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Neste trabalho, andlises quimiométricas de espectros de NMR (ressondncia magnética nuclear) de
SIP{'H} obtidos de soro sanguineo permitiram discriminar pacientes que sofreram acidente vascular
encefalico isquémico daqueles sauddveis devido a alteragdes na composicdo quimica de compostos
contendo fésforo. Estes resultados indicam que andlises metabondomicas por NMR de *'P permitem
conhecer melhor os mecanismos desencadeados pelo acidente vascular encefalico isquémico.

In this work, chemometric analyses over *'P{'H} NMR (nuclear magnetic ressonance) spectra of
human blood serum permitted to discriminated ischemic stroke patients from health individuals due
to changes in the chemical composition of phosphorus-containing compounds. These results indicate
that *'P NMR-based metabonomic allowed insights over the mechanism triggered by ischemic stroke.
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Introduction

Stroke is a disease with great impact in society
nowadays, being one of the major causes of morbidity and
mortality.! Despite the decrease in stroke mortality rates in
many countries, stroke still is one of main causes of death
and disabilities.> Nevertheless, ischemic stroke diagnosis
is currently done by clinical examination associated
with brain image, as magnetic resonance image (MRI)
and computed tomography (CT), both with sensitive or
specific lower than 100%.** This inaccuracy may result in
misdiagnosis’ and delay in the start of therapy, increasing
the risk of recurrence.® Similar problems occur in the
prediction of outcome after ischemic stroke, because
even the best-validated clinical prognostic models are
not able to give an accurate prediction.® In this sense,
the serum biomarkers present a valuable potential as
auxiliary method for diagnosis and prognosis, providing
information about the possible etiologic mechanisms
related to poor outcome.*S However, as stated by Saenger
e Christenson the search of biomarkers is hampered by
the diversity and complexity of brain tissues combined

*e-mail: andernmr @ufpr.br

with a lack of knowledge regarding the complete cerebral
physiology.”

In this way, "H NMR-based metabonomics approaches
has been already proposed,®!® demonstrating that the
technique is useful in the search for biomarkers that allow
to diagnostic, prognostic and help in a better comprehension
of ischemic stroke mechanism. Alternatively, *'P NMR
presents some advantages, due to high sensibility of
3P nucleus, wide spectral window and it is present in
several serum metabolites. In this way, *'P NMR has been
employed in some investigations such as in vivo 3'P NMR
analyses for brain ischemia investigation''? and tumour-
related conditions by serum *P NMR analyses.!*!* In this
work, 3'P NMR-based metabonomics of human blood
serum was employed in the investigation of mechanism
triggered by ischemic stroke.

Experimental
Serum samples
The stroke group consisted of 45 male and female

patients 41 to 82 years old, admitted in Clinical Hospital of
Parand Federal University, diagnosed with ischemic stroke,
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in which 80% were submitted to thrombolytic therapy.
All patients were submitted to etiological investigation as
recommended by the Brazilian Society of Cerebrovascular
Diseases.'>!® The control group consisted of 17 healthy
individuals without any cardiovascular risk factor or previous
stroke history, matched by age and sex as much as possible
with stroke patients. Aliquots of approximately 20 mL
from peripheral blood were collected in the first seven days
after symptoms onset, transferred to sterile tubes, five min
centrifuged at 7000 x g and then freeze-stored at 193 K prior
to NMR analyses.

The whole procedure was reviewed and approved
by Ethic Committees for human research of Clinical
Hospital of Parand Federal University (Protocol number
1989.156/2009-07).

NMR analyses

SIP{"H} NMR spectra were acquired at 303 K on a Bruker
AVANCE 400 NMR spectrometer, operating at 9.4 Tesla,
observing *'P at 161.98 MHz, equipped with a 5 mm direct
detection probe with z gradient. For this, aliquots of 400 uL
of serum samples were completed with 200 pL of D,O
and then again centrifuged by ten minutes at 2000 x g on a
microcentrifuge. Followed, aliquots of 500 uL were directly
transferred into 5 mm NMR tubes and submitted to NMR
analyses. The spectra were acquired by applying 30 degree
excitation pulses with 'H decoupling during acquisition, 32k
data points, providing a spectral resolution of 2.29 Hz, 2k
scans averages, and recycle time of 0.2 s. All NMR spectra
were manually phased and baseline corrected, and referenced
against the inorganic phosphate (P,) *'P NMR signal at 6 4.95.

Statistical analyses

The 3'P{'H} NMR spectra were subjected to multivariate
statistical analyses on Bruker AMIX software version 3.9.7.
The *'P{'H} NMR spectra were first normalized to the total
intensity spectra and binned into 1.4 ppm wide buckets, using
simple rectangular bucketing method from AMIX over the
region of 0.0-7.0 ppm, prior to principal component analyses
(PCA). Buckets with variances less than 38% were excluded
from PCA, in order to include only signal regions (1.4-2.8 and
4.2-5.6 ppm). Follow, statistical significance analyses were
performed according to the method proposed by Goodpaster
et al.,'” with modifications in order to compare disease and
healthy groups with aid of Bruker AMIX software version
3.9.7. Thereby, instead of performing Mann-Whitney U
test for loadings significance calculation, it was performed
a combination of Kruskal-Wallis and Kruskal-Wallis with a
T-test at 95% confidence level. Follow, SIMCA prediction
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models were then constructed from PCA with 80% of
samples and used to predict the remaining of samples.

Additionally, bucket tables were constructed with aid
of AMIX software by binning the regions 1.4-2.8 and
4.2-5.6 ppm into 0.04 ppm wide buckets and exported
to Excel software in which classes were added the each
sample. The resulting data matrix was then submitted to
uni and multivariate analyses in freeware R package muma
(Metabolomics Univariate and Multivariate Analyses). The
data were normalized, mean-centered and scaled to each
of the available options: pareto, vaste, range, medium and
auto. The PCA obtained for each pre-processed data were
compared and the best discrimination were selected based
in quantitative analysis of cluster separation, according
to calculated p-value from F statistics and the proportion
of variance explained by each pair of PCs.'"® In sequence
orthogonal projection to latent structures discriminant
analysis (OPLS-DA) were also performed in order to obtain
a better clustering.'” Automated comprehensive univariate
analyses, consisting in a decision tree algorithm that
automatically perform rigorous hypothesis tests on each
individual variables, were also performed. The resulting
volcano and boxplot were analyzed.'

Results and Discussion

SIP{'H} NMR spectra profile (Figure 1) from serum
samples of most patients were very similar, presenting
differences mainly in signals intensities. Considering the
misinformation in the literature about 3'P NMR spectra
calibration, the spectra were referenced against the higher
frequency signal at 4.95 ppm. The *P NMR chemical
shifts assignments were performed with aid literature data
as presented in the Figure 1.1
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Figure 1. Representative 3'P{'"H} NMR spectra of serum samples from a
healthy individual and a ischemic stroke patient with signals assignment
according to Kuliszkiewicz-Janus and Baczynski,"* as phosphatidylcholine
(PC), phosphoethanolamine (PE), sphingomielin (SM), and inorganic
phosphate (P,).
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The chemometric analyses was performed considering
the buckets (i.e., the signals) at 1.4-2.8 and 4.2-5.6 ppm in the
3IP{'H} NMR spectra. The first correspond to phospholipids
phosphatidylcholine (PC), phosphoethanolamine (PE)
and sphingomielin (SM) while the second to inorganic
phosphate (P;) (Figure 1). The main advantage of
chemometric analyses such as PCA and PLS-DA is
the extreme sensitivity such methods to subtle spectral
differences as well as permits an easy visualization of
differences between groups. Besides, chemometric-based
strategies are much more practical for a first exploratory
analysis of the groups then univariate analyses when the
number of sample is too large.

The application of PCA including the two *'P{'H} NMR
spectra regions has permitted to a partial discrimination in
PC1 between ischemic stroke patients without thrombolytic
therapy and healthy individuals (Figure 2). According to
PCI1 loadings (Figure 2) the spectra from ischemic stroke
patients presented higher levels of P, and lower levels
of phospholipids when compared to those from healthy
individuals. Statistical significance analyses result in a
critical p-value of 0.025, revealing both bucket as significant
(0 4.90, p-value =8.15 x 107'%;, 9 2.10, p-value =9.55 x 10°%).

Similar analyses were performed with the *'P{'H} NMR
spectra from patients with brain injury that were submitted
to thrombolytic therapy and healthy individuals. Although
in this case the discrimination between the groups was
not too obvious as in those non-submitted to thrombolytic
therapy (Figure 2). Thus, the chemical composition of
phosphorus-containing compounds of treated ischemic
patients is more similar to the healthy individuals than

Non-treated ischemic patients
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those non-treated ischemic patients, probably due to
thrombolytic therapy.

In order to quantify and evaluate the statistical significance,
it was used a tool described by Goodpaster et al.?®
implemented in muma software, an R package that provides
a simple step-wise pipeline for metabolomics univariate
and multivariate statistical analyses. In this case, the
0.04 ppm wide buckets were constructed with aid of AMIX
software, considering the regions 1.4-2.8 and 4.2-5.6 ppm
of *'P{'H} NMR spectra, and submitted to muma. The
best discrimination regarding non-treated patients with
thrombolytic therapy and healthy individuals was obtained
for PC2 versus PC3 with pareto scaling, which presented
a p-value from F statistics of 1.55 x 10" and a explained
variance of 33%.'® In turn, regarding treated patients with
thrombolytic therapy and healthy individuals resulted in a
p-value of 1.99 x 10 and a explained variance of 41.2% for
PC1 versus PC2 from vaste scaling.

In an attempt to improve discrimination than PCA,
the higher classification power OPLS-DA technique was
applied.” This approach showed a partial discrimination
between the groups in both cases, although a better
discrimination was obtained for those non-treated patients
and healthy individuals than for treated patients and healthy
individuals (Figure 3). This technique have an algorithm
similar to PLS-DA and is able to correlate information
regarding the sample sets and the variables responsible to
discriminate them, eliminating undesired or unexpected
sources of variation."” As explained by Gaude et al.,"
the OPLS-DA technique normally results in better
clustering than PLS-DA due to its ability to distinguish

Treated ischemic patients
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Figure 2. PCA of 3'P{'"H} NMR spectra from serum samples of ischemic stroke patients (black) versus healthy individuals (blue), and its respective PC1
loading plots (down). Confidence ellipses in score plots were defined by AMIX to a 95% confidence level.
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information corresponding to experimental perturbation
from orthogonal part of the data, which is independent
from the experimental perturbation.

Additionally, univariate analyses were performed
in order to get clear informations on how each variable
(i.e., the buckets) behaves between the groups non- and
treated patients and healthy individuals. Univariate
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and S-plots of the analyses of ¥P{'H} NMR spectra from serum samples of ischemic stroke patients (black) and healthy

analyses were performed for each pairwise comparison
and graphical outcome were provided as Volcano plots.
In these investigation, variables with p-value lower than
0.05 and beyond the positive and negative fold changes
(1.2 and 0.8) are considered significant and are plotted in
blue,'® while those variables below these double threshold
are plotted in gray (Figure 4). Visualizing Volcano plots
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Figure 4. Volcano plots from univariate analyses of non-treated ischemic stroke patients versus healthy individuals (A), treated ischemic stroke patients
versus healthy individuals (B) and non-treated versus treated patients with trombolysis therapy (C). Variables with p-value lower than 0.05 and beyond the
positive and negative fold changes (1.2 and 0.8) are considered significant and plotted in blue.
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for the comparison of both ischemic stroke patients groups
and healthy individuals, it is notable that in both cases the
buckets at 4.94 and 4.98 ppm, were of high significance,
followed by the buckets at 1.70 and 2.34 ppm (Figures 4A
and 4B).

In PCA analyses, no significant differences have
been observed between non- and treated patients with
thrombolytic therapy. This found was supported by muma
analyses in which there was no satisfactory p-value for
a pair of principal components that explain a reasonable
amount of the variance. Also Volcano plot shows that
none variables were significant (Figure 4C), revealing
that the differences in the chemical composition of
phosphorus-containing compounds between ischemic
patients, independently of thrombolytic therapy, and
healthy individuals are higher than those between treated
and non-treated groups.

Additional boxplots graphical outcome for univariate
analyses were provided in order to help visualize the
single variables (i.e., the signals in *P NMR spectra)
behavior between groups.'® According to the boxplots for
buckets centered at 1.70, 2.34, 4.94 and 4.98 ppm, it is
clear that buckets at 4.94 and 4.98 ppm, that correspond
to P, (Figure 1), were present in higher levels in ischemic
patients samples (Figure 5). However, the variation between
non-treated patients and healthy individuals was higher than
those for treated patients and healthy group (Figure 5). In
turn, the buckets centered at 2.34 ppm, correspondent to
PE and SM, and 1.70 ppm, correspondent to PC (Figure 1),
were present in higher amounts in healthy individuals,
while in non- and treated patients they were present in
very similar amounts. These founds can be an indicative
that thrombolytic therapy is being effective.

Regarding the observed metabolites, P, is generally
generated by degradation of ATP, a common phenomenon
caused by biological events or endogenous factors.?!
Komatsumoto et al. found increase in P, levels in cerebral
tissues in cats with occlusion of cerebral artery, especially
those with acute ischemia, which was related with the
decrease of ATP.'' In turn, the decrease in phospholipids
levels is supported by studies in cerebral tissues that related
the decrease in phospholipids levels to the occurrence of
ischemia, which could be associated to oxidative stress and
activation of phospholipases.?? Therefore, the founds in this
work supports that phosphorus-containing compounds can
be consider as important biomarkers in the investigation
of ischemic stroke.

The PCA between both non- and treated ischemic
stroke patients and healthy individuals were used for
construction of SIMCA-based prediction models. In this
approach, 80% of the samples were considered in models
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Non-treated ischemic patients (Group 1)
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Figure 5. Boxplots for buckets centered at 1.70, 2.34, 4.94 and 4.98 ppm
(from bottom to top) for analyses with non-treated ischemic stroke patients
versus healthy individuals (left column) and treated ischemic stroke
patients versus healthy individuals (right column). The boxplot represented
the medium (grey line within the box), standard deviation (box edges),
range (whiskers) and outliers (white circles above or below the box).

construction in order to predict the origin of the last
20% samples. The classification model for non-treated
ischemic stroke patients and healthy individuals was
100% sensitivity and specific in predict the class of new
samples (Figure 6). Moreover, all prediction samples were
in confidence ellipsoid model (Figure 6). Otherwise, the
classification model for treated ischemic stroke patients
and healthy individuals was 85.7% sensitivity and a 100%
specific in predict the origin of new samples (Figure 6).
However, some samples were out of confidence ellipsoid
(Figure 6). Although the number of samples is small,
this founds gives a glimpse of the technique potential in
disease diagnostic.
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Figure 6. SIMCA prediction models based on PCA of 3'P{'H} NMR spectra from serum samples of ischemic stroke patients (red triangles) versus healthy
individuals (orange triangles). Confidence ellipses in score plots were defined by AMIX to a 95% confidence level. Predicted samples are represented in
blue circles for ischemic stroke patients and in green circles for healthy individuals.

Conclusions

This work shows that *'P NMR-based metabonomic of
human blood serum can be a valuable tool for ischemic
stroke diagnosis as well as to investigate the mechanism
triggered by post-ischemic stroke. The simple analysis
over the signal areas in 3'P NMR spectra gives insights to
discriminate disease and healthy individuals. Therefore,
this investigation shows that phosphorus-containing
compounds in human serum can be consider important
biomarkers in ischemic stroke investigation and can
be derived from one measurement such as *'P NMR or
others simple analytical tools in order to help in early
ischemic stroke diagnosis as well as to provide a better
understanding of ischemic stroke mechanism. Moreover,
the positive response to thrombolytic treatment observed
in the present study should be further established by
correlating phosphorus-containing compounds levels with
clinical outcome in large studies.
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