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Abstract

Abstract

A combined two step extraction, using hexane/mathao extract neutral lipids and
chloroform/methanol to extract polar lipids, hasmedeveloped and validation. Four times
methanol wash were done to hexane/methanol exarattmerged with chloroform/methanol
extract to ensure optimized lipid classes distrdrubetween two solvent systems. Quick freeze
of hexane/methanol solvent system by dry ice wapiad to avoid adverse effect of generation
of micelle. The glass aminopropyl bonded column wsed to fractionate the lipid classes into:
neutral lipids (NL), free fatty acids (FFA), phosgpidylcholine/phosphatidylethanolamine
(PC/PE) and phosphatidylserine/phosphatidylinosii6/Pl). The results show that 99% of
neutral lipids were extracted into hexane while thdoroform/methanol remained 95 % of
PC/PE and 88% of PS/PI. According to verificatidrihon-layer chromatography (TLC) and gas
chromatography (GC) results, the solid phase etxtrac(SPE) separated the lipid classes
effectively with good recoveries. The fatty acidsffjes were compared with Folch extraction.
There were some differences between these two ihethidowever, the two-step extraction
showed very good repeatability and provided higbencentration of phospholipids in SPE
eluates, which make it suitable for analysis oég/from wild Atlantic cod fish.

Forty-three of wild Atlantic cod fishGadus morhua) were analyzed by the two-step extraction
we proposed. The lipid distribution and fatty acmmposition of different lipid classes were
studied. High level of 22:1-11 was detected in neutral lipids as an indicatodiet. Higher
amount of 18:1-9 and lower amount of 201-9 were found in phospholipids fractionated from
samples in high offshore oil activity field. Lowével of n-3/n-6 ratio was also observed in
PC/PE fraction. These observations support the thgses of altered fatty acid metabolism
proposed by Ballet al.>. However, the evidences were limited by the smaathple size and
larger biological variance. The Principal ComposeAnalysis (PCA) did not find obvious
difference between samples collected in two arNaseffect of offshore petroleum activity on
fatty acid composition in liver of Atlantic cods&dus morhua) can be concluded based on

present study.



1. Introduction

1. Introduction

1.1 Petroleum Inputs to the Sea

There is no argument that petroleum (crude oil #m&l products refined from it) plays a
pervasive role in modern society. A fluctuation28f percent in liquid petroleum’s price could
influence automotive sales, interest rates, holiayel decision, stock market trends, and even
the gross national product of a country. The funelatal impact access to crude oil can be easily
revealed by a quick examination of world historyepthe last century. Fortunes are made and
lost over it; wars have been fought over it. Howewadespread use of petroleum is changing
the environment as well as the human civilization.

A report from a variety of sources, including inttys government, and academic sources,
indicated that the sources of inputs to the seadeatategorized into four major groups: natural
seeps, petroleum extraction, petroleum transportagind petroleum consumptibriNatural
seeps occur when crude oil seeps from the geoitata beneath the seafloor to the overlying
water column. Yet these seeps release are at dovatenough that the surrounding ecosystem
can adapt and even thrive in their presence. Retmolextraction is sorts of human activities
associated with efforts to explore for and prodpet&roleum, which can result in releases of
crude oil and refined products. Petroleum trangpion could be either major spill associated
with tanker accidents or relatively small operatibreleases that occur regularly. Petroleum
consumption can result in releases as variablehasattivities that consume petroleum.
Obviously, the petroleum industry is the primarye of contaminants in the sea. Estimate of
the annual worldwide release of petroleum intodbean is up to 1,300,000 metric tons (about
380,000,000 gallons)! The corresponding estimate for the North Sea watotal of
approximately 8,200 tons according to estimatiamsnfNorway, Denmark, the Netherlands and
the United Kingdont.In 1992, the discharge of oil-based drilling fisiicilso known as muds, to
the Norwegian continental shelf was banned. Thesdsnmust be reinjected into reservoir or
brought to shore for cleaning and storadtence, in recently years the petroleum contamgnant
released into sea have been produced water, whiphimarily from fossil water present in the
reservoir and seawater injected into the reserimimaintain pressure. In 2010, 131 million

cubic meters of produced water was discharged @Ntrwegian sheff. The discharged volume

1



1. Introduction

is reduced since 2001, with the decline mostlywueduced oil productioh.

1.2 Components of Produced Water

Produced water is typically discharged to the odrasffshore petroleum production operations.
In an effort to allay the contamination of envircemh, the components of produced water and
their effects of ocean have been thoroughly ingestid by a large number of government and
industry studies. These studies focus on the faligwroups: oil, heavy metal and radionuclides.
Oil

Oil is a term applied to organic material that isp@rsed or dissolved in produced water at the
time of discharge. It can be in form of dispersddpbhydrocarbon organic material. Dispersed
oil is small oil droplets suspended in the waterittgrfacial tension between the oil and the
produced water. It is reported that an averages@ whetric tons oil per platform discharged into
the North Sea in 1989The hydrocarbon organic materials can be phecatboxylic acid and
low-molecular weight aromatic compounds. Large gtias of oil were discharged into North
Sea (Table 1-1) in 20690ver 27,000 tons organic acids were dischargedrinrth see which
contributed the largest part of pollutant. Thisutess consistent with Somerville’s reporfetthat

the acetic acid in produced water was found up @ "hg/L.In 2010, the average oll
concentration in the discharges of produced wates 1 mg/L when the regulatory requirement
stipulates a maximum of 30 mgilThe concentration of oil in water was under cdrtimvever
the volume was huge and up to 1157 Yonleanwhile, organic compounds, such as
benzene/toluene/ethylbenzene/xylenes (BTEX), alempls (AP) and polycyclic aromatic
hydrocarbon (PAH), were also response for mainugiolh of ocean.

Metal

Produced water may contain several metals in soluince produced water is thought to be a
concentrate of ancient seawater or fresh watels ot surprise that the metals present in
seawater also exist in produced water, such asecpl@ad, zinc. However, a few metals may be
present much higher concentrations than that iancleeawater. For instance, the produced
waters in North Sea contain high concentrationsiciel, possibly derived from biodegradation
of nickel porphyring. Besides, zinc is another metal need to be condemsethe annual

discharge of 2009 is much larger than others.
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1. Introduction

Table 1-1 Annual discharges of organic compounds and heastalnn produced water from

the Norwegian sector of the North &eanit is ton.

Compounds Annual discharges 2009
Oil in water 1157
BTEX 1903
Alkylphenols (G-Co) 323
PAH 102
Organic acids 27204
Cupper (Cu) 0.1
Lead(Pb) 0.3
Mercury(Hg) 0.009
Nickel (Ni) 0.1
Zinc(Zn) 7.1

Radionuclide

Radionuclides found in oilfield production are ofteeferred to as naturally occurring radioactive
material (NORM). The most abundant usually are uadP26 and radium-228°fRa and
2Ra)® Produced water from 153 oil and gas wells in Texa$.A., contains 0.1 picocurie/L
(pCilL) to 5,150 pCi/L ***Ra, and possibly a similar activity df®Ra’ Several other
radionuclides have been identified in the NORM afduced water, including’Sr,?*3Bi, **’Ac,

219, However, activities of these radionuclidesraueh lower than those of radium.

1.3 Biological Effects of Petroleum Releases

Petroleum input from anthropogenic sources, wheftioen spills or chronic release, is perceived
as a major environmental problem. Major oil spdtur occasionally and receive considerable
public attention because of the obvious attendamirenmental damage, including oil coated

shorelines and dead or moribund wildlife, espegialiled seabirds and marine mammals.
Meanwhile small amounts of oil released over lomgiquls also create chronic exposure of
organisms in the sea. Sources of chronic oil relez be natural seeps, leaking pipelines,
offshore production discharges, and non-point ruinom land based facilities.

Oil can kill marine organism, reduce their fithessough sublethal effects, and disrupt the
structure and function of marine communities andsgstems. Multiple temporal and spatial

variables make deciphering the effects extremdfcdit, especially when considering the time

and space scales at which marine populations argysiems change. The quantification of both
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effects and recovery are difficult, particularly eshthey must be measured against a changing
marine environment. Determining its significancenmre difficult than detecting an effect
(Figure 1-1). Besides, assessing recovery afterobutipn event is perhaps even more

challenging than assessing initial damatmwyever, some conclusions have been obtained recent

years.
Decreased
No response population D
size/ altered |—
population
it structure
Initial | ————|  Direct
ofling mortality
Indirect
d | / mortality
oil Secondary Food supply
spill » release of oil »  reduced
foraging Lowered <
behavior reproductive
altered SUCCESS
Cleanup
activities e
yloosiea Emigration
stress
Habitat Reduced
i habitat
quality
reduced occupancy
and use

Figure 1-1 Schematic representation of oil spill influencesseabirds. (from Wiens, 1995,
American Society for Testing and Materials).

Through the past three decades, contaminant lewel is potential effect to the coastal
ecosystems of North Sea have been monitored bguatbunding counties. The fish stocks
declined over the past decades. The main reasodefdming fish stocks is nearly certainly
overfishing, but other environmental pressures afgect fish populations, such as exposure to
metals and organic pollutions including PAHs, ARPsl @rganochlorine compounds. Produced
water is one of the main sources for these poltatafh studies conducted by an international

workshop BECPELAG) demonstrated thatomponents in offshore effluents may affect fish
4



1. Introduction

reproduction and that tissues of fish near oil ags structurally different to tissues of fish from
reference aredsMeier et al.® claimed APs in produced water could alter theyfattid in the
liver and brain of Atlantic cod. Their research ywaalso found that juvenile cod (from 3 to 6
months of age) appeared able to effectively metadoshort chain APs after exposed to
produced water. 1% produced water clearly intedresgth the development of normal larval
pigmentation and lead to inability of feed. Thesaa for the inability may be linked to the
increased incidence of jaw deformiti@®alk et al.? reported that there is a general relationship
between the intensity of oil production and thenméoker responses, such as induction of
biotransformation enzymes, oxidative stress, altéatty acid composition and genotoxicity, in
haddock and Atlantic cod in North Sea. Our rese@dbcusing on the fatty acid composition.
Instead of measuring chosen fatty acids (8 acid® weeasured by Bal& al.?), a full scan of
fatty acid compositions will be done to provide moevidence about effects of offshore
petroleum activity on lipid composition in Atlanteod’s liver. Moreover, the lipids in liver will
be analyzed by classes (storage lipids and membigids) instead of investigating the total
lipids. The present work is included in a compredinaminvestigation; the brain, muscle and liver
of wild Atlantic cod and haddock will be researchedliscuss the potential effects of petroleum

activity on ecology environment at North Sea.

1.4 Lipid Generalities

There is no definition of lipid that has been at¢edfoy any international body that recommends
standards or comment on nomenclature issues. Erersome useful online resources for an
overview of these molecules and their structureshas LIPID MAPS (LIPID Metabolites and
Pathway Strategy; http://www.lipidmaps.org), Lipidbrary (http://lipidlibrary.co.uk), and
LIPIDAT (http://www.lipidat.chemistry.ohiostate.edune specific definition has been proposed
by Christié® as “fatty acids and their derivatives, and sulmstanrelated biosynthetically or
functionally to these compounds”. A comprehensolassification was defined lipids as
hydrophobic or amphipathic small molecules that nwginate entirely or in part by
carbanion-based condensations of thioesters (fattis, polyketides, etc.) and or by
carbocation-based condensations of isoprene upiengls, sterols, etc'y.In this thesis, we

discuss the lipids based on the function. The $igick classified as storage and membrane lipids.

5



1. Introduction

1.4.1 Storage lipids
Storage lipids are stored in tissues and form #errate source of energy to glucose during
emergency situations. The typical storage lipidstaacylglycerol (TAG) and waxes.

Triacylglycerol (TAG)

TAG is an ester derived from glycerol and the thedty acids. It is resulted when all the three
hydroxyl groups of the glycerol molecule are e by one each of fatty acid molecules
(Figure 1-2). TAG is the most common type of steréigid in plant and animal organisms. It is
non-polar and hydrophobic molecules, essentialgoluble in water. There are many TAG,
depending on the oil source, some are highly unsi#d, some less so. Unsaturated fatty acids
(typically extracted from plants) have a lower nmgjtpoint and are more likely to be liquid at
body temperature while those from animals haveratdd fatty acid and are usually semisolids
at room temperature. Intake of unsaturated fatig aould reduce the incidence of cardiac
diseases, when they are made up of fat cells gtareutral fat and inter-cellular substance,
together constituting the adipose tissue in humady}’ Compared to other animal oil, the fish
oil has high level of omega-3 fatty acids, eicosapenoic acid (EPA) and docosahexaenoic acid

(DHA), which are high unsaturated fatty acid.

(0]

)WVV\/\/V\

o)
HZC/ o]

HClz—O—C

H,C
2 \O /\/\/\/\/\/\/\/
e

g
Figure 1-2 The structure of tripalmitin (example of TAG.)

Waxes
Biological waxes are long chain (14-36 carbon atosagurated or unsaturated fatty acid with
long chain (16-30 carbon atoms) alcohols (FiguB).1-

HZC/\/\/\/\/\/\/\/

/

O\C/\/\/\/\/\/\/\/

(@]
Figure 1-3The structure of Hexadecyl palmitate (example ak)wv
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1. Introduction

Wax esters generally occur on the surfaces of @sgento protect against water loss, but in
aquatic animals they are used as metabolic enesgrves’*Wax esters are the major neutral

lipids of deep-water zooplankton and fish, andajénoida copepods occurring at all depths.

1.4.2 Membrane lipids

The four major classes of membrane lipids are phalgpds, sphingolipids, glycolipids and
cholesterol.

Phospholipids

Phospholipids are a class of lipids that are a n@mponent of all cell membranes as they can
form lipid bilayers. Most phospholipids contain iglgceride, a phosphate group, and a simple
organic molecule such as choline (Figure 1-4b). fiéad group is hydrophilic while the long
fatty acid hydrocarbon chains are repelled by wakthkis special amphipathic character allows
phospholipids to play an important role in the pitadipid bilayer. Lipid bilayers occur when
hydrophobic tails line up against one another, fogra membrane hydrophilic heads on both

sides facing the water.

o)
on §H
R: PA: —H PI:
+
PC: _cHchzN(CH3)3 OH
. OH OH
PE: —CH,CH,NH;, Ps: —CH,CHCOO
NH;

Figure 1-4 The structure of phospholipids. PA: Phosphatidid, @ C: Phosphatidylcholine
PE: Phosphatidylethanolamine, PI: PhosphatidylinggPS: Phosphatidylserine
Sphingolipids
Sphingolipids are a class of lipids containing akb@ne of sphingoid bases, a set of aliphatic
amino alcohols that includes sphingosine (Figubg.IFhese compounds play important roles in

signal transmission and cell recognition.
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OH
P
OHZCWW\A
l\llH
Cﬁ_/\/\/\/\/\/\/\/\/\
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HyC N H o
—H g
—0
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o P HO HO
P~
o O

Figure 1-5The structure of sphingolipids;Rceramide; R sphingomyelin;
R3: glycosphingolipids.
Glycolipids
Glycolipids are lipids with a carbohydrate attacl{Edyure 1-6). They provide energy and also
serve as markers for cellular recognition. Glyadigpmetabolites molecules are involved in

diverse cellular process&s.

O—(”:/\/\/\/\/\/\/\/\/
o

Figure 1-6 The structure of glycolipid

Cholesterol

Cholesterol is an organic chemical substance fledsis a waxy steroid of fat (Figure 1-7). It is
an essential structural component of mammalian roelinbranes and is required to establish
proper membrane permeability and fluidity. Cell nieames require high level (typically an
average of 20%) cholesterol molecular in the wimoéenbrane, increasing locally in raft areas up
to 50% cholesterdl” Within the cell membrane, cholesterol also funwidn intracellular
transport, cell signaling and nerve conductiorthimliver, it is the precursor molecule in several

biochemical pathway¥
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OH

Figure 1-7 The structure of cholesterol
1.5 Fatty Acid
Fatty acid is a carboxylic acid with a long alipbatail (chain), which is either saturated or
unsaturated. Most naturally occurring fatty acidvéna chain of an even number of carbon
atoms, from 4 to 28. They are usually derived ffofG or phospholipids. When they are not
attached to other molecules, they are called ag*flatty acids.

Saturated fatty acid (SFA)

Saturated fatty acids have no double bonds betteemdividual carbon atoms of the fatty acid
chain. There are many kinds of naturally occurrB®yF, which differ mainly in number of
carbon atoms from 3 to 36. The dominating SFA imingafish is palmitic acid (16:0) and stearic
acid (18:0)°

Monounsaturated Fatty Acid (MUFA)

Monounsaturated fatty acids are fatty acids thaehmne double bond in the fatty acid chain and
all of the remainder of the carbon atoms in tharcigsingle bonded. MUFAs are liquid at room

temperature and semisolid or solid when refrigekaiéhe most abundant MUFA in tissue is

cis-9-octadecenoic acid (18rtt9).

Polyunsaturated Fatty Acid (PUFA)

Polyunsaturated fatty acids (PUFAs) are fatty atidd contain more than one double bond in
their back bone. It includes many important compsyrsuch as essential fatty acids, which is
fatty acid that humans and other animals must ingesause the body requires them for good
health but cannot synthesized th&hMammals lack the ability to introduce double boras
fatty acids beyond 9 and 10, hence ¢teecis-9,12-Octadecatrienoic acid (1&125), also termed
“linoleic acid (LA)”, and all cis-9,12,15-Octadecatrienoic acid (18133), also termed
“a-linolenic acid (ALA)” are essential for humanstime diet. In addition, the human body can

make some long chain omega-3 PUFAs (EPA and DH@infthe tow essential fatty acids
9



1. Introduction

aforementioned. Good dietary source of LA and AlrA seeds and vegetable oil, such as flax
seeds, flaxseed oil, Canola oil, soybeans. EPAIAHA can be obtained from marine fish, such
as salmon, mackerel, halibut, sardines and hermig® Although the conversion of ALA to
EPA and subsequently DHA occurs in human body, régsiires more metabolic work, which is
thought to be the reason that the absorption ofA3U& much greater from animal rather than
plant sources.

Nomenclature

Several different systems of nomenclature are uUsedfatty acids’’> A more meaningful
systematic nomenclature defined by standard Intiemel Union of Pure and Applied Chemistry

(IUPAC) terminology are encouraged by naming faityd after its parent hydrocarbon (Table

Arachidonic 20 20:4-6 All cis-5,8,11,14-Eicosenoic acid
EPA 20 20:5 n-3 cis-5,8,11,14,17-Eicosateraecaoid
Cetoleic 22 22:h-11 cis-11-Docosaenoic acid

DHA 22 6 22:6n-3 cis-4,7,10,13,16,19-Docosahexaenoic acid

1-2)23
Table 1-2 Terms and symbols designating major fatigls
Trivial name Chain  Double symbol Systematic name
length  bonds
Myristic 14 0 14:0 n-Tetradecanoi acid
Palmitic 16 0 16:0 n-Hexadecanoic acid
Palmitoleic 16 1 16:h-7 cis-9-Hexadecanoic acid
Stearic 18 0 18.0 n-Octadecanoic acid
Oleic 18 1 18:1n-9 cis-9-Octadecanoic acid
Linoleic 18 2 18:2-6 cis-cis-9,12-Octadecatrienoic acid
a-linolenic 18 3 18:3-3 All cis-9,12, 15- Octadecatrienoic acid
B-linolenic 18 3 18:3-6 All cis-6, 9, 12- Octadecatrienoic acid
Gadoleic 20 1 20:6-9 cis-9-Eicosenoic acid
4
5
1

In this thesis, the symbols are used. Unbranchéy éxids are described by the number of
carbons followed by the number of double bonds.sTle saturated fatty acid (SFA), palmitic
acid (Table 1-2) for instance, can be denoted a3. Tuble bond positions may be described
from either end of molecule. Double bond positigngen from the methyl end of the carbon
chain are commonly referred to by-“. Monounsaturated fatty acid (MUFA), gadoleic acid
(Table 1-2) for instance, may be denoted as 8®@1Double bonds in polyunsaturated fatty acid

(PUFA) are typically separated by a single methglanit. In this case, the complete molecular
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structure can be described by specifying the nurabearbons, the number of double bonds and
the position of the double bone system. For ingaB®A (Table 1-2) can be donated as 2635
If the double bond systems that do not have thelaegmethylene interrupted patters, the
distance of all double bonds from the carbonyl grehould be specified. Besides, the carbon
chain may contain triple bonds, branches, as veefiadurated and unsaturated carbon Ahgs.

These complex fatty acids are out of our discusaimhnot presented in Table 1-2.

1.6 Lipids in Cod Liver

In cod the fat is mainly stored in the liver as TAG it is reported by Meieat al.8. The lipid
content in cod liver is as high as 70% relativevet weight. The distribution of fatty acids in
different lipid class for neutral lipid (NL, typittg TAG), free fatty acid (FFA) and polar lipids
(PL, typically phospholipids) are around 95%, 4%l a?o, respectively. The phospholipids
account for a small percentage of lipids, but ithe building blocks for all biological cells
membranes. The portion of phospholipids is rel@fivetable while the storage lipids are
dependent on the energy condition of fish. The/fatid composition may affect mobilizatfn
and gonad maturati6h They are likely to be related to microsomal mesnle; electron
transport systeff, buoyancy mechanisthand fluidity of membrané%

There are several ways to affect the lipid compmsst in cod liver, such as diét water
temperatur& and water componefit® The dietary is most likely to affect the fattyidac
composition of neutral lipid%: Moraiset al. studies the effect of protein/lipid ratios in exted
diet on liver and muscle composition. An interegtiobservation is that liver compositions
(dominated by TAG) were more affected by diet, withiscle (containing more phospholipids)
presenting a much more homogenous FA prdfiléhis research supported that phospholipids
are more independent from dietary. However the pholfpids could be affected by other factors.
A laboratory study show that AP released in produsater alters fatty acid profile in the polar
lipid from the liver to contain more SFA and lessAAs?® Similarly, Deyet al. reported less
PUFAs were observed after exposure to petroleuphaspholipids. Besides, the amount of FFA
increased, which indicates that rapid mobilizatamturred due to oil exposut&Hereby, our
group is going to investigate whether the highnetee offshore oil activities affect the fatty

composition in Atlantic cod liver. Both neutralilils and phospholipids will be studies.
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1.7 Lipid Analysis

Lipid research has recently gained prominence thighemergence of lipidomic, although it has
been an intensive area of research already in966sl There are several revié® focus on
lipidomic research and compared the last methodslamd for lipid analysis recently. The
chromatographic techniqu€s mass spectromeffy nuclear magnetic resonafteand
biochemistry techniqué® are all adapted to analyze lipids in complex msasiwith high
sensitivity. Thin-layer chromatography (TLC), gdsamatography (GC), and high-performance
liquid chromatography (HPLC) are main techniquesduis lipid research. The conditions have
been well adapted for the analysis of various elass lipid compounds. GC is a routine method
for fatty-acid analysis after derivatization ofgat samples. The fatty acid composition of lipid
samples is determined by assessing the corresppfatily acid methyl esters (FAME) via GC.
For GC analysis, the extraction and purificatioprapches, the initial lipid extraction by solvent
and followed by their transmethylation are critit@l the chromatographic separation. However,
in case where the total fatty acid compositionte sample is sought, the fatty acids can be
extracted and methylated with one-step procedulesain methylation reagent is added directly
to the samples without previous extraction.

Extraction Approaches

Folch method! and Bligh and Dyer meth&tdbased on chloroform/methanol solvent systems
have been invariably used as standard methods. Woweother solvents such as
dichloromethane/metharfd] diethyl ethet* and hexane/isopropaidhave also been employed,
but there are no established criteria for chooshey most appropriate one. The accuracy of
different lipid extraction methods depends on tbkilslity of their constituent lipid classes in
the solvents employed and the nature of samplexresboth could influence the extent of lipid
extraction. There are many literatures comparedetkteaction methods for different nature
samples$®® The results show that Folch method has bettecieffty and yield to extract lipid
from most nature samples when one want to analgtee fipids.

Atlantic cod liver contains over 98% neutral lipiaisd 1% phospholipids. Majority of published
methods frequently used in fractionating lipid mapds offer limited possibilities for quantitative

isolation of phospholipids occurring in neutraldip-rich animal tissues. To separate small
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amount (43 mg) of phospholipids from a cream lijpattion containing 20 g of TAG, Franket
al.*® used 4,650 ml of organic solvents to elute a 180igjc acid column. Further, an improved
procedure was developed to isolate phospholipiois fipids mixture with ethanol, ether, and
chloroform, which was extracted from buttermilk bging methanol/chloroform® A simpler
extraction solvent system was introduced by Galagtosl.>’ later. They used petroleum
ether/ethanol/water binary system to isolate pholgpkds from triglyceride mixtures
successfully. A similar extraction system is praggbsand validated by our group.
Hexane/methanol will extract the liver sample faling by chloroform/methanol (2:1, v/v). This
two-step method can extract most neutral lipid ihexane and isolate phospholipids into
chloroform/methanol extract.

Directly Methylation

Considering the disadvantage of extractions (timaesaming, health risk, solvent demand),
one-step procedures have been devised for detdramnaf FA in a large range of biological
tissues>>® Meier et al® optimized a one-step extraction/methylation methimd FA
determination in marine tissues usinyf@ll factorial design and studied the effect ofaton
time, temperature, and presence of nonpolar sotwerfA recoveries, and further compared
them with the Folch method. This study clearly eagibed that the two methods showed similar
FA compositions when the values were expressed tbnt%, and the one-step method gave
higher recoveries than the traditional Folch methdalwever, one-step extraction/methylation is
not suitable for full lipid classes’ research ofrggex matrices.

Purification approaches

For semi-preparative isolation of lipid classedidsphase extraction (SPE) is a rapid and simple
alternative to TLE". Single aminopropyl bonded column has been empldgethe separation
of a broad variety of lipid mixtures of differentigins. Fungal lipid mixtured and lipid extracts
from mixed microbial culturé§ have been separated into three fraction comprigiegtral
lipids, free fatty acid and phospholipids. PereiaBlaset al.>” improved the SPE introduced by
Kaluzny, et al.>® for fractionation of liver phospholipids into PEE, PS, PI. However, Russell
and Werne® reminded us the use of SPE columns with tubes oset of high density

polyethylene (HDPE), HDPE coated with a fluorinaggalymer similar to Teflon and glass
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released short chain fatty acids (significantly0L&nd 18:0)Our research group also met the
blank problem when we were doing previous studye fhass SPE column was adapted to
conguer the problem. Our study showed that thesgld&E columns only released trace amount
(less than 1.Qug) of fatty acid while that of plastic columns weug to 25ug for 16:0
(unpublished data). The amount of phospholipidsagked by traditional method is around 1 %
and the SPE load limitation is around 10 mg. Theeefthe PS and Pl are extremely low level in
SPE eluates. The contaminant of short chain fatig affect the quantification of PS and PI
dramatically. The extraction method we proposednds to concentrate the phospholipids into
Chloroform/method extract while the neutral lipidse in another phase. In this case, the
separated fractions of phospholipids are of mugnéri concentration after purified by SPE. .
Meanwhile glass SPE columns were used to avoigrbieems related to blank sample.
Normally, to get pure phospholipid classes, largwant of solvents were used. Our research
group decreased the volumes of eluates as longas®mable resolutions are obtained. PE is
co-eluted with PC, while PS/PI are not eluted beeahe high interaction with stationary phase.
Instead of using huge amount of solvent to sepaP&eand PI, direct methylation will be

conducted to stationary phase of SPE column.
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1.8 Conclusion
Offshore oil exploration has been carried out i Worth Sea for more than 30 years. As the oil
fields are becoming “old”, the discharges of praetligvater have increased. Therefore, there are
big concerns about how this may affects the masiméronment. Ballet al.(2011} reported that
the offshore oil production could alter fatty aciomposition and metabolism of Atlantic cod in
North Sea, when other factors, such as temperatodedietary, are not the sources of lipid
composition changing. Instead of measuring choaty &cids (8 acids were measured by Balk
et al.?), a full scan of fatty acid compositions in diffet lipid classes will be done to provide
more evidence about effects of offshore oil prosuncon lipid composition in Atlantic cod’s
liver.
However, the amount of phospholipids in cod liverfar less normal (1% of total lipid).
Although the standard extraction method, Folch wetthas good efficiency to extract polar
lipid from animal tissue, it is difficult to analigsthe small amount of phospholipids in SPE
eluates when the sample load is limited by colunfnew combined extracted method has been
proposed and validated followed by using glass $BEmMnN to separate lipid classes. The
objectives of present work are to:
® develop and validate a combined extraction mettwo@xtract neutral lipids and polar
lipids separately;
® compare the lipids profile with that of standardtinogl (Folch method);
® analysis the fatty acid composition of livers ofdvAtlantic cod fish Gadus morhua) from
the North Sea using combined extraction method;

® explore the potential effects of offshore oil aityivn lipid composition of liver membranes.
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2. Method Development

2.1 Experiment

2.1.1 Sample Collection

The Cod Gadus morhua) was raised at the Institute of Marine Researargén, Norway. The

liver was dissected by scalpel and pieces were iputryotubes. All the samples were
immediately frozen in liquid nitrogen and laterrsi at -80°C until further preparation and/or

analysis.

2.1.2 Lipid Extraction and Gravimetric Analysis

Procedure 1: Folch extraction (FE)

Total lipid was extracted by a modified Folch mettawith chloroform/methanol (2:1. v/v). The
extraction of lipid was carried out in 25 ml glagshes with Teflon lined screw caps.
Approximate 0.5 g samples were defrosted and honibge by on a SENTRYY
microprocessor (Oslo, Norway) in 18 ml of chlorefdmethanol (2:1. v/v) solvent. Afterwards,
the mixture filtered through a glass filter funriel remove undissolved tissues. Non-lipid
material was removed by washing the extract wiBB% KCI (aq). Subsequently, the extract
was dried with MgSg{s) and filtered. The lipid content was determirfiemn this extract by
evaporating the solvent until constant weight. Metii (HPLC-grade) and chloroform

(HPLC-grade) were purchased from Merk (Oslo, Nonway

Procedure 2A: two-step extraction validation

Samples of 0.5 g were homogenized by microprocassar6 ml of methanol/hexane solvent
(1:3, v/v). The knife was washed by 4.5 ml of hexamd 9 ml of chloroform respectively. The
extracted mixture was centrifuged and hexane phasetransfer to pear-shaped funnel after
combined the hexane used to wash knife. The hesxsinact in pear-shaped funnel was washed
by 3 ml methanol four times and then evaporatedarséply by nitrogen gas until constant
weight. The first methanol wash went to combinéhwitethanol phase of extracted mixture and
merged together with the chloroform used to washfeknFinally the extract was in
chloroform/methanol (2:1) one-phase solvent. Aftet, the extract was removed the non-lipid

material and dried as described procedure 1 and evaporated until to constant weight by
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nitrogen stream. The other three times’ methanahea were evaporated separately by nitrogen
gas until constant weight. Quick freeze by drywaes conducted to each methanol wash before
transfer to break the micelle of liposome. The Inexphase appeared after freeze was transferred
back to hexane extract. This procedure got fivetspaf extracts, hexane extract (HE),
Chloroform/methanol extract (CME)"®3methanol wash (3MW),"#methanol wash (4MW) and

5" methanol wash (5SMW). Hexane (GC-grade) was obtiireen Merk (Oslo, Norway).

Procedure 2B: two-step extraction

Samples were prepared as describe@rwcedure 2A. Instead of washing hexane extract four
times, methanol washed thrice and the entire methawent to chloroform/methanol (2:1)
extract and were evaporated together until constarght. This procedure obtained two parts of

extracts, hexane extract (HE) and Chloroform/meathartract (CME).

2.1.3 Solid Phase Extraction (SPE) Procedure

The SPE procedure was adapted from the researdiit k@fs Perez-Palaciost al.>’ using
aminopropyl bonded phase columns to separate tipidures into individual classes. All the
extracts obtained irsection 2.1.2 went through column. Briefly, 0.5 ml of each extrac
(approximately 8 mg lipid) was loaded in a 500 nmgireopropyl modified silica minicolumn
(MACHEREY-NAGEL GMBH&Co. Germany), which had beerepiously activated with 4 ml
of hexane and 4 ml chloroform. Neural lipid (NL)reé fatty acid (FFA), and
phosphatidylcholine/phosphatidylethanolamine (PG/REre sequentially eluted with 7 ml of
chloroform/isopropanol (2:1, v/v), 5 ml of 2% aceticid in diethyl ether, and 10 ml of methanol.
The eluates were saved in 15 ml thick-walled gtages with Teflon lined screw caps, which
contained nonadecanoic acid (19:0) as internabdstahn The internal standard was dissolved in
chloroform and added to the reaction vials withO® il Hamilton syringe. We collected the
eluates drop by drop by controlling the vacuum. Vaeuum of apparatus for collection was
released immediately after the solvent wash togmethe columns from becoming completely
dry. The phosphatidylserine/phosphatidylinositob{i®) fraction was collected by methylating
the stationary phase of column directly. Blank owhueluates were collected periodically
without loading samples. All the eluates were evajsal to dry by nitrogen gas and stand by for

the thin-layer chromatography (TLC) and gas chrag@phy (GC) analysis.
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2.1.4 TLC analysis

TLC as described by Ols®was performed. Briefly, lipid fractions obtainetSection 2.1.3 and
dissolved in 50ul chloroform were separated by spotting on a sifjleh 60 plate 10 x10 cm
(Merck, Darmstadt, Germany). The samples and stdadeere loaded and first developed to a
distance of 4.5 cm form the origin using methyltate isopropanol: chloroform: methanol:
0.25% KCI in water (25:25:25:10:9, by volume) atsent system. After evaporation and dried
in vacuum dessicator, the plate was then developkdxane: diethyl ether: acetic acid (80:20:2,
by volume) t0~8.8 cm from the origin. Separated lipid classesewasualized by spraying the
plate with 3% cupric acetate in 8% phosphoric dcibwed by charring at 160C for 20 min.
Tentative identification of the lipid classes wasfprmed using standards that were spotted next

to the samples.

2.1.5 Methylation

Dry HCI in methanol (2.5M) was used as the metlhgtateagent. The reagent was prepared by
dissolving HCI gas in dry methanol as describedMsjer etal.®’. The tubes obtained from
Section 2.1.3, as well as 0.3 ml of total lipids (TL) from hexaextract and chloroform/methanol
extract, which also included internal standard @,9were added 1 ml of methylation reagent

and reacted in the oven (100) for 2 h.

2.1.6 GC analysis

About half of the methanol aliquot from the metliyla was evaporated under a stream of
nitrogen gas and 0.5 ml distilled water was adddtw corresponding fatty acid methyl ester
(FAME) was extracted by 2 ml hexane two times. Teharacted hexane was diluted or
concentrated to obtain a suitable chromatogra@spanse. One microliter was injected splitless
( the split was open after 2 min) in a HP-7890A ghsomatograph (Agilent, Palo Alto, CA,
USA) with a flame ionization detector (GC-FID), thelumn was a 25 mxX 0.25 mm fused
silica capillary, coated with polyethylene-glycal ©.25 um film thickness, CP-Wax 52 CB
(Varian-Chrompack, Middelburg, The Netherlands)litte (99.9999%) was used as mobile
phase at 1 ml/min to 45 min followed by 3 ml/mim 8 min. The injector temperature was 280
C and the detector temperature 300 The oven was programmed as follow: 80  for 2 min,

15 ‘C/min to 150°C , then 2.8C /min to4R 'C where the temperature was held Z8rmin, t.
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total analysis time was 68 min. the last majoryfaitid (24:1 n-9) eluted at approximately 35
min. the chromatographic peaks were identified byngaring retention times with a FAME
standard (GLC-68A from Nu-Chek Prep. Elysian, MNGA).

To monitor the performance of the GC, a standarxture, with known concentrations of the
FAME (GLC-463, Nu-Chek Prep. Elysian, MN, USA) wiagected for each f0sample. Peak
areas were correct by the use of empirical resptatders relative to 18:0. The response factors
for FAME not present in the standard mixture weseneated according to the identity and the

retention time relative to the standard FAME.

2.2 Results and Discussion

2.2.1 Quality Control

SPE Control

SPE is widely used technique to separate lipidstia%®® even to be a popular student
laboratory topi¢>. Russell and Werne reported that the SPE colunitis tubes composed of
high density polyethylene (HDPE), HDPE coated vatfluorinated polymer similar to Teflon
and glass released short chain fatty acids (sigmifly 16:0 and 18:0) However, the glass
column vyielded relatively less contamination. Inr aiudy, the blank samples are important
quality control sample. The release of fatty acidsm columns is presented in table 2-1.
Majorities of FAMEs are negligible in blank sampiehereas 16:0 and 18:0 show detectable
amount, which is consistent with previous sttidy

The SPE column has sample load limitations (leas #0 mg lipid mixtures). When the analyst
contains very high level of specific lipid clasgher lipid classes are of quite small amount.
Consequently some analytical problems may occurtaldlee paucity. In our liver samples, 99%
of total lipids are neutral lipids. The extractrfrd-olch extraction only included 1.5 (Table
2-1) of 16:0 in the SPE eluate of PS/PI, which tares of that released by blank samples. Thus,
the quantification of 16:0 from PS/PI eluate coblkel interfered by columns while FFA and
PC/PE fraction are also sensitive to blank cordig# to low amount of 18:0. The new method
we used show obviously less neutral lipids and npirespholipids in one extract, which was
eluted into four lipid classes, and all the lipidsses are much higher relative to blank control.

Therefore, blank interference is avoided by usimgrtew method.
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Table 2-1fatty acid methyl esters (FAMES) in blank sampid axtracts (unitug, Mean +
standard deviation)

Blank sample (n=6) FE (n=3) CME (n=5)
16:0 18:0 16:0 18:0 16:0 18:0
NL 0.2+0.1 0.1+0.1  1928.8+476.6672.8£140.1 603.7£107.6 163.7+31.7
FFA 0.4+0.4 0.3£0.2 2.810.4 1.2+0.1 148.7£29.313.1+£1.6
PC/PE 0.3+0.3 0.2+0.2 35.7£2.6 5.240.8 148.7+£29.316.4+5.0
PS/PI 0.240.2 0.1+0.1 1.5+£0.2 2.61£0.0 11.0£1.5 2.3+

(Abbreviations: NL, neutral lipids; FFA, free fatt acid; PC/PE,
phosphatidylcholine/phosphatidylethanolamine; P3Rbsphatidylserine/phosphatidylinositol;
FE, Folch extraction; CME, chloroform/methanol ext)

GC Analysis Control

The GC performance was monitored by testing a stahiohixture with known concentrations of
the FAMEs. They were injected for eacH"1€ample. The empirical response factor, as well as
control chart, was calculated from chromatogramstahdard mixture. In present study, the
control limits of response factor is 1680.15. As the results presented in the Figure 2tiha
peaks are in the control interval. However, thekpafa22:6 n-3 is close to lower control limit
during the whole analysis, which is agree with ottemresented results® The fatty acid of
22:6n-3 is the most likely loss sample in the liner or enfuin GC when traceable amount of
nonvolatile compounds were left in instrument. br study, 22:61-3is the key control point.
The equipment maintains, such as cutting columrg eane several times when the empirical
response factor was out of control limit. The agereesponse factor was used to adjust the peak

area and quantification.

—— SO 5E
factor

Control sample s conitrol limit

- 1,30 s cenitral line

Figure 2-1the mean value of response factors obtained fralxthek standard mixture
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2.2.2 Lipid Extraction Procedure

Isolate small amount of polar lipids from neutigid-rich animal tissues has been discussed
since more than 50 years ago. Some efforts hava Heee. Smith and Jatkimproved
procedure isolate phospholipids from lipid mixtumsh ethanol, ether, and chloroform, which
were extracted from buttermilk by using methandbotform before’® Galanoset al.>* used
petroleum ether-ethanol-water binary system taateophospholipids from triglyceride mixtures
successfully. Our group proposed and validatedHgrane/methanol (3:1, v/v) solvent system to
extract neutral lipids following by chloroform/meitol (2:1, v/v) to extract phospholipids in the
cod liver samples.

Effect of methanol wash

Compared to the classic method FE, this two-stefhogeintroduces methanol/hexane extraction
system and the hexane phase was washed severalymeethanol. The TLC analysis plate was
presented in Figure 2-2. Only neutral lipids (tybhiz TAG) were observed in hexane extraction.
All the lipid classes can be found in the CME aMV2 The spots related to polar lipids weaken
as the increase of methanol wash. Besides theastdsxdhowed in plate, some other lipids can

also be identified by reference literattire

- EFA
- $ —pPC

HE ... CME 3MW.4AMW S5MW STD
P I T T I P =
Figure 2-2 TLC analysis of two-step extraction validation GAriacylglycerol; FFA, free
fatty acid; C, cholesterol; PC, phosphatidylchaliR&, phosphatidylethanolamine. HE,
hexane extract; CME, chloroform/methanol extraMV® 3" methanol wash; 4MW,"4
methanol wash; 5SMW,"smethanol wash; STD, standard)
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Sphingolipids (SL) wa®bserved above PE; cardiolipin (CL) was locatedelbén PE followed

by Pl and PS. Sphingomyelin (SM), which was locdietiveen origin and PC, occurred in very
small amount. All these extracts went through SRi€gdure and were quantified by GC (Table
2-2). More than 90% neutral lipids stayed in HE levluinly 5.83% phospholipids were remained.
The content of NL decreases as the increase ofametiwash. Nevertheless, th® ethanol

wash has higher amount of NL than the fourth, whiglght be interpreted as over methanol
wash could have adverse effect to concentrate aldigid into hexane extract. The reason for

increasing amount of NL could be the generatiomizklle.

Table 2-2lipid classes distribution in extraction fractioisnit: %)

Fraction NL FFA PC/PE
HE 91.92 28.95 5.83
CME 2.68 38.34 76.64
3MW 1.76 16.92 15.50
AMW 1.18 8.48 1.87
5MW 2.45 7.31 0.16

(Abbreviation as in legends to Figure 2-2)
This micelle generation is also proved by TLC as@lyAs for the polar lipid, the percentage of

76.64 PC/PE was extracted by chloroform/methansingymethanol to wash hexane extract can
obtain more PC/PE. The 5MW only had 0.16% PC/PE Téfus, the B methanol wash is not
used in the two-step extraction. The free fattylagas with small amount in our samples since
the samples were collected and stored in very kEmperature. FFA is sample quality control
parameter. They were not detailed as long as tleeg maintained with a reasonable amount.
Effect of micelle

Micelles form when the concentration of surfactast greater than the critical micelle
concentration, and the temperature of the systegneister than the critical micelle temperature.
Micelle formation is essential for the absorptidnfai-soluble vitamins and complicated lipids
within the human. However, in our case, the fororatof micelle has adverse effect for
extraction. During the extraction procedure, thecemtration of lipid in methanol/hexane
solvent system was high to a point, which was redcht that the unfavorable entropy
consideration, derived from the hydrophobic entheflipid molecule, become dominant. At this

point, the hydrocarbon chains must be sequestevay tom the methanol.
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- ¢ —c

= FFA
- | — — c

- .—PE I

— PC

TL-H ek
ethanol/hexane extraction
Figure 2-3 The lipid classes extracted by ethanol/hexaneesygabbreviation as in legends
to Figure -2. TL-H, total lipids in hexane extract; -E, total lipidsin ethanol extra).

Besides, the lipid micelles possibly packed someahe molecules inside. It was clear that the
volume of hexane phase decrease after extractmdestruct the micelle structure, quick freeze
by dry ice was conducted before phase separatitrer®ise, some hexane solvent would be
drag into methanol in the form of micelle, furtladfect the ratio of chloroform/methanol solvent

system used in the second step extraction. Oupexpry experiment showed that more neutral
lipids remained in polar phase when micelles wetgbnoken (Figure 2-3). The TL in ethanol is

the same as that extracted by methanol. There igada corresponding neutral lipid located in
the line extracted by ethanol. However, this areerehsed dramatically after quick freeze action

conducted (Figure2-2).

2.2.3 Lipid Classes Separation

Lipids are important constituents of all marine amigms and as such frequently have to be
analyzed and quantitated in the study of marinesystems. Marine and freshwater lipids are
frequently separated into lipid classes using TUCSBE. Latter technique does not offer the
same resolution as TLC and is usually preferrednwaelarge quantity of sample is being

separated. In present study, SPE was used to ssphédd extracted before; meanwhile TLC is

used for verification of fractions.
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TL NL FFA PC/PE  STD TL NL FFA PC/PE STD
Hexane extraction ' Chloroform extraction

Figure 2-4 Separation by SPE of lipids extracted from codrigAbbreviation as in legends
to Fiqure i-2. TL: total lipids; NL: neutral lipid)

The TLC solvent system used in present work wadiexpnd verified by Olseet al.®* who
separated total lipid extracted from different aguapecies. The resolution of TLC is good
enough to verify the SPE eluted fractions. Thefigations are presented in Figure 2-4. The
SPEs separated lipid classes effectively accortied LC results. To decrease the use of solvent,
PC and PE were co-eluted together, while the P8#pe¢ obtained by methylating the stationary
phase of SPE column directly. Since we will disctis phospholipids together, this separation
is effective enough. The lines for NL and PC/PEenguite clean. However, a weak spot appears
above the target FFA in hexane. These resultsatelthat NL, PC/PE eluted fractions were with
high purity while the FFA fraction had some NL doted.

There are no obvious points corresponding to pgdats showed in TL of hexane extraction,
which suggests the amount of polar lipids were wéhy small amount in hexane extraction. The
chromatographic results (Table 2-3) show that ntlba@ 95% neutral lipids were extracted into
hexane phase while the PC/PE left in hexane extvact less than 5 %. On the contrary, the
areas related to PC/PE were clearly observed irh bbt and PC/PE fractions in
chloroform/methanol extraction. Compared to hexamdraction, the lipids extracted by
chloroform/methanol were with higher amount of pdigid, which were (95.1+2.0) % for
PC/PE and (87.6x4.6) % of PS/PI. This selectivé&idistion suggests that the extraction method

we proposed concentrates neutral lipids into hexamction while the polar lipids prefer to go
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to chloroform/methanol extraction. It can be usedemove neutral lipids when the targets are
polar lipids. Moreover, by removing neutral lipidse SPE eluates of extract from CME were of
higher concentration of phospholipids. ComparedP®©/PE and PS/PI eluate from Folch

extraction, higher concentration of PC/PE and P@&tk obtained after lipid classes’ separation.
Multiple tests are possible for higher concentragamples. Since the extraction and purification

procedure are time-consuming, handy sample witittingf concentration is of great importance.

Table 2-3lipid classes distribution in two extracts (%, meastandard deviation, n=5)
TL NL FFA PC/PE PS/PI
HE 95.6+0.9 95.0£2.5 57.9£32.1 4.9+1.9 12.4+4.6
CME 4.4+0.8 5.0£2.5 42.1+£32.1 95.1+1.9 87.614.6
(Abbreviation as in legends to Figure 2-2)

Besides, the lipid class separation procedure bed gecoveries. The recoveries for hexane and
chloroform/methanol extracts were (98.5£2.9) % g88.6+7.5) %, respectively. All the

separations showed acceptable recoveries (90 %%4).10

2.2.4 Comparison with Folch Extraction

In table 2-4, the total lipids determined by nevoistep extraction and their gravimetric result
are compared with that of Folch extraction. Thalt&As determined by GC are significantly
less than gravimetric results for both methodsc&ie cod liver lipids nearly totally contain of
triacylglycerids (>99%), the theoretic FA/lipid matshould be 0.95. However, our results were
around 0.75 and 0.68 for two-step extraction ankth~extraction. One explanation may be a
systematic error in the concentration of the indéistandard 19:0 used in the analysis. If the
amount of 19:0 has been higher than expected indloailation would one get a underestimation
of the quantification of fatty acids in the samplasother explanation for the low FA/lipid ratio
could be that gravimetric lipids include non lipigaterial and that the lipid % relative to wet
weight was too high. However there were very gogde@ment between the two different
extraction methods, and the “dry” lipids after waeaporation of the solvent had a clear oily
condition and there were no visible signs of paftic or other non-lipid materials. None of the
two explanations seems likely, so at the presemhemd | do not have any final explanation for
this.

The lipid distribution obtained by these two methodid not show significant difference.

Nevertheless, the two-step extraction got (G:2607) mg/100mg PC/PE while the Folch
25
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extraction had (0.320.02) mg/100mg.tlis most likely that two-step extraction has lower
efficiency to extract PC/PE (t-tegt=0.051). In addition, the standard deviations ob-step
methods are clearly higher than that of Folch exiwa. This uncertainty is involved in multiple

transfer as well as stability of instruments.

Table 2-4Total lipid and lipid classes determined by twepséxtraction and Folch extraction.
Values are mg/100 mg wet weight of tissue (meatatdard deviation).
two step extraction  Folch extraction

n=5 n=2
Gravimetric total lipid 57.68+1.23 56.66+0.04
Total FA 43.01+3.17 38.64-2.90
NL 41.92+2.95 40.68+0.11
FFA 0.10+0.04 0.05+0.00
PC/PE 0.26+0.07 0.39+0.02
PS/PI 0,04+0.01 0.04+0.00
SPE recovery 98.5+2.9 106.6:7.6

(Abbreviation as in legends to Figure 2-2)

In cod liver, more than 98% of the total lipids ff@ 2-5) were NLs. The traditional method only
extracted approximate 0.96 % of PC/PE and even((e%6 %) PS/PI relative to total lipids. In
this case, SPE eluates corresponding to FFA, P@fBEPS/Pl were of very low concentrations.
Subsequently, inaccurate quantification or intemee from blank samples might occur. In our
two-step extraction, majority (95.5 %, Table 2-3)neutral lipids were extracted into hexane
extract. Thus, the percentages of FFA, PC/PE adIP&ve increased around ten times in CME,

to be 2.50%, 12.27 % and 1.84 %, respectively.

Since 99.8% of lipids in hexane were neutral lipidejority of PC/PE (95.1, Table 2-3) and
PS/PI (87.6, Table 2-3) were contained in CME; FW&se minority in samples, two ways to
calculate the lipid distribution were discussed.eQwas using the sums of each specific lipid
class in both HE and CME to be divided by the tédttly acids in two extracts, while another
took the total lipids in HE and neutral lipids ftan in CME as total neutral lipids and the other
three fractions only took the corresponding pamt$ME into account. These two calculations
showed coincident results except less FFA was [aémnliin calculation 2. However, the FAA is
out of main concern. The similarity of two calcibaits suggests that the separation of HE is not
necessary. The HE can be considered as pure nkpitlal Therefore, only CME was separated

by SPE and calculation 2 was used when analyzif@yAtiantic cod liver.
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Table 2-5lipid classes relative to total lipids (%, meastandard deviation)

Two step method Two step method

HE CME calculation 1 calculation 2 Folch extraction
(n=5) (n=5) (n=5) (n=5) (n=3)
NL 99.83+0.14 83.39+1.08  99.09+0.30 99.3+0.13 98.80+0. 05
FFA 0.13+0.12 2.50+0.15 0.24+0.13 0.11+0.02 0.18%0.
PC/PE 0.03+0.02 12.27+1.22 0.58%0.16 0.53+0.11 0.96+0.55
PS/PI 0.01+0.00  1.84+0.09 0.10+0.02 0.08+0.01 00103

(Abbreviation as in legends to Figure 2-2)

Compared with the results of Folch extraction, sigantly less PC/PE (t-test, p<0.05) was
obtained by two-step method calculation 2, whiclncides with the extraction efficiency
aforementioned. The other three fractions showatcmtent results between two-step extraction
and Folch extraction.

Table 2-6 details the fatty acid composition in tnalulipids. The fatty acid profiles for neutral
lipids are quite similar for these two methods.Olwas the main saturated fatty acid, while 18:1
n-9 was the main MUFA. The sum of SFA and MUFA w2E% and 40 %, respectively. The
dominants PUFAs wer@-3 series fatty acid, being 30% of neutral fatty agciavhich is
consistent with marine fish’s characterization. léeer, the method we proposed extracted less
(t-test, p<0.05) PUFAs, typically 201%3 and 22:6n-3. Thus the ratio oh-3/n-6 was relative
lower.

Most of profiles for PC/PE in both chloroform/metioh extract and Folch extract are
comparative (Table 2-7). However, different exti@ts do occur in two methods. New method
extracted significantly less (t-testp < 0.05) monoenoic fatty acids. Besides, more
polyunsaturated fatty acids appeared in CME, eaflg@2:6n-3. The fatty acids oh-3 series
were significantly higher than that of Folch extras. Meanwhile, then-6 series fatty acids
were less extracted. Subsequently the discriminak#dction ofn-3 andn-6 series leads to a
higher ratio o-3/n-6, which is an important biomarker for marine fish.

For PS/PI profile comparison, there were more thffiees. The profiles for saturated fatty acids,
16:0 and 18:0 showed significant differences. MbB&) and less 18:0 were extracted by CME.
Eventually, the saturated fatty acids extracted GME were less than that of FE. Some
significant differences also existed in MUFA extrans. The tendency to extract PUFAS is

similar as that happened in PC/PE fraction witargdr difference.
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Table 2-6 Fatty acid composition (wt. % of totatyaacids) of the neutral lipids of cod liver

(mean values * standard derivation)

NL-HE NL-FE
(n=5) (n=3)
14:0 3.59 + 0.11 3.70 £+ 0.02
15:0 0.39 + 0.01 0.36 + 0.00
16:0 15.71 + 0.32 15.42 + 0.29
-17:0 0.32 =+ 0.04 0.29 + 0.01
17:0 0.31 + 0.00 0.31 + 0.01
ai-18:0 0.41 + 0.01 0.37 + 0.00
18:0 445 + 0.07 458 + 0.01
YSFA 25.87 + 0.49 25.47 + 0.31
16:1 n-9 0.39 + 0.00 0.37 + 0.03
16:1 n-7 6.26 + 0.13 6.16 + 0.08
17:1 n-x 0.39 + 0.02 0.36 + 0.01
18:1 n-11 1.10 + 0.13 0.93 + 0.08
18:1 n-9 17.82 + 0.19 18.15 + 0.08
18:1 n-7 422 + 0.02 442 + 0.04
20:1 n-11 0.98 + 0.02 0.99 + 0.00
20:1 n-9 440 £ 0.04 441 + 0.03
22:1 n-11 3.01 + 0.04 3.20 + 0.08
22:1n-9 0.33 + 0.01 0.27 + 0.08
YMUFA 39.80 + 0.27 40.33 + 0.20
16:2 n-4 0.58 + 0.01 0.56 + 0.01
18:2 n-4 0.38 + 0.01 0.38 + 0.00
18:2 n-6 5.03 + 0.03 5.13 + 0.06
20:2 n-6 0.30 + 0.00 0.31 + 0.00
20:4 n-6 0.63 + 0.01 0.58 + 0.03
22:4 n-6 0.25 + 0.01 0.26 + 0.00
22:5 n-6 0.21 + 0.00 0.22 + 0.00
18:3 n-3 1.21 + 0.01 1.23 + 0.01
18:4 n-3 1.71 + 0.03 1.73 + 0.01
20:4 n-3 0.78 + 0.02 0.80 + 0.05
20:5 n-3 9.59 + 0.24 11.48 + 0.20
21:5 n-3 0.47 + 0.02 0.52 + 0.01
225 n-3 1.90 + 0.07 2.20 + 0.00
22:6 n-3 10.43 + 0.36 11.20 + 0.06
YPUFA 34.33 + 0.72 37.26 + 0.29
Y (n-6) 6.75 = 0.09 6.82 + 0.06
¥ (n-3) 26.19 + 0.66 20.32 + 0.25
(n-3)/(n-6) 3.88 + 0.07 430 + 0.02

(Numbers marked by boldface are significant diffétia pair (t-testp< 0.05)

28



2. Method Development

Table 2-7 Fatty acid composition (wt. % of totdtyaacids) of the phospholipids of cod liver

(mean values * standard derivation)

PC/PE-CME PC/PE-FE PS/PI-CME PS/PI-FE
(n=5) (n=3) (n=5) (n=3)

14:0 152 + 0.11 1.79 + 0.22 1.32 + 0.14 1.11 + 0.01
15:0 0.37 + 0.02 0.33 + 0.03 0.25 + 0.04 0.24 + 0.02
16:0 25.66 + 1.09 2504 + 092 1286 + 0.78 1054 + 0.11
-17:0 0.31 + 0.01 0.27 + 0.01 0.19 + 0.02 0.17 + 0.04
17:0 0.31 + 0.02 0.34 + 0.01 0.35 + 0.03 0.73 + 0.03
ai-18:0 0.02 + 0.02 0.03 + 0.01 0.05 + 0.02 0.03 + 0.02
18:0 2.77 + 0.35 359 + 0.23 8.88 + 147  17.48 + 0.39
YSFA 31.35 + 0.81 3168 + 1.16 2439 + 061 3090 + 0.22
16:1n-9 024 + 0.01 0.34 + 0.01 0.43 + 0.07 0.57 + 0.07
16:1n-7 1.00 = 0.07 1.25 + 0.08 1.72 + 0.19 1.16 + 0.02
17:1nx 021 + 0.01 0.21 + 0.02 0.21 + 0.01 0.21 + 0.01
18:1n-11 041 * 0.02 0.46 + 0.03 0.66 + 0.13 0.66 + 0.05
18:1n-9 12.97 + 1.13 14.66 + 0.81 7.42 + 0.23 7.60 + 0.63
18:1n-7 241 = 0.27 2.88 + 0.06 453 + 0.06 432 + 0.33
20:1n-11 035 + 0.02 0.38 + 0.04 0.36 + 0.04 0.31 + 0.08
20:1n9 111 + 0.19 1.20 + 0.06 1.68 + 0.19 2.39 + 0.23
22:1n-11 029 + 0.05 0.42 + 0.05 0.33 + 0.05 0.38 + 0.13
221n9 010 + 0.02 0.17 + 0.06 0.04 + 0.00 0.05 + 0.02
YMUFA 20555 + 1.61 2507 + 1.06 1896 + 047 2164 + 4.59
16:2n-4  0.05 + 0.00 0.05 + 0.01 0.06 + 0.01 0.05 + 0.01
18:2n-4 024 + 0.01 0.23 + 0.01 0.34 + 0.01 0.24 + 0.05
18:2n-6  1.91 + 0.08 245 + 0.28 3.64 + 0.28 3.46 + 0.79
202n6 019 + 0.01 0.19 + 0.01 0.50 + 0.01 0.47 + 0.01
20:4n6 150 + 0.03 1.44 + 0.04 5.83 + 0.84 9.30 + 0.58
22.4n6 007 + 0.01 0.07 + 0.00 0.11 + 0.01 0.08 + 0.00
225n6 039 + 0.06 0.39 + 0.05 143 + 0.11 1.78 + 0.24
18:3n3 029 + 0.02 0.31 + 0.02 0.49 + 0.03 0.36 + 0.04
18:4n-3  0.30 + 0.03 0.31 + 0.02 0.28 + 0.01 0.16 + 0.03
20:4n3 039 + 0.03 0.41 + 0.03 0.53 + 0.03 0.44 + 0.04
2055n-3 13.69 + 0.61 15.02 + 0.17 8.43 + 0.98 8.10 + 0.08
215503 022 + 0.02 0.24 + 0.01 0.14 + 0.01 0.12 + 0.02
225n3  1.84 + 0.12 1.88 + 0.04 233 + 0.11 1.87 + 0.30
22:6n-3 2659 + 1.84 2171 + 218 3191 + 179 2328 + 0.68
YPUFA  47.93 + 1.36 4498 + 1.99 5622 + 0.78) 48.28 + 354
Y (n-6) 427 + 0.10 470 + 028 1187 + 058 1455 + 1.82
Y (n-3)  43.10 + 1.43 3995 + 211 4379 + 126 3343 + 1.78
(n-3)/(n-6) 10.17 + 0.53 8.53 + 0.82 3.74 + 0.29 231 + 0.18

(Numbers marked by boldface are significant diffétia pair (t-testp< 0.05)
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Although the extraction showed different profilethviraditional methods, the repeatability of
methods is stable. The standard deviations of roampounds are presented in Table 2-6 and
Table 2-7. The fatty acid of 18:0 and 22rB3 showed relative larger variation in
chloroform/methanol extract. The largest relatitandard deviation (6.31%) occurs to 28:3

in the fraction of neutral lipids in chloroform/nh@inol extract.

2.3 Conclusion

A combined two-step extraction was proposed. Fones of methanol washes were done for
hexane extract to ensure the maximum extractigootdr lipids in the second step. The quick
freeze by dry ice was adapted to break micelle énfeuring extraction procedures. The use of
glass SPE column decreased the interference frankbsamples. The results show that
hexane/methanol extracted almost all the neutmatldi (95% of total neutral lipids) and
concentrated 95% of PC/PE and 88% of PS/PI intorofdrm/methanol extract. The SPE
separated lipid classes effectively with very goedoveries. The profiles of neutral lipids are
quiet similar with Folch extraction with a lowettiaof n-3/n-6. There are more differences of
phospholipids profiles using two-step extractiompared with traditional Folch extraction. In
PC/PE fraction, less MUFAs appeared. With a higimeount of n-3 series and lower amount of
n-6 series PUFAs, the total PUFAs were significaritigher than that obtained by Folch
extraction. In contrary to neutral lipids extracti@ higher ratio ofi-3/n-6 was observed. As for
PS/PI fraction, a semblable discriminatiome8 andn-6 series fatty acids was noted as PC/PE.
Although the extraction is different from traditmnmethod, the new method is reproducible.
Moreover, the method separated neutral lipids dmakpholipids into two extracts effectively.
Higher concentration of phospholipids in chlorofémmethanol extract makes it possible to
multiple tests of membrane lipids in one sample.idt important to have enough
chromatographic samples to test more than onewhen analyzing wild samples which were
collected difficultly. Moreover, adequate lipid tlibution between two extract avoid potential
interference from blank sample caused by SPE collmaadl limitation. Considering the
effectivity and stability of the two-step extragctiait is fit for analyzing lipid compositions in
livers of wild Atlantic cods collected from Tamparea and at the Egersund bank, where are

with high offshore oil activity and no oil produati, respectively.
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3. Lipid Compositions Analysis

3. Lipid Composition Analysis
3.1 Experiment
3.1.1 Sample Collection
Atlantic cod Gadus Morhua) was collected in the Tampen area and at the Egérisank in the
summer 2010 (Figure 3-1). The daily discharge ofipced water in Tampen is 278,000 as
documented by the oil industry in 2002, whereasethe no oil or gas production at Egersund
bank, used as control. The liver was dissectedpakes were put in cryotubes. All the samples
were immediately frozen in liquid nitrogen and tas¢éored at -80°C until further preparation

and/or analysis. The details of samples are incdul@able 3-1.
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Figure 3-1. Station of fish sampling July 2011. The red maiksws the sampling position of
fish, the black marks shown oil installation in therwegian sector of the North Sea

The liver index (hepatosomatic index) was calcaae
LW
LSI (%) = e x 100

where LW is the liver weight (g) and W is the watight of the fish (g).
Fulton’s condition factor:

W
Fulton's C = = * 100

where W is the wet weight of fish (g) and L is teegth of the fish (cm)
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3.2 Result and Discussion

3.2.1 Sample Conditions

43 samples from two areas (Tampen and Egersund bark analysis (Table 3-1). There was
no discriminate of weight and length between thes®e places and genders statistically due to
very large biological variances. However, it sed¢had males are larger than female, males was
weighted (850~2870) g compared to female (750~2@48) Tampen and male (385~3380) g
relative to female (485~2620) g at Egersund. Thiesnaave some very fat fish in our analytical
group. There was no significant difference fountileen these four groups for liver size, which
is characterized by LSI. As for Fulton conditionisiinfluenced by age of fish, sex, season, stage
of maturation, fullness of gut, type of food conganamount of fat reserve and degree of
muscular development. The Fulton conditions of dodisy Tampen were a little bit higher than
cod samples from Egersund (t-tgstz 0.051). Nevertheless, the difference is not iSmant,
being 6% higher. Compared the total lipids contdiie fishes from two different areas, no
statistic difference is observed.

Table 3-1Biological information of samples

length  Liver gonad
n weight(g) (cm) weight (g) weight (g) LSI (%) Fulton C  Lipid (%)
Tampen female 12 1105%398 4746 22412 2.7£1.1 1.9+0.6 1.04+0.089.6+15.0
male 10 13574633 5016 35+42 - 2.311.5 1.04+0.082.5+21.4
Egersund female 11 910+711 43+10 30+36 2.9+2.9 3.0t1.4 0.98+0.092.0+15.0
male 10 13231980 49+13  21+14 - 1.7+0.8 0.98+0.029.0+16.6

The correlation between LSI and lipids contentshigiously observed. There is a tendency that
larger livers have higher amount of total lipidsg(ife 3-2). This tendency is well fit for all four

groups. Since liver is used to storage energy thfishes and storage lipids are dominate in total
lipids, it is expectable this tendency from biologgwpoint. As we can see in Figure 3-2, the
content of neutral lipids is nature logarithm ofaldipids content. The regression constants are

0.799 and 0.827 respectively.
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Figure 3-2 The correlation between LSI and total lipids cahi@nd neutral lipids content

3.2.2 Lipid Classes Distribution

The lipid classes’ distributions are detailed ia ¥able 3-2. The samples were classified as lean
fish (lipid content less than 20% in liver) and figh (lipid content more than 20%). Compared
to report from Meieet al.? and the result of sample used for method developinaised fish),
wild samples show much higher amount of PL. Usuallyly 1 % of total lipids could be
ascribed to phospholipids in raised fish samplds|eathe wild sample show the PC/PE were
response for more than 10% of total lipids in Iéiah and around 3% in fat fish. Meiet al.’
suggested that the exposure of APs could alteditebution of fatty acids between lipid classes
in the liver. As exposed to APs, significant highenount of NLs and lower amount of
phospholipids were observed. However, our worksasbpposite results and the distribution
altered similarly as the effect of brain samplese Rrea of Tampen is with high oil activity and
discharge of huge volume of produced water. 328 tdAPs were discharge to North Sea from
Norwegian shore in 2009whereas, there is no oil production documenteBgrsund bank.
Our results reveal that more phospholipids andhessral lipids existed in the samples living in
high offshore oil activity field. These observatoare limited in lean fish comparis@md the
observed differences are not significant becaudargér biological variance. As we mentioned,
multiple temporal and spatial variables make desiply the effects extremely difficult. We are
not sure about how long the samples stayed atdleeted areas; we are lack of information
about marine environment changing; and we havénamugh understanding of the inter-effect
between lipid content and fatty acid compositioowedver, some deduction can be done based
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on present information. The observations strongtiidate rapid mobilization and utilization of
stored pool of lipids occurred in lean fish. Theuee of levels of neutral lipids may be due to
either a reduction of the rat of accumulation ofitre lipid from food or an increase in rat of
mobilization of the lipid reserves. Balk et’asuggested that extreme diets, which can result
changes of lipid composition, are not to be expkatethe natural diet of Atlantic cod in the
Tampen and Egersund. Therefore, the most possdadeon for neutral lipids decrease is
mobilization of reserved lipids. The elevated lsvef phospholipids are likely to be related to
microsomal membranes and electro transport systeichvihave been demonstrated by others to

be induced under exposure of petroleum condiffof .

Table 3-2lipid classes distributed in sample (wt % of tdifaids, mean values + standard

derivation)
Lean fish Tampen Egersund
Lipid content <20% (n=6) (n=4)
Lipid content (% wt) 13.9+6.3 20.9+£14.9
NL 81.543.7 85.2421.2
FFA 1.540.3 2.0£2.3
PC/PE 15.5+3.6 11.4+17.1
PS/PI 1.4+0.4 1.442.2
fat fish Tampen Egersund female
Lipid content >20% (n=16) (n=16)
Lipid content (% wt) 39.5+14.4 42.89+11.1
NL 96.4+2.1 95.3+4.8
FFA 0.3+0.2 0.5+0.7
PC/PE 3.0+1.8 3.843.6
PS/PI 0.3+0.2 0.5+0.6

3.2.3 Fatty Acid Composition

Fatty Acid Composition in Neutral Lipids

Table 3-3 details the fatty acid composition of tieitral lipids of the different tissues. This slas
of fatty acids is variable and labile and is uglizprincipally as a source of fatty acids destined
for oxidation to produce adenosine triphosphateR)AT

The fatty acid of 16:0 was the main saturated fatiigl, while SFA contributed around 20 % of
neutral lipids. There was no statistic differen€&BA between two areas. However, the amount

of SFA is lower than repdttMore than 32 % of total lipids were SFAs andihenber increased
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as exposed to APs. In our study, around 22% of bipids were corresponding saturated fatty
acid. The monounsaturated fatty acids were domhndteing more than 50 % of total neutral
fatty acids, which is much higher than Meier’'s iepand the cod sample raised by IMR (Table
2-6). the main monoenoic fatty acids were 18:9, 20:1 n-9 and 22:1n-11, accounted for
7.79~9.99 %, 8.64~12.08 % and 10.34 ~ 11.58 % otspe. The amount of 18:h-9 is
consistent with previous stutynd the validation sample raised by IMR (Table)216 is
interesting to find high amount of long chain MUF&9:1n-9 and 22:1n-11) in wild fish. Since
the liver is the lipid energy store of the cod awgs mainly contain neutral lipids, the fatty acid
profile of NL is strongly influenced by the profilef the dief’ Lie et al. has proved that fatty
acid composition in the liver was clearly modifi@tien the fish were fed by peanut oil, cod liver
oil or Greenland halibut oil. Thus, the dietarythe main effect of fatty acids profile of neutral
lipids. The 22:1n-11 has proved to be an important fatty acid whengisidipose tissue fatty
acid composition to study diet in marine organf8malthough theoretically vertebrates can
synthesize 22:1-11, this FA primarily originates from the fatty alaak (wax esters) of certain
copepod speciéd. The concentration of this FA also varies widelyoa different fish and
invertebrate species, making it a good indicatodief®® However, it more likely to be chain
shorten by peroxisomd-oxidation. Coopeet al. *° found that the main product of the chain
shortening of 22:1 n-11 was 18:1 PUFAs. The singlzain shortening could occur in cod. The
differences of 22:1-9 (p = 0.188) and 18:h-9 (p = 0.285) are not significant in statistic due to
limited sample size and big biological variancelyahe less 20:1-9 was detected by ANOVA
at the field of Tampen.

As could expected, the dominate PUFAs are n-3 fampdlyenes. The most important two
PUFASs are 20:5-3 and 22:1-3, accounting to 20 % of total lipids. The mai® series PUFAs
are 18:2n-6 and 22:4n-6. The ratio of n-3/n-6 is between 7.43 ~ 11.33,chagrees previous
study?
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Fatty Acid Compaosition in Phospholipids

The composition of phospholipids is more independiem the diet. Fish have high flexibility
in remodeling the lipid composition of cell membedr and optimize the membrane fluidity to
maintain normal physiological functions. The medbars responsible for the perception of
changes in membrane fluidity have not been fullgrabterized, but include changes in fatty
acids unsaturation, changes in the proportion ospholipids classes or cholesterol and changes
in the lipid-protein rati&. Lie et al’® reported the major phospholipids in the liver doeninated
by PC (54%), PE (28%), Pl (11%), and PS (7%). Ingsiudy, PC and PE were eluted together
and PS stuck together with Pl. The PC/PE fractiontrdbuted 90% of phospholipids while
others are PS/PI.

Table 3-4 and Table 3-5 present fatty acid profidermation for PC/PE and PS/PI fractions.
The fatty acid profiles found in both fractions sha typical picture of phospholipids from cod
with their very high level oh-3 PUFAs. Saturated fatty acid accounted for 25%otdl tfatty
acids. A characteristic high content of 16:0, 181/869 % of total lipids was noted, which was
almost four times higher than that in PS/PI. Liggasted that the high amount of 16:0 is
assigned to PE. The main SFA in PS/PI was 18:0 and it is frorff PThe monoenes accounted
for around 25% of the fatty acids in both phosghdlifractions. The major monoenes was
18:1n-9 in PC/PE, followed by twa-7 MUFAS (16:1n-7 and 18:1In-7) and twon-9 series long
chain fatty acids (20:b-9 and 24:1n-9). Unlike what was noted in storage lipids profibaly
trace amount of 22:f-11 was observed in membranes lipids. In the PS/Rtifna, n-9 andn-7
family monoenes also dominated the MUFAs.

The major PUFAs were 22:6-3 and 20:5n-3. They are of particular importance of the
regulation of localized membrane structure and tionelity in actively metabolizing tissues.
20:4 n-6 was also prominent in PS/PI, being 10.40 ~ 12.30of4otal lipids, which is
characteristic composition of 1 However, 18:1-6, mention by Lieet al.”®, was only trace
amount in PC/PE. They also stated that the higheal lof 18:2n-6 is pointing to the influence of
the diet rather than the environment effects we diseussing. Because of contribution of
20:41-6 from PI, then-3/n-6 of PS/PI fraction showed the lowest among threetions we

discussed.
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Table 3-3 Fatty acid composition (wt. % of totdtyeacids) of the neutral lipids of cod liver (me&adues
t+standard derivation)

Tampen Egersund,
Female Male Female male
(n=12) (n=10) (n=11) (n=10)
14:0 507 + 1.11 476 + 1.19 514 + 0.76 532 + 0.93
15:0 0.44 + 0.13 042 + 0.12 034 + 0.06 043 = 0.08
16:0 1255 + 1.65 1247 + 132 1166 + 074 1147 + 1.69
-17:0 039 + 0.14 039 + 0.14 0.27 + 0.05 040 = 013
17:0 0.35 + 0.19 034 + 0.12 022 + 0.05 030 = 017
ai-18:0 034 + 018 033 + 0144 054 + 017 035 + 020
18:0 2.79 + 0.95 301 + 0.66 232 + 037 222 + 067
TSFA 2215 + 1.99 2194 + 212 2067 + 116 2075 £ 1.92
16:1 n-9 030 + 0.13 032 + 0.08 0.25 + 0.08 031 + 0.08
16:1 n-7 6.02 + 0.64 573 + 1.31 6.56 + 0.34 597 + 147
17:1 nx 039 + 0.14 040 + 0.13 029 + 0.07 032 + 007
18:1 n-11 238 + 0.51 215 + 0.88 270 + 0.48 243 + 0.66
18:1 n-9 9.99 + 3.32 912 + 3.03 870 + 2.04 779 + 174
18:1 n-7 335 + 1.10 336 + 0.68 297 + 024 284 + 0.59
20:1 n-11 269 + 0.44 269 + 0.83 228 + 0.35 247 + 0.67
20:1 n-9 9.04 + 260 864 + 229 1208 + 115 1068 = 1.43F°
22:1 n-11 11.16 + 3.73 1034 + 213 1042 + 1.02 1158 + 3.66
22:1n-9 0.66 + 0.18 062 + 011 071 + 0.06 075 + 013
24:1 n-9 074 + 024° 089 + 054 044 + 0.07 0.80 + 0.45°
IMUFA 5153 + 10.66 50.62 + 13.70 52.41 + 1038 51.33 + 10.26
16:2 n-4 051 + 0.23 051 + 0.19 0.69 + 0.10 054 + 0.14
18:2 n-6 115 + 0.11 121 + 0.16 115 + 0.14 1.34 + 0.43
20:2 n-6 0.40 + 0.19 040 + 0.16 0.28 + 0.04 033 = 0.09
20:4 n-6 0.77 + 0.51 095 + 0.95 0.44 + 0.08 055 = 0.26
22:4 n-6 1.03 + 0.98 171 + 222 052 + 0.38 229 + 250
22:5n-6 019 = 0.04 021 + 0.06 012 + 0.02 019 = 0.06
18:3 n-3 0.68 + 0.10 067 + 0.17 0.66 + 0.13 075 + 0.31
18:4 n-3 1.72 + 0.71 1.74 + 0.80 218 + 0.28 1.68 + 0.76
20:4 n-3 0.62 + 0.14 066 + 0.14 0.66 + 0.10 080 + 0.55
20:5 n-3 8.36 + 2.29 876 + 1.58 9.73 + 127 764 + 312
21:5n-3 0.45 + 0.16 047 + 017 062 + 0.10 044 + 021
22:5n-3 1.74 + 0.33 1.88 + 027 1.93 + 0.56 1.92 + 052
22:6 n-3 12.25 + 1.57 1333 + 414 1150 + 1.48 1346 = 2.14
TPUFA 3042 + 3.33 33.06 + 6.20 3111 + 148 3247 + 1.33
SPUFA (n-6) 354 = 1.26 447 + 3.22 250 + 0.43 471 + 256
SPUFA (n-3) 26.03 = 329 2771 + 4.46 2745 + 162 2687 + 281
n-3/n-6 812 + 261 802 + 374 1133 + 227 743 + 409
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Table 3-4 Fatty acid composition (wt. % of totdtfeacids) of the
phosphatidylcholine/phosphatidylethanolamafieod liver (mean values +standard derivation)

Tampen Egersund
Female Male Female male
(n=12) (n=10) (n=11) (n=10)
14:0 291 + 0.53 2.85 + 0.58 3.13 + 0.53 3.07 + 0.63
15:0 052 + 0.15 0.48 + 0.10 044 + 0.07 049 + 0.07
16:0 1958 + 150 19.11 + 1.24 19.69 + 1.26 1878 + 1.82
i-17:0 044 + 0.14 046 + 0.12 0.39 + 0.09 044 + 0.10
17:0 0.36 + 0.17 0.35 + 0.14 0.27 + 0.09 0.30 + 0.09
18:0 214 + 0.24 228 + 0.28 204 + 0.23 1.99 + 0.30
TSFA 26.18 + 134 2577 + 1.29 26.15 + 127 2527 + 175
16:1 n-11 0.16 + 0.05 0.16 + 0.07 0.24 + 0.09 0.23 + 0.07
16:1 n-9 042 + 0.11 0.38 + 0.07 0.38 + 0.08 042 + 0.10
16:1 n-7 208 + 0.18 203 + 0.20 219 + 0.13 2.16 + 0.52
16:1 n-5 0.26 + 0.04 0.24 + 0.04 0.28 + 0.04° 032 = 0.06
17:1 n-x 0.29 + 0.09 0.27 + 0.10 0.23 + 0.07 0.25 + 0.05
18:1 n-11 124 + 0.30 1.20 + 0.36 1.40 + 0.30 1.33 + 0.33
18:1 n-9 6.85 + 0.97° 7.19 + 0.95 6.19 + 0.5¢ 6.22 + 0.34
18:1 n-7 262 + 0.49 273 + 0.62 236 + 0.42 248 + 0.43
18:1 n-5 0.26 + 0.04 0.27 + 0.04 0.29 + 0.04 0.29 + 0.06
20:1 n-11 0.67 + 0.20 0.88 + 0.68 0.64 + 0.10 0.65 + 0.20
20:1 n-9 235 + 0.96 215 + 0.74 3.17 + 043 328 + 0.64
22:1n-11 0.80 + 0.65 084 + 0.44 0.79 + 0.14 1.11 + 0.65
24:1 n-9 207 + 0.36 2.18 + 0.30 213 + 0.31 219 + 0.29
TMUFA 2490 + 11.15 26.11 + 11.07 2534 + 1121 26.46 + 11.46
18:2 n-4 0.17 + 0.13 0.15 + 0.04 0.18 + 0.03 0.14 + 0.05
18:2 n-6 060 + 0.17 062 + 0.07 0.58 + 0.0% 0.75 + 0.2F
20:2 n-6 032 + 0.12 0.33 + 0.15 026 + 0.11 0.32 + 0.09
20:4 n-6 281 + 0.79 277 £ 113 204 + 0.85 216 + 0.73
22:4 n-6 031 + 0.14 029 + 0.13 025 + 0.14 0.37 + 0.25
22:5n-6 0.36 + 0.04 0.35 + 0.04 0.28 + 0.06 0.30 + 0.06"
18:3 n-3 0.25 + 0.07 0.24 + 0.06 0.25 + 0.04 032 + 0.11
18:4 n-3 048 + 0.22 047 + 0.16 0.60 + 0.10 0.62 + 0.22
20:4 n-3 0.39 + 0.10 043 + 0.07" 044 + 0.06° 048 = 0.06
20:5 n-3 16.06 + 1.14 1661 * 1.13 17.02 + 131 1566 + 1.32
21:5 n-3 027 + 0.12 0.25 + 0.05 0.31 + 0.05 0.26 + 0.06
22:5n-3 154 + 0.44 1.63 + 0.30 1.60 + 0.22 1.76 + 0.47
22:6 n-3 2081 + 122 2914 + 171 29.30 + 217 3018 + 1.99
TPUFA 53.62 + 1.14 5354 + 1.49 5340 + 1.05 5361 + 181
TPUFA (n-6) 439 + 0091 436 + 1.38 341 + 1.11 3.90 + 0.99
SPUFA (n-3) 4892 + 1.01 4890 + 151 49.63 + 1.25 4941 + 164
n-3/n-6 11.61 + 259 1235 + 414° 1563 + 3.97 1345 + 3.62°

38



3. Lipid Compositions Analysis

Table 3-5 Fatty acid composition (wt. % of totdtfeacids) of the
phosphatidylserine/phosphatidylinositélcod liver (mean values +standard derivation)

Tampen Egersund
Female Male Female male
(n=12) (n=10) (n=11) (n=10)
14:0 1.15 + 068 090 + 044 0.88 * 0.37 0.93 + 0.25
15:0 0.15 + 0.08 0.13 * 004 0.13 + 0.04 0.14 + 0.04
16:0 570 + 113 503 + 1.09 598 + 1.19 6.42 + 3.38
i-17:0 023 + 0.08 023 + 007 0.18 + 0.04 0.22 + 0.05
17:0 1.05 + 050 1.01 + 0.68 0.80 + 0.40 0.87 + 0.76
18:0 11.66 + 1.80 1292 + 1.74 1316 + 268 1202 + 1.74
TSFA 20.11 + 166 20.36 + 2.88 2128 + 291  20.75 = 4.37
16:1 n-9 036 + 016 037 + 008 035 + 0.16 041 + 0.11
16:1 n-7 283 + 058 263 + 024 259 = 0.32 258 + 0.50
17:1 n-x 028 + 0.17 025 + 005 023 + 0.09 0.22 + 0.06
18:1 n-11 1.14 + 025 110 + 033 132 + 0.32 1.30 + 050
18:1 n-9 490 + 071 470 + 056 433 + 0.56 417 + 0.75
18:1 n-7 317 + 044 308 + 035 3.02 + 0.31 3.12 + 0.39
18:1 n-5 037 + 035 026 + 003 028 + 0.04 0.30 + 0.08
20:1 n-11 055 + 015 050 *+ 010 104 + 1.85 044 + 0.10
20:1 n-9 373 + 139 354 + 111 453 + 1.88 460 + 0.87
22:1n-11 084 + 032 078 + 041 094 + 0.50 0.79 + 0.31
24:1 n-9 1.03 + 058 148 + 049 138 * 057 121 + 054
TMUFA 25.36 + 14.27 2446 + 1049 2580 + 13.03 26.21 + 14.67
18:2 n-6 1.03 + 0.15° 112 + 01 092 + 016 1.14 + 0.26
20:2 n-6 059 + 010 058 *+ 013 053 + 0.08 061 + 0.12
20:4 n-6 11.67 + 2.08 1230 + 2.08 11.09 + 2.88 1040 *+ 1.66
22:4 n-6 018 + 010 0.5 * 0.09 0.11 + 0.08 0.13 + 0.10
22:5 n-6 079 + 013 080 *+ 013 066 + 0.14 0.68 + 0.16
18:3 n-3 0.36 + 0.06° 0.36 + 0.06° 0.33 + 0.06 043 + 0.13
18:4 n-3 021 + 0.09 021 + 006 025 + 0.06 024 + 0.10
20:3 n-3 028 + 0.08 028 + 008 025 + 0.04 0.30 + 0.11
20:4 n-3 048 + 0.08 052 + 006 047 + 0.05 0.48 + 0.09
20:5 n-3 643 + 113 638 + 089 822 + 197 7.64 + 1.39°
22:5n-3 190 + 034 198 + 032 210 + 054 1.81 + 0.33
22:6 n-3 3596 + 325 3553 + 3.82 3283 + 532 3528 + 6.07
TPUFA 60.32 + 2.88 60.60 + 458 5829 + 513 59.55 + 6.90
SPUFA (n-6) 14.26 + 207 1496 + 223 1332 + 290 1296 + 1.66
SPUFA (n-3) 45.75 + 329 4535 + 3.68 4461 + 532 4629 + 6.23
n-3/n-6 329 + 061 3.09 + 051 351 + 0.97 3.60 + 0.55

(Numbers with different letters are significantijferent, p < 0.05)

39



3. Lipid Compositions Analysis

Several statistic differences were observed indfogesaid monoenes in two different areas.
Higher amount of 18:1-9 and lower amount of 20:%-9 were detected in high offshore oll
activity field. Both of these twa-9 MUFAs are main fatty constituting phospholipidsdan
bilayer of membranes. Besides, they all could bielibed from 22:1n-11 which was of high
amount in dietary. Even though there are some lr@ta/een fatty acids of phospholipids, few if
any detailed studies have been carried out on mesha of phospholipids in fish. My present
understanding of this area in fish rests heavilyegtmapolations from the situation in mammals,
which is itself imperfectly understood. Some aushargued that 22:h-11 is more likely
oxidation to 18:1n-11"%*in mink and gray seal. The differences of these monoenes may
support the hypothesis of altered fatty acid mdtalmoby offshore oil production proposed by
Balk et al.%. Similar as the report of Bait al.?, the ratio ofn-3 to n-6 fatty acids was reduced in
Atlantic cod from Tampen compared with control afEégersund). The ratio is both an indicator
of the fatty acid composition and a measure ofrthgitional value for human consumption.
Some explanations were listed by Balk for the cleangrirst, petroleum hydrocarbons may
accumulated in the membranes, thereby altering theperties, or interfere directly with
metabolic reactions and/or molecular signaling la&iijng the fatty acid composition of
membranes This propose was given by adapting the resutts fMeier et al.’s research. They
found that reduced amount of3 fatty acids were confirmed in Atlantic cod exposedhe
laboratory to APS.However, our study is pointing another possihilitycould be higher amount
of n-6 fatty acids were biosynthesized in livereTANOVA showed a confidence leyeE 0.141

to support the difference in statistic. This hymsiis of higher amount of n-6 fatty acids works in
concert with another observation, the concentratbr20:4 n-6 in the liver was elevated in
Atlantic cod from Tampen. 20:4-6 is an important constituent of biological membanéhe
elevated amount of 20:4 n-6 also indicates rapithihzation of reserved lipids could happened
in liver of Atlantic cod in high offshore petroleumctivity area, which is agree with the
explanation of lipid distribution changes. Anothlextplanation for low ratio oh-3/n-6 is that
oxidative stress alters the fatty acid composittbrthe membranes by lipid peroxidation. This
explanation was proposed based on other environaffatts investigation. Natural factors, like

temperature and diet are less likely to be respéa$or the fatty acid composition changing.
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3. Lipid Compositions Analysis

3.2.4 Principal Components Analysis (PCA)

PCA is a way of identifying patterns in high-dimeamal dataset, and expressing the data in such
as way as to highlight their similarities and diffieces. A comprehensive tutorial on PAC is
given in by Woldet al.”. Generally, the original objects and variables baninvestigated by
score plots and loading plots. Some experienceésled to interpret PC-plots; | used PCA to
explorative analysis the similarities and differeretween the fatty acid compositions from two
areas and interpret the plots based of some simaf@s. The distance between the objects in the
score plots is used to measure the similarity betwabjects and the direction between variables

in loading plots explains the correlation betweanables.
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Figure 3-3 PCA plots of neutral lipids of cod liv@iF: Tampen Female; TM: Tampen Male;
EF: Egersund Female; EM: Egersund male.

The PCA plots using samples as objects and fatty@ofiles as variables are present in Figure
3-3. One extremely lean sample was detected as@utivhich shows very high level of
phospholipids. The main variance in the datasef%0s explained by PC1, while 21.3% is
caused by PC2. Major objects were located arouigihoiThere are three Tampen samples are
separated from majorities because of high leve?®# n-6. These samples are all have lower
Fulton conditions relative other Atlantic cods frahe same area. One Egersund sample was
characterized by higher amount of 224 while another two owned more 24n19. The total
lipid content was also included in the PCA moddl.the separated samples were of lower lipid

content. The lipid content has adverse correlatiith 20:4n-6 and 22:4n-6.

41



3. Lipid Compositions Analysis

= % i

w‘ od

] =

3 3

g [=1

< EM1-PC PE

TH1-PCPE
EM25.PC PE ?.;01:1 n(;1
N 1 nf S
EME&"—L-(?TPEE ) 1620t 201449, 5182 2 n-d
EF2.P{ PE8.PC PE tna
yaDF L 5 - : 18401y L .
Tlﬁ{f%&é’%ﬁ ! ;PL' P‘{Fﬁfvgg,m_, PE tﬁﬁ‘l‘l‘f} i-15:0 20:? nbh
TAPC * . 7
EF11PG 12 PCPE e SLERIEL 1532 s W10 20, PC-T W%
ﬂmw | TW7PCPE TNI1G PC.PE Bedud 503 1G] RTRY
PEPC PE TR0 pPRE
EFEMRIE PE EFURRNPEC PE g b pp
y o TF15.PC.PE
- FE MTSHFEC P
TF26.PC PE 18:2 nd

Figure 3-4 PCA plots of PC/PE of cod liver. (Abkiegion as in legends to Figure 3-3)

No interesting observation was found in phosphdsd®CA analysis (Figure 3-4 and Figure 3-5).
There is no obvious group of samples to reveallarty. The objects from two areas are mixed.

The PCA analysis suggests that no clearly diffezenaf fatty acid composition are observed

between the two areas.
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Figure 3-5 PCA plots of PS/PI of cod liver. (Abbiaion as in legends to Figure 3-3)
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3.3 Conclusion

Forty-three of wild Atlantic cod fishGadus morhua) were analyzed by the two-step extraction
we proposed. The lipid distribution and fatty acomposition of different lipid classes were
studied. The total lipids content was correlatetivier size of samples. There was no significant
difference of lipid distributions between two areltore MUFAs were observed in neutral lipids
of wild samples. High level of 22:4-11 was detected in neutral lipids as an indicatodiet.
Higher amount of 18:h-9 and lower amount of 20119 were found in phospholipids at Tampen.
Lower level ofn-3/n-6 was also observed, which could be resulted byeas®d amount of-6
series FAs. These observations support the hygethésaltered fatty acid metabolism proposed
by Balk et al. However, the evidences were limited by the smalhgle size and larger
biological variance. The Principal Components AsayPCA) did not reveal clearly group of
objects. No effect of offshore petroleum activity fatty acid composition in liver of Atlantic

cod Gadus morhua) can be concluded based on present study.
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