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ABSTRACT 

Understanding of molecular events involved in food safety and human health has 

become a major concern of contemporary life. Mass spectrometry (MS) is a 

powerful tool for characterization of complex food ingredients and biological 

molecules. Advances in MS-based techniques have offered new opportunities to 

understand the chemical changes occurring during food storage and processing as 

well as the molecular events perturbed by either endogenous or exogenous 

stimulus. In this thesis, we developed novel MS-based approaches for 

authentication of edible oil (i.e., edible vegetable oil, deep frying oil and gutter 

oil), assessment of genotoxicity of fatty acid hydroperoxides, and investigation of 

metabolic deregulation in pleural effusion and tissue of human lung cancer, 

aiming to gain a better understanding of food safety and human health. 

MS-based methods were developed for authentication of edible vegetable oil 

adulterated with used cooking oil. Gas chromatography-mass spectrometry 

(GC-MS) analysis revealed that six monoglycerides could be used as the markers 

to discriminate the used cooking oil (e.g., deep frying oil and gutter oil) and 

qualified edible oil. Accumulation behavior of these six monoglycerides was 

detected in the repeatedly heated edible oils. Quantitation of the monoglycerides 

enabled authentication of commercial olive oil adulterated with a small amount of 

used cooking oil (approximately 1%). In addition, a matrix-assisted laser 

desorption/ionization imaging mass spectrometry (MALDI-IMS) method was 
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developed for visual authentication of edible oil samples, including commercial 

vegetable oil, used cooking oil and adulterated edible oil. The method provided 

the capability for quantifying major chemical composition of edible oil, such as 

triglycerides, diglycerides and monoglycerides. The present method required 

minimal sample preparation and allowed screening of oil samples with high 

throughput (approximately 360 samples per day), providing a simple way to 

authenticate different types of oil samples. 

Liquid chromatography-electrospray ionization mass spectrometry 

(LC-ESI-MS) was applied to investigate the genotoxicity of two fatty acid 

hydroperoxides, i.e., 13-hydroperoxyoctadeca-cis-9,trans-11-dienoic acid 

(13-HPODE) and 13-hydroperoxy-9,11E,15Z-octadecatrienoic acid (13-HPOTE), 

which are important inducers of oxidative deterioration in oils and fats generated 

from the oxidation of linolenic acid and linoleic acid. The results demonstrated 

that the α,β-unsaturated aldehydes, such as 4-oxo-2-nonenal, dioxo-10-dodecenoic 

acid, 4-hydroperoxy-2-nonenal and 4-hydroxy-2-nonenal are the main degradation 

compounds of 13-HPODE and 13-HPOTE, which can covalently bound to 

deoxyribose-nucleosides and ribose-nucleosides to form adducts. This study 

provided evidences regarding the genotoxicity of fatty acid hydroperoxides at the 

molecular level. 

MS-based metabolomics methods were developed and applied for the 

investigation of metabolic signatures of pleural effusion and tissue of human lung 
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cancer. A database-assisted global metabolomics method was established with 

utility of LC-Orbitrap MS, followed by automated mass spectral searching. The 

method enabled unbiased identification of 194 endogenous metabolites in pleural 

effusions caused by tuberculosis and malignancy. Among which, 33 differential 

metabolites involved in tryptophan catabolism, bile acid biosynthesis, and 

β-oxidation of fatty acids were found between tuberculous and malignant pleural 

effusions, which provided non-invasive biomarkers for diagnosis of pleural 

effusion samples with high sensitivity and specificity. In addition, a large-scale 

targeted metabolomics method was developed, which enabled reliable detection of 

over 400 biological metabolites, covering 92 metabolic pathways in human 

samples. The method was applied to characterize the metabolic profiles of 

non-small cell lung cancer (NSCLC) tissues. A number of distant metabolic 

pathways were found to be differentiated between tumor and normal tissues of 

lung squamous cell carcinoma and adenocarcinoma, including purine metabolism, 

citric acid cycle, amino acid metabolism, urea cycle, and ammonia recycling. In 

addition, several metabolites, such as adenosine, glutamate, glucose 

1,6-bisphosphate, betaine, creatine and methionine sulfoxide were found to be 

associated with prognosis of NSCLC patients, which might provide potential 

biomarkers to monitor metabolic characteristics of NSCLC patients and treatment 

outcomes of the cancer. 
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Chapter 1 Introduction  

1.1 The role of mass spectrometry in food safety and human health 

Food safety and human health are two of the most important issues in our daily 

life. A great variety of food contaminants, such as acrylamides, biogenic amines, 

ethyl carbamates, N-nitrosamines and glycidyl esters were generated during 

drying, roasting, frying and fermentation. These chemicals were found with 

carcinogenic activities and posed serious threats to human health. Nowadays, 

understanding what types of hazardous ingredients are formed during food storage 

and processing treatments, how the food contaminants are metabolized in human 

body, and whether their metabolites have potential biological toxicities, have 

become of great interest to many researchers. 

Mass spectrometry (MS) featured by excellent molecular specificity of analysis 

has become a powerful tool for analyzing a wide range of food ingredients and 

biological molecules (Figure 1.1). The major strength of MS lies in its ability to 

measure complex mixtures, ranging from small molecules (e.g., carbohydrates, 

amino acids, vitamins, lipids, steroids and nucleic acids) to very large proteins1. 

Recent advancements in mass analyzers, such as time-of-flight (TOF), Fourier 

transform ion cyclotron resonance (FT-ICR), quadrupole (Q), triple-quadrupole 

(QqQ), ion trap (IT) and Orbitrap combined various fragmentation techniques, 

such as collision-induced dissociation (CID), higher-energy collisional 

dissociation (HCD), electron capture dissociation (ECD) and infrared multiphoton 
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dissociation (IRMPD) have greatly gained the speed, selectivity, and sensitivity 

for analysis of compounds with enormous structural diversity and wide 

concentration range2-3. In addition, MS instruments are readily compatible with 

separation techniques, such as gas chromatography (GC), liquid chromatography 

(LC) and capillary electrophoresis (CE), which minimizes signal suppression, 

increases sensitivity of detection and aids metabolite identification by providing a 

retention time information. 

In this chapter, we review recent advances in MS-based approaches and 

highlight their applications in characterization of food ingredients and biological 

molecules. These achievements included (i) ionization source with high ionization 

efficiency and minimal in-source fragmentation; (ii) high-resolution MS for 

accurate mass measurement of complex food mixtures; (iii) hybrid mass analyzer 

to elucidate molecular structure through characteristic fragmentation pattern; and 

(iv) chromatographic techniques. Additionally, the current technical challenges 

associated with the methodologies were discussed. 
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Figure 1.1 The role of mass spectrometry in modern food science and human 

health research. 
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1.2 Mass spectrometry for characterization of food ingredients and biological 

molecules  

A variety of ionization techniques, such as electron ionization (EI), electrospray 

ionization (ESI), easy ambient sonic-spray ionization (EASI), desorption 

electrospray ionization (DESI), secondary ion MS (SIMS), atmospheric pressure 

chemical ionization (APCI), atmospheric pressure photoionization (APPI), 

matrix-assisted laser desorption/ionization (MALDI), paper spray ionization (PSI), 

direct in real time analysis (DART) and rapid evaporative ionization (REI) have 

been extensively used in modern mass spectrometers4. ESI represents the 

technique for generating molecular ions of polar compounds at atmospheric 

pressure, which has been developed in conjunction with different mass analyzers, 

such as Q-MS, QqQ-MS, Orbitrap-MS, and IT-MS for detection of amino acids, 

peptides, sugars, vitamins and phenolic compounds5-6. In addition, ESI enables 

characterization of intact proteins within a conventional mass range of m/z 3,000 

due to formation of multiply charged ions. This ability, for example, has been 

demonstrated for analysis of Maillard induced glycation of milk proteins7. By 

contrast, APPI and APCI are preferred for low and medium polarity ingredients, 

such as carotenoids, steroids, flavonoids, and aromas. REI and PEI are emerging 

techniques that allow direct characterization of samples in near real-time8. In 

recent years, there has been growing interest in imaging analysis using MS-based 

approaches. Figure 1.2 shows the schematic illustrations of different ionization 



5 

 

techniques for visualization of food ingredients and biological molecules. Of 

those, MALDI uses a laser energy absorbing matrix to create singly charged ions 

from large molecules, such as proteins, carbohydrates and organic acids9, and 

SIMS uses a focused ion beam to irradiate sample surface and collects ejected 

secondary ions, which yields high spatial resolution and sensitivity but requires a 

high vacuum environment10. DESI and laser-assisted ionization sources allow 

samples to be directly ionized at atmospheric pressure, which are compatible with 

miniature MS systems and allow in situ analysis11-12. These techniques have been 

successfully employed to visualize the distribution of small molecules and 

proteins in various samples, gaining a better understanding of food safety and 

human diseases10, 13.  

 

Figure 1.2 Schematic illustrations of ionization techniques for imaging analysis: 

MALDI-MS (A), DESI (B), laser-based ambient MS (C) and SIMS (D)10-13.  
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High-resolution mass spectrometry (HRMS) has received growing attention due 

to its capability for accurate mass measurements of complex mixtures. Recent 

advances in mass analyzers, such as FT-ICR and Orbitrap can provide high 

resolution (>100, 000) and mass accuracy (<1 ppm), and operated at high scan 

rate, which permits simultaneous analysis of hundreds of compounds with diverse 

chemical and physical properties14. Roullier-Gall et al. utilized flow-injection 

FT-ICR-MS with high mass accuracy (< 0.1 ppm) for characterizing chemical 

signatures of barrel-aged whiskies15, finding that flavonols, oligolignols and 

polyphenol glycosides are important markers of whisky samples during 

maturation. In addition, novel strategies for data acquisition and interpretation, 

including data dependent acquisition (DDA), data independent acquisition (DIA) 

and data-independent all ion fragmentation (AIF) have been developed for 

obtaining full scan and tandem MS data in one analysis, aiming at exhaustive 

analysis of food composition. A study carried out by Xu et al. utilized hybrid 

quadrupole-Orbitrap MS to investigate the impact of storage on chemical profile 

of Pu-erh tea, in which full scan MS was operated at a resolution of 70,000 for 

accurate mass measurement of precursor ions and DDA scanning mode with a 

resolution of 17,500 was used for MS/MS fragmentation16. The results indicated 

that different endogenous metabolites, such as flavoalkaloids, 

flavonol-O-glycosides and unsaturated fatty acids were responsible for the 

switched chemical profiles of Pu-erh teas during wet-hot and dry-cold storage. A 
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similar method was also implemented by Álvarez-Fernandez et al. for 

determination of phenolic compounds in beverages fermented from strawberry17. 

In another study, HPLC-Q-TOF MS was utilized Maoz et al.to elucidate the 

impact of cold and anaerobic stresses on table grapes, in which AIF mode was 

used for acquiring MS/MS spectra of grape metabolites18. The results of the study 

indicated that several metabolites involved in phenylpropanoid pathway, such as 

kaempferol and quercetin glycosides increased significantly after long-term 

exposure to elevated CO2 levels.  

Chromatographic separation has been frequently used in conjunction with MS 

instrumentation to enrich low-abundance molecular species, minimize ion 

suppression effects and aid compound identification. LC is effective for separation 

of polar, non-volatile and thermo-unstable compounds in foods. Recent 

development of ultra-high pressures in ultra-high performance liquid 

chromatography (UHPLC) and short columns with smaller particle diameters 

further improve the separation efficiency and reduce the time for sample analysis. 

Melough et al. developed an UHPLC-MS method for rapid quantitation of 

furocoumarins in 29 popularly consumed foods with a total analysis time of less 

than 8 min19. Klimczak et al. compared UHPLC and LC methods for 

determination of vitamin C in fruit beverages20. The results showed that UHPLC 

method was faster (6 min), more sensitive and consumed less eluent than the 

conventional LC method (15 min). GC is commonly used to analyze volatile and 
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nonpolar compounds, such as aldehydes, ketones, hydrocarbons, aromas and 

plasticizers. With the samples to be derivatized, GC-MS could expand its 

capability to detect polar compounds, such as amino acids, sugars and phenolic 

compounds. Milkovska-Stamenova utilized GC-MS with pre-column 

derivatization to determine 22 carbohydrates, such as glucose, fructose and 

myo-inositol in food matrices, which was successfully applied for the analysis of 

in vitro glycation reactions21. Combined use of injection port derivatization and 

GC-MS was developed for determination of glycosylated and non-glycosylated 

polyphenols in apples, pears and red plums22. A GC-MS method based on 

derivatization of acetamide with 9-xanthydrol23 was developed by Vismeh et al., 

which significantly reduced artifactual acetamide formation in milk, beef and 

coffee samples from thermal decomposition of N-acetylated compounds 

commenced at the hot GC injectors (>200 °C). 

1.3 Mass spectrometry in analysis of endogenous and exogenous food 

contaminants 

1.3.1 Persistent organic pollutants 

Recent development of MS-based techniques has been extensively applied to 

characterize exogenous and endogenous food contaminants. Persistent organic 

pollutants (POPs), such as polychlorinated dibenzo-p-dioxins (PCDDs), 

polychlorinated dibenzofurans (PCDFs) and polychlorinated biphenyls (PCBs) 

can persist in the environment for years and easily accumulate in the food chain 
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(Figure 1.3). It is estimated that approximately 90% of human exposure to 

PCDD/Fs and PCBs originates from food consumption24. Analysis of these 

industrial contaminants provided valuable insights into food storage and 

processing conditions, such as packaging and transportation. The low 

concentrations (parts per trillion to parts per quadrillion) and high structural 

similarity of POPs present analytical challenges, which requires rigorous clean-up 

procedure to remove the bulk matrix and interfering compounds and the MS 

instrument to be highly selective and sensitive25. An HR-GC system coupled with 

magnetic sector MS has long been considered the gold standard for PCDD/Fs and 

PCBs analysis26, in which the mass spectrometer was operated in EI mode and the 

MS data were recorded under selected ion monitoring (SIM) mode27. A 

Q-Orbitrap mass spectrometer interfaced to a GC system was described by 

Hayward et al., enabling detection of 27 PCDD/Fs and PCBs in dairy foods, such 

as cow’s and human milk28. An alternative approach was introduced by European 

Union regulation in 2014, which utilized a QqQ mass spectrometer working on 

MRM mode to increase selectivity and sensitivity for the detection of PCDD/Fs 

and PCBs29. The method was validated in a variety of food commodities, such as 

vegetable oil, fish, milk powder, biscuit and soy products, and demonstrated 

comparable analytical performances (e.g., sensitivity, linearity and precision) to 

the GC-HRMS method30-31. Improved sensitivity has been reported using an GC 

inlet to an APCI source and interfaced to a QqQ mass analyzer32. The method was 
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found to eliminate the ion-source fragmentation of halogenated compounds taken 

place in the EI source (Figure 1.4), resulting in 2-18 times higher sensitivity than 

the GC-HRMS method33. EI is hard ionization technique, which uses highly 

energetic electrons (usually 70 eV) to produce ions under vacuum, while APCI 

utilizes gas-phase ion-molecule reactions at atmospheric pressure (105 Pa) to 

create ions, which is a soft ionization method in which primary ions are produced 

on a solvent spray. As compared, the EI technique will lead to significant 

fragmentation in the spectra, which is very informative about structure of 

molecule, but the EI technique is low energy process with few fragments being 

produced. Recently, comprehensive two-dimensional gas chromatography (GC × 

GC) has become of great interest for separating PCDD/Fs and PCBs in complex 

food matrices, due to its increased peak capacity and selectivity. A study by Wells 

et al. demonstrated the advantages of GC×GC coupled with TOF-MS that enabled 

simultaneous detection of 206 contaminants in beef and fish samples, including 

189 PCBs and 17 PCDD/Fs34.  
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Figure 1.3 Molecular structures of endogenous and exogenous contaminants 

formed during food storage and processing.  
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Figure 1.4 Comparison of ion-source fragmentation of PCB 156 in EI (A) and 

APCI (B) sources32.  

Current research efforts have also been made to investigate new POPs under the 

Stockholm Convention, such as decabromodiphenyl ether (DBDE), 

octabromodiphenylether (octaBDE), hexabromobiphenyl (HBB), 

hexachlorobutadiene (HCBD), pentachlorobenzene (PeCB), hexabromodiphenyl 

ether (hexaBDE), perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid 

acid (PFOA). These chemicals were used as flame retardants or industrial 

additives that may be present in packing materials and contaminated foods. 

Haljasorg et al. developed an LC-QqQ-MS method to measure PFOS and PFOA 

in fish samples. The method utilized polyfluorinated alcohols as eluent additives 

to enhance the chromatographic separation of fluorinated compounds in the C18 

stationary phase35. Bichon et al. utilized GC-EI-HRMS and GC-APCI-MS/MS for 

detection of brominated flame retardants, such as DBDE, octaBDE, HBB and 

hexaBDE in fish, crustaceans, fish oil and eggs36. Low-pressure GC combined 
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with QqQ MS was also applied for analysis of octaBDE, HBB, PeCB, hexaBDE 

and emerging brominated flame retardants, such as hexabromobenzene and 

pentabromoethylbenzene in beef, chicken and pork samples37. 

1.3.2 Acrylamide 

Acrylamide can be formed during high-temperature cooking processes, such as 

frying, roasting, and baking. Daniali et al. developed an LC-QqQ-MS/MS method 

to investigate the impact of deep frying on acrylamide formation in vegetable oils 

and animal fats38. Acrylamide was quantified using a characteristic fragmentation 

transitions m/z 72 > 55 ([M+H–NH3]
+) under the multiple reaction monitoring 

(MRM) mode. The results showed obvious correlation between oxidation values 

and acrylamide formation in cooking oils. An LC coupled to Orbitrap mass 

spectrometer with an ESI source was applied for determination of acrylamide in 

biscuit samples collected from different regions in the baking oven, using a 

multiplexed targeted-SIM mode39. In a recent study by Yoshioka et al., 

LC-Orbitrap-MS and supercritical fluid chromatography-QqQ-MS/MS were used 

to identify acrylamide adducts in canned milk coffee for 10 months storage at 

4 °C, room temperature and 37 °C40. The study identified 

3-hydroxypyridine-acrylamide and pyridine-acrylamide in canned milk coffee and 

lys-acrylic acid and cysSO2-acrylic acid that were derived from milk coffee 

proteins. An LC-Orbitrap-MS was employed to investigate the sources of 

overestimation in analysis of acrylamide in coffee41. The MS data were 
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concurrently operated in targeted-SIM mode and full scan MS/data dependent 

MS2 mode. An in-source fragment of N-acetyl-β-alanine was found to be 

responsible for the overestimation of acrylamide in coffee samples. In addition, 

the authors found that alteration of mobile phase-pH led to the interference free in 

acrylamide determination. 

1.3.3 Biogenic amines 

Biogenic amines are low molecular weight nitrogenous compounds that are 

generated from decarboxylation of amino acids during food storage and 

processing42. Analysis of biogenic amines was considered as an important method 

to estimate the inferior quality of fermented foods, and also used to indicate 

microbial spoilage in non-fermented foods. Pervious methods for determination of 

biogenic amines in foods mainly relied on chromatographic separation followed 

by UV/fluorescence detection with pre- or post-column derivatization techniques. 

However, the completeness of the derivatization reaction and the stability of the 

formed derivatives may introduce uncertainty to the analysis. Kaufmann et al. 

developed an underivatized LC-Orbitrap-MS method working in the full scan 

mode for simultaneous determination of histamine, cadaverine, putrescine, 

tyramine, tryptamine, spermine, and spermidine in fish and fish products43. In the 

study, the analytical performance of LC-UV and LC-HRMS methods were 

compared, and the latter one is more sensitive and selective. Alternatively, LC 

coupled to QqQ mass analyzer working on MRM mode was employed to quantify 
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biogenic amines by using [M + H]+ as precursor ion and [M + H − 17]+ as the 

product ion44. The methods have been applied to evaluate the freshness of fish or 

meat products. A similar method was used to measure biogenic amines' formation 

in wild duck meat under different storage temperatures (0, 7, and 15 °C)45. The 

results indicated that total biogenic amines in wild duck meat was lowest when 

stored at a temperature of 7 °C after 7 days’ storage, indicating the high hygiene 

quality. 

1.3.4 Chloropropanols 

Chloropropanols, represented by 3-monochloropropane-1,2-diol (3-MCPD), 

2-monochloropropane-1,2-diol (2-MCPD) and glycidyl esters have been identified 

as a new class of food-processing contaminants in a wide range of foods, such as 

refined fats and oils, cookies, roasted nuts and dried milk. Recent studies in rats 

and mice have demonstrated that 3-MCPD and glycidyl, the free from of glycidyl 

esters are rodent genotoxic carcinogens. In this regard, a maximum tolerable daily 

intake of 3-MCPD and its esters has been established by World Health 

Organization and European Food Safety Authority46. The American Oil Chemists’ 

Society (AOCS) have published an LC-TOF-MS method that enabled parallel 

determination of 2-MCPD, 3-MCPD and glycidol present in free and bound forms 

in fats and oils47. The TOF mass analyzer was operated in SIM mode with a 

high-resolution mode for detecting sodiated adducts ([M + Na]+) of analytes. 

Dubois et al. developed a GC-QqQ-MS/MS method working in MRM mode to 
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simultaneously determine 2- and 3-MCPD and glycidyl esters in infant and adult 

nutritional formulas48, which achieved wide analytical ranges for MCPD and 

glycidol esters (i.e., 4–2000 μg/kg in powder formula and 0.7–333 μg/kg in liquid 

formula). Recently, headspace solid-phase microextraction (HS–SPME) combined 

with GC-MS was described for determination of 3-MCPD esters, 2-MCPD esters 

and glycidyl esters in crude and heated edible oils49, by using SPME fiber to 

adsorb derivatized analytes instead of organic solvent extraction. The authors 

found that thermal treatment of edible oils at 200 °C in the presence of NaCl 

resulted in higher levels of MCPD esters and glycidyl esters. An underivatized 

method was established using a quick, easy, cheap, effective, rugged, and safe 

(QuEChERS) extraction procedure coupled with GC-QqQ-MS/MS, which 

enabled direct analysis of 3‑MCPD and 1,3 dichloropropane-2-ol without 

derivatization50. By applying this method, significant decrease of 3-MCPD levels 

in soy sauces in 2015 (<MDL to 0.53 mg/kg) compared to 2003 (<MDL to 876 

mg/kg) was determined. 

1.3.5 Ethyl carbamates 

The widespread presence of ethyl carbamate in wine, beer, alcoholic beverages 

and other fermented foods has been investigated using MS-based techniques. In 

general, GC coupled to MS with an EI source has been frequently used for 

determination of ethyl carbamate in foodstuffs, in which the mass analyzer 

operated in the SIM mode and a characteristic fragment derived from ethyl 
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carbamate moiety (m/z 62, [C(OH)2=NH2]
+) was used for quantification. For 

instance, Galinaro et al. utilized the GC-MS method to investigate the ethyl 

carbamate formation in sugar cane spirit and found that the presence of cyanate in 

the spirit can be an active precursor of ethyl carbamate51. A similar detection 

approach was applied to measure ethyl carbamate levels in solid-state 

fermentation of Chinese liquor, and a significant positive correlation between the 

urea content and ethyl carbamate content during the fermentation process was 

observed52. LC coupled to an Orbitrap mass analyzer equipped with an ESI source 

was also developed for analysis of ethyl carbamate in red wines, Chinese liquors 

and yellow wines. Again, m/z 62 was chosen as the qualitative and quantitative 

ion of ethyl carbamate53. In addition, QqQ mass analyzer operated in MRM mode 

has been described for MS/MS determination of ethyl carbamate in fortified wine 

using [M + H]+ as the precursor ion and [M + H − C2H4]
+ as the product ion54. In 

a recent study conducted by Ribeiro et al., direct injection-MS has been exploited 

for rapid quantitation of ethyl carbamate in sugar cane spirit55. The method 

utilized 8-crown-6/trifluoroacetic acid as spiked additives to eliminate the 

sodiated molecules ([M + Na]+ ions) and potassiated molecules ([M + K]+ ions) of 

ethyl carbamate, and improve the analytical signal of [M + H]+ for preceding 

MS/MS quantification. 

1.3.6 N-nitrosamines 
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N-nitrosamines are reaction products of secondary or tertiary amines with 

nitrosating agents (e.g., nitrite and nitrogen oxide) and can be easily found in 

various foods. The formation and occurrence of N-nitrosamines are usually 

associated with food processing activities. An LC-MS/MS method was developed 

for simultaneous detection of volatile and non-volatile N-nitrosamines in 

processed meat products56. The MS/MS detection was performed on a QqQ mass 

analyzer equipped with APCI and ESI sources. In the study, the ion suppression 

induced by matrix in both APCI and ESI sources were investigated. The results 

found that ionization occurs in the gas phase in APCI source was more effective to 

reduce matrix effects for detection of N-nitrosamines, such as 

N-nitrosomethylaniline, N-nitrosohydroxyproline, N-nitrosomorpholine and 

N-nitrosoproline. Later, Herrmann et al. applied this method to investigate the 

impact of different drying and storage conditions on the N-nitrosamines formation 

in nitrite preserved sausages57. A positive correlation was observed between the 

levels of N-nitrosopiperidine, N-nitrosohydroxyproline and N-nitrosoproline and 

the amount of nitrite added to cooked pork sausages. In addition, the authors 

demonstrated that the use of erythorbic acid could inhibit the formation of 

N-nitrosamines in cooked sausages. In another study, the contents of 

N-nitrosamines in cooked bacon were determined using QuEChERS extraction 

coupled with GC-MS/MS58, in which a specific fragment characterized by the loss 

of N=O group (m/z 30) was chosen for quantification of N-nitrosodimethylamine, 
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N-nitrosopyrrolidine and N-nitrosopiperidine. As a result of the study, pan-frying 

of bacon was found to yield slightly higher concentrations of N-nitrosamines 

compared to the microwave cooking. 

1.4 Mass spectrometry in detection of food fraud and food adulteration 

Detection of food fraud and adulteration has become a major concern for 

decades due to its direct impact on the health of consumers. MS-based techniques 

have high sensitivity and selectivity in characterization of food ingredients, 

including minerals, heavy metals, small molecules (e.g., amino acids, 

carbohydrates, secondary metabolites and lipids) and proteins, providing 

important insights into food origins, manufacturing procedures and supply chain 

frauds. Elemental composition analysis using inductively coupled plasma mass 

spectrometry (ICP-MS) is a useful tool to determine the authenticity and 

traceability of foods. Maurizio et al. utilized an ICP-MS method for measuring 

trace elements in milk samples59. The results indicated that lanthanide metals 

behaved differently from other elements and remained almost unaltered 

throughout the milk production chain, enabling discrimination of milk produced 

by factory or taken from large-scale retail trade. A recent study conducted by 

Mottese et al. employed ICP-MS for authentication of Italian porcini adulterated 

with mushroom60. Elements such as Mg, Mn, and Fe were identified as 

traceability markers to discriminate porcini and mushroom collected from 

different areas, providing a useful tool to protect commercial porcini from fraud. 
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In another case, multi-elemental fingerprints of wheat origin were performed 

using an HR-ICP-MS method. The results demonstrated that the elements of Na, 

Ca, Fe, Zn, and Mo were good indicators for discrimination of wheat geographical 

origin61. Isotope ratio mass spectrometry (IRMS) is a specialized technique to 

measure isotopic abundances of stable elements (e.g., 2H/1H, 13C/12C, 15N/14N, 

18O/16O, 87Sr/86Sr, 143Nd/144Nd and 206Pb/204Pb) in foodstuffs regarding geographic 

and chemical origins. Perini et al. developed a GC-IRMS method to investigate 

the authenticity of grape must, indicating that δ13C values of myo- and 

scyllo-inositols higher than −25‰ were able to be used to identify fraudulent 

addition of sugars62. Hao et al. utilized elemental analyzer-IRMS and LC-IRMS 

methods to determine the δ13C values of honey and its extracted protein, as well as 

individual sugars (e.g., sucrose, glucose and fructose)63. The developed procedure 

allowed authentication of commercial honey samples with C-4 sugar content < 

0%. In a recent study by Zhao et al., stable isotope ratios of multi-elements (i.e., C, 

N, H and O) in cow milk were analyzed using elemental analyzer-IRMS64. The 

results suggested that δ13C, δ15N, and δ18O values of milk were influenced by 

sampling time whereas δ13C and δ15N values were associated with regional 

differences.  

Molecular fingerprinting analysis has been extensively applied in food 

authenticity and adulteration assessment. A study by Zhang et al. utilized 

LC-TOF-MS for global metabolomics characterization of fruit juices65. 
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Flavonoids and anthocyanins were identified as characteristic markers for 

authentication of berry fruit juice from its adulterant apple juice and grape juice. 

Cubero-Leon et al. have developed an LC-HRMS method for metabolite 

fingerprinting of carrots under different agricultural practices, in which the MS 

data were acquired in positive ESI mode with acidic mobile phases and in 

negative ESI mode with a non-buffered neutral mobile phase66. The latter was 

proven to increase the signal of flavonoids and phenolic acid compounds. Using 

orthogonal projections to latent structures discriminant analysis, the developed 

method allowed accurate prediction of the origin of agricultural system of 

harvested carrots. As depicted in Figure 1.5, Wang et al. developed a method that 

combined microwave plasma torch and desorption ionization MS to obtain 

molecular fingerprints of juice sac and exocarp of navel oranges67, in which 

collision induced dissociation (CID) was used to yield characteristic fragments of 

analytes. The volatile aroma compounds such as vanillin and semi-volatile 

chemicals such as 5-hydroxymethylfurfural and nobiletin were determined, 

enabling authentication of navel oranges cultivated in closely located habitats. The 

triacylglycerol profile of brazil nut oil was determined using EASI-MS68. In this 

method, oil droplet was directly placed on a paper surface to form bipolar stream 

of charged droplets by the EASI spray preceding MS analysis. The developed 

method permitted the characterization of authentic nut oils, commercial oils, and 

adulterated oils in a few minutes without sample preparation. Lim et al. utilized 
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direct infusion MS/MS under the MRM mode to characterize 

lysoglycerophospholipids species in commercial rice products69. A classification 

model based on partial least squares discriminant analysis was built, which 

allowed differentiation of white rice from Korea, China, and Japan. REIMS based 

lipidomic profile is a promising tool for rapid detection of food authenticity and 

adulteration, which allows in situ characterization of food samples without 

pretreatment. Balog et al.70 utilized REIMS to identify the species of origin of 

meat products (e.g., cattle, horse and venison), in which the lipidomic profiles of 

samples, mainly fatty acids and glycerophospholipids could be obtained within 5 

seconds. The mass spectrometric data combined with multivariate statistical 

algorithm permitted rapid authentication of meat products with high species- and 

breed-level specificity. In addition, the method was capable of distinguishing 

adulterated meat mixtures in a 5% concentration. Another example of the 

application of REIMS technique was real-time discrimination of salmon and 

rainbow trout71. A prediction model was established based on lipidomic profiling 

of fish fillets, including 12 fatty acids and 37 phospholipid species, enabling 

identification of blind samples with 96.31% accuracy. 
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Figure 1.5 Schematic illustration of microwave plasma torch mass spectrometry 

for navel orange analysis and fingerprint spectra of navel orange juice sac from 

three origins: Guoxi (B), Anxi (C), and Fengxi (D)67. 
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There has been growing interest in the use of MS-based proteomics approaches 

for detection of food authenticity and adulteration. Losito et al. developed an 

LC-ESI-3D IT-MS method for determination of caseinate traces in white wines72. 

A two-step sample pretreatment based on size exclusion-solid phase extraction 

and ultrafiltration was used for protein desalting and enrichment. A 3D IT mass 

analyzer combined with chromatographic separation was applied for concurrent 

acquisition of full scan MS and MS/MS spectra of protein digests. As a result of 

the study, a m/z 742.3 ion assigned to β-casein peptide was selected as a 

quantitative marker for detection of caseinate traces in commercial white wines. 

In another study, Nessen and colleagues demonstrated the advantages of 

untargeted tandem MS combined with spectral library matching for authentication 

of fish and fish-derived products73. Two mass spectrometers (i.e., IT-MS and 

Q-Orbitrap-MS) were employed for characterization of digested peptides, in 

which up to 10 most abundant multiply charged ions detected in full scan MS 

were automatically selected for MS/MS fragmentation by using CID and HCD 

respectively. The results demonstrated the compatibility of the two fragmentation 

techniques for generating MS/MS spectra and spectral library matching, allowing 

94−97% of closely related fish and derived fish products to be correctly identified. 

A comparative analysis was performed by Guglielmetti et al. who utilized 

two-dimensional electrophoresis (2-DE) and LC-MS/MS-based shotgun 

proteomics to investigate differential proteins of curled octopus during 



25 

 

freezing-thawing process74. A calponin-like protein of transgelin was found to be 

downregulated and confirmed as marker by both methods to discriminate fresh 

and frozen-thawed curled octopus. Analysis of species-specific allergens is also 

effective to track and trace manufacturing operations and allow authentication. An 

example is the detection of parvalbumin in fish samples, using either 

FT-ICR-MS75 or linear IT-MS76 operated in the selected MS/MS ion monitoring 

mode, enabling discrimination of 13 different species from the Merlucciidae 

family. 

1.5 Mass spectrometry in metabolic research and biomarker discovery  

MS-based metabolomics is an effective tool for comprehensive analysis of 

metabolites in various human samples (e.g., cells, tissues and body fluids), which 

has been applied for detection of a range of human diseases, such as cancer, 

diabetes, immunodeficiency, hypersensitivity and neurodegenerative disorders 

affected by genetic and epigenetic factors. The utility of MS has become a 

powerful tool to systematically study biological molecules in human samples and 

gain insights into their dysregulated cellular processes perturbed by either 

endogenous or exogenous stimulus77-79. Tissue metabolomics enables direct 

characterization the abnormal metabolisms of diseases, and it can provide 

information about the metabolic modifications and the upstream regulative 

mechanism in diseases. One example is the detection of metabolic features of 

hepatocellular carcinoma. The authors utilized an LC system coupled with linear 
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ion-trap quadrupole (LTQ) Orbitrap MS to perform tissue metabolic profiling. As 

a result of the study, elevated glycolysis, gluconeogenesis, and β-oxidation were 

determined in hepatocellular carcinoma tissues. Additionally, metabolites in serum 

and urine were considered reflect systemic metabolic deregulation in patients, 

which were commonly used for noninvasive diagnosis of human diseases. In a 

study performed by Mathe et al., an LC system coupled to a Q-TOF MS was 

applied for noninvasive urinary metabolomic profiling of lung cancer. The results 

indicated that several diagnostic and prognostic markers, such as creatine riboside, 

cortisol sulfate and N-acetylneuraminic acid enabled discrimination of lung 

cancer patients from healthy controls. Metabolomics methods could be classified 

as either targeted or untargeted80. Untargeted (or global) metabolomics has a 

broad coverage on metabolite measurement, whereby metabolite quantitation is 

achieved by high-resolution full scan MS while tandem MS, such as parallel 

reaction monitoring (PRM), DDA, DIA and AIF modes are applied for structure 

elucidation81-82. For instance, Evans et al. incorporated two separate LC columns 

with ESI-MS platform for identification and quantification of small molecules in 

plasma from patients with metabolic syndrome. The MS analysis alternated 

between full scan MS and MS/MS scans using DDA mode. In addition, dynamic 

exclusion was used to extend MS/MS coverage of ions present in the MS scan. 

The method was found to be able to detect over three hundred metabolites in 

human muscle, plasma and urine samples. In another study performed by Tsugawa 
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et al., LC-Q-TOF MS operated in DIA mode was used for comprehensive 

metabolome profiling of biological samples. The method also developed an 

open-source software pipeline for DIA-based identification and quantification of 

small molecules by mass spectral deconvolution83. By contrast, targeted 

metabolomics utilizes MRM mode to determine a predefined set of metabolites84, 

which yields high sensitivity and selectivity via isolating targets of interest and 

excluding bulk signals from background matrix. These advantages made targeted 

metabolomics as the gold standard for metabolite quantification85. Kim et al. 

utilized an LC coupled with Q-TRAP mass spectrometer working in 

positive/negative polarity switching mode for targeted detection of 173 

endogenous metabolites86. The method was applied for characterizing metabolic 

features of KRAS/LKB1-mutant lung cancer cells. A similar method was 

developed by Lebleu and co-workers, which measured 254 metabolites in 

invasive cancer cells to investigate mitochondrial biogenesis and oxidative 

phosphorylation87. 

MS-based proteomics also gains insights into various human diseases. 

Depending on the state of proteins prior to mass spectrographic detection, 

proteomics could be divided into two main branches: intact protein measurement 

(“top-down”) and proteolytic fragment characterization (“bottom-up”). Both of 

them enable the separation, identification, and quantification of diverse groups of 

proteins in human samples. Two-dimensional difference gel electrophoresis 
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combined with MALDI-TOF MS analysis was developed for proteomic profiling 

of human saliva from lung cancer patients88. Aa a result of the study, 16 protein 

biomarkers, such as annexin A1, cystatin S, and lipocalin 1 were discovered, 

which enabled the discrimination of lung cancer patients from healthy controls 

with high sensitivity and specificity. A shotgun proteomics approach was 

developed by Yu et al. for biomarkers discovery of lung cancer, in which LC-MS 

operated in DDA mode was employed for determination of digested peptides. The 

results indicated that ENO1 could be used as a potential sputum biomarker for 

early stage lung cancer diagnosis. Bosch et al. utilized 1D gel electrophoresis and 

nano-LC-MS/MS for non-invasive screening for colorectal cancer using stool 

samples89. The results of this study indicated that 134 proteins were significantly 

enriched in colorectal cancer patients compared to control, which increased the 

diagnostic accuracy of the fecal immunochemical test to detect small traces of the 

blood protein, hemoglobin. In recent years, great progress has been made in the 

biomarker discovery, disease diagnosis and cancer treatment using MS-based 

metabolomics and proteomics. Increased glycolytic flux and fatty acid synthesis 

were detected in many cancerous tissues. Several metabolites, such as 

sphingosines, bile acids, glycine, and dipeptides have been reported to be 

differential metabolites or candidate biomarkers for chronic liver diseases and 

hepatocellular carcinoma90. In addition, a number of protein biomarkers relevant 
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to neurometabolic disease and pancreatic cancer such as MyHC-β, TRMU, 

IGFBP2, and IGFBP3 have been identified using MS-based proteomics91-92.  

1.6 Research objectives  

MS-based techniques have been extensively applied to characterize food 

ingredients and biological molecules, providing extraordinary opportunities to 

increase our understanding of food safety (e.g., authentication, traceability and 

degradation status) and human health. Advances in MS instruments have yielded 

significant increase in sensitivity, scan speed and quantitative accuracy, making it 

a useful platform for analysis of small molecules, such as amino acids, 

polyphenols, lipids and vitamins, mycotoxins, heterocyclic aromatic amines and 

polycyclic aromatic hydrocarbons, as well as proteins. Despite years of effort, 

exhaustive analysis of complex mixtures is still a challenging task. Great advance 

is expected in MS instruments with incorporation of multidimensional separation 

techniques, such as GC×GC and LC×LC, which increases peak resolution, 

selectivity and sensitivity in comparison with conventional separation techniques. 

Further evolution will be made with novel ionization techniques, which may 

improve the efficiency for detection of low-abundance constitutes, reduces 

matrix-related signal suppression effects, and minimizes sample enrichment 

requirements. In addition, MS may be seamlessly integrated with other “omics” 

technologies, such as genomics and trans-genomics, to lead to a comprehensive 

understanding of food products or biological samples from a multilevel 
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perspective. Improvements in MS technique and instrumentation is always 

expected with the following features: high throughput, high automation, and 

robust quantification. Although progress of MS has been made in recent years, 

there are still some analytical challenges in this area. For example, comprehensive 

analysis of chemical composition in food and human samples remains challenging.  

and novel MS-based methods for detection of food ingredients and biological 

molecules are needed. In addition, it is necessary to perform in-depth data 

processing to understand molecular/pathways changes in food and human samples. 

Herein we aim to develop novel MS-based approaches for authentication of edible 

oil, including commercial vegetable oil and used cooking oil (i.e., deep frying oil 

and gutter oil), assessment of genotoxicity of fatty acid hydroperoxides, and 

investigation of metabolic deregulation in pleural effusion and tissue of human 

lung cancer, aiming to gain a better understanding of food safety and human 

health.  
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Chapter 2 Authentication of edible vegetable oil adulterated with 

used cooking oil 

2.1 Introduction 

Edible vegetable oil comprises a great variety of nutritional ingredients93-95, 

such as triglycerides, phospholipids, phenols, sterols and free fatty acids, which 

serve as a source of energy and drive essential cellular processes, including gene 

expression, signal transduction, cell proliferation and apoptosis96-98. The 

molecular composition of vegetable oil mainly depends on the genetic features of 

seed or nut and can be affected by agronomic and environmental factors, leading 

to different nutritional values and market prices99-100.  

Under long-term storage or deep frying conditions, edible oil tends to 

deteriorate under impetus of heat, moisture and metal ions, which significantly 

affect the flavor and texture, functional and nutritional quality of cooking oil. A 

complex series of chemical reactions is involved in those processes, such as 

thermo-oxidation, hydrolysis, cyclization, polymerization and isomerization 

reactions, resulting in the generation of numerous deleterious products101-102. 

These deterioration chemicals, including hydroperoxides, aldehydes, trans 

isomers and polycyclic aromatic hydrocarbons (PAHs)103-104, have received 

growing concerns due to their potential adverse health effects to human beings.  

Over the past decades, extensive studies on the toxicities of repeatedly heated 

oils and corresponding deterioration constituents have been conducted. For 
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instance, Hageman and co-workers found that frying fats collected from 

restaurants have significant mutagenic and carcinogenic activities105. Similarly, 

genotoxic effects of repeatedly heated sunflower oil106 and coconut oil107 were 

observed on Wistar rats, which induced increased micronuclei incidence and 

aberrant cells proliferation. Epidemiological evidence indicated that exposure to 

cooking oil fumes would increase the risk of oxidative DNA damages and free 

radical-induced lesions, with markedly elevated level of urinary 

8-hydroxydeoxyguanosine being detected in restaurant workers108 and military 

cooks109. In a recent survey by Ng et al., long-term intake of heated soybean oil 

had been shown to cause cellular dysfunction and oxidative stress, which were 

highly correlated with vascular inflammation110. Further investigation suggested 

that the cause of toxicity was directly attributable to an altered prostanoid 

production and adverse vascular remodeling. In another study evaluating the risk 

factor of cardiovascular disease111, Leong and colleagues confirmed that 

prolonged intake of repeatedly heated palm oil resulted in blood pressure raising 

effects in rats. This finding was in accordance with a previous study112 that 

positive association between the risk of hypertension and consumption of 

repeatedly heated cooking oil was observed. In a retrospective study, chronic 

intake of trans fatty acids that accumulated during deep frying or iterative heating 

process113, had been shown to decrease the activity of serum paraoxonase, induce 

the imbalance of lipoprotein cholesterol and impair endothelial function, thus 
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leading to increased risks of coronary heart disease, sudden death from cardiac 

causes and diabetes114.  

In recent years, gutter oils, also known as “illicit cooked oil”, which were 

collected and recycled by unscrupulous traders from kitchen waste, sewers, 

wasted animal fats or restaurant fryers, were found to contain highly toxic and 

carcinogenic hazards115. More seriously, some unscrupulous traders were found to 

refine waste cooking oil from restaurants, sewers and slaughterhouses and 

adulterate it as qualified edible oil. A scandal concerning the reuse of “recycled 

cooking oil” erupted in September 2014 in Taiwan with over hundreds of 

companies and eateries being extensively involved116. The illicit cooking oil and 

contaminated food products have spread to Hong Kong, Singapore and other 

countries and emerged food safety issues worldwide. For both health and 

commercial reasons, there is continued demand for rapid and accurate methods to 

determine the authenticity of edible oil. 

Various exogenous markers, such as sodium, capsaicin, eugenol, surfactant and 

heavy metals have been proposed to characterize used cooking oil with the utility 

of ion chromatography, conductivity meter, fluorescence and chromatographic 

techniques117-121. However, these exogenous markers could be reduced or removed 

through either chemical or physical refining processes, such as degumming, 

bleaching, neutralization and deodorization, thereby limiting their utility for 

authentication of used cooking oil. As a result, determination of endogenous 
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markers to characterize used cooking oil has received increasing attention in 

recent years. GC or GC coupled to mass spectrometry was commonly used to 

measure low-polarity oil components, such as volatiles, fatty acid esters, cyclic 

and epoxy compounds122-125. Nonvolatile polar compounds, including alcohols, 

phenols and organic acids were determined using liquid chromatography equipped 

with ultraviolet/fluorescence detector or mass spectrometer126-128. Absorption 

chromatography and size-exclusion chromatography were utilized to analyze 

triglyceride and its polymerized forms with higher molecular weights129-130. In 

these methods, one or more sample pretreatment steps, such as extraction, 

saponification and derivatization were needed, which not just increased the total 

time for analysis but reduced the chemical information of oil composition. 

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS) has 

become a useful tool to overcome some limitations of conventional approaches131. 

It provides the capability for analyzing complex oil composition with wide 

polarity range and structural diversity. In addition, it allows direct detection of oil 

samples without tedious pretreatment and chromatographic separation, which is of 

particular importance for screening large batches of oil samples with high 

throughput. However, one restricting factor in MALDI-MS has been the lack of 

data reproducibility, originated from sample/matrix heterogeneity and signal 

variations from random sampling, thereby restricting its routine use in edible oil 

analysis132. Recent development of MALDI imaging mass spectrometry (IMS) is 
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a promising technique to characterize the spatial distribution of complex food 

mixtures133-134 and has demonstrated the ability to quantify various molecular 

species10, 13. However, the use of MALDI-IMS for characterization of edible oil 

has not been investigated.  

In this chapter, we aim to develop MS-based methods for authentication of 

edible oil and screening of used cooking oil (e.g., deep fried oil and gutter oil). 

First, GC-MS based global profiling combined with chemometrics was utilized to 

discover endogenous markers from used cooking oil. Second, the utility 

MALDI-IMS for visual authentication of edible oil was investigated. Furthermore, 

the ability of the developed methods for authentication of commercial edible oil 

adulterated with used cooking oil was determined.  

2.2 Experimental procedure 

2.2.1 Chemical reagents and oil samples 

Pure commercial edible oil, including olive oil, soybean oil, palm oil, canola oil, 

peanut oil, sunflower oil, sesame oil, corn oil and grapeseed oil were purchased 

from local supermarket in Hong Kong. Deep fried oil samples were collected 

from Kentucky and MacDonald at Fu Zhou, China. Gutter oil samples were 

obtained from Center of Analysis and Testing of Guangzhou, China. The 

adulterated edible oil was prepared by mixing pure olive oil and different ratios of 

deep fried oil or gutter oil. BSTFA (Bis(trimethylsilyl)trifluoroacetamide) kit, 

palmitic acid, linoleic acid, oleic acid, stearic acid, 1-oleoylglycerol, 
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1-palmitoylglycerol, 1-stearoylglycerol, 2-palmitoylglycerol, 2-oleoylglycerol, 

1-linoleoylglycerol, 2,5-dihydroxybenzoic acid (DHB), 9-aminoacridine (9-AA), 

and a-cyano-4-hydroxycinnanic acid (CHCA) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Deuterated (d7) mono-, di-, and 

triglycerides internal standards were purchased from Avanti Lipids. All solvents 

used in this study were purchased from Duksan Pure Chemical Co., Ltd. (Korea). 

2.2.2 Preparation of in-house repeatedly heated oil  

Repeated heating of fresh edible oil was carried out using a stainless steel 

frying-pan. Olive oil (200 mL) and corn oil (200 mL) were heated separately in a 

frying-pan at 185 ± 2°C with a total heating time of 30 hours over five days. 

During the heating experiments, 1 mL of oil sample was collected every 3 hours 

and stored in glass containers at 4°C for further analysis.  

2.2.3 Sample preparation for GC-MS analysis 

Twenty mg of each oil sample was mixed with 1 mL of acetonitrile. One 

hundred mg of anhydrous sodium sulfate was added to remove trace level water. 

The mixture was treated with ultrasonic vibration for 30s and then centrifuged at 

12,000 g for 10 min. The supernatant (0.8 mL) was transferred into a centrifuge 

tube and evaporated under a gentle nitrogen stream. 80 μL of BSTFA kit was 

added to the dry residue and heated at 70°C for 60 min to form thermo-stable 

trimethylsilyl derivatives. 

2.2.4 Sample preparation for MALDI-IMS analysis 
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Each oil sample (20 mg) was dissolved in n-hexane (1 mL) with 40 mg 

anhydrous sodium sulfate. After vortex for 10s, the mixture was centrifuged at 

10000 g for 5 min to remove trace water and possible food sediment. The 

supernatant (5 μL) was transferred out and mixed with 100 μL of 40 mg/mL DHB 

in acetone (saturated with sodium chloride) containing internal standards. After 

vortex-mixing for 10 s, 1 μL of analyte solution was spotted onto a MALDI plate 

for imaging analysis. For detection of adulteration of edible oil with used cooking 

oil, pure olive oil was manually mixed with different ratios of deep fried oil and 

gutter oil. Admixtures of olive oil containing 1, 10, 20, 30, 40, 50% deep fried oil 

or gutter oil were analyzed as described above. For quantitative MALDI-IMS, 

mono-, di-, and triglyceride standards were dissolved into n-hexane and mixed 

with matrix solution containing internal standards. The final concentration of 

these compounds was adjusted to 0.1-200 μg/mL in concentration gradients. 

Aliquots of 1 μL of standard solutions were pipetted onto the MALDI plate in 

triplicate for analysis. 

2.2.5 GC-MS profiling  

GC-MS analysis was performed using Agilent 6890N GC coupled with a 

5975B MS detector. A HP-5 capillary column (30 m, 0.25 mm i.d., 0.25 µm film 

thickness) was used for chromatographic separation. Oven temperature was 

programmed at 80 °C for 2 min, increased to 180 °C at 6 °C/min, and finally 

increased to 240 °C at 4 °C/min where it was held for 20 min. Helium was used as 
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the carrier gas at a flow rate of 1 mL/min. The MS was operated in EI mode (70 

eV). Data acquisition was performed in the full scan mode from m/z 50 to 550. 

The temperature of injector, transfer line and ion source were maintained at 260°C, 

280°C and 200°C respectively. 1 µL of derivatized samples was injected with a 

spilt ratio of 50:1 for MS detection. 

The levels of six monoglycerides in various oil samples, including deep fried 

oil, gutter oil and adulterated edible oil were quantified by using selected ion 

monitoring (SIM) mode. The other GC-MS parameters were the same as 

described above. Method validation, including the sensitivity, accuracy, linearity 

and recovery were performed according to the US Food and Drugs Administration 

(FDA) guidelines (Food & Administration, 2015). Standard solutions with a 

concentration range from 1 to 1000 μg/mL were prepared for constructing 

calibration curves. Precision and repeatability were expressed by relative standard 

deviation (RSD) in five replications. Method detection of limits (LODs) were 

determined by diluting standard working solutions until the signal-to-noise ratios 

(S/N) reached 3. For recovery experiments, monoglycerides standards were added 

into virgin olive oil to prepare the spiked oil samples at different concentration 

levels (0.1, 1, 10 mg/g). 

2.2.6 MALDI-IMS analysis 

Imaging analysis of edible oil was performed using a rapifleX MALDI 

Tissuetyper (Bruker, Daltonics) equipped with a smart beam 3D laser. Mass 
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spectra were acquired in the positive ion reflectron mode with a mass range of m/z 

280 to 1860. The conditions for automatic spectral acquisition were set as follows: 

extraction delay: 500 ns; peak selection thresholds: 2–100%; spatial resolution: 50 

μm; imaging area; 2.0 mm × 2.0 mm;  

2.2.7 Data analysis 

Mass spectral data from GC-MS profiling were extracted using Agilent data 

analysis software. Graphical representation of MALDI-IMS data, including 

principal component analysis (PCA), partial least squares-discriminant analysis 

(PLS-DA), volcano plot and heatmap was conducted using Metaboanalyst (vision 

4.0) and SIMCA-P+ (version 11.0, Umetrics, Sweden). Oil constitutes with 

variable importance in projection (VIP) above 1 were selected as potential 

markers. Statistical comparison of discriminatory markers between edible oil and 

deep fried oil groups was carried out using t-test. The p-value below 0.05 was 

considered to be statistically significant. All of the markers were putatively 

identified by searching against NIST library and further confirmed by using 

commercial standards. Receiver operating characteristic (ROC) curve was utilized 

to investigate the diagnostic ions between oil groups, which measured the area 

under the curve (AUC) to estimate its predictive accuracy.  

2.3 Results and discussion 

2.3.1 GC-MS profiling revealed six monoglycerides as markers of used 

cooking oil 
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As shown in Figure 2.1, the PCA treatment of the GC-MS data clearly 

separated the fresh edible oil and deep fried oil into distinct areas, indicating the 

difference of their chemical compositions. The data was further subjected to the 

PLS-DA to discover differential chemical markers between the two groups of oil 

products. PLS-DA scatter plot exhibited a similar tendency with PCA clustering 

results, both permitting clear differentiation of deep fried oil and fresh edible oil 

by visual inspection (Figure 2.1). The results obtained from PLS-DA revealed that 

two categories of oil components, including six monoglycerides and four fatty 

acids were differently distributed (VIP value above 1 and p-value below 0.05) 

between fresh edible oil and deep fried oil (Table 2.1). The GC-MS 

chromatograms of these standards are shown in Figure 2.2. The peak intensities of 

these discriminatory compounds in deep fried oil samples were higher than that of 

fresh edible oil, which was speculated to the hydrolysis and/or oxidation of oil 

composition under the catalysis of heat, moisture and metal ions during heating or 

frying process. Intriguingly, six monoglycerides were only detected in deep fried 

oil samples, as shown in the representative GC-MS chromatograms (Figure 2.3), 

which exhibited great potential as endogenous markers of deep fried oil.  
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Table 2.1 Identified chemical markers between fresh edible oil and deep fried oil 

by GC-MS profiling. 

No. Identity VIP value Fold Change Possible Source 

1 1-Stearoylglycerol 1.51 

Only detected in deep 

fried oils 

Hydrolysis 

2 2-Palmitoylglycerol 1.48 

3 1-Linoleoylglycerol 1.45 

4 2-Oleoylglycerol 1.45 

5 1-Palmitoylglycerol 1.42 

6 1-Oleoylglycerol 1.40 

7 Palmitic acid  1.42 10 Hydrolysis 

and/or  

Oxidation 

8 Oleic Acid 1.14 3.5 

9 Stearic Acid 1.08 2.2 

10 Linoleic Acid 1.08 1.2 
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Figure 2.1 PCA scatter plot (upper) and PLS-DA scatter plot (lower) of deep fried 

oil and fresh edible oil based on GC-MS profiling results. 

 

Figure 2.2 GC-MS chromatograms of authentic standards of fatty acids and 

monoglycerides. 
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Figure 2.3 Overlay of representative GC-MS chromatograms of deep fried oil 

(upper), in-house heated olive oil (middle) and fresh olive oil (lower).  
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2.3.2 Accumulation of monoglyceride markers under heating treatment 

An in-house experiment was designed to investigate the origin of the six 

monoglyceride markers in deep fried oil. Two types of representative edible oil, 

including olive oil and corn oil were repeatedly heated for five consecutive days. 

Oil samples were collected every three hours and the abundances of the six 

monoglycerides were measured. As shown in Figure 2.4, monoglycerides, 

including 1-stearoylglycerol, 2-oleoylglycerol, 1-palmitoylglycerol, and 

1-oleoylglycerol were detected in repeatedly heated edible oil after heating more 

than 3 hours. Furthermore, the levels of those monoglycerides were continuously 

increased with longer heating time. These results demonstrated that the 

monoglycerides are endogenous markers of edible oil and will be formed and 

accumulated during the continuous heating process. The absence of 

2-palmitoylglycerol and 1-linoleoylglycerol might be attributed to the 

composition differences in oil samples. In addition, we noticed that 

monoglycerides with different side chains exhibited different formation rates in 

the repeatedly heated oil samples. As evidenced in Figure 2.4, the peak intensities 

of 1-oleoylglycerol and 1-palmitoylglycerol in both olive oil and corn oil were 

increased more sharply than that of 2-oleoylglycerol and 1-stearoylglycerol. The 

results indicated the potential use of the monoglycerides markers to determine the 

authenticity of used cooking oil and evaluate their heating times. 
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Figure 2.4 Accumulation of monoglycerides markers in repeatedly heated oils: 

corn oil (A) and olive oil (B). 

Table 2.2. Linear range, linearity, LODs, and recovery of GC-MS method for 

quantitation of the six monoglycerides in oil samples. 

Compounds 

Linear range 

(mg/g) 

Linearity 

(R2) 

LODs 

(μg/g) 

Average 

recovery (%) 

RSD 

(%) 

1-Stearoylglycerol 0.05-25 0.992  12  104 ±7.6 1.7  

2-Palmitoylglycerol 0.025-25 0.998  6.3  101±11.3 2.1  

1-Linoleoylglycerol 0.05-25 0.998  12 102 ±11.2 4.1 

2-Oleoylglycerol 0.2-25 0.999  48  93 ±12.3 1.6  

1-Palmitoylglycerol 0.05-25 0.998  12  96±11.2 0.72  

1-Oleoylglycerol 0.1-25 0.983  25  111±8.1 2.2  
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2.3.3 Quantitation of the monoglyceride markers in used cooking oil by 

GC-MS 

A quantitation method for simultaneous determination of six monoglycerides 

was developed using GC-MS operated in SIM mode. The linearity, LODs, 

average recoveries and accuracy of the methods were summarized in Table 2.2. 

The method showed excellent linearity (R2≥ 0.98) within the range of 0.025 to 25 

mg/g and good recoveries of 93-111%, demonstrating its reliability and 

reproducibility for quantification of the six monoglycerides in edible oil.  

The levels of the six monoglycerides markers in deep fried oil were determined, 

ranging from 0.32 to 1.8 mg/g. Among these monoglycerides markers, 

1-Palmitoylglycerol exhibited relatively high levels in the deep fried oil samples, 

while 1-linoleoylglycerol had the lowest levels. Furthermore, the ability of this 

method for screening used cooking oil was validated by quantifying these 

monoglycerides markers in 116 gutter oil samples. As shown in Figure 2.5, black 

dots represent the Log concentrations of six monoglycerides markers in gutter oil 

samples. It was found that all of the monoglycerides markers were detectable in 

these oil samples. It is interesting to note that 1-palmitoylglycerol was one of the 

most abundant monoglycerides in the gutter oil samples, which was in accordance 

with the previous observation in the deep fried oil samples. As gutter oils are 

usually refined from restaurant fryers or kitchen waste, the presence of these 

monoglycerides that are generated and accumulated during heating or frying are 
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expected. Currently, there is still no universal testing method for identification of 

gutter oil in the international community. Our results suggested that the six 

monoglycerides could be used as endogenous markers to characterize used 

cooking oil, including deep fried oil and gutter oil. 

2.3.4 Authentication of fresh edible oil adulterated with deep fried oil by 

GC-MS 

The ability of the GC-MS for detection of adulterated edible oil was 

investigated. Figure 2.5 shows the concentrations of six monoglycerides in olive 

oil adulterated with different ratios of deep fried. The results showed that all of 

these monoglyceride markers enabled clear discrimination of adulterated olive oil 

samples when the appending percentages of deep fried oil were higher than 10%. 

When decreasing adulteration percentage of deep fried oil, 2-palmitoylglycerol 

and 1-palmitoylglycerol still exhibited great sensitivity to distinguish those 

adulterated oil samples (approximate 1%). These results thus demonstrated that 

the six monoglycerides determined by the GC-MS could be used as endogenous 

markers to authenticate commercial oil products adulterated with different ratios 

of used cooking oil. 
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Figure 2.5 Log concentrations of six monoglycerides in gutter oil samples (•) and 

authentication of olive oil with 1% (◆), 5% (▲), and 10% (■) of deep fried oil. 
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2.3.5 MALD-IMS for visual authentication of fresh edible oil and used 

cooking oil 

We first optimized the sample preparation steps of MALD-IMS for edible oil 

analysis. A simple and facile protocol was developed, in which oil sample without 

any prefractionation was dissolved into organic solvent containing anhydrous 

sodium sulfate to remove trace water and any possible food sediment. After 

centrifugation, 5 μL of the top layer was withdrawn and mixed with MALDI 

matrix solution. Next, the mixture was vortexed and directly loaded onto MALDI 

plate for MALD-IMS analysis. Following the workflow as described above, we 

optimized the steps of sample preparation, including the extraction solvents, 

MALDI matrices and matrices solvents. After numerous preliminary experiments 

by using the number of detected peaks and peak variations as criteria, we 

eventually opted to select hexane, DHB and acetone as the extraction solvent, 

MALDI matrix and matrix solvent, respectively (Table 2.3). The optimized 

sample preparation procedure enabled detection of 1071 peaks in the deep fried 

oil. The RSD values of these peaks during intra-day (n = 3) and inter-day (n = 3 × 

3 consecutive days) measurements were 11.9% and 14.1% respectively, indicating 

good spectral reproducibility of the method. With this protocol, three types of 

cooking oil, including commercial vegetable oil, deep frying oil and gutter oil 

were determined. 
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Table 2.3 Optimization of the extraction solvent, MALDI matrix and matrix 

solvent in sample preparation. 

Extract 

solution 

MALDI 

matrix 

Matrix 

solution 

Detected 

peaks 

Peak 

variations 

acetone CHCA Acetonitrile 734 27.2% 

hexane CHCA Acetonitrile 776 24.1% 

acetone DHB Acetonitrile 819 25.0% 

hexane DHB Acetonitrile 939 23.8% 

acetone CHCA Acetone 785 12.4% 

hexane CHCA Acetone 791 12.3% 

acetone DHB Acetone 843 12.7% 

hexane DHB Acetone 1071 11.9% 

Note: Deep fried oil was used in the optimization of sample preparation.  
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We then examined the ability of MALDI-IMS to discriminate the chemical 

profiles between fresh edible oil and used cooking oil. As shown in Figure 2.6, 

PCA score plot of the MALDI-IMS data indicated clear separation of fresh edible 

oil and used cooking oil (i.e., deep frying oil and gutter oil). The R2X and Q2 of 

the PCA model were 0.605 and 0.582, respectively. The differential ions with fold 

change larger than 2 or less than 0.5 (p < 0.05) were shown in the volcano plot 

(Figure 2.7). Meanwhile, deep fried oil and gutter oil was also found to be 

separated in the PCA score plot, but less distinctly (Figure 2.6). A heatmap was 

applied to illustrate the chemical dissimilarities between the two types of used 

cooking oils. As depicted in Figure 2.8, a series of differential ions with high 

molecular mass (m/z 1600-1712) were highly expressed in deep fried oil, 

presumably due to the generation of triglyceride dimers and/or oxygenated 

triglyceride dimers during heating and frying process135-136. These results 

collectively indicated that significant chemical differences exist between the three 

types of edible oil. 

As MALDI-IMS permits visualization of the analyte ions of interest measured 

in the spectra, we explored the ability of the method for visual authentication of 

edible oil. The diagnostic ions between fresh edible oil and used cooking oil were 

determined using ROC curve, in which the AUC value was measured to estimate 

its predictive accuracy. As shown in Table 2.4, thirty-four diagnostic ions with 

AUC values higher than 0.95 were found between fresh edible oil and used 
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cooking oil. Analyzing these diagnostic ions allowed authentication of edible oil 

by visual inspection. A representative example was shown in Figure 2.9. The 

molecular ion with m/z 1752.5 could be regarded as the feature of used cooking 

oil, enabling discrimination of deep frying oil and gutter oil from fresh edible oil. 

Another diagnostic ion appeared at m/z 795.6 was selected to distinguish fresh 

edible oil from used cooking oil. Using this strategy, rapid and visual 

authentication of fresh edible oil and used cooking oil was achieved. Additionally, 

with numerous diagnostic ions being offered, the present method provided 

multiple choices to discriminate edible oil with high diagnostic accuracy.  

Furthermore, we identified the diagnostic ions that enable discrimination of 

commercial vegetable oils. Nine types of vegetable oils, including olive oil, 

soybean oil, palm oil, canola oil, peanut oil, sunflower oil, sesame oil, corn oil and 

grapeseed oil were determined. As shown in Figure 2.10, the different types of 

commercial vegetable oil samples were clustered into well-defined groups in the 

PCA score plot of the MALDI-IMS data. Each type of vegetable oil produced 

diagnostic ions that permitted straightforward oil classification and authentication. 

Table 2.5 summaries the diagnostic ions of each type of vegetable oil with AUC 

value of 1. 
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Figure 2.6 Principal component analysis score plots of fresh edible oil (●) versus 

deep fried oil (●) and gutter oil (●). 

 

Figure 2.7 Volcano plots represent the differential ions between fresh edible oil 

and used cooking oil. Red dots: p<0.05; fold change >2 or <0.5. 
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Figure 2.8 Heatmap representations of the differential ions between deep fried oil 

and gutter oil. 
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Figure 2.9 Schematic representation of two diagnostic ions for visual 

authentication of fresh edible oil (A), gutter oil (B) and deep fried oil (C). 
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Figure 2.10 Principal component analysis score plots of nine types of commercial 

vegetable oil.  
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Table 2.4 List of diagnostic ions between fresh edible oil and used cooking with 

an AUC value higher than 0.95.  

Diagnostic ions 

m/z    AUC   

Diagnostic ions 

m/z    AUC 

Diagnostic ions 

m/z    AUC 

Diagnostic ions 

m/z    AUC 

300.36 1.0 313.33 1.0 318.35 1.0  551.57 1.0 

580.59 1.0 619.58 1.0 795.64 1.0 1752.5 1.0 

1772.5 1.0 1774.5 1.0 579.59 0.99 829.73 0.99 

1059.8 0.99 1075.7 0.99 1061.8 0.99 1211.7 0.99 

1081.7 0.98 1079.7 0.98 1770.5 0.98 1750.4 0.98 

1074.7 0.98 1720.4 0.97 1718.4 0.97 1734.4 0.97 

1768.4 0.96 855.74 0.96 1253.7 0.96 753.59 0.95 

1015.7 0.95 1776.5 0.95 739.58 0.95 895.73 0.95 

793.61 0.95 1754.5 0.95     
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Table 2.5 List of diagnostic ions of nine types of commercial vegetable oil with 

an AUC value of 1. 

Vegetable oil 

Diagnostic ions 

+        -  

Diagnostic ions 

+         - 

Diagnostic ions 

+         - 

Diagnostic ions 

+         - 

Peanut oil 

965.73 851.0 659.32 875.61 991.75  935.7  

963.72 1029.6 662.58  939.72  936.71  

661.57 616.46 689.59  964.73  633.51  

966.73 877.62 940.72  938.71  634.52  

993.75 1055.6 961.72  937.71  989.7  

994.76 849.56 991.71  968.78  631.51  

632.51 1053.6 940.65  911.69    

Grapeseed oil 

915.61 688.56 902.63 925.67 1073.6 939.72  938.71 

639.46 830.64 1071.5 940.65 1069.6 910.69  883.67 

916.64 989.7 901.62 633.51 1075.6 881.66  882.67 

600.48 923.66 1039.6 909.69  661.57  965.73 

640.43 935.7 599.47 911.69  937.71   

Olive oil 

907.77 490.32   532.39   492.36   1013.7  

 1163.6   794.48      

Canola oil 

797.53 879.62 849.52  444.06  301.08  

798.53 880.66 947.53  987.7  509.57  

493.37 576.5 849.56  923.66  987.66  
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Vegetable oil 

Diagnostic ions 

+        -  

Diagnostic ions 

+         - 

Diagnostic ions 

+         - 

Diagnostic ions 

+         - 

795.52 575.46 772.48  988.52  861.53  

799.53 551.49 815.51  885.53  587.47  

796.52 552.6 835.51  791.47  281.12  

771.48  843.5  865.61  477.31  

461.05        

Palm oil 

827.63 891.63 551.49 1247.5 424.35 1075.6 579.51 917.61 

855.65 602.48 881.66 906.68 643.48 1075.6 851.6 599.47 

828.63 601.48 825.58 1089.5 578.51 598.47 645.48 600.48 

853.64 1091.5 617.46 934.66 884.67 933.62 1005.6 1023.5 

854.65 921.66 883.67 1033.6 1034.6 931.65 880.66 1073.6 

857.66 1023.6 618.5 919.61 1033.6 1017.6 615.45 903.63 

641.47 904.63 642.47 1071.5  902.63  901.62 

Corn oil 

416.36 450.04 1015.6 327.35  366.41  610.65 

830.64 404.14  354.37  648.71  665.69 

878.62 619.5  480.54  310.33  536.51 

1029.6 456.03  534.58  964.73  508.56 

893.63 284.31  298.32  594.63  664.69 

1013.6 509.57  593.63  609.65   

Sunflower oil 430.37  431.38  903.63  904.63  
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Vegetable oil 

Diagnostic ions 

+        -  

Diagnostic ions 

+         - 

Diagnostic ions 

+         - 

Diagnostic ions 

+         - 

Soybean oil 

899.62 755.46 875.61 1017.6 897.65 795.52 898.61 1061.6 

900.62 475.31 598.47 642.47 896.64 641.47 1069.5 797.53 

597.47 643.48       

 953.62 431.38 468.43  568.44  906.68  

Sesame oil 955.63 430.37 637.24  440.08  905.64  

 659.24  638.24    638.24  
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2.3.6 Authentication of olive oil adulterated with used cooking oil by 

MALDI-IMS 

Next, we evaluated the ability of the method for authentication of fresh edible 

oil adulterated with used cooking oil. Admixtures of pure olive oil and used 

cooking oil were mixed containing 1, 10, 20, 30, 40, 50% deep fried oil or gutter 

oil. As displayed in Figure 2.11, adulteration of olive oil with used cooking oil is 

clearly evidenced, as exemplified by diagnostic ions of m/z 1752.5 and 1776.5 to 

distinguish deep fried oil and gutter oil from the admixtures. Of note, the relative 

intensities of the two diagnostic ions observed showed good linearity (Figure 

2.12), indicating the potential use of MALDI-IMS to estimate the adulterated 

proportions of edible oil. Using this strategy, commercial olive oil adulterated 

with used cooking oil with a ratio higher than 10% could be distinguished. 

2.3.7 Quantification of triglycerides, diglycerides and monoglycerides by 

MALDI-IMS 

MALDI-IMS allows samples to be analyzed through consecutive sampling 

within interested regions, which can reduce the data variations from laser shots 

fired at the same position on the target surface (shot-to-shot reproducibility) and 

across different locations on the target surface (region-to-region reproducibility). 

This capability was demonstrated by quantitative determination of major chemical 

composition of edible oil, including triglycerides, diglycerides and 

monoglycerides. As indicated in Table 2.6, all of these compounds showed 
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excellent linearity (R2 ≥ 0.96) and wide linear ranges in MALDI-IMS analysis. It 

was also noted that triglycerides and diglycerides displayed higher sensitivity than 

monoglycerides, with detection limit as low as ng/mL level. This phenomenon 

might be attributed to the polarity difference between monoglycerides and 

triglycerides/diglycerides. The results indicated that MALDI-IMS was amenable 

to quantitative analysis of the chemical composition of edible oil. This integral 

advantage of MALDI-IMS exhibited considerable potential for edible oil analysis. 

Table 2.6 Linear range, linearity and LODs of mono-, di- and triglycerides in 

MALDI-IMS detection. 

Compound 

category 

Fatty acid 

composition 

Linear range 

(μg/mL) 

Linearity 

(R2) 

LODs 

(μg/mL) 

Triglyceridea 

16:0/18:1/16:0  0.14-35.7
 

 0.980  0.056  

18:1/18:1/18:2 0.18-47.6
 

 0.982  0.054  

Diglycerideb 16:0/16:0/0:0  0.17-42.8  0.993  0.051  

Monoglyceridec 

16:0/0:0/0:0  2.1-130  0.989  0.84  

18:0/0:0/0:0  3.4-110  0.967  1.40  

18:1/0:0/0:0  1.8-115  0.983  0.90  

18:2/0:0/0:0  1.1-70  0.961  0.55  

Data was normalized by internal standard of a15:0/18:1(d7)/15:0, 

b15:0/18:1(d7)/0:0 and c0:0/18:1(d7)/ 0:0. 
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Figure 2.11 Visual authentication of olive oil adulterated with different ratios of 

deep fried oil (A) and gutter oil (B) by using MALDI-IMS. 

 

Figure 2.12 Peak intensities of m/z 1752.5 (A) and 1776.5 (B) in admixtures of 

olive oil adulterated with different ratios of deep fried oil (A) and gutter oil (B). 
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2.4 Chapter summary 

In this chapter, we developed two MS-based methods for authentication of 

edible vegetable oil and used cooking oil. GC-MS based profiling revealed that 

six monoglycerides could be used as endogenous markers to differentiate used 

cooking oil and fresh edible oil. In a continuous heating process, we found that the 

levels of the monoglycerides makers were continuously increased with the 

duration of heating time. A quantitative method for the six monoglycerides was 

established accordingly. The level of the monoglycerides in used cooking oil, 

including deep fried oil and gutter oil were determined. With good sensitivity, the 

developed method enabled authentication of pure edible oil adulterated with trace 

level of used cooking oil. The results demonstrated that these six monoglycerides, 

which were facilely generated and continuously accumulated in the heating 

process, could be selected as the endogenous markers to identify the authenticity 

of used cooking oil, including deep fried oil and gutter oil. Additionally, the 

accumulation behavior of these markers in continuous heating process potentially 

suggested that they could be served as indicators to estimate the frying times and 

degradation state of used cooking oil. We also demonstrated the utility of 

MALDI-IMS for visual authentication of different types of edible oil, such as 

fresh edible oil, used cooking oil and adulterated edible oil. The method was 

found to be able to quantify major chemical composition of edible oil, including 

triglycerides, diglycerides and monoglycerides. Both of the methods do not 
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require tedious pretreatments and highly toxic solvents such as tetrahydrofuran 

and toluene, which is particularly important to instrument operators. Of note, the 

GC-MS method enabled authentication of commercial olive oil adulterated with 

trace level of used cooking oil (approximate 1%). However, as there are no 

commercial standards for identification of differentiated ions with molecular 

weight higher than 1700, which was proposed to the generation of triglycerides 

dimers in the used cooking oil, it would be helpful to synthetize these chemical 

standards in-lab for further identification purposes. As a summary, the 

MALDI-IMS method offers a rapid and facile way to authenticate oil samples. To 

the best of our knowledge, this is the first study utilizing MALDI-IMS for 

authentication of edible oil. With MALDI-IMS instrumentation more readily 

available, we envisage that this method can be used as a routine tool for edible oil 

screening. 
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Chapter 3 Genotoxicity assessment of fatty acid hydroperoxides 

from cooking oil  

3.1 Introduction 

Peroxide value represents an important characteristic for the specification and 

quality control of edible oil, which provides the initial evidence of autoxidation of 

fats and oils. The increase of peroxide value was attributed to the generation of 

hydroperoxides in edible oils. During long-term storage or deep frying conditions, 

unsaturated fatty acids are prone to form lipid hydroperoxides induced by 

exogenous sources, such as light, heat and metal ions137-140. Hydroperoxides have 

highly reactive and oxidizing activities, which were thought to be responsible for 

off-flavor compounds of edible oil. Additionally, these compounds play a pivotal 

role in a variety of deterioration reactions of oils and lipids141-143, such as 

oxidation, isomerization and polymerization. Assessment of the levels of 

hydroperoxides thus provide an estimate of oxidation status and storage stability 

of edible oil144-151. Conventionally, the sum of hydroperoxides was determined 

using iodometric method, which measured hydroperoxides reacted with liberated 

iodine followed by titration with sodium thiosulfate152-153. This method was 

empirical as it strongly depended upon the design of the experiment and the 

behavior of the analyst. Besides, it only estimated the sum of hydroperoxides and 

could not provide structural details or quantitative information of individual 

hydroperoxides154. Analyzing individual peroxides with subtle structures is quite 
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challenging for analysts, mainly due to the high instability of R-O-O-H bond. In a 

previous study by Porter et al155, hydroperoxides from the oxidation of methyl 

oleate were identified by CI-MS. Hydroperoxide mixtures were separated by a 

dual silica column with UV detection (254 nm) and analyzed by CI-MS with 

CH4/NH3 (96:4) as reagent gas. Regioisomeric structures of hydroperoxides were 

confirmed by analyzing diagnostic fragmentation ions that occurred from the 

scission of hydroperoxy groups with the loss of water. Recently, a sensitive 

method for determination of hydroperoxides in sweet orange oil and petitgrain oil 

was developed using GC-EI-MS156. Hydroperoxides were derivatized using 

silylation reagent to form thermostable TMS derivatives. Active hydrogens of 

hydroperoxides replaced by a TMS groups resulted in the diagnostic ions of m/z 

73 and m/z 89, which were attributable to the fragments of [Si(CH3)3]+ and 

[OSi(CH3)3]+ from silylated hydroperoxides. Simas et al. utilized EASI-MS for 

continuous monitoring of TAG hydroperoxides157, in which the oil droplet was 

placed on the surface of a small piece of paper, which was subjected to form a 

stream of bipolar charged droplets by EASI spray. Using this method, mono-, bis- 

and tris-hydroperoxides originated from the oxidation of TAGs were successfully 

identified. Although various analytical strategies have been developed for 

determination of hydroperoxides in edible oil158-167, the toxicity of these 

compounds was rarely reported.  
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In this chapter, we aim to elucidate the mass spectrometric characteristics of 

fatty acid hydroperoxides oxidized from linolenic acid and linoleic acid and 

investigate the genotoxicity of these compounds by using UHPLC-Orbitrap MS. 

The adducts of fatty acid hydroperoxides with deoxyribose-nucleosides and 

ribose-nucleosides that are the basic building blocks of DNA and RNA were 

investigated. 

3.2 Experimental procedure  

3.2.1 Chemicals and reagents  

Linolenic acid, linoleic acid, oleic acid and palmitoleic acid, soybean 

lipoxygenase and tert-butyl hydroperoxide solution (70 wt % in water) were 

purchased from Sigma-Aldrich.  

3.2.2 Preparation of fatty acid hydroperoxides  

Hydroperoxides were prepared via enzymatic catalysis or chemical oxidation 

due to the structural features of fatty acids. Linolenic acid and linoleic acid with a 

(Z,Z)-l,4-pentadienoic moiety were enzymatically oxidized by soybean 

lipoxygenase. The reaction was started by addition of soybean lipoxygenase 

(0.0065 U/mL) into 100 mL of borax buffer (pH 9.0, 50 mM) containing linolenic 

acid (167 mg, 10 mM) or linoleic acid (162 mg, 10 mM). The mixture was 

incubated at 25 oC for 60 min with air being slowly bubbled though the solutions. 

Reaction was monitored under the wavelength of 234 nm using an 

ultraviolet-visible (UV) spectrophotometer. Hydroperoxides were separated and 
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purified by using a preparative reversed-phase HPLC procedure as described 

below. For oxidation of palmitoleic acid and oleic acid, 200 mg of fatty acids 

were dissolved in 10 mL of tert-butyl hydroperoxide solution (70 wt %).  

Purification of hydroperoxides was conducted using a semi-preparative LC 

system equipped with a UV detector. An isocratic mobile phase of water and 

ACN (25:75, v:v) was used as the mobile eluent. Other conditions were as follows: 

flow rate: 3 mL/min; injection volume, 100 μL; column temperature, 30 °C; UV 

absorbance: 234 nm. Hydroperoxides fractions were collected and dried by 

nitrogen blow-down followed by freeze-drying at -40°C. 

3.2.3 Reaction of fatty acid hydroperoxide with nucleosides  

Hydroperoxide (160 mM, 156.3 μL) reacted in separate experiments with 

deoxyguanosine (4.38 mM, 6 μL), deoxyadenosine (4.38 mM, 6 μL), 

deoxycytidine (13.2 mM, 1.9 μL), guanosine (1.27 mM, 19.6 μL), adenosine (8.3 

mM, 3 μL) and cytidine (5.84 mM, 4.3 μL), in PBS buffer solutions (pH 7.4). The 

final volume was 500 μL. The mixture was kept at 37◦C and shaken prior to MS 

analysis. 

3.2.4 MS/MS analysis of nucleoside adducts with fatty acid hydroperoxides 

An LC-QqQ-MS method working on the neutral loss mode was developed for 

preliminary investigation the nucleosides adducts with hydroperoxides. 

Chromatographic separation was performed on a T3 column (2.1 mm × 100 mm, 

1.8 μm) using a mobile phase of (A) water (0.1% formic acid) and (B) acetonitrile. 
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The linear gradient was: 0 min, 2% B; 5min, 20% B; 9 min, 100% B; 10 min, 100% 

B; 10.5 min, 2% B; 13 min, 2% B; The flow rate was set as 0.3 mL/min. The MS 

parameters were as follows: spray voltage, 3.5 kV in positive ion mode; sheath 

gas (N2) flow rate, 30 arbitrary units; auxiliary gas (N2) flow rate 10 arbitrary 

units; temperatures of ion transfer tube, 350°C; vaporizer temperature, 300°C; MS 

mass range, m/z 160-600. The neutral loss mass contains neutral mass of the 

2′-deoxyribose (116 amu) and ribose (132 amu). The collision energy was set at 

25 eV for MS/MS analysis. 

An LC-Orbitrap-MS method was then applied for characterization of the 

MS/MS spectra of nucleosides adducts with hydroperoxides. The 

chromatographic conditions were the same as described above. The mass range in 

full scan mode was set at m/z 50-600 with a resolution of 70,000 while the 

MS/MS spectra were acquired with a resolution of 17,500. The other parameters 

were set as follows: maximum injection time,100 ms; automated gain control 

(AGC) target, 1.0 × 105, quadrupole isolation width, m/z 1.6; activation type, 

HCD; Collision energy (%), 30 ± 5 eV. 

3.3 Results and discussion 

3.3.1 Synthesis, separation and identification of hydroperoxides 

When soybean lipoxidase was incubated with either linoleic acid or linolenic 

acid as substrate in 50 mM borax buffer (pH = 9.0), the absorbance of UV spectral 

was markedly increased at 234 nm, which indicated the generation of conjugated 
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dienes of fatty acid hyperoxides (Figure 3.1). The hydroperoxide products were 

then isolated by using preparative HPLC. As displayed in Figure 3.2, a 

chromatographic peak was appeared with an elution time of 9.8 min and another 

peak was detected with elution time of 12.8 min. Tandem MS was used for 

characterization of hydroperoxides. MS/MS spectrum of fatty acid hydroperoxide 

generated from linoleic acid at m/z 313.2376 [M+H]+ yielded product ions at m/z 

295.2262, 277.2157, 259.2052 and 195.1377 (Figure 3.3). In addition, the MS/ 

MS spectrum of the hydroperoxide oxidized from linolenic acid at m/z 313.2205 

[M+H]+ yielded product ions of m/ z 295.2262 and 275.2003. The two product 

ions were attributed to the loss of two molecular of water from precursor ion of 

m/z 313.2205. With the respective spectra from literature, the precursor at m/z 

313.2376 was assigned as 13-hydroperoxyoctadeca-cis-9-trans-11-dienoic acid 

(13-HPODE), while the precursor at m/z 311.2205 was identified as 

13-hydroperoxy-9,11E,15Z-octadecatrienoic acid (13-HPOTE). 

3.3.2 Formation of α, β-unsaturated aldehydes from the decomposition of 

13-HPODE 

We investigated the degradation products of 13-HPODE by using 

UHPLC-Orbitrap MS. After incubation, four compounds (A-D) were detected in 

the positive ion mode. As shown in Figure 3.4, The precursor ions of these 

compounds were m/z 227.1277, 173.1172, 157.1223 and 155.1066 respectively. 

The MS/MS spectrum of compound A was found to yield fragment ions at m/z 
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209.1172, 181.1223,163.1118 and 135.1169 respectively, which were attributed to 

the [M + H - H2O]+, [M + H – CO - H2O]+, [M + H – CO - 2H2O]+ and 

[M+H-C2H4-CO-2H2O]+ respectively. The deduced structures of these fragment 

ions were depicted in Figure 3.5 A. MS/MS spectrum of compound B yielded 

fragment ions at m/z 155.1066, 137.0962, 109.1012 and 67.0543, presumably due 

to the losses of H2O, 2H2O, CH4O3 and C4H10O3 from the precursor ion of m/z 

173.1172. MS/MS characterization of compound C generated product ions at m/z 

139.1118, 121.1021, 97.0700, and 83.0492 respectively, which were attributed to 

the generation of [M + H – H2O]+; [M + H – C2H5 – 2H2O]+ and [M + H – C3H6 – 

2H2O]+ respectively. In addition, the MS/MS spectrum of compound D yielded 

products ions of m/z 137.0962, 109.1012, and 67.0543. Based on the spectra 

information, the four degradation compounds were identified 

dioxo-10-dodecenoic acid, 4-hydroperoxy-2-nonenal, 4-hydroxy-2-nonenal and 

4-oxo-2-nonenal, respectively. 
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Figure 3.1 UV spectrum characterized the oxygenation of unsaturated fatty acids by soybean lipoxygenase. 
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Figure 3.2 Preparative HPLC for separation of hyperoxides from oxygenation of 

linoleic acid (upper) and linolenic acid (lower).   
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Figure 3.3 MS/MS spectra of hydroperoxides of 13-HPODE (upper) and 

13-HPOTE (lower) from lipoxidase oxygenation of linoleic acid and linolenic 

acid. 
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Figure 3.4 Extracted ion chromatograms of the decomposition products of 

13-HPODE. 
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Figure 3.5 MS/MS spectra from the [M + H]+ ions of m/z 227.1277 (A), m/z 

173.1172 (B), m/z 157.1223 (C), and m/z 155.1066 (D). 
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3.3.3 LC-MS/MS characterization of nucleoside adducts with 13-HPODE 

The reactions between 13-HPODE and nucleosides were first investigated by 

using an LC-QqQ-MS method, in which the mass analyzer was operated at neutral 

loss scanning mode to monitor the neutral loses of 2′-deoxyribose (116 amu) and 

ribose (132 amu). Using this strategy, a series of molecular ions appeared at m/z 

494, 476, 440, 424, 422, 406, 404, 380, 364 and 362 were detected. indicating the 

generation of nucleoside adducts with 13-HPODE. 

The structures of nucleoside adducts with 13-HPODE were further elucidated 

using UHPLC-Orbitrap MS, in which the mass analyzer was operated on PRM 

mode to characterize the MS/MS spectra of interested ions. As shown in Figure 

3.6-3.9, seven nucleoside adducts were detected in the mixture consisting of 

13-HPODE and deoxyguanosine. The precursor ions of the seven adducts were 

m/z 494.2243, 476.2137, 440.2128, 424.2083, 422.2032, 406.2037 and 404.1929, 

respectively. A characteristic bond cleavage was detected in the MS/MS spectra of 

these compounds, including m/z 494.2243→378.1769, 476.2137→360.1662, 

440.2128→324.1659, 424.2083→308.1623, 422.2032→306.1556, 

406.2037→290.1504 and 404.1929→288.1453. A fragment ion at m/z 152.0567 

indicated the presence of guanine moiety. Another fragment ion at m/z 190.0723 

gave a molecular formula of C8H8N5O, indicating the cleavage of one molecule 

water between C-1′′ and C-2′′. The precursor ion of m/z 378.1769 yielded product 

ions at m/z 360.1664 and 342.1559, which were attributed to the mass loss of one 
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molecule water and two molecules waters, respectively. The characteristic 

fragment was also observed in the MS/MS fragmentation of precursor ions m/z 

324.1659 and 306.1556. 

 

Figure 3.6 LC-MS/MS characterization of deoxyguanosine-adducts of A and B.  
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Figure 3.7 LC-MS/MS characterization of deoxyguanosine-adducts of C and D.  
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Figure 3.8 LC-MS/MS characterization of deoxyguanosine-adducts of E and F. 

 

Figure 3.9 LC-MS/MS characterization of deoxyguanosine-adducts of G. 
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3.3.4 LC-MS/MS characterization of nucleoside adducts with 13-HPOTE 

Two α, β-unsaturated aldehydes were detected from incubation of 13-HPOTE 

in PBS buffer with precursor ions of m/z 115.0753 and 113.0596 being observed, 

respectively. As shown in Figure 3.10, MS/MS characterization of m/z 115.0753 

gave product ions of m/z 97.0647 and 69.0699, which were attituded to the 

generation of [M + H - H2O]+ and [M + H - H2O - CO]+ respectively. MS/MS 

analysis of m/z 113.0596 resulted in the product ions at m/z 95.0491, [M + H - 

H2O]+ and m/z 85.0648, [M+H-CO]+. According to the structure information of 

MS/MS spectra, the precursor ion appeared at m/z 115.0753 was assigned as 

4-hydroxy hexenal and the other was identified as 4-oxo-2-hexenal. 

After the incubation of 13-HPOTE with deoxyguanosine, four nucleoside 

adducts were detected. The signals appeared at 7.71, 5.70, 6.03 and 6.02 min 

displayed [M + H]+ ions at m/z 494.2236, 380.1556, 364.1615 and 362.1456, 

respectively. The fragmentation behaviors of these adducts was characterized 

using HCD and the results were shown in Figure 3.11. The results found that 

13-HPOTE can be decomposed in the presence of Fe2+ at pH 7.4 and generated 

9,12-dioxo-10-dodecenoic acid. The precursor ion of m/z 494.2236 was attributed 

to the generation of nucleoside adduct with 9,12-dioxo-10-dodecenoic acid. A 

similar fragmentation mechanism was observed in the nucleoside adducts reacted 

with 13-HPODE and 13-HPOTE. A characteristic bond cleavage of 

2′-deoxyribose (116 amu) was detected in the compounds of m/z 494.2236 → 
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378.1769, 380.1556 →264.1090; 364.1615 → 248.1031 and 362.1452 → 

246.0983. The MS/MS spectra of the nucleoside adducts with 13-HPOTE were 

displayed in Figure 3.11. In addition, we summarized the schematic representation 

nucleoside adducts with 13-HPODE and 13-HPOTE, as well as their 

decomposition products in Figure 3.12, 4.13 and 3.14, respectively. 

 

Figure 3.10 MS/MS spectra of α, β-unsaturated aldehydes from decomposition of 

13-HPOTE. 

 



84 

 

 

Figure 3.11 MS/MS spectra of precursor ions of m/z 494.2236 (A), m/z 380.1556 

(B), m/z 364.1615 (C), and m/z 362.1456 (D). 

  



85 

 

 

Figure 3.12 Reaction of 13-HPODE and 13-HPOTE with ribonucleosides and 

deoxyribonucleosides.  
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Figure 3.11 Decomposition of 13-HPOTE to α, β-unsaturated aldehydes and 

reaction with nucleosides.  
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Figure 3.14 Decomposition of 13-HPODE to α, β-unsaturated aldehydes and 

reaction with nucleosides. 



88 

 

3.4 Chapter summary  

In this chapter, two fatty acid hydroperoxides (i.e., 13-HPODE and 13-HPOTE) 

generated from the oxygenation of linoleic and linolenic acids were characterized 

by using LC-ESI-MS based methods The results demonstrated that α, 

β-unsaturated aldehydes are the major degradation products of 13-HPODE and 

13-HPOTE, which can covalently react with deoxyribose- (i.e., deoxyadenosine, 

deoxycytidine and deoxy guanosine) and ribose- nucleosides (i.e., adenosine, 

cytidine and guanosine) to form nucleoside adducts. Additionally, the MS data 

indicated that thymidine and uridine cannot react with 13-HPODE and 13-HPOTE 

to generate related nucleoside adducts, which may be attributed to the steric 

hindrance in the uridine and thymidine. It will be helpful to perform isotopic 

labeling experiments or theoretical calculations to provide more compelling 

evidences. As a result, the results of the study provided the initial evidences 

regarding the genotoxicity of fatty acid hydroperoxides at the molecular level. 
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Chapter 4 Metabolomics analysis of pleural effusion and tissue of 

human lung cancer 

4.1 Introduction 

Metabolomics has been recognized as a useful tool to investigate the molecule 

metabolites present in biological systems77, 168-169, which provides unprecedented 

insights into complex biological processes perturbed by either endogenous or 

exogenous stimulus and leads to important findings in cellular dysfunction, 

disease pathogenesis and cancer progression170-175. This emerging field has 

brought us closer than ever to understand complex biological processes and 

opened up new research opportunities in biomarker discovery, disease diagnosis, 

drug development and cancer treatment173-178. Nowadays, MS-based techniques 

have become the dominating analytical platform for metabolomics studies, owing 

to its excellent molecular specificity of analysis179. Advanced mass spectrometers 

enable characterization of metabolites (e.g., amino acids, carbohydrates, vitamins, 

nucleotides, peptides, hormones and fatty acids) with enormous structural 

diversity and wide concentration range2-3. In addition, MS instrumentation is 

highly compatible with separation techniques169, which increases sensitivity of 

detection, minimizes signal suppression effects, and aids metabolite identification 

by providing retention time information.  

Typically, metabolomics methods could be classified as either targeted or 

untargeted80. Untargeted (or global) metabolomics has a broad coverage on 
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metabolite measurement, whereby metabolite quantitation is achieved by 

high-resolution full scan MS while tandem MS (e.g., PRM, DDA, DIA and AIF) 

is applied for structure elucidation81-82. In the DDA experiment, molecular ions 

are first monitored in the full scan MS mode and then subjected to a second stage 

of mass selection. A fixed number of precursor ions are selected in the order of 

decreased intensity and their fragment ions are sequentially recorded in the 

MS/MS spectra180. By contrast, DIA mode does not rely on the results obtained 

from MS1 survey scan181. The precursor ions could be either selectively 

fragmented with a given molecular composition or collectively selected without a 

quadrupole selection. In the latter case (commonly named as “AIF”), all of the 

ions are continuously segmented depending on their mass difference prior to 

MS/MS fragmentation182. In recent years, database-assisted global metabolomics 

approaches have received growing attentions due to their capability for unbiased 

identification and quantification of hundreds of metabolites in parallel183-184. 

These methods utilized high resolution mass analyzer working on full scan MS 

and tandem MS to obtain the accurate mass and fragmentation patterns of 

metabolites185-186. Subsequent database search of mass spectra enabled 

identification of large-scale metabolites without a priori knowledge of the 

metabolome. Currently, different on-line or open-source databases were designed 

for this purpose, such as Metlin, KEGG, mzCloud, NuBBEDB (2500 compounds) 

and MIBiG187, which great expands the applicability of database-assisted global 
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metabolomics for metabolomics analysis. In comparison, targeted metabolomics 

utilizes MRM mode to determine a predefined set of metabolites84, which yields 

high sensitivity and selectivity via isolating targets of interest and excluding bulk 

signals from background matrix. These advantages made targeted metabolomics 

as the gold standard for metabolite quantification85. Nevertheless, the major 

bottleneck of targeted metabolomics is the reduced metabolite coverage, with a 

small to moderate number of well-known compounds being prevalently 

determined188. Recently, research efforts have been made to develop targeted 

metabolomics with broad metabolite coverage. Gu et al. utilized a single LC-QqQ 

MS to profile metabolites in serum and construct MRM transitions using selected 

ion monitoring incremental scanning and MS/MS incremental scanning, which is 

capable of detecting ~ 160 endogenous metabolites and covering 25 metabolic 

pathways189. Similarly, the “DITQM” method developed by Chen et al.181 

employed high resolution Orbitrap instrument to obtain MRM ion pairs in plasma 

using a sequentially stepped targeted MS/MS. Both approaches required 20−30 

injections to generate MRM transitions from pooled biological samples. Q-TRAP 

mass spectrometer operated in DDA and AIF modes was applied for picking 

MRM transitions in urine, enabling analysis of 198 hydrophilic and hydrophobic 

metabolites190. In another study performed by Wei et al., QqQ instrument coupled 

with three-column switching separation system was established to quantify 205 

endogenous metabolites in plasma, including amino acids, sugar and nucleic acids, 
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and organic acids191. Previous published targeted metabolomics methods, 

although useful, remain challenging in analysis of more than three hundred known 

metabolites in a given biological sample. Additionally, the metabolic profiles used 

for construction of MRM transitions were mainly collected from one specific type 

of sample, thereby restricting its applicability to different biological systems. 

Lung cancer is the most common cause of cancer mortality192-193, which causes 

approximately 1.6 million deaths per year worldwide194. Non-small cell lung 

cancer (NSCLC) accounts for 80-85% of all lung cancer cases, among which 

adenocarcinoma and squamous cell carcinoma are the most common types of 

NSCLC. Therapeutic agents, such as gefitinib, osimertinib and crizotinib, 

targeting the recurrent mutations of anaplastic lymphoma kinase (ALK) gene, 

KRAS gene and epidermal growth factor receptor (EGFR) gene195-199 have 

developed for treatment of patients with lung adenocarcinoma. However, these 

genetic mutations were rarely detected in squamous cell carcinoma. Previous 

studies have found dysregulated metabolites, such as lactate, glycine, carnitine 

and dipeptides with respect to Warburg effect, enhanced energy generation and 

amino acid metabolism in NSCLC tissues200-201. In addition, some serum or urine 

metabolites, such as creatine riboside and N-acetylneuraminic acid were found to 

be able to discriminate lung cancer patients from healthy individuals and 

associated with overall prognosis202-203. The excess and exudative pleural effusion 

is one of the most common forms of lung cancer, which affects up to 15% of 
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patients who die with malignancy204. Nowadays, clinical discrimination of 

malignant and tuberculous pleural effusion is challenging because of the similar 

symptoms of the diseases, such as fever, cough, expectoration and 

hemoptysis205-206. The current pleural effusion diagnosis approaches, such as 

cytological test and histological examination either have low diagnostic accuracy 

(approximately 60%) or require invasive tissue biopsy207-208.  

Therefore, we aim to develop novel MS-based metabolomics methods and 

investigate the metabolic signatures of pleural effusion and tissue of human lung 

cancer. First, a database-assisted global metabolomics approach was established, 

in which an LC-HRMS was used for metabolite screening. Metabolite 

identification was performed through mzCloud database searching and further 

confirmed by using authentic standards. Next, we developed a large-scale targeted 

metabolomics method with utility of UHPLC-QqQ MS, which enables targeted 

detection of over 400 biologically important metabolites (e.g., amino acids, sugars, 

nucleotides, dipeptides, coenzymes, redox substrates, and fatty acids), and 

monitoring 92 metabolic pathways (e.g., Krebs cycle, glycolysis, amino acids 

metabolism, pentose phosphate pathway, and one-carbon metabolism) in 

biological samples. This approach initially involved unbiased metabolite profiling 

of cells, tissues and body fluids by using an UHPLC-Orbitrap MS, followed by 

automated identification through mass spectral library searching. Targeted 

quantitative metabolomics method was then established with utility of 
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UHPLC-QqQ MS. The developed methods were applied for investigation of the 

metabolic signatures of pleural effusion and lung cancer tissues.  

4.2 Experimental procedure 

4.2.1 Reagents and chemicals 

HPLC grade acetonitrile, methanol and ammonium hydroxide (30% (wt/vol) 

solutions were purchased from VWR chemicals (France). Formic acid and 

4-chloro-Phenylalanine were purchased from Sigma-Aldrich (St. Louis, MO). 

Deionized water was prepared through a Synergy Water Purification System 

(Billerica, MA). Stable isotope labeled internal standards of methionine 

(methyl-d3), glutamine (13C5), arginine (13C6) and asparagine (15N2) were 

purchased from Cambridge Isotope Laboratories (Tewksbury, MA). Metabolite 

standards were purchased from TCI Chemicals (Tokyo, Japan), Sigma-Aldrich 

Sigma-Aldrich (St. Louis, MO), Toronto Research Chemicals (Ontario, Canada), 

J&K Scientific Ltd (Beijing, China), and Dieckmann (Shenzhen, China). 

4.2.2 Biological samples  

Pleural effusion samples were collected between January 2015 and December 

2016 from patients with tuberculosis (n= 31) and lung adenocarcinoma (n= 35) 

treated at the Zhejiang Cancer Hospital (Hangzhou, China). Eight tuberculous 

patients had adenosine deaminase (ADA) levels less than the cut-off value (40 

U/L). Patients with lung carcinoma were not diagnosed with other cancer types. 

Detailed information about the recruited patients, including age, gender and 
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self-reported smoking status is summarized in Table 4.1. Human liver cell line 

L02 and HepG2 were cultured in DMEM medium as previously described. 

Human esophagus cell line Het1A and KYSE410 were grown in RPMI 1640 

medium and maintained under the same conditions. Each type of cell was cultured 

in six replicates. Serum and urine samples were obtained from four healthy donors. 

Paired tumor tissues and neighboring normal tissues were collected from patients 

with lung squamous cell carcinoma at Zhejiang Cancer Hospital (Hangzhou, 

China). The ethical protocol of this study was approved by the Ethics Committee 

of Zhejiang Cancer Hospital.  

4.2.3 Sample extraction 

Cells were washed with ice-cold PBS buffer (pH=7.4), quenched with 500 µL 

of 80% methanol and lysed by three rapid freeze-thaw cycles in liquid nitrogen. 

After centrifugation at 15,000 × g for 10 min, 400 μL supernatant was evaporated 

to dryness using a Speedvac concentrator. Metabolites were reconstituted in 100 

µL of 50% methanol and centrifuged again to remove insoluble material prior to 

MS analysis. For body fluids, 100 µL of pleural effusion, serum or urine samples 

were mixed with 400 µL methanol, vortexed and then centrifuged. The 

supernatant was evaporated to dryness and reconstituted in 50% methanol as 

described before. Tissue samples (10-12 mg) were minced and extracted using 80% 

methanol with a ratio of 1:40 (w/v). One scoop of magnetic bead was added, and 

the mixture was homogenized using a high-speed blender (Bullot Blondor). The 
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sample mixtures were centrifuged at 15,000 × g for 10 min. 400 µL of supernatant 

was withdrawn and evaporated to dryness. The dried extract was reconstituted in 

100 µL of 50% methanol for MS analysis. Pooled quality control (QC) samples 

were prepared by mixing an equal volume of each sample. To determine the 

method applicability, six replicates of each type of human sample, including L02 

cell, KYSE410 cell, serum, urine, pleural effusion, and lung cancer tissue were 

prepared and analyzed in positive and negative mode respectively. For the 

linearity test, 400 μL pleural effusion was deproteinized with 1.6 mL methanol. 

Lyophilized supernatant was reconstituted in 100 μL of 50% methanol to a 

concentration of 4.0-fold (4P) that of the standard pleural effusion mixture. Then 

we serially diluted the pleural effusion extract up to 214-fold (4P-1/4096P), and 

analyzed the samples using UHPLC-QqQ MS-based targeted metabolomics 

method and UHPLC-Orbitrap MS-based untargeted metabolomics method. 
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Table 4.1. Demographic and clinical information of patients involved in this 

study.  

 Tuberculosis (n= 31) Malignancy (n= 35) 

Gender   

Male 6 (24%) 23 (66%) 

Female 25 (76%) 12 (34%) 

Age (median, range) 49 (16-82) 61 (30-88) 

ADA Test    

≥ 40 U/L 22 (71%) 

NA 

< 40 U/L 9 (29%) 

Mutation subtypes   

EGFR + 

NA 

34 (97%) 

EGFR - 1 (3%) 

ADA, adenosine deaminase; EGFR, epidermal growth factor receptor. 
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4.2.4 UHPLC-MS-based global metabolomics profiling 

An Ultimate 3000 UHPLC system coupled with a Q-Exactive mass 

spectrometer (Thermo Scientific) was employed for untargeted metabolomics 

analysis. Metabolite separation was performed on an Acquity BEH amide column 

(150 × 2.1 mm; 1.7 µm) equipped with a guard column (5 × 2.1 mm; 1.7 µm). In 

positive ion mode, the mobile phase consisted of water (A) and 95% acetonitrile 

(B), each containing 10 mM ammonium formate and 0.125% formic acid. In 

negative ion mode, the mobile phase was composed of water (A) and 95% 

acetonitrile (B), each with 10 mM ammonium acetate and 0.04% ammonium 

hydroxide. The elution gradient was set as follows: 0-2 min, 100% B; 2-7.7 min, 

100% B-70% B; 7.7-9.5 min, 70% B-40% B; 9.5-10.3 min, 40% B-30% B; 

10.3-12.3 min, 30% B; 12.3-14.8 min, 30% B-100% B; 14.8-20 min, 100% B. 

The mobile phase flow rate was 300 μL/min and the injection volume was 5 µL. 

The column temperature was set as 40 °C. The ESI conditions were optimized as 

follows: capillary voltage, 3.6 kV and 2.6 kV in positive and negative ion mode; 

capillary temperature, 350 °C; probe heater temperature, 320 °C; sheath gas flow, 

40 arbitrary units; aux gas flow, 10 arbitrary units and sweep gas flow, 1 arbitrary 

unit. The mass spectrometer was performed in high-resolution full scan mode 

(mass resolution, 35,000), followed by MS/MS scans of the three most abundant 

ions using data-dependent acquisition. In order to generate MS and MS/MS 

spectra for as many metabolites as possible, full scan MS was performed in two 
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consecutive regions (m/z 80-600 and m/z 600-1200). MS/MS scans were 

conducted using dynamic exclusion, which temporarily placed a precursor ion 

into an exclusion list after its MS/MS spectrum has been acquired. The MS/MS 

conditions were as follows: mass resolution, 17,500; dynamic exclusion duration, 

3.5 s; stepped collision energy, 30 ± 5 eV; activation Q, 0.25; AGC target, 1 × 105; 

maximum injection time, 100 ms; loop counts, 3 and isolation window, 1.8 m/z. 

For untargeted metabolomics analysis, data acquisition was performed on a full 

scan mode with a mass range of m/z 80−1200. 

4.2.5 MRM-based targeted analysis using UHPLC-QqQ-MS 

An Ultimate 3000 UHPLC system coupled with a QqQ mass spectrometer 

(Thermo Scientific) was used for targeted metabolomics analysis. The 

chromatographic conditions were the same as described above. The MS 

source-dependent parameters were optimized as follows: capillary voltage, 3.6 kV 

and -2.6 kV in positive and negative ion mode, respectively; sheath gas flow, 40 

arbitrary units; aux gas flow, 10 arbitrary units; sweep gas flow, 1 arbitrary unit; 

capillary temperature, 350 °C; probe heater temperature, 320 °C. Precursor ion 

isolation window, ± 0.35 m/z unit. The MS data acquisition was performed in 

scheduled MRM mode and the detection window was set as 60 s. The retention 

time (RT), precursor ion (Q1), product ions and collision energy (CE) of each 

metabolite determined by UHPLC-QqQ-MS were summarized in the Table 4.2 

and 5.3, respectively. 
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4.2.6 Metabolite identification  

The MS and MS/MS data obtained from UHPLC-MS/MS untargeted profiling 

was processed using Compound Discoverer software (Thermo Scientific). Mass 

ion peaks were extracted with a mass tolerance of 5 ppm, in which the peak 

intensity tolerance and signal-to-noise ratio threshold were set as 30% and 3 

respectively. For multiple data files, peak alignment was conducted using an 

adaptive curve model and the maximum shift of retention time was set as 12 s. 

The mzCloud library was utilized for matching the acquired MS/MS spectra, and 

their monoisotopic precursor masses with a mass tolerance window lower than 5 

ppm. Authentic chemical standards were used to confirm the putative 

identification results through retention time, precursor mass and MS/MS spectrum 

match. Furthermore, identified metabolites were used for generating metabolic 

pathways on the basis of small molecule pathway database (http://smpdb.ca/) and 

KEGG pathway database. 

4.2.7 Data processing 

Peak integration of targeted metabolomics data was performed using 

TraceFinder software. A XCMS R-package was used for extracting the metabolic 

features of global metabolomics data as previously described209. PCA, PLC-DA, 

ROC curve and pathway analysis were performed on MetaboAnalyst, in which the 

data were log10 transformed and mean-centered, prior to multivariate analysis. 

Statistical significance was determined using Student’s t test (FDR adjusted). The 

http://smpdb.ca/
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differential metabolites between the tumor and normal tissues were selected with 

variable importance in projection (VIP) value > 1.0, p value < 0.05 and fold 

change > 2.0 or <0.5. 
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Table 4.2 Retention time (RT), precursor ion (Q1), product ions and collision 

energy (CE) of metabolites determined by UHPLC-QqQ-MS in positive 

ionization mode. 

Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

10-Formyl-THF 9.25 474 456(20) 412(32) 

11-Deoxycorticosterone 1.52 331 97(40) 109(20) 

11-Deoxycortisol 1.35 347 109(40) 97(28) 

13(S)-HpODE 1.43 295 277(10) 81(22) 

13(S)-HpOTrE 1.45 293 275(10) 81(22) 

1-Methylhistamine 8.26 126 109(20) 68(26) 

1-Methylhistidine 9.76 170 124(20) 107(24) 

1-Methylnicotinamide 7.15 137 94(22) 92(32) 

2-Aminoadipic acid 9.23 162 98(22) 55(38) 

2-Methylbutyroylcarnitine 6.53 246 85(22) 187(10) 

2-Phenylglycine 8.11 152 79(20) 107(20) 

3-Hydroxyanthranilic acid  8.92 154 108(24) 136(10) 

3-Hydroxybutyrylcarnitine 8.34 248 85(20) 189(16) 

3-Hydroxyhexadecanoylcarnitine 5.33 416.3 85(24) 60(28) 

3-Hydroxykynurenine 8.30 225 110(22) 162(16) 

3-Hydroxyoctadecenoylcarnitine 5.05 442.3 85(24) 60(28) 

3-Indoleacetic acid  1.43 176 130(30) 128(32) 

3-Indoleacetonitrile  1.32 157 130(16) 117(18) 

3-Indolepropionic acid  1.43 190 130(20) 172(14) 

5,10-Methenyl-THF 9.60 456 412(28) 327(30) 

5,10-Methylene-THF 8.72 458 311(20) 166(44) 

5-Formyl-THF 9.12 474 327(20) 299(30) 

5-Hydroxyindoleacetic acid  2.11 192 146(20) 91(30) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

5-Methylcytosine  7.43 126 109(26) 108(30) 

5-Methyl-THF 8.86 460 313(20) 180(34) 

8-Hydroxydeoxyguanosine 7.68 284 168(18) 151(40) 

9,12-Hexadecadienoylcarnitine 3.01 396.3 85(26) 60(30) 

9-Hexadecenoylcarnitine 2.88 398.3 85(24) 60(30) 

9-OxoODE 1.36 295 81(30) 151(22) 

Acetoacetyl-CoA 9.77 852 345(34) 428(22) 

Acetylcarnitine 8.03 204 85(20) 145(10) 

Acetylcholine 8.54 146 87(25) 43(40) 

Acetyl-CoA 10.37 810 303(34) 428(20) 

Adenine 4.43 136 92(32) 119(12) 

Adenosine 5.12 268 136(22) 119(42) 

Adenosine monophosphate 9.77 348 136(22) 97(34) 

Agmatine 9.66 131 72(16) 114(12) 

Alanine 9.01 90 44(20) 72(10) 

Alanylglycine 9.38 147 44(36) 76(24) 

Aldosterone 1.45 361 315(26) 299(18) 

Anthranilic acid 8.30 138 92(20) 120(10) 

Arginine 10.25 175 70(24) 116(16) 

Argininosuccinic acid 10.64 291 70(34) 116(22) 

Arginyl-Alanine 10.39 246 70(30) 175(18) 

Asparagine 9.54 133 74(20) 87(10) 

Aspartic acid 9.99 134 74(22) 88(12) 

Asymmetric Dimethylarginine 9.74 203 70(28) 158(18) 

Betaine 8.08 118 58(36) 59(20) 

Betaine aldehyde 6.68 102 58(22) 59(18) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

Biotin 3.03 245 227(18) 97(36) 

Butyrylcarnitine 6.90 232 85(22) 173(10) 

Butyryl-CoA 10.04 838 331(36) 428(20) 

Carnitine 8.69 162 103(20) 85(24) 

Cervonyl carnitine 2.64 472.3 85(26) 60(28) 

Cholesterol 0.92 369.3 161(32) 147(34) 

Choline 5.58 104 60(21) 58(28) 

Citrulline 9.61 176 159(12) 70(24) 

Coenzyme A  10.48 768 261(32) 428(18) 

Corticosterone 1.45 347 293(22) 121(26) 

Cortisol 1.42 363 121(36) 145(24) 

Cortisone 1.27 361 163(34) 145(26) 

Creatine 8.94 132 90(18) 72(28) 

Creatinine 4.55 114 44(20) 86(14) 

Cyclic AMP 8.61 330 136(26) 99(34) 

Cystathionine 10.65 223 134(12) 88(28) 

Cysteine  8.66 122 59(30) 76(8) 

Cysteineglutathione disulfide 10.88 427 177(18) 231(18) 

Cysteinylglycine 9.81 179 76(20) 59(38) 

Cystine 10.67 241 120(18) 152(12) 

Cytidine 7.83 244 112(16) 95(44) 

Cytidine 5'-diphosphocholine 10.62 489 184(32) 264(24) 

Cytidine monophosphate 10.37 324 112(16) 97(18) 

Cytosine 7.82 112 95(24) 52(32) 

Decanoylcarnitine 4.18 316 85(22) 257(12) 

Deoxyadenosine 3.77 252 136(20) 119(42) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

Deoxyadenosine monophosphate 9.55 332 136(22) 81(32) 

Deoxycytidylic acid 10.12 308 112(16) 81(32) 

Deoxyguanosine 7.52 268 152(18) 135(42) 

Deoxyguanosine monophosphate  10.17 348 152(20) 81(32) 

Deoxyinosine 5.86 253 137(12) 117(20) 

Deoxyuridine 3.51 229 113(12) 70(38) 

Deoxyuridine monophosphate 9.85 309 81(12) 81(30) 

Dephospho-CoA 9.59 688 261(18) 348(22) 

Dihydrofolic acid 8.96 444 178(30) 297(10) 

Dimethylglycine 8.60 104 58(20) 44(38) 

Dioleoyl phosphatidylcholine 3.58 786.6 184(26) 86(44) 

Dodecanoylcarnitine 3.70 344 85(22) 285(12) 

Dopamine 7.27 154 137(14) 91(26) 

Flavin adenine dinucleotide 10.40 786 348(26) 136(42) 

Folic acid 8.96 442 295(16) 176(36) 

gamma-Glu-gln 10.33 276 84(34) 130(22) 

gamma-Glutamyl-glutamic acid 10.33 277 84(24) 148(22) 

Glucosamine 6-phosphate  10.27 260 126(16) 144(16) 

Glucosamine-1-phosphate 10.37 260 184(20) 121(28) 

Glutamate 9.51 148 84(16) 102(12) 

Glutamine 9.38 147 84(24) 130(8) 

Glutathione 9.84 308 162(22) 179(18) 

Glutathione, oxidized 10.96 613 355(30) 231(34) 

Glycerophosphocholine 9.42 258 104(24) 125(28) 

Glycine 9.24 76 30(22) 48(12) 

Glycylglycine 9.50 133 76(20) 30(38) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

Guanidineacetic acid 9.02 118 43(38) 76(20) 

Guanine 7.46 152 135(16) 110(24) 

Guanosine 8.12 284 152(20) 135(36) 

Guanosine monophosphate 10.31 364 152(20) 97(44) 

Heptadecanoyl carnitine 2.81 414.3 85(26) 60(30) 

Hexanoylcarnitine 5.83 260 85(22) 201(12) 

Hexanoyl-CoA 9.57 866 359(36) 428(20) 

Histamine  9.16 112 95(20) 68(26) 

Histidine 10.19 156 110(14) 93(22) 

HMG-COA 10.50 912 405(36) 428(22) 

Homocysteic acid 9.59 184 138(12) 56(22) 

Homocysteine 8.49 136 90(16) 56(22) 

Homoserine 9.17 120 44(32) 74(12) 

Hydroxyproline 8.97 132 68(20) 86(16) 

Hypoxanthine 5.13 137 110(20) 55(34) 

Imidazoleacetic acid 8.82 127 81(16) 109(10) 

Indole 1.29 118 91(20) 65(36) 

Inosine 7.28 269 137(22) 119(42) 

Inosine-5'-monophosphate 10.01 349 137(18) 97(34) 

Iso-Leucine 8.12 132 86(14) 41(34) 

Kynurenic acid  7.28 190 144(18) 116(28) 

Kynurenine 7.87 209 192(12) 94(18) 

L-Dopa  8.92 198 152(22) 107(34) 

Leucine 7.96 132 86(14) 44(32) 

Leucylproline  9.44 229 86(24) 183(20) 

Linolenyl carnitine 2.87 422.3 85(26) 60(28) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

Linoleyl carnitine 2.83 424.3 85(26) 60(28) 

Lysine 10.29 147 84(25) 56(38) 

Lysyl-Leucine 9.83 260 84(20) 101(20) 

Malonylcarnitine 9.37 248 85(22) 103(18) 

Malonyl-CoA 10.49 854 347(34) 428(20) 

Melatonin  1.10 233 174(16) 159(32) 

Methionine 8.31 150 61(30) 104(12) 

Methionine sulfoxide 9.37 166 74(14) 56(36) 

Methylguanosine 6.78 298 166(22) 149(42) 

Mevalonolactone 2.56 131 69(14) 43(34) 

N(6),N(6)-Dimethyllysine 9.97 175 84(22) 130(20) 

N1,N12-diacetylspermine  9.32 287 100(24) 171(16) 

N1-Acetylputrescine  7.85 131 114(12) 72(24) 

N1-Acetylspermidine  9.62 188 72(20) 100(18) 

N1-Acetylspermine  10.73 245 129(14) 100(24) 

N2,N2-Dimethylguanosine 6.59 312 180(22) 164(32) 

N6-Methyladenosine 8.30 282 150(26) 133(44) 

N-acetyl-aspartic acid 8.93 176 134(14) 74(26) 

N-acetyl-glucosamine 9.28 222 138(18) 144(18) 

N-acetyl-glutamate 9.56 190 84(24) 130(10) 

N-acetyl-glutamine 9.40 189 130(16) 171(10) 

N-acetyl-methionine  8.31 192 56(20) 104(14) 

N-acetyl-ornithine 9.22 175 115(14) 70(28) 

NAD+ 10.56 664 428(28) 136(34) 

NADH 10.47 666 514(28) 136(36) 

NADP+ 11.03 744 136(40) 138(38) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

NADPH 10.77 746 729(18) 136(38) 

Neopterin 8.66 254 206(24) 236(14) 

N-Formylmethionine 6.90 178 84(20) 104(10) 

Nicotinamide ribotide 10.11 335 123(30) 97(42) 

Nicotinamide  1.55 123 80(30) 78(36) 

Nicotinic acid 4.63 124 80(20) 78(20) 

Nε-Acetyl-L-lysine 8.92 189 126(12) 84(34) 

O-acetyl-L-serine 9.22 148 88(12) 60(28) 

Octanoylcarnitine 4.80 288 85(22) 229(10) 

Octanoyl-CoA 9.30 894 387(34) 428(20) 

Oleoylcarnitine 2.74 426.3 85(26) 60(28) 

Ornithine 10.38 133 70(16) 116(10) 

Palmitoylcarnitine 3.06 400.3 85(22) 341(12) 

Pantothenic acid 3.69 220 90(20) 202(12) 

Phenylalanine 7.85 166 120(20) 103(32) 

Phosphocholine 9.84 184 125(22) 86(22) 

Phosphoserine 9.87 186 88(12) 70(26) 

Pipecolic acid 7.94 130 84(20) 56(42) 

Proline 8.67 116 70(22) 43(46) 

Prolylglutamic acid 9.35 245 70(26) 227(12) 

Prolylglycine 9.10 173 70(32) 59(32) 

Propionylcarnitine 7.42 218 85(22) 159(10) 

Propionyl-CoA 10.19 824 317(34) 428(20) 

Purine 2.69 121 94(24) 67(36) 

Putrescine 9.99 89 72(12) 55(44) 

Pyridoxine 7.48 170 134(22) 152(14) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

Pyroglutamic Acid 9.40 130 84(14) 56(26) 

Quinolinic acid 7.01 168 124(30) 150(8) 

Riboflavin 7.17 377 243(24) 172(30) 

S-Adenosylhomocysteine 9.58 385 136(20) 88(32) 

S-Adenosyl-methionine 10.50 399 250(14) 136(32) 

Sarcosine 6.47 90 44(20) 90(8) 

Serine 9.49 106 60(16) 42(44) 

Serotonin 6.86 177 160(12) 115(28) 

Serylarginine 10.62 262 70(34) 175(16) 

Seryllysine 10.63 234 84(22) 60(32) 

Serylserine 10.17 193 60(24) 88(20) 

Serylthreonine 9.89 207 60(22) 74(20) 

SM(d18:1/16:0) 6.37 703.5 184(20) 86(44) 

Spermidine 10.95 146 72(22) 84(30) 

Spermine  11.02 203 112(20) 129(12) 

Stearoylcarnitine 2.71 428.3 85(24) 369(12) 

Succinoadenosine 8.67 384 252(18) 234(24) 

Succinyl-CoA_pos 10.52 868 361(34) 428(22) 

Symmetric Dimethylarginine 9.11 203 70(28) 172(16) 

Taurine 8.69 126 108(10) 65(38) 

Taurocholic acid 7.11 516.3 462(18) 337(26) 

Tetradecanoylcarnitine 3.30 372.3 85(22) 313(12) 

Tetrahydrofolic acid 9.21 446 299(20) 166(22) 

Thiamine 7.79 265 122(18) 144(16) 

Threonine 9.13 120 74(14) 56(18) 

Thymidine 7.83 243 127(16) 117(10) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

Thymine 8.26 127 110(18) 54(32) 

Trimethyllysine 10.00 189 114(30) 84(32) 

Tryptophan 7.83 205 146(24) 188(10) 

Tyrosine 8.58 182 136(20) 165(8) 

Tyrosyl-Histidine 9.92 319 156(24) 110(32) 

UDP-N-acetylglucosamine 10.64 608 138(20) 204(8) 

Uracil 2.25 113 70(28) 96(22) 

Urea 2.63 61 44(20) 61(10) 

Uridine 5.12 245 113(22) 70(36) 

Uridine monophosphate 9.88 325 97(12) 69(34) 

Valine 8.60 118 72(16) 55(28) 

Valyl-Lysine 10.04 246 72(26) 55(28) 

Xanthine 6.55 153 110(16) 55(32) 

γ-Glu-Cys 9.83 251 84(30) 122(24) 
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Table 4.3 Retention time (RT), precursor ion (Q1), product ions and collision 

energy (CE) of metabolites determined by UHPLC-QqQ-MS in negative 

ionization mode. 

Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

12,13-DHOME 1.32  313 99(32) 183(24) 

13(S)-HpODE 1.69  311 293(10) 113(26) 

13(S)-HpOTrE 1.62  309 291(10) 71(30) 

2,2-Dimethylsuccinate 9.44  145 101(18) 83(32) 

2-Aminoadipic acid 9.99  160 116(16) 98(22) 

2-Hydroxyglutarate 9.86  147 129(14) 57(26) 

2-Isopropylmalic acid 9.78  175 115(20) 85(22) 

3'-Adenosine monophosphate  9.97  346 211(20) 79(24) 

3-Hydroxybutyric acid 7.79  103 59(20) 41(38) 

3-Methyladipic acid 9.38  159 115(14) 97(18) 

3-Phosphoglyceric acid 10.42  185 97(18) 79(28) 

5-Phosphomevalonate 10.11  227 79(22) 97(18) 

5-Pyrophosphomevalonate 10.37  307 79(22) 97(18) 

8-Hydroxykynurenic acid 7.68  204 160(16) 116(20) 

Acetoacetate 7.47  101 57(24) 55(28) 

Acetoacetyl CoA 9.67  850 408(32) 79(40) 

Acetyl-CoA 10.08  808 79(38) 408(32) 

Aconitic acid 10.23  173 85(20) 129(12) 

Adenine 2.88  134 107(24) 92(22) 

Adenosine diphosphate ribose 10.27  558 346(22) 79(36) 

Adenosine triphosphate  10.52  506 408(22) 159(26) 

Adenylosuccinate 10.45  426 79(42) 79(38) 

Adipic acid 9.39  145 101(16) 83(16) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

Adenosine 5'-diphosphate 10.36  426 159(28) 328(20) 

Adrenic acid 1.27  331 59(32) 331(10) 

Allantoin 6.73  157 114(16) 97(10) 

Allysine 8.24  144 100(24) 126(12) 

Alpha-ketoglutaric acid 9.49  145 57(20) 101(8) 

Adenosine monophosphate 10.16  346 79(38) 134(36) 

Arabinose 6.94  149 59(22) 89(18) 

Arabitol 7.71  151 59(20) 71(16) 

Arachidic acid 0.97  311 311(10) 311(18) 

Arachidonic acid 1.36  303 59(30) 259(26) 

Argininosuccinic acid 10.53  289 131(36) 132(32) 

Ascorbic acid  9.53  175 87(18) 115(14) 

Ascorbic acid-2-sulfate 9.42  255 175(22) 59(36) 

Aspartic acid 9.91  132 88(20) 71(32) 

Beta-D-Glucopyranuronic acid 9.84  193 113(20) 73(28) 

Biotin 5.69  243 200(16) 42(38) 

Capric acid 1.93  171 171(10) 171(20) 

Carbamoyl phosphate 9.63  140 79(24) 97(18) 

Carbamylaspartic acid 10.16  175 132(12) 88(26) 

Carnosine 10.03  225 110(22) 154(18) 

Cholesterol sulfate 0.93  465.3 97(36) 465(20) 

Cholic acid 7.11  407.3 345(32) 289(36) 

Citicoline (CDP-choline) 10.29  487 428(12) 304(26) 

Citric acid 10.63  191 87(20) 111(14) 

Citrulline 9.68  174 131(16) 42(36) 

Cytidine-5'-monophosphate 10.35  322 79(40) 97(24) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

Coenzyme A  10.21  766 79(38) 408(32) 

Cyclic ADP-ribose 10.25  540 134(24) 79(32) 

Adenosine 2',3'-cyclic 

phosphate 
8.38  328 134(32) 193(18) 

Cystathionine 10.43  221 134(18) 120(20) 

Cysteic acid 9.49  168 81(30) 151(10) 

Cystine 10.42  239 120(18) 74(24) 

Cytidine 5'-diphosphate  10.32  402 384(22) 159(26) 

Cytidine triphosphate  10.47  482 159(28) 384(22) 

D-Alanyl-D-alanine 8.78  159 88(26) 115(22) 

Deoxyadenosine 

monophosphate 
9.99  330 134(28) 79(36) 

Deoxycytidine monophosphate 10.21  306 79(40) 195(22) 

Decanoyl-CoA 9.12  920 408(40) 79(42) 

Dehydroepiandrosterone sulfate 1.06  367 97(34) 367(20) 

Deoxyadenosine triphosphate  10.51  490 159(28) 392(24) 

Deoxycholic acid 5.02  391.3 345(36) 327(40) 

Deoxycholic acid glycine  6.81  448.3 74(36) 348(32) 

Deoxycytidine diphosphate  10.17  386 159(28) 79(34) 

Deoxycytidine triphosphate  10.58  466 159(32) 368(22) 

Deoxyguanosine triphosphate 10.59  506 159(22) 79(36) 

Deoxyinosine 6.30  251 135(22) 108(40) 

Deoxyuridine triphosphate  10.29  467 159(28) 369(22) 

Dephosphocoenzyme A 9.19  686 79(42) 408(38) 

Dihydroxyacetone phosphate 10.30  169 79(40) 97(12) 

Dimethylallyl pyrophosphate 9.12  245 79(22) 159(14) 

Docosahexaenoic acid 1.41  327 327(10) 283(28) 



114 

 

Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

Thymidine monophosphate 9.93  321 195(22) 79(38) 

Deoxyuridine monophosphate  10.03  307 79(40) 195(22) 

Eicosapentaenoic acid 1.03  301 301(10) 257(20) 

Erythrose 4-phosphate 9.69  199 97(20) 79(34) 

Farnesyl pyrophosphate 8.67  381 79(40) 159(14) 

Flavin adenine dinucleotide 9.79  784 97(32) 437(20) 

Folinic acid 10.14  472 315(16) 175(32) 

Fructose  8.42  179 89(12) 59(28) 

Fructose-1,6-bisphosphate 10.71  339 241(14) 97(22) 

Fructose-6-phosphate 10.34  259 241(12) 79(32) 

Fumaric acid 9.61  115 71(14) 45(32) 

GDP-D-mannose 10.47  604 159(40) 424(32) 

Geranyl pyrophosphate 10.41  313 79(20) 159(14) 

Geranylgeranyl pyrophosphate 9.62  449 79(42) 159(12) 

Gluconic acid 9.45  195 75(20) 129(12) 

Glucosamine 6-phosphate 10.04  258 79(32) 97(22) 

Glucose 8.54  179 89(12) 71(16) 

Glucose-1,6-bisphosphate 10.79  339 97(22) 79(28) 

Glucose-1-phosphate 10.36  259 169(12) 79(32) 

Glucose-6-phosphate 10.48  259 199(12) 79(32) 

Glucuronic acid 9.73  193 113(14) 59(22) 

Glutamyl-taurine 9.78  253 124(20) 80(36) 

Glutaric acid 8.97  131 87(20) 113(16) 

Glutathione 9.84  306 143(20) 128(24) 

Glutathione,oxidized 10.52  611 306(28) 272(32) 

Glyceraldehyde  7.46  89 71(32) 59(32) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

Glyceraldehyde 3-phosphate 10.16  169 97(12) 79(28) 

Glyceric acid 8.53  105 75(14) 59(26) 

Glyceric acid 1,3-biphosphate 10.45  265 97(22) 167(16) 

Glycerol 3-phosphate 10.15  171 79(22) 97(18) 

Glycocholic acid 7.51  464.3 74(48) 74(38) 

Glycoursodeoxycholic acid 7.22  448.3 430(12) 74(42) 

Glyoxylic acid  8.50  73 45(12) 45(20) 

Guanosine monophosphate 10.40  362 79(38) 211(22) 

Guanidineacetic acid 9.12  116 74(16) 55(30) 

Guanosine 5'-diphosphate  10.59  442 159(26) 344(22) 

Guanosine 5'-diphospho-fucose 10.43  588 442(24) 79(32) 

Guanosine triphosphate  10.78  522 159(28) 424(22) 

Hexanoyl-CoA 9.51  864 408(40) 79(42) 

Hippuric acid 6.82  178 134(18) 77(20) 

HMG-CoA 9.70  910 408(36) 79(42) 

Homogentisic acid 6.07  167 123(22) 122(26) 

Homovanillic acid 6.91  181 137(16) 122(22) 

Hypotaurine 9.03  108 64(20) 65(18) 

Hypoxanthine 5.98  135 92(22) 55(30) 

Indole-3-acetaldehyde 2.94  158 130(26) 128(28) 

Indoxylsulfuric acid  1.33  212 80(32) 132(10) 

Inosine 7.27  267 135(28) 108(38) 

Inosine 5'-diphosphate  10.36  427 159(28) 329(20) 

Inosine monophosphate  10.27  347 79(38) 135(28) 

Isobutyryl-CoA 9.79  836 408(40) 79(42) 

Isobutyrylglycine 7.17  144 74(32) 100(26) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

Isocitric acid 10.41  191 111(14) 117(8) 

Isovalerylglycine 6.86  158 74(22) 114(16) 

Kynurenic acid 6.94  188 144(20) 102(30) 

Lactate 7.94  89 43(16) 41(36) 

Lactose 9.60  341 161(10) 101(18) 

Leucic acid 7.60  131 85(20) 59(26) 

Linoleic acid 1.44  279 279(10) 279(20) 

Linolenic acid 1.46  277 277(10) 277(20) 

Linoleoyl-CoA 8.93  1028.3 408(42) 79(42) 

Malate 9.93  133 115(14) 71(24) 

Malonic acid 9.69  103 59(14) 41(32) 

Malonyl-CoA 10.12  852 408(40) 79(42) 

Mannitol 8.44  181 71(18) 59(26) 

Methylmalonic acid 9.44  117 73(18) 55(28) 

Methylsuccinic acid 9.23  131 87(20) 113(12) 

Mevalonic acid 7.85  147 59(18) 45(40) 

myo-Inositol 9.63  179 87(20) 59(28) 

Myristic Acid 1.49  227 227(10) 227(20) 

N-Acetylalanine 9.02  130 88(20) 42(38) 

N-acetylaspartate 9.89  174 88(12) 58(22) 

N-acetyl-glucosamine 9.01  220 59(20) 97(18) 

N-Acetylglucosamine 

phosphate 
10.27  300 79(22) 97(10) 

N-acetyl-glutamate 9.72  188 102(24) 128(12) 

N-Acetylglutamine 8.71  187 125(22) 58(20) 

N-Acetylmethionine 6.92  190 148(14) 142(16) 

NADH 9.87  664 408(38) 79(32) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

NADP+ 10.54  742 620(20) 408(30) 

NADPH 10.40  744 408(38) 159(40) 

NAD+ 10.24  662 540(20) 328(28) 

Nicotinic acid 7.40  122 78(16) 51(42) 

N-methyl-aspartic acid 9.77  146 102(10) 128(18) 

N-palmitoyl taurine 1.61  362 80(36) 107(30) 

N-Phenylacetylglutamine 7.47  263 145(20) 127(34) 

Nε-Acetyl-L-lysine 8.98  187 145(28) 58(32) 

Octanoyl-CoA 9.32  892 408(40) 79(42) 

Oleic acid 1.40  281 281(10) 281(18) 

Oleoyl-CoA 8.84  1030.3 408(40) 79(42) 

O-Phosphorylethanolamine  10.37  140 79(14) 59(32) 

Orotic acid 7.92  155 111(14) 67(30) 

Orotidine 8.73  287 111(16) 42(36) 

Oxaloacetate 9.68  131 87(14) 59(20) 

Palmitic acid 1.47  255 255(10) 255(18) 

Palmitoleic acid 1.46  253 253(10) 253(18) 

Palmitoleoyl CoA 8.86  1002.3 408(40) 79(42) 

Palmitoyl CoA 8.88  1004.3 408(42) 79(42) 

Pantothenic Acid 8.23  218 88(24) 146(20) 

Phenylalanine 7.71  164 147(18) 103(20) 

Phosphoenol pyruvate 10.38  167 79(22) 139(12) 

Propionyl-CoA 9.95  822 408(40) 79(42) 

Propylurofuranic acid 7.60  239 151(22) 195(12) 

Pyridoxamine 5-phosphate 10.64  247 79(22) 230(12) 

Pyroglutamic acid 8.53  128 82(36) 52(38) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

Pyruvate 6.25  87 43(8) 87(12) 

Quinolinic acid 9.69  166 122(12) 78(18) 

Ribose 5-phosphate 10.30  229 79(28) 97(12) 

S-Adenosylhomocysteine 9.69  383 134(22) 87(38) 

Sedoheptulose 7-phosphate 10.48  289 97(16) 12(199) 

S-Lactoylglutathione 9.45  378 128(26) 143(22) 

Stearic acid 1.43  283 283(10) 283(18) 

Succinate 9.74  117 73(18) 99(14) 

Succinyl-CoA 10.07  866 408(40) 79(42) 

Sucrose 9.23  341 179(14) 89(30) 

Sulfoacetic acid 9.83  139 95(14) 80(20) 

Taurine 8.52  124 80(20) 80(30) 

Taurocholic acid 6.89  514.3 107(58) 124(54) 

Tauroursodeoxycholic acid 6.24  498.3 107(58) 124(52) 

Testosterone sulfate 1.24  367 97(32) 80(42) 

Thymidine 5'-diphosphate  10.32  401 159(28) 79(32) 

Thymidine 5'-triphosphate  10.48  481 159(28) 383(22) 

Tryptophan 7.69  203 116(24) 142(14) 

UDP-D-galactose 10.31  565 323(26) 79(38) 

UDP-glucuronate 10.49  579 403(26) 79(36) 

UDP-N-acetyl-glucosamine 10.18  606 385(28) 79(40) 

Uracil 2.62  111 42(22) 42(12) 

Uric acid 8.97  167 124(22) 42(34) 

Uridine 5.67  243 110(20) 82(28) 

Uridine diphosphate  10.48  403 159(28) 111(22) 

Uridine monophosphate  10.31  323 79(28) 97(22) 
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Metabolites 
RT Q1 Product ion  Product ion  

(min) m/z m/z-CE m/z-CE 

Uridine triphosphate  10.65  483 159(32) 385(22) 

Xanthine 7.28  151 108(24) 42(30) 

Xanthosine 8.72  283 151(20) 108(38) 

Xanthosine 5'-monophosphate 10.48  363 79(40) 211(22) 

Xylose  7.36  149 59(26) 71(16) 
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4.3 Development of UHPLC-Orbitrap MS-based database-assisted 

untargeted metabolomics method 

Our primary goal was to establish an UHPLC-MS based metabolomics 

approach, allowing unbiased identification and quantitation of metabolites in 

pleural effusion samples. Metabolite separation was performed using an amine 

column with two sample injections (positive & negative mode). A hybrid 

quadrupole-Orbitrap mass analyzer working on the full scan and MS/MS mode 

was used to collect the MS and MS/MS spectra of metabolites in the samples. In 

addition, dynamic exclusion mode was employed to extend the MS/MS coverage 

for low-abundance metabolites, which temporarily placed a precursor ion into an 

exclusion list after its MS/MS spectrum has been acquired. In this study, an 

exclusion time of 3.5 s (approximate half of the peak width) was optimized, which 

allowed reproducible MS/MS scans on each qualified precursor ion for at least 

three times (Table 4.4). After data acquisition, a mzCloud database containing 

~3000 primary and secondary metabolites was used for mass spectral matching.  

By applying this method, 1234 metabolite features were determined in the ESI+ 

mode and 1254 in the ESI- mode. The average of coefficient of variation (CV) 

values of the detected MS features in positive and negative mode were 10.9% and 

12.3%, indicating good repeatability of the method. Figure 4.1 shows the 

distribution of CV values of these detectable ions in QC samples across the entire 

experiment, which demonstrated that most of the metabolite ions had CVs less 
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than 10%, and <2% had CVs greater than 30%. Searching the MS and consensus 

MS/MS spectra in mzCloud database resulted in 561 potential candidates of 

metabolites with spectral similarity higher than 50%, which were further 

confirmed by using authentic commercial standards. Of those, 104 in the positive 

mode and 90 in the negative mode were confirmed using authentic standards. The 

details of these identified metabolites were summarized in Table 4.5 and 4.6, 

respectively. As indicated, a great variety of endogenous metabolites, such as 

amino acids, sugars, organic acids, carnitines, dipeptides, vitamins, nucleosides 

and fatty acids were identified in human pleural effusions. 

 

 

Figure 4.1 Coefficient of variation (CV) values of metabolites determined in 

ESI+ (left) and ESI- (right) modes. 
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Table 4.4 The full scan MS and MS/MS conditions for data acquisition. 

Scan event Method parameter Value 

 Isolation mode Quadrupole 

 Orbitrap resolution  35,000 

Full scan MS AGC target 1.0 × 106 

 Maximum injection time 100 (ms) 

 RF lens (%) 55 

 Microscans 1 

 Orbitrap resolution  17,500 

 Isolation window (m/z) 3 

 Activation type HCD 

ddMS2  Collision energy (%) 30±5 

 AGC target  1.0 × 105 

 Maximum injection time 100 (ms) 

 Exclusion duration  3.5 (s) 

AGC, automatic gain control; HCD, higher-energy collisional dissociation; 
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Table 4.5 Metabolites identified in the positive ionization mode. 

Metabolites RT MS1 MS2 

Acetylcarnitine 8.03 204.1230 145.0495; 85.0284; 60.0808 

Acetylcarnosine  9.25 269.1244 156.0768; 114.0549; 110.0713 

Acetylcholine 8.55 146.1176 146.1176; 87.0441; 60.0808 

Acetyllactosamine  9.29 384.1499 204.0863; 168.0652; 138.0547 

Acetylputrescine 7.85 131.1178 131.1178; 114.0913; 72.0808 

Adenine 4.42 136.0614 119.0359; 92.0241; 65.0137 

Adenosine 5.12 268.1040 136.0617; 85.0284 

Adenosine monophosphate 9.76 348.0704 136.0617; 97.0284 

Anthranilic acid 8.28 138.0550 120.0446; 110.0602; 92.0497 

Arginine 10.27 175.1190 116.0706; 70.0651; 60.0556 

Asparagine 9.54 133.0608 116.0342; 87.0553; 74.0236 

Aspartic acid 9.98 134.0448 88.0393; 74.0237; 70.0287 

Betaine 8.08 118.0863 118.0863; 72.0809; 58.0659 

Biotin 3.03 245.0955 227.0846; 123.0262; 97.0396  

Carnitine 8.68 162.1125 103.0390; 85.0284; 60.0808 

Carnosine 10.16 227.1139 181.1084; 164.0818; 110.0713 

Choline 5.58 104.1070 104.1070; 60.0809; 58.0659 

Citicoline 10.62 489.1146 360.0605; 264.0401; 184.0716 

Citrulline 9.61 176.1030 159.0764; 113.0709; 70.0654 
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Metabolites RT MS1 MS2 

Creatine 8.96 132.0768 132.0768; 114.0662; 90.0550  

Creatinine 4.54 114.0662 114.0662; 86.0713; 72.0444 

Cystathionine 10.65 223.0747 223.0747; 134.0270; 88.0213 

Cysteinylglycine 9.81 179.0485 144.0114; 116.0165; 76.0216;  

Cystine 10.66 241.0311 151.9834; 120.0114; 74.0236 

Cytidine 7.83 244.0924 244.0924; 112.0492; 95.0249 

Cytidine monophosphate 10.37 324.0591 112.0506; 97.0286 

Decanoylcarnitine 4.17 316.2482 257.1749; 85.0284; 60.0808 

Dimethylarginine 9.74 203.1503 158.1288; 116.0706; 70.0651 

Dimethylglycine 8.6 104.0706; 104.0706; 58.0650 

Dimethyllysine 9.98 175.1432 130.0864; 84.0809; 67.0551 

Dodecanoylcarnitine 3.69 344.2802 285.2059; 85.0290; 60.0816 

Dopa  8.92 198.0764 181.0480; 152.0702; 139.0393 

Dopamine 7.26 154.0861 137.0593; 119.0490; 91.0545 

Eicosapentaenoic acid 0.92 303.2319 159.1165; 133.1109; 119.0855 

Glutamine 9.39 147.0764 130.0498; 102.0551; 84.0444 

Glutamylglutamic acid 10.33 277.1029 130.0498; 102.0550; 84.0444 

Glutathione reduced 9.84 308.0911 162.0219; 130.0499; 76.0216 

Glutathione oxidized 10.96 613.1592 235.0120; 231.0429; 177.0325 

Glycylleucine 8.59 189.1234 143.1178; 132.1019; 86.0964 



125 

 

Metabolites RT MS1 MS2 

Guanidineacetic acid 9.02 118.0611 101.0345; 76.0393; 72.0556 

Guanidinosuccinic acid 9.57 176.0666 134.0448; 112.0505; 88.0393 

Guanine 7.45 152.0567 135.0304; 128.0457; 110.0350 

Guanosine diphosphate  10.96 444.0316 152.0567; 97.0284 

Hexanoylcarnitine 5.85 260.0856 201.1121; 85.0284; 60.0808 

Histidine 10.19 156.0768 110.0712; 93.0448; 83.0607 

Homocitrulline 9.47 190.1181 127.0866; 100.0757; 84.0808 

Homocysteine 8.48 136.0432 118.0321; 90.0372; 73.0106 

Hypotaurine 8.92 110.0270 110.0270; 92.0165; 81.9375 

Imidazoleacetic acid 8.82 127.0502 127.0502; 99.0556; 81.0452 

Imidazolelactic acid 9.11 157.0605 116.0706; 111.0554; 83.0608 

Indole-3-acrylic acid 7.8 188.0706 170.0600; 146.0601; 118.0652 

Inosine 7.28 269.0880 137.0458; 110.0349; 94.0399 

Inosinic acid 9.99 349.0544 137.0458; 97.0284 

Isoleucine 8.11 132.1019 86.0970; 69.0699 

Kynurenic acid  7.28 190.0526 190.0526; 172.0407; 144.0456 

Kynurenine 7.86 209.0921 174.0549; 146.0601; 94.0652 

Leucine 7.95 132.1019 86.0970; 69.0699 

Lysine 10.29 147.1128 147.1128; 130.0862; 84.0808 

Melatonin 1.11 233.1285 233.1285; 191.0815; 174.0913 
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Metabolites RT MS1 MS2 

Methionine 8.31 150.0583 133.0318; 104.0529; 61.0107 

Methionine sulfoxide 9.36 166.0532 149.0265; 102.0552; 74.0242 

Methyladenosine 8.29 282.1195 282.1195; 150.0776 

Methylguanosine 6.78 298.1146 166.0721; 152.0564; 89.0602 

Methylnicotinamide 7.15 137.0709 137.0709; 110.0602; 94.0648 

Methylthioadenosine 10.47 298.0968 298.0968; 163.0422; 136.0617 

N8-Acetylspermidine 9.66 188.1757 171.1492; 114.0913; 84.0819 

N-Acetylleucine 8.54 174.1122 132.1019; 128.1070; 86.0964 

N-Acetylneuraminic acid 9.7 310.1133 197.0445; 167.0338; 121.0284 

N-Acetylornithine 9.22 175.1077 115.0865; 112.0757; 70.0651 

Nicotinamide 1.54 123.0553 123.0553; 96.0445; 80.0505 

Octanoylcarnitine 4.8 288.2157 288.2157; 229.1438; 85.0286 

Ornithine 10.38 133.0972 116.0706; 70.0651 

Palmitoyl sphingomyelin 6.39 703.5749 184.0733; 86.0965 

Palmitoylcarnitine 3.05 400.3421 341.2685; 85.0284; 81.0699 

Phenylacetylglutamine 6.99 265.1183 130.0498; 91.0542; 84.0444 

Phenylalanine 7.84 166.0863 120.0808; 103.0542; 93.0699 

Pipecolic acid 7.94 130.0863 130.0863; 84.0809; 67.0545 

Proline 8.67 116.0706 116.0706; 70.0651 

Prolylglycine 9.11 173.0921 129.1022; 70.0651 
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Metabolites RT MS1 MS2 

Prolylleucine 8.67 229.1547 229.1547; 142.0864; 70.0652 

Propionylcarnitine 7.42 218.1387 159.0652; 85.0284; 60.0808 

Putrescine 9.98 89.1071 89.1071; 72.0806 

Pyridoxine 7.48 170.0812 152.0706; 134.0600; 124.0757 

Pyroglutamic acid 9.41 130.0499 130.0499; 84.0445; 54.0492 

S-Adenosylhomocysteine 9.58 385.1289 136.0617; 134.0270; 88.0216 

S-Adenosylmethionine 10.49 399.1445 250.0935; 136.0618; 97.0284 

Serine 9.48 106.0499 88.0393; 70.0293; 60.0451 

Spermidine 10.95 146.1652 129.1386; 112.1121; 72.0808 

Spermine 11.03 203.2230 129.1385; 112.1121; 84.0812 

Taurine 8.69 126.0219 126.0219; 108.0114; 84.0802 

Taurocholic acid 7.11 516.2989 462.2663; 337.2519; 126.0219 

Thiamine 7.79 265.1118 265.1118; 144.0478; 122.0713 

Threonine 9.13 120.0655 102.0549; 74.0602; 56.0496 

Trimethyllysine 10.03 189.1598 130.0863; 84.0808; 60.0808 

Tryptophan 7.83 205.0972 188.0706; 146.0602; 144.0808 

Tyrosine 8.56 182.0812 165.0546; 136.0757; 123.0441 

UDP-acetylglucosamine 10.64 608.0888 204.0864; 186.0759; 138.0548 

Urocanic acid 3.29 139.0502 121.0396; 95.0604; 93.0447 

Valine 8.61 118.0863 118.0863; 72.0808; 55.0542 
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Metabolites RT MS1 MS2 

γ-Aminobutyric acid 8.67 104.0706 104.0706; 87.0441; 69.0335 

γ-Glutamylcysteine 9.85 251.0696 188.0373; 130.0498; 122.0270 

1-Methylhistidine 9.75 170.0924 124.0869; 109.0760; 96.0862 

2-Aminoadipic acid 9.22 162.0761 144.0655; 116.0706; 98.0600 

5-Hydroxyindoleacetic acid 2.11 192.0655 174.0549; 146.0612; 132.0445 
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Table 4.6 Metabolites identified in the negative ionization mode. 

Metabolites RT MS1 MS2 

Acetylalanine 9.02 130.0510  130.0510; 88.0404 

Aconitic acid 10.25 173.0092  129.0193; 111.0087; 85.0295 

Adenosine diphosphate  10.38 426.0221  426.0221; 328.0452; 158.9254 

ADP ribose 10.27 558.0644  558.0644; 408.0114; 346.0556;  

Adenosine monophosphate 10.19 346.0558  346.0558; 96.9696; 78.9591 

Adenosine triphosphate 10.55 505.9885  408.0113; 158.9244; 78.9577 

Alanyl-D-alanine 8.76 159.0772  115.0869; 98.0597; 88.0389 

Aminovaleric acid 8.46 116.0715  116.0715; 99.9255; 74.0244 

Arachidonic acid 1.35 303.2330  303.2330; 259.2431; 205.1961 

Ascorbic acid 2-sulfate 9.42 254.0816  254.0816; 175.0248; 115.0029 

Coenzyme A 10.24 766.1052  426.0209; 419.0439; 408.0107 

Cyclic ADP-ribose 10.25 540.0539  408.0111; 272.9568; 158.9243 

Cystathionine 10.43 221.0602  221.0602; 134.0281; 120.0124 

Cysteic acid 9.51 167.9971  167.9971; 150.0706; 71.0131 

Decanoic acid 1.32 171.1391  171.1391; 143.0607; 79.9564 

Deoxycholic acid 5.04 391.2851  391.2851; 345.2796; 327.2691 

Deoxyinosine 6.29 251.0784  161.0463; 135.0312; 108.0201 

Dephosphocoenzyme A 9.19 686.1416  419.0447; 408.0114; 346.0557 

Docosahexaenoic acid 1.41 327.2330  327.2330; 283.2431; 229.1961 
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Metabolites RT MS1 MS2 

Flavin adenine dinucleotide 9.78 784.1499  437.0844; 346.0541; 96.9696 

Folinic acid 10.13 472.1585  343.1161; 315.1211; 228.1253 

Fumaric acid 9.6 115.0037  115.0037; 71.0138 

GDP-D-mannose 10.48 604.0699  442.0171; 424.0057; 320.9777 

Gluconic acid 9.44 195.0508  129.0193; 99.0087; 75.0087 

Glucopyranuronic acid 9.84 193.0354  131.0349; 103.0036; 89.0244 

Glucose 8.38 179.0561  89.0244; 71.0136; 59.0138 

Glucose 1-phosphate 10.36 259.0224  138.9801; 96.9696; 78.9591 

Glucose 6-phosphate 10.48 259.0224  138.9802; 96.9696; 78.9590 

Glucose-1,6-bisphosphate 10.81 338.9888  338.9888; 241.0118; 96.9683 

Glutamic acid 9.61 146.0455  146.0455; 128.0253; 102.0561 

Glutaric acid 8.97 131.0345  131.0345; 113.0241; 87.0451 

Glutathione 9.84 306.0762  254.0781; 143.0460; 128.0351 

Glutathione,oxidized 10.52 611.1143  306.0762; 272.0884; 143.0460 

Glycerol 3-phosphate 10.16 171.0064  171.0064; 96.9682; 78.9688; 

Glycocholic acid 7.52 464.3018  464.3018; 402.3016; 74.0244 

Glycoursodeoxycholic acid 7.22 448.3068  448.3068; 386.3055; 74.0244 

Guanosine 7.96 282.0844  282.0844; 150.0421; 133.0146 

Guanosine diphosphofucose 10.43 588.0750  442.0170; 424.0063; 344.0399 

Guanosine monophosphate 10.42 362.0507  211.0007; 96.9695; 78.9582 
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Metabolites RT MS1 MS2 

Hippuric acid 6.82 178.0510  178.0510; 134.0611; 132.0451 

Hydroxyhexadecanoic acid 1.42 271.2279  271.2279; 225.2223; 59.0125 

Hydroxyphenyllactic acid 7.26 181.0502  163.0400; 135.0452; 119.0501 

Hypoxanthine 5.95 135.0312  135.0312; 92.0254; 65.0145 

Inosine monophosphate 10.35 347.0398  211.0013; 96.9696; 78.9590 

Lactoylglutathione 9.45 378.0979  306.0763; 143.0462; 128.0351 

Malic acid 9.94 133.0142  115.0036; 89.0244; 71.0138 

Mannitol 8.45 181.0718  101.0242; 89.0244; 71.0136 

Mannose 1-phosphate 10.65 259.0224  259.0224; 96.9695; 78.9591 

Methylmalonic acid 9.45 117.0193  117.0193; 73.0295; 55.0189 

Methylxanthine 3.01 165.0418  165.0418; 150.0183; 122.0359 

myo-Inositol 9.65 179.0557  161.0445; 87.0074; 59.0125 

Myristic acid 1.48 227.2017  227.2017; 209.1915; 98.9556 

N-Acetylaspartic acid 9.88 174.0406  130.0509; 114.0196; 88.0404 

N-Acetyl-glutamate 9.73 188.0564  170.0458; 144.0666; 128.0352 

N-Acetylglutamine 8.72 187.0724  169.0618; 145.0618; 127.0512 

N-Acetylmethionine 6.92 190.0543  148.0428; 142.0499; 84.0441 

N-Acetylneuraminic acid 9.49 308.0985  170.0448; 98.0598; 87.0087 

NAD+ 10.24 662.1013  662.1013; 328.0451; 158.9249 

NADP+ 10.54 742.0676  742.0676; 408.0135; 158.9258 
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Metabolites RT MS1 MS2 

NADPH 10.41 744.0838  646.1065; 408.0112; 158.9252 

Oleic acid 1.36 281.2486  281.2486; 175.9620; 98.2360;  

O-Phosphorylethanolamine 10.39 140.0115  140.0115; 78.9692; 59.0129 

Orotic acid 7.93 155.0096  155.0096; 111.0200; 59.0131 

Pantothenic acid 8.25 218.1034  218.1034; 146.0822; 88.0404 

Phenylacetylglutamine 7.48 263.1037  263.1037; 145.0618; 127.0510 

Phenylpyruvic acid 6.73 163.0401  163.0401; 145.0290; 91.0553 

Pseudouridine 7.69 243.0623  183.0609; 153.0303; 140.0350 

Pyridoxamine 5-phosphate 10.65 247.0489  247.0489; 230.0223; 78.9591 

Pyruvate 6.25 87.0060  87.006; 59.0137 

Ribose-5-phosphate 10.3 229.0117  211.0012; 96.9694; 78.9579 

Stearic acid 1.43 283.2641  283.2641; 180.0113; 79.9557 

Taurine 8.52 124.0072  124.0072; 79.9573 

Taurochenodeoxycholic acid 2.97 498.2883  386.3063; 330.2438; 79.9571 

Testosterone sulfate 1.24 367.1585  367.1585; 96.9597; 79.9565 

Threonic acid 9.04 135.0296  117.0191; 89.0242; 75.0084 

UDP-D-galactose 10.32 565.0474  402.9949; 384.9842; 323.0283 

UDP-Glucuronate 10.29 579.0271  402.9949; 323.0278; 158.9254 

Uracil 2.62 110.0196  110.0196; 68.0138; 65.0138 

Uric acid 8.98 167.0211  124.0155; 96.0201; 69.0092 
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Metabolites RT MS1 MS2 

Uridine 5.65 243.0623  243.0623; 200.0564; 110.0247 

Uridine monophosphate 10.32 323.0286  323.0286; 280.0225; 78.9577 

Xanthine 7.29 151.0261  151.0261; 126.0295; 108.0189 

Xanthosine 8.73 283.0684  283.0684; 151.0261; 108.0189 

β-Leucine 7.86 130.0869  130.0869; 88.0392 

12(13)-DiHOME 1.32 313.2385  313.2385; 295.2276; 183.1382 

2-Hydroxyvaleric acid 6.68 117.0554  117.0554; 91.0445; 71.0502 

3-Hydroxybutyric acid 7.79 103.0401  103.0401; 59.0138; 57.0343 

3-Hydroxydecanoic acid 1.41 187.1340  187.1340; 141.1281; 59.0135 

3-Indoxylsulfate 1.33 212.0022  212.0022; 132.0452; 79.9571 

3-Phosphoglyceric acid 10.43 184.9857  184.9857; 96.9696; 78.9590 
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4.4 Development of UHPLC-QqQ MS-based targeted metabolomics method 

On the basis of database-assisted untargeted metabolomics method, we aim to 

establish a large-scale targeted metabolomics method and expand its applicability 

to different human samples. To achieve this end, we first collected metabolite 

features from a variety of human samples, including serum, pleural effusion, urine 

and lung tissues, as well as human hepatic and esophageal cell lines. The global 

metabolic profiles of these samples were acquired using high-resolution Orbitrap 

mass spectrometer as described before. Full scan MS and consensus MS/MS 

spectra of metabolites were obtained using DDA mode. Dynamic exclusion was 

applied to extend the MS/MS coverage for low-abundance metabolites. After 

mass spectral library searching, more than one thousand compounds were 

assigned as tentative candidates, of which 219 and 209 metabolites were identified 

in the positive mode and negative mode, respectively. The next step is to construct 

the MRM transitions of metabolites for targeted metabolomics profiling. In 

general, the product ion with the highest intensity was chosen as the quantifier ion 

whereas another characteristic product ion was assigned as the qualifier ion. The 

extracted MRM transitions were further imported into the QqQ MS workstation to 

optimize the collision energy values using authentic standards. Taken a detected 

peak with m/z 148.0609 in human serum as an example (Figure 4.2B), its 

consensus MS/MS spectrum is well matched with MS/MS spectrum of glutamic 

(Figure 4.2C) in the database, among which the product ion (m/z 84.04) with the 
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highest intensity was selected as the quantifier ion and another product ion (m/z 

102.05) was chose as the qualifier ion for subsequent MRM detection (Figure. 

5.2D). Based on this strategy, a high-coverage targeted metabolomics method 

using the UHPLC-QqQ MS with MRM mode was established for a total of 219 

metabolites in positive mode and 209 metabolites in negative mode. 

 

Figure 4.2 The general workflow for metabolite identification and ion pairs 

construction (A). A full scan MS peak (m/z 148.0609, RT = 9.52 min) detected in 

human serum sample in positive ionization mode (B). Upper panel shows the 

consensus MS/MS spectrum of the detected MS peak and lower panel shows the 

MS/MS standard spectrum of glutamic acid in mzCloud database (C). The 

generation of two MRM transitions for glutamic acid (D). 
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The developed targeted metabolomics method offered considerable advantages. 

First, it was established based on the global profiling data, which covers a board 

range of metabolites exist in various human samples, including tissues and body 

fluids, as well as human cell lines. Targeted profiling of 428 metabolites, 

including amino acids, sugars, nucleotides, coenzymes, fatty acids, steroids and 

hormones was achieved using one column with two sample injections (positive & 

negative mode), without derivatization. The precursor ion isolation window in the 

QqQ mass spectrometer was set as ± 0.35 m/z unit, which is efficient to 

distinguish metabolites such as glutamic acid (exact mass, 147.0531) and 

glutamine (exact mass, 146.0691) and lead to high sensitivity and selectivity. 

Second, the method exhibited excellent chromatographic performance, allowing 

separation of metabolites with similar physicochemical characteristics. As shown 

in Figure 4.3 A-F, the redox substrates were able to be separated, including 

oxidized and reduced forms of nicotinamide adenine dinucleotide (NAD+/NADH), 

nicotinamide adenine dinucleotide phosphate (NADP+/NADPH) and glutathione 

(GSSG/GSH). The energy substances, such as adenosine triphosphate (ATP), 

adenosine diphosphate (ADP) and adenosine monophosphate (AMP) were able to 

be differentiated (Figure 4.3 G-I). Notably, some isomeric metabolites can be well 

separated. For example, metabolites such as leucine and isoleucine have the same 

elemental composition and MS/MS fragmentation pattern, which cannot be 

distinguished in flow injection-MS210-211 or previous HPLC/MS approaches86, 212. 



137 

 

In our method, independent analysis of leucine and isoleucine was achieved, with 

a retention time difference of around 10 s (Figure 4.3 L). In addition, other 

isomeric compounds, such as glucose and myo-inositol (Figure 4.3 J-K), valine 

and betaine (data not shown) could be discriminated using our approach. As these 

isomeric metabolites have distinct biological functions, independent analysis of 

these compounds may provide additional insights. In addition, based on the 

knowledge of small molecule pathway database and KEGG pathway database, the 

targeted metabolomics method enables simultaneous measurement of 92 

metabolic pathways in human samples, for which at least three metabolites were 

captured in each pathway (Table 4.7). As a result, the targeted metabolomics 

method enabled detection of amino acids and derivatives, amines and carboxylic 

acids, carbohydrates, cofactors and vitamins, lipids, nucleotides and analogues, 

and peptides in human samples. The utility of the method allows systematically 

investigating the metabolic alterations in human samples (Figure 4.4), such as 

energy metabolism (e.g., tricarboxylic acid cycle, glycolysis pentose phosphate 

pathway), ammonia recycling (e.g., urea cycle, glutamine and glutamine 

metabolism), vitamin metabolism (e.g., biotin metabolism and riboflavin 

metabolism) and nucleotide metabolism (e.g., purine metabolism and pyrimidine 

metabolism). 
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Figure 4.3 Representative extracted ion chromatograms of MRMs for selected 

metabolites. NAD (A), NADH (B), NADP (C), NADPH (D), GSSG (E), GSH (F), 

ATP (G), ADP (H), AMP (I), inositol (J), glucose (K), and leucine (L, left) and 

isoleucine (L, right). 
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Figure 4.4 Major metabolic pathways measured by the large-scale targeted 

metabolomics method. 
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Table 4.7 Metabolic pathways measured by UHPLC-QqQ MS-based targeted metabolomics method. 

Metabolic Pathways Relevant Metabolites 

Alanine Metabolism  Biotin; Adenosine monophosphate; Glyoxylic acid; Glycine; L-Glutamic acid; Alanine; Oxoglutaric acid; Oxalacetic 

acid; Pyruvic acid; Adenosine triphosphate; ADP;  

Alpha Linolenic Acid and Linoleic 

Acid Metabolism 

Linoleic acid; Arachidonic acid; Eicosapentaenoic acid; Docosahexaenoic acid; Adrenic acid; Gamma-Linolenic acid; 

Amino Sugar Metabolism Cytidine triphosphate; Fructose 6-phosphate; L-Glutamic acid; N-Acetyl-D-glucosamine; Pyruvic acid; 

Phosphoenolpyruvic acid; Uridine triphosphate; Uridine diphosphate-N-acetylglucosamine; Uridine 5'-diphosphate; 

Adenosine triphosphate; L-Glutamine; Fructose; N-Acetyl-D-Glucosamine 6-Phosphate; N-Acetyl-D-mannosamine 

6-phosphate; ADP; N-Acetylmannosamine; Cytidine monophosphate N-acetylneuraminic acid; Acetyl-CoA; 

Glucosamine 6-phosphate; N-Acetyl-glucosamine 1-phosphate; Coenzyme A;  

Ammonia Recycling Biotin; Adenosine monophosphate; Glycine; L-Glutamic acid; L-Asparagine; L-Histidine; L-Serine; L-Aspartic acid; 

Oxoglutaric acid; Pyruvic acid; Adenosine triphosphate; L-Glutamine; NAD; Carbamoyl phosphate; FAD; ADP; NADH; 

5,10-Methylene-THF; Tetrahydrofolic acid; 

Androgen and Estrogen Metabolism NADP; NADPH; Uridine 5'-diphosphate; NAD; Uridine diphosphate glucuronic acid; Dehydroepiandrosterone sulfate; 

NADH;  

Androstenedione Metabolism NADP; NADPH; Uridine 5'-diphosphate; NAD; Uridine diphosphate glucuronic acid; NADH;  
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Arachidonic Acid Metabolism Glutathione; L-Glutamic acid; NADP; NADPH; Arachidonic acid; Oxidized glutathione; 

Arginine and Proline Metabolism Adenosine monophosphate; Creatine; Glycine; Guanidoacetic acid; Fumaric acid; L-Glutamic acid; L-Proline; 

L-Aspartic acid; Oxoglutaric acid; Ornithine; NADP; NADPH; Oxalacetic acid; Succinic acid; Urea; L-Arginine; 

Adenosine triphosphate; NAD; Citrulline; S-Adenosylhomocysteine; Carbamoyl phosphate; S-Adenosylmethionine; 

FAD; ADP; NADH;  

Aspartate Metabolism Adenosine monophosphate; Fumaric acid; L-Glutamic acid; L-Asparagine; Inosinic acid; L-Aspartic acid; Oxoglutaric 

acid; Oxalacetic acid;  L-Arginine; Adenylsuccinic acid; Adenosine triphosphate; L-Glutamine; Malonic acid; 

Citrulline; N-Acetyl-L-aspartic acid; Ureidosuccinic acid; Carbamoyl phosphate; Guanosine diphosphate; FAD; 

Guanosine triphosphate; 

Beta Oxidation of Very Long Chain 

Fatty Acids 

L-Carnitine; L-Acetylcarnitine; Capric acid; Adenosine triphosphate; Acetyl-CoA; ADP; Coenzyme A; 

Beta-Alanine Metabolism L-Glutamic acid; L-Histidine; L-Aspartic acid; Oxoglutaric acid; Pantothenic acid; NADP; NADPH; Uracil; NAD; 

Acetyl-CoA; FAD; Coenzyme A; NADH;  

Betaine Metabolism Betaine; Adenosine; Dimethylglycine; Choline; Adenosine triphosphate; L-Methionine; Homocysteine; NAD; 

S-Adenosylhomocysteine; S-Adenosylmethionine; FAD; Betaine aldehyde; 5-Methyltetrahydrofolic acid; NADH; 

Tetrahydrofolic acid; 

Bile Acid Biosynthesis Taurocholic acid; Cholesterol; Glycine; Glycocholic acid; NADP; Palmitic acid; NADPH; Taurine; Adenosine 
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triphosphate; Cholic acid; Deoxycholic acid; Deoxycholic acid glycine conjugate; NAD; FAD; Propionyl-CoA; ADP; 

Coenzyme A; NADH; 3'-AMP; 

Biotin Metabolism Biotin; L-Lysine; Adenosine triphosphate; 

Butyrate Metabolism Adenosine monophosphate; Acetoacetic acid; Succinic acid; Adenosine triphosphate; NAD; Succinyl-CoA; 

Butyryl-CoA; Acetyl-CoA; FAD; 3-Hydroxy-3-methylglutaryl-CoA; Coenzyme A; Acetoacetyl-CoA; NADH; 

Caffeine Metabolism NAD; Acetyl-CoA; FAD; Coenzyme A; NADH;  

Cardiolipin Biosynthesis Cytidine triphosphate; Cytidine monophosphate; NAD; Coenzyme A; Dihydroxyacetone phosphate; NADH; 

Carnitine Synthesis Ascorbic acid; L-Carnitine; Glycine; L-Lysine; Oxoglutaric acid; Succinic acid; NAD; S-Adenosylhomocysteine; 

S-Adenosylmethionine; N6,N6,N6-Trimethyl-L-lysine; NADH; 

Catecholamine Biosynthesis Ascorbic acid; Dopamine; L-Tyrosine; L-Dopa; Homocysteine; S-Adenosylhomocysteine; S-Adenosylmethionine; 

Citric Acid Cycle Biotin; cis-Aconitic acid; Citric acid; Fumaric acid; L-Malic acid; Isocitric acid; Oxoglutaric acid; Oxalacetic acid; 

Pyruvic acid; Succinic acid; Adenosine triphosphate; NAD; Succinyl-CoA; Guanosine diphosphate; Acetyl-CoA; FAD; 

Guanosine triphosphate; ADP; NADH; Coenzyme A; 

Cysteine Metabolism Adenosine monophosphate; L-Glutamic acid; Oxoglutaric acid; Pyruvic acid; Adenosine triphosphate; L-Cysteine; NAD; 

gamma-Glutamylcysteine; ADP; NADH;  

De Novo Triacylglycerol 

Biosynthesis 

NAD; Coenzyme A; Dihydroxyacetone phosphate; NADH;  
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Estrone Metabolism NADP; NADPH; Uridine 5'-diphosphate; NAD; Uridine diphosphate glucuronic acid; S-Adenosylhomocysteine; 

S-Adenosylmethionine; NADH; 

Ethanol Degradation Adenosine monophosphate; NADP; NADPH; Adenosine triphosphate; NAD; Acetyl-CoA; Coenzyme A; NADH; 

Fatty Acid Biosynthesis Biotin Acetoacetic acid; Palmitic acid; 3-Hydroxybutyric acid; Capric acid; Malonic acid; Myristic acid; Malonyl-CoA; 

Acetyl-CoA; Coenzyme A; 

Fatty Acid Elongation In 

Mitochondria 

NADP; Palmitic acid; NADPH; NAD; Octanoyl-CoA; Butyryl-CoA; Acetyl-CoA; Palmityl-CoA; Coenzyme A; NADH; 

Hexanoyl-CoA; Decanoyl-CoA 

Fatty acid Metabolism Adenosine monophosphate; L-Carnitine; Palmitic acid; L-Palmitoylcarnitine; Adenosine triphosphate; NAD; 

Octanoyl-CoA; Butyryl-CoA; Acetyl-CoA; FAD; Palmityl-CoA; Coenzyme A; Acetoacetyl-CoA; NADH; 

Hexanoyl-CoA; Decanoyl-CoA 

Folate Metabolism Folic acid; L-Glutamic acid; NADP; NADPH; Adenosine triphosphate; NAD; 10-Formyltetrahydrofolate; Dihydrofolic 

acid; FAD; ADP; 5,10-Methenyltetrahydrofolic acid; 5-Methyltetrahydrofolic acid; NADH; 5,10-Methylene-THF; 

Folinic acid; Tetrahydrofolic acid; 

Fructose and Mannose Degradation Fructose 6-phosphate; NADP; NADPH; Adenosine triphosphate; NAD; Fructose 1,6-bisphosphate; Glyceraldehyde; 

GDP-L-fucose; Guanosine diphosphate mannose; Guanosine triphosphate; ADP; Dihydroxyacetone phosphate; NADH; 

Alpha-D-Glucose; 

Galactose Metabolism Alpha-Lactose; myo-Inositol; Sucrose; Uridine triphosphate; Uridine 5'-diphosphate; Uridine diphosphategalactose; 
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Adenosine triphosphate; Fructose; NAD; ADP; Glucose 6-phosphate; NADH; Glucose 1-phosphate; Alpha-D-Glucose; 

Gluconeogenesis Biotin; Fructose 6-phosphate; Oxoglutaric acid; Oxalacetic acid; Pyruvic acid; Phosphoenolpyruvic acid; Adenosine 

triphosphate; 3-Phosphoglyceric acid; NAD; Fructose 1,6-bisphosphate; Guanosine diphosphate; Guanosine 

triphosphate; ADP; Glucose 6-phosphate; Dihydroxyacetone phosphate; NADH; Glucose 1-phosphate; 

Alpha-D-Glucose; 

Glucose-Alanine Cycle L-Glutamic acid; L-Alanine; Oxoglutaric acid; NADP; NADPH; Pyruvic acid; NAD; NADH;  

Glutamate Metabolism Biotin; Adenosine monophosphate;  Glycine; Fructose 6-phosphate; Glutathione; L-Glutamic acid; L-Alanine; 

L-Aspartic acid; Oxoglutaric acid; NADP; NADPH; Oxalacetic acid; Pyruvic acid; Succinic acid;  Adenosine 

triphosphate;  L-Cysteine; L-Glutamine; NAD; gamma-Glutamylcysteine; Carbamoyl phosphate; Adenosine 

diphosphate ribose; Acetyl-CoA; FAD; Glucosamine 6-phosphate; ADP; Guanosine monophosphate; Coenzyme A; 

NADH; Xanthylic acid; Oxidized glutathione;  

Glutathione Metabolism Cysteinylglycine; Glycine; Glutathione; L-Glutamic acid; L-Alanine; NADP; NADPH; Pyroglutamic acid; Adenosine 

triphosphate; L-Cysteine; gamma-Glutamylcysteine; FAD; ADP; Oxidized glutathione; 

Glycerol Phosphate Shuttle NAD; FAD; Dihydroxyacetone phosphate; NADH; 

Glycerolipid Metabolism Glyceric acid; NADP; Palmitic acid; NADPH; Adenosine triphosphate; 3-Phosphoglyceric acid; NAD; FAD; 

Palmityl-CoA; ADP; Coenzyme A; Dihydroxyacetone phosphate; NADH; 

Glycine and Serine Metabolism Betaine; Adenosine monophosphate; Creatine; Dimethylglycine; L-Cystathionine; Glyoxylic acid; Glycine; 
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Guanidoacetic acid; Glyceric acid; L-Glutamic acid; L-Alanine; L-Threonine; L-Serine; Oxoglutaric acid; Ornithine; 

Orotidylic acid; Pyruvic acid; Pyrophosphate; Sarcosine; L-Arginine; Adenosine triphosphate; Magnesium; L-Cysteine; 

L-Methionine; Homocysteine; 3-Phosphoglyceric acid; NAD; S-Adenosylhomocysteine; Succinyl-CoA; 

S-Adenosylmethionine; FAD; Acetyl-CoA; ADP; Coenzyme A; NADH;5,10-Methylene-THF; Tetrahydrofolic acid;  

Glycolysis Fructose 6-phosphate; Pyruvic acid; Phosphoenolpyruvic acid; Adenosine triphosphate; 3-Phosphoglyceric acid; NAD; 

Fructose 1,6-bisphosphate; ADP; Glucose 6-phosphate; Dihydroxyacetone phosphate; NADH; Glucose 1-phosphate; 

Alpha-D-Glucose; 

Histidine Metabolism 1-Methylhistidine; Adenosine monophosphate; L-Glutamic acid; L-Histidine; NADP; NADPH; Adenosine triphosphate; 

Histamine; 1-Methylhistamine; NAD; S-Adenosylhomocysteine; S-Adenosylmethionine; FAD; ADP; Tetrahydrofolic 

acid; Imidazoleacetic acid; NADH; 

Homocysteine Degradation  L-Cystathionine; L-Serine; L-Cysteine; Homocysteine;  

Inositol Metabolism D-Glucuronic acid; myo-Inositol; Adenosine triphosphate; NAD; ADP; 

Inositol Phosphate Metabolism myo-Inositol; Glucose 6-phosphate; Adenosine triphosphate; NAD; ADP; 

Ketone Body Metabolism (R)-3-Hydroxybutyric acid; Acetoacetic acid; Succinic acid; NAD; Succinyl-CoA; Acetyl-CoA; Coenzyme A; 

3-Hydroxy-3-methylglutaryl-CoA; Acetoacetyl-CoA; NADH;  

Lactose Degradation D-Glucose; Alpha-Lactose; Adenosine triphosphate; ADP;  

Lactose Synthesis D-Glucose; Alpha-Lactose; Uridine triphosphate; Uridine 5'-monophosphate; Uridine 5'-diphosphate; Uridine 
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diphosphategalactose; Adenosine triphosphate; ADP; Glucose 1-phosphate; 

Lysine Degradation L-Glutamic acid; L-Lysine; Oxoglutaric acid; NADP; NADPH; Aminoadipic acid; NAD; Acetyl-CoA; FAD; Coenzyme 

A; Acetoacetyl-CoA; NADH; 

Malate-Aspartate Shuttle L-Glutamic acid; L-Aspartic acid; Oxoglutaric acid; Oxalacetic acid; NAD; NADH; 

Methionine Metabolism Betaine; Adenosine monophosphate; Adenosine; Dimethylglycine; Choline; L-Cystathionine; Glycine; L-Serine; 

Sarcosine; Adenosine triphosphate; L-Cysteine; L-Methionine; L-Homoserine; Homocysteine; NAD; 

S-Adenosylhomocysteine; 10-Formyltetrahydrofolate; S-Adenosylmethionine; FAD; Spermidine; 

5-Methyltetrahydrofolic acid; Putrescine; NADH;  5,10-Methylene-THF; Tetrahydrofolic acid; 

Methylhistidine Metabolism L-Histidine; 1-Methylhistidine; S-Adenosylhomocysteine; S-Adenosylmethionine 

Mitochondrial Beta-Oxidation of 

Long Chain Saturated Fatty Acids 

Adenosine monophosphate; L-Carnitine; Adenosine triphosphate; Stearic acid; Stearoylcarnitine; NAD; Acetyl-CoA; 

FAD; Palmityl-CoA; Coenzyme A; NADH;  

Mitochondrial Beta-Oxidation of 

Medium Chain Saturated Fatty Acids 

Adenosine monophosphate; Adenosine triphosphate; NAD; Octanoyl-CoA; Acetyl-CoA; FAD; Coenzyme A; NADH; 

Hexanoyl-CoA; Decanoyl-CoA 

Mitochondrial Beta-Oxidation of 

Short Chain Saturated Fatty Acids 

Adenosine monophosphate; L-Carnitine; Adenosine triphosphate; L-Octanoylcarnitine; NAD; Octanoyl-CoA; 

Butyryl-CoA; Acetyl-CoA; FAD; Coenzyme A; Acetoacetyl-CoA; NADH; 

Mitochondrial Electron Transport 

Chain 

Fumaric acid; Succinic acid; Adenosine triphosphate; NAD; FAD; ADP; Dihydroxyacetone phosphate; NADH; 
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Nicotinate and Nicotinamide 

Metabolism 

Adenosine monophosphate; L-Glutamic acid; NADP; NADPH; Nicotinamide ribotide; Quinolinic acid; Adenosine 

triphosphate; L-Glutamine; 1-Methylnicotinamide; NAD; S-Adenosylhomocysteine; Adenosine diphosphate ribose; 

FAD; S-Adenosylmethionine; ADP; Niacinamide; NADH; Nicotinic acid; 

Nucleotide Sugars Metabolism Uridine triphosphate; Uridine diphosphategalactose; Adenosine triphosphate; NAD; Uridine diphosphate glucuronic 

acid; ADP; Glucose 6-phosphate; NADH; Glucose 1-phosphate; Alpha-D-Glucose; 

Oxidation of Branched Chain Fatty 

Acids 

Ascorbic acid; L-Carnitine; L-Acetylcarnitine; Oxoglutaric acid; Succinic acid; Adenosine triphosphate; 

Propionylcarnitine; Acetyl-CoA; Propionyl-CoA; ADP; Coenzyme A; 

Pantothenate and CoA Biosynthesis Adenosine monophosphate; Cytidine triphosphate; Cytidine monophosphate; Pantothenic acid; Adenosine triphosphate; 

L-Cysteine; ADP; Dephospho-CoA; Coenzyme A; 

Pentose Phosphate Pathway Adenosine monophosphate; Fructose 6-phosphate; NADP; NADPH; Adenosine triphosphate; Fructose 1,6-bisphosphate; 

D-Sedoheptulose 7-phosphate; D-Erythrose 4-phosphate; ADP; Glucose 6-phosphate; Dihydroxyacetone phosphate; 

Ribose 1-phosphate; D-Ribose 5-phosphate; 

Phenylacetate Metabolism Adenosine monophosphate; Adenosine triphosphate; L-Glutamine; Coenzyme A; Alpha-N-Phenylacetyl-L-glutamine;  

Phenylalanine and Tyrosine 

Metabolism 

Adenosine monophosphate; Acetoacetic acid; Homogentisic acid; Fumaric acid; L-Glutamic acid; L-Tyrosine; 

L-Phenylalanine; Oxoglutaric acid; Adenosine triphosphate; FAD; 

Phosphatidylcholine Biosynthesis Cytidine triphosphate; Cytidine monophosphate; Choline; O-Phosphoethanolamine; Adenosine triphosphate; 

S-Adenosylhomocysteine; S-Adenosylmethionine; ADP; Phosphorylcholine;  
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Phosphatidylethanolamine 

Biosynthesis 

Cytidine triphosphate; Cytidine monophosphate; Choline; L-Serine; O-Phosphoethanolamine; Adenosine triphosphate; 

ADP; 

Phospholipid Biosynthesis Choline; Glycerol 3-phosphate; Acetylcholine; NAD; FAD; Palmityl-CoA; Citicoline; Dihydroxyacetone phosphate; 

NADH; Phosphorylcholine;  

Phytanic Acid Peroxisomal Oxidation Ascorbic acid; Oxoglutaric acid; NADP; NADPH; Succinic acid; Adenosine triphosphate; NAD; Acetyl-CoA; 

Isobutyryl-CoA; Propionyl-CoA; ADP; Coenzyme A; NADH; 

Plasmalogen Synthesis Cytidine monophosphate; NADP; NADPH; Stearic acid; NAD; Linoleoyl-CoA; FAD; Citicoline; Coenzyme A; 

Dihydroxyacetone phosphate; NADH;  

Porphyrin Metabolism Glycine; Uridine 5'-diphosphate; NAD; Uridine diphosphate glucuronic acid; Farnesyl pyrophosphate; Succinyl-CoA; 

FAD; NADH; 

Propanoate Metabolism Biotin; Adenosine monophosphate; L-Glutamic acid; Methylmalonic acid; Oxoglutaric acid; Adenosine triphosphate; 

L-Valine; NAD; Succinyl-CoA; Malonyl-CoA; Acetyl-CoA; FAD; Propionyl-CoA; ADP; Coenzyme A; 

Acetoacetyl-CoA; NADH;  

Pterine Biosynthesis Folic acid; NADP; NADPH; Neopterin; NAD; Dihydrofolic acid; Guanosine triphosphate; NADH; Tetrahydrofolic acid; 

Purine Metabolism Adenine; Adenosine monophosphate; Adenosine; Deoxyinosine; Deoxyguanosine; Deoxyadenosine; Glycine; Guanine; 

Guanosine; Fumaric acid; L-Glutamic acid; Hypoxanthine; Inosinic acid;  L-Aspartic acid; Inosine; NADP; NADPH; 

Uric acid; Xanthine; Xanthosine; Adenylsuccinic acid; Adenosine triphosphate;  L-Glutamine; NAD; Deoxyadenosine 



149 

 

monophosphate; 10-Formyltetrahydrofolate;  2'-Deoxyguanosine 5'-monophosphate;  Adenosine diphosphate ribose; 

Guanosine diphosphate; FAD; Guanosine triphosphate; ADP; Guanosine monophosphate; dGTP; NADH; 

Deoxyadenosine triphosphate; D-Ribose 5-phosphate; Xanthylic acid; Tetrahydrofolic acid; 

Pyrimidine Metabolism Cytidine triphosphate; Cytidine; Cytidine monophosphate; NADP; Orotidylic acid; NADPH; Orotic acid;  Thymine; 

Thymidine;  Uridine triphosphate; Uridine 5'-monophosphate;Uridine 5'-diphosphate; Uridine; Uracil;  Adenosine 

triphosphate; L-Glutamine; Ureidosuccinic acid; dCTP; Dihydrofolic acid; Carbamoyl phosphate; Deoxyuridine 

triphosphate; dCMP; 5-Thymidylic acid; dCDP; FAD; dTDP; ADP; Thymidine 5'-triphosphate;  dUMP;  

5,10-Methylene-THF; CDP; 5,10-Methylene-THF; CDP; 3'-AMP; 

Pyruvaldehyde Degradation Glutathione; Pyruvic acid; S-Lactoylglutathione; Pyruvaldehyde; FAD;  

Pyruvate Metabolism Biotin; Adenosine monophosphate; Glutathione; L-Malic acid; NADP; NADPH; Oxalacetic acid; Pyruvic acid; 

Phosphoenolpyruvic acid; Adenosine triphosphate; NAD; S-Lactoylglutathione; Malonyl-CoA; Guanosine diphosphate; 

Acetyl-CoA; FAD; Guanosine triphosphate; ADP; Coenzyme A; Acetoacetyl-CoA; NADH; 

Retinol Metabolism Glycerophosphocholine; NADP; NADPH; NAD; Acetyl-CoA; Coenzyme A; NADH; Alpha-D-Glucose; 

Riboflavin Metabolism Adenosine monophosphate; Riboflavin; Adenosine triphosphate; FAD; ADP;  

Spermidine and Spermine 

Biosynthesis 

Adenosine triphosphate; L-Methionine; S-Adenosylmethionine; Spermine; Spermidine; Putrescine;  

Sphingolipid Metabolism L-Serine; NADP; NADPH; O-Phosphoethanolamine; Uridine 5'-diphosphate; Adenosine triphosphate; Palmityl-CoA; 
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ADP; Phosphorylcholine; 

Starch and Sucrose Metabolism D-Glucuronic acid; Sucrose; Uridine triphosphate; Uridine 5'-diphosphate; Adenosine triphosphate; 3-Phosphoglyceric 

acid; NAD; Uridine diphosphate glucuronic acid; ADP; Glucose 6-phosphate; NADH; Glucose 1-phosphate; 

Alpha-D-Glucose; Alpha-D-Glucose 1,6-bisphosphate;  

Steroid Biosynthesis Cholesterol; NADP; Palmitic acid; NADPH; Mevalonic acid; Adenosine triphosphate; Farnesyl pyrophosphate; 

Dimethylallylpyrophosphate; Acetyl-CoA; FAD; Geranyl-PP; ADP; Mevalonic acid-5P; Acetoacetyl-CoA; Coenzyme A; 

3-Hydroxy-3-methylglutaryl-CoA  

Steroidogenesis Cortexolone; Deoxycorticosterone; Aldosterone; Cortisol; Cholesterol; NADP; NADPH; NAD; NADH; Corticosterone; 

Cortisone; 

Taurine and Hypotaurine Metabolism Taurine; L-Cysteine; Hypotaurine; Cysteic acid; 5-L-Glutamyl-taurine; 

Thiamine Metabolism Adenosine monophosphate; Thiamine; Adenosine triphosphate; ADP; 

Threonine and 2-Oxobutanoate 

Degradation 

Biotin; L-Threonine; Adenosine triphosphate; NAD; Succinyl-CoA; FAD; Propionyl-CoA; ADP; Coenzyme A; NADH;  

Transfer of Acetyl Groups into 

Mitochondria 

Biotin; Citric acid; L-Malic acid;NADP; NADPH; Oxalacetic acid; Pyruvic acid;Adenosine triphosphate; NAD; 

Acetyl-CoA;  ADP;  Coenzyme A;  NADH;  

Trehalose Degradation Adenosine triphosphate; ADP; Alpha-D-Glucose; 

Tryptophan Metabolism L-Glutamic acid; L-Alanine; Indoleacetic acid; Oxoglutaric acid; NADP; NADPH; Quinolinic acid; Serotonin; 



151 

 

Adenosine triphosphate; L-Kynurenine; Kynurenic acid; 5-Hydroxyindoleacetic acid; Xanthurenic acid; NAD; 

L-Tryptophan; S-Adenosylhomocysteine; 2-Aminobenzoic acid; S-Adenosylmethionine; Indoleacetaldehyde; 

Acetyl-CoA; FAD; Melatonin; Coenzyme A; 3-Hydroxyanthranilic acid; NADH; 3'-AMP; L-3-Hydroxykynurenine; 

Tyrosine Metabolism Ascorbic acid; Acetoacetic acid; Dopamine; Homogentisic acid; Fumaric acid; L-Glutamic acid; L-Tyrosine; L-Dopa; 

L-Aspartic acid; Oxoglutaric acid; NADP; NADPH; Oxalacetic acid; NAD; S-Adenosylhomocysteine; FAD; NADH; 

S-Adenosylmethionine; 

Ubiquinone Biosynthesis NADP; NADPH; S-Adenosylhomocysteine; S-Adenosylmethionine;  

Urea Cycle Adenosine monophosphate; Fumaric acid; L-Glutamic acid; L-Alanine; L-Aspartic acid; Oxoglutaric acid; Ornithine; 

Oxalacetic acid; Pyruvic acid; Urea; L-Arginine; Adenosine triphosphate; L-Glutamine; NAD; Citrulline; Carbamoyl 

phosphate; ADP; NADH;  

Valine, Leucine and Isoleucine 

Degradation 

Biotin; Acetoacetic acid; L-Glutamic acid; L-Isoleucine; Methylmalonic acid; Oxoglutaric acid; Succinic acid; 

Adenosine triphosphate; L-Leucine; L-Valine; NAD; Succinyl-CoA; Acetyl-CoA; Isobutyryl-CoA; FAD; 

Propionyl-CoA; ADP; 3-Hydroxy-3-methylglutaryl-CoA; Coenzyme A; Acetoacetyl-CoA; NADH;  

Vitamin B6 Metabolism Pyridoxine; FAD; Glycolaldehyde Pyridoxamine 5'-phosphate; 

Vitamin K Metabolism Methylmalonic acid; NADP; NADPH; FAD; 

Warburg Effect Biotin; Citric acid;  Fructose 6-phosphate; Fumaric acid; L-Glutamic acid; L-Malic acid;  Isocitric acid; Oxoglutaric 

acid; NADP; NADPH; Oxalacetic acid; Pyruvic acid; Succinic acid; Phosphoenolpyruvic acid; Adenosine triphosphate; 
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L-Glutamine; 3-Phosphoglyceric acid; NAD; Succinyl-CoA; Fructose 1,6-bisphosphate; D-Sedoheptulose 7-phosphate; 

Guanosine diphosphate; Acetyl-CoA; FAD; Guanosine triphosphate; Erythrose 4-phosphate; ADP; Coenzyme A; 

Dihydroxyacetone phosphate; NADH; Ribose 5-phosphate;  
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We assessed the analytical performance of the large-scale targeted metabolomics 

method in various human samples. Table 4.8 summaries the number of detected 

metabolites and their coefficient of variation (CV) values in liver and esophageal cells, 

serum, urine, pleural effusion and lung cancer tissues (n=6). The results showed that 

high detection rates were achieved in both positive and negative mode, ranging from 

85.3% to 96.8%. In addition, the average CV values of detected metabolites in the 

human samples were lower than 8 %, indicating good repeatability of the present 

method. Taken the KYSE410 cell extracts as example, a total of 401 metabolites were 

detected, of which more than 65% of metabolites had CVs less than 5%, and only 4% 

of metabolites had CVs greater than 30% (Figure 4.5). Next we evaluated the 

sensitivity, linearity and dynamic range of the targeted metabolomics method using 

serially diluted pleural effusion samples. Comparison was made using Orbitrap 

MS-based untargeted profiling operated in the full scan mode. As shown in Table 4.9, 

the targeted metabolomics method displayed good linearity (R2 > 0.99) and wide 

linear range (over 4 orders of magnitude) in analysis of amino acids, sugars, 

dipeptides, vitamins, carnitines and fatty acids. The dynamic ranges and sensitivity of 

targeted metabolomics method were better than that of Orbitrap-based global profiling 

method.  
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Table 4.8 The detection rates and average CV values of metabolites determined by the 

targeted metabolomics method. 

Human Sample 
ESI+  ESI- 

Detection rate CV  Detection rate CV 

L02 cell 96.8% 7.15%  91.3% 6.62% 

KYSE410 cell  93.2% 7.24%  94.3% 6.79% 

Urine 85.3% 7.36%  93.3% 6.82% 

Serum 90.4% 7.27%  91.4% 6.58% 

Pleural effusion 92.2% 7.01%  91.8% 6.94% 

Lung cancer tissue 95.9% 6.86%  93.8% 6.43% 

 

 

 

 

Figure 4.5 Distribution of CV values of metabolites detected in KYSE410 cell 

extracts in positive (A) and negative (B) ionization mode.  
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Table 4.9 Linearity and dynamic range of metabolites in pleural effusion samples 

determined by UHPLC-QqQ-MS and UHPLC-Orbitrap-MS. 

Metabolites 
UHPLC-QqQ-MS UHPLC-Orbitrap-MS 

Linear range Linearity (R2)  Linear range Linearity (R2)  

2-Hydroxyglutarate* 4-1/1024P 0.991 4-1/128P 0.958 

3-Hydroxybutyrate* 4-1/1024P 0.995 4-1/256P 0.971 

Allantoin* 4-1/1024P 0.996 4-1/256P 0.964 

Arachidonic acid* 4-1/4096P 0.994 4-1/1096P 0.996 

Biotin* 4-1/1024P 0.999 4-1/256P 0.984 

Eicosapentaenoic acid* 4-1/1024P 0.987 4-1/128P 0.980 

Glucose* 4-1/4096P 0.997 4-1/1024P 0.982 

Hippuric acid* 4-1/512P 0.997 4-1/128P 0.995 

Hypoxanthine* 4-1/2048P 0.998 4-1/512P 0.993 

Indoxylsulfuric acid* 4-1/4096P 0.993 4-1/4096P 0.951 

myo-Inositol* 4-1/4096P 0.997 4-1/1024P 0.983 

N-Acetylalanine* 4-1/512P 0.994 4-1/128P 0.977 

N-Acetylglucosamine* 4-1/2048P 0.995 4-1/512P 0.978 

Phenylacetylglutamine* 4-1/1024P 0.999 4-1/256P 0.988 

Taurine* 4-1/2048P 0.991 4-1/256P 0.928 

Uridine* 4-1/2048P 0.999 4-1/256P 0.974 

1-Methylnicotinamide 4-1/1024P 0.998 4-1/512P 0.976 

2-Methylbutyroylcarnitine 4-1/2048P 0.998 4-1/1024P 0.995 

Acetylcarnitine 4-1/4096P 0.995 4-1/4096P 0.990 

Alanine 4-1/2048P 0.998 4-1/512P 0.990 

Arginine 4-1/4096P 0.997 4-1/512P 0.975 

Asparagine 4-1/4096P 0.997 4-1/1024P 0.998 

N, N-Dimethylarginine 4-1/2048P 0.996 4-1/512P 0.961 

Butyrylcarnitine 4-1/4096P 0.999 4-1/4096P 0.987 

Creatine 4-1/4096P 0.995 4-1/512P 0.980 

Choline 4-1/4096P 0.995 4-1/1024P 0.974 

Citrulline 4-1/4096P 0.992 4-1/512P 0.987 
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Metabolites 
UHPLC-QqQ-MS UHPLC-Orbitrap-MS 

Linear range Linearity (R2)  Linear range Linearity (R2)  

Dodecanoylcarnitine 4-1/1024P 0.994 4-1/1024P 0.979 

Gamma-glu-gln 4-1/1024P 0.989 4-1/256P 0.962 

Glutamate 4-1/4096P 0.996 4-1/1024P 0.992 

Glutamine 4-1/4096P 0.996 4-1/512P 0.943 

Glycerophosphocholine 4-1/4096P 0.995 4-1/512P 0.962 

Hexanoylcarnitine 4-1/4096P 0.997 4-1/1024P 0.978 

Histidine 4-1/4096P 0.998 4-1/1024P 0.973 

Hydroxyproline 4-1/4096P 0.992 4-1/512P 0.965 

Iso-Leucine 4-1/4096P 0.998 4-1/512P 0.964 

Kynurenine 4-1/2048P 0.996 4-1/1024P 0.971 

Leucine 4-1/4096P 0.997 4-1/4096P 0.989 

Lysine 4-1/4096P 0.996 4-1/2048P 0.994 

Methionine 4-1/2048P 0.998 4-1/512P 0.972 

Methionine sulfoxide 4-1/2048P 0.992 4-1/512P 0.963 

N, N-Dimethyl-lysine 4-1/4096P 0.995 4-1/512P 0.980 

Nε-Acetyl-L-lysine 4-1/2048P 0.999 4-1/256P 0.971 

N1, N12-diacetylspermine 4-1/1024P 0.995 4-1/256P 0.979 

Ornithine 4-1/4096P 0.994 4-1/512P 0.996 

Palmitoylcarnitine 4-1/2048P 0.994 4-1/512P 0.939 

Phenylalanine 4-1/4096P 0.995 4-1/1024P 0.969 

Pipecolic acid 4-1/4096P 0.987 4-1/512P 0.948 

Serotonin 4-1/1024P 0.994 4-1/128P 0.977 

Valine 4-1/4096P 0.993 4-1/1024P 0.973 

* Metabolites were determined in negative ionization mode. 
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4.5 Database-assisted global metabolomics profiling of pleural effusion induced 

by tuberculosis and malignancy 

4.5.1 Metabolic distinction between the tuberculous and malignant pleural 

effusions 

We applied the database-assisted global metabolomics method to investigate the 

distinction between the tuberculous and malignant pleural effusions. PLS-DA mode 

was used to demonstrate the clustering trend of the metabolic profiles in these 

samples. As visualized in Figure 4.6, QC samples across the experiment were tightly 

clustered, verifying the good repeatability of the method. Meanwhile, a noticeable 

separation was observed between the tuberculous and malignant pleural effusion 

samples, demonstrating the significant differentiation in their metabolic profiles. 

Metabolic features with a VIP value exceeding 1.2 and p-value less than 0.05 were 

selected as differential metabolites and were summarized in Table 4.10. It found that 

most of amino acids, including tryptophan, ornithine, proline, asparagine, glutamate 

and histidine were significantly elevated in the malignant pleural effusion, whereas 

metabolites generated from tryptophan catabolism, such as kynurenine and 

5-hydroxyindole-3-acetic acid were increased in the tuberculous pleural effusion. This 

phenomenon may be attributed to the over-exuberant inflammatory responses, for 

instance, the activation of interferon-γ213 and increased activity of indoleamine 2,3 

dioxygenase214 in patients with tuberculosis, which are the important inducers to 

stimulate tryptophan catabolism and generate kynurenine and other downstream 
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metabolites. Decreased levels of carnitine and fatty acids (e.g., oleic acid and stearic 

acid) were noted in tuberculous pleural effusion. This result accompanied with 

elevated acylcarnitines collectively indicated enhanced β-oxidation of fatty acids in 

tuberculosis patients. Additionally, the accumulation of 12,13-DiHOME, an oxidized 

polyunsaturated fatty acid, was observed in malignant pleural effusion, implicating 

the alteration of the redox state. Another metabolic distinction was the bile acid 

metabolism, as evidenced by the consistent higher levels of glycocholic acid, 

glycoursodeoxycholic acid, and taurochenodeoxycholic acid in tuberculous pleural 

effusion samples. Then we performed pathway analysis on these differential 

metabolites (Figure 4.7). A range of differential metabolic pathways, such as 

tryptophan metabolism, histidine metabolism, lysine degradation, aminoacyl-tRNA 

biosynthesis, and carnitine synthesis were determined in the tuberculous and 

malignant pleural effusion samples. 

  



159 

 

 

Figure 4.6 PLS-DA score plot of tuberculous pleural effusions (TPE) and malignant 

pleural effusions (MPE) in positive (left) and negative (right) ionization mode. 

 

Figure 4.7 Differential metabolic pathways between tuberculous and malignant 

pleural effusions. 
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Table 4.10 Differential metabolites identified between tuberculous and malignant pleural effusions. 

Biochemical name Pathway ESI mode Fold change AUC value 

Acetylcarnitine Beta oxidation of fatty acids ESI+ 3.264*** 0.803 

Asparagine Aspartate metabolism and ammonia recycling ESI+ 0.761** 0.738 

Betaine Betaine, glycine and serine metabolism ESI+ 0.565*** 0.812 

Carnitine Beta oxidation of fatty acids ESI+ 0.233*** 0.971 

Choline Betaine and phosphatidylcholine metabolism ESI+ 0.718* 0.683 

Creatine Glycine, serine and threonine metabolism ESI+ 0.273*** 0.926 

Creatinine Creatintine metabolism ESI+ 0.183*** 0.919 

Cystine Cysteine and methionine metabolism ESI+ 0.181*** 0.939 

Dodecanoylcarnitine  Beta oxidation of fatty acids ESI+ 2.747*** 0.801 

Glutamic acid Glutamate and glutathione metabolism ESI- 0.540*** 0.806 

Glycocholic acid Primary bile acid biosynthesis ESI- 3.350*** 0.833 

Glycoursodeoxycholic acid Primary bile acid biosynthesis ESI- 1.804** 0.782 

Histidine Histidine metabolism and tRNA biosynthesis  ESI+ 0.829** 0.711 

Hydroxyphenyllactic acid Tyrosine metabolism ESI- 3.069*** 0.841 

Hypoxanthine Purine metabolism ESI- 1.375* 0.696 

Indole-3-acrylic acid Tryptophan metabolism ESI+ 0.659** 0.753 
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Kynurenine Tryptophan metabolism ESI+ 2.064*** 0.770 

Lysine Lysine degradation and tRNA biosynthesis ESI+ 0.868* 0.632 

Palmitoylcarnitine  Beta oxidation of fatty acids ESI+ 2.52*** 0.717 

N,N-Dimethylarginine Asymmetrical dimethylarginine pathway ESI+ 0.157*** 0.919 

N6,N6,N6-Trimethyllysine Lysine degradation ESI+ 0.219*** 0.947 

Oleic acid Biosynthesis of unsaturated fatty acids ESI- 0.407*** 0.819 

Ornithine Arginine biosynthesis and glutathione metabolism ESI+ 0.339*** 0.916 

Phenylpyruvic acid Phenylalanine, tyrosine and tryptophan biosynthesis ESI- 2.383** 0.841 

Pipecolic acid Lysine degradation ESI+ 0.101*** 0.898 

Proline Proline metabolism and tRNA biosynthesis ESI+ 0.577* 0.664 

Stearic acid Biosynthesis of unsaturated fatty acids ESI- 0.478*** 0.779 

Taurochenodeoxycholic acid Primary bile acid biosynthesis ESI- 3.433*** 0.795 

Tryptophan Tryptophan metabolism ESI+ 0.661** 0.782 

12,13-diHOME Polyunsaturated fatty acid oxidation ESI- 0.381** 0.768 

2-Hydroxyvaleric acid Lipid metabolism  ESI- 1.693*** 0.878 

3-Hydroxybutyric acid Synthesis and degradation of ketone bodies ESI- 1.734*** 0.861 

5-Hydroxyindoleacetic acid Tryptophan metabolism ESI+ 2.083*** 0.769 
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4.5.2 Diagnostic biomarkers for discrimination of tuberculous and malignant 

pleural effusions 

The distant metabolic profiles between tuberculous and malignant pleural effusion 

provided potential metabolite candidates for discrimination of clinical pleural effusion 

samples without the needed of tissue biopsy. The area under the ROC curve (AUC) 

was measured to estimate the predictive accuracy of metabolites. As illustrated in the 

Table 4.10, seven metabolites, including carnitine, cystine, creatine, creatinine, 

dimethylarginine, trimethyl-lysine and ornithine were found with AUC values higher 

than 0.90, showing great ability for discriminating the pleural effusion samples. 

Furthermore, we optimized the diagnostic performance of these metabolites, in which 

multi-metabolites generated from relevant metabolic pathways were combined as a 

panel for analysis. As shown in Figure 4.8, combination of the three metabolites (i.e., 

glycocholic acid, glycoursodeoxycholic acid and taurochenodeoxycholic acid) from 

bile acid metabolism resulted in a higher AUC value (0.933) than individual cases. It 

also found that tryptophan plus kynurenine and 5-hydroxyindoleacetic acid yielded a 

better AUC value (Figure 4.9). Of note, a diagnostic panel consisting of six 

metabolites (i.e., carnitine, acetylcarnitine, dodecanoylcarnitine, palmitoylcarnitine, 

oleic acid and stearic acid) from the β-oxidation of fatty acids led to a high AUC 

value of 0.995 (Figure 4.10), showing great ability for discriminating the pleural 

effusion samples. demonstrating great potential for discrimination of tuberculous and 

malignant pleural effusions. 
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Figure 4.8 ROC analysis of individual metabolites of glycocholic acid (A), 

glycoursodeoxycholic acid (B), taurochenodeoxycholic acid (C) and a panel 

consisting of these three metabolites (D).  
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Figure 4.9 ROC analysis of individual metabolites of tryptophan (A), kynurenine (B), 

5-hydroxyindoleacetic acid (C) and the diagnostic panel consisting of the three 

metabolites (D). 
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Figure 4.10 ROC analysis of individual metabolites of carnitine (A), acetylcarnitine 

(B), dodecanoylcarnitine (C), palmitoylcarnitine (D), oleic acid (E), stearic acid (F), 

and the diagnostic panel consisting of the six metabolites (G). 
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4.6 Large-scale targeted metabolomics profiling of human lung cancer tissues 

4.6.1 Metabolic distinction between cancerous and normal tissues of lung 

squamous cell carcinoma 

The large-scale targeted metabolomics method was applied for investigation of 

metabolic alterations between cancerous and normal tissues of lung squamous cell 

carcinoma. Paired tumor and adjacent normal tissues were collected from 55 lung 

cancer patients (Table 4.11) and subjected to the large-scale targeted metabolomics 

analyses. As a result, 208 metabolites in positive mode and 194 metabolites in 

negative mode were determined and the detection rates were 95.0% and 92.8%, 

respectively. PCA score plot was used to visualize the clustering trend of the 

metabolic profiles in the tissue samples. As shown in Figure 4.11, all the QC samples 

were tightly clustered to the center of scores plot, demonstrating the good 

repeatability of the developed method. The R2X and Q2 in the PCA model were 0.478 

and 0.456, respectively. In addition, a noticeable separation was observed between 

tumor and normal tissue groups, indicating the significant differentiation in their 

metabolic profiles. A total of 107 metabolites (85 increased and 22 decreased) were 

found to be differentially expressed between the lung cancerous and normal tissues 

(VIP value > 1, p value < 0.05, fold change > 2.0 or < 0.5). As shown in Table 4.12, 

most of amino acids, including alanine, asparagine, leucine, isoleucine, tryptophan, 

and phenylalanine were upregulated in the tumor samples, consistent with the 

previous results215. The levels of glutathione and its related metabolites, such as the 
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proline, cysteine, glutamyl-cysteine and cysteinyl-glycine were increased in tumor 

tissues, which demonstrated the upregulated antioxidant defense in lung cancerous 

tissues. Moreover, decreased glucose and increased lactate were observed in the 

cancer tissue, implicating the Warburg effect. A variety of dysregulated pathways 

(Figure 4.11B), such as purine metabolism, citric acid cycle, amino acid metabolism, 

urea cycle, and ammonia recycling were found between the healthy and cancerous 

human lung tissues. The metabolic alterations were mainly involved in the energy 

metabolism (e.g., glycolysis, glutamate metabolism, and Warburg effect), 

carbohydrate metabolism (e.g., amino sugar metabolism, and fructose and mannose 

metabolism), amino acid metabolism (e.g., aspartate metabolism, alanine metabolism 

and tryptophan metabolism) and nucleotide metabolism (e.g., purine metabolism and 

pyrimidine metabolism), which provided a comprehensive understanding of molecular 

events in human lung cancer. Furthermore, we sought to explore the metabolites 

associated with cancer stage. As shown in Table 4.13, tryptophan and iso-leucine were 

found to be upregulated in higher cancer stage. Increased long-chain acylcarnitines 

(i.e., palmitoylcarnitine and tetradecanoylcarnitine) were observed in the stage III 

lung cancer, indicating the enhanced β-oxidation of long-chain fatty acids in the 

high-grade lung cancer tissues. In addition, higher levels of ribose 5-phosphate and 

inosine were detected in the stage I lung cancer compared to the stage II and III, 

indicating the increased activities of pentose phosphate pathway and purine salvage in 

the stage I lung cancer. 
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Figure 4.11 PCA score plot of lung cancer tissues measured by the targeted 

metabolomics method in the positive mode (A). Enrichment overview of altered 

metabolic pathways in human lung cancer (B). Representative differential metabolites 

between cancerous (blue box) and normal tissues (yellow box) with AUC values 

higher than 0.99 (C). 
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Table 4.11 Demographic and clinical information of patients with lung squamous cell 

carcinoma. 

Characteristics Cases 

Number of patients n = 55 

Age (median, range) 64, 42-79 

Gender Male 

Pleural effusion n = 16 (29%) 

TNM stage  

Stage 0 /  

Stage Ⅰ n = 18 (33%) 

Stage Ⅱ n = 25 (45%) 

Stage Ⅲ n = 12 (22%) 
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Table 4.12 Differential metabolites between cancerous and normal tissues of lung 

squamous cell carcinoma. 

Compound Name Polarity P-value VIP Fold change 

Glutathione neg 1.23E-15 2.87 115.66 

N1, N12-diacetylspermine pos 1.08E-09 2.82 60.10 

Thymidine 5'-triphosphate  neg 1.62E-10 2.60 4.61 

Citicoline CDP-choline neg 3.26E-34 2.48 24.13 

Glucose neg 1.85E-16 2.23 0.07 

Imidazoleacetic acid pos 4.99E-10 2.08 0.08 

Deoxyguanosine 5'-phosphate pos 2.47E-15 2.05 10.34 

Cysteinylglycine pos 1.27E-13 2.04 16.99 

Adenosine triphosphate  neg 4.33E-07 2.02 13.61 

Cystathionine pos 0.004776 2.00 35.95 

N-Acetylalanine neg 6.45E-33 1.99 8.79 

Prolylglutamic acid pos 2.14E-12 1.97 9.29 

S-Adenosyl-methionine pos 9.56E-21 1.93 11.48 

Deoxycytidylic acid pos 2.62E-25 1.92 7.28 

Deoxyinosine pos 7.95E-17 1.91 7.54 

Xanthine neg 1.05E-28 1.90 7.33 

Xanthosine neg 4.19E-10 1.84 8.64 

N1-Acetylputrescine pos 7.23E-10 1.83 10.99 

Adenine pos 8.06E-10 1.78 7.31 

Deoxyadenosine 5'-phosphate neg 3.18E-14 1.76 7.74 

Proline pos 1.87E-41 1.74 4.57 

Adenosine diphosphate neg 7.07E-23 1.73 5.71 

Uridine triphosphate  neg 5.73E-05 1.72 8.94 

Deoxyguanosine pos 5.59E-10 1.71 6.46 
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Inosine 5'-diphosphate  neg 6.81E-22 1.68 5.36 

Uridine diphosphate  neg 1.44E-08 1.67 10.92 

N1-Acetylspermidine pos 1.4E-09 1.64 5.95 

Glutamylcysteine pos 9.9E-12 1.64 5.86 

Riboflavin pos 8.83E-18 1.61 4.87 

UDP-glucuronate neg 7.18E-10 1.57 13.04 

Guanosine 5-diphosphate  neg 1.52E-14 1.57 4.87 

Succinoadenosine pos 4.63E-18 1.56 3.73 

Hypotaurine neg 1.79E-12 1.56 4.36 

Stearoylcarnitine pos 1.8E-11 1.53 4.50 

Glycerone phosphate neg 4.53E-06 1.53 5.01 

UDP-N-Acetylglucosamine neg 6.19E-27 1.52 4.18 

Thymidine 5'-phosphate neg 1.34E-10 1.51 4.57 

Tyrosine pos 5.37E-27 1.51 3.45 

Fructose neg 8.55E-08 1.48 0.23 

Cysteine pos 0.002037 1.46 5.83 

Uracil pos 4.24E-13 1.45 3.81 

Guanosine triphosphate  neg 4.12E-06 1.44 5.98 

Homocysteic acid pos 4.83E-06 1.44 0.28 

Lactate neg 7.28E-36 1.44 3.25 

Prolylglycine pos 2.37E-17 1.44 3.45 

Deoxyuridine monophosphate neg 3.21E-07 1.44 3.97 

Iso-Leucine pos 3.85E-31 1.43 2.97 

Valine pos 5.76E-30 1.43 3.00 

Urate neg 7.6E-11 1.42 3.81 

Phenylalanine neg 8.91E-21 1.42 3.56 

Glyceraldehyde neg 3.17E-32 1.41 3.07 

5,10-Methylene-THF pos 8.08E-09 1.41 4.38 



172 

 

2-Aminoadipic acid neg 0.013078 1.40 9.37 

Glycerol 3-phosphate neg 1.16E-10 1.40 0.30 

Arabitol neg 9.19E-12 1.40 3.48 

N2, N2-Dimethylguanosine pos 4.45E-12 1.39 3.41 

NADP neg 1.29E-11 1.39 4.68 

Anthranilic acid pos 4.1E-07 1.38 0.21 

Homoserine pos 1.53E-15 1.38 3.33 

1-Methylguanosine pos 6.63E-12 1.37 3.30 

Glucosamine-1-phosphate pos 6.53E-16 1.36 3.10 

Creatine pos 1.2E-42 1.36 2.60 

Guanine pos 5.08E-12 1.31 0.44 

S-Lactoylglutathione neg 6.99E-11 1.31 4.81 

Thymidine 5'-diphosphate  neg 1.62E-10 1.30 4.61 

N-acetyl-glucosamine neg 1.21E-20 1.30 0.30 

gamma-Glu-gln pos 1.51E-12 1.29 0.36 

Guanosine monophosphate neg 7.57E-18 1.28 3.01 

Cysteic acid neg 6.81E-11 1.26 3.40 

GDP-D-mannose neg 7.98E-12 1.23 3.41 

Histamine pos 1.4E-22 1.23 0.42 

Tryptophan pos 2.42E-16 1.22 2.96 

12,13-DiHOME neg 3.62E-08 1.21 0.33 

Leucine pos 1.27E-28 1.21 2.24 

Alanine pos 1.24E-24 1.20 2.27 

Glycylglycine pos 1.65E-15 1.20 2.48 

Dimethylallyl pyrophosphate neg 3.77E-12 1.19 2.77 

Carnitine pos 2.13E-33 1.19 0.46 

Fructose-1,6-bisphosphate neg 0.00715 1.17 2.46 

Orotate neg 1.41E-09 1.16 3.62 
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Methionine pos 3.49E-19 1.16 2.26 

N-acetyl-glucosamine pos 5.92E-05 1.14 3.14 

Asparagine pos 2.38E-28 1.14 2.06 

N, N-Dimethylarginine pos 4.49E-24 1.13 2.08 

Adenosine pos 3.66E-11 1.13 0.48 

Guanosine pos 1.25E-13 1.13 0.43 

Threonine pos 4.58E-25 1.13 2.04 

gamma-Glu-Glu pos 3.49E-11 1.13 0.34 

Quinolinic acid neg 0.000902 1.13 3.45 

Biotin pos 1.07E-08 1.11 3.39 

Glycerophosphocholine pos 7.44E-17 1.10 2.23 

Allantoin neg 3.32E-07 1.10 0.34 

GSSG neg 1.36E-12 1.10 2.50 

Acetylcholine pos 1.6E-22 1.09 0.48 

Carbamoyl phosphate neg 3.85E-09 1.06 2.54 

Ascorbic acid-2-sulfate neg 1.28E-07 1.06 0.24 

3-indoleacetic acid IAA pos 1.51E-13 1.06 0.43 

N-Acetyl-L-methionine pos 1.52E-18 1.06 2.03 

10-Formyl-THF pos 1.86E-07 1.04 0.44 

2-Methylbutyroylcarnitine pos 1.53E-07 1.04 2.98 

Testosterone sulfate neg 8E-11 1.04 0.38 

Butyrylcarnitine pos 6.39E-10 1.02 2.42 

Adenylosuccinate neg 4.29E-10 1.02 4.96 

Histidine pos 7.2E-20 1.01 1.90 

O-Phosphorylethanolamine neg 1.5E-19 1.01 1.92 

Lactose neg 4.65E-10 1.01 0.40 

Glutaric acid neg 1.25E-09 1.01 2.25 

Note: Metabolites were determined in the positive (pos) and negative (neg) mode. 
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Table 4.13 Differential metabolites associated with human lung cancer stage. 

Metabolites 
Stage II / Stage I  Stage III / Stage I 

Fold change p value  Fold change p value 

Tryptophan 1.408  2.50E-02  1.502  1.51E-02 

Iso-leucine 1.256  5.02E-02  1.360  1.58E-02 

Palmitoylcarnitine 1.181  9.33E-01  1.735  1.86E-02 

Tetradecanoylcarnitine 1.082  6.97E-01  2.214  1.39E-02 

Adenosine phosphate 0.363  1.29E-02  0.492  1.66E-01 

Asparagine 1.127  1.94E-01  1.268  2.71E-02 

γ-Glutamylglutamate 0.693  3.50E-02  0.584  3.99E-02 

Acetylcholine 0.731  2.46E-02  0.767  1.01E-01 

Ribose 5-phosphate 0.788  1.84E-01  0.540  7.80E-03 

Inosine 0.775  1.44E-01  0.647  2.57E-02 
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4.6.2 Metabolic distinction between lung squamous cell carcinoma and 

adenocarcinoma 

We investigated the metabolic alterations in NSCLC tissues and explored the role 

of specific metabolites in tumor progression and metastasis. The developed approach 

was applied to measure the level of cellular metabolites in lung squamous cell 

carcinoma and adenocarcinoma tissues. With over 400 endogenous metabolites being 

determined, the high-coverage targeted metabolomics approach enabled detection of 

92 metabolic pathways in samples, which is unique from other metabolic studies due 

to its concurrent utilization of two complementary techniques for reliable metabolome 

analysis with broad coverage, thereby ameliorating some drawbacks of conventional 

metabolomics approaches in understanding of molecular events involving the lung 

tumor carcinogenesis.  

A total of 120 patients with lung adenocarcinoma and 82 patients with lung 

squamous cell carcinoma were enrolled in this study. The diagnosis of lung carcinoma 

was confirmed by histopathologic studies after surgery. Seventeen patients had lactate 

dehydrogenase levels that were higher than the cut-off value (240 U/L). Sixty-one 

percent of the patients had a history of tobacco use. The Edmonson stages of the 

patients ranged from stages I to IV. Eighty patients were found to have a recurrence 

(Figure 4.12). There was no statistical significance observed between male and female 

patients (Student t test, p > 0.05) in the clinical tests employed. The NSCLC tissue 

samples were subjected to the targeted metabolomics analyses. As shown in Figure 
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2.12, 206 metabolites (159 higher and 47 lower), including amino acids, 

carbohydrates, amines and carboxylic acids, peptides and vitamins displayed 

differential abundance (p value <0.05, fold change > 1.5) between tumor and normal 

tissue samples. Of note, most amino acids were increased in the cancerous tissues, 

including two ketogenic amino acids (i.e., leucine and lysine), which can be degraded 

directly into acetyl-CoA and entered citrate cycle for energy supply. The increased 

glucose uptake and increased lactate production were detected in tumor tissues, 

implicating Warburg effect. The levels of choline and acetylcholine were decreased, 

whereas phosphocholine and glycerophosphocholine levels were increased. In 

addition, pathologic accumulations of dipeptides, such as cystathionine, 

cysteinylglycine, and glutamylcysteine were observed, which were responsible for 

increased glutathione in the tumor tissues.  

To systematically characterize the metabolic alterations in NSCLC tissues, we 

performed KEGG pathway-based analysis utilizing metabolites that were present at 

differential abundance between tumor and nontumor tissues. Differential abundance 

scores were calculated, which captured the tendency for metabolites in a pathway to 

be increased/ decreased relative to normal samples. Accordingly, we constructed the 

metabolic landscape of lung cancer and interrogated the changes in metabolic shifts 

between lung adenocarcinoma and squamous cell carcinoma tissues (Figure 4.13). A 

variety of dysregulated pathways, such as amino acid metabolism, carbohydrate 

metabolism, citrate cycle and central carbon metabolism were determined and most of 
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the pathways elevated in the NSCLC tumor tissues were involved in catabolism. 

Upregulation of glycolysis led to a high rate of glucose consumption and enriched 

quantity of pyruvate. In addition, significantly higher levels of lactate were measured 

in both lung adenocarcinoma and squamous cell carcinoma tissues, consistent with the 

Warburg effect. The intermediates in TCA cycle, such as α-ketoglutarate, citrate 

fumarate and succinate were increased. These results indicated that NSCLC 

concurrently metabolized glucose through upregulated glycolysis and the TCA cycle. 

In addition to energy metabolism, the levels of glutathione and glutathione disulfide in 

lung squamous cell carcinoma increased, whereas glutathione disulfide level in lung 

adenocarcinoma decreased, indicating the alteration of the redox state in the two 

subtypes NSCLC tumor tissues. As shown in Figure 4.14, there was significant 

difference in the urea cycle between lung adenocarcinoma and lung squamous cell 

carcinoma, as evidenced by the opposite tendency of citrulline, ornithine, arginine, 

and argininosuccinate.  
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Figure 4.12 Clinical and metabolic features of NSCLC lung cancer metabolomics 

cohort. Clinical characteristics of the patients with squamous cell carcinoma (SCC) 

and adenocarcinoma (AC) (left); A volcano plot of 428 metabolites profiled, 206 

exhibited significant differential abundance (p value <0.05, absolute fold change >1.5) 

when comparing tumors with adjacent normal tissues (right). 
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Figure 4.13 Pathway-based analysis of lung squamous cell carcinoma (left) and adenocarcinoma (right).
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Figure 4.14 Metabolic changes of central carbon metabolism, urea cycle and redox 

metabolism in lung squamous cell carcinoma (left) and adenocarcinoma (right). 

Metabolites are labeled as color-coded squares.  
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In addition, Cox proportional hazard regression model was utilized to investigate 

the metabolites associated with prognosis of patients, in which metabolite level was 

dichotomized into high and low groups as covariables to estimate its hazard ratio 

(HR). In addition, multivariate analysis was adjusted for gender, age, and smoking 

status. As shown in Table 4.14 , high levels of adenosine [HR = 3.43 (p =0.002)], 

glutamate [HR = 2.65 (p =0.011)], glutamylglutamic acid [HR = 2.63 (p =0.010)], 

N-acetyl-putrescine [HR = 2.83 (p =0.007)], UDP-D-galactose [HR = 2.94 (p 

=0.013)], and uridine monophosphate [HR = 2.28 (p =0.025)] were associated with 

worse survival rates in patients with lung squamous cell carcinoma. However, higher 

levels of 1,6-bisphosphate [HR = 0.42 (p =0.030)], stearoylcarnitine [HR = 0.44 (p 

=0.025)], tetradecanoylcarnitine [HR = 0.41 (p =0.029)], thiamine [HR = 0.38 (P 

=0.010)] and 3-hydroxybutyric acid [HR = 0.42 (p =0.019)] were found beneficial to 

the treatment outcomes of these patients. In addition, various metabolites such as 

asymmetric dimethylarginine, betaine, creatine, methionine sulfoxide and 

hydroxyproline were found to be associated with lung adenocarcinoma prognosis. Of 

note, the results found that most of the metabolites associated with prognosis of lung 

squamous cell carcinoma and adenocarcinoma were different, which provided 

potential biomarkers to monitor clinicopathologic characteristics of patients and 

improve treatment outcomes. 
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Table 4.14 Cox proportional hazard regression analyses of metabolites associated with lung squamous cell carcinoma prognosis.   

Metabolite 
Hazard ratio 

(Univariate analysis) 
p value 

Hazard ratio  

(Multivariate analysis) 
p value 

Adenosine  3.36 (1.38-8.19) 0.002 3.43 (1.39-8.42) 0.003 

Glutamate 2.67 (1.28-5.54) 0.009 2.65 (0.26-5.61) 0.011 

Glucose 1,6-bisphosphate 0.46 (0.22-0.97) 0.041 0.42 (0.19-0.92) 0.030 

Glutamylglutamic acid 2.42 (1.17-4.99) 0.017 2.63 (1.27-5.47) 0.010 

N-Acetylputrescine 2.89 (1.36-6.17) 0.006 2.83 (1.33-6.04) 0.007 

Stearoylcarnitine  0.43 (0.21-0.88) 0.021 0.44 (0.21-0.91) 0.025 

Tetradecanoylcarnitine 0.47 (0.23-0.96) 0.038 0.41 (0.19-0.86) 0.019 

Thiamine 0.44 (0.22-0.90) 0.024 0.38 (0.18-0.79) 0.010 

UDP-D-galactose 2.72 (1.17-6.32) 0.020 2.94 (1.26-6.85) 0.013 

Uridine monophosphate 2.32 (1.13-4.78) 0.021 2.28 (1.11-4.69) 0.025 

3-hydroxybutyric acid 0.45 (0.22-0.92) 0.028 2.63 (1.27-5.47) 0.010 

Note: * univariate analysis, ** multivariate analysis;   
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Table 4.15 Cox proportional hazard regression analyses of metabolites associated with lung adenocarcinoma prognosis.   

Metabolite Hazard ratio * p value * Hazard ratio ** p value ** 

Asparagine 0.45 (0.25-0.83) 0.010 0.45 (0.23-0.88) 0.019 

Asymmetric dimethylarginine  0.54 (0.30-0.97) 0.040 0.50 (0.27-0.95) 0.033 

Betaine 2.04 (1.10-3.76) 0.023 2.07 (1.07-4.02) 0.032 

Creatine 0.41 (0.23-0.73) 0.003 0.34 (0.18-0.64) 0.001 

Nε,Nε-Dimethyl-lysine 0.56 (0.32-0.99) 0.048 0.50 (0.27-0.93) 0.028 

Hydroxyproline 0.53 (0.29-0.95) 0.033 0.45 (0.24-0.86) 0.015 

Leucine 0.52 (0.29-0.92) 0.024 0.48 (0.26-0.89) 0.021 

Methionine sulfoxide  0.43 (0.24-0.76) 0.004 0.41 (0.22-0.76) 0.005 

Proline 0.46 (0.24-0.85) 0.014 0.46 (0.23-0.89) 0.023 

Tryptophan 0.36 (0.19-0.67) 0.001 0.36 (0.18-0.69) 0.002 

UDP-glucuronic acid 0.42 (0.23-0.79) 0.007 0.42 (0.22-0.82) 0.010 

Glucose 1,6-bisphosphate 0.39 (0.22-0.73) 0.003 0.39 (0.20-0.76) 0.006 

Note: * univariate analysis, ** multivariate analysis; 
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4.7 Chapter summary 

In this chapter, we developed two UHPLC-MS based metabolomics methods and 

performed metabolomics study of pleural effusion and tissue of lung cancer. The 

database-assisted metabolomics method was performed on a quadrupole-Orbitrap 

MS system, in which the mass analyzer was operated in the full scan and DDA mode 

to simultaneously acquire the MS and consensus MS/MS spectra of metabolites in 

samples. Subsequent mass spectral searching permitted unbiased metabolite 

identification in biological samples without a priori knowledge of the metabolome.  

By applying this method, 194 endogenous metabolites were identified in the 

human pleural effusion samples, among which 33 differential metabolites involved in 

the amino acid metabolism, bile acid biosynthesis, β-oxidation of fatty acids and 

tryptophan catabolism were found between tuberculous and malignant pleural 

effusions. Furthermore, the diagnostic potential of these metabolites was determined 

using ROC curve. Seven metabolites were proposed as biomarkers for discrimination 

of tuberculous and malignant pleural effusions. In addition, combination of 

multi-metabolites from bile acid pathway, tryptophan pathway and β-oxidation of 

fatty acids led to high AUC values for diagnosis. Summarizing, the results of the 

present work reveals the metabolic distinction between tuberculous and malignant 

pleural effusion and provides an alternative approach for pleural effusion diagnosis 

without the needed of tissue biopsy. In addition, the newly developed method is 

expandable for detection of different types of biological samples.  
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Next, we developed a large-scale targeted metabolomics method, which enables 

targeted analysis of over 400 biologically important metabolites (e.g., amino acids, 

sugars, nucleotides, dipeptides, coenzymes, redox substrates, and fatty acids) and 

monitoring 92 metabolic pathways (e.g., Krebs cycle, glycolysis, amino acids 

metabolism, pentose phosphate pathway, and one-carbon metabolism) in human 

samples. The developed method enabled separation of a variety of isomeric 

metabolites, such as leucine and isoleucine, as well as metabolites with similar 

molecular mass, such as glutamic acid and glutamine. It also displayed better 

sensitivity, repeatability and linear range than UHPLC-Orbitrap MS-based untargeted 

metabolomics method. The present method enables comprehensive assessment of the 

metabolites in various human samples, including the changed metabolites and 

unchanged metabolites, thus providing a better understanding of molecular events in 

human biology. In addition, the method is flexible and expandable, in which the 

metabolite of interest could be added or deleted according to sample characteristics 

or study designs, which offers many advantages for metabolomics analyses, such as 

wide metabolite coverage, good analytical performance and expanded applicability.  

We then applied the targeted metabolomics method for characterization of 

cancerous and adjacent normal tissues of lung cancer. The results found distant 

metabolic pathways, such as purine metabolism, citric acid cycle, amino acid 

metabolism, urea cycle, and ammonia recycling between tumor and normal tissue 

samples. In addition, with the use of Cox proportional hazard regression model, 
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various metabolites, such as adenosine, glutamate, glucose 1,6-bisphosphate, betaine, 

creatine and methionine sulfoxide were found to be associated with prognosis in lung 

cancer patients. The results of the study might provide potential biomarkers to 

monitor the metabolic characteristics of lung cancer patients and treatment outcomes. 

Our methods mainly focused detection of the known metabolites in human samples, 

which provides a reliable tool to monitor the metabolic changes in different human 

samples. Meanwhile, measurement of unknown features in biological samples is also 

great of significance. In further study, we expect to detect all the possible metabolic 

features in samples, including the “known and unknown metabolites”, and explore 

more diagnostic and prognostic markers for disease diagnosis. 
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Chapter 5 Conclusion and future studies  

In this thesis study, novel MS-based approaches were developed for authentication 

of edible vegetable oil and used cooking oil (i.e., deep fried oil and gutter oil), 

assessment of genotoxicity of fatty acid hydroperoxides, and investigation of 

metabolic signatures in pleural effusion and tissue of human lung cancer, aiming to 

gain a better understanding of food safety and human health.  

First, we utilized GC-MS combined with trimethylsilyl derivatization to discover 

differential markers of used cooking oil. The results suggested that six 

monoglycerides could be used as endogenous markers to differentiate the used 

cooking oil from qualified edible oil because significantly higher levels of the 

monoglycerides were determined in used cooking oil samples, including deep fried 

oil and gutter oil. Accumulation of these markers in continuous heating process was 

observed, showing the potential use of the six monoglycerides for estimation of the 

degradation state of used cooking oil. In addition, we developed a MALDI-IMS 

method for visual authentication of edible oil. The method enabled rapid detection of 

oil authenticity, such as commercial vegetable oil, used cooking oil and adulterated 

edible oil by visual inspection. It also provided the capability of quantifying the 

major chemical composition of edible oil, including triglycerides, diglycerides and 

monoglycerides. The developed method required minimal sample preparation and 

allowed screening of oil samples with high throughput (approximately 360 samples 

per day), providing a rapid and facile way to authenticate different types of oil 
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samples without tedious calculations. To the best of our knowledge, this is the first 

study utilizing MALDI-IMS for authentication of edible oil. 

Second, we utilized UHPLC-MS/MS to characterize the genotoxicity of fatty acid 

hydroperoxides (i.e., 13-HPODE and 13-HPOTE), which were the important 

inducers in edible oil degradation. The results demonstrated that α, β-unsaturated 

aldehydes were the major degradation products of fatty acid hydroperoxides, which 

could covalently react with deoxyribose- (i.e., deoxyadenosine, deoxycytidine and 

deoxy guanosine) and ribose- nucleosides (i.e., adenosine, cytidine and guanosine) to 

form nucleoside adducts. It was also found that thymidine and uridine cannot react 

with 13-HPODE and 13-HPOTE to generate related nucleoside adducts, which was 

attributed to the steric hindrance of uracil and thymine in uridine and thymidine. The 

results of the study demonstrated the genotoxicity of fatty acid hydroperoxides at the 

molecular level. 

Next, we developed a database-assisted global metabolomics method to 

investigate the metabolic distinction between tuberculous and malignant pleural 

effusion. A total of 194 endogenous metabolites, including organic acids, carnitines, 

sugars, dipeptides, vitamins, nucleosides and fatty acids were identified in human 

pleural effusion samples caused by tuberculosis and malignancy. Among which, 

higher levels of amino acids, dimethylarginine, trimethyl-lysine and oxidized 

polyunsaturated fatty acid were detected in malignant pleural effusion, implicating 

the enhanced amino acid metabolism, protein methylation and redox state. In 
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addition, metabolites involved in tryptophan catabolism (e.g., kynurenine and 

5-hydroxyindoleacetic acid), bile acid biosynthesis (e.g., glycocholic acid, 

glycoursodeoxycholic acid and taurochenodeoxycholic acid) and β-oxidation of fatty 

acids (e.g., acylcarnitines) were found to be elevated in the tuberculous pleural 

effusion. The distant metabolic profiles between tuberculous and malignant pleural 

effusions provided non-invasive biomarkers for diagnosis of pleural effusion samples 

without the needed of tissue biopsy. Furthermore, we developed a large-scale 

targeted metabolomics method, which enabled targeted profiling of over 400 

biologically important metabolites (e.g., amino acids, sugars, nucleotides, dipeptides, 

coenzymes, redox substrates, and fatty acids) and covering 92 metabolic pathways 

(e.g., Krebs cycle, glycolysis, amino acids metabolism, pentose phosphate pathway, 

and one-carbon metabolism) in human samples. The flexible and expandable method 

displayed better sensitivity, repeatability and linear range than UHPLC-Orbitrap 

MS-based untargeted metabolomics method, which offered many advantages for 

metabolomics analysis, such as wide metabolite coverage, good repeatability and 

linearity and excellent capability in biomarker discovery. The method was then 

applied to determine the metabolic profiles of NSCLC tissues. The results showed 

distant metabolic pathways, such as purine metabolism, citric acid cycle, amino acid 

metabolism, urea cycle, and ammonia recycling between tumor and normal tissues of 

lung squamous cell carcinoma and adenocarcinoma. With utility of Cox proportional 

hazard regression model, a variety of metabolites, such as adenosine, glutamate, 
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glucose 1,6-bisphosphate, betaine, creatine and methionine sulfoxide were found to 

be associated with prognosis of NSCLC patients, which provided potential 

biomarkers to monitor metabolic characteristics of NSCLC patients. 

In future work, we expect a subsequent increase in the number of metabolites 

identified in the untargeted and targeted metabolomics methods. To achieve the goal, 

more human samples, including tissues, cells and body fluids originating from 

different organs, as well as authentic metabolite standards are needed. The 

availability of the biomarkers associated with NSCLC prognosis needs to be 

validated using more clinical samples. In addition, we expect to collect more 

biochemical information on pleural effusion patients and conduct the correlation 

between the circulating biochemical parameters and the highlighted metabolites in 

pleural effusion samples. Furthermore, it would be helpful to conduct proteomics 

study to validate the dysregulated metabolic pathways and identify potential 

therapeutic target of NSCLC patients. For food safety research, it is necessary and 

interesting to perform animal experiments and clarify that whether the nucleoside 

adducts could be detected in vivo after exposure to fatty acid hydroperoxides. 
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