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High-resolution magic-angle spinning (MAS) 1H nuclear magnetic resonance spectroscopy has been
employed to characterize the metabolite composition (i.e., metabonome) of the human hepatocellular
carcinoma (HCC) tumor in combination with principal component analysis (PCA). The results showed
that (a) the metabonomes of both low-grade HCC and high-grade HCC tumors differ markedly from
that of the adjacent non-involved tissues; and (b) low-grade HCC tumors have clear differences in
metabonome from that of the high-grade HCC tumors. Compared with the non-involved adjacent liver
tissues, HCC tumors had elevated levels of lactate, glutamate, glutamine, glycine, leucine, alanine,
choline metabolites, and phosphorylethanolamine (PE), but declined levels of triglycerides, glucose,
and glycogen. The levels of lactate, amino acids including glutamate, glutamine, glycine, leucine and
alanine, choline and phosphorylethanolamine (PE) were higher but the levels of PC, GPC, triglycerides,
glucose, and glycogen were lower in high-grade HCC than in low-grade HCC tumors. Compared with
non-cirrhotic, low-grade HCC tumors, the cirrhotic, low-grade HCC tumors showed statistically significant
increases in lactate, phosphocholine (PC), and glycerophosphocholine (GPC). The necrosis in HCC
tumors resulted in a drastic increase in the levels of observable triglycerides, signals of which dominated
their 1H NMR spectra. These results indicated that HRMAS combined with PCA offers a useful tool for
understanding the tumor biochemistry and classification of liver tumor tissues; such tool may also
have some potential for liver tumor diagnosis and prognosis even when some other disease processes
are present.
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Introduction
Human hepatocellular carcinoma (HCC) is the most com-

mon malignant tumor of liver representing one of the most
serious human cancerous problems in the world, and its
prognosis is often difficult due to its aggressiveness and lack
of effective screening methods.1 Liver cancer is more common
in sub-Saharan Africa and Southeast Asia, and its incidence is
generally low in South America.1 In recent years, however, the

number of people who developed liver cancer, such as HCC,
is increasing throughout the world, especially in western world
and Japan, probably due to chronic alcohol use and the
increase of hepatitis C virus (HCV) infection.1

Accurate diagnosis, especially in the early stage, is essential
for timely treatments and patient survival. Currently, the
diagnostic imaging techniques for liver cancers include ultra-
sound scan (US), computer tomography (CT), fluorodexoyglu-
cose-positron emission tomography (FDG-PET), angiography,
and magnetic resonance imaging (MRI).1 Among them, an-
giography is only infrequently employed in the case of vascular
liver tumors due to its highly invasive nature, whereas the PET
has not been proven in liver cancer and has only been used to
provide help in the diagnosis of liver cancer. Ultrasound scan
is inexpensive, easy to perform, and has little risk to the patient,
and thus, it is often used as a screening tool. CT scan is fast
and often gives more detailed image than ultrasound, though

* To whom correspondence should be addressed. E-mails: huiru.tang@
wipm.ac.cn (H. R.Tang); dengf@wipm.ac.cn (F. Deng).

† Wuhan Institute of Physics and Mathematics, the Chinese Academy of
Sciences.

‡ Graduate University of the Chinese Academy of Sciences.
§ Wuxi No.2 People’s Hospital.
| Department of Pathology, Union Hospital, Huazhong University of

Science and Technology.
⊥ Department of General Surgery, Union Hospital, Huazhong University

of Science and Technology.

10.1021/pr070063h CCC: $37.00  2007 American Chemical Society Journal of Proteome Research 2007, 6, 2605-2614 2605
Published on Web 06/12/2007

http://pubs.acs.org/action/showImage?doi=10.1021/pr070063h&iName=master.img-000.jpg&w=251&h=41


radiation dosage is an issue and extra care has to be taken to
deal with allergy to the contrast agents for some patients. CT
scans are less useful in distinguishing benign tumors from the
malignant tumors. MRI is an invaluable tool in helping to
diagnose liver cancer and to distinguish benign from malignant
tumors, although it often takes much longer time than ultra-
sound or CT. The “gold standard” diagnostic test for liver
cancer remains a biopsy and histopathological examinations.
The disadvantages of biopsy histopathology include (a) dif-
ficulties in early tumor detection and diagnosis, (b) lack of
molecular information, and (c) subjectivity depending on
experience of pathologist. For all aforementioned techniques,
the diagnosis at the early stage is often difficult since the small
tumor nodules are frequently missed, especially with US and
CT techniques.1,2 Furthermore, all these techniques provide
limited or little biochemical information such as metabolite
composition, which is vitally important to differentiate the
pathological tissues from the non-involved ones at the molec-
ular level.

In vivo magnetic resonance spectroscopy (MRS) is a non-
invasive technique capable of locating tumor and offering some
metabolic information for the abnormal tissue. For example,
in vivo MRS has been extensively used to detect the metabolic
changes of tumors in brain,3 prostate,4 and breast.5 This
technique has also been applied in studies of liver diseases such
as chronic hepatitis,6,7 cirrhosis,8 and tumor.2,9-14 In vivo 1H
MRS spectra of hepatocellular carcinoma mainly showed the
signals of lipids, unresolved choline metabolites, and unre-
solved glutamate and glutamine.2,9,10 From the spectra, it has
been found that the ratio of total cholines (δ3.2) to CH2 (δ1.3)
of triglycerides was elevated in malignant HCC tumors,11 and
the ratios of saturated lipids (δ0.9, 1.3) to glutamate/glutamine
and unsaturated olefinic lipid (δ5.3) to glutamate/glutamine
were also useful for the grading of liver tumor with the
unchanged levels of glutamate/glutamine.2 In vivo MRS, how-
ever, is often limited by its ambiguity in metabolite assignment
and quantification due to its poor spectral resolution and
sensitivity.15 In vitro studies conducted by combination of tissue
extraction with high-resolution NMR spectroscopy offered
much higher spectral resolution and sensitivity,15-19 thus, richer
metabolite information. However, the extraction procedures are
complex, destructive, and may result in loss of information20

and even further changes of metabolites. Therefore, the detailed
biochemistry of HCC with respect to the normal tissues remains
to be further studied in vivo or ex vivo, especially when the
metabolite composition is considered as a whole.

On the basis of the combination of NMR analysis of the
biological samples with multivariate data analysis, the meta-
bonomics has become a well-established technology for me-
tabonome analysis and found widespread applications in
disease studies.21-24 In particular, the introduction of high-
resolution magic-angle spinning (HRMAS) NMR spectroscopy
has made it possible to analyze the metabolite components of
intact tissues ex vivo to avoid sample destruction.25-36 This
technique has already been used to study the metabolic
characteristics of intact tissues such as brain tumor,20 kidney
carcinoma,26 liver,27,30,34-36 and small intestine tissues.31 HRMAS
NMR has also been used to study the chronic orotic acid
induced fatty liver27 and biochemical responses of the rat liver
to toxins such as La(NO3)3

32 and R-naphthylisothiocyanate
(ANIT),33 both of which can be considered as the chemically
induced liver pathologies. Furthermore, HRMAS 1H NMR has
been employed to characterize the donated liver-graft by

studying the metabolic features of human liver biopsies in the
context of organ transplantation.37 More recently, HRMAS 1H
NMR was applied to the liver needle biopsies from cirrhotic,
hepatitis C-affected and non-pathological tissues.38 To our best
knowledge, however, there is no HRMAS NMR study of human
HCC reported yet given the importance of such pathological
conditions. Such studies are expected to provide much more
detailed metabolic information for HCC than that obtained
from the in vivo MRS studies.2,9-14

In this paper, we report some results from the 1H HRMAS
NMR studies on the metabolic characteristics of low-grade and
high-grade human HCC tissues in comparison with those of
the adjacent non-involved tissues. Multivariate data analysis
on the NMR data is used to differentiate these tissues and to
reveal the metabolites attributed to such differentiation. One-
way ANOVA t tests are also carried out on some specific
metabolites and their ratios to assess the statistical significance
of the metabolic changes. The overall objectives of this study
are (a) to explore the potential of HRMAS 1H NMR spectro-
scopic technique for biochemical characterization of human
HCC tumor, (b) to instigate methods for sample classification
in terms of the HCC grading, and (c) to understand the effects
of concurrent pathological factors, such as cirrhosis, on the
metabolic features of HCC.

Methods and Materials

Collection of Specimens. All tissue samples were dissected
from specimens for clinical pathology evaluations, and this
study was reviewed and approved by the Ethics Committee of
Tongji Medical School, Huazhong University of Science and
Technology. In total, 31 tissue samples were obtained from 17
living patients aged 18-77 years at the Department of General
Surgery, Union Hospital, Huazhong University of Science and
Technology. The HCC samples included 6 low-grade (grade
I-II) and 11 high-grade (grade III-IV) HCC tumors from 17
patients. The adjacent non-involved tissue samples were from
14 of these patients and used as negative controls. The samples
were snap-frozen in liquid nitrogen and then stored in a -80
°C freezer. One part of a sample was used for NMR spectros-
copy analysis, and the nearest part to that was fixed in 10%
formalin for pathological examination. The sample information
is tabulated in Table 1.

Histopathological Examinations. All the HCC and adjacent
non-involved tissues were fixed in 10% buffered formalin and
then embedded in paraffin wax. Sections with a thickness of 5
µm obtained with a microtome were stained with the routine
hemeatoxylin and eosin (H&E) method for assessment by
Department of Pathology, Union Hospital, Huazhong Univer-
sity of Science and Technology. Normally, 2-5 slices were
examined for each sample. HCC tumor samples were graded
according to the World Health Organization (WHO) classifica-
tion criteria (1990). For simplicity in this study, the grade I-II
HCC tumors were assigned to low-grade, whereas the grade
III-IV ones were assigned to high-grade HCC. The adjacent
non-involved tissues in general had well-reserved hepatocyte
shape and structure and were considered as non-pathological
samples.

Ex Vivo HRMAS and in Vitro Tissue Extracts 1H NMR
Spectroscopy. All the HRMAS 1H NMR spectra were recorded
at 300K on a Varian INOVA-600 spectrometer equipped with a
Varian Nanoprobe. Tissue samples (15-25 mg) were washed
with sufficient D2O to remove blood and provide field-lock
signal for NMR examination, and each sample was then placed
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in a 4 mm ZrO2 rotor with a spin rate of 2200 Hz. For all
samples, a standard one-dimensional 1H NMR spectrum was
acquired to obtain all observable metabolite signals using one-
dimensional version of NOESY pulse sequence known as
NOESYPR1D in the following text (recycle delay-90-t1-90-tm-
90-acquisition), where the t1 delay was 3 µs and the mixing
time, tm, was 100 ms; a T2-edited spectrum was also acquired
to record the signals of small metabolites selectively using a
water-presaturated standard one-dimensional Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence (recycle delay-90-(τ-180-
τ)n-acquisition).39 In both cases, a weak irradiation equivalent
to 80 Hz was applied to suppress water signal during recycle
delay of 2.5 s and mixing time, tm, in the case of the
NOESYPR1D experiment. The 90° pulse length, varying from
4.9 to 5.3 µs, was adjusted for each sample individually, and
128 transients over a spectral width of 10 kHz were collected
into 32k data points. In the CPMG experiment, the relaxation
time (2nτ) was 360 ms. The free-induction decays (FIDs) so
obtained were multiplied by an exponential function with a
line-broadening factor of 0.3 Hz prior to Fourier transformation.
For resonance assignment purpose, 1H-1H TOCSY 2D NMR
spectra were also acquired for some samples with the mixing
time of 50 ms, 2k data points, and 16 transients for each of the
256 increments.

To obtain the 1H NMR spectrum of tissue extract, one liver
tissue was pulverized in a liquid nitrogen-cooled mortar with
12% perchloric acid and centrifuged at 12 000 rpm for 20 min.
Following neutralization to pH ) 7 with 1 M KOH, the
supernatant was centrifuged at 12 000 rpm for 10 min to
eliminate KClO4 precipitate and then lyophilized. For NMR
measurements, the lyophilized sample was redissolved in 0.6
mL of D2O (99.8%D, Wuhan BoPu Ltd, Chinese Academy of
Sciences). 1H NMR spectrum of this sample was acquired using
a water-presaturated single pulse sequence with 128 transients
over a spectral width of 10 kHz and 32k data points. All the
spectra were phase- and baseline-corrected manually using
software XWINNMR 2.1 (Bruker-Biospin, Germany). Chemical
shift was referenced to the methyl group of lactate at δ1.33.

Data Reduction for HRMAS 1H NMR Data and Principal
Component Analysis. Water suppressed NMR spectra were
bucketed and automatically integrated with a self-developed
automation routine in XWINNMR. The integrals of these

buckets covered the region δ 0.5-5.5 and were input as
variables for principal component analysis (PCA). The region
of δ 4.68-5.16 was discarded to eliminate the effect of water
suppression. The aromatic regions, though containing some
useful signals such as those of tyrosine, have been excluded in
the PC analysis due to presence of the spinning sidebands
resulting from the spinning rate restriction to about 2 kHz when
the Nanoprobe was used. Consequently, the spectra over the
range δ 0.5-4.68 and δ 5.16-5.5 were selected, and reduced
to 226 regions each 0.02 ppm wide. Prior to pattern recognition
analysis, each integral region was normalized to the sum of all
integral regions for each spectrum. Principal Components
Analysis (PCA) was carried out on all NMR spectra of this cohort
using mean-centered scaling with the software Simca-P 10.0
(Umetrics, Sweden). Data were visualized with the PC scores
plots, where each point represents an individual spectrum of
a sample, and loadings plots, where each point represents a
single NMR spectral region or chemical shifts. From the score
and loading plots, classification of samples and the biochemical
components responsible for the classification, respectively, can
be shown.

Results and Discussion
Histopathological Evaluation. Table 1 shows the pathologi-

cal data of patients studied here together with their serum
R-fetoprotein (AFP) data. Among 17 tissues, six HCC tissues
were low-grade (I-II), and the remaining 11 samples were high-
grade (III-IV). Clinically, one screening test is required for the
patients with liver cirrhosis to determine the serum AFP levels.1

In general, HCC is implicated in the cirrhotic patients with liver
lesions when the serum AFP levels are higher than 400-500
ng/mL.1 However, in the 17 patients studied here, 3 patients
are AFP-negative and 3 patients have serum AFP levels well
below 400 ng/mL, indicating that the AFP test alone has limited
values for HCC diagnosis though it may have some potential
for HCC prognosis.1 Figure 1 shows the histopathological
evaluation results for adjacent non-involved, low-grade, high-
grade HCC samples and one high-grade HCC with necrosis
(from patient 13). The adjacent non-involved tissues showed
well-reserved hepatocyte structure and shapes, whereas the
HCC tissues showed irregular arrangement of cell structure with
enlarged nuclei occupying more cytoplasm and nuclei were

Table 1. Data for the HCC Samples Studied in This Worka

patient

no. histopathological diagnosis of HCC grade

sex/age

(year)

serum AFP

(ng/mL)

1 Heteromorphic HCC and necrosis II M/18 13542.3
2 HCC (chordo trabecula type) II M/32 (-)
3 HCC (chordo trabecula type) and part of normal hepatocyte II M/20 12838.8
4 Differentiated HCC with tubercle cirrhosis I M/48 (-)
5 HCC with Portal cirrhosis and fibrosis I M/50 910.6
6 Differentiated HCC with Portal cirrhosis II F/36 (-)

7 Moderately differentiated HCC III M/51 ND
8 Undifferentiated HCC (with chronic schistosomiasis) III M/55 23.3
9 Undifferentiated HCC IV M/43 >25000

10 Undifferentiated HCC IV M/54 4263.8
11 Moderately differentiated HCC with moderate fibrosis III M/38 ND
12 Undifferentiated HCC with Portal cirrhosis IV M/58 37891.6
13 Undifferentiated HCC with Portal cirrhosis and severe necrosis IV F/48 623
14 Moderately differentiated HCC with Portal cirrhosis and rich fibrosis III M/30 3580.5
15 HCC (gland alveolus type) with Portal cirrhosis III F/77 25.6
16 Poorly differentiated HCC with Portal cirrhosis and rich fibrosis III M/44 57.6
17 Undifferentiated HCC with Portal cirrhosis III F/38 550.4

a Abbreviations: HCC, Hepatocellular carcinoma; ND, not determined. The roman numbers denote tumor grading. The serum AFP value (-) represents
AFP-negative.
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strongly eosinphilic. The HCC sample from patient 13 showed
necrosis with complete loss of cell architecture. The changes
in the morphological levels are expected to be accompanied
with observable changes in the tissue biochemical composition
which can be accessed with HRMAS 1H NMR spectroscopy ex
vivo.

HRMAS 1H NMR Spectroscopy of HCC and Adjacent Non-
Involved Liver Tissues. Figure 2 shows HRMAS 1H NMR spectra
of a grade III HCC tumor (Figure 2A,C) and an adjacent non-
involved liver tissue (Figure 2B,D) from the same patient. It is
clear that the spectral resolution of HRMAS NMR is comparable
to the 1H NMR spectrum of extract (Figure 2E). For example,
the line-width of alanine peak at δ1.48 is about 2 Hz in both
HRMAS CPMG (Figure 2D) and in vitro spectra (Figure 2E).
However, the HRMAS 1H NMR spectrum contains signals from
lipids (e.g., δ 0.9, 1.3, 2.02, 2.25, 2.78, and 5.33) which are not
in the extract spectrum. Furthermore, the tissue extract clearly
showed an extra peak at δ2.41 corresponding to succinate,
which is not visible in the tissue spectra. The glycogen signal
at δ5.41 was also greatly enhanced in extract though it is not
known whether such acidic extraction resulted in hydrolysis
or not. This indicates that biochemical changes might have
occurred during the tissue extraction process. Compared with
in vivo MRS spectra,2,9-11 HRMAS NMR spectra here contain
much richer molecular information on the biochemical com-
position with higher resolution. For example, apart from lipids,
total cholines, and unresolved glutamate and glutamine ob-
served in the in vivo MRS spectra, these HRMAS NMR spectra
showed signals from many other metabolites, such as valine,
leucine, alanine, glycine, lactate, creatine, bile acid, phospho-
ethanolamine (PE), glucose, and glycogen. The resolved signals
are also observed for phosphocholine (PC), glycerophospho-
choline (GPC), glutamate, and glutamine.

Two types of HRMAS NMR spectra were recorded for each
tissue sample, namely, NOESYPR1D (Figure 2A,B) and CPMG
spectra (Figure 2C,D). The spectral signals were assigned (Table
2) based on the literature30,32,33,38 and confirmed with 1H-1H
TOCSY 2D NMR spectra (data not shown). The signals of lipids
are dominant in the NOESYPR1D spectra (Figure 2A,B) includ-
ing those at δ 0.9, 1.3, 1.59, 2.02, 2.25, 2.78, and 5.33 with the

signals of the small metabolites overshadowed to some degree,
though some signals of low-molecular metabolites are still
visible such as creatine, leucine, valine, alanine, glycine,
glutamine, and glutamate. A small signal of bile acid at δ0.73
(see expansion of Figure 2A,B) is also visible assigned to the
C18 methyl resonance. The HCC tumor has a greater bile acid
(δ0.73) signal probably due to bile duct obstruction common
in liver impairments. This is explained by the fact that when
HCC cells invade the bile duct and propagate, the bile duct
may be obstructed to some extent depending on the severity,
reducing the transfer of bile acid to intestine and the feed back
from intestine. In comparison, lipid signals in CPMG spectra
(Figure 2C,D) were attenuated to large extent due to T2

relaxation, and the sharp signals from the small metabolites
were enhanced such as those from glutamate (δ2.04), glutamine
(δ2.15), choline (δ4.07), and lactate (δ1.33). The lipid signal from
the CH3 group (δ0.9) has less attenuation than the other lipid
signals due to its greater mobility and longer T2, being
consistent with the previous results.27

Figure 3 shows the average HRMAS 1H NMR spectra of all
adjacent non-involved liver tissue, low-grade and high-grade
HCC tissues, and the HCC samples with necrosis. Visual
inspection on the spectra showed clear differences between
HCC tumor and adjacent non-involved tissue. HCC tissues had
higher levels of glutamate and glutamine, which was not
observed in the in vivo MRS studies, together with the lower
levels of glucose and glycogen. Compared with the adjacent
non-involved tissues, the membrane phospholipid metabolites
were also elevated in the HCC tissues including phosphoetha-
nolamine (PE), phosphocholine (PC), and glycerophosphocho-
line (GPC). Moreover, abnormally high levels of lipid signals
(Figure 3D) are dominant in the 1H NMR spectra of the necrotic
HCC tissues.

To obtain statistically meaningful observations for the whole
spectra or metabonome, a number of samples for each group
have to be analyzed as a whole. This together with the
complexity of the spectra makes it extremely difficult to obtain
the holistic analysis with visual inspection alone and classical
statistical assessments; multivariate data analysis-based pattern
recognition is more useful.

Figure 1. Haematoxylin- and eosin-stained sections of liver tissue with the magnification of 100 for (A) adjacent non-involved tissue;
(B) low-grade HCC (grade I); (C) high-grade HCC (grade IV); (D) HCC form patient 13 (necrosis).
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Principal Component Analysis. In NOESYPR1D spectra,
generally, signals from small metabolites such as those of
amino acids are, to some extent, overlapped with resonances
of lipids, whereas CPMG spectra emphasize the small metabo-
lites but contain lipid signals as well. To emphasize the
contribution of the small metabolites, PCA was first done on
the CPMG spectral data. Two HCC tumor samples (from
patients 1 and 13) were clear outliers, and inspection of their
NMR spectra revealed abnormally high levels of lipids, implying
possible occurrence of necrosis. Histopathological re-evaluation
confirmed them as necrosis; hence, these two spectra were
discarded from further PC analysis.

Figure 4 shows the PCA results as score and loading plots
for the first two principal components from the CPMG spectra
of the three groups, namely, adjacent non-involved liver tissue
(O), low-grade HCC (*), and the high-grade HCC (9). The
clustering is observable, respectively, for the adjacent tissues
and low-grade HCC tumors, and PC1 and PC2 explained 87.7%
of the total variances within the data (Figure 4A1, PC1 vs PC2,
R2 ) 87.7%). The loadings plot (Figure 4A2) showed that,
compared to adjacent non-involved tissues, the low-grade HCC
tumors had higher levels of lactate, leucine, glutamate,
glutamine, TMAO, PC/GPC, and PE but lower levels of lipids,
glucose, and glycogen. One of the low-grade HCC samples
(from patient 3, labeled by arrow) appeared clustering closer
to the adjacent tissue. Further pathological analysis showed
that there were some normal hepatocytes present in part of
this sample. There was also one adjacent non-involved tissue

(from patient 12, labeled by arrow) clustered closer to the low-
grade HCC samples. Its NMR spectrum did have some similari-
ties to those from low-grade HCC samples by showing higher
levels of PC/GPC and lower level of glucose/glycogen even
though histopathological result was not able to confirm HCC.
There are two probable reasons for such discrepancy. NMR
spectra and histopathology report information and changes at
different levels; the former detects metabolic changes, whereas
the latter observes morphological changes. It is conceivable that
metabolic changes occur prior to the changes in the morpho-
logical levels. Therefore, NMR spectra may have detected some
changes in the early stage which has not yet caused morphol-
ogy alterations. It cannot be ruled out that some differences
are present in the specimens used for NMR analysis and
histopathological evaluation. The scores plot also showed clear
clustered separation for the high-grade HCC tumors and
adjacent non-involved tissues in PC2 (Figure 4B1). Loadings
plot showed that the differences were highlighted by higher
level of lactate, leucine, alanine, glutamate, glutamine, glycine,
PC, GPC, and PE in high-grade HCC tumors compared with
adjacent tissues (Figure 4B2).

The elevation of PE level is consistent with what was reported
from a study of the rat hepatic tumors,40 and the changes of
choline metabolites are also in good agreement with previously
reported results in in vivo MRS studies of both human HCC
tumors11,14 and rat models.2,9,10,13 The elevation of PE and
choline metabolites in HCC tumors probably resulted from
metabolism of the membrane phospholipids due to accelerated

Figure 2. Representative HRMAS 1H NMR spectra of HCC tumors (A and C) and adjacent non-involved tissue (B and D) from the same
patient. (A and B) HRMAS NOESYPR1D spectra; (C and D) HRMAS water-suppressed CPMG spectra; (E) in vitro spectrum from the
extracts of an adjacent non-involved tissue; asterisk, spinning sidebands.
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cell proliferation, being consistent with the elevation of the total
cholines in malignant tumors17,18,20 and liver lesions.32,33 Such
event may also induce obstruction of bile ducts,33 leading to
the increase of bile acid signal in tumors. However, the changes

of lactate, glycine, leucine, alanine, glutamate, and glutamine
were not reported before in HCC tumors due to low sensitivity
and resolution and probably resulted from promotion of
glycolysis and disruption of TCA cycle.

Furthermore, the metabonomic differences between low-
grade and high-grade HCC tissues are clearly visible (Figure
4C1). Such differences are highlighted (Figure 4C2) by the
higher levels of lactate, glutamine, glutamate, alanine, leucine,
creatine, PE, and glycine, and lower levels of lipids, PC/GPC,
glucose, and glycogen in the high-grade HCC tumors. These
metabolic differences are confirmed from the average spectra
(Figure 3) of all tissues. Previous in vivo studies only showed
that the signal ratios of saturated and unsaturated lipids to the
sum of glutamine and glutamate were indicative for tumor
grading,2 where glutamine and glutamate were not resolved.
In contrast, the present study showed more metabolites and
their ratios which are of potential values as indicators for the
HCC grading. The elevation of lactate, glutamine, glutamate,
alanine, leucine, and glycine are consistent with enhanced
glycolysis and effects on the TCA, whereas PE elevation is in
accord with the increased membrane turnover, being reflective
to the cell proliferations. However, the levels of PC/GPC and
TMAO decreased to some degree in high-grade HCC tumors
compared with those in low-grade HCC samples even though
their signals were much higher than those in adjacent non-
involved ones. The changes of PC/GPC are opposite to the PE
changes in high-grade HCC tumors, and the reasons for this
remain to be fully understood.

The change of glucose/glycogen metabolism has not been
reported in the previous in vivo 1H MRS studies probably also
owing to its low sensitivity and spectral resolution. However,
the decrease of glucose and glycogen is consistent with findings
in tissue extracts in chemically induced rat models.33 These
changes are not surprising, since the anoxia conversion of
glucose into lactate is fairly common in tumor cells.41 Such
depletion of glucose has also been observed in human cervical
tumor.42 Perturbations of liver metabolism by liver toxins also
caused the increased rate of glycogenolysis or glycogen level
reduction,32,33 although it remains unknown whether such
toxicity effects share similar molecular mechanism to that in
the case of HCC development. In the present case, it is expected
that the large energy requirement from the aggressive cell
proliferation in HCC was the major driving force to convert
glycogen to glucose, which coupled with metabolism in the TCA
cycle altering the levels of the relevant metabolites.

The increase of lactate was apparent with the malignancy
of HCC tumor (Figure 3) but has not yet been reported for
human HCC tumors probably due to its overlapping with
triglycerides11 in the MRS studies. Increase of lactate has also
been observed in breast ductal carcinomas as biomarker of
progression of malignancy.43 The lactate increase is accompa-
nied with the increase of glycine and alanine probably resulting
from glycolysis in the HCC tumor. In previous HRMAS studies
of intact tissue, the resonance of lactate was normally discarded
for possible anaerobic degradation of glucose induced during
surgery or experiment.43 However, it is expected that compara-
tive metabonomics in this study will, to large degree, eliminate
such effects, since all samples were subjected to the similar
anaerobic processes especially in the experimental time of less
than 1 h.

The lipid metabolism has been a focus for many mammalian
HCC studies yielding some inconsistent results. For example,
an in vivo image-guided 1H MRS study of rat hepatocarcino-

Table 2. 1H NMR Data for HCC Tumor and Adjacent
Non-Involved Liver Tissuea

metabolite group

1H chemical

shift (ppm) no.

Bile acid C18 CH3 0.73 1
Triglyceride CH3 0.90 2

(CH2)n 1.30 5
CH2*-CH2-CO 1.59 8
CHdCH-CH2* 2.02 9
CH2-CH2*-CO 2.25 12
CHdCH-CH2*-CHdCH- 2.78 16
CH*dCHCH2 5.33 31

Lactate CH3 1.33 6
CH 4.13 28

Leucine δCH3 0.94 3
Valine γCH3 0.98, 1.04 4
Alanine âCH3 1.48 7
Glutamate âCH2 2.04 10

γCH2 2.36 13
Glutamine âCH2 2.15 11

γCH2 2.45 15
Succinate R,âCH2 2.41 14
Glycine CH2 3.57 22
Creatine N(CH3) 3.03 17

N(CH3)2 3.93 25
Choline N+(CH3)3 3.20 18

CH2(OH) 4.07 27
PC+GPC N+(CH3)3 3.22 19
Trimethylamine-N-oxide N(CH3)3 3.27 21
Phosphoethanolamine OCH2 4.01 26
â-glucose H2 3.24 20

H1 4.65 29
Glucose+Glycogen H2-6 3.50-4.00 23
Glycerol 1,3-CH2(OH) 3.55, 3.63 24
R-glucose H1 5.22 30
glycogen C1H 5.41 32

a Abbreviations: PC, phosphocholine; GPC, glycerophosphocholine.

Figure 3. Average spectra from 1H HRMAS CPMG experiment
for (A) adjacent non-involved tissue, (B) low-grade HCC tumor,
(C) high-grade HCC tumor, and (D) HCC tumors with necrosis.
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genesis model2,9 has shown increased unsaturated olefinic lipid
hydrogen at δ5.33 in HCC tumor compared to control, whereas
the saturated lipid peaks at δ0.9 and δ1.3 have similar levels
to the control. However, in vivo 1H MRS study of diethyl
nitrosamine (DEN)-induced HCC rats10 showed significant
decrease for the saturated lipid peaks (δ0.9 and 1.3). Such
discrepancy may be originated from some differences in the
pathological models and different HCC development stages.10

In this study, nevertheless, the level of triglycerides showed
clear decrease in the human HCC tumors compared with the
adjacent tissues. Such decrease probably also resulted from
glyconeogenesis-related conversion from triglycerides caused
by the energy requirements for aggressive proliferation.

Both glutamate and glutamine are implicated in the meta-
bonomics differences between human HCC tumors and adja-
cent non-involved tissues. This is in contrast with the findings
in an in vivo MRS study of rat HCC,2 where no changes of the
levels of glutamine and glutamate were observed. This is
probably due to severe overlapping between glutamine/
glutamate and lipid signals, poor sensitivity, and low resolution

of in vivo MRS. The level of glycine was much higher in high-
grade HCC tumors than that in adjacent non-involved tissues
and low-grade HCC tumors (Figure 3), which may provide an
extra indicator for the grading of HCC tumors. It is worth noting
that increased glycine level was also found in brain tumors17,44

due to the increased glycolysis. Furthermore, the creatine level
in high-grade HCC tumors was elevated, being consistent with
the alteration in energy metabolism. In this study, the elevation
in the levels of alanine, leucine, and valine were also found in
HCC samples, again implying the involvement of glycolysis.

Moreover, there appeared some clusters among adjacent
tissues along PC1 dimension (Figure 4A1 and B1) coincided
with similar clustering among high-grade HCC tumors in Figure
4B1 and C1. To understand this, PCA was performed for both
adjacent tissues and high-grade HCC tumors (Figure 5). In both
cases, the differences in the levels of triglycerides were respon-
sible for such clustering (Figure 5A2,B2). Close inspection also
revealed that for those patients with higher level lipids in their
adjacent non-involved tissues the matched HCC tissues also
have higher lipid level. This implies that such clustering among

Figure 4. Principal Component Analysis to compare the metabonome of the adjacent non-involved tissue (O), low- (*), and high-grade
HCC (9) based on the 1H HRMAS CPMG spectra. (A1 and A2) Scores and loadings plots for adjacent non-involved tissue and low-
grade HCC tumor from the PC1 and PC2 (R2 ) 87.7%). Two groups were differentiated from PC2 and the metabolites with large intensities
contributed to the clustering. (B1 and B2) Scores and loadings plots for adjacent non-involved tissue and high-grade HCC tumor from
the PC1 and PC2 (R2 ) 91.8%); two groups were separated along PC2. (C1 and C2) Scores and loadings plots for the low-grade and
high-grade HCC tumors from PC1 and PC2 (R2 ) 90%); two groups were separated along PC2 where the metabolites with large intensities
were significant for HCC grading.
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the same groups of tissues were probably due to individual
differences. To ascertain this, some further studies with larger
number of samples ought to be helpful. Furthermore, Figure 5
also indicated that the methods used here are useful even when
the composition of the cohort is diverse and clear individual
differences are present. With some follow-up studies, such
individual differences are important factors to be considered,
especially when the process of pathological development
becomes the focus.

PC analysis was also performed on the NOESYPR1D spectra.
The results were broadly in agreement with those in the above
discussions, though lipid signals were by far the dominant
contributing variables for sample differentiations.

Statistical Analysis. As well-known, absolute concentration
quantification for metabolites is difficult in HRMAS spectros-
copy, and the metabolite ratios were commonly used for
statistical analysis.45 Table 3 showed the relative signal integrals

and signal ratios for some metabolites contributed to the
classification of adjacent, low-grade and high-grade tissues
discussed in the above sections. It is apparent that (Table 3)
both glutamine and glutamate have statistical difference in
high-grade HCC tumors compared with adjacent and low-grade
HCC samples (p < 0.05) which is in contrast to the previous
reports assuming their concentrations as constant. The differ-
ences in the ratios between so-called total choline (i.e., choline
+ PC + GPC) and the sum of glucose and glycogen have
statistically significance in distinguishing the three tissue groups
(p < 0.05, 0.15 ( 0.04, 0.25 ( 0.08, and 0.34 ( 0.11 for adjacent
non-involved liver tissue, low- and high-grade HCC tumors,
respectively). The ratios are also positively correlated with the
grade of HCC tumors. We also calculated concentration ratios
of several selected metabolites. For example, ratios of PE to
â-glucose, the sum of glutamine and glutamate to glucose both
have statistical difference between high-grade HCC and other

Figure 5. Results from the Principal Component Analysis for the metabonomic differences within each individual group of tissues.
Panels A1 and A2 are scores and loadings plots for adjacent non-involved tissues from PC1 and PC2 (O, R2 ) 94.6%). The adjacent
non-involved tissues were classified two groups along PC1 where the difference in lipid level contributed this classification demonstrating
the individual diversity among samples; panels B1 and B2 are plots of high-grade HCC tissues from PC1 and PC2 (9, R2 ) 94.3%),
where three clusters were observable resulting from difference in lipid level; panel C shows scores plot of all tissue specimens studied
here excluding two HCC samples from patient 1 and 13, which showed severe necrosis (see text for details).
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two groups. This indicates that metabonomic difference is
probably a better tool for tumor grading than the classical
individual metabolite-based targeted analysis.

Finally, since cirrhosis is one of the main risk factors for the
HCC development,1 the effect of cirrhosis on metabolism has
also been assessed here. The cirrhosis led to statistically
significant elevation in the levels of lactate (p ) 0.05) and PC/
GPC (p ) 0.07) in low-grade HCC tissues (Figure 6), though
changes of lipid and glycogen were found in the non-cancerous
cirrhotic liver compared with normal tissue.38 However, such
statistical differences were not evident between the non-
cirrhotic and cirrhotic cases in the high-grade HCC tissues
probably due to the dominance of cancer cell metabolism in
the high-grade HCC. Given the limited cases of cirrhotic HCC
tumors at present, further studies with more samples are
required to confirm these findings. Some follow-up studies on
the same patients will also be important to understand the
process of pathological development.

Conclusion

In summary, there are clear metabonomics differences
between HCC tumor and the adjacent non-involved tissues
which are highlighted by the increased levels in bile acid,
choline, PE, PC, GPC, glutamate, glutamine, glycine, alanine,
and leucine together with the decreased levels of lipids, glucose,
and glycogen in the HCC tumors. The metabonomics approach
used in this study was also able to differentiate the low-grade
and high-grade HCC tumors; compared to the low-grade HCC,
the levels of lactate, glutamine, glutamate, alanine, leucine,
creatine, PE, and glycine were higher, while the levels of lipids,
PC/GPC, glucose, and glycogen were lower in the high-grade

HCC tumors. The results indicated that alteration of energy
metabolism coupled with changes in TCA cycle were dominant
in the HCC biochemistry. The necrosis is accompanied with
drastic elevation in the lipid level. Cirrhosis caused significant
increase in the levels of lactate and PC/GPC in the cirrhotic
low-grade HCC tumors. With the diversity of the cohort
composition, the coherency of these data showed the power
and sensitivity of this metabonomic approach. It is concluded
that HRMAS 1H NMR spectroscopy is a powerful high-resolu-
tion tool to characterize the metabolite composition in tumors
with more detailed metabolic information, which is important
in the development of new diagnostic methods for HCC and
perhaps in the evaluation processes of clinical therapies. Tissue
metabonomics technology based on HRMAS NMR in conjunc-
tion with multivariate data analysis has an important potential
in differentiating HCC from adjacent non-involved tissues and
in HCC grading.

Abbreviations: Cho, choline; GPC, glycerophosphocholine;
PC, phosphocholine; Gln, glutamine; Glu, glutamate; Lac,
lactate; Ala, alanine; tLip, total lipid; PE, Phophorylethanola-
mine; Leu, leucine; TMAO, Trimethylamine-N-oxide.
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