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Abstract Metabolic characteristics of 39 human brain tumor tissues, including 15 astrocytomas, 13 fibroblastic meningiomas and 11
transitional meningiomas from 39 individual patients, have been studied using high resolution magic-angle spinning (HRMAS) 'H
NMR spectroscopy in conjunction with principal component analysis (PCA). With rich metabolite information, 'H NMR spectra
showed that the tumor-tissue metabonome was dominated by lipids, lactate, myo-inositol, creatine, choline metabolites such as choline,
phosphocholine and glycerophosphocholine, amino acids such as alanine, glutamate, glutamine, taurine, N-acetyl-aspartate and
glutathione. PCA of the tumor NMR spectra clearly showed metabonomic differences between low-grade astrocytomas and
meningiomas whereas such differences were more moderate between fibroblastic and transitional meningiomas. Compared with
meningiomas, the low-grade astrocytomas had higher levels of glycerophosphocholine, phosphocholine, myo-inositol and creatine but
lower levels of alanine, glutamate, glutamine, glutathione and taurine. The N-acetyl-aspartate level was low but detectable in low-grade
astrocytomas whereas it was not detectable in meningiomas. It is concluded that tissue metabonomics technology consisting of HRMAS
'H NMR spectroscopy and multivariate data analysis (MVDA) offers a useful tool (1) for distinguishing different types of brain tumors,
(2) for providing the metabolic information for human brain tumors, which are potentially useful for understanding biochemistry of
tumor progression.

Key words human brain tumor, glioma, astrocytomas, meningioma, high resolution magic-angle spinning (HRMAS) nuclear
magnetic resonance spectroscopy, pattern recognition, statistical analysis.

Gliomas and meningiomas are the most tumors are vitally important to aid more accurate
frequently encountered human brain tumors™ and the diagnosis and prognosis which in turn can help
clinical survival rates among brain tumor patients vary
considerably depending on the type and grade of
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ependymal and neuronal tumours  whereas
meningiomas have many subtypes such as
meningothelial, fibroblastic (fibrours), transitional
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therapeutic planning and potentially improve the
clinical outcome®?. At present, some modern imaging
methods, such as magnetic resonance imaging (MRI),
X-ray computed tomography (CT), and positron-
tomography  (PET), provide useful
information®~® on tumor mass and location, they

emission

remain to be complementary in the clinical settings
since they can only provide limited information for a
precise classification and diagnosis. The ultimate
clinical diagnosis of brain tumors relies, almost
exclusively, on histopathological evaluation of tumor
biopsy. Given the heterogeneity of some tumor tissues,
however, the histopathological evaluation normally
takes only a small part of the tumor and may not
adequately represent the total tumor property®. Such
approach is also effective only when tissue or cellular
morphological changes reach certain scale, being of
limited values for early diagnosis even though such
early diagnosis may be vitally important for early
intervention and improvement of patient survival.
Furthermore, the histopathological evaluation is
generally time consuming requiring as much time as
about 24 hours for tissue fixation and microscopic
assessment. The frozen section technique requires half
an hour but generally can only provide low diagnostic
accuracy %, Sometimes the method is also subjected
pathologists.
histopathological methods conceivably provide little or

to experience of the Moreover,
no metabolite information for the tumors even though
such information may be important for prognosis and
understanding the underlying molecular events
related to the carcinogenesis and developments.
Complimentary methods have long been in demand to
extract further information especially in terms of
metabolic characteristics of the tumors compared with
normal tissues.

In wvivo 'H magnetic resonance spectroscopy
(MRS) and in vitro 'H nuclear magnetic resonance
(NMR) spectroscopy of the tissue extracts have
provided more information on metabolites correlated
with histopathology of tissue specimens and helped to
improve understandings of tumor biochemistry which
is beneficial to the diagnostic accuracy of human brain
tumors "' “5. Although in vivo 'H MRS is the only
non-invasive in vivo metabolite detection methods, this
method often detects only a few metabolites such as
lipids, total creatine (tCre), total choline (tCho), lactate
(Lac), glutamate and glutamine (Glx), alanine (Ala)
and N-acetyl-aspartate (NAA) owing to its limited

spectral resolution and detection sensitivity. The
spectral baseline and signal-to-noise ratio were not
always good enough for quantitative or pattern
the detectable
metabolite signals were often not unambiguously
signals  of
phosphocholine and glycerophsphophocholine were

recognition analysis. Furthermore,

resolved. For example, choline,
often collectively reported as so-called “total choline
(tCho)”

signals were collectively reported as “ total creatine

Similarly, creatine and phosphocreatine

(tCre)” . The signals for glutamate and glutamine
were often reported together as GLX though the
functions of these metabolites were not necessarily the
same. The signals of lactate and lipids or alanine and
lipids at § 1.2 ~ 1.5 were not clearly resolved under
normal short echo MRS experiments and they have to
be resolved with medium or long echo experiments!'"
which invert the doublets of lactate and alanine, being
difficult for
importantly, when the changes of these overlapping

quantitative analysis. Even more
metabolites were not following the same trend, signal
average in the overlapped signals, for example, by
compensation from each other, can lead to mistakes as
constant. On the other hand, the in wvitro 'H NMR
spectroscopic methods, though having much higher
resolution, require solvent extraction of tissues, leading
to the loss of the vitally important compartmentation
information. Furthermore, the extraction procedures
were often laborious and may suffer from possible
chemical changes for the metabolites and
incompleteness of extraction.

More

spinning (HRMAS) NMR spectroscopy has emerged

recently, high resolution magic-angle
as an ideal tool for studying tissue metabolism. With
the requirement of small amount of tissue samples
(ca. 10 mg) and little or no sample preparation,
HRMAS methods offer of the
metabolite composition (i.e, metabonome) of the intact

direct analysis
biological tissues!" ' and high spectral resolution that
is close to solution state NMR. Therefore, such
methods have already been widely used in studying the
metabolism of liver"”, kidney!"® and brain tissues!"” of
animal models and biopsy of human liver ®, breast
ductal™ prostate™ and brain tissues. In particular,
when used in conjunction with multivariate data
analysis (MVDA) based pattern recognition (PR)
methods, such as principal components analysis
(PCA), the methods have become an important part of
ex vivo tissue metabonomics platform, which is the
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only known non-destructive tissue metabonomics
technique for the time being. These advantages have
already been exploited ™ ~! to provide a convenient,
rapid and accurate complementary method for
biochemistry studies, diagnosis, classification and
grading of human brain tumors.

Some studies have already been conducted for
human brain tumors, such as glioma and meningioma,
using in vivo MRS and in vitro NMR. Even with the
aforementioned drawbacks, these studies have shown
effectiveness in differentiating normal human brain
from various tumor®~* and differentiating high-grade
glioma from meningioma! . In yivo MRS studies
have also showed metabolic differences between human
low-grade glioma and meningioma in the levels of
total-choline, alanine, myo-inositol, total-creatine!"" %),
lactate ®, GIx (i.e., glutamate and glutamine) ' 2 37,
and glutathione™”. However, no significant differences
were reported on lipid under MRS conditions. For
animal models, in vivo MRS studies of rats® at 9.4T
showed more metabolites taurine,
aspartate,
N-acetylaspartylglutamate though choline metabolites

including
scyllo-inositol, v-aminobutyric  acid,
remained unresolved. In vitro '"H NMR spectroscopy
of the tissue extracts showed that only the levels of
alanine and glutamate as well as ratios for
glycine/creatine, alanine/creatine and total-choline/
creatine had significant difference (P < 0.05) between
low-grade

significant differences were reported on taurine,

gliomas and meningiomas™ ¥, No
myo-inositol and creatine though meningiomas had
higher level of taurine BY, and lower levels of
myo-inositol"**-* %I and creatine®" **! compared with
low-grade glioma. No information was reported on the
lipid levels either probably due to the method
limitation.

Some preliminary results of the HRMAS NMR
studies on glioma and meningioma showed significant
difference (P < 0.05) in the level of glutamate and
ratios of glycine/creatine, alanine/creatine and
glutamate/creatine " #. Whilst these studies reported
important findings, both studies were based on some
limited patients including two low-grade astrocytomas
and six meningiomas ™ in one study and one low-
grade astrocytoma and one meningioma in another™!.
Therefore, further conformational studies with more
cases are required.

When more cases are studied, simple spectra

comparisons will not be adequate enough to obtain all

useful information on tissue metabonomic changes due
to the spectral complexity and large quantity of data.
Multivariate data analysis based pattern recognition is
expected to be much more effective in these cases and
such studies on brain tumor metabonomic
characteristics are not available for the time being.
There are also no HRMAS NMR studies reported, so
far, on the metabolic differences between the subtypes
of meningiomas, such as fibroblastic and transitional
meningiomas. Furthermore, it is not certain whether
metabolite levels other than those reported are also
different between low-grade glioma and meningiomas
when more cases are studied.

In this study, HRMAS 'H NMR methods are
employed in combination with principal components
(PCA) to

characteristics of 39 human brain tumor samples with

analysis analyse the metabonomic
the aims (1) to understand the metabolic characteristics
of the low-grade astrocytomas and meningiomas with
more samples, and metabonomic differences between
fibroblastic and transitional meningiomas, (2) to
explore the feasibility of metabonomics technology as
a complimentary tool for understanding the relevant
processes
carcinogenesis and development to provide possible

biochemical accompanied with

assistant for the classification of human brain tumors.

1 Materials and methods

1.1 Collection of brain tissue specimens

39 human brain tumor specimens were obtained
from 39 patients at the Department of Neurosurgery,
Tongji and Union Hospital,

Tongji College of

Medicine, Huazhong University of Science and
Technology, and at the Department of Neurosurgery,
Zhongnan Hospital, Medical College of Wuhan
University. All tissue samples used for MAS studies
were dissected from specimens used for clinical
pathology evaluations and this study was reviewed and
approved by the local ethics committee. The tumor
samples studied include 15 astrocytomas from 12 male
and 3 female patients aged between 21 and 63, 13
fibroblastic meningiomas from 5 male and 8 female
aged at 16~ 60 and 11 transitional meningiomas from
one male and 10 female patients aged at 25~ 66. All
samples were snap-frozen in liquid nitrogen after
craniotomy and the whole sample collection process
normally took no more than 30 min. All snap-frozen
samples were stored in a freezer at —80°C until further
analysis.
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1.2 Histopathological assessment

All  samples wused for histopathological
examination were fixed in 10% neutral buffered
formalin and routine methods were employed for
histopathology studies. The tissue cross-sections, 5 pm
in thickness, were stained with Hematoxylin and Eosin
(H&E) method followed with microscopic evaluation
by pathologists. The diagnosis criteria were according
to the 2000 revised world health organization (WHO)
classification for brain tumors. With limited cases and
for the sake of clarity, we classified grade I and
grade I astracytoma as low-grade astracytoma.
1.3 High resolution magic-angle spinning(HRMAS)
'"H NMR spectroscopy

Individual tumor samples (20~30 mg) were
respectively placed into a 4 mm quartz rotor specially
designed for HRMAS spectroscopy after rinsed in D,O
saline at low temperature (4°C ), the total sample
preparation time for each sample prior to NMR
detection was less than 5 min. All HRMAS 'H NMR
spectra were acquired on a Varian INVOA 600 MHz
equipped with a standard gHX
Nanoprobe with a spin rate of 2 kHz (due to hardware

spectrometer

restriction). Two 'H NMR spectra for each sample
were recorded using one dimensional single-pulse
sequence and standard Carr-Purcell-Meiboom-Gill
(CPMQG) spin-echo pulse sequence [RD -90° —(7 -
180° —7)n —ACQ]. Water signal was pre-saturated in
both cases with a weak continuous wave irradiation on
water resonance during recycle delay (RD)!* %, The
90° pulse length was adjusted to 4.2~ 5.7 ps for each
sample individually and typically 128 transients were
collected into 16 k data with a recycle delay of 2 s and
a spectral width of 12 kHz. In the case of CPMG
experiment, a total spin-spin relaxation delay, 2n7 (7 =
240~ 250 s), of 32 ms was used for all samples. The
total acquisition time for each sample was less than
20 min. Sample temperature in the rotor was
be (298+ 1) K using methanol
method ¥*! when the temperature controller showed
298 K.

The free induction decays (FID) were multiplied

calibrated to

by an exponential window function with line
broadening factor of 1 Hz prior to Fourier
transformation (FT). All spectra were manually phase-
and  baseline-corrected using the  software
XWINNMR2.0 (Bruker Analytik, Germany) following
converting data into the correct format. The proton

chemical shifts were referenced internally to the centre

of the lactate methyl doublet (1.33).

'H-'H TOCSY HRMAS 2D NMR spectra were
acquired on selected tumor samples for spectral
assignment purpose using MLEV17 spin-lock duration
of 90 ms and relaxation delay of 1 s. 2 k data points
were collected over 7 200 Hz spectral width with
sixteen transients averaged for each of the 256
increments. Total acquisition time was about 7.5 h.
Data were zero filled to a 4 096 x 512 matrix and
weighted with a shifted square sine bell function prior
to Fourier transformation in both dimensions.

The average spectra for each group of tumor
samples were obtained in the following way. The
spectral region § 0.50 ~4.50 was divided into 4 000
buckets with a uniform width of 0.001. The integral of
each bucket was then normalized to the total integrals
over the entire region (6 0.50~4.50). Such normalized
spectra of each sub-group tumors were averaged
numerically.

1.4 Principal components analysis (PCA)

Due to the presence of the spinning sidebands
resulting from hardware restriction of the spinning rate
to 2 kHz and relatively less signals in the aromatic
region, only the signals over the range of § 0.50~4.50
were selected for pattern recognition analysis. Each
sub-spectrum was divided into 200 regions with a
uniform width of 0.02. The signal intensities in each
region were integrated, and each integrated region was
normalized by the sum of all integrals over the entire
sub-spectrum. Principal components analysis (PCA)
was carried out with mean-center scaling, using the
software Simca-P 10.0 (Umetrics, Sweden). Processed
data were visualized by scores plots and loadings plots,
where each point on the scores plot represented the
metabonome of an individual sample while each point
on the loadings plots represented a single spectral
region (or chemical shift) contributing to the
separation.

1.5 Conventional statistical analysis

As the absolute concentration for metabolites is
difficult to quantify in the HRMAS NMR spectra
without internal references, the relative concentration
of the metabolites was determined in this study as the
ratio of the metabolite signal integrals over that of the
total spectra. Therefore, every NMR peak was
nomalized to the sum of the total spectrum and the
data were used for statistical analysis.

The normalized integrals of metabolites and the
integral ratios of the metabolites to choline(at § 3.20)
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were subjected to two-tailed student’s ¢-test for 39
human brain tumors (15 low-grade astrocytomas, 13
fibroblastic and 11 transitional meningiomas) using the
statistical software SPSS 10.0 (Statistical Package for
Social Science, SPSS Inc). When P < 0.05, the changes
of metabolite levels were considered to be statistically
significant.

2 Results

2.1 Histopathological assessment of tumor
samples

With histopathological evaluations, all 39 tumor
samples studied here were classified into 3 groups,
low-grade  astrocytoma,  fibroblastic

meningioma and transitional meningioma (Table 1).

namely,

Table 1 Data for human brain tumor samples
studied in this work

Patient No. Histopathological diagnosis Grade Gender Age

1 Astrocytoma I M 32
2 Astrocytoma | M 48
3 Astrocytoma | F 36
4 Astrocytoma | M 38
5 Astrocytoma | M 46
6 Astrocytoma | F 35
7 Astrocytoma I M 22
8 Astrocytoma I F 32
9 Astrocytoma I M 32
10 Astrocytoma I M 63
11 Astrocytoma I M 58
12 Astrocytoma I M 63
13 Astrocytoma I M 39
14 Astrocytoma I M 21
15 Astrocytoma | M 33
16 Fibroblastic meningioma I F 50
17 Fibroblastic meningioma I M 26
18 Fibroblastic meningioma I F 52
19 Fibroblastic meningioma I F 60
20 Fibroblastic meningioma I F 48
21 Fibroblastic meningioma I F 55
22 Fibroblastic meningioma I M 51
23 Fibroblastic meningioma I M 16
24 Fibroblastic meningioma I F 51
25 Fibroblastic meningioma I F 16
26 Fibroblastic meningioma I M 37
27 Fibroblastic meningioma I M 40
28 Fibroblastic meningioma I F 33
29 Transitional meningioma I F 35
30 Transitional meningioma I M 25
31 Transitional meningioma I F 66
32 Transitional meningioma I F 43
33 Transitional meningioma I F 48
34 Transitional meningioma I F 62
35 Transitional meningioma I F 52
36 Transitional meningioma I F 42
37 Transitional meningioma | F 55
38 Transitional meningioma | F 50
39 Transitional meningioma I F 42

Figure 1 showed some examples of these results for the
tumor tissues from two astrocytomas (grade [ and 1)
and two meningiomas (fibroblastic and transitional).
The grade [ astrocytoma (Figure la) showed slight
increase in the number of tumor cells compared with
normal tissues. In contrast, grade II astrocytoma
shown in Figure 1b had clear increase in the number of
tumor cells with enlarged nuclei with no mitosis
observed. The tumor of transitional meningioma
(Figure 1c) contained both meningothelial and fibrous
meningiomas which had transitional feature between
them. Cellular whorls were also clearly observable.
The tumor cells of fibrous meningioma (Figure 1d)
were spindle-shaped resembling fibroblasts. Although
the ages of these patients (Table 1) ranged from 16 to
66, no obvious age related predilection was observable
here. To obtain metabolic information for these tumor
tissues ex wvivo, high resolution magic-angle spinning
'H NMR spectroscopic studies were conducted on all
tissues.

() BERGT

ek

Fig. 1 Histopathological micrographs (H&E stain) of
tumor tissue with the magnification of 200
(a) An astrocytoma (grade I ). (b) A fibrillary astrocytoma (grade II ).
(c) A transitional meningioma. (d) A fibroblastic meningioma.

2.2 High resolution magic-angle spinning 'H
NMR spectroscopy

Two separate 1D 'H NMR spectra were acquired
for each sample as the single-pulsed acquisition and
T2-edited ones which will be denoted as CPMG
spectra in the following discussion. With attenuation of
the overwhelming lipid signals, the CPMG spectra
showed more metabolite signals as in other reported
cases**!, When multiple tissue samples are employed,
small differences may be present between spectra in
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the same sample group due to differences in fibroblastic meningiomas (b) and 11 transitional

individuals and sometime inconsistence of sampling
sites. The average spectra from a number of samples in
the same group are conceived to have better
representation for the metabolite composition of that
particular group. Figure 2 showed the average
HRMAS 'H NMR spectra of human brain tumor
tissues from 15 low-grade astrocytomas (a), 13

(2)

(b)

Glc, GPC
GPC, PC

© Glu, Gln, GLT, etc

Tau, ml

Lac\‘ J Gl\)’ T;]_u\ A/GLT\ Gln Gl Al<

meningiomas (c) recorded with the CPMG pulse
sequence at a spinning rate of 2 kHz. Apart from the
intense signals of fatty acids which could not be
completely suppressed by the CPMG pulse sequence
due to short relaxation time (32 ms), a number of
metabolite resonances were detected from three types
of tumors.

4.5 4.0 35 3.0 2.5

2.0 1.5 1.0 0.5

Fig. 2 Average HR-MAS 'H NMR spectra of 39 human brain tumors acquired from CPMG pulse sequence
(a) Low-grade astrocytomas. (b) Fibroblastic meningiomas. (¢) Transitional meningiomas.

They were assigned (Table 2) based on the
previously published data!™~'> % and 'H-'H TOCSY
HRMAS 2D NMR spectra (data not shown), including
(Cho),
and glycerophosphocholine

choline metabolites, such as choline

phosphocholine (PC)

(GPC), amino acids including alanine, glycine,
glutamate, glutamine, leucine, isoleucine, lysine,
threonine, taurine, glutathione, lactate, creatine,

myo-inositol, «a-glucose and B-glucose. By simple

visual inspection, a number of differences are
observable
astrocytomas and meningiomas. The N-acetyl-aspartate
(NAA, 6 2.02) signals were low but detectable in the

low-grade astrocytomas (Figure 2a) whereas no NAA

between the spectra of low-grade

was detectable in meningiomas (Figure 2b, 2c¢). In
addition, low-grade astrocytomas contained lower

levels of glutathione, glutamate, alanine, lactate, and
taurine together with high level of creatine and
myo-inositol than meningiomas. In the present study,
higher levels of PC and GPC were observed in
low-grade astrocytomas than in meningiomas. Signals
for glutamine and glutamate are also completely
resolved and therefore can be considered separately.
Lactate, alanine and lipids were well resolved in our
HRMAS NMR spectra. Intense signals of glycine (Gly,
6 3.56) were detected in 17 cases of meningiomas and
5 cases of low-grade astrocytomas.

However, the complexity of spectra and large
number of samples make it extremely difficult to
analyse all cases as a whole just by visual inspection;
multivariate data analysis is required to obtain a
general differences between different tumor samples.
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Table 2 NMR data for the metabolites of human brain tumors

Number Abbr. Metabolite § 'H (Multiplicity)

1 Ace Acetate 1.91(s)

2 NAA N-Acetylaspartate 2.02(s), 2.68(dd)

3 Ala Alanine 1.48(d), 3.79(q)

4 Asp Aspartate 2.67(dd), 2.82(dd)

5 Cho Choline 3.20(s), 4.06(m)

6 Cre Creatine 3.04(s), 3.93(s)

7 Iso Isoleucine 0.95(t), 1.01(d), 1.98(m), 3.69(d)
8 Gle a-Glucose 3.41(t), 3.71(t), 3.84(m), 5.23(d)

9 Gle B-Glucose 3.40(t), 3.72(dd), 3.90(dd), 4.64(d)
10 Glu Glutamate 2.05(m), 2.13(m), 2.35(m), 3.76(m)
11 Gln Glutamine 2.13(m), 2.46(m), 3.77(m)

12 GLT Glutathione 2.16(m), 2.56 (m), 2.96(m), 3.78(m)
13 GPC Glycerolphosphocholine 3.23(s), 3.67(dd), 3.88(m), 4.33(m)
14 Gly Glycine 3.56(s)

15 ml myo-Inositol 3.28(t), 3.53(dd), 3.62(t), 4.06(t)
16 Lac Lactate 1.33(d), 4.12(q)

17 Leu Leucine 0.97(t), 1.72(m), 3.74(t)

18 Lip Lipid 0.89(t), 1.29(m), 1.69(m), 2.03(m), 2.25(m), 2.77(m)
19 Lys Lysine 1.48(m), 1.73(m), 1.91(m), 3.03(t), 3.76(t)
20 Pcr Phospocreatine 3.04(s)
21 PC Phosphorylcholine 3.22(s), 3.66(m), 4.30(m)
22 sl scy[[o—irlOSitol 335(8)
23 Tau Taurine 3.26(t), 3.43(t)
24 Thr Threonine 1.34(d), 3.59(d), 4.26(m)

2.3 Principal components analysis

Figure 3 showed the PCA results on the brain
tumors in the forms of scores plots and loadings plots.
The former (Figure 3a) showed that low-grade
astrocytomas were well separated from meningiomas.
The loadings plot (Figure 3b) showed that the major
metabolic differences were highlighted by higher
levels of creatine and/or phosphocreatine, GPC, PC
and myo-inisitol in low-grade astrocytomas than in
meningiomas, which were confirmed by spectral
inspection. One of the meningioma samples (indicated

(a)

0.04f

0.02}
£ 0.00
A

-0.02}

-0.04}

—0.06 -0.04 -0.02 000 002 004 0.06
PC1

with an arrow) was clustered with low-grade
astrocytomas and close inspection in the third principal
component axis showed that this sample was not truly
clustered to the low-grade astrocytomas. The spectrum
of this sample did, however, show relatively high level
of myo-inisitol, GPC and PC together with low levels
of creatine, glutamine and lactate than that of other
meningiomas. The reasons for this remain to be
understood with limited number of the tumor samples.
nevertheless,

Histopathological ~ re-examination,

confirmed it as a fibroblastic meningioma. The

(®) 40l s»——GPC,PC

AL

Lac

Cho

0.20

PC2

0.00

il —Gle, GPC

|GPC, P q

0.20

-0.20

Glu, Gln, GLT, etc

0.40 0.60

PC1

0.00

Fig. 3 PCA (PC1 vs PC2) plots of 600 MHz HR-MAS 'H NMR spectra of 39 human brain tumors
Scores plot (a) and loading profile (b), the principal components PC1 and PC2 describe 32% and 22% of variables in the spectra, respectively. B :

Low-grade astrocytoma; < : Meningioma.
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observation of the changes in creatine and/or
phosphocreatine suggests that their resonances cannot
be used as an internal quantification reference in the
tumor studies.

Principal component analysis was also performed
on the spectra of 13 fibroblastic and 11 transitional
meningiomas. The scores plots (Figure 4a) showed
differences between

some broad metabonomic

fibroblastic and transitional meningiomas; 10 of 13

(2)

0.02}

0.00

PC2

-0.02+

-0.04F

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

PC1

translational meningiomas were clustered separately
from the fibroblastic group. The loadings plot
(Figure 4b) showed that 'H NMR signals of lactate,

glutamate, glutamine, glutathione, and other
metabolites including leucine, isoleucine, lysine,
glycerolphosphocholine,  phosphocholine, glucose

(a-glucose, B-glucose) in the range of region (6 3.66~
3.90) were
compared with transitional meningiomas.

lower in fibroblastic meningiomas

040} Lip
i Li :
0.20 Lip® Up
S 0.00 ‘/\AL M A A AN /\N\Nj\
T T AN
Lac | a1l
~0.20} GPC,PC  Glngiy, Glu Lac
i ooercEe
-0.40L | Gly, Gln, GLT gtc : : :
449 399 349 299 249 199 149 0.9
B

Fig. 4 PCA (PC1 vs PC2) plots of 600 MHz HR-MAS 'H NMR spectra of 24 meningiomas
Scores plot (a) and loading plot (b), the principal components PC1 and PC2 describe 39% and 23% of variables in the spectra, respectively. A\ :

Fibroblastic meningioma; ® : Transitional meningioma.

2.4 Conventional statistical analysis

The above observed metabolite changes were also
analyzed by two-tailed student’s z-test based on the
relative concentration from the normalized signal
intensities and the results were shown in Figure 5, 6.
Apart from statistically significant difference(P < 0.05)
reported between gliomas and meningiomas in the
levels of creatine, myo-inositol, glutamate, glutathione,
and alanine, this study also observed statistically

(2)
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significant difference (P < 0.05) in the levels of GPC,
PC and taurine between low-grade astrocytomas and
meningiomas (Figure 5a). Furthermore, significant
difference was observed in the level of lipid (6 0.89)
between fibroblastic and transitional
(Figure 5b),
between some metabolite signals at § 3.74~ 3.90 (data

meningiomas
significant difference can also be found

not shown), which may partly be attributable to
differences in glutathione and glutamate.

0.08
0.07} *
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Fig. 5 Intensities (normalized integral) of some metabolites showing significant differences in different tumors
(a) 15 low-grade astrocytomas and 24 meningiomas. ll: Astrocytoma; [J: Meningioma. (b) 13 fibroblastic meningioma and 11 transitional meningioma.
O : Fibroblastic MM; [: Transitional MM. **** p<(,000 1; ***P < 0.000 5; **P < 0.005; *P < 0.05 in -test.
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In the literature reported MRS studies, the
creatine level was normally used as the internal
standard !

concentration in normal brain tissues. However, the

concentration assuming its constant
level of creatine was found not constant here and in
literature " for the brain tumor tissues. In this study,
we found that the level of choline was not statistically
different amongst these samples (data not shown), thus
the concentration ratios of the observed metabolites
against choline (at § 3.20) were also calculated and
subjected to two-tailed student’s ¢-test. Such relative
ratios were explored for their significances. Due to
signal overlapping (5 3.24~ 3.21)™, GPC and PC were
combined in this study as one indicator to avoid data

(2)

Ratios of metabolites to choline

overfitting even though curve-fitting methods may be
them completely. Apart

statistically significant differences (P < 0.05) for the
e [27,28]

used to resolve from

ratios of creatine/cholin and  myo-inositol/
choline ® reported between low-grade gliomas and
meningiomas, this study also observed that the ratios
to choline were all significantly different for taurine,
glutathione, glutamate, alanine and the sum of GPC
and PC comparing low-grade astrocytomas with
meningiomas (Figure 6a). Significant differences in the
concentration ratios to choline have also been found
for the first time for glutamate between the fibroblastic

and transitional meningiomas (Figure 6b).

(b)

Ratios of metabolites to choline

Glu/Cho

Fig. 6 The concentration ratios of metabolites to choline showing significant differences in different tumors
(a) 15 low-grade astrocytomas and 24 meningiomas. /: Cre/Cho; 2: mI/Cho; 3: Tau/Cho; 4: GPC-PC/Cho; 5: GLT/Cho; 6: Glu/Cho; 7: Ala/Cho.
Il Astrocytoma; [J: Meningioma. (b) 13 fibroblastic meningioma and 11 transitional meningioma. [: Fibroblastic MM ; [J: Transitional MM.
*E*XP<0.000 5; ***P<0.005; **P<0.01; *P<0.05, in two-tailed student’s ¢-test.

3 Discussion

Low level of NAA in low-grade astrocytomas
observed here is consistent with what has been
observed previously [*#1 probably due to the loss of
neurons during astrocytomas development as NAA is
an important marker of neuron. NAA was not detected
in meningiomas probably due to the absence of
neurons and axons there. The increase of glutathione
was found in meningiomas P previously probably
resulting from the requirement of oxidative stress
management during carcinogenesis and development.
The observed differences for the levels of glutamine,

glutamate, lactate and alanine in low-grade
astrocytomas and meningiomas were in good
agreement with those from the previous

studies [ 12 14 2. 31 1 though glutamine and glutamate
were often reported together without resolution. Since
glutamate is an excitatory neurotransmitter synthesized

through glutamate dehydrogenase functioning as an
a-ketoglutarate precursor and glutamine is a precursor
and storage form of glutamate * *! such observed
changes as well as that of glycine are probably related
to alterations in the citrate cycle related metabolisms.
The increase of alanine level was reported as a specific
marker for meningiomas in previous studies™*°I. The
differences in the levels of alanine and lactate between
low-grade astrocytomas and meningiomas observed
here are probably related to the differences in
glycolysis™*! for these tumors. The higher lactate level
in meningiomas than in low-grade astrocytomas was
consistent with finding from the previous ex wvivo
studies!™ *! though not consistent with that the in vivo
studies?. This discrepancy was previously attributed
to metabolism during sample preparation and surgical
procedures.
composition was compared under identical conditions

However, when the metabolite

during surgical procedures and sample handling in
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HRMAS NMR experiments, the lactate differences
may also be considered from the differences between
tumor tissues. Nevertheless, it cannot be ruled out that
poor resolution under in vivo MRS studies may also
yield
differences agreed well with the findings in previous

some discrepancy. Our observed creatine
studies!!: 13 1427, 28 31. 397411 i that the level of creatine in
human tumors was significantly lower in meningiomas
compared with low-grade gliomas. Such changes in
creatine level indicate altered energy metabolism in
the tumors since creatine is a known reserve for
high-energy phosphates and a buffer in adenosine
triphosphate and adenosine diphosphate reservoirs™®- .
Higher level of myo-inositol in low-grade astrocytomas
vivo MRS
studies!"" 214334l and myo-inositol was identified as a

has been observed in previous in
glia-specific marker® >, Observed differences in
taurine levels are also consistent with previous
observationsP!. However, the reasons for the elevation
of taurine in meningiomas compared with low-grade
astrocytomas were not entirely clear at this stage
though
modulations are

neurotransmitter
Synthesized
through cysteine, elevation of taurine levels was also

osmoregulation  and
primary functions.

related to some cell-damage!®).

Unlike in vivo MRS studies where choline, PC
and GPC were often reported as “total choline” due
to lack of spectral resolution. In this study, GPC and
choline or PC and choline in all tumors were well
resolved though the peaks of PC and GPC presented
partial overlapping. The choline level was not found
low-grade
astrocytomas and meningiomas whereas the levels of

significantly ~ different between the
GPC and PC were much higher in low-grade

astrocytomas than those in meningiomas. Since

choline is a precursor for the biosynthesis of
acetylcholine and phosphatidylcholine, the changes in
the levels of choline, PC and GPC are probably
associated with membrane phospholipid metabolism of
tumors™ %! and related to the tumor cell proliferation.
Furthermore, the ratios of a number of metabolites to
choline were significantly different between low-grade
astrocytomas and meningiomas. The combination of
these metabolite/ choline ratios from the HRMAS
NMR spectra may have some potential in assisting
low-grade
menigniomas. Our observation in the change of lipids

classification of astrocytomas  and

was not observed previously. The resonance of lipids
in healthy human brain was not normally observable

under in vivo MRS conditions and the presence of
Such
increases in lipid levels may accompanied with

lipids commonly relate to carcinogenesis.

hypoxia, hypoxic stress, and finally to necrosis as the
tumor outgrows its blood supply™.

In summary, compared with conventional in vivo
'H MRS and in vitro '"H NMR spectroscopy, HRMAS
'H NMR spectroscopy requires minimal sample
preparation and offers more detailed metabolite
information. HRMAS 'H NMR spectroscopy combined
with pattern recognition can provide not only
important information on relevant metabolites and

their ratios for understanding physiology and

pathology of the tumors, but also a rapid,
nondestructive and accurate way for classification of
human brain tumors, which is potentially

complementary to the conventional ones. With many
more cases studied in the current study, previously
reported metabolic differences were further confirmed
between low-grade astrocytomas and meningiomas.
Some more differences were also observed for the
levels of taurine, GPC, PC and lipids.
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