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18
19 Comprehensive two-dimensional gas chromatography–time-of-flight mass spectrometry (GC · GC-TOF) was applied for the

20 analysis of complex metabolite profiles from mouse spleen. The resulting two-dimensional chromatograms proved that mass

21 spectral quality and sensitivity were largely improved by the enhanced resolution and zone compression, which are features of

22 GC · GC operation, when compared to classical one-dimensional GC-TOF methods. The improved peak capacity of GC · GC

23 allowed for peaks to be detected that could previously not be separated in one-dimensional GC. A measure of the combined power

24 of chromatographic and mass spectral deconvolution resolution is called ‘‘analytical purity’’, with higher values indicating less pure

25 peaks. GC · GC-TOF lead to the detection of 1200 compounds with purity better than 0.2, compared to 500 compounds with

26 purity up to 2.5 in one-dimensional GC-TOF. The compounds identified include many of the compounds previously reported in

27 NMR studies and other methods on mammalian tissues. Spleen samples of several obese NZO mice and lean C57BL/6 control

28 strains were analyzed in order to demonstrate the applicability of GC · GC-TOF for biomarker identification.

29 KEY WORDS: Obesity, metabonomics; metabolic profiling; type 2 diabetes mellitus; nutrigenomics.

30
Introduction

32 A comprehensive and individual characterization of
33 all the metabolites present in a given biological situation
34 (metabolomics) is a challenging task for instrumental
35 analysis. In the past 5 years, metabolomic strategies
36 (Fiehn, 2002) have been developed mainly in the field of
37 plant biology, with various applications being published
38 (Weckwerth, 2004). These applications range from
39 unraveling plant gene functions in physiological con-
40 texts (Weckwerth et al., 2004a), to unbiased detection of
41 unexpected metabolic responses under environmental
42 stress conditions (Hirai et al., 2004) or co-regulation of
43 biochemical pathways that are commonly mapped far
44 apart from each other (Fiehn, 2003). Protocols are
45 adapted, tested and validated also for other organisms
46 like bacteria (Wittmann et al., 2004). Furthermore,
47 alternative strategies have been applied to characterize
48 global metabolic fingerprints in mammalian samples
49 mainly by nuclear magnetic resonance spectroscopy
50 (NMR) (Nicholson et al., 1996). NMR metabolic fin-

51gerprinting offers the advantage of truly quantitative
52measurements compared to mass spectrometry (MS),
53which relies on calibration or relative quantitations.
54However, NMR analyses lack the resolution and sensi-
55tivity required to individually quantify and identify the
56whole suite of metabolites present in typical biological
57samples. Typically, less than 30 signals can be referred
58to specific metabolites in NMR metabolic fingerprints
59(Keun et al., 2002; Wang et al., 2003).
60The chemical diversity of metabolites can better be
61covered if at least two different physicochemical prop-
62erties are exploited, like in gas chromatography–mass
63spectrometry (GC–MS: volatility and mass) (Fiehn
64et al., 2000a, b) or high performance liquid chroma-
65tography–mass spectrometry (LC–MS: hydrophobicity
66and mass) (Tolstikov et al., 2003). The combination of
67data from GC–MS and monolithic-LC–MS runs with
68the application of appropriate data deconvolution and
69extraction techniques enables the detection of some 1400
70individual (and genuine) metabolites. The overlap be-
71tween LC–MS and GC–MS with respect to the range of
72detectable compounds is limited due to the differences in
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73 separation and ionization mechanisms. An alternative
74 global approach that applied three different methods
75 based on capillary electrophoresis (CE) coupled to mass
76 spectrometry was elaborated, in which more than 1600
77 metabolites from B. subtilis cultures were detected (Sato
78 et al., 2002). Although CE/MS is definitely stronger than
79 GC–MS, NMR or LC–MS with respect to phosphory-
80 lated or sulfated small molecules, it seems to be less
81 suitable for secondary metabolites and lipophilic com-
82 pounds. Difficulties with scaling up injection volumes
83 and capillary diameters further render CE/MS a less
84 suitable choice with respect to elucidating unknown
85 structures by fractionation and subsequent MSn and
86 NMR analysis.
87 Researchers have recently tried to utilize the high
88 resolution of electrospray-ion cyclotron resonance-FT/
89 MS for annotating individual changes in metabolome
90 composition (Hirai et al., 2004). Although direct infu-
91 sion-MS may be easily applied for sample classification
92 (Vaidyanathan et al., 2001; Allen et al., 2003; Scholz
93 et al., 2004), relative quantitation of individual metab-
94 olites is problematic, due to severe physical limitations
95 such as ion suppression (Schmidt et al., 2003) and
96 adduct formation. These fundamental constraints are
97 hardly solvable by current instrumentation, and lead to
98 major analytical errors in the comparison of samples
99 from different matrices, or in situations where largely

100 altered metabolite abundances occur, such as in com-
101 parisons of plant mutants or stress conditions.
102 A combination of GC–MS and LC–MS may be re-
103 garded as benchmark technique; however, with respect
104 to metabolome coverage, further improvements are
105 needed. Here we demonstrate for the first time in met-
106 abolomic analysis the use of a technique which signifi-
107 cantly enhances metabolite resolution: comprehensive
108 two-dimensional gas chromatography/time-of-flight
109 mass spectrometry (GC · GC-TOF). For proof of
110 concept we have selected an application in mammalian
111 biology: a comparison of two well-characterized mice
112 strains, namely obese NZO mice and C57BL/6 control
113 strains; and we exemplify how such profiles can be used
114 for biomarker detection. Spleen tissue was selected as
115 target for two reasons: (a) no report on metabolic pro-
116 files or NMR-based metabolic fingerprints from spleen
117 extracts has been published so far, and (b) obesity and
118 overfeeding have been demonstrated to negatively affect
119 immune response in humans as well as rodents (Lamas
120 et al., 2004). We propose that metabolomics might help
121 in elucidating the underlying mechanisms.

Experimental

123 Mice were housed in standard barrier facilities
124 according toFederation of EuropeanLaboratoryAnimal
125 ScienceAssociations (FELASA) regulations andwere fed
126 standard chow (Altromin GmbH, Lage, Germany).
127 Spleen tissues were garnered from five female, non-fasted,

12810 months old lean C57BL/6 control strain and four fe-
129male, non-fasted, 10 months old obese NZO strain mice.
130Five milligram fresh weight samples were extracted
131at )15 �C with 1 ml of a mixture of degassed
132H2O:MeOH:CHCl3 (2:5:2, v/v/v) and shaken for 5 min at
1334 �C (Weckwerth et al., 2004b). An aliquot of 500 lLwas
134concentrated to complete dryness. The dry residue was
135dissolved in 20 lL of methoxamine hydrochloride
136(40 mg/ml pyridine) and incubated at 30 �C for 90 min
137with continuous shaking. Then 80 lL of N-methyl-
138N-trimethylsilyltrifluoroacetamide (MSTFA) was added
139to exchange acidic protons at 37 �C for 30 min. The
140derivatized samples were stored at room temperature for
141120 min before injection. A GC · GC system (Agilent
142GC6890,Agilent Technologies,USA;OPTIC III injector
143ATAS, The Netherlands; cryogenic modulator and sec-
144ondary oven: LECO Inc., USA) was coupled to a time-of-
145flight mass spectrometer (Pegasus III, Leco Inc., USA).
146The 4-jet cryogenic modulator uses two liquid nitrogen
147cooled jets and two hot gas jets for efficient trapping and
148re-desorption (gating) of the analytes (Ledford and
149Billesbach, 2000; Kristenson et al., 2003). Data acquisi-
150tion and analysis was performed with a special software
151package (ChromaTOF software, Version 2.00, LECO
152Inc.,USA).A two-columnGC · GCcolumn setwas used
153for all analyses, made up of a 30 m · 250 lm (0.25 lm
154film thickness) dimethyl polysiloxane (Rtx-1MS, Restek
155Corp., USA) first-dimension column, coupled to a
1561.5 m · 100 lm (0.10 lm film thickness) 50% phenyl
157polysilphenylene-siloxane (BPX-50, SGE, Australia)
158second dimension column (press fit connection). Each
159column was installed in an individual, independently
160temperature programmable GC oven. The primary GC
161oven (which housed the first-dimension column) was
162temperature programmed from 50 �C (held for 8 min) to
163310 �C at 5 �C/min. The secondary oven (second dimen-
164sion column) was temperature programmed from 56 �C
165(held for 10 min) to 300 �C at 5 �C/min. A modulation
166period of 3.0 s was used. Constant flow rate was used
167calculated from a linear flow rate of 20 cm/s at 25 �C. All
168injections (1 lL) were performed in split mode (1:2) at a
169constant injector temperature of 250 �C. TheMS transfer
170line temperature was kept at 280 �C, the ion-source tem-
171perature was held constant at 250 �C, and the detector
172voltage was)1.8 kV.Datawere acquired at 100 spectra/s
173(40–400 m/z). One-dimensional GC-TOF separation was
174performed on a 30 m · 250 lm (0.25 lm film) dimethyl
175polysiloxane (Rtx-1MS Restek) column under otherwise
176same conditions as the two-dimensional separations
177except a 10-fold higher sample injection due to lower
178sensitivity in GC-TOF compared to GC · GC-TOF.

Results and discussion

180Chromatograms of mouse spleen extracts (polar
181fraction) exhibit a medium complexity when compared
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182 to other specimen such as plant leaf samples. In figure 1,
183 one- and two-dimensional separations of a spleen ex-
184 tract are compared as total ion current (TIC) based
185 chromatograms. In one-dimensional GC-TOF chroma-
186 tograms (Figure 1a), 538 peaks were detected after
187 deconvolution and artifact removal. There were many
188 amino- and hydroxy acids among these detected peaks,
189 but a limited number of (plant typical) carbohydrate
190 derivatives were observed (supplemental table S1).
191 Compared to early results from plant metabolite
192 profiling by GC-quadrupole MS and manual chro-
193 matogram inspection (Fiehn et al., 2000a, b), the use of
194 GC-TOF and mass spectral deconvolution increases the
195 number of detectable peaks by a factor of three
196 (Weckwerth et al., 2004a). Mass spectral deconvolution
197 is based upon slight differences in the time evolution of
198 ions belonging specifically to different near co-eluting
199 compounds. Not all of the detected peaks are immedi-
200 ately visible in the TIC chromatogram because a high
201 proportion of them are present as minor and/or poorly

202resolved components. The apparent difference between
203the number of detectable peaks and the number of vis-
204ibly plotted peaks in TIC chromatograms (peak heights
205in figure 1a) highlights the importance of the data
206treatment by mass spectral deconvolution. The majority
207of low abundance peaks can only be observed by plot-
208ting a series of unique ion chromatograms, using the
209unique ions that the software automatically finds and
210reports for each detected peak. Despite these improve-
211ments, the deconvolution approach fails for fully co-
212eluting peaks or near co-elution of minor species with
213intense main compounds. This is specifically problem-
214atic when multiple chromatograms are to be compared:
215in such cases, subtle chromatographic shifts will cause
216overlapping of previously separated peaks, causing false
217negative peak detections and hence missing values.
218GC · GC-TOF enhances resolution and thus reduces
219the problem of co-eluting peaks (Marriott, 2002).
220Comprehensive two-dimensional gas chromatography
221(GC · GC) was developed in the early 1990s (Liu and
222Philipps, 1991, Phillips and Xu, 1995), and uses two
223serially coupled GC columns to separate compounds
224according to two different chromatographic selectivity
225parameters. The cryogenic modulation interface be-
226tween the two columns traps the eluted analytes from
227the first column for a short time and then releases them
228into the second column (Phillips and Beens, 1999;
229Marriott and Kinghorn, 2000). Following the conven-
230tions of the majority of published GC · GC applica-
231tions (Marriott and Shellie, 2002), we have chosen to
232perform first-dimension separation on a relatively non-
233polar column, in which the separation approximates a
234boiling point separation, while the second separation
235was performed on a fast isothermal (moderately polar)
23650%-phenyl coated column for compound class sepa-
237ration based on the components’ relative polarity. As
238the second chromatographic separation lasts only some
239seconds (we here used a modulation period of 3 s), and
240since peak widths in GC · GC are as narrow as 20 ms, a
241very fast responding detector is required. With spectral
242acquisition rates of up to 500 s)1 a time-of-flight mass
243spectrometer is ideally suited for fast-GC (van Deursen
244et al., 2000) and thus also for GC · GC, specifically for
245separation of complex mixtures (Dallüge et al., 2002a;
246Dallüge et al., 2002b). The total run time from GC-TOF
247analysis of 65 min was pulsed into 1000 individual 3s
248modulation slices for GC · GC-TOF with an acquisi-
249tion rate of 100 spectra/s, resulting in a total file size
250of 700 MB. Peak detection and deconvolution of
251GC · GC-TOF chromatograms was performed as de-
252scribed above and was complemented by combination of
253thermally modulated peaks using the vendor’s Chro-
254maTOF software. With a personal computer of 768 MB
255RAM and 2.0 GHz speed raw data processing took less
256than 30 min per sample.
257Surprisingly, even for medium-complex samples like
258mouse spleen polar extracts, GC · GC-TOF revealed a

Figure 1. A comparison of a GC-TOF chromatogram analyzed

independently (1a, top panel) with a GC · GC-TOF two-dimensional

chromatogram (1b, middle panel) of a NZO female mouse spleen

extract. The lower panel (1c) is a bubble plot representation of the

identified peaks in the GC · GC chromatogram after the removal of

known artifacts, with the bubble radius indicating the TIC intensity.

W. Welthagen et al./Analysis of complex metabolite profiles from mouse spleen 59



UN
CO

RR
EC
TE
D
PR
OO

F

259 considerably higher number of separated peaks (Fig-
260 ure 1b, peak intensity is given in color code from light
261 blue to red). In excess of 1220 peaks were counted fol-
262 lowing data treatment by deconvolution and removal of
263 known artifacts such as polysiloxanes, phthalates or
264 column bleed. Figure panel 1c gives a bubble plot
265 representation of the same GC · GC-TOF chromato-
266 gram as in figure 1b, in which the size of the bubbles
267 represents the TIC area of the respective chromato-
268 graphic peaks. In comparison to figure 1b, this type of
269 bubble plot presentation allows an improved overview
270 of the peak distribution in the two-dimensional plane
271 (Welthagen et al., 2003; Shellie et al., 2003). Table 1
272 gives a comparison of GC-TOF to GC · GC-TOF with
273 respect to the resulting number and mass spectral
274 quality of peaks. It becomes clear that overall, not only
275 was the number of detectable metabolic peaks again
276 increased by more than 2-fold, but also that analytical
277 purity was greatly improved. Analytical purity refers to
278 the combination of chromatographic resolving power
279 and mass spectra deconvolution power. Therefore a
280 compound may co-elute with other compounds yet still
281 be pure if it’s spectrum contains unique features relative
282 to the co-eluting compounds. Obviously, it is more likely
283 to achieve good purity if the chromatographic resolution
284 is enhanced as in the case of GC · GC-TOF. Purity
285 approaches zero in the optimal case and can theoreti-
286 cally reach infinitum in problematic cases. We have
287 found that spectra with purity <1.0 are often the most
288 trustworthy. Specifically for high throughput and un-
289 supervised operation it is highly mandatory that only
290 large and pure peaks are compiled in the list of target
291 compounds. It is a clear advantage of GC · GC-TOF
292 analysis that there are about 7-fold more abundant and
293 high quality peaks compared to one-dimensional GC-
294 TOF, as defined by the threshold combination of S/
295 N > 50 and purity <1. This finding was observed de-
296 spite the total number of high abundance peaks being
297 comparable and despite the roughly 10-fold lower
298 sample injection into GC · GC-TOF. This enhanced
299 mass spectral quality is also reflected by the comparison
300 of mean and median purity: most peaks in GC · GC-
301 TOF match the required quality thresholds. Corre-

302spondingly, such peaks are more easily identifiable by
303matching to external spectral libraries and result in
304higher reliability in comparative quantifications between
305chromatograms.
306A more detailed investigation of figure 1 leads to
307further insights to the advantages of GC · GC appli-
308cations. For example, some problems with injection of
309silylated compounds are more clearly highlighted in
310GC · GC than with one-dimensional GC–MS: ther-
311molabile compounds may partially decompose in the
312hot injector leading to characteristic sickle shaped ex-
313tended peak tailing (Beens et al., 1998). An example of
314this is seen for tris-trimethylsilyated phosphoric acid
315(which partially also stems from decomposition of or-
316ganic phosphates), visibly tailing in figure 1b from
317about 1500–2100 s. This peak tail was therefore re-
318garded as artifact and removed from the data set (as
319seen in figure 1c) applying classification rules based on
320its mass spectrum. It should be noted that this unusual
321peak shape is not a result of GC · GC, it is simply more
322noticeable in GC · GC than in one-dimensional GC,
323where the low intensity peak tail would disappear below
324the chemical baseline (Shellie et al., 2002). Despite the
325number of detectable peaks, only 126 peaks were posi-
326tively identified based on first-dimension retention index
327and mass spectral similarity when compared to a user
328library of 500 reference compounds (Figure 2 and sup-
329plemental table S1). Apart from classical biomedical
330targets such as glucose, fatty acids, amino acids and
331cholesterol, a range of other compounds were identified,
332among them dicarboxylic acids, aromatics and phos-
333phorylated sugars.
334In figure 1b, a small area is marked (box) which is
335analyzed and discussed in more detail in the following

Table 1

Comparison of number and quality of peaks by GC · GC-TOF and
GC-TOF from a mouse spleen extract after removal of known mea-

surement artifacts

GC-TOF GC · GC-TOF

# Compounds 538 1227

# With S/N > 50, Purity <1 79 563

# With S/N > 100 202 342

Median purity 1.9 0.2

Mean purity 2.2 0.4

Median S/N 63 47

Mean S/N 411 310

Note: Threshold for peak detection was a signal/noise (S/N) ratio >10.

4

26

16

119

14

24

12

miscellaneous amino acids
aromatics/cyclic carbohydrates
dicarboxylic acids hydroxy acids
lipids phosphates

Figure 2. Compilation of identified peaks in GC-TOF based on

first-dimension retention index and mass spectral similarity (see

supplemental information table S1).
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336 section. An enlarged representation of this area is shown
337 in figure 3. The peak apex of each deconvoluted chro-
338 matographic peak is represented by the peak markers
339 (black dots). In total 69 separated peaks are found in
340 this small section, from which 22 of the more abundant
341 components are labeled by numbers and annotated in
342 table 2. Furthermore their deconvoluted mass spectra
343 are available as supplementary material S2. Most mass
344 spectra show the characteristics of sugar alcohols such
345 as inositol-like species, based on mass spectral similarity
346 and retention indices of allo-inositol or methylinositol
347 (ononitol). For a further identification, however,
348 authentic references compounds are needed. Neverthe-
349 less, the sheer complexity of detected sugar alcohol
350 analogues might add potential hypotheses to the well-
351 known involvement of inositol-phosphates in signaling
352 cascades, which have been associated with diseases like
353 diabetes and cancer (Cantley, 2002; Pendaries et al.,
354 2003) both known to be caused and/or promoted by
355 elevated body weight (Adami and Trichopoulos, 2003).
356 Within the section marked by the indicated box in fig-
357 ure 3, two peaks (#8 and #19) are present which com-
358 pletely co-elute in the first-dimension and thus can be
359 taken as an example to demonstrate the enhancement of
360 resolving power gained by the GC · GC approach. One
361 of the two peaks (#8) is identified as ascorbate with a
362 unique ion signal at 332 m/z, while the second peak
363 (#19) indicates an unclassified and low abundant com-
364 pound with a unique ion trace at 260 m/z. In figure 4 the
365 corresponding section of the one-dimensional GC-TOF
366 chromatogram is shown at the selected ion traces of 260
367 and 332 m/z (left panel). Complete co-elution of these
368 two compounds hampers the spectral quality of the
369 more abundant compound (#8, ascorbate) and renders

370the minor compound (#19) undetectable (false negative).
371In comparison, these two compounds can be nicely
372separated by GC · GC-TOF (figure 4, right panel) with
373baseline separation in the second chromatographic
374dimension. This serves as an example of why (a) con-
375siderably more compounds are detected in GC · GC-
376TOF than in one-dimensional GC-TOF, and equally
377important, why (b) the mean spectral purity in two-
378dimensional analysis was largely improved. One could
379argue that these peaks would have been separable in a
380one-dimensional GC-TOF run using a column of dif-
381ferent polarity. However, although this is certainly true
382for a specific peak pair, this would only be achievable at
383the price of creating new co-elutions among the 1200
384detectable compounds. With a lack of a universally
385applicable procedure for stationary phase selection, one
386may initiate a process of trial-and-error in the hope of
387identifying a specific stationary phase column that pro-
388duces a globally optimized separation. However this still
389might not resolve key biomarker compounds. Con-
390versely, GC · GC has the capacity to resolve many
391more peaks in a single one-shot analysis than any one-
392dimensional GC separation (of equivalent time). The
393three main benefits of the GC · GC-TOF approach are
394therefore (1) the maximum comprehensive separation
395obtainable within a single chromatographic run, (2) the
396increased average mass spectral purities and (3) the in-
397creased sensitivity obtained by the zone compression
398property of the cryogenic modulation (Lee et al., 2001).
399This is specifically important in studies that go beyond
400manual interpretation of chromatograms, but focus at
401high-throughput and high-quality routine operation in
402metabolomics, specifically with respect to an enhanced
403quality of database entries in automated sample identi-

Figure 3. An extracted section from figure 1, showing the number of peaks detected (peak markers, black dots). Exemplary characterization of

compounds is listed in table 2 (see supplemental information S2).
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404 fication routines. Apart from an in-depth method vali-
405 dation for high-throughput operation with respect to
406 ruggedness, accuracy and reproducibility of quantita-
407 tion, it is foreseeable that long-term data storage and

408handling may get problematic with respect to the large
409size of the raw data files.
410To demonstrate the usefulness of GC · GC-TOF for
411differential metabolomic biomarker identifications, four
412non-fasted female NZO obese mice (#6–9) were
413compared to five non-fasted female C57BL/6 controls
414(#1–5). Sections of the corresponding nine GC · GC-
415chromatograms are depicted in figure 5 using the same
416retention selection as indicated in figure 1. On the one
417hand, the chromatograms demonstrate the method
418reproducibility (i.e. stability of the separation pattern).
419For larger series of runs, potential shifts in first-dimen-
420sion retention times can easily be corrected for by using
421retention index markers. For shifts in the second
422dimension, absolute peak shifts are regularly less than
423the total peak widths which therefore gives an estimate
424for peak finding windows in differential analyses of
425series of chromatograms. On the other hand, in figure 5
426the biological variability between the individual mice
427becomes visually clear by the relative intensity differ-
428ences among the metabolites of either the control strain
429samples (left panel) or the NZO mice spleen extracts
430(right panel). Such biological variability largely exceeds
431the analytical error measured by repeated injections of
432identical extracts (�5–10% relative standard deviation).
433Although the individuals belong to isogenic lines held
434under controlled environmental conditions, such a bio-
435logical variability is the expected result of metabolic
436snapshots (Steuer et al., 2003). Still, systematic differ-
437ences can be observed which could be considered as
438potential obesity biomarkers: apparently, two sugar
439alcohols (peaks #6 and #7, indicated by yellow circles,
440numbering according to figure 3) are relatively less
441abundant in NZO spleen tissues compared to C57BL/6
442samples. To demonstrate a way to find differences be-

Figure 5. A direct comparison between the analyzed C57BL/6 female

mouse spleen samples (left panel, samples 1–5) with the NZO female

mouse samples (right panel, samples 6–9). The encircled compounds

were used for exemplary statistical evaluation (table 2) of biomarker

efficiency.

Figure 4. The co-elution of two peaks is indistinguishable in 1D GC-TOF (left panel), but clearly separated in GC · GC-TOF (right panel). The

more abundant peak is identified as ascorbate with a unique ion signal at 332 m/z, whereas and the unknown compound has a unique ion of

260 m/z. The intensity of ion m/z 260 is given with a 10-fold enlargement in the one-dimensional GC-TOF ion chromatogram.
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443 tween the two mice groups (NZO and C57BL/6), the
444 peak areas of the individual peaks labeled in figure 3
445 were normalized to the total area of all detectable peaks
446 (after removing artifacts). Then, data were compared by
447 Student’s t-test (although it should be noted that the
448 number of biological replicates n was too small to
449 achieve actual statistical significance levels). Results are
450 given in table 2 indicating that sugar alcohol #6 might
451 indeed be different between the two groups whereas
452 peak #7 had to be manually integrated to match the
453 significance thresholds since it was below S/N > 20 in
454 some of the obese NZO samples. Black circles in figure 5
455 indicate 1-methylglycoside (peak #13) from figure 3:
456 applying a t-test on the normalized peak areas,
457 1-methylglycoside is also found as potentially different
458 between the two mouse populations which was not
459 visually apparent from the TIC chromatograms, as well
460 as a further sugar alcohol (peak #4). Such initial
461 hypotheses might then be tested by examining larger
462 populations in order to gain statistical significance.
463 Interestingly, the highest significance level and therefore
464 the most likely obesity biomarker was found for peak
465 #19: this was an unclassified, low abundant compound
466 that was not separable from ascorbate in one-dimen-
467 sional GC-TOF but only detectable by GC · GC-TOF.
468 It is interesting to note that the most prominent meta-
469 bolic changes in obese mice spleens were not related to
470 classical analytical targets such as free fatty acids, glu-
471 cose or cholesterol but to sugar alcohols and unidenti-
472 fied compounds. This finding indicates the prospects as
473 well as the problems of this technique for biomarker
474 discovery: the technique is mature and can directly be
475 applied for biomedical research; however, the diversity
476 of the metabolome and the difficulties in de novo iden-
477 tifications of GC–MS peaks (Fiehn et al., 2000b) disable
478 a direct and easy route to mapping differences in
479 biochemical pathways.

Conclusion

481 It was demonstrated that extending GC–MS to the
482 level of comprehensive GC · GC-TOF analysis is di-
483 rectly applicable to differential metabolomic analysis of
484 mammalian tissues. Apart from the increased number of
485 safely detectable peaks, the most important feature is
486 the enhanced spectral purity, which improves mass
487 spectral deconvolution and similarity matches. This will
488 certainly improve the data quality in biomedical data
489 bases, if this technique is employed in larger research
490 projects. In a proof-of-concept study on spleen extracts
491 from lean versus obese mice strains, it was shown that
492 data extraction and normalization tools are ready to be
493 used for tentative biomarker detection. However, bio-
494 logical variability demands a sufficient number of bio-
495 logical replicates to be analyzed in order to suffice the
496 required statistical power.

497Acknowledgments

498This work was financed through the GSF-research
499center, the Max-Planck-Society and the German minis-
500try of education and research (BMBF), BioProfile
501Nutrigenomics Berlin/Brandenburg, BMBF project
502number 0313036B/C. We thank Änne Eckardt for
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