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Abstract
Lipidomics is a research field that attempts to achieve the comprehensive analysis of the entire
lipidome in a biological system. The emergence and rapid expansion of lipidomic studies is driven
by the great advances in chromatographic separation and mass spectrometry. For this dissertation,
I have focused on the development of analytical strategies for targeted and quantitative lipidomics.
The targeted lipid and lipid-related compounds include bile acids (including free and conjugated
forms), sphingolipids, trimethylamine (TMA) and trimethylamine N-oxide (TMAO) as well as
conjugated linolenic acids (CLnA). Quantitative methods were established based on liquid
chromatography/ tandem mass spectrometry (LC/MS/MS) techniques.
Parenteral nutrition-associated liver disease (PNALD) is a cholestatic liver disease partially
caused by developmental immaturity with regards to hepatic bile acids metabolism and transport.
Glucagon-like peptide-2 (GLP-2) has been reported to be associated with improved bile flow, and
serum and histologic markers of cholestasis. A universal method comprised of C18-based solidphase extraction (SPE) procedure and LC/MS/MS was developed and validated to monitor the
alterations in the bile acids compositions in piglet bile samples in a control group compared to a
GLP-2 treated group. As a result, up to 12 different bile acids species were identified in bile sample
extracts. Bile acid quantification showed that GLP-2 therapy did improve the clinical phenotype
of PNALD by altering bile acids synthesis and transport.
Chronic Lymphocytic Leukemia (CLL) is the most common leukemia in North American and
European adults. Sphingolipid metabolism is altered in numerous cancers, but strong evidence is
still lacking to support this finding in CLL In order to investigate the distributions of sphingolipids
in both cancerous and healthy B cells, an LC/MS/MS method along with a single-phase extraction
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was established. 17 sphingolipid species were successfully detected in the lipid extracts of B cells
collected from CLL patients (n=5) and healthy donors (n=4). Quantitative data shows that there
was an altered sphingolipid composition (increased levels) observed in the B cells from the CLL
patients compared to those from healthy donors.
Trimethylamine (TMA) and trimethylamine N-oxide (TMAO) are metabolites of cholinerelated compounds. Abnormal TMA and TMAO concentration levels in biological materials could
lead to the occurrence of diseases, such as atherosclerosis and trimethylaminuria. A new HILIC
LC/MS/MS method with prior derivatization procedure to TMA enables the simultaneous
identification and quantification of TMA and TMAO in mouse plasma samples in a single LC run
within 5 min.
Conjugated linolenic acid (CLnA) isomers are present in high levels in pomegranate seed oils
(PSO) and tung seed oils (TSO). These isomers are considered as health-enhancing compounds
and the conjugated unsaturation facilitates the manufacture of organic coatings and polymers.
Silver ion liquid chromatography coupled to in-line ozonolysis/mass spectrometry (Ag+-LC/O3MS) has been proposed for unambiguous identification of CLnA isomers in PSO and TSO samples.
Using this novel method, we have achieved the most comprehensive CLnA profiles in PSO and
TSO samples reported to date.
Overall, the LC/MS-based lipidomic strategies developed in these studies provide us with an
informative platform for comprehensive analysis of lipids and lipid-related compounds in various
biological samples. The quantitative data collected in lipidomics experiments could be further
applied in different areas, such as medical research, pharmaceutical and nutritional studies.
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Chapter 1
Introduction
1.1. Lipid Fundamentals
1.1.1. Definition
There is no precise definition of what is meant by a “lipid”. Lipids are chemically regarded as
a group of compounds that are insoluble in water, but soluble in organic solvents, such as hexane,
ether or acetone [1]. They are derived from living organisms and involved in many biological
activities [2]. For example, lipids (such as triacylglycerols) are important storage sources of energy,
especially for the long-term storage [3]. Lipids are also known as structural components of
biological membranes [4]. An example of this is demonstrated by phospholipids and sphingolipids
which can form membrane bilayers owing to the amphiphilic properties and maintain fluidity and
flexibility of the membrane [5]. Meanwhile, many lipids play vital roles in intracellular signal
transmission [2, 3]. Sphingolipids, such as ceramides and sphingosine-1-phosphate, can act as
second messengers during signal transduction; diacylglycerols (DG) and acyl-CoA can be used as
signaling molecules; fatty acids (FA), FA-CoA and bile acids (BA) can work as ligands for nuclear
receptor.
1.1.2. Lipid classification
Lipids consist of a vast number of molecular species that are distinct both structurally and
functionally. The estimated number of lipid molecular species is at the order of hundreds of
thousands [3, 6]. They are divided into eight categories by the International Lipid Classification
and

Nomenclature

Committee,

including

fatty

acyls

(FA),

glycerolipids

(GL),

glycerolphospholipids (GP), sphingolipids (SP), sterol lipids (ST), prenol lipids (PR),
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saccharolipids (SL), and polyketides (PK) [7, 8]. Examples of chemical structures for the eight
lipid categories are shown in Figure 1-1. As for SL and PK, there is no single general structure for
the whole lipid class. Thus, a representative structure for each class was selected and displayed in
Figure 1-1. Four categories of lipids and their metabolites including ST (Chapter 2), SP (Chapter
3), GP (Chapter 4) and FA (Chapter 5), were studied in this thesis.
Fatty acids (FA) are widely distributed in natural fats, dietary oils and living organisms [9, 10].
They are a group of molecules with a relatively simple structure, existing in free forms or as
building blocks of more complex lipid classes, such as phospholipids (PL) and SP [11]. A typical
FA molecule consists of a carboxylic acid attached to an aliphatic hydrocarbon chain [9]. FA
molecules vary in chain length (number of carbon atoms), the degree of unsaturation (number of
double bonds) and in the configuration of their double bonds. Therefore, various classifications of
FA can be proposed. Taking the degree of unsaturation as an example, FA can be categorized into
saturated (no double bonds), monounsaturated (one double bond) and polyunsaturated (more than
two double bonds) types. If the configuration of double bonds is taken into consideration,
monounsaturated FA (MUFA) can be described as cis or trans, with the latter one receiving more
attention because of their possible negative health effects [11, 12]. For each single polyunsaturated
FA (PUFA) molecular species, there are numerous possible FA isomers that are combinations of
trans/cis isomers and double bond positional isomers. Other major lipid species within this
category are the fatty esters, fatty amides, fatty aldehydes, fatty nitriles, branched- and oxidizedFA (such as eicosanoids, docosanoids and FA containing hydroxylated and epoxylated groups)
[13, 14, 15].
Glycerolipids (GL) refer to a class of lipid compounds which contain the structural features of
a glycerol backbone usually esterified to a FA chain. On the basis of the number of esterified FA,
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it can be categorized as triacylglycerols (TAG), diacylglycerols (DAG) and monoacylglycerols
(MAG). TAG are the main constitutes of vegetable oils and animal fats [16]. MAG and DAG are
widely used as emulsifiers in the food industry [17], which can be produced by the hydrolysis of
TAG.
Glycerolphospholipids (GP) contain a vast number of compounds which have similar structural
composition of a glycerol moiety, one or two esterified fatty acids and a distinct phosphoryl head
group. The phosphoryl head group is usually attached at the sn-3 position of the glycerol moiety.
Different substitutions on the phosphate group lead to the sub-classification of GP into
phosphatidic

acid

(PA),

phosphatidylcholine

(PC),

phosphatidylethanolamine

(PE),

phosphatidylinositol (PI), and phosphatidylserine (PS) [18]. Within each GP class, individual
molecular species vary in the characteristics of esterified FA chains with respect to the chain length
and degree of unsaturation. Amongst phospholipid (PL) molecules, sphingomyelin (SM) is an
exception because of its distinct molecular structure derived from sphingosine rather than glycerol.
Hence, it is classified as a sphingolipid molecule (SP) rather than as a GP.
Sphingolipids (SP) mainly include free sphingoid bases, ceramides (Cer), neutral
glycosphingolipids (GSL), sphingomyelins (SM), sulfatides and gangliosides. The sphingoid base
(or long-chain base) is the common structure of all SP molecules [19]. Cer is derived from the
sphingoid base by linking a fatty acid chain (varying in length and degree of unsaturation) via an
amide bond [20, 21]. Addition of sugar moieties or PC to the 1-hydroxyl group of Cer leads to the
formation of more complex SP, GSL and SM [20]. Gangliosides are structured by a modified GSL
molecule with one or more sialic acids linked on the sugar moiety [22]; similarly, sulfatides are
also formed via esterified linkage of a sulfate group to the sugar group on GSL molecules [19].
Considering all these structural characteristics of SP, a tremendous number of individual molecular
3

CHAPTER 1
species are possible due to variations in their polar head groups, FA chains and the long-chain
sphingoid bases [21].
Sterol lipids (ST) represent a vital class of bioactive compounds derived from hydroxylated
polycyclic isopentenoids having a 1, 2-cycopentanophenthrene structure [23]. In general, ST can
be divided into two subclasses depending on their different origins, that is, phytosterols from plants
and zoosterols from animals. There is a great deal of interest in the analysis of phytosterols (both
free and conjugated forms) from different sources due to their important biological and nutritional
roles [24, 25]. The major sources of phytosterols are vegetable oils and margarines, followed by
vegetables, seeds and pods [25]. In addition to ST, compounds studied under this topic also contain
cholesterol (metabolites of ST), steryl esters, bile acids and other related steroids. Cholesterol is
an important part of the biological membrane and widely distributed in various animal tissues in
high abundance [15, 23]. It serves as a precursor of bile acids which contain a group of compounds
characterized by a common steroid skeleton.
Prenol lipids (PR) are synthesized via the polymerization of the five-carbon precursors
dimethylallyl pyrophosphate and isopentenyl pyrophosphate [26]. Within this class, lipid
compounds can be subdivided into isoprenoids, quinones and hydroquinones, polyprenols and
hopanoids according to their structural features [26]. The isoprenoids are formed by the successive
addition of C5 isoprene units and when there are >8 isoprene units (more than 40 carbons) present
in the molecular structures, they are defined as polyterpenes. Note that vitamin A and carotenoids
are also considered as simple isoprenoids. As for quinones and hydroquinones, their molecular
structures are characterized by a quinonoid core of non-isoprenoid origin and an attached
isoprenoid tail. Examples of this type of lipids include the fat-soluble vitamins E and K, as well as
the ubiquinones (also known as Coenzyme Q10) [26, 27]. Polyprenols has been found to be present
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in bacteria, animal and plants. The hopanoids are five-ring pentacyclic compounds and have been
relocated to the PR category from the SL category [28].
Saccharolipids (SL) consist of compounds which contain a sugar backbone and the esterbonded FA. It includes a considerable number of molecules due to the combination of different
carbohydrates and lipids. According to the LIPID MAPS Lipid Classification System, SL are
further classified as acylaminosugars, acylaminosugar glycans, acyltrehaloses and acyltrehalose
glycans [26]. A well-known example of SL is the acylated glucosamine precursors of the lipid A
component of the lipopolysaccharides (LPS) that are present in the outer membranes of most
Gram-negative bacteria [8, 26].
Polyketides (PK) account for a class of natural compounds with diverse biological activities
and pharmacological properties. They are produced by certain living organisms including bacteria,
fungi, plants, and invertebrates at the presence of classic enzymes as well as iterative and
multimodular enzymes [26, 28]. They have been classified as lipids because most of them are
relatively soluble in organic solvents. Based on the structural features, PK are divided into three
subclasses: type I (macrolides polyketides produced by multimodular megasynthases), type II
(aromatic polyketides produced by the iterative action of dissociated enzymes), and type III (small
aromatic polyketides produced by fungal species). Polyketide antibiotics, antifungals, cytostatics,
anticholesteremic, antiparasitics, coccidiostats, animal growth promoters and natural insecticides
are commercially available [26].
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Figure 1-1.2Representative structures for each lipid category.

1.2. Lipidomics
1.2.1. The emergence of lipidomics
In recognition of their roles in biology, lipids were intensively studied during the period from
1960s to 1980s [3, 5]. Later, research attention moved towards the “omics” science in biology,
where comprehensive system level bioanalysis is performed, such as in genomics and proteomics.
More recently, this approach has been extended into studies of the diversity of lipid structures and
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functions as well as their interaction with other biomolecules such as proteins. Hence, lipidomics
has been included into the ongoing “omics” revolution [5]. The advancements in analytical
techniques such as mass spectrometry (MS) and chromatography, combined with sophisticated
computational tools (including data acquisition, bioinformatics, etc.) have largely driven the
emergence and expansion of lipidomics [3, 15, 29].
Lipidomics is a research discipline aiming at the comprehensive analyses of the entire lipid
components of a system. Based on the range of investigated analytes, the emerging field of
lipidomics can be categorized into targeted lipidomics and non-targeted lipidomics (also known as
global lipidomics) [3, 8]. For targeted lipid analysis, the focus is mainly on a few lipids or a defined
class of lipid metabolites which are expected to be crucial in a given context. The targeted
lipidomic approach is usually more specific, highly sensitive and confers relative ease in terms of
data processing, but with inevitable loss of information pertaining to other lipid species [7]. In
non-targeted lipid profiling, the aim is to reliably analyze as a wide range of lipids as possible in a
single run [7, 29, 30]. This strategy is excellent for discovery of novel lipids or unexpected lipid
species, but that it makes huge assumptions based on response factors, ion suppression,
standardized separations and extractions to allow comprehensive analyses without detailed
knowledge of the lipids that are actually present. It is important to note that different analytical
aims require different analytical techniques. By way of example, LC/MS-based platforms are most
widely performed for the targeted lipid profiling in biological samples (cell, tissues and biofluids),
while MS in full scan mode (profiles) without chromatographic separation is more feasible for a
global (non-targeted) lipidomic analysis. When the research objectives are taken into account,
lipidomics studies can be classified as qualitative lipidomics and quantitative lipidomics.
Qualitative lipidomics aims to address the question of which lipids are present in the samples,
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while quantitative lipidomics can be further divided into two categories: absolute vs. relative
quantifications [100]. Absolute quantification can measure the actual smount of a lipid species,
subclass or total lipids in the target samples. Absolute quantification gives a reliable meaure of the
magnitude of an analyte which should be reproducible between laboratories and over time, as well
as having intrinsic significance to the system being studied. In contrast, relative quantification is
widely used show to show the changes in the abundances of lipid molecular species, subclasses or
total lipid amounts when comparing between treatment groups, over time or with controls. This
approach is extremely valuable as a tool to find better treatments or therapeutic strategies [100,
101]. However, relative quantification only applies to the biological system tested and hence
only general comparisons with experiments in other laboraties can be made. The focus of
this thesis is on the absolute and accurate quantifications of individual lipid molecular species in
the biological systems, which was mainly achieved using the constructed internal calibration
curves. Analytical workflows in lipidomics are illustrated in Figure 1-2.

Figure 1-2.3Analytical workflows in lipidomics.
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1.2.2. The significance of analytical lipidomics
There is an increasing awareness across many disciplines of the biological importance of lipid
metabolites [32]. Lipid homeostasis plays an integral role in health maintenance [7] and
imbalances in lipid metabolism can cause many diseases, such as insulin-resistant diabetes [29,
32], Alzheimer’s disease and cancer [3]. Accordingly, lipidomics can be used as a powerful tool
for the investigation of biochemical and biological mechanisms underlying lipid-related diseases
and their comorbidities through monitoring alterations in lipid signaling, metabolism, trafficking,
and homeostasis [30, 33, 34]. In addition, by employing targeted and quantitative approaches,
lipidomics can be performed for disease biomarker and drug target discovery that facilitates
diagnosis of disease states and development of potential therapeutic strategies [29, 33].
Furthermore, the data obtained from lipidomic investigations is complementary to that from other
investigations on tissues, cells and biological fluids using genomics, proteomics, and
metabolomics. There are many useful online resources providing a wealth of information on lipid
molecular structures, classification and functions. They are summarized in Table 1-1.
Table 1-1.2Online resources with information on lipid molecular structures, classification and functions.
Resources

URLa

Description

LIPID MAPS

http://www.lipidmaps.org

LIPID MAPS is sponsored by a
grant from the Wellcome Trust.

LIPID BANK

http://lipidbank.jp

LIPID BANK is official database of
the Japanese Conference on the
Biochemistry of Lipids (JCBL).

AOCS Lipid Library

http://lipidlibrary.aocs.org

This resource is owned and managed
by American Oil Chemists' Society
and mainly provides information on
lipid science and technology.

Lipidomics Expertise Platform

http://www.lipidomicsexpertise.de

This platform is supported by the
European Lipidomics Initiative,
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European Commission. It gathers
information on lipidomics expertise,
lipid standards and methods.

LIPIDAT

Cyberlipid Center

a

http://www.lipidat.chemistry.
ohio-state.edu

It is supported by the National
Science Foundation, LIPIDAT
Group, Department of Chemistry,
The Ohio State University. This
database provides thermo data and
association information on lipid
mesomorphic and polymorphic
transitions.

http://www.cyberlipid.org

This is an online, non-profit
scientific website aiming to collect,
study and diffuse information on all
aspects of lipidology.

These are open access website.

1.3. Sample Preparation Techniques for Lipid Analysis
In most analytical methodologies, sample preparation is the first and an unavoidable step. The
major aims of these procedures are to quantitatively recover the analytes from the matrix, reduce
interferences from other substances and concentrate the target analytes so as to achieve optimal
measurement accuracy and precision [35, 36].
With respect to the techniques applied for lipid extraction, many advances have taken place
going from conventional solvent extraction, to solid-phase extraction (SPE) and finally to some
more recent innovations such as supercritical fluid extraction (SFE) [36, 37]. The “classic” lipid
extraction protocols were proposed by Folch and co-workers in 1957 using a solvent composition
of CHCl3: CH3OH (2:1, v/v) in brain tissues [37, 38]. Solvent extraction is achieved based on the
relative solubility of target analytes in the selected extraction solvents. There is a very large
polarity range for lipid compounds, for example, TAG compounds are very hydrophobic whereas
gangliosides are much more polar [8]. Hence, there is no single ideal organic solvent suitable for
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comprehensive lipid extraction. Thus, various solvent and reagent compositions were exploited to
fulfill different analytical objectives. Amongst these, a combination of CHCl 3, CH3OH and H2O
(1:2:0.8, v/v/v) is the most famous, called the Bligh-Dyer method originally used for the extraction
and purification of lipids from frozen fish [39, 40]. In classical organic solvent extraction, the
volume and toxicity of the extraction solvent used need to be taken into consideration, especially
for food lipid extraction. With the development of column techniques, a more modern technique
known as SPE was introduced for lipid extraction from foods and biological tissues in the late
1970s [41]. This technique allows minimizing the toxic solvent consumption [42] and is
characterized by the usage of cartridges which could possibly be packed with polar (normal phase),
non-polar (reverse phase), ionic or polymeric materials [35]. Availability of these sorbents with
different properties makes this technique very reproducible and applicable for various lipid types
ranging from polar to neutral. More recently, another extraction technique, SFE, has gained an
increasing interest in its application for isolation of lipids from sample matrices. This is, to a large
extent, due to the advent of supercritical CO2 as the extraction medium which is nontoxic, costeffective and non-explosive. These properties greatly ease the worries about health and safetyrelated issues along with the use of organic solvents in the solvent extraction [43] and make this
as a green extraction technique which is the focus of Green Analytical Chemistry (GAC) [44].
Also, no extra procedures, such as evaporation, are needed for solvent removal after extraction.
However, there are also some drawbacks brought by the properties of supercritical CO 2. It is an
extraction medium with low polarity; its application is therefore limited to the extraction of lipids
with similar polarity. To address this problem, a modifier, such as methanol, ethanol or even water
[1], is added to the supercritical CO2, hence extending the adoption of SFE to a larger scale. The
examples of its application include dehydrated foods, meats and fried foods [1].
12
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Apart from the sample treatment strategies discussed above, several other methods based on
novel technologies have been proposed for lipid extraction. Although they may not be employed
in such a wide range as the previous three ones, the advent of them is still important and provides
a clear improvement of the extraction processes based on a dramatic reduction in time and
temperature and solvent requirements [44]. These new methods contain microwave-assisted
extraction (MAE), ultrasound-assisted extraction and dispersive liquid-liquid micro-extraction
(DLLME) [37]. Examples of their introduction and application for lipid extraction can be found in
the published papers [11, 45, 46, 47].
The selection of an appropriate extraction procedure depends largely on the chemical and
physical properties of target analytes, the matrix (gas, liquid or solid) and on the final measurement
mode [44]. There is no one standard extraction protocol which is optimal for all of these types of
samples. For lipids which exhibit a large diversity in structure and polarity, combined extraction
strategies (two or more) would be carried out to accomplish the desired analytical goal [48].
1.4. Methods for Lipidomic Analysis
The molecular diversity and complexity of lipid species result in a wide range of
physiochemical properties such as solubility and polarity. This poses a significant challenge for
researchers when attempting the global analyses of the lipidome in biological samples, such as in
tissues,

cells

and

biofluids.

Hence,

the

development

of

more

comprehensive

analytical/biochemical technologies for the identification and quantification of the various lipid
species in the lipidome is required [7]. The system-wide lipid analysis (lipidomics) may involve
the determination of total lipid contents, separation into specific lipid class according to their
structural properties as well as identification and eventually quantitative determination of a
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specific class, subclass or individual lipid molecular species (also including the metabolites) [49].
There have been numerous analytical strategies created over the years for the characterization of
lipids in many different sample origins. These include, but are not limited to, enzymatic methods,
immunochemical methods and sophisticated instrumental methods [1].
The present chapter introduces the instrumental techniques used in this thesis, including
chromatography-based methods and mass spectrometry (MS)-based approaches. In addition,
spectroscopy-based methods and capillary electrophoresis (CE) which are also important in
lipidomics (but were not used in this thesis research) are introduced.
1.4.1. Chromatography-based methods
Chromatographic techniques have a large number of applications in the area of lipidomics.
They mainly consist of thin layer chromatography (TLC), gas chromatography (GC) or gas-liquid
chromatography (GLC), liquid chromatography (LC), supercritical fluid chromatography (SFC)
and silver-ion chromatography.
In the 1980s, crude lipid extracts were mostly analyzed by TLC using precoated glass or plastic
plates to determine which lipid classes (such as non-polar lipids, GSL and PL) were present, but
not the individual lipid species [5, 50, 51]. There are three major types in usage, including normalphase TLC (NP-TLC), reversed-phase TLC (RP-TLC) and silver ion TLC (Ag+-TLC) [51]. TLC
is a relatively easy and cost-effective technique, but its widespread application in lipidomics has
been limited by the low resolution and sensitivity [27, 51].
Nowadays, GC-based methods still enjoy popularity in lipid research, especially for those
volatile and thermally-stable lipid compounds such as isovaleric acid and α-methylbutyric acid
[11]. For compounds without these properties, derivatization steps, such as methylation or
14
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silylation prior to analysis, are always required in order to attain the volatility and improve the
peak configuration and the sensitivity [11].
LC has been utilized in lipidomics to aid in the identification, quantification and structure
elucidation of lipid classes and molecular species in complex biological system. Two widely used
separation modes are NPLC and RPLC. NPLC separation is obtained according to the surface
adsorption of involving hydrogen bonding, electrostatic forces and dipole-dipole interactions
between the analytes and the stationary phase. For RPLC version, separation is achieved based on
the partition of analytes between relatively non-polar stationary phases and polar mobile phases
which consist of aqueous phase and organic phase, mostly acetonitrile, methanol and isopropanol
based mixtures [51]. According to the separation mechanisms, NPLC is especially suitable for the
lipid class separation, whereas RPLC is capable of the separation of individual molecular species
within the same class.
Apart from the above-described NPLC and RPLC, hydrophilic interaction chromatography
(HILIC) is another LC-based method introduced by Andrew Alpert in 1990 to separate extremely
polar and hydrophilic compounds such as PL and PL-related metabolites [52, 53, 54]. The HILIC
LC technique is comprised of a hydrophilic stationary phase and a binary mobile phase system of
water and acetonitrile [54]. This technique is readily compatible with ESI-MS, resulting in high
sensitivity and improved peak shapes [55, 56]. In comparison with the more conventional RPLC
techniques, HILIC has the advantage of providing high retention of highly hydrophilic and polar
molecules but with less requirement for ion-pair reagents. The typical elution order is similar to
that found in NPLC with the less polar compounds eluting ahead of the more polar ones [54].
Another important LC-based technology for lipid analysis comes along with the advent of
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high-resolution “Ultra Performance” liquid chromatography (UPLC) which builds on the same
principles of HPLC but employs alkyl-bonded porous particles with a particle size less than 2 µm
in diameter performed at elevated pressures (15, 000 psi) [4, 57]. UPLC allows high peak capacity
and fast separation without loss of chromatographic performance [57]. One recent review article
exists focused on the summary of UPLC/MS techniques in lipidomic applications [37].
SFC was originally proposed as an alternative to LC and GC. In this separation technique, a
supercritical fluid is used as the mobile phase. Supercritical carbon dioxide (SC-CO2) is most
commonly used for this purpose owing to its physiochemical properties, such as low critical
pressure (73 bar), temperature (31 ◦C) and chemical inertness [27, 58]. Also, the low viscosity and
high molecular diffusiveness of SC-CO2 will lead to higher column efficiencies and increased flow
rates, allowing for rapid analysis with lower backpressure [27, 58]. Considering the nonpolar character of neat CO2, separation of polar compounds such as SP and PL could be achieved by addition
of small amounts of a polar organic modifier or additive such as methanol [27, 58, 59]. Like the
SFE technique used for sample preparation, SFC represents a trend in separation techniques
towards green analytical chemistry (GAC) by using non-toxic and non-explosive SC-CO2 as the
mobile phase.
Silver ion chromatography (SIC) was developed relying on the property that silver ions (Ag+)
form weak reversible charge-transfer complexes with π-electrons of unsaturated centres in organic
molecules, thus allowing for separation based on the total number, configuration and position of
the double bonds [51]. It has been has been adopted in TLC (Ag+-TLC), HPLC (Ag+-HPLC), SFC
(Ag+-SFC) and SPE (Ag+-SPE) [60]. Sun et al. [61] proposed a new method in which silver ion
liquid chromatography was coupled to in-line ozonolysis/MS (Ag+-HPLC/O3-MS) to identify
conjugated linoleic acid (CLA) isomers. Results demonstrated that the newly created method could
16
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be applied for identification of CLA positional isomers and most of the geometric isomers in
complex samples such as milk fat; moreover, in-line ozonolysis used here was another advance in
the identification of CLA isomers. A limitation of silver ion column is the short lifetime which is
caused by the release of silver ions from the stationary phase. Another drawback of this technique
is the frequent formation of corrosive silver nitrate precipitates which may damage the tubing and
detection system [51].
There are several analytical challenges that cannot be addressed satisfactorily with a singlyused analytical technique even with high resolution chromatographic techniques [30]. To
overcome these limitations, hyphenated and orthogonal technologies have been extensively
developed [62]. These include two-dimensional (2D) TLC [50], 2D-LC [63], 2D-GC [64, 65], 2DSFC [66] and on-line LC-GC [67, 68, 69]. The use of two chromatographic techniques with
different separation mechanisms in combination greatly contributes to the improvement of
separation power, thus allowing comprehensive lipid analysis. Sun et al. [70] developed a 2D-LC
method system for the separation and identification of PC isobaric species in the lipid extract
samples. In this method system, HILIC was used as the first dimension for lipid class separation,
while RPLC separation with a C18 column was performed as the second dimension to obtain the
structural information of individual molecular species. The advent of these techniques has greatly
improved the separation efficiency and potentially reduced the amount of work sample preparation
needed.
At the moment, probably the most universal couplings is the combination of a chromatographic
separation and mass spectrometry or tandem mass spectrometry, such as LC/MS or LC/MS/MS
[62]. These can be used in conjunction with different types of ionization techniques and scan
modes. Electrospray ionization (ESI) is the most commonly used ion source for the “omic”
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sciences, although other ionization techniques such as Atmospheric Pressure Chemical Ionization
(APCI) and Atmospheric Pressure Photoionization (APPI) are also involved [57]. Several scan
modes exist, such as full scan, precursor ion (Pre) scan, product ion (Pro) scan, neutral loss (NL)
scan, selected reaction monitoring (SRM) scan and multiple reaction monitoring (MRM) scan. The
development of these integrated tools promises to greatly advance our understanding of the diverse
biological roles of lipids.
1.4.2. Spectroscopy-based methods
The major spectroscopic techniques used in lipidomics are Fourier transform infrared (FT-IR)
spectroscopy and nuclear magnetic resonance (NMR) spectroscopy.
FT-IR is a non-destructive and non-invasive spectroscopic method, offering inherent advantages of short analysis time and simplicity in the sample preparation protocols [9]. Chemical
information is obtained according to the infrared spectrum of absorption or emission over a broad
range of wavelengths at a time. This methodology has been reported to be used for analysis of
PUFA composition in various marine oils [71], TAGs in microalgal consortia [72], phospholipids
[73], ceramides [74, 75] and steryl ferulates [76].
NMR spectroscopy, also a non-destructive strategy, is capable of providing structural
information of the lipid molecules based on the chemical shifts of different functional groups. This
technique mainly includes two types:

13

C-NMR and 1H-NMR. Both one-dimensional (1D) and

two-dimensional (2D) NMR (1H- and 13C-) have been utilized by Rozema et al. [77] for structural
characterization of glucocerebrosides (GlcCer) and the active metabolite 4, 8-sphingadienine from
Arisaema amurense and Pinellia ternata. Besides,

31

P NMR is another type that has been

specifically developed for phospholipids quantification, but it cannot differentiate FA chains
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within each subclass such as PG [33]. 2D 31P, 1H NMR spectroscopy was considered as a valuable
platform for the assignment and verification of known and uncommon phospholipids in the
samples [78]. It is interesting to mention that NMR can be either used as a stand-alone technique
[22] or as a component of a hyphenated technique [79]. A related paper published in 2007
introduced the identification and quantification of α- and γ-linolenic acid in lipid extract by means
of LC-NMR without the need of any derivatization [79]. In this hyphenated method system, LC
separation was conducted by utilizing two columns of C8 and C18 in series and 1H NMR
spectroscopy was used for quantification. NMR-based lipidomics approaches have not been
widely used in lipidomics, mainly because it is often challenging to obtain the identities of each
individual molecular species in the extremely complex mixtures. The similarity of the spectra of
lipids with respect to the limited structural carbon chain information is another challenge in lipid
analysis with NMR [15].
In addition to the commonly-used FT-IR and NMR techniques, Raman spectroscopy expands
the list of available spectroscopic tools to researchers in the newly-emerged field of lipidomics for
multiple applications [80]. It is a label-free, non-destructive and real-time manner for direct and
quantitative analysis of lipids at the single-cell level without requiring any exogenous modification
of samples [80]. To determine the ability of Raman spectroscopy, Sosińska et al. [81] implemented
Raman spectroscopy for structural characterization of dimeric oxidation products of phytosterols.
Also, in vivo lipid profiling of oil-producing microalgae was achieved by applying a method based
on single-cell laser-trapping Raman spectroscopy [80].
1.4.3. Mass spectrometry-based lipidomics
MS has gained great popularity since its first introduction into the field of lipidomics. This can
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be attributed to its high level of sensitivity, molecular specificity, speed and most importantly, its
capacity to generate structural information of the analyzed lipid molecules [22, 82]. MS-based
technologies for lipid analysis in complex biological matrices (such as tissues, blood and cellular
extracts) are mainly fallen into three categories: shotgun lipidomics, LC/MS-based platforms and
tissue-imaging MS (particularly in mapping lipid distributions in tissues or cells) [8, 32, 33].
Shotgun lipidomics is a powerful tool widely performed in lipidomics. It refers to direct
infusion (without prior fractionation) of crude lipid extracts to MS instrument for identification
and quantification. Shotgun lipidomics can be accomplished by utilizing high-resolution mass
spectrometry (HRMS), tandem mass spectrometry (MS/MS or MS2) or multiple-dimensional mass
spectrometry (MDMS or MSn).
HRMS-based lipidomics strategies are capable of resolving the extensive compositional and
structural diversity of lipids in biological systems, further allowing for global non-targeted
screening. Classic HRMS instruments, such as sector and Fourier-transform ion cyclotron
resonance (FT-ICR), were slow, complex to handle, and probably expensive to buy and to maintain.
Modern time-of-flight (TOF) MS and Orbitrap MS have undergone tremendous technological
advances which are demonstrated by the high mass-resolving power and mass accuracy as well as
a sufficient dynamic range enabling to rapidly characterize lipidomes. Hence, HRMS is considered
as a promising and powerful technology that can be used in routine environments [62]. In a work
conducted by Porcari et al. [83], three fast and direct MS approaches including MALDI(+)-TOFMS, ESI(+)-FT-ICR-MS and thermal imprinting easy ambient sonic-ionization mass spectrometry
(TI-EASI(+)-MS) with a single quadrupole mass spectrometer were simultaneously carried out
and compared for global profiling of lipid molecular species in S and P caviars. Conclusively, TIEASI (+)-MS was selected as a more comprehensive and easier-operated approach for that specific
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analytical purpose.
MS/MS is an important and widespread technique for both qualitative and quantitative
performance. Triple quadrupole (QqQ) is the most commonly employed instrument for MS/MS
approach [84]. Along with MRM scan where specific molecular ion-fragment ion pairs are
monitored, this mass spectrometer is a good option for quantitative analyses of well-defined groups
of lipid compounds in complex samples [8, 85]. Compared to HRMS, QqQ is now a mature
technology, where the rate of innovation has slowed down considerably [62]. Quadrupole-based
MS/MS is approximately two orders of magnitude more sensitive than it was 10 or 20 years ago.
However, the selectivity provided by these unit-resolving instruments has remained virtually
unchanged [62]. In addition to QqQ mass spectrometer, hybrid quadrupole time-of-flight (QqTOF)
mass spectrometer [86] and LTQ Orbitrap mass spectrometer [87] has been also employed as
MS/MS platforms for high throughput molecular lipidomics.
MDMS-based shotgun lipidomics is a well-recognized platform to analyze individual lipid
molecular species directly from lipid extracts of biological matrices [84, 88]. The general protocol
for analysis usually consists of intrasource separation (introduced by Han and Gross in the mid
1990’s) and MSn experiments, followed by computer-assisted array analysis [57, 89].
Multidimensional MS refers to construction of additional dimension of mass spectrum based on a
2D mass spectrum by varying experimental conditions such as infused solution conditions,
ionization conditions and fragmentation conditions [89, 90]. As for the 2D mass spectrum, it is
built by using the molecular ions (x-axis) in m/z values as the first dimension and the mass
corresponding to the neutrally lost fragments in mass values or the monitored fragment ions in m/z
values (y-axis) as the second dimension [90]. MDMS-based approach has been successfully
performed for monitoring lipid changes (including plasmalogen PE, sulfatides and ceramides) in
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Alzheimer's disease [90]. This technique enables us to obtain the detailed structural information
necessary for characterization of novel lipids and the selectivity required for the determination of
individual lipid species present in complex mixtures [91].
Moreover, Byrdwell [92] introduced a ‘quadruple parallel mass spectrometry’ technique for
analysis of TAGs in a dietary supplement. This involves the use of four mass spectrometers in
parallel with three different API interfaces including atmospheric pressure chemical ionization
(APCI), atmospheric pressure photoionization (APPI) and electrospray ionization (ESI). The
simultaneous employment of multiple ionization techniques is beneficial from the reasons that
some classes of compounds responds better to some specific ionization technique and different
ionization methods provide different types of mass spectra [92].
MS is often used in combination with LC or GC (LC/MS or GC/MS). LC/MS-based
methodologies has been discussed in Section 1.4.1. LC/MS or LC/MS/MS is generally sufficient
for performing high quality lipidomics analysis. Shotgun lipidomics is a straightforward and rapid
analytical strategy and faster than LC/MS-based methodologies. However, this approach is limited
by its poor abilities in resolving isobaric compounds and also by a possible risk of ion suppression,
which may lead to decreased sensitivity in the analysis of very low abundance lipids [29]. Coupling
LC separation prior to MS detection can effectively resolve these problems by decreasing the
number of competing analytes entering the MS ion source to reduce the risk of ion suppression
and by setting up suitable gradient conditions to separate and identify the isobaric and isomeric
lipid species [29].
Tissue-imaging MS methods generate ions directly from the surface of materials, which can
be accomplished by three separate desorption/ionization approaches, namely, desorption
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electrospray ionization (DESI), secondary ion mass spectrometry (SIMS) and matrix-assisted laser
desorption ionization (MALDI) [8, 93]. DESI is the latest lipid-imaging techniques and is also the
most gentle of the three desorption/ionization protocols. DESI can generate lipid ions directly from
a tissue section (typically, 10 to 100 mm in diameter) under ambient conditions using an
electrically-charged solvent, avoiding the use of matrix and its associated weaknesses such as
interference of matrix peaks in the low-mass region [8, 93, 94]. In SIMS, ions are produced by
bombarding the sample surface (nanometers to sub-micrometers in diameter) with a focused
primary ion beam [8]. Both DESI and SIMS can be used to produce molecular images of samples.
Like ESI, MALDI is also a soft ion technique, in which ions are generated from a solid or solvent
matrix by irradiation with a laser beam [93]. It can be used in couple with TOF mass spectrometer
(traditionally) and also relatively new instrumentations such as triple quadrupole linear ion trap
(QqQ/LIT) [91]. In recent times, MALDI-MS of lipids has received increased popularity for lipid
analysis, due to its high speed, simplicity for sample preparation, stability and largely its ability to
measure the ions of interest as a function of position in tissues [91, 93]. MALDI-MS has been
extensively applied to the lipidomics analysis of brain tissue [91]. In the future, more efforts are
needed to determine whether the spectacular images produced by imaging MS can be confidently
interpreted as lipid distributions [93].
1.4.4. Capillary electrophoresis methods
Capillary electrophoresis (CE) is an attractive analytical methodology with respect to its
relatively high efficiency, high resolution, various versatilities and more importantly, the ability to
separate the compounds in a wide range of polarity by changing the electrolyte composition [95,
96]. Similar to the chromatographic techniques, it is commonly used in combination with the other
detectors such as MS. Micellar electrokinetic chromatography (MEKC) and non-aqueous CE
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(NACE) are two most useful modes for CE techniques. Montealegre et al. [95, 97] introduced the
application of CE operated in different modes for the determination of phospholipids in several
food and biological samples. Capillary electro-chromatography (CEC) is a hyphenated separation
technique combining the selectivity of HPLC and the high efficiency of CE [98]. The utility of this
technique for TAGs analysis in vegetable oils from different botanical origins was assessed by
Lerma-García et al. [98] using octadecyl acrylate (ODA) ester-based monolithic column.
In comparison with other analytical techniques discussed above, publications about the
application of CE for lipidomics are relatively scarce [95]. Nevertheless, it is still a powerful
separation technique with analytes separated according to their ionic mobility in an electric field
[35].
1.5. Concluding Remarks
The technological improvements in instrumentations and bioinformatics tools have driven the
emergence and rapid expansion of lipidomics especially in the past two decades. This chapter
provides a review on methodologies currently available for extraction and analysis of lipid
compounds from various sample resources. Considering the enormous diversity and complexity
in lipid structures and functions, it is not surprising that up to now, there is no approach technically
applicable for a lipidomic analysis to encompass the full lipidome [8]. In order to build up a more
complete picture of lipids including metabolic pathways, metabolic flux and systems integration
[99, 84], new solutions and strategies for comprehensive determination of all lipid molecules from
a large range of samples, are clearly needed. In turn, the establishment of new strategies for lipid
research needs to rely on the new technologies, such as more sophisticated mass spectrometers. In
the near future, advances in MS and chromatography instrumentations will allow the screening of
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more lipids with greater accuracy and higher resolution than ever before and also allow more
detailed studies of individual lipid molecular species and their crosstalk with other biomolecules
such as proteins [99]. Along with the goal for global lipidomics, much work remains to be done to
process and interpret the resulted large amounts of data. Manual data analysis is not enough and
thereby novel bioinformatic tools for automated data processing is required to ensure that data
acquired across different platforms can be integrated and compared and that any new structural
information can be incorporated and utilized [91, 93]. This will offer new insights into
interdisciplinary programs which focus on integration of lipidomics with chemical biology,
proteomics, and genomics to span the entire flow of information encoded in biological systems
[32]. All of these advances will finally provide us with a powerful tool for elucidating the
biochemical mechanisms underlying lipid-mediated diseases, and at the same time could probably
contribute to discover critical components (candidate biomarkers) of lipid homeostasis in health
and disease [32, 89].
Although lipidomics was initially developed in specialized research groups, it has now evolved
into a method which can be applied in general analytical laboratories or in cooperative approach
between analytical and biological labs as long as following the typical lipidomics workflows. It is
common for labs working on different areas to carry out lipidomics research together and share
lipidomics data [5].
1.6. Hypothesis and Objectives
The overall goal of this thesis is to develop and validate methods based on LC/MS or
LC/MS/MS technologies to address specific analytical problems in lipidomics. The novel
analytical methods need to be sufficiently accurate, rapid, sensitive and reproducible so as to be
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suitable for biological and clinical studies.
It is hypothesized that LC/MS-based technologies (employing different mass spectrometric
and chromatographic techniques) can be used for the structural studies and quantitative
measurements of individual lipid molecular species in biomedical, clinical and nutritional research
areas.
In order to test this hypothesis, experiments were conducted to meet the following objectives:
(1) To optimize the solid-phase extraction (SPE) procedures for bile acids in piglet bile samples
and to establish an improved approach for rapid qualification and quantification of bile acids and
their conjugates in the piglet bile extracts (Chapter 2);
(2) To develop and validate a method for simultaneous identification and quantification of
individual sphingolipid molecular species in cellular extracts (Chapter 3);
(3) To optimize the derivatization conditions for phospholipid metabolites of trimethylamine
(TMA) and to develop and validate a method for simultaneous separation and measurement of
TMA and trimethylamine-N-oxide (TMAO) in plasma samples (Chapter 4);
(4) To extend the liquid chromatography/in-line ozonolysis/mass spectrometry (LC/O3-MS)
method for the de novo identification of conjugated linolenic acid (CLnA) isomers in natural
matrices including pomegranate and tung seed oils (Chapter 5).
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Chapter 2*
A Method for the Determination of Bile Acids in Piglet Bile Using Solid Phase
Extraction and Liquid Chromatography-Electrospray Tandem Mass
Spectrometry
2.1. Introduction
Bile acids (BA) are a group of compounds characterized by a common steroid skeleton which
consists of three six-carbon rings and one five-carbon ring [1]. However, due to differences in their
substitution pattern, side chain and whether or not they are free or bound, they span a considerable
range of polarities.
Based on the functional group bound to the side chain of the molecular structure, BA can be
classified as free BA or “non-bound” (with a free carboxylic acid group on the side-chain at R5,
Figure 2-1) or conjugated BA (primarily either glycine-bound or taurine-bound with the glycine
or taurine group at R5 connected via an amide linkage, Figure 2-1). Apart from these major forms,
BA can also be present in conjugation with sulphuric acid, glucuronic acid, glucose or Nacetylglucosamine [2] which have been detected and characterized in urine [3]. In addition, BA
molecules vary in the number and position of hydroxyl groups on the steroid nucleus (Figure 21). Consequently there are a large number of BA differing in polarity and stereochemistry.
From the perspective of metabolism, BA are considered as the oxidized products of cholesterol
and are involved in the enterohepatic circulation. Consequently, they are widely distributed in

This chapter has been published as S. Mi, D.W. Lim, J.M. Turner, P.W. Wales and J.M. Curtis,
“Determination of Bile Acids in Piglet Bile by Solid Phase Extraction and Liquid
Chromatography‑Electrospray Tandem Mass Spectrometry”, Lipids, 51 (2016) 359-372. I was responsible
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manuscript composition.
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biological samples, including liver, bile, serum, urine [4], and fecal materials [5] with the highest
concentration in bile. The most well-known biological roles of BA are in aiding digestion and
absorption of fats via the formation of micelles [1]. Other important functions, like preventing the
precipitation of cholesterol in the gallbladder and eliminating cholesterol from the body [6], have
also been described. Due to these important biological roles, BA metabolism is closely associated
with cholesterol homeostasis. It has been observed that abnormalities in BA metabolism can lead
to the incidence of certain liver diseases. Taking parenteral nutrition-associated liver disease
(PNALD) as an example, it is a cholestatic liver disease partially caused by developmental
immaturity with regards to hepatic BA metabolism and transport and currently without established
pharmacological treatments [7]. In summary, BA are of great importance for physiological wellbeing and any alterations in their profiles could be used as markers for possible therapies of related
liver diseases. Hence, the quantitative analysis of BA and their conjugates is of great importance
in medical and pharmaceutical research.
Over the past few decades, numerous methods have been devised for the qualitative and
quantitative determination of individual BA molecular species in various samples. These include
gas chromatography (GC) [8], high-performance liquid chromatography (HPLC) [9], mass
spectrometry (MS) [5], ultra-performance liquid chromatography (UPLC) [4, 10], supercritical
fluid chromatography (SFC) [11], and micellar electro-kinetic capillary electrophoresis (MEKCE)
[12]. The application of GC to BA analysis is limited by the need for conversion of nonvolatile
BA into more volatile derivatives. For example, Kumar et al. [8] compared derivatization reagents
and finally selected N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA): ammonium iodide
(NH4I): dithioerythritol (DTE) (500:4:2, v/w/w) as the derivatization reagent to convert all BA to
their TMS derivatives via their reaction at 60 °C for 30 min. The requirement for derivatization in
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GC analysis is less favorable for the possible artifacts caused during reaction, which may increase
the uncertainty in quantitative analysis. In contrast, LC methods not requiring derivatization have
been more widely used for BA analyses, in conjunction with several types of detection systems
such as flame ionization detector (FID), charged aerosol detector (CAD), refractive index (RI),
evaporative light scattering detection (ELSD), ultraviolet (UV), and MS. Of these, LC/MS or
LC/MS/MS is the most popular because of the high sensitivity and selectivity achieved by coupling
with MS. Relatively newer separation approaches like UPLC and SFC have also been used in BA
analyses. UPLC-ESI-MS/MS was performed by Want et al. [10] to profile BA in serum samples.
The applicability of SFC as a rapid and efficient BA separation technique was demonstrated by
the work of Taguchi et al. [11]. MEKCE was also tested in the determination of cholic acid (CA),
hyodeoxycholic acid (HDCA), and chenodeoxycholic acid (CDCA) in artificial Calculus bovis
[12]. However, this is far less complex than the BA composition analysis required in many
biological matrices.
Despite these advances in analytical techniques, the prerequisite for successful analysis is the
selection of an optimized sample preparation method giving high recovery and the removal of
interfering substances. To this end, BA and their conjugates have been extracted by a variety of
methods selected according to the sample types. For example, in the extraction of BA from plasma
and liver samples, ice-cold acetonitrile or alkaline acetonitrile (5% NH4OH), respectively, were
used to allow the separation of BA from protein precipitates [4]. In the same paper, BA from mouse
bile and urine samples were also extracted by solid phase extraction (SPE), prior to
chromatographic analysis [4]. In other studies, primarily analysis of human or animal bile samples,
a single dilution step with methanol [13] or distilled water [14] was the only sample preparation
used prior to BA analysis. Although many different techniques have been used for BA enrichment,
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SPE is still the most widely used one giving high selectivity. Various sorbent materials have been
used with C18 being the predominant option [15, 16]. However, even considering one sorbent
chemistry, many SPE protocols could be employed to extract bile acids due to the differences in
sorbent particle sizes, pore diameter/volume and surface area. Perwaiz et al. [16] used a BondElute C18 cartridge for extracting BA from human gallbladder bile samples. They loaded 20 μL
of diluted sample onto the column and then washed it using 2 mL of water and n-hexane followed
by 5 mL methanol for eluting BA. On the other hand, Siow et al. [15] reported the utilization of a
Sep-Pak C18 cartridge for BA isolation from rat bile samples. In their work, 100 mL of sample
was injected into the cartridge which was then washed with 10-20 mL of water and BA were finally
recovered by pumping 5.0 mL of methanol through the cartridge. Thus, SPE parameters, like the
volume of loading sample, appropriate solvents for washing and elution, and so forth, must be
evaluated in order to maximize the extraction recovery yields.
To address PNALD, some co-authors of this paper have reported that intravenous
administration of the ileum-derived trophic factor, glucagon-like peptide-2 (GLP-2), in a preclinical model of neonatal PNALD, was associated with improved bile flow, and serum and
histologic markers of cholestasis [17]. The objective of the present study was to develop a universal
method based on LC/MS/MS to monitor the alterations in the BA compositions in piglet bile
samples in a control group compared to a GLP-2 treated group. Also, we optimized the SPE
conditions for the extraction of BA from bile samples. Finally, the validation of the combined
extraction method and single-stage LC/MS/MS analysis is described. The BA profiling data were
used to illustrate the role of GLP-2 in PNALD therapy [7].
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Figure 2-1.4A typical structure and classification of bile acid molecules. R5 can be replaced either by a free
carboxylic acid group (classified as free bile acids) or by a glycine group or taurine group via an amide
linkage (classified as conjugated bile acids).

2.2. Materials and Methods
2.2.1. Materials and reagents
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Cholic acid, deoxycholic acid, ursodeoxycholic acid, taurocholic acid, taurodeoxycholic acid,
taurolithocholic acid, glycodeoxycholic acid, hyodeoxycholic acid, hyocholic acid, α-muricholic
acid, β-muricholic acid, ω-muricholic acid, tauro-α-muricholic acid, tauro-β-muricholic acid,
taurohyocholic acid, glycolithocholic acid, and glycoursodeoxycholic acid were purchased from
Steraloids, Inc. (Newport, RI). Lithocholic acid and chenodeoxycholic acid were obtained from
Sigma-Aldrich Chemical Co. (St. Louis, MO). The deuterated internal standard glycocholic acid2, 2, 4, 4-d4 was ordered from C/D/N isotopes (Pointe-Claire, Quebec). HPLC-grade ammonium
formate (≥99%) and ammonium acetate (≥98%) were supplied by Sigma-Aldrich Chemical Co.
(St. Louis, MO). Formic acid and acetic acid of LC/MS grade were ordered from the Fisher
Scientific Company (Ottawa, Ontario). Water and acetonitrile were of LC/MS grade from Fisher
Scientific Company (Ottawa, Ontario). All the other solvents were of HPLC grade and were
obtained from the Fisher Scientific Company (Ottawa, Ontario).
Bile samples were collected from neonatal male Landrace/Large White cross piglets provided
by the Swine Research and Technology Center (University of Alberta, Edmonton, AB, Canada).
All samples were stored in Eppendorf tubes and maintained at -20 °C for further use.
2.2.2. Preparation of stock, work and quality control (QC) standard solutions
All BA standards and the internal standard (IS: GCA-d4) were accurately weighed and
dissolved individually in LC-grade methanol to make stock solutions at 1 mg mL-1. All stock
solutions were stored in sealed vials at -20 °C until needed. Working standard solutions for
calibration (2.5, 5, 10, 50, 100, 500, 2500, and 5, 000 ng mL-1) were prepared by diluting stock
solutions in methanol. Triplicate low-, medium-, and high-level quality control (QC) standards
were separately prepared in methanol at 5 ng mL-1 (QC, L); 100 ng mL-1 (QC, M); 2500 ng mL-1
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(QC, H) for GUDCA, GDCA, GLCA, TDCA, and TLCA; 10 ng mL-1 (QC, L); 100 ng mL-1 (QC,
M); 2500 ng mL-1 (QC, H) for TαMCA, TβMCA, THCA, TCA, ωMCA, αMCA, βMCA, HCA,
CA, and DCA; 50 ng mL-1 (QC, L); 250 ng mL-1 (QC, M); 2500 ng mL-1 (QC, H) for UDCA,
HDCA and CDCA; 100 ng mL-1 (QC, L); 250 ng mL-1 (QC, M); 2500 ng mL-1 (QC, H) for LCA.
2.2.3. Sample preparation
Piglet bile samples were obtained while simultaneously measuring bile flow as an outcome
measure of liver disease. As previously described [17], following 17 days of study, the piglets
were given general anesthesia and a laparotomy was performed. The gallbladder was emptied and
the cystic duct was ligated to prevent back flow and ensure accurate measurements. An 8-cm long
7-French polyurethane catheter was inserted into the common bile duct and secured with 3-0 silk
suture. After bile flow normalized for 5 min, bile was collected into pre-weighed micro-centrifuge
tubes for 10 min, followed by a 5-min rest period to allow for normalization of bile flow. This
process was repeated until there was less than a 10% difference between three successive 10-min
collections or a total of six 10-min collections had been performed. Bile samples were then stored
at -80 °C until further processing.
Bile samples were first thawed at room temperature and a 150-μL aliquot of each was
transferred to a 1.5 mL glass vial. Each bile sample was then diluted tenfold with LC/MS grade
water prior to the SPE process, due to their high content of inorganic salts. All bile samples were
cleaned up in duplicate by SPE using conditions described in the “Results and Discussion”.
2.2.4. Optimization of SPE conditions
SPE was used to remove the hydrophilic salts present in the bile samples and to avoid the
possibility of contaminating the mass spectrometer. Alltech C18 SPE cartridges (particle size: 50
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μm; column phase: reversed; bed weight: 900 mg) (Grace Division Discovery Science, Deerfield,
IL, USA) were used for this purpose. Extraction conditions were optimized in terms of the
composition of loading buffer and the elution volume of methanol. The tested values of these two
parameters are listed in Table 2-2. Optimization experiments were carried out on a standard
solution with a concentration of 500 ng mL-1. The performance of these conditions was evaluated
by the recovery rate which was reported as the ratio of the peak area of each analyte in the extract
after SPE compared to that in the original standard solution without extraction.
2.2.5. LC/MS/MS conditions
The HPLC system used a binary pump and autosampler (Agilent Technologies, Palo Alto, CA,
USA) coupled to a 3200 QTRAP mass spectrometer (AB SCIEX, Concord, ON, Canada). The
data was processed using Analyst 1.4.2. software.
2.2.5.1. LC separation
LC separation was performed in triplicate using an Ascentis Express C18 column (7.5 cm×2.1
mm i.d., 2.7 μm in particle size) (Sigma, St. Louis, MO). The mobile phase was composed of (A)
water with 0.1% formic acid and 5 mM ammonium formate, and (B) methanol and acetonitrile
(1:3, v/v) with 0.1% formic acid and 5 mM ammonium formate. The running time was 12 min (not
including equilibration) with a constant flow rate of 300 μL min-1. The detailed gradient elution
process was: 0-3 min, 35-45% B; 3-10 min, 45-100% B; 10-12 min, 100% B. The column was
then re-equilibrated under the initial conditions (35% B) for 5 min prior to the next analysis. The
auto-sampler temperature was set to 15 °C and the injection volume was 5 μL. Since only a simple
SPE sample clean-up procedure was used, automated column valve switching was used to divert
the column eluent to waste before and after the data acquisition window of 1-12 min to prevent
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the contamination of the mass spectrometer.
2.2.5.2. MS/MS conditions
A turbospray ion source (electrospray ionization) was used in the negative ion mode. A
combination of selected ion recording (SIR) and multiple reaction monitoring (MRM) scan modes
were developed for the quantification of the analytes of interest. Nitrogen was used as curtain gas,
nebulizing gas, and drying gas. All other instrumental parameters used were as following: curtain
gas, gas 1 and gas 2 at 25, 40, and 50 arbitrary units, respectively; ion spray voltage at -3.7 kV.
Nitrogen nebulization and drying gas were 12 and 300 L h-1, respectively and the ion source
temperature was 400 °C.
The SIR and MRM transitions and optimized mass spectrometer parameters for each analyte
and their reference internal standards are shown in Table 2-1. All eight transitions were monitored
throughout the run with an overall cycle time of 100 ms.
Table 2-1.3MRM transitions and optimized parameters for each compound.

CA

SIR or MRM
transition (m/z)
407.3

αMCA

407.3

-70

-10

-15

-15

-2

βMCA

407.3

-70

-10

-15

-15

-2

ωMCA

407.3

-70

-10

-15

-15

-2

HCA

407.3

-70

-10

-15

-15

-2

CDCA

391.3

-75

-10

-15

-15

-2

DCA

391.3

-75

-10

-15

-15

-2

UDCA

391.3

-75

-10

-15

-15

-2

HDCA

391.3

-75

-10

-15

-15

-2

LCA

375.3

-70

-10

-15

-15

-2

TCA

514.3→80.0

-80

-10

-15

-115

-1

TαMCA

514.3→80.0

-80

-10

-15

-115

-1

Compounds

DPa (V)

EPa (V)

CEPa (V)

CEa (V)

-70

-10

-15

-15

-2
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a

TβMCA

514.3→80.0

-80

-10

-15

-115

-1

THCA

514.3→80.0

-80

-10

-15

-115

-1

TDCA

498.3→80.0

-70

-8

-15

-105

-1

TLCA

482.3→80.0

-85

-10

-15

-110

-1

GUDCA

448.3→74.0

-65

-7

-15

-70

-1

GDCA

448.3→74.0

-65

-7

-15

-70

-1

GLCA

432.3→74.0

-65

-7

-15

-65

-1

IS: GCA-d4

468.3→74.0

-70

-7

-15

-70

-1

DP, EP, CEP, CE and CXP are declustering potential, entrance potential, collision cell entrance potential,

collision energy and collision cell exit potential.

2.2.6. Method validation
To ensure the reliability and repeatability of the newly developed method, validation studies
were carried out in terms of linearity, limits of detection (LOD) and quantification (LOQ),
accuracy, precision and extraction recoveries. All these parameters were determined under
optimized conditions.
2.3. Results and Discussion
2.3.1. Optimization of SPE conditions
In order to achieve retention of all 19 BA and conjugates onto the C18 SPE, it is necessary to
include a weak acid in the solution loaded onto the cartridge. Initially, the optimal concentration
of formic acid added to the solution containing all 19 compounds in methanol was evaluated. The
SPE cartridge was conditioned with 5 mL methanol, followed by 5 mL water. Then solutions of
BA standards (including the internal standard GCA-d4) with or without added formic acid solutions
or various concentrations were loaded onto the cartridge. The cartridge was then washed with 5
mL water and target BA molecules were eluted with 7 mL methanol. Finally, the collected eluents
were dried under N2 and reconstituted in 500 µL of methanol for subsequent HPLC analysis of
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individual BA. As can be seen in Table 2-2, when the BA standard solution was directly loaded
onto the cartridge without the addition of formic acid solution, the recovery rates for all of the
target analytes were less than 80%. The lowest recovery rate was obtained with TαMCA which
was only 7.3%. This is possibly due to the relatively weak interaction between the analytes and
the stationary phase of the cartridge. To solve this problem, formic acid, as a buffer solution, was
added to the standard solution. Three levels of concentration (0.1, 0.5, and 1%) were investigated.
The results indicated that the recovery rates increased for most analytes with an increase in the
concentration of the formic acid solution. When 1% formic acid was added to the tested standard
solution, the recovery rates for most analytes were found to be all greater than 90% (Table 2-2).
Therefore, 1% formic acid was selected as the optimal buffer solution to load onto the cartridge.
The volume of eluent was optimized to maximize the elution of the compounds of interest from
the sorbent. Three different levels (5, 7, and 10 mL) were tested as indicated in Table 2-2. It was
found that the highest recovery for the BA analytes was achieved by eluting with 7 mL methanol.
Ultimately, the optimized SPE procedure used an Alltech C18 SPE cartridge (Grace Division
Discovery Science, Deerfield, IL, USA) conditioned with 5 mL methanol followed by 5 mL water.
A solution containing a mixture of 125 μL sample solution, 125 μL IS (GCA-d4) solution and 250
μL buffer solution (1% formic acid) was loaded onto the SPE cartridge, which was subsequently
washed by 5 mL water. Target BA molecules were eluted by 7 mL methanol and the extracted BA
fraction was dried under a stream of nitrogen. The dried sample was dissolved in 500 μL of
methanol and injected into the HPLC system.
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Table 2-2.4Recoveries of tested bile acids under different SPE conditions.
Recovery rate (%)
Compounds

7 mL Methanol
0.1%
0.5%
formic acid formic acid
91.4
93.3

1%
formic acid
96.1

1% formic acid
5 mL
7 mL
10 mL
MeOH
MeOH MeOH
91.3
95.0
87.2

CA

No buffer
solution
57.9

αMCA

49.3

90.5

92.9

93.5

88.7

92.4

84.8

βMCA

59.3

91.3

92.0

94.3

89.6

95.7

86.0

ωMCA

50.8

90.6

94.1

94.7

89.4

94.3

85.9

HCA

59.4

92.8

92.8

93.5

87.5

92.8

83.1

CDCA

66.9

90.4

92.8

94.2

89.9

95.2

83.8

DCA

62.9

87.8

89.0

90.3

83.7

89.1

77.8

UDCA

57.3

93.1

93.8

94.6

85.4

93.5

81.5

HDCA

65.6

98.9

97.8

97.5

94.0

99.9

87.3

LCA

78.8

92.7

99.6

98.7

96.3

99.8

89.8

TCA

8.9

94.8

98.6

99.0

95.0

100.2

95.4

TαMCA

7.3

89.4

91.9

91.8

87.4

94.7

88.4

TβMCA

7.6

90.9

92.7

92.1

88.9

95.7

89.3

THCA

8.5

94.2

97.3

98.4

94.1

98.0

96.9

TDCA

10.0

93.9

96.1

97.0

94.0

98.2

92.6

TLCA

12.0

89.4

91.9

92.3

85.9

91.1

82.7

GUDCA

54.1

91.5

93.5

94.7

92.1

97.2

87.6

GDCA

60.4

89.2

91.7

93.4

85.2

91.1

81.7

GLCA

75.7

87.6

89.5

91.9

84.3

90.5

78.4

IS: GCA-d4

47.6

85.1

88.8

93.0

88.3

91.4

86.0

2.3.2. Optimization of chromatographic separation and mass spectrometric parameters
A solution of BA standards including the IS (GCA-d4) was used for the optimization of the
chromatographic conditions and the mass spectrometric parameters.
In order to achieve a good chromatographic separation of all 19 target BA analytes within a
short analysis time and low backpressure, three analytical columns were compared, namely,
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Ascentis C18 (15 cm×2.1 mm i.d., 3 μm in particle size), Ascentis Express C18 (7.5 cm×2.1 mm
i.d., 2.7 μm in particle size), and Ascentis Express C18 (15 cm×2.1 mm i.d., 2.7 μm in particle
size). As expected, the Ascentis Express column showed improved performance over the
conventional porous C18 column since it contains solid-core particles with a porous outer layer
resulting in a shorter diffusion path for analytes, lower resistance to mass transfer and ultimately
higher resolution [18]. It was found that all analytes could be sufficiently resolved in the shortest
time using the 7.5 cm column so this was selected for use in this work (data not shown).
The binary mobile phase composition and gradient were optimized on the three candidate
columns. As a starting point, a mobile phase of (B): methanol/acetonitrile (3:1, v/v) and (A): 20
mM ammonium acetate (pH 4, adjusted by acetic acid) was tested. In this separation, both TαMCA
and TβMCA isomers and αMCA and ωMCA isomers cannot be resolved despite changes to the
gradient. Using a mobile phase of (B): acetonitrile with 0.1% formic acid and (A): water with 0.1%
formic acid, it was found that UDCA and HDCA isomers overlapped. In summary, it should be
noted that there are challenges in separating isomers of the sulfonated taurine bound BA, the less
acidic glycine bound BA and the non-bound BA all in a single run. Finally, a solvent system of
(B): methanol and acetonitrile (1:3, v/v) with 0.1% formic acid and 5 mM ammonium formate and
(A): water with 0.1% formic acid and 5 mM ammonium formate was selected. The resulting
chromatogram of the 19 BA standards showed that except for the partial co-elution of TαMCA
and TβMCA isomers, all of the other 17 BA analytes including isomeric forms were well resolved
(Figure 2-3). In spite of the incomplete separation of TαMCA and TβMCA isomers, their retention
times were sufficiently different for their identification. Optimization of the mobile phase gradients
included varying the initial percentage of the aqueous phase from 100 to 60%. A gradient starting
at a 65% aqueous mobile phase was ultimately selected to achieve sufficient resolution and speed.
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BA species are commonly detected using ESI in the negative-ion mode because of the presence
of the carboxylate group in the molecular structure (Figure 2-1). Thus, deprotonated molecule [MH]- is easily observed for all types of BA molecules (Figure 2-2). Due to the presence of different
functional groups on the side chain, free, glycine- and taurine-conjugated BA have different
fragmentation behaviors. When the collision energy was low (≤50 eV), only deprotonated
molecular ions [M-H]- were detected for free and bound BA molecules, with no fragmentation
(data not shown). When the collision energy was increased to 65-70 eV, fragment species were
observed for glycine-conjugated BA. With a further increase in collision energy to >100 eV,
product ions appeared for taurine-conjugated BA. In contrast to the conjugated BA molecules, no
significant fragmentation was observed at any collision energy for the free BA so that only [M-H]ions were observed. Examples of the product ion MS/MS spectra are shown in Figure 2-2.
An abundant product ion of each [M-H]- precursor was selected and optimized as the quantifier
of conjugated BA for MRM. The proposed structures of these precursor and product ions were
shown in Figure 2-2. The following abundant product ions were used for optimum sensitivity and
selectivity for quantitative analysis: m/z 74.0 (a fragment ion of the glycine moiety) for glycineconjugated BA (Figure 2-2C), m/z 80.0 (an SO3-anion from the taurine moiety) for taurineconjugated BA (Figure 2-2B), and m/z 74.0 (a fragment ion of the glycine moiety) for IS (GCAd4) (Figure 2-2D). Notably, owing to the lack of fragment species for free BA, the precursor ion
itself was used as the quantifier for SIR (Figure 2-2A). The optimized collision energies for
collision-induced dissociation (CID) were 15 V for free BA, 65-70 V for glycine-conjugated BA,
105-115 V for taurine-conjugated BA and 70 V for IS (GCA-d4) (Table 2-2).
Using the the optimized conditions, the LC-ESI-MS/MS analysis of all 19 BA compounds
including isomeric forms was complete in less than 12 min (not including equilibration) as
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indicated in Figure 2-3. It can be seen from Figure 2-3 that the reversed-phase elution order of
the free BA standards is UDCA>C > HDCA>CDCA>DCA>LCA, and that taurine-conjugated BA
elute ahead of glycine-conjugated BA which elute ahead of free BA species. This result is
consistent with the results reported by Monte et al. [1].
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Figure 2-2.6ESI-MS/MS product ion spectra of (A) free bile acids (LCA as an example), (B) taurineconjugated bile acids (TCA as an example), (C) glycine-conjugated bile acids (GDCA as an example),
and (D) IS: GCA-d4. The chemical structures, molecular information, fragmentation patterns, as well as
masses of parent and fragment ions for each compound are also shown.

Figure 2-3.6A representative chromatogram of bile acids in standard mixture solution at a concentration
of 500 ng mL-1 using an Ascentis Express C18 column with established gradient elution. (1) TαMCA; (2)
TβMCA; (3) THCA; (4) TCA; (5) GUDCA; (6) ωMCA; (7) αMCA; (8) βMCA; (9) TDCA; (10) HCA;
(11) UDCA; (12) CA; (13) HDCA; (14) TLCA; (15) GDCA; (16) CDCA; (17) GLCA; (18) DCA; (19)
LCA. Peaks with the same color are isomers.
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2.3.3. Method validation
2.3.3.1. Calibration curves and linearity
Calibration curves were constructed with ranges of 2.5-5,000 ng mL-1 for GUDCA, GDCA,
GLCA, TDCA, and TLCA; 5-5,000 ng mL-1 for TαMCA, TβMCA, THCA, TCA, ωMCA, αMCA,
βMCA, HCA, CA, and DCA; 10-5,000 ng mL-1 for UDCA, HDCA, and CDCA; 50-5,000 ng mL1

for LCA. GCA-d4 at a constant concentration of 250 ng mL-1 was spiked as the internal standard

for all BA analytes. Calibration curves were constructed by plotting the peak area ratios of analytes
to their reference internal standards against the analyte concentrations. All BA standards displayed
good linearity over the test ranges with R2 values greater than 0.992 (Table 2-3). Subsequently,
the calibration curves established in this manner were used for the quantification of BA in the
piglet bile samples.
2.3.3.2. Limits of detection and quantification
In this work, limits of detection (LOD) and quantification (LOQ) were defined as the lowest
concentration with a signal-to-noise ratio (S/N) greater than three and ten, respectively. LOD and
LOQ values for this method were estimated independently for each BA analyte in a standard
solution by serial dilution. The LOQ values of the analytes were also used as the lower ends of
their corresponding calibration curves. The LOD and LOQ results in the low ng mL-1 range
demonstrate that the method described here is of sufficiently high sensitivity for BA measurements.
The calibration curve equations, R2 value, LOD, LOQ and linear dynamic range data for all
BA standards used in this study are shown in Table 2-3.
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Table 2-3.5Calibration curves, LODs, LOQs and linear dynamic ranges in the quantitative analysis.
Compounds

Calibration
curves

R2 value

LOD
(ng mL-1)

LOQ
(ng mL-1)

CA

y=2.69x+0.0235

0.9940

2.50

5.00

Tested linear
dynamic range
(ng mL-1)
5-5,000

αMCA

y=1.53x+0.0092

0.9960

2.50

5.00

5-5,000

βMCA

y=1.44x+0.0032

0.9968

2.50

5.00

5-5,000

ωMCA

y=1.02x+0.0054

0.9974

2.50

5.00

5-5,000

HCA

y=1.59x+0.0062

0.9925

2.50

5.00

5-5,000

CDCA

y=1.52x+0.0084

0.9957

5.00

10.00

10-5,000

DCA

y=3.23x+0.0092

0.9948

2.50

5.00

5-5,000

UDCA

y=1.42x-0.0011

0.9969

5.00

10.00

10-5,000

HDCA

y=1.21x+0.0096

0.9968

5.00

10.00

10-5,000

LCA

y=0.429x-0.0024

0.9956

10.00

50.00

50-5,000

TCA

y=0.572x-0.0024

0.9975

2.50

5.00

5-5,000

TαMCA

y=0.732x-0.0003

0.9988

2.50

5.00

5-5,000

TβMCA

y=0.645x-0.0014

0.9981

2.50

5.00

5-5,000

THCA

y=0.569x-0.0014

0.9983

2.50

5.00

5-5,000

TDCA

y=1.04x+0.0004

0.9940

1.25

5.00

5-5,000

TLCA

y=1.76x-0.0001

0.9937

1.25

2.50

2.5-5,000

GUDCA

y=1.14x+0.0021

0.9987

1.25

2.50

2.5-5,000

GDCA

y=1.45x-0.0022

0.9952

1.25

2.50

2.5-5,000

GLCA

y=2.38x+0.0006

0.9954

1.25

2.50

2.5-5,000

2.3.3.3. Accuracy and precision
The precision and accuracy of the newly developed method were determined based on the
analysis of triplicate preparation of three QC concentration points (high, medium, and low)
distributed throughout the calibration range for all BA analytes (see Section 2.2.2.). Each QC
solution was analyzed by LC/MS in triplicate. The results obtained are summarized in Table 2-4.
As can been seen from the table, the accuracy, defined as the percentage ratio of the measured
concentration to the known concentration of the standard, ranged from 89.1 to 108.0% for QC low
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(mean 98.9±5.1%), from 84.6 to 107.1% for QC medium (mean 99.3±7.1%), and from 87.9 to
107.4% for QC high (mean 97.1±6.4%). In contrast, the precision (for intraday triplicate
measurements) of the method, presented as relative standard deviation (RSD), ranged from 0.5 to
9.3% for all QC samples. These data demonstrate that the proposed method is accurate and precise
over the range studied in this work and can be used for the quantitative analysis of BA.
Table 2-4.6Accuracy and precision for triplicate measurements of QC.
QC-low
Compounds

QC-medium

QC-high

CA

Precision
(RSD, %)
3.6

Accuracy
(%)
102.6

Precision
(RSD, %)
0.7

Accuracy
(%)
106.8

Precision
(RSD, %)
1.5

Accuracy
(%)
100.8

αMCA

4.5

92.8

4.2

100.6

2.9

104.8

βMCA

2.8

100.1

2.9

99.3

0.5

107.4

ωMCA

4.3

95.8

6.7

100.7

2.3

98.4

HCA

4.4

101.0

2.5

106.7

2.9

104.0

CDCA

4.9

100.4

1.8

92.0

2.1

91.0

DCA

5.4

98.9

2.3

107.1

2.1

103.3

UDCA

4.6

94.6

7.2

99.1

1.0

95.7

HDCA

1.0

100.5

3.4

94.7

2.1

99.2

LCA

5.3

93.5

1.1

84.6

1.5

87.9

TCA

5.5

92.7

1.6

86.7

3.1

89.8

TαMCA

1.5

99. 7

3.2

98.6

3.0

100.7

TβMCA

1.0

106.4

2.8

103.1

4.9

103.1

THCA

3.1

105.7

3.3

105.3

2.6

104.2

TDCA

9.3

97.6

3.2

101.2

2.7

91.5

TLCA

5.1

99.6

4.0

103.9

1.6

90.5

GUDCA

7.5

89.1

1.8

87.5

2.1

88.4

GDCA
GLCA

7.7
9.3

100.6
108.0

2.8
4.2

102.6
106.2

3.0
1.8

94.1
90.9
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2.3.3.4. Extraction recovery
The optimized SPE method was validated by evaluating the recovery rates of the analytes. In
the absence of a matrix blank, extraction recovery experiments were performed by spiking into
piglet bile at two different levels, a solution containing known amounts of 19 authentic standards.
All recovery trials were carried out in duplicate. The selected sample was firstly tenfold diluted
with HPLC-grade water and then six aliquots of 125 μL were taken out from the diluted samples.
Of these aliquots, four were spiked with the authentic standards at high and low levels (see Table
2-5 for the detailed amounts), each in duplicate. The remaining two blank aliquots and the four
spiked aliquots were extracted by the SPE procedure and each was analyzed in triplicate by the
established LC-ESI-MS/MS method. The concentrations of the target analytes in all extracts were
calculated determined based on their corresponding calibration curves (Table 2-3). Extraction
recoveries were reported as a ratio of the measured spiked amount to the known spiked amount.
Table 2-5 displays the results of these recovery measurements. The average recovery rate of the
low-level spiked concentration was 96.9±7.3% and the average recovery rate of the high-level
spiked concentration was 98.3±6.8%. These values demonstrate that successful recovery of all
tested BA analytes was obtained throughout the linear dynamic range of the analysis by the use of
the optimized SPE procedures.
Table 2-5.7Extraction recovery of bile acids in a piglet sample.
Spiked concentration
(ng mL-1)
Low High
Non

Measured concentration
(ng mL-1)
Low
High

CA

100

1000

ND

93.0±1.4

999.3±59.8

93.0

99.9

αMCA

100

1000

ND

105.8±0.8

1072.9±49.2

105.8

107.2

βMCA

100

1000

ND

104.4±2.3

1036.3±34.1

104.4

103.6

ωMCA

100

1000

ND

107.7±3.2

1060.5±57.1

107.7

106.1

Compounds

55

Extraction recovery
(%)
Low
High

CHAPTER 2
HCA

100

1000

13.9±3.0

118.4±6.6

1095.9±104.0

104.2

108.1

CDCA

50

100

ND

47.0±2.1

96.7±4.1

94.0

96.7

DCA

100

1000

ND

92.0±1.9

950.4±37.8

92.0

95.0

UDCA

100

1000

ND

94.8±2.4

905.1±36.5

94.8

90.5

HDCA

50

100

1.6±0.9

54.9±1.9

105.5±6.7

106.4

103.9

LCA

50

100

16.9±2.4

67.1±3.7

113.5±4.1

100.3

97.1

TCA

500

5000

897.2±22.5

1279.0±53.8

4761.6±263.5

80.7

91.5

TαMCA

100

1000

ND

100.0±1.7

972.9±39.7

100.0

97.3

TβMCA

100

1000

ND

96.4±2.8

1008.7±58.3

96.4

100.9

THCA

500

5000

8339.8±35.2

8461.0±72.4

12172.0±679.3

95.7

91.2

TDCA

100

1000

ND

102.4±3.6

1086.3±20.1

102.4

108.6

TLCA

100

1000

2.6±0.7

90.3±2.1

908.9±43.1

88.1

90.7

GUDCA

100

1000

ND

95.1±2.8

979.8±40.0

95.1

97.9

GDCA

100

1000

ND

94.2±1.8

957.3±30.6

94.2

95.7

GLCA

100

1000

2.9±0.4

88.6±1.5

851.4±16.5

86.1

84.9

Data of bile acids were presented as mean±standard deviation (SD); ND not detected.

2.3.4. Application to piglet bile samples
To test the utility of the validated method, our experimental protocol was applied to the
qualitative identification and quantitative determination of individual BA species in piglet bile
samples from a clinical trial testing the efficacy of GLP-2 treatment in PNALD, as described in
the Introduction. The piglet bile samples were first extracted using the optimized SPE procedure
and then subjected to LC/MS/MS analysis. Up to 12 different BA species were identified in bile
sample extracts from the control and GLP-2 treated groups, with the difference being that CDCA
was not found in the GLP-2 treated group above the LOD.
Figure 2-4 shows a sample chromatogram of piglet bile extract. Note that in this figure, TCA
and CDCA are not readily evident in the chromatograms because of their relatively low intensity
compared to their isomers THCA and HDCA, respectively. Additionally, there are two
unidentified peaks detected in the chromatogram of MRM transition m/z 498→80 at RT of 3.14
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and 6.91 min, which are most likely isomers of TDCA (RT=7.61 min). From Table 2-2, it can be
seen that possible isomers include TCDCA, TUDCA, and THDCA but standards of these taurineconjugated BA are not available. Thus, assignment of the two observed isomers was performed by
identifying the presence of the corresponding non-conjugated species: HDCA and CDCA were
found in this case (Table 2-6). Further confirmation was derived from the relative elution order of
the observed peaks by comparison to the observed elution order of non-conjugated standards
(UDCA< HDCA<CDCA<DCA), as shown in Figure 2-3. Hence it was concluded that the two
unknown peaks are in fact THDCA (RT=3.14 min) and TCDCA (RT=6.91 min).
There are also two unidentified peaks in the chromatogram of MRM transition m/z 448→74 at
6.53 and 8.58 min which are isomers of GUDCA (RT =6.28 min) and GDCA (RT =8.85 min) and
therefore must be either GHDCA or GCDCA (Table 2-2). As above, comparison to the observed
non-conjugated species and the elution order of non-conjugated standards indicates clearly that the
unknown peak at 6.53 min is GHDCA and that at 8.58 min is GCDCA.
For quantification of the BA identified in the piglet bile test samples, there were eight of them
for which authentic standards were available so could be accurately quantified based on the
established calibration curves (Table 2-3). For the other four BA (THDCA, TCDCA, GHDCA,
and GCDCA) for which authentic standards were not available, estimation of their concentrations
was carried out based on the calibration curves for their corresponding isomers. Specifically,
THDCA and TCDCA were estimated using to the calibration curve of TDCA, GHDCA was
estimated using the calibration curve of GUDCA, and GCDCA was estimated based on the
calibration curve of GDCA. The measured concentrations for the 12 identified BA are presented
in Table 2-6. A detailed analysis of these results and the biological implications have been recently
reported in a separate publication [7].
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Figure 2-4.7A representative chromatogram of bile acids in piglet bile sample extract under the
established conditions. (A) THCA; (B) 1-THDCA, 2-TCDCA; (C) 1-GHDCA, 2-GCDCA; (D) IS: GCAd4; (E) HCA; (F) HDCA; (G) TLCA; (H) GLCA; (I) LCA.
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Table 2-6.8Contents of bile acids determined in piglet bile sample extract (quantification with GCA-d4 as
IS).
Control group (n=8)

GLP-2 treated group (n=7)

Mean (min-max)

Mean (min-max)

LCA

0.09 (0.07-0.12)

0.09 (0.03-0.13)

TLCA

1.62 (0.51-3.10)

0.14 (0.11-0.16)

GLCA

0.82 (0.37-1.07)

0.15 (0.12-0.18)

HCA

9.10 (5.24-14.31)

0.24 (0.11-0.72)

THCA

1353.18 (1004.83-2120.49)

157.61 (27.06-350.14)

TCA

46.82 (20.09-61.46)

23.97 (3.76-88.12)

HDCA

0.09 (0.06-0.13)

0.08 (0.05-0.13)

CDCA

0.11 (0.05-0.17)

---

THDCA

543.29 (240.95-813.66)

11.97 (1.36-29.15)

TCDCA

476.24 (335.26-685.22)

64.03 (8.45-148.26)

GHDCA

498.35 (157.48-827.69)

64.59 (23.73-173.29)

GCDCA

449.05 (209.17-638.87)

104.64 (14.34-401.63)

Compounds

Values were expressed as µg bile acids/mL of tested piglet bile samples. Each value represented the average
value of all samples from the same group. The quantified content range for each analyte was presented in
the bracket after the mean value. All these values have been corrected according to the recovery rates.

2.4. Conclusions
In this study, we have established and validated a rapid and reliable method for the
identification and determination of BA in piglet bile samples with an optimized SPE procedure for
sample pretreatment. An efficient separation of 19 BA in a single chromatographic run was
achieved with improvements in terms of the run time, the total number of analytes and the isomer
separation compared to the literature [8, 18]. The LOD of the current method were similar to
previously published results using comparable instrumentation [19], although achieving the lowest
possible LOD was not an objective of this study due to the high levels of BA present in bile.
However, lower LOD values may be desirable for studies of other extracts and there is scope to
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achieve this via manipulation of sample concentrations and the use of more sensitive analytical
equipment. The method described was specifically proposed as a tool to monitor the changes of
BA contents, in this case for piglet bile samples treated with GLP-2 vs those in the control group.
The quantification results showed that GLP-2 therapy did improve the clinical phenotype of
PNALD by altering BA synthesis and transport. Based on all of these findings, conclusions could
be drawn that BA can be used as biomarkers for the diagnosis of related liver diseases and the
newly proposed analytical method can be used as a general means for BA analysis in various biosamples, such as plasma, urine and feces for clinical and pharmaceutical purposes. For example,
clinicians have been aware for some time that immaturities in the metabolism of BA contribute to
a number of neonatal cholestatic diseases and to the increased risk of parenteral nutrition associated
liver diseases for premature infants. Despite this, the molecular mechanisms of BA transport,
metabolism and ultimately the associated composition of the BA pool have been inadequately
studied and more often in rodent models that do not translate well to the developing human neonate.
Furthermore, the differential diagnosis of neonatal cholestatic diseases requires prompt analysis of
BA composition, which is not yet routinely clinically available [20]. The method described here
could be readily adapted to apply to the noninvasive assessment of bile in urine for that purpose.
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Chapter 3*
An LC/MS/MS Method for the Simultaneous Determination of Individual
Sphingolipid Species in B Cells
3.1. Introduction
Sphingolipids include a wide range of bioactive compounds that can be found in eukaryotic
organisms as well as some prokaryotes and viruses [1]. In mammalian bio-fluids and tissues, the
sphingolipid family mainly includes the subclasses of ceramides (Cer), sphingomyelins (SM),
cerebrosides, sulfatides and gangliosides. All of these lipid molecules are derived from a sphingoid
base backbone which varies in chain length, degree of unsaturation and in the presence of a
hydroxyl group [1, 2]. Specifically, Cer is produced from the sphingoid base by linking with a
fatty acid (FA) chain (varying in length and degree of unsaturation) via an amide bond [1, 2].
Addition of sugar moieties or phosphatidylcholines (PC) to the 1-hydroxyl group of Cer leads to
the formation of more complex glycosphingolipids (GSL) and SM [2]. Because of its structural
composition, SM is often classified as a phospholipid (PL) and analyzed alongside other PL
species [3]. Furthermore, gangliosides are characterized by a GSL molecule containing one or
more sialic acids linked onto the sugar moiety [4]; similarly, sulfatides are formed via esterified
linkage of a sulfate group to the sugar group on GSL molecules [5]. Considering the diversity and
complexity of the structural characteristics of sphingolipid compounds, a tremendous number of
individual molecular species can be present in biological samples. Following from their structural

This chapter has been published as S. Mi, Y-Y Zhao, R.F. Dielschneider, S.B. Gibson and J.M. Curtis,
“An LC/MS/MS Method for the Simultaneous Determination of Individual Sphingolipid Species in B
Cells”, Journal of Chromatography B, 1031 (2016) 50-60. I contributed to the experimental design,
performance of experiments, data collection and analysis, as well as the manuscript composition.
*

63

CHAPTER 3
diversity, sphingolipids are also well-known for their critical roles in many biological processes,
such as cell apoptosis [6], cell mitogenesis and signal transduction [7]. Therefore, monitoring
changes in sphingolipid profiles in biological materials has important implications for clinical and
biological studies, such as discovery of new disease biomarkers [7], diagnosis of cognitive
impairment in Parkinson’s disease [8] and in the explanation of underlying related disease
mechanisms [9]. The structural complexity of sphingolipids and their varied biological functions
makes the characterization of this lipid class both a challenging and worthwhile task.
The analysis of sphingolipids is usually performed by combining LC separation techniques
with different detection systems such as ultraviolet/visible (UV), fluorescence [10] and
evaporating light scattering detector (ELSD) [11]. In addition, LC combined with mass
spectrometry (MS) [6, 11, 12] has been widely used. Of these techniques, LC/ELSD has the
advantage over LC/UV and LC/fluorescence that it avoids the need for derivatization [13].
Nonetheless, MS is still the most powerful tool due to its high sensitivity and ability to provide
detailed structural information which is critical for the identification of individual sphingolipid
molecules. Supercritical fluid chromatography (SFC) in conjunction with MS or ELSD is another
choice for characterization of sphingolipids. An example of this was described by Lee et al. [14].
They reported the application of SFC/tandem mass spectrometry (SFC/MS/MS) for the analysis
of seven subcategories of sphingolipids including SM, ceramide-1-phosphate (Cer1P),
sphingosine-1-phosphate (So1P), sphinganine-1-phosphate (Sa1P), Cer, sphingosine (So) and
sphinganine (Sa). This method has high throughput and high resolution, but requires a methylation
procedure using trimethylsilyldiazomethane (TMSD) for the analysis of the more polar analytes
which

contain

phosphate

groups,

such

as

phosphatidylserine,

phosphatidic

acid,

lysophosphatidylserine, lysophosphatidylinositol and lysophosphatidic acid. Methylation was
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shown to greatly improve chromatographic peak shapes and detection limits, further allowing for
the quantification of low-abundance polar lipids.
Instead of simultaneously profiling multiple sphingolipid molecular species in a single run,
many methods have been proposed that focus on only one [11] or two [7] specific analytes.
However, since sphingolipid metabolism involves a dynamic network comprised of many different
species, it is necessary to evaluate the comprehensive sphingolipid profile rather than a single
metabolite in order to understand the function of these compounds [15]. Shaner et al. [12]
described a reversed-phase LC-ESI-MS/MS approach to the quantitative analysis of a large set of
sphingolipids, although fully validated assays were not included. The method proposed by Scherer
et al. [15] applied hydrophilic interaction chromatography (HILIC) coupled to MS to quantify
sphingolipid species from cultured cells. HILIC, as a separation technique, was used to separate
the sphingolipids into classes based on their head group polarities, while species within the same
class were eluted over a very narrow retention time (RT) window. Hence, most sphingolipid
classes such as hexosyl-ceramide (HexCer) or SM can be resolved as an individual peak by HILIC
chromatography. In this case [15], although some information about species with different FA
substitutions within the same class is given based on MS data, these species coelute and are not
readily quantified.
Here, we describe the development and validation of a more comprehensive method for the
simultaneous qualitative and quantitative analysis of individual molecular species within each
sphingolipid subclass. Specifically, we have investigated how sphingolipid metabolism is altered
as a result of Chronic Lymphocytic Leukemia (CLL). CLL is the most common leukemia in North
American and European adults [16]. Sphingolipid metabolism is altered in numerous cancers, but
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strong evidence is still lacking to support this finding in CLL. To address this problem, an
LC/MS/MS-based method was established in this study to investigate the distributions of
sphingolipids in both cancerous and healthy B cells. In addition, we demonstrate the use of a simple
method for the extraction of sphingolipid subgroups (covering a large polarity range) into a single
phase. Finally, validation of the combined extraction procedure and the single stage of LC/MS/MS
analysis, is described in detail. The analytical results obtained from cancerous and healthy B cells
are compared to provide scientific evidence of altered sphingolipid metabolism in CLL cells. Such
data will aid in the understanding of CLL biology and in the development of potential therapeutic
strategies. For this specific purpose, seven subclasses of sphingolipids including So, Sa, So1P,
Sa1P, Cer, dihydroceramide (dHCer) and glucosylceramide (GlcCer) (see Figure 3-1) were
selected as the target analytes in this work. For reference, the metabolic pathways that interconvert
these compounds are illustrated in Figure 3-2 [1, 13, 17].
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Figure 3-1.9Structures of the compounds under investigation.

Figure 3-2.8Metabolic pathway of sphingolipids (only including the target analytes in this study) (1),
glucosylceramidase; (2), glucosylceramide synthase; (3), sphingomyelinase; (4), sphingomyelin synthase;
(5), ceramidase; (6), ceramide synthase; (7), sphingosine kinase; (8), sphingosine phosphatase; (9), (10),
dihydroceramide synthase; (11) (12) (13), △4-desaturase. Adapted from references [1, 13, 17].
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3.2. Materials and Methods
3.2.1. Chemicals and reagents
Glucosylceramide

(d18:1/16:0),

glucosylceramide

(d18:1/18:0),

glucosylceramide

(d18:1/18:1), glucosylceramide (d18:1/24:1), sphingosine (d18:1), sphinganine (d18:0),
sphingosine-1-phosphate (d18:1), sphinganine-1-phosphate (d18:0) and the internal standards (ISs)
of glucosylceramide (d18:1/17:0), sphingosine (d17:1) and sphingosine-1-phosphate (d17:1) were
obtained from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Glucocerebrosides from bovine
buttermilk and glucocerebrosides from plant were ordered from MJSBioLynx Inc. (Brockville, ON,
Canada). Ceramide (d18:1/2:0) and ceramide from bovine brain (a mixture of ceramide
(d18:1/18:0) and ceramide (d18:1/24:1)) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Individual standard solutions of ceramide (d18:1/16:0), ceramide (d18:1/22:0), ceramide
(d18:1/24:1), ceramide (d18:1/24:0), ceramide (d18:0/16:0), ceramide (d18:0/24:0), the internal
standards of Cer (d18:1/17:0), sphinganine (d17:0) and sphinganine-1-phosphate (d17:0) were
prepared in chloroform/methanol (9:1, v/v) at 200 µM. Formic acid of Optima LC/MS grade was
ordered from Fisher Scientific Company (Ottawa, ON, Canada). Water and acetonitrile were of
Optima LC/MS grade from Fisher Scientific Company (Ottawa, ON, Canada). Except where noted,
all the other solvents were of HPLC grade and were obtained from Fisher Scientific Company
(Ottawa, ON, Canada).
3.2.2. Preparation of stock, work and quality control standard solutions
All the purchased standards were precisely weighted and dissolved individually in chloroformmethanol (2:1, v/v) to make stock solutions at 500 µM. All stock solutions were stored in sealed
vials at -20 ˚C until needed.
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Working standard solutions for calibration curves (2.5, 5, 10, 50, 100, 500, 1,000, 5,000 and
10,000 nM) were prepared by diluting stock solutions in methanol. Triplicate low, medium and
high quality control (QC) standards were separately prepared in methanol at 10 nM (QC, L), 500
nM (QC, M), 5,000 nM (QC, H) for d18:1-So and d18:0-Sa; 50 nM (QC, L), 500 nM (QC, M),
5,000 nM (QC, H) for d18:1-So1P, d18:0-Sa1P, C16:0-dHCer and C24:0-dHCer; 5 nM (QC, L),
100 nM (QC, M), 5,000 nM (QC, H) for C16h:0-GlcCer, C16:0-GlcCer, C18:0-GlcCer, C18:1GlcCer, C22:0-GlcCer, C24:1-GlcCer, C2:0-Cer, C16:0-Cer, C22:0-Cer, C24:1-Cer and C24:0Cer.
3.2.3. Sample preparation
Peripheral blood samples were collected from Cancer Care Manitoba CLL patients or healthy
age-matched donors after informed consent in accordance with the Research Ethics Board at the
University of Manitoba. Samples were isolated as done previously [16]. Briefly, blood was
centrifuged at 1500 rpm for 10 min and the buffy coat was isolated. To obtain B cells, the buffy
coat was mixed with RosetteSep (Stem Cell Technologies, Vancouver, BC, Canada) and purified
on a Ficoll-Paque gradient (GE Healthcare, Mississauga, ON, Canada) for 30 min at 1500 rpm.
Residual red blood cells were lysed using RBClysis buffer (eBioscience, San Diego, CA, USA)
for 10 min at room temperature. All blood samples were processed within 24 h after collection.
Cell pellets were frozen in Eppendorf tubes and maintained at -20 °C until lipid extraction. CLL
cell pellets contained 1 × 108 CLL cells and healthy B cell pellets contained 1 × 107 B cells.
For lipid extraction, the cell pellets were thawed at room temperature, re-suspended in LC/MSgrade water, vortexed for 15 s and sonicated for 20 min. Considering the large polarity range of
the target analytes, the sample solution was subjected to extraction based on a modified Bligh and
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Dyer method. In brief, an aliquot of 80 µL cell suspension solution was added into a 0.5 mL
Eppendorf tube, spiked with recovery standards of d17:1-So, d17:0-Sa, d17:1-So1P, d17:0-Sa1P,
C17:0-Cer and C17:0-GlcCer and mixed well with 300 µL of extraction solvent
(chloroform/methanol, 1:2 by volume) to reach a final ratio of chloroform/methanol/water, 1:2:0.8
by volume. The mixture was then vortexed for 20 s and centrifuged at 2500 rpm for 15 min. The
resultant supernatant was transferred into a separate glass vial. The extraction procedure was
repeated once more and the supernatant extract was combined with the previous one. The final
extract was dried under a nitrogen stream, re-dissolved into 500 µL of methanol and then filtered
through a 0.22 µm PVDF membrane for subsequent LC/MS/MS analysis.
3.2.4. LC/MS/MS conditions
The HPLC system used a binary pump and autosampler (Agilent Technologies, Palo Alto, CA,
USA) coupled to a 3200 QTRAP mass spectrometer (AB SCIEX, Concord, ON, Canada). The
data was processed using Analyst 1.4.2.software.
LC separation was performed using an Ascentis Express C18 column (7.5 cm×2.1 mm i.d., 2.7
µm in particle size) (Sigma, St. Louis, MO). The mobile phase was composed of (A) water with
0.1% formic acid, and (B) methanol/acetonitrile/isopropanol (4:1:1, v/v/v) with 0.1% formic acid.
The total run time was 25 min (including re-equilibration) with a constant flow rate of 300 µL min1

. The gradient elution used was as follows: 0-4 min, 70 to 100% B; 4-20 min, 100% B and then

brought back to 70% B at 20.1 min for column re-equilibrium over 5 min prior to the next injection.
The auto-sampler temperature was set to 15 ˚C and the injection volume was 5 µL. An automated
column valve switching was employed in this work to divert the column eluent to waste before
and after the data acquisition window of 1 min to 20 min to prevent the contamination of the mass
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spectrometer.
A Turbo Spray ion source (electrospray ionization) was used under positive ion mode. Multiple
reaction-monitoring (MRM) scan mode was developed for the quantification of the analytes of
interest. Nitrogen was used as curtain gas, nebulizing gas and drying gas. The instrument was
operated using the following settings: curtain gas, gas 1and gas 2 at 25, 50 and 60 arbitrary units,
respectively; ionspray voltage at 5.2 kV. Nitrogen nebulization and drying gas were held at 12 and
300 L h-1, respectively; and the ion source temperature was 400 ˚C. Quadrupoles Q1 and Q3 were
operating at unit mass resolution. The MRM transitions and optimized mass spectrometer
parameters for each analyte for which authentic standards were available, along with their
reference internal standards (ISs), are summarized in Table 3-1. In addition, the actual MS/MS
method includes an additional 14 MRM transitions for analytes which were investigated but for
which no standards were available. Specifically, these include C20:1-GlcCer (m/z 754.6→264.3),
C20:0-GlcCer (m/z 756.6→264.3), C22:1-GlcCer (m/z 782.6→264.3), C26:1-GlcCer (m/z
838.6→264.3), C26:0-GlcCer (m/z 840.6→264.3), C12:0-Cer (m/z 482.3→264.3), C14:0-Cer
(m/z 510.3→264.3), C16:1-Cer (m/z 536.3→264.3), C18:1-Cer (m/z 564.3→264.3), C20:1-Cer
(m/z 592.3→264.3), C20:0-Cer (m/z 594.3→264.3), C22:1-Cer (m/z 620.3→264.3), C26:1-Cer
(m/z 676.3→264.3) and C26:0-Cer (m/z 678.3→264.3). All 39 transitions (including all analytes
plus ISs) were monitored throughout the run with an overall cycle time of 100 ms.
Table 3-1.9MRM transitions and optimized parameters for each compound.

C2:0-Cer

MRM transitions
(amu)
342.3→264.3

C16:0-Cer

538.3→264.3

50

4

15

35

10.3

C18:0-Cer

566.3→264.3

40

4

18

35

11.7

C22:0-Cer

622.3→264.3

45

4.5

20

40

14.8

Compounds

DPa (eV)

EPa (eV)

CEPa (eV)

CEa (eV)

RTa (min)

31

3

15

23

6.2
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a

C24:1-Cer

648.3→264.3

50

4

15

40

14.6

C24:0-Cer

650.3→264.3

45

4.5

20

40

17.1

C16:0-dHCer

540.5→522.5

50

6

15

25

10.8

C24:0-dHCer

652.7→634.7

50

6

15

32

18.1

C16:0-GlcCer

700.6→264.3

35

6

12

45

9.5

C18:0-GlcCer

728.6→264.3

40

6

13

47

10.7

C18:1-GlcCer

726.6→264.3

40

5

15

47

9.9

C22:0-GlcCer

784.6→264.3

25

5

15

50

13.6

C24:1-GlcCer

810.6→264.3

40

5

13

55

13.4

C24:0-GlcCer

812.6→264.3

35

5

15

45

15.0

C16h:0-GlcCer

714.5→262.3

35

5

15

45

8.7

d18:1-So

300.3→282.3

30

4

12

15

2.9

d18:0-Sa

302.3→284.3

40

4

12

18

3.7

d18:1-So1P

380.3→264.3

35

4

12

22

5.5

d18:0-Sa1P

382.3→284.3

45

5

12

20

5.8

ISs: C17:0-Cer

552.3→264.5

50

3.5

15

35

11.0

C17:0-GlcCer

714.5→264.5

40

5

12

45

10.1

d17:1-So

286.3→268.3

20

7

12

15

1.9

d17:0-Sa

288.3→270.3

40

5

15

18

2.4

d17:1-So1P

366.3→250.3

35

4

15

20

4.7

d17:0-Sa1P

368.3→270.3

40

5

12

15

5.3

DP, EP, CEP, CE and RT are declustering potential, entrance potential, collision cell entrance potential,

collision energy and retention time.

3.2.5. Method validation
3.2.5.1. Calibration curves and linearity
Calibration curves were constructed with ranges of 5-10,000 nM for d18:1-So and d18:0-Sa;
10-10,000 nM for d18:1-So1P, d18:0-Sa1P, C16:0-dHCer and C24:0-dHCer; 2.5-10,000 nM for
C16h:0-GlcCer, C16:0-GlcCer, C18:0-GlcCer, C18:1-GlcCer, C22:0-GlcCer, C24:1-GlcCer,
C2:0-Cer, C16:0-Cer, C22:0-Cer, C24:1-Cer and C24:0-Cer. The mixed solution of d17:1-So,
d17:0-Sa, d17:1-So1P, d17:0-Sa1P, C17:0-GlcCer and C17:0-Cer at a constant concentration of
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100 nM was spiked as the ISs for d18:1-So, d18:0-Sa, d18:1-So1P, d18:0-Sa1P, GlcCer and Cer
(including dHCer), respectively. Calibration curves were constructed by plotting the peak area
ratios of analytes to their reference IS against the analyte concentrations. Calibration curve
linearity was assessed by the correlation coefficient (R2) value.
3.2.5.2. Sensitivity
Limits of detection (LOD) and quantification (LOQ) were defined as the lowest concentration
with a signal-to-noise ratio (S/N) greater than 3 and 10, respectively. LOD and LOQ values for
this method were estimated independently for each So, Sa, So1P, Sa1P, Cer, dHCer and GlcCer
analyte in a standard solution with serial dilution. The LOQ values of the analytes were also used
as the lower ends of their corresponding calibration curves.
The calibration curve equations, R2 value, LODs, LOQs and linear dynamic range data for all
sphingolipid standards used in this study were shown in Table 3-2.
3.2.5.3. Accuracy and precision
The precision and accuracy of the newly developed method were determined based on the
analysis of triplicate preparation of 3 QC concentration points (high, medium and low) distributed
throughout the calibration range for all So, Sa, So1P, Sa1P, Cer, dHCer and GlcCer analytes (see
Section 3.2.2). Each QC solution was analyzed by LC/MS/MS in triplicate. The results obtained
were summarized in Table 3-3.
3.2.5.4. Extraction recovery
The optimized lipid extraction method was validated by evaluating the recovery rates of the
analytes. In absence of a matrix blank, extraction recovery experiments were performed by spiking
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into cell solutions at two different levels, a solution containing known amounts of 17 authentic
standards. One of the samples from leukemia patients was used as an example for the recovery
test. All recovery trials were carried out in triplicate. The selected sample was re-suspended in
LC/MS-grade water and then 9 aliquots of 80 µL were taken out from the re-suspended samples.
Of these aliquots, 6 were spiked with the authentic standards at high and low levels (see Table 34 for the detailed amounts), each in triplicate. The remaining 3 blank aliquots and the 6 spiked
aliquots were extracted under the same conditions and analyzed by the established LC/MS/MS
method. The concentrations of the target analytes in all extracts were determined based on their
corresponding calibration curves (Table 3-2). Extraction recoveries were reported as a ratio of the
measured spiked amount to the actually spiked amount. Table 3-4 shows the results of these
recovery measurements.
3.3. Results and Discussion
3.3.1. LC/MS/MS method development
3.3.1.1. Fragmentation behaviors of all compounds under investigation
Sphingolipid compounds have been commonly detected by MS using ESI in the positive ion
mode due to the facile protonation of their primary and secondary amine groups or in the case of
the zwitterionic compounds, the preformed substituted ammonium groups in their molecular
structures (Figure 3-1). Thus, protonated molecular ions [M+H]+ are easily observed for all types
of sphingolipid molecules.
In order to maximize the specificity and sensitivity of the proposed sphingolipid method, the
optimal transitions for multiple reaction monitoring (MRM) experiments for all 7 subclasses of
sphingolipids (Figure 3-1) must be established, along with that of the proposed ISs. First, for each
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analyte, MS/MS experiments were carried out to demonstrate their fragmentation patterns, some
examples of which are shown in Figure 3-3 along with the proposed fragment pathways. In most
cases, the MS/MS transitions giving fragment ions with the highest signal intensities, were
ultimately selected for MRM detection. For example, the predominant product ion was m/z 264
(sphingoid base moiety) for Cer, GlcCer (Figure 3-3) (except for C16h:0-GlcCer) and So1P
compounds (not shown) and corresponds to [M+H-FA chain-2H2O]+, [M+H-FA chain-glucoseH2O]+ and [M+H-H3PO4-H2O]+, respectively. The product ions at m/z 522 and m/z 634 were the
most abundant fragment ions of protonated molecular ions for C16:0-dHCer (Figure 3-3B) and
C24:0-dHCer (not shown). They were formed by the loss of water from their corresponding
protonated parent ions. For d18:1-So and d18:0-Sa, the abundant product ions at m/z 282 and m/z
284 are also attributed to the dehydration of their pronated molecular ions. However, the major
product ion at m/z 284 for d18:0-Sa1P (Figure 3-3E) arises through loss of phosphoric acid from
the molecular structure.
Unlike the fragmentation pattern shown for C16:0-GlcCer in Figure 3-3C which shows the
predominant product ion at m/z 264, as typically found for GlcCer compounds, for C16h:0-GlcCer,
a fragment ion at m/z 262 was detected. C16h:0-GlcCer consists of an amide-linked FA chain with
16 carbon atoms, a sphingadiene (d18:2Δ4, 8) as the sphingoid base and a glucose as the polar
headgroup. This ion was also identified as [M+H-FA chain-glucose-H2O]+, but due to the presence
of two double bonds in the sphingoid base (see Figure 3-1) compared to only one for the other
GlcCer compounds, the product ion detected is m/z 262 in this case.
Instrumental parameters including DP, EP, CE, CEP and RT for each compound were
optimized by infusing the individual standard solution into the Turbo Spray ion source of the
QTRAP mass spectrometer using the syringe pump at a flow rate of 10 µL min-1. The final
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optimized data for all analytes and IS were described in Table 3-1.
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Figure 3-3.10ESI-MS/MS product ion spectra of (A) ceramide standard (C16:0-Cer as an example),
(B) dihydroceramide standard (C16:0-dHCer as an example), (C) glucosylceramide standard (C16:0GlcCer as an example), (D) d18:1-sphingosine and (E) d18:0-sphinganine-1-phosphate. The chemical
structures, molecular information, fragmentation patterns, as well as masses of parent and fragment
ions for each compound are also shown.

3.3.1.2. HPLC method development
Here, the separation of all target sphingolipid compounds was studied on the reversed-phase
chromatography by using a C18 Ascentis Express Fused-Core Particle Column, which has been
shown to give improved resolution compared to conventional porous C18 columns [18].
In order to achieve a fast, efficient and reproducible chromatographic separation, various
combinations of organic phases, aqueous buffers and gradient programs were evaluated using a
solution containing 19 standards plus 6 ISs (d17:1-So, d17:0-Sa, d17:1-So1P, d17:0-Sa1P, C17:0GlcCer and C17:0-Cer).
Sullards et al. [19] concluded that solvent mixtures containing methanol-water are usually used
as the mobile phase in the LC/MS/MS analysis of mammalian sphingolipids. Here, we tested the
impact of methanol, acetonitrile and isopropanol on the retention time, resolution, peak shape and
sensitivity of sphingolipids analyses. In this work, the stronger organic solvent isopropanol, was
included in order to reduce retention times and improve the peak shapes of the later eluting
sphingolipid compounds, such as GlcCer. However, the use of isopropanol also results in increased
column backpressure due to greater solvent viscosity. To compensate for this problem, acetonitrile
is also added.
Different concentrations of ammonium formate buffer (5 mM and 20 mM) in both mobile
phase A and B were tested but a high level of ion suppression was observed for So and Sa
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especially when using the buffer in a mobile phase A (aqueous phase). Ultimately, 0.1% formic
acid (v/v) was added to both mobile phases A and B in order to improve the ionization efficiency.
The mobile phase composition at which an analyte elutes from the column and passes into the
ESI ion source can have a significant impact on its ionization efficiency and the resulting signal
response. Therefore, the LC gradient (increased levels of organic phase) finally selected in this
work was a compromise between the LC separation efficiency and the detection sensitivity for the
range of sphingolipid analytes investigated.
In summary, the optimal sensitivity and resolution was achieved on a short (7.5 cm) C18
Ascentis Express column with the binary solvent system comprising of water with 0.1% formic
acid as mobile phase A and methanol/acetonitrile/isopropanol (4:1:1, v/v/v) with 0.1% formic acid
as mobile phase B. Using the optimal LC conditions, all of the target analytes were resolved from
each other in less than 20 min, slightly shorter than the 26 min run-time reported for the earlier
method described by Bode and Gräler [20]. Figure 3-4 shows the LC/MS/MS chromatogram of a
mixture of the sphingolipid standards under investigation. Individual molecular species are
separated by hydrophobicity, so species that vary by chain length, hydroxylation, or unsaturation
will have different retention times. For example, GlcCer comes earlier than Cer due to the presence
of polar headgroups linked to C-1 of the long-chain base ceramide; within each class of
sphingolipids, compounds with shorter FA chain length elute earlier from the column than those
with longer chain length. As a result of this, it is not possible to separate peaks arising from all
possible combinations of FA substitutions and the 7 sphingolipid subclasses under investigation
using reversed-phase separation. The adopted method shown in Figure 3-4 does demonstrate good
separation between most of the standards tested, which are representative of the anticipated
analytes to be measured. However, it should be noted that there are clear overlaps between
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sphingolipid subclasses. For example, the GlcCer compounds elute over a retention time window
of around 8-15 min while the Cer compounds elute over retention times of around 11-17 min.
Nonetheless, when combined with the additional specificity provided by MRM experiments, the
separation achieved can be used as a general method for the analysis of sphingolipid metabolites,
as shown below. Only minor modifications to the described LC/MS/MS method are necessary in
order to apply it for sphingolipid analysis of a wide range of sample matrices, albeit with some
modifications to the sample pretreatments.

Figure 3-4.11A representative chromatogram of sphingosine, sphinganine, sphingosine-1-phosphate,
sphinganine-1-phosphate, ceramides, dihydroceramides and glucosylceramides in standard mixture
solution at a concentration of 0.1 µM using an Ascentis Express C18 column with the established
gradient elution. (1) d17:1-So; (2) d17:0-Sa; (3) d18:1-So; (4) d18:0-Sa; (5) d17:1-So1P; (6) d17:0Sa1P; (7) d18:1-So1P; (8) d18:0-Sa1P; (9) C2:0-Cer; (10) C16h:0-GlcCer; (11) C16:0-GlcCer; (12)
C18:1-GlcCer; (13) C17:0-GlcCer; (14) C16:0-Cer; (15) C18:0-GlcCer; (16) C16:0-dHCer; (17)
C17:0-Cer; (18) C18:0-Cer; (19) C24:1-GlcCer; (20) C22:0-GlcCer; (21) C24:1-Cer; (22) C22:0-Cer;
(23) C24:0-GlcCer; (24) C24:0-Cer; (25) C24:0-dHCer.
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3.3.2. Method validation
3.3.2.1. Calibration curves and linearity
To compensate for variations in sample preparation and ionization efficiency, a set of nonnaturally occurring sphingolipids, d17:1-So, d17:0-Sa, d17:1-So1P, d17:0-Sa1P, C17:0-GlcCer
and C17:0-Cer, was used as ISs for calibration. Table 3-2 shows the linear calibration parameters
for all tested sphingolipid standards. The standard curves obtained displayed good linearity with
R2 values of >0.995 in the tested dynamic range over 3 orders of magnitude, demonstrating the
capability of the method for measurement of large changes in sphingolipid contents. Subsequently,
the calibration curves established in this manner were used for the quantification of So, Sa, So1P,
Sa1P, Cer, dHCer and GlcCer in the B cell extract samples.
3.3.2.2. Limits of detection and quantification
The limit of detection (LOD) and quantification (LOQ) values for all standard compounds
ranged from 0.5 to 5 nM (equivalent to 2.5 to 25 fmol on-column), and from 1 to 10 nM (5-50
fmol on-column), respectively (see Table 3-2). It is anticipated that the LOD and LOQ values
achieved are sufficiently low to quantify most cellular extracts. For example, in the data reported
by Scherer et al. [15], it was indicated that LOD values of <10 fmol would be sufficient for
sphingolipid quantification in cell culture samples.
Table 3-2.10Calibration curves, LODs, LOQs and linear dynamic ranges in the quantitative analysis.

C2:0-Cer

Calibration
curves
y=25.2x+0.032

C16:0-Cer

y=14.9x+0.011

0.9987

1.0

2.5

10,000-2.5

C22:0-Cer

y=12.6x+0.023

0.9990

1.0

2.5

10,000-2.5

C24:1-Cer

y=9.22x+0.008

0.9990

1.0

2.5

10,000-2.5

Compounds

R2 value

LOD (nM)

LOQ (nM)

0.9973

1.0

2.5

Tested linear dynamic
range (nM)
10,000-2.5
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C24:0-Cer

y=4.80x+0.022

0.9957

1.0

2.5

10,000-2.5

C16:0-dHCer

y=10.3x+0.004

0.9991

2.5

10.0

10,000-10

C24:0-dHCer

y=2.49x+0.007

0.9995

2.5

10.0

10,000-10

C16:0-GlcCer

y=9.32x+0.016

0.9980

0.5

1.0

10,000-2.5

C18:0-GlcCer

y=10.2x+0.016

0.9979

0.5

1.0

10,000-2.5

C18:1-GlcCer

y=8.22x+0.009

0.9989

0.5

1.0

10,000-2.5

C22:0-GlcCer

y=5.71x+0.007

0.9983

0.5

1.0

10,000-2.5

C24:1-GlcCer

y=6.66x+0.013

0.9986

0.5

1.0

10,000-2.5

C16h:0-GlcCer

y=18.9x+0.049

0.9970

0.5

1.0

10,000-2.5

d18:1-So

y=10.0x-0.016

0.9976

1.0

5.0

10,000-5

d18:0-Sa

y=11.2x-0.016

0.9978

1.0

5.0

10,000-5

d18:1-So1P

y=11.5x+0.088

0.9991

5.0

10.0

10,000-10

d18:0-Sa1P

y=14.3x+0.137

0.9984

5.0

10.0

10,000-10

3.3.2.3. Accuracy and precision
Three replicate samples were prepared for each QC level and three measurements were
performed for each sample (n=9). The results obtained were summarized in Table 3-3. The
accuracy of the measurements, defined as the percentage ratio of the measured vs. theoretical
concentration, ranged from 92.5 to 109.4% for QC low (mean 100.8±4.4%), from 95.1 to 113.0%
for QC medium (mean 104.2±4.7%), and from 94.1 to 109.3% for QC high (mean 101.3±4.9 %).
The precision (for intraday triplicate measurements) of the method, indicated by the relative
standard deviation (RSD), ranged from 0.3 to 8.0% for all QC samples. On a sphingolipid class
basis, the overall average accuracies achieved were Cer (102.9±2.8%), dHCer (102.6±4.9%),
GlcCer (102.9±5.6%), So (100.0±4.4%), Sa (105.9±3.7%), So1P (98.4±3.2%) and Sa1P
(93.9±1.3%).
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Table 3-3.11Accuracy and precision for triplicate measurements of QC.
QC-low
Compounds

QC-medium

QC-high

C2:0-Cer

Precision
(RSD, %)
3.8

Accuracy
(%)
102.8

Precision
(RSD, %)
3.3

Accuracy
(%)
104.7

Precision
(RSD, %)
5.2

Accuracy
(%)
107.6

C16:0-Cer

8.0

103.5

2.4

101.1

2.1

96.2

C22:0-Cer

3.8

100.2

0.4

101.2

1.7

102.8

C24:1-Cer

4.2

104.5

1.0

101.1

1.4

106.6

C24:0-Cer

1.2

103.9

1.3

104.6

1.2

103.8

C16:0-dHCer

1.2

96.5

1.3

105.2

1.9

97.6

C24:0-dHCer

3.4

101.4

0.3

105.3

5.8

109.3

C16:0-GlcCer

1.7

101.1

1.5

109.6

0.9

97.3

C18:0-GlcCer

6.3

97.3

0.8

105.6

0.5

98.2

C18:1-GlcCer

0.9

104.7

0.9

111.3

1.3

100.1

C22:0-GlcCer

1.3

105.5

2.1

113.0

1.3

105.5

C24:1-GlcCer

5.5

97.2

2.2

107.4

1.1

102.1

C16h:0-GlcCer

4.7

94.6

1.3

106.2

1.1

95.4

d18:1-So

4.2

98.5

1.8

96.5

1.8

104.9

d18:0-Sa

1.3

109.4

2.1

102.0

0.3

106.3

C18:1-So1P

3.2

99.2

2.1

101.2

1.5

94.9

C18:0-Sa1P

1.4

92.5

0.5

95.1

0.8

94.1

3.3.2.4. Extraction efficiency
Table 3-4 provided the results of these recovery measurements. It was observed that the
average recovery rate of the low-level spiked concentration was 102.6% and the average recovery
rate of the high-level spiked concentration was 102.5%. On a sphingolipid class basis, the overall
average recoveries achieved were Cer (102.3±5.0%), dHCer (100.0±3.1%), GlcCer (102.7±4.9%),
So (108.3±1.4%), Sa (110.7±9.3%), So1P (94.5±4.6%) and Sa1P (106.4±1.8%). These recoveries
are higher than those achieved by an earlier method using butanolic extraction in which mean
recoveries were between 60% and 70% [15]. Overall, the results shown in Table 3-4 indicate that
excellent recoveries were achieved for all of the analytes throughput the linear dynamic range of
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the analysis.
Table 3-4.12Extraction recovery of sphingolipid metabolites in cellular extracts.

Compounds

Spiked
concentration (nM)
Low
High

Measured concentration
(nM)
Non
Low
High

Extraction
recovery (%)
Low High

C2:0-Cer

20

200

ND

20.1±0.5

192.1±0.9

100.5

96.0

C16:0-Cer

20

200

104.6±3.5

129.8±5.4

322.9±8.8

104.2

106.0

C22:0-Cer

20

200

15.6±0.8

34.7±1.5

215.0±3.2

97.5

99.7

C24:1-Cer

100

1000

172.4±6.3

275.3±5.7

1197.0±33.2

101.1

102.1

C24:0-Cer

20

100

12.5±1.5

37.0±0.2

114.3±1.7

113.9

101.6

C16:0-dHCer

20

200

ND

19.2±0.3

205.9±3.5

96.0

102.9

C24:0-dHCer

20

200

ND

19.8±0.7

203.7±8.8

99.0

101.9

C16:0-GlcCer

20

200

31.9±2.5

59.2±4.7

234.8±2.5

114.1

101.3

C18:0-GlcCer

20

200

5.8±0.4

28.5±1.4

208.0±1.6

110.5

101.1

C18:1-GlcCer

20

200

<LOQ

20.7±1.0

198.7±6.2

103.5

99.4

C22:0-GlcCer

20

200

14.5±2.4

33.9±2.1

217.8±10.1

98.3

101.5

C24:1-GlcCer

100

1000

80.8±9.5

183.5±5.4

1094.4±29.8

101.5

101.3

C16h:0-GlcCer

20

200

ND

19.4±0.9

206.7±3.0

97.0

103.4

d18:1-So

10

100

14.3±0.3

26.6±0.7

122.7±0.9

109.3

107.3

d18:0-Sa

10

100

ND

10.4±0.5

117.3±2.9

104.1

117.3

d18:1-So1P

10

100

ND

9.1±0.7

97.7±3.7

91.2

97.7

d18:0-Sa1P

10

100

ND

10.51±0.9

107.7±1.9

105.1

107.7

Data were presented as mean±standard deviation (SD) in the unit of nM. ND, not detected.

3.3.3. Stability
The storage stability of solutions prepared for analysis was evaluated in 2 experiments, each
over 3 days of storage at 15 °C or above. In the first, a solution in methanol containing all of the
standards used was spiked into cell extract in duplicate. The second experiment involved 3
concentrations of the standard mixture solution in methanol (low, medium, high), each in duplicate.
In both cases the average change in measured concentrations between day 1 and day 3 differed by
less than 2.2% indicating that these solutions were stable under the storage conditions used for at
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least 3 days.
3.3.4. Application to cell samples
In order to test the application of the validated method in a physical experimental example, it
was used for the qualitative and quantitative determination of individual So, Sa, So1P, Sa1P, Cer,
dHCer and GlcCer species in the B cells from both CLL patients (n=5) and healthy donors (n=4).
As described above, lipids from these cell samples were first extracted using the single-phase
extraction (chloroform/methanol/water, 1:2:0.8, v/v/v) procedure and then subjected to LC/MS/MS
analysis.
Figure 3-5 shows the chromatograms of individual sphingolipid species detected in a typical
B cell extract. As can be seen from the figure, 17 sphingolipid species were identified in the
extracts out of the 33 MRM transitions monitored. All of these 17 compounds contain fatty acyl
chains of ≥16 carbon atoms. With known molecular structures and fragmentation patterns,
compounds whose authentic standards are not available can also be investigated in the samples.
Thus, the MRM transitions relevant to Cer and GlcCer molecules containing short-chain FAs (214 carbon atoms) were also recorded in this study but none of these compounds were found to be
present in the cell samples. In addition, we also examined looked for compounds with two double
bonds in the sphingoid base, such as GlcCer (d18:2/C16:0), but these were not detected either.
These findings are consistent with previous reports that GlcCer (d18:1) compounds are widely
distributed in the mammalian cells, whereas GlcCer (d18:2) compounds are mainly present in cells
and tissues of plant origin [1]. Other sphingolipids not found in the B cell extracts include Sa,
dHCer and Sa1P, all of which are interconnected via a known metabolic pathway (see Figure 32).
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Of the 17 analytes that were detected, 8 of them (d18:1-So, C16:0-GlcCer, C22:0-GlcCer,
C24:1-GlcCer, C16:0-Cer, C22:0-Cer, C24:1-Cer and C24:0-Cer), whose authentic standards were
available, were accurately quantified based on their corresponding calibration curves (see Table
3-2). For the other compounds (C20:0-GlcCer, C22:1-GlcCer, C24:0-GlcCer, C18:1-GlcCer,
C18:0-GlcCer, C18:1-Cer, C18:0-Cer, C20:0-Cer and C22:1-Cer) for which authentic standards
were not available, the best achievable quantification was performed by making use of the
calibration curves for the standards with the most similar molecular structures. For instance,
C20:0-GlcCer was quantified based on the calibration curve of C18:0-GlcCer.
Of the 17 sphingolipid compounds detected in lipid extracts from CLL patients (n=5) and
healthy donors (n=4), 15 were quantified, as shown in Figure 3-6. The remaining 2 compounds
(C18:1-GlcCer and C18:1-Cer) were detected below the LOQ values. From Figure 3-6, it can be
seen that there was an altered sphingolipid composition (increased levels) observed in the B cells
from the CLL patients compared to those from healthy donors. Hence, this method could be used
in clinical research to study the connections between alterations in sphingolipid metabolism and
the occurrence of cancer or other disease states. In turn, such findings can be used to understand
the complex biology in CLL cells, and in turn may lead to the development of novel therapeutics
strategies in CLL, such as drugs and physical treatments.
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Figure 3-5.12A representative LC chromatogram of sphingolipid metabolites detected in the B cell
extracts under the established conditions. (1) d17:1-So; (2) d17:0-Sa; (3) d18:1-So; (4) d17:1-So1P; (5)
d17:0-Sa1P; (6) C16:0-GlcCer; (7) C18:1-GlcCer; (8) C17:0-GlcCer (9) C16:0-Cer; (10) C18:1-Cer; (11)
C18:0-GlcCer; (12) C17:0-Cer; (13) C18:0-Cer; (14) C20:0-GlcCer; (15) C22:1-GlcCer; (16) C22:1-Cer;
(17) C20:0-Cer; (18) C24:1-GlcCer; (19) C22:0-GlcCer; (20) C24:1-Cer; (21) C22:0-Cer; (22) C24:0GlcCer; (23) C24:0-Cer.
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Figure 3-6.13Contents of individual SPL species determined in B cells. Note, values were expressed as
mean±standard deviation (SD) in the unit of nM.

3.4. Conclusions
In this study, a method was developed and validated for comprehensive profiling of individual
sphingolipid molecular species covering 7 different subcategories. The method includes a
modified single-phase extraction protocol using chloroform/methanol/water (1:2:0.8, v/v/v) and
final analysis by LC/MS/MS using multiple reaction monitoring (MRM). This method allows for
the simultaneous identification and quantification of 33 different sphingolipid species in a single
chromatographic run of under 20 min. An LOD of between 0.5 and 5 nM was achieved for all 17
species tested in the method validation. It is anticipated that the method is able to provide sufficient
sensitivity to accurately measure sphingolipid metabolites at levels appropriate for clinical studies,
where sample volumes are limited.
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The new method was successfully applied to the identification of 17 sphingolipid species
extracted from the B cells of CLL patients and healthy donors. Of these, 15 sphingolipid species
were quantified, allowing for direct comparison of sphingolipid profiles in healthy vs. CLL patients.
It is likely that with minimal changes this method could be generally applied to the determination
of or screening for many sphingolipid compounds in other biological matrices.
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Chapter 4*
Simultaneous Determination of Trimethylamine and Trimethylamine NOxide by HILIC LC/MS/MS: Quantification of Phospholipid Metabolites in
Mouse Plasmas
4.1. Introduction
Trimethylamine (TMA) is a volatile and odorous compound derived from gut flora metabolism
of glycine betaine, carnitine and choline, while trimethylamine N-oxide (TMAO) is an oxidation
product of TMA formed by the enzymatic activity of flavin mono-oxygenase [1, 2]. Both TMA
and TMAO are tertiary ammonium compounds and can be found in a wide variety of samples such
as marine products [3], environmental samples (such as water and air) [4, 5, 6, 7] and human
biological fluids (such as urine and plasma) [8, 9, 10, 11, 12]. It has been observed that the
metabolic abnormalities of TMA and TMAO contribute to the incidence of certain diseases. For
example, excess accumulation of TMA can cause trimethylaminuria (TMAU), which is
characterized by an off-putting odor [13], while TMAO concentrations in plasma have been
reported to be strongly related to atherosclerosis [2]. The metabolisms of TMA and TMAO are
interrelated thus the simultaneous quantification of these two analytes in biological systems such
as urine and plasma is of great importance in the discovery of disease biomarkers, elucidation of
mechanisms underlying various diseases as well as investigation of nutritional status [14].
However, the simultaneous separation and accurate quantitation of TMA and TMAO in a single

This chapter has been submitted to Journal of Separation Science as S. Mi, Y-Y Zhao, R.L. Jacobs and
J.M. Curtis, “Simultaneous Determination of Trimethylamine and Trimethylamine N-Oxide in Mouse
Plasma Samples by Hydrophilic Interaction Liquid Chromatography Coupled to Tandem Mass
Spectrometry”. I contributed to the experimental design, performance of experiments, data collection and
analysis, as well as the manuscript composition.
*
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liquid chromatographic (LC) run is challenging and this is made even worse by the high volatility
of TMA and the low concentrations of TMA and TMAO present in target samples.
A number of analytical methods have been explored for the measurement of TMA and TMAO
in various matrices. Gas chromatography (GC) coupled with detectors including mass
spectrometry (MS) and flame ionization detection (FID) have been applied to the determination of
both TMA and TMAO [4, 5, 8, 15]. However, the high volatility of TMA makes GC an applicable
analytical method, which is not the case for TMAO. Hence, many GC methods that measure TMA
alone have been reported [4, 5, 8]. Costa et al. [15] established a GC/MS method for the
simultaneous measurement of dimethylamine (DMA), TMA and TMAO in tissues and biological
fluids. In that work, TMAO was reduced to gaseous TMA using a titanium (Ш) chloride catalyst
before analysis. However, this procedure compromises the ability to discriminate between TMA
and TMAO, because they are detected as the same product. LC with ultraviolet (UV) or
fluorescence detectors have also been applied to quantify TMA in environmental samples such as
air and water [6, 7, 16], and these require chemical derivatization of the TMA prior to LC analysis
due to the lack of suitable UV chromophores [16]. Usually, this derivatization procedure was
carried out using 9-fluorenylmethylchloroformate (FMOC) as the derivatizing agent to improve
the sensitivity of TMA towards the UV and fluorescence detectors [6, 7, 16]. Recently, MS has
been used as a sensitive and selective detector in the analysis of TMA and/or TMAO either
following LC separation [9, 10] or directly by flow injection [11, 12]. For example, Wang et al. [9]
described the measurement of TMAO in plasma samples as a risk marker for cardiovascular
diseases using an LC/MS/MS method with LC separation performed on a silica column. Lenky et
al. [10] achieved the determination of marine osmolytes, including glycine betaine, TMAO,
homarine, dimethylsulfoniopropionate and arsenobetaine in serum and plasma using LC-ESI93
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MS/MS method. These studies indicate that LC/MS/MS can be an efficient and reliable approach
to the quantification of TMAO in biological samples. However, in spite of the advantages of the
LC/MS/MS method, published results on the combined HILIC separation and MS analysis of
volatile TMA and TMAO are rather scarce to our knowledge. On the other hand, electrospray
ionization tandem mass spectrometry (ESI-MS/MS) without prior chromatographic separation was
examined for the simultaneous quantification of TMA and TMAO in urine samples [11, 12].
Although flow injection ESI-MS/MS and direct infusion ESI-MS/MS are straightforward and
rapid analytical strategies, they are subject to various interferences. Firstly, there is the risk of ion
suppression in which matrix compounds giving high response can suppress the formation of ions
of low abundance analytes. Also, without chromatographic separation there are much more likely
to be interferences from isobaric ions unless very high mass resolution is used.
The aim of our study is to establish and validate an LC/MS/MS method for the separation and
accurate quantification of both TMA and TMAO in a single chromatographic run which is
applicable to small volumes of plasma samples. The approach described here is to develop a simple
derivatization reaction for TMA which converts it into a less volatile form that is more favorable
towards chromatographic separation from TMAO and which yields unique fragment ions suitable
for MRM experiments. We have also applied HILIC chromatography which has been shown to be
especially suitable to the separation of small polar analytes [17] and is compatible with
electrospray mass spectrometry.
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4.2. Materials and Methods
4.2.1. Materials
The standards, trimethylamine hydrochloride (98%) and trimethylamine N-oxide dehydrate
(≥99%)) were purchased from Sigma (St. Louis, MO). TMA-d9 (2HCl, 98% 2H enrichment) and
TMAO-d9 (98% 2H enrichment) were purchased from Cambridge Isotope Laboratories, Inc.
(Andover, MA, USA). HPLC-grade ammonium formate (≥99%), formic acid and ethyl
bromoacetate (reagent grade, 98%) were supplied by Sigma (St. Louis, MO). Water and
acetonitrile were of LC/MS grade from Fisher Scientific Company (Ottawa, Ontario). All the other
solvents were of HPLC grade and were obtained from Fisher Scientific Company (Ottawa,
Ontario).
4.2.2. Preparation of stock, working and quality control standard solutions
TMA, TMAO, TMA-d9 and TMAO-d9 were precisely weighed to 0.01 mg and dissolved
individually in LC/MS-grade water to make stock solutions of around 1 mg mL-1. All stock
solutions were stored in sealed vials at -20 ˚C until needed. Ethyl bromoacetate solution (4 mg mL1

) was made in acetonitrile (LC/MS grade). Working standard solutions for calibration were

prepared by diluting stock solutions in methanol. Triplicate low, medium and high quality control
(QC) standards were separately prepared in methanol at 5 ng mL-1 (QC, L), 50 ng mL-1 (QC, M),
500 ng mL-1 (QC, H) for TMA; 2.5 ng mL-1 (QC, L), 25 ng mL-1 (QC, M), 500 ng mL-1 (QC, H)
for TMAO.
4.2.3. Sample extraction
The University of Alberta Health Sciences Animal Care and Use Committee in accordance
with the Canadian Council on Animal Care Guidelines and Polices approved all procedures. All
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mice (male low-density lipoprotein receptor knockout) were food deprived for 12 h before being
killed by exsanguination under isoflurane anesthesia. Plasma samples were collected from mice
and frozen at -80 ˚C until analyzed. On the day of analysis, plasma samples were thawed to room
temperature from -20 ˚C before use. Protein precipitation using an organic solvent was performed
for sample clean-up. The three candidate solvent systems investigated in the present study were
methanol

with

0.1%

formic

acid,

acetonitrile

with

0.1%

formic

acid

and

acetonitrile/methanol/formic acid (90:10:0.1, v/v/v). The plasma sample (50 µL, accurately
weighted) was spiked with internal standard solution (50 µL) and then the selected organic solvent
system (150 µL) was added. After that, the mixture was vortexed for about 30 s, then centrifuged
at 6,000 rpm at room temperature for 10 min. The supernatant was filtered through a 0.22 µm
PVDF membrane, transferred into a separate glass vial and stored at -20 ˚C for further use.
4.2.4. Optimization of parameters for derivatization
A chemical derivatization procedure was optimized that would decrease TMA volatility and at
the same time be beneficial for the detection and effective separation of TMA and TMAO on the
HILIC column. The derivatization treatment selected for this study is the reaction between TMA
and ethyl bromoacetate to form ethyl betaine [11], while TMAO remains the same during the
reaction process. The obtained TMA derivative are specifically and sensitively determined by
HILIC LC/MS/MS. The conditions for the derivatization reaction were optimized in order to find
the shortest reaction time that gives quantitative conversion of volatile TMA into ethyl betaine.
The parameters investigated to achieve this are listed in Table 4-1. Prior to the derivatization
procedures, it has been checked that ethyl betaine is not originally present in the target plasma
samples.
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Table 4-1.13Parameters assessed in the optimization of the derivatization reaction between TMA and ethyl
bromoacetate.
Variables

Unit

Levels

Amount of 4 mg mL-1 ethyl bromoacetate

µL

10, 20, 50, 80, 100, 150, 200

Amount of conc. ammonium hydroxide

µL

2, 5, 8, 10, 15, 20

Reaction time

min

10, 20, 30, 40, 50, 60

4.2.5. HPLC/MS/MS analysis
An HPLC system equipped with binary pump and autosampler (Agilent Technologies, Palo
Alto, CA, USA) coupled to a 3200 QTRAP mass spectrometer (AB SCIEX, Concord, ON,
Canada) was used in this study. Data acquisition and analysis used the Sciex software Analyst
version 1.4.2.
4.2.5.1. LC separation
LC separation was performed using an Ascentis Express HILIC column (10 cm×2.1 mm i.d.,
2.7 µm in particle size) (Sigma, St. Louis, MO). The isocratic elution was carried out with a mobile
phase composition of (A) 0.1% formic acid in acetonitrile and (B) 10 mM ammonium formate
(70:30, v/v). The run time was 5 min with the flow rate set to 200 µL min-1. The auto-sampler
temperature was set to 15 ˚C and the injection volume was 5 µL. Since we applied only a simple
sample clean-up procedure, an automated column valve system was used in this study to divert the
column eluent to waste before and after the data acquisition window from 2.5 min to 4.5 min to
prevent the contamination of mass spectrometer.
4.2.5.2. MS/MS conditions
A Turbo Spray ion source (electrospray ionization) was used under the positive ion mode. Four
MRM transitions were selected in order to achieve quantification of the target analytes, as given
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in Table 4-2. Nitrogen was used as curtain gas, nebulizing gas and drying gas. All other
instrumental parameters used were as following: curtain gas at 20 arbitrary units; gas 1 at 50; gas
2 at 60; ion spray voltage at 5200 V. The cycle time was 300 ms and the ion source temperature
was 400 ˚C. The MRM transitions and optimized mass spectrometer parameters for each analyte
and their reference internal standards are shown in Table 4-2.
Table 4-2.14MRM transitions and optimized parameters for each compound.

Derivatized TMA

MRM transitions
(amu)
146→118

TMAO

76→58

26

10

12

25

4

Derivatized TMA-d9

155→127

26

3

10

23

4

TMAO-d9

85→68

31

9.5

8

17

4

Compounds

a

DPa (V)

EPa (V)

CEPa (V)

CEa (V)

CXPa (V)

26

3

8

23

4

DP, EP, CEP, CE and CXP are declustering potential, entrance potential, collision cell entrance potential,

collision energy and collision cell exit potential.

4.2.6. Method validation
4.2.6.1. Calibration curves and linearity
Calibration curves were constructed using ranges of 2.5-2500 ng mL-1 (seven points) for TMA
and 0.5-2500 ng mL-1 (eight points) for TMAO. These ranges cover the normal concentrations of
TMA and TMAO found in biological fluids and tissues. TMA-d9 and TMAO-d9 were spiked as
the internal standards for TMA and TMAO, respectively to give a final concentration of 250 ng
mL-1. Calibration curves were made by plotting the peak area ratios of analytes to their reference
internal standards against the analyte concentrations. The performance of the constructed
calibration curves were assessed by linearity, slope stability and the accuracy of back-calculated
concentrations of standards.
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4.2.6.2. Sensitivity
In this study, the limit of quantification (LOQ) and detection (LOD) were taken as the lowest
concentration with a signal-to-noise ratio (S/N) of ≥10:1 and ≥3:1, respectively. LOD and LOQ
values were evaluated independently for TMA and TMAO in a standard solution with serial
dilution.
4.2.6.3. Extraction recovery
Since a true blank matrix is not available, the recoveries of TMA and TMAO were evaluated
by spiking known amounts of authentic standards into a mouse plasma sample at two different
concentration levels in mouse plasma (high and low-see Table 4-4). The plasma sample was
divided into 9 aliquots of 50 µL allowing for the triplicate analysis of unspiked (endogenous)
plasma and plasma spiked at low and high levels. The 9 aliquots were treated under the same
conditions and analyzed by the proposed LC/MS/MS method. The concentrations of TMA and
TMAO in all extracts were determined based on their corresponding calibration curves (Table 43). The percentage recovery for each analyte (TMA or TMAO) was calculated by comparing the
measured spiked amount (A) with the actually spiked amount (B) i.e., recovery (%)=A/B×100.
4.2.6.4. Intra- and inter-day accuracy and precision
The precision and accuracy of the newly established method were determined based on the
analysis of triplicates of 3 QC solutions (see Section 4.2.2.) having TMA and TMAO
concentrations distributed throughout the calibrated ranges (low, medium and high). Accuracy was
calculated as a percentage (%) of the nominal concentration, while precision was evaluated as the
relative standard deviation for triplicate measurements. Accuracy and precision were also
evaluated in a real sample matrix by spiking authentic standards (including TMA and TMAO) at
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a concentration of 500 ng mL-1 into mouse plasma samples.
4.2.6.5. Stability
The storage stability of solutions prepared for analysis was evaluated in two experiments, each
over 3 days of storage at 15 °C in the autosampler. In the first, standard solutions of TMA and
TMAO in methanol at two concentration levels (50 and 500 ng mL-1) were spiked into mouse
plasma samples. The second experiment involved three concentrations of the standard mixture
solutions (low, medium, high), each in duplicate.
4.3. Results and Discussion
4.3.1. Development of the derivatization procedure in standard solutions
A derivatization procedure was deemed necessary, due to the lack of any exploitable fragments
of TMA in the ESI-MS/MS spectrum [11], to the similarity of LC elution times for TMA and
TMAO and to the volatility of TMA limiting quantification accuracy. Ideally, this derivatization
reaction would result in unique fragment ions in the MS/MS spectrum of a less volatile TMA
derivative and be further beneficial for the detection and effective separation of TMA and TMAO
by HILIC chromatography. This was achieved by converting TMA into ethyl betaine by the
reaction between TMA and ethyl bromoacetate [11], see Scheme 4-1. In this reaction, TMAO
remains unaltered so there is no change in TMAO MS/MS fragment ion patterns or sensitivity.
Optimization of the derivatization process was performed using a standard mixture solution of
TMA and TMAO (50 µg mL-1 in HPLC-grade water) and an internal standard mixture solution of
TMA-d9 and TMAO-d9 (5 µg mL-1 in HPLC-grade water).
Initially, the optimal amount of derivatizing agent added to the reaction solution was evaluated
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at a fixed reaction time (40 min) and at room temperature. A fixed amount of concentrated
ammonium hydroxide (10 µL) was also added since basic conditions are required. As shown in
Figure 4-1A, an increasing trend of peak area of the derivatized TMA was observed with the
addition of ethyl bromoacetate (4 mg mL-1) from 10 to 50 µL. Beyond this, further increases in the
amount of derivatizing agent added did not increase the abundance of the derivatized TMA.
Therefore, for this condition 50 µL of ethyl bromoacetate (4 mg mL-1) was selected as the optimal
addition to maximize the formation of the derivatized TMA.
Then, using this condition, the amount of concentrated ammonium hydroxide was evaluated at
six different levels, keeping the other parameters constant. Note that pH was varied via the amount
of added base rather than standardized using a pH meter due to the low volumes (<100 μL) used.
It was found from Figure 4-1B that the maximum peak area for the derivatized TMA was for a 10
µL addition of concentrated ammonium hydroxide, with higher amounts leading to a decrease in
response.
Finally, the effect of reaction time was studied using the optimized parameters. The results
shown in Figure 4-1C indicate that the peak area of the derivatized TMA increases for reaction
times from 10 min to 40 min, but further increase of the reaction time (≥40 min) does not result in
any appreciable change of the total amount of derivatized product.
On the basis of the above results, the final procedure selected for the chemical derivatization
reaction of volatile TMA is therefore to add 50 µL ethyl bromoacetate (4 mg mL-1 in acetonitrile)
to 25 µL of sample solution and vortex mix thoroughly. Then, the mixture is reacted at room
temperature for 40 min along with 10 µL concentrated ammonium hydroxide. After the reaction
is complete, HPLC-grade water (containing 0.5% formic acid) is added to obtain a final volume
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of 500 µL. The purpose of adding this acidic solution is to neutralize the ammonium hydroxide
and to terminate the reaction. The derivatized product is then ready for the following LC/MS/MS
analysis.

Scheme 4-1. The reaction of ethyl bromoacetate with trimethylamine.
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Figure 4-1.14Effects of experimental variables on the peak area of derivatized TMA: (A) amount of ethyl
bromoacetate (4 mg mL-1 in acetonitrile), (B) amount of concentrated ammonium hydroxide and (C)
reaction time.
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4.3.2. Mass detection and chromatographic separation of TMA and TMAO
TMA and TMAO are readily ionized and detected by ESI-MS in the positive ion mode,
although the sensitivity for TMAO is >8 times higher than for TMA (data not shown). In addition,
the low molecular weight and high volatility of TMA makes it less suitable for direct quantification.
After derivatization with ethyl bromoacetate, the ESI-MS sensitivity for the TMA derivative is
similar to that of TMAO.
In order to maximize the specificity and sensitivity of the proposed method, MRM experiments
were carried out to investigate the fragmentation patterns for each analyte. Instrumental parameters
for each compound were optimized by infusing a standard solution into the mass spectrometer
using the syringe pump at a flow rate of 10 µL min-1. The final optimized MS conditions for the
derivatized TMA, TMAO and the internal standards are reported in Table 4-2. Using these
conditions, ESI-MS/MS spectra were recorded in multichannel analyzer mode (MCA) to
accumulate spectra from each scan and to enhance sensitivity for detection of low abundance ions.
The optimized MS/MS spectra including molecular structures and their proposed fragment
pathways are shown in Figure 4-2.
As can be seen from Figure 4-2, the protonated precursor molecular ions are visible for all of
the analytes. TMAO and its reference internal standard (TMAO-d9) are fragmented in two ways.
For TMAO, the major product ion is at m/z 58 formed by loss of H2O and the minor one is at m/z
59 corresponding to loss of “OH”. TMAO-d9 shows similar fragmentation pathways, but with m/z
68 as the major fragment ion which is generated by loss of a hydroxyl group. Of these two fragment
ions, the one with higher intensity is selected for the subsequent quantitative analysis. In the case
of the derivatized TMA and TMA-d9, the major fragments are obtained by loss of (CH2)2, which
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leads to the production of glycine betaine and glycine betaine-d9, respectively. These observed
transitions here resemble those reported in previous studies [9, 10, 11, 12].
Due to the relatively low level of TMA and TMAO present in the mouse plasma samples, a
direct flow-injection analysis without LC separation may be hampered by ion suppression caused
by other matrix

components. Moreover, chromatographic separation could provide

complementary retention time data for compound identification. Initially, we developed an LC
method using a standard solution of TMAO and underivatized TMA. As mentioned above, HILIC
is applicable to the separation of small polar analytes [17]. Therefore, various HILIC columns from
different manufactures including Waters XBridge HILIC, Thermo Dionex HILIC-10, Superlco
HILIC and Ascentis Express HILIC, were evaluated. At the same time, the effects of mobile phase
composition and elution modes (isocratic or gradient) on the separation of the two target analytes
were investigated. However, the co-elution of TMA and TMAO and considerable peak tailing
were always observed under all the conditions studied. This was also true when switching to a
Waters C18 column and an Ascentis C8 column. To address this problem, it was necessary to
chemically derivatize TMA (Scheme 4-1). Then, using a derivatized standard solution,
optimization of the chromatographic parameters was carried out on an Ascentis Express HILIC
column. The mobile phase initially used for the HILIC was acetonitrile and water with 10 mM
ammonium formate adjusted at pH 3.0 but the peaks for both TMA and TMAO were found to be
very broad. The peak shapes improved when the mobile phase was modified with 0.1% formic
acid added to acetonitrile and no pH adjustment for the aqueous phase. Considering the simple,
rapid and efficient isocratic separation of the derivatized TMA and TMAO, 70% organic phase
(acetonitrile with 0.1% formic acid) was used in the mobile phase for the following experiments.
An MRM chromatogram of a standard mixture solution analyzed under the final chromatographic
105

CHAPTER 4
conditions is shown in Figure 4-3. As is evident in Figure 4-3, the derivatized TMA and TMAO
are successfully separated within 5 min with no equilibration time required due to the isocratic
separation. In addition, the derivatization reaction enhanced the TMA signal intensity by >8 fold
compare d to the underivatized form.
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Figure 4-2.16ESI-MS/MS spectra of (A) TMAO, (B) TMAO-d9, (C) Derivatized TMA and (D)
Derivatized TMA-d9. The chemical structures, fragment patterns, as well as masses of parent and
fragment ions for each compound are also shown.

Figure 4-3.16An MRM chromatogram of an authentic standard mixture at a level of 50 ng mL-1. Note,
prior to data collection, the eluent was diverted to waste for the initial 2.5 min and the last 0.5 min of
the isocratic elution.
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4.3.3. Method validation
4.3.3.1. Calibration curves, linearity, slope stability and carryover
The established calibration curves, R2 value, and linear dynamic range data for TMA and
TMAO are shown in Table 4-3. Both TMA and TMAO displayed good linearity over the test
calibrator ranges with R2 values of >0.998. The repeatability of the calibration curves were
determined by running the standard solutions 3 times over the course of 1 day. For both TMA and
TMAO, the slope of the calibration curves remained stable over the 3 separate runs, as indicated
by the coefficient of variation (%CV) of the 3 slopes being 0.05% for TMA and 0.1% for TMAO.
After storing the standard solutions at -20 ◦C for two years in glass vials, they were derivatised and
the calibration curves were measured. It was found that the measured slopes changed by <5.3%
for TMA and <0.9% for TMAO over two years. This indicats a long-term storage stability of the
TMA and TMAO standard solutions over at least two years at -20 ◦C. Furthermore, the accuracy
of back-calculated concentrations of all calibrators ranged from 91.9 to 109% for TMA and from
92.1 to 106% for TMAO. Subsequently, the calibration curves established in this manner were
used for the quantification of TMA and TMAO in the mouse plasma samples.
In order to investigate carryover, a blank sample (methanol) was injected randomly during the
analytical process and no carryover was observed for any of the analytes.
4.3.3.2. Limits of detection and quantification
For TMA and TMAO, the LOQ values (S/N ≥10:1) measured were 2.5 and 0.5 ng mL-1,
respectively (Table 4-3). These two concentrations were used as the lower limit of their
corresponding calibration curves. The LOD values (S/N ≥3:1) obtained for the method was 0.25
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ng mL-1 for TMAO which is well below the levels observed in the mouse plasma samples studied
here.
Table 4-3.15Calibration curves, LODs, LOQs and linear dynamic ranges.
Compounds

Calibration curves

R2 value

LOD
(ng mL-1)

LOQ
(ng mL-1)

Linear dynamic range
(ng mL-1)

TMA

y=39.5x-0.0857

0.9988

0.5

2.5

2.5-2500

TMAO

y=25x-0.0122

0.9996

0.25

0.5

0.5-2500

4.3.3.3. Analyte recoveries in mouse plasma
The ideal solvent to use for protein precipitation was selected based on the absence of
interfering peaks in blank samples. Plasma blanks are unavailable because TMA and TMAO are
always present in plasma and so for selection of the precipitation solvent, water was used as the
blank sample. Three candidate solvent systems were investigated based on literature precedent
including methanol with 0.1% formic acid, acetonitrile with 0.1% formic acid [18] and
acetonitrile/methanol/formic acid (90:10:0.1, v/v/v) [10]. The inclusion of formic acid was to
reduce the volatility of TMA and hence to minimize its loss during the extraction process. Prior to
LC-ESI-MS/MS analysis, blank water samples were similarly treated using the optimized
derivatization procedures. The results show that no interferences to TMAO were detected for all
these three solvents, whereas an obvious interfering peak of the derivatized TMA was observed
for both acetonitrile with 0.1% formic acid and acetonitrile/methanol/formic acid (90:10:0.1, v/v/v).
Hence, methanol with 0.1% formic acid was selected as the sample extraction solvent in this work.
Table 4-4 summarized the results of the recovery measurements. It was found that the recovery
of the TMA spikes varied from 90.4 to 98.4%, while TMAO recovery ranged from 99.2 to 108.4%.
These results indicate that recoveries of 100%±10% for both TMA and TMAO were obtained
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throughout the tested range when employing the extraction procedures described in Section 4.2.3.
Table 4-4.16Extraction recoveries of TMA and TMAO in mouse plasma samples.

Compounds

Added amount
(ng mL-1)

Measured amount (mean±SD)
(ng mL-1)

Recovery (%)

Lowspiked

Highspiked

Non-spiked
(endogenous)

Lowspiked

Highspiked

Lowspiked

Highspiked

TMA

4.5

45

3.8±0.2

8.3±0.8

44.5±1.9

98.4

90.4

TMAO

4.5

45

1.2±0.04

5.6±0.2

49.9±0.9

99.2

108.4

4.3.3.4. Accuracy and precision
The measured intraday accuracy (see Table 4-5A) ranged from 94.9 to 105.3% for TMA and
from 91.4 to 103.7% for TMAO. These triplicate intraday measurements also indicate the precision
of the method which ranged from 1.1 to 5.5% for TMA and 0.4 to 3.7% for TMAO. The interday
(over 3 days) accuracy and precision data were described in Table 4-5B. For all of the 3 QC levels,
the accuracy ranged from 98.1 to 102.4% for TMA and 96.6 to 102.7% for TMAO. The precision
ranged from 1.7 to 6.6% for TMA and 1.8 to 3.5% for TMAO. The accuracy for the mouse plasma
was 100% and 100.5% for TMA and TMAO, respectively. Correspondingly, the precision for the
mouse plasma matrix was 3.5% and 4.1%.
These data demonstrate that the proposed method is sufficiently accurate and precise over the
range studied in this work for both intraday and interday analysis of TMA and TMAO in mouse
plasma samples. The method could be validated for other biological samples with some limited
additional validation.
Table 4-5.17(A) Intraday accuracy and precision for triplicate measurements of QC.
QC-low
Compounds

Precision
(RSD, %)

QC-medium
Accuracy
(%)

Precision
(RSD, %)
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QC-high
Accuracy
(%)

Precision
(RSD, %)

Accuracy
(%)
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TMA

3.1

105.3

1.1

94.9

5.5

100.7

TMAO

3.7

96.9

0.4

91.4

1.5

103.7

(B) Accuracy and precision for measurements of QC over 3 days.
QC-low

QC-medium

QC-high

Mouse plasma

Compounds

Precision
(RSD, %)

Accuracy
(%)

Precision
(RSD, %)

Accuracy
(%)

Precision
(RSD, %)

Accuracy
(%)

Precision
(RSD, %)

Accuracy
(%)

TMA

1.7

98.1

3.9

102.4

6.6

101.2

3.5

100.0

TMAO

2.4

96.6

1.8

102.7

3.5

98.4

4.1

100.5

4.3.3.5. Stability
In the prepared standard mixture solutions with high, medium and low concentration levels,
the average change in measured concentrations between day 1 and day 3 differed by 2.0% for
TMA and 0.1% for TMAO, which indicates that these solutions were stable under the storage
conditions (15 °C) used for at least 3 days. For the stability experiments in mouse plasma samples,
<6.6% variation of the measured concentrations (high and low) was observed for both TMA and
TMAO, indicating the storage stability of mouse plasma samples in the autosampler for at least 3
days.
4.3.4. Application to mouse plasma samples
The validated method was applied to the quantitative analysis of TMA and TMAO in 7 fasting
male mouse plasma samples. Each mouse plasma sample was collected, divided into two aliquots
of 50 µL and stored at -20 ˚C until the time of analysis.
The plasma samples were treated according to the same procedures described in Section 4.2.3
and 4.2.4. Figure 4-4 illustrates the resulting LC/MS/MS chromatograms of derivatized TMA,
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TMAO and their respective internal standards in mouse plasma samples. In order to make sure that
the quantified TMA and TMAO were originally present in the target samples and there was no
influences from choline, we also investigated choline (with mass transition 104→60) in this study
together with TMA and TMAO. Results show that there was no change for the contents of choline
before and after derivatization, proving that there was no conversion happening from choline to
TMA.
The ranges of measured TMA and TMAO in fasting mouse plasma are indicated in Figure 45 which shows that considerably higher levels of TMA were observed than TMAO. The measured
TMA and TMAO levels in the tested samples ranged from 317.2 to 601.1 ng mL-1 and 70.1 to
189.0 ng mL-1, respectively, which was in agreement with the results for male mice reported by
other labs [2, 19].
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Figure 4-4.17A representative MRM chromatogram of (A) Derivatized TMA-d9, (B) Derivatized
TMA, (C) TMAO-d9 and (D) TMAO in fasting male mouse plasma samples under the established
conditions.
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Figure 4-5.18TMA and TMAO concentrations in fasting plasma samples taken from male mice. Note, all
plasma samples were treated as 2× extraction and 2× derivatization for each extract (n=4); values were
expressed as mean±standard deviation (SD) in ng mL-1.

4.4. Conclusions
This study describes a new HILIC LC/MS/MS method for the simultaneous identification and
quantification of TMA and TMAO in a single LC run within 5 min. This method enables the
detection and chromatographic separation of TMA and TMAO by employing a simple and
optimized derivatization procedure prior to HILIC LC/MS/MS analysis. The method validation
has demonstrated levels of sensitivity, accuracy, precision and recovery that are suitable for
clinical analyses, as illustrated by sample-limited measurements on mouse plasma. A recentlypublished method [18] also reports the use of HILIC LC/MS/MS for the measurement of choline,
betaine, TMA, TMAO and creatinine in human plasma and urine. However, compared to that
method, the one described in this work has considerably higher sensitivity with an LOD for TMA
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that is 40 times lower and an LOD for TMAO that is 9 times lower. Application of the proposed
method to the fasting mouse plasma samples shows that equivalent results can be obtained in the
qualitative and quantitative determination of TMA and TMAO in comparison to the results in the
literature [2, 19]. The method established here is expected to be adapted to the quantitative analysis
of TMA and TMAO in other biological sources for nutritional, pharmaceutical and medical studies.
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Chapter 5*
A Method for the Identification of Conjugated Linolenic Acid isomers in
Pomegranate and Tung Seed Oils by Silver Ion-LC/MS with In-Line
Ozonolysis (Ag+‑LC/O3‑MS)
5.1. Introduction
Conjugated linolenic acid (CLnA) refers to a group of octadecatrienoic acid isomers (18:3)
with a conjugated double bond system. These isomers can be further divided into positional
isomers (e.g. 8,10,12-18:3; 9,11,13-18:3; 11,13,15-18:3, etc.) and geometric isomers (e.g. trans,
trans, trans; cis, trans, trans; cis, trans, cis, etc.) [1].
CLnA isomers are naturally present in high levels in certain plant seed oils such as tung
(Aleurites fordii), bitter ground (Momordica charantia), pomegranate (Punica granatum),
trichosanthes (Trichosanthes kirilowii), pot marigold (Calendula officinalis), Jacaranda
(Jacaranda minosifolia) and Catalpa (Catalpa ovata) [2]. Additionally, they can also be produced
in vitro by strains of butyrivibrio, propionibacterium, clostridia, lactobacillus and bifidobacterium
through the activity of linoleate isomerase (LAI) on linolenic acid [3, 4]. The naturally-occurring
CLnA isomers mainly include α-eleostearic acid (cis9, trans11, trans13-18:3), catalpic acid
(trans9, trans11, cis13-18:3), punicic acid (cis9, trans11, cis13-18:3), calendic acid (trans8,
trans10, cis12-18:3) and jacaric acid (cis8, trans10, cis12-18:3). As for the produced CLnA
isomers, only cis9, trans11, cis15-18:3 and trans9, trans11, cis15-18:3 were reported [3, 4].

This chapter will be submitted to European Journal of Lipid Science and Technology as S. Mi, Y-Y Zhao
and J.M. Curtis, “A Method for the Identification of Conjugated Linolenic Acid isomers in Pomegranate
and Tung Seed Oils by Silver Ion-LC/MS with In-Line Ozonolysis (Ag+‑LC/O3‑MS)”. I was responsible
for the experimental design, performance of experiments, data collection and analysis, as well as the
manuscript composition.
*
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CLnA isomers are considered as health-enhancing compounds. Their protective biochemical
functions have been intensively investigated, including anti-carcinogenesis [5, 6], lipid
metabolism regulation [2], anti-inflammatory [7], anti-obesity [2, 3] and antioxidant activities [8,
9]. Therefore, natural sources and especially edible plant seeds rich in CLnA have the potential to
be used as effective functional food ingredients and dietary supplements for use in disease
management [2]. In addition to their biological activities, plant seed oils which contain high
amounts of CLnA isomers are very important raw materials in the manufacture of organic coatings
and polymers, as the conjugated unsaturation facilitates good polymerization and imparts adhesive
properties when properly treated [9].
Due to the important health benefits, most of the work published on CLnA has focused on the
investigation of their bioactive and nutritional properties and the corresponding underlying
mechanisms [2, 3, 5, 6, 7, 8, 10], with fewer studies focusing on the method development for the
comprehensive profiling of individual CLnA positional and geometric isomers in plant seed oils
and other biological samples. However, in vivo and in vitro studies have observed that different
CLnA isomers could exert different beneficial effects on the diseases such as cancer [2]. For
example, punicic acid (cis9, trans11, cis13-18:3) was shown to reduce the incidence and
multiplicity of chemically induced skin cancer significantly [2]. Considering their isomer-specific
properties, an analytical strategy is required that can accurately identify the individual CLnA
isomers in various sample sources.
The fatty acid compositions of seed oils are routinely determined by gas chromatography (GC).
GC coupled with flame ionization detection (GC/FID) [9, 11] and with mass spectrometry (GC/MS)
[7, 12, 13] has been used for the analysis of CLnA methyl esters in various types of samples. The
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identification of individual CLnA isomers by GC/FID and GC/MS is usually achieved by
comparing the retention times with those of the corresponding authentic standards [9], but only a
limited number of pure CLnA standards are available. Using GC/MS, some additional information
can be gained from mass spectral reference libraries [7], but the comprehensive profiling of all
CLnA isomers in the target samples is still difficult to achieve due to the large number of possible
isomers. In some cases, information on double bond locations can be gained by GC/MS following
specific derivatization procedures, such as the formation of 2-alkenyl-4,4-dimethyloxazolines
(DMOX) derivatives. This has been used to prepare derivatives of β-eleostearic acid, punicic acid
and α-eleostearic acid, in order to confirm their double bonds positions [13].
High performance liquid chromatography (HPLC), thin layer chromatography (TLC),
capillary electrophoresis (CE), and nuclear magnetic resonance (NMR) spectroscopy have also
been explored for the analysis of CLnA isomers. Reversed-phase HPLC using C18 and C30
columns has been described for the separation of the methyl CLnA isomers from seed lipids of
bitter gourd [11]. The incomplete separation of c,t,t-isomer and t,t,c-isomer was observed for both
columns. Silver ion impregnated high performance liquid chromatography (Ag+-HPLC) has been
used as a complementary technique along with GC for better separation of CLnA isomers. In this
way, CLnA isomer identification in bovine milk and muscle was studied by Plourde et al. [14] and
by Yang et al. [15] in pomegranate seed oil (PSO) samples. Although the separation of geometric
configuration groups can be achieved using Ag+-HPLC, this is not the case for the positional
isomers. The small differences in positional configuration of individual isomers make their
separation and identification very difficult by using Ag+-HPLC method [15], especially for the
closely eluting peaks. Cao et al. [1] reported the identification and quantification of CLnA isomers
using combined Ag+-HPLC and

13

C-NMR techniques. The
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was applied for the quantification of eight CLnA isomers. Notably, this technique also needs the
commercially-available standards for the identification.
To date, none of these techniques individually could separate all CLnA isomers completely.
Complementary techniques and reference standards are always required. Recently, Sun et al. [16]
described a new method which combines ozonolysis on-line with silver ion LC/MS (Ag+-LC/O3MS) in order to differentiate double bond positions in fatty acids without the use of authentic
standards. In this method, the assignment of double bond positions was achieved based on the
ozonolysis aldehyde products specific to the location of the initial double bonds. This approach
has been successfully applied to an investigation of conjugated linoleic acid (CLA) isomers in
nutraceutical products [17] and to an elucidation of phosphatidylcholine isomers in rat livers [18].
In the present study, we explore the feasibility of using in-line O3-MS for the de novo
identification of CLnA positional isomers, also making use of the ultra-high resolution capabilities
of an Orbitrap mass spectrometer. We describe the development of the LC/O3-MS method for the
identification of CLnA isomers (both geometric and positional configuration) in complex lipid
samples through the examples of pomegranate seed oil (PSO) and tung seed oil (TSO) samples.
5.2. Materials and Methods
5.2.1. Materials
HPLC grade hexanes, butyronitrile, acetonitrile, methanol and 2-propanol as well as sulfuric
acid (95-98%) were purchased from Fisher Scientific Company (Ottawa, ON, Canada). All the
CLnA standards (trans8, trans10, cis12-, trans8, trans10, trans12-, cis9, trans11, cis13-18:3) and
CLnA methyl ester standard (cis9, trans11, trans13-18:3) were purchased from Larodan Inc.
(Solna, Sweden). All of the CLA methyl ester standards (cis9, trans11-, cis9, cis11-, trans9,
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trans11-, and trans10, cis12-18:2) were purchased from Matreya Inc. (Pleasant Gap, PA, USA).
Fatty acid methyl ester (FAME) standards (cis9-18:1 and trans11-18:1) were purchased from NuChek Prep Inc. (Elysian, MN, USA). Each standard stock solution was prepared in hexane at a
concentration of 1 mg mL-1. Ozone was generated using a Nano ozone generator (Absolute
Systems Inc., Edmonton, AB, Canada). The Teflon AF-2400 tubing (0.020″ OD, 0.010″ ID) was
purchased from Biogeneral Inc. (San Diego, CA, USA). The PSO and TSO samples were kindly
provided by Dr. Randall Weselake (Department of Agricultural, Food and Nutritional Science,
University of Alberta).
5.2.2. Preparation of CLnA methyl esters
Fatty acids were converted into their methyl esters before being analyzed by LC/MS. There
have been many methods reported for the transesterification of oils to give fatty acids methyl esters
[17, 19, 20]. It is important to optimize the temperature and time used in the methylation of CLnA
isomers, since it has been shown that CLnA isomers (or conjugated triene structures) are even
more susceptible to isomerization [19] and lipid oxidation [15] than conjugated linoleic acid (CLA),
linoleic acid (LA) or α-linolenic acid (LN) especially under vigorous methylation conditions such
as at elevated temperatures. Therefore, the influence of methylation temperature and time on the
properties of the products was investigated. Three published methylation procedures [17, 19, 20]
were compared in order to minimize artifacts derived from isomerization and lipid oxidation.
These derivatization procedures were 1% (v/v) sulfuric acid in methanol at 50 °C for 12 h (System
1), 1% (v/v) sulfuric acid in methanol at 80 °C for 2 h with intermittent shaking (System 2) and 8%
(v/v) sulfuric acid in methanol at 40 °C for 10 min (System 3).
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5.2.3. Ag+-LC/O3-MS analysis of CLnA methyl esters
Silver ion chromatography (Ag+-LC) was performed on FAME using two ChromSpher 5
Lipids columns (2 mm i.d.×250 mm, 5 µm in particle size) (Varian Inc., Palo Alto, CA) in series
at room temperature. Isocratic elution was used with a mobile phase composition of 70% of hexane:
isopropanol: butyronitrile (100:1:0.2, v/v/v) and 30% of hexane. The sample injection volume was
10 μL and the flow rate was 0.2 mL min-1.
The in-line ozonolysis system consisted of a 0.5 L Omnifit solvent bottle, a two-valve bottle
cap, and a variable length of gas permeable 0.5 mm o.d., 0.25 mm i.d. Teflon AF-2400 tubing
(Biogeneral Inc., San Diego, CA). The Teflon tubing was inserted into the ozone filled solvent
bottle, with one end connected to the LC autosampler and the other end directly coupled to the
APCI ion source of the mass spectrometer (Scheme 5-1) as described previously [17]. The
ozonolysis products were analyzed using an APCI ion source in the positive ion mode attached to
a version of the Exactive™ benchtop Orbitrap mass spectrometer (Thermo Fisher Scientific,
Waltham MA, USA). The MS system was calibrated with calibration solutions supplied by
Thermo Fisher Scientific. Data was collected in profile data acquisition mode over the mass range
m/z 50-350 based on a high resolution setting of 50,000 FWHM (scan speed, 2 Hz). The APCI ion
source temperature was held at 350 °C, other parameters were as followings: sheath gas pressure
at 20 arbitrary units, sheath gas flow at 5 arbitrary units and the capillary temperature was 270 °C.
In all cases, high purity nitrogen (N2) was the gas used. Data was processed by the Qual Browser
Xcalibur software (Thermo Fisher).
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Scheme 5-1. Schematic of Ag -HPLC/O3-MS system.

5.3. Results and Discussion
5.3.1. Preparation of CLnA methyl esters
CLnA standards (trans8, trans10, cis12-, trans8, trans10, trans12-, cis9, trans11, cis13-18:3)
were converted to methyl esters using the three procedures described above. The resulting CLnA
methyl esters were then subjected to O3-MS analysis using the optimized conditions as described
above. It was found that more than the expected three pairs of characteristic ozonolysis aldehyde
ions were observed in the mass spectra of each of the CLnA-FAME produced from Systems 1 and
2. This indicates that the pure CLnA standard was isomerized at high temperatures (System 2, 80
C) and long reaction times (System 1, 12 h). For example, the in-line O3-MS spectrum of
methylated cis9, trans11, cis13-CLnA shows that in addition to the three expected ion pairs, the
ion pair at m/z 253 and 221 were also detected, indicating the presence of double bond at Δ14
position. However, when the System 3 conditions were employed, no extra ozonolysis product
ions were found in the mass spectrum. Hence, System 3 was selected as the final procedure for
methylation in this study. This result is consistent with Chen et al. [19] who found that these
conditions avoid isomerization of CLnA during methylation.
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Ultimately, the methylation procedure used was as follows. The oil sample (10 mg) was
dissolved in 1 mL toluene and methylated using 2 mL of 8% (v/v) sulfuric acid in methanol at
40 °C for 10 min. After the reaction was complete, 5 mL of a 5% (w/w) sodium chloride solution
was added and 5 mL of hexane was used to extract FAME twice. The hexane layer was washed
with a 4 mL solution of 2% potassium bicarbonate (w/w). Then the hexane layer was collected,
dried over anhydrous sodium sulfate and evaporated under nitrogen gas (N2). Finally, FAMEs
were re-suspended in hexane to obtain a concentration of 0.01 mg mL-1 (10 ppm) for
Ag+‑LC/O3‑MS analysis.
5.3.2. Method development by Ag+-LC/O3-MS
5.3.2.1. Ag+-LC separation
Silver ion chromatography (Ag+-LC) was employed to separate the cis and trans geometric
CLnA isomers. It is well-known that the interaction between silver ions and double bonds in the
trans configuration are weaker than those with cis double bonds [21]. Thus, CLnA geometric
configuration groups elute as the order of t,t,t-isomer<c,t,t-isomer <c,t,c-isomer<c,c,c-isomer [15].
Four individual CLnA FAME standards were used. Each was checked for authenticity by
running Ag+-LC/O3-MS experiments which yielded single chromatographic peaks and the
expected ozonolysis product ions. A mixture of the four methylated CLnA isomers, each at a
concentration of 10 μg mL-1, was used for the optimization of the Ag+-LC conditions. Using a
single Ag+-LC column, it was found that the first peak which is β-calendic acid methyl ester
(trans8, trans10, trans12-18:3) eluted at 5.7 min. Based on the separation principle above, along
with the structural identification given by the supplier of the standards, the other three CLnA
isomers followed closely eluting at 5.9, 6.0 and 6.1 min can be positively identified as α-eleostearic
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acid methyl ester (cis9, trans11, trans13-18:3), α-calendic acid methyl ester (trans8, trans10,
cis12-18:3) and punicic acid methyl ester (cis9, trans11, cis13-18:3), respectively. Since all of four
isomers eluted so close together, two Ag+-LC columns were connected in series in order to improve
the peak resolution. In this way, three well-resolved peaks at retention times of 13. 6, 16.4 and
19.8 min were observed (Figure 5-1). However, there is still a co-elution of cis9, trans11, trans1318:3 and trans8, trans10, cis12-18:3 isomers.
Mobile phase composition is another factor that can affect the chromatographic performance.
Various mobile phase compositions were tested in this work to achieve the best separation. Initially,
a binary system of 80% solvent A, 0.1% acetonitrile in hexane (v/v) and 20% solvent B, 100%
hexane was used. However, a retention time drift was observed after several repeated running of
the target analytes. This can be explained by the limited solubility of acetonitrile in hexane [22].
To address this problem, the acetonitrile was replaced by butyronitrile as a modifier in hexane and
isopropanol (1%) was also added to the mobile phase system. Butyronitrile, as an alternate mobilephase modifier, was proposed by R. G. Harfmann et al. [22] who found that butyronitrile was a
more stable mobile-phase modifier compared to acetonitrile and propionitrile due to its higher
solubility, resulting in more stable retention times. Furthermore, isopropanol has a polarity inbetween hexane and butyronitrile and is miscible in many polar and non-polar solvents. Thus,
isopropanol may effectively increase the solubility of butyronitrile in hexane and ultimately lead
to more reproducible retention times in silver ion chromatography. Under the optimized mobile
phase composition, three successive injections of the mixture of four CLnA isomers were made to
test the stability of retention times. As an example, in three successive runs, the peak for αeleostearic acid methyl ester (cis9, trans11, trans13-18:3) eluted at measured retention times of
16.4, 16.4 and 16.4 min. This indicates that within a sequence of injections on a given day,
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sufficient retention time stability can be obtained with the optimized mobile phase systems.
However, the day-to-day retention time stability of silver ion chromatography is poor.

Figure 5-1.19(A) the Ag+-HPLC chromatogram of the conjugated linolenic acid methyl ester (CLnAMe)
mixture (methylated using 8% (v/v) sulfuric acid at 40 ºC for 10 min): peaks at tR of 13.6, 16.4 and 19.8
min were identified as isomer 1 (8t, 10t, 12t-18:3), isomers 2 and 3 (9c, 11t, 13t-18:3 and 8t, 10t, 12c-18:3)
and isomer 4 (9c, 11t, 13c-18:3), respectively; (B) the APCI(+)/MS spectrum of 9c, 11t, 13t-CLnAMe
(example).
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5.3.2.2. In-line O3-MS analysis
In order to further identify the co-eluted peaks of cis9, trans11, trans13-18:3 and trans8,
trans10, cis12-18:3 isomers, the LC effluent was passed through the in-line ozonolysis system
prior to mass spectrometry (Scheme 5-1). In this way, each peak separated by silver ion
chromatography is subjected to ozonolysis separately. The ozonolysis product aldehydes resulting
from the oxidative cleavage at each double bond can then be used as indicators of double bond
positions for monounsaturated and non-conjugated polyunsaturated FAME [17].
First, in-line O3-MS analysis was performed on pure cis9, trans11, cis13- and trans8, trans10,
trans12-CLnA methyl ester standards. The length of Teflon tubing within the ozone-filled solvent
bottle was adjusted to make sure that the intact FAME molecular ion at m/z 293 could be detected
simultaneously with the characteristic ozonolysis aldehyde ions. By doing so, both the number and
position of the double bonds could be known in a single run.
From the in-line O3-MS analysis of cis9, trans11, cis13-CLnA methyl ester, product ions at
m/z 239, 207, 213, 181, 187 and 155 were observed (Figure 5-2A). The ions at m/z 239, 213 and
187 correspond to the protonated aldehyde ions from the ozonolysis cleavage at Δ13, Δ11 and Δ9
positions, and the ions at m/z 207, 181 and 155 are due to methanol loss from m/z 239, 213 and
187. From the in-line O3-MS analysis of the trans8, trans10, trans12-CLnA methyl ester, ions at
m/z 225, 193, 199, 167, 173 and 141 were observed (Figure 5-2B). The ions at m/z 225, 199 and
173 are indicative of double bonds located at Δ12, Δ10 and Δ8 positions, while the ions at m/z 193,
167 and 141 are due to the methanol loss from these ions. Hence, the in-line O3-MS spectra of
these two CLnA positional isomers demonstrate that the observed ozonolysis product aldehyde
ion pairs are indicative of double bond locations even when there are three conjugated double
128

CHAPTER 5
bonds. As a result, even though most CLnA isomers are not readily unavailable as standards, the
pair of diagnostic aldehyde ions arising from ozonolysis cleavage at each double bond can be used
to reliably identify and characterize CLnA positional isomers.
The mixture described above containing four CLnA methyl ester standards was analyzed by
Ag+-LC/O3-MS under the optimized conditions. The extracted ion chromatogram (XIC) of the [M
+ H]+ ion at m/z 293 and the O3 mass spectrum of the unresolved peak eluting at 16.6 min are
shown in Figure 5-3A and B, respectively. In Figure 5-3B, the ions at m/z 239, 213, 187, 225,
199 and 173 are the diagnostic aldehydes containing the methyl ester group formed due to
ozonolysis cleavage of double bonds at Δ13, Δ11, Δ9, Δ12, Δ10 and Δ8 positions confirming the coelution of cis9, trans11, trans13-18:3 and trans8, trans10, cis12-18:3 isomers. As expected, the
aldehyde ions also lose methanol, giving rise to corresponding fragment ions at m/z 207, 181, 155,
193. 167 and 141. These results show how in-line O3-MS method provides the additional
dimension of information to Ag+-LC needed to attempt the assignment of both the geometric and
the positional isomers of CLnA. The predicted diagnostic aldehyde ions and their corresponding
methanol loss fragment ions for common CLnA positional isomers are summarized in Table 5-1.
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Figure 5-2.20In-line O3-APCI (+)-MS spectrum of (A) 9c, 11t, 13c-CLnA methyl ester and (B) 8t, 10t,
12t-CLnA methyl ester
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Figure 5-3.21(A) Ag+-LC/O3-MS chromatogram of the conjugated linolenic acid methyl ester (CLnAMe)
mixture (methylated using 8% (v/v) sulfuric acid at 40 ºC for 10 min): peaks at tR of 13.6, 16.6 and 20.1
min were identified as isomer 1 (8t, 10t, 12t-18:3), isomers 2 and 3 (9c, 11t, 13t-18:3 and 8t, 10t, 12c18:3) and isomer 4 (9c, 11t, 13c-18:3), respectively; (B) the mass spectrum of peak at 16.6 min (2 isomers
overlapped).
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Table 5-1.18Nominal m/z for in-line O3/APCI(+)-MS diagnostic ions for CLnA positional isomer
identification.
A. m/z of
aldehyde ions
from O3
cleavage
at Δa position

m/z of ions
due to
methanol
loss from
A

B. m/z of
aldehyde ions
from O3
cleavage
at Δ+2 position

m/z of ions
due to
methanol
loss from
B

8,10,12

173

141

199

9,11,13

187

155

10,12,14

201

11,13,15

215

CLnA
isomers

a

167

C. m/z of
aldehyde ions
from O3
cleavage
at Δ+3
position
225

m/z of
ions
due to
methanol
loss from
C
193

213

181

239

207

169

227

195

253

221

183

241

209

267

235

Position of double bond counted from the carboxyl group end.

5.3.3. Ag+-LC/O3-MS analysis of FAME mixtures from TSO samples
The Ag+-LC/O3-MS method for double bond assignment was applied to tung seed oil FAME.
Figure 5-4 shows XIC trace obtained by Ag+-LC/APCI(+)-MS (without ozonolysis) analysis of a
TSO FAME mixture. Two major peaks at m/z 293 with retention times of 11.6 and 14.3 min were
detected, showing the presence of C18:3 FAME (Figure 5-4). By comparing the retention times
with those of the available standards, geometric configuration of these two peaks could be
identified as t,t,t- and CLnA isomers which have 2 trans double bonds and 1 cis double bond.
In order to get positional information on these isomers, in-line ozonolysis was combined into
the analytical system (Ag+-LC/O3-MS). In the XIC trace at m/z 293, there are two peaks detected
at 12.1 and 14.7 min (Figure 5-5A). Figure 5-5B shows the O3-MS spectrum of the peak at 12.1
min which contains six pairs of diagnostic ions. These ions, at m/z 239 (methanol loss ion at m/z
207), 213 (methanol loss ion at m/z 181), 187 (methanol loss ion at m/z 155), 225 (methanol loss
ion at m/z 193), 199 (methanol loss ion at m/z 167) and 173 (methanol loss ion at m/z 141), can be
used to unambiguously assign the double bond position at Δ13, Δ11, Δ9, Δ12, Δ10 and Δ8. This
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indicates the coelution of the two CLnA isomers Δ

9,11,13

and Δ

8,10,12

. Furthermore, the mass

spectrum of the peak at 14.7min (Figure 5-5A) is shown in Figure 5-5C, which identifies Δ 9,11,13
CLnA isomer by detecting three pairs of diagnostic ions at m/z 239 (methanol loss ion at m/z 207),
213 (methanol loss ion at m/z 181) and 187 (methanol loss ion at m/z 155). In both of the mass
spectra, the ion at m/z 293 is also detected, confirming the presence of protonated molecular ion
of an 18:3 FAME isomer. Although the geometric configuration cannot be determined from the
O3-MS spectra, the available standards do indicate the region of the chromatogram where trans,
trans, trans-C18:3 isomers elute and where 18:3 isomers containing 2 trans and 1 cis double bonds
elute.
In summary, three CLnA isomers including α-eleostearic acid (cis9, trans11, trans13-18:3), βcalendic acid (trans8, trans10, trans12-18:3) and β-eleostearic acid (trans9, trans11, trans13-18:3)
were detected in the TSO samples. It has been reported that TSO mainly contains two CLnA
isomers: α-eleostearic acid (cis9, trans11, trans13-18:3) and β-eleostearic acid (trans9, trans11,
trans13-18:3) [13]. Here, using combination of Ag+-LC/O3-MS and in-line ozonolysis techniques,
β-calendic acid (trans8, trans10, trans12-18:3) was also identified in TSO samples, which
provides supplementary information to the composition of CLnA isomers in TSO samples.
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Figure 5-4.22 Extracted ion chromatograms of C18:3 FAME at m/z 293 (methylated using 0.8% (v/v)
sulfuric acid at 40 ºC for 10 min) derived from TSO samples.
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Figure 5-5.23The Ag+-LC/O3-APCI(+)-MS analysis of CLnA components in TSO samples (methylated
using 8% (v/v) sulfuric acid at 40 ºC for 10 min) (A) XIC of m/z 293; (B) mass spectrum averaged at 12.1
min and (C) mass spectrum averaged at 14.7 min.
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5.3.4. Ag+-LC/O3-MS analysis of FAME mixtures from PSO samples
Another example showing the application of the Ag+-LC/O3-MS method is for profiling CLnA
isomers in PSO, as shown in Figure 5-6. In Figure 5-6, the PSO CLnA isomers give rise to three
peaks at 11.7, 14.4 and 17.3 min, respectively. By comparing with the retention times of the
authentic CLnA standards, the geometric configuration of these three peaks could be identified as
t,t,t-, c,t,t- and c,t,c-CLnA isomers. Using in-line ozonolysis/APCI-MS analysis, the positions of
the double bonds of these CLnA isomers from PSO were determined. There are three peaks eluting
at 12.1, 15.1 and 17.9 min in the XIC of m/z 293 from the Ag+-LC/O3-MS method (Figure 5-7A).
Following the mass spectrum of the peak at 12.1 min (Figure 5-7B), 6 pairs of diagnostic ions at
m/z 239 (methanol loss ion at m/z 207), 213 (methanol loss ion at m/z 181), 187 (methanol loss ion
at m/z 155), 225 (methanol loss ion at m/z 193), 199 (methanol loss ion at m/z 167) and 173
(methanol loss ion at m/z 141) can be used to unambiguously assign the double bond position at
Δ13, Δ11, Δ9, Δ12, Δ10 and Δ8. In Figure 5-7C and D, the same pairs of diagnostic ions at m/z 239
(methanol loss ion at m/z 207), 213 (methanol loss ion at m/z 181) and 187 (methanol loss ion at
m/z 155) can be seen, which identify these peaks as Δ 9,11,13 CLnA isomers. Therefore, it can be
concluded that four CLnA isomers including β-calendic acid (trans8, trans10, trans12-18:3), βeleostearic acid (trans9, trans11, trans13-18:3), α-eleostearic acid (cis9, trans11, trans13-18:3)
and punicic acid (cis9, trans11, cis13-18:3) were identified in PSO samples.
Previously, Alcaraz-Mármol et al. [12] reported that punicic acid (cis9, trans11, cis13-18:3),
CLnA1, CLnA2 and CLnA3 (all conjugated linolenic acid, C18:3) were found in pomegranate
seeds. But the identities of CLnA1, CLnA2 and CLnA3 were not further confirmed due to the lack
of authentic standards. Here in our study, in addition to punicic acid (cis9, trans11, cis13-18:3),
the other three CLnA isomers were also identified by combining the in-line ozonolysis into the
136

CHAPTER 5
analytical system, which allows for the comprehensive CLnA profiling in the target oil samples
even without the authentic standards.

Figure 5-6.24Extracted ion chromatogram of C18:3 FAME at m/z 293 (methylated using 8% (v/v) sulfuric
acid at 40 ºC for 10 min) derived from PSO samples.
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Figure 5-7.19The Ag+-LC/O3-APCI(+)-MS analysis of CLnA components in PSO samples (methylated
using 8% (v/v) sulfuric acid at 40 ºC for 10 min) (A) XIC of m/z 293; (B) mass spectrum averaged at 12.1
min; (C) mass spectrum averaged at 15.1 min and (D) mass spectrum averaged at 17.9 min.

5.4. Conclusions
In this study, a novel and straightforward strategy consisting of modified sample methylation
conditions (including temperature and reaction time) and in-line ozonolysis reaction, coupled with
Ag+-LC/APCI(+)-MS, is demonstrated for the rapid analysis of CLnA compositions in the PSO
and TSO samples. Ag+-HPLC separated the CLnA mixture into different geometric groups, such
as ttt, ctt and ctc. Within each group, the double bond positions (the positional isomers) were
further identified using in-line O3-MS. Using this approach, and from the high resolution/accurate
mass (HR/AM) mass spectrum, we have achieved the most comprehensive CLnA profiles in PSO
and TSO samples reported to date. These results facilitate a greater understanding of CLnA in
studies involving its oxidative stability, functional properties and bioactivity which may be CLnA
isomer specific. In summary, the Ag+-LC/O3-MS method described here provides a comprehensive
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platform for the determination of the CLnA isomers present in lipid extracts.
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Chapter 6
General Conclusions and Future Work
Lipidomics research is fascinating and challenging due to their important functional roles and
immense structural and chemical diversity. Lipidomics enables investigators to monitor changes
of hundreads of thousands compounds during dynamic metabolic processes, which cannot be
achieved by other lipid analysis projects.
In this dissertation, I established LC/MS-based analytical methods for identification and
quantification of target lipid and lipid-related compounds in various biological systems. For
targeted lipidomics, chromatographic separation techniques, such as GC or LC, are usually
employed to isolate the target compounds from complex mixtures. The specificity and sensitivity
of the LC/MS-based methods are greatly enhanced by the use of a triple quadrupole mass
spectrometer, which enables quantitative analyses of high precision and accuracy with the
multiple-reaction monitoring (MRM) mode [1, 2]. In the quantitative lipidomics, the major
challenge faced by the analysts is the availability of commercial internal standards (such as
isotope-labeled analogues, homologues or simple structural analogues) which can be used to
generate calibration curves to convert abundance of ions into a quantitative measurement of
concentrations for many lipid classes [3, 2]. It is also worth noticing that lipids of various types
over a wide range of concentrations make it impractical to use a single uniform analytical platform
to measure all of them [1, 4]. All studies herein focus on the qualitative and quantitative analysis
of different molecular species within a lipid class in targeted samples. The proposed approaches
have been validated and successfully applied for the measurement of bile acids (including the
conjugated forms) in piglet bile samples, sphingolipids in cells, trimethylamine (TMA) and
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trimethylamine N-oxide (TMAO) in mouse plasma samples. In addition to triple quadrupole mass
spectrometer, Orbitrap mass spectrometer with better performance characteristics including high
mass accuracy, resolving power and dynamic range [2, 4] was also utilized in this dissertation for
comprehensive profiling of conjugated linolenic acid (CLnA) isomers in pomegranate seed oil
(PSO) and tung seed oil (TSO) samples.
Bile acids and their conjugates belong to the sterols category [2]. An analytical strategy
combining an optimized C18-based SPE protocol and a LC/MS/MS method was described for the
large-scaled analysis of 19 target bile acids and their conjugates (taurine and glycine) in piglet bile
samples. Using this approach, all 19 compounds were separated and quantified in a single 12 min
chromatographic run. The validated method was successfully applied to the profiling of bile acids
and their conjugates in the bile from piglets treated with exogenous glucagon-like peptide-2 (GLP2) in a preclinical model of neonatal parenteral nutrition-associated liver disease (PNALD). Apart
from taurine and glycine conjugates, there are also other conjugates present for bile acids, such as
sulfuric acid and glucuronic acid conjugates. Continued work on developing more comprehensive
method is required to guarantee that larger scale of bile acids and their conjugates can be
incorporated and analysed.
In this work, cell-based high throughput screening of sphingolipids including ceramides,
dihydroceramides, glucosylceramides, sphingosine, sphingosine-1-phosphate, sphinganine and
sphinganine-1-phosphate were carried out for mechanism investigation of sphingolipid metabolic
regulation in Chronic Lymphocytic Leukemia (CLL) disease. The targeted lipid analytes were
determined according to the specific biological research objectives. The LC/MS/MS method
described in the study enables the simultaneous identification and quantification of 33 individual
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sphingolipid molecular species covering 7 subclasses in a single chromatographic run of under 20
min. Nonetheless, sphingomyelins (SM), sulfatides and gangliosides, as important sphingolipid
types, were not investigated during analysis. SM is characterized by a phosphaticholine polar
group in its molecular structure [2]. Thus, its characterization has been done together the
phospholipids using HILIC LC/MS/MS method described by Zhao et al. [5]. In order to fully
characterize the sphingolipids and their role in health and disease, further work will be given to
development of analytical methods for sulfatides and gangliosides such as GM1, GM2 and GM3.
The absolute quantitation of TMA and TMAO was achieved in this work with ESI in the MRM
mode of MS/MS operation. TMA and TMAO are known as choline metabolites and their analysis
has always been a challenge because of the low quantities made within tissues or cells. In a separate
study, Zhao et al. [5] established a hydrophilic interaction liquid chromatography–tandem mass
spectrometry (HILIC LC/MS/MS) method using multiple scan modes to separate and quantify 11
compounds

including

acetylcholine

(AcCho),

betaine

(Bet),

choline

(Cho),

glycerophosphocholine (GPC), lysophosphatidylcholine (LPC), lysophosphatidylethanolamine
(LPE), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI),
phosphocholine (PCho) and sphingomyelin (SM). This covers all of the major phospholipid
compounds found in biological systems. Herein, the extended application of the HILIC
LC/MS/MS method has been shown for simultaneous analysis of TMA and TMAO in the fasting
mouse plasma samples. A simple and optimized derivatization procedure for TMA was performed
in order to facilitate its separation from TMAO and obtain unique fragment ions suitable for MRM
experiments. Finally, the derivatized TMA and TMAO are successfully separated within 5 min
with no equilibration time required due to the isocratic separation.
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Ozonolysis has been used for positional analysis of double bonds in fatty acid methyl esters
(FAME) for many years [2, 6]. The 3-step reaction mechanism involved has been explained by
Criegee [6]. Recently, the University of Alberta Lipid Chemistry Group (LCG) has published a
series of papers describing a method of in-line ozonolysis coupled to MS (O3-MS) to identify the
location of the double bonds on unsaturated fatty acyl chain. Compared to off-line ozonolysis and
in-situ O3-MS (also known as OzESI-MS) methods, the key innovation of this technique was using
ozonolysis in-line with MS, after the LC separation system but before the analytes reach the mass
spectrometer ion source [6]. The utility of this methodology has been demonstrated by the
successful identification of double bond positions in conjugated linoleic acid (CLA) isomers in
nutraceutical products [7] and in phosphatidylcholine (PC) isomers in rat livers [8]. In this work,
a hyphenated technique of Ag+-LC and O3-MS (Ag+-LC/O3-MS) are adopted to achieve the goal
of comprehensive screening of all positional and geometric CLnA isomers. As a proof of its
applicable capacity, the most comprehensive CLnA profiles in PSO and TSO samples reported to
date were achieved. However, quantitative data of these identified CLnA isomers is still lacking
and more efforts are still required to complete the quantitation, dependent upon the availability of
suitable isotopically labelled internal standards. Quantitative results can provide further insight
into discovery of interesting new ways that CLnA isomers are involved, and possibly in extending
the application of natural PSO and TSO resources.
LC/MS-based methods established in this work were shown to be rapid, reliable and
informative. It is important to note that each new application of these methodologies in the future
will require some degree of re-validation of the parameters, and they should be periodically rechecked with even routine analyses. If they are applied to different sample types, minimal but
necessary modifications need to be made to sample preparation procedures.
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Development of novel methodologies for lipidomics relies heavily upon the advances of
analytical instrumentation such as high performance chromatography combined with MS. There
is no one standard extraction protocol or analytical approach suitable for global lipidomic analysis
due to the enormous complexity of lipids. That is why in this thesis we established four separate
LC/MS-based methods for targeted lipid research.
In the future, efforts will be put on developing more efficient method for the large-scale
analysis of lipids in a single experiment. This will lead to the production of an overwhelming
amount of data that requires novel bioinformatic tools for automated data processing. With the
widespread applications of lipidomics, creation of databases is essential to profile the lipidome of
biofluids, cells and tissues. Unlike the already-present databases or online resources, such as
LIPID MAPS and LIPID BANK, the newly-established databases will concentrate on the
collection of information on lipid composition in model systems instead of providing general
information on lipid nomenclature, classification, structures and other chemical properties.
Lipidomics is an interdisciplinary program. Thus, another trend in this area is the establishment of
large research units in the same way as proteomics and genomics, which involve collaboration of
laboratories and researchers in biosciences, analytical chemistry and medicine to collect, analyse,
compare and illustrate lipidomic data for future research. At the same time, the integration of
lipidomics into proteomics, genomics, transcriptomics and metabolomics will facilitate elucidation
of the essential roles of lipids in defining the biochemical mechanisms of lipid-related diseases
such as cardiovascular disease, diabetes, brain disorders, multiple sclerosis and obesity [2, 9], in
generating novel approaches to disease diagnostics [3] as well as in discovering potential lipid
biomarkers. Overall, lipidomics, as a powerful tool, will be expected to generate breakthroughs
and innovations in biosciences.
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APPENDIX 1
Appendix 1*
Hydrophilic Interaction Liquid Chromatography for Determination of
Betaine
A1.1. Introduction
A1.1.1. Basics of HILIC
Hydrophilic interaction liquid chromatography (HILIC) was first introduced by Andrew Alpert
in 1990. The HILIC method was originally proposed as an alternative to the more conventional
normal-phase (NP) and reversed-phase (RP) LC methods to separate extremely polar and
hydrophilic compounds [1]. Since its development, HILIC has been widely used in many research
fields including food, environmental, pharmaceutical and clinical analyses [2, 3, 4, 5, 6]. Through
these applications, HILIC has been shown to be a valuable separation method for the analysis of
both polar and ionic compounds [7].
A typical HILIC system is usually comprised of a hydrophilic stationary phase and a binary
mobile phase system (Figure A1-1). In comparison with the widely used RPLC techniques, HILIC
has the advantage of providing high retention of highly hydrophilic and polar molecules but with
less requirement for ion-pair reagents. The typical elution order is similar to that found in NPLC
with the less polar compounds eluting ahead of the more polar ones.

This appendix has been published as J.M. Curtis, S. Mi, “Hydrophilic Interaction Liquid Chromatography
for Determination of Betaine” (Chapter 10) in: Victor R. Preedy (Ed.), Betaine: Chemistry, Analysis,
Function and Effects, RSC publishing, London, 2015, pp. 139-158. I was responsible for the literature
review and manuscript composition.
*
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Figure A1-1.25The HILIC chromatography apparatus. This figure shows the LC components used in
HILIC separations. A binary system of water (solvent A) and ACN (solvent B) is mixed as indicated. The
mobile phase and injected sample is passed into a HILIC column that is packed with the stationary-phase
particles. Under HILIC conditions, a water-enriched layer forms around each particle as shown. This
layer plays a crucial role in the HILIC separation.

A1.1.1.1. Separation Mechanisms of HILIC
Although HILIC chromatography has been developed and widely applied over several decades,
the relevant mechanisms of separation are still not well clarified. Since the pattern of separation in
HILIC mode may be a result of multiple types of interactions between the analyte and stationary
phase, it can be influenced by many chromatographic conditions, such as the stationary phase type,
the mobile phase composition and the structural properties of the target solutes [8]. There are two
accepted retention mechanisms that are believed to operate under HILIC conditions.
First, as with RPLC, partition is considered to be one of the primary separation mechanisms in
HILIC. This mechanism was proposed by Andrew Alpert who suggested that the retention on
HILIC columns is based upon the partitioning of analytes between a water-enriched layer adsorbed
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onto the surface of the hydrophilic stationary phase and the relatively less polar organic eluent [9].
In this model, the partially immobilized water-rich layer is formed via attractive interactions
between the polar functional groups on the stationary phase and water molecules in the mobile
phase. Thus, hydrophilic analytes carried in the mobile phase preferentially partition into the
immobilized water-rich layer leading to strong retention on the column. This explains the elution
order in HILIC since the less polar compounds elute from the column earlier than the more polar
ones. However, it should be noted that there is a saturation limit for the amount of water that can
be adsorbed on the surface of the stationary phase [8, 10]. Beyond this limit, excess water
molecules would stay in the organic-enriched eluent, which makes the water-rich layer and the
organic bulk phase more similar to each other. Consistent with this idea, Hemström and Irgum [11]
discussed the results obtained by Orth and Engelhardt, which noted that the retention of solutes
decreased along with the decrease of the difference in polarity between the two phases [10].
Therefore, there is a defined range of water content required for the HILIC mobile phase. A lower
limit of 3% water is generally sufficient to guarantee the formation of a water layer around the
stationary phase particles, whereas an upper limit of 30% water ensures that there is sufficient
retention of polar solutes. The partition mechanism has been discussed extensively and is
supported experimentally in many publications [8, 12, 13, 14].
However, some separation results in HILIC cannot be explained by the partition mechanism
alone. For example, different retention properties of four HILIC stationary phases were observed
for analysis of the same group of model compounds under identical chromatographic conditions
[15]. This suggests that other retention mechanisms besides simple partitioning must also occur in
HILIC. It was reported that the elution pattern of peptides achieved in HILIC was similar to that
in NPLC [11]. The retention mechanism in NPLC is known to be controlled by surface adsorption
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[16] and hence the adsorptive retention model may also play a role in HILIC separations. The
adsorption mechanism requires direct contact or interaction between the analytes and the stationary
phase [17]. These interactions have been investigated in many publications and mostly involve
hydrogen bonding, electrostatic forces and dipole-dipole interactions [7, 11, 14, 16]. Notably, the
adsorption mechanism usually involves multiple weak interactions between the analytes and the
stationary phase, hence in some publications it is also referred to as a multimodal mechanism [14].
In some cases, the predominant separation mechanism may even vary during the separation
process as chromatographic conditions change [17].
A1.1.1.2. Components of HILIC-Mobile and Stationary Phases
A1.1.1.2.1 Mobile Phases. In general, the mobile phase in HILIC chromatography is composed
of a binary system of water with a higher percentage of a water-miscible polar organic solvent.
Thus, compared with NPLC, the aqueous-organic mobile phase in HILIC provides greater
solubility for the polar and hydrophilic analytes [12]. Importantly, the polar mobile phase makes
HILIC highly compatible with the electrospray-mass spectrometry (ESI-MS) detection allowing
for high ionization efficiency and sensitivity.
Acetonitrile (ACN) is commonly employed, being an aprotic organic solvent with low
viscosity, so that separations can be optimized at low backpressures [8]. Other water-miscible
solvents including methanol, ethanol, isopropanol (IPA) and tetrahydrofunan (THF) have also
been utilized as components of the HILIC mobile phase. However, it is worth mentioning that
alcohols are both protic and stronger eluting solvents than ACN [8, 18]. These characteristics may
result in lower retention and decreased separation efficiency. Moreover, since THF is a better
hydrogen-bond acceptor than ACN, its inclusion in place of ACN will result in competition with
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water for the active sites on stationary phase. This will affect the formation of the immobilized
water layer on the surface of stationary phase [19]. Hence, in general it is found that ACN is the
preferred choice of organic modifier in HILIC mobile phase.
The aqueous phase, which may contain volatile salts or weak acids (e.g. ammonium acetate,
ammonium formate, trifluoroacetic acid), is the stronger eluting solvent in the HILIC mobile phase
[20, 21]. The salts or weak acids are added in low amounts to manipulate the separation [22] or
the ionization efficiency for MS detection. Differences in both selectivity and retention due to
choice of additive have been investigated in detail [7] and been shown to be important for
optimizing HILIC separations.
A1.1.1.2.2 Stationary Phases. In recent years, a very large number of stationary phases have
been employed in HILIC experiments. Generally, these can be divided into silica-based stationary
phases and polymer-based stationary phases. Of these two kinds of stationary phases, silica-based
columns are far more commonly used in HILIC, either bare silica columns or chemically modified
silica columns with functionalities including amide, cyano, sulfobetaine and diol. Chemically
modified silica columns can be divided into categories depending on the surface charge properties
of the silica. Thus neutral phases carry no net charge over the pH range of the mobile phase used
for HILIC as may be the case for amide, cyano, diol and cyclodextrin modified silica [1]. Phases
carrying a net positive or negative charge over the mobile phase pH range for HILIC include the
widely used amino phase [1]. Examples of zwitterionic phases used in HILIC separations include
sulfobetaine phases and phosphocholine phases [1]. In addition, many other novel HILIC phases
have been developed, such as those modified with polysaccharides [22].

172

APPENDIX 1
A1.1.2. Summary and comparison to other analytical techniques used for analysis of betaine
Betaine is present in many samples of both plant and animal origins, as described elsewhere in
this book. Consequently, a wide variety of analytical techniques have been developed for the
measurement of betaine in various matrices.
RPLC is an efficient and widely used separation technique, but betaine is poorly retained due
to its high polarity. The use of RPLC for betaine analysis in Lycium chinense was reported by Lee
et al. [23]. In order to obtain sufficient retention, an ion-pairing reagent, in this case
perfluoropentanoic acid (PFPA), was used. A disadvantage of this approach is that many ionpairing reagents are not compatible with MS detection due to potential ion-suppression effects
and/or possible ion-source contamination. NPLC separations have been discussed for betaine
analysis [5] in the context of a method to analyze choline-containing compounds in food samples.
The use of typical normal phase organic solvents is less desirable in a laboratory setting, less
compatible with ESI-MS compared to RP-LC or HILIC mobile phases and not ideal for polar
analytes such as betaine.
Ion chromatography (IC) with different detectors has been tested for betaine measurement.
Multiple ion exchange columns were tested to separate betaine in feed ingredients [24]. However,
good separation of betaine from other impurities present in the feed and subsequent quantification
of betaine could only be achieved after the development of suitable extraction procedures and
further clean-up using ion-exchange resins. The application of gas chromatography (GC) in betaine
analysis requires the conversion of nonvolatile betaine into more volatile derivatives. For example,
Hitz and Hanson [25] described the pyrolytic conversion of betaine from plants to trimethylamine
(TMA), whereas Allen et al. [26] measured betaine in serum by enzymatically converting it to
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dimethylglycine (DMG) including a stable isotope dilution procedure for quantification by GC/MS.
The requirement for derivatization in GC analysis may increase the uncertainty in quantitative
analysis. Capillary electrophoresis (CE) is another possible separation technique for betaine that
has been used for quantification in plants [27] and in various seed oils [28]. Prior esterification of
betaine was used to reduce interferences from other compounds and to provide a chromophore for
UV detection.
The use of the HILIC method in betaine analysis may overcome many of the problems
associated with the analytical methods described above. For example, the polar stationary phases
employed can strongly retain betaine molecules without the need for ion-pairing reagents or
derivatization. At the same time, the HILIC mobile phase is typically a mixture of water with a
high content of ACN, which can solubilize betaine and is compatible with ESI-MS detection.
A1.2. The Use of HILIC in the Determination of Betaine Concentrations
A1.2.1. Betaine in standard mixtures
The analysis of a mixture of quaternary amine standards of biological and environmental
importance (acetylcholine, choline, betaine, chlormequat and mepiquat) by HILIC/MS was
described by Guo [29]. Two HILIC columns were compared for this separation, a YMC-Pack NH2
(YMC Co.), containing aminopropyl groups attached to the silica surface and a TSKgel Amide-80
(Tosoh Bioscience), an amide phase containing amide groups bound to silica via a hydrocarbon
chain. The effects of ACN content, column temperature, buffer salt type (ammonium acetate or
formate) and its concentration on the retention behavior were investigated for both columns. Under
most conditions betaine was more strongly retained on the amide column compared to the amino
column. All five of the model compounds gave rise to peak tailing on the amide phase, which was
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explained as a result of interactions between the positively charged amines and negatively charged
surface silanols. Increasing the ACN content of the mobile phase gave rise to greater betaine
retention. However, plots of ln k’ (the capacity factor) against ACN content of betaine deviated
from linearity indicating that secondary interactions contribute to retention in addition to HILIC
mode. With the amino column, use of low concentrations of ammonium formate (~10 mM)
resulted in better peak shapes than with similar concentrations of ammonium acetate in the mobile
phase. Although betaine quantification was not described, under optimized HILIC conditions using
the YMC-Pack NH2 column and coupled with ESI-MS in SIM mode, the LOD for choline was 0.4
fmol (S/N=4). This is considerably lower than the LOD of 30 fmol previously reported for a RPLCMS method [30]. This difference in sensitivity is attributed to avoiding the use of ion-pairing
reagents and the use of higher levels of organic solvent in the mobile phase that is closer to optimal
for ESI. The HILIC separation had a run time of less than 5 min and exhibited at least 2 orders of
magnitude of linearity. Although this discussion of sensitivity refers to choline, it can be assumed
that similar arguments would apply to betaine analysis.
A1.2.2. Betaine in samples of plant origin
Fructus Lycii is a commonly used traditional Chinese herbal medicine that is said to have many
functional properties as a tonic including as an antioxidant and antitumor agent. Betaine is reported
to be a major bioactive component and therefore quantitative determination of betaine is of
importance in quality control of products derived from Fructus Lycii. Furthermore, both the
Korean and Chinese Pharmacopoeia specify the required minimum betaine concentrations. Three
HILIC-based methods for the quantification of betaine in Fructus Lycii have been reported [31,
32, 33].
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In 1999, Shin et al. extracted the dried Lycium chinense fruit samples at room temperature
with methanol using sonication, followed by centrifugation [31]. The supernatant was dried under
nitrogen and reconstituted with water. The final extract was then directly injected for HILIC
analysis on a YMC NH2-phase column (4.6 mm i.d.×250 mm, 5 μm in particle size) with an
isocratic mobile phase composition of water and ACN (25:75, v/v) followed by both UV (210 nm)
and ESI-MS detection in both selected ion monitoring (SIM) and full scan modes. Protonated
molecular ions of betaine at m/z 118 were observed but no molecular species could be seen in
negative-ion mode. Although the HILIC LC-UV trace was complex and the betaine peak not
completely resolved, there were no apparent interferences seen for the betaine SIM trace at m/z
118. A linear betaine calibration curve was constructed over the 0.02 to 1 mg mL-1 range and used
to demonstrate an LOD (S/N=3) of 0.2 ng ml-1 for ESI-MS (SIM) compared to 0.1 μg ml-1 by LCUV. The HILIC LC-MS method was validated and showed acceptable levels of precision and
accuracy. Levels of betaine in Lycium chinense fruits were found to lie at between 0.15 and 0.21%.
In summary, the HILIC LC-MS (SIM) method described in this work is a simple and effective
way of measuring the high betaine levels present in Fructus Lycii but may not be sufficiently
specific for use in other cases where much lower concentrations of betaine are present.
A later publication by Shin et al. in 2012 also described a quantitative assay for betaine in
Fructus Lycii but made use of evaporative light-scattering detection (ELSD) instead of MS [32].
Extraction was simply carried out by sonication in 70% methanol (25 °C, 40 min) followed by
centrifugation, filtration and the addition of a solution of the internal standard stachydrine in
methanol. Three HILIC columns were tested including a Phenomenex Kinetex HILIC (2.1 mm×
100 mm, 2.6 μm), a Waters Atlantis HILIC (3.0 mm×100 mm, 5 μm) and a HALO HILIC (2.1
mm×100 mm, 2.7 μm). The optimal separation was achieved using the Phenomenex Kinetex
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HILIC column with a gradient elution of (A) ACN and (B) 10 mM ammonium formate (pH
3.0)/ACN (90/10, v/v). The gradient used was 15% B at 0-1 min, 25% B at 16 min and 40% B at
17 min. It is apparent from the chromatograms in the paper that a final hold to 35 min was used,
although this was not specified in the experimental section of the paper. The ELSD was operated
at an optimized temperature and nebulizing gas pressure of 50 °C and 3.0 bar. The method LOQ
(S/N=10) and LOD (S/N=3) were 10 and 3 μg ml-1, respectively. Hence, the HILIC LC-ELSD
method is less sensitive than the HILIC LC-MS (SIM) method described by Shin et al. [31], but
this is unimportant due to the high content of betaine in Fructus Lycii samples. Replacement of
the more sophisticated and specific MS method by ELSD detection has the advantages of lower
cost and simplicity. The HILIC LC-ELSD method achieved recoveries of greater than 96.5%,
intra- and interday precision of less than 5.3% (n=5) and accuracy in the range of 94-107%. The
validated HILIC LC-ELSD method was successfully applied to 14 Fructus Lycii samples (one
originated from L. barbarum and 13 from L. chinense) that contained betaine at weight
percentages of between ~0.5-1.0%.
The most recent HILIC-based method for betaine quantification in Fructus Lycii samples was
published by Zhao et al. in 2013 [33]. In this case betaine was extracted directly into water
containing the β-alanine internal standard. Water was said to give higher extraction amounts
compared to 70% methanol or 50 or 70% ethanol, with 60 min sonication at room temperature in
each case. Extraction into water was followed by filtration prior to analysis by HILIC LC-ELSD.
Two HILIC columns were tested: Atlantis silica HILIC column 100 Å (4.6 mm×150 mm, 5 μm),
and Phenomenex Luna HILIC column 200 Å (4.6 mm×150 mm, 5 μm). The elution was carried
out under isocratic conditions with a mobile phase composition of 30 mM ammonium acetate
buffer and ACN (20:80, v/v), at a flow rate of 1.0 mL min-1 for 30 min. For this particular separation,
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the Atlantis HILIC column was selected since it was shown to have slightly better performance,
including higher plate count and capacity factor. Using this simple isocratic HILIC LC-ELSD
method an LOD (S/N=3) and LOQ (S/N=10) of 2 and 7 μg ml-1 were obtained, similar to the earlier
study by Shin et al. [32]. However, this study had the advantage of an isocratic separation, thereby
avoiding the need for column re-equilibration. Using this method, 92 Fructus Lycii samples (29
from L. barbarum L. and 63 from L. chinense Miller) with betaine weight percentages of ~0.60.8% were quantitatively analyzed. This simple and stable method was suggested to be used as an
official analytical method for Fructus Lycii in the Korean Pharmacopoeia (K.P.) and the results
used in specifying the content regulation of betaine for Lycii Fructus.
A1.2.3. Betaine in samples of animal origin
Betaine is present in a wide variety of animal tissues and fluids including plasma, urine and
liver. Betaine is produced by the enzymatic oxidation of choline and acts as a methyl donor in the
homocysteine-methionine reaction in the presence of betaine: homocysteine methyltransferase
(BHMT). The quantification of betaine in tissues and other biological fluids has great significance
in clinical studies. This requires a sensitive and specific method due to the low content of betaine
in these highly complex matrices.
A method based on LC-MS/MS for the combined determination of free choline, betaine and
dimethylglycine (DMG) in human EDTA plasma and serum was proposed by Holm et al. in 2003
[2]. The LC separation in this work was conducted on a normal-phase Hypersil silica column (100
mm×2.1 mm, 5 μm). The target analytes were eluted from the column at a flow rate of 0.6 mL
min-1 with the mobile phase consisting of 15 mM ammonium formate (pH 3.5) and ACN, in
gradient. Thus, the starting conditions (25% aqueous) could be considered HILIC conditions
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although the rapid gradient to high aqueous content indicates normal phase separation. This allows
for a short run time but with little or no separation between betaine and DMG. It is probable that
a superior separation could be achieved purely in HILIC mode but at the expense of run time. MS
detection was performed on a triple-quadrupole tandem mass spectrometer with an ESI interface
operated in positive-ion mode. Human plasma and serum samples were treated with three volumes
of ACN containing the stable isotopically labeled internal standards (d9-choline and d9-betaine),
to precipitate protein. The samples were centrifuged and the supernatant was then directly used for
analysis by LC-MS/MS. Betaine was quantified by multiple reaction monitoring (MRM) using the
transition m/z 118 ([M + H]+)→m/z 59 ([M +H-CH2COOH]+) and the corresponding transition for
the d9 labeled internal standard (i.e. m/z 127→m/z 68). Linearity was demonstrated by standard
additions to dialyzed plasma over the range of concentrations 0.01-400 μmol L−1 with an LOD for
betaine of 0.3 μmol L−1 (S/N=5). Similar results were obtained for the other two analytes. The
method achieved recoveries and precision for betaine of 93-103% and <6%, respectively. This was
claimed to be the first published method enabling the simultaneous analysis of three target
compounds from a single preparation procedure. The method is suitable for large-scale clinical
and epidemiologic studies due to the short analysis time of 6 min (including equilibration) and the
simple extraction procedure that is amenable to robotic automation. The method was used to
determine the choline, betaine and DMG levels in plasma and serum of 60 fasting and non-fasting
donors. The betaine levels in the combined groups were found to be in the range of 27-47 μmol L1

in plasma and 28-48 μmol L-1 in serum; thus plasma and serum betaine levels did not differ

significantly.
To better understand choline metabolism, Kirsch et al. [4] described a stable-isotope dilution
ultra performance liquid chromatography-mass spectrometry (UPLC-MS) method for the
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determination of choline and related metabolites including betaine, DMG and acetylcholine (ACh).
This allowed the presence of these compounds in EDTA plasma, urine, amniotic fluid (AF), and
cerebrospinal fluid (CSF) to be measured. Sample pretreatment included protein precipitation by
ACN for all samples proceeded by a 5-fold dilution with water in the case of urine samples due to
the presence of a high concentration of biological salts. The chromatographic separation used an
Acquity UPLC BEH HILIC column (100 mm×2.1 mm i.d., 1.7 μm) at 30 °C. A run time of only
6.5 min was used with a gradient of between 12.5% and 20% 15 mmol L-1 ammonium formate
(pH 3.5) and the remainder ACN. Similar to the earlier method [2], positive-ion ESI-MS/MS in
MRM mode was used for the quantification of the four target compounds and their corresponding
stable-isotope labeled internal standards (d9-ACh, d9-choline, d6-DMG and d9-betaine). The LODs
in this study ranged from 0.11 to 0.34 μmol L-1, which was similar to that obtained by Holm et al.
[2], but the range of tested materials and analytes was extended. Analysis of biological fluids in
volumes of <100 μL was demonstrated, suggesting that the method is feasible both when sample
size is a limitation (e.g. CSF) and for high-throughput analysis in clinical studies.
In 2010, a closely related UPLC-MS/MS method was reported by Bruce et al. [3] for the
determination of betaine and free choline in plasma as well as in cereal and cereal-related products
that are discussed in Section A1.2.4. In this work, the sample-preparation procedure was optimized
based on previously reported methods [2, 34, 35]. For plasma samples, this involved protein
precipitation and extraction into methanol (in place of ACN in other methods) followed by
centrifugation. LC separation used a UHPLC HILIC column (2.1 mm×150 mm, 1.7 μm) with a
mobile phase gradient of 10 mM ammonium acetate in water containing 0.005% acetic acid and
ACN. However, since the gradient used was between 20% and 100% aqueous, this method is not
strictly in HILIC mode. In fact, the LC eluent only flowed to the mass spectrometer at between 1
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and 3.65 min at which points in time the aqueous content of the mobile phase was ~50% and 100%,
respectively. Nevertheless, the published chromatograms do show separation between the choline
and betaine analytes that each elute at around 2 min. The triple-quadrupole MS/MS system was
operated in positive ESI in the MRM mode, monitoring the two transitions for each analyte (m/z
118→58, 59 for betaine and m/z 104→60, 58 for choline). Quantitative results were achieved by
relying on the signal ratios between the analytes in the sample and the corresponding isotopelabeled standards (d11-betaine and d9-choline). This method was applied to the plasma of 47
subjects who were found to have average plasma levels of betaine of 40 μmol L-1.
A1.2.4. Betaine in food samples
Interest in the analysis of betaine in foods has been increased considerably in the past few years
because of the potential health benefits associated with betaine intake. Many types of food, such
as eggs, milk, cheese, whole grains and yogurt, are known to be important sources of betaine [36]
and in addition, betaine is produced via enzymatic oxidation of choline. A dietary deficiency of
betaine might result in increased risk of diseases such as fatty liver disease and bone abnormalities
[37]. Hence, the measurement of betaine and related compounds in food is important in order to
track dietary intake.
In 1981, Vialle and Kolosky published a paper in which betaine in commercial refined sugar
and wine was measured by refractive index detection using amino-bonded silica as the stationary
phase and a mobile phase of ACN and water (75:25, v/v), as is customary for sugar analysis [38].
In this way, a mixture of betaine and several sugars was separated with betaine eluting first in the
chromatogram ahead of the monosaccharides fructose and glucose. Before chromatographic
separation, sample preparation was performed using two ion-exchange columns. Acidified
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solutions of commercial refined sugar were passed through a cation-exchange resin to concentrate
betaine, which was subsequently eluted by an ammonia solution. Wine samples were additionally
passed through a second column (a mixed bed of cation- and anion-exchange resins) for further
clean-up. Using quantification against an external standard calibration, it was found that the
betaine content of refined beet sugar was in the range of 30-37 mg kg-1. Wine samples were found
to contain 0.8-5.7 mg betaine/liter, which may reflect the level of addition of beet sugar to the wine.
Although this paper predates the first description of HILIC, its use of a hydrophilic stationary
phase and a mobile phase of 3-30% water plus ACN, indicates that the chromatography was
operating in HILIC mode. Thus, amongst all of the papers cited in this chapter, this was the earliest
one concerning the application of HILIC to betaine analysis.
Betaine and free choline measurement in a broad range of cereal flours and cereal food
products was reported by Bruce et al. [3] using the UPLC-MS/MS method employing a HILIC
column, as described above in Section A1.2.3. The range of betaine concentration in the 8 white
wheat flours analyzed was 166-326 μg g-1, while for 6 whole-grain wheat flours it was 747-1503
μg g-1. In contrast, corn and rice flours contained barely measurable amounts, while whole grain
oats and barley contained amounts in the range of 114-760 μg g-1. Some correlation was found
between betaine and free choline levels in cereals.
There have been many reports of the use of HILIC chromatography in phospholipid class
separations. Zhao et al. in 2011 [5] reported on an LC-MS/MS experiment using multiple scan
modes to simultaneously identify and quantify 11 choline-related compounds–acetylcholine
(AcCho), betaine (Bet), choline (Cho), glycerophosphocholine (GPC), lysophosphatidylcholine
(LPC), lysophosphatidylethanolamine (LPE), phosphatidylcholine (PC),
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phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphocholine (PCho) and
sphingomyelin (SM). This work used a modification to the Bligh and Dyer method of lipid
extraction to ensure collection of the more polar components. In this paper, HILIC separation with
an Ascentis Express HILIC column (150 mm×2.1 mm i.d., 2.7 μm) was compared with normalphase HPLC separation with an Ascentis silica column (150 mm×2.1 mm i.d., 3 μm). An important
difference between the 2 chromatographic modes is the simplicity of the HILIC method that used
an ACN/water (10 mM ammonium formate, pH 3) gradient compared to the normal phase method
that used a gradient of two complicated solvent mixtures, each containing ACN/water/ethanol/1
M ammonium acetate/glacial acetic acid in different proportions. It was found that the HILIC mode
generally resulted in better peak shapes and higher ionization efficiency in LC-MS, along with a
shorter run time and better sensitivity. This applied to both phospholipids and to betaine analysis,
where the m/z 118→m/z 58 MRM transition was monitored and choline-d9 was used as the internal
standard. Although the focus of this work was to quantify total choline in foods from all sources
(i.e. free choline and bound), it does demonstrate how in a single HILIC LC run, betaine can be
measured alongside many other diverse species.
Later, this work was extended to include 14 compounds or compounds classes comprised of 6
aqueous choline-related compounds (Cho, Bet, AcCho, PCho, GPC, CDP-Cho) and 8
phospholipid classes (PC, LPC, PE, LPE, SM, PI, PS and PG) [6]. For betaine, a working linear
dynamic range of 0.05-5 μg mL-1, an LOD of 0.02 μg mL-1 (S/N>3) and an LOQ of 0.05 μg mL-1
(S/N>10) were established. However, it should be noted that these values could be improved on
in a method that focused only on the analysis of compounds similar to betaine, rather than one
developed to quantify a wide range of phospholipids and choline-related compounds in a single
run. The method recoveries were excellent (99-102%) for betaine spiked into food at 20-40 mg/100
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g levels. Intraday triplicate measurement precision for betaine quantified in standards and egg yolk
was <10%, which is adequate for food and tissue analysis. Thus, betaine analysis as part of a wider
nutritional analysis that measures phospholipids and other choline-related metabolites can be
achieved by HILIC LC-MS/MS methods.
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Table A1-1.20The determination of betaine from HILIC-based methods. A summary of published HILIC-based methods used for betaine analysis in
a variety of samples.
Matrix

Target compound (s)

Stationary phase

Mobile phase

Detection

References

Plasma, cereals,
cereal products

Betaine, free choline

UHPLC HILIC (waters) (2.1
mm×150 mm, 1.7 µm)

10 mM aqueous ammonium
acetate-0.005% acetic acid+
ACN; gradient

ESI-MS/MS

[3]

Mixture of
standards

Acetylcholine, choline,
betaine, chlormequat,
mepiquat

YMC-Pack NH2 (waters) (150
mm×4.6 mm, 3 µm) TSKgel
Amide-80 (Tosoh Bioscience)
(250 mm×4.6 mm, 5 µm)

ACN + 10 mM aqueous
ammonium acetate (81:19,
v/v); isocratic

ESI-MS/MS

[29]

Plasma

Choline, betaine,
dimethylglycine

Hypersil silica column (100
mm×2.1 mm, 5 µm)

15 mM ammonium formate
(pH 3.5)+ACN; gradient

ESI-MS/MS

[2]

EDTA plasma,
urine, amniotic
fluid, cerebrospinal
fluid

Acetylcholine, choline,
betaine, dimethylglycine

Acquity UPLC BEH HILIC (100
mm×2.1 mm, 1.7 µm)

15 mM ammonium formate
(pH 3.5)+ACN; gradient

ESI-MS/MS

[4]

Lycium chinense
fruits

Betaine

YMC-Pack NH2 (250 mm×4.6
mm, 5 µm)

water+ACN (25:75, v/v);
isocratic

ESI-MS/MS

[31]

Lycii fructus

Betaine

Phenomenex Kinetex HILIC (2.1
mm×100 mm, 2.6 µm) Waters
ACN+10 mM ammonium
Atlantis HILIC (3.0 mm×100
formate (pH 3.0)-ACN
mm, 5 µm) HALO HILIC (2.1
(90/10, v/v); isocratic
mm×100 mm, 2.7 µm)

ELSD

[32]

Refined sugar,
wine

Betaine

Amino-bonded silica (150
mm×4.7 mm, 10 µm)

Refractive
index
detection

[38]

185

water+ACN (25:75, v/v);
isocratic

APPENDIX 1

Egg yolk extracts,
human diets, rat
livers, stomach
contents

Acetylcholine, betaine,
choline,
glycerophosphocholine,
lysophosphatidylcholine,
lysophosphatidylethanola
mine,
phosphatidylcholine,
phosphatidylethanolamin,
phosphatidylinositol,
phosphocholine,
sphingomyelin, cytidine
diphosphocholine,
phosphatidylserine,
phosphatidylglycerol

Ascentis Express HILIC (150
mm×2.1 mm, 2.7 µm)

ACN+10 mM aqueous
ammonium formate (pH 3);
gradient

ESI-MS/MS

[6]

Egg yolk extracts

Acetylcholine, betaine,
choline,
glycerophosphocholine,
lysophosphatidylcholine,
lysophosphatidylethanola
mine,
phosphatidylcholine,
phosphatidylethanolamin,
phosphatidylinositol,
phosphocholine,
sphingomyelin

Ascentis Express HILIC (150
mm×2.1 mm, 2.7 µm)

ACN+10 mM aqueous
ammonium formate (PH 3);
gradient

ESI-MS/MS

[5]

Betaine

Atlantis HILIC silica (4.6
mm×150 mm, 5 µm);
Phenomenex Luna HILIC (4.6
mm×150 mm, 5 µm)

30 mM ammonium
acetate+ACN (20:80, v/v);
isocratic

ELSD

[33]

Lycii fructus
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A1.3. Conclusions and Future Perspectives
The HILIC method is becoming increasingly popular for the analysis of polar, hydrophilic and
ionic compounds. In this chapter, a number of HILIC-based methods that include betaine
determination are summarized. In general, these methods were developed to analyze a range of
related or unrelated compounds in addition to betaine. The methods discussed employ the HILIC
technique in conjunction with several types of detectors including UV, ELSD, refractive index,
MS or MS/MS for betaine analysis. Some key developments in the use of the HILIC method in
betaine characterization include the simplification of sample preparation procedures, the
optimization of mobile-phase composition and selection of the HILIC column from the continually
increased number of commercially available columns. Since HILIC chromatography can involve
multimodal interactions, the selection of the stationary phase to achieve an optimal separation may
vary depending on the nature of the analytes and sample matrix.
Of the ten papers reviewed in this chapter that describe the use of HILIC methods for betaine
analyses, six of them were published in the past five years. Hence, this is still an emerging area of
study and it is expected that improvements in sensitivity and selectivity will be forthcoming based
on newer HILIC phases and more targeted analyses. This would be desirable, especially for
biomedical type analyses where the use of limited sample amounts and betaine concentrations are
important.
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Appendix 2*
Glucagon-Like Peptide-2 Alters Bile Acid Metabolism in Parenteral
Nutrition-Associated Liver Disease
Clinical Relevancy Statement
We recently reported the novel finding that glucagon-like peptide-2 (GLP-2) therapy is
associated with improvement in parenteral nutrition–associated liver disease (PNALD) in a
preclinical model. In the following, we show that GLP-2 therapy is associated with alterations in
bile acid synthetic and transport pathways, which may mediate the improvement in PNALD. Such
revelations shed further light on the mechanisms of PNALD and a novel effect of GLP-2, with
potential additional benefits of this therapy for all infants receiving long-term parenteral nutrition
therapy.
A2.1. Introduction
Each year in the United States, more than a half-million hospitalized infants require parenteral
nutrition (PN) therapy for support [1]. While PN remains a lifesaving measure for these children,
the dreaded complication of PN-associated liver disease (PNALD) is still observed with extended
PN therapy, especially for high-risk groups such as premature and low-birth-weight infants and
infants with short bowel syndrome (SBS) [2]. The incidence of PNALD can be as high as 50% in
infants receiving PN for >2 months, with 25% further progressing to end-stage liver disease and

This appendix has been published as D.W. Lim, P.W. Wales, S. Mi, J.Y. Yap, J.M. Curtis, D.R. Mager,
V.C. Mazurak, P.R. Wizzard, D.L. Sigalet, J.M. Turner, “Glucagon-Like Peptide-2 Alters Bile Acid
Metabolism in Parenteral Nutrition-Associated Liver Disease”, Journal of Parenteral and Enteral
Nutrition, 40 (2016) 22-35. I contributed to conception and design of the tandem spectrometry work, and
the acquisition, analysis of the tandem spectrometry data, interpretation of the bile acid composition in bile
samples as well as the revision of the manuscript.
*
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requiring liver transplantation [3, 4]. The development of PNALD is associated with several risk
factors: developmental immaturity with regard to hepatic bile acid metabolism and transport, lack
of enteral feeding, recurrent infection and sepsis, and specific PN lipid emulsion formulations [5].
Currently, no established pharmacological treatments are available. A significant part of the
problem lies in a lack of understanding of the cellular and molecular mechanisms underlying
PNALD [6]. Therapeutic interventions have so far been aimed at introducing enteral feeding as
early as possible and using new-generation lipid emulsions containing beneficial ω-3
polyunsaturated fatty acids [7, 8].
Our group recently reported the novel finding that intravenous administration of the trophic
factor, glucagon-like peptide-2 (GLP-2), in a preclinical model of neonatal PNALD was associated
with improved bile flow and serum and histologic markers of cholestasis.9 While GLP-2 is being
studied for a potential therapeutic application in SBS, we hypothesized that GLP-2 therapy may
also benefit liver function in the setting of PNALD for several reasons. Inflammatory stress
commonly occurs in PN-fed infants secondary to the high occurrence of bacterial sepsis from
catheter-related line sepsis or intestinal translocation [1]. GLP-2 itself has local enteric antiinflammatory activity and is known to strengthen the intestinal barrier, which is compromised with
extended PN therapy, both significant factors that may prove beneficial in the setting of PNALD
[10, 11]. The study objective was to delineate the cellular and molecular mechanisms occurring in
the liver that may account for our previously reported observations. Several recent reports have
highlighted dysfunction in the regulation of bile acid synthesis and transport in PNALD and SBSassociated liver disease and have suggested potential therapeutic interventions (such as newgeneration lipid emulsions and enteral bile acid treatment) to alter these pathways [12, 13, 14].
Given these findings, we hypothesized that intravenous GLP-2 administration in our preclinical
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neonatal piglet model of PNALD improved the clinical phenotype by altering bile acid synthesis
and transport pathways in the liver. In turn, we further hypothesized that there may be differences
in the composition of bile acids in bile that reflect differences in synthesis and transport pathways
with GLP-2 therapy.
A2.2. Materials and Methods
A2.2.1. Animals and surgical procedures
All protocols and study design were approved by the University of Alberta Animal Care and
Use Committee for Livestock. Neonatal male Landrace/Large White cross piglets (Hypor, Regina,
SK, Canada), aged 2-6 days old, were obtained from the University of Alberta Swine Research
and Technology Center (SRTC, University of Alberta, Edmonton, AB, Canada). At study day 0,
piglets underwent general anesthesia with isoflurane (2%-3%; Bensen Medical Industries Inc,
Markham, ON, Canada). As previously described, a 5F central venous catheter (Dow Corning,
Midland, MI, USA) was inserted into the left external jugular vein via venous cutdown technique
in order to provide PN and intravenous GLP-2 or vehicle therapy during the trial [9].
A2.2.2. Postsurgical animal care
Postoperatively, piglets received an intravenous narcotic, buprenorphine hydrochloride (0.02
mg kg-1; Buprenex; Rekitt and Colman Pharmaceutical, Richmond, VA, USA), followed by
buprenorphine hydrochloride (0.005 mg kg-1) every 8 hours for 2 consecutive days. Piglets also
received oral meloxicam (0.1 mg kg-1; Metacam; Boehringer Ingelheim, Burlington, ON, Canada)
for 3 consecutive days for analgesic support. Routine intravenous antibiotics were administered
on study days 0-3 and 8-11, which included ampicillin sodium (10 mg kg-1; Sandoz, Boucherville,
QC, Canada) and trimethoprim-sulfadoxine 40/200 (0.5 mL; Borgal; Merck Animal Health,
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Kirkland, QC, Canada), for line sepsis prevention.
Piglets were housed in individual animal cages lined with Plexiglas, in which they were
secured to a tether-swivel system (Alice King Chatman Medical Arts, Los Angeles, CA, USA) to
allow for freedom of movement while receiving PN. Room temperature was maintained at 25°C
with the aid of a heat lamp, and lighting was established at a 12-hour light-dark cycle. Daily piglet
weight, nutrient intake, and urine output measurements were recorded.
A2.2.3. Parenteral nutrition
Total PN (without enteral nutrition) was infused via the external jugular central venous catheter
by a pressure-sensitive Alaris infusion pump (CareFusion Corporation, San Diego, CA, USA).
Target energy intake was 1100 kJ kg-1 d-1, with amino acids providing 27% of energy, carbohydrate
37%, and fat 36%. Target nutrient intakes were amino acids, 18.0 g kg-1 d-1; glucose, 29.0 g kg-1
d-1; and fat, 10.4 g kg-1 d-1. These targets were estimated from daily nutrition requirements for sowfed piglets, previously reported by Wykes et al. [15]. The PN solution consisted of an amino acidbased solution prepared in our laboratory based on human milk protein (Vaminolact; Fresenius
Kabi, Bad Homburg, Germany). The amino acid profile of our PN solutions is presented in Table
A2-S1 (available online). As previously described [9], crystalline amino acids (Ajinomoto, Fort
Lee, NJ, USA) were dissolved in sterile water under a blanket of nitrogen, to which glucose
(Dextrose; 90 g L-1 Sigma-Aldrich, St. Louis, MO, USA) and minerals (calcium, phosphate,
potassium, manganese, sodium, and zinc; Sigma-Aldrich, St. Louis, MO, USA) were added. This
mixture was filtered through a 0.22-μm filter (Millipore, Etobicoke, ON, Canada) into 1-L sterile
bags (Baxter Corp, Toronto, ON, Canada). The final solution was prepared with the addition of
iron dextran (FerroForte; Bimeda-MTC, Cambridge, ON, Canada), cobalamin (Abbott,
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Mississauga, ON, Canada), multivitamins (Multi-12/K1 Pediatric; Sabex, Boucherville, QC,
Canada), additional trace minerals (Sigma-Aldrich, St. Louis, MO, USA), famotidine (5 mg L-1;
Omega, Montreal, QC, Canada), and lipid (Intralipid 20%; 145 mL L-1; Fresenius Kabi, Bad
Homburg, Germany).
Delivery of PN commenced immediately following surgery at an initial rate of 50% of the
targeted rate. The rate was increased to 75% of the total targeted rate 8 hours after surgery and
then increased to the full rate (13.5 mL kg-1 h-1) 16 hours after surgery for the remainder of the
study period.
A2.2.4. Study design
Piglets were randomized to receive either saline control (PN/Saline group, n = 8) or GLP-2
therapy (PN/GLP-2 group, n = 7) at a dose of 11 nmol kg-1 d-1. This dose was selected because
previous studies have reported a positive effect on intestinal adaptation at 11 nmol kg-1 d-1, as
previously described [9, 16]. As previously described [16], intravenous human GLP-2 (Human
GLP-2(1-33); CS9065; Lot I074 with 96.83% purity confirmed by HPLC; CS Bio, Menlo Park,
CA, USA) was delivered using normal saline (0.9% sodium chlorine; Baxter Corp, Mississauga,
ON, Canada) as a carrier solution to all piglets randomized to receive GLP-2. Piglets randomized
to the PN/Saline group received normal saline (0.9% sodium chloride; Baxter, Mississauga, ON,
Canada). GLP-2 or vehicle therapy was administered to piglets beginning on postoperative day 2
through the jugular venous catheter as a continuous 24-hour infusion at a rate of 0.42 mL kg-1 h-1
via a syringe pump (NE-300 Just Infusion Syringe Pump; New Era Pump Systems, Farmingdale,
NY, USA) separate from the PN infusion. To provide a normal expected range for all data, a
healthy sow-reared group of piglets (Sow-reared group, n = 8) were studied, representing the gold
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standard for postnatal growth and development of preweaned piglets. Sow-reared piglets were
chosen from the same litters as experimental piglets, when possible, and were raised under
standard farm conditions until undergoing terminal laparotomy at the equivalent age of
experimental piglets. Sow-reared piglets did not receive a catheter, PN or treatment, or antibiotics.
At study day 17, piglets underwent general anesthesia and terminal laparotomy. Terminal
blood samples were drawn, bile flow was measured, and formalin-fixed liver samples for
histologic analysis were collected as previously described, the results of which have been
previously reported.9 Piglets were euthanized with pentobarbital sodium (Schering, Pointe-Claire,
QC, Canada). Liver specimens were flash frozen in liquid nitrogen for real-time polymerase chain
reaction (PCR) analysis. Bile samples collected from bile flow measurements were stored at –80°C
for bile acid identification and quantification.
A2.2.5. Data collection
Real-time PCR. Total RNA from 30 mg of frozen liver was extracted using an RNeasy Plus
Mini Kit (Qiagen, Germantown, MD, USA) and quantified by spectrophotometric assay. Reverse
transcription was performed using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA), and real-time semi-quantitative PCR was performed using
TaqMan assays (Life Technologies, Carlsbad, CA, USA) (porcine-specific primers listed in Table
A2-S2) with TaqMan Universal Master Mix (Invitrogen, Burlington, ON, Canada). For each
sample, DNA amplification was performed in duplicate with the 7900HT Fast Real-time PCR
System (Applied Biosystems) under the following thermal cycling conditions: 95 °C for 20
seconds, followed by 40 cycles of 95 °C for 1 second and 60 °C for 20 seconds. Amplification
efficiency was controlled by the use of HPRT1 (hypoxanthine-guanine phosphoribosyltransferase197
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1 gene) as an internal control. Data were analyzed using the 7900HT Fast Real-time PCR System
SDS v2.3 software (Applied Biosystems, Foster City, CA, USA). Relative expression was
determined using the 2–ΔΔC(t) method.
Bile acid identification and quantification. Piglet bile samples were prepared for analysis with
high-performance liquid chromatography (HPLC) with tandem mass spectrometry by solid phase
extraction (SPE) using a Maxi-Clean C18 cartridge preconditioned with methanol followed by
HPLC-grade water. A 10-fold diluted piglet bile sample solution (250 μL) was mixed with 250 μL
of internal standard (IS) solution and 250 μL of 1% formic acid solution and then loaded onto the
column. The column was washed with HPLC-grade water (5 mL), and bile acids were recovered
by elution with 7 mL of methanol and finally dried under nitrogen and re-dissolved in 500 μL of
methanol. Analysis of individual bile acids was achieved using an Agilent 1200 series HPLC
(Agilent Technologies, Palo Alto, CA, USA) coupled to a 3200 QTRAP mass spectrometer (AB
SCIEX, Concord, ON, Canada) with Analyst 1.4.2 software. The method and internal standards
used in the bile acid analyses are outlined in supplemental material (Table A2-S3); the
development and validation of this method will be the subject of a separate publication. Individual
bile acids in the piglet bile samples were identified by comparison of their retention times to the
known standards, accurate mass measurements, and fragmentation patterns. The method of
quantification used a deuterated recovery standard and calibration curves constructed for 19
individual bile acid standards. All measurements were duplicate extractions and single analyses.
We also performed a pig total bile acid enzyme-linked immunosorbent assay (ELISA) (Catalog
No. abx052581, Abbexa, Cambridge, UK) on liver tissue to determine the liver tissue bile acid
concentration. The ELISA was performed on liver tissue homogenized in phosphate-buffered
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saline according to the instructions provided. We then calculated an estimate of the total liver bile
acid content by multiplying the liver tissue bile acid concentration by liver mass (adjusted per
kilogram of body weight).
A2.2.6. Data analysis and statistics
Data are presented as mean±standard deviation. Results were analyzed using 1-way analysis
of variance (ANOVA) followed by Bonferroni’s post hoc analysis. For data with unequal variances
between groups, as determined by Bartlett’s test for equal variance, the Kruskal-Wallis analysis of
variance was used instead followed by Mann-Whitney U test for post hoc analysis. Significance
was set at P < .05.
A2.3. Results
A2.3.1. Bile acid synthesis
To determine potential mechanisms for a GLP-2-mediated improvement in cholestasis, we
measured the expression of genes involved in the regulation, synthesis, and transport of bile acids
(Figure A2-1). We first measured the expression of the bile acid receptor, Farnesoid X receptor
(FXR), the key regulator of bile acid homeostasis, encoded by the NR1H4 (nuclear receptor
subfamily 1, group H, member 4) gene [17]. We found that NR1H4 expression was significantly
increased in the PN/GLP-2 group by 1-fold compared with the PN/Saline (P = .001) and Sowreared
groups (P = .002); P < .001 (Figure A2-2). We next measured expression of the CYP7A1
(cytochrome P450, family 7, subfamily A, polypeptide 1) gene, a target gene of FXR that encodes
the rate-limiting enzyme of the neutral (classic) bile acid synthesis pathway, cholesterol 7 αhydroxylase [17]. We found a significant difference in CYP7A1 gene expression between groups
(P = .03), with the PN/GLP-2 group having a 2-fold increase over both PN/Saline (P = .049) and
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Sow-reared groups (P = .015). We also measured expression of the CYP27A1 (cytochrome P450,
family 27, subfamily A, polypeptide 1) gene, the product of which (sterol 27-hydroxylase) is the
main enzyme of the acidic (alternative) bile acid synthesis pathway [17]. There was no difference
in CYP27A1 gene expression between groups; P = .37 (Figure A2-2). CYP8B1 (cytochrome P450,
family 8, subfamily B, polypeptide 1 gene) controls 12α-hydroxylation in bile acid synthesis, and

Figure A2-1.26(A) Schematic representation of the genes involved in bile acid homeostasis that were
analyzed. (B) CYP7A1 expression is controlled by a complex regulatory mechanism.

thus hydrophobicity of bile acid pool, and, like CYP7A1, is also negatively regulated by bile acids
[17]. However, we found no difference in CYP8B1 gene expression between groups; P = .13
(Figure A2-2).
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Figure A2-2.27Relative expression of genes involved in bile acid synthesis and regulation.

A2.3.2. Bile acid transport
We next measured the expression of several genes whose products are involved in bile acid
export from the liver, many of which are regulated by FXR (Figure A2-1A). Under physiological
conditions, bile acids are preferentially excreted into bile via the bile salt export pump (BSEP) and
the multidrug resistance protein 2 (MRP2). BSEP, encoded by the ABCB11 (ATP-binding cassette,
subfamily B member 11) gene, is transcriptionally induced by FXR [17]. We found a significant
difference in ABCB11 expression between groups (P = .03), with the Sow-reared group having
decreased expression compared with both PN/Saline (P = .01) and PN/GLP-2 (P = .049) groups
(Figure A2-3). In addition, there was a trend toward increased BSEP expression in the PN/GLP-2
201

APPENDIX 2
group over the PN/Saline group (P = .071). MRP2, encoded by the ABCC2 (ATP-binding cassette
subfamily C member 2) gene, is a multi-specific ABC transporter that also is inducible by FXR
and excretes sulfated and glucoronidated bile acids into bile [17]. We found a significant difference
in ABCC2 expression (P < .01), with the PN/GLP-2 group having a 0.5-fold increase over the
PN/Saline group (P = .002) and a 1-fold increase over the Sow-reared group (P < .001) (Figure
A2-3). Under cholestatic conditions, when bile acids accumulate in the liver at toxic levels, the
expression of basolateral bile acid transporters, including organic solute transporters α and β
(OSTA and OSTB genes, respectively) and multidrug resistance protein 3 (MRP3, encoded by the
ABCC3 [ATP-binding cassette subfamily C member 3] gene), is increased, allowing for the
secretion of bile acids into the systemic circulation [18]. We found a significant difference in
ABCC3 gene expression between groups (P < .001), with all pairwise comparisons being
significant and the PN/GLP-2 group having the highest expression and the Sow-reared group
having the lowest (P = .037 between groups 1 and 2; P < .01 between groups 1 and 3; P < .002
between groups 2 and 3; Figure A2-3). OSTA expression was significantly increased in both PNfed groups compared with the Sow-reared group (P < .002), with no difference between the
PN/Saline and PN/GLP-2 groups (P = .56). Similarly, OSTB expression was significantly
increased in both PN-fed groups compared with the Sow-reared group (P < .01), with a trend
toward increased OSTB expression in the PN/GLP-2 group over the PN/Saline group (P = .08)
(Figure A2-3).
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Figure A2-3.28Relative expression of genes involved in hepatic bile acid export.

A2.3.3. Regulators of bile acid synthesis
The increased expression of CYP7A1 in the PN/GLP-2 group over both PN/Saline and Sowreared groups was unexpected, given that FXR expression was also increased in tandem and FXR
is a known repressor of CYP7A1 expression [17]. Given this, we measured the expression of genes
whose products are known to transactivate CYP7A1 and compete with FXR repression (Figure
A2-1B). We first measured the expression of the NR0B2 (nuclear receptor subfamily 0, group B,
member 2) gene, whose protein product is the atypical nuclear receptor small (or short)
heterodimer partner (SHP). SHP is pertinent because FXR itself cannot repress CYP7A1
transcription. Instead, FXR induces SHP expression, which, in turn, represses CYP7A1 expression
[17]. There was a significant difference in NR0B2 expression between groups (P = .01), with the
PN/Saline group having almost a 0.5-fold increased expression over the Sow-reared group (P = .01)
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and the PN/GLP-2 group (P = .09, trend only). SHP represses CYP7A1 expression by interacting
with 2 nuclear receptors that transactivate CYP7A1 at the bile acid response element (BARE)
region: hepatocyte nuclear factor 4-α (HNF4α, encoded by the NR2A1 [nuclear receptor subfamily
2, group A, member 1] gene) and liver receptor homolog-1 (LRH-1, encoded by the NR5A2
[nuclear receptor subfamily 5, group A, member 2] gene). There was an overall significant
difference in NR2A1 (HNF4α) expression between groups (P = .04); however, on post hoc analysis,
there was only a trend toward increased expression by 0.5-fold in the PN/GLP-2 group over the
PN/Saline (P = .088) and Sow-reared (P = .07) groups (Figure A2-4). NR5A2 (LRH-1) expression,
in contrast, was significantly different between groups (P = .003), with the PN/GLP-2 group
clearly demonstrating a 1.25-fold increased expression over the PN/Saline group (P = .02) and a
1.5-fold increased expression over the Sowreared group (P < .002) (Figure A2-4). Liver X
receptor α (LXRα, encoded by the NR1H3 [nuclear receptor subfamily 1, group H, member 3]
gene) is another known regulator of CYP7A1 expression, but its regulating activity (activating vs
repressing) is species-specific [19]. We found a significant difference in NR1H3 (LXRα) gene
expression between groups (P < .001), with the PN/GLP-2 group having a 1-fold increase over the
PN/Saline group (P < .01) and the Sow-reared group (P < .01) (Figure A2-4). Lastly, the FGF19/FGFR4 axis is a known regulating pathway of hepatic CYP7A1 expression and is suggested to
be implicated in the pathogenesis of PNALD [14, 17]. For this reason, we measured the hepatic
expression of the FGFR4 gene and found a significant difference between groups (P < .001). All
pairwise comparisons were significant, with the PN/GLP-2 group having the greatest fold increase
in FGFR4 expression and the Sowreared group the least (P = .006 between groups 1 and 2; P = .03
between groups 1 and 3; P = .001 between groups 2 and 3) (Figure A2-4). Furthermore, the actions
of FGFR4 signaling require the presence of the co-receptor, β-klotho. We found a trend toward
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increased expression of its gene, KLB, in the PN/GLP-2 group over both the PN/Saline and Sowreared groups (P = .05) (Figure A2-4).

Figure A2-4.29Relative expression of genes involved in the regulation of CYP7A1.

A2.3.4. TGR5 messenger RNA (mRNA) expression
The G-protein coupled bile salt receptor, TGR5, encoded by the GPBAR1 (G protein-coupled
bile acid receptor 1) gene, is expressed in many cell types of the liver with reported effects
including anti-inflammatory actions and hepatoprotective effects [20, 21], mediation of bile acidinduced cell death [22], and improvement in hepatic microcirculation via the induction of nitric
oxide synthase [23]. We felt it was pertinent to measure GPBAR1 expression in the liver, given
that bile acid accumulation in the liver in the setting of PNALD cholestasis could implicate TGR5mediated effects. However, we did not find a difference in GPBAR1 expression between groups
(P = .2) (Figure A2-5).
205

APPENDIX 2

Figure A2-5.30Relative expression of GPBAR1 mRNA.

A2.3.5. Bile acid composition in bile
There was a significantly greater total amount of bile acids (including taurine- and glycineconjugated bile acids) in the Sow-reared group (3379 mcg mL-1) compared with both PN-fed
groups (P < .001) but no difference between PN/Saline (817 mcg mL-1) and PN/GLP-2 (428 mcg
mL-1; P = .6) (Table A2-1). This parallels our measurements of total serum bile acids in our
previous report [9]. Since the units of serum total bile acids in that previous report were micromolar,
we have converted those serum values to micrograms per milliliter to illustrate the marked
differences in bile acid concentrations between bile and plasma (Table A2-1). The majority of bile
acids in all groups were taurine-conjugated bile acids: 81% in the PN/Saline group, 60% in the
PN/GLP-2 group, and 72% in Sow-reared group. A smaller proportion of bile acids were glycineconjugated: 19% in PN/Saline, 40% in PN/GLP-2, and 28% in Sow-reared (Figure A2-6). There
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were significantly fewer taurine-conjugated bile acids in the PN/GLP-2 group (258 mcg mL-1)
compared with the PN/Saline group (660 mcg mL-1; P = .049) but no difference in the amount of
glycine-conjugated bile acids (Table A2-1). There were very few unconjugated bile acids in all
groups (virtually none compared with conjugated bile acids), but the Sowreared group did have
relatively more unconjugated bile acids than both total PN groups (P < .01) (Table A2-1).
Table A2-1.21Bile acid identification and quantification in pig bile.
Identification/Quantification

PN/Salinea

PN/GLP-2b

Sow-Rearedc

P Value

817.12 (625.13)

427.49 (267.33)

3378.75 (708.74)

<.0001ac,bc

25.74 (6.96)

22.79 (13.01)

5.99 (2.51)

.0071ac,bc

660.08 (582.52)

257.70 (179.58)

2421.15 (489.52)

.0003ab,ac,bc

156.45 (114.22)

169.38 (159.56)

948.22 (422.02)

.0008ac,bc

0.59 (0.48)

0.41 (0.26)

9.39 (3.33)

.0005ac,bc

0.41 (0.50)

0.24 (0.22)

9.10 (3.29)

.0005ac,bc

485.94 (406.11)

157.61 (118.75)

1353.18 (394.46)

.0004ab,ac,bc

nd

nd

0.11 (0.04)

<.0001ac,bc

98.61 (102.57)

64.03 (49.79)

476.24 (116.49)

<.0001ac,bc

57.95 (12.45)

104.64 (51.88)

449.05 (59.57)

.0011ac,bc

0.074 (0.021)

0.081 (0.027)

0.093 (0.020)

.27

98.24 (79.40)

64.59 (56.07)

498.35 (264.80)

.0008ac,bc

31.14 (28.87)

11.97 (9.84)

543.29 (204.23)

.0003ac,bc

43.95 (50.98)

23.97 (29.22)

46.82 (12.26)

.049bc

0.11 (0.037)

0.089 (0.032)

0.093 (0.015)

.42

0.44 (0.52)

0.14 (0.02)

1.62 (0.83)

.0004ab,ac,bc

0.26 (0.10)

0.15 (0.02)

0.82 (0.27)

.0001ab,ac,bc

Bile acid quantification
Total bile acids (in bile)
Serum total bile acids
Total taurine-conjugated bile
acids
Total glycine-conjugated bile
acids
Total unconjugated bile acids
Bile acid identification
Hyocholic acid (HCA)
Tauro-hyocholic acid
(t-HCA)
Chenodeoxycholic acid
(CDCA)
Tauro-chenodeoxycholic acid
(t-CDCA)
Glyco-chenodeoxycholic acid
(g-CDCA)
Hyodeoxycholic acid (HDCA)
Glyco-hyodeoxycholic acid
(g-HDCA)
Tauro-hyodeoxycholic acid
(t-HDCA) or
tauro-ursodeoxycholic acid
(t-UDCA)
Taurocholic acid (t-CA)
Lithocholic acid (LCA)
Tauro-lithocholic acid
(t-LCA)
Glyco-lithocholic acid
(g-LCA)
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GLP-2, glucagon-like peptide-2; nd, not detectable; PN, parenteral nutrition. Values represent means (mcg
mL-1) and standard deviation (in parentheses). Superscripts refer to statistically significant differences.

Figure A2-6.31Bile acid composition in bile.
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A2.3.6. Individual bile acid species in bile
Porcine bile is composed of 7 conjugated bile acids, of which the 3 main ones are
hyodeoxycholic acid (HDCA), hyocholic acid (HCA, unique to pig bile), and chenodeoxycholic
acid (CDCA) [24]. Using commercially available standards, we were able to measure these 3 bile
acids and their taurine and glycine conjugates (designated t- and g-, respectively). The amount of
unconjugated HCA, CDCA, and HDCA in our bile samples was virtually negligible in comparison
to the amount of their corresponding taurine and glycine conjugates (Table A2-1). Consistent with
a decreased bile acid pool in the PN-fed setting, the Sowreared group had significantly greater
HCA (P < .002), t-HCA (P< .005), CDCA (P < .0001), t-CDCA (P < .001), g-CDCA (P <.004),
g-HDCA (P < .002), and t-HDCA (or t-UDCA, tauroursodeoxycholic acid) (P < .002) than both
PN-fed groups. Among the PN-fed groups, t-HCA was the most abundant bile acid, ranging from
100 to 500 mcg mL-1 of bile. There was, however, significantly less t-HCA in the PN/GLP-2 group
compared with the PN/Saline group (157.6 vs 485.9 mcg mL-1 [Table A2-1]; P =.02). The taurine
and glycine conjugates of CDCA and HDCA were less abundant in the bile of PN-fed pigs, ranging
from 10 to 100 mcg mL-1, and there was no difference in their amounts between the PN/Saline and
the PN/GLP-2 groups (Table A2-1).
We also measured the amount of cholic acid (CA; a major component of bile in most other
animals but found in small amounts or absent in pig) [24], lithocholic acid (LCA), and their
conjugates. Unconjugated CA and g-CA were not detectable in our porcine bile samples. There
was a relatively small amount of t-CA detected in our samples, ranging from 20 to 50 mcg mL-1,
with the Sow-reared group having relatively greater amounts of t-CA than the PN/GLP-2 group
(46.8 vs 24.0 mcg mL-1 [Table A2-1], P = .04). Very small amounts of LCA (range, 0.08-0.12
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mcg mL-1), t-LCA (range, 0.12-2 mcg mL-1), and g-LCA (range, 0.12-1 mcg mL-1) were detected
(Table A2-1). Despite these small amounts, the Sow-reared group had greater amounts of t-LCA
(P < .005) and g-LCA (P < .002) compared with both total PN-fed groups. Furthermore, the
PN/GLP-2 group had significantly less t-LCA (P < .01) and g-LCA (P < .004) than the PN/Saline
group (Table A2-1). We did not detect any unconjugated or conjugated forms of deoxycholic acid
(DCA), ursodeoxycholic acid (UDCA), and α-, β- and ω-muricholic acid (MCA) in pig bile, for
which commercially available standards were purchased.
A2.3.7. Rates of biliary output of bile acid species
Using our previously reported bile flows [9], we were able to estimate the biliary output for
our recovered bile acid species. As in the previous paper, the calculation of bile acid flow has been
scaled for liver size. Compared with both PN-fed groups, the Sow-reared group had significantly
greater rates of biliary excretion for all bile acid species (Table A2-2). The PN/GLP-2 group had
increased biliary output of glycine-conjugated bile acids (P = .028) and the following bile acid
species compared with the PN/Saline group: g-CDCA (P = .015), HDCA (P =.01), and a trend
toward increased LCA excretion (P = .08).
Table A2-2.22Estimated rates of biliary output for bile acid species.
Excretion Type

PN/Salinea

PN/GLP-2b

Sow-Rearedc

P Value

571.17 (384.87)

899.70 (384.02)

30962.52 (10079.77)

.0004ac,bc

453.95 (330.52)

604.82 (373.56)

21877.08 (6049.97)

.0005ac,bc

116.69 (97.28)

293.92 (164.85)

8996.52 (5119.17)

.0002ab,ac,bc

1.56 (1.39)

5.06 (5.34)

240.76 (114.28)

.0004ac,bc

0.37 (0.52)

0.51 (0.30)

86.22 (46.35)

Bile acid excretion
Total bile acids
Total taurine-conjugated
bile acids
Total glycine-conjugated
bile acids
Total unconjugated bile
acids
Individual excretion
Hyocholic acid (HCA)
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Tauro-hyocholic acid
(t-HCA)
Chenodeoxycholic acid
(CDCA)
Tauro-chenodeoxycholic
acid (t-CDCA)
Glyco-chenodeoxycholic
acid (g-CDCA)
Hyodeoxycholic acid
(HDCA)
Glyco-hyodeoxycholic
acid (g-HDCA)
Tauro-hyodeoxycholic
acid (t-HDCA) or
tauro-ursodeoxycholic
acid (t-UDCA)
Taurocholic acid (t-CA)
Lithocholic acid (LCA)
Tauro-lithocholic acid
(t-LCA)
Glyco-lithocholic acid
(g-LCA)

337.37 (241.36)

391.84 (284.58)

12074.57 (3865.14)

.0006ac,bc

0 (0)

0 (0)

1.01 (0.56)

<.0001ac,bc

67.11 (56.69)

130.01 (64.11)

4327.74 (1417.90)

.0003ac,bc

45.07 (36.94)

172.79 (157.99)

4221.08 (2093.25)

.0002ab,ac,bc

0.058 (0.038)

0.21 (0.13)

0.84 (0.27)

.0001ab,ac,bc

71.41 (61.29)

120.75 (62.32)

4768.01 (3102.66)

.0003ac,bc

20.90 (16.32)

28.79 (21.94)

5035.42 (2376.58)

.0005ac,bc

28.27 (26.38)

53.83 (44.77)

424.91 (131.60)

.0005ac,bc

0.10 (0.087)

0.24 (0.19)

0.84 (0.25)

.0003ac,bc

0.30 (0.27)

0.35 (0.28)

14.44 (7.23)

.0005ac,bc

0.21 (0.14)

0.38 (0.25)

7.43 (2.79)

.0003ac,bc

GLP-2, glucagon-like peptide-2; PN, parenteral nutrition. The calculation of bile acid flow is made using
our previously reported bile flows [9]. The calculation of bile acid flow has also been scaled for liver size,
as in the previous paper. Values represent means (nanogram per gram of liver) and standard deviation (in
parentheses). Superscripts refer to statistically significant differences.

A2.3.8. Liver bile acid concentration and content
There was a significant difference in liver bile acid concentration (P = .018), with the Sowreared group (38.2 nmol g-1 protein) having a greater liver bile acid concentration than both PNfed groups but no difference between the PN/Saline (29.6 nmol g-1 protein) and PN/GLP-2 (30.4
nmol g-1 protein) groups (Figure A2-7A). In contrast, the PN/GLP-2 group had a significantly
greater liver total bile acid content (1623 nmol kg-1 body weight) compared with both the
PN/Saline and Sow-reared groups (P < .001) (Figure A2-7B). There was no difference in the liver
total bile acid content between the PN/Saline (1197 nmol kg-1 body weight) and Sow-reared (987
nmol kg-1 body weight) groups.
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Figure A2-7.32(A) Mean liver total bile acid concentration; (B) Mean liver total bile acid content.
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A2.4. Discussion
PNALD remains a significant complication for infants needing long-term PN therapy [2]. The
exact cause of PNALD remains undefined, but recurrent infection and sepsis and lipid emulsions
that are plant-based have been long known to be significant risk factors [5]. The transition to lipid
emulsions that are fish oil based and high in ω-3 polyunsaturated fats is an emerging, promising
therapeutic strategy [25]. Despite this, the cellular and molecular mechanisms underlying PNALD
remain ill-defined and, perhaps consequently, there have been limited effective therapeutic options.
Our group recently reported the novel finding that intravenous GLP-2 therapy in our preclinical
neonatal model of PNALD improved bile flow, reduced serum markers of cholestasis (total
bilirubin and alkaline phosphatase levels), and decreased evidence of cholestatic pigmentation on
liver histologic analysis [9]. We had posited potential mechanisms for our observations, the subject
of which is the focus of the present study. The fact that neonatal PNALD begins largely as a
cholestatic disease, with eventual steatosis, has led to the hypothesis that, similar to other
cholestatic diseases such as nonalcoholic fatty liver disease, perturbations in bile acid homeostasis
may underlie the pathogenesis of PNALD and represent potential therapeutic targets [1]. If this
was the case, then perhaps our observations of an improved clinical phenotype with GLP-2 therapy
may mechanistically involve alterations in bile acid synthesis and transport within the liver.
Our first evidence in support of this hypothesis relates to the increased expression of FXR, the
major bile acid homeostatic regulator, with GLP-2 therapy over saline control (Figure A2-2). FXR,
in turn, directly regulates the expression of genes involved in both bile acid synthesis and transport.
Regarding transport, we observed a significant increase in MRP2 expression and a trend toward
increased BSEP expression with GLP-2 therapy over saline control, both of which are directly
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stimulated by FXR (Figure A2-3). More important, we observed an up-regulation in the
expression of basolateral bile acid transporters, which help expel toxic bile acids into the systemic
circulation in the setting of cholestasis. Indeed, there was a significant increase in MRP3, OSTA,
and OSTB expression in both PN-fed groups compared with Sow-reared piglets (Figure A2-3).
However, GLP-2 therapy further augmented MRP3 expression over saline control, with a trend
also toward increased OSTB expression. Together, these results suggest mechanisms at the
transcriptional level that may mediate increased bile acid export with GLP-2 therapy, into both
bile and the systemic circulation. The setting of cholestasis is known to down-regulate the
expression of MRP2 [26], and so an increase in its expression with GLP-2 therapy may mediate
the maintenance or improvement of bile flow. This may be beneficial since there was no difference
in ABCB11 (BSEP) expression between the PN/Saline and PN/GLP-2 groups (only a trend) and if
BSEP has hypothetically reached its maximal velocity (Vmax) in enzymatic activity. Increased
bile acid export into the systemic circulation may also explain why both PN-fed groups had similar
concentrations of serum bile acids in our previous report (Table A2-1) [9]. We initially expected
the PN/Saline group to have a higher serum bile acid level than the PN/GLP-2 group, given the
improvement in cholestasis with GLP-2 therapy. We can now surmise that one possible reason
that the PN/GLP-2 group had a similar serum bile acid level as the PN/Saline group was due to an
increase of bile acid efflux into the systemic circulation, as suggested by our transcriptomic data.
Regarding bile acid synthesis, we first found an increase in the expression of CYP7A1 with
GLP-2 therapy over saline control (Figure A2-2). This would suggest increased bile acid synthesis,
an unexpected finding given that the increased expression of FXR in the PN/GLP-2 group should
have down-regulated the expression of CYP7A1. However, the regulation of CYP7A1 is complex
and implicates both activators (HNF4α, LRH-1) and repressors (FXR, FGF-19 via FGFR4,
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pregnane X receptor [PXR], and peroxisome proliferator-activated receptor α [PPARα]) (Figure
A2-1B) [27]. Given the paradoxical increase in CYP7A1 expression despite increased FXR
expression with GLP-2 therapy, we hypothesized that activating factors were potentially
outcompeting FXR repression. We found some evidence of this, in that LRH-1 expression was
significantly increased with GLP-2 therapy over saline control, and a trend toward increased
HNF4α expression in the PN/GLP-2 group over the PN/Saline group (Figure A2-4). Furthermore,
the repressive effects of FXR on CYP7A1 expression are indirect, mediated by SHP, and we found
a trend toward increased SHP expression in the PN/Saline group compared with the PN/GLP-2
group and not vice versa. It has also been suggested in the literature that hepatic FXR does not
regulate hepatic CYP7A1 but, rather, it is intestinal FXR that regulates hepatic CYP7A1 via
induction of the FGF-19/FGFR4 pathway, which adds further complexity.28 LXRα is another
known regulator of CYP7A1 expression that is species-specific. In rodents, which have the LXRα
response element in the CYP7A1 promoter, LXRα has a significant activating effect [27]. In higher
animals, this element is either missing (rabbits and humans, and presumably pigs) or present and
nonfunctional (hamsters); in humans in particular, LXRα has been shown to have a repressive
effect on CYP7A1 expression [27, 29]. We found a significant increase in LXRα expression with
GLP-2 therapy (Figure A2-4), which in pigs, similar to humans, would have either a nonstimulatory or a repressive effect. Together, these results highlight the complexity under which
CYP7A1 expression is regulated and reveal some insight into why CYP7A1 expression was upregulated with GLP-2 therapy, despite increased FXR expression. Regarding other key bile acid
synthetic enzymes, we found no difference in CYP27A1 expression, which suggests that the
alternative bile acid synthesis pathway is not implicated in the GLP-2-mediated improvement in
cholestasis. There was also no difference in CYP8B1 expression, although the C(t) values for the
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CYP8B1 quantitative PCR assay were relatively high (around 32) and needed greater amounts of
complementary DNA, indicating a relatively low abundance of the CYPB1 mRNA transcript.
The profiling of bile acid species in bile provides further insight into the improvement of
PNALD with GLP-2 treatment. First, it is well known that PN decreases the bile acid pool, and
this is observed in the total amount of bile acids in our PN-fed groups compared with healthy, sowreared piglets, in both bile and plasma (Table A2-1). Most bile acids present in bile are conjugated
with either taurine or glycine to reduce their hepatotoxicity, and this is reflected in our data, as the
quantity of unconjugated bile acids in all groups was virtually negligible (Table A2-1). Taurine
conjugates comprise the majority of conjugated bile acids in pigs [24], which was also observed
in our data; however, while there was no difference in glycine conjugates between groups, GLP-2
therapy was associated with a decrease in the concentration of taurine-conjugated bile acids
compared with saline control (Table A2-1). This may reflect either decreased synthesis (which
would contradict our finding of increased CYP7A1 expression) or decreased taurine conjugation
or a decreased proportion of taurine-conjugated bile acids being excreted into bile, perhaps owing
to a larger proportion being secreted into the systemic circulation (which would parallel our
findings of increased MRP3 and OSTB [trend only] expression). Upon further inspection, it
becomes clear that most of this decrease in taurine conjugates in the PN/GLP-2 group involves tHCA, the most abundant bile acid in our pig bile (Table A2-1). While relatively less abundant
than t-HCA, conjugated CDCA or HDCA was not different between groups. LCA is the least
abundant bile acid, which is not surprising because it is the most hydrophobic and thus most
hepatotoxic.30 Most of the LCA was present as a taurine conjugate, followed by its glycine
conjugate and finally a very small quantity of unconjugated LCA (Table A2-1).
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Interestingly, we found that GLP-2 therapy was associated with a decreased concentration of
both t-LCA and g-LCA compared with saline control. This suggests that the processes governing
the generation of toxic LCA may be affected by GLP-2 therapy. LCA is formed from 7dehydroxylation of bile acids by colonic bacteria, and the input of LCA from the large intestine
can increase when there is either an increased amount of precursor bile acid or increased microbial
7-dehydroxylation activity.31 LCA is formed from CDCA or UDCA in animals with a cecum.32
Since there was no difference in CDCA concentrations between our PN-fed groups, and UDCA
was not even detected in our pig bile samples, we are left to hypothesize that differences in LCA
between groups were due to differences in microbial 7-dehydroxylation activity.
We hypothesize that microbial populations can be differentially affected with PN therapy and
GLP-2 treatment. PN and the fasted state are associated with intestinal hypoplasia and weakening
of the intestinal barrier, with predisposition for bacterial translocation, subsequent inflammation,
and ensuing sepsis [33]. Infants with SBS, who are most likely to receive long-term PN therapy,
are also at significant risk for small intestinal bacterial overgrowth [34]. GLP-2, in contrast, has
known enteric anti-inflammatory activity and strengthens the intestinal barrier [10, 33, 35]. Both
these scenarios (PN vs. GLP-2) may therefore favor the differential growth of bacteria and the
abundance of t- and g-LCA in our groups given saline vs GLP-2 treatment may be a reflection of
differential bacterial populations. Furthermore, we administered 2 rounds of antibiotics to the PNfed piglets in order to prevent line sepsis, which piglets receiving long-term PN are prone to
develop. The administration of antibiotics will also have an impact on the intestinal microbiome
in our studies. The impact of PN therapy and exogenous manipulations such as GLP-2 therapy,
administration of different lipid emulsions, and antibiotic therapy on the intestinal microbiome in
our translational animal model will be the subject of a separate publication.
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Using our previously reported bile flow measurements, we were able to estimate the rate of
biliary output for each bile acid species (Table A2-2). Not surprisingly, the Sow-reared group had
higher bile acid excretion rates than both PN-fed groups. Interestingly, although GLP-2 therapy
increased bile flow, it did not systematically increase the excretion rate of all bile acids, namely
glycine-conjugated bile acids (especially g-CDCA), and unconjugated HDCA. The liver bile acid
concentration and liver total bile acid content are also important elements of the bile acid
homeostasis equation. We found that the Sow-reared group had higher liver bile acid
concentrations than both PN-fed groups but there was no difference between the PN/Saline and
PN/GLP-2 groups (Figure A2-7A). However, the PN/GLP-2 group had a greater liver total bile
acid content compared with both PN/Saline and Sow-reared groups (Figure A2-7B), driven by the
greater liver weights in that group as previously published [9]. In our previous report, we expressed
the liver weight in absolute terms, yet the Sowreared piglets had greater body weights than the PN
groups. When liver weights are scaled for body weights, one can further appreciate the
hepatomegaly effect of total PN itself and the additional trophic effect of GLP-2: 40.42±3.95 g kg1

(PN/Saline) versus 53.07±5.66 g kg-1 (PN/GLP-2) versus 25.73±1.34 g kg-1 (Sow-reared).

Interestingly, the PN/Saline group did not have a significantly greater liver total bile acid content
compared with the Sow-reared group. Given the increase in liver size with GLP-2 treatment, and
in light of the increase in CYP7A1 gene expression, one hypothesis may be that GLP-2 triggers
bile acid synthesis and this signals hepatic growth via protein synthesis.36 Furthermore, our
previous report did not observe an increase in Ki67 labeling as evidence for cell proliferation. It is
important to note that normally, the bile acid content in liver constitutes only 5% of the bile acid
pool [36]. While PN may decrease the overall bile acid pool, GLP-2 treatment may stimulate the
synthesis of more hepatoprotective bile acids in the liver, which may be the signal for increased
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hepatic growth rather than cellular proliferation [36]. In pig, the more hepatoprotective bile acids,
and thus more hydrophilic bile acids, are DCA and HDCA. Our hypothesis remains a speculation
as we did not perform profiling of bile acids in liver tissue, nor did we see evidence of increased
DCA and HDCA in our pig bile with GLP-2 therapy.
The transcriptomic data and bile acid profiles have provided insight regarding how bile acid
metabolism is altered with GLP-2 therapy, favoring an improved clinical phenotype in PNALD.
Future work will be aimed at identifying the signal to the liver that links GLP-2 therapy and
alterations in bile acid transport and synthesis pathways. The link is hypothesized to exist because
the GLP-2 receptor is not expressed on hepatocytes or nonparenchymal cells of the liver but is
expressed along the intestine, confined to enteric neurons, enteroendocrine cells, and pericryptal
subepithelial myofibroblasts [37, 38]. Many believe that the FGF-19/FGFR4 axis may represent
the pertinent signal to the liver [13, 14]. Via the enterohepatic circulation, bile acids activate
intestinal FXR, which induces ileal FGF-19 expression; FGF-19 in turns activates the FGFR4
receptor on hepatocytes, which represses CYP7A1 via c-Jun-N-terminal kinase [14, 28]. We
attempted to measure plasma FGF-19 levels using commercially available porcine-specific FGF19 ELISA assays from both Cusabio Biotech Co Ltd (Wuhan, Hubei, China) and MyBioSource
(San Diego, CA, USA), but FGF-19 could not be detected in many samples. We consequently
elected to measure the expression of FGFR4, and its cofactor, KLB, in liver and saw that both PNfed groups had significantly increased FGFR4 expression over healthy, sow-reared piglets (Figure
A2-4). In addition, GLP-2 therapy further augmented FGFR4 expression and tended to increase
KLB expression, over saline control, which adds evidence to the possible role of the FGF19/FGFR4 pathway in PNALD and may be the link between GLP-2 therapy and the liver.
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The data we have presented add to the emerging evidence of altered hepatic bile acid synthetic
and transport pathways, but many interacting pathways and regulators have yet to be explored in
PNALD. While bile acids are known to activate FXR, they also interact with other signal
transduction pathways, such as the c-Jun N-terminal kinase (JNK) pathway, also known to mediate
the downstream signaling of FGFR4 activation. Bile acids also activate other members of the
nuclear receptor family, such as the pregnane X receptor (PXR) and the constitutive androstane
receptor (CAR), both of which directly regulate MRP3 expression. We also did not explore the
bile acid conjugating enzymes, BACS (bile acid-CoA synthetase) and BAT (bile acid-CoA: amino
acid N-acetyltransferase), or look at transporters that import bile acids into the liver from the portal
circulation (NTCP, sodium-taurocholate cotransporting polypeptide). The exact magnitude and
directions of alterations in bile acid synthetic and transport pathways under different conditions of
PNALD also remain to be defined. For example, Pereira-Fantini et al. [13] recently reported
perturbations in FXR signaling in a juvenile piglet model of intestinal failure–associated liver
disease (without PN). Vlaardingerbroek and colleagues [12] recently investigated similar
alterations in bile acid homeostasis in a similar preterm piglet model of PNALD. Interestingly, the
investigators found decreased FXR expression in all PN-fed pigs compared with pigs fed enterally,
whereas we found no difference between our PN/Saline group and healthy, sow-reared pigs
(Figure A2-2). Vlaardingerbroek et al. also found decreased CYP7A1 expression but increased
CYP7A1 protein abundance in pigs fed PN with Intralipid (the equivalent of our PN/Saline group)
compared with pigs fed enterally, whereas we found no difference in CYP7A1 expression between
the PN/Saline and the Sow-reared groups. These differences between studies may be specific to
the animal model, preterm versus term piglet, and/or may reflect differences in experimental
conditions. There are also clear differences between studies with regard to the reporting of bile
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acid composition in bile. We were not able to detect UDCA or DCA and its conjugates or CA and
g-CA in our pig bile, whereas both Pereira-Fantini et al. and Vlaardingerbroek et al. did; the
reasons for these differences between studies may relate to methodological differences between
study groups.
There are several limitations to our study method. First, our results are focused on a
transcriptional analysis, and we acknowledge that protein abundance may not be reflected by
transcriptomic results. With regard to our bile acid analysis, we did perform the quantification of
g-HCA. The analyte of g-HCA was identified in this study based on the specific MRM (multiple
reaction monitoring) transition data (464.3/74.0) and the comparison of retention time with GCAd4 (glycocholic acid-2,2,4,4; a deuterated internal standard), but due to the lack of an available
corresponding standard, quantitative information could not be obtained. In addition, we could not
differentiate accurately between t-HDCA and t-UDCA for the peak detected under their mass
transition due to the lack of commercially available reference standards for these compounds,
which is why we have labeled this bile acid as “t-HDCA or t-UDCA.” However, given that we
were able to detect both unconjugated HDCA and g-HDCA and failed to detect any UDCA or gUDCA in our samples (for which we had standards), we believe this bile acid is most likely tHDCA. Regarding our gene expression data, we acknowledge that increased MRP3 expression
may represent a canalicular MRP3 (which exports phospholipids into bile) and/or the basolateral
MRP3, which exports bile acids into the systemic circulation. In the setting of PNALD, we expect
the increased MRP3 expression associated with GLP-2 therapy to be likely basolateral MRP3;
however, we did not confirm this with immune-histochemical analysis.
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A2.5. Conclusions
We report the novel finding that exogenous GLP-2 administration in a neonatal piglet model
of PNALD alters bile acid synthesis and transport pathways, which may mediate the GLP-2associated improvement in cholestasis. The transcriptomic results do reveal some mechanisms at
the transcriptional level acting to decrease bile acid synthesis (increased FXR, FGFR4 expression);
however, we found that GLP-2 increases CYP7A1 expression and thus bile acid synthesis.
Regarding transport, GLP-2 increases bile acid export from the liver via the increased expression
of MRP2 and MRP3 and a trend toward increased BSEP and OSTB. The bile acid profiles in the
bile reveal a decrease in taurine-conjugated bile acids, possibly secondary to increased excretion
into the systemic circulation, and a decrease in the abundance of toxic lithocholic acid with GLP2 therapy. GLP-2 treatment is associated with increased liver weight and a greater bile acid content
in the liver. Altogether, our data suggests that GLP-2 may improve PNALD by the following,
which lays foundation for future work: (1) improving bile flow, (2) increasing the excretion of
toxic bile acids (either in bile or into the systemic circulation), and (3) perhaps stimulating the
synthesis of more hepatoprotective bile acids in liver, which in turn stimulates liver growth. By
providing evidence that GLP-2 therapy alters bile acid homeostatic pathways in ways that benefit
PNALD, GLP-2 may potentially have a role in the armamentarium against PNALD. This would
be especially pertinent for infants with SBS, who make up a large proportion of patients dependent
on long-term PN therapy, where GLP-2 may therefore have dual benefit.
Supplementary Material
Supplementary material for this article is available on the Journal of Parenteral and Enteral
Nutrition website at http://jpen.sagepub.com/supplemental.
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Appendix 3*
Lysosomotropic Agents Selectively Target Chronic Lymphocytic Leukemia
Cells due to Altered Sphingolipid Metabolism
A3.1. Introduction
One of the major problems in cancer therapy is drug toxicity. Despite therapies designed to
target cancer cells, many of the standard therapies are also toxic to normal cells. This is also the
case in Chronic Lymphocytic Leukemia (CLL). CLL is a common leukemia and is characterized
by the accumulation of abnormal monoclonal B cells. Typically the disease is divided into those
with mutated IgVH and those with un-mutated IgVH. When treatment is required, the standard
initial therapy is chemoimmunotherapy typically using a combination of fludarabine,
cyclophosphamide, and rituximab (FCR) [1, 2]. In addition, the targeted kinase inhibitors ibrutinib
and idelalisib have shown effectiveness; however, dose reductions, toxicities, and drug resistance
remain problems [3, 4]. The type II monoclonal anti-CD20 antibody obinutuzumab has also shown
effectiveness in treating CLL, and in combination with chlorambucil has become a standard
regimen for patients unable to receive FCR [5, 6]. The increased efficacy of obinutuzumab
(formerly GA101) compared to rituximab could be attributed to its unique ability to enter and lyse
lysosomes in CLL cells [7, 8]. Thus, lysosomes could be a target for CLL therapy.
A novel therapeutic approach demonstrated in other cancer is the induction of lysosome
membrane permeabilization (LMP). This has been investigated in breast cancer [9, 10], colon

This appendix has been published as R.F. Dielschneider, H. Eisenstat, S. Mi, J.M. Curtis, W. Xiao, J.B.
Johnston, S.B. Gibson, “Lysosomotropic Agents Selectively Target Chronic Lymphocytic Leukemia Cells
Due to Altered Sphingolipid Metabolism”, Leukemia, 30 (2016) 1290-1300. I performed the HPLC analysis
of sphingolipids, collected and analyzed the data, interpretation of the sphingolipid composition in the cell
samples, and revised the manuscript.
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cancer [9, 11, 12], and acute myeloid leukemia (AML) [13]. Lysosomes are acidic membranebound organelles within the cytoplasm of all cells and are responsible for the degradation and
recycling of many cellular components. Despite the ubiquitous nature of lysosomes in all
mammalian cell types, these structures seem to be altered during the cancerous transformation of
cells. Thus, disruption of lysosomes may preferentially induce cell death in cancer cells, as
compared to normal cells. The literature has proposed numerous reasons for this cancer cell
selectivity such as down-regulation of lysosome-associated membrane proteins 1 and 2 (LAMP-1
and 2) [9] altered localization of heat shock protein 70 (HSP-70) [12, 14], and down-regulation of
acidic sphingomyelinase (ASM) [15, 16]. The latter study showed altered sphingolipid metabolism
in cancer cells, and how the exploitation of this alteration is a viable therapeutic approach.
There are several reports that suggest alterations in sphingolipid metabolism in CLL. First,
CLL cells have increased rigidity [17] that might be caused by high levels of sphingolipids [18,
19]. Secondly, many CLL cells have increased fragility, as demonstrated by the increased number
of smudge cells observed in peripheral blood morphology [20]. Increased membrane fragility can
be caused by high levels of sphingolipids [18]. Lastly, CLL cells exhibit constitutive signaling in
many pathways requiring lipid rafts [21]. Since sphingolipids are prominent and vital membrane
components in lipids rafts [22], altered sphingolipid metabolism could alter signaling in CLL.
Although numerous reports have suggested that sphingolipid metabolism is altered in CLL
cells, there still lacks concrete evidence for altered sphingolipid metabolism and altered
sphingolipid levels in this disease. Furthermore, little is known about lysosomes in CLL cells and
whether these cells are selectively susceptible to lysosome disruption. Thus, in the present study
we have investigated lysosome-targeting drugs, herein referred to as lysosomotropic agents, which
are under clinical investigation or clinically used for other functions as a potential therapeutic
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strategy in CLL cells, and examined the role of sphingolipid metabolism in this process.
A3.2. Materials and Methods
A3.2.1. Cell culture
Peripheral blood samples were collected from patients following informed consent in
accordance with the Research Ethics Board at the University of Manitoba. Samples were mixed
with RosetteSep (Stemcell Technologies) if the lymphocyte count was less than 40×109 L-1 and
then purified on a Ficoll-Paque gradient (GE Healthcare). Red blood cells (RBCs) were lysed with
RBC lysis buffer (eBioscience). All blood samples were processed within 24 hours after collection
and used fresh. For experiments, the leukemia cells were grown in Hybridoma serumfree medium
with glutamine (SFM, Life Technologies). Data for all patient samples used in this study can be
seen in Supplemental Table A3-1. Patient samples were only excluded from the study based on
low cell yield after processing or low viability. Samples were randomly used for different
experiments; no selection occurred. Lab personnel were blinded to patient characteristics until after
all experiments had been performed.
The human bone marrow-derived stromal cell line HS-5 (obtained as a kind gift from Dr.
Peng Huang, MD Anderson Cancer Centre) were cultured in DMEM with high glucose (Hyclone,
GE Healthcare) and 10% fetal bovine serum (Hyclone, GE Healthcare) and 1X penicillin and
streptomycin (Gibco, Life Technologies). Stromal cells were seeded at 5×104 cells per well of a
48-well plate 24 hours prior to addition of 5×106 CLL cells. This represents a 1:100 HS-5: CLL
co-culture ratio. Co-cultures were maintained in a humid 37 ºC incubator for 24 hours prior to the
addition of 5 μM siramesine. After 1 hour, CLL cells were collected and cell viability analysis was
performed.
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A3.2.2. Drugs and stimuli
Siramesine (kindly provided by Lundbeck) was dissolved in DMSO and kept at room
temperature. Nortriptyline (Sigma) was dissolved in ethanol and stored at 4 ºC. Desipramine
(Sigma) was dissolved in water and stored at 4 ºC. Fludarabine (Sigma) was dissolved in DMSO
and frozen stocks were stored at -80 °C. Ciprofloxacin (Sigma) was dissolved in 1 mM acetic acid
and stored at 4 °C. D-Sphingosine (Sigma) was dissolved in DMSO and stored in single-use
aliquots at -20 ºC.
Various inhibitors were added 1 hour prior to drug treatment: α-tocopherol (Sigma) was
dissolved in ethanol and prepared fresh for each experiment; lycopene (Sigma) was dissolved in
ethanol; N-acetyl cysteine (NAC, Sigma) was dissolved in 1X phosphate-buffered saline (PBS) at
pH 7.4 and made fresh for each experiment; Glutathione (Sigma) was dissolved in 1X PBS and
made fresh for each experiment; Ca-074-Me (Enzo Life Sciences) was dissolved in DMSO;
Chymostatin (Sigma) was dissolved in DMSO; E64 (Sigma) was dissolved in water; zVAD-fmk
(Caspase Inhibitor VI, Millipore) was dissolved in DMSO; and SKI II (Sigma) was dissolved in
DMSO. Unless preparations were made fresh, drug stocks were frozen at -20 °C. See Supplemental
Tables A3-2, A3-3, and A3-4 for details on drugs and concentrations used.
A3.2.3. Western blotting
Cell lysates were collected at the indicated times in 1% NP-40 lysis buffer with complete
protease inhibitor tablet (Roche), 1mM phenylmethanesulfonylfluoride (PMSF), and 2 mM
sodium orthovanadate (New England BioLabs). Protein levels were quantified in triplicate with
Pierce BCA kit (Thermo Scientific) according to manufacturer’s instructions. Samples were run
on 10% polyacrylamide gels and transferred onto nitrocellulose membranes (BioRad) blocked in
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5% BSA (Sigma) in tris-buffered saline with 0.1% tween-20 (TBS-T, Sigma). Primary antibodies
included anti-rabbit SPP1 (#108435, Abcam), anti-TFEB (#4240, Cell Signaling), anti-Sp1 (#07645, Millipore), anti-hexanoyl lysine (HEL, #93056, Abcam), anti-GADPH (#G8795, Sigma), and
anti-actin (#A2066 or A3853, Sigma). Secondary antibodies were goat anti-rabbit-HRP or goat
anti-mouse-HRP (BioRad). Detection of protein was with Pierce ECL or Pierce Supersignal Pico
(Thermo Scientific) reagents.
A3.2.4. Flow cytometry
For cell viability analysis, cells were stained with Annexin V-FITC (BD) and 7AAD (BD) for
15 minutes at room temperature. For lysosome staining, cells were stained with 50 Nm Lysotracker
Red DND-99 (Invitrogen) for 30 minutes at 37 °C. For mitochondrial membrane potential and
soluble reactive oxygen species analysis, cells were stained with 25 nM DIOC6 (Sigma) and 3.2
μM DHE (Sigma) together for 30 minutes at 37 °C. For lipid peroxidation analysis, cells were
stained with 1 μM BODIPY 581/591 (Invitrogen) for 30 minutes at 37 °C. Prior to analysis, all
stained cells were diluted in 1X PBS or 1X Annexin V Binding Buffer (Invitrogen). Flow
cytometry experiments were done alongside unstained and single stained controls using a BD
FACSCalibur machine and CellQuestPro software.
A3.2.5. Confocal microscopy
CLL cells were isolated from patient peripheral blood and cultured in Nunc Lab-Tek II
chambered coverglass (Thermo Scientific) overnight. The following morning, after adhering to the
coverglass, cells were stained with 50 nM Lysotracker for 30 minutes in a humid incubator at 37
ºC. Staining solution was removed and Live Cell Imaging Solution (Life Technologies) was added
prior to viewing under the Olympus IX82 confocal microscope and viewed using FLUOVIEW 4.3
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software.
A3.2.6. Lipid analysis
Cell pellets were re-suspended in LC/MS-grade water, vortexed for 15 seconds and sonicated
for 20 minutes. Then 50 μL of a 1 μM solution containing each of the internal standards (IS) C17:1Sphingosine,

C17:0-Sphinganine,

C17:1-Sphingosine-1-phosphate,

C17:0-Sphinganine-1-

phosphate, C17:0-Ceramide, C17:0-Glucosylceramide was added to 80 μL of the cell solution. To
this solution was added 300 μL of extraction solvent (chloroform/methanol, 1:2). The mixture was
vortexed, centrifuged at 2500 rpm for 15 minutes and the resultant supernatant was transferred into
a separate glass vial. The extraction procedure was repeated and the two supernatants were
combined. The final extract was dried under a nitrogen stream, redissolved into 500 μL of
methanol and then filtered through a 0.22 μm membrane for subsequent LC/MS/MS analysis.
The analysis of sphingolipids was performed on an Agilent 1200 series HPLC (Agilent
Technologies, Palo Alto, CA, USA) coupled to a 3200 QTRAP mass spectrometer (AB SCIEX,
Concord, ON, Canada) with Analyst 1.4.2 software. The identification of individual sphingolipid
molecules in the cell extracts was achieved by comparison of their retention times to the known
standards, accurate mass measurements and fragmentation patterns. Their quantification was
achieved via calibration curves of analyte to IS peak area ratio vs. the concentration for each
sphingolipid molecule.
Sphingosine-1-phosphate (S1P) was measured by ELISA (Echelon Biosciences). Experiment
was done exactly according to kit manual. Cell were lysed in lysis buffer at pH 7.0 containing 1%
Triton X-100 (Sigma), 20 mM PIPES (Sigma), 150 mM NaCl (Sigma), 1Mm EGTA (Sigma), 1.5
mM MgCl2 (Sigma), 0.1% SDS (Sigma), and 1mM sodium orthovanadate. Lysates were
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quantified using the Pierce BCA kit (Thermo Scientific) according to manufacturer’s instructions
and 30 μg was used for the S1P ELISA.
A3.2.7. Statistical analysis
Graphs were created and statistics were performed using GraphPad Prism4 software for
windows (GraphPad Software, La Jolla California USA). Unless otherwise noted, a paired or
unpaired two-tailed t test was performed according to the nature of data. When results from
multiple different patient samples are shown on one graph, the median and the standard errors are
shown. When multiple human samples are compared, the variances within groups (ex: unmutated
vs mutated, or CLL vs healthy) are similar and not significantly different except for Figure A3-6e
and Supplemental Figure A3-4c. The standard F test was used to compare variances. Statistical
significance noted in figures as * (p<0.05), ** (p<0.01), or *** (p<0.001). Densitometry of western
blot results was calculated using ImageJ [23].
A3.3. Results
A3.3.1. CLL cells are sensitive to lysosome disruption
Lysosome membrane permeabilization (LMP) has been recognized as a novel therapeutic
strategy in cancer [24], but little is known regarding its efficacy in CLL cells. In the present study
we treated primary CLL cells with a variety of known lysosomotropic agents: siramesine [10, 25],
ciprofloxacin [11, 26], nortriptyline [16], and desipramine [16]. All agents except ciprofloxacin
induced cell death at doses reported in the literature as measured by the Annexin V apoptotic assay
(Figure A3-1a-d). The doses of drugs required to kill 50% of CLL cells were 5 mM siramesine,
100 μM desipramine, 100 μM nortriptyline (Figure A3-1a, b, c), or greater than 300 μg mL-1
ciprofloxacin (data not shown). Siramesine induced cell death was an early event as measured after
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1 hour and remained the same after 24 hours (Supplemental Figure A3-1). Since siramesine had
the greatest activity at the lowest doses, MTT assays were done on 4 different CLL samples to
confirm loss of cell viability. The IC50 values for siramesine within these four samples was 2.4,
2.8, 5.4, and 6.0 μM. Thus, the dose of 5 μM siramesine was effective at killing CLL cells and was
used in subsequent experiments. We also tested total cell death with trypan blue staining method
but this was not as sensitive as Annexin V assay (Supplemental Figure A3-2). This could be due
Annexin V detecting earlier loss of cell viability than trypan blue. Thus, Annexin V and 7AAD
staining was used in all subsequent experiments.
To confirm that these agents were acting through LMP, primary CLL cells were stained with
lysotracker and the staining intensity was measured using flow cytometry both before and after
drug treatment in 5 minute time intervals. All drugs which caused cell death induced
permeabilization of lysosomes (Figure A3-1e-h). LMP was further confirmed using confocal
microscopy (Figure A3-2a), flow cytometry (Supplemental Figure A3-3), and western blot for the
nuclear translocation of transcription factor EB (TFEB), a master regulator of lysosome biogenesis
[27]. Approximately 50% of the cytosolic TFEB moved into the nucleus at 15 minutes (data not
shown) and 30 minutes post-drug treatment (Figure A3-2b, c). This confirms that these
lysosomotropic agents rapidly induce LMP in CLL cells which is followed by cell death.
A total of 123 CLL patient samples were tested in various experiments (Supplemental Table
A3-1). Of these, 71 CLL patient samples were analyzed for cell death when treated with 5 mΜ
siramesine. When comparing the cell death response with siramesine to various clinical parameters
such as patient age, Rai stage, ZAP-70, and IgVH mutational status (Supplemental Figure A3-4),
no significant correlations were found. Thus, siramesine kills CLL cells regardless of poor
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prognostic factors such as unmutated IgVH and ZAP-70 expression.
To investigate the role of the microenvironment on siramesine-induced cell death, CLL cells
were co-cultured with the human bone marrow-derived stromal cell line HS-5 for 24 hours and
then treated with siramesine for 1 hour (Supplemental Figure A3-5). Co-culture conditions
decreased siramesine-induced cell death, but was not statistically-significant.
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Figure A3-1.33CLL cells are sensitive to lysosome disruptors.
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Figure A3-2.34Lysosome permeabilization is accompanied by TFEB translocation.
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A3.3.2. Siramesine-induced LMP causes mitochondrial dysfunction and subsequent cell
death
As the mechanism of cell death with lysosome disruption appears to depend on the type of cell
studied [11, 26, 28, 29], we evaluated the biological changes leading to cell death following
siramesine treatment of CLL cells. Primary CLL cells were stained with lysotracker, BODIPY
581/591, DiOC6, or DHE which identify intact lysosomes, lipid peroxidation, mitochondrial
membrane potential, and soluble reactive oxygen species (ROS), respectively. Staining intensity
was measured by flow cytometry in 5 minute intervals before and after drug treatment. Within 5
minutes of drug treatment, lysotracker and BODIPY red fluorescence decreased while BODIPY
green fluorescence increased (Figure A3-3a, b, c), indicating lysosome permeability and lipid
peroxidation. At the same time, the lipid peroxidation product, hexanoyl lysine (HEL) adduct on
proteins, was slightly increased by western blot (Figure A3-3d, e). This slight increase in HEL
adduct formation observed after 5 minutes of siramesine treatment did not increase over time
(Supplemental Figure A3-6). Over a 40 minute time course, there was a gradual decrease in DiOC6
and increase in DHE fluorescence, indicating a loss of mitochondrial membrane potential and
increased levels of soluble ROS, respectively (Figure A3-3f, g). These results indicate that LMP
with siramesine in CLL cells occurs prior to mitochondrial dysfunction.
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Figure A3-3.35Siramesine-induced cell death involves lipid peroxidation and loss of mitochondrial
membrane potential.
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A3.3.3. Siramesine-induced cell death requires lipid peroxidation
It has previously been shown that siramesine-induced cell death is mediated by proteases and
ROS [10, 28]. Furthermore, the protease cathepsin B is required by valproic acid and fludarabine
to kill CLL cells [30]. To investigate the role of proteases and ROS in siramesineinduced CLL cell
death, CLL cells were pretreated with various inhibitors and scavengers for 1 hour. Protease
inhibitors CA-074-Me, Chymostatin, E64, and z-VAD-fmk did not prevent siramesine-induced
cell death (Supplemental Figure A3-7). In contrast, scavengers of lipid ROS, such as α-tocopherol
and to a lesser extent lycopene, blocked siramesine-induced cell death (Figure A3-4a, b), whereas
soluble ROS scavengers N-acetyl cysteine (NAC) and Glutathione failed to prevent cell death
(Figure A3-4c, d). To determine if lipid peroxidation involved oxidases, inhibitors of xanthine
oxidase and NADPH oxidase were tested. These failed to prevent siramesine-induced cell death
(Supplemental Figure A3-7).
To further investigate the role of lipid ROS in the process of siramesine-induced cell death, we
evaluated the effect of α-tocopherol on LMP and mitochondrial membrane potential in CLL cells
treated with siramesine. α-Tocopherol failed to prevent LMP (Figure A3-5a, b) but blocked lipid
peroxidation, changes in mitochondrial membrane potential, and the increase in soluble ROS
(Figure A3-5c-h). These results indicate that lipid ROS are not required for LMP but are a
consequence of LMP, leading to mitochondria dysfunction and cell death.
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Figure A3-4.36Siramesine-induced cell death requires lipid ROS, but not soluble ROS.
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Figure A3-5.37Early lipid peroxidation is required to affect mitochondria.
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A3.3.4. Altered sphingolipid metabolism in CLL cells primes the lysosomes for disruption
To determine whether CLL cells are more sensitive than normal B cells to siramesine treatment,
peripheral blood mononuclear cells (PBMCs) from CLL patients and age-matched normal donors
were isolated and treated with 1, 3, or 5 μM siramesine. Using flow cytometry, samples were gated
on CD3+ T cells or CD19+ B cells and cell death was analyzed. Results showed that CLL cells
were more sensitive to siramesine treatment than normal T cells (data not shown), CLL T cells,
and normal B cells (Figure A3-6a). A median of 15% of normal B cells or 40% of CLL cells were
killed by 5 μM siramesine. Even CLL cells with deletion 17p, which typically lack p53, were
sensitive to siramesine (Figure A3-6a and Supplemental Figure A3-8). Thus, CLL cells are more
sensitive than normal B cells to lysosome-mediated cell death mediated by siramesine.
To investigate the possible mechanisms for this differential sensitivity, we first determined the
number of lysosomes in CLL cells. Lysosomes from 100 CLL cells or normal B cells were counted
from images acquired using confocal microscopy. Lysosomes were counted from a single focal
plane. CLL cells were found to have a slight, but statistically-significant, higher average number
of lysosomes per cell than normal B cells, with means of 6 lysosomes/cell and 4 lysosomes/cell,
respectively (Supplemental Figure A3-9).
Sphingolipid metabolism was compared in CLL and normal B cells as the lysosome is a major
storage site for lipids in the cell and alterations in lipid metabolism have profound effects on
lysosome function [31, 32, 33]. To determine differences between normal B and CLL cells, the
GEO and ONCOMINE databases were mined for differences in lysosome or lipid metabolism
proteins. One alteration that we found consistently was an over-expression of sphingosine 1phosphate phosphatase 1 (SPP1) in CLL cells compared to normal B cells (Figure A3-6c) [34].
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Western blot analysis confirmed this over-expression at the protein level (Figure A3-6d and
Supplemental Figure A3-10a). There was no difference in SPP1 mRNA or protein expression
among CLL samples of mutated IgVH or un-mutated IgVH (Supplemental Figure A3-10b, c). In
addition, the product of this enzyme, C18:1 sphingosine, was also increased in CLL cells, as
compared to normal B cells (Figure A3-6e). Levels of other sphingolipids such as sphingosine-1phosphate, C18:0 ceramide, C16:0 glucosylceramide, and C20:0 glucosylceramide did not differ
between CLL and normal B cells (Supplemental Figure A3-11).
To confirm the role of sphingosine in sensitizing lysosomes to disruption, we treated CLL cells
directly with sphingosine. The addition of sphingosine significantly increased siramesine-induced
cell death (Figure A3-7a). Likewise, increasing sphingosine levels by inhibiting sphingosine
kinase (SK) with sphingosine kinase inhibitor (SKI) II also increased siramesine-induced cell
death (Figure A3-7b). A lower dose of 3 μM siramesine was used for these experiments. Similar
to siramesine, sphingosine was found to disrupt lysosomes and cause permeabilization within
minutes (Figure A3-7c, d) which led to a later effect on mitochondria (Figure A3-7e, f). In
addition, 5 and 10 μM sphingosine caused significant cell death in CLL cells within 1 hour (Figure
A3-7g) but was not toxic to normal B cells (Figure A3-7h). This effect was presumably because
CLL cells already have high levels of sphingosine. These results show that sphingolipid
metabolism, particularly sphingosine metabolism, is altered in CLL cells and the high levels of
sphingosine increase lysosomal disruption from agents such as siramesine.
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Figure A3-6.38CLL cells are more sensitive to siramesine and have more lysosomes, SPP1, and
sphingosine than normal B cells.
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Figure A3-7.39Excess sphingosine causes lysosome disruption.
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A3.4. Discussion
Since their discovery as the suicide bags of the cell, lysosomes have been explored as
therapeutic targets in cancer. However, little is known about lysosomes and lysosome-mediated
cell death in CLL. The results of the present study demonstrate that CLL cells are susceptible to
lysosome-mediated cell death, particularly to siramesine treatment. In addition, we demonstrated
that following siramesine induced LMP, lipid peroxidation occurs which leads to mitochondrial
permeabilization and cell death. Moreover, siramesine had little effect on normal B cells and the
selective killing of CLL cells appeared related to the increased number of lysosomes in these cells
and increased lysosome fragility due to altered sphingolipid metabolism (Supplemental Figure 12).
Clinically-tested agents were chosen for evaluation in CLL cells. Siramesine was originally
developed as a sigma receptor antagonist for the treatment of depression [35]. Nortriptyline and
desipramine are FDA-approved anti-depressants [36]. Ciprofloxacin is a FDA approved antibiotic
[37]. All these agents have been shown to induce LMP in cancer cells. Among the lysosome
disruptors investigated, siramesine was the most potent, as it was effective at the lowest doses that
correspond to its cytotoxicity in other cancer cells. It was effective in cells regardless of patient
age, IgVH mutational status, ZAP-70 expression, and cytogenetics; siramesine was even effective
in CLL cells with deletion 17p, which are typically resistant to standard chemotherapy. We also
found that bone marrow stromal cells did not confer significant protection from siramesineinduced cell death. This suggests that clinically relevant lysosomotropic agents are effective at
inducing cell death in CLL cells.
Lysosomotropic agents induce cell death through increased ROS and activation of cathepsins.
We found that siramesine caused lipid peroxidation leading to cell death. The pivotal role of lipid
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peroxidation in siramesine-induced cell death has been demonstrated in other models such as those
with breast cancer cells [9, 10, 28] and AML cells [13]. CLL cells may be particularly sensitive to
lipid peroxidation, as one report found that they lack endogenous inhibitors of lipid peroxidation:
tocopherols [38]. Furthermore, B cells have previously been shown to be more sensitive to
oxidative stress than other cells, including T cells [39].
Lysosomotropic agents, such as siramesine, activate cathepsins leading to degradation of antiapoptotic proteins in a variety of different cancer cells. In CLL cells, we previously demonstrated
that VPA and fludarabine in combination increases cathepsin B expression and cathepsin Bmediated cell death in CLL cells [30]. Despite the role of cathepsins in siramesine treatment in
other cancer cells [16, 35, 40], we found that cathepsins are not required for siramesine-induced
cell death in CLL cells. This suggests the main mechanism of action for siramesine in CLL cells
is through lipid peroxidation and not cathepsins.
The direct mechanism by which lysosome permeabilization leads to loss of mitochondrial
membrane potential is unknown in CLL cells. We speculate that lipid peroxidation generated at
the lysosomal membrane could directly oxidize and open the mitochondrial permeability transition
pore, as this has been shown in other models [41, 42, 43]. The exact mechanism of lysosomemitochondria crosstalk is unknown and is the focus of future investigations.
Aside from characterizing the efficacy and the mechanism of action of siramesine, we
investigated alterations in lysosomes that could explain the differential sensitivity of CLL cells to
normal B cells. To this end, we showed that CLL cells tend to have more lysosomes compared
with normal B cells. An increase in lysosome size or biogenesis has been noted in other cancers
such as AML [13] contributing to their sensitization to lysosomotropic agent treatment. The role
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of CLL lysosome numbers in response to siramesine is unknown, and would require future
investigation.
Similar to the slight increase in lysosome number, a slight increase in mitochondria has been
noted in CLL cells compared to normal B cells [44]. Mitochondrial functions are also altered in
cancer cells including CLL cells contributing to increased ROS levels [44, 45], but their role in
siramesine-induced cell death is controversial. Indeed, one study has suggested that siramesine
functions through mitochondria rather than through lysosomes to induce cell death [28]. In CLL
cells, siramesine permeabilized lysosome membranes before changes in mitochondrial function
occur, and blocking caspases or mitochondrial soluble ROS production did not prevent siramesineinduced cell death. This suggested that although mitochondria are involved in cell death, it is the
initial LMP and lipid peroxidation that is required.
Aside from alterations in lysosome numbers, lysosome function could be effected by altered
sphingolipid metabolism. Altered sphingolipid metabolism has been described in cancer cells [15,
16, 46], however this is the first study that has found an increased expression of sphingosine 1phosphate phosphatase (SPP1). Studies have found alterations in sphingosine kinase (SK) [47, 48,
49, 50] and acidic sphingomyelinase (ASM) [15, 16] in cancer cells; however, according to cancer
expression databases these proteins are not altered in CLL cells. Although siramesine inhibits
ASM, it is unlikely that this plays a role in the enhanced sensitivity of CLL cells to lysosome
disruption compared to normal B cells. Instead, the elevated sphingosine content appears to make
CLL cells more sensitive to sphingosine or siramesine, as compared to normal B cells. This agrees
with published studies that have shown that addition of sphingosine causes cell death [51, 52, 53].
Sphingolipid metabolism is a complex process which centers on the reversible metabolism of
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sphingosine-1-phosphate into sphingosine, then into ceramide, and onto more complex
glucosylceramides. Many of these components, particularly sphingosine-1-phosphate and
ceramide, act as second messengers to promote signaling and affect the balance between cell
survival and cell death. We found that sphingosine was the only sphingolipid in excess in CLL
cells; there was no difference in the levels of sphingosine-1-phosphate, ceramide, and
glucosylceramides between CLL cells and normal B cells. Excess sphingosine could affect all
membranes within the cell, but the lysosome membrane can be specifically permeabilized with a
pH-activated drug like siramesine. It is unclear at this point if excess sphingosine confers any
benefit to the CLL cells, and this will be the focus of future investigation.
Taken together, our findings provide evidence that lysosomotropic agents such as siramesine
selectively induce cell death in primary CLL cells compared to normal B cells. This selectivity is
at least partially due to alterations in sphingolipid metabolism and provides rationale to develop
lysosomotropic agents for treatment of CLL. Using lysosomotropic agents in combination with
chemotherapeutic agents is the focus of future investigation.
Supplementary information is available at Leukemia’s website.
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