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Abstract

In this paper, an optimized protocol was established and validated for the metabonomic profiling in rat urine using GC/MS. The urine sam-
ples were extracted by methanol after treatment with urease to remove excessive urea, then the resulted supernatant was dried, methoximated,
trimethylsilylated, and analyzed by GC/MS. Forty-nine endogenous metabolites were separated and identified in GC/MS chromatogram, of which
26 identified compounds were selected for quantitative analysis to evaluate the linearity, precision, and sensitivity of the method. It showed
good linearity between mass spectrometry responses and relative concentrations of the 26 endogenous compounds over the range from 0.063 to
1.000 (v/v, urine/urine + water) and satisfactory reproducibility with intra-day and inter-days precision values all below 15%. The metabonomic
profiling method based on GC/MS was successfully applied to urine samples from hyperlipidemia model rats. Obviously, separated clustering of
model rats and the control rats were shown by principal components analysis (PCA); time-dependent metabonomic modification was detected as

well. It was suggested that metabonomic profiling based on GC/MS be a robust method for urine samples.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Metabonomics is a systematic approach to study in vivo
metabonomic profile, which is defined as the quantitative mea-
surement of the time-related multiparametric metabonomic
response of living systems to pathophysiological stimuli or
genetic modification [1]. Metabonomics has recently demon-
strated its potentials in many fields, such as biomedical
sciences [2—13] and toxicity [14,15], which had been extensively
reviewed by Robertson [16]. In biomedical research, samples for
metabonomic study are mostly derived from peripheral tissues
such as blood, urine, spinal fluids, saliva, and CSF as well as
tissues at the site of pathology. Blood and urine are the most fre-
quently used samples for exploring the systematic modification
of metabolome. Compared with blood plasma, urine samples
enable non-invasive monitoring of metabonomic modification
and should be the first choice. GC/MS has been demonstrated
to be a very sensitive and reproducible method[17,18], which
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is thought the ideal tool for metabonomic profiling since most
metabolites in urine are of polar groups, which will facilitate
derivatization and analysis in GC/MS.

GC/MS has been applied to metabonomic profiling of urine
samples from hydrocortisone-induced animal model [10], where
acids or alkali were added for extraction step, and acidic treat-
ments pose severe problems for many analytical methods that
follow. A recent publication on metabonomic profiling of urine
based on GC/MS [19] utilized acetone treatment and BSTFA
as the derivatization agent. While in another paper, only five
targeted compounds were analyzed in urine by GC/MS [11].
Till today, no thoroughly optimized method for analyzing urine
by GC/MS in metabonomic research has been presented. In
this paper, we developed and validated an optimized protocol
of extraction and derivation for analyzing the rat urine using
GC/MS.

2. Experimental
2.1. Chemicals and reagents

[?H3]-Myristic acid (97%) for use as internal standard
was purchased from Cambridge Isotope Laboratories Inc.
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(Andover, MA, USA). Alkane series (C8—C40), N-methyl-N-
trimethylsilyl-trifluoroacetamide (MSTFA), trimethylchlorosi-
lane (TMCS) were obtained from Fluka (Buchs, Switzerland),
and methoxyamine from Supleco (Bellefonte, PA). Urease was
obtained from Sigma (St. Louis, MO, USA). Distilled water was
produced by a Milli-Q Reagent Water System (Millipore, MA,
USA).

2.2. Preparation of standard solutions

Internal standard [>H3]-myristic acid was prepared in
methanol at a concentration of 1 mg/ml. Methoxyamine was
prepared in pyridine at a concentration of 15 mg/ml.

2.3. Sample preparation

Urine samples were collected from Sprague-Dawley rats
(190-210 g, male) overnight (12 h) in metabolism cages at ambi-
ent temperature. After centrifugation at 4000 x g for 10 min
to remove residues, urine samples were mixed and stored in
aliquots at —80 °C until use.

Two hundred microliter of urine added with 30 units of ure-
ase was incubated at 37 °C for 15 min to decompose and remove
excess urea present in it. Then 800 wl methanol and 10 pl [?H3]-
myristic acid (1 mg/ml) used as internal standard were added to
it. The solution was vigorously extracted for 10 min and was cen-
trifuged at 14,000 x g, 4 °C for 10 min. The supernatant (200 jv1)
was transferred to a GC vial, and then evaporated to dryness
under nitrogen at room temperature.

Thirty microliter of methoxyamine in pyridine was added to
each GC vial. Then the solution was vigorously vortexed for
10 min. After methoximation reaction for 16 h at room temper-
ature, the samples were trimethylsilylated for another 1h by
adding 30 .1 of MSTFA with 1% TMCS as catalyst. At last,
40 ! heptane was added to the GC vial, and the solution was
vigorously vortexed again for 10 min before GC/MS analysis.

2.4. Instruments

One microliter of derivatized sample was injected splitless
into a Finigan gas chromatography (Thermofinigan, USA) cou-
pled with mass spectrometry (TRACE DSQ). It is equipped
with a 30 m x 0.25 mm ID, fused silica capillary column, which
was chemically bonded with 0.25 wm DB 1-MS stationary phase
(J&W scientific, Folsom, CA, USA). The injector temperature
was 270 °C, the septum purge flow rate was 20 ml/min, and the
purge was turned on after 60s. The gas flow rate through the
column was 1 ml/min. The column initial temperature was kept
at 70 °C for 2 min. Then temperature was increased from 70 to
240 °C at a rate of 20 °C/min, held on for 1 min, and then to the
last 320 °C at a rate of 20 °C and held for 1 min. Transfer line
temperature was 270 °C and ion source temperature was 200 °C.
Ionization was achieved by a 70 eV electron beam at a current
of 2.0 mA. Masses were acquired in TIC when the acceleration
voltage was turned on after a solvent delay of 240s.

All data were processed by Xcalibur (Thermofinigan, USA).
Peaks whose signal-to-noise (S/N) ratios lower were than 5 were

rejected. Retention time correction was done by internal stan-
dard in order to minimize run-to-run errors. Retention index for
each peak/compounds was calculated by comparing its reten-
tion time against those of alkane series (C8-C40, corresponding
retention index values from 800—4000). To obtain accurate peak
areas for the I.S. and specific peaks/compounds, two quantifi-
cation masses for each component were specified and the data
were re-processed. The area of each peak was normalized against
the internal standard, [2H3]—myristic acid, before multivariate
data analysis. All compounds were identified by comparing
both the MS spectra and retention index with those available
in libraries, i.e. NIST, Wiley, and internally compiled spectr
libraries.

2.5. Validation of assay method

2.5.1. Linearity

Pooled urine pretreated by urease was diluted with water to
relative concentrations of 0.063, 0.125, 0.250, 0.500, and 1.000
(v/v, urine/urine + water). A portion (200 wl) of the diluted urine,
including 10 wl [?H3]-myristic acid (1 mg/ml) used as inter-
nal standard (I.S.), was then mixed with 800 wl of methanol.
Extraction and derivatisation were performed according to “Sec-
tion 2.3”. After GC/MS analysis, the peak areas of endogenous
metabolites were integrated. The peak-area ratio of each metabo-
lite to I.S. was calculated and linear correlation coefficients were
calculated in the analyzed concentration interval.

2.5.2. Precision

Precision was investigated by calculating the relative stan-
dard deviation (R.S.D.) at three urine dilutions: 0.063, 0.250,
and 1.000 (v/v, urine/urine + water). The intra-day precision
values were determined in five replicates at each dilution,
and these replicates were processed independently. The inter-
day precision values were determined across each dilution on
five different days. All the samples were treated as described
above.

2.5.3. Sensitivity

The limit of detection (LOD) and limit of quantification
(LOQ) for urine samples were investigated. Urine dilu-
tions of 0.02, 0.063, 0.125, 0.250, 0.5, and 1.000 (v/v,
urine/urine + water) were treated as described above. LOD was
defined as that the level giving a signal-to-noise ratio of 3, and
LOQ was defined as that the level giving a signal-to-noise ratio
of 5.

2.5.4. Stability testing

To evaluate the freeze—thaw stability, urine samples were
stored at —80 °C for 7 days, and then thawed at room tempera-
ture. The assay parameter for the stored samples was compared
with that of freshly prepared samples. Samples were analyzed
in five replicates and treated as the described above. To be con-
sidered stable, the relative recovery (defined as the agreement
between freeze—thawed and fresh samples) should be within
100 £ 15%.
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2.6. Metabonomics research for urine samples of
hyperlipidemia rats

Sprague-Dawley rats (190-210 g, male) were obtained from
Sino-British Sippr/BK Lab Animal Ltd. (Shanghai, China). The
animals were housed in stainless steel cages in a controlled
environment (20 °C, 50% relative humidity, and 12 h light/12h
dark cycle) for at least 6 days prior to the experiment. Animal
experiments were carried out in accordance with the Guidelines
for Animal Experimental of Nanjing University of Technology
(Nanjing, China), and the protocol was approved by the Animal
Ethics Committee of this institution.

Twelve rats were randomly divided into two groups, normal
and hyperlipidemia, which were induced with standard chow and
laboratory chow enriched with 1% cholesterol, 10% lard, 0.2%
propylthiouracil, 5% yolk, and 1% sodium tauroglycocholate
for 4 weeks, respectively.

Pre-dose and post-dose at days 7, 14, 21, 28 after feeding
high lipid diet, all the rats were fasted and urine samples were
collected overnight (12 h) in metabolism cages at ambient tem-
perature. After centrifugation at 4000 x g for 10 min to remove
residues, urine samples were stored in aliquots at —80 °C prior
to analysis.

Multivariate data analysis was carried out using SIMCA-P
11 software (Umetrics, Umed, Sweden). Principal component
analysis (PCA) was used to calculate models. PCA is an unsu-
pervised projection method used to visualize the dataset and
display the similarity and difference. The data matrix (X) can
be represented in a K-dimensional space (where K is equal to
the number of variables), and then projected and reduced to
a few principal components that describe the maximum vari-
ation of different groups or samples. The data matrix was
constructed with the observation/samples in columns and the
peaks/compounds in rows. Statistically different peaks were cal-
culated with a confidence interval of 0.95 and significance level
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of 0.05. Cross-validation with seven cross-validation groups was
used throughout to determine the number of components in PCA.

3. Results and discussion
3.1. Metabonomic profiling of urine by GC/MS

The goal of metabonomic research is to analyze as many
metabolites as possible in biofluids, and it is much more dif-
ficult in contrast with analyzing a limited number of specific
compounds. It would be impossible in practice to obtain satis-
fied extraction efficiency, reproducibility, and accuracy for all of
the metabolites contained in urine, which differ widely in phys-
iochemical properties and concentrations. Therefore, our target
in this study was to develop a method that is likely to extract as
many classes of compounds as possible with high efficiency and
reproducibility.

The GC/MS chromatogram of urine samples obtained from
normal rat is shown in Fig. 1. 49 compounds were identified
in the GC/MS chromatogram. Most of them are organic acids,
amines, amino acids, carbohydrates, etc. Since most compounds
identified in urine are also presented in blood plasma, the proto-
col of urine extraction and derivation are based on that of plasma.
In the present study, we investigated five common organic sol-
vents (methanol, ethanol, acetonitrile, acetone, chloroform) and
found that methanol resulted in overall highest recovery for
most compounds investigated (data not shown). Considering
that methanol was also preferred in extraction of other biological
samples, such as plasma [17,20], cellular solution [21,22], and
bacteria [23,24]. It was suggested that methanol be a promising
solvent for metabolomic extraction of biological samples.

Because urea concentration in urine is so high that it
influences the appearances of other compounds with lower
concentration and is easy to contaminate the column and MS
detector, so urease was used to degrade excessive urea and did
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Fig. 1. GC/MS chromatogram of urine samples obtain from normal rat.
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Table 1

Linearity of the GC/MS method for the determination of some endogenous compounds in urine

Compounds Peak area ratios of urine dilutions Correlation coefficient
1 0.5 0.25 0.128 0.063
Phosphate 5.8691 3.058 1.854 0.958 0.6580 0.9992
Butanoic acid 0.2893 0.1658 0.0985 0.0621 0.0412 0.9991
Glycine 0.2637 0.1745 0.1247 0.1028 0.0841 0.9990
Uracil 0.1570 0.0954 0.0687 0.0489 0.0411 0.9991
L-Homoserine 2.1600 1.3104 0.8847 0.6321 0.5014 0.9994
Butanedioic acid 0.0772 0.04995 0.0341 0.02514 0.0203 0.9981
L-Proline 1.4663 0.8014 0.4658 0.3012 0.2001 0.9999
Creatinine enol 3.3076 2.0147 1.3698 1.1124 0.8541 0.9994
Dithioerythritol 0.2093 0.1325 0.0958 0.07012 0.0594 0.9989
D-Ribose 0.2047 0.1325 0.0865 0.07254 0.0624 0.9988
Xylitol 0.2395 0.1642 0.1214 0.1003 0.0884 0.9993
D-Galactose 0.2138 0.1435 0.1025 0.08541 0.0754 0.9996
Ribonic acid 0.6233 0.4012 0.2745 0.2214 0.1824 0.9995
Citric acid 6.2719 3.3541 2.2471 1.4578 1.0236 0.9988
1H-Indole 0.0215 0.0132 0.0096 0.0068 0.0055 0.9982
Glucose-O-methoxime 3.1628 1.8541 1.2365 0.98541 0.7412 0.9994
Glucitol 0.0854 0.05231 0.0311 0.0234 0.0185 0.9989
D-Gluconic acid 4.0731 2.8541 2.1472 1.7415 1.5247 0.9980
Hexadecanoic acid 1.0000 0.6234 0.4412 0.3241 0.2847 0.9995
Myo-inositol 2.0439 1.3258 0.9847 0.7421 0.6854 0.9991
Oleic acid 0.3004 0.1984 0.1425 0.1211 0.0985 0.9991
Adenosine 0.2021 0.1325 0.0854 0.06541 0.0511 0.9973
Sucrose 6.0246 3.7541 2.6587 1.9985 1.6254 0.9994
D-Glucose 7.1696 4.1203 2.5871 1.4417 0.9928 0.9977
D-Glucopyranose 4.3093 2.6547 1.7451 1.3367 1.0024 0.9992
Melibiose 0.2602 0.1654 0.1121 0.0857 0.0745 0.9996

not affect other compounds in urine. Most compounds in urine
are involatile and have to be derivatized before GC analysis.
In order for higher sensitivity and better chromatographic res-
olution, many factors were investigated to approach the final
protocol, such as ratios of sample amount and methanol vol-
ume, sample amount for dryness, reaction temperature, time,
and amount for both methoximation and trimethylsilylation.
GC oven temperature ramping rate was investigated as well.
Considering the very much complexity of endogenous com-
pounds in urine, the three stable isotope labeled compounds
[13C5]-proline, [*H6]-salicylic acid, [*?H3]-myristic acid were
investigated. [?H3]-Myristic acid was selected since it was
eluted in the middle of chromatogram with minimal interfer-
ence from other metabolites, showed high reproducibility both
in quantitatively and qualitatively, e.g. standard deviation, reten-
tion time, and mass spectrum.

3.2. Validation of assay method

3.2.1. Linearity

Twenty-six of the identified endogenous compounds were
selected to investigate the linearity of the method. These com-
pounds covered a wide span of GC retention times, and they
belong to various classes of compounds with diverse physic-
ochemical properties, such as organic acids, amino acids, and
carbohydrates. The linearity of the response was determined
by analyzing urine at five different concentrations and found
to be generally high for most of the compounds investigated
(r>0.999), as shown in Table 1.

3.2.2. Precision

Twenty-six of the identified endogenous compounds were
selected to investigate the precision of the method. The pre-
cision of the analysis was calculated as the relative standard
deviation of the peak area for each metabolite corrected by
the peak area of the I.S. The R.S.D. of most of the 26 com-
pounds was less than 15%, as shown in Table 2. Generally, the
lowest concentrations of urine resulted in the highest R.S.D.,
and the R.S.D. of inter-day was higher than that of intra-
day.

3.2.3. Sensitivity

The 26 identified endogenous compounds as described in
linearity and precision tests were selected to evaluate LOD
and LOQ. These compounds could be detected at S/N greater
than or equal to 3 when the urine dilution was 0.02 (v/v,
urine/urine + water), and it could be defined as LOD. These com-
pounds could also be detected at S/N greater than or equal to 5
when the urine dilution was 0.063 (v/v, urine/urine + water), and
it could be defined as LOQ.

3.2.4. Stability testing

The result of stability testing is shown in Table 3. The 26 iden-
tified endogenous compounds as described above were also used
to evaluate their stability in urine samples after a freeze—thaw
cycle. In general, the freeze—thaw cycles did not result in appre-
ciable differences in the assay parameters and were 90.0-99.6%
of those of the corresponding fresh samples.
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Table 2

Precision of the GC/MS method for the determination of some endogenous compounds in urine

Compounds Intra-day precision Inter-day precision
R.S.D. (%) at dilutions (v/v) of R.S.D. (%)at dilutions (v/v) of
0.063 0.25 1 0.063 0.25 1

Phosphate 7.89 5.33 4.25 8.98 7.55 3.21
Butanoic acid 8.74 8.29 6.94 13.00 10.00 7.14
Glycine 10.05 4.12 4.92 10.88 4.59 3.76
Uracil 6.37 5.11 4.03 9.46 6.32 5.69
L-Homoserine 8.27 4.63 2.69 9.76 7.53 4.64
Butanedioic acid 10.21 5.21 3.67 11.38 5.71 4.44
L-Proline 5.89 5.14 3.27 6.06 5.60 345
Creatinine enol 5.91 4.72 3.54 8.24 7.43 4.14
Dithioerythritol 11.15 3.78 2.49 12.58 9.72 6.99
D-Ribose 10.89 6.48 5.54 10.59 7.70 5.65
Xylitol 7.55 5.62 4.05 8.71 5.25 3.85
p-Galactose 7.15 7.01 4.10 7.00 6.89 5.25
Ribonic acid 9.54 5.84 5.40 10.09 9.29 6.31
Citric acid 14.25 8.14 5.77 16.10 8.52 9.92
1H-Indole 9.84 8.44 5.24 14.20 9.70 7.80
Glucose-0O-methoxime 9.33 6.87 3.40 10.10 6.61 5.85
Glucitol 12.47 9.55 8.24 14.90 10.81 8.37
p-Gluconic acid 9.87 5.58 2.88 11.70 6.13 3.35
Hexadecanoic acid 11.63 9.87 7.39 12.79 10.66 8.72
Myo-inositol 7.31 4.99 2.37 8.66 6.75 547
Oleic acid 12.17 941 5.55 13.41 11.69 6.41
Adenosine 8.41 4.25 4.02 9.52 4.90 4.38
Sucrose 11.54 8.64 6.11 12.95 9.36 7.48
D-Glucose 12.47 9.36 7.14 14.51 11.12 8.11
D-Glucopyranose 7.41 6.28 3.54 8.53 7.71 4.82
Melibiose 8.54 7.02 4.58 9.21 8.21 5.23

3.3. Application of the assay to the metabonomics research
for urine samples

The feasibility of using the current assay in the metabo-
nomics research for urine samples was also examined. All of
the data from 49 identified compounds were used in calculating
PCA models. The score plots of the first two principal compo-
nents allowed visualization of the data and compared the two
group samples. The endogenous compounds can be visualized
and positioned in a loading plot corresponding to a score plot.
The PCA scores plot of whole dataset is presented in Fig. 2.

For the control group (K), all the samples (K0—4) clustered
in the right side of the figure, which suggested a stable status
of metabonomics during experiment. For the treatment group
(U), the samples at different time points tended to gather in
different regions, respectively, displaying some time-dependent
movement. Samples of pre-dose (UO) in the treatment group
located at the same region as the control group. The samples
collected at day 7(U1), 14(U2), 21(U3), 28(U4) after feeding
with high lipid diet showed a trend of contraclockwise move-
ment. It was interesting to find that samples of U4 stood far
away from those of U1, U2, and U3. Further investigation indi-
cated that there was metabolic disorder during this stage from
Ul to U3 (data not shown) and that the rat model of hyper-
lipidemia was finally available at day 28 of post-dose. It was
indicated that the use of GC/MS coupled with PCA has the
potential of metabonomic profiling of urine and therefore could

provide insight information on metabonomic changes related to
hyperlipidemia in rats.

Anyway, the present investigation on the animal model was
an attempt and application of the robust GC/MS method. With-
out any doubt, a massive feed of high lipid food will have
great influences on the metabolites, although this model is clas-
sic and widely used. However, it is still of great value for the
metabonomic profiling, which displayed the time-dependent

t[2]

U4
U4"ua
-8 . .

10 -8 B -4 2 "2 4 6 8 10

0
t[1]
Fig. 2. PCA score plots of rat urine samples from hyperlipidemia and normal
control group during four weeks experiment. Obviously separated clustering of
model rats and the control rats were shown by PCA, time-dependent metabo-
nomic modification was detected as well. (A K) normal control group, (e U)
hyperlipidemia group.
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Table 3
Stability of the GC/MS method for the determination of some endogenous
compounds in urine

Compounds Peak area ratios Stability (%)
Before freeze—thaw After freeze—thaw
Phosphate 6.251 + 0.201 6.053 + 0.531 96.83
Butanoic acid 0.352 £ 0.025 0.345 + 0.033 98.01
Glycine 0.292 + 0.011 0.273 + 0.021 93.49
Uracil 0.150 £ 0.009 0.145 £ 0.015 96.67
L-Homoserine 2.283 + 0.106 2.171 £ 0.156 95.09
Butanedioic acid 0.079 £ 0.004 0.075 £ 0.012 94.94
L-Proline 1.494 + 0.051 1.487 £ 0.063 99.53
Creatinine enol 3.563 4+ 0.147 3471 £ 0.185 97.42
Dithioerythritol 0.182 + 0.013 0.165 £ 0.020 90.66
Dp-Ribose 0.255 £ 0.014 0.238 + 0.019 93.33
Xylitol 0.264 £+ 0.010 0.251 £ 0.013 95.08
Dp-Galactose 0.243 £ 0.013 0.234 + 0.015 96.30
Ribonic acid 0.712 £ 0.045 0.701 £ 0.061 98.46
Citric acid 6.381 + 0.663 6.284 + 0.881 98.48
1H-Indole 0.020 £ 0.002 0.018 £ 0.010 90.00
Glucose-O-methoxime 3.282 + 0.192 3.145 £ 0.214 95.83
Glucitol 0.089 + 0.007 0.081 £ 0.009 91.01
p-Gluconic acid 4.511 £ 0.151 4.321 £ 0.169 95.79
Hexadecanoic acid 1.202 £ 0.105 1.104 £ 0.145 91.85
Myo-inositol 2472 £+ 0.135 2.454 + 0.165 99.27
Oleic acid 0.274 £ 0.018 0.263 £ 0.024 95.99
Adenosine 0.215 £ 0.009 0.207 £ 0.013 96.28
Sucrose 6.351 £ 0.475 6.324 + 0.631 99.57
D-Glucose 7.042 £+ 0.571 6.956 + 0.841 98.78
D-Glucopyranose 4.273 £ 0.206 4.011 £ 0.226 99.56
Melibiose 0.215 £+ 0.011 0.196 + 0.014 91.16

biochemical modification of the process during model build-
ing and further suggested the right time at day 28 when the
model was established. Furthermore, these model animals are
supposed to be utilized to evaluate drugs or drug candidates
efficacies by investigating the metabonomic/systematic modi-
fication after administrating different kind of drug candidates.
Both the animal model and the metabonomic profiling method
are the groundwork for this purpose.

4. Conclusion

An optimized protocol of extraction and derivatization was
established and validated for metabonomic profiling of rat urine.
Forty-nine endogenous compounds were detected and identi-
fied, most of which showed very good linearity and precision.
The metabonomic profiling method based on GC/MS and PCA
was successfully applied to urine samples from hyperlipidemia
model rats. It was suggested that metabonomic profiling based
on GC/MS and PCA be a robust method for analyzing urine
samples.

Acknowledgements

The work was supported by Jiangsu Nature Science Fund
(BK2005098), National Nature Science Fund (30572228) and
Jiangsu international cooperation Fund (BZ2006049).

References

[1] J.K. Nicholson, J.C. Lindon, E. Holmes, Xenobiotica 29 (1999) 1181.

[2] M.S. Sabatine, E. Liu, D.A. Morrow, E. Heller, R. McCarroll, R. Wie-
gand, G.F. Berriz, FP. Roth, R.E. Gerszten, Circulation 27 (2005)
3868.

[3] J. Yang, G. Xu, Y. Zheng, H. Kong, T. Pang, L. Shen, Q. Yang, J. Chro-
matogr. B Analyt. Technol. Biomed. Life Sci. 813 (2004) 59.

[4] M. Coen, M. Sullivan, W.A. Bubb, P.W. Kuchel, T. Sorrell, Clin. Infect.
Dis. 41 (2005) 1582.

[5] J.T. Brindle, H. Antti, E. Holmes, G. Tranter, J.K. Nicholson, HW.L.
Bethell, S. Clarke, PM. Schofield, E. Mckilligin, D.E. Mosedale, D.J.
Grainger, Nat. Med. 8 (2002) 1439.

[6] M.S. Sabatine, E. Liu, D.A. Morrow, E. Heller, R. McCarroll, R. Wie-
gand, G.F. Berriz, EP. Roth, R.E. Gerszten, Circulation 112 (2005)
3868.

[7] P. Yin, X. Zhao, Q. Li, J. Wang, J. Li, G. Xu, J. Proteome Res. 5 (2006)
2135.

[8] C. Denkert, J. Budczies, T. Kind, W. Weichert, P. Tablack, J. Sehouli,
S. Niesporek, D. Konsgen, M. Dietel, O. Fiehn, Cancer Res. 66 (2006)
10795.

[9] J. Yang, X. Zhao, X. Liu, C. Wang, P. Gao, J. Wang, L. Li, J. Gu, S. Yang,
G. Xu, J. Proteome Res. 5 (2006) 554.

[10] M. Chen, L. Zhao, W. Jia, J. Proteome Res. 4 (2005) 2391.

[11] C. Ohdoi, W.L. Nyhan, T. Kuhara, J. Chromatogr. B Analyt. Technol.
Biomed. Life Sci. 792 (2003) 123.

[12] S. Kochhar, D.M. Jacobs, Z. Ramadan, F. Berruex, A. Fuerholz, L.B. Fay,
Anal. Biochem. 352 (2006) 274.

[13] J.L. Griffin, H.J. Williams, E. Sang, K. Clarke, C. Rae, K.J. Nicholson,
Anal. Biochem. 293 (2001) 16.

[14] L.C. Robosky, D.G. Robertson, J.D. Baker, S. Ranel, M.D. Reily, Comb
Chem. High Throughput Screen 5 (2002) 651.

[15] M. Coen, E. Lenz, J.K. Nicholson, I.D. Wilson, F. Pognan, J.C. Lindon,
Chem. Res. Toxicol. 16 (2003) 295.

[16] D.G. Robertson, Toxicol. Sci. 85 (2005) 809.

[17] A.Jjye,J. Trygg, J. Gullberg, A. Johansson, P. Jonsson, H. Antti, S. Mark-
lIund, T. Moritz, Anal. Chem. 77 (2005) 8086.

[18] M.M. Koek, B. Muilwijk, M.J. Van der Werf, T. Hankemeier, Anal. Chem.
78 (2006) 1272.

[19] S.A. Fancy, O. Beckonert, G. Darbon, W. Yabsley, R. Walley, D. Baker,
G.L. Perkins, E.S. Pullen, K. Rumpel, Rapid Commun. Mass Spectrom. 20
(2006) 2271.

[20] E.J. Want, G. O’Maille, C.A. Smith, T.R. Brandon, W. Uritboonthai, C.
Qin, S.A. Trauger, G. Siuzdak, Anal. Chem. 78 (2006) 743.

[21] S.G. Villas-Boas, J. Hojer-Pedersen, M. Akesson, J. Smedsgaard, J.
Nielsen, Yeast 22 (2005) 1155.

[22] E. Kimball, J.D. Rabinowitz, Anal. Biochem. 358 (2006) 273.

[23] R.P. Maharjan, T. Ferenci, Anal. Biochem. 313 (2003) 145.

[24] D. Miura, H. Tanaka, H. Wariishi, FEMS Microbiol. Lett. 234 (2004)
111.



	GC/MS analysis of the rat urine for metabonomic research
	Introduction
	Experimental
	Chemicals and reagents
	Preparation of standard solutions
	Sample preparation
	Instruments
	Validation of assay method
	Linearity
	Precision
	Sensitivity
	Stability testing

	Metabonomics research for urine samples of hyperlipidemia rats

	Results and discussion
	Metabonomic profiling of urine by GC/MS
	Validation of assay method
	Linearity
	Precision
	Sensitivity
	Stability testing

	Application of the assay to the metabonomics research for urine samples

	Conclusion
	Acknowledgements
	References


