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Abstract Colorectal cancer is one of the most frequent and
most lethal forms of cancer in the western world. The aim of
this study is to characterize by 'H high resolution magic angle
spinning NMR spectroscopy (HRMAS) the metabolic fin-
gerprint of both tumoral and healthy tissue samples obtained
from a cohort of patients affected by primary colorectal ade-
nocarcinoma. By analyzing HRMAS data using multivariate
statistical analysis (PLS-DA), the two types of tissues could be
discriminated with a high level of confidence. The identifi-
cation of the metabolites at the origin of this discrimination
revealed that adenocarcinomas are richer in taurine, gluta-
mate, aspartate, and lactate whereas healthy tissues contain a
higher amount of myo-inositol and f-glucose. The statistical
model resulting from the PLS-DA analysis was subsequently
used to perform a blind test on tumoral and healthy colon
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biopsies. The results of the classification showed that the
HRMAS analysis has very high sensitivity and specificity.
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Statistical analysis - Taurine - Myo-inositol

1 Introduction

Colorectal cancer is one of the most frequent cancers in the
western world (Jemal et al. (2007); Libutti et al. (2008)).
The most common colon cancer is adenocarcinoma which
is a malignant epithelial tumor that originates from the
glandular epithelium of the colorectal mucosa. Patient
prognosis is based on several parameters like the clinical
stage of the disease, the histological type and grade of the
tumor (Cusack et al. (1996)) and the analysis of oncogenes
and molecular markers (Fearon et al. (1990); Leichman
et al. (1997)). In order to develop more efficient diagnostic
and prognostic tools, current research focuses on both the
genetic and the molecular basis of the disease.

'"H high resolution magic angle spinning (HRMAS) is a
nuclear magnetic resonance (NMR) technique (Andrew
et al. (1958); Lippens et al. (1999); Lowe (1959)) that
allows the characterization of the metabolic phenotypes of
intact cells, tissues and organs, under both normal and
pathological conditions (Cheng et al. (1997); Cheng et al.
(1998); Cheng et al. (2000); Martinez-Bisbal et al. (2004);
Martinez-Granados et al. (2006); Sitter et al. (2002);
Sjebakk et al. (2008); Tzika et al. (2002)). HRMAS allows
the assessment of cellular metabolic networks that are
directly related to specific genetic information and to the
regulation of specific gene transcripts. Several human
gynecological, neurological, and urological malignancies
have been studied by HRMAS with promising results.
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The aim of the present study is to characterize by 'H
HRMAS the metabolic fingerprint of both tumoral and
healthy tissue biopsy samples obtained from a cohort of
patients affected by primary colorectal adenocarcinoma.
One of the objectives of the project is to develop and
validate in a clinical set-up a statistical metabolic model
capable of achieving a reliable classification of cancerous
versus healthy biopsies. In order to obtain reliable statis-
tical results, the study was performed on a relatively large
cohort of patients (n = 44).

The study of the metabolic content of colon biopsies by
magnetic resonance has been the topic of only a few papers
in the literature. In fact, the study presented in this manu-
script is, to our knowledge, the first one involving the direct
comparison of the metabolic content of healthy and can-
cerous human colon biopsies using intact biopsy samples.

2 Materials and methods
2.1 Patient population

This study involves the use of human colon biopsies
obtained from the Tumor bank of the University Hospitals
of Strasbourg, France. Between March 2007 and December
2007, 44 patients (26 men, 18 women; mean age:
68 £ 12 years, age range: 45-90 years) with histologically
proven colorectal adenocarcinoma were prospectively
selected. All patients underwent a surgical resection of the
primary lesion and a radical lymphadenectomy. Neither
neo-adjuvant chemotherapy nor radiotherapy were per-
formed prior to the operation. For the HRMAS analysis,
two specimens containing respectively tumoral and healthy
tissue were obtained from each patient. For four patients,
only the healthy or the tumoral biopsy was available. The
total number of biopsies was therefore equal to 84. Tissue
specimens were collected with minimum ischemic delays
after resection (average time 50 £ 25 min) and snap-fro-
zen in liquid nitrogen before being stored at —80°C. All
tissue samples exhibited a viable tumor/necrosis ratio and
were quantitatively and qualitatively adequate to perform a
correct HRMAS analysis.

2.2 HRMAS analysis
2.2.1 Rotor preparation

Each biopsy sample was prepared at —10°C by introducing
15 to 20 mg of biopsy into a disposable 30 pl KelF insert.
To provide a lock frequency for the NMR spectrometer,
10 pl of D,O containing 1% w/w TSP were also added to
the insert. The insert was then sealed tightly with a conical
plug and stored at —80°C until the HRMAS analysis. The

insert insures that the entire biopsy sample is detected by
the radio-frequency coil of the probe and that no leaks
occur during the HRMAS analysis. Shortly before the
HRMAS analysis, the insert was placed into a standard
4 mm ZrO, rotor and closed with a cap. The ensemble was
then inserted into a HRMAS probe pre-cooled at 3°C. All
HRMAS experiments were performed at 3°C and were
started immediately after the temperature inside the probe
had reached the equilibrium condition (5 min). Upon
completion of the HRMAS analysis (20 min), the insert
was taken out of the rotor and stored back at —80°C. This
methodology prevents sample cross-contamination and
allows storing all the biopsies in a reliable matter. A con-
siderable amount of time is also saved by eliminating the
cleaning process of the rotor. Furthermore, complementary
NMR analysis can be performed at a later stage on any of
the stored biopsy inserts.

2.2.2 Data acquisition

HRMAS spectra were recorded on a Bruker Avance III
500 spectrometer operating at a proton frequency of
500.13 MHz. This instrument is installed at the Hautepie-
rre university hospital in Strasbourg and is dedicated to the
analysis of biopsies by HRMAS. It is operated by qualified
scientific and medical personnel in the context of the
CARMeN project which aims at the creation of an exten-
sive metabolic database covering most current human
tumors. The spectrometer is equipped with a 4 mm double
resonance (‘H, '’C) gradient HRMAS probe. A Bruker
Cooling Unit (BCU) is used to regulate the temperature at
3°C by cooling down the bearing air flowing into the probe.
All NMR experiments were conducted on samples spinning
at 3,502 Hz in order to keep the rotation sidebands out of
the spectral region of interest. For each biopsy sample, a
one-dimensional proton spectrum using a Carr—Purcell—
Meiboom-Gill (CPMG) pulse sequence was acquired
(Bruker cpmgprld pulse sequence). This sequence allows a
better observation of the metabolites by reducing the
intensity of lipid signals in the spectrum. The inter-pulse
delay between the 180° pulses of the CPMG pulse train
was synchronized with the sample rotation and set to
285 us (1/w, = 1/3502 = 285 ps) in order to eliminate
signal losses to B; field inhomogeneities (Elbayed et al.
(2005); Piotto et al. (2001)). The number of loops was set
to 328 giving the CPMG pulse train a total length of 93 ms.
In order to quantify, in an absolute manner, the amount of
metabolites present in each sample, a calibrated Eretic
signal (Akoka et al. (1999)) was included in all the 1D
experiments. The Lorentzian Eretic signal was added
digitally in the spectrum after data acquisition and pro-
cessing. This procedure allows obtaining an Eretic signal
which is perfectly in phase with the NMR signals and

@ Springer



294

M. Piotto et al.

which does not compromise the quality of the baseline.
Using a standard solution of known concentration of lac-
tate, the amplitude of the Eretic signal was calibrated to
correspond to 0.62 pmol of protons. In order to accurately
calculate the metabolite concentration in each biopsy, a
correction factor taking into account the difference in pulse
widths between the standard lactate sample and the dif-
ferent biopsies was also applied (Wider and Dreier (2006)).
The CPMG experiment was acquired with the following
parameters: sweep width 14.2 ppm, number of points 32 k,
relaxation delay 2 s and acquisition time 2.3 s. A total of
128 FID were acquired resulting in an acquisition time of
10 min. All spectra were recorded in such a manner that
only a zero phase order correction was necessary to prop-
erly phase the spectrum. The FID was multiplied by an
exponential weighing function corresponding to a line
broadening of 0.3 Hz prior to Fourier transformation. All
spectra were processed using automatic base line correc-
tion routines. "H spectra were referenced by setting the
lactate doublet chemical shift to 1.33 ppm.

In order to confirm resonance assignments, two-dimen-
sional homonuclear and heteronuclear experiments were
also recorded on eight samples. 2D DIPSI2 spectra (Shaka
et al. (1988)) were acquired with a 170 ms acquisition
time, a 60 ms mixing time, a 14.2 ppm spectral width and a
1.5 s relaxation delay. Thirty-two transients were averaged
for each of the 512 increments during t1, corresponding to
a total acquisition time of 8 h. Data were zero filled to a
2 k * 1 k matrix and weighted with a shifted square sine
bell function prior to Fourier transformation. 2D 'H-'>C
HSQC experiments using echo—antiecho gradient selection
for phase-sensitive detection (Davis et al. (1992)) were
acquired using a 73 ms acquisition time with GARP '*C
decoupling and a 1.5 s relaxation delay. A total of 116
transients were averaged for each of 256 tl increments,
corresponding to a total acquisition time of 15 h. Two 1 ms
sine-shaped gradient pulses of strength 40 and 10.05 G/cm
were used in the experiment. Data were zero-filled to a
2 k * 1 k matrix and weighted with a shifted square sine
bell function before Fourier transformation.

2.2.3 Multivariate statistical analysis

The spectral region between 4.7 and 0.5 ppm of each 1D
CPMG NMR spectrum was automatically binned into
regions of 0.01 ppm using the AMIX 3.8 software (Bruker
GmbH, Germany). This procedure minimizes the effect of
peak shifts due to pH variations. The peak integral within
each 0.01 ppm region was computed and normalized with
respect to the total integral of the spectrum in the 4.7—
0.5 ppm region. This process generated an X data matrix
containing 421 columns (chemical shifts) and 84 rows
(corresponding to healthy and tumoral biopsies of 44
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patients). Data sets were then imported into the SIMCA P
11.0 software (Umetrics AB, Umed, Sweden) and pre-
processed using unit variance scaling of the X columns by
weighing each integral region by 1/SDy, where SDy rep-
resents the standard deviation of the kth column in the X
matrix. This procedure gives equal weight to metabolites
present in high and low concentrations while minimizing
the contribution from noise.

The X matrix was analyzed using principal component
analysis (PCA) within the SIMCA P 11.0 software pack-
age. This procedure allows to quickly evaluate the quality
of the data and to identify possible outliers. After the PCA
analysis, Partial Least Square Discriminant Analysis (PLS-
DA) (Tenenhaus (1998)) was conducted in order to build a
statistical model that optimizes the separation between the
two classes of patients. The number of components of
the PLS-DA model was determined by cross-validation.
The class membership of each sample was iteratively
predicted, using the results to generate a goodness of fit
measure (Q2 = 1-PRESS/SS) for the overall model.
PRESS is the predicted squared sum of error and represents
the squared differences between observed and predicted Y
values when each sample is kept out of model development
and SS is the residual sum of squares of the previous
dimension. Since PLS-DA models are usually built using a
relatively small number of samples compared to the num-
ber of variables, an extensive cross-validation of the model
is mandatory to avoid overfitting of the data (Westerhuis
et al. (2008)). The maximum theoretical value for Q2 is
equal to 1 for a perfect prediction. However, a Q* value
superior to 0.5 is generally considered to be a decent pre-
dictor. In order to validate the model, a circular validation
procedure was performed. The class labels of the biopsies
(cancerous versus healthy) in the Y column matrix were
randomly permuted and for each permutation, a new sta-
tistical model was computed along with its Q* value. This
procedure was repeated for a large number of permutations
and the Q? value were plotted as a function of the number
of permutations in the Y matrix. A model was considered
as valid if the regression line obtained by circular permu-
tation showed a negative slope and if all the estimated Q*
were smaller than the original one. This feature proves that
none of the models computed on the permuted Y matrix are
better than the model computed using the original Y
matrix.

3 Results and discussions

3.1 Spectral assignment

Representative HRMAS CPMG magnetic resonance spectra
of adenocarcinomas and healthy tissues originating from the
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same patient are presented in Fig. 1. Metabolites were
assigned using standard metabolite chemical shift tables
available in the literature (Martinez-Bisbal et al. (2004)). 2D
DIPSI2 and HSQC spectra were also used to confirm some
assignments. A total of about 30 different metabolites were
identified from these spectra (Table 1). The respective
metabolic content of healthy and cancerous biopsies can be
directly inferred from Fig. 1 since the intensity of each

spectrum was normalized with respect to the amplitude of the
Eretic signal and the weight of biopsy present in each sample.
Figure 1 tends to show that adenocarcinomas are charac-
terized by a higher level of taurine while healthy tissues
contain a larger amount of myo-inositol. It is important to
emphasize that since both biopsies were obtained simulta-
neously from the same patient, the direct comparison of their
metabolic content is extremely reliable since the time of

a Control
19
20
12 0
18
32
11 4 3
1513
16 4513
T I T T T T T T T T T T
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm
b Adenocarcinoma
9
19
20
4
3
T T T T T T
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

Fig. 1 Representative 1D '"H CPMG HRMAS spectra of healthy (a)
and adenocarcinoma (b) colorectal tissues originating from the same
patient. For display purposes, the amplitude of the lactate peak at
1.33 ppm has been cut. Partial metabolite assignment in the

4.7-0.5 ppm region is indicated. The numbers refer to the metabolites
listed in Table 1. The Eretic peak at 10.3 ppm, which is not shown in
this plot, is a synthetic Eretic peak that is used for the absolute
quantification of the metabolites
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Table 1 'H resonance assignments of the metabolites present in Table 1 continued
cancerous and healthy human colons. The nomenclature used for fatty - N 5
acids is defined in the publication of Martinez-Bisbal (Martinez- Metabolites Group H C

Bisbal et al. (2004)) :Llffrtnzgzlm) glliefrtnical

Metabolites Group 'H Bc
chemical chemical 19 Phosphorylcholine -N*—(CH3); 3.22 56.49
shift (ppm)  shift BCH, 3.61 69.03
1 Isoleucine SCH, 0.93 13.77 oCH 4.18 60.59
CH, 1.00 17.37 20 Glycerophosphocholine —CH,-NH;™ 3.23 NA
JCH, 148 113 2CH, 4.29 56.36
«CH 3.67 62.25 21 Arginine SCH, 1.91 30.17
2 Leucine SCH; 0.95 23.36 SCH, 322 43.23
§'CH, 0.96 24.61 22 Taurine —CH,-NH;*  3.26 50.07
JCH 71 26,69 —CH,-SO;~ 342 38.07
$CH, 71 140 23 Proline yCH, 2.00 26.45
LCH 373 56.06 BCHa(u) 2.07 31.70
3 Valine 7CH, 0.98 19.14 PCHx(d) 2.35 3170
J/CH, 1.04 20.56 OCHw) 3.3 48.75
fCH 527 3177 SCH,(d) 3.41 48.75
4  Ethanol CH, 1.17 19.49 oCH 4.13 63.81
CH,OH o - 24 Scyllo-Inositol All Hs 3.34 76.25
5 Fatty acids () (2)CH, 128 3446 25 Myo-Inositol C5H 3.27 76.96
(1)CH, 1.29 2535 CIH,C3H 354 73.80
6 Fatty acids (b) (2)CH, 2.04 27.39 C4H, C6H  3.62 75.05
CH, 2.80 28.05 C2H 4.05 74.90
Fatty acids (a) (b) (n)CH, 1.28 3224 26 Glycine o«CH 3.56 44.10
Fatty acids (c) (2)CH, 158 2731 27 Threonine oCH 3.59 63.14
(1)CH, 225 36.06 pCH 4.26 68.55
0 Lactate CH, 133 . 28 Glycerol 13 3.56 65.10
CH 4.12 71.05 ];HZOH(H) 265 65.10
10 Lysine yCH, 1.46 24.19 CH,OH(d)
SCH, 1.71 29.14 _CHOH)- 3.8 7482
BCH, 1.90 3250 29 f-Glucose C6H(u) 373 63.53
¢CH, 3.01 41.84 C6H(d) 3.89 63.53
11 Alanine BCH; 1.47 18.80 ClH 4.65 NA
«CH 3.78 53.18 30 o-Glucose ClH 5.23 NA
12 Acetate CHj; 1.92 25.97 31 Serine «CH 3.84 59.08
13 Glutamate SCH, 2.06 29.69 SCH 3.97 62.90
7CH, 2.34 35.93 32 Creatine CH, 3.03 39.67
«CH 376 57.19 CH, 303 56.32
14 Methionine ¢CH, 2.12 16.50 33 Asparagine «CH 4.00 53.94
15 Glutamine BCH, 2.14 NA 34 Tyrosine CH 3,5 6.88 118.34
7CH, 244 3337 CH 2,6 7.18 133.32
oCH, 3.77 NA 35 Phenylalanine CH 2,6 732 131.82
16 Aspartic acid SCH,(u) 2.70 39.15 Cc4 7.40 131.69
BCHA(d) 2.80 39.15 36 Ascorbic acid C4H 4.53 NA
«CH 3.90 54.81 37 Succinic acid (o, fCH2) 2.40 NA
17 Phosphoethanolamine ~—CH,-NH;" 3.22 4321
) —CIEZ—O— 398 62.94 ischemia is identical for both samples. The nature and the
18 Choline N'=(CHy); 321 NA concentration of the metabolites present in each biopsy can
BCH, 3.52 69.84

therefore be reliably compared.
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3.2 Statistical analysis

PCA analysis of the CPMG data applied to the 4.7-0.5 ppm
chemical shift range and using the entire patient population
was not able to discriminate adenocarcinomas from healthy
tissues in a statistically significant manner. A few outliers
were however identified by this analysis. In this type of
studies, outliers can occur because of erroneous spectrum
referencing, sample pollution due to the fixing medium
(o.c.t. compound, Tissue-Tek, Sakura) employed by the
pathologists or an unusual amount of lipids. In our study, 12
biopsies out of a total of 84 were removed, leaving a cohort of
72 biopsies. PLS-DA analysis of the CPMG data was initially
performed on the same population of 72 biopsies. As for the
PCA analysis, buckets within the 4.7-0.5 ppm range were
initially used. Biopsies were classified in a Y column matrix
as being either adenocarcinomas (value of 0) or healthy tis-
sues (value of 1). The analysis generated a two component
PLS-DA model characterized by a faithful representation
of the Y data (R’Y = 0.80) and, more importantly, by a
very good cumulative confidence criterion of prediction
(0% = 0.68). The score plot of the PLS-DA model (Fig. 2a)
showed a very clear separation of the two sets of biopsies.
The loading plot (Fig. 2b) of the PLS-DA model revealed a
statistically significant elevation of taurine, glutamate,
aspartate, and lactate in adenocarcinomas compared to
healthy tissues. Conversely, the metabolic signature of nor-
mal colon tissue consisted of a higher concentration of myo-
inositol and f-glucose. The assessment of the metabolites
responsible for this classification can lead to the detection of
pathological biomarkers of tumor metabolism. It is neces-
sary to stress that the discriminant power of each metabolite
is linked to its relative difference in concentration between
each groups (tumor versus healthy tissue) for each clinical
variable considered (i.e., histological classification). There-
fore, a metabolite present in subtle concentration in one
group but completely absent in the second group, will play a
major role in discriminant analysis. Conversely, a metabolite
detected in high concentration in both groups will be less
significant in the clustering process (inconsistent relative
difference).

Since the initial PLS-DA model using the entire set of
biopsies gave extremely promising results, a second PLS-
DA model was built using only a subset of the available
biopsies. More precisely, only the first 50 biopsies of our
sample set, corresponding to 27 tumoral cases and 23
controls, were used to build a new model. Moreover, since
the most discriminant metabolites appeared consistently to
be, in a decreasing order of importance, taurine, myo-ino-
sitol, glutamate, and aspartate only these metabolites were
used for model development. This choice resulted in an X
matrix containing only 30 columns, thereby decreasing
considerably the risk of overfitting the data. The resulting

PLS-DA model was characterized by a R°Y of 0.83 and a Q>
of 0.80. The score and the loading plot of the new PLS-DA
model are shown in Fig. 3a, b respectively. The detailed
analysis of these plots shows that the average position of the
different patients is similar to the model using the whole set
of patients (Fig. 2a). The PLS-DA model was validated
by circular validation (Fig. 3c). The remaining 22 colon
biopsies (14 tumoral cases and 8 controls) were then used as
a test set and subjected to a blind classification process
using the previously determined statistical model. The
outcome of the PLS-DA classification process is presented
in Fig. 4. A visual inspection of the score plot shows that the
14 cancerous patients and the 8 healthy patients are clas-
sified in the correct region. This result is very promising and
shows that the HRMAS analysis has very good sensitivity
and specificity. Following this classification process, a new
PCA analysis was performed on the whole biopsy cohort
(n = 72) using only data points corresponding to taurine,
myo-inositol, glutamate, and aspartate. The PCA results
showed this time a clear differentiation between the two
groups of biopsies (data not shown). This result is extremely
important since PCA alone is rarely capable of separating
biological samples in an accurate way. This feature proves
the high discriminating power of taurine, myo-inositol,
glutamate, and aspartate in healthy and tumoral colon tis-
sues. Since the weight of biopsy present in each sample is
accurately known, the Eretic peak can be used to quantify
the resolved taurine peak at 3.42 ppm by simple integration.
The average taurine concentration of cancerous and healthy
biopsy samples was found to be 4.5 £+ 1.7 mmol/kg and
2.0 + 0.6 mmol/kg, respectively. This result is clearly in
agreement with the conclusions of the statistical analysis.
The results presented in this manuscript were finally
compared to related studies published in the literature. In
1996, Moreno and Arts (Moreno and Arus (1996)) compared
the metabolic content of tumoral colon biopsies (n = 16)
with normal mucosa biopsies (n = 10) using extraction
techniques and high resolution liquid state "H NMR. They
found that colon tumors were characterized by a higher level
of taurine, glutamate, aspartate, lactate, spermine, putres-
cine, glutathione, and glycerophosphoethanolamine. Colon
tumors were also associated with a significant decrease in
myo- and scyllo-inositol. The results presented in our man-
uscript agree to a large extend with the results obtained by
Moreno and Arus. In our spectra of intact biopsies, taurine,
glutamate, aspartate, and lactate are clearly present in higher
concentrations in adenocarcinomas while myo-inositol and
p-glucose are detected in higher concentrations in healthy
tissues. Spermine and putrescine are however not detected in
our HSQC spectra. Like Moreno and Ards, we find that,
among these metabolites, taurine and myo-inositol are the
most promising biomarkers. More recently, Seierstad
(Seierstad et al. (2008)) reported a HRMAS study of human
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Fig. 2 Two component PLS-DA model obtained when classifying the
entire cohort of colorectal biopsies (n = 72) according to histopa-
thological criteria and using the 4.7-0.5 ppm spectral region. The
PLS-DA model is characterized by the following parameters:
R’Y =080 and Q® = 0.68. The high @ value indicates good
predictive capabilities for the model. a PLS-DA score plot. Cancerous
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and healthy colons are represented by black squares and red rhombs,
respectively. b PLS-DA loading plot. Each point (chemical shift in
ppm) represents the center of a single bucket corresponding to an
interval of 0.01 ppm in the HRMAS spectrum. These buckets are
associated with one or more metabolite resonances
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Fig. 3 Two component PLS-
DA model obtained when
classifying a subset of the
cohort of colorectal biopsies (27
tumoral cases and 23 controls)
according to histopathological
criteria and using only the most
important discriminant variables
determined in the previous
model (taurine, glutamate,
aspartate, and myo-inositol
regions). The PLS-DA model is
characterized by the following
parameters: R’Y = 0.83 and

0% = 0.80. a PLS-DA score
plot. Cancerous and healthy
colons are represented by black
squares and red rhombs,
respectively. b PLS-DA loading
plot. Each point (chemical shift
in ppm) represents the center of
a single bucket corresponding to
an interval of 0.01 ppm in the
HRMAS spectrum. ¢ Model
validation using 999
permutations. The regression
line represents the correlation
coefficient between the original
Y (histopathological
classification) and the permuted
Y versus the cumulative Q.

A negative slope of regression
line suggests that there is no
model overfit. Q2 and R?Y are
represented by blue squares and
green squares, respectively
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Fig. 4 Blind test classification of colon biopsies (14 tumoral cases and 8 controls) using the metabolic model presented in Fig. 3. Cancerous and
healthy colons are represented by black triangles and red squares, respectively

rectal cancer biopsies and colorectal xenografts. The aim of
their study was to identify the most appropriate human rectal
xenograft model for preclinical magnetic resonance spec-
troscopy studies. They made no attempts at differentiating
tumor from healthy human colon samples. However, the
results they published are clearly in agreement with those
presented here. The metabolites they identified are similar to
the ones reported in Table 1 and colon tumors are charac-
terized by a higher level of taurine.

Our results are therefore in agreement with previous
studies already published in the literature. The strength of
our approach is clearly to work on intact colon biopsies
with an analytical technique (HRMAS) capable of delive-
ring some information as to the nature of the tissue in a
reasonable amount of time (ca. 20 min).

4 Concluding remarks

In conclusion, our results show that adenocarcinomas can
be separated with a good specificity and sensibility from
healthy colorectal biopsies solely on the basis of their
metabolic content. An elevated amount of taurine, gluta-
mate aspartate, and lactate in a colorectal biopsy is highly

@ Springer

symptomatic of an adenocarcinoma. Conversely, a high
amount of myo-inositol and f-glucose is a signature of a
healthy tissue. Our HRMAS study is one of the first ones to
actually use a PLS-DA metabolic model to classify tumoral
and healthy colon biopsies. The next crucial step will be to
investigate if a metabolic analysis can discriminate
between different patient populations within the cancer
group—the purpose being the identification of possible
markers of unfavorable patient evolution (i.e., appearance
of precocious metastasis or local recurrence). Such moni-
toring requires a careful longitudinal follow-up of patients
and this will be the object of our next study.

Acknowledgments This work is part of the CARMeN project and
was supported by grants from Région Alsace, Oséo, Communauté
Urbaine de Strasbourg, Conseil Départemental du Bas-Rhin, Bruker
BioSpin, University Louis Pasteur and University Hospitals of
Strasbourg. The technical assistance of Dr. J. Raya, Mrs. H. Kada, and
Mrs. T. Tong is gratefully acknowledged.

References

Akoka, S., Barantin, L., & Trierweiler, M. (1999). Concentration
measurement by proton NMR using the ERETIC method. Analyt-
ical Chemistry, 71(13), 2554-2557. doi:10.1021/ac981422i.


http://dx.doi.org/10.1021/ac981422i

Metabolic characterization of primary human colorectal cancers using HRMAS 301

Andrew, E. R., Bradbury, A., & Eades, R. G. (1958). Removal of
dipolar broadening of nuclear magnetic resonance spectra of
solids by specimen rotation. Nature, 183, 1802-1803. doi:
10.1038/1831802a0.

Cheng, L. L., Anthony, D. C., Comite, A. R., et al. (2000).
Quantification of microheterogeneity in glioblastoma multiforme
with ex vivo high-resolution magic-angle spinning (HRMAS)
proton magnetic resonance spectroscopy. Neuro-Oncology, 2(2),
87-95. doi:10.1215/15228517-2-2-87.

Cheng, L. L., Chang, I. W., Louis, D. N., & Gonzalez, R. G. (1998).
Correlation of high-resolution magic angle spinning proton
magnetic resonance spectroscopy with histopathology of intact
human brain tumor specimens. Cancer Research, 58(9), 1825—
1832.

Cheng, L. L., Ma, M. J,, Becerra, L., et al. (1997). Quantitative
neuropathology by high resolution magic angle spinning proton
magnetic resonance spectroscopy. Proceedings of the National
Academy of Sciences of the United States of America, 94(12),
6408-6413. doi:10.1073/pnas.94.12.6408.

Cusack, J. R., Giacco, G. G., Cleary, K., et al. (1996). Survival factors
in 186 patients younger than 40 years old with coloractal
adenocarcinoma. Journal of the American College of Surgeons,
183, 105-112.

Davis, A. L., Keeler, J., Laue, E. D., & Moskau, D. (1992).
Experiments for recording pure-absorption heteronuclear corre-
lation spectra using pulsed field gradients. Journal of Magnetic
Resonance (San Diego Calif), 98(1), 207-216.

Elbayed, K., Dillmann, B., Raya, J., Piotto, M., & Engelke, F. (2005).
Field modulation effects induced by sample spinning: applica-
tion to high-resolution magic angle spinning NMR. Advances in
Magnetic Resonance, 174, 2-26. doi:10.1016/j.jmr.2004.11.017.

Fearon, E., Cho, K. R., Nigro, J., et al. (1990). Identification of a
chromosome 18q gene that is altered in colorectal cancers.
Science, 247, 49-56. doi:10.1126/science.2294591.

Jemal, A., Siegel, R., Ward, E., et al. (2007). Cancer Statistics. CA: A
Cancer Journal for Clinicians, 57, 43—66.

Leichman, C. G., Lentz, H. J., Danenberg, K., et al. (1997).
Quantitation of intratumoral thymidylate synthase expression
predicted for disseminated colorectal cancer response and
resistance to protracted infusion of 5-fluorouracil and weekly
leucovorin. Journal of Clinical Oncology, 15, 3223-3229.

Libutti, S. K., Saltz, L. B., & Tepper, J. E. (2008). Principles and
practice in oncology. In V. T. De Vita, T. S. Lawrence, & S. A.
Rosemberg (Eds.), Colon cancer in cancer (pp. 1232-1285).
Philadelphia: Wolters Kluwer/Lippincott Williams & Wilkins.

Lippens, G., Bourdonneau, M., Dhalluin, C., et al. (1999). Study of
compounds attached to solid supports using high resolution
magic angle spinning NMR. Current Organic Chemistry, 3, 147—
169.

Lowe, I. J. (1959). Free induction decays of rotating solids. Physical
Review Letters, 2, 285-287. doi:10.1103/PhysRevLett.2.285.

Martinez-Bisbal, M. C., Marti-Bonmati, L., Piquer, J., et al. (2004).
1H and 13C HR-MAS spectroscopy of intact biopsy samples
ex vivo and in vivo 1H MRS study of human high grade
gliomas. NMR in Biomedicine, 17(4), 191-205. doi:10.1002
/nbm.888.

Martinez-Granados, B., Monleon, D., Martinez-Bisbal, M. C., et al.
(2006). Metabolite identification in human liver needle biopsies
by high-resolution magic angle spinning 1H NMR spectroscopy.
NMR in Biomedicine, 19(1), 90-100. doi:10.1002/nbm.1005.

Moreno, A., & Ards, C. (1996). Quantitative and qualitative
characterization of 1H NMR spectra of colon tumors, normal
mucosa and their perchloric acid extracts: Decreased levels of
myo-inositol in tumours can be detected in intact biopsies. NMR
in Biomedicine, 9(1), 33-45. doi:10.1002/(SICI)1099-1492
(199602)9:1<33::AID-NBM391>3.0.CO;2-G.

Piotto, M., Bourdonneau, M., Furrer, J., et al. (2001). Destruction of
magnetization during TOCSY experiments performed under
magic angle spinning: Effects of Radial B1 inhomogeneities.
Journal of Magnetic Resonance (San Diego, Calif.), 149, 114—
118. doi:10.1006/jmre.2001.2287.

Seierstad, T., Rge, K., Sitter, B., et al. (2008). Principal component
analysis for the comparison of metabolic profiles from
human rectal cancer biopsies and colorectal xenografts using
high-resolution magic angle spinning 1H magnetic resonance
spectroscopy. Molecular Cancer, 7, 1-13. doi:10.1186/1476-
4598-7-33.

Shaka, A. J., Lee, C. J., & Pines, A. (1988). Iterative schemes for
bilinear operators: Application to spin decoupling. Journal of
Magnetic Resonance (San Diego, Calif.), 77, 274-293.

Sitter, B., Sonnewald, U., Spraul, M., Fjosne, H. E., & Gribbestad, 1.
S. (2002). High-resolution magic angle spinning MRS of breast
cancer tissue. NMR in Biomedicine, 15(5), 327-337. doi:
10.1002/nbm.775.

Sjebakk, T. E., Johansen, R., Bathen, T. F., et al. (2008). Charac-
terization of brain metastases using high-resolution magic angle
spinning MRS. NMR in Biomedicine, 21(2), 175-185. doi:
10.1002/nbm.1180.

Tenenhaus, M. (1998). La régression PLS: Théorie et Pratique. Paris.

Tzika, A. A., Cheng, L. L., Goumnerova, L., et al. (2002).
Biochemical characterization of pediatric brain tumors by using
in vivo and ex vivo magnetic resonance spectroscopy. Journal
of Neurosurgery, 96(6), 1023-1031.

Westerhuis, J. A., Hoefsloot, H. C. J., Smit, S., et al. (2008).
Assessment of PLSDA cross validation. Metabolomics, 4(1), 81—
89. doi:10.1007/511306-007-0099-6.

Wider, G., & Dreier, L. (2006). Measuring protein concentrations by
NMR spectroscopy. Journal of the American Chemical Society,
128(8), 2571-2576. doi:10.1021/ja055336t.

@ Springer


http://dx.doi.org/10.1038/1831802a0
http://dx.doi.org/10.1215/15228517-2-2-87
http://dx.doi.org/10.1073/pnas.94.12.6408
http://dx.doi.org/10.1016/j.jmr.2004.11.017
http://dx.doi.org/10.1126/science.2294591
http://dx.doi.org/10.1103/PhysRevLett.2.285
http://dx.doi.org/10.1002/nbm.888
http://dx.doi.org/10.1002/nbm.888
http://dx.doi.org/10.1002/nbm.1005
http://dx.doi.org/10.1006/jmre.2001.2287
http://dx.doi.org/10.1186/1476-4598-7-33
http://dx.doi.org/10.1186/1476-4598-7-33
http://dx.doi.org/10.1002/nbm.775
http://dx.doi.org/10.1002/nbm.1180
http://dx.doi.org/10.1007/s11306-007-0099-6
http://dx.doi.org/10.1021/ja055336t

	Metabolic characterization of primary human colorectal cancers using high resolution magic angle spinning 1H magnetic resonance spectroscopy
	Abstract
	Introduction
	Materials and methods
	Patient population
	HRMAS analysis
	Rotor preparation
	Data acquisition
	Multivariate statistical analysis


	Results and discussions
	Spectral assignment
	Statistical analysis

	Concluding remarks
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


