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Abstract

Metabonomics, the study of metabolites and their roles in various disease states, is a novel methodology arising from the post-genomic
era. This methodology has been applied in many fields. Current metabonomic practice has relied on mass spectrometry (MS), ga
chromatography—mass spectrometry (GC-MS), and nuclear magnetic resonance (NMR) to analyze metabolites. In this study, a stratec
was developed for applying high-performance liquid chromatography (HPLC) and LC-MS-MS to metabonomics research. One of the key
problems to be solved in this strategy is to match the peaks between the chromatograms. A peak alignment algorithm has been developed
match the chromatograms before the pattern recognition. As an application example, the strategy described above was applied to metab
nomics research on liver diseases, and the false-positive result of live cancer diagnosis from the hepatocirrhosis and hepatitis diseases w
effectively reduced to 7.40%. Based on the pattern recognition, several potential biomarkers were found and further identified by the following
LC-MS-MS experiments. The structures of eight potential biomarkers were given for distinguishing the liver cancer from the hepatocirrhosis
and hepatitis diseases.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction gies have been enlisted to profile the metabonfitie24]
Among the analytical technologies, NMR is the most popu-

Metabonomics, defined as the quantitative measurementiar method used in the metabonomics rese§t&r16,24]
of the dynamic multi-parametric metabolic response of liv- which could provide the high selectivity for all compounds.
ing systems to pathophysiological stimuli or genetic modifi- While being very effective, NMR has two significant disad-
cation[1], has recently demonstrated enormous potentials in vantages: poor sensitivity and resolution, which led to the
many fields such as plant genotype discriminafih8], tox- masking of low abundance analytes by high concentration
icological mechanisms, disease processes, and drug discoveomponents. Another popular technology used in the metabo-
ery [4-10]. According to the destination, the metabonomics nomics research is gas chromatography—mass spectrometry
research could be divided into four approaches: metabo-(GC-MS) [2], which could provide higher resolution and
lite target analysis, metabolite profiling, metabolomics and higher sensitivity compared to NMR. But the GC-MS could
metabolic fingerprinting11]. not analyze the non-volatile components of the metabolitesin

It is generally accepted that a single analytical technique the bio-fluids and tissue directly. While most of the metabo-
could not provide sufficient visualization of the metabolome, lites in these samples belong to this class, HPLC and/or
and therefore, multiple technologies are needed for a com-LC-MS [22] has been employed to analyze the non-volatile
prehensive view. Accordingly, many analytical technolo- components.

After the data was already acquired by various chro-
matographic techniques, the next step was to compare them
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using versatile chemometric methods to mine the useful
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information behind them. But the retention time variation lowing LC-MS-MS experiments. To describe the strategy

from chromatogram to chromatogram has been a significantclearly, the diagnosis of liver diseases was used as an exam-

impediment against the use of chemometric techniques inple. Based on the method developed, the false-positive result

the analysis of chromatographic data due to the variations of live cancer diagnosis from other liver diseases was reduced

in the mobile phase composition, gradient reproducibility, effectively and potential biomarkers were identified.

temperature variations and column variability. To make use

of the information of all visible peaks contained in the chro-

matograms, the first thing we should do is the peak matching 2. Experimental

between the chromatograms. In the past decades, dozens of

algorithms have been developed for this purg@se32] The 2.1. Sample collection and pretreatment

representative work is the “COW” presented by Nielsen et

al.[25]. Recently, Jonsson et §B2] developed a strategy for Spontaneous urine samples were collected from 50

identifying differences in large series of metabolomic sample healthy adults, 77 patients with liver infectious diseases (27

analyzed by GC-MS, in which a time window based algo- hepacirrhosis patients, 30 acute hepatitis patients, 20 chronic

rithm was employed to align the peaks in GC-MS. Compared hepatitis patients) and 48 liver cancer patients. Their ages

with peak alignment in GC chromatogram, there is more dif- were 50.6+ 16.2 (the age range was 20-85). All patients

ficult in HPLC chromatograms for its worse reproducibility. were from the Firstand Second Affiliated Hospitals of Dalian
In this study, a strategy was developed to apply HPLC- Medical University of China. All the diagnoses of these pa-

based techniques to metabonomics researches and its flovients were confirmed by histopathology. Urine samples free

chart was given irFig. 1 At first, the metabolome or its  of preservatives were collected and kept&0°C until anal-

subset was analyzed by selective and sensitive liquid chro-ysis.

matography techniques. Then a peak alignment algorithm  For the analysis of urinargis-diol metabolites, the sam-

was developed to match the chromatograms before the patples were thawed at room temperature. The spontaneous

tern recognition method was applied. From the results of urine added with internal standard 8-bromoguanosine (Br8G;

the pattern recognition, the variable loadings were obtained Sigma, St. Louis, MO, USA) was extracted on a phenyl-

and potential biomarkers were further identified by the fol- boronic acid column as described elsewH8@E-35]

Using HPL C-based techniques to

analyze a subset of metabolome

ﬂ Match the chromatograms

Data array
! ' Pattern recognition
Score Plot: Loading Plot:
the classification results the potential biomarkeers

Identified by hyphenated techniques

Structures of the potential biomarkers

Fig. 1. Flow chart of the HPLC-based metabonomics research strategy.
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Table 1
LC—MS—MS method parameters
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Time (min)

%MeOH (the rest being 5mM

ammonium acetate, pH 4.5)

HPLC conditions:

0

5

20
35
50
55
70

Turbo lon Spray source conditions:

lonSpray voltage (V)
Declustering potential (V)
Entrance potential (V)
Collision energy (eV)

CUR (curtain gas) (p.s.i.)
GS1 (nebulizer gas) (p.s.i.)
GS2 (auxiliary gas) (p.s.i.)
TEM (temperature)°C)

Ihe (interface heater)

CAD (collision gas)

0
0
15
60
60
0
0

—4200
—-30
-10
—10

25
30
40

500

ON

High

1p.s.i.=6894.76 Pa.

2.2. Reversed-phase (RP) HPLC analysis

The HPLC system consisted of three Shimadzu HPLC-
10ATVP pumps, an autoinjector model SIL 10ADVP, an
SPD-10AVP UV-vis detector, set at 254nm and a SCL
10AVP interface (Shimadzu, Kyoto, Japan), a Hypersil ODS

5um Cyg HPLC column (250 mnx 4.6 mm) (Elite, Dalian,

China). The mobile phases and gradient were giv@alie 1

And a typical chromatogram was shownHig. 2

2.3. Analysis of HPLC data

The flow chart of the data processing was showrign 3.

in CSV format using the Shimadzu Class-VP version 6.10
software. In order to compare these samples, their peak data
were aligned to generate a two-dimensional array firstly, of
which row was corresponding to the samples and the column
was corresponding to the peak areas appearing in the chro-
matograms. After adjusted and normalized, the data were
sent to perform principal component analysis (PCA) by a
laboratory-made script written in MATLAB.

2.4. LC-MS-MS

The LC-MS-MS equipment consisted of: an HP 1100
series HPLC system (Agilent Technologies, Palo Alto,
CA, USA) with a Hypersil ODS fum Cig HPLC column
(250 mmx 4.6 mm) (Elite), a Q-TRAP LC-MS—MS system
from Applied Biosystems/MDS Sciex (USA) equipped
with a turbo ionspary source. The Q-TRAP system from
Applied Biosystems is an LC—MS—MS linear ion trap mass
spectrometer. To get an unequivocal identification of the
metabolites, information dependent acquisition (IDA) mode
was employed to get the tandem mass spectra of the urinary
metabolites. Using the IDA mode of the Q-TRAP system,
the survey scans [like enhanced MS scan (EMS), constant
neutral loss scan (CNL)] and dependent scans—enhanced
product ion (EPI) are sequentially performed, and repeated
in the entire duration of the HPLC analysis, thus offering
maximum information from a single injectidB6].

From the result of PCA, the potential biomarkers with the
highest loadings were carefully selected for further identifi-
cation by LC-MS—MS. The sample extracted on a phenyl-
boronic acid column as describEg8-35]was then analyzed
by the LC-MS-MS system with a 3:1 splitting ratio before
turbo ion spray interface. In the LC-MS—MS method, the
HPLC parameters were the same as the ones described above.
The other parameters are giverfable 1 The criteria of IDA
were: the two most intensity peaks, which intensity exceeded

At first, the peak information of these samples was exported 1 x 10° and mass range resided between 200 and 600 u, were
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Fig. 2. Typical chromatogram of RP HPLC cis-diol compounds in urine.
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Fig. 3. Flow chart of the HPLC peak alignment and data normalization.

selected as the precursor ions of EPI. And the scan mass rangéme was then divided into several zones, which were residing

of EPI was from 80 to 600 u. between the prominent peaks. While the prominent peaks’ re-
tention values have been assigned to a series of pre-defined
values, all peaks’ retention values were scaled according to

3. Results and discussion these prominentreference peaks. After shrinking or enlarging
the zones, the retention values of the peaks residing in these

It can be known fronFig. 1that the strategy for metabo-  zones would be very stable in different chromatograms.

nomics research consists of the data collection, data analysis The alignment was carried out based on the adjusted re-

and biomarker identification. To describe the strategy clearly, tention value (arv) that was calculated according to(&}.

the differentiation of liver cancer from other liver diseases us-

ing metabonomics method is used as an example. ary; = vi — RV (ARV ;1 — ARV) + ARV
Although it would be ideal to have information on the sta- RV;11 —RV;
tus of the whole metabolic complement of a cell, there might Tj<t;<Tjy1 (1)

be instances when it would suffice to derive information on

only a subset of the total metabolome. As shown in our pre- where ary is the adjusted retention value of the pedkis
vious researchef35,37-39] the compounds witkis-diol the peak No., equals to 1, 2, 3,., 113); ry is the retention
structure, mainly the metabolites of nucleic acids (nucleo- factor;t; is the retention time of the peak{(j=0... C) is
sides), were an important class of compounds related to thethe number of reference peaks. In this stu@js equal to 6.
diagnoses of cancer. So this class of compounds was chosent;zx‘RVJ RV; andT; are the reference peak’s adjusted retention
elucidate the strategy developed in this study. And the HPLC yalue, retention value and retention time, respectively. 4RV
analytical method has been established in our previous studyrv, and T, were all equal to 0.

[37-39] In following sections, we shall mainly describe a As an example, two chromatogranfdd. 4a) of 15 mixed
peak alignment method to match the chromatograms accu-standards run on two different days were chosen to test the
rately, the pattern recognition method to classify the samplesa|gorithm. Two retention factors were employed for compar-
and identification of the potential biomarkers using the hy- json: one was the peak retention factky, the other log.

phenated techniques. After the alignment, the results were showrFiig. 4b using
the mirror “spectrum”, in which the bars were correspond-
3.1. Peak alignment algorithm ing to the peak heighty{coordinate) just like in mass spec-

trum, thex-coordinate was corresponding to corresponding
The main intention of the algorithm is to define a series of arv values, the positive and negative parts corresponding to
prominent marker peaks firstly, which could be easily iden- two chromatograms respectively. It can be observed that prior
tified by selecting a wider retention window. The retention to the alignment, the retention time differences in two chro-
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Fig. 4. Superimposed sections and “mirror spectrum” of the chromatographic trace from HPLC of a standards mixture running in different dayk):Up (Blac
target chromatogram. Down (red): sample chromatogram. (a) Overlapped chromatograms prior to alignment; (b) “mirror spectrum” prior to algimgment (
retention time as the retention value); (c) “mirror spectrum” after alignment (ksasgretention valu&); and (d) “mirror spectrum” after alignment (using

logk as retention valu&). Thex-coordinate value of pane b—d was corresponding to the adjusted retention value calculated accordifi).tbl@g.“ The
predefined reference peaks“k” was calculated according to the equatish= (retentiontime — void_time)/void.time, where voidtime was equaled to the

time of the first fluctuation of the baseline. (For interpretation of the references to color in this figure legend, the reader is referred to themvebthersi
article.)

matograms were significant, but after the alignment, all of the And the score plot and the loading plot were showRim 5.
peaks were satisfactorily matchdeid. 4c and d). It should From the score plot, it could be observed that patients with
be pointed that although iRig. 4c and d we cannot find the  hepatitis and patients with hepatocirrhosis clustered in one
difference in usingk and logk as the retention factor, for  region, while liver cancer patients were located in a different
different practical samples different matching results will be cluster region. Itillustrated that only 7.40% of the hepatocirr-
obtained depending on the chromatographic conditions andhosis patients and none of the hepatitis patients are classified

samples. as cancer. Contrast to the result of several target metabolites
analysis described before, the false positive result was effec-
3.2. Pattern recognition tively eliminated[37-39]

After the peaks were aligned, area of each peak was nor-3.3. Identification of the potential biomarkers
malized to the internal standard Br8G and corrected by the
concentration of creatinine. Based on the peak detection soft- As mentioned above, the loading plot highlighted the most
ware from the Shimadzu HPLC instrument, 113 peaks were significant variables. The variables with the highest loading
found in the target chromatograifig. 3). Anumber of peaks  values were corresponding to the most significant those. In
that were detected in the target chromatogram were appar-another word, the potential biomarkers were the furthest ones
ently absent in the sample chromatograms. This primarily from the origin in the loading plot. According to the loading
occurred because the comparison peaks had a S/N lower thaplot of the PCA, which was shown iRig. 5o, the potential
1000. Therefore, the true peak areas for these peaks werdiomarkers were then identified by LC-MS-MS.
somewhere between zero and the detection limit. The value of  According to their retention time, the corresponding
1 x 10-®was given to such peaks. At last, all chromatograms spectra were used to identify the potential biomarkers
were represented by the array, which size equals to the targetnentioned above. Because selectively absorbed on the
chromatogram. phenylboronic acid affinity column, the potential biomarkers

Then the PCA method could be performed to the data. must be metabolites witlsis-diol group, the nucleosides
The principal components are displayed as a set of ‘scores’were the urinary major compounds in this class. Generally,
(t), which highlight clustering or outliers, and a set of ‘load- the nucleosides consist of a sugar moiety, primarily ribose in
ings’ (p), which highlight the influence of input variablesbn ~ nucleosides of RNA and denoted S, jointed to a base moiety,
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usually by a glycosidic bond, for example, adenine in the [B — H]~ and 153.1 [B- H+43]~ could be found clearly. It
case of adenosine, and denoted B. The major peak in masss convinced that 15# was pseudouridine (Pseu). To exclude
spectra obtained upon the fragmentation of the nucleosidesthe confusion coming from the adhere peaks, the tandem
molecular ion is usually base moiety ([BH] ™) (with the spectrum of the [M- H]~ was employed to corroborate the
exception of pseudouridine). In an ideal spectrum of the deduced structure. From the tandem spectrum, two more frag-
nucleoside, the loss of the water (IMH — 18]7) and loss of ments (225.2 [M- H-H,O]~ and 183.2 [M— H-2CH,O] ")
CH20 [M —H — 30]™) could be seen. And the de-protonated were found to confirm the structure. Becauseddond re-
dimmer of the molecule was often found in the spectrum.  siding between B and S, the most abundance peak was 153.1
Fig. 6 gives an IDA view of a potential biomarker. From [B — H+43]~ other than 110.1 [B- H]~ like other nucleo-
the EMS spectrum of the 15#yz 243.2 [M—H]~, 110.1 sides. 15# was convinced to be Pseu. Similarly, other poten-
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Fig. 6. IDA view corresponding to 15# peak. Top panel: TIC of the sample; middle panel: EMS of 15# peak; bottom panel: EPI of- 243 (M
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Table 2

The possible identification result of the eight potential biomarkers

Peak No. Potential structure Major fragmentation Confirmed by standards’
retention time and spectra

14 Dhu [M—H]~, [B—H+44]", [M — H-S|

15 Pseu [M=H]~,[B—H+44]", [M —H-S] v

23 acp3U [M=H]~, [M —H-SI~

25 U [M—H]~, [M — H-SI- W

32 mi1A [M—H]~, [M —H-SI- Vi

48 PCNR, m3U or m5U [M-H]~, [M — H=S]

59 mil [M—H]~, [M — H-SI J

77 mcm5s2U or mcmo5U [M-H]~, [M —H-S]~
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