursor of nitric oxide
(NO), enhances intra-ischemic cerebral blood flow (CBF) and
reduces brain damage, which has been shown to reduce ischemic
infarction.”" Intravenous administration of lysine and arginine
in experimental rat models was observed with suppression of
glutamate-induced neuronal activity, thereby reducing effects
of cerebral ischemic insults.”*>** Furthermore, lysine infusion
resulted in increased plasma levels of arginine, suggesting an
increased availability of arginine for NO synthesis.>* However,
investigation of neuroprotective effects of lysine and arginine,
or their combination during an acute phase of cerebral edema,
showed that the mechanism of neuroprotection by lysine is
distinct from that by arginine. Nonetheless, deficiency in dietary
lysine might increase the risk of stroke, while combined ingestion
of lysine with arginine may enhance neuroprotective effects.>>
A similar study showed reduced stress-induced anxiety after
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prolonged treatment of a lysine and arginine combination in
rats and humans.***® Furthermore, lysine catabolism is an
important substrate for de novo synthesis of glutamate in the
human brain,**"*® while nicotinamide plays an important sub-
strate role in the catabolic pathway of lysine.”® Thus, lysine
catabolism involves converting lysine to glutamate, and then to
other stress-related metabolites, in response to brain ischemia
at the expense of nicotinamide.

Thus, previous studies suggested that lysine catabolism might
serve as an important biomarker for prediction of ischemic brain
injury. However, no study has shown the clinical interpretation of
changes in lysine metabolic profiles in stroke patients. Therefore,
we performed a retrospective cohort study in risk patients later
diagnosed as stroke patients, and hypothesized that determina-
tion of serum concentrations of these compounds is an impor-
tant approach for understanding the altered metabolism and
pathophysiology of brain injury before occurrence of a thrombotic
stroke.

2. Materials and methods

2.1 Chemicals and reagents

HPLC grade water (JT Baker, NJ, USA), acetonitrile (Tedia, NJ,
USA), and formic acid (Fluka, MO, USA) were used in this study.
All chemicals and reagents were of high purity and were stored at
appropriate conditions. Standard solutions and serum samples
were stored at —80 °C.

2.2 Study population

The study protocol was approved by the Korea University
Institutional Review Board (KU-IRB-15-19-A-1). Study samples
were obtained from the Korean Cancer Prevention Study-II
(KCPS-II) biobank, Seoul and Gyeonggi, South Korea. KCPS-II is
a prospective cohort biobank constructed in 2004-2011. Sampling
was conducted according to the protocols approved by South
Korea’s Bioethics and Safety Act No. 9100. Blood was obtained
from 410 people who consented to testing for research purposes
at 11 comprehensive examination centers located in Seoul and
Gyeonggi province in South Korea. Two groups were created based
on their diagnosis as stroke or non-stroke patients, according to
the International Classification of Disease (ICD) 10-code 163
(code for thrombotic stroke). To achieve this, 348 subjects, who
did not develop a stroke later, were categorized as the control
group. Among these, 78 persons were diabetic, 82 were ex-smokers,
and 58 were current smokers. Additionally, 62 subjects were
categorized as stroke risk patients who were later diagnosed
with thrombotic stroke, according to ICD 10-code 163, on their
first hospitalization in a 7 year retrospective cohort study with an
outcome period from 2006 to 2010. Among the stroke risk group
19 were diabetic, 16 were ex-smokers, and 14 were current
smokers. Details such as sex, age, body mass index (BMI), fasting
blood sugar (FBS), total cholesterol, blood pressure, and smoking
status of the control group and stroke risk patients are provided
in Table 1. For validity of our results, an independent population
of 400 people named as “Test set,” was used. Test set consisted of

This journal is © The Royal Society of Chemistry 2017
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Table 1 Study population characteristics

Control [n = 348] TRSTR [n = 62]

Characteristic [mean + SD] [mean + SD]
Sex

Male (n) 212 42

Female (n) 136 20

Age (year) 61.93 + 3.12 63.34 + 3.41¢
Fasting blood sugar (mg dL ") 98.86 + 21.47 104.63 £ 30.51
BMI (kg m~2) 24.23 + 2.65 24.95 + 2.97
Waist size (M) (cm) 85.63 £ 7.06 88.89 + 7.43¢
Waist size (F) (cm) 80.87 + 8.10 82.83 £ 9.27
Total cholesterol (mg dL ™) 201.4 + 36.63 196.95 + 33.80
Triglycerides (mg dL™") 146.34 £ 91.83 158.31 + 83.24
High density lipoproteins (M) 49.09 + 10.76 46.93 + 11.90
(mg dL™)

High density lipoproteins (F) 56.01 £ 12.51 52.3 £+ 12.67
(mg dL ™)

Systolic blood pressure (mmHg)  126.11 + 15.31 129.94 + 16.50

Diastolic blood pressure (mmHg) 76.72 + 11.12 78.6 £ 9.95
Diabetes (n) 78 19
Ex-smoker (n) 82 16
Current-smoker (n) 58 14

SD: standard deviation. “ Shows significant difference with control
(student T test, p < 0.05).

stroke risk patients (z = 99) and a control group (z = 301) who did
not develop stroke.

2.3 Sample preparation for metabolite extraction

Fifty microliter aliquots of serum were first treated with 195 pL of
acetonitrile and 5 pL of a mixture of 3 stable isotope standards
([3-methyl-13C]-caffeine, [dimethyl-D6]-N, N-diethyl-M-toluamide,
and [°Cs, °N}1-methionine) (1 : 4, v/v), and centrifuged at 13 000 x g
for 10 minutes at 4 °C for protein precipitation and extraction
of metabolites. Supernatants containing the polar metabolites
were collected for LC-MS/MS.>®

2.4 Analysis of metabolites by LC-MS/MS

An Ultra Performance Liquid Chromatography system (Agilent
1260 Infinity Quaternary, Agilent, Santa Clara, CA, USA)
coupled with an Agilent LC-MS/MS Q-TOF 6550 (Agilent, Santa
Clara, CA, USA) mass spectrometer was used. Analytical separa-
tion was achieved using a Hypersil Gold C-18 (100 x 2.1 mm)
1.9 pum analytical column (Thermo, Waltham, USA) heated to
45 °C. Two different mobile phases were used for the analysis.
Mobile phase A consisted of 0.1% formic acid in water, and
mobile phase B consisted of 0.1% formic acid in acetonitrile.
The analytes were eluted at a flow rate of 0.4 mL min ' at
45 °C with solvent A and solvent B. The solvent gradient started
with 5% solvent B (95% solvent A) for 1 min, followed by a
linear increase to 45% B for 9 min, then to 90% B in 3 min,
maintained at this concentration for additional 2 min, followed
by return to the initial conditions. The total run time was
15 min. Analytes were detected using an electrospray ionization
detector operated at the same conditions for positive and
negative ion modes: a curtain gas of 35 psi, gas temperature of
250 °C supplied at 14 mL min ', and sheath gas temperature of
250 °C supplied at a flow rate of 11 mL min~". All samples were
run in triplicate, and data for each ionization technique were
acquired in the positive ion mode.*°

This journal is © The Royal Society of Chemistry 2017
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2.5 Metabolic profiling

LC-MS data were acquired and processed using a software pack-
age (apLCMS) to obtain ion intensities.*' The apLCMS provided
7968 m/z (mass/charge ratio) within a range of ions set from 50
to 1000 with a resolution of 20 000. Accurate masses of features
discriminating between the control group and stroke serum were
visually compared using an orthogonal partial least squares-
discriminant analysis (OPLS-DA) using Matlab software.* The
discriminatory m/z values after OPLS-DA were used to identify the
top 5% features in the 95% range of group identities. An online
database, METLIN, for annotation of features,** was followed and
the features were mapped to the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database to determine important metabolic
pathways.*" In addition, significant m/z values after OPLS-DA with
filtering of p-value less than 0.05 were annotated by Mummichog
to create a potential metabolic network model.*

2.6 Data annotation and pathway analysis using KEGG and
Mummichog

The identified metabolites, annotated using the Metlin Mass
Spectrometry Database, were queried into the human meta-
bolomics pathway (KEGG), and the detected m/z features that
matched known human intermediary metabolites were observed
as black dots in the map.*® Total detected m/z features (Lyf) and
the significant m/z features (Lg;,) were arranged as two datasets
and annotated by Mummichog to create a potential metabolic
network model.>® From the m/z features in Lgig, matching meta-
bolites were determined by Mummichog, and later, a reference
metabolic network for all modules that can be produced by
these metabolites was also established. The predicted meta-
bolites listed in these modules were colored according to the
fold change. This program has been successfully used to aid
the identification of a metabolite activity network in immune
response to virus.>* Moreover, discriminatory metabolites of
thrombotic stroke risk patients and control groups were further
classified for their accuracy and specificity using receiver operat-
ing characteristic (ROC) curves (MedCalc, Ostend, Belgium).?”
ROC curves were used to search for an optimal cut-off value with
the highest sensitivity and specificity, and Youden’s index was
used to identify a new cut-off value. Youden’s index maximized
the difference between sensitivity and specificity and between
real-positive and false-positive subjects.*®

3. Results

3.1 Subject characteristics

The subjects in this pilot study were from a cohort of throm-
botic stroke risk patients and a control group living in South
Korea. Demographic and phenotypic characteristics of the
included subsets are described in Table 1. As matching feature
tests were included in the design of this study, we observed no
statistical differences between the control and stroke group of
the pilot subset regarding the following characteristics: distri-
bution of sex, body mass index (BMI), fasting blood sugar (FBS),
total cholesterol, and blood pressure. Age criteria for selection
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was between 58-68 years; however, we detected a slight statistical
difference in age among stroke risk patients and the control group
as shown in Table 1.

3.2 Separation of control and thrombotic stroke risk patients
by OPLS-DA

Metabolic profiles of thrombotic stroke risk patients appeared
differently from those of the healthy control group patients.
Mass spectra were processed using apLCMS and resulted in
7968 features. In order to determine discriminatory metabolic
difference between control and thrombotic stroke risk patients,
m/z of the 7968 were analyzed using OPLS-DA with autoscaling.
Fig. 1a shows the score plot that represents the separation of
control and thrombotic strokes. Fig. 1b represents the loading
plot. The green dots indicate 7968 features. The gold circles
represent the top 5% of these features (403 m/z) in the range of
95% group identities that are most closely associated with control
or thrombotic stroke. Thus, using OPLS-DA, the top 5% discri-
minatory metabolites were considered for discriminating impor-
tant features between thrombotic stroke vs. control.>

3.3 Annotation of features and pathway analysis

The extracted significant features after filtering with p-value
(<0.05) were 341 m/z. These significantly expressed features in
thrombotic stroke serum were annotated by their m/z values
using the Metlin database or Mummichog. The following seven
positive adducts were used: [M + H|", [M + Na]", [M + NH,]",
[M + H-H,0]", [M + K]', [M + HCOONa]', and [M + HCOOK]"
with a confidence limit of 10 ppm to increase sensitivity of
identification of compounds and to filter out irrelevant com-
pounds that may have been included in the search. The Metlin
database generates a list of possible metabolites that match the
m/z values, as well as KEGG numbers that are used to map these
metabolites to the metabolic pathway of the organism. ESL¥
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Fig. S1b shows the human metabolic pathway of thrombotic
stroke from KEGG. The black dots on the colored pathways
represent the potentially affected metabolites linked to throm-
botic stroke. Among the 341 significant features, 41 metabolites
were found to be involved in the KEGG human metabolic
pathway. ESI,1 Fig. S1b shows the top ten pathways with the
largest number of compounds, which were candidate pathways
for further analysis.

3.4 Lysine catabolism increased in thrombotic stroke risk
patients

Previous studies have suggested lysine homeostasis as an impor-
tant phenomenon for human brain functions. Therefore, we
selectively analyzed the lysine catabolic pathway in KEGG and
Mummichog, as shown in Fig. 2a. Compounds with black down-
wards arrows represent the levels of metabolites that decreased
significantly (p-value <0.05) in thrombotic stroke risk patients
compared to control group patients. Fig. 2b—e shows the relative
concentration of lysine and its degraded metabolites, assessed
using their respective signal intensities from Q-TOF. This assess-
ment showed that the parent compound t-lysine (m/z 164.14,
[M + NH,]"), along with its catabolites N®-acetyl-1-lysine (/2 206.15,
[M + NH,]"), 5-aminopentanoate(m/z 118.09, [M + HJ"), and
cadaverine (m/z 125.11, [M + Na]') were lower in the serum
obtained from thrombotic stroke risk patients, as shown in
Fig. 2b-e, suggesting that lysine catabolism was higher in patients
who were at risk or at early stage of thrombotic stroke. The distri-
bution of these metabolites in control and stroke risk patients,
when assessed by ROC analysis, further supported the lower levels
of lysine catabolites in stroke risk patients. As shown in ESI,¥
Fig. S2a and Table S1, the AUC of all metabolites was greater
than 0.5. Furthermore, as shown in Fig. 2a, 2-oxoglutarate acted as
a substrate of glutamate during lysine degradation process. We
assessed the relative concentration of 2-oxoglutarate, which was

2nd Predictive Component
o

1 05 0 05 1 15
1st Predictive Component X10*

Fig. 1 Discrimination between features of control and stroke serum by OPLS-DA. OPLS-DA results comparing metabolites from control group (blue circles)
and stroke risk patients (red diamonds). (a) Score plot of control and stroke risk patient metabolic data showing a clear separation of groups. (b) The green dots
signify metabolites with 95% association with the first two principal components. The gold circles represent the top 5% of these metabolites (403 m/z) that are

most closely associated with control or stroke serum.
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Fig. 2 Lysine catabolic pathway from KEGG and Mummichog, and relative intensities of lysine and its catabolites in control and stroke risk patients.
(a) Pathway of lysine catabolism obtained from the KEGG (ellipse) and Mummichog (rectangle). The arrows represent compounds that are detected in lower
concentrations in stroke risk patients. (b) L-Lysine (m/z 164.14, [M + NH,4]*) in control versus stroke risk group, extracted from raw data. (c—e) Metabolites
from KEGG in control versus stroke risk group. (c) N®-Acetyl-L-lysine (m/z 206.15, [M + NHg4l"), (d) 5-aminopentanoate (m/z 118.09, [M + HI*), and

(e) cadaverine (m/z 125.11, [M + Nal™). * Significant difference (p < 0.05).

found to be lower in thrombotic stroke risk patients, as shown in
ESL Fig. S3a, with an AUC of 0.716 (ESL Fig. S2a and Table S1).
This result supports the elevated lysine catabolism phenomena, as
stroke risk patients showed higher consumption of 2-oxoglutarate,
compared to the control, during catabolism process of lysine at
the expense of glutamate production. However, we could not
detect glutamate in serum obtained from either thrombotic
stroke risk patients or the control group. This can be explained
by results from a previous study, where duration of increase in
glutamate was shown to be only 6 hours after onset of ischemic
stroke.'®> However, another possibility might be the serum, which
was obtained before stroke occurrence in this retrospective
cohort study.

This journal is © The Royal Society of Chemistry 2017

Furthermore, we evaluated the importance of nicotinamide in
our study because nicotinamide, as shown in Fig. 2a, is utilized
in all catabolic pathways of lysine as a source of energy. We
observed a lower intensity of nicotinamide in stroke risk patients,
as shown in ESL Fig. S3b, with an AUC of 0.653 (ESL, T Fig. S2a
and Table S1). This finding is in accordance with previous results
showing that lysine is efficiently catabolized during thrombotic
ischemic events for production of glutamate in brain cells.*®
Thus, our findings of lower concentrations of lysine catabolites,
2-oxoglutarate, and nicotinamide suggest an increased excito-
toxic activity of glutamate.?>*>*° In addition, 2-oxoglutarate acts
as a substrate of glutamate in the valine catabolism pathway, as
shown in ESI,f Fig. S4a. Consistent with our previous results,

Mol. BioSyst., 2017, 13, 1109-1120 | 1113


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6mb00732e

Open Access Article. Published on 07 April 2017. Downloaded on 7/22/2025 8:08:04 AM.

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

(cc)

Paper

we observed a lower concentration of valine (m/z 118.09,
[M + H]") in thrombotic stroke risk patients, as shown in ESI,}
Fig. S4b, while its catabolite, S-(2-methylpropionyl)-dihydro-
lipoamide-E (m/z 278.13, [M + H]"), was found at higher con-
centrations (ESI,¥ Fig. S4c) with an AUC of 0.713 for valine
and 0.716 for S-(2-methylpropionyl)-dihydrolipoamide-E (ESL,
Fig. S2b and Table S1). Similarly, concentrations of 2-oxoglutarate
in the valine catabolic pathway were found at lower concentra-
tions in the thrombotic stroke risk patients, as compared to those
in control group patients, as shown in ESIL,{ Fig. S4d. This result
suggests that valine, along with lysine, is degraded in the early
neurological deterioration process for the production of gluta-
mate, causing glutamate excitotoxicity because of increased
production of glutamate.

3.5 Low serum levels of lysine catabolites are specifically
related to stroke

As mentioned in the methods section 2.2 in this study,
348 subjects, consisting of 78 diabetic, 82 ex-smokers, and
58 current smokers, were categorized as the control group, which
did not develop a stroke later during a 7-year cohort. Similarly,
among 62 stroke risk patients who were later diagnosed with
thrombotic stroke, 19 were diabetic, 16 were ex-smokers, and
14 were current smokers. Thus, we presumed that a low level of
lysine catabolites and elevation in homocysteine sulfinic acid or
other metabolites might be due to diabetes mellitus or smoking.
In order to exclude the possibility of distortion of data by the
diabetes metabolic effect, we separately analyzed the concentra-
tions of lysine and its catabolites in the control group with and
without diabetes mellitus (DM), and those in stroke risk patients
with and without DM. As shown in Fig. 3a-d, the concentrations
of lysine and its catabolites were significantly low in diabetic, as
well as in non-diabetic subjects, who were at risk of developing a
stroke, while diabetic and non-diabetic subjects in the control
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group who did not develop a stroke later, showed high inten-
sities of lysine and lysine catabolites. These results suggest that
elevated lysine catabolism correlates with pre stroke phenomena,
and DM does not alter lysine catabolism. Similarly, we separately
analyzed the concentration of lysine and its catabolites in the
control group with and without smokers, and in stroke risk
patients with and without smokers. As shown in Fig. 4a-d, con-
centrations of lysine and its catabolites were significantly lower
in smoker or non-smoker subjects who were at risk of stroke
development, as compared to those in smokers and non-smokers
in the control group. These results further confirm that lysine
catabolism is specifically related to stroke occurrence and unrelated
to other factors such as DM or smoking.

Similar results were obtained with 2-oxoglutarate, which acts
as a substrate of glutamate in the lysine and valine catabolism
pathway, and nicotinamide, which is utilized in the lysine cata-
bolic pathway as a source of energy. As shown in ESI,{ Fig. S3,
concentrations of both compounds, 2-oxoglutarate and nicotin-
amide, were significantly lower in stroke risk subjects with and
without DM (ESL T Fig. S3c and d) or smoking (ESL Fig. S3e
and f), as compared to those in the control group.

3.6 Elevated homocysteine sulfinic acid and low ubiquinone
levels are in agreement with other studies

Numerous studies have revealed the significant relationship
between elevated plasma homocysteine concentrations and cardio-
vascular disease, especially stroke.*"** Elevated plasma homo-
cysteine promotes oxidative stress, leading to cell damage and/or
death by mitogenic effects on vascular smooth muscles, and
cytotoxic and thrombogenic effects on vascular endothelium.*?
Especially, the acidic derivative of homocysteine, r-homo-
cysteine sulfinic acid, has been shown to be a selective agonist
of metabotropic glutamate receptors in rat brain cells, explain-
ing pathogenesis of homocysteine-mediated damage during
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Fig. 3 Relative concentrations of lysine and its catabolites in control group and stroke risk patients in relation to DM. (a—d) Comparison of relative
concentrations of lysine and its catabolites in control subjects with and without DM and in stroke risk patients with and without DM. L-Lysine (m/z 164.14,
[M + NH4I"), (b) N®-acetyl-L-lysine (m/z 206.15, [M + NH4]*), (c) 5-aminopentanoate (m/z 118.09, [M + H]*), and (d) cadaverine (m/z 125.11, [M + Nal*).
DM stands for diabetic mellitus, and NDM stands for non-diabetic subjects. * Significant difference (p < 0.05).
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cerebral ischemia.** Surprisingly, in support of previous
studies, we found elevated levels of r-homocysteine sulfinic
acid (m/z 168.03, [M + H]') in serum samples of stroke risk
patients, as compared with those of the control group, as shown
in Fig. 5a. An AUC of 0.651 (ESL{ Fig. S2c and Table S1) was
observed, suggesting a synergistic effect of r-homocysteine
sulfinic acid on glutamate receptors along with glutamate,
thereby increasing the excitotoxicity phenomena. Furthermore,
as shown in Fig. 5¢c, the control group with DM or non-DM did
not show any difference in the levels of --homocysteine sulfinic
acid, and the stroke risk patients with or without DM showed
significantly higher intensities of r-homocysteine sulfinic acid,
as compared to the control group. A similar phenomenon was
observed with the smokers, as shown in Fig. 5e, suggesting the
specific association of elevated r-homocysteine sulfinic acid
levels with stroke occurrence.

A majority of antioxidants are reduced immediately after an
acute ischemic stroke.”” Anti-oxidant therapy has long been
investigated as a means to reduce the extent of injury resulting
from ischemic stroke.’® Coenzyme Q10, also known as ubi-
quinone, is a naturally occurring anti-oxidant which has been
shown to reduce the damage in several neurodegenerative
diseases, such as Huntington’s disease and Parkinson’s disease,
in animal models.””*® In agreement with previous observa-
tions, we also found low intensities of ubiquinone (m/z 357.14,
[M + K]") in thrombotic stroke patients, possibly due to oxida-
tive stress during early ischemia, as shown in Fig. 5b with an
AUC of 0.677 (ESL¥ Fig. S2c and Table S1). Such low plasma
antioxidant activity has been shown to be associated with high
lesion volume and neurological impairment in strokes.*® Further-
more, as shown in Fig. 5d and f, consistent with the results of
lysine and homocysteine analyses, ubiquinone is specifically
associated with the stroke risk group, and is not altered by DM
or smoking.

This journal is © The Royal Society of Chemistry 2017

3.7 Validation of candidate biomarkers in an independent
population

To ensure the consistency of increased catabolism of lysine and
other candidate metabolites in stroke risk patients, we validated
our results in an independent propulsion (test set, n = 400),
consisting of stroke risk patients who were later diagnosed as
stroke patients (n = 99) and a control group (n = 301). The serum
sample and statistical analysis was conducted in the same way as
described in method sub-sections 2.3 to 2.6. As shown in ESL
Fig. S5a and b, our test set resulted in exactly the same manner as
those from OPLSDA results in Fig. 1a and b, and a clear separa-
tion was observed between control and thrombotic stroke risk
patients. Furthermore, as shown in Fig. 6a and b, we observed a
lower level of lysine and its catabolite, 5-aminopentanoate, in
serum samples of stroke risk patients from the test set which is
in accordance with our previous result (Fig. 2). Similar results, as
shown in Fig. 6c-e, were obtained for 2-oxoglutarate, r-valine,
and ubiquinone. However, we could not detect r-homocysteine
sulfinic acid in our validity population due to unknown reasons.

4. Discussion

Using high resolution metabolomics in this retrospective cohort
study, we identified specific serum metabolites in thrombotic
stroke risk patients. In our analysis, we identified a small inter-
related subset of metabolites. Our data demonstrate that reduction
in concentrations of lysine catabolites is associated with stroke
outcomes. Such an elevated catabolism process of lysine can
increase production and uncontrolled activation of the excitatory
neurotransmitter glutamate in postsynaptic membranes of neurons
in the central nervous system.”>***® To our knowledge, this is
the first cohort study to report association of lysine with stoke.
However, further investigation is required to support our findings.

Mol. BioSyst., 2017, 13, 1109-1120 | 1115
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difference (p < 0.05).

Glutamate is an excitatory amino acid and an important
excitatory neurotransmitter in the central nervous system.
Previously, several studies in animal models of cerebral ischemia
have shown elevated levels of glutamate.'®*** Excitotoxity
caused by such an elevated level of glutamate triggers oxidative
stress through activation of nitric oxide synthase, inflammation
through expression of inflammatory cytokines, and endothelial
damage through matrix metalloproteinases (MMP) release.* For
instance, glutamate production with shorter survival has been
shown as a diagnostic biomarker during cerebral ischemia."® In
our analysis however, we could not detect glutamate in serum
samples obtained from thrombotic stroke risk patients, but we
detected lysine as an important precursor of glutamate at the
early neurological deterioration; as previously, lysine was shown as
a substrate of glutamate in human brain tissues.*® Our data show
that four different lysine pathways were affected in stroke risk
patients, based on data from KEGG and Mummichog, and all those
pathways interestingly involve the conversion of 2-oxoglutarate to
glutamate during catabolism of lysine. Furthermore, in each of the
catabolic pathways, nicotinamide is utilized as a source of energy.

1116 | Mol. BioSyst., 2017, 13, 1109-1120

Our findings showed lower concentrations of lysine catabolites and
nicotinamide in thrombotic stroke risk patents, in accordance with
previous studies, which showed that lysine is efficiently catabolized
during stroke for production of glutamate (Fig. 7).

The increased risk for diabetes in smoking men and women
is around 50%.>* Many patients with type 1 and type 2 diabetes
mellitus are also at risk for macrovascular complications, coronary
heart disease (CHD), stroke, and peripheral vascular disease.>®
Recently, branched-chain and aromatic amino acids were shown
to be highly associated with risk of developing diabetes.>*
Cigarette smoking is associated with worsening of metabolic
control in diabetic patients. In short, smoking and diabetes
cause a multitude of metabolic changes in serum metabolites in
adults. However, whether it was exposure or effect of smoking or
a surrogate of the DM, our results found negligible effects of
these factors with lysine and valine catabolism in stroke risk
patients. Diabetic, as well as non-diabetic subjects who were at
risk of development of stroke, showed similar (low) intensities of
lysine and lysine catabolites. Similarly, there was no difference
observed between lysine levels of smokers or non-smokers.

This journal is © The Royal Society of Chemistry 2017
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which is concordant with the well-described oxidative stress
phenomena during stroke.*” Hyperhomocysteinemia may lead
to thrombotic vascular disease through its role in oxidative

In addition to the novel lysine metabolites, we found that
homocysteine sulfinic acid levels increased significantly in
stroke risk patients, as compared with those in the control,
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injury to vascular endothelial cells, impaired production of NO,
and adhesion of platelets to endothelial cells.>® Animal studies
have shown that abnormal activation of glutamate receptors
(mGIuR) can cause oxidative injuries in cerebral ischemia by
provoking an exacerbated NMDA-induced excitotoxicity.>® How-
ever, this phenomenon was not observed in mGluR1 knockout
mice, and an additional study showed that noncompetitive
mGluR5 antagonists can inhibit NMDA-induced apoptosis in
primary cortical neuron cultures, thereby indicating the involve-
ment of mGIuR.>”*® Interestingly, screening for acidic homo-
cysteine derivatives, especially r-homocysteine sulfinic acid, showed
that these derivatives can potently and specifically activate mGluRs
expression in cloned rats in vitro.>® Thus, at sufficiently high
concentrations, acidic homocysteine derivatives can modulate
activities of mGluRs, predisposing individuals to the neurotoxic
consequences of stroke. Herein, measurement of r-homocysteine
sulfinic acid levels supported this hypothesis, and we observed an
elevated concentration of .-homocysteine sulfinic acid in serum
samples of stroke risk patients, as compared to those of control
group patients. This result indicates an important role of the
acidic homocysteine derivative for predisposing stokes in risk
patients.

Several factors, including smoking, contribute to increased
plasma homocysteine levels.® However, our study showed a
negligible role of smoking with elevation of r-homocysteine
sulfinic acid levels in stroke risk patients. Furthermore, levels of
ubiquinone, a naturally occurring anti-oxidant, were also reduced
in stroke risk patients, which, along with elevated homocysteine
levels, promote oxidative stress during stroke events and may
lead to cell damage.*® Thus, our findings support the results
from previous studies that homocysteine and ubiquinone act as
oxidative stress biomarkers during a stroke (Fig. 7). We also
observed a significantly lower intensity of valine in stroke risk
patients in comparison with the non-stroke control (ESI, T Fig. S4).
This is in accordance with a previous study where reductions in
levels of branched chain amino acids (valine, leucine, and
isoleucine) were observed in plasma and CSF samples obtained
from patients with acute stroke vs. control, and such reduction
in the concentrations of branched chain amino acids was
shown to be associated with stroke severity and worse neuro-
logical outcomes.®

Fig. 7 represents the schematic diagram of our identified
interrelated subset of metabolites, based on their impacts on
stroke events. A decrease in ubiquinone level inhibits the sup-
pression of reactive oxygen species (ROS), resulting in oxidative
stress.®® Increase in homocysteine sulfinic acid level increases
calcium influx,®® and acts as a glutamate receptor agonist, thereby
increasing glutamate excitotoxicity.** Furthermore, hyperhomo-
cysteinemia results in oxidative stress.®* Lysine or valine cata-
bolism pathways involve conversion of 2-oxoglutarate to glutamate,
thereby enhancing glutamate excitotoxity,”®®* while NAD" is
utilized in the catabolic pathway of lysine.”® On the basis of
correlation patterns of our identified metabolites with lysine
(ESL T Fig. S6) and their impact on stroke events, we now know
that low levels of lysine and its metabolites, along with elevated
level of homocysteine sulfinic acid, can synergize to initiate

1118 | Mol. BioSyst., 2017, 13, 1109-1120
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excitotoxity in stroke risk patients. However, these results should
be validated with a larger stroke population at early stages of
stroke, instead of those at risk.

5. Conclusions

In summary, our study showed that lysine degradation meta-
bolites are novel biomarkers for a stroke, which may not only
help in identifying patients at risk for stroke, but can also help
in understanding the pathophysiology of glutamate excitotoxity
during a thrombotic stroke. In addition, in support of previous
studies, homocysteine sulfinic acid, ubiquinone, and valine were
also observed as potential biomarkers for an ischemic stroke.
Moreover, these metabolite biomarkers are specifically related to
stroke occurrence, and are not related to other factors such as DM
or smoking. Thus, they can be used for early stage disease risk
identification, early diagnosis, pathological mechanism research,
and drug target screening. Further studies are required to validate
and generalize the applicability of lysine as a novel biomarker in
the management of ischemic stroke patients.
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