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Abstract: Current metabolomic studies of ischemic brain mainly attach importance on a certain ischemic period,
are lack of data about dynamic metabolites in ischemic stroke process, especially early period. Thus, in this study,
H NMR spectroscopy was used to investigate biochemical changes in the early stages of rats’ focal cerebral isch-
emia reperfusion (I/R) injury. Serum samples of 0, 0.5, 1, 3, 6, 12, 24 h of reperfusion, based on multivariate data
analyses, were tested to analyze the changing of metabolites during the early disease process. Partial least squares-
discriminant analysis scores plots of the *H NMR data revealed clear differences among the experiment groups.
Combination the results of loading plot and t-test, we found that 13 metabolites were changed significantly. Among
that, malonic acid and glycine are the most noticeable variable metabolites. Dramatic changed malonic acid and
glycine most probably served as biomarkers in this study. These findings help us understand the biochemical me-
tabolite changes in early ischemic stroke stages, especially different periods. That may be conducive to distinguish
at-risk individuals, benefit early diagnosis and understand the dynamic pathogenesis of early cerebral ischemia.
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Introduction

Stroke is a major cause of death and disability
worldwide [1]. In western countries, 80% to
85% of strokes among adults are ischemic, and
the rest are hemorrhagic [2]. There are very lim-
ited treatments for stroke. Available intrave-
nous and endovascular reperfusion techniques
are restricted in the extent to which they
achieve recanalization and avoid intracranial
hemorrhage [3] even ischemic/reperfusion
injury (I/R) [4]. The development of new thera-
peutics for ischemic stroke is imperative. More
profound understanding about its mechanism,
specially seeking novel biomarkers is sufficient
beyond doubt to benefit ischemic patients.

Multiple processes are considered to cause
ischemic stroke damage in terms of different
angles, as we all known, e.g. excitotoxicity, acid
toxicity and ionic imbalance, oxidative/nitrative
stress, inflammation, peri-infarct depolariza-
tion and apoptosis [5-7]. Besides, metabolic

disturbance serves as a crucial role in ischemic
stroke injury, including an increase in anaerobic
glycolysis, excessively abnormal release of glu-
tamate and GABA, decrease of aspartate cre-
atine, elevated extracellular lactate concentra-
tions and so on [8-10].

As a powerful and comprehensive approach for
characterizing the pathophysiological process
and metabolic responses [11-13], recently,
high-resolution nuclear magnetic resonance
(NMR) based metabolomic has proved to be
useful to study ischemic stroke injury [14-16].
These studies show numerous metabolites
such as folic acid, cysteine, S-adenosyl homo-
cysteine as well as oxidized glutathione, are
found out as potential biomarkers. Based on
these beneficial metabolomic studies, we found
above studies mainly attach importance on a
certain ischemic period, lack of data about
dynamic metabolites in ischemic stroke pro-
cess. Thus more further metabolomic research-
es on ischemic stroke, especially early ischemic
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stage as well as dynamic ischemic processes,
are of consequence. From this, our previous
study focused on metabolic profile of cerebro-
spinal fluid (CSF) from a rat model for ischemia/
reperfusion (I/R) within 6 h.

However, the CSF samples are not being easy
to get than the serum in clinic. Besides metabo-
lomics approach has yet to be further used to
explore complex pathophysiological process
and identify biomarkers in ischemic stroke.
Thus, we adopted *H NMR spectroscopy to
reveal dynamic metabolites in serum of I/R
rats, at the period of ischemia 2 h and followed
by reperfusion 0, 0.5, 1, 3, 6, 12, 24 h respec-
tively. The aim of this study is to further define
pathogenesis and metabolic features associat-
ed I/R injury, makes it possible to identify some
potential biomarkers as well. That may be con-
ducive to distinguish at-risk individuals, benefit
early diagnosis and understand the pathogen-
esis of cerebral ischemia.

Materials and methods
Ethics statement

This study was carried out in strict accordance
with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the
National Institutes of Health. All procedures
performed in the experiments described here
were in compliance with the relevant laws and
under the permission of the Institutional Animal
Care and Use Committee of Xuzhou Medical
College. All surgery was performed under 10%
chloral hydrate anesthesia, and all efforts were
made to minimize suffering.

Animals

Sixty male Sprague-Dawley rats, aging 7 weeks
and weighing 230~280 g, were obtained from
the animal laboratory of Xuzhou Medical
College (Xuzhou, China). Housed at 22°C, ani-
mals were maintained on a 12-hour light/dark
cycle with unlimited access to food and water.

Surgical procedures

As described by Longa EZ et al and our previous
studies [17, 18]. Briefly, the rats were anesthe-
tized with 10% chloral hydrate (300 mg/kg, i.p.)
and the right common, internal, and external
carotid arteries were exposed through a para-
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median incision of the neck. The external carot-
id artery was ligated. A 4-O nylon surgical
thread with round tip coated with poly-L-lysine
was inserted about 18-20 mm through external
carotid artery until the distal end met mild
resistance, indicating the occlusion of the ori-
gin of the middle cerebral artery (MCAOQ). After
2 h occlusion, reperfusion was instituted by
withdrawing intraluminal suture. The sham-
operated (Sham) animals were treated identi-
cally but the middle cerebral artery was not
occluded. In addition, the rats were supple-
mented with oxygen, during surgical proce-
dures and the body temperature was main-
tained at 37.5°C using a heating blanket and a
feedback temperature controller. Neurological
evaluation was performed after MCAO accord-
ing to a 5-points scale. Rats scored 2-3 were
chosen following reperfusion.

Experimental groups

After surgical, the rats were randomly divided
into the following groups (n=10, for each group):
Sham group, which was had the surgical proce-
dure without suture insertion (Sham). MCAO
group was divided into some subgroups: 2 h
MCAQ followed by O h reperfusion (MCAQ,), 0.5
h reperfusion (MCAQO ), 1 h reperfusion
(MCAQ,), 3 h reperfusion (MCAQ,), 6 h reperfu-
sion (MCAQ,), 12 h reperfusion (MCAQ,,), 24 h
reperfusion (MCAQ,,).

Triphenyl tetrazolium chloride (TTC) staining
[19] was used to assess the success/failure of
the MCAO models. Briefly, after collecting
serum (blood was centrifuged with 3000 r/min,
4°C for 10 min, and then stored at -80°C), 2
mm-thick coronal sections of brain tissue were
stained in 2% TTC for 30 min at 37°C following
12 h immersion in 10% formalin. Normal cere-
bral tissue was stained red whereas the infarct
tissue unstained.

1H NMR sample preparation

After being allowed to defrost at room tempera-
ture, the serum samples were centrifuged
(14,000 r/min, 4°C for 10 min). Then 300 ul
supernate, 100 pl TSP (3-trimethylsilyl-2H4-pro-
pionic acid) in D,0 (1 mg/ml) and 200 pl D,0
were mixed and centrifuged (12,000 r/min,
4°C) for 10 min. A 550 pl aliquot of this solution
was pipetted into a 5-mm NMR tube. Samples
were frozen at -80°C until NMR analysis [20].
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Figure 1. Partial 600 MHZ *H NMR spectra of serum samples for rat with ischemia/reperfusion. Sham group (A),
MCAO groups (B for MCAQO,,, C for MCAQ , D for MCAQ, E for MCAQ,, F for MCAQ,, G for MCAO,, and H for MCAOQ,), ).
The metabolites quantlfled in Table 1 are assigned as: 1 L-Valine; 2. LAIanlne 3. LLactlc acid; 4 Ornithine; 5. Acetlc

acid; 6. Glutamic acid; 7. Succinic acid; 8. Pyruvic acid; 9. Citric acid; 10. Malonic acid; 11. Betaine; 12. Glycine; 13.

L-Serine.

1H NMR data acquisition

H NMR spectra was acquired on a Bruker
AVANCE 600 spectrometer (Bruker Biospin,
Germany) operating at 600.13-MHz *HNMR fre-
quency and 300K using an NMRCASE for auto-
matic sample delivery into a 5-mm TXI NMR
probe. Gradient shimming was used immedi-
ately prior to spectral acquisition. *H NMR
spectra of the samples were acquired using a
1D NOESY pulse sequence and a Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence. The
CPMG sequence generates spectra edited by
T2 relaxation times, i.e., with reduced signals
from high molecular weight species or systems
in intermediate chemical exchange. The 1D
NOESY experiment generates a corresponding
unedited spectrum with improved solvent peak
suppression. For all spectra, 128 free induction
decays were collected into 32K complex data
points, using a spectral width of 5995.20 Hz,
with a 2 s relaxation delay between pulses. A
water presaturation pulse was applied through-
out the relaxation delay [21]. For the 1D NOESY
experiment, an additional presaturation pulse
was applied during the mixing time (tm, 100
ms) and T1 was held constant at 3 us. For the
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CPMG experiment, n=300 and 7=400 ms, for a
total T2 relaxation time of 240 ms. Spectra
were manually phased and baseline adjusted,
and chemical shifts referenced to the TSP reso-
nance at 60.00.

Spectra were processed using the proprietary
software package AMIX (Bruker Analytik,
Rheinstetten, Germany). This divides the spec-
trum into a specified number of regions, and
integrates the total signal area within each
region to provide a numerical value. These val-
ues can then be used as variables for data
analysis. In this case, spectra were divided into
regions 0.04 ppm wide between 610.0 and
00.16, i.e., 010.0-9.96, 09.96-9.92, §9.92-
9.88, etc. Each variable throughout this study
is referred to by the starting point of the chemi-
cal shift region to which it corresponds: i.e., the
variable corresponding to the chemical shift
region 810.0-9.96 is called 10.0, §9.96-9.92 is
called 9.96, and so on. Variables between 5.00
and 4.68 were omitted, removing the area
around the residual suppressed water reso-
nance. This resulted in a total of 238 variables
for data analysis. The data were then arranged
in a matrix of n rows and m columns, in which n

Int J Clin Exp Pathol 2014;7(7):4067-4075
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is the number of samples (i.e., individual rat)
and m is the number of variables (chemical
shift regions). Data were normalized by express-
ing each value in the nth row as a percentage of
the sum value of the nth row, in order to prevent
the separation of samples according to overall
concentration [22].

Statistical analysis

The reduced and normalized NMR spectral
data were imported into SIMCA-P (version 11.5,
Umetrics AB, Umea Sweden) to partial least
squares discriminant analysis (PLS-DA) [23].
SIMCA-P was used to generate all PLS-DA mod-
els and scores plots.

Partial least squares (PLS) techniques were
used to assess correlation between the
observed NMR data and other factors such as
reperfusion times. A PLS model is expressed as
a set of X-scores (NMR spectral regions) and
Y-score vectors with corresponding X- and
Y-weight vectors for a set of PLS model dimen-
sions. Each dimension expresses a linear rela-
tion between an X-score and Y-score vector
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Sham vs. MCAQ, (E), Sham vs. MCAOQ,, (F) and Sham vs. MCAQ,, (G).

with the weight vectors describing how the X-
and Y-variables are combined to give the X- and
Y-score vectors. The model corresponds to fit-
ting the lower dimensional line, plane or hyper
plane simultaneously to the X and Y data as
points in multidimensional space that best
approximates the original data. The PLS model
can be used to estimate the Y-variables corre-
sponding to a given set of X-variables, (e.g.,
estimate the time of reperfusion for MCAOQ). In
PLS-DA dummy variables representing the
class (e.g., disease) of each sample form the ‘Y’
matrix. PLS-DA was used for classification of
samples where the PCA models were dominat-
ed by effects such as disease or different dis-
ease process [24].

After metabolites were identified by PLS-DA
loadings plots, unpaired t-tests [25] (compari-
son of means of two samples with equal vari-
ances) was performed to evaluate the respons-
es of these specific metabolites besides the
Sham and MCAO groups. In addition, the data
were expressed as the means + S.D. and the
p-values of <0.05 was considered statistically
significant.
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Table 1. Metabolite NMR assignments and the changes of their relative concentrations in serum between Sham group and MCAO groups

A.

Metabolites  Integrated spectral region MACO, MACO, MACO, MACO, MACO, MACO,, MACO,,
Ornithine 1.72,1.82,1.93, 3.04 1 i
L-Lactic acid 1.32,4.10 | l

Pyruvic acid 2.46 | l 1
Betaine 3.25,3.89 l l

Glutamic acid 2.12,2.44,3.76 1 1 1
Glycine 3.54 1
L-Serine 3.96, 3.83 |

L-Alanine 1.46, 3.76 l

Succinic acid 2.39 1

Acetic acid 1.91 | 1 l 1
Malonic acid 3.11 1 1 1

Citric acid 2.65,2.53 T

L-Threonine 1.34, 3.58, 4.25 | l

L-Valine 0.98, 1.03, 2.26, 3.6 l 1 1

B.

Metabolites ppm sham MACO, MACO, MACO, MACO, MACO, MACO,, MACO,,
L-Valine 1.03 0.01194+0.0029 0.0102+0.0037 0.0133+0.0038  0.0100+0.0023 0.0156+0.0026** 0.0150+0.0036* 0.0171+0.0042** 0.0136+0.0031
l-Lacticacid  1.32 0.0468+0.0174 0.0416+0.0155 0.0455+0.0135 0.0641+0.0286 0.0471+0.0094 0.0387+0.0132 0.0425+0.0149  0.0370+0.0050
L-Alanine 1.46 0.0076+0.0020 0.0072+0.0022 0.0076+0.0019  0.0090+0.0027 0.0081+0.0022  0.0099+0.0012**  0.0087+0.0015  0.0088+0.0026
Ornithine 1.72  0.0066+0.0014 0.0061+0.0016 0.0065+0.0015  0.0070+0.0021 0.0068+0.0012  0.0084+0.0010**  0.0076+0.0009 0.0076+0.0016
Acetic acid 1.91 0.0028+0.0013 0.0020+0.0014 0.0018+0.0011  0.0021+0.0012 0.0024+0.0011 0.0044+0.0013**  0.0031+0.0020  0.0038+0.0016
Glutamicacid 2.12  0.0149+0.0050 0.0163+0.0085 0.0197+0.0056* 0.0115+0.0076  0.0214+0.0052**  0.0187+0.0054 0.0207+0.0042** 0.0180+0.0053
Succinicacid 2.39 0.0034+0.0010 0.0027+0.0015 0.0032+0.0014  0.0031+0.0012 0.0040+0.0012 0.0051+0.0013** 0.0052+0.0010** 0.0045+0.0015*
Pyruvic acid 2.46 0.0042+0.0013 0.0030+0.0019 0.0037+0.0019 0.0029+0.0013*  0.0047+0.0016 0.0057+0.0016** 0.0061+0.0013** 0.0056+0.0013*
Citric acid 2.53 0.0009+0.0008 0.0014+0.0011 0.0017+0.0011*  0.0012+0.0009 0.0011+0.0008 0.0016+0.0010 0.0009+0.0009  0.0013+0.0007
Malonicacid 3.11  0.0021+0.0017 0.0021+0.0016 0.0036+0.0022  0.0015+0.0013  0.0041+0.0024* 0.0042+0.0027** 0.0045+0.0019** 0.0039+0.0023*
Betaine 3.25 0.0176+0.0046 0.0138+0.0057 0.0164+0.0072 0.0108+0.0075**  0.0172+0.0058 0.0155+0.0055  0.0122+0.0083*  0.0184+0.0035
Glycine 3.54 0.0063+0.0038 0.0048+0.0025 0.0082+0.0041  0.0054+0.0051 0.0085+0.0031  0.0133+0.0090* 0.0125+0.0066** 0.0096+0.0042
L-Serine 3.83 0.0100+0.0027 0.0096+0.0032 0.0129+0.0035*  0.0101+0.0039 0.0118+0.0022  0.0140+0.0051*  0.0136+0.0041*  0.0114+0.0024
L-Threonine 4.25 0.0041+0.0024 0.0033+0.0020 0.0051+0.0017  0.0050+0.0017 0.0034+0.0013 0.0039+0.0020 0.0046+0.0020  0.0036+0.0018

The symbols (1 and |) indicate the increase and decrease of the metabolite levels. All metabolite levels represent mean + SD. vs. Sham group t-test revealed the significant differences between each combina-
tion (*p<0.05, **p<0.01).
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Figure 3. The dynamic changes of glycine and malonic acid relative concentrations between Sham group and MCAO

groups.

Results
1H NMR spectra of the serum samples

The *H NMR spectra of serum samples from
the Sham and MCAO groups were acquired as
described above and shown in Figure 1.
Although the profiles of the *H NMR spectra
had many similar characteristic peaks, differ-
ences were observed in the major signals
between the Sham and MCAO groups by close
visual inspection of *H NMR spectra. The sig-
nals were assigned on the basis of previously
published data [26-29] and the Human
Metabolomics Database (www.hmdb.com).
What’s more, the PLS-DA method was applied
to the *H NMR data using total integral normal-
ization method.

Metabolites changing between sham and
MCAO groups

The multivariate statistical (PLS-DA) and unpair-
ed ttests methods are used to uncover the
metabolites that show a statistically significant
concentration difference between the two
observed sham group and each of the MCAO
groups. The scores plots obtained from PLS-DA
were shown in Figure 2. With the total integral
normalization, the PC, vs. PC, plots show that
the metabolite profiles of serum samples
obtained from each of the combination were
clearly separated along the first two PCs.

The loading plots of the first two PCs (Figure
S1), were examined to determine the spectral
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regions (variables) and metabolites contribut-
ing to the separation on the PLS-DA maps. The
spectral regions contributing to the separation
and quantitative changes of the metabolites
are listed in Table 1. By inspection of the load-
ings plots as well as the *H NMR spectra, the
most distinctive metabolic changes in MCAO
groups seemed to be: ornithine, L-lactic acid,
pyruvic acid, betaine, glutamic acid, glycine,
L-serine, L-alanine, succinic acid, acetic acid,
malonic acid, citric acid, L-valine (Table 1).

Among that, the most obvious variable metabo-
lites are malonic acid and glycine. During I/R,
the level of malonic acid was increased at 3 h
(P<0.0b), then peaked at 12 h (P<0.01) after
reperfusion. The level of glycine was peaked at
6 h (P<0.01), subsequently declined at 12 h
after reperfusion, and finally dropped to the
base line (P>0.05) (Figure 3). According to the
results, 13 metabolites mentioned above,
tended to reveal pathophysiological process of
ischemic stroke. Moreover, malonic acid as well
as glycine contributed to have the making of
potential ischemic stroke biomarker.

Discussion

Nowadays, CT angiography, CT perfusion tech-
nigues and MRI-based techniques contribute
to diagnose patients with stroke [30]. However,
CT angiography and CT perfusion techniques
exist insensitive to ischemic stroke. Most hos-
pitals do not have these specialized MRI ser-
vices available in the acute setting. Thus,
searching useful biomarkers in ischemic stroke

Int J Clin Exp Pathol 2014;7(7):4067-4075
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has been absorbing more attention. The isch-
emic period in particular is accompanied with
significant dynamic alterations in the metabo-
lites expression. Here, our study showed 13
metabolites changed significantly in the serum.
In particular, by contrast, malonic acid and gly-
cine are the most noticeable variable metabo-
lites.

Among these metabolites, some were closed
associated with energy metabolism. We obser-
ved significantly decreased but finally elevated
levels of pyruvate from serum, as well as sus-
tained reduced level of lactate. Lactate and
pyruvate are known to involve in anaerobic gly-
colysis of survived cells, that proceed to metab-
olize glucose under local hypoxic conditions.
Increased significantly but transiently level of
citric acid was detected in our study, which par-
ticipates in tricarboxylic acid (TCA) cycle.
Sustainted declining level of valine was shown
during from 0.5 h to 3 h after repersusion. The
catabolic pathway of valine consists of several
enzymatic steps and results in the formation of
succinyl-CoA, a member of the TCA cycle [31].
The level of acetic acid was decreased initially,
but elevated finally. Acetic acid can be convert-
ed to acetyl-CoA, indirectly associated with TCA
cycle. As a neurotoxin, malonic acid acts against
succinate dehydrogenase (complex Il) in the
respiratory electron transport chain. From 0.5
h to 3 h after repersusion, the level of malonic
acid was increased and may contribute to
impaire energy metabolism. Strikingly, although
the level of malonic acid was changed obvious-
ly in these metabolites, to our knowledge, few
reports reveal the relationship between that
with ischemic stroke. However, we have found
no significant changed malonic acid in the cere-
brospinal fluid, in our previous study.

Betaine, along with vitamins B6 and B12 and
folic acid, helps reduce higher levels of homo-
cysteine [32]. Having high levels of homocyste-
ine is related to a higher risk of heart disease
and stroke. As a protective substance made in
the body, we revealed it was lessened at O h
and 6 h after reperfusion. That suggested cor-
responding protective mechanism was destroy-
ed by ischemic stroke [18].

Glutamic acid is a major excitatory neurotrans-
mitter in the central nervous system, also as
known as a prime example of an excitotoxin in
ischemic stroke [33]. Metabolism of valine
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seems to be important in the process of gluta-
mate translocation between astrocytes and
neurons during glutamatergic signaling. Here,
we found significant increased the level of glu-
tamic acid exist in serum during 6 h to 24 h
after reperfusion. Interestingly, in our previous
study, the increased level of glutamic acid in
the cerebrospinal fluid was culminated at 6 h,
and decreased to the normal at 24 h after
reperfusion. It seems that the changed gluta-
mate in serum corresponds to the one in cere-
brospinal fluid.

Similarly relationship between serum and cere-
brospinal fluid occurs in glycine. We just found
the level of glycine was elevated at 24 h after
reperfusion during the whole |I/R proceeding. In
combination with our previous study, elevated
level of glycine is liable to connect with its sus-
tained decreased level in cerebrospinal fluid
during the whole 24 h I/R. Glycine is biosynthe-
sized in the body from serine via tetrahydrofo-
late. Glycine seemingly exhibits protection
against ischemic damage [34, 35], whereas
some studies suggest glycine may contribute to
the development of ischemic injury [36, 37]. In
any case, obvious changed glycine plays a con-
structive role in treatment of stroke.

In conclusion, our study reveals that dynamic
metabolic alterations already emerge in the
serum of an early stage of I/R rats. 13 signifi-
cant changed metabolites were verified during
different early |I/R periods. Specially, dramatic
changed malonic acid and glycine more exhibit
possibility to be biomarkers in this study. That
may be conducive to distinguish at-risk individ-
uals, benefit early diagnosis and understand
the pathogenesis of cerebral ischemia.
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Figure S1. PLS-DA scores plot for corresponding loadings plot shown in Figure 2. The plots were ob-
tained using the total integral normalization respectively and two hundred and thirty-eight variables are
shown with the starting 6 values of 0.04 ppm regions.



