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Abbreviations 

ADMEM   Advanced-Dulbecco’s Modified Essential Medium 

CAD    Collision gas 

CE    Collision Energy 

Chol    Cholesterol 

CID    Collision-Induced Dissociation 

CUR    CURtain gas  

CXP    Collision Cell Exit Potential 

DAG    Diglycerides 

DESI    Desorption Electrospray Ionization 

DHAP    DiHydroxyAcetonePhosphate 

DHAPAT   DiHydroxyAcetonePhosphate AcylTransferase 

DLPC    1,2-Dilauroyl-sn-glycero-3-PhosphoCholine  

DMEM   Dulbecco’s Modified Essential Medium 

DOPA    1,2-Dioleoyl-sn-glycero-3-Phosphate 

DOPC    1,2-Dioleoyl-sn-glycero-3-PhosphoCholine 

DOPS    1,2-Dioleoyl-sn-glycero-3-Phospho-L-Serine 

DP    Declustering Potential 

DSPG    1,2-Dioctadecanoyl-sn-glycero-3-Phospho-(1'-rac-Glycerol) 

EI    Electron Ionization 

EIC    Extracted Ion Chromatogram 

EP    Entrance Potential 

ePC    plasmanyl (or ether) PC 

ER    Endoplasmic Reticulum 

ESI    Electrospray Ionization  

FBS    Fetal Bovine Serum 

FP    Focusing Potential 

GC-MS   Gas Chromatography–Mass Spectrometry  

GL    GlycoLipids  

GlcCer   GlucosylCeramide 

GPL    GlyceroPhosphoLipids  

GSL    GlycoSphingoLipids 
1
H DQCOSY   Double Quantum COherence SpectroscopY 

1
H-

13
C HMBC  proton-carbon Multiple-Bond Correlation 

1
H-

13
C HSQC   proton-carbon Single Quantum Correlation 

HIF 1-a   Hypoxia-Inducible Factor 1-alpha 

HIF    Hypoxia-Inducible Factor 

HPLC    High Performance Liquid Chromatography 

IS    IonSpray 
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LPC    Lyso PhosphoCholines 

LPE    Lyso PhosphoEthanolamines 

LPL    Lyso PhosphoLipids 

MALDI TOF MS  Matrix-Assisted Laser Desorption Ionization Time-Of-Flight Mass 

   spectrometer 

MS    Mass Spectrometry 

MUFA   Mono-Unsaturated Fatty Acid 

MVDA   MultiVariate Data Analysis 

NEB    NEBulizer gas 

NLS    Neutral Loss Scanning 

NMR    Nuclear Magnetic Resonance  

NPLC    Normal Phase Liquid Chromatography 

OPLS-DA   Orthogonal Projections to Latent Structures-Discriminant Analysis 

PA    Phosphatidic Acids 

PAF    Platelet-Activating Factor 

PC    PhosphoCholines  

PC1    Principal Component 1 

PC2    Principal Component 2 

PCA    Principal Component Analysis 

PE    PhosphoEthanolamines  

PG    PhosphoGlycerols 

PI    PhosphoInositols 

PIS    Precursor Ion Scanning 

PL    PhosphoLipids 

PLS-DA   Partial Least Squares Discriminant Analysis 

pPC    plasmenyl (or vinyl-ether) PC  

PS    PhosphoSerines 

PUFA    Poly-Unsaturated Fatty Acid 

QQQ MS   Triple Quadruple Mass Spectrometer 

REIMS   Rapid Evaporative Ionization Mass Spectrometry 

RP-HPLC   Reversed Phase High Performance Liquid Chromatography 

RTK    Receptor Tyrosine Kinases 

S1P    Sphingosine-1-Phophate 

SL    SphingoLipids  

TAG    Triglycerides 

TEM    TEMperature 

TIC    Total Ion Chromatogram  

TOCSY   TOtally Correlated SpectroscopY 

UI    Unsaturation Index 

UVDA   UniVariate Data Analysis 

VIP    Variable Influence on Projection 
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Chapter 1. Abstract 

Cell membrane is the biological barrier serving as both territorial defense and the 

communication hinge for the interior of cell from its surroundings. As building blocks of cellular 

membranes and also precursor for second messengers, a variety of lipids play essential roles in 

cellular membrane dynamics as well as important functions such as cell proliferation, apoptosis, 

signal transduction and membrane trafficking modulation. Lipidomics, representing the 

systematic and integrative studies of diversified lipids (lipidome) in a biological system, is an 

emerging yet rapid developing field and hence requires advanced and complementary analytical 

techniques as well as multiple statistical tools. Our development of reliable analytical 

methodology (the advanced Mass Spectrometric and high-resolution NMR techniques) and 

application of multiple statitistical approaches (multivariate data analysis and univariate t-test) 

enable us to achieve these comprehensive understandings.  

We have investigated, first of all, the effects induced by hypoxia on cervical cancer 

derived cells (HeLa cells) to see how and how much the changes in phospholipids profile are 

able to get light into the targeted biological problem (hypoxia) and provide a preliminary insight 

into the underlying mechanisms. We found that hypoxia stimulation dramatically reduced the 

total amount of cellular phosphoinositols (PI) but prominently increased the amount of lyso 

phosphocholines (lyso-PC) and lyso phosphoethanolamines (lyso-PE). Moreover, our studies 

suggested the polyunsaturated phospholipids species as stronger biomarkers upon hypoxia 

treatment. The evaluation of changes in the average unsaturation index (UI) of the membrane 

lipids acyl chains revealed that UI slightly increased in several lipid classes, thus affecting 

membrane fluidity and further membrane-dependent functions. The plausible mechanisms by 

HeLa cells to adapt to hypoxia conditions are briefly reported as well.  
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We have also conducted the comparative lipidomic studies of urothelial cancer cell line 

RT4 (a model system of a benign tumor) and T24 (a model system of a metastatic tumor) aiming 

to reveal probable roles and relevant differential changes of membrane lipids with respect to 

urinary bladder metastasis progress. Significant changes of lipids metabolism were found to 

correlate with urothelial nonmetastatic and metastatic cell models. The most remarkable finding 

was that the malignant cell type (T24) showed a strong decrease of ether PC species 

complemented by a sharp increase of the length and the average unsaturation number of lipids 

acyl chains. Ceramide-based sphinglipids also showed altered profiles in these two cell types. 

Such analyses suggest a certain significant re-organization of cellular membrane in malignant 

cell transformation, involving variations in compositional lipid structures and possible signaling 

transduction pathways. Observations of such reduction of the 1-alkyl PC species and the chain 

shortening of lipid species might serve as a tool in urinary bladder cancer intervention. 
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Chapter 2. Introduction 

2.1 Lipids and lipidomics 

Lipids are hydrophobic or amphiphilic low molecular weight substances soluble in 

organic solvents but with a low solubility in water. In general, based on their chemically 

functional backbone, lipids are prevalently classified into eight categories, namely fatty acyls, 

glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids, 

and polyketides [1]. Such primary categorization can facilitate further detailed lipid classification 

on the basis of enormous combination of various hydrophobic and hydrophilic elements. For 

example, in mammalian cells, fatty acyl chains have different carbon chain lengths and huge 

possibilities of double bond positions. The diverse fatty acid backbones and their combination 

with various functional head groups can theoretically lead to thousands of lipid species with 

classified characters. The cell membrane is the biological barrier which constitutes the first 

territorial defense as well as the communication points for the interior of cells from the outside 

environment. The classical model of cell membrane consists of phospholipid bilayer embedding 

proteins and other lipids such as sterols and glycolipids. As building blocks of cells, the 

structural characteristics of lipid molecules can exert critical effects on cellular membrane 

dynamics since membrane lipids are precursors for second messengers and play major roles in 

important cellular functions including cell proliferation, apoptosis, signal transduction pathways 

and regulation of membrane trafficking [2, 3]. For mammalian cells, the main bioactive lipid 

components of biological membranes are glycerophospholipids (GPL), cholesterol (Chol) and 

sphingolipids (SL), which will be studied and discussed within the scheme of my thesis. 
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Glycerophospholipids (GPL) indicate “any derivative of the sn-glycero-3-phosphoric 

acid containing at least an O-acyl group (a fatty acid), O-alkyl group (a fatty alcohol), or a O-

alk-1’-enyl group (a fatty aldehyde) bound in sn-1 or sn-2 of a glycerol and a polar head in sn-3 

position consisting of a nitrogenous base, glycerol, or inositol group” [4]. This lipid category 

has the common diacylglycerophosphate backbone attached to a highly varied polar head groups, 

leading to wide-ranging classes of glycerophospholipids sharing some common features but 

generally possessing distinct characteristics. There are six major glycerophospholipids (GPL) 

classes (Fig. 1),
 
namely phosphocholines (PC), phosphoethanolamines (PE), phosphoinositols 

(PI), phosphoglycerols (PG), phosphoserines (PS), phosphatidic acids (PA). Replacement of the 

–OCOCH2-moiety, usually on carbon 1 of glycerol, with an ether bond (-OCH2CH2-) or with a 

vinyl ether bond (-OCH=CH-) can result in different GPL classes called plasmanyl (1-alkanyl) or 

plasmenyl (1-alkenyl) phospholipid, respectively. The most common forms of the ether or vinyl 

ether PL in human body are plasmanyl (or plasmenyl) pPC and pPE. Besides, the lyso-

derivatives of the diacylphosphatidylcholine (or ethanolamine) are also important participants in 

cellular functionality such as inflammatory responses, although present in low concentrations in 

mammalian cells (Fig. 1, bottom left). Besides, each GPL class can be subdivided into a range of 

molecular species on the basis of backbone variation in carbon chain length, position of chain 

attachment and double bonds as well as number of unsaturation. 

Cholesterol (Fig. 2) is the main representatives of another category of important lipids, 

called sterols, and it is the only sterol biosynthesized by animals. Cholesterol is an important 

plasmic membrane lipid wherein it is associated tightly with the fatty acid chains of 

phospholipids (~ one molecule of cholesterol per molecule of phospholipid). Such structural 

features and the distribution contribute to the outer membrane leaflet rigidity and impermeability 
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to the water-soluble compounds [5].
 
Together with GPL and sphingolipids, cholesterol is 

important as cellular membrane building block and in particular enriched in lipid raft with SM. 

Besides, cholesterol is essential for viability and cell proliferation. 

 

Fig. 1 Main GPL classes 

    

Fig. 2 Main neutral lipids classes 
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Fig. 3 Main sphingolipids classes 

Another important membrane lipid in mammalian cells is sphingomyelin (SM, Fig. 3), 

which is a sphingosylphospholipid comprised of a ceramide moiety linked to a phosphocholine 

group [4]. The presence of various molecular species of SM is tissue specific in mammals. SM is 

particularly abundant in lipid rafts, known as specialized plasma membrane microdomains 

organized by glycosphingolipids and specific proteins. They serve for assembly of signaling 

molecules, influence membrane fluidity and trafficking of membrane proteins, and regulate 

different cellular processes [6].
 
As a highly diverse group of bioactive compounds, sphingolipids 

(SL) which contain a backbone of sphingoid long-chain base (sphinganine and sphingosine, Fig. 

3) play important role not only in building cellular membranes but also in cell physiology and 

pathology being capable of eliciting apoptosis, differentiation, chemotaxis, and other responses 

in mammalian cells [7].
 
 In particular, in signal transduction pathways where SL are involved, 

ceramide is regarded as an apoptotic mediator and sphingosine-1-phophate (S1P) is the first 

messenger mediating calcium homeostasis, cell growth, tumorogenesis and suppression of 
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apoptosis as an intracellular second messenger [8-10]. In Mammals, the most important group of 

glycolipids (GL), an essential component of the living cell surfaces [11], is glycosphingolipids 

(GSL), the basic structural characteristic of which is the attachment of one or more sugar bases 

to a sphingolipid moiety (see galactolsyl-ceramide as an example in Fig. 3).
 
Due to the structural 

complexity and diversity of glycosyl base as well as the hydrophobic part, there are dozens of 

structural GSL variants in mammalian cellular membranes, which also vary in abundance and 

chemical stability [12, 13].
 
All such GSL variants lead to cell type specific GSL pattern, 

fundamentally reflecting the membrane microdomain composition enriched of GSL [14].
 
Several 

studies have related GSL functions to cancer, for example, the observation of anti-carcinogenic 

effects upon increasing ceramide levels by slowing its conversion to GlcCer via GlcCer synthase 

[15, 16] and the involvement of GSL in cancer pathogenesis [8]. The proposed association of 

malignant transformation with abnormal glycosylation may lead to the synthesis and expression 

of altered GSL variants and the increase of such compounds in malignant cells is ineluctable 

outcome of the malignant transformation of cells [17]. The review of above mentioned SL or 

GSL functions causes fundamental interest in some topics of my thesis and may serve as 

inspiration to explain the results obtained so far.  

The progress in exploring information in genomics and proteomics directed research, for 

example, in diseases pathogenesis or progression including cancer, diabetes, cardiovascular 

disease, neurodegenerative disorder and inflammatory disease, has left behind the corresponding 

advancement of knowledge about lipids, which are as previously described highly rated but 

structural diverse [2]. Therefore, systems-level qualitative and quantitative analysis of lipids (i.e 

lipidomics, usually deemed as a branch of the field of metabolomics) and the interrelated 

proteins as well as intracellular pathways in a variety of biological samples are highly required 
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and promising.  An important mission for lipidomics is to study the interaction of individual lipid 

molecular species and their effects on metabolic disorders and, to a broader extent, on the 

biological system as a whole. The most promising aspect arising from this field is to inspire 

investigations aimed to elucidate a network of the roles of genes, proteins and metabolites which 

can describe cellular functions in an integrative manner [18].
 

Recent reviews have pointed out a couple of driving forces for the renaissance in lipid 

studies. One is revealed to be the understanding of biophysical properties of lipids and 

membranes in particular of lipid–lipid and lipid–protein interactions. As one of the most 

representative biological model systems, cellular lipidomics requires establishing a framework 

pinpointing the relationships of the aforementioned cellular components as well as manipulating 

the roles of lipids [19]. 

This thesis moves within the wide-field cellular lipidomics with special focus on 

untargeted quantitative analysis of the individual lipid molecular species. Interaction of lipids 

with some relevant proteins will be also mentioned in chapter 4 with respect to epithelial cellular 

lipidomics. Another highlighted driving force has been attributed to the availability and rapid 

development of advanced analytical tools including nuclear magnetic resonance (NMR) 

spectroscopy and mass spectrometry (MS) [2, 18, 19], which facilitate to observe the variations 

in cellular lipidome due to external stimulus or cellular differentiation as well as different cancer 

metastatic stages, etc. The development of analytical methodology and its application in studying 

HeLa cellular lipidome affected by external hypoxia stimulation will be discussed in detail in 

chapter 3 and the comparative lipidomic studies on urothelial cancer metastasis will be presented 

in chapter 4.  
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2.2 NMR and Mass spectrometry 

As previously introduced, the prompt and prominent advancement in analytical tools has 

pushed forward lipidomics research to a new era. NMR spectroscopy as a powerful tool for 

structural elucidation of molecules has been employed to study lipid structures as well as lipid-

protein interactions and therefore can provide information on biomembrane structure and 

dynamics [2, 20]. As introduced before, together with GPL and SL, the cholesterol as one major 

sterol in mammalian cells is an essential component to build up the cell membrane matrix [21]. 

However; different from other classes of membrane lipids, cholesterol is a neutral and apolar 

lipid which makes it inappropriate for MS analysis. Although NMR has only moderate 

sensitivity compared with MS its role in cholesterol analysis of raw lipid extracts must be 

absolutely appreciated. In a simple 
1
H-NMR spectrum of these extracts, cholesterol can be easily 

detected since its angular methyls resonances (sharp singlets for Me-18 and Me-19, Fig. 4) are 

clearly distinguished from phospholipids signals. Thus, as shown in Fig. 4 for the raw lipids 

extract of HeLa cells, the normalized area ratio of  Me-18 cholesterol signal (H 0.723, 3H) with 

respect to –N
+
(CH3)3 signal (H 3.226, 9H) attributable to choline-containing lipids allowed to 

promptly establish the relevant [Chol]/[PC+SM-PC] molar ratio.  
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Fig. 4 
1
H-NMR spectrum of HeLa cellular lipids in CD3OD with some peak assignments  

to species belonging to different GPL, neutral  and SL lipid classes 

 So far NMR has been employed in metabolomic studies in several successful cases [22-

24], but it has not found extensive uses in cellular lipidomics research. Although modern 

lipidomics approaches mainly rely on the wide arsenal of MS techniques, NMR represents a 

powerful tool for the qualitative analysis and often it is crucial in the elucidation of their 

structural details. First of all, the sample preparation for NMR measurements is rather simple and 

rapid not implying any derivatization of components. Moreover, NMR analyses carried out on 

lipids raw extract give an immediate perception of the main lipids therein present. Although the 

number of compounds detected in a raw lipid extract is limited, the NMR spectra give a good 

picture of what really is present, minor compounds might not be seen, but the major trends are 

clear. As a non-destructive method, NMR technique is advantageous in quantitative analysis of 

lipid mixtures isolated from different biological matrices, as the first snapshot of the lipidome. In 

fact, several structural features can be reliably established by 
1
H-NMR (Fig. 4) such as the 
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presence/ absence of a) species belonging to the major GPL and SL classes (in particular the 

presence of 1Z-plasmenly-PL by characteristic 
1
H signals at H 5.998), b) neutral lipids such as 

cholesterol (Chol), triglycerides (TAG) and diglycerides (DAG) and c) the overall unsaturation 

index of their acyl chains. When 
1
H-NMR analysis is coupled to 

31
P-NMR measurements it 

becomes an even more powerful tool in phospholipids analysis [25]. In particular, through 
31

P-

NMR it is possible to differentiate the membrane lipids in distinct PL classes and to obtain 

reliable and reproducible quantitative data such as the molar fractions of all the PL classes (see 

Fig. 5). Nevertheless, the application of NMR techniques in cellular lipidomics studies still 

remains to be developed and further investigated. It will be discussed in chapter 3 in my thesis. 

Fig. 5 
31

P-NMR spectrum of HeLa cellular lipids in CD3OD with 

the assignments of signals attributable to different GPL classes 

As previously discussed, there are enormous combinatorial structures of lipids, leading to 

several classes of lipids and thousands of lipid molecular species. Due to its moderate sensitivity 

and to the intrinsic structure-similarity among lipids (leading to strong overlap of NMR), NMR 
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cannot provide information about individual lipid species. Thus, MS-based techniques have to be 

called on. In fact, it is the rapid advancement of MS that has recently driven lipidomics research 

forward [18]. Similar to metabolomics, there are mainly two approaches in MS-based 

development for lipidomics research – targeted lipidomics and global lipidomics (or untargeted 

lipidomics). Targeted lipidomics refers to the identification and quantification focused on one or 

a few classes of lipid candidates while the latter term involves the characterization of hundreds 

or even thousands of lipid molecular species within a biological system [18, 26].  

There are several MS-based methods for lipid analysis, namely 1) gas chromatography–

mass spectrometry (GC-MS) with electron ionization (EI), 2) matrix-assisted laser 

desorption/ionization (MALDI) time-of-flight (TOF) MS, 3) electrospray ionization (ESI) MS 

and 4) desorption electrospray ionization (DESI) as well as 5) rapid evaporative ionization mass 

spectrometry (REIMS). Each of these methods has been developed and applied depending on 

different lipid- or sample-type. Due to its intrinsic soft-ionization feature and capability of 

analyzing intact lipid molecules, the most prevalent and important is ESI MS. ESI MS 

measurements can be carried, basically, by two approaches: a) direct infusion of the sample into 

the ESI ion source (shotgun lipidomics); b) injection of the sample into the ESI ion source via 

high-performance liquid chromatography (HPLC).  

During the work described in my thesis, direct infusion ESI MS has been applied to study 

and to optimize ionization efficiency of standard, commercially available, samples from each 

class of lipid, while HPLC-ESI MS methodology has been used for the analysis of the raw lipids 

extracts obtained by different biological matrices. Generally speaking, the second approach is 

much more powerful from the analytical point of view since it allows chromatographic 

separation of the different lipid (eventually, also isomeric) species avoiding the strong ion 
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suppression effects imposed by the complex chemical matrix and it allows an increased dynamic 

range of MS measurements, very important for the detection of minor lipids components. 

 

Fig.6 Schematic representation of QQQ MS configuration and operation modes for lipid analysis 

Various MS analyzer configurations have been employed in lipid characterization. In all 

the work described in this thesis we used a triple quadruple mass spectrometer (QQQ MS) that is 

largely used and appreciated in several MS-lipidomics investigations reported in modern 

literature both for GPL analysis [27] and SL characterization [28]. QQQ MS is a type of tandem-

in-space MS, which allows various MS/MS scan modes such as product ion scanning, precursor 

or parent ion scanning and neutral loss scanning [29]. The schematic representation of the 

configuration and operation modes of QQQ MS for lipid characterization is shown in Fig. 6. As 

presented in this scheme chart, in a typical product ion scanning procedure, the first quadruple 

(Q1) functions to select a molecule of lipid species with a defined m/z. The selected ions pass 

into Q2, where the collision-induced dissociation (CID) occurred and the dissociated fragments 
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are determined in Q3. In my thesis, this procedure is primarily applied to study and optimize 

fragmentation behavior of different lipids with common classified structures (eg: head group 

characters, sphingosine bases or glycosyl bases). Converse to it, precursor ion scanning (PIS) is 

performed in such a way that Q3 is fixed to a required fragment (with defined m/z) and in Q1 the 

corresponding precursor ions are scanned. PIS is very powerful to identify specific lipid classes 

or species with characteristic fragmentation of either head group (GPL classes or GSL with 

various sugar bases) or backbones (sphingosine based SL). In the case of Neutral Loss Scanning 

(NLS) mode, both Q1 and Q3 are scanned across a specific mass range and the ions pass into Q2 

where they are fragmented. The offset of Q1 and Q3 is the neutral mass of the diagnostic 

fragment; thus, the ionized lipid molecular species that passing through Q1 loss this neutral mass 

will be transmitted through Q3 and detected. Various PIS and NLS modes will be optimized for 

lipid identification and quantification.  

2.3 Sample preparation for lipidomics analysis 

Usually, depending on different types of biological systems, the preparation of starting 

materials has to change by changing the biological matrix (cell culture, sub-cellular organelle, 

tissue, biofluids). A critical factor affecting the possibility to exploit NMR in lipidomics study is 

the availability of an adequate amount of total lipid extract (approximately 1 mg is required in 

our investigations). To ensure NMR measurements, the optimal number of cells is firstly tested. 

In chapter 4 of urothelial lipidomics study, we find the possible number of cells for NMR 

measurement can be as low as ~3*10
7 

(2 to 3 T75 flasks of cell cultures) while for MS analysis, 

down to 1 T75 flask of cell culture is enough. General lipidomics workflow is presented in Fig.7 

(adapted from [30]) wherein the starting cell cultures or tissue samples are extracted according to 

different procedures depending on the types of lipids to be analyzed as well as types of biological 
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samples [31]. Different procedures for lipid extraction will be discussed in chapter 3 and 4, 

respectively. The total lipid extract is initially dissolved in 700 ml of perdeuterated methanol 

(CD3OD) for NMR measurements, after which the MS analysis will be performed as shown in 

Fig. 7.  Both shotgun lipidomics and LC-MS methods have been applied for the work described 

in this thesis. In particular LC-MS runs have been always performed with reversed phase liquid 

chromatography (RP-HPLC) by using an optimized methanol/water (ammonium acetate) 

gradient as mobile phase (chapter 3 for details).   

 

Fig. 7 Overview of lipidomics procedures (adapted from [30]) 

2.4 Lipidomics data processing  

The generated enormous amount of data requires the rapid development of appropriate 

computational bioinformatics tools, which underwent great advancements in last years [32]. As 

mentioned before, lipids profile may vary due to several different factors including 
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environmental stressors, differentiation states of cells or progress of cancer metastasis [33]. The 

comprehensive understanding and explanation of such variations as well as the relevant 

regulatory factors through the analysis of complex lipidomics datasets need to be carefully 

addressed, especially in some issues such as a) data pre-processing (meanwhile with lipid 

identification), b) establishment of MS-based lipidomic data matrix regarding each lipid species 

as a variable, c) subsequent multivariate and univariate statistical analysis, d) data interpretation 

in term of lipid metabolism and finally e) eventual significance of some lipid species as 

biomarkers of pathology or  pathogenesis [34, 35]. 

Despite the distinction of analytical platforms to generate various types of raw lipidomic 

datasets, lipid identification can be achieved by resorting to tools provided from LIPID MAPS 

consortium [http://www.lipidmaps.org/tools/]. By using tandem MS to define lipid classes, the 

candidate lipid species can be reliably established even in absence of high resolution MS-data 

which can be obtained only by TOF and/or Orbitrap mass analyzers. Several software packages 

have been developed for pre-processing MS-based lipidomics data, such as LipidProfiler™ for 

data acquired in MS/MS mode (eg. multiple PIS and NLS) [36] and some free software 

developed for data obtained in LC/MS based full-scan mode such as MZmine [37] or XCMS 

[38]. Of course, even instrument vendor based softwares can perform data-processing steps such 

as peak detection and smoothing, alignment and normalization.  Spectral data is presented with 

features of m/z and time as well as quantity (expressed in intensity or in area) indicating lipid 

species. After spectra acquisition and processing, spectral data is transformed into a data matrix 

with lipid species as variables and samples as objects. A wealth of data yielded thereby is beyond 

the scope of conventional statistical analysis. In order to systematically analyze and extract more 

useful information with a deep biochemical understanding, multivariate data analysis (MVDA) is 
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applied, by which the interaction between individual lipid species and its effect on the whole 

lipid metabolism can be investigated.  

MVDA has demonstrated its powerful applicability to the metabolomics and lipidomics 

data interpretation [34, 39] by highlighting important patterns hidden in the measurements. 

Generally, MVDA can be divided into unsupervised and supervised methods. In the 

unsupervised approach, the prior knowledge or classification of sample groups are not 

applicable. Principal component analysis (PCA) is the most common one, which can be firstly 

(and necessarily) used to reduce dimensionality of datasets and indicate sample grouping, trends 

of variation, outliers and systematic patterns. Representing one of the most common supervised 

methods, the partial least squares discriminant analysis (PLS-DA) can be employed when the 

sample group classification is known. Besides the information on major trends, PLS-DA can also 

be used to figure out lipid markers responsible for the trends and discrimination among different 

sample groups. Orthogonal projections to latent structures discriminant analysis (OPLS-DA) as a 

modification of PLS-DA method can generate results with much improved and easier 

interpretability. In my thesis, I have tried to explore the capabilities of various MVDA methods 

to study lipid profile of a given biological system (problem), to highlight changes in lipid profile 

and to discover potential lipid markers. Univariate statistical tools have been also used to analyze 

the discovered lipid markers for further validation.  

2.5 Aim of the thesis 

The main aim of the thesis is to exploit the applications of lipidomics methodologies in 

cell biology through advanced Mass Spectrometric and high-resolution NMR techniques. In the 

first part of my thesis I had to do with the development of reliable analytical methodologies 
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capable of relating environmental stressor-induced cell responses to changes in lipids 

distributions. In particular, a quantitative characterization of lipids composition in HeLa cells 

upon hypoxia-induced conditions has been done and the main results are presented in Chapter 3. 

The second-stage study aims to investigate possible roles and relevant differential changes of 

membrane lipids with respect to urinary bladder metastasis progress. This has been done by 

comparing the urothelial cell line RT4 (derived from the papilloma urinary bladder, a model 

system of a benign tumor) with the cell line T24 (derived from the malignant tumor of urinary 

bladder, a model system of a metastatic tumor). Some interesting preliminary results will be 

presented in chapter 4. 

Chapter 3 is comprised of the publication entitled “A lipidomics investigation of the 

induced hypoxia stress on HeLa cells by using MS and NMR techniques” recently published on 

“Molecular Biosystems”. As the first author, I have helped with cell cultures and performed lipid 

extraction. I have conducted MS analysis and prepared samples for NMR analysis. Finally, I 

have managed lipidomic data analysis. I have given a major contribution to the writing of the 

manuscript preparing Figures 3-8 as well as Tables 1-4.  
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Chapter 3. A lipidomics investigation of the induced 

hypoxia stress on HeLa cells by using MS and NMR 

techniques 

Yang Yu
1,b

, Laura Vidalino
b
, Andrea Anesi

a
, Paolo Macchi

b
 and Graziano Guella
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3.1 Abstract 

Induced hypoxia stress on cervical cancer derived cells (HeLa cells) can lead to significant 

changes of their membrane lipid profiles. The lipidome of HeLa cells was characterized by a 

joint approach wherein liquid chromatography-mass spectrometry (LC-MS) analysis was 

followed by high resolution NMR measurements. Multivariate data analysis showed apparent 

separation between control and hypoxia-treated HeLa cells and thus demonstrated hypoxia 

effects on lipid metabolism. The most striking finding was that hypoxia stimulation significantly 

reduced the total amount of cellular phosphoinositols (PI) but caused a prominent increase of the 

amount of lyso phosphocholines (lyso-PC) and lyso phosphoethanolamines (lyso-PE). The 

observed attenuation of PI amount upon hypoxic conditions is probably due to the accumulation 

of cellular myo-inositol, which is known to play a critical role in de novo synthesis of PI. 

Moreover, our study suggests that polyunsaturated phospholipids species are stronger biomarkers 

for discriminating the effect of hypoxia treatment. The evaluation of changes in the average 

unsaturation index (UI) of the membrane lipids acyl chains reveals that UI slightly increases in 

several lipid classes, thus affecting membrane fluidity and further membrane-dependent 
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functions. The plausible mechanisms by HeLa cells to adapt to hypoxia conditions are also 

briefly reported.  

Key words: HeLa/ hypoxia/ lipidomics/ NMR/ mass spectrometry/multivariate analysis 

3.2 Introduction 

As an emerging field, lipidomics represents the global identification and quantitative 

assessment of the vast array of lipids, or lipidome, within a given biological system.
1,2

 To 

achieve such a comprehensive description, lipidomics involves system-level analysis of 

thousands of pathways and networks of cellular lipid species as well as their interactions with 

other factors including other lipids or proteins.
3 

Cellular membranes are composed of 

complicated arrangements of lipids which participate in vital cellular functions. Phospholipids 

(PL) and sphingolipids (SL), the major components of cellular membranes, exert important 

cellular functions associated with cell proliferation, apoptosis, signal transduction pathways and 

regulation of membrane trafficking.
4
 The major PL classes present in mammalian cellular 

membranes are 1,2 diacyl-glycerophospholipids such as glycerophosphocholines (PC), 

glycerophosphoethanolamines (PE), glycerophosphoinositols (PI), glycerophosphoglycerols 

(PG), glycerophosphoserines (PS), glycerophosphatidic acids (PA) as well as the corresponding 

1-alkenyl,2-acyl analogues such as plasmenyl-PC (pPC) and plasmenyl-PE (pPE). Among the 

sphingosine-based (SL) membrane lipids, N-acylated ceramides (Cer), sphingomyelins (SM 

which are 1-O phosphocholine ceramide derivatives) and galactosylceramides (Gal-Cer) are 

usually found as important membrane components in eukaryotic cells. The structural diversity of 

all these lipid classes, often leading to several hundreds of individual molecular species, is 

essentially caused by the acyl chains structural diversity which in turn derives from diversity in 
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their chain length and degree of unsaturation. Other important cellular lipids are lyso-

phospholipids (lyso-PL) bearing only one acyl chain at the sn-1 position (usually) of the glycerol 

backbone which are involved in important signaling pathways. Growing evidence has correlated 

the perturbation of lipid metabolism as well as dysfunctions of specific lipid species to a variety 

of diseases including cancer, obesity, hypertension, diabetes and neurodegenerative diseases.
5
 

Thus, lipidomics represents an important tool to study alterations in lipid metabolism and can 

facilitate the discovery of lipid biomarkers as useful indicators of disease progression or 

metabolic cellular response to various environmental stressors.  

The greatest advances in lipidomics investigations have been relied on two main 

analytical techniques, the nuclear magnetic resonance (NMR) and the mass spectrometry (MS), 

the latter often coupled to a liquid chromatography (LC) system. As a non-destructive and highly 

reproducible technique,
6
 NMR is often used in lipids analysis for ab initio structural elucidation 

of new lipid species; however, due to its intrinsically quantitative response, it can be, used even 

for reliable quantifications of  lipids mixtures obtained by tissues, body fluids and cell cultures.
4,7

 

In particular, 
31

P-NMR spectroscopy is a very powerful technique in the quantitation of PL 

classes due to the fact that, at least in principle, within a given PL class the phosphorous nucleus 

feels a different chemical environment with respect to that of a different PL class.  Owing to the 

high sensitivity and resolution for characterization of intact lipid species, electrospray ionization 

mass spectrometry coupled with liquid chromatography (LC-ESI MS) can supply the most 

comprehensive and informative data set for cellular lipidome studies.
8
 Tandem MS 

measurements, for example, through precursor ion scanning and neutral loss scanning, are also 

often required for identification of all lipid molecular species. This latter methodology is usually 
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much better than full scan MS due to its higher sensitivity and enhanced signal/noise ratio and, 

therefore,  can facilitate the characterization of minor but biologically relevant lipid species.
9
  

HeLa cellular lipidome has been rarely studied. As a model system, lipidomic analysis of 

HeLa cells has been performed to analyze the response of eight classes of phospholipids to 

paclitaxel-induced apoptosis by combing normal phase liquid chromatography (NPLC)/ESI 

(negative ionization)/MS
n
-based lipidomic strategy with multivariate statistical analysis.

10
 The 

aim of this study was to explore the relation between phospholipids metabolism and paclitaxel-

induced apoptosis as well as phospholipase changes to better understand the anticancer 

mechanisms of chemotherapeutic agents. HeLa cellular lipidome study has been also conducted 

using the shotgun lipidomic approach to investigate cell cycle dependent changes in membrane 

stored curvature elastic energy by analyzing lipid composition alterations in different cell phases, 

revealing that HeLa cells can modify the membrane stored elastic energy through cell cycles.
11 

These previous works have suggested HeLa cell line is a good model in lipidomic research with 

respect to anticancer drug effects on global lipid metabolism and to energy homeostasis related 

lipid profile alterations.  

Increasing evidence shows that cancer cells are correlated with specific alterations in 

lipid metabolism. In fact, changes in lipid composition are strongly related to many cellular 

processes, including cellular growth, proliferation, energy homeostasis and motility.
12

 Cells 

derived from prokaryotic and eukaryotic organisms have the abilities to sense and respond to 

oxygen alterations to maintain their homeostasis. In particular, cancer cells have developed 

oxygen-sensing capability to adapt to chronic low-oxygen conditions,
13

 known as hypoxia. 

Previous studies have demonstrated that tumor hypoxia has been associated with changes in 

carbohydrate and lipid metabolism.
 
For cancer cells, low oxygen availability can lead to the 



Yang Yu PhD Thesis                                                              Lipidomics Investigations in Cell Biology 

32 
 

activation of hypoxia-inducible factor (HIF), which causes the switch of cellular metabolic 

processes to anaerobic energy production
 
including prevention of glucose-derived lipid synthesis 

and requirement of glutamine as carbon source for lipid synthesis.
12 

Recently, few studies 

proposed phospholipids as reliable markers for hypoxia that induces alterations in tumor cell 

proliferation
14

 and it is believed that lipidomics tool is promising for future and more 

comprehensive studies of cancer cellular lipid profile alterations induced by hypoxia. 

Nevertheless, more information and global phospholipids profile analysis as well as its 

interrelated cellular pathways still remain to be revealed.  

In order to address the hypoxia-mediated alterations in cancer cellular phospholipid 

profile, to elucidate the corresponding pattern, and to further reveal the underlying mechanisms 

as well as molecular pathways involved, we performed a lipidomics investigation using HeLa 

cell line as a model system. First, we characterized each phospholipid class and individual 

phospholipid molecular species in control and hypoxia-stressed HeLa cells by resorting to the 

high resolution NMR and high performance liquid chromatography (HPLC) – ESI QqQ MS/MS 

tecniques. Second, multivariate data analysis (MVDA) was used to differentiate control and 

hypoxia-stressed cells and to understand how (existence of potential lipid biomarkers) and how 

much the changes in phospholipid profile are able to get light into the targeted biological 

problem (hypoxia). Finally, the trends and the possible mechanisms for such changes have been 

investigated by analyzing changes in the overall unsaturation index of PL classes. Taken 

together, our data show for the first time how the cell membranes lipids of HeLa cancer cells are 

affected by induced-hypoxia states and provide a preliminary insight into the corresponding 

mechanisms. 
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3.3 Materials and Methods 

Chemicals 

Methanol was of hypergrade for LC-MS with purity 99.9% (Merck). Chloroform with purity 

99.8% and water were of HPLC grade (VWR). Ultrapure water was obtained from Milli-Q 

system (Millipore). Methanol-D4 was with deuteration degree of min. 99.8% for NMR 

Spectroscopy (Merck). Lipid standards DLPC (1,2-dilauroyl-sn-glycero-3-phosphocholine), 

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), DOPS (1,2-dioleoyl-sn-glycero-3-phospho-

L-serine), DOPA (1,2-dioleoyl-sn-glycero-3-phosphate), DSPG (1,2-dioctadecanoyl-sn-glycero-

3-phospho-(1'-rac-glycerol)) and standards SM (sphingomyelin, Brain, Porcine), L-α-PE (Egg, 

Chicken), L-α-PI (Soy) with purity >99% were all purchased from Avanti Polar Lipids 

(Alabaster). Standard lipids and extracted cellular lipids were prepared and dissolved in glass 

vials.  

Cell culture and Hypoxia treatment  

HeLa cells were cultured in DMEM (supplemented with 10% heat-inactivated FBS, 1% L-

glutamine and 1% penicillin/ streptomycin) in an incubator at 37 
°
C with 5% CO2. 24 hours 

before hypoxia treatment, HeLa cells were synchronized by serum starvation. Hypoxia was 

induced with 200 μM Cobalt (II) chloride (CoCl2) added to cell cultures for 3h. Untreated cells 

were used as negative controls. In order to achieve sufficient biomass for NMR analysis, 

approximately 1x10
8 

cells were used, while 1x 10
7
 cells were sufficient for MS analysis. Since 

cell cultures are growing in strictly controlled conditions, their variability is smaller than the one 

expected for other type of samples, thus allowing the use of smaller sample sizes (n=4).  

Immunocytochemistry and fluorescence microscopy 
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Cell cultures were carried out as described previously (Vidalino et al., 2012). After CoCl2 

treatment, HeLa cells were washed in pre-warmed PBS and then fixed in 4% PFA for 15 minutes 

at room temperature. After permeabilization in 0.1% Triton X100 for 5 minutes, cells were 

immunostained. The following antibodies were used: mouse anti-HIF1α (dilution 1:50; Abcam), 

rabbit anti-ACTIN (dilution 1:500, Sabta Cruz. The following secondary antibodies (1:500, 

Invitrogen) were used: Alexa Fluor 488-conjugated goat anti-rabbit and anti-mouse IgGs, Alexa 

Fluor 594-conjugated. Microscopy analysis was performed using the Zeiss Observer Z.1 

Microscope implemented with the Zeiss ApoTome device and with a PlanApo oil immersion 

lens (63X, NA=1.4). Pictures were acquired using AxioVision imaging software package (Zeiss) 

and assembled with Adobe Photoshop 7.0. Images were not modified other than adjustments of 

levels, brightness and magnification. 

Phospholipids extraction and sample preparation 

Total cellular lipids were extracted according to Bligh and Dyer method with slight 

modifications.
15

 In brief, medium was removed and cells washed with PBS twice followed by 

trypsin digestion. Cells were washed again with PBS and centrifuged for 10 min at r.t. at 2400 g. 

The pellet was then resuspended in 1 ml Milli-Q water and incubated in ice. Before lipid 

extraction, 10 ng/μl standard DLPC (12:0/12:0), distinct from any natural cellular lipid as 

previously assessed, was added in order to estimate the yield of extraction (recovery). 3 ml 

chloroform/methanol (v/v 2:1) was added to the resuspended pellet followed by sonication in ice 

(program set as total time 15 min, amplitude 20, time pulse 3 sec and time pause 5 sec). The 

samples were then centrifuged at 16000 g for 10 min at 4 °C and the chloroform phase (bottom 

layer) was carefully collected into a glass vial and the upper layer was subjected to another 

extraction step. The combined chloroform fractions were evaporated under a gentle stream of N2. 
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The extracted lipids were initially dissolved in 700 μl of perdeuterated methanol (CD3OD) for 

NMR measurements. At the end of NMR analysis the sample was then concentrated to final 

volume of 500 μl and used for all the MS analysis. The final standard DLPC (12:0/12:0) 

concentration assuming a 100% recovery was 6.25 ng/μl. Peak area of DLPC in the real sample 

was divided by that of DLPC in standard solution (6.25 ng/ul assuming 100% recovery) to give 

the value of lipid recovery. 

 NMR measurements 

1
H- (400 MHz) and 

31
P-NMR (162 MHz)  spectra of the raw organic lipid extracts were recorded 

in d4-methanol (99.90% CD3OD) at 300 K on a Bruker-Avance 400 MHz NMR spectrometer by 

using a 5 mm BBI probe equipped with pulsed-gradient field utility. The 
1
H-90

0
 proton pulse 

length was found 9.3 µs with a transmission power of 0 db whilst 
31

P-90
0
 proton pulse length 

was 17 µs with a transmission power of -3 db. The chemical shift scale (δ) was calibrated on the 

residual proton signal of CD3OD at δH 3.310 ppm and δC 49.00 ppm whilst the 
31

P-NMR δ scale 

was calibrated on the PC signal at δP  -0.550 ppm. The following experiments were done (info 

obtained are reported in brackets): 
1
H-NMR (proton chemical shifts and scalar couplings J); 

1
H-

1
H DQCOSY (proton-proton scalar correlation); 

1
H

13
C HSQC (proton-carbon one-bond 

correlation); 
1
H

13
C HMBC (proton-carbon multiple-bond correlation). 1D NMR spectra (

1
H 

and 
31

P) of the lipid extracts were fitted and integrated by the software MestreNova 8.1 

(Mestrelab Research S.L., Escondido, CA). 

Optimization of precursor ion scanning and neutral loss scanning for ESI MS/MS analysis 

Characteristic fragmentation of each standard phospholipid (PL) class (DOPC, DOPS, DOPA, 

DSPG, SM, L-α-PE (Egg), L-α-PI (Soy)) were  firstly studied by triple quadruple mass 
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spectrometry (Applied Biosystems API 3000
TM

, Italy)
 
with direct infusion at 10 μl /min using a 

syringe pump (Harvard Apparatus, Italy). Individual standard lipid was dissolved in 

methanol/water (v/v 7:3) containing ammonium acetate (10 mM). Full scan and MS/MS analysis 

were performed both in positive and negative ionization mode. Next, equal volume of 1 mg/ml 

of each lipid standard were mixed and analyzed by HPLC - ESI MS/MS to optimize class-

specific MS/MS head group survey scanning (Precursor Ion Scanning and Neutral Loss 

Scanning) for sample analysis. 

HPLC-ESI MS/MS measurements  

Total HeLa PL extracts were separated and analyzed with Shimadzu High Performance LC
TM

 

(CBM-20 A, equipped with the binary pump LC-20AB, Italy) combined with Applied 

Biosystems API 3000
TM 

QQQ mass spectrometer (LC/MS/MS System, equipped with 

electrospray ion source). A Kinetex C18 column (100A pore size, 4.6 mm ID, 2.6 μm particle 

size, and 10 cm, Phenomenex, Italy) was used for lipid separation. The mobile phase included A: 

methanol/ water (v/v 7:3) with 10 mM ammonium acetate and B: methanol with 10 mM 

ammonium acetate. The gradient elution program started from 70% B/30% A, reached 100% B 

in 45 min, and maintained at 100% B for 20 min. The flow rate was 1 ml/min and 10 μl of 

sample was injected. The mass spectrometric analysis was carried out in positive ionization 

mode and MS/MS class-specific scan conditions optimized as follows: NEB (Nebulizer Gas) 9, 

CUR (Curtain Gas) 10, TEM (Temperature) 300 
0
C, IS (IonSpray Voltage) 5 kV, CAD (collision 

gas) 4, DP (Declustering Potential) 65, FP (Focusing Potential) 250, EP (Entrance Potential) 5, 

CE (Collision Energy) 40 and CXP (Collision Cell Exit Potential) 18. Unit resolution was set for 

both Q1 and Q3 and step size was 0.1 amu. Precursor ion scan 184 was used to characterize PC, 

lyso PC, pPC and SM, indicating the precursor ion form of [M+H]
+
. Neutral loss scanning of 
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185, 115, 189, 141 and 277 Da were employed to detect PS with precursor ion [M+H]
+
, PA with 

precursor ion [M+NH4
+
]
+
 , PG ([M+NH4

+
]

+
), PE/ lyso PE/ pPE ([M+H]

+
) and PI ([M+NH4

+
]
+
), 

respectively.  

Data processing 

Data generated from LC/MS/MS class-specific scanning were processed with Analyst (Version 

1.42) by extracting ions from TIC (Total Ion Chromatogram) and peak areas were integrated 

from EIC (Extracted Ion Chromatogram) after mass tolerance aligning and peak smoothing. 

Identification of lipid molecular species was resorted to Lipid Mass Spec. Prediction (LIPID 

MAPS) by surveying Mass, Mass tolerance, Head group and Precursor ion. Intra-class 

quantification and distribution was assessed by normalizing peak area of each lipid species to the 

overall area of all lipids belonging to the same lipid class. A data matrix was generated, which 

comprised of rows representing different samples and columns indicating relative abundance of 

individual PL species as variables. The data matrix was imported into software SIMCA-P 13.0 

(Umetrics, Italy) for multivariate data analysis (MVDA). Pareto-scaling was used to preprocess 

data and principal component analysis (PCA) was an initial overview of data set about group 

classification and trends, which here indicated the separation between control and hypoxia-

treated HeLa cells. Partial Least Squares Discriminant Analysis (PLS-DA) was used to better 

discriminate control and treated cells. PLS-DA was also employed to find out PL species as 

markers which had significant discriminatory power. Unpaired t-test of the candidate marker 

species was carried out with GraphPad Prism 5. For Unsaturation Index (UI) analysis, the 

relative abundance of individual PL species was multiplied by their corresponding unsaturation 

number. 
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3.4 Results and discussion  

Cobalt (II) chloride induces hypoxia  

Since cellular lipids are highly variable depending on cell cycle, we decided to investigate only 

the effects of hypoxia on dynamic changes of lipid profile after synchronizing cell growth at the 

same stage by serum starvation.
16

 It has been demonstrated that hypoxia can be induced by 

CoCl2 and both higher concentration (400 µM) and long term exposure (24h) of CoCl2 induce 

cell apoptosis.
17

 For this reason, we incubated HeLa cells with 200 µM CoCl2 for 3h. Although 

no apoptosis was observed (data not shown), under this condition, hypoxia was induced. As 

shown in Fig. 1 hypoxia induction was assessed by monitoring the hypoxia-inducible factor 1- 

(HIF 1-) which accumulates in the nucleus upon exposure to hypoxic conditions.
18

 No 

morphological changes were observed by microscope analysis after treatment with CoCl2. 
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Fig. 1 CoCl2-induced hypoxia in mammalian cells. HIF 1- is a cytoplasmic protein. HeLa cells 

lines were treated with 200 µM cobalt chloride for 3h and then processed for immunostaining 

analysis. Fluorescent images were taken from representative cells. (a) Immunostaining for HIF 1-

 (red) and ACTIN (green) shows the cytoplasmatic localization of HIF 1-in normoxia 

conditions. (b) Under hypoxia induction, HIF 1- shuttles from the cytoplasm and localizes 

within the nucleus.  (63X magnification). 

NMR analysis of phospholipid classes  

The raw lipids extracts obtained from control and hypoxia treated HeLa cells were 

subjected to extensive 1D (
1
H and 

31
P) and 2D (HSQC and HMBC)-NMR measurements carried 

out at 300 K in deuterated methanol.    

The 
1
H-NMR spectrum contained information which proved to be relevant for arriving at 

the overall profile of the main cell membrane lipids. In fact, besides the characteristic peaks 

attributable to the presence of PC (H 3.22 s, C 54.5) and to PE (H 3.16 m, C 41.5), signals due 

to the presence of plasmenyl PC and/or plasmenyl PE (H 5.96 d and 4.43q, C 146.2 and 108.1, 

respectively), SM lipids (H 5.71 dt and 5.45d, C 134.9 and 131.0, respectively) were also 

detected. Moreover, a characteristic triplet at H 3.20 (coupled to C 76.1) was attributed to lipid 

species belonging to PI class. Worthy of mention, the latter was clearly detectable only in the 

untreated HeLa samples whilst it was found to be below the detection limit in the hypoxia-

treated HeLa samples.   

The analysis of these 
1
H-NMR spectra allowed us i) to clearly detect also cholesterol 

(Chol) by the presence of the characteristic singlet signals of its angular methyl groups at H 0.72 

and H 1.02 (coupled to C 12.2 and C 19.5, respectively) and ii) to establish the [Chol]/[PC+SM 

lipids] molar ratio by evaluation of the corresponding area of the signal at H 0.72 (x 3) for Chol 

with respect to the area of  the signal at H  3.22 for PC+SM. No statistically significant change 
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of the value of this ratio was found in hypoxia-treated (0.52 ± 0.02) with respect to that of 

untreated HeLa cell extracts (0.51 ± 0.02).  

Although the integration of the 
1
H-NMR signals allowed to roughly establish also the 

relative molar ratio of the main PL classes, we used only the results of the corresponding 
31

P-

NMR spectra for the relative quantitative analysis of PL classes in HeLa cell extracts.    

 

Fig. 2 NMR analysis of PL composition in control and hypoxia-stressed HeLa extracts. (a) 

Overlay of the high resolution 
31

P-NMR spectra of untreated (blue) and hypoxia-stressed (red) 

HeLa extracts (b) Relative % changes of selected PL classes. 
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The 
31

P-NMR spectra of untreated (blue spectrum) and CoCl2-treated (red spectrum) 

HeLa samples are reported in Fig. 2a. The spectral assignment of every resonance to a given PL 

class was done with reference to the 
31

P chemical shift scale measured at 300K on 10 mM 

solutions (CD3OD as solvent) containing commercially available lipids such as PC, pPC, PE, 

pPE, PI, PG, PS and SM. 
31

P-NMR measurements gave reliable clues to the main PL classes 

present in the raw HeLa lipid extracts and was used to establish the quantitative changes in PL 

classes distribution after hypoxia-induced conditions. In particular, the 
31

P NMR spectra showed 

the presence of the following classes in order of increasing 
31

P chemical shifts (P values in ppm, 

% molar ratio in parenthesis): PC (0.55, 53%), pPC (0.49, 6.5%), SM (+0.06, 10%), PE 

(+0.19, 16.5%), PI and pPE (+0.24, 14%) with the latter two classes, unluckily, not resolved each 

other in spite of high resolution conditions of our 
31

P measurements (W1/2   2 Hz).  The relative 

changes in lipid distribution after CoCl2 treatment were obtained by 
31

P–NMR spectra 

simulations followed by comparison of the corresponding peak area integrations. As shown in 

Fig. 2b, a significant decrease was found for the overall amount of PI+pPE, small and opposite 

trends were found for SM (slight decrease, -10%) and PE (slight increase, +10%) whilst PC and 

pPC kept almost unchanged. Although a small decrease in the total amount of pPE class was 

clearly observed in the 
1
H-NMR spectra, since pPE represented only 2-3% of the overall PL 

content, the most significant contribution to the decrease of the PI+pPE area
 
 (-25%) in the 

31
P-

NMR spectra must be attributed to PI lipid species.  

Due to the intrinsically low sensitivity and low dynamic range of NMR measurements, 

minor PL classes such as PS, PG, lyso PL, ceramides and DAGs were or not detected or not 

further characterized. Anyhow, NMR spectra of lipids do not contain structural information (i.e. 

chain length, number of unsaturations, double bonds positions) of the acyl chains present in all 
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PL molecular species. In our study, NMR technique was adopted to estimate inter-class 

distribution while mass spectrometric analysis was performed to determine intra-class 

distribution of PL and SL molecular species. 

Lipid class-specific (head groups) survey scans through MS/MS measurements   

In order to get more comprehensive information about individual PL species, we carried 

out a detailed mass spectrometric analysis whereby diagnostic fragmentation patterns for all PL 

classes were established in order to arrive at the complete annotation of lipid species (data not 

shown). In presence of ammonium ion, the ESI positive ion-mode was found to get clear results 

for PL identifications; in particular, precursor ion scanning (PIS) of the fragment ion at m/z 184 

(phosphocholine head group) was used to identify the protonated molecular ion [M+H]
+ 

of all the
 

PC (including pPC) and the SM lipid species. On the other hand, measurements through the 

neutral loss scanning (NLS) of 185, 115, 189, 141 and 277 Da were employed to detect PS, PA, 

PG, PE and PI, respectively. To sum up, Table 1 showed MS/MS scanning methods with 

diagnostic fragmentations as well as the corresponding precursor ions for PL identification. 

These preliminary studies were crucial to establish the class-specific MS/MS methods for PL 

identification and quantification; a mixture of standard PL from different classes was used for 

HPLC-ESI MS/MS analysis to validate these methods for sample analysis.  

Table 1 Characteristic fragmentation patterns of each PL class 
Phospholipid Class Precursor Ion MS/MS Type Characteristic Fragment 

Phosphatidylcholine (PC) [M+H]+ Precursor ion scan  (PIS) 184 Phosphocholine 

Sphingomyelin (SM) [M+H]+ PIS 184 Phosphocholine 

Phosphatidylethanolamine (PE) [M+H]+ Neutral loss scan (NLS) 141 Phosphoethanolamine 

Phosphatidylserine (PS) [M+H]+ NLS 185 Phosphoserine 

Phosphatidylinositol (PI) [M+NH4
+]+ NLS 277 Phosphoinositol +NH3 

Phosphatidylglycerol (PG) [M+NH4
+]+ NLS 189 Phosphoglycerol +NH3 

Phosphatidic acid (PA) [M+NH4
+]+ NLS 115 Phosphoric acid +NH3 
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The chromatographic separation and the mass-spectrometric characterization of 

individual molecular species in the standard PL mixture were optimized by the combination of 

RP-HPLC (reversed phase liquid chromatography), full scan ESI positive ion-mode assisted by 

ammonium ions present in the mobile phase and finally by MS/MS precursor ion scanning (PIS) 

or neutral loss scanning (NLS). As shown in the total ion chromatograms (TIC) in Fig. 3a, the 

identified PS 18:1/18:1 (by NLS of 185 Da) eluted at 14.04 min while lipids eluted at 20.61 min 

and 18.31 min were established (PIS of m/z 184) to be PC 18:1/18:1 and SM (d18:1/18:0), 

respectively. Similarly, PE and PI components were well separated and identified by diagnostic 

head group survey scan (NLS 141 Da and NLS 277 Da, respectively), which are shown in the 

TIC in Fig. 3b. Finally, the characterization of PA 18:1/18:1 and PG 18:0/18:0 (by NLS 115 Da 

and NLS 189 Da, respectively) is shown in Fig. 3c.  

Our study confirms that the combination of RPLC and various MS/MS scanning methods 

is able to target specific PL classes more efficiently than full scan detection.
9,19,20

 Moreover, the 

addition of ammonium ions gives better response factors for each PL class in ESI positive ion-

mode by MS/MS with respect to the most used ESI negative ion-mode methodology. Due to 

ammonium ions in mobile phase, the sodium adducts formation was greatly reduced, leaving the 

protonated species [M+H]
+ 

for PE and PS and the [M+NH4
+
] adducts for PG, PI and PA as the 

dominant pseudo-molecular ions, an outcome in keeping with some previous studies.
9,21,22

 We 

also applied this methodology to estimate intra-class PL distribution and to further determine 

their contributions to the relative changes in lipid composition profile by extra-cellular 

stimulation.   
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Fig. 3 RPLC MS/MS determination of standard lipid mixtures (DOPC, DOPS, DOPA, DSPG, 

SM (Brain, Porcine), L-α-PE (Egg, Chicken), L-α-PI (Soy)) in ESI positive mode. (a) Detection 

of DOPS by NLS at 185 Da and DOPC, SM (d18:1/18:0) by PIS of m/z 184; (b) Identification of 

PE 34:1 by NLS of 141 Da and PI 34:2 by NLS of 277 Da; (c) Detection of DOPA by NLS of 

115 Da and DSPG by NLS of 189 Da. 
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HeLa cellular phospholipids profiling and hypoxia-induced lipid alterations  

 

Fig. 4 Ion chromatograms obtained by LC-MS analysis of control HeLa cellular lipids 

(designated as “C”, left) and CoCl2-treated HeLa cellular lipids (designated as “T”, right) for  (a) 

top: PC, SM, LPC and pPC, as detected through PIS of m/z 184; bottom:  lipid species detected 

within the time retention windows 13.0113.12 min (C) and 13.5213.62 min (T); (b) PE, pPE 

and LPE, as detected through NLS of 141 Da; (c) PI as detected through NLS of 277 Da; d) PS 

as detected through NLS  of  185  Da.  Note that the intensities of PI signals in treated are almost 

3 times lower than in untreated HeLa cells.  
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The efficiency of total cellular lipid extraction was another key point in order to reliably 

assess the relative changes upon hypoxia stress. To tackle it, a known amount of PC 12:0/12:0 

(DLPC) was added before solvent extraction (chloroform/methanol 2:1) in order to estimate the 

recovery both for control and hypoxia-stressed cells. The estimated lipid recovery was about 

60% for both control and treated samples. 

Our RPLC-ESI (+) MS/MS methodology allowed a direct relative quantitation of the 

precursor ion mass spectra of all the lipids bearing the phosphocholine groups (PC, SM, lyso PC 

and plasmenyl PC) contained in HeLa cells after CoCl2 treatment with respect to those from 

normal HeLa cell cultures; some examples of identified species are presented in Fig. 4a. As a 

first outcome, no significant changes of these PC species in hypoxia stressed cells were detected 

(Fig. 4a) as well as for PE and plasmenyl PE (Fig. 4b). The most relevant effect of CoCl2 

treatment was instead observed on PI lipids which were found to strongly decrease (almost 3 

folds change, Fig. 4c), in good agreement with results from the above reported 
31

P-NMR 

experiments.  Similar to PC and PE, there were no significant changes of PS lipids (Fig. 4d).  

In total, 189 membrane lipid species were characterized, including 42 species of PC, 33 

pPC, 13 lyso-PC (LPC), 39 PE, 15 pPE, 14 PI, 10 SM, 10 lyso-PE (LPE), 4 PG and 9 PS. With 

the class-specific survey scanning, quantitative data were generated from the peak area of 

detected precursor ions on the assumption that all the species belonging to the same class had 

almost identical ESI-MS response factors.
9
 In particular, the total amount of each class (after 

normalization by previously added standard DLPC) was evaluated for control and CoCl2 treated 

HeLa cells. As shown in Fig. 5a, the amount of LPC increased significantly upon hypoxia 

stimulation (with p value 0.0085) and the same trend was also clear for LPE (Fig. 5b). On the 

contrary, the overall amount of PI lipids strongly decreased after hypoxia stimulation, which was 
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shown in Fig. 5c. The total amount of PG and DAGs in both control and treated cells was found 

so low that either a reliable analysis was completely hindered (PG) or their presence (DAG) was 

uncertain. Concerning PS, a class of membrane lipids expected to play an important role in many 

cellular signaling, they kept almost unchanged with the exception of PS 36:3 and PS 40:5 after 

hypoxia treatment (Table 3).  Few ceramide-derivatives, namely ceramide (d18:0/C18:0)-1P, 

ceramide (d18:0/C24:1), ceramide (d18:1/C24:0), 1-galactolsyl-ceramide (d18:1/C24:1) and  1-

galactolsyl-ceramide (d18:1/C24:0) were identified but the total amount of all these lipids was 

less than  1% and remained almost unchanged after the treatment. 

 

Fig. 5 Amount of overall PL classes (values expressed in term of areas obtained from MS/MS 

experiments) of control and hypoxia-stressed HeLa cells. Upon hypoxia treatment (a) LPC 

increases, (b) LPE increases and (c) PI decreases. The superscript (*) shows significant 

differences of treated (T) with respect to control (C) at p < 0.05 (n=4).  
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Table 2 Relative abundances and number of species of different PL classes in control (C) and 

hypoxia-treated HeLa cells (T) with a double bond number (N) on the acyl chains higher than 3 

or with a double bond number lower than 3.  

Double 

Bonds 

PC pPC PE pPE PI PS 

Relative 

abundance 

(%) 

Nr. of  

species 

Relative 

abundance 

(%) 

Nr. of  

species 

Relative 

abundance 

(%) 

Nr. of  

species 

Relative 

abundance 

(%) 

Nr. of  

species 

Relative 

abundance 

(%) 

Nr. of  

species 

Relative 

abundance 

(%) 

Nr. of  

species 

N  3 (C) 12.4 ± 0.7 27 6.1 ± 0.6 6 30.9 ± 1.1 26 25.6 ± 1.6 6 40.1 ± 3.0 8 9.4 ± 1.1 3 

N < 3 (C) 87.6 ± 0.7 15 93.9 ± 0.6 27 69.1 ± 1.1 13 74.4 ± 1.6 9 59.9 ± 3.0 6 90.6 ± 1.1 6 

             

N  3 (T) 16.0 ± 1.4 27 5.4 ± 0.3 6 32.6 ± 1.4 26 25.2 ± 1.4 6 42.1 ± 3.4 8 9.3 ± 0.5 3 

N < 3 (T) 84.0 ± 1.4 15 94.6 ± 0.3 27 67.4 ± 1.4 13 74.8 ± 1.4 9 57.9 ± 3.4 6 90.7 ± 0.5 6 

Meanwhile, a relative quantitative analysis was performed by normalizing the peak area 

of each identified lipid to the overall peak area of all lipids belonging to the same class in order 

to establish the intra-class distribution of each PL and SL molecular species. The most abundant 

PC species (% relative abundance in parenthesis) were 34:1 (18.9     , 32:1 (18.7    ) and 

34:2 (        ); the acyl chain length of all the PC species ranged from 28 to 42 whereas the 

number of double bonds varied from 0 up to 9. Table 2 presented the relative abundances and 

number of different PL classes in control (C) and hypoxia-treated HeLa cells (T) with a double 

bond number (N) on the acyl chains higher than 3 or with a double bond number lower than 3. 

The ratio between polyunsaturated PL species (N 3) and PL species with N < 3 varied 

remarkably in different classes. As shown in Table 2, polyunsaturated PC, pPC and PS species 

accounted for only 12.4%, 6.1% and 9.4%, respectively whilst the proportion of polyunsaturated 

species significantly increased in PE (30.9%), pPE (25.6%) and PI (40.1%).  

It has been reported that some metabolites which are involved in the biosynthesis and 

catabolism of phospholipids and other lipids could be affected by the enhanced expression of 

hypoxia-induced factor (HIF) in hypoxic tumor cell lines, for example, in AML cell lines
23

 and 

prostate cancer cell lines.
24

 Generally, hypoxia is able to induce variation in phosphatidylcholine 

turnover or in myo-inositol level in different cell lines.
23,25,26

 For example, it has been reported 
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that under hypoxic conditions, the accumulation of myo-inositol in AML cells might be related 

to the phosphatidylcholine turnover.
23

 Our investigation seems to suggest that the significant 

decrease of the amount of PI lipids upon hypoxic condition is probably due to the accumulation 

of cellular myo-inositol, which played a critical role in de novo synthesis of phosphatidylinositol 

(PI). The changed level of myo-inositol, which has important functions in mammalian cells, has 

been associated to adjust phospholipid levels.
27

 Myo-inositol is also able to participate in up-

regulation of glucose metabolism which can affect glycolytic intermediates synthesis.
28

 

Furthermore, some previous studies have demonstrated that the synthesis of PI from myo-inositol 

was markedly inhibited by hypoxia in the rabbit carotid body.
29

 The researchers speculate that 

during hypoxia several second messenger cascades are activated, which can directly or indirectly 

influence PI turnover. Another proposed possibility is attributed to the diminution of ATP levels, 

which is supported by the report that anoxia in isolated hamster heart or permeabilized adrenal 

chromaffin cells can both cause a decrease in PI biosynthesis paralleled by a decrease in ATP 

levels.
30,31

 Such modulation and variation in cellular PI may indicate an adaptive response in 

energy homeostasis of hypoxia-stressed HeLa cells.   

Multivariate analysis and individual potential marker analysis  

As shown in Table 2 there is no clear evidence of difference in the unsaturation 

distribution within a given class between treated and untreated cells. We wondered if such a 

difference could become evident by looking at individual phospholipid within a given class 

under normal or hypoxia conditions. The plots in Fig. 6 illustrate the multivariate data analysis 

(MVDA) conducted on the 42 phosphatidylcholine species detected in HeLa.  Principal 

component analysis (PCA), an unsupervised multivariate method, was firstly used to analyze the 

generated MS data. The first two components of PCA model cumulatively described 84% of the 
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total variability. The PCA scores plot (Fig. 6a) showed a clear-cut separation between control 

and hypoxia-treated HeLa cells in PC2 dimension, thus suggesting that hypoxia treatment 

induced a significant change in phosphatidylcholine profile. The contribution of each 

phosphatidylcholine species to the discrimination was further investigated in the corresponding 

loadings plot (Fig. 6b), which displayed the discrimination pattern. Along the second component 

to the upper part, the variables represented the more abundant phosphatidylcholine species in 

hypoxia-treated HeLa cells, whilst in the opposite side are reported the more abundant 

phosphatidylcholine species in the control cells. On the other hand, mono- or di-unsaturated 

phosphatidylcholine species are much more representative for the untreated HeLa cells. 

Partial least squares discriminant analysis (PLS-DA) model, a supervised multivariate 

technique, was further applied to enhance class separation and to characterize 

phosphatidylcholine species responsible for such separation. As illustrated in the PLS-DA scores 

plot (Fig. 6c), a clearer class separation between control and hypoxia-treated cells could be 

obtained by the first component. Along the first component of the corresponding loadings plot 

(Fig. 6d), phosphatidylcholine species further away from the main cluster had stronger influence 

on class separation
32 

and show the most significant changes between control and treated cells. 

Therefore, the metabolism changes of lipid species associated with hypoxia stimulation could be 

explained. Further looks at how each phosphatidylcholine specie contributed to the separation 

could give insights into the importance of each species (variable) and thus variable influence on 

projection (VIP) plot was displayed (Fig. 6e). This VIP plot summarized the importance of each 

variable accounting for hypoxia effects.  In fact, variables with higher VIP values (≥1) were most 

influential and accordingly picked out as potential markers (9 candidate phosphatidylcholine 
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species). In order to confirm that we were dealing with “true lipid markers”, univariate analysis 

(unpaired t-test) was finally carried out. 

 

Fig. 6 Multivariate data analysis of 42 species of HeLa cellular phosphatidylcholine (PC). (a) 

PCA scores plot, and (b) Loadings plot of the control and hypoxia-treated HeLa cells (designated 

as “C” and “T” respectively, n=4) (c) PLS-DA scores plot and (d) Loadings plot (e) VIP plot 

from PLS-DA. 
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Fig. 7 Univariate analysis of potential PC markers obtained from PLS-DA. Mono- or di-

unsaturated PC (32:1, 34:2, 32:2a) decreased whilst poly-unsaturated PC species (36:3, 38:5, 

36:4a, 38:6a, 38:4c, 38:4a) increased upon hypoxia stress. The superscript (*) shows significant 

differences of treated (T) with respect to control (C) at p < 0.05 (n=4). 

As shown in the individual marker analysis in Fig. 7, hypoxia-stress induced a 

remarkable decrease in mono- and di-unsaturated PC species (32:1, 34:2 and 32:2a), whereas 

polyunsaturated PC species (36:3, 38:5, 36:4a, 38:6a, 38:4c, 38:4a) were increased compared to 

the corresponding level of control samples. MVDA of PL molecular species from other classes 

and individual marker analysis were performed in a similar workflow as previously described. 
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The results of MVDA and the univariate confirmation by t-test can show the effects of hypoxia 

stress on HeLa cells. The identified candidate PL markers and their qualitative changes are 

presented in Table 3. Moreover, most of LPC and LPE species exhibited pronounced variations 

and discriminatory power, as reported in Table 4. These analyses showed that hypoxia stress 

could alter metabolism of PL species from different classes (PC, PE, pPE, pPC, PI, PS, LPC and 

LPE) and also revealed a general trend induced by hypoxia treatment: PL species with 

polyunsaturated acyl chains greatly increased whilst mono- and di-unsaturated species reduced. 

Based on such findings, Unsaturation Index (UI) analysis of each PL class was performed. 

Table 3 Identified potential PL markers and their corresponding qualitative changes in hypoxia-

treated (T) or control HeLa cells (C). 

Lipid Class 
Identity of PL molecular 

species 

Higher abundance in 

Control (C) or 

Treated (T) 

PE PE 34:2 C 

Plasmenyl PE pPE 34:1 T 

Plasmenyl PE pPE 36:5 C 

Plasmenyl PE pPE 38:6 T 

Plasmenyl PC pPC 36:2 T 

Plasmenyl PC pPC 36:1 T 

Plasmenyl PC pPC 36:3 C 

Plasmenyl PC pPC 34:2 T 

Plasmenyl PC pPC 36:5 C 

Plasmenyl PC pPC 38:6 C 

PI PI 32:1 C 

PI PI 38:4 T 

PI PI 38:3 T 

PS PS 36:3 T 

PS PS 40:5 C 

 

Table 4 Potential LPC, LPE markers and their corresponding distributions in hypoxia-treated or 

control HeLa cells 

Lipid Class 
Identity of PL 

molecular species 

Higher abundance in 

Control (C) or Treated (T) 

LPC 

LPC 20:1, LPC 22:5, LPC 

14:0, LPC 22:6, LPC 22:4, 

LPC 16:1, LPC 20:5, LPC 

18:2, LPC 20:3 

T 

LPE 
LPE 20:4, LPE 22:5, LPE 

22:4, LPE 20:3, LPE 24:4, 
T 

LPE LPE 18:0, LPE 18:1 C 
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Unsaturation Index analysis of each phospholipid class 

The intra class unsaturation index (UI) represents the sum of the number of double bonds 

of each lipid molecular species averaged by their molar fraction within a given class. It was 

indicated in Fig. 8 that by hypoxia stimulation, UI of LPC, PC, PE and LPE increased (Fig. 8a, b, 

d and e), while on the contrary, the UI of pPC decreased as compared with the control HeLa cells 

(Fig. 8c). Results shown in Fig. 8 were in accordance with individual marker analysis presented 

in Table 3 and 4, which indicated a clear trend of increasing UI for most of the PL molecular 

species due to hypoxia stress. Such analyses demonstrated that hypoxia had great effect to alter 

the fatty acid compositions of different classes of PL in HeLa cellular membrane with an overall 

enhancement of the acyl chain unsaturations.  

 

Fig. 8 Unsaturation Index (UI) analysis for each PL class. By hypoxia treatment UI of (a) LPC, 

(b) PC, (d) PE and (e) LPE increased whilst (c) pPC decreased. The superscript (*) shows 

significant differences of treated (T) with respect to control (C) at p < 0.05 (n=4). 
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The membranes lipids are built from fatty acyl chains of various degree of (un)saturation 

displaying different effects on membrane fluidity and permeability
33 

in order to adapt the cell 

itself to environmental changes. Such adjustment of cellular membrane fluidity might impact 

several membrane-dependent functions including cell signaling.
34

 Previous studies demonstrated 

that perturbations of the order-state of membranes were critical for physiological properties of 

cells such as membrane dynamics as observed in different disease states.
35

  

Mechanisms associated with hypoxia-stimulated membrane fluidity and dynamics 

changes are not clear yet, while such changes might be linked to the enhanced function of fatty-

acyl CoA desaturases or the involvement of cellular triglycerides turnover, the unsaturation 

properties of the latter could also be altered by hypoxia.
36

 Another interesting mechanism 

underlying the alteration of membranes was that the plasma membrane had more abundant 

sphingolipids, sterols and saturated PL species; instead, the endoplasmic reticulum (ER) 

contained primarily unsaturated PL species. Such lipids distribution determined that the plasma 

bilayer membrane was more rigid and impermeable with promoted compartmentalization of 

specific proteins involved in cellular signaling and cell-cell adhesion. On the other hand, 

unsaturated PL species would make the ER membrane more fluid and available for the 

incorporation of newly synthesized proteins.
4 

Taken together, the observed increase in membrane 

PL unsaturation might attribute to the enhanced ER activity in comparison with plasma 

membrane activity by hypoxia stimulation.  In order to confirm this hypothesis, however, a 

lipidomics analysis on different cell components (plasma, ER, mitochondria, nucleus, and Golgi 

apparatus) is clearly required but their separation/purification is still a challenging task.  
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3.5 Conclusions  

We have developed an RPLC-MS/MS-based methodology for precise identification and 

characterization of cellular lipids. Cervical cancer derived cells (HeLa cells) were selected as a 

model to study the effects of hypoxia on tumor lipid profile alterations. Phospholipid profiles of 

control and hypoxia-stressed cells have been compared by combining NMR and LC-MS data 

with multivariate and univariate data analysis tools. In particular, our research is the first report 

of cellular lipidomics study combining NMR with MS technique. Although modern lipidomics 

approaches mainly rely on the wide arsenal of MS techniques, NMR represents a powerful tool 

for the qualitative analysis and often it is crucial in the elucidation of their structural details. First 

of all, the sample preparation for NMR measurements is rather simple and rapid, not implying 

any derivatization of components. Moreover, NMR analyses carried out on lipids raw extract 

give an immediate perception of the main lipids therein present. Although the number of 

compounds detected in a raw lipid extract is limited, the NMR spectra give a good picture of 

what really is present, minor compounds might not be seen, but the major trends are clear. In 

particular, through 
31

P-NMR it is possible to differentiate the membrane lipids in distinct PL 

classes and to obtain reliable and reproducible quantitative data such as the molar fractions of all 

the PL classes. It is worth of mention that in all the (only) MS-based approaches these data are 

difficult to obtain since PL classes have quite different response factors in ESI source and a 

direct comparison among all these classes is often hindered by several other factors. Among the 

latter, neutral membrane lipids (PC, pPC,ePC,SM) are usually detected and quantified in positive 

ESI ion-mode whilst anionic membrane lipids (PE,PS,PG,PI,CL) require negative ESI ion-mode 

conditions. The comparison of data obtained in such different conditions is often quite 

cumbersome and, even worst, eventually unreliable. Of course NMR on lipids shows also some 
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elements of weakness. First, due to its intrinsically low sensitivity, it is necessary to deal with an 

adequate number of cells, at least a magnitude order higher than used in MS measurements. 

More importantly, lipids belonging to the same class show almost the same 
1
H- and/or 

31
P-NMR 

spectra no matter of the acyl chain length, number and position of unsaturations.  This limitation 

completely prevents to establish the intra-class chemical diversity. But, the latter information is 

rather easily achieved by MS measurements, in particular by exploiting the modern LC-MS 

marriage, making the two techniques highly complementary.  In the case discussed here,  this 

joint approach allowed us to characterize up to 189 PL molecular species.  

Interestingly, our data showed that hypoxia stimulation significantly reduced the total 

amount of cellular PI. In contrast, we observed a prominent increase of the amount of LPC as 

well as LPE in the same samples. Another interesting finding was that hypoxia stress affected 

cell membrane fluidity and dynamics by increasing the unsaturation of the acyl chains in several 

lipid classes. Statistical analysis revealed the membranes lipid markers that had discriminatory 

power. Such analysis might explain the changes of membrane fluidity and dynamics observed in 

cells in the presence of hypoxia. On the whole, the alterations in lipids amount and the fluidity 

enhancement in HeLa cellular membrane induced by hypoxia are of vital importance for 

membrane-dependent functions and the adaptive response of HeLa cells to hypoxia environment. 

Taken together, our results have proved that lipidomics approach could be explored as an 

important and integrative tool to investigate effects of stress inducers on lipid distribution and 

dynamics. Further investigations are required to understand the underlying biochemical 

mechanisms whereby lipids distribution can be altered; besides, studies on lipid biosynthesis 

through the aid of genomics/transcriptomics/proteomics tools will open new perspective for 

tumor treatment or cancer prevention.
37
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Chapter 4. Comparative Lipidomic studies of in vitro 

urinary bladder cancer models RT4 and T24: an 

investigation on urothelial metastasis  

4.1 Abstract 

Comparative lipidomic studies of urothelial cancer cell line RT4 as a model system of a benign 

tumor and T24 as a model system of a metastatic tumor [1] was performed to investigate how 

and how much changes in lipids profile are related to urothelial metastasis. RT4 cell line derives 

from the papilloma urinary bladder and such cells are not malignant, which display normal 

epithelial cell characteristics while the malignant cell line T24 displays spreading and invasive 

motility, which represents the development of urothelial cancer. Such metastasis progression was 

proposed to correlate with specific mutations [2] and significant changes of the lipids 

metabolism. Our study, here reported for the first time, points out that the malignant cell type 

shows a strong decrease (3-fold) of ether PC species complemented by a sharp increase of the 

length and the average unsaturation number of their acyl chains. Also ceramide-based 

sphingolipids show different profiles in these two types of cells. Further analyses are in progress 

and more information will be acquired in the near future. 

4.2 Introduction 

The specific structural characteristics of urothelial cells which cover the mammalian 

urinary tract enable the tight organization of urothelium to form blood – urine barrier as the 

tightest and most impermeable barrier in the body. In urinary bladder, the normal urothelium 

consists of roughly 3 to 5 layers of cells composed of a thick layer (at the apical membrane) of 

specific glycoprotein “uroplakin” incorporated with lipid membranes. As a special type of 
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epithelium, the structure and functionality of related proteins are broadly studied [3-5]; however, 

the lipid directed research still remains far behind, not even mentioned lipid hallmarks in the 

relevant pathologic states. Originated as epithelial cells in urinary bladder which can get more 

access for extended periods to urine in which chemicals are concentrated, urothelium is much 

susceptible to carcinoma. So the exposure of urinary bladder to certain chemicals can lead to 

urinary bladder cancer in which specific alterations in lipid profiles may occur.  

In the pathogenic state of malignancy, epithelial tumor is able to form vascularized 

colonies (metastases) at different sites in the body, whereas benign tumors cannot. Thus,  in vivo 

definition, cancers can be invasive and metastasize, instead, benign tumors can principally be 

divided into two groups as those associated with progressing to cancer and those without [6]. As 

pointed out by C.A. Klein (2013), the molecular differences between benign and malignant 

tumors are poorly studied and appreciated. Following malignant transformation at the genetic 

and epigenetic levels, an observed metastatic phenotype is dependent on varied behavior at 

different cellular levels. As protection to cytoplasmic components, plasma membrane can 

perform endocytosis and is able to increase mechanical stability during cell division. During 

cancer metastasis the separation of individual cells from tumor is common and the flexible 

features of membrane lipids can aid to decrease shear forces in such separation [7]. Besides, 

cellular plasma membrane provides specific domains for protein-lipid interactions, some of 

which are involved in structural and signaling alterations during cell proliferation or cell death 

[8]. For example, proteins of the receptor tyrosine kinases (RTK) family members and other 

signaling proteins such as Ras, caveolins and CD44 have been demonstrated to mediate cell 

motility and migration in association with lipid rafts [9-11]. Despite important roles of lipids in 

tumor metastasis, systematic studies on lipid characteristics and variations related to this 
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progress have rarely been mentioned. And therefore, extensive interest in lipidomic studies arises 

due to such close relations between metastatic progress and changes in lipid profiles.  

With respect to urinary bladder, there are two types of pathological in vitro model 

systems: 1) urothelial cell line RT4 as a model system of benign tumor, and 2) urothelial cell line 

T24 as a model system of a metastatic tumor. In particular, RT4 cell line derives from a 

transitional cell papilloma of urinary bladder (a grade I urothelial carcinoma) [12, 13] where 

cells are nonmalignant displaying similar growth and motility characteristics to normal epithelial 

cells [1]. Compared to RT4, T24 cells derive from poorly differentiated (grade III) transitional 

urinary bladder carcinoma [12, 14], in which cells display malignant characteristics such as non-

self-limited growth with extensive invasiveness and pervasion. These two models are very 

representative in the metastatic progression and such comparative studies between benign and 

malignant bladder model system may reveal a continuous process for urinary bladder cancer 

development [1]. So far the two representative models have been extensively employed in 

bladder cancer research such as mutation-related studies or morphological comparisons [15], 

whereas no systematic lipid studies have yet been performed.  

As described in the introduction of this thesis, several studies have linked the 

involvement of GSL in cancer pathogenesis [16], as well as it has been also proposed association 

of malignant transformation with abnormal glycosylation and the subsequent GSL variations 

[17]. Moreover, a certain biophysical characterization of RT4 and T24 has demonstrated that 

T24 cells possess lower stiffness due to reorganization of their molecular network [12]; however, 

no further studies have related global lipid variations which may contributes to such biophysical 

alterations. Thus, more information on global lipid profile analysis including GSL 

characterization need to be investigated.  
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In order to address the metastatic related alterations in urothelial bladder lipid profile, to 

elucidate the associated variation pattern, and to open further investigations on relevant cellular 

function as well as development of the therapeutic potential in bladder cancer treatment, we 

performed a comparative lipidomic study employing RT4 and T24 as model systems. Firstly we 

characterized the main PL and GSL (only d18:1 ceramides based GSL) classes and individual 

molecular species as well as cholesterol in RT4 and T24 cells by our multi-technique approach 

where high resolution NMR measurements were combined with classical HPLC–ESI QqQ 

MS/MS techniques. Furthermore, MVDA was also applied to discriminate RT4 and T24 

illustrating lipid variation patterns and discovering potential lipid markers in association with 

urothelial bladder metastasis. To sum up, our data for the first time elucidate how the bladder 

cancer development is linked to lipid variations and provide a preliminary insight into the 

corresponding mechanisms.  

4.3 Material and methods 

Chemicals 

All the solvents and lipid standards are the same as described in chapter 3, and moreover, another 

GSL standard of C16 Galactosyl (ß) Ceramide (d18:1/16:0) (D-galactosyl-ß-1,1’ N-palmitoyl-D-

erythro-sphingosine) was purchased from Avanti Polar Lipids (Alabaster).  

Urothelial cell cultures of RT4 and T24 

Urothelial cell cultures were performed as in Imani et al. (2012). Briefly, both of human 

urothelial cell lines RT4 and T24 were cultured in a 1:1 mixture of Advanced-Dulbecco’s 

modified essential medium (ADMEM, Invitrogen, Gibco, Paisley, UK) and Ham’s F-12 medium 

(Sigma-Aldrich, St. Louis, MO, USA), supplemented with 10% fetal bovine serum  (FBS, Gibco, 
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Invitrogen, Carlsbad, CA, USA), another 5 µg/ml insulin-transferrin-selenium supplement 

(Gibco, Invitrogen), 100 µg/ml streptomycine and 100 units/mL penicillin. Both types of cell 

culture were plated with seeding density of 5 × 10
4
 cells/cm

2 
in cell culture flasks with 75cm

2
 

available growth areas (T75). To achieve sufficient biomass for NMR analysis, 3 flasks of T24 

cultures and 2 flasks of RT4 cultures would be necessary (approximately 3*10
7 

cells
 
in each 

case). Cells were incubated at 37°C in a humidified atmosphere of 5% CO2 (v/v) in air for one 

week. After one week growth to confluence, cells were detached by incubation with TrypLE 

Select (Gibco, nvitrogen) at 37°C, resuspended in the medium, centrifuged at 200g for 5 minutes 

and collect the pellets for further lipid extraction and analysis.  

Lipid extraction and sample preparation 

The total lipid extraction procedures previously described in chapter 3 was modified as a two-

step protocol in order to expand lipid recovery to also highly polar lipids (eg.GSL) from 

biological matrix [18, 19]. In short, the collected pellets are dissolved in 1 ml Milli-Q water by 

gently pipetting and moved to a glass bottle. Before lipid extraction, 60 ul of 100 ng/ul standard 

DLPC (12:0/12:0) distinct from any natural cellular lipid as previously described was added to 

the solution. 5 ml of chloroform/methanol (v/v 10:1) was added to the resuspended pellet 

followed by sonication in ice and shaking for 2 h. After that, the samples were centrifuged at 

2500 rpm for 10 min. The lower organic phase was carefully collected into a glass vial and the 

upper aqueous phase was subjected to another extraction with 3 ml of chloroform/methanol (v/v 

2:1) under shaking for 1h. Finally, all the combined lower organic phase was evaporated by 

Rotovapor and the lipid extracts were initially dissolved in 700 ul perdeuterated methanol 

(CD3OD) for NMR measurements. At the end of NMR analysis the sample was fluxed with N2 

to reconstitute in 300 ul MeOH for all the MS analyses 
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NMR analysis and MS measurements  

As described in detail in chapter 3, the analytical conditions (both NMR and LC-MS/MS 

analysis) are similar except for a certain modifications and improvements. Characteristic 

fragmentation of GSL standard C16 Galactosyl (ß) Ceramide (d18:1/16:0) was studied and 

optimized using triple quadruple mass spectrometry (Applied Biosystems API 3000
TM

, Italy). 

Full scan and MS/MS scanning were performed both in positive and negative ionization mode. 

The sphingosine-based (d18:1) class-specific Product Ion Scan of the ions at m/z 264 and 

dihydrosphingosine-based (d18:0) PIS of the ions at m/z 266 in ESI-positive mode [20] were 

optimized to characterize d18:1-based and d18:0-based GSL indicating the precursor ion form of 

[M+H]
+
. Both this daughter ions are attributable to dehydrated sphingosine (264 Da) or 

dehydrosphingosine (266 Da) backbone deriving from the loss of the N-acyl chain and 2 water 

molecules from the corresponding  [M+H]
+
 parent ion. Analytical parameters were as follows: 

NEB 9, CUR 10, TEM 300 
0
C, IS 5 kV, CAD 4, DP 65, FP 250, EP 5, CE 50 and CXP 18. Unit 

resolution was set for both Q1 and Q3 and step size was 0.1 amu. Meanwhile, the characteristic 

fragmentation pattern of another important lipid class diacylglycerols (DAG) was studied 

demonstrating NLS 35 able to achieve DAG identification and quantification with precursor ion 

[M+NH4
+
]

+
. Analytical parameters for DAG analysis were the same as for other GPL NLS 

condition.  

Data processing 

All the data processing procedures are the same as described in chapter 3. In brief, after pre-

processing the acquired raw MS/MS spectral data and identification of individual lipid species, 

data matrices comprised of rows representing different samples and columns indicating relative 

ratio of individual lipid molecular species as variables were subjected to MVDA to discriminate 
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RT4 and T24. Potential lipid species markers observed by PCA which had significant 

discriminatory power were subjected to univariate unpaired t-test carried out with GraphPad 

Prism 5.  

4.4 Results and discussions 

Morphological comparison between RT4 and T24 

At first, morphological features of nonmalignant RT4 cell cultures and malignant T24 cell 

cultures were compared (Fig. 1). Originated as epithelia, RT4 cells (bottom panel) firmly bound 

to each other and showed typical epithelial shape similar to the phenotype of normal urothelial 

cells, which was termed polygonal cell shape. In contrast, as invasive urothelial carcinoma, T24 

cells (top panel) tend to separate from each other and showed irregular fibroblastic shape with 

elongated filopodia, plasma membrane elongations typical for extensive motility. So the 

morphological comparison between RT4 and T24 showed different features, which might be 

associated with differences in lipids comprising biological membranes.  
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Fig. 1 Phase-contrast microscopic images for T24 (top) and RT4 (bottom) morphological 

comparison: Left column (100x magnification, scale bar 20 µm), right column (400x 

magnification, scale bar 20 µm). 

1
H-NMR and 

31
P-NMR analysis of RT4 and T24 lipid extracts 

The lipids extracted from cultured RT4 and T24 cells were both dissolved in deuterated 

methanol (CD3OD, 700 µl) for 1D (
1
H and 

31
P) and 2D (HSQC and HMBC)-NMR 

determinations at 300 K. The 
1
H-NMR spectrum (128 transients and 5 sec of relaxation delay) 

provided information to study the overall lipid profile of cellular membrane, including PL as 

well as TAG and cholesterol. First of all, a careful inspection of 
1
H-NMR spectra of these lipid 

extracts shows (Fig. 2a, where spectra are normalized on the characteristic singlet peak at H 

3.224 s of all (PC+ SM) species) a very significant difference in the overall distribution of 

unsaturations in the acyl chains. In fact, whilst in RT4 extract (red line) the peak area of the 

signals at H 2.84 attributable to bis-allylic protons (present only in PUFA chains) are much 
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lower than the corresponding signals in the T24 sample, the opposite change is observed for the 

mono-allylic protons (present also in MUFA chains) at H  2.04. This is a strong evidence that 

polyunsaturated chains are somehow recruited or ex novo biosynthesized during cancer 

development. Concerning the structures of PUFA chains 
1
H-NMR spectrum of T24 cell extracts 

clearly indicated that they must be -6 type polyunsaturated since the downfield triplet (H 0.97) 

expected for terminal Me in -3 type is absent and no long-range coupling was found in this 

region neither with olefinic protons (H 5.34) nor with bis-allylic protons (H 2.84) in the 

corresponding TOCSY-2D spectrum. Another striking difference between the two cell lines that 

can be promptly appreciated in their 
1
H-spectra (Fig. 2b, spectra normalized as Fig. 2a) relies on 

the relative amount of TAGs. In fact, the relative amount of TAG as estimated by the relative 

intensity signals (2H, H  4.36, dd) attributable to isochronous protons at C1 and C3 positions of 

the glycerol backbone is much higher in RT4 than in T24. In fact, by TOCSY-2D analysis it was 

easily established that the residual signals present in this region in T24 
1
H- NMR spectrum were 

mainly due to the shielded olefinic proton of 1Z-alkenyl chains of p-PC and p-PE species. Other 

minor changes were also detected such as an increase of SM but, essentially, the main structural 

information was that PUFA lipids species increase whilst TAG neutral lipids decrease in T24 

with respect to RT4. Worth of note, the molar ratio [Chol]/ [all PC+SM] as obtained by peak-

normalized-area ratio of the corresponding Me’s signals was found slightly lower in T24 

(0.50±0.01) than in RT4 (0.54 ±0.01) cell line (Fig. 2a).   

31
P-NMR analysis (Fig. 2c), however, again shows its complementarity to 

1
H-NMR by 

adding another important piece of information concerning the relative amount of 1-alkyl (ether)-

2-acyl PC species (specifically indicated as e-PC, to distinguish from plasmenyl PC indicated as 

p-PC). Concisely, while in RT4 e-PC lipids are a significant part ( 17%) of the overall PL 
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species, they are almost depleted in T24 cells. Moreover, this analysis confirms the 
1
H-NMR 

derived information that the relative molar fraction of SM is higher in T24 (6.5%) than in RT4 

(3.5%); finally the area of the signal attributable to unresolved PC + plasmenyl-PC at P = -0.55 

is slightly higher in T24 (~45%) than in RT4 (40%) but still not sufficient to account for the 

overall strong reduction of e-PC lipids observed in malignant T24 cells. Although further 

biosynthetic experiments are required to understand the mechanism of lipid trafficking, our 

results seem to suggest that, at least partially, the tumor progression leads to a rewiring of 1-

saturated alkyl-2-acyl PC into 1-PUFA-acyl,2 acyl PC.    
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Fig. 2 NMR analysis of composition and characteristics of lipid extracts from RT4 and T24 cells. 

(a) Overlay of 
1
H-NMR spectra showing intermediate region of RT4 (red line) and T24 (blue 

line) indicating comparisons of mono-unsaturated acyl chain (from MUFA), polyunsaturated 

acyl chain (from PUFA), TAG and cholesterol (Chol). (b) Overlay of 
1
H-NMR spectra of 

intermediate region of RT4 (red line) and T24 (blue line) showing TAG comparison. (c) 
31

P-

NMR spectra comparing RT4 (red line) and T24 (blue line) cellular PLs. 

As the first snapshot of cellular lipid profile, the extensive NMR analysis provided useful 

information in several aspects including structural alterations of fatty acyl chains, estimation of 

PL and TAG ratios as well as the quantitative variations in PL classes.  

To summarize, compared with nonmalignant urothelial cell type (RT4), the malignant 

cells (T24) have molar ratio/fractions: 

1) Much lower in TAG,  as defined by  [TAG]/[all PC+SM]   

2) Much lower in 1-alkyl(ether) -2-acyl PC 

3) Similar in 1-alkenyl-2-acyl (plasmenyl) PL 

4) Higher in -6 PUFA acyl-chains of PL 

5) Slightly higher in SM (18:1 based-ceramides),  as defined by SM /[all PC+SM]   
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6) Slightly lower in cholesterol, as defined by [Chol]/[all PC+SM] 

7) Slightly higher in the total PC+plasmenyl PC, as defined by [PC+plasmenyl PC]/[all 

PC+SM] 

Since changes of TAG and PUFA are inversely related, the increase of PUFA in 

malignant cells must not attributed to the TAG acyl chains but, instead, to a re-wiring of the acyl 

chains of PL and/or SM. Such interesting earmarks might be indication of malignancy of urinary 

bladder cancer. Similar investigation was performed by Stenman. K et al (2009) to characterize 

PUFA in human malignant prostate tissue, in which they had proposed as relevant factors of the 

malignancy a) the dietary effects and  b) the variations in mitochondrial membrane breakdown 

during cell death and/or fast turnover of lipid regions [21]. As we discussed in previous chapter, 

the increase of the overall unsaturation might attribute to the enhanced ER activity (containing 

primarily unsaturated PL species) in comparison with plasma membrane activity. In a word, 

during the bladder cancer development, the malignant urothelial carcinoma would have higher 

amount of PUFA -6 acyl chains together with reduced TAG content probably for facilitating 

their invasiveness. 

Despite the important structural information obtained by NMR measurements, more 

comprehensive information on lipid molecular species (eg. Lipid ID, chain length and number of 

unsaturations) was obtained by carrying out our optimized HPLC-ESI MS/MS methodology.   

Cellular lipids comparison between RT4 and T24 via HPLC-ESI MS/MS measurements 

As described in chapter 3, our RPLC/ESI (+) MS/MS methodology enabled lipids 

identification and relative quantification; in particular, precursor ion scanning (PIS) of the 

fragment ion at m/z 184 (phosphocholine head group specific) was used to characterize the 
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protonated molecular ion [M+H]
 +

 of PC, LPC, plasmanyl and plasmenyl PC (here both were 

indicated as pPC) and SM lipid species. As shown in the total ion chromatogram (TIC) in Fig. 3, 

there were strong changes in the relative peak intensities of the choline-containing PL species in 

RT4 (red line-spectrum) with respect to T24 (blue line-spectrum). First of all, great variations 

occurred in PC species with short chain length, among which the identified PC 28:0 was shown 

in the middle panel of Fig. 3; in T24 these species dramatically decreased with respect to RT4. 

Another significant difference was presented in the bottom panel in Fig. 3 (within the retention 

time window 20.2–20.4 min) indicating the lipid species identified as indicated here in Fig. 3 

pPC 34:1 belonging to ether-PC (alkyl 18:0/acyl 16:1) class. Even in this case the relative 

amount of ether PC was much lower in T24, in fair agreement with the above-discussed 
31

P-

NMR data. 
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Fig. 3 Ion chromatogram obtained by RPLC/ESI (+) MS/MS PIS 184 comparing cellular PC, 

SM, LPC and pPC in RT4 (red line) with respect to T24 (blue line). Top panel: spectra overlay 

for PC, SM, LPC and pPC comparison; Middle panel: lipid species detection within the time 

retention window 9.05–9.18 min identified as PC 28:0; Bottom panel: identified pPC 34:1 within 

the retention time window 20.22–20.39 min.  

The amount of pPC and relative ratio of pPC with respect to all choline-containing PL 

were evaluated for RT4 and T24. As shown in Fig. 4a, the amount of pPC decreased 

significantly in T24 comparing with RT4 (with p value < 0.0001), which confirmed the 

alterations as revealed in spectral comparison in Fig. 3 as well as in NMR analysis. It was 

presented in Fig. 4b that comparing T24 with RT4, the ratio of pPC was also lowered 

dramatically with respect to all choline-containing lipid classes, while in contrast, the proportion 

of PC increased in T24.  
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Fig. 4 Comparison of PC, SM and pPC between RT4 and T24 (a) pPC amount (values expressed 

in terms of areas obtained from MS/MS experiments) in RT4 and T24 cells, (b) Relative ratio of 

pPC, SM and PC (values expressed in terms of number of percentage) in RT4 and T24 cells. The 

superscript (*) shows significant difference of T24 with respect to RT4 at p < 0.05 (n=6). 

It has been known that specific genetic alterations that go along with malignant 

transformation may intervene in the synthesis and breakdown of choline–containing PLs and so 

far higher choline metabolite level is used as a diagnostic marker of malignancy for breast cancer 

[22]. During malignant transformations, choline metabolism and choline-derived metabolites 

may go through alterations via various metabolic pathways. This study, performed by Katz-Brull 

et al (2002), demonstrated that the reduced levels of a choline-ether-PL may serve as a metabolic 

marker of breast cancer. Similarly, we have found a sharp decrease (about 3-fold) of 1-alkyl,-2-

acyl PC species in urinary bladder malignant cells comparing with the benign counterpart. The 
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role ether PC in the malignant transformation of urothelial carcinoma is not clear, but their strong 

reduction during epithelium malignancy (RT4 and T24 are originated as epithelium in urinary 

bladder) may find a reasonable explanation within the biochemical scenario highlighted in recent 

literature reports [23]. In fact, according to findings there reported, the faster choline uptake and 

kinase activity in malignant cells is related to the over-expression of the biochemical precursor 

free phosphocholine (
-
O3POCH2CH2N

+
(CH3)3) leading to a strong perturbation of the 

biosynthesis of all the PC species, including their ether analogues. Thus, the substantial decrease 

of ether PC in the malignant urothelial T24 cells not only can be used as a biochemical feature of 

the bladder cancer malignancy but also indicate that in the progress of malignant bladder 

carcinoma the biosynthesis of 1-alkyl, 2-acyl PC is strongly suppressed. On the other hand, the 

biosynthesis of these ether phospholipids starts in peroxisomes with the acylation of 

dihydroxyacetonephosphate (DHAP) by the enzyme dihydroxyacetonephosphate acyltransferase 

(DHAPAT) followed by the formation of the ether linkage by the enzyme alkyl-DHAP synthase, 

that catalyzes the exchange of the acyl-chain in acyl-DHAP for a long chain fatty alcohol [24]. 

Furthermore ether-PC lipids have been demonstrated to be the biogenetic precursors of the, well 

known, strong biologically active 1-alkyl,2-acetyl PC (PAF, platelet-activating factor), a family 

of naturally occurring acetylated phospholipid mediators involved in inflammation processes.  

As mentioned in the introduction of my thesis, since GSL is an important class of lipid 

especially in epithelium and ceramides-metabolism has been extensively proved to play an 

important role in cancer pathogenesis, an RPLC ESI (+) MS/MS method was developed also for 

their characterization. In particular, we exploit the fact that ESI positive ion-mode Product Ion 

Scans of  the daughter ions at m/z 264 and m/z 266 are class-specific fragmentation routes of the 

[M+H]
 + 

precursor ions,
 
respectively, in sphingosine-based (d18:1) and in dihydrosphingosine-
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based (d18:0) GSL lipids. However, since the amount of dihydrosphingosine-based (d18:0) GSL 

in these two cells were found very low (data not shown), their characterization through PIS 266 

was not further investigated.  As shown in Fig. 5, the contents of Cer (d18:1/16:0) (Fig. 5 middle 

panel) and Cer (d18:1/18:0) (Fig. 5 bottom panel) were found much higher in T24 comparing 

with RT4 cells, thus suggesting that also some specific ceramides played important roles in 

urinary bladder cancer metastasis especially in signaling transduction pathway in cancer 

progression. Further analyses on differential changes in GSL profile between RT4 and T24 need 

to be investigated.  

 

Fig. 5 Ion chromatogram obtained by RPLC/ESI (+) MS/MS PIS 264 comparing cellular 

Ceramide (Cer), glycosyl-ceramide (GalCer or GlcCer) and lactosyl-ceramide (LacCer) in RT4 

(red line) cells with respect to T24 (blue line) cells. Top panel: spectra overlay for Cer, GalCer or 

GlcCer and LacCer comparison; Middle panel: higher abundant lipid species in T24 cells 

detected within 13.34–13.44 min with ID Cer (d18:1/16:0) and its dehydrated form; Bottom 

panel: identified Cer (d18:1/18:0) and its dehydrated form within 17.50–17.90 min in T24 cells. 

 



Yang Yu PhD Thesis                                                              Lipidomics Investigations in Cell Biology 

78 
 

Multivariate analysis and individual potential marker analysis  

According to Fig. 3, there were relevant changes in choline-containing lipid species with 

shorter chain length. In order to reveal such variation pattern and further to analyze the 

corresponding markers responsible for discriminating T24 from RT4 cells, multivariate data 

analysis (MVDA) was performed by systematically looking at individual lipid species. The plots 

in Fig. 6 illustrate the multivariate data analysis (MVDA) conducted on the 42 PC species 

characterized in both types of cells. Principal component analysis (PCA), an unsupervised 

multivariate method, was firstly adopted to visualize the preprocessed MS/MS data. As for data 

scaling, Pareto scaling is used through all analysis and UV scaling is not optimal because it tends 

to overestimate the low intensity lipids. The PCA scores plot (Fig. 6a) showed a clear-cut 

separation between RT4 cells and T24 cells in PC1 dimension, thus suggesting that during 

malignant progress, PC lipid profiles varied significantly. The first two components of PCA 

model cumulatively described 92% of the total variability, which demonstrated the great 

discrimination between RT4 and T24 cells. There were some biological variation between the 

replicates T24_03 and other T24, which were observed as their separation in the PC2 dimension, 

however, the differences in RT4 and T24 cells were the major one. The contribution of each 

species to the discrimination was further investigated in the corresponding loadings plot (Fig. 

6b), where the discrimination pattern would be overviewed. Along the first component to the 

right part, the variables represent the more abundant PC species in the nonmalignant RT4 cells, 

whilst in the opposite side are reported the more featured PC species in the malignant T24 cells. 

PC species further away from the central part have stronger power for discrimination and show 

the most substantial changes between two cell types. As seen obviously in Fig. 6b, PC species 

with shorter chain length and low unsaturation index (any or just one double bond) are much 
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more representative for RT4 cells while PC species with relatively longer chain length and 

higher unsaturation index are enriched in T24 cells. In Fig. 6c, a PCA biplot which displayed 

sample RT4 and T24 replicates and 42 PC species as variables in the same graphic could show 

similarly the distinctive separation between two cell types with their corresponding responsible 

PC lipid species.  
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Fig. 6 Multivariate data analysis of 42 cellular phosphatidylcholine (PC) species in RT4 and 

T24. (a) PCA scores plot, (b) Loadings plot and (c) PCA biplot of the RT4 and T24 cells. (n=6)  

Further analysis of the main PC lipid markers revealed from the loadings plot (Fig. 6b) 

was performed with univariate unpaired t-test and therefore would testify how and how much 

individual PC molecular species changed in malignant urothelium comparing with the 

nonmalignant counterpart. As presented in the analysis of individual PC species in Fig. 7, the 

urinary bladder carcinoma malignancy was accompanied with a remarkable decrease in PC 

species bearing fatty acids with shorter chain up to 32 carbon and lower unsaturation index 

(28:0a, 30:0, 30:1, 32:1) with an exception of 32:2, which had two double bonds in its fatty acyl 

chain. However, a reverse example was 32:0a, which dramatically increased in T24 comparing 

with RT4. Except for this shorter saturated species, in T24 cells there was a trend in fatty acyl 

chain length as well as unsaturation increase compared to the corresponding level of RT4 cells. 

Similarly, an exceptional example was discovered to be a low abundant species PC 34:0 (< 2%), 

a longer saturated species which increased in T24 cells. MVDA and UVDA of PL molecular 

species from other classes were carried out in a similar workflow.  
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Fig. 7 Univariate analysis of potential PC marker revealed from Fig. 6b. Shorter PC species (i.e. 

with < 32 carbon chain length, 28:0a, 30:0, 30:1, and 32:1a, 32:2) decreased whilst PC species 

with > 32 carbon chain length increased in malignant cell line T24. The superscript (*) shows 

significant differences of T24 with respect to RT4 at p < 0.05 (n=6). 
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Fatty acyl (FA) carbon chain length, double bonds (db) distribution/variation and 

Unsaturation Index (UI) analysis 

In order to reveal general variations in fatty acyl chain length and/or double bonds in a 

more systematic way, univariate data analysis of the fatty acyl carbon chain length (Fig. 8), 

distribution as well as variation of unsaturations (double bonds, Fig. 9) and  Unsaturation Index 

(Fig. 10) was performed.  
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Fig. 8 Fatty acyl carbon chain length distribution and variation in T24 comparing with RT4. (a) 

Characterization of PC fatty acyl chain with carbon number from 28 to 40 (values expressed in 

terms of number of percentage), (b) The ether PC (pPC) carbon chain lenth distribution (28-44 C) 

and variation (values expressed in terms of log10), (c) SM carbon number distribution (32-44 C) 

and variation (values expressed in terms of log10). The superscript (*) shows significant 

difference of T24 with respect to RT4 at p < 0.05 (n=6). 

As indicated in Fig. 8a, PC lipids have fatty acyl chain with carbon number ranging from 

28 to 40, among which, the dominant ones were those with 34 C. It was clearly revealed in such 

analysis that the proportion of those PC lipids with less than 32 C dramatically decreased in the 

malignant T24 cells comparing with nonmalignant RT4 cells, whereas the PC lipids with 34-40 

C significantly increased in T24 cells. Very similar phenomenon was also discovered in ether PC 

(pPC) except for the fact that pPC lipids with 42 C and 44 C decreased again in T24 cells (Fig. 

8b). As for SM, there were three trends in different carbon number distribution blocks (Fig. 8c). 

The proportion of SM within 32-34 C decreased in T24 cells comparing with that in RT4 

whereas SM within 36-42 C significantly increased upon malignancy in T24 cells. SM with the 

longest chain (43 C and 44 C) decreased again in the malignant T24 cells comparing with the 

nonmalignant counterpart RT4 cells. To sum up, the general trends from the above analysis 

reflect the fact that T24 cells have reduced amounts of shorter lipids and reversly enriched longer 

lipids but reduced proportion of the longest lipids. The possible explanation is that in order to 

facilitate their invasiveness to the surrounding cells or environment, the malignant urinary 

bladder carcinomas (eg. T24 cells) choose to keep an optimal cellular membrane skeleton. The 

fact that the optimal carbon numbers of SM differed from those of PC (pPC) might be due to the 

ceramide backbone specificity.  

Apart from carbon number distribution and variation, another important feature of lipids, 

the unsaturation distribution (double bonds, db) was also worthy of investigations (Fig. 9).   
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Fig. 9 Fatty acyl double bonds (db) distribution and variation in T24 cells with respect to RT4 

cells. (a) Analysis of PC double bonds (0-7 db) distribution (values expressed in terms of relative 

ratio log10), (b) The ether PC (pPC) double bonds (0-7 db) distribution (values expressed in terms 

of relative ratio log10). The superscript (*) shows significant difference of T24 with respect to 

RT4 at p < 0.05 (n=6). 

A clearer pattern and trend in unsaturation (db) variations due to urinary bladder 

metastasis can be reliably established: the malignant cell line T24 has reduced fractions of 

saturated or mono- unsaturated (0 and 1 db) PC species (Fig. 9a) as well as the ether forms (pPC, 

Fig. 9b) while di-unsaturated and polyunsaturated PC, pPC species are much more enriched in 

T24 cells (2-7 db). A further UI analysis was performed to reveal the total unsaturation variation 

in T24 cells with respect to RT4 cells (Fig. 10). As illustrated in both Fig. 9 and 10, T24 cells 

have increased unsaturation (db) in their fatty-acyl chains of PL, thus suggesting that the 

malignant carcinoma may require less stiffness for its movement and invasiveness [12]. Such 

findings were in accordance with the previous NMR analysis that T24 has higher amount of PL 

with PUFA acyl-chains.  

Fig. 10 Unsaturation Index (UI) analysis of PC, pPC and SM. The malignant urinary bladder cell 

line T24 has increased UI of (a) PC, (b) pPC and (c) SM compared with nonmalignant urinary 

bladder cell line RT4. The superscript (*) shows significant differences of T24 with respect to 

RT4 at p < 0.05 (n=6). 



Yang Yu PhD Thesis                                                              Lipidomics Investigations in Cell Biology 

88 
 

Being in accord with the previous analysis, it was clearly demonstrated that shorter and 

saturated or mono-unsaturated lipids are dominant in benign urothelial cell type while the 

malignant urothelial cells have lipids with longer and more unsaturated fatty acyl chains. 

4.5 Conclusions and perspectives 

The previously developed NMR and RPLC-MS/MS-based methodology was used to 

characterize cellular lipids. An in vitro model of two human urothelial cell types, RT4 

representing low grade non metastatic tumor cells and T24 as high grade metastatic urinary 

bladder carcinoma, was used to study changes in lipids profile associated to urothelial metastasis. 

Interestingly, during the urothelial metastasis our LC-MS data showed: a) a significant decrease 

of the relative amount of ether PC species; b) a selective decrease of lipid species with shorter 

and saturated/mono-unsaturated acyl chains; c) a significant increase of lipid species with longer 

chain length, di-unsaturated and polyunsaturated fatty acyl chains and d) an increase of some 

specific GSL species.  To summarize, the cells may carry out some significant re-organization of 

cellular membrane when undergoing malignant cell transformation, involving variations in 

compositional lipid structures as well as possible signaling transduction pathways. The molecular 

pathways whereby they afford these large variations remain to be elucidated; extensive 

biosynthetic experiments are clearly required in order to explain our findings but this goal was 

absolutely out of my thesis project. Anyhow, the observed depletion (almost total) of the 1-alkyl 

PC species and the chain shortening of the PC and ether PC as well as SM species might serve as 

a tool in urinary bladder cancer intervention.  

Since data analysis is now in accelerated progress, a more complete description of our 

investigated biological problem will be published in a new paper whose preparation is in 



Yang Yu PhD Thesis                                                              Lipidomics Investigations in Cell Biology 

89 
 

progress. In fact, some data concerning the characterization of normal urothelial lipidome have 

been recently obtained in our Lab. Thus, in the next months, we would be able to compare these 

data with those obtained on tumor cells and to obtain an even better lipidomics view on the 

urinary bladder cancer development. Finally, since metastatic progression is certainly triggered 

by changes in cellular signaling transduction pathways associated with lipids, studies on lipid 

metabolism through the aid of genomics/ transcriptomics/ proteomics tools will be very helpful.  
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