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ABSTRACT 

Cell-based metabolomics using LC-MS systemizes the study of the 

uniqueness of small-molecule metabolite (metabolomes) profiles in 

cellular processes. Cell-based metabolomics can potentially be used 

in many applications for the study of biological perturbation from 

stimulants in cellular pathways. The advantages of cell-based 

metabolomics include ease of control and interpretation when 

compared to the study of human subjects and animal models. 

Furthermore, this method can decrease some highly challenging 

problems that occur in genomics, transcriptomics and proteomics. 

Nowadays, cell culture in metabolomics studies has been used in 

many applications. These include cell culture and bioreactor 

optimisation, phenotype classification, stimulant testing effect, 

target and toxicity analysis, metabolic networks determination and 

modelling, and biomarker and drug target discovery. 

In this study, the reverse phase-liquid chromatography-mass 

spectrometry and hydrophilic interaction chromatography-mass 

spectrometry for comprehensive metabolic profiling well suited to 

the untargeted analysis of non-polar and polar metabolites in 

mammalian cells were developed, optimized and validated. These 

methods can separate and detect most of hydrophobic and polar 

metabolites that are normally found in mammalian cell lines.
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After that the LC-MS methods were applied to assess the effects of 

drugs with known and unknown cellular metabolic effects on three 

mammalian cell lines, namely HMVECs for antipsychotics 

experiment, MCF-7 cells for cordycepin experiment and MIN6 cells 

for fluoxetine experiment by using untargeted metabolic profiling.  

The global effects of antipsychotics at high therapeutic dosage in 

HMVECs were investigated. The results support for the toxicity 

hypothesis with measurements that confirm previous findings and 

reveal the exact biological pathways of antipsychotic-altered BBB 

functions. It was found that antipsychotics may affect the 

bioenergetics pathway due to mitochondrial dysfunction resulted in 

ketoacidosis and inducing oxide stress by reactive oxygen species 

generation. 

In the MCF- cell experiment, the results of the untargeted 

metabolite profiling demonstrated the clear anti-breast cancer 

effects of cordycepin and pentostatin. By investigating the 

metabolite profiles, clear synergistic effects of cordycepin and 

pentostatin combined in comparison to cordycepin activity alone in 

MCF-7 cells was observed. Furthermore, the pathway analysis 

indicated that anti-breast cancer activity was mainly responsible for 

alterations in purine and pyrimidine metabolism and bioenergetics. 

Additionally, cordycepin may be involved in the 
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inhibition of cell proliferation and differentiation, and the activation 

of cell apoptosis 

The last experiment on MIN6 cells, the developed and 

optimized HILIC-MS approach in order to determine the biological 

pathways which are impaired by fluoxetine on glucose-stimulated 

insulin secretion on MIN6 cell lines was performed. It is found that 

fluoxetine may impair glycolysis, TCA and fatty acid metabolism on 

MIN6 cell lines. Moreover, it is also reveal that the alteration of 

biological pathways on MIN6 cells by known ETC inhibitors 

(rotenone (Complex I inhibitor, antimycin (Complex III inhibitor) 

and azide (a complex IV inhibitor). From comparison with these ETC 

inhibitors, it is found that fluoxetine may have the same effect 

pattern with azide. 
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1 

CHAPTER I: INTRODUCTION 

1.1 METABOLOMICS BACKGROUND 

Metabolomics is a recent ‘omics’ science that evaluates downstream 

differences in biological endogenous metabolite levels resulting from 

therapeutic treatments or diseases (1–3). Metabolites are generally 

defined as a low molecular weight biomolecules which play an 

important, essential and diverse role in normal metabolic pathways. 

Metabolites consist of a very large variety of biochemical 

compounds when compared to the proteome and the transcriptome 

(4). Metabolomic studies are sometimes viewed as the important 

piece of the ‘Rosetta Stone’ needed for understand the puzzle of 

complex biological systems (5) as illustrated in Figure 1.1. This field 

of study could be viewed as the fusion methods among metabolite 

analysis, bioanalytical science and chemometrics (6). 
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Figure 1.1 Overview of the interaction between different ‘omics’ 

sciences. 
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1.1.1 Types of metabolomics study 

Metabolomics commonly consists of metabolite target analysis, 

metabolic profiling and metabolic fingerprinting (7). 

1.1.1.1 Metabolite target analysis 

Metabolite target analysis is a direct approach which focuses on 

quantitative study of one or a few biological metabolites that are 

related to a specific metabolic pathway (8,9). This approach 

requires extensive sample preparation and separation from 

untargeted metabolites. It is particularly useful when metabolites 

are present in very low concentrations. Often, chromatographic 

separation and sensitive MS detection are used to provide the 

requisite specificity and sensitivity (10). 

1.1.1.2 Metabolic profiling 

The concept of metabolic profiling allows the monitory of 

metabolites in a biochemical reaction of interested. Normally, 

metabolic profiling uses chromatographic separation before 

detection, with minimal metabolite isolation after sampling. This 

technique can provide an effective, investigative and quantitative 

approach for studying biological metabolism in cells, giving the best 

knowledge of changes to intracellular metabolite concentrations 

(9,11). 
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1.1.1.3 Metabolic fingerprinting 

Metabolic fingerprinting is defined as a global, rapid, and high-

throughput screening approach and is used for sample identification 

based on metabolite patterns of fingerprint which change to 

disease, drug, or environmental fluctuations (11–13). Generally, 

this approach is not used to quantify and identify metabolites. It is 

only used to discriminate between samples which originate from 

different biological status (14).  

1.1.2 Analytical technologies for metabolomics 

A comprehensive, non-biased, high-throughput method for a 

mixture of complex metabolites derived from a biological system is 

required in metabolomics (15). There are different kinds of 

analytical approaches that have been applied to metabolite study, 

such as nuclear magnetic resonance spectrometry (NMR) and mass 

spectrometry (MS), coupled with gas chromatography (GC), liquid 

chromatography (LC), or capillary electrophoresis (CE) (16–18).  

1.1.2.1 Mass spectrometry (MS) 

The advantages and disadvantages of both NMR and MS 

technologies have been delineated by Pan et al (19) and Dieterle et 

al (20). Briefly, NMR spectroscopy is a non-destructive and non-

invasive method. Furthermore, it is claimed to be a highly 

discriminatory and fast approach. It can directly measure biological 
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samples without many extraction and separation processes. This 

technique provides complex analysis of a wide range of small 

hydrophobic and hydrophilic molecules in biological samples through 

analysis of various spectral window settings. However, the major 

disadvantage of a NMR approach is its  relatively low sensitivity 

(19,20), which limits the amount of detailed metabolite information 

obtained from biological samples. 

Providing higher sensitivity, MS technologies are constantly 

expanding in metabolomics studies, especially in targeted analysis, 

metabolic profiling and metabolic finger-printing. Nowadays, the 

rapid development of technologies in separation methods, ion 

sources and mass analysers has provided an ever increasing 

sensitivity, selectivity, specificity and speed of acquisition and 

detection (7,21,22). Electrospray ionisation, atmospheric pressure 

chemical ionisation, atmospheric pressure photoionisation and 

atmospheric pressure matrix-assisted laser desorption and 

ionisation has expanded the range of compounds detected. 

Furthermore, the number of detected compounds can be raised by 

changing the polarity of the ion source (23). 

The type of data acquired with MS is dependent upon the MS 

technologies. (Triple-) Quadrupole MS frequently provides the best 

detection limits for targeted profiling. Time-of-flight (ToF) MS 

platform with orthogonal acceleration and reflection optics provides 
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higher scan speeds, spectral sensitivity and mass resolution. 

However, the main limitation of ToF technology has been its 

relatively narrow dynamic range which covers only one or two 

orders of magnitude (24) and the lack of high resolution, although 

these areas have been improved on in recent MS instruments 

(Orbitrap).  

1.1.2.2 Orbitrap-Mass spectrometry (Orbitrap MS) 

An Orbitrap MS platform is a relatively new mass analyser 

technology and has been successfully applied in quantification due 

to its accuracy, resolution and high dynamic range (25,26). The 

Orbitrap instrument was originally introduced by Kingdon in 1923 

(27) and was modified by Knight in 1981 (28). However, the early 

Orbitrap was used as a mass detector in 2000 by Makarov (29). 

Later, the first commercial Orbitrap MS was introduced by Thermo 

Electron in 2005 (30). Figure 1.2 shows the schematic of Orbitrap 

mass spectrometer. An Orbitrap consists of a spindle shaped central 

electrode. This electrode is surrounded by two symmetrical 

electrodes (25). Ionised ions enter the Orbitrap off axis from the 

centre rod’s equatorial position and are allowed to settle into ring-

like orbitrap around the rod. The rings oscillate back and forth over 

the electrode as a frequency dependent upon the m/z of ionised 

ions. The change of current of the charged rings is recorded by the 
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split outer electrodes and converted into signal amplitude vs time 

(25,30). 

 

 

 

 

Figure 1.2 Overview of the Orbitap detector detailing the entrance 

of the ions into the detector, orbitrap about the central electrode, 

and subsequent current-frequency detected by the systemetric 

exterior electrodes (25). 
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1.1.2.3 Liquid chromatography (LC) 

Separation is very important in metabolomics studies because it 

decreases sample complexity and provides further information 

about characteristics of metabolites that aid in their identification 

(31–33). Moreover, it allows the detection of low abundance 

metabolites whose ionisation could be suppressed by more high 

abundant metabolites (31). Improvements to LC equipment have 

led to the development of ultra-high performance liquid 

chromatography (UHPLC). Direct coupling of UHPLC to high 

resolution mass spectrometry  (UHPLC-HRMS) represents the best 

technique of choice for metabolomics studies due to its capability to 

allow the detection of thousands of peaks (with unique mass and 

retention time) from samples (34–36). Normally, nonpolar and 

polar metabolites are separated and analysed in parallel due to the 

limitations of analytical column technologies. 

A.  Reversed phase-liquid chromatography (RP-LC) 

In the past, metabolomics studies extensively used RP-LC, which 

give a good separation of semi- and non-polar metabolites, but 

which discriminates against polar metabolites since these are often 

not retained for analysis (37). RP-LC is popularly used because of 

its reproducible and predictable retention times, wide applicability to 

various classes of metabolites, and mobile phase compatibility for 

MS (37–39). Figure 1.3 illustrates a schematic representing the 
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mechanism in a RP separation However, RP-LC has the major 

disadvantage in the analysis of polar and/or ionic metabolites, 

which are typically poorly retained and eluted in the solvent front 

(38). Polar metabolites include amines, organic acids, amino acids, 

and others involved in biochemical pathways and influxes (33).This 

problem can be solved by the used of hydrophilic interaction 

chromatography. 

 

 

 

Figure 1.3 A schematic representing the mechanism in a RP 

separation (modified from (39)). 
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B. Hydrophilic interaction chromatography (HILIC) 

While RP-LC is suitable for non-polar and lipid metabolites, HILIC is 

good for polar and hydrophilic metabolite analytes. Polar and 

hydrophilic metabolites with little or no retention on RP-LC could in 

general have a strong retention on HILIC. In practice, zwitterionic-

HILIC (ZIC-HILIC) is popularly used in metabolomics studies. Figure 

1.4 illustrates a schematic representing the mechanism in a ZIC-

HILIC separation. It shows that the separation is based on a 

partitioning between the bulk eluent and a water-rich layer, 

internally not only dipole-dipole force, but also hydrogen bonds as 

well as ion exchange present (40). 

The main advantage of HILIC lies in the application of retaining 

polar and hydrophilic compounds, particularly in the analysis of 

small polar and hydrophilic metabolites in metabolomics studies. 

Often metabolites and intermediate metabolites are hydrophilic, 

especially small organic acids (40,41). Several applications have 

been developed using HILIC, in particular for the analysis of polar 

and hydrophilic metabolites from biological samples (42–47). Tang 

et al has showed that HILIC coupled MS can enhance the 

comprehensiveness of polar and hydrophilic metabolite detection 

and add significant value for metabolomics studies (48). Wernisch 

et al has also presented a comparison of the chromatographic 

performance of RP-C18 and HILIC columns and showed that HILIC 
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was highly effective for the analysis of polar and hydrophilic 

metabolites (42). Recently, Gunda et al have applied HILIC-MS 

method for study cellular metabolites and suggested that superior 

peak shapes and efficiencies of cellular metabolites could be 

achieved by using HILIC (44). 

 

 

 

Figure 1.4 A schematic representing the mechanism in a ZIC-HILIC 

separation (modified from (40)). 
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1.1.3 Metabolite Identification 

One of the important challenges in metabolomics analysis is to 

identify metabolites. Nowadays, metabolite identification in 

metabolomics analysis is primarily based on a m/z search followed 

by manual identification (49,50) as shown in Figure 1.5. First, the 

m/z value of the detected metabolite is matched against 

database(s). The metabolites have m/z values within specific 

tolerance criteria to the query m/z and are searched from the 

databases as accepted metabolites. Second, the MS/MS spectral (if 

they are available) and retention times of each authentic metabolite 

of the accepted compounds are compared.  

However, putative metabolites from m/z verification are rarely 

unique because of the existence of isomers and the limited accuracy 

of MS approaches. In some cases, a m/z value can have be 

attributed many chemical identities by m/z, which makes the 

manual identification costly and laborious. Because of this 

limitation, this method is appropriate to only a limited number of 

biological metabolites. To enhance the efficiency of metabolite 

verification for a large number of biological metabolites, standard 

metabolites can be analysed. This decreases the amount of manual 

verification required. 
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Figure 1.5 Schematic of metabolite identification. 
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1.1.4 Multivariate data analysis for metabolomics 

experiments 

The complexity of dataset which is obtained from metabolite 

profiling by LC-MS is three-dimensionally related to the m/z ratio, 

mass ion intensity and retention time of the metabolites. In order to 

validate the metabolomics studies, it is necessary to optimise the 

quality of these complex datasets. Different data pre-treatment 

processes are applied to minimise unexpected analytical and 

biological variances. This includes the replacement of missing data 

by studying of particular metabolic levels across all replicates, or 

taking the mean of the nearest neighbour (51). 

The intensity of detected metabolites can differ by several orders of 

magnitude between samples and metabolites, and may require data 

transformation to correct relative influences with new weighting. 

Modification includes log transformation, range transformation, (the 

minimum and maximum value for the variable set between 0 and 

1), z-score-mean centring of the variable divided by its standard 

deviation, and mean centring. The multidimensional MS dataset is 

frequently applied by different supervised and unsupervised 

statistical calculation, such as a decision tree, partial least square-

discriminant analysis (PLS-DA), hierarchical cluster analysis (HCA), 

and principal component analysis (PCA) (52–54).  
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PCA, an unsupervised, multivariate statistical analysis, is widely 

applied to minimise the dimensional data while retaining as much 

information as possible. PCA transforms the set of originally-

correlated variables into a new set of few uncorrelated variables. 

This new set is called principal components (PCs). The greatest 

amount of variation and the greatest amount of remaining variation 

are shown in the first and second components, respectively (55,56). 

1.2 CELL-BASED METABOLOMICS 

1.2.1 Overview 

In most recent metabolomic studies, body fluids were widely used 

in metabolomic studies concerning human biology and health, as 

these studies had a mainly holistic focus in terms of biological 

systems. The clinical application of metabolomic, involves the 

collection of large datasets requiring large numbers of clinical 

patients or volunteers. These datasets can decipher different 

endogenous and exogenous metabolites in humans and can lead to 

the discovery of novel biomarkers and new metabolites (42,49,55). 

These aspects are based on high anticipations in the development of 

new diagnostic technologies, risk factor evaluations of diseases and 

toxic assessment of many compounds (1,57,58). However, for a 

more holistic understanding of the function and properties of a cell, 

there is a requirement for appropriate information about specific cell 

types under a variety of conditions. This is vital for a holistic
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understanding and can be accomplished by shifting the focus from 

the whole organism to cultured cells (59). In this way, cell 

experiments can complement the results of the whole system and 

provide insight into the cellular and sub-cellular mechanisms 

underlying disease and health. In addition, cell culture is highly 

compatible with metabolomic analysis, as it provides a controlled 

system for available, direct access and evaluation of tissues. Tissue 

culture is a valuable tool with which to study problems of clinical 

relevance, especially those related to disease, screening, and 

studies of mechanism of cell toxicity (60). The ready access to cells 

provides the possibility of a straightforward method with which to 

study cellular mechanisms.  This in turn may lead to the discovery 

of new potential drug targets and, in the case of pathologically-

derived tissue, an interesting application for the evaluation of 

therapeutic agents that could potentially treat the dysfunction.  
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1.2.2 Definition of cell-based metabolomics 

Cell-based metabolomics using LC-MS systemises the study of the 

uniqueness of small-molecule metabolite (metabolomes) profiles in 

cellular processes. While transcriptomics and proteomics address 

the altered phenotype of a cell, metabolomics can provide rapid 

read out about the physiology and biochemistry of an altered cell 

(60). Cell-based metabolomics can potentially be used in many 

applications for the study of biological perturbation from stimulants 

in cellular pathways. In addition, it had been shown that toxic 

effects applied to mammalian cell cultures can occur at 

concentrations equivalent to the doses in which in vivo effects are 

studied (61). Figure 1.6 shows an increasing number of cell-based 

metabolomics applications. 
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Figure 1.6 The general trend in the publication of cell-based 

metabolomics applications to study the effects and toxicology of 

drugs among 2002 to 2014 from the PubMed database, searching 

with the keywords “cells + metabolomics + drug effects”. 
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1.2.3 Advantages and disadvantages of cell-based 

metabolomics 

The advantages of cell-based metabolomics include ease of control 

and interpretation when compared to the study of human subjects 

and animal models. Furthermore, this method can decrease some 

highly challenging problems that occur in other metabolomics 

applications. For example, in metabolomics applications of human 

study, problems include individual variations across different 

subjects and different time points, difficulty in population control, 

and different confounding parameters (age, gender, health, etc) 

(61). Such problems do not arise in cell culture applications, where 

experimental and biological variation is kept under tight control and 

a smaller number of replicate experiments are needed to generate 

statistically valid results 

In addition, cell culture study does not require ethics considerations 

in human studies and animal experiments, and using a specific type 

of cell can decrease variability and produce a more consistent 

background which becomes apparent in an experiment (60). 

Metabolites analysis in cell culture experiments can be directly 

correlated with other ‘omics’ sciences (preteomics, genomics, and 

transcriptomics) (61). Moreover, metabolomics data can be used for 

the investigation and identification of biochemical pathways, and 

can greatly help other cell culture analyses in the evaluation of 

different results.                                                .
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Although the cell-based metabolomics provides many benefits over 

other metabolomics applications, this approach has been impeded 

by several problems. Some of the main problems include the 

quenching processes, the variability of cell culture medium 

formulation and supplements, addition of chemical compounds or 

solvents during metabolite extraction procedures, time consuming 

metabolite extraction steps, and difficulties in obtaining sufficiently 

large numbers of cultured cells for analysis (60,61). In addition, 

some of the common problems, which are found in metabolomics 

studies, are also important in cell culture analysis. These include an 

inability to measure, quantify, and identify all metabolites and the 

problem with reproducibility and validity of data analysis. Many of 

these problems can be addressed by using appropriate study design 

and the application of appropriate analytical instruments and 

methodologies (44). 

Nowadays, cell culture in metabolomics studies are used in many 

applications as shown in Figure 1.7. These include cell culture and 

bioreactor optimisation, phenotype classification, stimulant testing 

effect, target and toxicity analysis, metabolic networks 

determination and modelling, and biomarker and drug target 

discovery (34,44,47,57,58,60,61). 
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Figure 1.7 Examples of cell culture applications in metabolomics 

studies (41). 
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1.3 BACKGROUND TO THE MAIN AREAS OF EXPERIMENTAL 

INVESTIGATION IN THE THESIS 

Both new drugs and old drugs can be approved by the Food and 

Drug Administration (FDA) if the chemicals can demonstrate 

therapeutic efficacy and an absence of serious adverse effects by a 

series of rigorous preclinical tests and clinical trials (62). Toxicology 

assessments are routinely used in preclinical animal studies to 

evaluate the harmful effects of a potential new drug candidate and 

its major drug metabolites (63,64). Despite the rigorous testing of 

new drug candidates in the screening and preclinical developmental 

phases, there are still some drugs that demonstrate toxic side 

effects in the clinical testing phase and/or post-market (62). The 

failure of a drug candidate as a result of safety concerns at the end 

stages of testing or its withdrawal from the market after approval, 

is a public safety concern and results in an enormous lost to the 

pharmaceutical company in terms of both time spent in 

development (65) (an average of 8-10 years from drug 

development to ultimate approval by US FDA (62)) and overall cost 

(the estimated cost of developing a new drug candidate being over 

1 billion dollars in 2006 (66)). In response to this costly and timely 

attrition, many pharmaceutical companies have now increased their 

used of cell-based screening assays to identify potential hazards 

and take steps to design out or significantly reduce undesirable 

properties at an earlier stage, with the ultimate aim of enhancing 
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the probability of success in non-clinical and clinical drug 

development. There are many project that have successfully applied 

cell-based metabolomics for the study of pharmacoactivity and 

toxicity in many mammalian cell types (67,68),  

1.3.1 Antipsychotics and the blood brain barrier 

Psychotic disorders are severe mental illnesses that cause problems 

with thinking and perceptions. The main symptoms of people with 

psychoses are delusions (false beliefs) and hallucinations (false 

perceptions). One important aspect of psychotic disorders is 

schizophrenia; a debilitating problem of the central nervous system 

(CNS). The symptoms of individuals suffering from schizophrenia 

are hallucinations, delusions, conceptual disorganisation, social 

withdrawal and poor speech. Psychotic disorder treatments depend 

on the cause of the CNS disorder. One of the major treatments is to 

use drugs to control symptoms. Antipsychotic medications have 

been divided into two classes: typical (first generation) and atypical 

(second generation) (69–71). 

1.3.1.1 Typical antipsychotic (AP) drugs (First 

generation) 

The typical antipsychotics drugs have been used to treat psychotic 

disorders for more than six decades (72). Chlorpromazine (CPZ) 

and Haloperidol (HAL) are the standard antipsychotic agents in this 

class. CPZ and HAL are highly effective in treating schizophrenia, 
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but they cause severe extrapyramidal side effects including 

dystonia, parkinsonian-like syndrome, and tardive dyskinesia. These 

side effects interfere significantly with the social and occupational 

functioning of patients (69–71). 

A. Chlorpromazine (CPZ) 

CPZ is a typical potent antipsychotic drug which was first used 

clinically in 1951. This drug has been used to treat psychotic 

disorders and its pharmacology and side effects have been 

extensively reported (73). Chemically, CPZ belongs to the 

phenothiazine series of antipsychotic compounds. The structure is 

shown below: 

 

Figure 1.8 Chemical structure of chlorpromazine (3-(2-

chlorophenothiazin-10-yl)-N,N-dimethylpropan-1-amine). 
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CPZ is a tertiary amine that tends to form an interface between 

water and lipid at a low concentration in the order of 10-2 M. It has 

been shown that CPZ tends to impair the permeability of cell 

membranes in a variety of mammalian cells, and it exerts this effect 

from minute to high concentration. In other words, this drug acts 

like a potent cell membrane permeability disruptor. CPZ is a 

dopamine antagonist and its major site of action is the dopamine D2 

receptors. The main metabolites of CPZ are CPZ N-oxide, CPZ 

sulfoxide and hydroxyl CPZ (73). 
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B. Haloperidol (HAL) 

HAL is a typical potent antipsychotic drug which was first used 

clinically in 1960. This drug has been used to treat and manage the 

manifestations of acute and chronic psychotic disorders including 

schizophrenia, manic state, and drug-induced psychoses, such as 

steroid psychosis. Its pharmacology and side effects have been 

extensively reported (74,75). Chemically, HAL belongs to the 

butyrophenone series of antipsychotic compounds. The structure is 

shown below: 

 

 

Figure 1.9 Chemical structure of haloperidol (4-[4-(4-

chlorophenyl)-4-hydroxypiperidin-1-yl]-1-(4-fluorophenyl) butan-1-

one) 
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HAL is a tertiary amine that tends to form an interface between 

water and lipid at very low levels in the order of 10-7 M. It has been 

shown that HAL tends to impair the permeability of cell membranes 

in a variety of mammalian cells, and that it exerts this effect from 

low to high concentration. That is, this drug acts like potent cell 

membrane permeability disruptor in the same way as CPZ. HAL is a 

dopamine antagonist and its major site of action is the dopamine D2 

receptors. The main metabolites of HAL are reduced haloperidol, 

hydroxyl HAL and 4-(4-chlorophenyl)-4-hydroxypiperidine (76).  
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1.3.1.2 Atypical antipsychotic medications 

Because of CNS side effects caused by typical antipsychotics drugs, 

the so-called atypical AP drugs have been developed. They appear 

to have comparable clinical efficiency to the typical antipsychotics 

agents, but with minimal or no extrapyrimidal side effects. The first 

atypical AP medication that was used clinically to treat psychotic 

disorders was clozapine (CLZ). CLZ is used with caution and in 

restricted manner due to its severe side effect: potentially fatal 

agranulocytosis. The other drug is risperidone (RIS) which has been 

developed and used clinically without the risk agranulocytosis, but 

with potency equal to CLZ (77). 

A. Clozapine (CLZ) 

CLZ was first introduced in 1989 and has been used to treat 

schizophrenia. CLZ is a selective monoaminergic antagonist with 

high affinity for serotonin and histaminergic receptors. Unlike typical 

AP agents, it weakly blocks D2 receptors (78). CLZ is a tricyclic 

dibenzodiazepine analog with the chemical name of 3-chloro-6-(4-

methylpiperazin-1-yl)-5H-benzo[b] [1,4] benzodiazepine. Its 

structure is shown below. 
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Figure 1.10 Chemical structure of clozapine (3-chloro-6-(4-

methylpiperazin-1-yl)-5H-benzo[b][1,4]benzodiazepine) 

 

CLZ is metabolised to N-oxide CLZ and N-desmethyl CLZ, which 

have less pharmacological activity than the parent drug (79). 

B. Risperidone (RIS) 

RIS was approved for clinical uses in 1989 and has been used to 

treat delusional psychosis (including schizophrenia), but it is also 

used to treat some forms of bipolar disorder and psychotic 

depression. RIS selectively antagonises serotonin effects and, to a 

lesser extent, competes with the D2 receptor (80). RIS is a 

benzisoxazole derivative with the chemical name of 3-[2-[4-(6-

fluoro-1,2-benzoxazol-3-yl)piperidin-1-yl]ethyl]-2-methyl-6,7,8,9-
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tetrahydropyrido[1,2-a]pyrimidin-4-one. Its structure is given 

below. 

 

 

Figure 1.11 Chemical structure of risperidone (3-[2-[4-(6-fluoro-

1,2-benzoxazol-3-yl)piperidin-1-yl]ethyl]-2-methyl-6,7,8,9-

tetrahydropyrido[1,2-a]pyrimidin-4-one) 

 

RIS is mainly metabolised by the liver and its main metabolic 

pathway is through hydroxylation of RIS to 9-hydroxyRIS.  The 9-

hydroxy-RIS metabolite has similar pharmacological activity to the 

parent drug (81). 
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1.3.1.3 Overdose problems of antipsychotics 

One of the most two common problems of antipsychotics in clinical 

treatment is overdose. This problem is a common cause of out-of-

hospital death and hospital admission due to poisoning in many 

countries (82,83). For examples, in the USA there were about 6.1 

% of death due to AP overdose problems in 2010 (84) and 128 

patients died from this problem in the UK in 2014 (85).  One of the 

overdose side effects is extra pyramidal syndrome; this could result 

from a greater amount of APs passing to the CNS than would from a 

normal dose. This suggests that APs at overdose levels can affect 

the BBB functionalities and/or viabilities (86,87). The BBB is the 

primary interface of the brain, controlling the transport of 

neurotoxins, physiological metabolites, peripheral 

neurotransmitters, and xenobiotics into and out of the brain 

(88,89). Both typical and typical APs have been reported to impair 

BBB function and induce an apoptotic process in BBB cells (86,87). 
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1.3.1.4 Blood brain barrier relevance 

The blood brain barrier (BBB) is a complex vascular structure that 

physically and physiologically separates the peripheral blood 

circulation from the central nervous system (CNS). The BBB acts 

very effectively to maintain brain homeostasis, regulate influx and 

efflux transport of nutrients, and protect the CNS from pathogen 

and toxins (88). The basic anatomy of the BBB consists of brain 

microvascular endothelial cells (HMVECs), pericytes, astrocyte foot 

processes and nerve endings.  Although, these four structures 

contribute to the function of the microvasculatures of the brain, the 

permeability of the BBB is controlled only by the HMVECs. The other 

components do not contribute to any significant permeability-

related exchange between blood and brain interstitial fluid. Once the 

HMVECs layer has been disrupted, the CNS will be directly exposed 

to the hazardous solutes, pathogens and toxins (89). Marchi et al. 

have shown that disruption of the BBB with mannitol increases the 

BBB permeability to intravascular substances resulting in epileptic 

seizures in rats (90). Furthermore, inflammation of the BBB caused 

by bacteria, viruses and other microorganisms breaks down the BBB 

and allows neurotoxins to enter the brain. This could lead to 

inflammation of the meninges (91). Moreover, BBB disruption plays 

a vital part in acute and chronic cerebral ischemia, brain trauma, 

multiple sclerosis, brain tumours, and brain infections (90). 

Recently, it has been reported that some antipsychotics such as 
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CPZ, HAL, RIS and CLZ can impair barrier functionality of the BBB 

and induce BBB cell apoptosis (86,87). At high dosage the APs 

break down and could induce cytotoxicity in HMVECs.  These 

phenomena may also relate to antipsychotics-associated cerebral 

oedema. 

1.3.1.5 Antipsychotics and the blood brain barrier 

system 

The extent to which APs can affect the function of HMVECs, 

especially at high therapeutic dosage, is still not clearly understood. 

One hypothesis is that high doses of APs will increase the transport 

of APs into the CNS and cause side effects. Ben-Shachar et al. (92) 

and Pardridge et al. (93) suggested that APs, within the high 

therapeutic dosage range, induce gross permeability changes in the 

BBB allowing passage of FeCl3, mannitol and inulin. These studies 

may indicate that APs at high dose can interfere with the barrier 

functionality and/or viability of the BBB. To date, the whole 

mechanism of how a high dosage of APs affects HMVEC function is 

not entirely clear; one important mechanism of APs could be the 

induction of phospholipidosis and cell apoptosis (86,87).  

Phospholipidosis is characterised by intracellular accumulation of 

phospholipids that most likely result from impaired phospholipid 

metabolism of the lysosome.  Lysosomes contain lysosomal 

phospholipase that play a critical role in the degradation of cellular 
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membranes (94). It has been reported that many amphiphilic drugs 

such as antidepressants, antibiotics and APs, can induce 

phospholipidosis in cells, organs and tissues (95–97). However, the 

relationship between APs and phospholipidosis in the BBB remains 

elusive. 

Moreover, cell apoptosis results in the condensation of chromatin, 

and DNA fragmentation. Cell apoptosis is clearly marked by cell 

membrane disintegration in the early stages. The major component 

is phosphatidylserine (PS) translocated from the inner membrane to 

the outer membrane resulting in cell shrinking (98). AP drugs have 

been known to induce cell death in various mammalian cells. The 

cytotoxic effects of APs on BBB cells however are not yet clearly 

understood.  

To understand how antipsychotics can affect the BBB, our study 

investigates the effect of four APs (CPZ, HAL, CLZ and RIS) at 

concentrations typical of high therapeutic dosage, on HMVECs from 

the BBB. For our investigation we decided to use cell-based 

metabolomics using a LC-MS approach to study the effects of 

antipsychotics. 
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1.3.2 Breast cancer and cordycepin 

1.3.2.1 Breast cancer cells 

Breast cancer develops in the cells of the breast and is hormone 

related. It is the most commonly diagnosed cancer and the second 

leading cause of cancer death in women worldwide. In 2015, there 

were approximately 231,840 new cases of breast cancer and 40,290 

breast cancer deaths in the United States (99). The increase 

occurrence of this cancer could result from physical factors (such as 

UV radiation, pollution, and chemical exposure) and human 

behaviours (such as obesity, starvation, drinking and smoking) 

(100).  

Nowadays, the advance of breast cancer treatments brings new 

hope and excitement to save patients’ live. Instead of just one or 

two, various treatment approaches are now available for breast 

cancer. In addition, a choice of methods, based on individual factors 

such as age, condition of patient and stage of breast cancer, is 

possible (101). Breast cancer treatment can be divided into two 

options: local treatment and systemic treatment (102). Local 

treatment specifically targets the breast cancer tissue and has no 

effect on the rest of the body. Surgical removal and radiation 

therapy are commonly used in this type of treatment. Systemic 

therapy is the method that uses drugs, hormones, enzymes and 

antibodies to treat breast cancer. 
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1.3.2.2 Problems with breast cancer treatments 

Nowadays, the available breast cancer treatments cause serious 

side effects and have limited effective options as mentioned above; 

thus, the discovery of novel, targeted and more effective therapy 

options is necessary. Natural products represent an abundance of 

source-derived remedies to discover novel pharmacologically active 

compounds for the treatment of breast cancer. One of important 

natural compound with potential anti-cancer effects is cordycepin, 

extracted from the insect fungus Cordyceps spp. 

1.3.2.3 Cordycepin 

Cordycepin or 3’-deoxyadenosine, is derivative of the nucleoside 

adenosine (shown in Figure 1.12). It was initially isolated from the 

Cordyceps species. The cordyceps species is a parasitic fungus and 

has been used as the active component of Chinese traditional 

medicine for many centuries. It is known to be, for the most past, 

very safe (103). Cordycepin has been proposed to have many 

biological activities: inhibition of cell proliferation, the induction of 

apoptosis, the inhibition of platelet aggregation, the inhibition of cell 

migration and invasiveness, inhibition of inflammation, and  as an 

antifungal agent (104–111). Over the past decade, studies have 

focused on the effect of cordycepin on breast cancer cells with a 

view to its application in breast cancer treatment. Such studies have 

shown the efficacy of cordycepin in the inhibition of breast cancer 

cells (112). However, cordycepin is currently not medically used 
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because its pharmacology and toxicology are still not clearly 

understood.  

 

 

Figure 1.12 Chemical structure of cordycepin (3’-deoxyadenosine). 

 

Cordycepin is known to interfere with a number of biochemical and 

molecular processes in many cancer cells. Recent research, 

however, has studied the possible anti-breast cancer ability of 

cordycepin. Investigations have been done with the breast cancer 

cell lines, MDA-MB-231, MDA-MB-453 and MCF-7 (104,112,113). 

Reports from these investigations have shown significant reductions 

in cancer cell proliferation. 

Lu et al performed an in vitro study into the effect of cordycepin in 

breast cancer cell lines (MCF-7) and found that cordycepin 

suppresses MCF-7 proliferation (114). Thomadaki et al. investigated 
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the anti-cancer effect of cordycepin against MCF-7 cell lines, in 

which cordycepin showed cytotoxicity against MCF-7 cells. 

Thomadaki et al indicated that cordycepin affects the polyadenylate 

polymerase (PAP) pathway (115). Noh et al. also demonstrated that 

cordycepin inhibits MCF-7 cell growth by suppressing the MAPK/AP-

1 pathway (116). Choi et al. reported that cordycepin induces 

apoptosis and autophagy in MDA-MB-231 and MCF-7 cell lines (104) 

and Lee et al. showed that cordycepin also causes DNA double 

strand breaks in MDA-MB-231, MDA-MB-453 and MCF-7 cells (113). 

Although cordycepin has shown that it effectively kills MCF7 human 

breast cancer cell lines in vitro, the clinical application of cordycepin 

in breast cancer treatment still remains elusive. It is essential to 

gain an understanding of the exact biological effects of cordycepin. 

Moreover, one of the limitations of cordycepin as an anti-breast 

cancer drug is its stability.  

Because cordycepin is an analogue of the nucleoside adenosine, it 

can be hydrolysed by adenosine deaminase (ADA). ADA is an 

enzyme that can be found in any mammalian cell and metabolised 

adenosine and its analogues yield inosine (117). Frederiksen et al. 

showed that the metabolite of cordycepin  is 3’-deoxyinosine (118) 

and Cristalli et al. confirmed that cordycepin is metabolised by ADA 

to 3’-deoxyinosine (117). Once cordycepin has been metabolised by 

ADA, it has no anti-cancer activity. To extend the anti-cancer 
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activity of cordycepin, an ADA inhibitor is used. A variety of 

potential ADA inhibitors have been investigated to be used in 

synergy with cordycepin. 

1.3.2.4 Role of pentostatin as a potentiator of 

cordycepin activity 

Pentostatin, 2’-deoxycoformycin, is a purine nucleoside analogue 

(as shown in Figure 1.13) and a potent ADA inhibitor. It has been 

shown to possess activity in chronic lymphocytic leukaemia, 

prolymphocytic leukaemia, cutaneous T-cell lymphomas, adult T-cell 

lymphoma-leukemia, and low grade non-Hodgkin’s lymphomas. The 

unique property pentostatin possesses is its significant ability to 

inhibit ADA; however, one problem with using pentostatin as an 

ADA inhibitor is that it can cause persistent immunosuppression. In 

addition, Rodman et al. found that pentostatin administered to dogs 

caused lymphopenia and thymus lymphoid depletion, 

thrombocytopenia, and a decrease in food consumption, but giving 

cordycepin alone did not cause these related toxicities. Moreover, 

severe gastrointestinal toxicity and bone marrow toxicity were 

detected in dogs given the combination of cordycepin and 

pentostatin (119). The efficacy of cordycepin in combination with 

pentostatin may still be limited in clinical applications; however, the 

administration of cordycepin and pentostatin could be effective in 

breast cancer treatment. 
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Figure 1.13 Chemical structure of pentostatin. 

 

1.3.2.5 Utility of cordycepin and pentostatin 

combinations in cell-based studies 

Although cordycepin has shown that it effectively kills MCF-7 human 

breast cancer cell lines and others in vitro by inducing cell death in 

association with the oestrogen receptor, inhibiting RNA synthesis 

and inducing DNA double strand breaks (104,113,116), there is still 

a lack of thorough insight into its anti-breast cancer effect from a 
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global perspective. Moreover, the efficacy of cordycepin in 

combination with pentostatin (ADA inhibitor) in breast cancer 

treatment has not been studied in terms of metabolome changes. 

This limitation inspired us to study how cordycepin and cordycepin 

in combination with pentostatin can affect metabolomes of MCF-7 

cell lines by using a LC-MS cell-based metabolomics. The results 

could explain the biological effects of these drugs and may be used 

to predict the toxicology of cordycepin and pentostatin in breast 

cancer treatment. 

1.3.3 Fluoxetine and pancreatic beta cells 

1.3.3.1 Fluoxetine 

Fluoxetine is a selective serotonin reuptake inhibitor antidepressant. 

It affects chemicals in the central nervous system by blocking only 

the serotonin transporter. Fluoxetine is used for the treatment of 

major depressive disorder, bulimia nervosa, obsessive-compulsive 

disorder, panic disorder, and premenstrual dysphoria (120).  
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Figure 1.14 Chemical structure of fluoxetine. 

 

1.3.3.2 Problems associated with fluoxetine 

In the last decade, reports have indicated that the use of fluoxetine 

is associated with an increased risk of pancreatic beta cell 

dysfunction. This could result in weight gain and obesity, leading to 

an increased incidence of hypertension, dyslipidaemia, coronary 

artery disease, insulin resistance and overt diabetes (121–126). 

However, little is known about the effects of fluoxetine as an 

impairing agent of beta cell function. Impairment of beta cell 

function causes a pathological state in which it cannot maintain 

glucose homeostasis due to impaired insulin secretion and insulin 

resistance. Impaired beta cell function by fluoxetine may increase 

reactive oxygen species and oxidative damage. This may result in 



CHAPTER I 

43 

decreased mitochondrial electron transport chain enzyme (ETC) 

activity (124). Therefore, in order to understand the effects of 

fluoxetine toxicity in beta cells, it is important to investigate the 

cellular responses associated with this drug. 

1.3.3.3 Pancreatic beta cells 

Beta cells are an important cell component in the pancreatic islets 

Langerhans of pancreatic islet. Its function is the secretion of insulin 

in response to elevated blood glucose through glucose stimulated 

insulin secretion. Insulin is a peptide hormone that sends signals to 

the liver, muscle and adipose tissue to absorb glucose from the 

blood and store it in the form of glycogen for later use. Dysfunction 

of beta cells results in a failure to adequately regulate insulin levels 

and consequently blood glucose, causing diabetes (127,128). 

1.3.3.4 Investigation of beta cell function using 

fluoxetine as a probe 

Fluoxetine has shown that it can impair beta cell function causing a 

pathological state in which its function cannot maintain glucose 

homeostasis due to impaired insulin secretion and insulin 

resistance. Impairment of beta cell function by fluoxetine may 

increase reactive oxygen species and oxidative damage. This may 

result in decreased mitochondrial electron transport chain enzyme 

(ETC) activity. Therefore, in order to understand the effects of 
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fluoxetine toxicity in beta cells, it is important to investigate the 

cellular responses associated with this drug. 

These limitations inspired us to study how fluoxetine can affect 

metabolomes of MIN6 cell lines by using cell-based metabolomics 

using a LC-MS approach. The results obtained could explain the 

biological effects of these drugs and may be used to predict the 

toxicology of fluoxetine in clinical treatment. 
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1.4 AIMS OF THE THESIS 

 To develop, optimise and validate a HILIC-MS approach for 

comprehensive metabolic profiling well suited to the 

untargeted analysis of polar metabolites in mammalian cells 

(Chapter III). 

 To investigate the level and compositional changes in 

intracellular components of human microvascular endothelial 

cells from blood brain barrier upon exposure to a high 

concentration of four antipsychotics (chlopromazine, 

haloperidol, clozapine and risperidone) with cell-based 

metabolomics using HILIC MS (Chapter IV). 

 To investigate the level and compositional changes in 

intracellular components of MCF-7 cells from upon treated 

with cordycepin with and without pentostatin with cell-based 

metabolomics using HILIC-MS (Chapter V). 

 To investigate the level and compositional changes in 

intracellular components of murine pancreatic beta cells from 

upon treated with fluoxetine with cell-based metabolomics 

using HILIC-MS (Chapter VI). 
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CHAPTER II: MATERIALS AND METHODS 

2.1 CHEMICALS 

Chemicals used in the study can be summarised in Table 2.1. A 

stock solution of each authentic standard was prepared at 100 mM, 

10 mM, 1 mM and 0.1 mM, separately in water or ethanol and 

stored at -80 oC. The standard mixtures were divided into 3 groups 

as summarised in Supplementary Tables 2.1 to 2.3. The final 

concentration of each standard metabolite was 100 μM. Working 

solutions containing analytes were prepared in acetonitrile by 

diluting 10 times to obtain a final concentration of 10 μM of each 

standard metabolite. The working solution was stored at -80 oC and 

brought up to room temperature before analysis. 
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Table 2.1 Chemical lists were used in the study. 

Chemical Grade Supplier 

(R)-2-Hydroxyglutarate Analytical Sigma-Aldrich (Poole, UK) 

(R)-3-Hydroxybutanoate Analytical Sigma-Aldrich (Poole, UK) 

(R)-Lactate Analytical Sigma-Aldrich (Poole, UK) 

(S)-Malate Analytical Sigma-Aldrich (Poole, UK) 

1,3-Diaminopropane Analytical Sigma-Aldrich (Poole, UK) 
1-Aminocyclopropane-1-

carboxylate 
Analytical Sigma-Aldrich (Poole, UK) 

1-Aminopropan-2-ol Analytical Sigma-Aldrich (Poole, UK) 

1-Butanol Analytical Sigma-Aldrich (Poole, UK) 

1-Naphthylacetic acid Analytical Sigma-Aldrich (Poole, UK) 

2,3-Bisphospho-D-glycerate Analytical Sigma-Aldrich (Poole, UK) 

2-Aminobutan-4-olide Analytical Sigma-Aldrich (Poole, UK) 

2-Deoxy-D-glucose Analytical Sigma-Aldrich (Poole, UK) 

2-Hydroxyethyldisulfide Analytical Sigma-Aldrich (Poole, UK) 

2-Methylcitrate Analytical Sigma-Aldrich (Poole, UK) 

2-Oxobutanoate Analytical Sigma-Aldrich (Poole, UK) 

2-Oxoglutarate Analytical Sigma-Aldrich (Poole, UK) 

2-Phenylglycine Analytical Sigma-Aldrich (Poole, UK) 

2-Phospho-D-glycerate Analytical Sigma-Aldrich (Poole, UK) 

3-(4-Hydroxyphenyl)pyruvate Analytical Sigma-Aldrich (Poole, UK) 

3-4-Dihydroxyphenylacetate Analytical Sigma-Aldrich (Poole, UK) 

3'-5'-Cyclic AMP Analytical Sigma-Aldrich (Poole, UK) 

3-Hydroxyphenylacetate Analytical Sigma-Aldrich (Poole, UK) 

3-Phospho-D-glycerate Analytical Sigma-Aldrich (Poole, UK) 
4-(beta-

Acetylaminoethyl)imidazole Analytical Sigma-Aldrich (Poole, UK) 

4-Aminobenzoate Analytical Sigma-Aldrich (Poole, UK) 

4-Aminobutanoate Analytical Sigma-Aldrich (Poole, UK) 

4-Coumarate Analytical Sigma-Aldrich (Poole, UK) 

4-Trimethylammoniobutanoate Analytical Sigma-Aldrich (Poole, UK) 

5-Aminolevulinate Analytical Sigma-Aldrich (Poole, UK) 

5-Methoxytryptamine Analytical Sigma-Aldrich (Poole, UK) 

5'-Methylthioadenosine Analytical Sigma-Aldrich (Poole, UK) 

5-Oxoproline Analytical Sigma-Aldrich (Poole, UK) 

6-Methylaminopurine Analytical Sigma-Aldrich (Poole, UK) 

6-Phospho-D-gluconate Analytical Sigma-Aldrich (Poole, UK) 

Acetoacetate Analytical Sigma-Aldrich (Poole, UK) 

Acetonitrile LC-MS Acros Organics (Geel, Belgium) 

Acetylcholine Analytical Sigma-Aldrich (Poole, UK) 

Acetyl-CoA Analytical Sigma-Aldrich (Poole, UK) 

Acetylcysteine Analytical Sigma-Aldrich (Poole, UK) 

Adenine Analytical Sigma-Aldrich (Poole, UK) 
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Table 2.1 (Cont.) Chemical lists were used in the study. 

Chemical Grade Supplier 

Adenosine Analytical Sigma-Aldrich (Poole, UK) 

Adenosine 2',5'-bisphosphate Analytical Sigma-Aldrich (Poole, UK) 

ADP Analytical Sigma-Aldrich (Poole, UK) 

Agmatine Analytical Sigma-Aldrich (Poole, UK) 

Alanyl-Glycine Analytical Sigma-Aldrich (Poole, UK) 

Allantoin Analytical Sigma-Aldrich (Poole, UK) 

Ammonium carbonate Analytical Sigma-Aldrich (Poole, UK) 

Ammonium acetate LC-MS Sigma-Aldrich (Poole, UK) 

AMP Analytical Sigma-Aldrich (Poole, UK) 

Antimycin A Analytical Sigma-Aldrich (Poole, UK) 

Ascorbate Analytical Sigma-Aldrich (Poole, UK) 

ATP Analytical Sigma-Aldrich (Poole, UK) 

Benzoate Analytical Sigma-Aldrich (Poole, UK) 

beta-Alanine Analytical Sigma-Aldrich (Poole, UK) 

Betaine Analytical Sigma-Aldrich (Poole, UK) 

Biopterin Analytical Sigma-Aldrich (Poole, UK) 

Biotin Analytical Sigma-Aldrich (Poole, UK) 

Bis-gamma-Glutamylcystine Analytical Sigma-Aldrich (Poole, UK) 

Cholesterol Analytical Sigma-Aldrich (Poole, UK) 

Choline Analytical Sigma-Aldrich (Poole, UK) 

Choline phosphate Analytical Sigma-Aldrich (Poole, UK) 

Chorpromazine Analytical Sigma-Aldrich (Poole, UK) 

cis-Aconitate Analytical Sigma-Aldrich (Poole, UK) 

Citrate Analytical Sigma-Aldrich (Poole, UK) 

Clozapine Analytical Abcam (Cambridge, MA, USA) 

CMP Analytical Sigma-Aldrich (Poole, UK) 

CoA Analytical Sigma-Aldrich (Poole, UK) 

Cordycepin Analytical Sigma-Aldrich (Poole, UK) 

Creatinine Analytical Sigma-Aldrich (Poole, UK) 

CTP Analytical Sigma-Aldrich (Poole, UK) 

Cytidine Analytical Sigma-Aldrich (Poole, UK) 

Cytosine Analytical Sigma-Aldrich (Poole, UK) 

dAMP Analytical Sigma-Aldrich (Poole, UK) 

D-Arabinose Analytical Sigma-Aldrich (Poole, UK) 

dCMP Analytical Sigma-Aldrich (Poole, UK) 

Deoxyadenosine Analytical Sigma-Aldrich (Poole, UK) 

Deoxyribose Analytical Sigma-Aldrich (Poole, UK) 

Deoxyuridine Analytical Sigma-Aldrich (Poole, UK) 

D-Erythrose Analytical Sigma-Aldrich (Poole, UK) 

D-Erythrose 4-phosphate Analytical Sigma-Aldrich (Poole, UK) 
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Table 2.1 (Cont.) Chemical lists were used in the study. 

Chemical Grade Supplier 

D-Fructose Analytical Sigma-Aldrich (Poole, UK) 

D-Fructose 1,6-bisphosphate Analytical Sigma-Aldrich (Poole, UK) 

D-Fructose 6-phosphate Analytical Sigma-Aldrich (Poole, UK) 

D-Galactarate Analytical Sigma-Aldrich (Poole, UK) 

D-Galacturonate Analytical Sigma-Aldrich (Poole, UK) 

D-Gluconic acid Analytical Sigma-Aldrich (Poole, UK) 

D-Glucono-1,4-lactone Analytical Sigma-Aldrich (Poole, UK) 

D-Glucosamine Analytical Sigma-Aldrich (Poole, UK) 

D-Glucosamine-6-phosphate Analytical Sigma-Aldrich (Poole, UK) 

D-glucose Analytical Sigma-Aldrich (Poole, UK) 

D-Glucose 6-phosphate Analytical Sigma-Aldrich (Poole, UK) 

D-Glucuronolactone Analytical Sigma-Aldrich (Poole, UK) 

dGMP Analytical Sigma-Aldrich (Poole, UK) 

Dihydrolipoamide Analytical Sigma-Aldrich (Poole, UK) 

dIMP Analytical Sigma-Aldrich (Poole, UK) 

DL-Glyceraldehyde 3-phosphate Analytical Sigma-Aldrich (Poole, UK) 

DMSO HPLC Acros Organics (Geel, Belgium) 

Dopamine Analytical Sigma-Aldrich (Poole, UK) 

D-Ribose Analytical Sigma-Aldrich (Poole, UK) 

D-ribose 5-phosphate Analytical Sigma-Aldrich (Poole, UK) 

D-Threose Analytical Sigma-Aldrich (Poole, UK) 

dUMP Analytical Sigma-Aldrich (Poole, UK) 

Eflornithine Analytical Sigma-Aldrich (Poole, UK) 

Ethanol LC-MS Acros Organics (Geel, Belgium) 

Ethanolamine phosphate Analytical Sigma-Aldrich (Poole, UK) 

FAD Analytical Sigma-Aldrich (Poole, UK) 

Fluoxetine Analytical Abcam (Cambridge, MA, USA) 

FMN Analytical Sigma-Aldrich (Poole, UK) 

Folate Analytical Sigma-Aldrich (Poole, UK) 

Formic acid LC-MS Sigma-Aldrich (Poole, UK) 

Fumarate Analytical Sigma-Aldrich (Poole, UK) 

Gallate Analytical Sigma-Aldrich (Poole, UK) 

gamma-L-Glutamyl-L-cysteine Analytical Sigma-Aldrich (Poole, UK) 

GDP Analytical Sigma-Aldrich (Poole, UK) 

Glutathione Analytical Sigma-Aldrich (Poole, UK) 

Glutathione disulfide Analytical Sigma-Aldrich (Poole, UK) 

Glyceraldehyde Analytical Sigma-Aldrich (Poole, UK) 

Glycerol Analytical Sigma-Aldrich (Poole, UK) 

Glycine Analytical Sigma-Aldrich (Poole, UK) 
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Table 2.1 (Cont.) Chemical lists were used in the study. 

Chemical Grade Supplier 

Glycolate Analytical Sigma-Aldrich (Poole, UK) 

Glycylglycine Analytical Sigma-Aldrich (Poole, UK) 

Glyoxylate Analytical Sigma-Aldrich (Poole, UK) 

GMP Analytical Sigma-Aldrich (Poole, UK) 

GTP Analytical Sigma-Aldrich (Poole, UK) 

Guanine Analytical Sigma-Aldrich (Poole, UK) 

Guanosine Analytical Sigma-Aldrich (Poole, UK) 

Haloperidol Analytical Sigma-Aldrich (Poole, UK) 

HEPES Analytical Sigma-Aldrich (Poole, UK) 

Homocystine Analytical Sigma-Aldrich (Poole, UK) 

Hypoxanthine Analytical Sigma-Aldrich (Poole, UK) 

IDP Analytical Sigma-Aldrich (Poole, UK) 

Imidazole Analytical Sigma-Aldrich (Poole, UK) 

Imidazole-4-acetate Analytical Sigma-Aldrich (Poole, UK) 

IMP Analytical Sigma-Aldrich (Poole, UK) 

Inosine Analytical Sigma-Aldrich (Poole, UK) 

Isonicotinic acid Analytical Sigma-Aldrich (Poole, UK) 

Isopropanol LC-MS Acros Organics (Geel, Belgium) 

Itaconate Analytical Sigma-Aldrich (Poole, UK) 

L-2_3-Diaminopropanoate Analytical Sigma-Aldrich (Poole, UK) 

L-2_4-Diaminobutanoate Analytical Sigma-Aldrich (Poole, UK) 

L-2-Aminoadipate Analytical Sigma-Aldrich (Poole, UK) 

L-Alanine Analytical Sigma-Aldrich (Poole, UK) 

L-Arginine Analytical Sigma-Aldrich (Poole, UK) 

L-Asparagine Analytical Sigma-Aldrich (Poole, UK) 

L-Aspartate Analytical Sigma-Aldrich (Poole, UK) 

L-Carnitine Analytical Sigma-Aldrich (Poole, UK) 

L-Citrulline Analytical Sigma-Aldrich (Poole, UK) 

L-Cystathionine Analytical Sigma-Aldrich (Poole, UK) 

L-Cysteate Analytical Sigma-Aldrich (Poole, UK) 

L-Cysteine Analytical Sigma-Aldrich (Poole, UK) 

L-Cystine Analytical Sigma-Aldrich (Poole, UK) 

L-Cystine Analytical Sigma-Aldrich (Poole, UK) 

L-Dehydroascorbate Analytical Sigma-Aldrich (Poole, UK) 

L-Glutamate Analytical Sigma-Aldrich (Poole, UK) 

L-Glutamine Analytical Sigma-Aldrich (Poole, UK) 

L-Gulono-1,4-lactone Analytical Sigma-Aldrich (Poole, UK) 

L-Histidine Analytical Sigma-Aldrich (Poole, UK) 

L-Homocysteine Analytical Sigma-Aldrich (Poole, UK) 

L-Homoserine Analytical Sigma-Aldrich (Poole, UK) 
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Table 2.1 (Cont.) Chemical lists were used in the study. 

Chemical Grade Supplier 

Lipoamide Analytical Sigma-Aldrich (Poole, UK) 

Lipoate Analytical Sigma-Aldrich (Poole, UK) 

L-Isoleucine Analytical Sigma-Aldrich (Poole, UK) 

L-Kynurenine Analytical Sigma-Aldrich (Poole, UK) 

L-Leucine Analytical Sigma-Aldrich (Poole, UK) 

L-Lysine Analytical Sigma-Aldrich (Poole, UK) 

L-Methionine Analytical Sigma-Aldrich (Poole, UK) 

L-Noradrenaline Analytical Sigma-Aldrich (Poole, UK) 

L-Ornithine Analytical Sigma-Aldrich (Poole, UK) 

L-Phenylalanine Analytical Sigma-Aldrich (Poole, UK) 

L-Proline Analytical Sigma-Aldrich (Poole, UK) 

L-Rhamnose Analytical Sigma-Aldrich (Poole, UK) 

L-Serine Analytical Sigma-Aldrich (Poole, UK) 

L-Threonine Analytical Sigma-Aldrich (Poole, UK) 

L-Tryptophan Analytical Sigma-Aldrich (Poole, UK) 

L-Tyrosine Analytical Sigma-Aldrich (Poole, UK) 

L-Valine Analytical Sigma-Aldrich (Poole, UK) 

Maleic acid Analytical Sigma-Aldrich (Poole, UK) 

Malonate Analytical Sigma-Aldrich (Poole, UK) 

Maltose Analytical Sigma-Aldrich (Poole, UK) 

Melatonin Analytical Sigma-Aldrich (Poole, UK) 

Menadione Analytical Sigma-Aldrich (Poole, UK) 

Mercaptoethanol Analytical Sigma-Aldrich (Poole, UK) 

Mesaconate Analytical Sigma-Aldrich (Poole, UK) 

meso-2,6-Diaminoheptanedioate Analytical Sigma-Aldrich (Poole, UK) 

Methanol  LC-MS Acros Organics (Geel, Belgium) 

Methylcysteine Analytical Sigma-Aldrich (Poole, UK) 

Methylglyoxal Analytical Sigma-Aldrich (Poole, UK) 

Methylguanidine Analytical Sigma-Aldrich (Poole, UK) 

Methylmalonate Analytical Sigma-Aldrich (Poole, UK) 

MOPS Analytical Sigma-Aldrich (Poole, UK) 

N(pi)-Methyl-L-histidine Analytical Sigma-Aldrich (Poole, UK) 

N2-Acetyl-L-lysine Analytical Sigma-Aldrich (Poole, UK) 

N-Acetyl-D-glucosamine Analytical Sigma-Aldrich (Poole, UK) 

N-Acetylglutamine Analytical Sigma-Aldrich (Poole, UK) 

N-acetyl-L-glutamate Analytical Sigma-Aldrich (Poole, UK) 

N-Acetylneuraminate Analytical Sigma-Aldrich (Poole, UK) 

N-Acetylornithine Analytical Sigma-Aldrich (Poole, UK) 

NAD+ Analytical Sigma-Aldrich (Poole, UK) 

NADH Analytical Sigma-Aldrich (Poole, UK) 
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Table 2.1 (Cont.) Chemical lists were used in the study. 

Chemical Grade Supplier 

NADP+ Analytical Sigma-Aldrich (Poole, UK) 

NADPH Analytical Sigma-Aldrich (Poole, UK) 

Nicotinamide Analytical Sigma-Aldrich (Poole, UK) 

Nicotinate Analytical Sigma-Aldrich (Poole, UK) 

O-Acetylcarnitine Analytical Sigma-Aldrich (Poole, UK) 

O-Acetyl-L-serine Analytical Sigma-Aldrich (Poole, UK) 

Orotate Analytical Sigma-Aldrich (Poole, UK) 

Orotidine Analytical Sigma-Aldrich (Poole, UK) 

Orthophosphate Analytical Sigma-Aldrich (Poole, UK) 

Oxalate Analytical Sigma-Aldrich (Poole, UK) 

Oxaloacetate Analytical Sigma-Aldrich (Poole, UK) 

Pantothenate Analytical Sigma-Aldrich (Poole, UK) 

Pentostatin Analytical Tocris Bioscience (Bristol, UK) 

Phenol Analytical Sigma-Aldrich (Poole, UK) 

Phenolsulfonphthalein Analytical Sigma-Aldrich (Poole, UK) 

Phenylacetylglycine Analytical Sigma-Aldrich (Poole, UK) 

Phenylhydrazine Analytical Sigma-Aldrich (Poole, UK) 

Phenylpyruvate Analytical Sigma-Aldrich (Poole, UK) 

Phosphoenolpyruvate Analytical Sigma-Aldrich (Poole, UK) 

Phthalate Analytical Sigma-Aldrich (Poole, UK) 

Picolinic acid Analytical Sigma-Aldrich (Poole, UK) 

Putrescine Analytical Sigma-Aldrich (Poole, UK) 

pyrazinoate Analytical Sigma-Aldrich (Poole, UK) 

Pyridoxal Analytical Sigma-Aldrich (Poole, UK) 

Pyridoxal phosphate Analytical Sigma-Aldrich (Poole, UK) 

Pyridoxine Analytical Sigma-Aldrich (Poole, UK) 

Pyrophosphate Analytical Sigma-Aldrich (Poole, UK) 

Pyruvate Analytical Sigma-Aldrich (Poole, UK) 

Riboflavin Analytical Sigma-Aldrich (Poole, UK) 

Risperidone Analytical Sigma-Aldrich (Poole, UK) 

Rotenone Analytical Sigma-Aldrich (Poole, UK) 

S-Adenosyl-L-homocysteine Analytical Sigma-Aldrich (Poole, UK) 

S-Adenosyl-L-methionine Analytical Sigma-Aldrich (Poole, UK) 

Selenomethionine Analytical Sigma-Aldrich (Poole, UK) 

Serotonin Analytical Sigma-Aldrich (Poole, UK) 

S-Glutathionyl-L-cysteine Analytical Sigma-Aldrich (Poole, UK) 

sn-glycero-3-Phosphocholine Analytical Sigma-Aldrich (Poole, UK) 

sn-Glycerol 3-phosphate Analytical Sigma-Aldrich (Poole, UK) 

Sodium azide Analytical Sigma-Aldrich (Poole, UK) 

Spermidine Analytical Sigma-Aldrich (Poole, UK) 

Spermine Analytical Sigma-Aldrich (Poole, UK) 
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Table 2.1 (Cont.) Chemical lists were used in the study. 

Chemical Grade Supplier 

Succinate Analytical Sigma-Aldrich (Poole, UK) 

Succinate semialdehyde Analytical Sigma-Aldrich (Poole, UK) 

Sucrose Analytical Sigma-Aldrich (Poole, UK) 

Taurine Analytical Sigma-Aldrich (Poole, UK) 

Taurocholate Analytical Sigma-Aldrich (Poole, UK) 

Thiamine Analytical Sigma-Aldrich (Poole, UK) 

Thiamin diphosphate Analytical Sigma-Aldrich (Poole, UK) 

Thiopurine S-methylether Analytical Sigma-Aldrich (Poole, UK) 

Thymidine Analytical Sigma-Aldrich (Poole, UK) 

Thymine Analytical Sigma-Aldrich (Poole, UK) 

trans-4-Hydroxy-L-proline Analytical Sigma-Aldrich (Poole, UK) 

Trypanothione Analytical Sigma-Aldrich (Poole, UK) 

Trypanothione disulfide Analytical Sigma-Aldrich (Poole, UK) 

UDP-glucose Analytical Sigma-Aldrich (Poole, UK) 

UMP Analytical Sigma-Aldrich (Poole, UK) 

Uracil Analytical Sigma-Aldrich (Poole, UK) 

Uridine Analytical Sigma-Aldrich (Poole, UK) 

Xanthine Analytical Sigma-Aldrich (Poole, UK) 
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2.2 REVERSE PHASE LIQUID CHROMATOGRAPHY (RP-LC) 

Lipidomic chromatographic separations were performed on an 

Agilent SB C8 column (1.8 µm particle size, 2.1 x 100 mm, 

Crawford Scientific Ltd., Lancashire, UK) and metabolic 

chromatographic separations were performed on a C18 (2) column 

(2.5 µm particle size, 3 x 100 mm, Phenomenex Ltd, Cheshire, UK). 

The mobile phases were 0.1% w/v ammonium acetate in water and 

0.1% ammonium acetate in mixture of acetonitrile and isopropanol 

(60:40 v/v) for lipidomics, and 0.1% v/v formic acid in water and 

0.1% v/v formic acid in acetonitrile for polar compounds.  

2.3 HYDROPHILIC INTERACTION CHROMATOGRAPHY 

(HILIC) 

A ZIC-HILIC (betaine-sulfonate bonded phase) columns with a 5 µm 

particle size; 150 mm x 2.1 mm internal diameter (Millipore (U.K.) 

Limited, Hertfordshire, U.K.) at a column temperature of 30oC, 

using a mobile phase of 0.1% v/v formic acid in water and 0.08% 

v/v formic acid in acetonitrile at a flow rate of 0.200 mL/min. 

Sample injection volume was 10 µL. The total time for the analytical 

run was 20.00 minutes.  
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2.4 MASS SPECTROMETRIC CONDITIONS  

Quadrupole time of flight (QToF) mass spectrometry (Waters, UK) 

performed in ESI negative and positive mode using an electrospray 

ionisation (ESI) source. Sodium formate solution was used as a 

calibrant in both negative and positive modes for the QToF 

calibration. Tuning parameters were optimised by infusing a 

standard solution containing 10 µM of standard compound mix and 

pumped at a flow rate of 10 µl/minute (using an injection syringe 

pump). The mass spectrometer was run with a scan time of 0.5 

second, inter-scan time of 0.01 second, and resolution at 10,000. 

The mass range was 50 to 1,000 Da. 
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CHAPTER III:  OPTIMISATION AND VALIDATION OF 

A LIQUID CHROMATOGRAPHY-MASS 

SPECTROMETRY METHOD 

3.1 ABSTRACT 

The objective of this part of my work described in this chapter was 

to optimise and validate the LC-MS method, for hydrophobic 

metabolites using reverse phase (RP), and small polar metabolites 

using hydrophilic interaction chromatography (HILIC) coupled with 

LC-MS. RP-LC-MS and HILIC-MS methods were optimised for 

analysing the standard mixtures, ranging from lipid compounds, the 

central carbon pathway, phosphate compounds, sugars and others. 

These compounds are all common in human cells. The RP-LC-MS 

and HILIC-MS method were tested for its sensitivity and 

effectiveness, and optimised and validated for its reliability and 

reproducibility. The RP-MS method was able to apply for 

hydrophobic metabolites. The HILIC-MS method was able to detect 

the most polar metabolites used in negative and positive 

electrospray ionisation modes (ESI- and ESI+) with mass 

spectrometers. Both RP-LC-MS and HILIC-MS methods showed 

good reliability and reproducibility, with the relative standard 

deviation of retention time and peak areas less than 2% and 20% 
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respectively, and can be applied to study the effects of 

pharmaceutical compounds (or others) in cell based-metabolomics. 

Keywords: cell based metabolmics, liquid chromatography-mass 

spectrometry, reverse phase chromatography, hydrophilic 

interaction chromatography  
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3.2 INTRODUCTION 

Liquid chromatography-mass spectrometry (LC-MS) is commonly 

used in metabolomics analysis, details of which may be found in 

references (129–131). Currently, analytical technologies, especially 

LC-MS, are making great progress in optimising and validating their 

methods for metabolomics analysis (132,133). However, there has 

been less attention given to the investigation of small polar 

molecules. Such molecules are limited by conventional reverse 

phase chromatography (RP-LC) because these metabolites are 

poorly retained and usually eluted in the void volume (48,131). On 

the other hand, it has been shown that the hydrophilic interaction 

chromatography (HILIC-MS) method easily resolves small polar 

metabolites for better identification and qualification (48,134). 

Thus, a comprehensive coverage of the study of small polar 

metabolites in mammalian cells has been developed, optimised and 

validated for the RP-LC and HILIC-MS analytical methods in 

metabolomics based mammalian cell culture study (134–138). 

However, effectiveness, reliability and reproducibility are all crucial 

for this type of study, since the efficiency of acquired data that is 

used in metabolomics analysis relies on this step. As metabolomics 

analysis is initiated with sample separation via liquid 

chromatography and detected with mass spectrometry, this chapter 

was designed firstly to optimise and validate the RP-LC-MS and 
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HILIC-MS method for facilitating comprehensive hydrophobic 

metabolites and small polar metabolite identification. 

 

3.3 OBJECTIVES 

This part of the works has two main objectives: 

 to optimise the RP-LC-MS and HILIC-MS method for 

facilitating comprehensive hydrophobic metabolites and 

small polar metabolite identification 

 to validate the RP-LC-MS and HILIC-MS method for 

facilitating comprehensive hydrophobic metabolites and 

small polar metabolite identification 
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3.4 MATERIALS AND METHODS 

3.4.1 Reverse phase liquid chromatography (RP-LC) 

Numerous RP-LC methods have been reported for the qualitative 

and quantitative analysis of lipids and hydrophobic compounds in 

mammalian cell lines (139–141). In this study, the RP-LC methods 

were based on the previous report (142). Lipidomic 

chromatographic separations were performed on an Agilent SB C8 

column (1.8 µm particle size, 2.1 x 100 mm, Crawford Scientific 

Ltd., Lancashire, UK) and metabolic chromatographic separations 

were performed on a C18 (2) column (2.5 µm particle size, 3 x 100 

mm, Phenomenex Ltd, Cheshire, UK). The mobile phases were 

0.1% w/v ammonium acetate in water and 0.1% ammonium 

acetate in mixture of acetonitrile and isopropanol (60:40 v/v) for 

lipidomics, and 0.1% v/v formic acid in water and 0.1% v/v formic 

acid in acetonitrile for polar compounds.  

3.4.1.1 Sample preparation for reverse phase liquid 

chromatography 

To facilitate the extraction of cellular metabolites, the 0.50 ml of 

suspension of cell debris was vigorously vortexed for 5 minutes. The 

cell extraction was based on the method described by Bligh and 

Dyer (143). Briefly, 0.50 ml chloroform and 0.50 ml of water were 

added to the suspension and then vortexed vigorously for 10 

minutes at 4oC. Then, the suspension was centrifuged at 15,000 g 
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for 10 minutes at 4oC. The polar (water soluble) fraction and non-

polar (lipid) fraction were collected separately and transferred into 

fresh eppendorf tubes and evaporated to dryness at room 

temperature. The dried non-polar layer was reconstituted in 50.00 

µl of chloroform and methanol (1:2 v/v), and the dried aqueous 

layer was reconstituted in 50.00 µl of water. The reconstituted 

samples were centrifuged at 15,000 g for 10 minutes at 4oC to 

remove any cell debris. Finally, the supernatant was transferred into 

an HPLC vial and stored at -80oC for further analysis. 

3.4.1.2 Mass spectrometric conditions for RP-LC 

method 

High resolution mass spectrometry (Exactive, Waters, UK) 

performed in ESI negative and positive mode using an electrospray 

ionisation (ESI) source. Calmix solution was used as a calibrant in 

both negative and positive modes for the MS calibration. For MS 

parameters are summarised in Table 3.1. 
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Table 3.1 Details of MS parameters for RP-LC method. 

Parameters Lipid profiling Polar Metabolite profiling 

Probe A heated electrospray ionisation A heated electrospray ionisation 

Heat temperature (oC) 150 400 

Capillary temperature (oC) 275 250 

Flow rate of sheath gas 

(ml/min) 
40 40 

Flow rate of auxiliary gas 

(ml/min) 
5 20 

Flow rate of sweep gas (ml/min) 1 0 

Spray voltage in positive mode 

(kV) 
4.5 4.0 

 

 

3.4.2 Hydrophilic interaction chromatography (HILIC) 

Small and polar molecules are limited by RP-LC because these 

metabolites are poorly retained and usually eluted in the void 

volume (48). On the other hand, it has been shown that the 

hydrophilic interaction chromatography (HILIC-MS) method easily 

resolves small polar metabolites for better identification and 

qualification (144–146). Thus, a comprehensive coverage of the 

study of small polar metabolites in mammalian cells presents a 

major challenge in the optimisation and validation of the HILIC-MS 

analytical method in metabolomics based mammalian cell culture 

study. The reason this drawback is such a big challenge is because 

effectiveness, reliability and reproducibility are all crucial for this 
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type of study, since the efficiency of acquired data that is used in 

metabolomics analysis relies on this step. The HILIC-MS method of 

the study was modified from the previous study (135). 

3.4.2.1 Sample preparation for hydrophilic interaction 

chromatography 

The cell culture was removed and washed with 1 ml of PBS  and 

then MCF-7 cell pellets were extracted with 0.5 ml cold methanol (-

20oC) and cell suspensions were vortexed for 2 hr in cold room 

(4oC). The suspensions were centrifuged for 10 min at 15,000 rpm 

and temperature at 4oC. The supernatants were transfer to new 

eppendorf tubes and kept at -80oC for further analysis. 

3.4.2.2 Mass spectrometric conditions  

Quadrupole time of flight (QToF) mass spectrometry (Waters, UK) 

performed in ESI negative and positive mode using an electrospray 

ionisation (ESI) source. Sodium formate solution was used as a 

calibrant in both negative and positive modes for the QToF 

calibration. Tuning parameters were optimised by infusing a 

standard solution containing 10 µM of standard compound mix and 

pumped at a flow rate of 10 µl/min (using an injection syringe 

pump). The mass spectrometer was run with a scan time of 0.5 

second, inter-scan time of 0.01 second, and resolution at 10,000. 

The mass range was 50 to 1,000 Da. 
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3.4.2.3 Chromatographic conditions 

Chromatographic separation was achieved on a ZIC-HILIC column 

with a 5 µm particle size; 150 mm x 2.1 mm internal diameter 

(Millipore (U.K.) Limited, Hertfordshire, U.K.) at a column 

temperature of 30oC, using a mobile phase of 0.1% v/v formic acid 

in water and 0.08% v/v formic acid in acetonitrile at a flow rate of 

0.200 mL/min. Sample injection volume was 10 µL. The total time 

for the analytical run was 20.00 minutes.  

3.4.2.4 Method validation 

The HILIC-MS method was validated by three consecutive analytical 

studies on three separate days. Each study contained the three 

standard mixtures and a single QC sample. Each of the samples was 

repeated six times, and these samples were studied in random 

order. Before an analysis, the column was conditioned by five 

injections of the QC sample. During the analysis, the QC sample 

was injected after every six samples. A solvent blank of 50% v/v of 

acetonitrile in water was also run after twelve samples. 
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3.5 RESULTS AND DISCUSSION 

3.5.1 RP-LC method validation 

For checking the instrument performance in the RP-LC methods, QC 

samples were analysed throughout the whole analysis procedure for 

both lipid and polar fractions. Figure 3.1 and 3.2 shows 

chromatogram of QC samples. 

The data from the QC samples of both lipid fraction and polar 

fraction were then analysed to determine the number of ions 

present in the samples, their intensity and their % RSD values. The 

average RSDs of peak abundance for the QC samples was 17.9% 

with a standard deviation of 7.84% for the lipid fraction, and 

22.86% with a standard deviation of 10.17% for the polar fraction. 

Since the recommendations of the FDA are that biochemical 

analysis ions should show % RSDs less than 30, these were used in 

the subsequent analysis of the test and control sample data. Our 

values showing average %RSD demonstrated that the system had 

excellent stability during the analysis procedure for RP-LC method. 
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3.5.2 Hydrophilic interaction chromatography (HILIC) 

3.5.2.1 Mass spectrometric conditions 

It is important to optimise MS conditions because doing so will 

provide a good selectivity and sensitivity (147). In this study, the 

conditions QToF/MS were optimised by introducing standard 

mixtures directly into the MS detector. Both ESI- and ESI+ 

ionization and parameters such as capillary, sampling and 

extraction cone, source and desolvation temperature, cone and 

desolvation gas, and ion guide were determined to increase the 

sensitivity of the compounds. The optimal parameters for both ESI- 

and ESI+ condition were 3000 V for capillary cone, 34 V for 

sampling cone, 5 V for extraction cone, 2 V for ion guide, 100oC of 

source temperature, 250oC for desolvation temperature, 70 L/hour 

for cone gas and 600 L/hour for desolvation gas. The data were 

acquired in centroid mode from m/z 50 to 1,000 at a scan rate of 

1.0 Hz and an interscan rate of 0.5 Hz. The mass accuracy was 

adjusted by external calibration using sodium formate clusters in 

both ESI+ and ESI- before starting an analysis. Figures 3.3 and 3.4 

present the optimised MS/QToF method capability on the detection 

of different polar metabolites found in three simultaneous standard 

mixtures, typical mass spectra in ESI- and ESI+ modes, 

respectively.                       .
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The standard mixtures contained a variety of different metabolites 

which are dominantly deprotonated and protonated molecules ([M-

H]- and [M+H]+). Figure 3.5 illustrated the structures and the mass 

spectrum of [M-H]- and [M+H]+ ions from some compounds in the 

standard mixtures. For example, in ESI -, (R)-lactate, 2-

oxoglutarate, D-gluconic acid and folate showed an intense ion at 

m/z 89.0244, 101.0244, 195.0510 and 440.1324, respectively, 

corresponding to the loss of a proton [M-H]-. In ESI+, L-proline, 

deoxyadenosine, glutathione and riboflavin showed an intense ion 

at m/z 116.0706, 252.1091, 308.0911 and 377.1456, respectively, 

corresponding to the acceptance of proton [M+H]+. 

Moreover, a good signal was achieved using an ESI negative ion 

mode (ESI-) for most polar metabolites and ESI positive ion mode 

(ESI+) for some metabolites, such as nicotinamide, 2-phenyl 

glycine, methylguanidine, cytosine and some L-forms of amino acid. 

For example, the ion spectrum production for lactic acid, 1-

naphthylacetic acid and deoxyuridine yielded a high abundance of 

ions of m/z 89.0244, 185.0608 and 227.0673 in ESI-, respectively. 

For ESI+, the ion spectrum production for methylguanidine, 

nicotinamide and deoxyadenosine yielded a high abundance of ions 

of m/z 74.0713, 123.0553 and 252.1091, respectively.  

As described above, these mass spectra were consistent with the in 

the published literatures (144,148), as these protonated or 
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deprotonated metabolites were injected into the MS spectrometer. 

These polar metabolites produce the best signal quality in their 

respective negative or positive ionisation modes. Therefore, the MS 

full scan modes with negative and positive ionisation modes were 

preferable for simultaneous polar metabolites. 
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Figure 3.5 Structures and mass spectra of the four analytes in ESI- 

((R)-lactate: m/z 89.0244 (A), 2-oxoglutarate(B): m/z 101.0244, 

D-gluconic acid (C): m/z 195.0510 and folate: m/z 440.1324) (D) 

and four analytes in ESI+ (L-proline: m/z 116.0706 (E), 

deoxyadenosine m/z: 252.1091 (F), glutathione: m/z 308.0911 (G) 

and riboflavin: m/z 377.1456 (H)).                       .
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3.5.2.2 Chromatographic conditions 

It is important to optimise LC conditions because the optimised 

condition can provide good selectivity and sensitivity, fast speed, 

and symmetrical peak shape. Most studies have developed the LC-

MS method for investigating the intracellular metabolic profile of 

mammalian cells, using reverse phase (RP) with or without a pairing 

reagent to identify polar metabolites (149). However, this work has 

failed to detect many key polar metabolites that are known to be 

present in mammalian cells, due to the fact that they are poorly 

retained and usually eluted in the void volume (139). Moreover, a 

pairing reagent which was used suppressed the detected ions (130). 

Currently, the HILIC-MS method has demonstrated that it can 

resolve polar metabolites for better identification and quantification 

(134). Nowadays, it is more widely used to study the polar 

metabolites in microorganisms (138,150,151), plant cells (152–

154), sera and plasma (18,136), and drugs (137,155,156). In this 

study, the HILIC conditions were optimised in an attempt to achieve 

reliable analysis of cell-based samples. 

One hundred and fifty-eight metabolites, commonly found 

intracellularly in mammalian cells, were used for HILIC- MS/QToF 

method optimisation. The parameters chosen for MS conditions 

were used, as described in section 2.4. The simultaneous polar 

metabolite mix (n = 6 for each mix) were used to check the 
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performance of the optimised HILIC- MS/QToF. Both negative and 

positive ionisation modes (ESI- and ESI+) were used in separate 

runs.  

The aqueous solvent choice in HILIC-MS is very important for 

metabolic separation because it has a great effect on retention 

time, peak shapes, sensitivity and efficiency. In this work, water 

(mobile phase A) and acetonitrile (mobile phase B) were chosen as 

the main components of the mobile phase because they are 

common and frequently used. Acetonitrile provides a better 

retention of analytes than methanol, because it is an aprotic 

solvent, which means it is less likely to create hydrogen bonds with 

the functional group of the stationary phase or with the polar 

metabolites (156). The suitable pH range for the HILIC column has 

been reported to be 3-8 (144). Commonly, the polar metabolites 

are strongly affected by the pH of the mobile phase (144). In order 

to establish an HILIC separation, various concentrations of formic 

acid were investigated by adjusting the percentage of this acid. It 

was found that under a gradient elution mode with 0.10% formic 

acid in water (pH = 3.0) and 0.08% formic acid in acetonitrile, most 

peaks of compounds are quite symmetrical, with good separation, 

as shown in Figure 3.6. However, this condition resulted in poor 

chromatographic peak shapes of the phosphorylated metabolites, 

such as GDP, AMP and ADP, resulted in poor chromatographic peak 

shapes. In particular, these three metabolites have shown that they 
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could be well separated using basic conditions (149). Nevertheless, 

the developed HILIC-MS could separate these metabolites as shown 

in Supplementary Table 3.1.  

The gradient rate has a major impact on the polar metabolite 

separation in ESI-MS analysis. Various gradient and flow rates were 

then studied to determine the optimal condition that provides high 

resolution separations [data not shown]. In this work, a 

water/acetonitrile mobile phase containing 0.1% and 0.08% v/v 

formic acid, respectively, was used. Initially, linear gradients from 

95%-5%B at 8, 10, 13 and 15 min were used. In this study, the 13 

min gradient time, from 95% of mobile phase B to 5% of mobile 

phase B, was selected because a good baseline separation and 

quick speed were achieved. The total analysis time was 20 minutes 

per injection. Figure 3.7 and 3.8 show the base peak 

chromatograms (BPIs) in ESI- and ESI+ modes of three standard 

mixtures. 
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The extracted ion chromatograms (EICs), after injection of some 

standard polar metabolites, are shown in Figures 3.9 to 3.11. All of 

the small organic acids were detected in the ESI- mode, due to their 

carboxylic acid groups carrying a negative charge responsible for 

the ESI signal. The EICs of some standard organic acids (1-

naphtylacetic acid, gallic acid, 3-hydroxyphenylacetic acid, (R)-3-

hydroxybutanoic acid, 3,4-dihydroxyphenyl acetic acid, 2-

oxobutanoic acid, fumaric acid, glycolic acid and pyruvic acid) are 

illustrated in Figure 3.9. Retention times of these organic acids were 

achieved as follows: (1-naphtylacetic acid = 2.52 min, gallic acid = 

2.62 min, 3-hydroxyphenylacetic acid = 2.98 min, (R)-3-

hydroxybutanoic acid = 3.12 min, 3,4-dihydroxyphenyl acetic acid 

= 3.25 min, 2-oxobutanoic acid = 3.68 min, fumaric acid = 3.89 

min, glycolic acid = 4.34 min and pyruvic acid = 4.56). It was found 

that amino acids can be detected in both ESI- and ESI+. However, 

most of these metabolites registered larger dynamic responses in 

ESI+. Higher signal intensity was detected for protonated adduct 

ions, as compared to deprotonated adduct ions, due to amino acid 

functionality carrying the positive charge responsibility. For 

example, EICs of 9 standard L-amino acids (phenylalanine, leucine, 

tryptophan, methionine, valine, proline, glutamate, serine and 

asparagine) are shown in Figure 3.10. These examples are 

chromatographically resolved by the optimised method. 
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Figure 3.11 shows the EICs of some standard sugar compounds in 

the mixture (DL-rhamnose, DL-ribose, D-erythrose, D-fructose, D-

mannitol, sucrose, DL-maltose, trehalose and deoxyribose. The 

mixture contains two forms of rhamnose, ribose and maltose (D- 

and L-forms), hence giving two peaks with identical mass. 

Moreover, the developed method is able to resolve the nucleosides, 

phosphate compounds and others chromatographically or by mass 

difference, as shown in Supplementary Table 3.1. 
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Figure 3.9 EICs of some standard organic acids studied by using 

HILIC-MS method: (A) 1-naphtylacetic acid, (B) gallic acid, (C) 3-

hydroxyphenylacetic acid, (D) (R)-3-hydroxybutanoic acid, (E) 3,4-

dihydroxyphenyl acetic acid, (F) 2-oxobutanoic acid, (G) fumaric 

acid, (H) glycolic acid and (I) pyruvic acid. (RT = Retention time)
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Figure 3.10 EICs of some standard L-amino acids studied by using 

HILIC-MS method: (A) phenylalanine, (B) leucine, (C) tryptophan, 

(D) methionine, (E) valine, (F) proline, (G) glutamic acid, (H) serine 

and (I) asparagine. (RT = Retention time)           .
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Figure 3.11 EICs of some standard sugars by using HILIC-MS 

method: (A) DL-rhamnose, (B) DL-ribose, (C) D-erythrose, (D) DL-

fructose, (E) D-manitol, (F) sucrose, (G) DL-maltose, (H) trehalose 

and (I) deoxyribose. 
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3.5.2.3 Method validation 

Raw data obtained from HILIC-MS/QToF were processed with 

MarkerLynx. Across the replicate (n =6), the percentage of relative 

standard deviations (%RSD) of the retention times and peak areas 

were used to investigate intra-day variation for all detected 

metabolites, as listed in Tables 3.2. Inter-day variation for detected 

metabolites was determined in replicate (n = 6) over three different 

days. In practice, the percentage of relative standard deviation 

should be within 15% and should not deviate by more than 20%. 

For intra-day and inter-day reproducibility, most of the detected 

metabolites were less than 15%.  

 

 

 

 

 

 

 

 

 



CHAPTER III 

   86 

Table 3.2 Reproducibility expressed as percentage of relative standard 

deviation 

Compound Name 
Peak area (n =6) 

%RSD  Intra-
day 

%RSD  Inter-
day 

(R)-2-Hydroxyglutarate 4.88 16.45 
(R)-3-
Hydroxybutanoate 

2.28 12.46 

(R)-Lactate 2.53 11.31 

(S)-Malate 5.96 22.31 

1-Naphthylacetic acid 2.69 12.92 
2-Hydroxy isobutyric 
acid 11.11 26.16 

2-Hydroxyhippuric acid 10.77 19.48 

2-Methylcitrate 10.62 14.95 

2-oxobutanoate 0.93 11.68 

2-Oxoglutarate 10.86 15.67 

2-Phenylglycine 14.09 15.67 
3_4-
Dihydroxyphenylacetate 

5.82 12.06 

3'_5'-Cyclic AMP 4.92 11.01 
3-
Hydroxyphenylacetate 

3.44 13.97 

3-Methylhistidine 7.67 13.19 

4-Aminobutanoate 9.41 10.44 

4-Hydroxyphenyacetate 18.75 22.67 

6-Phospho-D-gluconate 12.37 24.68 

Adenine 2.51 14.67 

AMP 2.49 15.78 

ascorbate 18.88 24.82 

Benzoate 18.64 19.91 

Betaine 14.75 14.70 

CDP 17.74 23.08 

cis-Aconitate 1.06 12.62 

CMP 13.32 13.52 

Creatine 15.69 17.20 

Creatinine 15.02 17.62 

Cytidine 8.53 12.99 

cytosine 9.52 13.15 

D-Arabinose 8.47 14.33 

Deoxyadenosine 19.80 20.22 

Deoxyribose 9.03 13.26 

Deoxyuridine 3.12 13.71 

D-Erythrose 5.09 9.71 

D-Fructose 17.59 24.79 
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Table 3.2 (Cont.) Reproducibility expressed as percentage of relative 

standard deviation 

Compound Name 
Peak area (n =6) 

%RSD  Intra-
day 

%RSD  Inter-
day 

D-Fructose 6-phosphate 18.25 20.77 

D-Galactarate 9.67 11.20 

D-Galacturonate 6.39 8.71 

D-Gluconic acid 7.44 12.06 

D-Glucosamine 12.15 20.80 

D-glucose 6-phosphate 16.40 22.63 

dGMP 16.43 24.79 
DL-Glyceraldehyde 3-
phosphate 

18.49 22.09 

D-Mannitol 16.79 25.65 

D-Ribose 10.30 11.30 

D-ribose 5-phosphate 11.13 17.71 

Ethanolamine phosphate 9.79 12.45 

Folate 4.37 11.96 

Fumarate 4.69 15.65 

Gallate 15.57 18.22 

GDP 17.17 23.18 

Glutathione 12.86 15.23 

Glyceraldehyde 5.24 12.09 

Glycine 10.68 11.27 

Glycolate 3.18 8.02 

Glycylglycine 13.63 14.34 

Glyoxylate 5.68 11.93 

GMP 17.65 24.27 

Guanine 8.59 11.27 

Hippuric acid 4.62 13.14 

Homocystine 12.21 12.89 

Hypoxanthine 12.02 17.69 

Imidazole-4-acetate 3.31 8.75 

IMP 11.29 15.16 

Inosine 2.72 6.87 

Isocitric acid 9.77 13.21 

L-2,4-Diaminobutanoate 19.59 21.72 

L-Alanine 7.78 11.96 

L-Arginine 10.38 14.57 

L-Asparagine 6.03 10.87 

L-Aspartate 3.60 11.97 

L-Carnitine 18.12 19.71 

L-Citrulline 10.79 11.30 
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Table 3.2 (Cont.) Reproducibility expressed as percentage of relative 

standard deviation 

Compound Name 
Peak area (n = 6) 

%RSD  Intra-
day 

%RSD  Inter-
day 

L-Cysteate 7.01 11.27 

L-Cysteine 18.84 22.48 

L-Cystine 8.37 19.06 

L-Glutamate 7.32 11.53 

L-Histidine 7.22 14.21 

L-Homocysteine 5.91 11.24 

L-isoleucine 2.07 13.64 

L-Leucine 5.47 10.12 

L-Lysine 3.52 17.91 

L-Methionine 3.70 14.23 

L-Ornithine 7.24 12.35 

L-Phenylalanine 4.62 14.92 

L-Rhamnose 5.77 12.59 

L-Serine 5.83 10.68 

L-Threonine 4.74 13.73 

L-Tryptophan 5.68 14.36 

L-Tyrosine 0.54 7.05 

L-Valine 1.88 8.51 

Malonate 3.21 10.30 

Maltose 8.22 14.16 

Melatonin 7.92 10.38 
meso-2_6-
Diaminoheptanedioate 8.66 11.88 

Methylguanidine 11.61 12.48 

Methylmalonate 2.27 7.49 

Myoinositol 7.96 17.79 

N2-Acetyl-L-lysine 2.55 11.11 

N-Acetyl-D-glucosamine 5.92 13.24 

Nicotinamide 6.29 13.78 

Orotate 8.31 13.60 

Phenolsulfonphthalein 3.98 4.05 

Phosphoenolpyruvate 9.50 10.56 

Phthalate 7.00 13.54 

Pyridoxine 2.21 12.56 

Pyruvate 7.71 10.53 
S-Adenosyl-L-
homocysteine 

6.40 12.14 

Selenomethionine 3.76 8.76 

Serotonin 6.23 14.46 
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Table 3.2 (Cont.) Reproducibility expressed as percentage of relative 

standard deviation 

Compound Name 
Peak area (n =6) 

%RSD  Intra-day %RSD  Inter-day 

sn-Glycero-3-
Phosphocholine 

3.46 13.42 

Succinate 7.05 12.25 

Sucrose 4.72 11.30 

Taurine 5.94 6.86 
trans-4-Hydroxy-L-
proline 

4.76 9.03 

Trehalose 5.22 14.82 

Trehalose 5.22 14.82 

UDP 15.11 18.22 

UMP 21.39 27.85 

Uric acid 9.68 13.89 

Uridine 4.40 12.18 

Xanthine 5.84 11.40 
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CHAPTER IV: EFFECTS OF ANTIPSYCHOTIC DRUGS 

APPLIED TO HUMAN MICROVASCULAR 

ENDOTHELIAL CELLS ON THE INTRACELLULAR 

METABOLOME 

4.1 ABSTRACT 

The effects of antipsychotics at high therapeutic dosage on blood 

brain barrier (BBB) dysfunction and breakdown remain unknown. 

Cell-based metabolomics using a liquid chromatography-mass 

spectrometry (LC-MS) approach was employed on human 

microvascular endothelial cells (HMVECs) from BBB treated with 

chlorpromazine, clozapine, haloperidol and risperidone to explore 

changes in the intracellular metabolome change. The significantly 

altered lipids and metabolites were associated with mitochondrial 

function and oxidative stress responses. It is proposed that 

chlorpromazine, clozapine, haloperidol and risperidone at high 

therapeutic dosage could affect the bioenergetics pathway due to 

mitochondrial dysfunction resulting in ketoacidosis and oxide stress 

by reactive oxygen species generation in HMVECs. This might 

address why antipsychotics could induce dysfunction and 

breakdown of the BBB. 
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Keywords: antipsychotics, blood brain barrier, cell-based 

metabolomics, liquid chromatography-mass spectrometry, 

mitochondria, oxidative stress 
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4.2 INTRODUCTION 

Antipsychotics have been widely used and play a role in treating 

mental health illnesses such as schizophrenia and bipolar disorder 

(157–159). Antipsychotics are normally classified as typical (first 

generation) or atypical (second generation) (160–162). The two 

classes block off central dopaminergic and serotonergic pathways 

(86); however, atypical antipsychotics provide important modulation 

of serotonergic neurotransmission (70). While such antipsychotics 

have proven effective in schizophrenia and bipolar disorder 

treatment, the pattern of antipsychotic neurotoxicity and other 

central nervous system (CNS) side effects when taken in high 

therapeutic doses is not clearly understood. A possible major 

concern and contributor to the neurotoxicity of high dosage 

therapeutic antipsychotics could be due to antipsychotics affecting 

the transport properties of the blood brain barrier (BBB) causing 

BBB dysfunction and/or breakdown (86,92).  

The BBB is a complex vascular structure that physically and 

physiologically separates the peripheral blood circulation from the 

central nervous system (CNS). It acts very effectively in maintaining 

brain homeostasis, regulating influx and efflux transport of 

nutrients, and protecting the CNS from pathogens and toxins 

(89,163,164). The basic anatomy of the BBB consists of brain 

microvascular endothelial cells (HMVECs), pericytes, astrocyte foot 
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processes and nerve endings as shown in Figure 4.1. Although, 

these four structures contribute to the function of the 

microvasculatures in the brain, the permeability of the BBB is 

controlled only by the HMVECs (89).  

 

 

Figure 4.1 Simple diagram of anatomical structure of the blood 

brain barrier (adapted from reference (165)). 

 

HMVECs are endowed with a requisite network of specific transport 

systems to shuttle essential nutrients and metabolites across the 

BBB including tight junctions, expression of nutrient transporters, 

and polarised efflux transporter activity (166). The tight junctions 

and nutrient transporters limit the passive diffusion of nutrients, 

drugs, and other molecules from the bloodstream into the brain. In 

contrast, the efflux transporters diffuse small lipophilic and toxic 

molecules form the brain back to the bloodstream (167). Therefore, 

breakdown and dysfunction of the BBB are associated with HMVEC 

Blood 

Microvascular endothelial cells 

Pericyte cells 

Astrocyte cells 
Brain 
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functions. Factors that can cause the breakdown and dysfunction of 

the BBB are varied, ranging from immune cells, pathogens, 

chemicals and drugs (168). Use of antipsychotics at high 

therapeutic dosage and other drugs have been associated with 

adverse effects leading to the breakdown and dysfunction of 

HMVECs of the BBB (86,169–171). Pardrige et al. (93) suggested 

that antipsychotics might be responsible for the disruptive effects of 

HMVECs of the BBB. Ben-Shachar et al. (92) showed that typical 

and atypical antipsychotics induced gross permeability changes in 

iron transportation within HMVECs of the BBB. Moreover, Zetterberg 

et al. (172) reported that antipsychotics impaired HMVECs function 

of the BBB in patients with bipolar disorder. Currently, Elmorsy et 

al. (86) have shown that at high therapeutic concentration of 

antipsychotics, the ability of HMVECs associated with oxidative 

stress, cellular ultrastructure and morphology, and viability is 

impaired. These events could damage the barrier functionality of the 

BBB. Although there is evidence to show antipsychotics at high 

therapeutic dosage can impair the functionality of HMVECs of the 

BBB, it is still not a clearly understood mechanism. Furthermore, the 

metabolic effects of antipsychotics at high therapeutic dosage and 

their metabolites have not been revealed, although this is clearly 

very meaningful for exploring antipsychotic mechanisms of causing 

the breakdown and dysfunction of the BBB. These considerations  
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prompted us to study the metabolic alterations induced by 

antipsychotics treatment at high therapeutic dosage in HMVECs. 

The aim of the current study was to examine the effect of four 

antipsychotics (chlorpromazine, clozapine, haloperidol and 

risperidone) at high therapeutic dosage on HMVEC intracellular 

metabolome using a LC-MS metabolomics-analysis. Multiple 

metabolites that could facilitate our understanding of the in vitro 

actions and incorporation of antipsychotics were identified. This in 

turn could aid understanding of the breakdown and dysfunction of 

the BBB caused by high dose antipsychotics. 

4.3 OBJECTIVES 

This part of the works has three main objectives: 

 to apply cell-based metabolomics using LC-MS to reveal 

the effects of four antipsychotics (chlorpromazine, 

clozapine, haloperidol and risperidone) on human 

microvascular endothelial  cells (HMVECs) from the 

blood brain barrier  

 to Identify the significant cellular metabolites of HMVECs 

that are affected by chlorpromazine, clozapine, 

haloperidol and risperidone 

 to identify the possible pathways that are disturbed by 

chlorpromazine, clozapine, haloperidol and risperidone
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4.4 MATERIALS AND METHODS 

4.4.1 Chemicals and reagents 

Mass spectrometer grade acetonitrile, chloroform, isopropanol, and 

methanol were purchased from VWR International Co Ltd 

(Leicestershire, UK), formic acid from Fisher Scientific Co Ltd 

(Leicestershire, UK), and ammonium acetate from Sigma-Aldrich Co 

Ltd (Ayrshire, UK). HPLC grade water was obtained from an ELGA 

system with 18.2 Ώ (ELGA LabWater Co Ltd, High Wycombe, UK). 

Chlorpromazine,haloperidol and risperidone  were purchased from 

Sigma-Aldrich Co Ltd (Ayrshire, UK) and clozapine was obtained 

from Abcam Co Ltd (Cambridge, USA). 

4.4.2 Study design 

Cell lines were treated with  

 DMSO as a control, 

 3 µM of chlorpromazine, 

 5 µM of clozapine, 

 0.7 µM of haloperidol and  

 0.8 µM of risperidone. 

For 24 hours. These concentrations used in this study are near to 

the top of therapeutic serum levels and are similar to those 

measured as an overdosed in patients (86,87). Additionally, these 

concentrations with IC50 were used to accelerate and evoke 
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detectable effects of the APs within the time frame of cell division as 

not to be confounded by affects on cell proliferation (86). Each of 

the above groups has six biological replicates. 

4.4.3 Human microvascular endothelia cells from blood 

brain barrier experiments 

HMVECs were cultured by Ekramy Elmorsy (Faculty of Medicine & 

Health Sciences, University of Nottingham Medical School, Queen’s 

Medical Centre, Nottingham UK). HMVECs were used in passages 

21-23 at a density of 1 x 108 cell/ml and were cultured and 

maintained as described in the previous protocol (86). When 80% 

confluence had been achieved, unattached HMVECs and cell culture 

media were discarded and attached HMVECs were washed with 5 ml 

of PBS. Then, 10 ml of fresh cell culture media was added, followed 

by antipsychotics. This was then incubated for 48 hours. The cell 

culture media was then removed and attached HMVECs were 

washed with 5.00 ml of PBS followed by 0.50 ml of cold methanol 

(4oC). Then a cell scraper was used to detached cells from a flask 

and the cell suspension was transferred to an Eppendorf tube and 

kept at -80oC for further processes. 

 

 

 



CHAPTER IV 

98 

4.4.4 Metabolite extraction 

To facilitate the extraction of cellular metabolites, the 0.50 ml of 

suspension of cell debris in each dish was transferred to an 

Eppendorf tube and vigorously vortexed for 5 minutes. The cell 

extraction was based on the method described by Bligh and Dyer 

(143). Briefly, 0.50 ml of 4oC chloroform and 0.50 ml of 4oC water 

were added to the suspension and then vortexed vigorously for 10 

minutes at 4oC. Then, the suspension was centrifuged at 15,000 g 

for 10 minutes at 4oC. The polar (water soluble) fraction and non-

polar (lipid) fraction were collected separately and transferred into 

fresh Eppendorf tubes and evaporated to dryness at room 

temperature. The dried non-polar layer was reconstituted in 50.00 

µl of chloroform and methanol (1:2 v/v), and the dried aqueous 

layer was reconstituted in 50.00 µl of water. The reconstituted 

samples were centrifuged at 15,000 g for 10 minutes at 4oC to 

remove any cell debris. Finally, the supernatant was transferred into 

an HPLC vial and stored at -80oC for further analysis. 
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4.4.5 LC-MS analysis 

As described in Chapter III, lipidomic and metabolic profiling was 

performed on an LC AccelaTM system (Thermo Scientific Ltd, 

Loughborough, UK) coupled with high resolution mass spectrometry 

(Exactive, Thermo Scientific Ltd, Loughborough, UK). Lipidomic 

chromatographic separations were performed on an Agilent SB C8 

column (1.8 µm particle size, 2.1 x 100 mm, Crawford Scientific 

Ltd., Lanarkshire, UK) and metabolic chromatographic separations 

were performed on a C18 (2) column (2.5 µm particle size, 3 x 100 

mm, Phenomenex Ltd, Cheshire, UK).  The details of LC and MS 

conditions are summarised in Tables 4.1 and 4.2. In both lipid and 

polar metabolic profiling, samples were performed in six replicates, 

to account for any biological variability. The retention time 

consistency and mass accuracy were confirmed though the pooled 

QC samples. 
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Table 4.1 Details of LC conditions for lipidomic and metabolic 

profiling. 

Systems and 

parameters 

Lipid profiling Polar Metabolite profiling 

LC system AccelaTM system AccelaTM system 

MS system Exactive(R) Exactive(R) 

Column type Agilent SB C8 column (1.8 µm, 2.1 x 

100 mm) 

C18(2) column (2.5 µm, 3 x 100 

mm) 

Column Temperature 

(oC) 

40 40 

Mobile phase A 0.1% w/v Ammonium acetate in 

water 

0.1 % v/v  formic acid in water 

Mobile phase B 0.1% Ammonium acetate in mixture 

of acetonitrile/isopropanol  (60:40 

v/v) 

0.1 % v/v formic acid in 

acetonitrile 

Gradient step      Time (min)          %A          %B 

            0                    75           25 

            5                    10           90 

           10                     0         100 

           12                     0         100 

           15                   75           25 

 Time (min)         %A          %B 

        0                   80           20 

        5                   40           60 

      10                   20           80 

      12                   20           80 

      15                   80           20 

Flow rate (µl/min) 500 500 

Sample injection volume 

(µl) 

10 10 
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Table 4.2 Details of MS parameters for lipidomic and metabolic 

profiling. 

Parameters Lipid profiling Polar Metabolite profiling 

Probe A heated electrospray ionisation A heated electrospray ionisation 

Heat temperature (oC) 150 400 

Capillary temperature (oC) 275 250 

Flow rate of sheath gas 

(ml/min) 

40 40 

Flow rate of auxiliary gas 

(ml/min) 

5 20 

Flow rate of sweep gas (ml/min) 1 0 

Spray voltage in positive mode 

(kV) 

4.5 4.0 

Spray voltage in negative mode 

(kV) 

3.5 4.0 

Scan range (m/z) 100-1,500 70-1,000 

Resolution (Hz) 2-50,000 2-50,000 

Maximum injection time (ms) 100 100 
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4.4.6 Data analysis 

The feasibility of the method was first performed by using an 

Orbitrap mass spectrometer. Six replicates of each drug-treated 

sample were analysed by LC-MS. Typical LC-MS total ion 

chromatogram (TIC) of hydrophobic and hydrophic endogenous 

metabolite extracts analysed by LC-MS  in both positive and 

negative ion mode (ESI +ve and –ve) are illustrated in Figure 4.2 to 

4.3. Principal component analysis (PCA) and orthogonal partial least 

squares discriminant analysis (OPLS-DA) were employed to process 

the acquired LC-MS data. Samples were grouped together for OPLS-

DA modelling. The PCA and OPLS-DA results were displayed as 

scores plots to visualise sample clustering and to indicate sample 

similarity. Discriminatory metabolites between the treated and the 

control for each antipsychotic drug were first screened with the 

variable importance in the projection (VIP) ranks > 1.00 and then 

validated using ANOVA statistical analysis of false discovery rate 

(FDR) with a significant level of 0.05 for antipsychotic treatments. 

According to the identity check based on raw data and the features 

of peaks, the target masses of candidate metabolites identified in 

the profiling process were searched over a narrow ± 5 ppm mass 

window in the HMDB, METLIN and LIPIDMAP databases. The 

possible pathway analysis combines results from the publications to 

help our studies identify the most relevant pathways involved in the 

conditions under study. A results report was then presented 
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graphically as well as in a detailed table. Potential antipsychotic 

effects were recognised based on the identified metabolic pathways 

and statistics. 
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4.5 RESULTS  

4.5.1 Data Quality 

Figure 4.2 shows examples of LC-MS chromatograms of positive and 

negative for lipid fraction and Figure 4.3 for polar fraction. For 

checking the instrument performance in this study, 10 µL of cellular 

extraction from each HMVECs treated drug, control, and system 

blank were pooled to get a QC sample in both lipid and polar 

fractions. A number of consecutive injections of the pooled QC 

sample were made to obtain a stable LC-MS system (173–175). 

Pooled QC samples were analysed every five samples throughout 

the whole analysis procedure for both lipid and polar fractions.  

According to the optimised conditions of both lipid and polar fraction 

analysis, principal component analysis of pooled QC samples from 

HMVECs is shown in Figure 4.4 (A) for lipid fraction and Figure 4.4 

(B) for polar fraction. Pooled QC samples were gathered together for 

analysis during the data collection. The data from the pooled QC 

samples of both lipid fraction and polar fraction were then analysed 

to determine the number of ions present in the samples, their 

intensity and their % RSD values. The average RSDs of peak 

abundance for the pooled QC samples was 17.9% with a standard 

deviation of 7.84% for the lipid fraction, and 22.86% with a 

standard deviation of 10.17% for the polar fraction. Since the 

recommendations of the FDA is that biochemical analysis ions 
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should show % RSDs less than 30, these were used in the 

subsequent analysis of the test and control sample data (176). Our 

values showing average %RSD demonstrated that the system had 

excellent stability during the analysis procedure for both lipid and 

polar fractions. 

For data analysis, the aligned data array for both lipid fraction and 

polar fraction ion MS data were filtered using the pooled lipid and 

pooled polar QC samples. In line with the recommendations of the 

FDA for biomarker analysis ions (176), those showing %RSD less 

than 30 were used in the subsequent analysis of the HMVECs 

treated with four antipsychotics at high therapeutic dosage and 

control cell sample data. Thus, the pooled QC filters were prepared 

so that ions were present in the pooled QC samples and had a 

variability of lower than 30% RSD (abundance intensity). Profiling 

solution software produced a data array of 961 ions for lipid fraction 

and 860 mass ions for the polar fraction. This met the above criteria 

for each fraction. 
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(A) 

 

(B) 

Figure 4.2 Total ion chromatogram (TIC) of hydrophobic 

endogenous metabolites in ESI+ve (A) and ESI-ve (B) of blank, 

control, chlorpromazine, clozapine, haloperidol and risperidone-

treated HMVECs, and pooled samples. 
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(A) 

 

(B) 

Figure 4.3 Total ion chromatogram (TIC) of hydrophilic endogenous 

metabolites in ESI+ve (a) and ESI-ve (b) of blank, control, 

chlorpromazine, clozapine, haloperidol and risperidone-treated 

HMVECs, and pooled samples. 
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Figure 4.4 PCA scores plots of lipid fraction (A) and polar fraction 

(B) of human microvascular endothelia cells treated with 

chlorpromazine (yellow boxes), clozapine (blue boxes), haloperidol 

(violet boxes), and risperidone (brown boxes). Control samples, 

pooled samples (QC) and system blank samples are shown in red 

boxes, green boxes and dark blue boxes, respectively. 

(A) (A) Lipid fraction 

(B) Polar fraction 
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4.5.2 Antipsychotic drug metabolism in HMVECs 

For the LC-Orbitrap/MS analysis of the four antipsychotic drugs, 

samples generated from incubation with human microvascular 

endothelial cells with high dosage of each drug were extracted by 

liquid extraction and concentrated by speed vacuum. The MS 

spectrum of the chlorpromazine [M+H]+, haloperidol [M+H]+, 

clozapine [M+H]+, and risperidone [M+H]+ revealed ions at m/z = 

319.1028, 376.1473, 327.1327, and 411.2190, respectively. Of 

interest from the current perspective was the detection of each drug 

metabolism as shown in Table 4.3 with m/z [M+H]+ at 335.0978, 

305.0872, and 285.1419 in chlorpromazine-treated samples, at 

392.1421 and 342.1863 in haloperidol-treated samples, at 

343.1319, 313.1213, and 307.1553 in clozapine-treated samples, 

and at 427.2139 in risperidone-treated samples. Table 4.3 

summarises possible drug metabolites of each antipsychotic and 

Figures 4.5 to 4.8 shows possible chemical structures. 
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Table 4.3 Metabolism of chlorpromazine, haloperidol, clozapine, 

and risperidone 

Name m/z Adduct RT (min.) M.W. Formula 

Chlorpromazine 319.1028 [M+H]+ 5.08 318.0957 C17H19ClN2S 

7-Hydroxy-

chlorpromazine 

355.0978 [M+H]+ 6.72 334.8636 C17H19ClN2OS 

3-Hydroxy-

chlorpromazine 

355.0978 [M+H]+ 6.72 334.8636 C17H19ClN2OS 

Norchlorpromazine 305.0872 [M+H]+ 4.69 304.8376 C16H17ClN2S 

Chlorpromazine-N-

oxide 

335.0978 [M+H]+ 3.37 334.0907 C17H19ClN2OS 

Promazine 285.1419 [M+H]+ 4.53 284.4191 C17H20N2S 

 

Haloperidol 376.1473 [M+H]+ 4.06 375.8642 C21H23CLFNO2 

Haloperidol-N-oxide 392.1421 [M+H]+ 3.27 391.8636 C21H23CLFNO3 

Hydroxy-haloperidol 392.1434 [M+H]+ 4.34 377.8801 C21H25CLFNO2 

Dechlorinated-

haloperidol 

342.1863 [M+H]+ 3.61 341.1492 C21H24FNO2 

 

Clozapine 327.1327 [M+H]+ 4.46 326.8233 C18H19ClN4 

Hydroxy-clozapine 343.1319 [M+H]+ 3.40 342.8227 C18H19ClN4O 

Clozapine-N-oxide 343.1318 [M+H]+ 6.41 342.8227 C18H19ClN4O 

Norclozapine 313.1213 [M+H]+ 3.78 312.7967 C17H17ClN4 

Hydroxyl-desmethyl-

clozapine 

307.1553 [M+H]+ 3.32 294.3510 C17H18N4O 

 

Risperidone 411.2190 [M+H]+ 3.61 410.4845 C23H27FN4O2 

Hydroxy-risperidone 427.2139 [M+H]+ 3.67 426.4839 C23H27FN4O3 
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Figure 4.5 A schematic representation of the metabolism of 

chlorpromazine.  
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Figure 4.6 A schematic representation of the metabolism of 

haloperidol. 
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Figure 4.7 A schematic representation of the metabolism of 

clozapine.  
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Figure 4.8 A schematic representation of the metabolism of 

risperidone.  
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4.5.3 Effects of antipsychotic drugs on lipid metabolites 

in HMVECs 

From our data, PCA scores plots showed clear separation between 

control and antipsychotic treatment of HMVECs in the lipid fraction 

(Figure 4.3 (A)). Figure 4.9 shows that separate clusters from each 

model are revealed, which indicates metabolic differences in terms 

of level and compositional changes of cellular lipid metabolites 

among control, chlorpromazine treatment, clozapine treatment, 

haloperidol treatment and risperidone treatment. Then, OPLS-DA 

was applied to visualise samples in an attempt to distinguish 

between control and each antipsychotic treatment, which revealed a 

very clear separation in the lipid fraction. In order to identify which 

detected ions account for such a significant separation in the case of 

OPLS-DA modelling, VIP statistics (VIP > 1.0) were initially used to 

pre-select detected mass ions. Then, from those detected mass ions 

with FDR (ANOVA) < 0.05 selection was made of those which were 

most correlated with the OPLS-DA discriminant scores in order to 

decrease the risk of false positives in the selection of significantly 

altered mass ions. According to these criteria, the 57 identified 

metabolites by exact mass from antipsychotics treatment on 

HMVECs were obtained as being significantly different from the 

control. These metabolites contributed most towards discriminating 

the metabolic profiles between control and antipsychotic treatments 
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summarised in Table 4.4 and Figure 4.10 which show the top ten 

significant changes in levels of identified metabolites. 

 

 

 

Figure 4.9 OPLS-DA of untargeted metabolomics data from 

HMVECs treated with antipsychotics at high therapeutic dosage in 

the lipid fraction. Two-dimensional OPLS-DA scores plots reveal 

separation between untreated cells and chlorpromazine-treated cells 

(A), untreated cells and clozapine-treated cells (B), untreated cells 

and haloperidol-treated cells (C), and untreated cells and 

risperidone-treated cells (D). Untreated (red boxes), chlorpromazine 

(yellow boxes), clozapine (blue boxes), haloperidol (violet boxes) 

and risperidone (brown boxes). 

 

(A) (B) 

(C) (D) 
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Figure 4.10 Level changes of the top ten significantly-changed metabolites from 

the lipid fraction in HMVECs treated with chlorpromazine, clozapine, haloperidol 

and risperidone and untreated HMVECs. 
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Interestingly, all of the top significant metabolites detected were 

found to be hydrophobic compounds. There were five lipid 

compounds (25-O-(2''-beta-D-glucopyranosyl-beta-D-

glucopyranosyl)-25-hydroxy-11E-eicosenoic acid or 3-O-(alpha-L-

rhamnopyranosyl-(1-2)-alpha-L-rhamnopyranosyl)-3-

hydroxydecanoyl-3-hydroxydecanoic acid, 2 diacylglycerols, 1-

(9Z,12Z,15Z-octadecatrienoyl)-2-(11Z-eicosenoyl)-sn-glycerol, and 

linolenyl palmitate that were significantly and similarly changed by 

all antipsychotics treated HMVECs. Butyl 4'-O-butanoyl-6-O-

hexadecanoyl-neohesperidoside, N-(hexadecanoyl)-sphinganine-1-

phosphate and lysophosphoethanolamine were found to be 

significantly increased in chlorpromazine-, haloperidol- and 

risperidone-treated cells while these lipids were significantly 

decreased in the clozapine treatment group. In addition, D-

pantethine was significantly changed in all of the antipsychotic 

treatments.  
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4.5.4 Effects of antipsychotic drugs on polar 

metabolites in HMVECs 

For global metabolic profiling, unsupervised PCA was performed to 

separate the groups. From our data, PCA score plots did not show 

clear separation between control and antipsychotic treatment of 

HMVECs in the polar fraction (Figure 4.3 (B)). Then OPLS-DA was 

applied to visualise samples in an attempt to distinguish between 

control and each antipsychotic treatment, which revealed a very 

clear separation in the polar fraction (Figure 4.11). According to the 

criteria as previously mentioned in section 4.5.3, the nineteen 

identified metabolites from antipsychotics treatment on HMVECs 

were obtained as summarised in Table 4.5. These metabolites 

contributed most toward discriminating between the metabolic 

profiles of control and antipsychotic treatments. Figure 4.12 

provides the top ten significant level changes of the identified 

metabolites. 

Intriguingly, four of the top significant metabolites detected (1,2-

dihexanoyl-sn-glycero-3-phosphate, 3-hydroxymelatonin, 

acetoacetic acid and (iso)butyrylcarnitine) were found to be 

significantly increased in four antipsychotics-treated HMVECs and 2 

(3-hydroxyoctanoyl carnitine and heptanoylcholine) were increased 

in clozapine-, haloperidol- and risperidone-treated cells. Moreover, 

octenedioic acid was found to be increased only in risperidone-
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treated cells. L-Carnitine and succinic acid semialdehyde were 

decreased. In addition, D-arabitol was decreased only in 

haloperidol-treated cells. 

 

 

 

Figure 4.11 OPLS-DA of untargeted metabolomics data from 

HMVECs treated with antipsychotics at high therapeutic dosage in 

the polar fraction. Two-dimensional OPLS-DA scores plots reveal 

separation between untreated cells and chlorpromazine-treated cells 

(A), untreated cells and clozapine-treated cells (B), untreated cells 

and haloperidol-treated cells (C), and untreated cells and 

risperidone-treated cells (D). Untreated (red boxes), chlorpromazine 

(yellow boxes), clozapine (blue boxes), haloperidol (violet boxes) 

and risperidone (brown boxes). 

(A) (B) 

(C) (D) 
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Figure 4.12 Level changes of the top ten significantly-changed 

metabolites from the polar fraction in HMVECs treated with 

chlorpromazine, clozapine, haloperidol and risperidone and 

untreated HMVECs. 
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4.5.5 Biological significance of the metabolic effects of 

antipsychotics on HMVECs 

To characterise biological pathways that may be affected by 

chlorpromazine, clozapine, haloperidol and risperidone at high 

therapeutic dosage in HMVECs, and distinguish them from the 

control cells, various changes in levels of lipid compounds and polar 

metabolites were determined. These are summarised in Tables 4.4 

and 4.5. Treatment with the four antipsychotic medications caused, 

changes in the levels of lipid compounds and polar metabolites. In 

brief, the significantly altered lipid compounds and polar metabolites 

were associated with bioenergetics and lipid metabolism as 

illustrated in Figure 4.13. 
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4.6 DISCUSSION 

The purpose of this work was to describe the outcomes of an 

untargeted lipidomic and metabolomic analysis of the effects of 

chlorpromazine, clozapine, haloperidol and risperidone at high 

therapeutic dosage in human microvascular endothelial cells 

(HMVECs) from the blood brain barrier (BBB) using cell-based LC-

MS metabolomics analysis.  This approach has been widely used 

and expanded greatly in recent years (59,60). The analyses 

presented in this chapter address BBB dysfunction and breakdown 

caused by high therapeutic dosage of antipsychotics. 

4.6.1 Antipsychotics metabolites 

Although only four chlorpromazine metabolites were identified in 

this study, these metabolites were identified in the urine of 

psychiatric patients (177) and in vitro study (178). Previous studies 

have suggested that chlorpromazine can be transformed into other 

metabolites through hydroxylation, N-oxidation, demethylation, and 

dechlorination.  To achieve chlorpromazine metabolites, LC-MS 

analysis was applied to screen for these compounds. The ions were 

identified as the putative chlorpromazine metabolites based on the 

exact m/z as shown in Table 4.3. This in vitro study detected the 

two hydroxylation chlorpromazine metabolites (8-

hydroxychlorpromazine and 3-hydroxychlorpromazine), one 

demethylation chlorpromazine metabolite (N-
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desmethylchlorpromazine), one N-oxidation chlorpromazine 

metabolite (chlorpromazine-N-oxide), and one chlorination 

chlorpromazine metabolite (promazine). 

Using LC-MS/ToF, Tolonen and Rousu et al. (179) reported 14 

haloperidol metabolites formed from an in vitro study of human 

liver microsomal incubation. In this study they found only 3 drug 

metabolites in HBMVECs as shown in Table 4.3 and Figure 4.4. This 

illustrates the possible chemical structures of the detected 

metabolites: N-oxidation, hydroxylation, and dechlorination forms. 

These drug metabolites were similarly found in the previous study. 

There were 12 clozapine metabolite forms of clozapine which were 

reported in previous studies (180,181). In our study, there were 4 

clozapine metabolites forms detected in HMVECs treatment group: 

one oxidation, one hydroxylation, one dechlorination, and one 

oxidative dechlorination (as shown in Table 4.3 and Figure 4.5). 9-

Hydroxy risperidone was detected for risperidone as shown in Table 

4.3 and Figure 4.6, according to the previous experiment [66]. 

Interestingly, in all treatments, the identified antipsychotic 

metabolites appeared to be derived from cytochrome P450-

mediated oxidative metabolism. Pereira and Berbkop-Schnurch et al 

showed that BBB could have drug-inactivating enzymes as 

presentas found in the intestine and liver (182). Dauchy et al found 
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CYPs in microvessels of BBB (183) and Shawahna found Phase I and 

Phase II metabolizing enzymes in human brain microvessels (184).  

Drug-inactivating enzymes metabolise drug and modify its 

response, liming the risk of developing adverse drug reactions with 

antipsychotics affecting the CNS. Moreover, these CYP enzymes in 

the BBB may constitute an additional protecting mechanism against 

antipsychotics, which may act regardless of their lipophilicity. 

However, the drug metabolite identifications were based on the 

accurate and exact mass measurement (m/z) and calculated using 

Mathwork® software. Thus, the results in this report suggest the 

possible drug metabolite, only. To confirm these metabolites, the 

MS/MS patterns and available standard will be employed to confirm 

the future works. 

4.6.2 Antipsychotic effects on HMVECs 

Our data shows that significantly altered levels of lipids and polar 

metabolites (as shown in Figure 4.8 and 4.10) are found in HMVECs 

treated with antipsychotics at high therapeutic dosage when 

compared with untreated cells. These findings are consistent with, 

and substantially add to, previous reports of alteration in lipid 

metabolism and cellular metabolism in the BBB (91,185–187). 

Taken together, the data indicate that high therapeutic dosage of 

antipsychotics might potentially be involved in HMVECs dysfunction. 
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Interestingly, studying the results from the changes of lipid and 

polar metabolites shows that antipsychotics at high therapeutic 

dosage affect lipid profiles and intracellular metabolic profiles of 

HMVECs. In cellular processes, lipid metabolism is mainly involved 

in mitochondrial functions (188). Thus, the alteration of lipid profiles 

and metabolic profiles could result in the impairment of 

mitochondrial function. Antipsychotics have been reported to impair 

mitochondrial function (189–191), and cellular and mitochondrial 

membrane structure (94,192,193) resulting in cell apoptosis.  

Mitochondria are complex organelles found in every human cell. 

They are responsible for the vast majority of cellular energy 

production in the form of adenosine triphosphate (ATP). ATP is the 

energy currency for almost all cellular processes (194). Impaired 

function of mitochondria leads to impaired bioenergetics  which in 

turn causes a lack of cellular energy (195). Recently, studies by 

Elmorsy et al. have demonstrated bioenergetic impairment in 

HMVECs treated with four antipsychotics (chlorpromazine, 

clozapine, haloperidol and risperidone) and subsequent 

mitochondrial dysfunction (86,87). The results indicated changes in 

level of acetoacetic acid, D-pantethine, (iso)butyrylcarnitine, 3-

hydroxyactanoyl carnitine, L-carnitine, succinic acid semialdehyde  

and D-arabitol in HMVECs treated with antipsychotics. Alterations of 

these metabolites could be involved in mitochondrial dysfunction as 

shown in Figure 4.11.                                                 . 
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Mitochondrial dysfunction leads to impaired bioenergetics in 

HMVECs treated with antipsychotics. As a result of energy 

deficiency, fatty acids are used for energy production as a 

compensatory mechanism. The metabolism of fatty acids generates 

several acid substances including acyl carnitine compounds and 

related compounds, and acetoacetic acid. In our results the levels of 

acyl carnitine compounds ((iso)butyrylcarnitine and 3-

hydroxyactanoyl carnitine) were significantly increased, while the 

level of carnitine (an amino acid which play an important role in 

fatty acid transportation into mitochondria (196)) was significantly 

decreased. These changes could confirm that there is a high rate of 

fatty acid metabolism in HMVECs treated with high dosage 

antipsychotics.  Moreover, it was found that the level of acetoacetic 

acid and D-pantethine were significantly raised in all HMVECs 

treated with high dosage antipsychotics (Figure 4.8 and 4.10). 

Acetoacetic acid and D-pantethine are not normally found at a high 

level in HMVECs and other cells. These metabolites increase when 

cells have no oxaloacetic acid available for the conversion of acetyl-

CoA to citric acid, or have excessive fatty acid metabolism. 

According to the results, the level of fatty acids and related 

compounds were significantly changed. These alterations could 

suggest that the increase of acetoacetic acid and D-pantethine 

levels may result from mitochondrial dysfunction and an excess of
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fatty acid metabolism resulting in an excess of acetyl-CoA. The 

excess acetyl-CoA is then metabolised to acetoacetic acid. 

When even larger amounts of acetoacetic acid accumulate such that 

the cell’s pH is lowered to dangerously acidic levels, a state of 

ketoacidosis is reached. Ketoacidosis is a metabolic state disorder 

associated with high concentrations of ketone bodies (aceto acetic 

acids) and results in HMVECs dysfunction and apoptosis (197,198).  

In addition, mitochondrial dysfunction and increased fatty acid 

metabolism can generate reactive oxygen species (ROS) resulting in 

oxidative stress in cells (199). This stress can cause severe damage 

to all components of the cell, including DNA, protein, and lipids. 

Elmorsy et al. demonstrated that the cellular structure and 

morphology of HMVECs was disrupted by chlorpromazine, clozapine, 

haloperidol and risperidone treatment. This disruption by the 

antipsychotics was associated with oxidative stress (86,87).  The 

results revealed pronounced changes in 10 lipid compounds (see 

Figures 4.8 and 4.10) in HMVECs treated with chlorpromazine, 

clozapine, haloperidol and risperidone. These lipids are constituents 

of the cellular membrane and are involved in cell proliferation, 

differentiation, apoptosis and oxidative stress (200).  

In addition, there are a number of antioxidant defences to detoxify 

fluctuations in ROS and its reactive intermediates in cells, but ROS 

generation often exceeds the antioxidant capacity of cells (188). 
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The result indicates that the levels of 3-hydroxymelatonin and D-

arabitol were significantly increased and decreased respectively in 

HMVECs treated with antipsychotics. 3-Hydroxymelatonin is an 

intermediate product of melatonin’s interaction with ROS in cells. It 

has been reported that melatonin may act as a direct scavenger of 

ROS (thus, not only playing a role in sleep and circadian rhythm 

regulation) and yields 3-hydroxymelatonin in human cells. The level 

of 3-hydroxymelatonin is proportional to the level of oxidative stress 

by ROS in cells (201). In addition, D-arabitol is a substance in the 

pentose phosphate pathway of glucose metabolism that is used in 

the biosynthetic reaction of NADPH. NADPH protects against 

oxidative stress directly by neutralizing ROS and the level of D-

arabitol is decreased when cells have high oxidative stress by ROS 

(202). The Antipsychotics have been reported to induce production 

of ROS in cells. Chlorpromazine and clozapine have demonstrated 

that they can induce ROS generation in HepaRG and SKNSH 

respectively and also in other cells (185,203). It has also been 

reported that haloperidol and risperidone can generate ROS in 

astroglia cells (204). The data which are consistent with, and 

substantially add to, the previous reports of oxidative stress by ROS 

in BBB cells (86,87), could indicate that antipsychotics are involved 

in ROS generation resulting in oxidative stress in HMVECs treated 

with antipsychotics. In conclusion, chlorpromazine, clozapine,                                       

.
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haloperidol and risperidone at high therapeutic dosage could affect 

the bioenergetics pathway due to mitochondrial dysfunction 

resulting in keto-acidosis and inducing oxide stress by reactive 

oxygen species generation in HMVECs. 

In this study, the global effects of antipsychotics at high therapeutic 

dosage in HMVECs and the important of finding the metabolic 

pathways which have been altered were explored. Future studies 

should be designed to target lipidomic and metabolic profiling on 

mitochondrial function and fatty acid metabolism in order to 

determine lipids and metabolites which correlate with metabolome 

change for each antipsychotic drug. This could address why 

antipsychotics induce dysfunction and breakdown of the BBB, 

causing the aetiology of neuroleptic associated cerebral oedema and 

neuroleptic malignant syndrome.  

While observation of HMVECs by using cell-based LC-MS 

metabolomics may not be fully applicable to the whole BBB system, 

our study affords several advantages over in vivo study and more 

precise measurement due to ease of manipulation and procurement.  
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4.7 CONCLUSION 

Data generated using cell-based metabolomics in the study of 

HMVECs exposed to antipsychotics has provided a novel way to test 

and extend several hypotheses when studying effects of drugs and 

other compounds on biochemical mechanisms of the BBB. The 

simultaneous measurement of lipid and polar metabolites shows a 

novel interaction of metabolites that are vital in both the triggering 

and amplifying pathways of the BBB thus helping to refine the 

global view. The results are found support for the toxicity 

hypothesis with measurements that confirm previous findings and 

reveal the exact biological pathways of antipsychotic-altered BBB 

functions. Finally, we find that antipsychotics may affect the 

bioenergetics pathway due to mitochondrial dysfunction resulted in 

ketoacidosis and inducing oxide stress by reactive oxygen species 

generation. 
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CHAPTER V: LC-MS-BASED METABOLOMICS REVEALED 

SIGNIFICANT ALTERED INTRACELLULAR METABOLITES IN 

HUMAN BREAST CANCER (MCF-7) CELLS TREATED WITH 

CORDYCEPIN  

5.1 ABSTRACT 

Cordycepin, 3 deoxyadenosine, has the potential to become an anti-

breast cancer drug with promising prospects. LC-MS-based 

metabolomics has been a powerful method to study metabolic 

profiles in cell line after drug treatment, which can be used for 

investigating of cordycepin effects in a cell culture model. The 

effectiveness of cordycepin is limited by its rapid deamination to an 

inactive metabolite by adenosine deaminase (ADA). Co-

administration of a potent inhibitor of ADA, pentostatin, can be used 

to increase a half-life of cordycepin. In the present work, cell-based 

metabolomics using LC-MS was applied to analyze the metabolic 

changes induced by cordycepin treatment in MCF-7 cells. A cell-

based metabolomics using LC-MS coupled pathway analysis was 

successfully applied to explore the metabolome changes induced by 

cordycepin with or without pentostatin on MCF-7 cells. It is revealed 

that pentostatin can inhibit cordycepin degradation by ADA leading 

to the enhancement of cordycepin effectiveness. Furthermore, the 
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pathway analysis indicated that anti-breast cancer was mainly 

responsible for alterations in purine and pyrimidine metabolism and 

bioenergetics. In addition, it was found that topaquinone, which 

involves in degradation of DNA, dramatically and significantly 

increased in MCF-7 cells exposed to cordycepin. This may indicate 

that cordycepin may be involved in the inhibition of cell proliferation 

and differentiation, and the activation of cell apoptosis. 

Keywords: LC-MS, cell-based metabolomics, MCF-7 cells, 

cordycepin, pentostatin, breast cancer 
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5.2 INTRODUCTION 

Although there are many advances in screening, surveillance and 

interventions, breast cancer is still the most common cancer 

problem among women globally (205–207). It is reported that there 

are 232,670 of new cases and 40,430 of deaths from breast cancer 

in US in 2014 (208), and 464,000 of new cases and 131,000 of 

deaths from this cancer in UK in 2012 (209). In addition, in Europe 

458,337 and 131,259 of incidence and mortality numbers were 

reported in 2012 (210). Breast cancer is curable in the early stages 

(211–213); however, currently available breast cancer treatments 

cause serious side effects (214–216) and have limited effective 

therapy options is necessary (217–219). For example, the most 

common side effects of chemotherapeutic drugs using in breast 

cancer treatment are hair loss, low blood counts (causing an 

increased risk infection), feeling and being sick, loss of appetite and 

mouse ulcers (220–222); thus, the discovery of novel, targeted and 

more effective therapeutic options are necessary. 

Natural products represent an abundance of source-derived 

remedies to discovery novel pharmacological active compounds for 

the development of anti-breast cancer drugs (223–225). 

Cordycepin, also known as 3’-deoxyadenosine, is originally found in 

the insect fungus Cordyceps spp., and  its structure is similar to 

adenosine but it lacks of 3’ hydroxyl group (226). Cordycepin have
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been reported that it has various biological activities such as anti-

fungal (103), immunomodulatory (107), anti-inflammatory 

(105,106,227), and anti-cancer effects (110,111,228). In addition, 

cordycepin is reported to be inhibitor of purine biosynthesis, 

DNA/RNA synthesis and mammalian target of rapamycin (mTOR) 

(113,229–231) and therefore exhibited a great potential for cancer 

prevention and treatment (110,111,113,228,230,231). As a result 

of its potential, investigation on therapeutic efficacy of cordycepin 

against various cancer cells has become a promising approach for 

the discovery of new anti-cancer drug. Recently, cordycepin has 

been shown that it is a clinically useful in treatment human breast 

cancer (104,108,113,116). Cordycepin has also shown that it 

effectively kills MCF-7 human breast cancer cell line in vitro study by 

inducing cell death association with estrogen receptor (104), 

inhibiting RNA synthesis and inducing DNA double strand breaks 

(113); however, there is still lack of thorough insight into the 

mechanism of anti-breast cancer effect. 

Cell based-metabolomics is an approach that is used to characterize 

the metabolomic profile of cells (232). Since the profile of 

metabolites with relatively low molecular weight (commonly less 

than 1.5 KDa) are downstream products of biological processes, 

their identity and concentration in biological system can provide 

biochemical signatures for globally monitoring the physiological 

effects, and exploring the effects of drug (233). 
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Particularly, because cellular metabolism of cancer cells is different 

from that of normal cells, such as high energy metabolism, high 

enzyme activities and high phosphate compound metabolites levels, 

cell based-metabolomics has been a powerful approach employed 

for further investigation of biomarkers for cancer diagnosis and drug 

treatment (232,233).  

Compared to nuclear magnetic resonance (NMR) spectroscopy and 

gas chromatography-mass spectrometry (GC-MS), liquid 

chromatography-mass spectrometry (LC-MS) has proven to be an 

effective combination for metabolites identification and 

quantifications in human biological samples because of its excellent 

resolution and sensitivity (234). Cell-based metabolic profiling using 

LC-MS has been used widely for metabolomic studies in vivo and in 

vitro models due to its high throughput, soft ionisation and good 

coverage of metabolites (234). The success of cell-based 

metabolomics using LC-MS combined with uni- and multivariate 

statistical tools has been proven as a powerful technique in rapidly 

identifying drug metabolites and providing useful metabolic 

information about the mechanisms of drug in human (232–234).  

The aim of this present study was to apply cell-based metabolomics 

using LC-MS to investigate changes in intracellular metabolome 

caused by the cellular responses to cordycepin with or without in 

MCF7 cell lines.  
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The identification of multiple metabolites could facilitate the 

understanding of the in vitro actions of cordycepin and aid in 

understanding the biological mechanisms of this drug resulting in 

future applications for breast cancer treatment. Untargeted LC-MS-

based metabolite profiling was employed to functionally assign 

cordycepin induced changes in the cellular metabolism of MCF-7 

cells. Furthermore, this study investigated and identified the 

differential effects of this drug on intracellular metabolites including 

those involved in the metabolic pathway responsible for killing MCF-

7 cells.  

5.3 OBJECTIVES 

This part of project has three main objectives: 

 to apply the LC-MS-based metabolomics to investigate 

the metabolic changes of MCF-7 cells exposed to 

pentostatin, cordycepin and cordycepin + pentostatin. 

 to study the effect of pentostatin on cordycepin stability 

on MCF-7 cells that are affected by cordycepin at 

different time points (15, 30, 60 and 120 min). 

 to identify which metabolic pathway within MCF-7 cells 

are affected by cordycepin.  
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5.4 MATERIALS AND METHODS 

5.4.1 Chemicals 

LC-MS-grade acetonitrile and methanol were purchased from Fisher 

Scientific (Leicestershire, UK). HPLC-grade water obtained from Elga 

Purelab Genetic (Buckinghamshire, UK). Formic acid (LC-MS grade) 

was purchased from Acros Organics (Leicestershire, UK), and all 

standard chemical compounds were purchased from Sigma-Aldrich 

(Dorset, UK). These standards are HPLC or LC-MS grade. 

5.4.2 Study design 

5.4.2.1 The effect of pentostatin on the stability of 

cordycepin 

Cell lines were treated with either: 

 1 µM of pentostatin,  

 50 µM of cordycepin,  

 50 µM of cordycepin  + 1 µM of pentostatin  

for two, eight and 24 hours. Each of the above groups was set up in 

triplicate. The concentration and the time treatment do not affect on 

MCF-7 cell viability with previous report (235).  
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5.4.2.2 The effect of cordycepin on metabolome 

changes 

Cell lines were treated with 50 µM of cordycepin for 15, 30, 60 and 

120 minutes. There were six biological replicates of each group. 

5.4.3 Pentostatin and cordycepin effects on MCF-7 cells 

MCF-7 cell lines were cultured in Dulbecco's modified Eagle medium 

(DMEM) high glucose (4.5 g/L), supplemented with 10% foetal 

bovine serum (FBS) and 2mM L-glutamine at 37 oC and 5% CO2 as 

described previously in (236). MCF-7 cells were seeded in a 6 well 

plate at a density of 108 cells/ml and grow up to 80% confluence. 

MCF-7 cells were treated with DMSO (control), pentostatin, 

cordycepin and cordycepin + pentostatin for 2, 8 and 24 hr for the 

investigation of pentostatin effects. The cells were also exposed to 

DMSO (control) and cordycepin for 15, 30, 60 and 120 min for the 

cordycepin study. These were performed by a PhD student, Mrs. 

Utami Wahyu and Mr. Lin Jia from the Division of Molecular and 

Cellular Science, School of Pharmacy, University of Nottingham, UK 

for pentostatin and cordycepin studies, respectively. 

5.4.4 Metabolite extraction 

The cell culture was removed and washed with 1 ml of PBS  and 

then MCF-7 cell pellets were extracted with 0.5 ml cold methanol (-

20oC) and cell suspensions were vortexed for 2 hr in cold room 

(4oC). The suspensions were centrifuged for 10 min at 15,000 rpm 
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at 4oC. The supernatants were transferred to new eppendorf tubes 

and kept at -80oC for further analysis. 

5.4.5 Metabolomics analysis 

Analyses were performed using non-targeted protocols using 

Exactive Orbitap MS with HILIC-MS instrumentation previously 

reported in Chapter II. The initial method development was carried 

out on the Water Q-ToF Premier instrument and these methods 

were then transferred to the Thermo Exactive LC-MS system. A 

mixture of authentic standard compounds was injected before 

sample analysis for metabolite identification. The pooled QC sample 

was obtained by taking a 10 μl aliquot of all samples from the 

study. The pooled QC sample was injected every 6 sample injections 

and was used to assess instrument performance.  

Liquid chromatography was performed using the Thermo Scientific 

Accela LC system coupled with the Exactive Orbitrap MS as previous 

described (135). Briefly, HILIC separations were achieved using a 

ZIC-pHILIC column with a 150 x 2.1 mm, 3.5 μm particle size, 

equipped with a ZIC-pHILIC PEEK guard column with a 20 x 2.1 

mm, 5 μM particle size. The mobile phases were acetonitrile (A) and 

20 mM ammonium carbonate (pH 9.2) (B) at the flow rate of 0.20 

ml/minute at 40oC. At t=0 minutes run, at 5% B, a gradient to 95% 

B was concluded at 13 minutes and a gradient to 5%B was 

completed at 15 minutes.  
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Following column wash and equilibration, the run was concluded 

with 5% B at 20 minutes. Data acquisition of ion detection was 

performed between 70 to 1,400 m/z in positive and negative 

modes. 

5.4.6 Data processing and statistical analysis 

LC-MS data was pre-processed (filtering and alignment) and 

extracted by using Progenesis QI software. The extracted m/z data 

was exported to text file data for further analysis. Manual inspection 

and duplicates removal was performed to form a final data by using 

Xcalibur software version 2.0. Statistical analyses were performed 

using univariate (Student’s T-Test) and multivariate (OPLS-DA) 

approaches. Simca P version 14.0 was used for statistical analyses. 

Detected ions were pre-selected as candidates when their VIP 

values were > 1.00. The VIP value indicates the importance of each 

metabolite for group separation. Then, among these detected ions 

with ANOVA (FDR < 0.05)  was then selected as significantly 

changed ions that were most correlated with the OPLS-DA 

discriminant scores in order to assess levels of significant difference 

for each ion between control and cordycepin treated samples. In 

addition, features that were detected in every chromatogram and 

had < 30% CV with each group were included in the analysis. 
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The identification of significantly altered ions was performed by 

matching accurate masses and retention times of authentic 

standards using standard peak assignment but when standards 

were not available, metabolites were tentatively identified through 

accurate mass search of the Human Metabolome database and the 

METLIN data base with a mass error less than 5 ppm (237). 
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5.5 RESULTS 

5.5.1 Effects of pentostatin on cordycepin stability in 

MCF-7 cells 

In order to study the effects of pentostatin on cordycepin stability, 

the MCF7 cells were treated with 50 μM cordycepin and 1 µM 

pentostatin for 2, 8 and 24 hr and analysed by LC-MS. 

After the preprocessing steps by the Progenesis-QI software, the 

number of detected features in MCF-7 cell extracts from the 

intervention study was 3,470 in total (ESI+ and ESI-). Of these, 

291 features were identified putatively. These identified metabolites 

include cordycepin and its metabolism compounds, amino acids, 

fatty acids, lipids, sugars and organic acids (see Figure 5.1 and 

Supplementary Table 5.1). 
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Figure 5.1 Pie chart summarising the distribution and information 

for MCF-7 cell metabolites, detected by untargeted metabolic 

profiling. 

 

5.5.1.1 Multivariate statistical analysis of the 

metabolomics data 

Using principal component analysis (PCA) to visualize general 

clustering, trend, or outlines among the observation, the set of 

spectral data from MCF-7 cell samples was analyzed as shown in 

Figure 5.2. In the PCA scores plot, each time treatment condition 

was separated. For each PCA scores plot of time treatment 

conditions as shown in Figure 5.3, control (DMSO), cordycepin, 

pentostatin and cordycepin + pentostatin were clearly separated 

from each sample. As can be seen in Figure 5.2 and 5.3, trends 

among control, pentostatin, cordycepin and cordycepin + 
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pentostatin combination groups were observed indicating feasibility 

to investigated relationships between time series and drug 

treatment conditions.  As the time points increases, the clusters 

spread from the middle left (2 hr) to the middle right (8 hr) and to 

the middle top (24 hr) of the PCA scores plot (Figure 5.2(A). The 

clusters spread from the middle right (2 hr) to the middle left (8 hr) 

and to the middle top (24 hr) of the OPLS-DA scores plot (Figure 

5.2(B)). 

Next, separate PCAs of time treatment series of DMSO, pentostatin, 

cordycepin and cordycepin + pentostatin combination were 

performed to investigate how pentostatin can increase an activity of 

cordycepin (Figure 5.3). As can be seen in Figure 5.3(A) to (C), 

clear separation among DMSO, pentostatin, cordycepin and 

cordycepin + pentostatin at different time points were observed, 

except cordycepin and cordycepin + pentostatin was not clear 

separation. However, the clusters spread from the top right to 

bottom right and to middle left. The percentages of each PC were 

summarised in Table 5.1. 

 

 

 

 



CHAPTER V 

   152 

 

 

 
Figure 5.2 (A) PCA scores plot from MCF-7 cells exposed to DMSO (as a control), 

pentostatin, cordycepin and cordycepin + pentostatin combination at 2, 8 and 24 

hr with PC1 (54.41%) versus PC2 (19.23%). (B) OPLS-DA scores plot with R2X = 

0.999, R2Y = 0.97 and Q2 = 0.84. Metabolic profiling was carried out on MCF-7 

cell extracts upon exposure to vehicle and drugs; 2 hr DMSO treatment (green 

circulars), 8 hr DMSO treatment (blue squares), 24 hr DMSO treatment (red 

triangles), 2 hr cordycepin treatment (yellow inversed triangles), 8 hr cordycepin 

treatment (blue diamonds), 24 hr cordycepin treatment (violet pentagons), 2 hr 

pentostatin treatment (orange hexagons), 8 hr pentostatin treatment (pink four 

point-stars), 24 hr pentostatin treatment (brown five point-stars), 2 hr cordycepin 

+ pentostatin treatment (pale green circular), 8 hr cordycepin + pentostatin 

(orange squares), and 24 hr cordycepin + pentostatin (gray triangles). Arrows are 

draw as a visual guide indicating the relationship between time point and mass 

spectra. 

2 hr 
8 hr 

24 hr 

2 hr 

8 hr 

24 hr 
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Figure 5.3 PCA scores plot for among time treatments (A) 2 hr with PC1 

(96.07%) versus PC2 (0.98%), (B) 8 hr with PC1(87.30%) versus PC2 (11.69%) 

and (C) 24 hr with PC1(60.98%) versus PC2 (20.89%);2 hr DMSO treatment 

(green circulars), 8 hr DMSO treatment (blue squares), 24 hr DMSO treatment 

(red triangles), 2 hr cordycepin treatment (yellow inversed triangles), 8 hr 

cordycepin treatment (blue diamonds), 24 hr cordycepin treatment (violet 

pentagons), 2 hr pentostatin treatment (orange hexagons), 8 hr pentostatin 

treatment (pink four point-stars), 24 hr pentostatin treatment (brown five point-

stars), 2 hr cordycepin + pentostatin treatment (pale green circular), 8 hr 

cordycepin + pentostatin (orange squares), and 24 hr cordycepin + pentostatin 

(gray triangles). Arrows are draw as a visual guide indicating the relationship 

between drugs and mass spectra. 
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Table 5.1 Summary of the parameters for assessing modelling 

quality 

Groups No.a PC1 (%) PC2 (%) 

2 hr 2 86.07 13.98 

8 hr 2 87.30 11.69 

24 hr 2 60.98 20.89 

a Number of component. 

 

An OPLS-DA was applied in order to better understand and the 

different metabolic patterns and to detect potential metabolites 

showing prominent level changes in our models. Quality of the 

resulting discriminant models are R2X = 0.999, R2Y = 0.97 and Q2 = 

0.84. These parameters larger than 0.50 suggest that all model 

were robust and had good fitness and prediction (238). OPLS-DA 

scores plot (Figure 5.2(B)) showed that the combination of 

cordycepin and pentostatin for each time point had distinctive 

metabolic profiles and clear separaion from vehicles, cordycepin and 

pentostatin.  
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5.5.1.2 Feature selection: Potential key metabolites  

In order to identify which metabolites contributed to the group 

separations, the variable importance for projection (VIP) based on 

OPLS-DA models was used and ANOVA was also performed. Only 

metabolites with VIP values > 1.00 were selected as candidates. 

Then, among these, variables with FDR < 0.05 in ANOVA analysis 

were selected as metabolites that were most correlated with the 

OPLS-DA discriminant scores in order to decrease the risk of false 

positives in the selection of potential metabolites. Applying such an 

approach, significant metabolites related to the effects of 

pentostatin on cordycepin activity in MCF-7 cell lines were identified. 

After two hours of treatment with drugs, the levels of 35 

metabolites were significantly changed (Supplementary Table 5.2) 

and for the eight and 24 hour time points, 38 and 42 metabolites, 

respectively, were significantly altered (Supplementary Table 5.3 

and 5.4). To identify most significant metabolites, a fold change cut-

off value was set at 1.50, which narrowed the search to only include 

features that were increased and decreased at least 1.50 times after 

the drug treatment compared to the controls. The number of 

remaining features was reduced to 24, 29 and 37 in 2, 8 and 24 

hour drug treatments, respectively. The remaining features were 

summarised in Table 5.2. However, it was found that cordycepin 

and cordycepin monophosphate were dramatically increased as 
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shown in Figure 5.4 (A) and (B), but deoxyinosine was significantly 

decreased (Figure 5.4 (C)). 
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Figure 5.4 Cordycepin (A), cordycepin monophosphate (B) and 

deoxyinosine (C) levels in MCF-7 cells exposed with pentostatin, 

cordycepin and cordycepin + pentostatin at different time points (2-

, 8- and 24- h). 
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5.5.2 Effects of cordycepin on MCF-7 cells 

To understand the metabolomic signature of cordycepin on MCF-7 

cells, a cell-based metabolomics analysis using LC-MS was 

performed. The MS spectral data of the control, vehicle and 

different time points of cordycepin treatment (15, 30, 60 and 120 

min) were used and the metabolomic profile of overall group and 

each pair group (control vs vehicle, control vs cordycepin (15 min), 

control vs cordycepin (30 min), control vs cordycepin (60 min), and 

control vs cordycepin (120 min)) were subjected to multivariate 

statistical analysis.  

5.5.2.1 Metabolic profiles analysed by cell-based 

metabolomics using LC-MS approach 

MS spectral data was aligned by using a pooled QC sample. 

Importantly, the alignment process did not affect the clustering of 

the samples. An un-supervised multivariate statistical method, 

principal component analysis (PCA), was applied. Close clustering of 

pooled QC samples in the PCA using all these features indicates 

minimal sample processing and instrument-related variation (see 

Figure 5.5(A)). The PCA showed that the six experimental 

conditions are clearly distinguishable and suggests that cordycepin 

caused an unambiguous change in the MCF-7 cell metabolome 

underlining the sensitivity of this analysis to differentiate among 

metabolic states of MCF-7 cells. Due to possible fluctuation of 
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metabolic status of the MCF-7 cells, an OPLS-DA was applied to 

better understand the different metabolic pattern and to detect 

significant ions showing prominent level changes in the models. Any 

difference between the classes, the untreated, vehicle, and 

cordycepin with different time points were also clearly separated in 

the OPLS-DA scores plot as shown in Figure 5.5(B). 

5.5.2.2 Cordycepin and its metabolites 

Among these metabolic features, cordycepin and cordycepin 

metabolites (cordycepin monophosphate and cordycepin 

diphosphate) were detected successfully in the samples (Figure 

5.6). Figure 5.6(A) illustrates the cordycepin metabolism in 

mammalian cells. The identities of these drugs and known 

metabolites of cordycepin and its metabolites were confirmed by 

running commercial standards. Whereas cordycepin showed a 

decrease in level over the time point, the cordycepin metabolites 

increased over the time points (Figure 5.6 (B)). 
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Figure 5.5 Scores plot of principal component analysis (PCA) (A) and OPLS-DA 

(B) of MS spectral data using all the detected ion features and samples (n = 50 

including 8 quality controls: Pooled QC and 6 systems blank). Close clustering of 

pooled QC samples indicates limited method associated variation. 15 (red boxes), 

30 (yellow boxes), 60 (blue boxes) and 120 (violet boxes) min cordycepin treated 

MCF-7 cells, DMSO treated MCF-7 cells (dark blue boxes) and control (green 

boxes). Arrows are drawn as a visual guide indicating the relationship between 

the time points and the mass spectra.                                                          .
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Figure 5.6 (A) Common pathway of cordycepin metabolism in 

mammalian cells. Metabolites highlighted in red are identified in 

MCF-7 cells. (B) The abundance of cordycepin and its metabolites 

varies in MCF-7 cell treated with cordycepin at different time points 

(15 (green), 30 (violet), 60 (blue) and 120 (orange)). The mean 

abundance of each analyte is represented by a horizontal bar.  
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5.5.2.3 Metabolic identification of MCF-7 cells treated 

with cordycepin 

A PCA and OPLS-DA based on cellular metabolites demonstrated 

that the control and vehicle (DMSO treatment) clustered closely 

within each group and separately from each other, indicating 

different metabolic patterns among the time points (Figure 5.5). 

Exposure to cordycepin caused significant changes in the MCF-7 

metabolic pattern which indicated a distinct modulation of the MCF-

7 cell metabolism. For the investigation of metabolome change in 

MCF-7 cells treated with cordycepin at the different time points (15, 

30, 60 and 120 min), detected ions were pre-selected as candidates 

when their VIP values were > 1.00. Detected ions with FDR < 0.05 

(ANOVA) were then selected as those which showed greatest 

correlation with the OPLS-DA discriminant scores, in order to 

decrease the risk of false positive in the selection of potentially 

significant ions. Applying such an approach, mass ions for 

discriminating metabolome changes and chemical compound types 

were identified. Differences between sample classes are 

summarised in the accompanying tables (Supplementary Table 5.1), 

with tentative identities. 1,670 ions were initially detected and 78 

ions were found to be significantly altered. Based on exact mass 

(with mass error < 5 ppm) and compared to authentic standards (if 

they are available) and data from literatures, 42 of the significantly 

detected ions were identified as shown in Table 5.3. The list was 
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refined to present only identified metabolites showing significant 

differences among control, vehicle (DMSO) and cordycepin 

treatment samples (FDR < 0.05). 15 and 30 min after a treatment 

with cordyceycepin 22 metabolite levels were significantly altered, 

with 9 metabolites reduced and 13 metabolites increased in 

cordycepin-treated MCF-7 cells and untreated MCF-7 cells. For the 

60-minute time point, 26 metabolites were detected with 9 

metabolites decreased and 17 metabolites increased. In the 120-

minute treatment, 28 metabolites were changed with 7 metabolites 

reduced and 21 metabolites increased. In addition, in the DMSO 

treated samples were no significantly changed metabolites in MCF-7 

cells. This indicated that the DMSO used as vehicle did not 

significantly affect the metabolome of MCF-7 cells in this study. 
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5.5.3 Biological pathways analysis 

To characterise biological pathways that may be affected by 50 µM 

of cordycepin in MCF-7 cells compared with control cells, various 

changes in levels of intermediate compounds in amino acid 

metabolism, TCA intermediate compounds and intermediate 

compounds in purine and pyrimidne metabolism were determined 

and are summarised in Table 5.3. In brief, the significantly altered 

these intermediate compounds were associated with bioenergetics 

as illustrated in Figure 5.7 and Figure 5.8 shows some other 

changes in metabolite levels. 
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Figure 5.8 Level changes of some metabolitesin MCF7 cells 

exposed to 50 µM cordycepin at 15, 30, 60 and 120 min. 
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5.6 DISCUSSION 

Cell based metabolomics using LC-MS approach provides a powerful 

analytical tool for the identification of cellular pathway alterations 

and possible mechanism of drugs. This is the first study that 

identifies metabolite alterations, affected pathways and key 

metabolites for the cordycepin with or without pentostatin response 

in MCF-7 cells. 

5.6.1 Pentostatin effects on cordycepin stability in MCF-

7 cells 

The significantly increased levels of cordycepin and cordycepin 

monophosphate and the significantly decreased levels of 

deoxyinosin in MCF-7 over the time point as summarised in Table 

4.2 and shown in Figure 4.4 indicated pentostatin can inhibit 

adenosine deaminase. Several previous analyses by others have 

also shown the inhibitory effect of pentostatin on adenosine 

deaminase (239–241). Cordycepine is an analogue of the nucleoside 

adenosine that is converted into mono, di and tri-phosphates. These 

phosphate forms have been shown to be active forms of cordycepin 

(226). In the results, it is found that only cordycepin 

monophosphate was significantly enriched; these may form the 

degradation of cordycepin di- and tri-phosphates in during an 

extraction process or storage time. This is not surprise because 

nucleoside phosphates compounds have been reported that they  
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can be easily hydrolysed (240). Moreover cordycepin and its 

phosphate compounds have a very short half-life (240,242,243).  

Tsai et al. has found that cordycepin is eliminated in 1.6 min in rats 

(243). Adenosine deaminase is an enzyme that is commonly found 

in most of mammalian cells. The adenosine deaminase catalyzes the 

hydrolysis of deoxyadenosine to yield deoxyinosine (239). It has 

been reported that adenosine deaminase inhibitors such as 

pentostatin can inhibit the activity of adenosine deaminase and thus 

increase the half-life of cordycepin in vitro and in vivo studies (239–

241). These studies and the data in this study are confirmed that 

pentostatin can increase the activity of cordycepin by an inhibition 

of adenosine deaminase in MCF-7 cells.  

However, pentostatin itself can affect on cellular metabolites of 

MCF-7 cells as summarised in Table 4.2. Pentostatin has been 

reported that it has a cytotoxic effect on cancer cells (244–247). 

Soares et al. have shown that pentostatin can decrease inosine 

levels in cancer cells resulted to decrease proliferation (247). This 

work and the data may indicate that pentostatin can effect inosine 

metabolism. 
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5.6.2 Effects of combination of cordycepin and 

pentostatin on MCF-7 metabolite profile. 

In previous study by Wahyu, she characterised the anti-breast 

cancer activity of the combination of cordycepin and pentostatin in 

the same drug concentrations as the results in this study and 

showed the effects of the drug combination by the intracellular 

reduction of nucleoside phosphate compounds as a consequence of 

treatment (235). In the results, it is found that the levels of adenine 

and adenosine in MCF-7 cells treated with 50 μM of cordycepin 

alone  and 50 µM cordycepin + pentostain 1 µM combined were 

significantly increased and decreased, respectively (Table 4.2). 

Adenine and adenosine are used in AMP, ADP and ATP biosynthesis 

(248). It is found that the level of AMP and ADP were significantly 

reduce after treatment with drugs, however, the highest changes in 

the levels of AMP, ADP and GMP were found with cordycepin and 

pentostatin combined (Table 4.2). Furthermore, it is also observed 

that the levels of GMP and ureidoisobutyric acid involved in GMP 

biosynthesis (249) were also significantly decreased in MCF-7 cells 

exposed to cordycepin and pentostatin combined. From the Wahyu’s 

work (235) and the results obtained in this study it is confirmed 

that pentostain can increase effects of cordycepin on MCF-7 cells 

through the nucleoside phosphate synthesis.  
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Interestingly, it is found that the level of NAD+ was significantly 

decreased in MCF-7 cells treated with cordycepin + pentostatin 

combined (see Table 4.1). NAD+ is a coenzyme found in all 

mammalian cells. NAD+ is the crucial intermediate metabolites in 

electron transport chain (ETC) generating ATP (250). This finding 

may suggest that cordycepin + pentostatin combined may interfere 

with ETC in MCF-7 cell. Moreover, it is found that level of 

pantothenate was significantly decreased and the level of 

pantetheine was significantly increased. Both pantothenate and 

pantetheine are intermediates in CoA biosynthesis; pantetheine is a 

substrate needed to form pantothenate. CoA is a coenzyme in the 

synthesis and oxidation of fatty acid in all mammalian cells (251). 

This finding may indicate that cordycepin + pentostatin combined 

may also inhibit CoA biosynthesis. 

5.6.3 The effects of cordycepin on cellular metabolites 

of MCF-7 cells. 

In previous section, the effects of cordycepin with or without 

pentostatin were investigated and it is found that the metabolome 

of MCF-7 cells was changed after two hour treatment. In order to 

understand how cordycepin can affect metabolic profiles of MCF-7 

cells, the effects of cordycepin at different time points (15, 30, 60 

and 120 min) were studied. The results indicate significant 

metabolite levels and metabolites ratio changes that are part of 
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several pathways including amino acid metabolism, purine and 

pyrimidine metabolism, and TCA cycle. This is summarised in Table 

5.3.  

Alterations in purine and pyrimidine metabolism including ATP, CTP, 

GTP, and UTP have been previous implicated in the MCF-7 cells 

exposed to cordycepin (235). Several metabolite level and 

metabolite ratio changes in adenine, hypoxanthine and deoxyribose 

phosphate at 30 min and in myoinositol at 120 min post-cordycepin 

treatment (see Table 4.2) were observed. Alterations of these 

metabolite ratios can reflect change in purine and pyrimidine 

metabolsim. Cordycepin phosphate compounds have been reported 

to inhibit purine and pyrimidine metabolsim in many cells 

(109,241,252,253). This inhibition causes the reduction of 

nucleoside phosphate levels. Results from previous studies have 

associated the cordycepin treatment response with reduced levels 

and ratios of nucleoside triphosphate compounds (ATP, CTP, GTP 

and UTP) (235,252). The results in this study, it is observed that 

most levels and ratios of intermediate compounds of purine and 

pyrimidine metabolism were altered at 30 min post-cordycepin 

treatment, and increased or decreased according to the specific 

time points. This suggests that cordycepin may interfere with the 

purine and pyrimidine metabolism at 30 min in MCF-7 cells.  
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The inhibition of purine and pyrimidine metabolism could ultimately 

be the cause for an activations of bioenergetics which has 

previously been implicated in ATP synthesis in many anticancer 

drugs (254,255). It is observed that several metabolite level 

changes of the bioenergetics intermediate compounds at 30 

minutes post-cordycepin treatment (D-glyceraldehyde phosphate, 

phosphoenolpyruvic acid, cis-aconitic acid and citric acid) as 

summarised in Table 5.2. Alteration of these metabolites can reflect 

changes in bioenergetics of MCF-7 cells.  

Moreover, it is found that the levels of creatinine and 

phosphocreatine were significantly decreased and creatine 

significantly increased at 15 minutes post-cordycepin treatment 

(Table 5.2). These metabolites are intermediate compounds in cell’s 

energy shuttle (256,257) as following: 

Creatine + ATP <----------> Phosphocreatine + ADP 

Phosphocretaine ---------> Creatinine + PO4
2- 

This finding may suggest that cordycepin may affect cell’s energy 

shuttle only 15 minutes after treatment.  

Surprisingly, in these studies topaquinone and its level was 

dramatically and significantly increased in MCF-7 cells exposed to 

cordycepin (Table 5.3). Topaquinone, the cofactor in most human 

copper-containing amine oxidase, has been reported to oxidise 
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DNA-bound polyamines leading to degradation of DNA, and is 

involved in cell proliferation, differentiation and apoptosis 

(258,259). This finding suggests that one possible mechanism of 

cordycepin in MCF-7 cells might be the induction of human copper-

containing amine oxidase activity, causing the inhibition of cell 

proliferation and differentiation and/or the activation of apoptosis. 
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5.7 CONCLUSION 

The results of the untargeted metabolite profiling demonstrated 

clear anti-breast cancer effects of cordycepin and pentostatin. By 

investigating the metabolite profiles, clear synergistic effect of 

cordycepin and pentostatin combined in comparison to cordycepin 

activity alone in MCF-7 cells was observed. 

Untargeted cell-based metabolomics using LC-MS coupled pathway 

analysis was successfully applied to explore the metabolome 

changes induced by cordycepin with or without pentostatin on MCF-

7 cells. Based on the data extracted through the statistical 

multivariate analysis, differences in the metabolic alterations were 

detected. Significantly altered metabolites, including amino acids, 

fatty acids, lipids, organic acids and phosphate compounds, were 

identified as potential key metabolites in cordycepin-treated MCF-7 

cells. Moreover, it is found that pentostatin can inhibit cordycepin 

degradation by ADA, resulting in an increase in the effects of 

cordycepin. 

Furthermore, the pathway analysis indicated that anti-breast cancer 

activity was mainly responsible for alterations in purine and 

pyrimidine metabolism and bioenergetics. Additionally, cordycepin 

may be involved in the inhibition of cell proliferation and 

differentiation, and the activation of cell apoptosis. 
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CHAPTER VI: CELL-BASED METABOLOMICS USING 

LC-MS TO STUDY THE METABOLIC EFFECTS OF 

FLUOXETINE ON GLUCOSE-TREATED MURINE 

PANCREATIC BETA (MIN6) CELLS 

6.1 ABSTRACT 

Fluoxetine is used as an effective antidepressant. However, patients 

using fluoxetine have a risk of pancreatic beta cell malfunction 

resulting in diabetes. Previous studies have revealed that fluoxetine 

could decrease mitochondrial electron transport chain enzyme 

activity in beta cells. However, the exact mechanism underlying its 

mode of action in beta cells remains largely unclear. In this study, 

murine pancreatic beta (MIN6) cells were exposed to 30 μM 

fluoxetine; 7 minutes post-treatment, cell-based metabolomics 

using LC-MS coupled with uni- and multivariate statistical analysis 

was used to characterise the metabolic variations of intracellular 

metabolites. Moreover, the effects of 10 μM rotenone, 1 μM 

antimycin A and 6 mM azide on MIN6 cells was investigated to 

compare with fluoxetine treatment. The orthogonal partial least-

squares discriminant analysis (OPLS-DA) scores plots of the MS 

spectra demonstrated that the fluoxetine-treated MIN6 cells were 

clearly distinguished from the glucose treatment. In total, 66 
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differential metabolites were identified to discriminate the two 

groups. These key metabolites were mainly involved in 

bioenergetics. This study indicates that fluoxetine may exert beta 

cell dysfunction by affecting ETC complex IV. These findings should 

aid in the understanding of the biological mechanisms underlying 

fluoxetine induced diabetes. 

Keywords: fluoxetine, MIN6 cells, beta cell dysfunction, cell-based 

metabolomics using LC-MS 
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6.2 INTRODUCTION 

Fluoxetine is a selective serotonin reuptake inhibitor (SSRI) 

antidepressant drug. It affects neurotransmitters in the central 

nervous system by blocking only the serotonin transporter. 

Fluoxetine is used for the treatment of major depressive disorder, 

bulimia nervosa obsessive-compulsive disorder, panic disorder, and 

premenstrual dysphoric disorder (260–263). Use of fluoxetine is 

associated with an increased risk of pancreatic beta cell dysfunction. 

This could lead to diabetes resulting to weight gain and obesity 

which turn leads to an increased incidence of hypertension, 

dyslipidaemia, coronary artery disease, insulin resistance and overt 

diabetes (121–126,260,264). SSRI drugs have been currently 

reported that they can directly impact pancreatic beta cell function 

(122). De long et al. demonstrated that fluoxetine decrease beta 

cell function and led to an increased production of reactive oxygen 

species and oxidative damage. This may contribute to decrease 

mitochondrial electron transport chain enzyme activity (124). Since 

fluoxetine targets mitochrondrial function and as the latter is an 

important component of the glucose stimulated-insulin secretion 

pathway, the glycaemic affects of fluoxetine may result from a 

direction on beta-cell function (126). 
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Despite this evidence, little is known about the metabolic effects of 

fluoxetine as an agent of impaired beta cell function. Impairment of 

beta cell function causes a pathological state in which its function 

cannot maintain glucose homeostasis due to impaired insulin 

secretion and insulin resistance. Impairment beta cell function by 

fluoxetine may increase reactive oxygen species and oxidative 

damage. This may result in decreased mitochondrial electron 

transport chain enzyme (ETC) activity (126). Therefore, in order to 

understand the effects of fluoxetine toxicity in beta cells, it is 

important to investigate the cellular responses associated with this 

drug. 

Only a few experiments investigating the cellular responses to 

fluoxetine have been reported (122,124,125). De Long et al have 

found that fluoxetine increases a production of reactive oxygen 

species and oxidative damage in rat beta cells. This may contributes 

to decreased mitochondrial electron transport chain enzyme activity 

(124). Paul has suggested that fluoxetine inhibits mitochondrial 

respiration in murine beta cells (126). Moreover, Isaac et  have 

shown that fluoxetins inhibit insulin secretion and induce apoptosis 

of pancreatic murine beta cells (122). Since the mechanism of these 

compounds on cell function is clearly understood, this comparison 

study provides insight into how fluoxetine disturbs cellular function 

on pancreatic beta cells. 
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Herein, the HILIC-MS method was applied to investigate the cellular 

response of MIN6 cells to fluoxetine. Short-time reaction response 

was observed to assess the effect of this drug. In addition, 

antimycin A-, azide- and rotenone-treated-MIN6 cells were 

investigated to compare with the fluoxetine-treated MIN6 cell result. 

The biological pathways that are involved in fluoxetine, antimycin A, 

azide and rotenone function were also investigated. 

 

6.3 OBJECTIVES 

This part of the project has three main objectives: 

 to apply cell-based metabolomics using pHILIC-MS to 

investigate the metabolic profile of MIN6 cells exposed 

to fluoxetine, antimycin A, sodium azide and rotenone. 

 to identify the significant cellular metabolites of MIN6 

cells that are affected by fluoxetine, antimycin A, 

sodium azide and rotenone. 

 to identify the possible biological pathways that are 

affected by fluoxetine, antimycin A, sodium azide and 

rotenone in MIN6 cells. 
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6.4 MATERIALS AND METHODS 

6.4.1 Chemicals  

LC-MS-grade acetonitrile and methanol were purchased from Fisher 

Chemicals (Laoughborough, UK). HPLC-grade water was obtained 

from Elga Purelab Genetic (, Buckingham, UK). Formic acid (LC-MS 

grade) was purchased from Acros Organics (Geel, Belgium), and all 

standard chemical compounds were purchased from Sigma-Aldrich 

(Poole, UK). These standard chemical compounds are all HPLC or 

LC-MS grade. 

6.4.2 Study design 

Cell lines were treated with 20 µl of 1M glucose for 7 minutes to 

give a 10 mM final concentration. The concentration and time 

treatment give a maximal insulin secretion with previous reports of 

glucose-stimulated insulin secretion in islets and INS-1 832/13 cells 

(126). The glucose-treated cells were then exposed to: 

 2 µl of 10mM dimethyl sulfoxide (DMSO) as a vehicle control, 

 2 µl of 10mM rotenone (in DMSO) to give a final concentration 

of 10 µM, 

 2 µl of ethanol as a vehicle control, 

 2 µl of 1mM antimycin A (in ethanol) to give a final 

concentration of 1 µM, 
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 4 µl of 3 M Na3N (in H20) to give a final concentration of 6 mM 

and 

 6 µl of 10 mM fluoxetine (in H20) to a give final concentration 

of 30 µM. 

Each group had 6 biological replicates. 

6.4.3 Pancreatic beta cells 

MIN6 cells, a murine pancreatic beta cell line, were cultured by Paul 

A. Smith (Faculty of Medicine & Health Sciences, University of 

Nottingham Medical School, Queen’s Medical Centre, Nottingham, 

NG7 2UH, UK) as previously described (126). Briefly, MIN6 cells 

were cultured in DMEM containing 25 mM glucose supplement with 

15% fetal calf serum, 100 u/ml penicillin, 100 μg/ml streptomycin 

and 5 μl/l β-mercaptoethanol. MIN 6 cell were seeded 5 days before 

the experiment in 25 ml polystyrene non-pyrogenic culture flasks at 

a density of 1.4 x 108 cells/ml, in a humidified atmosphere to about 

80% confluence. For the studies MIN6 cells were used between 

passages 10 and 30. MIN6 cells were discarded and washed with 5 

ml of PBS. Next, 3 ml of trypsin/EDTA was added and put in a 32oC 

water bath for 3 minutes. To stop the reaction in culture flasks, 17 

ml of HANKs BSA (0.1% wt/vol bovine serum albumin) was added 

to give a final total volume of 20 ml. MIN6 cells were precipitated by 

centrifugation for 2 min at 1,000 rpm. The supernatant was 

discarded and the MIN6 cells resuspended in 6 ml of HANKs BSA.                                   
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       6.4.4 MIN6 cell experiments 

1 ml of cell suspension (1x1014cells/ml) and 1 ml of HANKs BSA 

were added to 8 chambers of Rank Brothers dual digital model 20 

oxygen measurement controllers at 32oC with magnetic spinner at 

low speed for 10 min to equilibrate the system. 20 μl of 1 mM 

glucose was added to each of 7 chambers and leaving one chamber 

as a basal control. After a further 10 minutes, additions to 6 

chambers with various conditions were made. This left one chamber 

as a glucose control. After 8 minutes, MIN6 cells were transferred to 

fresh Eppendorff tubes and centrifuged for 2 minutes at 1,000 rpm 

to stop the reaction. The supernatants were poured off and cell 

pellets kept at -80oC for further processes. 

6.4.5 Metabolite extraction 

MIN6 cell pellets were extracted with cold methanol (-20oC) and the 

cell suspensions vortexed for 2 hours in a cold-room (4oC). The 

suspensions were centrifuged for 10 minutes at 15,000 rpm at 4oC. 

The supernatants were transferred to new eppendorf tubes and kept 

at -80oC for further analysis. 

6.4.6 Metabolomics analysis 

Analyses were performed using non-targeted protocols using 

Exactive Orbitap MS with pHILIC-MS instrumentation previously 

reported in Chapter II. A mixture of authentic standard compounds 



CHAPTER VI 

189 

was injected before sample analysis for  metabolite identification. 

The pooled QC sample was obtained by taking a 10 μl aliquot of all 

samples from the study. The pooled QC sample was injected every 6 

sample injections and was used to assess instrument performance.  

6.4.7 HILIC-MS analysis 

Liquid chromatography was performed using the Thermo Scientific 

Accela LC systems coupled with the Exactive Orbitrap MS as 

previously described (13). HILIC separations were achieved using a 

ZIC-pHILIC column with a 150 x 2.1 mm, 3.5 μm particle size, 

equipped with a ZIC-pHILIC PEEK guard column with a 20 x 2.1 

mm, 5 μM particle size. The mobile phases were acetonitrile (A) and 

20 mM ammonium carbonate (pH 9.2) (B) at the flow rate of 0.20 

ml/minute at 40oC. At t=0 minutes run, at 5% B, a gradient to 95% 

B was concluded at 13 minutes and a gradient to 5%B was 

completed at 15 minutes. Following column wash and equilibration, 

the run was concluded with 5% B at 20 minutes. Data acquisition of 

ion detection was performed between 70 to 1,400 m/z in positive 

and negative modes. 
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6.4.8 Data processing and statistical analysis 

LC-MS data were pre-processed (filtering and alignment) and 

extracted using Progenesis QI software. The extracted m/z data was 

exported to text file data for further analysis. Manual inspection and 

duplicate removal was performed to form final data by using  

Xcalibur software version 2.0. Statistical analyses were performed 

using univariate (Student’s T-Test) and multivariate (OPLS-DA) 

approaches. Simca P version 14.0 was also used for statistical 

analyses. Detected ions were pre-selected as candidates when their 

VIP values were > 1.00. The VIP value indicates the importance of 

each metabolite for group separation. Then, these detected ions 

with a p-Value  < 0.05 (T-test)  were selected as significantly 

changed ions that were most correlated with the OPLS-DA 

discriminant scores in order to decrease the risk of false positive in 

the selection of significantly potentially detected ions. P-value 

describes a measure of the likelihood that the association between a 

set of metabolites in the dataset, and a related function, is random. 

In general, a p-value < 0.05 indicates a statistically significant, non-

random association. In addition, features that were detected in 

every chromatogram and had < 30% of covariant with each group 

were included in the analysis. 

The identification of significantly altered ions in our work was 

confirmed with authentic standards that are available in our 
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laboratory using standard peak assignment. Some metabolites were 

tentatively identified through an accurate mass search of the 

Human Metabolome database and the METLIN data base with an 

error rate of less than 5 ppm. 
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6.5 RESULTS  

The metabolomes of murine pancreatic beta cells (MIN6) were 

investigated by untargeted cell based metabolomics using LC-MS to 

evaluate which metabolites are affected by fluoxetine. Moreover, 

rotenone, antimycin A, and azide were also investigated in order to 

compare their effects with those of fluoxetin: rotenone is a complex 

I inhibitor of the ETC system, antimycin A is a complex III inhibitor 

of the ETC system and azide is a complex IV inhibitor of the ETC 

system. The observed altered metabolites are shown in the next 

section. 

6.5.1 Data Quality 

For checking the instrument performance in this study, 5 μL of each 

sample was pooled to generate a quality control (QC) sample. MS 

spectral data was aligned using the QC samples. Importantly, the 

alignment process was applied to the aligned data to identify 

significant clusters in an unsupervised manner and did not affect the 

clustering of the samples. An OPLS-DA was applied to better 

understand the different metabolic patterns and to detect significant 

ions showing prominent level changes in the models. Any difference 

between the classes, untreated (basal), vehicles (DMSO and 

ethanol), rotenone, antimycin A, azide and fluoxetine were also 

clearly separated in the OPLS-DA scores plot as shown in Figure 6.1.  
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Figure 6.1 Scores plot of OPLS-DA of MS spectral data using all the 

detected ion features and samples (with R2X =0.78, R2Y = 0.973 

and Q2 = 0.868) : basal or untreated (dark blue squares), glucose 

treatment (red triangles), glucose + dimethyl sulfoxide (DMSO) 

treatment (yellow inverted triangles), glucose + ethanol (EtOH) 

treatment (blue diamonds), glucose + DMSO + rotenone treatment 

(violet pentagons), glucose + EtOH + antimycin A treatment 

(orange hexagons), glucose + azide treatment (pink four peak 

stars) and  glucose + fluoxetine treatment (brown five peak stars).  
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6.5.2 Metabolomic analysis of MIN6 cells  

An OPLS-DA based on cellular metabolites demonstrated that the 

basal (untreated), glucose, DMSO (as a vehicle in rotenone 

samples), ethanol (as a vehicle in antimycin A treatment), rotenone, 

antimycin A, azide and fluoxetine clustered closely within each 

group and separately from each other, indicating different metabolic 

patterns among each sample type. For the investigation of 

metabolome change in MIN6 cells treated with four compounds, 

detected ions were pre-selected as candidates with the criteria 

aforementioned in the experimental section. 

6.5.2.1 Metabolic signature of MIN6 cells exposure to 

glucose 

First, the effects of glucose on MIN6 cells were examined. The final 

concentration of glucose in the cell culture media used in this 

experiment was determined according to previous publications 

(265,266). Lorenz et al have shown that the 50 percentage of 

effective concentration value for insulin secretion from beta cells in 

response to glucose was 10 mM  glucose (265). In addition, 

Eiazzouny et al have shown that 10 mM glucose did not affect on 

beta cell survival (266). To investigate the metabolome changes of 

MIN6 cells which are caused by 10 mM glucose, cell-based 

metabolomics using LC-MS was performed on the cellular extract. 

Representative OPLS-DA scores plot of MS spectra obtained from 
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the basal samples and samples treated with glucose are illustrated 

in Figure 6.3. The differentiation model featured better predictability 

with R2X = 0.93, R2Y = 0.99, Q2 = 0.9, and the scores plot showed 

that there are clear differences between the basal samples and 

samples treated with glucose. VIP values were used to identify ions 

responsible for class separation based on multivariate analysis of 

treated versus control (untreated) groups. In VIP analysis, a VIP 

value is greater than 1.0 are considered important (267). Statistical 

analyses for the comparison between treated versus control groups 

were conducted using ANOVA and FDR values were used to 

determine statistical differences in ion intensity between treated and 

control groups (268). In this exploratory analysis, FDR values < 

0.05 were considered to be statistically significant. Results are 

presented as significantly changed if the signal intensity > 1.50 fold. 

The criteria (VIP > 1.00, FDR < 0.05 and fold change > 1.50) was 

applied to choose the ions that were altered in the glucose 

treatment in MIN6 cells. Significant results are based on the 

average of six biological replicates per treatment condition for each 

compound. At least 44 ions were identified as summarised in Table 

6.1. Figure 6.3 shows the level changes of the top ten significantly 

altered metabolites. 
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Figure 6.2 Scores plot from OPLS-DA analysis of control and 

glucose-treated MIN6 cells (with R2X = 0.94, R2Y = 1.00 and Q2 = 

0.96). Each point represents cell extracts from one sample of MIN6 

cells under control or glucose treatment. Extracts from the same 

condition are grouped and enclosed with ellipses: basal (blue 

squares) and glucose (red triangles).                      .
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Figure 6.3 Level changes of the top ten altered metabolites of 10 

mM glucose treated MIN6 cells (Glucose) compared to untreated 

cells (Basal). 
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           6.5.2.2 Metabolic signature of glucose-treated MIN6 

cells exposure to rotenone 

DMSO was used as a vehicle investigating how it compared with the 

glucose treated samples. The OPLS-DA scores plot shown in Figure 

6.4 did not indicate a clear separation in the metabolite profiles 

between the samples treated with DMSO and those treated with 

glucose. It is found that 19 ions were significantly altered (VIP 

>1.00 and FDR < 0.05) as summarised in Supplementary Table 6.2. 

Based on exact mass (with mass error < 5 ppm) and comparison to 

authentic standard, none of them were identified. This could 

indicate that the amount of DMSO used as a vehicle did not affect 

the main metabolic profile of glucose-treated MIN6 cells. 

The effects of rotenone on glucose-treated MIN6 cells were 

investigated. The OPLS-DA scores plot shown in the Figure 6.5 

indicates that the metabolite profile of the rotenone cells were 

distinct from DMSO treated and glucose treated. This explains the 

significant separation of metabolite profiles among the treatments 

and indicates that metabolite profiles of glucose-treated MIN6 cells 

were altered by rotenone. Then, applying the criteria for identifying 

the significant ions (VIP > 1.00, FDR < 0.05) in order to study the 

effects of rotenone on the metabolite profile of glucose-treated 

MIN6 cells, 179 significant ions were detected (see Supplementary 

Table 6.3). Based on exact mass (with mass error < 5 ppm) and 
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compared to authentic standards, and data from free databases 

(HMDB and MetLin) and literature, 96 of the significant ions were 

identified in the samples as summarised in Table 6.2. Figure 6.6 

shows the level changes of the ten significantly altered metabolites 

(involved in bioenergetics) in MIN6 cells exposed to rotenone, 

compared with controls. 
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Figure 6.4 Scores plot from OPLS-DA analysis of basal, glucose and 

glucose+ DMSO treated MIN6 cells. Each point represents cell 

extracts from one sample of MIN6 cells under control or compound 

treatments. Extracts from the same condition are grouped: basal 

(blue squares), glucose (red triangles) and glucose + DMSO 

combined (yellow inverted triangles). 
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Figure 6.5 Scores plot from OPLS-DA analysis of basal, glucose + 

DMSO and glucose+ DMSO + rotenone treated MIN6 cells (with R2X 

= 0.95, R2Y = 0.97 and Q2 =0.96). Each point represents cell 

extracts from one sample of MIN6 cells under control or compound 

treatments. Extracts from the same condition are grouped: basal 

(blue squares), glucose + DMSO combined (yellow reverted 

triangles) and glucose + DMSO + rotenone combined (violet 

octagons). 
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Figure 6.6 Level changes of ten altered metabolites (involved to 

bioenergetics) of 10 mM glucose treated MIN6 cells exposed to 

drugs compared to untreated cells: Basal = untreated, DMSO = 

glucose + DMSO and Rotenone = glucose + DMSO + Rotenone.
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            6.5.2.3 Metabolic signature of glucose-treated MIN6 

cells exposure to antimycin A 

Ethanol was used as a vehicle investigating how it compared with 

the glucose-treated samples. The OPLS-DA scores plot shown in 

Figure 6.7 illustrates that the ethanol-treated and the glucose-

treated cells had metabolite profiles which were close together. We 

found that there were five significantly detected ions (VIP >1.0 and 

p-value < 0.05) as summarised in Supplementary Table 6.4. Based 

on exact mass (with mass error < 5 ppm) and comparison to 

authentic standards (if they were available in our laboratory), none 

of them were identified. This could indicate that the amount of 

ethanol used as a vehicle has no effect on main metabolic profiles of 

glucose-treated MIN6 cells. 

The effects of antimycin A on glucose-treated MIN6 cells were 

investigated. The OPLS-DA scores plot (Figure 6.8) shows that the 

metabolite profiles were separated among the antimycin A 

treatment from ethanol treatment and basal. This explained the 

significant separation of metabolites profiles among the treatments 

and indicated that metabolite profiles of glucose-treated MIN6 cells 

were altered by antimycin A. Then, applying the criteria for 

identifying the significant ions (VIP > 1.00, FDR < 0.05) in order to 

study the effects of antimycin A on metabolite profile of glucose-

treated MIN6 cells, 179 detected ions were significant observed (see 
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Supplementary Table 6.5). Based on exact mass (with mass error < 

5 ppm) and comparison to authentic standards, and data from free 

databases (HMDB and MetLin) and literatures, 92 of the significant 

ions were identified in our samples as summarised in Table 6.3. 

Figure 6.9 shows the level changes of the top ten significantly 

altered metabolites in MIN6 cells exposed to antimycin A compared 

with control. 
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Figure 6.7 Scores plot from OPLS-DA analysis of basal, glucose and 

glucose+ ethanol treated MIN6 cells. Each point represents cell 

extracts from one sample of MIN6 cells under control or compound 

treatments. Extracts from the same condition are grouped: basal 

(pale blue diamonds), glucose (red triangles) and glucose + ethanol 

combined (dark blue squares). 
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Figure 6.8 Scores plot from OPLS-DA analysis of basal, glucose + 

ethanol and glucose + ethanol + antimycin A treated MIN6 cells 

(with R2X = 0.74, R2Y = 0.99 and Q2 =0.84). Each point represents 

cell extracts from one sample of MIN6 cells under control or 

compound treatments. Extracts from the same condition are 

grouped and enclosed with ellipses: basal (blue squares), glucose + 

ethanol (pale blue diamonds) and glucose + ethanol + antimycin A 

(brown hexagons). 
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Figure 6.9 Level changes of ten altered metabolites (involved in bioenergetics) 

of 10 mM glucose-treated MIN6 cells exposed to 1 μM (in final concentration) of 

antimycin A and ethanol compared to untreated cells: Basal = untreated, EtOH = 

glucose + ethanol and Antimycin A = glucose + ethanol + antimycin A. 
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6.5.2.4 Metabolic signature of glucose-treated MIN6 

cells exposure to azide 

Glucose solution as a vehicle was used to dissolve azide. The OPLS-

DA scores plot shown in Figure 6.10 indicates that the metabolite 

profiles of the azide-treated cells were separated from the glucose 

treated cells and basal cells. This explained the significant 

separation of metabolite profiles among the treatments and 

indicated that metabolite profiles of glucose-treated MIN6 cells were 

altered by azide. Then, applying the criteria for identifying the 

significant ions (VIP > 1.00, FDR < 0.05) in order to study the 

effects of azide on metabolite profile of glucose-treated MIN6 cells, 

208 significant ions were detected ions were significant observed 

(see Supplementary Table 6.6). Based on exact mass (with mass 

error < 5 ppm) and comparison to authentic standards and data 

from free databases (HMDB and MetLin) and literature, 86 of the 

significant ions were identified in our samples as summarised in 

Table 6.4 Figure 6.11 shows the level changes of the top ten 

significantly altered metabolites in MIN6 cells exposed to azide 

compared with the control. 
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Figure 6.10 Scores plot from OPLS-DA analysis of basal, glucose 

and glucose + azide treated MIN6 cells (with R2X =0.91, R2Y = 0.96 

and Q2 = 0.94). Each point represents cell extracts from one sample 

of MIN6 cells under control or compound treatments. Extracts from 

the same condition are grouped: basal (blue squares), glucose (red 

triangles) and glucose + azide combined (pink four peak stars). 
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Figure 6.11 Level changes of ten altered metabolites (involved to bioenergetics) 

of 10 mM glucose treated MIN6 cells exposed with 6 mM (in final concentration) 

of azide compared to untreated cells: Basal = untreated, Glucose = glucose and 

Azide = glucose + azide.                                                   .
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           6.5.2.5 Metabolic signature of glucose-treated MIN6 

cells exposure to fluoxetine 

The effects of fluoxetine on glucose-treated MIN6 cells were 

studied. For dissolving fluoxetine, glucose solution was used as a 

vehicle. The OPLS-DA scores plot shown in Figure 6.12 indicates 

that the metabolite profiles of the fluoxetine treated cells were 

separated from glucose treated cells and basal cells. This explained 

the significant separation of metabolite profiles among the 

treatments and indicated that metabolite profiles of glucose-treated 

MIN6 cells were altered by fluoxetine. Then, applying the criteria for 

identifying the significant ions (VIP > 1.00, FDR < 0.05) in order to 

study the effects of fluoxetine on the metabolite profile of glucose-

treated MIN6 cells, 130 significant ions were detected (see 

Supplementary Table 6.7). Based on exact mass (with mass error < 

5 ppm) and comparison to authentic standards, and data from free 

databases (HMDB and MetLin) and literatures, 66 of the significant 

ions were identified in our samples as summarised in Table 6.5. 

Figure 6.13 shows the level changes of the top ten significantly 

altered metabolites in MIN6 cells exposed to fluoxetine compared 

with the control. 
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Figure 6.12 Scores plot from OPLS-DA analysis of basal, glucose 

and glucose + fluoxetine treated MIN6 cells (with R2X = 0.96, R2Y = 

0.99 and Q2 = 0.97). Each point represents cell extracts from one 

sample of MIN6 cells under control or compound treatments. 

Extracts from the same condition are grouped: basal (blue 

squares), glucose (red triangles) and glucose + fluoxetine (brown 

five peak star). 
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Figure 6.13 Level changes of ten altered metabolites (involved in 

bioenergetics) of 10 mM glucose treated MIN6 cells exposed to 30 

μM (in final concentration) of fluoxetine compared to untreated 

cells: Basal = untreated, Glucose = glucose and Fluoxetine = 

glucose + fluoxetine.                 .
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           6.5.2.6 Overall effects 

Based on the studies, it is found that rotenone, antimycin A, azide 

and fluoxetine mainly affected on bioenergetics (glycolysis, TCA 

cycle and ETC) as summarised in Tables 6.2 to 6.5. However, from 

the OPLS-DA scores plot shown in Figure 6.1, the indication is that 

the treatment compounds have an effect on glucose-treated MIN6 

cells in distinguished metabolic pathways. Figure 6.14 shows the 

fold changes of some metabolites that were detected in all 

treatments. These metabolites are involved in mitochrondrial 

function. 

 

 

 

 

 

 

 

 

 

 



CHAPTER VI 

233 

 

 

 

Figure 6.14 Fold changes of shared altered metabolites (involved 

in bioenergetics) of 10 mM glucose treated MIN6 cells exposed to 

glucose, rotenone, antimycin A and fluoxetine 
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6.5.3 Metabolic pathway analysis 

The glycolysis and TCA cycle have a critical role in the insulin 

secretion response of β-cells to glucose (128).  Key glycolytic 

metabolites identified in MIN6 cells exposed to glucose include 

glyceraldehydes (fold change = 14.14 times), lactate (fold change = 

14.00 times) and pyruvate (fold change = 2.55 times). Other key 

metabolites were not detected in the experiments. Moreover, key 

TCA cycle metabolites identified include oxoglutarate (fold change = 

16.66 times), fumarate (fold change = 8.86), citrate (fold change = 

3.75 times) and malate (fold change = 22.10 times).  Interestingly, 

other metabolites were also strongly associated with insulin 

secretion. For example, acyl carnitine compounds (carnitine (fold 

change = 2.65), hexanoylcarnitine (fold change = 7.61), 

octanolycarnitine (fold change = 7.85), etc.) are intermediate 

metabolites in fatty acid metabolism. These metabolites act as fatty 

acid carriers from the cytosol to the mitochondrion (269). Moreover, 

intermediates associated with fatty acid metabolism were also 

identified. In addition, amino acids alanine (fold change = 2.53), L- 

glutamate (fold change = 1.95), L-proline (fold change =1.69) and 

L-threonine (fold change = 2.45) were positively associated with 

MIN6 cell response to 10 mM glucose. The overall effects of glucose 

on MIN6 cells can be illustrated in Figure 6.15.  
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Next, the effects of fluoxetine on glucose-treated MIN6 cells were 

examined and compared with three-known ETC inhibitors (rotenone 

(Complex I inhibitor), antimycin A (Complex III inhibitor) and azide 

(Complex IV inhibitor)). The concentration of fluoxetine, roteneone, 

antimycin A and azide used did not affect on MIN6 cell viability and 

caused no apoptosis (data not shown). When a comparison was 

made among glucose vs  glucose + fluoxetine, glucose + DMSO vs 

glucose+ DMSO + rotenone, glucose + ethanol vs glucose + 

ethanol + antimycin A and glucose vs glucose + azide, it is found 

that TCA metabolites play a critical role in the insulin secretion 

response of glucose-treated MIN 6 cells to the compounds used as 

shown in Figure 6.15.  

From the Figure 6.15, It was found that fluoxetine and azide 

affected on the levels of fumaric acid (fold change = 9.30 and 

6.10), succinic acid (fold change = 3.51 and 1.81), malic acid (fold 

change = 23.86 and 17.13), cis-aconitic cid (fold change = 33.27 

and 15.36) and (iso)citric acid (fold change = 5.53 and 2.20). 

Moreover, it was found that the level of succinic acid was increase 

(fold change = 2.14) in the antimycin A treatment group, and the 

levels of fumaric acid, succinic acid, and malic acid were increase 

(fold change = 1.85, 1.94 and 2.14, respectively) in rotenone 

treatment group. In addition, it is found that the level of pyruvic 

acid was increase only in the azide treatment group (fold change = 

4.25).                               . 
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6.6 DISCUSSION 

Fluoxetine is reported to be associated with both hyperglycaemia 

(121,123) and an increased risk of type 2 diabetes (260,270). The 

glucose stimulated-insulin secretion of beta cells is mainly controlled 

by glycolysis and the TCA cycle pathways (128). In the study, cell-

based metabolomics using the HILIC-MS approach was applied to 

MIN6 cells in order to gain insight into the metabolic regulation of 

insulin secretion. The effects of rotenone (a complex I inhibitor of 

the ETC system), antimycin A (a complex III inhibitor of the ETC 

system) and azide (a complex IV inhibitor of the ETC system) were 

examined in order to compare their metabolite profiles with 

fluoxetine.  

6.6.1 Glucose effects 

First, the effect of glucose on metabolite profiles of MIN6 cells was 

investigated. The most significant difference in metabolites between 

untreated MIN6 cells and those treated with 10 mM glucose were 

identified by OPLS-DA combined with univariate analysis. OPLS-DA 

model forms a good summary and visualisation of the MS data set 

and has good predictability. Among all of the metabolites detected, 

46 metabolites were found to be strongly associated with the 

metabolic response of MIN6 cells to glucose using our selected 

criteria (VIP > 1.00 and FDR < 0.05). Huang et al. applied 

metabolomics in order to analyse pancreatic beta-cell insulin release 
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in response to glucose and suggested that glycolysis plays an 

important role in glucose-stimulated insulin secretion by beta cells 

(264). Glycolysis is the first important key step in glucose detection 

and it controls insulin secretion by beta cells (128).  As expected, 

glycolytic intermediates and related metabolites, lactate, pyruvate, 

glucosamine, N-acetyneuraminic acid, CMP-N-acetylneuraminic acid, 

glyceraldehyde and UDP-glucose, were all increased in response to 

treating MIN6 cells with 10 mM glucose and these intermediates 

were strongly associated with glucose-stimulated insulin secretion 

by MIN6 cells in the OPLS-DA model. In addition to increasing 

glycolysis activity, several other cellular pathways were also shown 

to be associated with glucose-stimulated insulin secretion by MIN6 

cells. One of these pathways could be lipid metabolism represented 

by many lipid compounds and acyl carnitine compounds in the 

study. The acyl carnitine compounds, such as L-carnitine, (iso)butyl 

carnitine, hexanoylcarnitine and octanoylcarnitine, are the lipid 

carriers between mitochondria matrix and the cytosol. When beta 

cells are exposed to an elevated glucose concentration, the 

intracellular levels of citrate, malonyl-CoA, palmitrate and acyl-CoA 

increases rapidly resulting in replenishment of oxaloacetate in the 

TCA cycle. This event leads to the accumulation and escape of 

citrate from the mitochondrial matrix into the cytosol for lipid 

synthesis. Moreover, glucose also inhibits fatty acid and lipid 

oxidation in beta cells. This inhibition results in an increase level of  
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malonyl-CoA and/or long chain acyl-CoA. These compounds 

promote nutrient storage in beta cells including fatty acid and lipid 

biosynthesis (271). In the studies, both of malonyl-CoA and or long 

chain acyl-CoA compounds were not detected because they could 

not be  retained in our HILIC column used; however, the levels of 

intermediate metabolites in fatty acid and lipid metabolism, such as 

(iso)myristate, 3- or 2-hydroxyhexadecanoate and acyl carnitine 

compounds, were raised by treating MIN6 cells with 10 mM glucose 

and were also identified by our methods as significant metabolites 

contributing to clustering of high glucose treated MIN6 cells.  

Amino acids and intermediates in metabolite metabolism; L- 

proline, L-glutamate, L- threonine, beta-alanine, and intermediates 

of amino acid metabolism were also shown to contribute 

significantly to clustering of high glucose treated MIN6 cells. Amino 

acid metabolism has shown that it may only be able to provide 

sufficient resources for insulin biosynthesis and may be 

indirectly/directly involved in regulating insulin release. Liu et al. 

showed that amino acids acutely stimulate insulin secretion from 

beta cells (272). McDaniel et al. showed that the increased level of 

glutamate in pancreatic beta cells treated with high glucose may act 

as a putative intracellular messenger in permeabilised beta cells 

resulting in direct stimulation of insulin exocytosis (273). Dixon et 

al. and McCleanaghan et al. found that the level of alanine was 
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increased in beta cells treated with high glucose and suggested that 

alanine has insulinotropic effects (274,275). 

Glycolysis-derived pyruvate enters the TCA cycle resulting in net 

accumulation of TCA intermediates. Succinic acid semialdehyde, 

acetate, fumarate, malate, oxoglutarate, (iso) citrate were 

significantly elevated by glucose treatment of MIN6 cells in this 

study (see Table 6.1). The results obtained were similar to those 

produced by Huang’s study; they showed that beta cells treated 

with high glucose increased the levels of all TCA intermediates 

(264). Moreover, it is found that the levels of dynophin (fold change 

= 2.06) and imidazoleacetic acid ribotide (fold change = 1.73) were 

significantly increased. The dynophin and imidazoleacetic acid 

ribotide are endogenous metabolites that regulate insulin secretion 

from pancreatic beta cells. The results were supported by the 

studies of Josefsen et al. and Prell et al. which showed the increased 

secretion of dynorphin and imidazoleacetic acid ribotide in glucose-

treated beta cells (276,277). The increases of these metabolites 

could suggest that they could have a potentially significant role in 

regulating insulin secretion. 
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6.6.2 Fluoxetine effects on glucose-treated MIN6 cells 

After it was confirmed the effects of glucose on metabolite profiles 

of MIN6 cells, the effects of fluoxetine on glucose-treated MIN6 cells 

was studied. Fluoxetine has been shown to inhibit mitochondrial 

function in pancreatic beta cells and other cells (122,124,125). 

Nevertheless, the molecular basis of fluoxetine on glucose-

stimulated insulin secretion by beta cells remains largely unknown 

and requires further elucidation. The aim of this study was to 

identify different metabolites in glucose-treated MIN6 cells exposed 

to fluoxetine using cell-based metabolomics and the LC-MS 

approach. Moreover, these effects were compared with rotenone, 

antimycin A and azide. These compounds are well known ETC 

complex inhibitors in mitochondria (278). 

Through cell-based metabolomics using a LC-MS approach coupled 

with OPLS-DA statistical analysis and Student’s T-test, this study 

revealed a set of 66 differential metabolites. To develop further 

insight into the underlying molecular mechanism operating in 

glucose-treated MIN6 cells, the different metabolites were 

comprehensively analysed in terms of metabolic activity. They were 

found to be mainly involved in (i) lipids and lipid metabolism-related 

molecules and (ii) bioenergetics and other metabolites. 
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6.6.2.1 Lipids and lipid metabolism-related molecules 

In the current study, the levels of 11 lipids and lipid-metabolism-

related compounds (see Table 6.5) were decreased in glucose-

treated MIN6 cells exposed to fluoxetine vs. glucose-treated MIN6 

cells (as a control). This finding suggests that fluoxetine could affect 

lipid metabolism in glucose-treated MIN6 cells. As mentioned in 

above section, high glucose treatment in beta cells results in 

increased lipid metabolism. This event leads to the accumulation 

and escape of citrate from the mitochondrial matrix into the cytosol 

for lipid synthesis. Previous studies by Raeder and his colleagues 

have been reported that fluoxetine affects on lipid metabolism in 

cultured human glial cells (279). Therefore, as lipids and -

metabolism-related compounds are an essential component in 

glucose-stimulated insulin secretion mechanism, alteration of lipid 

compounds would cause disturbances in fatty acid metabolism 

within MIN6 cells. Moreover, as vital components of the 

mitochondrial cell membrane, lipids provide important compounds 

for mitochondrial polarisation, which in turn supports the insulin 

exocytosis (280). 
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6.6.2.2 Bioenergetics 

Glucose-induces insulin secretion is controlled by a signal generated 

in the mitochondria (281). The vital key signal is ATP which is 

produced from bioenergetics processes (glycolysis, TCA cycle and 

ETC) in mitochondria. The elevation of ATP concentration is 

important for the trigger of insulin exocytosis (282). Bioenergetics 

compounds (such as pyruvate, (iso) citrate, fumarate) seen Table 

6.2 were identified in glucose-treated MIN6 cells exposed to 

fluoxetine, and were compared with glucose-treated MIN6 cells (as 

a control). Specifically increases in fumarate, succinate, malate, cis-

aconitate and citric acid which are associated with the TCA cycle 

were observed as shown in Figure 6.16. The activation of the TCA 

cycle results in the production of vital electrons that are transferred 

to the ETC, resulting in the generation of ATP (281,282). Kao et al. 

have revealed that fluoxetine increases the TCA cycle activity in 

mice through mitochondrial function (283). De Long et al. have 

suggested that fluoxetine may contribute to decreased 

mitochondrial ETC enzyme activity and reduced glucose stimulated 

insulin secretion (124). In combination with the current results, it is 

found that fluoxetine may reduce glucose stimulated insulin 

secretion by affecting ATP generation through the inhibition of the 

ETC in mitochondria. This inhibition results in increased levels of 

TCA intermediate metabolites.  
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6.6.3 Comparison of the effects of fluoxetine and ETC 

inhibitors 

In the previous section, it is found that fluoxetine may affect 

mitochondrial function in glucose-treated MIN6 cells. In order to 

understand how fluoxetine affect the mitochondrial function, the 

change of metabolite profile with well-known ETC inhibitors was 

compared: rotenone (a complex I inhibitor on the ETC system), 

antimycin A (a complex III inhibitor on the ETC system) and azide 

(a complex IV inhibitor on the ETC system).  

The effects of fluoxetine and ETC inhibitor treatments on glucose-

treated beta cells were observed in a diverse range of metabolic 

pathways and appear to be mediated by glycolysis and TCA cycle 

processes. These pathways are relevant to the beta cell secretory 

function and could represent target for fluoxetine and ETC inhibitor 

actions in beta cells.  

6.6.3.1 Glycolysis 

The first step in glucose metabolism which plays a crucial role in 

glucose-stimulated insulin metabolism is glycolysis. This step breaks 

glucose down to form pyruvate. In the study, it is found that the 

level of pyruvate did not significantly change in fluoxetine as similar 

to rotenone and azide treatment, but antimycin A treatment caused 

a slight increase. This could suggest that fluoxetine could not 

disturb glycolysis pathway. In addition, lactate is an end product 
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during adequate oxygenation. It is found that the rotenone 

treatment groups have an increased level of lactate in glucose-

treated MIN6 cells (fold change = 1.66 and 13.73, respectively). In 

contrast, antimycin A decreased the level of lactate in glucose-

treated MIN6 cells (fold change = -1.50) and fluoxetine did not 

cause a significant change. With antimycin A, the lactate could be 

changed to pyruvate because the level of pyruvate was significantly 

increased. The fluoxetine treatment has no significant effect on 

glycolysis; it may only disturb on other pathways. 

6.6.3.2 TCA cycle 

The next stage of glucose metabolism involves pyruvate produced 

during glycolysis entering the TCA cycle in order to produce NADH 

and CoQH2. These then enter the ETC to generate ATP (284).  In 

the TCA cycle, it is found that rotenone and fluoxetine increased the 

level of fumarate, succinate, malate and citrate (see Figure 6.16). 

The level of cis-aconitate was increased in the azide and fluoxetine 

samples. In addition, antimycin A mainly affected the level of 

succinate but did not affect other compounds. In the TCA cycle, as 

shown in Figure 6.16, citrate is dehydrated by enzyme aconitase 

into cis-aconitate. Cis-Aconitate is then changed by aconitase into 

isocitrate. In the study, it is found that the levels of (iso) citrate and 

cis-aconitate were significantly increased as shown in Figure 6.16, 

but not in the rotenone and antimycin A samples. This could  
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indicate that azide and fluoxetine may inhibit the enzyme aconitase. 

Furthermore, in this step NAD+ receives an electron to become 

NADH+-H+. The NADH+-H+, then, moves to the ECT cycle for ATP 

generation (282). This could indicate that azide and fluoxetine may 

affect on the ETC by reducing the amount of NADH+,H+ present. 

In addition, in the TCA cycle, succinate is dehydrated by the 

enzyme succinic dehydrogenase and using CoQ into form fumarate 

(128). It is found that the fold change ratio between succinate and 

fumarate was the highest in antimycin A treatment. This is not 

surprising because antimycin A blocks ETC complex III. In the ETC 

complex III, CoQH2 transfers electrons to CytC and is reduced to 

CoQ (285). If the amount of CoQ is decreased, the succinate 

dehydrogenation is not complete. This may describe why the level 

of succinate is high in the antimycin A treated cells. In the next 

step, fumarate is dehydrated by the enzyme fumarase into malate. 

It is found that the level of malate was also decreased because the 

substrate (fumarate) was decreased. This finding confirmed that 

antimycin A can affect fumarate synthesis. Rotenone, azide and 

fluoxetine treatment may not affect this step. 

In the final step of TCA cycle, malate is dehydrogenated by the 

enzyme malate dehydrogenase into oxaloacetate, and NAD is 

oxidised into NADH-H+ (282). We found that azide and fluoxetine 

treatments increased the level of malate. This could indicate that
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both azide and fluoxetine could inhibit malate dehydrogenase 

and/or NAD reduction. Rotenone and antimycin A may not affect 

this step. 

Overall, it can be shown that fluoxetine and azide had similar 

effects on glucose-treated MIN6 cells in terms of metabolome 

changes, especially in metabolites related to bioenergetics. Recently 

De long et al have demonstrated that fluoxetine causes a significant 

reduction in ETC complex IV activity of pancreatic beta cells (124). 

Since azide is an ETC complex IV inhibitor, this could indicate that 

fluoxetine have a similar function.  

While observation of MIN6 cells by using cell-based metabolomics 

and  LC-MS may not be fully applicable to islets, the study 

performed affords several advantages over in vivo study, and more 

precise measurement, due to ease of manipulation and 

procurement. One limitation of these studies is the lack of accurate 

measurements to cover all of the glycolysis, TCA and ETC 

intermediate metabolites which are not detected by the method 

used, and incomplete authentic standards used for confirmation. In 

order to address this limitation, targeted metabolic profile could be 

used in order to cover only interested metabolites and MS 

fragmentation will be used to identify and confirm detected 

metabolites. 
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6.7 CONCLUSION 

Data generated using cell-based metabolomics to study the effects 

of glucose-treated MIN6 cells with or without exposure to rotenone, 

antimycin A, azide and fluoxetine has provided a novel way to test 

and extend several hypotheses for studying the effects of drugs and 

other compounds on biochemical mechanisms of glucose stimulated 

insulin secretion. The simultaneous measurement of intermediate 

metabolites of glycolysis, the TCA cycle, ETC, amino acids, lipids 

and other compounds shows a novel interaction of metabolites that 

are vital in both the triggering and amplifying pathways of insulin 

secretion, thus helping to refine the global view. Support for the 

ETC hypothesis comes from our measurements which confirm 

previous findings, and reveal the exact biological pathways when 

compared that are well known biological inhibitors. Finally, we found 

that fluoxetine may have similar effects to azide on glucose-treated 

MIN6 cells. This suggests fluoxetine may affect ETC complex IV. 
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CHAPTER VII: SUMMARY AND FUTURE DIRECTIONS 

7.1 SUMMARY 

It is assumed that alterations in cellular metabolism, such as amino 

acid metabolism, energy metabolism, and fatty acid metabolism, 

either due to disease or drugs, results in cellular dysfunction. While 

several studies report alterations of metabolism by drugs and other 

compounds in many mammalian cells, holistic descriptions of 

HMVEC metabolism in response to antipsychotics, MCF-7 cell 

metabolism in response to cordycepin with and without pentostatin, 

and MIN6 cell metabolsim in response to fluoxetine are rare. 

The works we have presented has developed, optimised, validated 

and applied cell-based metabolomics using LC-MS to assess the 

previously unknown effects of drugs on three mammalian cell lines, 

namely HMVECs exposed to antipsychotics, MCF-7 cells treated with 

cordycepin and MIN6 cells with fluoxetine, using untargeted 

metabolic profiling.  

7.1.1 Optimisation and validation of a liquid 

chromatography-mass spectrometry method 

Various analytical strategies have been designed in the past to 

study different aspects of metabolism in cells. Therefore 
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metabolomics is considered a tool for the different analytical 

approaches and data evaluation to acquire data about metabolites 

in cells (286). Mass spectrometry (MS), in combination with liquid 

chromatography (LC), is currently the key technology for cell-based 

metabolomics studies. The ongoing development of efficient and 

novel separations and the detection with excellent sensitivity and 

high mass resolution in LC-MS offer new opportunities in 

metabolomics studies (287). The determination and identification of 

a large number of metabolites in cells can be achieved in one single 

analysis by LC-MS (59).  

MS is often used in cell based metabolomics due to its high 

sensitivity, selectivity and linear range. Moreover, MS allows a 

selective detection of many analytes at the same time because of 

its ability to separate ions according to mass to charge ratio (m/z) 

(288). In Orbitrap MS, it is even possible to distinguish between 

compounds with the same nominal mass. Nevertheless, the use of 

proper LC techniques is essential in metabolomics assays, especially 

when metabolites are to be quantified. LC is used widely for 

metabolomics studies, depending on the targeted or non-targeted 

analysis and on the metabolite class of interest. Some metabolite 

classes may be discriminated by the type of LC separation (33, 

289). 
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Reversed phase-liquid chromatography (RP-LC) and hydrophilic 

interaction liquid chromatography (HILIC) are the most versatile 

techniques for targeted and non-targeted metabolomics because a 

wide spectrum of metabolites, from non-polar to polar, can be 

analysed without a derivatisation step as in gas chromatography 

(GC) (290). RP-LC is compatible with ESI-MS and is widely used for 

metabolomics studies. Because of high separation efficiency and 

robust retention times, RP-LC is often applied in quantification of 

non-polar metabolites and lipids. However, RP-LC separations are 

not effective in retention of polar metabolites (138). HILIC is the 

alternative LC separation technique for polar analytes and is fully 

compatible with ESI-MS and so it is used widely in metabolomics 

studies. Various types of HILIC exhibiting different selectivities are 

available today which makes the choice of the best separation 

system more complex (Neubauer, 2012). Recently, RP-LC and HILIC 

techniques have attracted much attention in optimising and 

validating methods for metabolomics analysis (138, 290, 291).  

Currently, analytical technologies - especially LC-MS - are making 

great progress in optimising and validating methods for 

metabolomics analysis. Bajad et al. compared various different RP-

LC and HILIC columns and found a column capable of separating 

some cellular metabolites. However, the methods are not suitable 
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for comprehensive coverage of cellular metabolites (292). Lorenz 

has developed a HILIC-MS method for metabolic profiling in beta-

cells (291) and has shown that the developed technique is adequate 

for the detection of many metabolites. However, reproducibility and 

speed of this method can be improved further through an increase 

in column stability and lowered plate height. Later, Neubauer 

successfully applied RP-LC and HILIC methods for the measurement 

of a wide range of intracellular metabolites in yeast, but the method 

is not suitable for mammalian cell analysis (291). Fei et al. used 

HILIC-TOF-MS approach for the measurement of lipid and polar 

metabolites of gram-negative and gram-positive bacteria as well as 

mammalian macrophages; however, this method was not robust 

and had low reproducibility for highly polar metabolites (138).  The 

optimal LC-MS method is still not a standard process for cell-based 

metabolomics in mammalian cells. Moreover, it is important to note 

that the effectiveness, reliability and reproducibility of LC-MS should 

be investigated before being applied to metabolomics studies.  

In this study, efficiencies of both RP-LC and HILIC columns were 

evaluated. As shown in Chapter III, the polar fraction of QC samples 

was weakly retained under C18 RP-LC conditions and eluted near 

the column dead volume (1 min). On the C8 RP-LC column, the lipid 

fraction of QC sample was strongly retained and eluted in a high 
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aqueous mobile phase. This result indicates that the C8 RP-LC 

methods used are suitable for non-polar metabolites and lipids with 

excellent stability during the analysis procedure in terms of RSD 

less than 30%.  

Consequently, experiments were designed to optimise and validate 

the parameters that affect the efficiency of a ZIC-HILIC column 

(betaine-sulfonate bonded phase). The intra-day precision of the 

proposed method was tested with six repeated injections of three 

standard solution mixtures. The inter-day precision was studied by 

analysing three standard solution mixtures, with six injections 

randomly executed between days. For retention time and peak 

area, the intra-day relative standard deviations were below 15%. 

Similar results were obtained for inter-day relative standard 

deviations. 

From a global metabolomics perspective and using the ZIC-HILIC 

column approach, 164 metabolites including amino acids, 

nucleotides, organic acids, sugars and phosphate compounds were 

used as cellular metabolites. Detection of these metabolites was 

performed by their m/z within five ppm mass accuracy. As a result, 

154 metabolites were identified in the standard mixtures.  

RP-LC and HILIC separation methodologies for cell based 

metabolomics were optimised and validated. The C8 RP-LC column 

demonstrated adequate performance for the separation of non-polar 
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compounds and lipids. On the other hand, a simple, relatively rapid, 

and accurate HILIC methodology was successfully developed and 

validated for separating polar metabolites.  

7.1.2 Effects of antipsychotic drugs applied to human 

microvascular endothelial cells on the intracellular 

metabolome 

Over the past decades, several studies have stressed an important 

effect of a disrupted blood brain barrier (BBB) in antipsychotic 

treatment (86,87). The BBB is a complex structure located along 

the continuous cerebrovascular endothelium, which is selectively 

permeable to blood constituents and thereby protects the brain 

parenchyma from toxic compounds (89). Malfunction of the BBB can 

lead to enhanced permeability, which subsequently may cause 

damage to microvascular endothelium cells and surrounding brain 

tissue (88). Microvascular endothelium damage has been 

hypothesised to contribute to the associated neuropathologies 

observed with long term antipsychotic therapy (86). In addition, the 

damage of microvascular endothelium cells in the BBB may be the 

primary initiating factor of hypertension-related small vessel disease 

(292, 293). Interestingly, accumulating evidence also suggests that 

antipsychotics impaire HMVECs function of the BBB in patients with 

bipolar disorder (92). Moreover, Carrano et al. suggest a pivotal 

role of BBB disruption in cerebral amyloid angiopathy (294, 295). 
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Since this damage of the microvascular endothelial layer is 

associated with drugs and disorders, BBB disruption may 

consequently play a role in its development. Consistent with this 

hypothesis is evidence that suggests a role for BBB disruption in the 

pathogenesis of high dose antipsychotic treatment (86,87). To date, 

however, the exact link between BBB disruption and antipsychotics 

at high therapeutic dose remains poorly understood. 

The aim of this work was to provide evidence to support currently 

available information on BBB disruption in in-vitro studies and its 

main underlying biological processes in terms of metabolome 

change in HMVECs. The application of cell-based metabolomics 

using LC-MS has enabled the measurement of drug effects for a 

wide range of metabolites in HMVECs. These measurements have 

allowed the testing of several prevailing hypotheses on the 

mechanism of antipsychotics at high dosage, and identification of 

cellular metabolites that may play a role in HMVEC metabolism. In 

this study, the cell-based metabolomics using LC-MS revealed that 

antipsychotics at high dosage may affect the bioenergetics pathway 

due to mitochondrial dysfunction resulting in ketoacidosis and 

inducing oxide stress by reactive oxygen species generation. These 

phenomena are involved with lipid metabolism.  

In this study, RP-LC was applied to investigate lipids and related 

compounds. For identified metabolites, it was based on accurate 
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and exact mass measurement. Identification of known and unknown 

m/z was not successful as there were a number of metabolites in 

the available databases with the same m/z. However, as the 

intention of this was to find metabolites which are normally found in 

human cells, it was decided to present the results. The identification 

of lipids requires methods which cover the complexity of this 

structurally diverse group. Further studies are required using 

MS/MS data for unequivocal lipid identification.  

Moreover, adequate retention and separation of polar metabolites is 

especially challenging. Many metabolites of interest in central 

metabolism are hydrophilic, polar molecules that are poorly retained 

by RP-LC approaches as shown in the data. HILIC has been 

increasingly used in the past decade for cell-based metabolomic 

analysis. The HILIC mode of separation is based on analyte 

interaction with an adsorbed water layer on the surface of a polar 

stationary phase and offers excellent retention of polar molecules. 

HILIC separation will be used for the analysis of those metabolites 

important in the study of central energy metabolism such as those 

from glycolysis, the TCA cycle, amino acids and other molecules. To 

get a broader view of the biochemical mechanisms of BBB 

dysfunction-related antipsychotics at high dosage, the combination 

data from RP-LC and HILIC approaches could provide a holistic 

evaluation of the metabolic profile that occurred in HMVECs.  
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7.1.3 LC-MS-based metabolomics revealed significant 

altered intracellular metabolites in human breast cancer 

(MCF-7) cells treated with cordycepin 

Cordycepin (or 3’-deoxyadenosine) is a bioactive component 

extracted from the caterpillar fungi and its pharmacologic activities 

are reported to have nephroprotective, antiapoptotic, anti-

metastatic, hepatoprotective, anti-inflammatory effects, 

antioxidant, anti-tumour, immunomodulatory and vasorelaxation 

activities (226, 297). Over the past decade, studies have focused on 

the effect of cordycepin on breast cancer with a view to its 

application in breast cancer treatment. Breast cancer develops in 

the cells of the breast and is hormone related. It is the most 

commonly diagnosed cancer and the second leading cause of cancer 

death in women worldwide. In 2015, there were approximately 

231,840 new cases of breast cancer and 40,290 breast cancer 

deaths in the United States (99). Recent research, however, has 

studied the possible anti-breast cancer ability of cordycepin. 

Investigations have been done with breast cancer cell lines. Reports 

from these investigations have shown significant reductions in 

cancer cell proliferation (104, 110, 113, 116). Although cordycepin 

has shown that it effectively kills MCF7 human breast cancer cell 

lines in in-vitro studies, the clinical application of cordycepin in 

breast cancer treatment still remains elusive. Therefore, it is 



CHAPTER VII 

   258 

essential to gain an understanding of the exact biological effects of 

cordycepin. 

In recent years, further efforts have been made using genomic, 

proteomic and metabolomic approaches to investigate the cellular 

processes and their responses to anti-cancer drug as well as 

potential targets. Cell-based metabolomics in particular offers a 

unique strategy to detect metabolic changes that occur in a cell in 

response to drugs, and the outcome of such studies can provide 

insights into their corresponding mode of action (298, 299). In 

addition, chemical analysis methods such as LC-MS have already 

been developed for cell-based metabolomic studies of cancer cells 

to new candidate drugs. In cell-based metabolomics the 

investigations carried out so far have focused on studying changes 

in the intracellular metabolism in response to anti-cancer drugs. An 

untargeted metabolic profiling approach could give rise to a more 

complete mechanistic insight of cordycepin on MCF-7 cells. 

Therefore, cell-based metabolomics using LC-MS has been used to 

analyse metabolic changes in MCF-7 cell extracts.  

Within the frame work of this study, the effect of cordycepin on 

MCF-7 metabolome was investigated by untargeted metabolic 

profiling analysis. The metabolic profiling of MCF-7 cells was 

affected in a distinct manner and provided complementary 

information regarding intracellular targets such as purine and 
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pyrimidine metabolism and bioenergetics. In addition, the level of 

topaquinone is increased in MCF-7 cells treated with cordycepin. 

Topaquinone is a natural compound involved in the degradation of 

DNA. This may indicate that cordycepin is involved in the inhibition 

of cell proliferation and differentiation, and the activation of cell 

apoptosis. A recent study analysed cordycepin-treated MCF-7 cells 

and found that mRNAs, down-regulated through the inhibition of 

polyadenylation, were predominantly involved in transcriptional 

regulation, cell proliferation, cell cycle and cell migration (300). 

Since polyadenylation is a process that is required for cell survival 

and occurs independently of DNA synthesis, targeting 

polyadenylation (301) may be an effective RNA-directed strategy for 

cordycepin application in breast cancer therapy. 

Polyadenylation is a template-independent step catalysed by poly 

(A) polymerase (PAP), which uses ATP as its substrate (301). The 

data shows that the levels of cordycepin phosphate increased, but 

the level of ATP decreased. We can hypothesise that cordycepin 

phosphate compounds may be a substrate for PAP and affect 

polyadenylation efficiency. Cordycepin is metabolised intracellularly 

into its corresponding triphosphate derivatives; it may be 

incorporated efficiently into poly (A)-tails by PAP (302). Alternately, 

cordycepin phosphates may inhibit polyadenylation via two different 

mechanisms. First, cordycepin phosphate compounds may be 

directly incorporated into nascent RNAs during either transcription 
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or polyadenylation. This prevents further primer elongation causing 

subsequent chain termination (303). Second, cordycepin phosphate 

may act as an inhibitor for PAP and reduce the Poly (A)-tailed length 

of newly synthesised RNAs. This would reduce the stability of the 

transcript as well as negatively affecting the nuclear transport and 

translation efficiency (302).  The investigations may indicate that 

cordycepin phosphate compounds - especially cordycepin 

triphosphates - may be key to the inhibition of polyadenylation in 

MCF-7 cells.  

7.1.4 Cell-based metabolomics using LC-MS to study the 

metabolic effects of fluoxetine on glucose-treated murine 

pancreatic beta (MIN6) cells 

Fluoxetine is used for the treatment of major depressive disorders 

including bulimia nervosa, obsessive-compulsive disorder, panic 

disorder, and premenstrual dysphoria (120). In the last decade, 

reports have indicated that the use of fluoxetine is associated with 

an increased risk of pancreatic beta cell dysfunction to reduced 

insulin secretion and hyperglycaemia (124). Despite extensive 

research, the biochemical mechanisms for deterioration of β-cell 

function are not fully understood. 

In these studies, cell-based metabolomics using LC-MS, was 

employed to identify and quantify the level s of cellular metabolites 

present in glucose-exposed MIN6 cells following fluoxetine 
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exposure, and their relationship to biological pathways.  Electron 

transport chain inhibitors were used in the studies to fully 

understand the dynamics of metabolite changes.  

It was found that fluoxetine could impair glycolysis, TCA and fatty 

acid metabolism. The decline in MIN6 cell function plays a central 

role in insulin secretion and several intermediates are associated 

with MIN6 cell insulin secretion. It has been suggested that 

intermediate metabolites in bioenergetics could be significant 

signals for inducing MIN6 cell toxicity by fluoxetine (304).  

Nevertheless, use of fluoxetine for depression treatment is 

important because it could improve the quality of life and increase 

treatment compliance, which may reduce long term complications 

and emergencies. Fluoxetine might also be used as a prophylactic 

treatment in patients. However, the effect on blood glucose control 

of fluoxetine and its interaction with other drugs or insulin needs to 

be investigated. As was observed in previous studies, fluoxetine can 

induce hyperglycaemia in patients and other animal species.  

In this study, the results demonstrate that fluoxetine causes diverse 

changes in MIN6 cells, after glucose overload. The biggest changes 

in cellular metabolites in glucose-treated MIN6 cells occurred after 

the administration of fluoxetine, which caused an increase in 

glucose level in MIN6 cells. This in turn caused an inhibition of 

insulin secretion in beta cells. The changes in cellular metabolite 
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levels during the glucose test induced by ETC inhibitors was 

pronounced in both glucose-treated and untreated MIN6 cells and 

showed that ETC inhibitors have a different action profile in each 

treatment. Interestingly, a complex VI inhibitor in ETC was 

suggested as a toxicity effect of fluoxetine on MIN6 cells.  

Although fluoxetine is very effective and frequently used, the drug 

is considered to have few adverse reactions such as the impairment 

of beta cell function. In this study, fluoxetine induced changes of 

metabolite levels that are involved with glycolysis, TCA and fatty 

acid metabolism. Further studies are needed to determine whether 

this effect will be still demonstrable after long-term treatment.  

The use of stable-labelled internal standards can provide improved 

precision and accuracy in metabolite quantification. MIN6 cells could 

be grown in media containing [U-13C]-glucose as the primary 

glucose source. Theoretically, extracts from these cells should 

contain similar metabolite concentrations to those grown in non-

labelled media, except with the incorporation of a large percentage 

of 13C in all endogenously synthesised metabolites, involved in the 

glycolysis pathway. These labelled metabolites can then be 

quantified using non-labelled standards to determine their absolute 

level. The extracts can then be added to experimental extracts and 

endogenous non-labelled metabolites quantified by isotope dilution. 

Alternatively, these 13C labelled extracts could simply be used as 
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internal references to improve precision by correcting ionisation 

suppression and instrument drift. Metabolomic investigations into 

glucose-treated MIN6 cells with or without fluoxetine or other drugs 

could benefit from this approach by improving precision to discern 

smaller but significant changes in metabolite levels in experiments. 

This approach will be applied for an assessment of how fluoxetine 

affects on the glycolysis pathway in beta cells. 

7.1.5 Overall summary 

Analysis of viability and reliability of drug mode of action studies are 

essential for assessing drug effects and toxicity prospects in a 

clinical setting. In-vivo analysis is used to provide quantitative 

information on each step of the pharmacological effect, including 

critical in-vivo parameters for drug pre-clinical and clinical decision-

making on therapeutic efficacy and index, and safety profiles. 

However, increasing numbers of reports reveal that in-vivo studies 

based on plasma, urine and other media do not correlate with drug 

pharmacological effects in target organs or cells, since some drugs 

do not reach concentrations sufficient to exert therapy in their 

intracellular targets (305).  

Moreover, traditionally, in vitro study have relied on the use of 

single-endpoint measurements aimed to estimate cell viability 

and/or the functional metabolic state of cells previously exposed to 

drug candidates. These assays normally monitor events that occur 
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late in the cell injury process, and have unfortunately shown poor 

prediction of cytotoxicity (306). Therefore, the development of 

reliable screening methods to detect cytotoxicity early in the drug 

development process remains a challenge. With the advance of the 

‘omics’ technologies, new methods have been developed to propose 

predictive signatures and to determine drug toxicity mechanisms. 

The simultaneous measurement of multiple parameters could 

contribute to the development of more accurate and predictive 

strategies (232). Multiparametric methods integrate information 

obtained simultaneously from different cell function indicators, 

which may indicate the mechanism of drug and/or toxic action of a 

candidate drug and help in prioritising compounds in drug discovery 

based on their potential cytotoxicity to humans (307). In this sense, 

genomic- and transcriptomic-based analyses and cell imaging 

approaches have been proposed for cytotoxicity screening in 

cultured cells. Although these methods provide the possibility of 

detecting subtle toxicity-related changes, they fail to provide 

translational biomarkers and report limited mechanism information 

from a global view. Cell-based metabolomics, which is aided by the 

unbiased measurement of all the downstream products of genes 

and proteins, could complete the informatics mechanism provided 

by other ‘omics’ and other technologies. The capability of cell-based 

metabolomics to assess the cell response to drugs and other 

compounds has been widely used; several reports have 
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demonstrated the use of cell-based metabolomics in biomarker 

discovery and in providing new insight into drug mode of action 

and/or toxicity. Cell-based metabolomics offers the closest data to 

the phenotype of the system under investigation, which, in the case 

of patients, could be used to obtain new toxicity- or efficiency-

related biomarkers and would therefore be clinically beneficial 

(232). 

In this work, the capabilities of cell-based metabolomics using LC-

MS based untargeted metabolite profiling as a tool to detect the 

potential mechanism of drugs were assessed. This application is 

beneficial for at least a subset of toxicity and mechanisms of action, 

but there continues to be a debate about whether drugs and other 

compounds can directly affect cell metabolism or if they can actually 

reduce the risk of toxicity at all. The majority of existing data 

regarding the effects of drugs on mammalian cells has focused on 

HMVECs, MCF-7 and MIN6 cells. The literature is currently lacking 

data specific to the metabolomic effects of antipsychotics, 

cordycepin and fluoxetine on combined in-vitro, in-vivo, and ex-vivo 

data for BBB, breast cancer and pancreatic beta cells, respectively, 

and this was the inspiration to systematically determine these 

agents’ specific effects on HMVEC, MCF-7 and MIN6 cells in these 

settings. First, experiments to evaluate in-vitro cellular and 

molecular mechanisms were designed to determine how HMVEC, 
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MCF-7 and MIN6 cells respond to antipsychotics, cordycepin and 

fluoxetine, respectively. 

Metabolomics can be broadly divided into untargeted and targeted 

metabolomics. Untargeted metabolomics involves analysing various 

chemical classes with wide ranges of polarity, solubility, and 

volatility. It includes - and is not limited to -the analyses of amino 

acids, organic acids, sugars, sugar alcohols, lipids, fatty acids and 

those metabolites which undergo post-modifications such as 

phosphorylation or methylation (308). Moreover, it is often used to 

provide a real-time, global investigation of the biological state of a 

cell as a result of biotic and abiotic perturbations. More importantly, 

the major advantage of untargeted metabolomics is the ability to 

identify a drug-mediated response at the biochemical level with no 

prior knowledge of the mode of action of a particular drug candidate 

(309). This method can be used to classify compounds according to 

their mode of action based on a metabolic signature and, in many 

cases, can highlight the specific metabolic enzyme or pathway that 

the drug targets. The primary limitation of this approach is that 

some drugs do not act by disruption of metabolic pathways. In 

addition, drugs may induce non-specific metabolic changes in 

response oxidative stress, or as secondary responses to the initial 

drug action (309). Targeted metabolomics approaches are often 

required in these circumstances to provide a detailed 

characterisation of the temporal and dose-dependent biochemical 
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effects of drugs (309). Additional studies, such as transcriptomics, 

may also be required to delineate primary and secondary metabolic 

responses to drug treatment (310). Generally, measurements of 

RNA or protein levels are unlikely to reveal the primary targets of 

drugs that inhibit metabolic enzymes. Nevertheless, transcriptomic 

and proteomic approaches are likely to detect the secondary cellular 

responses to drug treatment, which may be relevant in determining 

potential toxicity mechanisms. A systems biology approach, that 

combines metabolomics with other functional genomics tools, is a 

promising tool to obtain comprehensive descriptions of the modes of 

action and toxicity for candidate drugs (309). Cell-based 

metabolomics may also be combined with chemical biology (e.g. 

protein or ligand microarrays (311)) and chemoinformatic methods 

(e.g. similarity ensemble approach (312)) to improve identification 

of unknown drug targets in an untargeted manner. 

Furthermore, cell-based metabolomics methods offer effective tools 

for the identification and characterisation of mechanisms of drug 

action, which should optimise drug discovery by allowing detailed 

pre-clinical pharmacokinetic/pharmacodynamic descriptions of 

candidate drugs, and have the potential to translate into clinical 

studies to monitor patient responses to drug treatment (313). 
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7.2 FUTURE WORK 

7.2.1 Expanding metabolite identification 

More than 1,000 mass signals in mammalian cells were analysed in 

this study, but only about 200 named metabolites were identified. 

In order to truly understand the metabolome of mammalian cells, 

all metabolites need to be identified. One of the ways to increase 

the number of metabolites identified is through the use of tandem 

mass spectrometry, the identification of metabolites through 

fragmentation of parent ions. The number of chemical 

fragmentation patterns for mammalian metabolites is constantly 

increasing (314, 315). Now that a reliable extraction and analysis 

process is in place, it is possible to employ fragmentation patterns, 

and accurate mass and retention times in order to confidently 

identify metabolites. Using fragmentation patterns is a cost effective 

way of identifying metabolites, however, it does have the drawback 

of being incredibly time-consuming, and it will only work with one 

method.  A single method will consist of using a specific column, 

with two specific mobile phases that will run through the column in 

various amounts as dictated by a pre-determined gradient. If the 

fragments of a metabolite are identified with a specific mass eluting 

at a specific time using any one method, changing the method will 

require the MS/MS fragmentation to be repeated to ensure the 

same metabolites are being identified. This study used authentic 

standards for metabolic identification. Future studies will use MS/MS 
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fragmentation of metabolites for metabolomics analysis to create an 

in-house database of fragmentation patterns for comparison with 

fragmentation data which is already available. This will maximise 

the number of metabolites that can be identified during analysis. 

7.2.2 Expanding coverage of the metabolites 

In the future, expanded coverage of the metabolome will be 

possible using columns that can resolve very small polar 

metabolites, or differentiate between molecule isomers. Non-polar 

compounds and lipids can be resolved on a C8 and C18 based 

column and polar metabolites can be resolved on a HILIC based 

column. Furthermore, isomers can be separated in porous 

graphitised carbon columns (314). There is currently an abundance 

of literature on the detection and resolution of non-polar and polar 

metabolites. In addition, it is known that D-form, L-form, R-form 

and S-form of some metabolites make up the majority of what is 

present in the metabolome so it is unclear how much information 

can actually be gained from resolving isomers (315). For these 

reasons mentioned, it would be easier and more informative to 

develop a ZIC-HILIC based column method first. In order to develop 

a method with the use of a HILIC based column, the variety of 

authentic standards that are found ubiquitously in mammalian cells 

will need to be purchased. The ability to run and confidently identify 

cellular metabolites will allow the development of a method that 

effectively separates most cellular metabolites. 
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7.2.3 Improving metabolomics methods to obtain more 

quantitative data using multiple internal standards  

The success of cell based metabolomics as a method for studying 

the effect of drugs on mammalian cells largely depends on its ability 

to detect various sources of biological variability. Removal of 

platform-specific sources of variability such as systemic error is 

therefore one of the foremost priorities in data processing. 

However, the chemical diversity of metabolite results in different 

responses to variations in experimental conditions and so this 

makes normalisation a very demanding task. 

Targeted analysis uses an isotope labelled internal standard for 

each metabolite measured for absolute quantification. However, in 

untargeted metabolic profiling methods this is not practical. The 

number of metabolites is large, they are chemically too diverse to 

afford a common labelling molecule, and many of them may not 

even be known. In addition, the availability of stable isotope 

labelled references is generally very limited. In this study, statistical 

models were used to derive optimal scaling factors for each sample, 

based on complete sets of data using intensity. However, this 

method lacks multiple normalisation factors for a variety of chemical 

species. In addition, constraining the data to a specific 

normalisation factor based on total signal affects its covariance 

structure, therefore requiring special caution when performing 

multivariate analysis of data (50). 
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In future studies, the choice of multiple internal standard molecules 

will be a more reasonable approach. This normalisation approach 

will reduce variability across the full spectrum of metabolites. 

Furthermore, it can be used directly as either a one-step or two-

step normalisation method where the normalisation parameters 

containing data about the variability of internal standard compounds 

and their association to variability of metabolites are first calculated 

from a study performed under reproducible conditions. Finally, the 

method can be used to select standard compounds for normalisation 

and to evaluate their influence on variability of all detected 

metabolites.  

7.2.4 Integration of metabolomics data with metabolic 

pathway maps 

Future work will integrate metabolomics data into metabolic maps. 

Metabolite levels together with their corresponding metabolic fluxes 

are integrative outcomes of biochemical transformations and 

regulatory processes and they can be used to characterise the 

response of drugs on mammalian cells. Change in fluxes and 

particularly changes in metabolite levels do not follow such rationale 

and are often the outcome of complex interactions of several 

components. The increasing quality and coverage of metabolomics 

into metabolic pathway maps has fostered the understanding of 

drug effects on cellular processes. 
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7.2.5 Metabolomics for off-target effects of drugs in 

cells potential adverse effects in toxicology studies 

Cell-based metabolomics has been used to evaluate the effects of 

drugs on mammalian cells in order to help develop new agents and 

to maximise the benefits of drugs currently on the market. LC-MS is 

a key method in cell-based metabolomics and the technology 

continues to improve, allowing LC-MS to remain involved in future 

drug research and development. The new drugs represent new 

types of therapeutic agents that are designed to provide increased 

specificity, higher efficiency, and fewer side effects. Cell-based 

metabolomics can identify new biological targets, find new use for 

drugs already on the market, and can be applied further in drug 

development studies to provide insight into the biological 

mechanisms of the drug action and its off-target effects which are 

related to cell toxicity. 
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APPENDIX 

Supplementary Table 2.1 List of the first group of metabolite mixture. 

Metabolites Formula M.W.  

Imidazole C3H4N2 68.0374 

methylglyoxal C3H4O2 72.0211 

Glyoxylate C2H2O3 74.0004 

1-Butanol C4H10O 74.0732 

Glycine C2H5NO2 75.0320 

glycolate C2H4O3 76.0160 

Pyruvate C3H4O3 88.0160 

Putrescine C4H12N2 88.1000 

L-Alanine C3H7NO2 89.0477 

glyceraldehyde C3H6O3 90.0317 

Glycerol C3H8O3 92.0473 

2-oxobutanoate C4H6O3 102.0317 

Malonate C3H4O4 104.0110 

(R)-3-Hydroxybutanoate C4H8O3 104.0473 

L-Serine C3H7NO3 105.0426 

Phenylhydrazine C6H8N2 108.0687 

Creatinine C4H7N3O 113.0589 

L-Proline C5H9NO2 115.0633 

Fumarate C4H4O4 116.0110 

L-Valine C5H11NO2 117.0790 

Methylmalonate C4H6O4 118.0266 

L-2,4-Diaminobutanoate C4H10N2O2 118.0742 

L-Threonine C4H9NO3 119.0582 

D-Erythrose C4H8O4 120.0423 

Nicotinate C6H5NO2 123.0320 

pyrazinoate C5H4N2O2 124.0273 

Taurine C2H7NO3S 125.0147 

Imidazole-4-acetate C5H6N2O2 126.0429 

trans-4-Hydroxy-L-proline C5H9NO3 131.0582 

L-Leucine C6H13NO2 131.0946 

Oxaloacetate C4H4O5 132.0059 

L-Asparagine C4H8N2O3 132.0535 

L-Aspartate C4H7NO4 133.0375 
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Supplementary Table 2.1 (Cont.) List of the first group of metabolite 

mixture. 

Metabolites Formula M.W.  

Adenine C5H5N5 135.0545 

4-Aminobenzoate C7H7NO2 137.0477 

Ethanolamine phosphate C2H8NO4P 141.0191 

Spermidine C7H19N3 145.1579 

L-Glutamine C5H10N2O3 146.0691 

L-Lysine C6H14N2O2 146.1055 

L-Glutamate C5H9NO4 147.0532 

(R)-2-Hydroxyglutarate C5H8O5 148.0372 

L-Methionine C5H11NO2S 149.0510 

Guanine C5H5N5O 151.0494 

2-Phenylglycine C8H9NO2 151.0633 

Xanthine C5H4N4O2 152.0334 

3-Hydroxyphenylacetate C8H8O3 152.0473 

L-Histidine C6H9N3O2 155.0695 

Orotate C5H4N2O4 156.0171 

4-Coumarate C9H8O3 164.0473 

L-Rhamnose C6H12O5 164.0685 

L-Phenylalanine C9H11NO2 165.0790 

Phthalate C8H6O4 166.0266 

Phosphoenolpyruvate C3H5O6P 167.9824 

3_4-Dihydroxyphenylacetate C8H8O4 168.0423 

L-Cysteate C3H7NO5S 169.0045 

Pyridoxine C8H11NO3 169.0739 

Gallate C7H6O5 170.0215 

cis-Aconitate C6H6O6 174.0164 

L-Arginine C6H14N4O2 174.1117 

L-Citrulline C6H13N3O3 175.0957 

Serotonin C10H12N2O 176.0950 

D-Glucosamine C6H13NO5 179.0794 

D-glucose C6H12O6 180.1559 

1-Naphthylacetic acid C12H10O2 186.0681 

N2-Acetyl-L-lysine C8H16N2O3 188.1161 

meso-2_6-Diaminoheptanedioate C7H14N2O4 190.0954 
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Supplementary Table 2.1 (Cont.) List of the first group of metabolite 
mixture. 

Metabolites Formula M.W.  

D-Galacturonate C6H10O7 194.0427 

D-Gluconic acid C6H12O7 196.0583 

Selenomethionine C5H11NO2Se 196.9955 

L-Tryptophan C11H12N2O2 204.0899 

2-Methylcitrate C7H10O7 206.0427 

MOPS C7H15NO4S 209.0722 

D-Galactarate C6H10O8 210.0376 

N-Acetyl-D-glucosamine C8H15NO6 221.0899 

Deoxyuridine C9H12N2O5 228.0746 

D-ribose 5-phosphate C5H11O8P 230.0192 

Melatonin C13H16N2O2 232.1212 

L-Cystine C6H12N2O4S2 240.0238 

Thymidine C10H14N2O5 242.0903 

Cytidine C9H13N3O5 243.0855 

Thymidine C10H14N2O5 242.0903 

Cytidine C9H13N3O5 243.0855 

Uridine C9H12N2O6 244.0695 

Pyridoxal phosphate C8H10NO6P 247.0246 

sn-glycero-3-Phosphocholine C8H20NO6P 257.1028 

D-glucose 6-phosphate C6H13O9P 260.0297 

Thiamin C12H16N4OS 265.1123 

2_3-Bisphospho-D-glycerate C3H8O10P2 265.9593 

Inosine C10H12N4O5 268.0808 

6-Phospho-D-gluconate C6H13O10P 276.0246 

CMP C9H14N3O8P 323.0519 

UMP C9H13N2O9P 324.0359 

3'_5'-Cyclic AMP C10H12N5O6P 329.0525 

D-Fructose 1_6-bisphosphate C6H14O12P2 339.9960 

Maltose C12H22O11 342.1162 

dGMP C10H14N5O7P 347.0631 

IMP C10H13N4O8P 348.0471 

Phenolsulfonphthalein C19H14O5S 354.0562 

riboflavin C17H20N4O6 376.1383 

Cholesterol C27H46O 386.3549 
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Supplementary Table 2.1 (Cont.) List of the first group of metabolite 
mixture. 

Metabolites Formula M.W.  

S-Adenosyl-L-methionine C15H22N6O5S 399.1451 

Thiamin diphosphate C12H18N4O7P2S 425.0450 

ADP C10H15N5O10P2 427.0294 

IDP C10H14N4O11P2 428.0134 

Deoxyribose C5H10O4 134.0579 
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Supplementary Table 2.2 List of the second group of metabolite 
mixture. 

Metabolites Formula M.W.  

Methylguanidine C2H7N3 73.0640 

L-Alanine C3H7NO2 89.0477 

(R)-Lactate C3H6O3 90.0317 

4-Aminobutanoate C4H9NO2 103.0633 

cytosine C4H5N3O 111.0433 

Uracil C4H4N2O2 112.0273 

Betaine  C5H11NO2 117.0790 

Succinate C4H6O4 118.0266 

Nicotinamide found in Std C6H6N2O 122.0480 

L-isoleucine found in Std C6H13NO2 131.0946 

Glycylglycine C4H8N2O3 132.0535 

L-Ornithine C5H12N2O2 132.0899 

(S)-Malate C4H6O5 134.0215 

Hypoxanthine  C5H4N4O 136.0385 

2-Oxoglutarate C5H6O5 146.0215 

D-Ribose C5H10O5 150.0528 

L-Carnitine found in Std C7H15NO3 161.1052 

DL-Glyceraldehyde 3-phosphate C3H7O6P 169.9980 

L-Tyrosine C9H11NO3 181.0739 

3-Phospho-D-glycerate C3H7O7P 185.9929 

Citrate C6H8O7 192.0270 

Deoxyadenosine C10H13N5O3 251.1018 

sucrose C12H22O11 342.1162 

AMP C10H14N5O7P 347.0631 

HEPES C8H18N2O4S 348.1573 

GMP C10H14N5O8P 363.0580 

S-Adenosyl-L-homocysteine C14H20N6O5S 384.1216 

Folate C19H19N7O6 441.1397 

GDP C10H15N5O11P2 443.0243 

ATP C10H16N5O13P3 506.9957 

GTP C10H16N5O14P3 522.9907 

NAD+ C21H27N7O14P2 664.1169 
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Supplementary Table 2.3 List of the third group of metabolite mixture. 

Metabolites Formula M.W.  

Urea CH4N2O 60.0324 

2-Hydroxy isobutyric acid C4H8O3 104.0473 

L-cysteine C3H7NO2S 121.0197 

Benzoate C7H6O2 122.0368 

Creatine found in Std C4H9N3O2 131.0695 

L-Homocysteine C4H9NO2S 135.0354 

Acetylcholine C7H16NO2 146.1181 

D-Arabinose C5H10O5 150.0528 

4-Hydroxyphenyl acetate C8H8O3 152.0473 

Uric acid C5H4N4O3 168.0283 

3-Methylhistidine C7H11N3O2 169.0851 

ascorbate C6H8O6 176.0321 

Hippuric acid C9H9NO3 179.0582 

D-Fructose C6H12O6 180.0634 

Myoinositol C6H12O6 180.0634 

D-Mannitol C6H14O6 182.0790 

Isocitric acid C6H8O7 192.0270 

2-Hydroxyhippuric acid C9H9NO4 195.0532 

L-Cystine C6H12N2O4S2 240.0238 

D-Fructose 6-phosphate C6H13O9P 260.0297 

Homocystine C8H16N2O4S2 268.0551 

Stearic acid C18H36O2 284.2715 

glutathione C10H17N3O6S 307.0838 

D-Fructose-1,6-diphosphate C6H14O12P2 339.9960 

Trehalose C12H22O11 342.1162 

CDP C9H15N3O11P2 403.0182 

UDP C9H14N2O12P2 404.0022 
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Supplementary Table 3.1 Formula, monoisotopic molecular 

weight, type of adduct, detected mass, retention time and relative 

standard error of metabolites. 

Metabolites [M+H]- [M+H]+ m/z RT %RSD (n=6) 

1-Naphthylacetic acid /   185.0608 2.51 0.38 

Benzoate /   121.0295 2.59 0.32 

Gallate /   169.0143 2.61 0.57 

Melatonin /   231.1139 2.71 0.52 

2-Hydroxyhippuric acid /   194.0459 2.88 0.33 

Hippuric acid /   178.0510 2.92 0.43 

2-Hydroxy isobutyric acid /   103.0401 2.95 0.17 

D-Arabinose /   149.0455 2.96 0.85 

4-Hydroxyphenyl acetate /   151.0401 2.97 1.01 

3-Hydroxyphenylacetate /   151.0401 2.98 0.17 

Phosphoenolpyruvate   / 168.9897 3.06 0.82 

(R)-3-Hydroxybutanoate /   103.0401 3.12 0.16 

(R)-Lactate /   89.0244 3.15 0.18 

glyceraldehyde /   89.0244 3.20 0.16 

Succinate /   117.0193 3.20 0.74 

Methylmalonate /   117.0193 3.25 0.31 

Nicotinamide   / 123.0553 3.25 0.53 

Phthalate /   165.0193 3.25 0.15 

3_4-Dihydroxyphenylacetate /   167.0350 3.27 0.40 

2-oxobutanoate /   101.0244 3.67 0.41 

Fumarate /   115.0037 3.90 0.57 

RT = Retention time in minute. 
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Supplementary Table 3.1 (Cont.) Formula, monoisotopic 

molecular weight, type of adduct, detected mass, and retention 

time and its relative standard error of metabolites. 

Metabolites [M+H]- [M+H]+ m/z RT %RSD (n =6) 

glycolate /   75.0088 4.33 0.61 

6-Phospho-D-gluconate /   275.0174 4.51 0.84 

Pyruvate /   87.0088 4.56 0.45 

Deoxyuridine /   227.0673 5.12 0.19 

(R)-2-Hydroxyglutarate /   147.0299 5.39 0.28 

Malonate /   103.0037 5.53 0.18 

Deoxyadenosine   / 252.1091 6.19 0.28 

Xanthine /   151.0261 6.22 0.24 

(S)-Malate /   133.0142 6.23 0.23 

Hypoxanthine /   135.0312 6.28 0.23 

Uridine /   243.0623 6.31 0.20 

L-Rhamnose /   163.0612 6.59 0.20 

Phenolsulfonphthalein /   353.0489 6.72 0.53 

D-Ribose /   149.0455 6.94 0.22 

Inosine /   267.0735 7.03 0.21 

Isocitric acid /   191.0197 7.10 0.16 

Glyoxylate /   72.9931 7.13 0.40 

Adenine /   134.0472 7.15 0.29 

2-Phenylglycine /  / 150.0561 7.15 0.31 

Pyridoxine /   168.0666 7.15 0.34 

2-Oxoglutarate /   145.0142 7.20 0.29 

RT = Retention time in minute. 
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Supplementary Table 3.1 (Cont.) Formula, monoisotopic 

molecular weight, type of adduct, detected mass, and retention 

time and its relative standard error of metabolites. 

Metabolites [M+H]- [M+H]+ m/z RT %RSD (n =6) 

L-Leucine / /  130.0874 7.27 0.24 

Folate /   440.1324 7.28 0.21 

L-isoleucine / /  130.0874 7.33 0.24 

ascorbate /   175.0248 7.33 0.14 

L-Tryptophan / /  203.0826 7.51 0.37 

D-Erythrose /   119.0350 7.56 0.19 

N-Acetyl-D-glucosamine /   220.0827 7.56 0.19 

Methylguanidine   / 74.0713 7.64 0.22 

Selenomethionine /   195.9882 7.74 0.27 

Uric acid /   167.0211 7.78 0.13 

Guanine /   150.0421 7.79 0.34 

L-Carnitine   / 162.1125 7.86 0.42 

L-Methionine / /  148.0438 7.89 0.16 

Myoinositol /   179.0561 7.98 0.10 

Creatinine /   112.0516 8.00 0.60 

cis-Aconitate /   173.0092 8.02 0.65 

D-Fructose /   179.0561 8.11 0.06 

L-Valine /  / 116.0717 8.12 0.30 

Imidazole-4-acetate /   125.0357 8.20 0.50 

L-Tyrosine /  / 180.0666 8.25 0.51 

L-Homocysteine /  / 134.0281 8.32 0.06 

RT = Retention time in minute. 
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Supplementary Table 3.1 (Cont.) Formula, monoisotopic 

molecular weight, type of adduct, detected mass, and retention 

time and its relative standard error of metabolites. 

Metabolites [M+H]- [M+H]+ m/z RT %RSD (n = 6) 

cytosine   / 112.0505 8.66 0.15 

Orotate /   155.0098 8.74 0.28 

Betaine   / 118.0863 8.91 0.06 

L-cysteine / /  120.0125 8.98 0.00 

N2-Acetyl-L-lysine /   187.1088 8.99 0.31 

D-Gluconic acid /   195.0510 9.02 0.21 

glutathione /   306.0765 9.11 0.09 

sucrose /   341.1089 9.12 0.18 

Cytidine /   242.0782 9.14 0.06 

3'_5'-Cyclic AMP /   328.0452 9.20 0.27 

4-Aminobutanoate /   102.0561 9.21 2.25 

trans-4-Hydroxy-L-proline /   130.0510 9.35 0.15 

L-Glutamate /   146.0459 9.43 0.22 

L-Threonine / /  118.0510 9.44 0.16 

Taurine / /  124.0074 9.45 0.00 

Maltose /   341.1089 9.48 0.06 

Trehalose /   341.1089 9.53 0.10 

S-Adenosyl-L-homocysteine /   383.1143 9.56 0.39 

D-Galacturonate /   193.0354 9.66 0.29 

L-Aspartate / /  132.0302 9.85 0.21 

L-Alanine / /  88.0404 9.86 0.18 

RT = Retention time in minute. 

 



APPENDIX 

283 

Supplementary Table 3.1 (Cont.) Formula, monoisotopic 

molecular weight, type of adduct, detected mass, and retention 

time and its relative standard error of metabolites. 

Metabolites [M+H]- [M+H]+ m/z RT %RSD (n =6) 

L-Asparagine / /  131.0462 9.88 0.15 

Deoxyribose /   133.0506 9.89 0.00 

L-Serine / /  104.0353 9.90 0.10 

Glycine /   74.0248 9.91 0.35 

L-Citrulline /   174.0884 9.97 0.13 

Serotonin   / 177.1022 9.97 0.29 

D-Galactarate /   209.0303 10.07 0.82 

Glycylglycine   / 133.0608 10.08 0.30 

UDP /   402.9949 10.39 0.21 

Homocystine /   267.0479 10.41 0.09 

Ethanolamine phosphate /   140.0118 10.58 0.14 

sn-glycero-3-

Phosphocholine 
  / 258.1101 10.61 0.12 

D-Glucosamine /   178.0721 10.62 0.54 

AMP /   346.0558 10.73 0.08 

GDP   / 444.0316 10.75 0.42 

L-Cystine / /  239.0166 10.89 0.26 

CMP /   322.0446 10.91 0.12 

3-Methylhistidine /   168.0779 11.23 0.09 

L-Histidine / /  154.0622 11.23 0.44 

L-Ornithine / /  131.0826 11.24 1.91 

meso-2_6-

Diaminoheptanedioate 
/   189.0881 11.32 0.20 

RT = Retention time in minute. 
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Supplementary Table 3.1 (Cont.) Formula, monoisotopic 

molecular weight, type of adduct, detected mass, and retention 

time and its relative standard error of metabolites. 

Metabolites [M+H]- [M+H]+ m/z RT %RSD (n = 6) 

UMP /   323.0286 11.50 0.50 

L-Lysine /  / 145.0983 11.51 0.34 

L-2_4-Diaminobutanoate /   117.0670 11.56 0.34 

L-Cysteate /   167.9972 11.72 0.29 

dGMP /   346.0558 11.74 0.36 

IMP /   347.0398 11.84 0.53 

D-ribose 5-phosphate /   229.0119 12.14 0.44 

GMP /   362.0507 12.43 0.11 

D-Fructose 6-phosphate /   259.0224 12.47 0.15 

DL-Glyceraldehyde 3-

phosphate 
/   168.9907 12.51 0.40 

D-glucose 6-phosphate /   259.0224 12.80 0.37 

CDP /   402.0109 16.06 0.82 

RT = Retention time in minute. 
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Supplementary Table 6.1 Details of detected ions (m/z) from cell 

extracts of untreated MIN6 cells (basal) and 10 mM glucose treated 

MIN6 cells. 

m/z Charge RT (min) 
Mean Abundance 

VIP p-Value 
Fold 

(Glucose/Basal) Control Glucose 

251.1855   + 2.32 9199.49 18099.85 1.86 4.04E-04 1.97 

760.5858   + 2.35 29545.75 49629.08 2.64 4.06E-02 1.68 

193.1437   + 2.47 5381.14 8298.49 1.05 7.41E-03 1.54 

290.2691   + 2.55 6491.52 12435.36 1.56 6.32E-04 1.92 

344.2281   + 2.55 5500.54 8661.44 1.09 1.07E-02 1.57 

300.2018   + 2.57 7401.29 12859.82 1.44 1.75E-03 1.74 

703.5758   + 2.57 7096.85 15781.13 1.74 3.14E-02 2.22 

195.1230   + 2.60 32720.79 56620.02 3.03 1.12E-03 1.73 

239.1490   + 2.60 8840.61 21234.66 2.18 1.24E-03 2.40 

240.1806   + 2.60 4837.25 9343.21 1.36 1.30E-03 1.93 

246.2428   + 2.60 3202.80 6860.57 1.20 2.11E-03 2.14 

260.1858   + 2.60 815.46 9936.59 1.88 4.42E-03 12.19 

284.2068   + 2.60 2505.43 5294.35 1.08 1.22E-04 2.11 

288.2171   + 2.60 1832.96 14392.91 2.19 4.83E-03 7.85 

151.0967   + 2.62 11457.16 18581.43 1.63 1.09E-02 1.62 

89.0246  - 2.63 3193.73 31628.64 3.26 1.09E-02 9.90 

834.3546   + 2.66 51582.88 115731.14 4.86 3.51E-02 2.24 

953.4039   + 2.71 167085.69 371230.92 8.63 3.75E-02 2.22 

953.9057   + 2.71 10854.66 28556.26 2.53 2.92E-02 2.63 

87.0089  - 3.36 451.67 4530.05 1.14 1.55E-02 10.03 

89.0246  - 3.67 2710.92 38322.73 3.89 1.08E-05 14.14 

122.9759  - 4.77 4080.68 6178.21 1.05 4.78E-02 1.51 

713.2904  - 5.05 164089.46 283864.26 6.59 1.66E-02 1.73 

951.3896  - 5.05 49433.68 97441.12 4.18 1.32E-02 1.97 

834.3547   + 5.09 44042.98 71514.13 3.20 1.03E-03 1.62 

953.4040   + 5.09 127693.19 206098.46 5.43 1.64E-03 1.61 

953.9056   + 5.09 7575.61 13445.20 1.45 1.13E-02 1.77 

89.0246  - 5.48 9885.41 138368.20 7.12 1.83E-03 14.00 

260.1859   + 6.16 2252.10 17134.79 2.50 9.60E-05 7.61 

232.1546   + 6.65 1338.94 6714.53 1.51 2.92E-04 5.01 

304.3001   + 6.67 815.73 7154.34 1.53 6.70E-03 8.77 

237.0918  - 6.97 2237867.32 4671713.08 31.29 2.74E-04 2.09 

299.0923  - 6.97 54792.04 121568.55 5.08 3.96E-04 2.22 

953.9057   + 6.98 13519.33 24540.48 2.00 3.91E-02 1.82 

951.3897  - 6.99 59962.58 127068.77 5.15 2.02E-04 2.12 

1189.4883  - 6.99 2693.97 8308.69 1.44 3.89E-03 3.08 
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Supplementary Table 6.1 (Cont.) Details of detected ions (m/z) 

from cell extracts of untreated MIN6 cells (basal) and 10 mM 

glucose treated MIN6 cells. 

m/z Charge RT (min) 
Mean Abundance 

VIP p-Value 
Fold  

(Glucose/Basal) Control Glucose 

239.1063   + 7.00 7920464.95 12812961.28 45.08 1.55E-05 1.62 

715.3046   + 7.00 960658.96 1705866.54 17.23 1.71E-04 1.78 

715.8067   + 7.00 5625.06 12354.94 1.63 1.67E-04 2.20 

834.3546   + 7.00 76033.69 135465.53 4.80 9.97E-03 1.78 

953.4041   + 7.00 189487.15 336962.33 7.66 3.77E-03 1.78 

477.2510   + 7.03 3561.01 6228.28 1.01 2.15E-05 1.75 

134.8948  - 7.13 4449.64 13179.14 1.79 4.77E-02 2.96 

450.1944   + 7.14 7644.09 16429.82 1.81 6.96E-03 2.15 

132.8680  - 7.15 7825.07 11836.87 1.24 9.20E-03 1.51 

389.1257  - 7.15 200.19 2969.20 1.02 3.62E-03 14.83 

342.1696   + 7.17 7023.82 12452.46 1.39 3.52E-02 1.77 

404.1855   + 7.19 2602.93 6901.79 1.34 5.00E-05 2.65 

370.2010   + 7.34 1512.85 7462.96 1.58 1.94E-03 4.93 

336.0534   + 7.37 4452.37 7248.17 1.07 7.39E-03 1.63 

338.0504   + 7.37 9060.01 14791.07 1.53 6.82E-03 1.63 

340.0475   + 7.37 7202.30 11807.90 1.37 6.09E-03 1.64 

707.0767   + 7.37 2497.80 5003.05 1.03 2.36E-03 2.00 

711.0709   + 7.37 43259.15 75128.77 3.66 3.14E-03 1.74 

713.0679   + 7.37 39728.46 69689.03 3.56 2.34E-03 1.75 

715.0650   + 7.37 40721.58 70638.84 3.55 2.80E-03 1.73 

96.9699  - 7.55 189655.77 323642.84 7.08 2.17E-03 1.71 

98.9670  - 7.55 63389.15 107721.63 4.08 2.37E-03 1.70 

349.1178   + 7.83 5654.25 17572.84 2.12 1.73E-02 3.11 

308.0992  - 7.84 2037.77 6287.48 1.20 3.85E-02 3.09 

354.1695   + 7.96 834.80 5270.08 1.27 2.42E-02 6.31 

110.9854  - 8.11 522.33 3889.28 1.12 6.51E-03 7.45 

116.0707   + 8.12 87452.02 148004.93 4.85 7.08E-04 1.69 

117.0740   + 8.12 4758.48 8071.26 1.14 6.55E-04 1.70 

180.0868   + 8.20 53.42 9194.82 1.91 8.23E-03 172.13 

291.0492  - 8.22 33.73 13184.86 2.09 3.34E-02 390.93 

146.0460  - 8.40 52022.29 101501.91 4.45 2.64E-03 1.95 

147.0494  - 8.40 2928.26 7497.75 1.39 5.41E-04 2.56 

326.1098  - 8.47 0.00 34147.86 3.83 4.41E-05 > 1,000,000.00 

102.0551   + 8.47 3743.67 7720.51 1.28 5.26E-03 2.06 

148.0605   + 8.47 91051.03 197760.27 6.69 2.35E-03 2.17 

149.0639   + 8.47 5270.59 11619.89 1.63 2.32E-03 2.20 

664.1176   + 8.50 14512.97 22081.02 1.72 3.32E-03 1.52 

304.0712  - 8.52 83.71 47837.18 4.54 3.32E-05 571.44 
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Supplementary Table 6.1 (Cont.) Details of detected ions (m/z) 

from cell extracts of untreated MIN6 cells (Basal) and 10 mM 

glucose treated MIN6 cells. 

m/z Charge RT (min) 
Mean Abundance 

VIP p-Value 
Fold 

(Glucose/Basal) Control Glucose 

162.1126   + 8.52 8550.80 22620.98 2.35 7.38E-04 2.65 

145.0144  - 8.55 532.65 8873.24 1.91 1.23E-04 16.66 

215.0331  - 8.55 209.09 92104.46 6.26 3.93E-04 440.50 

217.0301  - 8.55 45.54 30557.00 3.61 4.37E-04 671.00 

242.0521  - 8.55 18.98 3651.38 1.24 8.25E-05 192.41 

382.0489  - 8.57 0.00 3375.25 1.16 1.44E-02 > 1,000,000.00 

101.0245  - 8.60 821.05 25792.17 3.31 3.00E-06 31.41 

87.0089  - 8.62 2033.04 5183.29 1.11 2.27E-04 2.55 

131.0351  - 8.62 885.67 5026.35 1.33 2.60E-05 5.68 

179.0564  - 8.62 2963.34 152379.89 8.07 8.70E-06 51.42 

359.1202  - 8.62 996.48 100048.03 6.60 9.29E-06 100.40 

113.0246  - 8.65 176.55 11252.31 2.21 1.88E-06 63.73 

143.0351  - 8.65 176.65 13995.63 2.45 4.40E-06 79.23 

239.0233  - 8.67 9.14 4803.04 1.35 2.95E-02 525.33 

312.0942  - 8.67 0.00 5267.32 1.46 9.05E-04 > 1,000,000.00 

392.5660  - 8.67 0.00 34067.94 3.83 8.47E-04 > 1,000,000.00 

436.1597  - 8.67 0.73 8104.68 1.62 5.41E-02 11094.23 

482.5976  - 8.67 0.00 17994.52 2.77 1.01E-03 > 1,000,000.00 

298.9901  - 8.70 0.00 3005.69 1.07 3.11E-02 > 1,000,000.00 

317.0008  - 8.70 0.00 3591.15 1.17 3.12E-02 > 1,000,000.00 

479.5486  - 8.70 0.00 5984.87 1.51 3.18E-02 > 1,000,000.00 

120.0657   + 8.72 1861.44 4551.75 1.05 3.40E-03 2.45 

613.1412  - 8.77 5045.06 10064.40 1.40 1.12E-02 1.99 

133.0144  - 8.82 4939.68 109183.10 6.64 7.82E-05 22.10 

90.0551   + 8.87 5433.32 13723.37 1.89 3.79E-05 2.53 

132.0769   + 8.87 7939.22 13901.63 1.50 1.42E-03 1.75 

115.0038  - 8.87 552.73 4899.10 1.35 1.23E-04 8.86 

417.1556  - 8.87 0.00 3456.03 1.09 2.03E-02 > 1,000,000.00 

258.1103   + 8.92 476698.63 983603.64 13.86 4.72E-02 2.06 

565.0488  - 9.19 3958.87 11489.28 1.79 1.92E-03 2.90 

444.9244  - 9.39 66.52 6700.32 1.58 3.53E-02 100.72 

191.0200  - 9.84 22424.47 84033.33 4.92 2.37E-03 3.75 

272.9222  - 14.65 57883.48 102442.59 4.32 2.67E-04 1.77 

824.7269  - 14.65 3160.39 7891.25 1.41 1.91E-03 2.50 

367.8832  - 14.67 4049.37 11193.90 1.74 2.20E-04 2.76 

389.8777  - 14.67 1673.04 5098.76 1.19 4.27E-04 3.05 

144.9756  - 14.70 70625.61 107664.49 3.68 4.74E-03 1.52 

166.9576  - 14.70 119811.98 182710.87 5.11 2.00E-04 1.52 
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Supplementary Table 6.1 (Cont.) Details of detected ions (m/z) 

from cell extracts of untreated MIN6 cells (Basal) and 10 mM 

glucose treated MIN6 cells. 

m/z Charge RT (min) 
Mean Abundance 

VIP p-Value 
Fold  

(Glucose/Basal) Control Glucose 

188.9396  - 14.70 82497.14 124800.55 4.28 8.31E-04 1.51 

250.9401  - 14.70 28394.92 51501.50 2.90 5.96E-03 1.81 

294.9039  - 14.70 58197.44 100412.77 4.26 1.15E-03 1.73 

325.9044  - 14.70 1205.33 3847.51 1.01 2.22E-03 3.19 

336.8954  - 14.70 1879.66 5695.83 1.23 1.07E-03 3.03 

347.8864  - 14.70 6321.61 18618.84 2.26 1.74E-04 2.95 

356.9047  - 14.70 29975.85 59412.95 3.44 8.51E-04 1.98 

378.8867  - 14.70 8022.22 17695.13 2.02 4.47E-04 2.21 

400.8685  - 14.70 42278.43 90197.35 4.53 4.11E-04 2.13 

440.8868  - 14.70 11179.61 23315.06 2.22 1.32E-03 2.09 

484.8511  - 14.70 16465.85 39536.74 3.08 5.28E-04 2.40 

546.8259  - 14.70 1906.56 5317.30 1.19 4.40E-04 2.79 

612.7976  - 14.70 5202.78 14495.94 1.98 1.09E-04 2.79 

128.9536   + 14.71 108732.02 169328.80 5.09 1.90E-04 1.56 

274.9105   + 14.71 14438.26 24916.49 2.08 4.57E-03 1.73 

296.9183   + 14.71 97262.32 176328.09 5.79 1.22E-04 1.81 

340.8823   + 14.71 9518.93 16764.89 1.73 4.66E-03 1.76 

380.9007   + 14.71 59391.64 112938.54 4.76 2.28E-04 1.90 

424.8647   + 14.71 8401.88 15943.84 1.78 2.22E-03 1.90 

486.8653   + 14.71 27474.97 56273.91 3.48 2.06E-04 2.05 

508.8477   + 14.71 4154.14 8398.29 1.33 2.15E-03 2.02 

526.8840   + 14.71 20106.32 40123.50 2.90 2.06E-04 2.00 

654.8304   + 14.71 6068.47 13154.29 1.73 7.11E-04 2.17 

694.8488   + 14.71 5919.85 13273.74 1.76 2.94E-04 2.24 

592.8298   + 14.73 2993.74 6162.16 1.16 1.18E-03 2.06 

632.8484   + 14.73 15163.69 32810.48 2.72 2.80E-04 2.16 

800.8134   + 14.73 5894.13 13975.66 1.84 6.70E-04 2.37 

416.8427  - 14.83 2858.92 8156.24 1.41 5.02E-02 2.85 

288.8960  - 14.85 6853.99 14494.39 1.69 3.61E-02 2.11 

204.9135  - 14.88 5768.99 10626.87 1.35 1.21E-02 1.84 

266.9140  - 14.88 2540.44 5533.46 1.04 5.19E-02 2.18 

250.8918   + 14.88 3301.50 7424.24 1.24 1.38E-02 2.25 

312.8922   + 14.88 5357.56 13928.83 1.77 2.77E-02 2.60 

396.8746   + 14.88 3011.75 8777.59 1.45 3.41E-02 2.91 

502.8392   + 14.88 1967.62 6129.07 1.23 4.18E-02 3.11 

542.8578   + 14.88 2812.12 9091.76 1.50 4.47E-02 3.23 

648.8222   + 14.88 1215.44 4141.98 1.02 4.57E-02 3.41 

184.9201   + 14.91 4315.30 8442.32 1.25 7.66E-03 1.96 
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Supplementary Table 6.1 (Cont.) Details of detected ions (m/z) 

from cell extracts of untreated MIN6 cells (Basal) and 10 mM 

glucose treated MIN6 cells. 

m/z Charge RT (min) 
Mean Abundance 

VIP p-Value 
Fold  

(Glucose/Basal) Control Glucose 

144.9275   + 14.94 6601.00 11749.82 1.39 6.62E-03 1.78 
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Supplementary Table 6.2 Details of detected ions (m/z) from cell 

extracts of MIN6 cells treated with DMSO. 

m/z Charge RT (min) VIP p-Value 
Mean Abundance 

Glucose DMSO 
499.1863  + 5.89 5.03 4.00E-02 583356.00 1145111.00 
261.0876  + 5.96 4.53 2.00E-02 466899.00 984661.00 
519.1536  - 6.01 1.05 3.84E-02 7692.63 18247.15 
79.0211  + 7.26 1.84 2.00E-02 864.00 109257.00 

757.2524  - 7.84 1.39 3.27E-02 10848.26 28676.22 
759.2672  + 7.85 2.63 3.00E-02 104989.00 258668.00 
519.1537  - 7.89 1.71 2.22E-02 17574.61 45977.66 
343.0556  - 7.91 2.03 2.08E-02 32726.84 74605.30 
603.1362  - 7.91 1.30 1.73E-02 12195.68 31942.42 
521.1683  + 7.95 2.02 2.00E-02 62944.00 161929.00 
299.0658  - 7.98 1.28 1.79E-02 12023.36 30445.72 
365.0375  - 7.98 1.46 2.10E-02 17962.55 45697.06 
144.9753  - 8.75 1.42 3.68E-02 18988.54 38949.89 
128.9534  + 9.28 1.14 5.00E-02 27492.00 60324.00 
166.9572  - 9.38 2.37 3.51E-02 47564.64 104582.92 
188.9392  - 9.38 2.67 4.39E-02 59628.91 135121.01 
400.8676  - 9.38 1.36 5.18E-02 15807.41 35892.31 
100.9855  - 9.41 2.21 3.74E-02 44651.32 92588.24 
272.9216  - 9.41 1.17 4.79E-02 10977.31 25525.61 
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Supplementary Table 6.3 Details of detected ions (m/z) from cell 

extracts of MIN6 cells treated rotenone: glucose, DMSO (glucose + 

DMSO) and rotenone (glucose + DMSO + rotenone). 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Glucose DMSO Rotenone 
425.1251  - 1.76 1.58 1.04E-07 31.65 41.50 38696.08 
472.1970  + 1.83 1.51 7.66E-05 0.00 0.00 30666.95 
427.1396  + 1.83 2.02 4.37E-07 1833.65 2041.56 122450.06 
340.2485  + 1.86 1.13 1.61E-03 2074.58 3961.21 2158.39 
377.2427  + 1.89 1.21 2.31E-03 9634.79 7934.25 13156.45 
904.5926  + 1.92 1.26 1.65E-04 12884.24 14525.66 5356.60 
344.2430  + 1.95 1.25 2.22E-07 5844.32 12987.77 12384.59 
159.1028  - 1.97 1.24 3.44E-12 1146.17 2111.93 8732.34 
752.5584  + 2.01 1.59 6.68E-06 49181.82 18014.19 1915.72 
317.1896  + 2.04 1.13 9.83E-07 4534.82 4929.58 6841.08 
245.1866  + 2.04 1.22 0.00E+00 3799.29 3756.86 9117.49 
314.2092  - 2.06 1.22 3.05E-04 3538.79 514.95 5974.05 
345.2751  + 2.07 1.16 2.72E-07 5115.29 3378.35 6139.95 
590.3925  + 2.10 1.43 9.22E-06 21045.71 348.79 119.87 
393.1351  - 2.12 1.62 2.93E-03 0.00 0.00 44957.57 
409.1299  - 2.12 1.84 6.63E-09 49.89 30.45 81862.50 
303.1740  + 2.13 1.14 6.46E-08 3631.10 4728.45 6543.43 
357.2168  + 2.13 1.17 1.85E-04 733.63 1102.79 4452.35 
448.2910  + 2.13 1.24 9.34E-04 5865.71 8169.70 15009.82 
316.2228  + 2.13 1.34 1.28E-05 16107.05 22170.93 32575.85 
678.4469  + 2.13 1.38 5.61E-07 16431.40 440.01 156.86 
546.3650  + 2.13 1.41 8.20E-08 18461.68 129.92 10.84 
634.4197  + 2.13 1.43 3.69E-03 20843.77 522.93 257.00 
444.3323  + 2.13 2.18 3.51E-05 160380.79 6953.69 4312.11 
488.3586  + 2.13 2.30 3.24E-04 191533.41 7634.81 2150.47 
583.3805  + 2.16 1.25 2.36E-05 2862.16 3403.58 10589.32 
380.3376  + 2.16 1.33 5.48E-04 19194.72 8105.63 5883.14 
441.7884  + 2.16 1.34 3.88E-08 4277.00 6953.07 20055.95 
244.1909  + 2.16 1.79 2.57E-07 90967.85 135905.40 56525.66 
338.3419  + 2.16 2.01 3.33E-03 237146.32 144568.51 100907.54 
576.4112  + 2.16 2.31 3.89E-11 196143.13 9995.67 1547.85 
532.3850  + 2.16 2.35 0.00E+00 212063.58 13625.91 5745.94 
390.2856  + 2.19 1.12 3.80E-04 4333.87 2502.42 4247.42 
357.3479  + 2.19 1.12 1.60E-03 2067.82 1755.18 4070.80 
198.1855  + 2.19 1.22 3.65E-06 6265.93 9906.49 3997.70 
430.2440  + 2.19 1.28 1.28E-03 4753.79 4286.00 14232.75 
322.2953  + 2.19 1.29 3.47E-06 11691.75 22152.79 18370.18 
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Supplementary Table 6.3 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated rotenone: glucose, DMSO 

(glucose + DMSO) and rotenone (glucose + DMSO + rotenone). 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Glucose DMSO Rotenone 
403.3534  + 2.19 1.62 2.37E-05 66898.87 23799.64 18643.10 
752.5175  + 2.19 1.63 2.18E-08 47499.85 3907.32 370.62 
375.3220  + 2.19 1.88 1.63E-03 132258.91 47608.70 95290.55 
289.2739  + 2.19 1.90 2.33E-05 146450.74 91091.34 175478.57 
664.4618  + 2.19 2.07 1.97E-08 137816.53 15747.20 5383.96 
620.4376  + 2.19 2.21 1.72E-03 171600.81 13282.77 4486.38 
291.2168  + 2.21 1.18 3.65E-09 3550.39 7480.13 5673.87 
278.1600  + 2.21 1.18 6.95E-05 7694.39 4983.91 7356.33 
384.7724  + 2.21 1.22 3.28E-06 1084.79 3546.94 8074.46 
249.1699  + 2.21 1.22 8.48E-04 4452.10 10172.66 6915.15 
398.1576  + 2.21 1.33 2.74E-05 0.00 0.00 12432.50 
502.3384  + 2.21 1.34 1.82E-03 13798.44 971.16 219.27 
291.2530  + 2.21 1.34 1.28E-06 10043.69 23381.18 15286.80 
324.2898  + 2.21 1.35 2.21E-04 16943.62 14329.43 29635.26 
341.3165  + 2.21 1.91 1.64E-04 80347.15 53228.00 152777.93 
440.2071  + 2.21 4.93 0.00E+00 6083.60 5657.40 1814653.20 
395.1492  + 2.21 7.72 3.04E-03 19830.15 13920.01 5136451.96 
293.1962  + 2.24 1.23 1.75E-04 6762.48 12974.19 12230.24 
371.3635  + 2.24 1.23 1.60E-03 12821.95 11984.17 18090.10 
294.2429  + 2.24 1.51 1.18E-06 39415.98 38902.87 66849.54 
482.2177  + 2.24 1.54 4.67E-05 388.60 1944.39 34252.77 
432.2385  + 2.24 1.63 2.85E-05 11449.45 12475.66 59851.30 
383.1493  + 2.24 1.67 1.05E-03 0.00 0.00 50672.87 
460.2697  + 2.24 1.82 6.19E-04 29999.63 24854.84 112377.34 
280.2637  + 2.24 2.16 1.26E-10 235470.88 204132.25 359687.79 
296.2584  + 2.24 2.18 3.37E-04 137258.66 94560.22 260814.68 
393.1336  + 2.24 3.08 7.30E-08 949.89 1208.63 489818.62 
367.2692  + 2.27 1.16 2.72E-03 2346.65 5517.11 5503.09 
357.3114  + 2.27 1.34 6.94E-09 16085.98 16241.96 27849.03 
316.2122  + 2.27 1.44 4.13E-04 5164.57 15773.02 32320.07 
373.3063  + 2.27 1.47 2.44E-03 25754.47 19147.08 45601.48 
278.2480  + 2.27 1.56 1.01E-04 47839.91 54148.16 84500.43 
343.3321  + 2.27 1.87 4.44E-05 127725.70 105456.03 195566.01 
315.3008  + 2.30 1.10 1.25E-04 1905.92 1832.37 3270.78 
236.2010  + 2.30 1.13 1.11E-16 2033.63 2181.96 4224.70 
240.1958  + 2.30 1.15 3.16E-04 3522.13 4750.22 6763.29 
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Supplementary Table 6.3 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated rotenone: glucose, DMSO 

(glucose + DMSO) and rotenone (glucose + DMSO + rotenone). 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Glucose DMSO Rotenone 
254.2116  + 2.30 1.18 5.07E-07 4265.27 4846.28 8258.32 
268.2121  + 2.30 1.24 5.84E-05 6307.09 12615.61 11588.31 
243.1830  + 2.30 1.28 9.51E-06 1328.99 9857.31 10095.72 
310.2367  + 2.30 1.35 5.20E-04 13969.68 19998.54 30589.94 
455.2902  + 2.30 1.41 1.11E-15 439.85 11443.36 24770.25 
309.2273  + 2.30 1.45 4.55E-15 15623.56 39143.43 30833.59 
359.3270  + 2.30 1.50 5.51E-05 30501.09 16714.25 44268.35 
131.0715  - 2.31 1.17 1.32E-11 327.06 986.92 4090.73 
295.2114  + 2.32 1.17 5.16E-05 1654.07 4868.63 2790.07 
251.1855  + 2.32 1.89 4.44E-07 91994.91 180998.45 146039.48 
302.1964  + 2.35 1.18 8.94E-05 1307.60 4879.37 3727.66 
259.2381  + 2.35 1.21 2.34E-06 5711.35 5630.87 11298.76 
214.1803  + 2.35 1.37 1.62E-12 20410.09 21088.88 36323.89 
237.1698  + 2.41 1.29 4.35E-04 7650.27 16530.80 11206.82 
205.0796  + 2.41 1.46 1.38E-04 1401.39 5949.56 28144.27 
325.2487  + 2.44 1.17 2.87E-03 1823.11 3690.14 6550.28 
231.2069  + 2.44 1.20 5.14E-04 4647.57 5501.95 9893.68 
209.1386  + 2.44 1.22 2.13E-03 3819.34 9123.05 8099.94 
245.2229  + 2.44 1.30 0.00E+00 13926.96 19492.37 27132.24 
223.1542  + 2.47 1.19 5.65E-04 3128.72 7204.81 4942.08 
270.2068  + 2.47 1.20 0.00E+00 3381.42 5756.62 8946.30 
216.1960  + 2.47 1.22 1.54E-08 3447.04 8585.83 4219.75 
304.2847  + 2.50 1.14 6.04E-06 4978.54 2754.96 3421.43 
402.2336  + 2.50 1.14 1.16E-04 3684.30 2329.62 676.20 
198.1491  + 2.50 1.17 8.68E-04 4329.04 7932.30 7882.61 
237.1059  + 2.50 1.18 1.16E-05 59.07 514.17 4085.28 
261.2190  + 2.50 1.19 9.90E-05 4216.54 8425.28 7228.59 
388.2543  + 2.50 1.37 2.71E-06 28287.77 33038.60 17547.28 
87.0089  - 2.54 1.46 1.68E-07 3393.78 28421.44 32047.08 

416.2855  + 2.55 1.11 8.35E-07 4448.74 3751.54 2487.88 
258.2794  + 2.55 1.37 3.24E-05 14077.73 27955.95 17558.54 
290.2691  + 2.55 1.69 3.12E-04 64915.23 124353.57 108743.65 
300.2018  + 2.57 1.81 1.36E-05 74012.90 128598.21 63732.74 
133.0860  + 2.60 1.20 0.00E+00 4758.21 9313.50 6116.20 
196.1546  + 2.60 1.41 1.42E-04 19704.38 38138.56 26303.47 
233.1861  + 2.60 1.42 1.11E-16 25661.57 5911.23 14606.41 
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Supplementary Table 6.3 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated rotenone: glucose, DMSO 

(glucose + DMSO) and rotenone (glucose + DMSO + rotenone). 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Glucose DMSO Rotenone 
284.2068  + 2.60 1.52 4.46E-06 25054.34 52943.52 28414.46 
246.2428  + 2.60 1.65 3.28E-07 32027.96 68605.73 28725.47 
260.1858  + 2.60 1.98 4.03E-08 8154.62 99365.94 13502.94 
288.2171  + 2.60 2.18 4.03E-04 18329.57 143929.06 14612.68 
89.0246  - 2.63 2.77 5.66E-04 31937.26 316286.44 525091.87 

133.0762  + 2.64 1.23 1.45E-12 580.19 3193.79 8248.95 
80.0247  + 2.76 1.40 6.07E-04 0.00 0.00 18175.51 
81.0171  + 2.78 1.61 4.12E-14 0.00 0.00 43701.41 
79.0213  + 2.78 4.01 6.63E-05 759.44 502.61 1047449.00 

261.1962  + 3.61 1.30 2.09E-06 20.93 8180.55 309.03 
202.1804  + 3.87 1.42 0.00E+00 3603.83 15828.83 28930.94 
150.1127  + 5.46 1.46 1.71E-05 57292.21 33934.77 52607.80 
260.1859  + 6.16 2.24 2.58E-03 22521.03 171347.89 40249.99 
506.2034  + 6.21 1.54 1.87E-04 144880.91 102211.96 120230.43 
114.0664  + 6.26 1.42 2.83E-08 37257.50 42662.64 59426.30 
352.1652  + 6.26 1.74 5.22E-05 107904.21 139291.68 186966.01 
246.1702  + 6.48 1.40 3.12E-08 6091.96 20165.09 4892.34 
304.2121  + 6.50 2.20 1.23E-06 20.28 1378.49 167349.35 
232.1546  + 6.65 1.75 4.44E-06 13389.44 67145.28 22127.06 
389.1257  - 7.15 1.48 1.35E-03 2001.87 29692.04 16362.36 
404.1855  + 7.19 1.62 1.38E-04 26029.31 69017.94 72528.21 
137.0459  + 7.29 1.53 6.51E-04 46091.44 13770.60 27916.22 
370.2010  + 7.34 1.69 3.16E-06 15128.53 74629.55 60232.51 
707.0768  + 7.37 1.44 1.40E-03 24977.99 50030.52 39952.98 
262.1651  + 7.44 1.11 2.58E-07 2616.72 3226.79 4296.31 
125.0012  - 7.47 1.23 3.33E-16 421.55 6511.89 5561.03 
204.1232  + 7.58 2.29 4.23E-04 276364.60 104631.54 222025.84 
112.0507  + 7.61 1.38 1.12E-08 25940.32 9546.64 19486.16 
244.0933  + 7.61 1.60 8.16E-08 84166.17 41743.30 68901.80 
152.0566  + 7.75 1.29 3.83E-05 13137.18 8589.01 18708.94 
574.2838  + 7.75 1.51 6.89E-04 37729.51 10832.88 38366.56 
248.1493  + 7.78 1.72 2.68E-05 1031.26 1690.66 61327.21 
130.0864  + 7.94 1.14 8.48E-14 1930.73 4170.16 3008.12 
175.0250  - 8.03 1.11 8.05E-05 2062.93 2650.19 3781.92 
284.0991  + 8.04 1.17 9.67E-14 2977.24 2594.54 6115.40 
348.0706  + 8.04 2.42 6.02E-05 328111.68 98261.28 182224.04 
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Supplementary Table 6.3 (Cont) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated rotenone: glucose, DMSO 

(glucose + DMSO) and rotenone (glucose + DMSO + rotenone). 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Glucose DMSO Rotenone 
110.9854  - 8.11 1.58 4.26E-07 5223.29 38892.76 10346.30 
70.0653  + 8.12 1.37 2.32E-05 23842.17 36284.29 41529.65 

117.0740  + 8.12 1.58 1.27E-03 47584.84 80712.58 88987.81 
116.0707  + 8.12 3.49 7.04E-05 874520.21 1480049.30 1636361.59 
114.0562  - 8.16 1.22 5.58E-11 5646.84 9698.35 12060.13 
286.0607  - 8.22 1.44 5.35E-04 82.04 22921.88 19548.50 
346.0564  - 8.22 2.34 7.40E-04 265428.94 58338.33 130404.11 
117.0195  - 8.24 1.47 6.65E-04 13772.29 36983.33 19040.91 
382.1013  - 8.45 1.35 3.44E-08 4103.26 12916.47 22489.79 
662.1031  - 8.47 1.43 7.29E-09 75913.64 63850.81 85093.23 
326.1098  - 8.47 2.74 6.82E-04 0.00 341478.64 268584.43 
664.1176  + 8.50 1.87 4.00E-04 145129.71 220810.24 241881.98 
304.0712  - 8.52 3.06 8.53E-05 837.14 478371.84 392117.64 
162.1126  + 8.52 2.14 5.09E-05 85507.98 226209.76 156854.63 
242.0521  - 8.55 1.49 7.72E-06 189.77 36513.81 34878.89 
101.0245  - 8.60 2.49 2.06E-04 8210.50 257921.67 197563.34 
125.0245  - 8.62 1.22 2.84E-04 111.90 5689.18 4738.53 
359.1202  - 8.62 3.97 1.03E-07 9964.82 1000480.29 680944.99 
179.0564  - 8.62 4.66 2.58E-13 29633.36 1523798.87 1138040.08 
198.0975  + 8.65 1.21 2.69E-06 0.00 5151.34 3723.81 
225.0619  - 8.65 1.31 2.75E-06 4.39 10957.81 7262.79 
113.0246  - 8.65 1.99 1.64E-04 1765.54 112523.10 84235.78 
143.0351  - 8.65 2.11 9.18E-05 1766.45 139956.32 102672.24 
351.0705  - 8.67 1.31 5.28E-04 199.89 11695.56 7864.90 
491.2330  - 8.67 1.42 7.21E-11 0.00 20328.79 16183.27 
312.0942  - 8.67 1.67 1.01E-04 0.00 52673.20 48552.46 
503.0930  - 8.70 1.27 8.24E-06 0.00 6270.39 10342.64 
300.0495  - 8.70 1.35 2.10E-11 1197.22 11698.49 646.98 
132.0304  - 8.75 2.62 7.19E-04 718063.57 331216.27 372444.48 
428.0372  + 8.82 1.20 1.82E-03 1832.85 2801.07 8714.15 
133.0144  - 8.82 5.02 2.62E-07 49396.84 1091831.00 2341130.14 
91.0584  + 8.87 1.16 1.06E-04 1449.98 4031.27 5127.16 

282.1199  + 8.87 1.18 5.09E-07 3578.96 4010.73 7542.42 
90.0551  + 8.87 1.92 4.33E-15 54333.16 137233.72 169407.76 

347.0405  - 8.87 1.18 6.03E-05 5940.44 4496.13 8495.65 
115.0038  - 8.87 1.77 1.21E-08 5527.34 48990.97 90730.22 
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Supplementary Table 6.3 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated rotenone: glucose, DMSO 

(glucose + DMSO) and rotenone (glucose + DMSO + rotenone). 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Basal DMSO Rotenone 
426.0229  - 8.90 1.30 0.00E+00 8368.02 8360.99 22424.19 
147.0765  + 9.05 1.26 0.00E+00 10540.80 1901.03 3128.15 
133.0610  + 9.10 1.24 1.58E-03 9332.10 2449.98 5950.42 
584.0896  + 9.15 1.37 5.81E-12 4068.40 18710.80 19265.11 
565.0488  - 9.19 1.84 3.58E-03 39588.72 114892.85 141058.10 
341.1095  - 9.30 1.24 3.53E-04 1119.86 8313.11 6067.72 
360.1502  + 9.36 1.26 7.46E-06 3177.20 11189.09 7314.50 
364.0655  + 9.42 1.38 6.86E-04 17889.35 1515.85 10181.48 
191.0200  - 9.84 3.35 2.73E-06 224244.70 840333.33 596285.07 
598.0688  + 10.23 1.16 4.35E-11 4787.45 6785.12 9015.58 
401.3704  - 14.67 1.22 1.75E-13 2053.91 7567.84 4239.54 
389.8777  - 14.67 1.57 4.35E-14 16730.37 50987.64 30233.51 
367.8832  - 14.67 1.81 2.54E-11 40493.69 111939.00 73284.31 
165.9735  - 14.70 1.24 7.11E-06 4344.10 10436.59 7566.82 
568.8336  - 14.70 1.39 7.75E-12 5346.76 20992.51 10183.85 
431.8687  - 14.70 1.40 6.76E-06 7177.97 24268.65 14557.53 
325.9044  - 14.70 1.50 1.33E-03 12053.25 38475.09 21086.73 
546.8259  - 14.70 1.57 9.11E-06 19065.60 53173.01 33576.67 
336.8954  - 14.70 1.61 2.33E-04 18796.61 56958.25 31346.59 
612.7976  - 14.70 1.92 5.29E-10 52027.80 144959.38 92986.48 
378.8867  - 14.70 1.94 4.31E-06 80222.17 176951.32 124414.07 
440.8868  - 14.70 2.05 5.18E-09 111796.09 233150.58 172072.58 
347.8864  - 14.70 2.08 8.64E-04 63216.07 186188.41 112490.53 
484.8511  - 14.70 2.47 3.71E-05 164658.47 395367.37 265699.49 
356.9047  - 14.70 2.65 1.96E-05 299758.53 594129.53 434321.45 
400.8685  - 14.70 3.06 2.84E-05 422784.29 901973.48 662555.51 
694.8488  + 14.71 1.78 2.09E-03 59198.45 132737.38 106125.65 
632.8484  + 14.73 2.20 2.83E-14 151636.86 328104.77 266207.44 
260.8800  - 14.91 1.17 1.76E-06 3963.70 6807.73 7633.84 
404.8265  - 14.96 1.19 7.38E-05 3354.51 6833.69 8188.13 

 

 

 



APPENDIX 

307 

Supplementary Table 6.4 Details of detected ions (m/z) from cell 

extracts of MIN6 cells treated ethanol (EtOH). 

m/z Charge RT (min) VIP p-Value 
Mean Abundance 

Glucose EtOH 
499.1863  + 5.89 6.27 3.39E-02 583355.87 1393456.77 
759.2672  + 5.89 2.28 2.43E-02 62154.96 204827.02 
497.1719  - 5.92 1.86 4.23E-02 60096.14 139306.51 
759.2672  + 7.85 3.47 4.03E-02 104988.76 327341.54 
310.1408  + 9.12 4.45 5.84E-03 34866.23 682713.85 
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Supplementary Table 6.5 Details of detected ions (m/z) from cell 

extracts of MIN6 cells treated antimycin A: glucose, EtOH  (glucose 

+ ethanol) and antimycin A (glucose + ethanol + antimycin A). 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Glucose EtOH Antimycin A 

519.2356  - 1.64 2.29 0.00E+00 0.00 0.00 105294.97 

533.2514  - 1.64 2.29 2.89E-09 104.70 0.00 58935.17 

547.2670  - 1.64 2.29 2.41E-07 413.88 66.56 194933.42 

265.0822  + 1.74 2.19 0.00E+00 0.00 0.00 6736.95 

521.2500  + 1.74 2.24 0.00E+00 0.00 0.00 17766.47 

535.2668  + 1.74 2.22 5.29E-04 1151.80 159.86 12824.29 

549.2814  + 1.74 2.21 1.45E-07 93.52 362.86 55779.47 

340.2485  + 1.86 2.15 2.23E-04 2074.58 3961.21 1927.99 

295.0940  - 1.94 2.29 0.00E+00 0.00 0.00 66989.82 

344.2430  + 1.95 1.99 6.18E-05 5844.32 12987.77 8734.29 

752.5584  + 2.01 1.95 1.07E-06 49181.82 18014.19 7165.78 

297.1084  + 2.04 2.29 0.00E+00 0.00 0.00 21626.69 

345.2751  + 2.07 2.21 1.16E-08 5115.29 3378.35 20511.19 

447.4159  + 2.10 2.16 5.45E-05 136.99 292.68 4771.20 

590.3925  + 2.10 1.98 1.05E-08 21045.71 348.79 123.49 

414.2851  + 2.13 1.86 1.04E-05 5038.25 2319.16 1156.42 

444.3323  + 2.13 1.97 8.35E-12 160380.79 6953.69 5020.66 

448.2910  + 2.13 2.17 5.73E-07 5865.71 8169.70 19605.01 

488.3586  + 2.13 1.98 8.85E-12 191533.41 7634.81 5437.94 

546.3650  + 2.13 1.98 1.59E-10 18461.68 129.92 34.29 

634.4197  + 2.13 1.98 6.48E-08 20843.77 522.93 207.85 

678.4469  + 2.13 1.96 8.89E-07 16431.40 440.01 133.92 

338.3419  + 2.16 1.90 6.14E-06 237146.32 144568.51 104424.73 

350.3267  + 2.16 1.92 4.72E-05 116148.31 115352.82 78302.03 

380.3376  + 2.16 1.94 1.59E-09 19194.72 8105.63 5875.48 

532.3850  + 2.16 1.98 1.78E-12 212063.58 13625.91 10411.25 

576.4112  + 2.16 1.97 1.99E-12 196143.13 9995.67 7713.75 

289.2739  + 2.19 1.96 5.23E-09 146450.74 91091.34 52582.39 

292.1757  + 2.19 1.84 2.11E-04 10585.09 7338.52 5030.52 

322.2953  + 2.19 1.91 1.67E-03 11691.75 22152.79 17083.90 

375.3220  + 2.19 1.89 2.46E-05 132258.91 47608.70 57345.78 

390.2856  + 2.19 1.94 4.80E-06 4333.87 2502.42 1538.04 

399.3948  + 2.19 2.04 9.23E-05 56551.40 64445.07 36590.96 

403.3534  + 2.19 1.92 7.23E-07 66898.87 23799.64 26196.57 

538.5202  + 2.19 2.06 7.05E-04 22317.57 48025.78 19797.32 

620.4376  + 2.19 1.97 3.51E-13 171600.81 13282.77 10464.44 

664.4618  + 2.19 1.97 1.73E-09 137816.53 15747.20 10955.92 
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Supplementary Table 6.5 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated antimycin A: glucose, EtOH 

(glucose + ethanol) and antimycin A (glucose + ethanol + 

antimycin A). 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Basal EtOH Antimycin A 

249.1699  + 2.21 1.90 9.90E-06 4452.10 10172.66 10029.98 
278.1600  + 2.21 1.85 8.08E-05 7694.39 4983.91 2983.92 
291.2168  + 2.21 1.93 5.16E-07 3550.39 7480.13 9316.66 
291.2530  + 2.21 1.87 1.97E-04 10043.69 23381.18 20254.57 
341.3165  + 2.21 1.82 6.77E-05 80347.15 53228.00 49943.05 
384.7724  + 2.21 1.82 5.51E-04 1084.79 3546.94 3577.63 
502.3384  + 2.21 1.97 6.72E-07 13798.44 971.16 326.30 
293.1962  + 2.24 1.93 3.32E-04 6762.48 12974.19 9423.05 
244.2272  + 2.27 1.95 4.29E-06 1660.60 2563.94 3490.60 
289.2124  + 2.27 2.27 1.29E-08 493.34 192.73 3370.30 
316.2122  + 2.27 1.96 7.56E-10 5164.57 15773.02 19210.29 
343.3321  + 2.27 1.79 9.60E-04 127725.70 105456.03 86473.17 
367.2692  + 2.27 1.85 2.24E-04 2346.65 5517.11 4605.36 
243.1830  + 2.30 2.01 1.37E-10 1328.99 9857.31 6585.71 
309.2273  + 2.30 1.91 1.39E-06 15623.56 39143.43 38933.44 
359.3270  + 2.30 1.91 1.31E-05 30501.09 16714.25 9648.27 
455.2902  + 2.30 2.14 1.97E-04 439.85 11443.36 2732.83 
219.1879  + 2.32 2.12 1.38E-09 877.98 2335.80 5214.74 
251.1855  + 2.32 1.88 1.61E-04 91994.91 180998.45 150086.98 
295.2114  + 2.32 1.92 4.83E-06 1654.07 4868.63 4789.46 
302.1964  + 2.35 2.05 1.26E-07 1307.60 4879.37 2735.99 
146.1177  + 2.41 1.90 1.22E-03 3281.82 6194.61 4452.04 
205.0796  + 2.41 2.20 1.96E-13 1401.39 5949.56 22765.24 
237.1698  + 2.41 1.91 4.59E-05 7650.27 16530.80 12853.93 
209.1386  + 2.44 2.02 1.39E-08 3819.34 9123.05 14970.49 
216.1960  + 2.47 1.90 4.00E-04 3447.04 8585.83 5829.01 
223.1542  + 2.47 1.89 3.51E-06 3128.72 7204.81 6750.73 
198.1491  + 2.50 1.98 3.22E-04 4329.04 7932.30 5520.48 
261.2190  + 2.50 1.96 8.88E-04 4216.54 8425.28 5506.57 
304.2847  + 2.50 1.86 1.18E-04 4978.54 2754.96 3911.97 
402.2336  + 2.50 1.89 1.50E-06 3684.30 2329.62 1623.86 
548.3558  + 2.50 2.25 5.29E-04 841.62 723.38 3113.24 
87.0089  - 2.54 1.86 5.74E-05 3393.78 28421.44 23004.43 

258.2794  + 2.55 2.16 2.55E-05 14077.73 27955.95 12651.62 
344.2281  + 2.55 2.01 1.32E-03 55005.41 86614.40 46161.90 
274.2742  + 2.57 1.81 4.07E-04 920600.21 795914.03 649722.56 
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Supplementary Table6.5 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated antimycin A: glucose, EtOH 

(glucose + ethanol) and antimycin A (glucose + ethanol + 

antimycin A). 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Glucose EtOH Antimycin A 

133.0860  + 2.60 1.80 6.52E-05 4758.21 9313.50 9206.58 
139.0503  + 2.60 1.96 1.13E-05 1541.03 3143.61 4105.84 
195.1230  + 2.60 1.89 4.80E-07 327207.87 566200.18 651079.25 
196.1546  + 2.60 1.98 6.92E-05 19704.38 38138.56 28070.56 
230.2481  + 2.60 2.04 1.33E-03 41408.58 62421.08 34655.48 
233.1861  + 2.60 1.91 2.30E-06 25661.57 5911.23 12476.17 
246.2428  + 2.60 1.95 1.28E-04 32027.96 68605.73 44594.37 
260.1858  + 2.60 2.07 3.61E-05 8154.62 99365.94 31642.18 
284.2068  + 2.60 1.91 1.66E-05 25054.34 52943.52 52919.98 
288.2171  + 2.60 1.88 2.27E-06 18329.57 143929.06 106901.57 
343.2958  + 2.60 2.17 1.75E-08 33629.89 35491.53 190099.94 
89.0246  - 2.63 1.95 8.76E-04 31937.26 316286.44 448333.12 

133.0762  + 2.64 2.11 6.98E-08 580.19 3193.79 7845.91 
218.2118  + 3.32 1.84 2.11E-03 9378.31 18154.10 16719.09 
261.1962  + 3.61 2.23 4.30E-06 20.93 8180.55 306.14 
202.1804  + 3.87 2.03 1.74E-09 3603.83 15828.83 23832.77 
244.2637  + 4.02 2.08 1.19E-03 7577.35 5753.62 11936.82 
150.1127  + 5.46 2.28 1.08E-10 57292.21 33934.77 303516.88 
260.1859  + 6.16 2.14 7.86E-07 22521.03 171347.89 56178.68 
506.2034  + 6.21 2.04 2.48E-04 144880.91 102211.96 187488.10 
246.1702  + 6.48 1.96 1.36E-06 6091.96 20165.09 20846.00 
232.1546  + 6.65 1.98 4.66E-09 13389.44 67145.28 49769.89 
389.1257  - 7.15 2.02 1.30E-03 2001.87 29692.04 10176.69 
230.2481  + 7.17 1.93 2.34E-04 123996.01 101673.27 143595.80 
404.1855  + 7.19 1.97 3.62E-04 26029.31 69017.94 46614.94 
137.0459  + 7.29 1.93 1.47E-05 46091.44 13770.60 20872.32 
370.2010  + 7.34 1.94 2.93E-05 15128.53 74629.55 45550.27 
707.0767  + 7.37 1.90 1.45E-03 24977.99 50030.52 43188.62 
125.0012  - 7.47 1.98 2.54E-04 421.55 6511.89 4450.36 
204.1232  + 7.58 1.93 1.83E-08 276364.60 104631.54 80327.21 
112.0507  + 7.61 1.95 1.21E-04 25940.32 9546.64 10945.16 
244.0933  + 7.61 1.94 3.36E-05 84166.17 41743.30 38487.51 
152.0566  + 7.75 1.83 7.08E-05 13137.18 8589.01 10664.75 
574.2838  + 7.75 1.87 2.09E-04 37729.51 10832.88 14483.00 
130.0864  + 7.94 2.03 9.54E-05 1930.73 4170.16 2718.66 
348.0706  + 8.04 2.03 3.54E-13 328111.68 98261.28 225681.15 
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Supplementary Table 6.5 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated antimycin A: glucose, EtOH 

(glucose + ethanol) and antimycin A (glucose + ethanol + 

antimycin A). 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Glucose EtOH Antimycin A 

110.9854  - 8.11 1.95 6.30E-07 5223.29 38892.76 20096.55 
286.0607  - 8.22 2.01 1.08E-07 82.04 22921.88 29243.24 
346.0564  - 8.22 2.06 5.24E-13 265428.94 58338.33 159556.36 
117.0195  - 8.24 2.15 6.19E-10 13772.29 36983.33 79591.98 
382.1013  - 8.45 2.21 1.06E-09 4103.26 12916.47 48158.27 
326.1098  - 8.47 2.02 0.00E+00 0.00 341478.64 237664.59 
662.1031  - 8.47 1.86 6.63E-07 75913.64 63850.81 54006.89 
304.0712  - 8.52 2.00 1.23E-12 837.14 478371.84 399514.58 
162.1126  + 8.52 2.00 4.01E-05 85507.98 226209.76 133326.20 
242.0521  - 8.55 2.00 3.89E-14 189.77 36513.81 28949.66 
101.0245  - 8.60 2.01 1.75E-14 8210.50 257921.67 217632.09 
87.0089  - 8.62 1.86 2.16E-03 20330.44 51832.92 40591.31 

125.0245  - 8.62 1.98 3.37E-07 111.90 5689.18 5259.14 
179.0564  - 8.62 2.01 2.22E-16 29633.36 1523798.87 1233489.21 
359.1202  - 8.62 2.00 1.37E-13 9964.82 1000480.29 808739.34 
198.0975  + 8.65 1.99 0.00E+00 0.00 5151.34 4318.91 
113.0246  - 8.65 2.01 4.05E-09 1765.54 112523.10 95148.83 
143.0351  - 8.65 2.01 2.11E-08 1766.45 139956.32 116053.40 
225.0619  - 8.65 1.98 8.30E-14 4.39 10957.81 7919.38 
171.0066  - 8.67 2.08 2.66E-05 9200.10 17009.87 78027.24 
312.0942  - 8.67 1.99 0.00E+00 0.00 52673.20 31440.95 
323.0292  - 8.67 1.98 7.74E-04 45363.15 71548.47 99980.13 
351.0705  - 8.67 2.13 7.19E-07 199.89 11695.56 123047.49 
491.2329  - 8.67 1.99 0.00E+00 0.00 20328.79 19638.86 
300.0495  - 8.70 2.08 3.27E-06 1197.22 11698.49 4593.09 
503.0930  - 8.70 1.98 0.00E+00 0.00 6270.39 9854.41 
132.0304  - 8.75 1.96 3.51E-05 718063.57 331216.27 255072.90 
428.0372  + 8.82 2.20 1.35E-05 1832.85 2801.07 12749.87 
133.0144  - 8.82 2.01 1.02E-09 49396.84 1091831.00 740668.46 
90.0551  + 8.87 1.98 1.98E-07 54333.16 137233.72 132117.85 
91.0584  + 8.87 1.99 1.64E-06 1449.98 4031.27 3968.38 

115.0038  - 8.87 2.02 6.45E-13 5527.34 48990.97 31313.00 
347.0405  - 8.87 2.11 6.84E-05 5940.44 4496.13 7397.97 
426.0229  - 8.90 2.20 1.24E-05 8368.02 8360.99 27315.62 
489.1152  + 9.00 1.91 1.35E-04 10300.81 8992.43 6114.77 
147.0765  + 9.05 1.93 8.43E-08 10540.80 1901.03 1106.28 
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Supplementary Table 6.5 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated antimycin A: glucose, EtOH 

(glucose + ethanol) and antimycin A (glucose + ethanol + 

antimycin A). 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Glucose EtOH Antimycin A 

584.0896  + 9.15 2.04 2.20E-11 4068.40 18710.80 11532.21 
565.0488  - 9.19 1.88 1.60E-03 39588.72 114892.85 91818.82 
341.1095  - 9.30 1.96 6.54E-06 1119.86 8313.11 10600.74 
365.1057  + 9.33 1.97 3.78E-04 17956.98 36927.64 27633.78 
360.1502  + 9.36 2.00 1.32E-06 3177.20 11189.09 10259.93 
364.0655  + 9.42 2.00 4.84E-14 17889.35 1515.85 7112.84 
156.0769  + 9.45 2.01 5.68E-04 17678.75 33861.52 22426.60 
176.1031  + 9.45 1.82 4.64E-05 2518.71 4023.06 4240.48 
779.5209  + 10.38 2.21 1.17E-03 582.72 1210.54 10346.05 
106.0864  + 10.47 1.95 1.19E-04 9551.97 11209.61 19927.56 
367.8832  - 14.67 1.96 7.46E-08 40493.69 111939.00 88906.29 
389.8777  - 14.67 1.95 4.39E-07 16730.37 50987.64 39900.21 
401.3704  - 14.67 1.87 8.88E-04 2053.91 7567.84 5556.46 
409.8868  - 14.67 1.87 1.59E-03 1101.40 9113.85 5774.40 
165.9735  - 14.70 1.93 6.13E-06 4344.10 10436.59 8650.99 
325.9044  - 14.70 1.93 1.39E-04 12053.25 38475.09 26097.78 
336.8954  - 14.70 1.93 3.44E-05 18796.61 56958.25 41109.57 
347.8864  - 14.70 1.95 4.68E-06 63216.07 186188.41 140144.62 
356.9047  - 14.70 1.97 8.74E-08 299758.53 594129.53 490383.83 
378.8867  - 14.70 1.97 1.69E-07 80222.17 176951.32 147397.13 
400.8685  - 14.70 1.96 3.02E-06 422784.29 901973.48 764255.56 
431.8687  - 14.70 1.94 6.78E-06 7177.97 24268.65 18163.15 
440.8868  - 14.70 1.96 7.99E-07 111796.09 233150.58 194394.43 
484.8511  - 14.70 1.95 3.01E-07 164658.47 395367.37 311927.89 
546.8259  - 14.70 1.93 1.26E-05 19065.60 53173.01 40889.83 
568.8336  - 14.70 1.95 9.30E-05 5346.76 20992.51 14546.98 
612.7976  - 14.70 1.95 2.32E-06 52027.80 144959.38 112672.65 
486.8653  + 14.71 1.95 1.66E-03 274749.68 562739.07 510319.56 
694.8488  + 14.71 1.95 5.99E-04 59198.45 132737.38 117433.81 
632.8484  + 14.73 1.94 1.28E-03 151636.86 328104.77 293245.93 
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Supplementary Table 6.6 Details of detected ions (m/z) from cell 

extracts of MIN6 cells treated azide. 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Basal Glucose Azide 
340.2485  + 1.86 1.89 1.46E-04 2074.58 3961.21 3058.69 
363.2203  + 1.86 2.16 1.54E-06 534.92 1578.26 4187.21 
377.2427  + 1.89 1.91 1.70E-06 9634.79 7934.25 10650.34 
904.5926  + 1.92 2.03 1.89E-03 12884.24 14525.66 6591.67 
344.2430  + 1.95 1.94 1.84E-05 5844.32 12987.77 9543.98 
752.5584  + 2.01 2.05 6.58E-05 49181.82 18014.19 1063.98 
317.1896  + 2.04 2.17 1.63E-07 4534.82 4929.58 9274.63 
314.2092  - 2.06 2.03 8.85E-04 3538.79 514.95 3899.41 
345.2751  + 2.07 1.78 9.07E-04 5115.29 3378.35 4977.09 
590.3925  + 2.10 2.03 9.91E-11 21045.71 348.79 56.10 
303.1740  + 2.13 2.09 5.12E-05 3631.10 4728.45 6828.23 
357.2168  + 2.13 2.20 6.63E-07 733.63 1102.79 3408.71 
414.2851  + 2.13 1.91 3.08E-05 5038.25 2319.16 901.81 
444.3323  + 2.13 2.03 3.80E-11 160380.79 6953.69 2807.42 
488.3586  + 2.13 2.03 3.81E-09 191533.41 7634.81 2266.07 
546.3650  + 2.13 2.03 5.83E-12 18461.68 129.92 6.79 
634.4197  + 2.13 2.03 3.45E-10 20843.77 522.93 147.54 
678.4469  + 2.13 2.01 1.17E-07 16431.40 440.01 68.53 
338.3419  + 2.16 2.00 9.72E-06 237146.32 144568.51 87546.70 
380.3376  + 2.16 2.00 2.49E-09 19194.72 8105.63 5598.78 
532.3850  + 2.16 2.03 2.34E-11 212063.58 13625.91 6849.22 
576.4112  + 2.16 2.03 3.01E-09 196143.13 9995.67 2620.59 
583.3805  + 2.16 2.14 1.14E-03 2862.16 3403.58 6281.45 
289.2739  + 2.19 1.89 1.88E-06 146450.74 91091.34 88112.33 
292.1757  + 2.19 1.91 1.22E-04 10585.09 7338.52 4519.90 
322.2953  + 2.19 1.94 2.16E-03 11691.75 22152.79 13690.91 
357.3479  + 2.19 2.19 1.74E-05 2067.82 1755.18 4491.34 
375.3220  + 2.19 2.01 4.05E-09 132258.91 47608.70 122775.66 
390.2856  + 2.19 1.85 1.17E-04 4333.87 2502.42 2692.07 
399.3948  + 2.19 2.03 1.58E-04 56551.40 64445.07 32873.56 
403.3534  + 2.19 1.96 3.15E-07 66898.87 23799.64 21584.78 
430.2440  + 2.19 2.18 2.50E-04 4753.79 4286.00 8438.25 
538.5202  + 2.19 2.00 2.48E-04 22317.57 48025.78 16152.91 
614.4841  + 2.19 1.79 3.77E-03 15027.39 11621.52 9796.61 
620.4376  + 2.19 2.03 1.16E-11 171600.81 13282.77 6416.85 
664.4618  + 2.19 2.03 1.55E-08 137816.53 15747.20 5490.20 
752.5175  + 2.19 2.02 1.06E-05 47499.85 3907.32 355.00 
249.1699  + 2.21 1.96 5.86E-05 4452.10 10172.66 6542.87 
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Supplementary Table 6.6 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated azide. 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Basal Glucose Azide 
278.1600  + 2.21 1.86 5.12E-04 7694.39 4983.91 3575.00 
291.2168  + 2.21 1.91 2.00E-05 3550.39 7480.13 5983.15 
291.2530  + 2.21 1.96 7.93E-04 10043.69 23381.18 12598.09 
341.3165  + 2.21 1.85 7.09E-05 80347.15 53228.00 78503.65 
384.7724  + 2.21 2.11 5.90E-06 1084.79 3546.94 4745.11 
502.3384  + 2.21 2.02 1.13E-08 13798.44 971.16 196.92 
230.1753  + 2.24 1.98 8.61E-05 7696.82 10860.97 14747.31 
293.1962  + 2.24 1.92 8.56E-05 6762.48 12974.19 9394.11 
296.2584  + 2.24 1.78 1.82E-03 137258.66 94560.22 129152.87 
432.2385  + 2.24 1.99 2.13E-03 11449.45 12475.66 28155.85 
460.2697  + 2.24 2.02 1.15E-03 29999.63 24854.84 72544.22 
173.1174  + 2.27 1.82 1.69E-03 8361.02 12744.52 12691.27 
192.1385  + 2.27 1.94 1.23E-04 4854.26 5118.13 3066.42 
316.2122  + 2.27 2.02 3.56E-10 5164.57 15773.02 16377.52 
367.2692  + 2.27 1.87 1.35E-04 2346.65 5517.11 4235.88 
373.3063  + 2.27 1.80 3.88E-03 25754.47 19147.08 27936.41 
387.3584  + 2.27 1.96 1.38E-03 3082.91 3077.32 1052.31 
236.2010  + 2.30 2.15 3.70E-06 2033.63 2181.96 4810.54 
240.1958  + 2.30 2.07 2.77E-05 3522.13 4750.22 7114.57 
243.1830  + 2.30 2.01 6.02E-11 1328.99 9857.31 6038.18 
254.2116  + 2.30 2.05 3.13E-05 4265.27 4846.28 8176.31 
268.2121  + 2.30 1.94 2.91E-03 6307.09 12615.61 7560.75 
268.2272  + 2.30 2.10 2.70E-04 3532.67 3103.84 6753.39 
288.2535  + 2.30 1.88 3.93E-03 12977.30 23980.79 17691.41 
309.2273  + 2.30 2.00 9.71E-06 15623.56 39143.43 21722.04 
359.3270  + 2.30 1.96 1.66E-05 30501.09 16714.25 9358.21 
455.2902  + 2.30 2.10 6.24E-05 439.85 11443.36 69.40 
251.1855  + 2.32 1.93 8.81E-05 91994.91 180998.45 125560.69 
295.2114  + 2.32 1.99 2.03E-05 1654.07 4868.63 2765.29 
212.1647  + 2.35 1.91 3.33E-04 5628.84 8412.30 10500.27 
214.1803  + 2.35 2.15 4.82E-07 20410.09 21088.88 46335.25 
259.2381  + 2.35 2.21 2.93E-06 5711.35 5630.87 14935.95 
302.1964  + 2.35 2.00 2.11E-10 1307.60 4879.37 3188.55 
200.1647  + 2.38 1.93 1.68E-04 22049.72 30454.92 39485.41 
236.1859  + 2.38 2.00 1.53E-04 2648.04 3817.74 4447.64 
146.1177  + 2.41 1.97 5.06E-04 3281.82 6194.61 3327.53 
205.0796  + 2.41 2.18 5.93E-12 1401.39 5949.56 10635.14 
237.1698  + 2.41 1.95 9.41E-06 7650.27 16530.80 11279.63 
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Supplementary Table 6.6 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated azide. 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Basal Glucose Azide 
275.1425  + 2.41 2.16 1.71E-03 4270.94 4730.13 8207.28 
209.1386  + 2.44 1.96 6.77E-06 3819.34 9123.05 6029.39 
231.2069  + 2.44 2.12 3.67E-04 4647.57 5501.95 8960.70 
245.2229  + 2.44 1.98 1.48E-04 13926.96 19492.37 24632.59 
216.1960  + 2.47 1.94 1.26E-04 3447.04 8585.83 4954.67 
223.1542  + 2.47 1.96 4.82E-06 3128.72 7204.81 4936.68 
270.2068  + 2.47 2.09 6.34E-06 3381.42 5756.62 9888.13 
172.1334  + 2.50 1.86 5.98E-04 38106.04 53169.95 63344.94 
198.1491  + 2.50 2.01 7.49E-07 4329.04 7932.30 8648.64 
216.1596  + 2.50 1.85 6.41E-04 10526.57 15584.49 15645.55 
261.2190  + 2.50 1.94 1.31E-05 4216.54 8425.28 8059.25 
304.2847  + 2.50 1.97 8.56E-07 4978.54 2754.96 1841.75 
388.2543  + 2.50 1.96 2.87E-04 28287.77 33038.60 17500.09 
402.2336  + 2.50 2.06 2.37E-08 3684.30 2329.62 854.10 
87.0089  - 2.54 1.85 1.84E-04 3393.78 28421.44 14534.60 

258.2794  + 2.55 1.94 7.66E-05 14077.73 27955.95 20635.09 
290.2691  + 2.55 1.90 1.08E-03 64915.23 124353.57 101016.81 
344.2281  + 2.55 1.97 7.69E-04 55005.41 86614.40 44637.97 
274.2742  + 2.57 1.89 9.50E-05 920600.21 795914.03 1049066.41 
133.0860  + 2.60 1.94 2.14E-04 4758.21 9313.50 5340.79 
188.1283  + 2.60 1.85 4.02E-04 3167.83 6226.34 7221.93 
196.1546  + 2.60 2.06 1.02E-05 19704.38 38138.56 19936.33 
233.1861  + 2.60 1.91 4.36E-07 25661.57 5911.23 13269.21 
246.2428  + 2.60 2.00 2.68E-05 32027.96 68605.73 35401.19 
260.1858  + 2.60 2.00 1.06E-05 8154.62 99365.94 22350.93 
284.2068  + 2.60 1.95 5.21E-04 25054.34 52943.52 32885.42 
288.2171  + 2.60 2.01 8.46E-07 18329.57 143929.06 34253.96 
89.0246  - 2.63 2.01 7.10E-04 31937.26 316286.44 438355.52 

218.2118  + 3.32 1.91 4.61E-04 9378.31 18154.10 18424.31 
261.1962  + 3.61 2.12 4.89E-07 20.93 8180.55 40.67 
202.1804  + 3.87 2.03 4.55E-09 3603.83 15828.83 15137.41 
244.2637  + 4.02 2.15 1.59E-04 7577.35 5753.62 12304.70 
128.0355  - 5.24 1.97 8.53E-04 12136.28 15432.98 4873.36 
150.1127  + 5.46 1.83 4.59E-05 57292.21 33934.77 36252.66 
260.1859  + 6.16 2.05 6.40E-07 22521.03 171347.89 43754.49 
506.2034  + 6.21 1.96 1.78E-04 144880.91 102211.96 172671.00 
268.1043  + 6.24 1.91 1.56E-03 109588.69 62700.34 130019.41 
246.1702  + 6.48 1.98 1.43E-05 6091.96 20165.09 11178.82 
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Supplementary Table 6.6 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated azide. 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Basal Glucose Azide 
304.2121  + 6.50 2.13 1.48E-05 20.28 1378.49 5968.59 
232.1546  + 6.65 2.04 3.49E-09 13389.44 67145.28 26904.99 
715.3046  + 7.00 1.98 3.20E-03 9606589.58 17058665.39 9415072.81 
389.1257  - 7.15 1.97 1.40E-03 2001.87 29692.04 7798.94 
230.2481  + 7.17 2.03 4.50E-05 123996.01 101673.27 161816.85 
404.1855  + 7.19 2.03 2.89E-04 26029.31 69017.94 27805.54 
137.0459  + 7.29 1.96 9.81E-07 46091.44 13770.60 33459.72 
269.0882  + 7.29 1.83 2.28E-03 62168.94 26337.72 56076.72 
370.2010  + 7.34 1.99 4.10E-05 15128.53 74629.55 21489.89 
707.0767  + 7.37 1.91 1.51E-03 24977.99 50030.52 34722.74 
125.0012  - 7.47 2.01 3.44E-04 421.55 6511.89 3165.28 
204.1232  + 7.58 1.94 3.90E-08 276364.60 104631.54 114784.57 
112.0507  + 7.61 1.94 1.43E-05 25940.32 9546.64 14025.37 
244.0933  + 7.61 1.93 7.53E-06 84166.17 41743.30 46949.71 
152.0566  + 7.75 2.04 8.38E-07 13137.18 8589.01 16246.95 
574.2838  + 7.75 1.84 2.83E-05 37729.51 10832.88 26324.15 
248.1493  + 7.78 2.25 2.65E-09 1031.26 1690.66 4806.99 
326.0654  - 7.84 1.96 3.85E-04 547.06 5594.13 68.38 
166.0725  + 7.91 1.94 2.94E-03 23505.91 28477.48 14452.55 
130.0864  + 7.94 1.97 1.83E-05 1930.73 4170.16 2594.03 
284.0991  + 8.04 1.81 9.49E-04 2977.24 2594.54 3355.25 
348.0706  + 8.04 2.16 3.11E-15 328111.68 98261.28 405024.19 
166.0545  - 8.09 1.76 7.42E-05 51637.19 38795.69 45790.35 
110.9854  - 8.11 2.02 3.74E-08 5223.29 38892.76 5596.35 
286.0607  - 8.22 2.04 1.26E-07 82.04 22921.88 23190.03 
346.0564  - 8.22 2.17 5.17E-14 265428.94 58338.33 327419.86 
117.0195  - 8.24 1.98 8.83E-06 13772.29 36983.33 24901.25 
147.0494  - 8.40 2.08 1.27E-03 29282.57 74977.54 85490.62 
382.1013  - 8.45 2.23 3.08E-10 4103.26 12916.47 33399.53 
326.1098  - 8.47 2.04 0.00E+00 0.00 341478.64 295222.99 
662.1031  - 8.47 1.80 4.59E-06 75913.64 63850.81 76554.89 
148.0605  + 8.47 2.03 1.48E-03 910510.31 1977602.66 2182781.44 
149.0639  + 8.47 2.02 1.33E-03 52705.91 116198.90 128110.56 
273.0753  + 8.47 1.90 6.35E-04 12767.53 24901.43 18788.97 
304.0712  - 8.52 2.02 1.35E-12 837.14 478371.84 333213.06 
162.1126  + 8.52 1.95 8.75E-07 85507.98 226209.76 187277.43 
242.0521  - 8.55 2.02 6.06E-14 189.77 36513.81 18720.15 
101.0245  - 8.60 2.03 1.10E-14 8210.50 257921.67 176080.89 
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Supplementary Table 6.6 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated azide. 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Basal Glucose Azide 
125.0245  - 8.62 2.01 4.43E-07 111.90 5689.18 3981.59 
179.0564  - 8.62 2.03 1.11E-16 29633.36 1523798.87 947547.34 
359.1202  - 8.62 2.02 9.75E-14 9964.82 1000480.29 592241.99 
198.0975  + 8.65 1.99 0.00E+00 0.00 5151.34 3574.95 
113.0246  - 8.65 2.02 5.02E-09 1765.54 112523.10 76596.49 
143.0351  - 8.65 2.03 2.78E-08 1766.45 139956.32 87847.25 
225.0619  - 8.65 2.01 1.12E-13 4.39 10957.81 5384.27 
171.0066  - 8.67 2.07 3.48E-04 9200.10 17009.87 38167.28 
312.0942  - 8.67 2.03 0.00E+00 0.00 52673.20 15014.74 
351.0705  - 8.67 2.23 2.01E-06 199.89 11695.56 49838.22 
491.2329  - 8.67 2.03 0.00E+00 0.00 20328.79 17957.00 
300.0495  - 8.70 2.09 2.00E-06 1197.22 11698.49 1431.55 
503.0930  - 8.70 2.00 2.22E-16 0.00 6270.39 6510.43 
132.0304  - 8.75 1.99 1.19E-06 718063.57 331216.27 162223.11 
229.0122  - 8.77 2.20 8.53E-05 1569.18 249.73 3444.51 
428.0372  + 8.82 1.98 2.76E-04 1832.85 2801.07 10069.40 
133.0144  - 8.82 2.03 3.66E-10 49396.84 1091831.00 845937.13 
90.0551  + 8.87 2.02 3.27E-07 54333.16 137233.72 91277.74 
91.0584  + 8.87 2.02 4.32E-06 1449.98 4031.27 2604.29 

115.0038  - 8.87 2.02 4.11E-14 5527.34 48990.97 33711.09 
347.0405  - 8.87 2.27 1.81E-09 5940.44 4496.13 16883.14 
88.0405  - 8.90 2.08 6.24E-06 10057.28 15533.02 7984.71 

426.0229  - 8.90 1.99 2.09E-04 8368.02 8360.99 25023.15 
147.0765  + 9.05 1.91 2.10E-06 10540.80 1901.03 4682.92 
133.0610  + 9.10 2.04 3.25E-08 9332.10 2449.98 1268.25 
584.0896  + 9.15 2.02 1.48E-10 4068.40 18710.80 10607.17 
565.0488  - 9.19 2.02 3.47E-05 39588.72 114892.85 123361.59 
173.0093  - 9.27 1.91 2.70E-03 563.29 7248.25 8654.68 
341.1095  - 9.30 1.95 1.75E-05 1119.86 8313.11 6858.99 
365.1057  + 9.33 2.01 5.30E-04 17956.98 36927.64 20696.74 
360.1502  + 9.36 2.00 3.15E-07 3177.20 11189.09 8018.63 
364.0655  + 9.42 2.16 5.33E-15 17889.35 1515.85 23615.41 
156.0769  + 9.45 1.99 9.87E-04 17678.75 33861.52 19677.81 
191.0200  - 9.84 1.95 3.31E-04 224244.70 840333.33 493581.34 
306.0756  + 10.05 2.05 2.88E-03 7652.68 8159.67 13266.98 
367.8832  - 14.67 2.00 7.52E-08 40493.69 111939.00 69522.01 
389.8777  - 14.67 2.00 5.82E-07 16730.37 50987.64 29971.25 
401.3704  - 14.67 1.93 4.76E-05 2053.91 7567.84 4788.65 
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Supplementary Table 6.6 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated azide. 

m/z Charge RT (min) VIP FDR 
Mean Abundance 

Basal Glucose Azide 
409.8868  - 14.67 1.95 2.04E-03 1101.40 9113.85 3011.27 
165.9735  - 14.70 1.96 1.03E-03 4344.10 10436.59 6611.41 
325.9044  - 14.70 1.98 1.04E-04 12053.25 38475.09 18664.00 
336.8954  - 14.70 1.99 1.96E-05 18796.61 56958.25 29420.84 
347.8864  - 14.70 1.99 6.77E-06 63216.07 186188.41 109235.02 
356.9047  - 14.70 1.99 5.77E-08 299758.53 594129.53 418533.37 
378.8867  - 14.70 2.00 2.87E-07 80222.17 176951.32 124666.57 
400.8685  - 14.70 1.98 6.64E-07 422784.29 901973.48 670606.01 
431.8687  - 14.70 2.00 8.53E-07 7177.97 24268.65 13789.06 
440.8868  - 14.70 1.98 1.40E-06 111796.09 233150.58 162838.26 
484.8511  - 14.70 1.99 8.62E-07 164658.47 395367.37 254694.98 
546.8259  - 14.70 1.99 1.53E-05 19065.60 53173.01 30966.21 
568.8336  - 14.70 1.96 7.96E-05 5346.76 20992.51 12582.81 
612.7976  - 14.70 1.99 3.58E-06 52027.80 144959.38 88901.23 
380.9007  + 14.71 1.96 2.23E-03 593916.41 1129385.44 910030.22 
486.8653  + 14.71 1.96 9.23E-04 274749.68 562739.07 447266.06 
694.8488  + 14.71 1.97 3.65E-04 59198.45 132737.38 101976.00 
632.8484  + 14.73 1.96 5.99E-04 151636.86 328104.77 257167.71 
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Supplementary Table 6.7 Details of detected ions (m/z) from cell 

extracts of MIN6 cells treated fluoxetine. 

m/z Charge RT (min) VIP FDR 
Mean 

Basal Glucose Fluoxetine 
533.2514  - 1.64 1.13 6.20E-08 104.70 0.00 8829.78 
473.2836  - 1.67 1.09 3.07E-03 1979.99 734.75 6119.32 
556.4429  + 1.71 1.09 6.44E-07 1500.53 1478.94 4264.27 
460.2947  + 1.74 1.13 1.98E-05 1606.37 1444.88 8407.56 
540.4464  + 1.74 1.02 8.51E-06 1682.48 1811.63 3746.87 
193.0906  - 1.76 1.14 2.58E-10 0.00 31.17 4850.41 
340.2485  + 1.86 1.03 1.46E-05 2074.58 3961.21 1748.48 
344.2430  + 1.95 1.05 7.87E-06 5844.32 12987.77 6211.72 
245.1866  + 2.04 1.10 1.09E-09 3799.29 3756.86 10081.76 
314.2092  - 2.06 1.08 6.68E-04 3538.79 514.95 5137.74 
590.3925  + 2.10 1.05 1.38E-12 21045.71 348.79 52.64 
159.0300  - 2.12 1.10 3.66E-06 17.64 1255.51 3923.00 
444.3323  + 2.13 1.04 5.62E-11 160380.79 6953.69 3874.24 
634.4197  + 2.13 1.04 8.46E-12 20843.77 522.93 119.69 
546.3650  + 2.13 1.05 1.75E-09 18461.68 129.92 20.49 
678.4469  + 2.13 1.02 6.17E-08 16431.40 440.01 54.12 
488.3586  + 2.13 1.04 8.08E-10 191533.41 7634.81 3415.45 
466.4108  + 2.16 1.06 3.80E-05 3725.22 2553.06 9831.45 
510.4366  + 2.16 1.07 8.28E-05 3207.22 2637.16 9719.91 
532.3850  + 2.16 1.04 1.55E-11 212063.58 13625.91 10305.14 
554.4634  + 2.16 1.07 1.16E-03 2181.34 1791.10 8541.46 
576.4112  + 2.16 1.04 2.82E-09 196143.13 9995.67 3495.62 
583.3805  + 2.16 1.01 4.13E-05 2862.16 3403.58 10287.65 
752.5175  + 2.19 1.02 3.76E-05 47499.85 3907.32 512.49 
664.4618  + 2.19 1.03 3.71E-09 137816.53 15747.20 8262.88 
620.4376  + 2.19 1.04 1.55E-11 171600.81 13282.77 8246.38 
438.3792  + 2.19 1.02 2.87E-06 8401.89 8212.68 16587.48 
526.4321  + 2.19 1.03 1.54E-05 8879.03 9768.32 20081.03 
570.4581  + 2.19 1.09 3.53E-07 6642.46 7867.26 24503.42 
614.4841  + 2.19 1.02 3.78E-04 15027.39 11621.52 21753.22 
658.5106  + 2.19 1.10 1.77E-06 2397.53 3598.72 17608.51 
502.3384  + 2.21 1.03 6.13E-09 13798.44 971.16 160.61 
384.7724  + 2.21 1.03 4.18E-06 1084.79 3546.94 6023.90 
249.1699  + 2.21 1.06 9.03E-06 4452.10 10172.66 4314.90 
291.2530  + 2.21 1.01 1.79E-04 10043.69 23381.18 9300.24 
293.1962  + 2.24 1.01 2.18E-05 6762.48 12974.19 6877.83 
597.3055  - 2.26 1.14 1.17E-10 1966.34 0.00 16973.06 
316.2122  + 2.27 1.02 1.69E-09 5164.57 15773.02 14944.38 
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Supplementary Table 6.7 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated fluoxetine. 

m/z Charge RT (min) VIP FDR 
Mean 

Basal Glucose Fluoxetine 
243.1830  + 2.30 1.07 2.86E-11 1328.99 9857.31 6257.98 
455.2902  + 2.30 1.10 7.05E-04 439.85 11443.36 305.24 
309.2273  + 2.30 1.05 5.04E-06 15623.56 39143.43 17448.87 
251.1855  + 2.32 1.01 4.01E-05 91994.91 180998.45 96397.99 
295.2114  + 2.32 1.06 2.05E-05 1654.07 4868.63 2051.23 
302.1964  + 2.35 1.09 4.75E-10 1307.60 4879.37 2298.38 
205.0796  + 2.41 1.05 3.88E-10 1401.39 5949.56 6492.54 
237.1698  + 2.41 1.02 1.01E-05 7650.27 16530.80 8635.34 
325.2487  + 2.44 1.09 8.12E-05 1823.11 3690.14 10368.36 
209.1386  + 2.44 1.04 3.67E-06 3819.34 9123.05 4064.20 
223.1542  + 2.47 1.03 9.43E-06 3128.72 7204.81 3698.77 
216.1960  + 2.47 1.01 3.45E-05 3447.04 8585.83 3266.40 
344.2281  + 2.55 1.01 6.85E-07 55005.41 86614.40 30720.29 
300.2018  + 2.57 1.02 2.38E-06 74012.90 128598.21 53845.38 
284.2068  + 2.60 1.04 4.59E-05 25054.34 52943.52 28390.31 
260.1858  + 2.60 1.02 3.82E-06 8154.62 99365.94 76743.43 
246.2428  + 2.60 1.06 6.06E-07 32027.96 68605.73 24418.01 
139.0503  + 2.60 1.11 1.75E-09 1541.03 3143.61 10199.77 
343.2958  + 2.60 1.05 5.23E-06 33629.89 35491.53 87492.75 
196.1546  + 2.60 1.08 3.82E-05 19704.38 38138.56 16531.39 
261.1962  + 3.61 1.13 1.97E-07 20.93 8180.55 184.97 
202.1804  + 3.87 1.05 5.84E-09 3603.83 15828.83 13537.56 
246.1702  + 6.48 1.02 2.54E-07 6091.96 20165.09 28555.70 
232.1546  + 6.65 1.06 8.32E-11 13389.44 67145.28 81379.10 
166.0864  + 7.19 1.03 4.03E-03 42593.42 44477.80 71229.50 
120.0809  + 7.22 1.10 1.74E-03 3236.89 2829.26 5725.67 
707.0767  + 7.37 1.01 1.43E-03 24977.99 50030.52 26085.36 
125.0012  - 7.47 1.06 2.26E-04 421.55 6511.89 4457.79 
244.0933  + 7.61 1.01 4.71E-06 84166.17 41743.30 79385.72 
112.0507  + 7.61 1.05 6.30E-06 25940.32 9546.64 24110.00 
150.0583  + 7.63 1.09 1.45E-03 34866.34 22566.86 59760.37 
205.0973  + 7.75 1.03 4.14E-03 43893.80 22336.81 57094.95 
130.0864  + 7.94 1.04 4.43E-08 1930.73 4170.16 5400.91 
348.0706  + 8.04 1.05 1.63E-14 328111.68 98261.28 96341.14 
284.0991  + 8.04 1.01 6.83E-06 2977.24 2594.54 4884.17 
346.0564  - 8.22 1.06 6.36E-13 265428.94 58338.33 70840.79 
286.0607  - 8.22 1.06 1.21E-07 82.04 22921.88 25276.26 
117.0195  - 8.24 1.05 2.90E-08 13772.29 36983.33 48405.70 
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Supplementary Table 6.7 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated fluoxetine. 

m/z Charge RT (min) VIP FDR 
Mean 

Basal Glucose Fluoxetine 
147.0494  - 8.40 1.05 2.50E-03 29282.57 74977.54 81215.57 
382.1013  - 8.45 1.03 1.02E-06 4103.26 12916.47 12552.49 
326.1098  - 8.47 1.08 0.00E+00 0.00 341478.64 266095.08 
148.0605  + 8.47 1.01 2.05E-03 910510.31 1977602.66 2182738.20 
304.0712  - 8.52 1.08 1.63E-12 837.14 478371.84 301930.11 
242.0521  - 8.55 1.10 8.57E-14 189.77 36513.81 14471.46 
101.0245  - 8.60 1.09 1.73E-14 8210.50 257921.67 163094.41 
179.0564  - 8.62 1.10 1.11E-16 29633.36 1523798.87 854758.35 
125.0245  - 8.62 1.07 5.46E-07 111.90 5689.18 3520.48 
113.0246  - 8.65 1.09 6.62E-09 1765.54 112523.10 68086.92 
143.0351  - 8.65 1.09 3.49E-08 1766.45 139956.32 78533.36 
225.0619  - 8.65 1.08 1.35E-13 4.39 10957.81 4648.66 
608.0898  + 8.67 1.02 1.09E-04 168981.10 232660.93 299484.07 
312.0942  - 8.67 1.04 0.00E+00 0.00 52673.20 35991.82 
351.0705  - 8.67 1.10 3.20E-06 199.89 11695.56 37680.33 
491.2329  - 8.67 1.07 0.00E+00 0.00 20328.79 16743.39 
323.0292  - 8.67 1.09 2.11E-05 45363.15 71548.47 125178.75 
300.0495  - 8.70 1.11 1.30E-05 1197.22 11698.49 675.57 
503.0930  - 8.70 1.11 0.00E+00 0.00 6270.39 16320.58 
133.0144  - 8.82 1.06 3.02E-10 49396.84 1091831.00 1178395.54 
90.0551  + 8.87 1.04 1.10E-07 54333.16 137233.72 134512.48 
91.0584  + 8.87 1.04 5.25E-07 1449.98 4031.27 4060.59 

115.0038  - 8.87 1.06 1.20E-13 5527.34 48990.97 49932.10 
347.0405  - 8.87 1.09 9.57E-07 5940.44 4496.13 11595.35 
584.0896  + 9.15 1.06 5.91E-13 4068.40 18710.80 22763.22 
565.0488  - 9.19 1.09 2.98E-07 39588.72 114892.85 246037.41 
173.0093  - 9.27 1.02 1.16E-03 563.29 7248.25 18739.05 
365.1057  + 9.33 1.03 4.08E-04 17956.98 36927.64 19485.06 
106.0500  + 9.33 1.04 9.73E-04 6644.12 14664.76 18496.33 
364.0655  + 9.42 1.06 3.45E-14 17889.35 1515.85 8961.25 
176.1031  + 9.45 1.12 1.69E-13 2518.71 4023.06 14071.24 
191.0200  - 9.84 1.02 6.77E-06 224244.70 840333.33 1239770.11 
306.0756  + 10.05 1.01 1.04E-03 7652.68 8159.67 14656.58 
598.0688  + 10.23 1.06 1.81E-06 4787.45 6785.12 10010.42 
401.3704  - 14.67 1.04 1.34E-04 2053.91 7567.84 2479.25 
367.8832  - 14.67 1.09 2.13E-07 40493.69 111939.00 47866.11 
389.8777  - 14.67 1.09 1.20E-06 16730.37 50987.64 19699.53 
165.9735  - 14.70 1.06 2.18E-05 4344.10 10436.59 5228.97 
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Supplementary Table 6.7 (Cont.) Details of detected ions (m/z) 

from cell extracts of MIN6 cells treated fluoxetine. 

m/z Charge RT (min) VIP FDR 
Mean 

Basal Glucose Fluoxetine 
325.9044  - 14.70 1.05 3.53E-05 12053.25 38475.09 12154.11 
336.8954  - 14.70 1.06 9.12E-06 18796.61 56958.25 20393.63 
347.8864  - 14.70 1.08 4.28E-06 63216.07 186188.41 69824.08 
356.9047  - 14.70 1.08 3.32E-08 299758.53 594129.53 333827.94 
378.8867  - 14.70 1.09 3.16E-07 80222.17 176951.32 96040.92 
400.8685  - 14.70 1.07 2.84E-06 422784.29 901973.48 504481.10 
431.8687  - 14.70 1.08 1.62E-06 7177.97 24268.65 9441.59 
440.8868  - 14.70 1.07 3.43E-07 111796.09 233150.58 128912.06 
484.8511  - 14.70 1.07 8.91E-07 164658.47 395367.37 186209.72 
546.8259  - 14.70 1.07 6.00E-06 19065.60 53173.01 21381.93 
568.8336  - 14.70 1.05 1.71E-04 5346.76 20992.51 6255.48 
612.7976  - 14.70 1.08 4.86E-06 52027.80 144959.38 60964.95 
380.9007  + 14.71 1.05 3.79E-03 593916.41 1129385.44 719963.83 
486.8653  + 14.71 1.05 1.80E-03 274749.68 562739.07 346650.36 
694.8488  + 14.71 1.06 5.48E-04 59198.45 132737.38 77542.77 
632.8484  + 14.73 1.04 1.07E-03 151636.86 328104.77 194429.21 
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