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ABSTRACT 14 

The increasing incidence of colorectal cancer enforces the development of novel 15 

methodologies and protocols to deepen in the molecular mechanisms that govern disease 16 

pathophysiological events. The aim of this work is to deepen in the optimum metabolite 17 

extraction protocol from adherent mammalian cells of colon cancer for high throughput 18 

metabolomics using gas chromatography coupled to mass spectrometry (GC-MS). GC-MS 19 

results showed that metabolic information obtained from colon cancer cells was highly 20 

dependent on metabolite extraction selection, which at the same time is extremely 21 

influenced by the analytical platform. A further purpose of this investigation is to uncover 22 

an unexplored portion of HT-29 colon cancer cells metabolome, complementary to other 23 

already explored by CE-MS and LC-MS methods. At this respect, a total of a large number 24 

of150 metabolites were identified in HT-29 colon cancer cells by GC-MS. In addition, 25 

metabolite extraction protocol was observed to be crucial for the determination of 26 

potentially interesting clusters of metabolites. In summary, tThe extraction protocol with 27 

acetonitrileinvolving ACN-iIsopropanol-water was shown to be the most appropriate 28 

extraction procedure for fatty acids and/or related pathways analysis among the four 29 

metabolic extraction procedures. Most of the metabolites involved in pathways of amino 30 

acids, glutathione, amino sugars and other polar metabolites present higher performance of 31 

extraction in thewere better extracted with acidified water extract, although metabolic 32 

species in water extraction showed the best overall reproducibility. Although pathways 33 

involving nitrogenous bases could be investigated using organic or aqueous extracts, a 34 

higher number of more metabolites involved in theose pathways can bewere identified in 35 

the aqueous extracts. In addition, metabolite extraction protocol was observed to be crucial 36 

for the determination of potentially interesting clusters of metabolites. 37 
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 38 

Keywords: Colon cancer, Sample treatment, Metabolomics, gas chromatography-mass 39 

spectrometry, GC-MS. 40 

 41 

Abbreviations: CRC, colorectal cancer; MSEA, metabolite set enrichment analysis; MPA, 42 

metabolic pathway analysis; MSTFA, N-methyl-N-(trimethylsilyl)-trifluoroacetamide; 43 

ORA, overrepresentation analysis; PBS, phosphate buffered saline; PCA, principal 44 

component analysis; RIM, internal retention index markers; TIC, total ion chromatogram 45 
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1. INTRODUCTION 46 

In the past few years, cancer biology research has increasingly been focused on metabolism 47 

in cancer cells [1]. The complexity and diversity of biological alterations inherently linked 48 

to cancer metabolism is in accordance with the increasing unresolved issues to determine 49 

specific causes in cancer development, to assess the progression and to unravel molecules 50 

or pathways to target in cancer therapy and/or prevention. It is known that cancer cells 51 

show different metabolism from healthy cells. One of the well-known metabolic alterations 52 

in cancer cells is the glycolysis utilization over the oxidative phosphorylation . Normal cells 53 

rely on glycolysis followed by oxidative phosphorylation to generate ATP molecules while 54 

cancer cells use glycolytic pathway for rapid proliferation and biosynthesis. This 55 

dependence upon aerobic glycolysis, also known as Warburg effect, is the best-accepted 56 

alteration of tumour cells [2, 3]. In the past years, other perturbations in specific metabolic 57 

pathways have been addressed . Widespread alterations in the metabolism of cancer cell are 58 

linked to energy metabolism [4] such as pyruvate production [5] and tricarboxylic acid 59 

(TCA) cycle [6]. Normal healthy cells suffer from complex biochemical changes to be 60 

transformed into tumour cells, not well elucidated yet. Widespread cancer cells 61 

characteristics include special needs such as high energy status or increased biomolecules 62 

generation among others, suggesting that cancer disease encompasses heterogeneous and 63 

complex parts of the metabolism [1]. The progress of Metabolomics offers valuable 64 

opportunity to better understand biochemical changes produced in cancer metabolism for 65 

improving early detection, progression and therapy monitoring of cancer disease [7]. 66 

Metabolomics is able to meet the challenge of detecting hundreds of metabolites in short 67 

time analysis thanks to the evolution of analytical technologies and software tools for data 68 
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processing and statistics [8]. With the evolution of metabolomics platforms, rapid and 69 

comprehensive analyses of the metabolome complexity can be performed in a high-70 

throughput manner with improved sensitivity, accuracy and resolution [1].Typical 71 

metabolomic studies are based on mass spectrometry (MS) or nuclear magnetic resonance 72 

(NMR) whose advantages and limitations have been discussed elsewhere [9, 10]. It is now 73 

assumed that the coverage of the human metabolome is impossible to achieve with a single 74 

analytical methodology and an increasingly common practice is the combination of 75 

analytical techniques to achieve complementary information [11]. Metabolomics potential 76 

has already been shown with the detection of novel biomarkers involved in different 77 

metabolic pathways related to breast [12], liver [13], prostate [14], colon [15] or lung 78 

cancer [16] among the vast amount of investigations. From those publications it can be 79 

assumed that different cancer subtypes exhibit different phenotypes and therefore show 80 

different metabolic alterations and biomarkers. This diversity enforces the investigation of 81 

cancer with special attention to most worldwide harmful cancer types.  82 

Colorectal cancer is the second leading cause of cancer mortality in the USA [17] and 83 

Europe [18] with a continuous increasing incidence. Identifying soon the colon cancer 84 

apparition and/or progression will increase our knowledge on efficient drug discovery 85 

research and prevention. With this aim, in the last decade, Metabolomics has emerged to 86 

understand pathophysiological processes related to colon cancer. From the about 30 works 87 

related to colon cancer Metabolomics published so far, a minor part have been 88 

accomplished using NMR [19-23] with a clear trend toward the use of MS-based analytical 89 

platforms either alone [24-26] or in combination with separation techniques such as 90 
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capillary electrophoresis (CE) [27-30], liquid chromatography (LC) [24, 27-29, 31-34] and 91 

gas chromatography (GC) [15, 31-33, 35-44].  92 

Metabolomics investigations of colorectal cancer by GC-MS are summarized in Table S1. 93 

As can be seen in Table S1 a variety of samples including biofluids, tissues and cell culture 94 

models have been under scrutiny. The minimum invasive nature with relative ease of 95 

sampling and less limited volumes result in a predominance of biofluids over the other 96 

samples types for metabolomics studies. From those sample types, cell culture presents 97 

unique advantages such as sample supply of live human cells, easy control of experimental 98 

factors and much higher reproducibility in studies inter-laboratories. The use of cell 99 

cultures is included in common reference model systems and is considered an invaluable 100 

biomedical research tool. However, the application of cell culture in metabolomics requires 101 

further development and standardization of study design steps, metabolism quenching 102 

method selection and optimization of metabolite extraction protocols, among others [45, 103 

46]. Namely, quenching step at the time of harvesting aims to prevent metabolic content to 104 

be altered before the analysis so that the metabolic state of the cell is preserved. There is a 105 

great controversy and continuous research in the determination of the optimum quenching 106 

method. Until date the most widely spread techniques to quench the metabolism in cells is a 107 

shock maintaining the cells below -20 ºC [47, 48], the addition of cold solvents such as cold 108 

methanol [49], use of cold isotonic PBS [49-51] or the combination in a single step of 109 

quenching and extraction procedures in mammalian adherent cells [45, 52]. 110 

As can be observed in Table S1, three cell lines (namely SW, HT and Caco-2) have been 111 

used to investigate colon cancer following metabolomics approaches using GC-MS. All 112 

these cell lines are very well established for in-vitro studies of colorectal cancer and vary in 113 
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phenotype, growth rate, differentiation and morphology among other characteristics [53, 114 

54]. Metabolic fingerprinting by GC- MS from two SW cell lines (SW-1116 and SW-480) 115 

was first reported by Zimmermann et al., [35]. More recently LC-MS and CE-MS based 116 

metabolomics have been used to investigate HT-29 cell line revealing significant metabolic 117 

information in colon cancer metabolism after treatment with different polyphenol-rich 118 

extracts [28, 29, 55].  119 

Considering that no single method is appropriate for the determination of all intracellular 120 

metabolites, metabolic information obtained from cell cultures will depend on multiple 121 

factors and metabolite extraction selection is highly influenced by the analytical platform 122 

[56]. Optimization and selection of the protocol for metabolite extraction from HT-29 cells 123 

[57] and evaluation of the subsequent cytosol sample treatment [30] for CE-MS 124 

metabolomics have been previously carried out. CE- MS is particularly suited for the rapid 125 

separation of ionic, weakly ionic, and/or highly polar metabolites and aqueous solvent was 126 

the preferred for metabolite extraction of HT-29 cells [57]. On the contrary, GC-MS is 127 

preferred for the analysis of less polar, volatile (or amenable to chemical derivatization) 128 

compounds and requires thermal stability of the analytes. Considering that no single 129 

analytical platform is able to determine all intracellular metabolites, in this work, a GC-MS 130 

method has been developed due to the high complementarity nature of GC-MS used in this 131 

work and the CE-MS [57] and LC-MS [28, 29] methods already developed by our group. 132 

Further, taking into account all the above considerations, in this work GC-MS has been 133 

used to evaluate the coverage and reproducibility of four metabolic extraction solvents 134 

selected attending toaccording to the physicochemical diversity of metabolites including the 135 

large variation on solubility (in aqueous or organic solvents) and based on previous 136 
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published works [30, 57-63]. To our knowledge this is the first time that HT-29 colon 137 

cancer cells are examined using GC-MS Metabolomics which could be of special 138 

importance in future studies to detect biochemical alterations due to colon cancer or to 139 

explore new preventive interventions. 140 

2. MATERIALS AND METHODS 141 

2.1. Chemicals 142 

All reagents were of analytical grade. Phosphate buffered saline (PBS) was purchased from 143 

Lonza (Barcelona, Spain). For cell counting, trypan blue was purchased from Sigma 144 

Aldrich (St. Louis, MO, USA). Metabolite extraction solvents were of MS grade: formic 145 

acid and 2-propanol were from Riedel-de Haën (Seelze, Germany) while water and 146 

acetonitrile were from Labscan (Gliwice, Poland). Reagents for derivatization included 147 

methoxyamine hydrochloride from Sigma Aldrich, pyridine (silylation grade) and N-148 

methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) purchased in 1 mL bottles from 149 

Pierce (Rockford IL USA).  150 

For GC-MS analysis, a mixture of internal retention index markers (RIM) was prepared 151 

using fatty acid methyl esters of C8, C9, C10, C12, C14, C16, C18, C20, C22, C24, C26, 152 

C28 and C30 linear chain length, dissolved in chloroform (from Mallinckrodt Baker Inc., 153 

Phillipsburg. NJ, USA) at a concentration of 0.8 mg/mL (C8-C16) and 0.4 mg/mL (C18-154 

C30). Fatty acid methyl esters were from Sigma Aldrich. 155 

FC43 (Perfluorotributylamine) was purchasedacquired from Leco (Stockport, Cheshire, 156 

UK) for MS mass calibration. 157 
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2.2. Cell culture  158 

The human HT-29 colorectal carcinoma cell line was purchased from the American Type 159 

Culture Collection (ATCC- LGC, Promochem, UK). HT-29 cells were cultured in 160 

McCoy’s 5A medium supplemented with 10% heat-inactivated fetal calf serum, 50 U/mL 161 

penicillin G, and 50 U/mL streptomycin, at 37 ºC in humidified atmosphere with 5% CO2. 162 

Once cells reached about 50% confluency, they were trypsinized, neutralized with culture 163 

medium and plated at 10000 cells/cm
2
 density in different P150 culture dishes. Cell 164 

cultures were allowed to adhere overnight at 37 ºC and then plates were pooled. Next, cell 165 

count was performed using the trypan blue exclusion test to examine the viability and to 166 

estimate the number of cells. For that purpose, 5 µL cell suspension pool were further 167 

diluted 1:1 in trypan blue stock solution (0.4%, w/v in sterile PBS) and counted in a 168 

Neubauer counting chamber using a light microscope (ID3, Carl Zeiss, Jena, Germany). 169 

The estimated volume to have 10 million cells from the culture suspension was added to 20 170 

aliquots. After aliquots were centrifuged (300 xg, 10 min) and supernatant was discarded, 171 

pellets containing 10 x 10
6
 cells were subjected to metabolite extraction. 172 

2.3. Metabolite extraction and derivatization 173 

The 20 aliquots were divided in four solvent extraction groups: A, ACN; B, ACN-IsopOH-174 

Water (3:3:1, v/v/v); C, Water; and D, 5% formic acid in water. Five independent 175 

metabolite extractions (with10 million cells each) were performed for each extraction 176 

solvent group. Metabolic content extraction from HT-29 cells have been previously 177 

optimized in our laboratory [57] and applied in this work with slight modifications. Briefly, 178 

300 µL of extraction solvent and 0.3 g glass beads (212-300 μm) from Sigma-Aldrich were 179 
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added to 10 x 10
6
 cell pellets. Then metabolism quenching and cell disruption was 180 

accomplished by using three cycles of snap-freeze (liquid N2, 1 min), thawing in 181 

ultrasound bath (50 Hz, 3 min) (ultrasonic cleaning bath Ultrasons from JP Selecta, 182 

Barcelona, Spain) and grinding using a mixer mill for 3 min at 30/s (MM 400, Retsch 183 

GmbH, Germany). After this, cell insoluble material and glass beads were removed by 184 

centrifugation (24000 xg for 10 min at 4ºC) and the supernatant was collected, and 50 µL 185 

metabolic extracts were vacuum-dried and kept at -80ºC until derivatization. The 186 

supernatants obtained in A and B extraction groups are protein-free considering organic 187 

extraction solvents lead to protein precipitation. On the contrary, supernatants obtained 188 

from aqueous-based extractions (C and D extraction groups) were submitted to 189 

ultrafiltration with 3 kDa centrifugal filters (Amicon Ultra 0.5 mL, Millipore,Billerica, MA, 190 

USA) to remove proteins according to the manufacturer's protocol. 50 µL of both metabolic 191 

extracts were vacuum-dried and kept at -80ºC until derivatization.  192 

The best sensitivity was achieved with the following optimized derivatization protocol. 193 

First, the dried extracts were dissolved in 10 µL of a solution consisting of 40 mg/mL 194 

methoxyamine in pyridine and shaken for 15 min at 60 ºC to protect aldehyde and ketone 195 

groups. Then 50 µL of MSTFA with 1% RIM was added for trimethylsilylation of acidic 196 

protons and shaken at 37 °C for 30 min. Derivatized samples were immediately transferred 197 

to 2 mL clear glass autosampler vials with microinserts (Agilent, Santa Clara CA), closed 198 

by 11 mm T/S/T crimp caps (MicroLiter, Suwanee GA) and analyzed by GC-MS. 199 
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2.4. GC-TOF MS analysis 200 

An Agilent 6890 gas chromatograph (Santa Clara CA) and a Leco Pegasus IV time of flight 201 

mass (TOF) spectrometer were controlled by the Leco ChromaTOF software vs. 2.32 (St. 202 

Joseph, MI). A 30 m long, 0.25 mm ID Rtx-5Sil MS column with 0.25 μm 95% dimethyl 203 

5% diphenyl polysiloxane film and additional 10 m integrated guard column was used 204 

(Restek, Bellefonte PA). High purity helium with built-in purifier (Airgas, Radnor PA) was 205 

set at constant flow of 1 mL/min. The oven temperature was held constant at 50°C for 1 206 

min and then ramped at 20°C/min to 330°C at which it was held constant for 5 min. The 207 

transfer line temperature between gas chromatograph and mass spectrometer was set to 208 

280°C. A Gerstel automatic liner exchange system with multipurpose sample MPS2 dual 209 

rail and two derivatization stations was used in conjunction with a Gerstel CIS cold 210 

injection system (Gerstel, Muehlheim, Germany). The injector operated in splitless mode, 211 

opening the split vent after 25 s. Electron impact ionization at 70V was applied maintaining 212 

ion source temperature at 250°C. For every 10 samples, a fresh multibaffled liner was 213 

inserted (Gerstel) using the Maestro1 Gerstel software vs. 1.1.4.18 (Gerstel). Before and 214 

after each injection, the 10 μL injection syringe was washed three times with 10 μL ethyl 215 

acetate. 1 μL sample was filled using 39 mm vial penetration at 1 μL/s fill speed, injecting 216 

0.5 μl at 10 μL/s injection speed. GC oven temperature was maintained at 50°C during one 217 

minute followed by a temperature ramp at 20°C/min until 330°C at which it was held 218 

constant for 5 min.  219 

TOF-MS analysis in the positive ion mode was accomplished applying 1775 V detector 220 

voltage. Data was recorded in the 85-500 m/z range for 1200 s after 290 s solvent delay. 221 

Mass resolving power was 600 and acquisition rate was set at 17 spectra/s. Daily quality 222 
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controls were used to assure quality of data. The instrument performed autotuning for mass 223 

calibration using FC43 before each sequence analysis using the following m/z values: 93, 224 

95,100, 101, 112, 113, 114, 119, 131, 132, 145, 150, 164, 169, 176, 181, 214, 219, 220, 225 

226, 264, 265, 314, 326, 352, 376, 414, 415, 426, 448, 464, 502 and 503. 226 

2.5. Data mining 227 

GC-TOF MS data were acquired as ChromaTOF specific .peg files, and stored also in .txt 228 

and .cdf generic formats. Data mining was performed as already described [60]. Briefly, 229 

absolute spectra intensities from all sample files were automatically processed and filtered 230 

by BinBase algorithm using previously optimized parameters [64]. Then post-processing 231 

module to replace missing values was carried out. The resulting report contained row 232 

identifier, mass spectra ions, quantification by means of unique ion height, retention index 233 

and identification using defined databases [65]. Additional mass signal filtering was 234 

manually performed to remove not identified and low confident ions from the table. Then 235 

MS signals belonging to the same ion were grouped and data was normalized based on total 236 

ion height for each sample. The table with high-confident metabolite information from all 237 

extraction replicates obtained with the four solvents (five replicates per extraction solvent) 238 

was then examined in detail. Principal component analysis (PCA) and hierarchical 239 

clustering was performed to explore possible clustering, similarities and differences in 240 

metabolic coverage obtained among the four extraction protocols. Then comparison of 241 

metabolome coverage among the four extracts was performed by metabolite set enrichment 242 

analysis (MSEA) and metabolic pathway analysis (MPA). MSEA was performed by means 243 

of overrepresentation analysis (ORA). ORA assess whether a set of metabolites is enriched 244 

in a particular metabolic pathway compared to the total of annotated metabolites for that 245 
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pathway [66] (i.e. if the metabolites identified in the study represent a high percentage of 246 

the metabolites theoretically annotated in that pathway) [66]. Statistical analysis, MSEA 247 

and MPA were performed using metaboanalyst [67]. MBRole [68] was used to assist in the 248 

biological interpretation. 249 

3. RESULTS AND DISCUSSION 250 

3.1. Metabolic extraction assessment 251 

Typical total ion chromatograms (TIC) for the cell extracts obtained using the four different 252 

extraction solvents tested in this work are represented in Fig. 1. As can be observed, the 253 

four metabolite profiles were very different in terms of intensity and distribution of the 254 

peaks along the chromatogram. Although aqueous extracts (Fig. 1C and 1D) presented 255 

greater overall intensity, peaks were mainly placed at the beginning of the chromatogram.  256 

After data processing, 364 metabolic signals were detected. Signal grouping and filtering 257 

processes (i.e. unidentified metabolites and metabolites not found in at least 3 out of 5 258 

replicates of each extraction solvent) rendered a total of 290 metabolites from which a 259 

group of 150 metabolites could be identified (see Table 21 and Table S2). Then, each of the 260 

metabolic extracts were investigated in detail in terms of detected metabolites and 261 

identified metabolites found in each extract as well as other parameters to evaluate 262 

metabolite extraction performance and reproducibility. An average variation of the internal 263 

standards of 15% RSD was observed. Given that value the number of identified metabolites 264 

with RSD < 15% was also determined for the four extraction solvents. 265 

Among the two aqueous based extractions C (water) and D (acidified water), C showed 266 

higher overall metabolome coverage in terms of number of detected (172 vs. 168) and 267 
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identified metabolites (100 vs. 94). However, deepening in the identified metabolites in 268 

both aqueous extracts, D showed a vast gain over C with respect to metabolite recovery 269 

performance (76 vs. 25 metabolites found at maximum intensity in D and C respectively) 270 

but the inverse was observed in terms of reproducibility (RSD <15% in 62 vs. 20 271 

metabolites in C and D, respectively) (see Table 21). As can be observed in Table 21, a 272 

more evident enhancement was observed in B metabolic coverage when compared with A 273 

extract among the two organic extracts. Namely, 96 metabolites were identified out of the 274 

182 detected in B, while for A only 82 metabolites could be identified out of the 141 275 

detected. Moreover, triple metabolite recovery performance (i.e. metabolites at maximum 276 

intensity) from cell culture was observed for B with respect to A. In addition, metabolic 277 

content in A was extracted with less reproducibility among the 5 extraction replicates 278 

analysed, including only 17 identified metabolites with RSD values lower than 15%. Thus, 279 

among the organic solvents, B extract clearly offered the best overall performance when 280 

compared to A. 281 

3.2. Colon cancer cell metabolome identified by GC-MS 282 

Metabolic information obtained from the four extraction protocols was then statistically 283 

investigated in order to find patterns and possible clustering in metabolic coverage obtained 284 

applying the four extraction solvents. Fig. 2 represents the unsupervised hierarchical 285 

clustering of the samples (i.e. metabolic extracts) attending toaccording to the relative 286 

content of each metabolite in each sample (represented by the colour of the cell). As can be 287 

observed from the clustering information of Fig. 2, the four extracts were mainly 288 

differentiated attending toaccording to the polarity of the solvent used in the extraction. 289 

Thus, as expected two clear clusters were observed corresponding to A with B (i.e. organic 290 
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based solvents), and C with D (i.e. aqueous based solvents). This information was also 291 

observed and corroborated by means of PCA (see Fig. S1) and Venn diagram (see Fig. 3). 292 

In addition, PCA also showed that the metabolic information obtained from both organic 293 

solvents was more similar (presented less variation in their distribution in the plane defined 294 

by the main principal components from PC1 to PC5) than the one more heterogeneous 295 

obtained from both aqueous based extracts (more dispersion of aqueous samples in the 296 

plane defined by the PCs) (see Fig. S1).  297 

Venn representation (Fig. 3) corroborated that the highest similarity of metabolic coverage 298 

was attending toaccording to the extraction solvent polarity. Namely, organic based extracts 299 

(A and B) shared 72 metabolites, among which, 18 metabolites were exclusively detected 300 

in A and B. Similarly 80 metabolic species were common in both aqueous based extracts (C 301 

and D) from which 14 were only found in C and D. In addition, it could be observed that 302 

ACN and water extraction solvents (A and C, respectively) lead to the most different 303 

metabolic extracts with only 57 metabolites in common (from which 49 were found in all 304 

the four extracts) showing high complementarity.  305 

To deepen in the coverage of the different extracts attending toaccording to the nature of 306 

the extracted metabolites and pathways involved, two web servers were used. Information 307 

about the biological role and nature of the identified metabolites was derived from MBRole 308 

web server analysis. Thus, the total set of metabolites with available KEGG identifiers in 309 

the four extracts (107 out of 150 identified metabolites) were submitted to analysis. Most 310 

important groups of metabolites identified were amino acids and peptides followed by fatty 311 

acids and lipids, nucleic acids and carbohydrates. Other groups of metabolites were 312 

represented to a lesser extent such as vitamins and cofactors (data not shown). Main 313 
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metabolic pathways involving metabolites preferentially extracted (i.e. showing maximum 314 

levels) using the organic-based (A and B) and aqueous-based (C and D) protocols were 315 

analyzed using Metaboanalyst (Table S31 and S24 respectively). Fatty acid and nitrogenous 316 

bases (i.e. pyrimidine and purine) related pathways are well represented in organic based 317 

extracts. Among the two organic extracts, contribution of B extract is clearly superior to A 318 

whose metabolites are almost exclusively involved in nucleotide sugars metabolism. The 319 

main reason for this inequality could be explained for the lowest number of metabolites at 320 

highest intensity in A (see Table 21). On the other hand, pathways involving biosynthesis 321 

and metabolism of amino acids, glutathione, amino sugars and nitrogenous bases among 322 

others, are highly represented in aqueous extracts (C and D). Most of the metabolites 323 

involved in those pathways present higher performance of extraction using acidified water 324 

extraction (D) when compared with C (water extraction). Although in lower relative 325 

concentration, metabolic species in C showed the best reproducibility. 326 

Finally, identified metabolites were submitted to enrichment analysis (MSEA) by means of 327 

overrepresentation analysis (ORA) to determine the more represented metabolic pathways 328 

in the defined set of metabolites. As can be observed in Fig. S2, “protein biosynthesis” is 329 

the metabolic pathway in which a higher number of the metabolites are involved. However, 330 

more useful information can be obtained if solvents are subdivided regarding polarity. 331 

When each protocol for metabolic extraction is investigated in detail, different trends are 332 

observed. MSEA results of metabolites preferentially extracted (i.e. showing maximum 333 

levels) in organic and aqueous based extracts are shown in Fig. 4 and Fig. 5 respectively. 334 

As can be observed depending on the nature and polarity of the solvents used in the 335 

extraction process diverse metabolic pathways are more suitable to study due to the very 336 
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different metabolic information. Some of the most relevant metabolic pathways that can be 337 

studied with more efficiency in organic based solvents are “RNA transcription” and “beta 338 

oxidation of very long fatty acids” (Fig. 4), while pathways most suitable to be evaluated in 339 

aqueous based extracts include protein, sugars and amino acids biosynthesis and 340 

metabolism (Fig. 5). Interestingly, pathways involving metabolism of glutathione and 341 

nucleotides can be approached using both organic and/or aqueous extracts. 342 

CONCLUDING REMARKS 343 

To date it is not possible to study the whole metabolome of a biological system and this is 344 

partially due to the selection of a certain sample treatment and analytical platform. In this 345 

work, four reliable sample preparation protocols have been evaluated to extract metabolites 346 

from HT-29 colon cancer cells and to uncover a portion of this cell line metabolome by 347 

GC-MS.  348 

The unsupervised statistical analysis showed that the four extracts evaluated were mainly 349 

differentiated attending toaccording to the polarity of the solvent used in the extraction 350 

process and that the overall GC-MS variability of aqueous extracts was higher compared to 351 

the organic ones.  352 

In summary, the protocol involving ACN-Isopropanol-water (3:3:1, v/v/v) was shown to be 353 

the most appropriate extraction procedure for fatty acid and/or related pathways analysis 354 

among the four metabolic extraction procedures. Metabolic extraction with ACN yielded 355 

the lowest reproducibility of extraction together with the smallest metabolite coverage. On 356 

the other hand, metabolic coverage was similar in both aqueous extracts. However, overall 357 

performance of extraction of individual metabolites seemed to be higher using acidified 358 
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water (5% formic acid) compared to just water, which on the contrary showed better GC-359 

MS reproducibility. Most of the metabolites involved in pathways of amino acids, 360 

glutathione, amino sugars and other polar metabolites present higher performance of 361 

extraction in the acidified water extract, although metabolic species in water extract show 362 

the best overall reproducibility. Although pathways involving nitrogenous bases could be 363 

investigated using organic or aqueous extracts, more metabolites involved in those 364 

pathways can be identified in the aqueous extracts. 365 

In light of the results obtained, qualitative information about the metabolic coverage and 366 

related pathways exhibited high complementarity among the extracts. This information is 367 

useful for future hypothesis-driven studies for the evaluation of a certain metabolic pathway 368 

or a group of metabolites (i.e. if they are thought to be altered in HT29 colorectal cells by 369 

the action of a drug or a natural bioactive compound). 370 
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FIGURE CAPTIONS 565 

Figure 1. GC-MS total ion chromatograms (TIC) of metabolite extracts obtained using 566 

ACN (A), ACN-IsopOH-water (3:3:1, v/v/v) (B), water (C), and 5% formic acid in water 567 

(D). GC-MS conditions are described in the text. 568 

Figure 2. Hierarchical clustering and heat map of total identified metabolites (rows) in all 569 

samples (columns). A (ACN), B (ACN-IsopOH-water (3:3:1, v/v/v)), C (water) and D (5% 570 

formic acid) extracts are represented in red, green, dark blue and light blue respectively. 571 

Cell color represents metabolite relative content.  572 

Figure 3. Venn diagram representation of number of HT-29 metabolites identified in A, B, 573 

C and D extracts. 574 

Figure 4. Summary plot for Metabolite Set Enrichment Analysis (MSEA) of metabolites 575 

identified in the organic extracts (A and B) from HT-29 cells.  576 

Figure 5. Summary plot for Metabolite Set Enrichment Analysis (MSEA) of metabolites 577 

identified in the aqueous extracts (C and D) from HT-29 cells.   578 
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Table 1. Summary of colorectal cancer (CRC) studies via GC-MS metabolomics published at 

Web of Science (December 2016) sorted by year of publication. 

Matrix Samples Metabolomic approach Analytical platform Reference 

Cell culture 
Two colon cancer cell lines 

(SW1116 y SW480) versus a 

control cell line (NCM460) 

Metabolic fingerprinting GC-TOF MS 
[35] 

Tissue 

Tissue from patients with 

primary CRC (n=27) and 

control tissue (n=18) 

Metabolic fingerprinting GC-TOF MS 
[37] 

Tissue 

Tissue from tumour and 

control area from CRC 

patients (n=31) 

Metabolic fingerprinting 
HR-MAS NMR 

GC-TOF MS 

[36] 

Serum 

 

CRC patients (n=31) and 

healthy controls (n=8) 
Metabolic fingerprinting GC-TOF MS 

[38] 

Serum 
CRC patients (n=30) before 

and after surgery 
Metabolic fingerprinting GC-TOF MS 

[39] 

Human and rat urine 

Human: CRC patients (n=60) 

and healthy controls (n=63) 

Rats before and after surgery 

treated with DMH (n=8) and 

control rats (n=8) 

Metabolic fingerprinting 

DMHb metabonomic analysis 
GC-TOF MS 

[40] 

Serum 
CRC patients (n=42) and 

healthy controls (n=8) 
Fatty acids profiling GC-TOF MS 

[41] 

Urine 

CRC patients (n=61) and 

healthy controls (n=62) 

Validation group: CRC 

patients (n=40) and healthy 

controls (n=41) 

Metabolic fingerprinting 
GC-TOF MS 

UHPLC-Q/TOF MS 

[33] 

Tissue 

Tissue from tumour and 

control area from CRC 

patients (n=31) 

Metabolic fingerprinting GC x GC-TOF MS 
[42] 

Mice tissue, plasma and 

feces 

Samples collected at 3, 5 and 

7 weeks after azoxymethane 

treatment (n=40) and placebo 

(n=35)  

Metabolic fingerprinting 
UHPLC-MS/MS 

GC-TOF MS 

[32] 

Serum 

CRC patients (n= 60) divided 

in four cáncer stages (12 

patient/stage)) and healthy 

controls (n=60) 

Validation group: CRC 

patients (n=59) and healthy 

controls (n=63) 

Metabolic profiling GC-TOF MS 
[15] 
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Mice tissue and serum 

Cell culture 

Mice tissue (n=131) with and 

without gen APC mutation 

Mice serum (n=126) with and 

without gen APC mutation  

Cell line SW480 (n=75) with 

partial/total expression of gen 

APC 

Metabolic fingerprinting GC-TOF MS 
[43] 

Tissue 

 

Patients with recurrent (n=4) 

and non-recurrent (n=3) CRC 

after treatment with 5-

fluorouracil 

Nucleotides and derivatives 

profiling 
GC x GC-TOF MS 

[44] 

Serum 
CRC patients (n=101) and 

healthy controls (n=102) 
Metabolic fingerprinting 

GC-TOF MS 

UHPLC-Q/TOF MS 

[31] 

Cell culture 

Caco-2 cells versus other 

cancer cells (breast, 

neuroblastoma) and non 

cancer cell line 

Metabolic profiling GC-TOF MS 
[61] 

Tissue and feces 

Feces and tissue from tumour 

and control area from CRC 

patients (n=17) 

Metabolic fingerprinting 
UHPLC-MS/MS 

GC-TOF MS 

[62] 

Plasma 

Plasma from CRC patients 

(n=15) and healthy controls 

(n=15) 

Metabolic fingerprinting GC-TOF MS 
[63] 

Serum 

Serum from patients suffering 

adenoma (n=31), various 

stages of CRC (320) and 

healthy controls (n=254) 

Metabolic fingerprinting GC-TOF MS 
[64] 
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Table 21. Summary of metabolite extraction performance of the four extraction solvents used in this 

work. 

Metabolic 

extract 
Extraction solvent 

Detected 

metabolites 

Identified 

metabolites 

Metabolites at 

maximum intensity a 

Metabolites 

RSD<15% a 

A ACN 141 82 13 17 

B 
ACN-IsopOH-H2O 

(3:3:1, v/v/v) 
182 96 36 51 

C H2O 172 100 25 62 

D 5% HCOOH 168 94 76 20 

 

a
Metabolites at maximum intensity (5

th
 column) and with RSD <15% (6

th
 column ) out of the total identified 

metabolites. 
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SUPPORTING INFORMATION 

 

Supporting Figures 

Figure S1. Principal component analysis (PCA) of the samples represented in the plane defined 

by the main principal components (PC) from PC1 to PC5. A, B, C and D extracts are represented 

in red (∆), green (+), dark blue (X) and light blue (◊) respectively.  

Figure S2. Summary plot for metabolite set enrichment analysis (MSEA) of metabolites 

identified in HT-29 cells. Top 50 metabolic pathways are shown. 

 

Supporting Tables 

Table S1. Summary of colorectal cancer (CRC) studies via GC-MS metabolomics published at 

Web of Science (December 2016) sorted by year of publication. 

Matrix Samples Metabolomic approach Analytical platform Reference 

Cell culture 
Two colon cancer cell lines 

(SW1116 y SW480) versus a 

control cell line (NCM460) 

Metabolic fingerprinting GC-TOF MS 
[35] 

Tissue 

Tissue from patients with 

primary CRC (n=27) and 

control tissue (n=18) 

Metabolic fingerprinting GC-TOF MS 
[37] 

Tissue 

Tissue from tumour and 

control area from CRC 

patients (n=31) 

Metabolic fingerprinting 
HR-MAS NMR 

GC-TOF MS 

[36] 

Serum 

 

CRC patients (n=31) and 

healthy controls (n=8) 
Metabolic fingerprinting GC-TOF MS 

[38] 

Serum 
CRC patients (n=30) before 

and after surgery 
Metabolic fingerprinting GC-TOF MS 

[39] 

Human and rat urine 

Human: CRC patients (n=60) 

and healthy controls (n=63) 

Rats before and after surgery 

treated with DMH (n=8) and 

control rats (n=8) 

Metabolic fingerprinting 

DMHb metabonomic analysis 
GC-TOF MS 

[40] 
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Serum 
CRC patients (n=42) and 

healthy controls (n=8) 
Fatty acids profiling GC-TOF MS 

[41] 

Urine 

CRC patients (n=61) and 

healthy controls (n=62) 

Validation group: CRC 

patients (n=40) and healthy 

controls (n=41) 

Metabolic fingerprinting 
GC-TOF MS 

UHPLC-Q/TOF MS 

[33] 

Tissue 

Tissue from tumour and 

control area from CRC 

patients (n=31) 

Metabolic fingerprinting GC x GC-TOF MS 
[42] 

Mice tissue, plasma and 

feces 

Samples collected at 3, 5 and 

7 weeks after azoxymethane 

treatment (n=40) and placebo 

(n=35)  

Metabolic fingerprinting 
UHPLC-MS/MS 

GC-TOF MS 

[32] 

Serum 

CRC patients (n= 60) divided 

in four cáncer stages (12 

patient/stage)) and healthy 

controls (n=60) 

Validation group: CRC 

patients (n=59) and healthy 

controls (n=63) 

Metabolic profiling GC-TOF MS 
[15] 

Mice tissue and serum 

Cell culture 

Mice tissue (n=131) with and 

without gen APC mutation 

Mice serum (n=126) with and 

without gen APC mutation  

Cell line SW480 (n=75) with 

partial/total expression of gen 

APC 

Metabolic fingerprinting GC-TOF MS 
[43] 

Tissue 

 

Patients with recurrent (n=4) 

and non-recurrent (n=3) CRC 

after treatment with 5-

fluorouracil 

Nucleotides and derivatives 

profiling 
GC x GC-TOF MS 

[44] 

Serum 
CRC patients (n=101) and 

healthy controls (n=102) 
Metabolic fingerprinting 

GC-TOF MS 

UHPLC-Q/TOF MS 

[31] 

Cell culture 

Caco-2 cells versus other 

cancer cells (breast, 

neuroblastoma) and non 

cancer cell line 

Metabolic profiling GC-TOF MS 
[61] 

Tissue and feces 

Feces and tissue from tumour 

and control area from CRC 

patients (n=17) 

Metabolic fingerprinting 
UHPLC-MS/MS 

GC-TOF MS 

[62] 

Plasma 

Plasma from CRC patients 

(n=15) and healthy controls 

(n=15) 

Metabolic fingerprinting GC-TOF MS 
[63] 
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Serum 

Serum from patients suffering 

adenoma (n=31), various 

stages of CRC (320) and 

healthy controls (n=254) 

Metabolic fingerprinting GC-TOF MS 
[64] 

 

Table S2. Identification of metabolites including KEGG and PubChem identifiers sorted by 

retention index. 

Identification Retention Index Quantmass KEGG ID PubChem ID 

lactic acid 217657 191 C01432 19789253 

glycolic acid 227636 177 C03547 3698251 

alanine 244189 116 C00041 5950 

maleimide 245118 154 C07272 10935 

butylamine 249493 174   8007 

hydroxylamine 253158 146 C00192 787 

butyrolactam 277199 142   12025 

methanolphosphate 289520 241   13130 

methylmalonic acid 311617 147 C02170 487 

valine 313502 144 C00183 6287 

hydroxycarbamate 325948 278     

pyrophosphate  327517 110     

urea 332913 189 C00086 1176 

benzoic acid 339067 179 C00539 20144841 

caprylic acid 343457 201 C06423 379 

ethanolamine 343800 174 C00189 700 

glycerol 344466 205 C00116 753 

phosphate 345365 314   1061 

leucine 346101 158 C00123 6106 

2-deoxyerythritol 355045 117     

1-deoxyerythritol 357129 117     

isoleucine 361332 158 C00407 6306 

proline 366784 142 C00148 145742 

glycine 368707 248 C00037 5257127 

succinic acid 370608 247 C00042 1110 

glyceric acid 379720 189   752 

uracil 385735 241 C00106 1174 

fumaric acid 390016 245 C00122 21883788 

Formatted Table
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serine 395020 218 C00065 5951 

pelargonic acid 399229 117 C01601 8158 

threonine 409568 218 C00188 6288 

thymine 420133 255 C00178 1135 

glutaric acid 421260 261 C00489 23322899 

beta-alanine 435564 248 C00099 239 

homoserine 443878 218 C00263 12647 

capric acid 451790 229 C01571 2969 

3-aminoisobutyric acid 452655 248 C05145 25201103 

aminomalonate 455754 218 C00872 100714 

malic acid 463180 233 C00711 20130941 

parabanic acid 464991 100   67126 

threitol 467595 217 C16884 169019 

nicotinamide 469827 179 C00153 936 

erythritol 471922 217 C00503 222285 

n-acetylglutamate 477776 158 C00624 70914 

1,5-anhydroglucitol 478275 101 C07326 64960 

aspartic acid 480387 232 C00049 44367445 

methionine 483560 176 C00073 6137 

trans-4-hydroxyproline 484934 140 C01157 5810 

oxoproline 485935 156 C01879 7405 

4-aminobutyric acid 488730 304 C00334 119 

isothreonic acid 489385 292     

cysteine 500158 220 C00097 5862 

creatinine 502599 115 C00791 588 

2-hydroxyglutaric acid 506306 247 C02630 43 

dodecanol 507619 243 C02277 8193 

2-(4-hydroxyphenyl)ethanol 509853 179 C06044 10393 

erythronic acid 512029 217   2781043 

digitoxose 521798 117     

ornithine 527113 142 C00077 6262 

glutamic acid 529100 246 C00025 33032 

5-aminovaleric acid 536657 174 C00431 138 

phenylalanine 537804 218 C00079 6140 

4-hydroxyphenylacetic acid 542795 179 C00642 127 

xylose 546699 307     

lauric acid 547906 117 C02679 3893 

N-acetylaspartic acid 548028 158 C01042 65065 

asparagine 553078 188 C00152 6267 

ribose 553135 217 C00121 5779 
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taurine 558857 326 C00245 1123 

xylitol 567437 217   6912 

levoglucosan 569637 204   2724705 

lyxitol 573587 217 C01904 94154 

beta-glycerolphosphate 574470 243   126740 

fucose  578299 160     

UDP-glucuronic acid 587601 217 C00167 17473 

putrescine 588872 174 C00134 1045 

glycerol-alpha-phosphate 590747 357 C03189 754 

diglycerol 591074 103   42953 

glucose-1-phosphate 594647 217   439165 

ribonic acid 599680 292     

glutamine 600315 156 C00064 5961 

phosphoethanolamine 603912 299 C00346 1015 

3-phosphoglycerate 610734 227 C00597 724 

citric acid 617342 273 C00158 19782904 

hypoxanthine 619128 265 C00262 790 

citrulline 621404 157 C00327 6992098 

pinitol 622466 260   164619 

UDP-N-acetylglucosamine 623789 226 C00043 445675 

UDP GlcNAc 627437 226     

dehydroascorbic acid 632888 173     

myristic acid 634414 117 C06424 11005 

fructose 639442 307 C02336 439709 

mannose 645856 205 C00159 18950 

adenine 646534 264 C00147 190 

galactose 648756 319 C00984 439357 

glucose 650867 319 C00221 64689 

lysine 663483 156 C00047 5962 

histidine 663790 154 C00135 6274 

tyramine 664737 174 C00483 5610 

hexuronic acid 667373 160   18845 

sorbitol 667922 217 C00794 5780 

tyrosine 671252 218 C00082 6057 

pentadecanoic acid 674647 117 C16537 13849 

1-hexadecanol 679596 299 C00823 2682 

pantothenic acid 690887 291 C12276 11306073 

xanthine 701688 353 C00385 1188 

hexitol 704741 217 C00392 453 

palmitoleic acid 706508 117 C08362 445638 
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palmitic acid 710061 313 C00249 985 

cysteine-glycine 715335 220   174707 

N-acetylmannosamine 722897 129 C00645 439281 

N-acetyl-D-mannosamine 726375 319     

myo-inositol 730022 305   892 

heptadecanoic acid 751309 117   10465 

octadecanol 755409 327   8221 

glutathione 761296 213 C02471 124886 

tryptophan 780482 202 C00078 6305 

oleic acid 781527 129     

stearic acid 787622 117 C01530 5281 

spermidine 792924 144 C00315 1102 

fructose-6-phosphate 1 804279 315     

cystine 804619 218 C01420 24798687 

glycerol-3-galactoside 805227 204     

hexose-6-phosphate 1 806282 387     

pseudo uridine 813899 217 C02067 15047 

glucose-6-phosphate 818275 387 C00092 5958 

nonadecanoic acid 822782 117 C16535 12591 

inositol-4-monophosphate 846510 315   161368 

phosphogluconic acid 847013 299     

oleamide 849710 144 C19670 5283387 

arachidic acid 856421 117 C06425 10467 

uridine 861508 217 C00299 6029 

5-methoxytryptamine 864466 174 C05659 1833 

inosine 897184 230 C00294 6021 

1-monopalmitin 901749 129   14900 

sucrose 915139 271 C00089 5988 

adenosine 918039 236 C00212 60961 

behenic acid 920648 117 C08281 8215 

cellobiose 932179 204 C01971 6255 

lactose 935640 191     

1-monoolein 952623 129   5283468 

guanosine 954962 324 C00387 6802 

1-monostearin 959214 129   24699 

5'-deoxy-5'-methylthioadenosine 967036 236 C00170 439176 

cytidine-5-monophosphate 974825 169     

uridine-5-monophosphate 977896 169     

inosine 5'-monophosphate 1016811 169 C00130 8582 

adenosine-5-monophosphate 1041375 315 C00020 6083 
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cholesterol 1078536 129 C00187 5997 

cholestan-3-ol 1082070 215   3240 

 

Table S31. Main metabolic pathways involving metabolites preferentially extracted using the 

organic based solvents (A and B).
 

Pathway Total Expected Hits Raw p -log(p) Holm p FDR Impact 

Fatty acid biosynthesis 49 0.7939 8 6.24E-07 14.287 4.99E-05 4.99E-05 0 

Fatty acid metabolism 50 0.8101 3 0.0456 3.0869 1 1 0.0296 

Pyrimidine metabolism 60 0.9722 3 0.0714 2.6396 1 1 0.1104 

Purine metabolism 92 1.4907 3 0.1851 1.6867 1 1 0.1193 

Galactose metabolism 41 0.6643 3 0.0274 3.5964 1 1 0.1174 

Glycosylphosphatidylinositol(GPI)-

anchor biosynthesis 

14 0.2268 1 0.2049 1.5851 1 1 0 

Citrate cycle (TCA cycle) 20 0.3241 1 0.2797 1.2742 1 1 0.0633 

Sphingolipid metabolism 25 0.4051 1 0.3367 1.0887 1 1 0.0129 

Arginine and proline metabolism 77 1.2476 2 0.3566 1.0312 1 1 0.0264 

Fatty acid elongation in mitochondria 27 0.4375 1 0.3582 1.0267 1 1 0 

Glutathione metabolism 38 0.6157 1 0.4651 0.7656 1 1 0.2374 

Nitrogen metabolism 39 0.6319 1 0.4739 0.7468 1 1 0.0606 

Glycerophospholipid metabolism 39 0.6319 1 0.4739 0.7468 1 1 0.0713 

Inositol phosphate metabolism 39 0.6319 1 0.4739 0.7468 1 1 0.137 

Ascorbate and aldarate metabolism 45 0.7291 1 0.5238 0.6466 1 1 0 

Primary bile acid biosynthesis 47 0.7615 1 0.5394 0.6173 1 1 0.0552 

Lysine degradation 47 0.7615 1 0.5394 0.6173 1 1 0.0651 

Glyoxylate and dicarboxylate 

metabolism 

50 0.8101 1 0.5619 0.5765 1 1 0.0033 

Cysteine and methionine metabolism 56 0.9074 1 0.6037 0.5047 1 1 0.0074 

Amino sugar and nucleotide sugar 

metabolism 

88 1.4258 1 0.7688 0.263 1 1 0.0259 

Steroid hormone biosynthesis 99 1.6041 1 0.8082 0.2129 1 1 0.0039 

 

Table S24. Main metabolic pathways involving metabolites preferentially extracted using the 

aqueous-based solvents (C and D). 

 

Pathway Total Expected Hits Raw p -log(p) Holm p FDR Impact 
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Aminoacyl-tRNA biosynthesis 75 2.7732 14 2.85E-07 15.07 2.28E-05 2.28E-05 0.169 

Alanine aspartate and glutamate 

metabolism 

24 0.8874 8 1.16E-06 13.671 9.12E-05 4.62E-05 0.5575 

Arginine and proline metabolism 77 2.8471 13 2.65E-06 12.839 0.000207 7.08E-05 0.4744 

Nitrogen metabolism 39 1.442 9 7.33E-06 11.824 0.0005641 0.0001465 0.0076 

Starch and sucrose metabolism 50 1.8488 8 0.0003822 7.8695 0.02905 0.0056231 0.3363 

beta-Alanine metabolism 28 1.0353 6 0.0004217 7.7711 0.03163 0.0056231 0.3232 

Pyrimidine metabolism 60 2.2185 8 0.0013446 6.6117 0.099501 0.015367 0.135 

Cyanoamino acid metabolism 16 0.5916 4 0.0022609 6.092 0.16505 0.02039 0 

Glutathione metabolism 38 1.4051 6 0.0022938 6.0775 0.16516 0.02039 0.0642 

Galactose metabolism 41 1.516 6 0.0034173 5.6789 0.24263 0.027338 0.0485 

Amino sugar and nucleotide sugar 

metabolism 

88 3.2538 9 0.004433 5.4187 0.31031 0.03224 0.2073 

Phenylalanine metabolism 45 1.6639 6 0.0054974 5.2035 0.37932 0.03665 0.1665 

Propanoate metabolism 35 1.2941 5 0.0083368 4.7871 0.56691 0.051304 0.0866 

Pentose and glucuronate 

interconversions 

53 1.9597 6 0.012229 4.4039 0.81935 0.06988 0.0685 

Pantothenate and CoA biosynthesis 27 0.9983 4 0.015981 4.1364 1 0.085232 0.253 

Purine metabolism 92 3.4017 8 0.018586 3.9853 1 0.092931 0.1436 

Pentose phosphate pathway 32 1.1832 4 0.028469 3.5589 1 0.13397 0.1574 

Glycine serine and threonine 

metabolism 

48 1.7748 5 0.030202 3.4998 1 0.13423 0.4927 

Cysteine and methionine metabolism 56 2.0706 5 0.053576 2.9267 1 0.21767 0.1344 

Butanoate metabolism 40 1.479 4 0.057939 2.8484 1 0.21767 0.0461 

Tyrosine metabolism 76 2.8101 6 0.059324 2.8247 1 0.21767 0.1258 

D-Glutamine and D-glutamate 

metabolism 

11 0.4067 2 0.05986 2.8157 1 0.21767 0.139 

Valine leucine and isoleucine 

biosynthesis 

27 0.9983 3 0.075419 2.5847 1 0.26233 0.0265 

Glycolysis or Gluconeogenesis 31 1.1462 3 0.10445 2.2591 1 0.34815 0 

Methane metabolism 34 1.2572 3 0.12868 2.0505 1 0.41176 0.0175 

Sulfur metabolism 18 0.6656 2 0.14121 1.9575 1 0.43448 0.0378 

Citrate cycle (TCA cycle) 20 0.7395 2 0.1674 1.7874 1 0.49599 0.0313 

Valine leucine and isoleucine 

degradation 

40 1.479 3 0.18221 1.7026 1 0.5206 0.0223 

Thiamine metabolism 24 0.8874 2 0.2218 1.506 1 0.61187 0 

Lysine degradation 47 1.7378 3 0.25063 1.3838 1 0.63876 0.2262 

D-Arginine and D-ornithine metabolism 8 0.2958 1 0.26056 1.3449 1 0.63876 0 

Fructose and mannose metabolism 48 1.7748 3 0.26074 1.3442 1 0.63876 0.07 

Phenylalanine tyrosine and tryptophan 

biosynthesis 

27 0.9983 2 0.26349 1.3337 1 0.63876 0.008 

Glyoxylate and dicarboxylate 

metabolism 

50 1.8488 3 0.28111 1.269 1 0.66144 0.0398 

Lysine biosynthesis 32 1.1832 2 0.33288 1.1 1 0.73486 0.0999 

Glycerolipid metabolism 32 1.1832 2 0.33288 1.1 1 0.73486 0.2091 

Biotin metabolism 11 0.4067 1 0.33987 1.0792 1 0.73486 0 

Inositol phosphate metabolism 39 1.442 2 0.42658 0.85196 1 0.89806 0.012 

Nicotinate and nicotinamide 44 1.6269 2 0.48927 0.71483 1 0.97855 0.0383 
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metabolism 

Histidine metabolism 44 1.6269 2 0.48927 0.71483 1 0.97855 0.1404 

Primary bile acid biosynthesis 47 1.7378 2 0.52482 0.64469 1 1 0.0164 

Taurine and hypotaurine metabolism 20 0.7395 1 0.53073 0.6335 1 1 0.3309 

Caffeine metabolism 21 0.7765 1 0.54823 0.60107 1 1 0.0305 

Sphingolipid metabolism 25 0.9244 1 0.61199 0.49104 1 1 0 

Pyruvate metabolism 32 1.1832 1 0.70288 0.35257 1 1 0.1376 

Ubiquinone and other terpenoid-

quinone biosynthesis 

36 1.3311 1 0.745 0.29437 1 1 0 

Porphyrin and chlorophyll metabolism 104 3.8455 3 0.75021 0.2874 1 1 0 

Glycerophospholipid metabolism 39 1.442 1 0.77266 0.25791 1 1 0.0556 

Ascorbate and aldarate metabolism 45 1.6639 1 0.81939 0.19919 1 1 0.008 

Tryptophan metabolism 79 2.9211 1 0.95152 0.04969 1 1 0 
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ABSTRACT 15 

The increasing incidence of colorectal cancer enforces the development of novel 16 

methodologies and protocols to deepen in the molecular mechanisms that govern disease 17 

pathophysiological events. The aim of this work is to deepen in the optimum metabolite 18 

extraction protocol from adherent mammalian cells of colon cancer for high throughput 19 

metabolomics using gas chromatography coupled to mass spectrometry (GC-MS). GC-MS 20 

results showed that metabolic information obtained from colon cancer cells was highly 21 

dependent on metabolite extraction selection, which at the same time is extremely 22 

influenced by the analytical platform. A further purpose of this investigation is to uncover 23 

an unexplored portion of HT-29 colon cancer cells metabolome, complementary to other 24 

already explored by CE-MS and LC-MS methods. At this respect, a total of 150 25 

metabolites were identified in HT-29 colon cancer cells by GC-MS. The extraction protocol 26 

with acetonitrile-isopropanol-water was  the most appropriate  for fatty acids and related 27 

pathways analysis. Most of the metabolites involved in pathways of amino acids, 28 

glutathione, amino sugars and other polar metabolites were better extracted with acidified 29 

water, although water extraction showed the best overall reproducibility. Although 30 

pathways involving nitrogenous bases could be investigated using organic or aqueous 31 

extracts, a higher number of metabolites involved in these pathways were identified in the 32 

aqueous extracts. In addition, metabolite extraction protocol was observed to be crucial for 33 

the determination of potentially interesting clusters of metabolites. 34 

 35 

Keywords: Colon cancer, Sample treatment, Metabolomics, gas chromatography-mass 36 

spectrometry, GC-MS. 37 

 38 
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Abbreviations: CRC, colorectal cancer; MSEA, metabolite set enrichment analysis; MPA, 39 

metabolic pathway analysis; MSTFA, N-methyl-N-(trimethylsilyl)-trifluoroacetamide; 40 

ORA, overrepresentation analysis; PBS, phosphate buffered saline; PCA, principal 41 

component analysis; RIM, internal retention index markers; TIC, total ion chromatogram 42 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

4 
 

1. INTRODUCTION 43 

In the past few years, cancer biology research has increasingly been focused on metabolism 44 

in cancer cells [1]. The complexity and diversity of biological alterations inherently linked 45 

to cancer metabolism is in accordance with the increasing unresolved issues to determine 46 

specific causes in cancer development, to assess the progression and to unravel molecules 47 

or pathways to target in cancer therapy and/or prevention. It is known that cancer cells 48 

show different metabolism from healthy cells. One of the well-known metabolic alterations 49 

in cancer cells is the glycolysis utilization over the oxidative phosphorylation [2, 3]. In the 50 

past years, other perturbations in specific metabolic pathways have been addressed linked 51 

to energy metabolism [4] such as pyruvate production [5] and tricarboxylic acid (TCA) 52 

cycle [6]. The progress of Metabolomics offers valuable opportunity to better understand 53 

biochemical changes produced in cancer metabolism for improving early detection, 54 

progression and therapy monitoring of cancer disease [7]. Metabolomics is able to meet the 55 

challenge of detecting hundreds of metabolites in short time analysis thanks to the 56 

evolution of analytical technologies and software tools for data processing and statistics [8]. 57 

With the evolution of metabolomics platforms, rapid and comprehensive analyses of the 58 

metabolome complexity can be performed in a high-throughput manner with improved 59 

sensitivity, accuracy and resolution [1].Typical metabolomic studies are based on mass 60 

spectrometry (MS) or nuclear magnetic resonance (NMR) whose advantages and 61 

limitations have been discussed elsewhere [9, 10]. It is now assumed that the coverage of 62 

the human metabolome is impossible to achieve with a single analytical methodology and 63 

an increasingly common practice is the combination of analytical techniques to achieve 64 

complementary information [11]. Metabolomics potential has already been shown with the 65 
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detection of novel biomarkers involved in different metabolic pathways related to breast 66 

[12], liver [13], prostate [14], colon [15] or lung cancer [16] among the vast amount of 67 

investigations. From those publications it can be assumed that different cancer subtypes 68 

exhibit different phenotypes and therefore show different metabolic alterations and 69 

biomarkers. This diversity enforces the investigation of cancer with special attention to 70 

most worldwide harmful cancer types.  71 

Colorectal cancer is the second leading cause of cancer mortality in the USA [17] and 72 

Europe [18] with a continuous increasing incidence. Identifying soon the colon cancer 73 

apparition and/or progression will increase our knowledge on efficient drug discovery 74 

research and prevention. With this aim, in the last decade, Metabolomics has emerged to 75 

understand pathophysiological processes related to colon cancer. From the about 30 works 76 

related to colon cancer Metabolomics published so far, a minor part have been 77 

accomplished using NMR [19-23] with a clear trend toward the use of MS-based analytical 78 

platforms either alone [24-26] or in combination with separation techniques such as 79 

capillary electrophoresis (CE) [27-30], liquid chromatography (LC) [24, 27-29, 31-34] and 80 

gas chromatography (GC) [15, 31-33, 35-44].  81 

Metabolomics investigations of colorectal cancer by GC-MS are summarized in Table S1. 82 

As can be seen in Table S1 a variety of samples including biofluids, tissues and cell culture 83 

models have been under scrutiny. The use of cell cultures is included in common reference 84 

model systems and is considered an invaluable biomedical research tool. However, the 85 

application of cell culture in metabolomics requires further development and 86 

standardization of study design steps, metabolism quenching method selection and 87 

optimization of metabolite extraction protocols, among others [45, 46]. Namely, quenching 88 
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step at the time of harvesting aims to prevent metabolic content to be altered before the 89 

analysis so that the metabolic state of the cell is preserved. There is a great controversy and 90 

continuous research in the determination of the optimum quenching method. Until date the 91 

most widely spread techniques to quench the metabolism in cells is a shock maintaining the 92 

cells below -20 ºC [47, 48], the addition of cold solvents such as cold methanol [49], use of 93 

cold isotonic PBS [49-51] or the combination in a single step of quenching and extraction 94 

procedures in mammalian adherent cells [45, 52]. 95 

As can be observed in Table S1, three cell lines (namely SW, HT and Caco-2) have been 96 

used to investigate colon cancer following metabolomics approaches using GC-MS. All 97 

these cell lines are very well established for in-vitro studies of colorectal cancer and vary in 98 

phenotype, growth rate, differentiation and morphology among other characteristics [53, 99 

54]. Metabolic fingerprinting by GC- MS from two SW cell lines (SW-1116 and SW-480) 100 

was first reported by Zimmermann et al. [35]. More recently LC-MS and CE-MS based 101 

metabolomics have been used to investigate HT-29 cell line revealing significant metabolic 102 

information in colon cancer metabolism after treatment with different polyphenol-rich 103 

extracts [28, 29, 55].  104 

Considering that no single method is appropriate for the determination of all intracellular 105 

metabolites, metabolic information obtained from cell cultures will depend on multiple 106 

factors and metabolite extraction selection is highly influenced by the analytical platform 107 

[56]. Optimization and selection of the protocol for metabolite extraction from HT-29 cells 108 

[57] and evaluation of the subsequent cytosol sample treatment [30] for CE-MS 109 

metabolomics have been previously carried out. CE-MS is particularly suited for the rapid 110 

separation of ionic, weakly ionic, and/or highly polar metabolites and aqueous solvent was 111 
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the preferred for metabolite extraction of HT-29 cells [57]. On the contrary, GC-MS is 112 

preferred for the analysis of less polar, volatile (or amenable to chemical derivatization) 113 

compounds and requires thermal stability of the analytes. Considering that no single 114 

analytical platform is able to determine all intracellular metabolites, in this work, a GC-MS 115 

method has been developed due to the high complementarity nature of GC-MS used in this 116 

work and the CE-MS [57] and LC-MS [28, 29] methods already developed by our group. 117 

Further, taking into account all the above considerations, in this work GC-MS has been 118 

used to evaluate the coverage and reproducibility of four metabolic extraction solvents 119 

selected according to the physicochemical diversity of metabolites including the large 120 

variation on solubility (in aqueous or organic solvents) and based on previous published 121 

works [30, 57-63]. To our knowledge this is the first time that HT-29 colon cancer cells are 122 

examined using GC-MS metabolomics which could be of special importance in future 123 

studies to detect biochemical alterations due to colon cancer or to explore new preventive 124 

interventions. 125 

2. MATERIALS AND METHODS 126 

2.1. Chemicals 127 

All reagents were of analytical grade. Phosphate buffered saline (PBS) was purchased from 128 

Lonza (Barcelona, Spain). For cell counting, trypan blue was purchased from Sigma 129 

Aldrich (St. Louis, MO, USA). Metabolite extraction solvents were of MS grade: formic 130 

acid and 2-propanol were from Riedel-de Haën (Seelze, Germany) while water and 131 

acetonitrile were from Labscan (Gliwice, Poland). Reagents for derivatization included 132 

methoxyamine hydrochloride from Sigma Aldrich, pyridine (silylation grade) and N-133 
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methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) purchased in 1 mL bottles from 134 

Pierce (Rockford IL USA).  135 

For GC-MS analysis, a mixture of internal retention index markers (RIM) was prepared 136 

using fatty acid methyl esters of C8, C9, C10, C12, C14, C16, C18, C20, C22, C24, C26, 137 

C28 and C30 linear chain length, dissolved in chloroform (from Mallinckrodt Baker Inc., 138 

Phillipsburg. NJ, USA) at a concentration of 0.8 mg/mL (C8-C16) and 0.4 mg/mL (C18-139 

C30). Fatty acid methyl esters were from Sigma Aldrich.FC43 (Perfluorotributylamine) 140 

was acquired from Leco (Stockport, Cheshire, UK) for MS mass calibration. 141 

2.2. Cell culture  142 

The human HT-29 colorectal carcinoma cell line was purchased from the American Type 143 

Culture Collection (ATCC- LGC, Promochem, UK). HT-29 cells were cultured in 144 

McCoy’s 5A medium supplemented with 10% heat-inactivated fetal calf serum, 50 U/mL 145 

penicillin G, and 50 U/mL streptomycin, at 37 ºC in humidified atmosphere with 5% CO2. 146 

Once cells reached about 50% confluency, they were trypsinized, neutralized with culture 147 

medium and plated at 10000 cells/cm
2
 density in different P150 culture dishes. Cell 148 

cultures were allowed to adhere overnight at 37 ºC and then plates were pooled. Next, cell 149 

count was performed using the trypan blue exclusion test to examine the viability and to 150 

estimate the number of cells. For that purpose, 5 µL cell suspension pool were further 151 

diluted 1:1 in trypan blue stock solution (0.4%, w/v in sterile PBS) and counted in a 152 

Neubauer counting chamber using a light microscope (ID3, Carl Zeiss, Jena, Germany). 153 

The estimated volume to have 10 million cells from the culture suspension was added to 20 154 

aliquots. After aliquots were centrifuged (300 xg, 10 min) and supernatant was discarded, 155 

pellets containing 10 x 10
6
 cells were subjected to metabolite extraction. 156 
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2.3. Metabolite extraction and derivatization 157 

The 20 aliquots were divided in four solvent extraction groups: A, ACN; B, ACN-IsopOH-158 

Water (3:3:1, v/v/v); C, Water; and D, 5% formic acid in water. Five independent 159 

metabolite extractions (with10 million cells each) were performed for each extraction 160 

solvent group. Metabolic content extraction from HT-29 cells have been previously 161 

optimized in our laboratory [57] and applied in this work with slight modifications. Briefly, 162 

300 µL of extraction solvent and 0.3 g glass beads (212-300 μm) from Sigma-Aldrich were 163 

added to 10 x 10
6
 cell pellets. Then metabolism quenching and cell disruption was 164 

accomplished by using three cycles of snap-freeze (liquid N2, 1 min), thawing in 165 

ultrasound bath (50 Hz, 3 min) (ultrasonic cleaning bath Ultrasons from JP Selecta, 166 

Barcelona, Spain) and grinding using a mixer mill for 3 min at 30/s (MM 400, Retsch 167 

GmbH, Germany). After this, cell insoluble material and glass beads were removed by 168 

centrifugation (24000 xg for 10 min at 4ºC) and the supernatant was collected, and 50 µL 169 

metabolic extracts were vacuum-dried and kept at -80ºC until derivatization. The 170 

supernatants obtained in A and B extraction groups are protein-free considering organic 171 

extraction solvents lead to protein precipitation. On the contrary, supernatants obtained 172 

from aqueous-based extractions (C and D extraction groups) were submitted to 173 

ultrafiltration with 3 kDa centrifugal filters (Amicon Ultra 0.5 mL, Millipore,Billerica, MA, 174 

USA) to remove proteins according to the manufacturer's protocol. 50 µL of both metabolic 175 

extracts were vacuum-dried and kept at -80ºC until derivatization.  176 

The best sensitivity was achieved with the following optimized derivatization protocol. 177 

First, the dried extracts were dissolved in 10 µL of a solution consisting of 40 mg/mL 178 

methoxyamine in pyridine and shaken for 15 min at 60 ºC to protect aldehyde and ketone 179 
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groups. Then 50 µL of MSTFA with 1% RIM was added for trimethylsilylation of acidic 180 

protons and shaken at 37 °C for 30 min. Derivatized samples were immediately transferred 181 

to 2 mL clear glass autosampler vials with microinserts (Agilent, Santa Clara CA), closed 182 

by 11 mm T/S/T crimp caps (MicroLiter, Suwanee GA) and analyzed by GC-MS. 183 

2.4. GC-TOF MS analysis 184 

An Agilent 6890 gas chromatograph (Santa Clara CA) and a Leco Pegasus IV time of flight 185 

mass (TOF) spectrometer were controlled by the Leco ChromaTOF software vs. 2.32 (St. 186 

Joseph, MI). A 30 m long, 0.25 mm ID Rtx-5Sil MS column with 0.25 μm 95% dimethyl 187 

5% diphenyl polysiloxane film and additional 10 m integrated guard column was used 188 

(Restek, Bellefonte PA). High purity helium with built-in purifier (Airgas, Radnor PA) was 189 

set at constant flow of 1 mL/min. The oven temperature was held constant at 50°C for 1 190 

min and then ramped at 20°C/min to 330°C at which it was held constant for 5 min. The 191 

transfer line temperature between gas chromatograph and mass spectrometer was set to 192 

280°C. A Gerstel automatic liner exchange system with multipurpose sample MPS2 dual 193 

rail and two derivatization stations was used in conjunction with a Gerstel CIS cold 194 

injection system (Gerstel, Muehlheim, Germany). The injector operated in splitless mode, 195 

opening the split vent after 25 s. Electron impact ionization at 70V was applied maintaining 196 

ion source temperature at 250°C. For every 10 samples, a fresh multibaffled liner was 197 

inserted (Gerstel) using the Maestro1 Gerstel software vs. 1.1.4.18 (Gerstel). Before and 198 

after each injection, the 10 μL injection syringe was washed three times with 10 μL ethyl 199 

acetate. 1 μL sample was filled using 39 mm vial penetration at 1 μL/s fill speed, injecting 200 

0.5 μl at 10 μL/s injection speed. GC oven temperature was maintained at 50°C during one 201 
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minute followed by a temperature ramp at 20°C/min until 330°C at which it was held 202 

constant for 5 min.  203 

TOF-MS analysis in the positive ion mode was accomplished applying 1775 V detector 204 

voltage. Data was recorded in the 85-500 m/z range for 1200 s after 290 s solvent delay. 205 

Mass resolving power was 600 and acquisition rate was set at 17 spectra/s. Daily quality 206 

controls were used to assure quality of data. The instrument performed autotuning for mass 207 

calibration using FC43 before each sequence analysis using the following m/z values: 93, 208 

95,100, 101, 112, 113, 114, 119, 131, 132, 145, 150, 164, 169, 176, 181, 214, 219, 220, 209 

226, 264, 265, 314, 326, 352, 376, 414, 415, 426, 448, 464, 502 and 503. 210 

2.5. Data mining 211 

GC-TOF MS data were acquired as ChromaTOF specific .peg files, and stored also in .txt 212 

and .cdf generic formats. Data mining was performed as already described [60]. Briefly, 213 

absolute spectra intensities from all sample files were automatically processed and filtered 214 

by BinBase algorithm using previously optimized parameters [64]. Then post-processing 215 

module to replace missing values was carried out. The resulting report contained row 216 

identifier, mass spectra ions, quantification by means of unique ion height, retention index 217 

and identification using defined databases [65]. Additional mass signal filtering was 218 

manually performed to remove not identified and low confident ions from the table. Then 219 

MS signals belonging to the same ion were grouped and data was normalized based on total 220 

ion height for each sample. The table with high-confident metabolite information from all 221 

extraction replicates obtained with the four solvents (five replicates per extraction solvent) 222 

was then examined in detail. Principal component analysis (PCA) and hierarchical 223 
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clustering was performed to explore possible clustering, similarities and differences in 224 

metabolic coverage obtained among the four extraction protocols. Then comparison of 225 

metabolome coverage among the four extracts was performed by metabolite set enrichment 226 

analysis (MSEA) and metabolic pathway analysis (MPA). MSEA was performed by means 227 

of overrepresentation analysis (ORA). ORA assess whether a set of metabolites is enriched 228 

in a particular metabolic pathway compared to the total of annotated metabolites for that 229 

pathway (i.e. if the metabolites identified in the study represent a high percentage of the 230 

metabolites theoretically annotated in that pathway) [66]. Statistical analysis, MSEA and 231 

MPA were performed using metaboanalyst [67]. MBRole [68] was used to assist in the 232 

biological interpretation. 233 

3. RESULTS AND DISCUSSION 234 

3.1. Metabolic extraction assessment 235 

Typical total ion chromatograms (TIC) for the cell extracts obtained using the four different 236 

extraction solvents tested in this work are represented in Fig. 1. As can be observed, the 237 

four metabolite profiles were very different in terms of intensity and distribution of the 238 

peaks along the chromatogram. Although aqueous extracts (Fig. 1C and 1D) presented 239 

greater overall intensity, peaks were mainly placed at the beginning of the chromatogram.  240 

After data processing, 364 metabolic signals were detected. Signal grouping and filtering 241 

processes (i.e. unidentified metabolites and metabolites not found in at least 3 out of 5 242 

replicates of each extraction solvent) rendered a total of 290 metabolites from which a 243 

group of 150 metabolites could be identified (see Table 1 and Table S2). Then, each of the 244 

metabolic extracts were investigated in detail in terms of detected metabolites and 245 
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identified metabolites found in each extract as well as other parameters to evaluate 246 

metabolite extraction performance and reproducibility. An average variation of the internal 247 

standards of 15% RSD was observed. Given that value the number of identified metabolites 248 

with RSD < 15% was also determined for the four extraction solvents. 249 

Among the two aqueous based extractions C (water) and D (acidified water), C showed 250 

higher overall metabolome coverage in terms of number of detected (172 vs. 168) and 251 

identified metabolites (100 vs. 94). However, deepening in the identified metabolites in 252 

both aqueous extracts, D showed a vast gain over C with respect to metabolite recovery 253 

performance (76 vs. 25 metabolites found at maximum intensity in D and C respectively) 254 

but the inverse was observed in terms of reproducibility (RSD <15% in 62 vs. 20 255 

metabolites in C and D, respectively) (see Table 1). As can be observed in Table 1, a more 256 

evident enhancement was observed in B metabolic coverage when compared with A extract 257 

among the two organic extracts. Namely, 96 metabolites were identified out of the 182 258 

detected in B, while for A only 82 metabolites could be identified out of the 141 detected. 259 

Moreover, triple metabolite recovery performance (i.e. metabolites at maximum intensity) 260 

from cell culture was observed for B with respect to A. In addition, metabolic content in A 261 

was extracted with less reproducibility among the 5 extraction replicates analysed, 262 

including only 17 identified metabolites with RSD values lower than 15%. Thus, among the 263 

organic solvents, B extract clearly offered the best overall performance when compared to 264 

A. 265 
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3.2. Colon cancer cell metabolome identified by GC-MS 266 

Metabolic information obtained from the four extraction protocols was then statistically 267 

investigated in order to find patterns and possible clustering in metabolic coverage obtained 268 

applying the four extraction solvents. Fig. 2 represents the unsupervised hierarchical 269 

clustering of the samples (i.e. metabolic extracts) according to the relative content of each 270 

metabolite in each sample (represented by the colour of the cell). As can be observed from 271 

the clustering information of Fig. 2, the four extracts were mainly differentiated according 272 

to the polarity of the solvent used in the extraction. Thus, as expected two clear clusters 273 

were observed corresponding to A with B (i.e. organic based solvents), and C with D (i.e. 274 

aqueous based solvents). This information was also observed and corroborated by means of 275 

PCA (see Fig. S1) and Venn diagram (see Fig. 3). In addition, PCA also showed that the 276 

metabolic information obtained from both organic solvents was more similar (presented 277 

less variation in their distribution in the plane defined by the main principal components 278 

from PC1 to PC5) than the one more heterogeneous obtained from both aqueous based 279 

extracts (more dispersion of aqueous samples in the plane defined by the PCs) (see Fig. 280 

S1).  281 

Venn representation (Fig. 3) corroborated that the highest similarity of metabolic coverage 282 

was according to the extraction solvent polarity. Namely, organic based extracts (A and B) 283 

shared 72 metabolites, among which, 18 metabolites were exclusively detected in A and B. 284 

Similarly 80 metabolic species were common in both aqueous based extracts (C and D) 285 

from which 14 were only found in C and D. In addition, it could be observed that ACN and 286 

water extraction solvents (A and C, respectively) lead to the most different metabolic 287 
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extracts with only 57 metabolites in common (from which 49 were found in all the four 288 

extracts) showing high complementarity.  289 

To deepen in the coverage of the different extracts according to the nature of the extracted 290 

metabolites and pathways involved, two web servers were used. Information about the 291 

biological role and nature of the identified metabolites was derived from MBRole web 292 

server analysis. Thus, the total set of metabolites with available KEGG identifiers in the 293 

four extracts (107 out of 150 identified metabolites) were submitted to analysis. Most 294 

important groups of metabolites identified were amino acids and peptides followed by fatty 295 

acids and lipids, nucleic acids and carbohydrates. Other groups of metabolites were 296 

represented to a lesser extent such as vitamins and cofactors (data not shown). Main 297 

metabolic pathways involving metabolites preferentially extracted (i.e. showing maximum 298 

levels) using the organic-based (A and B) and aqueous-based (C and D) protocols were 299 

analyzed using Metaboanalyst (Table S3 and S4 respectively). Fatty acid and nitrogenous 300 

bases (i.e. pyrimidine and purine) related pathways are well represented in organic based 301 

extracts. Among the two organic extracts, contribution of B extract is clearly superior to A 302 

whose metabolites are almost exclusively involved in nucleotide sugars metabolism. The 303 

main reason for this inequality could be explained for the lowest number of metabolites at 304 

highest intensity in A (see Table 1). On the other hand, pathways involving biosynthesis 305 

and metabolism of amino acids, glutathione, amino sugars and nitrogenous bases among 306 

others, are highly represented in aqueous extracts (C and D). Most of the metabolites 307 

involved in those pathways present higher performance of extraction using acidified water 308 

extraction (D) when compared with C (water extraction). Although in lower relative 309 

concentration, metabolic species in C showed the best reproducibility. 310 
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Finally, identified metabolites were submitted to enrichment analysis (MSEA) by means of 311 

overrepresentation analysis (ORA) to determine the more represented metabolic pathways 312 

in the defined set of metabolites. As can be observed in Fig. S2, “protein biosynthesis” is 313 

the metabolic pathway in which a higher number of the metabolites are involved. However, 314 

more useful information can be obtained if solvents are subdivided regarding polarity. 315 

When each protocol for metabolic extraction is investigated in detail, different trends are 316 

observed. MSEA results of metabolites preferentially extracted (i.e. showing maximum 317 

levels) in organic and aqueous based extracts are shown in Fig. 4 and Fig. 5 respectively. 318 

As can be observed depending on the nature and polarity of the solvents used in the 319 

extraction process diverse metabolic pathways are more suitable to study due to the very 320 

different metabolic information. Some of the most relevant metabolic pathways that can be 321 

studied with more efficiency in organic based solvents are “RNA transcription” and “beta 322 

oxidation of very long fatty acids” (Fig. 4), while pathways most suitable to be evaluated in 323 

aqueous based extracts include protein, sugars and amino acids biosynthesis and 324 

metabolism (Fig. 5). Interestingly, pathways involving metabolism of glutathione and 325 

nucleotides can be approached using both organic and/or aqueous extracts. 326 

CONCLUDING REMARKS 327 

To date it is not possible to study the whole metabolome of a biological system and this is 328 

partially due to the selection of a certain sample treatment and analytical platform. In this 329 

work, four reliable sample preparation protocols have been evaluated to extract metabolites 330 

from HT-29 colon cancer cells and to uncover a portion of this cell line metabolome by 331 

GC-MS.  332 
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The unsupervised statistical analysis showed that the four extracts evaluated were mainly 333 

differentiated according to the polarity of the solvent used in the extraction process and that 334 

the overall GC-MS variability of aqueous extracts was higher compared to the organic 335 

ones.  336 

In summary, the protocol involving ACN-Isopropanol-water (3:3:1, v/v/v) was shown to be 337 

the most appropriate extraction procedure for fatty acid and/or related pathways analysis 338 

among the four metabolic extraction procedures. Metabolic extraction with ACN yielded 339 

the lowest reproducibility of extraction together with the smallest metabolite coverage. On 340 

the other hand, metabolic coverage was similar in both aqueous extracts. However, overall 341 

performance of extraction of individual metabolites seemed to be higher using acidified 342 

water (5% formic acid) compared to just water, which on the contrary showed better GC-343 

MS reproducibility. Most of the metabolites involved in pathways of amino acids, 344 

glutathione, amino sugars and other polar metabolites present higher performance of 345 

extraction in the acidified water extract, although metabolic species in water extract show 346 

the best overall reproducibility. Although pathways involving nitrogenous bases could be 347 

investigated using organic or aqueous extracts, more metabolites involved in those 348 

pathways can be identified in the aqueous extracts. 349 

In light of the results obtained, qualitative information about the metabolic coverage and 350 

related pathways exhibited high complementarity among the extracts. This information is 351 

useful for future hypothesis-driven studies for the evaluation of a certain metabolic pathway 352 

or a group of metabolites (i.e. if they are thought to be altered in HT29 colorectal cells by 353 

the action of a drug or a natural bioactive compound). 354 
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FIGURE CAPTIONS 549 

 550 

Figure 1. GC-MS total ion chromatograms (TIC) of metabolite extracts obtained using 551 

ACN (A), ACN-IsopOH-water (3:3:1, v/v/v) (B), water (C), and 5% formic acid in water 552 

(D). GC-MS conditions are described in the text. 553 

Figure 2. Hierarchical clustering and heat map of total identified metabolites (rows) in all 554 

samples (columns). A (ACN), B (ACN-IsopOH-water (3:3:1, v/v/v)), C (water) and D (5% 555 

formic acid) extracts are represented in red, green, dark blue and light blue respectively. 556 

Cell color represents metabolite relative content.  557 

Figure 3. Venn diagram representation of number of HT-29 metabolites identified in A, B, 558 

C and D extracts. 559 

Figure 4. Summary plot for Metabolite Set Enrichment Analysis (MSEA) of metabolites 560 

identified in the organic extracts (A and B) from HT-29 cells.  561 

Figure 5. Summary plot for Metabolite Set Enrichment Analysis (MSEA) of metabolites 562 

identified in the aqueous extracts (C and D) from HT-29 cells.   563 
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Table 1. Summary of metabolite extraction performance of the four extraction solvents used in this work. 

Metabolic 

extract 
Extraction solvent 

Detected 

metabolites 

Identified 

metabolites 

Metabolites at 

maximum intensity a 

Metabolites 

RSD<15% a 

A ACN 141 82 13 17 

B 
ACN-IsopOH-H2O 

(3:3:1, v/v/v) 
182 96 36 51 

C H2O 172 100 25 62 

D 5% HCOOH 168 94 76 20 

 

a
Metabolites at maximum intensity (5

th
 column) and with RSD <15% (6

th
 column ) out of the total identified 

metabolites. 


